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ABSTRACT

Improved prediction of interwell reservoir heterogeneity hasthe potentid to increase productivity
and to reduce recovery codt for Cdifornia’ s heavy oil sands, which contain gpproximately 2.3 billion
barrds of remaining reserves in the Temblor Formation and in other formations of the San Joaguin
Vadley. This investigation involves application of advanced andytica property-distribution methods
conditioned to continuous outcrop control for improved reservoir characterization and smulation,
particularly in heavy oil sands. Theinvestigation was performedin collaboration with Chevron Production
Company U.SA. as an industrid partner, and incorporates data from the Temblor Formation in
Chevron’'s West Codinga Field.

Obsarvetions of laterd variability and verticad sequences observed in Temblor Formetion
outcrops has led to a better understanding of reservoir geology in West Codinga Field. Based on the
characterigtics of sratigraphic bounding surfaces in the outcrops, these surfaces were identified in the
subsurface using cores and logs. The bounding surfaces were mapped and then used as reference
horizonsin the reservoir modding. Facies groups and facies tracts were recognized from outcrops and
cores of the Temblor Formation and were applied to defining the stratigraphic framework and facies
architecture for building 3D geologicd modes. The following facies tracts were recognized: incised
vdley, estuaring, tide- to wave-dominated shoreline, diatomite, and subtidal.

A new minipermeameter probe, which has important advantages over previous methods of
measuring outcrop permesbility, was developed during this project. The device, which measures
permesbility at the digtal end of a smdl drillhole, avoids surface weathering effects and provides a
superior seal compared with previous methods for measuring outcrop permesbility. The new probewas
used successfully for obtaining a high-quality permesbility data set from an outcrop in southern Utah.

Reaults obtained from anayzing the fractd structure of permesbility data collected from the
southern Utah outcrop and from core permeghility dataprovided by Chevron from West CodingaField
were used in digtributing permesbility valuesin 3D reservoir modds. Spectra anayses and the Double
Trace Moment method (Lavallee et d., 1991) were used to andyze the scaing and multifractdity of
permesbility data from cores from West Codinga Field.

T2V OC, whichisanumericd flow smulator cgpable of modding multiphase, multi- component,
nonisothermal flow, was used to modd steam injection and oil production for aportion of section 36D in
West Codinga Fidd. The layer Sructure and permeshiility distributions of different models, including
facies group, facies tract, and fracta permesbility models, were incorporated into the numerica flow
gmulator. The injection and production histories of wells in the study area were modeled, including
shutdowns and the occasiona conversion of production wellsto steam injection wells. The framework
provided by faciesgroups providesamoreredistic representation of the reservoir conditionsthan facies
tracts, which is reveded by a comparison of the history-matching for the oil production. Permesbility
digiributions obtained using the fracta results predict the high degree of heterogeneity within thereservoir
sands of West Codinga Fiedd. The modeling results indicate that predictions of oil production are
srongly influenced by the geologic framework and by the boundary conditions.

The permesbility data collected from the southern Utah outcrop, support a new concept for
representing naturd heterogenety, which is called the fractal /facies concept. Thishypothesisisoneof the
few potentidly smplifying concepts to emerge from recent studies of geologica heterogeneity. Further

iv



investigation of thisconcept should be done to morefully goply fractd andysisto reservoir modding and
smulatiion Additiona outcrop permesbility data sets and further andlysis of the datafrom distinct facies
will be needed in order to fully develop this new concept.
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RESULTSAND DISCUSSION
Geological Characterization of the Temblor Formation

Outcrops on the Coalinga Anticline

Detailed investigation of outcrop exposures of the Temblor Formation on the CodingaAnticlinewas
conducted in order to record vertical and lateral faciesvariations, identify correlative surfaces, and interpret
depositiona environments (Figures 1, 2). Twelve vertica sections were measured, and the sedimentary
features were described in detall (Table 1). The mgority of the exposures studied are located in close
proximity within sections 20 and 21, T19S, R15E (DomengineRanch 7.5 quadrangle). Approximately 700

m (2,300 feet) of vertical section were measured and described.

Sedimentologica description of the exposuresincluded logging of grain Size, percent sand, biogenic
features, and sedimentary structures. Complete gamma-ray profileswererecorded for each sectionusinga
hand-held scintillometer. Gamma-ray values were recorded at 15-cmintervas. All gammea-ray data have

been loaded into a digital database. Digita photomosaics of the exposures were made.
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Figure 1. Location map of the Codinga area, Cdifornia.



7
A RI4E|R1BE L
- | 7
13072 P o
20NelZ 2 X
G -
)
7571 %
29 28%%,
of-3 513
san O o
(]
36 RS 2
4 o
Lx") —T1B8
THE
1 6
O Cora
5 P ¥ X
12 e 7 GR Cortwheel Ridgs Exposuss
LG Laval Grade Expabiis
Pl SHE ShmllCut Fxpomurs
z %ﬂ Termhir Fomastion
f—_}ﬁ” - DIRCIOp
H
13 18 a 1km
|-
0.
a
24 19
=]
LRl
Q
B
25 . an
10-Bw
G Town
1lsa
35 Bl of Coalinga 1275
anF |

Figure 2. Locations of cores and outcrops studied in the Coalinga area of Fresno County, Cdifornia
Twelve dratigraphic sections were logged in the area of outcrop shown, which lieswithin the Domengine
Ranch 7.5 quadrangle. The cores studied are from wellsin the West Codinga Qil field. Numbered blocks
are survey sections within Townships 19 and 20 South (T19S, T20S) and within Ranges 14 and 15 East

(R14E, R15E).



Table 1. Outcrop locdlities of the Temblor Formation studied near Codinga Field.

Locdlity Stratigraphic Interval | Location — Location — Section, Thickness

UTM Township, Range Logged (m)

Cartwhed Ridge Temblor 4015500mN/ SEC. 20, T19S, R15E 154
737500mE

Razorback Ridge lower Temblor 4015200mN/ SEC. 20, T19S, R15E 70
737550mE

Side Cliff of Lavad middle Temblor 4015250mN/ SEC. 20, T19S, R15E 12
Grade 737570mE

Laval Grade 1 with Temblor to Diatomite 4016000mN/ SEC. 21, T19S, R15E 119
middle Gully Cut 738000mE

Laval Grade 2 with Temblor to Diatomite 4015900mN/ SEC. 21, T19S, R15E 118
Southmost Gully Cut 738000mE

Laval Grade 3 middle Temblor 4016100mN/ SEC. 21, T19S, R15E 22
738000mE

Shell Cut 1 lower Temblor 4016200mN/ SEC. 21, T19S, R15E 15
738150mE

Shell Cut 2 lower Temblor 4016200mN/ SEC. 21, T19S, R15E 31
738150mE

Shell Cut 3 lower Temblor to C- 4016150mN/ SEC. 21, T19S, R15E 89
sand 738300mE

Shell Cut 4 lower Temblor 4016200mN/ SEC. 21, T19S, R15E 19
738000mE

Big Tar Canyon middle and upper 3980000mN/ SEC. 18, T23S, R17E 34
Temblor 755890mE

North Gully Cut lower Temblor 4016000mN/ SEC. 21, T19S, R15E 23
737850mE

TOTAL 706

Coresfrom West Coalinga Field

The collectionand loading of property datafrom Temblor reservoir sandsin West CodingaField
focused on two phases:
1) Detailed description of cores and comparison to geophysicd logs, and
2) Qudlity control and loading of digitd core-analysis data.
Both phases were completed in close collaboration with Chevron, with Chevron providing core-anays's
data, core descriptions produced by their geologists, use of core photographs, facilities for core
examination, and manpower support for core layout and preparation.
Approximately 1360 m (4,462 feet) of cores from 13 wellsin Coainga Field were described by
Clemson University personne (Table 2, Figure 2). Description included logging the samefeaturesand usng
the same format as followed for the outcrop work. Grain size, percent sand, biogenic features, and
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sedimentary structureswerelogged. In addition, notations of Chevron' sfacies classification and degree of
oil staining were recorded. In order to facilitate integration of outcrop results with subsurface information
from CodingaFidd, five of the thirteen cores described are from the northern part of the ail field, whichis
nearest to the surface exposures. All of the coreswere provided by Chevron, and thework was preformed
at the Chevron Geologic Warehouse in Richmond, Cdifornia

Working collaboratively with Chevron personnd, core-andysis(i.e, porosity and permestiility) data
were loaded into adigital database (Excel spreadsheets). Prior to loading, datawere examined for quality
control, and depths were adjusted to match geophysicd logs. Quality control work was done by Chevron
personnd and by Clemson personnd working closaly with Chevron. All wells with cores described and
core-anadyssdataare liged in Table 3.

To develop predictions of flow barriers and subsurface geometries, geological and petrophysical
characteristics were compared between outcrops and cores. Using porosity, permeability, and saturation
dataprovided by Chevron, petrophysical datawere compared to lithofacies and depositiona environments
of the Temblor Formation. Analysisincluded identification of statistica trends for individua depositiond
environments and within groups of lithofacies to integrate petrophysical properties with geometries of
depositiona bodies. Statistical andyses of the Codlingacore datawere performed using SPSS (Statistical
Package for the Socia Sciences) software. Statisticd methodsinclude cluster anadlysis of fifteen lithofacies
using permesbility, porosity, sorting, grain size, and percent sand data. Dendrograms produced from the
cluster analysis and frequency- ditribution hiogramswere examined. Lithofacies determined to have smilar
characterigtics were grouped into five sets (Table 4).

Table 2. Cores described from West Coalinga Field.

wdl Location (Section) | Meters
S6-3 31A 37
3-10A 13D 90
S3-5 31A 111
5-6T1 24D 98
3-5 7C 170
S7-3 31A 173
3-10 7C 174
118A 36D 56
6-3D 13D 128
4-9 31A 79
10-6W 25D 58
2-9W 31A 70
8-2W 25D 117
TOTAL| 1,361




Table 3. Summary listing of core descriptions and core-andysis datafrom West CodingaField. Thecores
described by Clemson University personnd are listed in Table 2. Chevron personnd described the
remaining Cores.

Well Location | Core Andyss Core Description
(Section) Data
6-6a 12D X
S10-7 31A X
12-4A 12D X
3-5 7C X X
S3-5 31A X X
118A 36D X X
2-9W 31A X X
3-10A 13D X X
S-6-3 31A X X
$4-9 31A X X
3-10 7C X X
5-5W 31A
1-7T1 31A
6-3D 13D X X
11-5A 13D
S7-3 31A X
10-6W 25D X
5-6T1 24D X
8-2wW 25D X X
132A 36D X X
258A 36D X X
9-1A 36D X X
5-7T1 25D X X
4-15 24D X
9-4T1 13D X X
WD-8 18C X X
57 18C X X
65 18C X X
6-11A 6C X X
2-10 6C X X




Table 4. Lithofacies and lithofacies groups recognized in the Temblor Formation, West Coalinga Field.

LITHOFACIES DESCRIPTIONS

Lithofaci D inti Group p Mear;)_l_t
[thortacies escriptions Number ermeg Hity
(darcies)
Pebbly Sand (PS) Pebble conglomerate, coarse sand to cobbles,
poorly sorted;trough cross-bedding, sand matrix 1 3.35
with intraclasts; white to gray, to blue-
gray color
Crossbedded Sand (XS) Very fine to medium sand, moderate sorting; 1 3.2
planar-tabular to trough crossbeds; white to
gray color
Clean Sand (CS) Fine to coarse sand, well sorted; structureless; 1 2.9

white to gray color

Interlaminated Sand and Very fine to fine sand with interlaminated to

Clay (ISC) interbedded clay; poor to well sorted; lenticular, 2 2.85
ripple-cross lamination; clay drapes and mud
couplets; gray to green, brown color

Massive coarse to granular sand, poorly sorted high 4 26
Bioturbated Sand (BS) clay percent; bioturbation and burrow structures :
(e.g., Skolithos, Diplocraterion); orange, yellow to

gray color
Burrowed Clayey Fine to coarse sand, moderately sorted; high clay
Sand (BCLS) percent; massive to laminated; genrally 3 2.28

structureless burrowed (e.g. Glossifungitis,
Teichichnus); green to gray, tan color

Burrowed Interlaminated Very fine to fine sand with interlaminated clay, 3 20
Sand and Clay (BISC) moderate sorting; burrowed (e.g. Ophiomorpha, :
Teichichnus); green to brown, tan color

Burrowed Sandy Clay with lenses of fine to medium sand; structureless
Clay (BSCL) to laminated; burrows (e.g. Ophiomorpha, 3 2.1
Diplocraterion); green to gray, tan toyellow color

Silt (Si) Silt; structureless with minor lamination; 2 1.6
diatom content varies; brown to tan, white, :

Sandy Clay (Scl) Fine to medium sand with clay, poorly sorted; 2 15
massive to laminated, with sand lenses; yellow '
to gray color

Clay (C) Massive to laminated clay; ripple-cros s lamination; 2 1.4
friable; dark brown to light gray color :

Burrowed Clay (BC) Massive to laminated clay; burrow structures (e.g. 3 1.0
Glossifungitis, Teichichnus); dark brown to light gray '
to green color

Medium to granular sand, poorly sorted; minor

Fossiliferous Sand (FS) bioturbation, abundant complete to disarticulated 5 1.0
shells, minor phosphate; rare bone; minor
glauconite; dolomite cement; orange to yellow color

Carbonate Cemented Limestone zones; fossils; dolomite cement; orange 4 0.89
Zone (Ccz) to yellow color
Clay, silt, and fine sand; massive to laminated; none 05
Diatomaceous Clay (DC) abundantto rare diatoms, forams, radiolarians assigned

(e.g. 5-85%); may contain macrofossils; light gray
to white color




Sedimentological Analysis

Fivefaciestractsare recognized inthe Temblor Formation: incised valey, estuarine, tide- to wave-
dominated shordine, diatomite, and subtidal (Bridges et a., 1999; Bridges, 2001; Bridges and Cadtle,
2001, 2002). Sedimentological characteristics of the facies tracts are illustrated by the outcrop and core

descriptionsin Figures 3 and 4. The facies tracts are separated by laterdly corrdative bounding surfaces
(Figures 3, 4, and 5).
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Figure 3. Outcrop description from Cartwhed Ridgeto Lava Grade (see Figure 2 for location, Figure 5



for legend). The Temblor section is shown with Kreyenhagen Shde below 0 m and Santa Margarita
Formation above 153 m. Symbols not to scae.
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Core S7-3
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Figure 4. Core description from well S7-3 (see Figure 2 for location, Figure 5 for legend). The Temblor
section is shown with Kreyenhagen Shale below 403 m and Santa Margarita Formation above 255 m.
Symbols not to scae.
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Figure 5. Bounding surfaces within the Temblor Formation. A) Typica channd scour within the incised-
vdley faciestract. These surfaces separate burrowed clay from 1 to 4 m of conglomerate to coarse sand.
B) Bounding surface 3, which is the contact between the estuarine facies tract and the overlying tide- to
wave-dominated shoreline facies tract. Note burrowed clay below and the Ostrea oyster bed above the
bounding surface. C) Bounding surface 4, which separates the tide- to wave-dominated shordline facies
tract from the overlying diatomite faciestract. A barnacle bed, interpreted asatransgressivelag, occurson
the bounding surface. D) Bounding surface 5, whichisthe contact between the diatomitefaciestract and the
overlying subtidd faciestract.

12



Incised Valey
Description

Theincised valey faciestract conssts of predominantly poorly sorted sandstone and conglomerate
above the lower unconformable contact of the Temblor Formation. Thickness of thisfaciestract reachesa
maximum of 50 m andishighly variable duetoirregularity of thelower contact, which displaysup to 9 m of
topographic relief in outcrop exposures. A 5 to 10-m thick interva of granule to cobble conglomerate
commonly overlies the basa contact. Clasts in the conglomerate are composed of quartz, quartzite,
serpentine, and vol canic rock, with quartz and fel dspar dominant in medium- to coarse- grained sand marix.
Grainsand clastsare angular to subrounded and poorly cemented. Lithology withintheincised valey facies
tract is laterdly variable, and the facies tract was not recognized south of well S3-5.

Sandstone and conglomerate within this facies tract are commonly trough cross-bedded. Planar
cross- beds become more common upward as grain size decreasesto fine- and medium-grained sandstone.
Current-ripple bedding ispresent in very fine grained sandstone, and common Skolithos and Ophiomorpha
burrows occur in siltstone and claystone at the top of upward-fining intervas.

| nterpretation

Thevertica succession of grain size, occurrence of sedimentary structures, topographicincison, and
laterd variability suggest that thisfaciestract represents depostioninincised valeys. Channe depostionis
indicated by multiple, trough cross-bedded interva sthat becomefiner grained upward above conglomeretic
lag overlying ascoured base. Evidence of biological reworking or tidal processesis absent from the cross-
bedded sandstones, suggesting predominantly nort marine (fluvia) channd depaostion. Marineinfluenceis
recorded in sltstone and claystone at the top of each channdl sequence by the occurrence of Ophiomorpha
and Skolithos burrows.

Eduaine
Description

The incised vdley facies tract is overlain by a 15 to 21-m thick interva of interlaminated to
interbedded very fineto medium-grained sandstone, siltstone, and claystonethat isinterpreted as estuarine
inorigin. In outcropsthe lower contact is recognized by interbedded fine- grained sandstone, siltstone, and
burrowed claystone sharply overlying cross-bedded pebbly sandstone of the incised valley facies tract.
South of well S3-5, whereincised valey depositsare not present, the estuarinefaciestract directly overlies
the unconformable lower contact of the Temblor Formation (Figure 6). Maximum thickness of sandstone
beds within the estuarine facies tract is gpproximately 3 m, and sltstone and claystone beds reach a
thickness of 6 m. Both upward-fining intervals and upward coarsening intervas are present.

Sedimentary structures that occur commonly in sandstones of the estuarine facies tract include
current-ripple cross lamination, flaser bedding, and tabular and bi-directiona cross-beds. Common clay
drapes and sand-mud couplets are present on cross-bed foresets. Beds of medium-
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Figure 6. Cross-section showing latera relationships of bounding surfaces and facies tracts. Datum is
bounding surface 3.

grained sandstone with bi-directiona cross-beds commonly dternate with intervals of fine- to medium-
grained sandstone containing clay interlaminae, which commonly drape sand ripples. Minor desiccation
cracks and minor root structures are present near the tops of claystone beds. Common lignite particles,
wood fragments, and mud rip-up clasts are present in sandstone beds.

Interpretation

The presence of clay drapes and sand-mud couplets on foresets, along with bi-directional cross-
bedding, suggests tida influence. The occurrence of clay laminae with a systematic variation in vertica
gpacing from close together to farther gpart suggests origin astida rhythmites. Similar features have been
observed in moderntida environmentsand in ancient sratainterpreted astida in origin (eg., Darympleet
a., 1991; Nio and Yang, 1991). The combination of upward-fining sandstone and claystone sequences,
basal scour surfaces, and tidal indicators suggests that depostion is likely to have occurred in estuarine
channels, which is congstent with the previous studies of modern environments and ancient anaogs.

Tide- to Wave-Dominated Shordine

Description
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Above a 0.5-m thick, oyster-bearing, fossliferous sandstone bed directly overlying the estuarine
faciestract, the proportion of sandstone bedsto claystone beds gradually increases upward within thetide-
to wave-dominated shorelinefaciestract. Thickness of thisfaciestract rangesfrom 27 to 50 m. Sand grain
sze within the facies tract coarsens upward from very fine to coarse, and the grains are moderately to
poorly sorted. Abundant mud rip-up clasts, rare glauconite grains, and rare to minor, dispersed quartzite
granules and pebblesare present in the sandstone beds. Common sedimentary structuresinclude planar and
trough cross-bedding, clay drapes, sand-mud couplets on foresets, and current-ripple bedding. B-
directiona cross-bedding occurs commonly inthelower part of thisfaciestract and becomesrare upward.
All of these structures become less common toward the southern part of the study area, whilefaint parale
bedding, low-angle cross-bedding, and hummocky cross- srétification become more common.

Argillaceous, bioturbated, medium- to coarse-grained sandstone beds, which are 0.5 to 6 mthick,
occur commonly within the tide- to wave-dominated shordline facies tract. Common Ophiomor pha and
minor Diplocraterion are present in these beds. In addition, abundant Macaronichnus segregatis is
present in coarse-grained sandstone beds, and minor Teichichnus occursin claystone beds of thetide- to
wave-dominated shordine facies tract. Abundant Skolithos is present in clayey sandstonein the southern
part of thestudy area. Common, fossiliferous sandstone beds and minor, arenaceous, fossliferouslimestone
beds are present within the uppermost 30 m of the tide- to wave-dominated shoreline facies tract.

Interpretation

Based on the occurrence of sedimentary structures and biological features, dong with an upward
increasein grain Sze, thisinterva isinterpreted as representing a prograding shoreline environment. In most
of the study area, the common occurrence of tidd indicators, including bi-directiona cross-bedding, clay
drapes, and sand-mud couplets, suggests that tidal processes were dominant relative to wave processes.
The digribution of primary structures and types of burrows indicate that the influence of wave processes
relative to tidal processes becomes stronger to the south.

The occurrence of Ophiomorpha burrowsin the tide- to wave-dominated shoreline facies tract
uggests a shdlow marine depositiond setting, while Teichichnus burrows indicate brackish conditions
(Seilacher, 1978; Pemberton et a., 1994). Diplocraterion burrowsmay occur in either brackish or marine
environments (Seilacher, 1978). The organism that produced Macaronichnus segregatis has been
interpreted previoudy as Ophelia limacina, which is a shrimp thet livesin modern intertidd to shalow
subtida environments of Willapa Bay, Washington (Clifton and Thompson, 1978).

Digtomite
Description

A thick interva of diatomaceous claystone (diatomite) is present abovethetide- to wave-dominated
shordine facies tract in the surface exposures studied. The diatomaceous claystone grades southward
laterdly to burrowed claystone and is not present south of well S7-3. Thisfaciestract, which rangesin

thickness from 2.7 to 9.3 m, contains variable amounts of clay, slt, sand, and carbonate cement.
Microscopic examination of the diatomaceous claystone from outcrops reveded 1-85% diatoms, 5- 75%
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radiolariansand foraminifers (including Quinquel oculina §p), common vol canic rock fragments, and minor
glass shards. Burrowed claystone within the diatomite facies tract contains common Teichichnus and
common Terebellina burrows. Other interna festures are not gpparent within the diatomite facies tract.
Because of didtinctivelight color and laterd continuity, the diatomaceous claystone serves asauseful marker
bed in outcrop.

Interpretation

Diatomitesformin depositiond settingsranging from lacustrineto deep sea(e.g., Stoermer and Smol,
1999; Owen and Utha-aroon, 1999; Bernoulli and Gunzenhauser, 2001). The occurrence of the
foraminifer, Quinqueloculina sp., in diatomite of the Temblor Formation suggests very shdlow marine
deposition assuming that the foraminifers were not reworked (R.A. Christopher, written communication,
2000). Common Teichichnus and common Terebellina burrowsin claystone beds of the diatomitefacies
tract indicatethat someintervasmay represent brackish water deposition. Previousinterpretationsfor origin
of Temblor Formation diatomite include deposition a shelfal to abyssal depths (Arnold and Anderson,
1910) and deposition caused by a diatomaceous bloom that occurred due to nutrient-rich upweling (Bate,
1984).

Subtidal
Description

The gratigraphically highest facies tract of the Temblor Formation in the study areaconsists of a
thick interval of bioturbated sandstone that is truncated at the top by amgjor regiona unconformity. This
faciestract, which isinterpreted as subtidal in origin, reaches amaximum thickness of 40 m and comprises
3- to 20-mthick intervasof fine- to coarse-grained sandstone separated by thin interbeds of claystoneand
dltstone. A variable amount of carbonate cement ispresent, and minor, thinintervasof sandstone aretightly
cemented.

Physical sedimentary structures, including bedding within the sasndstone, aredifficult todiscerninthis
faciestract because of extensive burrowing. Sedimentary structures observed includefaint, minor low-ange
cross-bedding and planar-tabular cross-bedding. Minor Skolithos burrows can be recognized. Theintensty
of bioturbation decreases from north to south within the study area. Rare fragments of gastropods, sand
dollars, and Pecten are present.

Interpretation

Faintly cross-bedded, bioturbated sandstones, smilar to those of the uppermost faciestract inthe
Temblor Formation, are present in some modern subtida environments. Darymple (1992) described
modern subtidal sandsashighly variablein their characterigtics, including abundance of primary structures,
degree of bioturbation, and amount of mud. The occurrence of Skolithos burrowsinthesubtidd faciestract
isconsstent with low to high current energy in asubtida environment (Pemberton et d., 1994). Thelack of
abundant macrofosslsin the subtidal faciestract may be dueto unstable substrate caused by wavesor tidal
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currents.
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Geological Characterization of Upper Cretaceous Outcrops, Southern Utah

Outcrop Location and Approach

The purpose of this phase of the investigation was to obtain information for developing a
geologicaly redigtic outcrop-conditioned mode that could be applied to characterizing the variability of
reservoir sandsin West CodingaFdd. Fifteen gratigraphic sectionsin theinformally named B Sandstone?’
(middle portion of the John Henry Member of the Upper Cretaceous Straight Cliffs Formation, as
recognized by Hettinger et d., 1993) were measured and described in the vicinity of Escalante, Utah (Figure
7). Eleven sections are gpproximately parald to depositiond srike, whilethe remaining four sectionsfallow
depositiona dip. Seven closdy spaced strike sectionswere described for the purpose of determining smdll-
scaegeologica variability. Dueto thelong, continuous nature of the outcrops, it was possibleto trace units
between most of the logged sections.

A total of 350 m (1,148 feet) of section were studied in detail. Sedimentological description of the
exposures included logging of grain Sze, percent sand, biogenic features, and sedimentary structures.
Gammea-ray profiles of each section were recorded using a hand-hdd scintillometer. All gamma-ray data
were loaded into adigital database.

Utah s,

StudyArea 0O 2 4 6 8 10km

N - |

0 I 100 km

Figure 7. Location map for southern Utah study area. Permeability was measured from an outcrop near
North Creek (indicated by “Study Area’ on the detailed map).
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Sedimentological Analysis
Offshore
Description

The lower 9-12 m of the interval studied conssts of interlaminated to thinly interbedded shde,
dltstone, and very fine grained sandstone (Figure 8). Because of the low resstance of thisinterva to
wesgthering, it tends to form vegetated dopes and is poorly exposed in most of the study area. Common,
amadl plant fragmentsand minor, smdl, horizonta and vertica burrowsare present in areas of exposure. The
sandstone beds contain minor ripple lamination and minor shell fragments. Bedding isflat to wavy.

At thebase of thisinterval, apebble- conglomeratelag directly overliesthe A- sequenceboundary of
Hettinger et d. (1996). The pebble conglomerate, which ranges in thicknessfrom 7 to 25 cm in the study
area, contains poorly sorted pebbles in afine-grained sandstone matrix. Rareto minor shdl fragmentsand
plant fragments are present in the sandstone.

Interpretation

Based on comparison with studies of modern sediments and ancient examples (e.g., Swiftetd.,
1991; Johnson and Badwin, 1996), thelower intervad of interlaminated to thinly interbedded shale, Slltstone,
and very fine grained sandstone in the B sandstone is interpreted as representing deposition in an offshore
marine environment. Deposition is interpreted as having occurred predominantly below storm wave base
because of the rarity of hummocky cross-dratified sandstone, shell lag beds, and other evidencefor storm
reworking. However, some of the thin sandstone beds may be andogousto laminated * ssorm-sand layers
that have been described from modern shelf muds (Reineck and Singh, 1972).

Trandtion - Lower Shoreface

Description

Approximately 10-15 m of moderately to well sorted, very fine to fine-grained sandstone
gradationdly overlies the offshore facies of the intervad studied. Massive-bedded, bioturbated intervals
dternate with much thinner interbeds of hummocky cross-sratified sandstone. Overdl, grain Szegradualy
increases upward within thisinterva.

Abundant horizontal and vertica burrowsare present within the bioturbated intervas, which contain
minor clay. Diameter of the burrows, which are identified as Ophiomorpha and Planalites, ranges from
gpproximately 0.5-1.5 cm, with length up to 15 cm. Most of the burrows are gently curving to sinuous, and
some are lined with pellets. Similarly sized, branching burrowsthat occur in clusters near bedding contacts
areidentified as Thalassinoides.

Rare mud rip-up dasts, and minor fragments of plant and shell materid are present within the
bioturbated intervals. However, interna sedimentary Structures are not gpparent within most of the
burrowed sand, probably because of destruction by burrowing. Rare ripple cross-lamination is present,
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particularly near the top of beds.
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Figure 8. Description of Outcrop Section 2, where permeability was measured using the new smdl drill-hde
minipermeameter. Positions of the horizonta transects aong which permeability was measured areindicated
(X, H, D). The A-sequence boundary, which ispresent a the base of theinterval studied, iscovered at this
location. Location of the outcrop is aong North Creek (see dso Figure 7).
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As many as eight dratified sandstone beds, each 15-80 cm in thickness, are present within this
gratigraphic interva. These beds are clearly defined by sharp upper and lower contacts and by generaly
lighter color than the bioturbated sandstone, particularly on weethered surfaces. The lower contact is
erosve into the underlying sandstone. The beds contain a very low content of clay and, because of
carbonate cement, tend be more resstant to weethering than the bioturbated sandstone. Internd
dratificaion is horizonta to hummocky, with minor ripple cross-lamination. Minor to rare vertica and
horizonta burrows, including Ophiomor pha, Palaeophycus, and Skolithos are present in the hummocky
cross-dratified beds. Some of the hummocky cross-gratified beds can betraced laterdly dong the outcrop
for morethan 2,700 m, dthough they tend to pinch out and then reappear in the same Stratigraphic position.

Interpretation

The presence of hummocky cross-drtification (HCS) suggests that deposition was most likely
influenced by storm waves (e.g., Hams et d. 1975; Swift et d. 1983; Waker and Flint 1992). Ancient
examples containing HCS have been interpreted previoudy as forming between storm and fair-weather
wave base in the upper offshore to lower shoreface zone (e.g., Colquhoun, 1995; Castle, 2000). The
upward increase in grain Szein the interva that we studied suggests possible shordline progradation.

Depostion in a lower shoreface setting is consistent with occurrence of the trace fossils
Ophiomorpha, Planalites, and Thalassinoides (Frey and Pemberton, 1985; Pemberton et al., 1992,
Pemberton and MacEachern, 1995). Ophiomor pha, Palaeophycus, and Skolithos havebeenreportedin
other hummocky cross-stratified Upper Cretaceous sandstonesinterpreted as storm deposits (Frey, 1990;
Frey and Howard, 1990). Some of the interbedding between muds and sandsand theinternd sedimentary
dructures that were origindly present in the sandstones may have been obliterated by bioturbation. In the
lower shoreface and trangition zone, the extent of bioturbation, and hence the preservation of storm+
generated beds, depends on the magnitude and frequency of ssorms and the overdl rate of sedimentation.
The hummocky cross-gratified beds preserved between the massive bioturbated intervasin our study area
probably record wave processes that were more intense than during deposition of the bioturbated beds.

Upper Shoreface

Description

Cross-bedded, moderately well sorted, fine- to medium-grained sandstone sharply overlies the
lower shoreface interva. One- to 1.5-mthick intervals of trough cross-bedded sandstone aternate with
0.1-0.3 m thick beds of low-angle cross-bedded sandstone. Minor horizonta lamination, minor planar-
tabular cross-bedding, and rare ripple cross-lamination are dso present. Common shell debris and plant
fragments occur on bedding planes, and rare horizontal to vertical burrows are present within the sandstone
beds. Thickness of thisinterva ranges from 6-8 m in the outcrops studied.

Thebasd contact with the underlying shoreface interva issharply defined and lateraly continuous
throughout the study area. The contact iserosive, showing approximately 1.5 m of relief among the outcrops
studied. The contact isdirectly overlain by trough cross-bedded, horizontal ly laminated, or low-angeaoss
bedded sandstone. Lag deposits were not observed on the contact.

22



Interpretation

Thisinterval isinterpreted as upper shoreface, with the abundant through cross- beds representing
dune migration. Grain sze and sedimentary sructures are Smilar to those d modern, cross-draified
shoreface deposits (e.g., Howard and Reineck, 1981; Swift et a. 1991) and to ancient upper shoreface
deposits (e.g., Swift et d. 1987; Wadker and Flint, 1992; Colquhoun, 1995; Johnson and Baldwin, 1996).
The previous studies demongtrated that sand deposition in this setting is controlled by a combination of
gorm and fair-weather processes.

The sharp basa contact of the upper shoreface faciesisinterpreted asforming by erosive scour in
advance of upper shoreface deposition. This contact is interpreted as a regressive bounding surface that
formed in responseto relative see-leve fall. Smilar surfaces have been described in ancient shoreface strata
(e.g., Flint, 1988, Walker and Flint, 1992; Mellere and Stedl, 1995; Castle, 2000).

Foreshore
Description

Aninterva of predominantly horizontaly laminated, moderately well sorted fine- to medium-grained
sandstone, approximately 9-14 m thick, overlies the upper shoreface interval. Minor low-angle cross-
bedding and planar-tabular cross-bedding are present. Typicaly, 0.3-3.0 m thick beds of horizontaly
laminated and low-angle cross-bedded sandstone alternate with 0.15-0.3 m beds of planar tabular cross-
bedded sandstone. A few beds within this interval contain a concentration of common to abundant shell
fragments, and minor shell fragments are present on cross-bed foresetsin other beds. Grain szeexhibitsa
dight upward decreasein most of the outcrops studied; minor shale interbeds are present in the upper part
of the interva in some of the outcrops.

Although burrows are rare in the horizontaly laminated medium-grained sandstone of thisintervd,
minor to common vertica and horizontal burrows are present in the upper, finer grained part of theinterval.
Theburrows, which areidentified asSkolithos, Planolites, and possibly Psilonichnus, are approximately
0.5-1.0 cmin diameter and up to 4 cm long.

Thebasa contact of thisinterval variesfrom sharp to gradationa. The upper contact, which marks
the top of the interva studied, is sharp and overlain by medium-grained sandstone containing abundant
oyster shells and fragments and abundant mud rip-up clasts. This bed ranges from about 0.75-1.5min
thickness.

Interpretation

The horizontaly laminated and low-angle cross-bedded sandstone of thisinterva isinterpreted as
representing beach-face deposition in aforeshore setting. The occurrence of wave- produced sedimentary
gructures, shell fragments, upward fining, and burrows are consstent with descriptions of modern and
ancient foreshore deposits (e.g., Clifton et a., 1971; Howard and Reineck, 1981; Clifton, 1988; Reading
and Callinson, 1996).

Interna structures, finer grain size, and burrowing in the upper part of thisinterva indicate lower
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energy deposition than represented by the underlying horizontaly laminated foreshore deposits. From
positionintheoveral succession and from comparison with other examples (e.g., Swift etd., 1991; Walker
and Plint, 1992), the upper part of thisinterval may represent backshore deposition. Bioturbated sediments,
smilar to those in the upper part of the interva studied, have been described from modern backshore
environments (e.g., Frey et d., 1984; Frey and Pemberton, 1987). Based on comparison with smilar
contacts and associated lithologies from other ancient successions (e.g., Bergman and Walker 1987;
Pattison and Walker, 1992; Arnott et a. 1995), the sharp upper contact is interpreted as a wave-cut
surface overlain by alag bed.

Small Drill-Hole Minipermeameter Probe for Outcrop Permeability M easurement

A new smd| drill-hole minipermeameter probe (Figure 9) was developed to make permeability
measurements on outcrops at the Escdantefield site. Thistechnology hasbeen refined to beatruly reliable
field method. Smdl cylindrica holes are created in an outcrop with amasonry drill, followed by drill-hole
vacuuming, probe insertion, sed expanson and in situ caculation of the intringc permesbility via
measurement of the injection pressure, flow rate, and knowledge of the system geometry. Advantages of
this approach are imination of the use of questionable permegbility measurementsfrom westhered outcrop
surfaces, provison of a superior seding mechanism around the air injection zone, and its potentia for
meking measurements at multiple depths below the outcrop surface.

Thetheory for andyzing radid gasflow fromacylindrica hole hasbeen deve oped for the new drill-
hole minipermeameter probe. Use of the new probe prescribes a change in the system geometry from that
of the more conventiond surface-sedling probe. The mathematica theory for this new probe type was
derived in away that is andogous to the derivation by Goggin et d. (1988) for the conventiona probe.
Thereisageometrica factor for the new probe, which accountsfor the system geometry and diverging flow
through the domain. In order to determine the geometrica factor for the new probe, finite-difference
computer smulations were developed to modd the pressure- digtribution throughout the system. Thiswas
begun by verifying the finite-difference solutions of Goggin et a. (1988) for the conventiond probe, which
appliesflow to an exposed rock surface. Thework proceeded by modifying the boundary conditions of the
amulation to reflect the new drill-hole system geometry, and as aresult, the geometrica factor for the new
system was obtained.

Thetheory for andlyzing radid gasflow fromacylindricd drill-holeinto the surrounding medium was
expanded to include possible variations in system geometry. The variations tested include thickness of the
packer (or sedl), depth of the drill-holeinto the outcrop, and radius of thedrill-hole. Thereisageometrica
factor for each variation of the probe/rock system, which accounts for the system geometry and the
diverging flow through the porous media domain. To determine the geometrical factor for different system
geometries, finite-difference computer smulations were developed to modd the pressure-ditribution
throughout each system. The devel opment of the new drill-hole probeisdiscussed by Dinwiddie (2001) and
Dinwiddieet d. (1999, 2000a, 2000b, 2001). A patent application for the probe has been approved (Molz
et a., 2002a).

The physica bass for the spatia weighting function of the instrument was developed utilizing
greamline coordinates (Molz et d., 2000, 2002b). Application of the spatid weighting function for the new
drill-hole probeis presented in Figure 10. Spatid weighting function distributionsindicate that with diverging

24



flow-fidd instruments (such as the gas minipermeameter probe) in any configuration, porous medium
volumes in the inlet vicinity are heavily weighted, with volumes near the sed boundaries shown to be
extremely important (Molz et d., 2000, 2002b). The technique described dlows one to quantify the sze
and shape of the averaging volume that contributes to an effective permesbility measurement.

Drill Hole

QOutcrop
Surface

Gas Source }
Pressure Flow rate

Figure 9. Schemdtic of the new drill-hole mini- permeameter designed for steady-<tate in situ fidd
measurements.

L aboratory andysesusing thesmdl drill-hole minipermeameter probewere performed to assessthe
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results obtained. The following tasks were completed: 1) thin section andysis of the rock zone in the
immediate vicinity of the drill-hole for the purpose of appraising any damage due to drilling; 2) operator
familiarizetion with achieving the optima norma force between the sed and the drill-hole wall; 3)
determination of the minimum distance needed between drill-holes to diminate the possibility of short
circuiting gasflow through adjacent holes; and 4) pseudo-cdlibration of drillholeminipermeameter detawith
Hasd er-deeve permeability data to verify order-of-magnitude accuracy. These laboratory analyses were
preformed on severa sandstone boulders, which were transported from the Escalante, Utah field Site to
Clemson Universty for testing of the prototype probe. Laboratory testing of the new probe in sandstone
obtained from the field-dSte facilitated the move to in situ field measurements near Escaante, Uah.
Additionaly, the laboratory work indicated generd guiddinesfor field use, such as gppropriate pressureand
flow rate ranges, expected life of sed materid, and the efficacy of obtaining measurements at multiple depths
within adrill-hole,
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function over the entireflow domain must sumto 1. By numericaly integrating the spatia weighting function
over smdler volumesin the vicinity of theinlet, the averaging volume of the insgrument becomes gpparent.
This is illugtrated by the concentric cylinders, indicated by varioudy dashed lines, which incressingly
encompass greeter percentages of the goatia weighting function. The drillhole geometry for this numerica
model was assumed to be flattened at the distal end.
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Permeability Data from Upper Cretaceous Outcrop, Southern Utah

One of the outcrops of the Upper Cretaceous Straight Cliffs Formation in the southern Utah study
area was sdected for testing of smdl-scde varidion in permegbility usng the new smdl drill-hole
minipermeameter (Figures7, 8). Thisoutcrop has anear-vertica face measuring gpproximatdy 21 m across
and 6 m high. Conggtent with the accumulation of talus at the base and awell-defined overhang at the top,
this outcrop appeared less westhered than others. Approximately 500 locetions were tested for
permesbility within two sandstone facies. Location spacings for measurements were every 15 cm dong
three horizonta transects and four vertical profiles (Figure 11). Measurements were made in triplicate at
each location, and the results were arithmeticaly averaged. Lithologic information, induding grainszeand
sedimentary structures, was recorded for every measurement location. To obtain an gpproximation of the
minerdogy and fabric in each of the two sandstone facies tested for permesbility, thin sections were
prepared and examined from 32 measurement points exhibiting representative permesbility vaues. Sodium
cobdtinitrite was applied to each thin section asagtain to aid in the petrographic identification of potassum
feldspar. Each thin section was point-counted (300 points each) for detritdl minerd content, matrix,
cements, and porosity. Secondary porosity was identified following the criteria proposed by Schmidt and
McDonad (1979). Grain Sze was estimated by measuring the maximum length of grains of gpproximately
average Sze in each thin-section. Sorting was estimated following methods of Beard and Weyl (1973) and
Longiaru (1987).

Permeability Variation

Permeability was measured in two facies: thelower shoreface bioturbated sandstone and the upper
shoreface cross-bedded sandstone. In the bioturbated sandstone, approximeately 340 locations were tested
for permesbility dong two horizonta transectsand in thelower portion of four vertica profiles (Figures 12,
13). Approximately 170 locations in the cross-bedded facies were tested for permesbility aong one
horizontal transect and in the upper portion of the four vertical profiles. The aithmetic average of
permesbility measurements for al sample locations were reported by Dinwiddie (2001) and Current
(2001).

Permeability vaues range between 41 and 1,675 millidarcies (md) in the bioturbated sandstone
facies Thearithmetic mean of al permesbility measurmentsin thisfaciesis 276 md, and the geometric mean
is 253 md. Permesgbility in the bioturbated sandstone facies shows very little variability over a scae of
severd m (eg., 125 md < k < 275 md over adistance of 6 m within Transect D), which is attributed to
homogeni zation caused by burrowing. The range of permeshility variationfor both the horizontd transects
and the vertica profilesis generdly less than one order of magnitude. Grain Sze in the bioturbated facies
aso showsllittle variation laterdly and verticaly.

Permeabiility in the cross-bedded faci es ranges between 336 and 5,531 md, with an aithmeticmeen
of dl permeability measurements equd to 1,746 md and a geometric mean of 1,395 md. Grain size and
permesbility show ahigher degree of variability in the cross-bedded facies, both vertically and horizontaly,
than ispresent in the bioturbated facies. Permesbility variation exceeding 1,000 md isnot uncommon among
nearby sample locations. At avertica postion of 5 to 6 sample locations above the contact between the
bioturbated facies and the cross-bedded facies, ahigh permeability pesk can be corrdated among the
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Figure 12. Vertica permeability profiles. Permesbility vauesin the cross-bedded sandstone are higher and
show greater variability than in the bioturbated sandstone. Intersections of horizontal transectsD, H, and X
are shown. Holelocation and profile numbers have been reassigned, with location 1 asthe lowest position
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in each profile, and therefore may differ from Dinwiddie (2001) and Current (2001).

W1 W-2 V-3 V-4

Fermeahility (Darcies)

Transect D

Test hale number

Figure 13. Horizonta permeability transects. Permegbility vaues vary over amuch grester range in the
cross-bedded sandstone (transect X) than in the bioturbated sandstone (transects H and D).
Intersections of vertical profilesV1, V2, V3, and V4 are shown. Hole location numbers have been
reassigned, with location 1 as the left-most position in each transect, and therefore may differ from
those used by Dinwiddie (2001) and Current (2001).

Geologic Controls
Therearesimilaritiesin lithology between faciesin the Temblor Formation and faciesin the Straight

CliffsFormation (Table5). In both cases, permesbility values are related to lithol ogic properties produced
by the depositional processes.
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Table 5. Comparison of lithologies between southern Utah fidd ste and Codinga site.

Escalante, Utah

Coalinga, California

Straight Cliffs Formation

Temblor Formation

Late Cretaceous (Turonian)

Early to Middle Miocene (Saucesian, Relizian,
Luisian)

Lithology: cross-bedded medium-grained
sandstone; bioturbated fine-grained
sandstone; interlaminated to interbedded
shale and very fine to fine-grained
sandstone; shell and pebble lags; mud rip-
up clasts

Lithology: cross-bedded fine- to medium-
grained sand; bioturbated coarse-grained
sand; interlaminated to interbedded clay and
fine-grained sand; fossiliferous sand;
diatomaceous silt and clay; quartz and lithic
pebble lags; mud rip-up clasts

Sedimentary Structures: trough and planar-
tabular cross-bedding; horizontal
lamination; ripple cross-lamination;
hummocky cross- stratification

Sedimentary Structures: trough and planar-
tabular cross-bedding; clay drapes on foresets;
ripple cross-lamination; bi-directional cross-
bedding; mottled bedding

Biological Features: V4" to ¥2" diameter
vertical and horizontal burrows, filled with
sand; wood and plant fragments

Biological Features: ¥4" to 1" diameter vertical
and horizontal burrows, clay lined and some
sand filled; meniscus burrows present on some
erosional surfaces; wood fragments

Permeability va uestend to be greater in the cross- bedded faciesthan inthe bioturbated faciesinthe
southern Utah data sets because of coarser grain Size, greater primary porosity, and smaller percentages of
clay matrix and cement (Table 6). Based on petrographic observation, primary poresare larger and better
connected in the cross-bedded facies than in the bioturbated sandstone, which isrelated to coarser grain
gzeinthe cross-bedded facies (Lorinovich et a., 2000). Smal amountsof grain-moldic secondary porosity
have formed by dissolution of feldspar grainsin both sandstone facies. Although the percentage of moldic
porosity isgreater in the bioturbated facies than in the cross- bedded facies, its contribution to permegbility is
amdl because of low connectivity among grain-moldic pores. The growth of minor pore-lining chlorite
cement has resulted in a reduction of permesgbility in both sandstone facies. Based on quditative
petrographic observations from both facies, the individuad samples with the highest permesbility vaues
contain the largest amount of porosity and the least amount of matrix and cement.
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Table 6. Texture, composition, and fabric of facies tested for permegbility in the B Sandstone unit of
the John Henry Member. Data are averaged from petrographic counting of 300 points per sample.

Facies Number | Mean | *Mean **Ratio of Detrital Ratio of Fabric Components (%)
of Grain | Sorting|  Framework Grains (%)
Samples| Size
(mm)
Quartz | Feldspar| Lithic | Framework | Clay | Calcite | Chlorite | Primary | Secondary
Fragments| Grains | Matrix| Cement | Cement | Porosity| Porosity
Lower
Shoreface 20 0.11] 4.8 80. 35 16. 65. 29 5.2 25 21. 33
(Bioturbated
S5
Upper
Shoreface 12 0.23 34 65. 24 32. 67. 1.0 3.0 2.3 25. 18
(Cross-
bedded SS)

*Mean sorting estimated using the method of Beard and Weyl (1973): 1=very poor; 2=poor; 3=moderate; 4=moderately well;
5=well; 6=very well.

** Feldspar mineralogy is orthoclase. Lithic grains are predominantly chert, with minor sedimentary and volcanic rock fragments.
The higher proportion of detrital quartz to lithic grains in the bioturbated sandstone than in the cross-bedded sandstone is
probably related to grain size difference between the two facies.

Fidd permesability measurementsfrom lower shoreface bioturbated sandstone and upper shoreface
cross-bedded sandstone demonstrate facies-dependent variations in permesbility. Because of lithologic
homogenization by extensve burrowing, the bioturbated sandstone exhibits alow degree of permesbility
variaion over ascdeof severd m. In contrast, permesbility in the cross-bedded faciesvaries by morethan
an order of magnitude over a scale of afew cm. This high degree of variability is caused by smdl-scae
vaiaionsin grain size and structure related to the depositional processes. In contrast to the bioturbated
facies, the primary textura properties have been preserved rather than modified by burrowing.

Fractal Analysis
Utah Data Set

Fracta scaling properties of te data were anayzed with the intent to predict permesability
digributions. Andyss of two permesbility (k) data sets, collected dong two horizonta transects in the
bioturbated sandstone facies at the Escdantefield Site, indicates that horizontal log(k) increment digtributions
are highly Gaussan (Figure 14, 15). Fractd scding of log(k) is aso observed with a Hurst coefficient of
0.33 (Figure 16), indicating negative corrdation of log(k). The plot of log(k) increments versus distance
appeared stationary. Results from vertical transects, which included measurements from the two different
facies, aemorevariable, but still display Gaussian behavior (Figure 17, 18) to agood gpproximation with a
Hurst coefficient of 0.68 (Figure 19). Theseresults suggest thet thefractiond Brownian motion (fBm) modd
may be appropriate for log(k) smulaionswithin afacies.
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Coalinga Data Set

Spectra anaysesand the Double Trace Moment (DTM) method (Lavalleeet d., 1991) were used
to andyze the permesbility data from West Coalinga Fidd, assuming that the data displayed scaing
properties of Levy multifractals. Thiswas done by estimating the parameters of the Universal Multifracta
(UM) modd (Schertzer and Lovegoy, 1987). The UM modd has been reasonably successful in
representing, among other geophysicd fields, spatia distribution of rain (Schertzer and Love oy, 1987), ice
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coreformation structures (Schmitt et al., 1995), and topography (Lavaleeet d., 1993). Papersby Gupta
and Waymire (1993) and Veneziano (1999) provide additiona useful information regarding multifractal
models.

Thefractd anayssof datafrom West CodingaFiddwasadifficult task initialy because of thelack
of datacontinuity. Variance scding isdefinitely present in the data, but the associated Hurst (H) coefficient
was difficult to caculate. Using spectra techniques, avauein the vicinity of 0.3 was estimated. Further
andysis of the core data, which included a series of facies tracts, yielded sets of Log(k) increments that
were not Gaussian. Thisdiffered from our Utah data, which were obtained within what we call purefacies.
However, we were able to show that datafrom the West Codinga Oil Fidd, aswell as data obtained by
others in the laboratory using the conventiond minipermeameter, displayed multifractd scaing over a
sgnificant range of scaes (Boufade et d., 2000).

Permesgbility datafrom fivewe Iswere used for theandyss. Thevertica spacing of measurements
wasgenerdly about 0.3048 m (onefoot). Dueto missing measurements, only portionsof the datacould be
used (246 vaues out of about 1,000 vaues). Two digoint data sets were obtained from Well 4: 4A and
4B. Fgure 20 shows plotsof theintringc permeability asafunction of depth for dl wells. Figure 21 shows
that scaing exigsin the permesbility fidld. Thedope T ranged generaly from about—1.05 to about —1.35,
with an arithmetic average of about —1.2. Thisisnot too far from the limiting Sationary vaue of —1.

Although the doubletrace moment (DTM) method has been restricted previoudy to stationary data
sts, the plots in Figure 21 show that such a limitation is not necessary.  One can transform the non-
dationary datato stationary data by performing afractiona differentiation (which can beeasly doneinthe
Fourier space by multiplication by f raised to a positive power) to bring the dope T between —1 and +1.
Congder for example Well 3, thedope T is equa to—1.17, henceit sufficesto multiply (in Fourier space)
the Fourier transforms of the measured k vaues by f %% (f = spectral frequency variable) to obtain anew
dope T = -1 (because the spectrum is the square of the Fourier transform magnitude). Alternatively, one
can obtain stationary data by taking the increments of the datain the red space, which correspondsto a
multiplication by f in the Fourier space (Lavaleeet d., 1993). Thisisthe gpproach followed in our work.

Themgor parameters characterizing multifracta s derive from the underlying Levy digributionthat is
assumed to govern the logs of the data, not theincrementsinthe multifractal case. Thesearethe Levy index
, &, and the width parameter, s. We now proceed to estimating the parametersa and s usngthe DTM
method applied onthefidd F. (The analysis procedure will not be described in detal herein Snceit isquite
technical. Details may be found in Boufadd et d. (2000).)

We computed DTM, (g = order of the Setistical moment.) using equations representetive of the
scaling of the double trace moments. The plotsin Figures 22 and 23 show the DTM  for g=0.5 and g=2 for
Wdls 4B (firg part) and Well 5. Notice thet the linear fit is generally good in dl graphs, indicating that
multiscaing (or multifracta behavior) isdemondtrated. A breek in scaling occurred for Well 5at low scding
ratio values (Fig. 23). This was probably because of the combined effect of limited data length and
intermittency (Fig. 20F), which resulted in spatid averages (using the equations representing the scaling of
the doubl e trace moments) being poor estimates of ensemble averages at low scaling ratios. This occurred
to alesser extent for other wells probably because of their lower degree of intermittency in comparison to
Well 5 (Fig. 20).

Figure 24 shows plots of the log of the moment scaling exponent (Log|M(q, h)|) versus h, the
order of the double trace moment variable used inthe DTM andysis, and the best-fit linear curvefor Wells
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4B (first part) and Well 5. The break in the linear behavior a high h vaues is expected because of the
divergence of the dressed moments (Schertzer and Loveoy, 1991).

Table7ligstheedtimateda ands vauesfrom variousdatasets. The parameter a varied between
1.57 and 1.93 while s varied between 0.042 and 0.43. The arithmetic averages of a ands (obtained by
averaging within each data set and then averaging between sets) were about 1.78 and 0.17, respectively.

From the observed spectral dopes (Fig. 21) and thevauesof a ands for each dataset (Table 7),
we computed values of Hm, the multifractal Hurst coefficient, varying between 0.19 and 0.32, with an
average value of about 0.25.

Table7. Vduesof a and s Edtimated by the DTM method.
The average vauesarea=1.78 and s =0.17

0=0.5 0=2.0
a S a S Comment
Wdl 1 1% Part 1.80 0137 |1.81 0.159 16 out of 26 data points
2" Part 1.83 0.4323 | 1.75 0.4157 16 out of 26 data points
Wdl 2 1% Part 1.74 0.048 171 0.055 32 out of 55 data points
2" Part 1.72 0.146 161 0.132 32 out of 55 data points
Wdl 3 1% Part 1.93 0.047 184 0.042 16 out of 27 data points
2" Part 1.70 0.185 | 157 0.163 16 out of 27 data points
Wadl 4A One Set 1.79 0.155 1.70 0.151 20 data points
Well 4B 1% Part 1.82 0.168 | 1.78 0.175 32 out of 49 data points
2" Part 1.90 0.172 | 1.90 0.186 32 out of 49 data points
Wdl 5 One Set 1.88 0.234 1.76 0.194 64 out of 67 data points
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Figure 20. Observed core permeability data from West Codinga Field, Cdifornia
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Fractal/Facies Concept

A new concept for representing naturd heterogeneity, whichis caled thefractal /facies conogat (Lu
et d., 2002), was developed based on results of this project and from related work. Mativation for the
concept is given below.

Permegbility may be conceived as exhibiting two components of variation: a "sructure’ or
"systematic"' component and a"random’ or "noise" component. If the facies concept isintroduced, then the
"gructure’ may beassociated with thefacies, and the"random” component associated with the permegbility
vaidion within facies.

Previous studies have presented evidence that 1og(k) increments (k = intringc permeability) within
pure facies often follow a Gaussan distribution. For example, ak data set from averticd Bereasandstone
corewas obtained in thelaboratory using asurface gas minipermeameter. It consstsof 2,884 consecutivek
measurementswith 1.27-cm spacings. Recently, Lu et d. (2002) concluded that both thek incrementsand
log(K) increments have non-Gaussian didtributions with heavy, non-Gaussantallswhentheentiredatast is
used for the andyss. However, under the assumption that permesbility is related to at least three of the
primary facies types found in eolian sequences (that is, grain-flow, wind-ripple, and inter-dune), Goggin
(1988) provided evidencethat k in each faciesislog-normdly distributed. Therefore, thelog(k) increments
for each dratification should be gpproximately normaly digtributed. We checked for this behavior using
Goggin's(1988) data. Shownin Figure 25 areresultsfor theinter-dune data, indicating that the cumulative
digtribution of log(k) increments are well approximated by a Gaussan cumulative digtribution function.
Rescded range (R/S) andysisof log(k) dso shows that long range correlated log(k) structureisfound with
aHurg coefficient H = 0.39 (Fig. 26). Similar results were obtained for the grain-flow and wind-ripple
facies.

Fractd scaling properties of the outcrop data from southern Utah provide further support of the
fracta/facies concept. For thetwo horizontd transectswith 269 measurementsin the bioturbated, shallow
marine sandstone studied at the Escdante fidd site, thelog(k) increments have aHurst coefficient of 0.34
and are highly Gaussan as documented in Figure 27. These properties are Specifically for the bioturbated
sandstone, which is considered as asingle, pure facies. We conclude, therefore, that thereisfurther fied
evidence for Gaussan behavior of log(k) or log(K) increments within purefacies. Thisisone of the main
motivations for proposing what is called the fracta /facies concept (Lu et a., 2002). This gpproach, along
with the results from fractd andysis of the permegbility data, was gpplied to digtributing permesbility for
reservoir smulation of a portion of West Codinga Field.

The fracta/facies gpproach offers a potentialy smplifying concept and a method for predicting
property digtributions consstent with sedimentologicaly controlled facies architecture in reservairs.
However, to fully devel op this gpproach, further investigation of additiona permeshility datasetsis needed.
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Goggin (1988). The Hurst coefficient, H, is given by the dope of the best fitting straight line.

c 1 -
-S +« Ssample CDF
5 0.8
ﬁ — Gaussian
A 0.6 CDF
)
= 04
s
S L
= 0.2
>
O 0 b !
-1 -0.5 0 0.5 1

Increments in log(k)

Fgure 27. The cumulative digtribution function for thelog(k) increments of the bioturbated sandstone
from the Southern Utah fidld Ste. The didtribution function is highly Gaussian.

47



Construction of Geological Models, West Coalinga Field

Obj ect-based, three-dimensiond geologic modd swere congtructed for partsof section 31A inthe
northern part of West Codinga Field and section 36D in the southern part of thefield (Fig. 2). Themodds
for section 36D were used for theincorporation of permeability distributionsfor application to steam-flood
gmulation. The modes incorporate geophysicad logs as well as lithologic data and depostiond
interpretations from our core and outcrop investigation of the Temblor Formation in the Coainga area
Specific geologic modds produced include facies tract and lithofacies group models (Figures 28 and 29).
Multiple redizations of modeswere generated to represent the geometry of reservoir zones. In addition, a
datistica andysisinvolving approximately 2000 data points from 13 cored wellsin West Codinga Fied
was conducted to identify groupings of lithofacies and to eva uate permegbility trendsin both lithofaciesand
faciestracts. A cluster anadysiswas performed to group lithofacies based on permesbility, porosity, sorting,
grain size, and percent sand. GOCAD three-dimensiona modding and visudization softwareisbeing used
for thisinvedtigation.

The mgjor steps followed for congtructing three-dimensiond geologic models of facies tracts
and lithofacies groups were:

1) Loaded bounding surface horizonsto provide structurd congraints,

2) Loaded continuous and discrete geophysica log, lithofacies group, and facies tract data;

3) Deveoped modd architecture and geologic regionsto define the facies tract and lithofacies group
dratigraphic grids;

4) Applied sequential indicator smulations to develop a representative and geologically reasonable
lithofacies group modd; and

5) Examined the facies tract and lithofacies group modes for geologica vaidity and compared
modeling results with cores and geophysica logs.

For thefaciestract modds, reference horizonswere defined based on theregiona sedimentological
and sequence- dratigraphic rel ationships, asinterpreted in the previoustasks of the project. These horizons
wereidentified in cores and outcrops as stratigraphic bounding surfacesthat separate thefive mgor facies
tracts incised valey, estuarine, tide- to wave-dominated shoreline, diatomite, and subtidal (Bridges, 2001;
Bridges and Castle, 2002). This gpproach provides a structural congtraint by forcing the model grid to
conform to the surfaces, including honoring truncation of sratigraphic intervals by unconformities (Figure
30). Insection 31A, six bounding surfaceswith aregion between each surface were crested in GOCAD to
represent the five facies tracts present in the northern part of West Coainga Field. In Section 36D, four
bounding surfaces and three regions are present. The facies tracts present in the southern part of the field
are estuarine, tide- to wave-dominated shordline, and subtiddl.

In GOCAD, each corner node of the grid is assgned the facies group and faciestract vaue of the
surface. Theoutput from the modd lististhex, y, and z location, faciestract va ue, faciesgroup vaue and oil
saturation percentagefor that node. Additionally, thick intervasof asinglefaciesgroup or faciestract were
broken up into smdler intervas (layers) for the purpose of reservoir smulation.
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Figure 28. Facies tract mode for the smulation area shown in Figures 30 and 31. Lateraly correlative

bounding surfaces separate thefaciestracts. A) View of the northern face of themode. B) View looking at
the east sde of the modd. Well paths are shown. From Current (2001).
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Figure 29. Facies group mode for the smulation area shown in Figures 30 and 31. The individua
lithofaciesand their groupsareligedin Table4. A) View looking a the east Sde of themodd. B) View of
the northern face of the modd. From Current (2001).
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Figure 30. Bounding Surface horizons created from connecting input points within GOCAD. The bottom

and top horizons (Bounding Surfaces 1 and 6, respectively), correspond with the base and top of the
Temblor Formation. The ather horizons correspond with contacts between the facies tracts. Bounding

Surfaces 4 and 5 (the blue and purple horizons) are truncated by erosion a the top of the Temblor
Formation. The'Y axis pointsin the direction of north. Section 31A. From Bridges (2001).
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Reservoir Simulation, West Coalinga Field
Background and Approach

Geological modeing software, as described above, was used to mergethe petrophysical properties
(eg., thefractd permesability structure) of thewellsin the smulation areawith the dratigraphy. Thegeologic
modd grid provided the framework for the flow smulation mesh, and petrophysicd properties were
assigned to dl cdls of the mesh. Numerical smulations of steam injection into three adjacent 5-spot well
configurations in West Codinga Fidd were performed (Fawumi, 2002) to examine the responses of the
geologic modds (Figure 31). This is an area with an ongoing steam flood being conducted by
ChevronTexaco for recovery of heavy ail. In this area, 5-spot wel configurations are centered around the
centra producing wells of 127, 128, and 22 (Figure 32).

Steam injection operationsin thisareacommenced in 1995. A fiveyear period (October 1995 to
October 2000) was sdected for the flow smulations. The darting date corresponded to the
commencement of the steam flood. After October 2000, the production/injection scheme was changed,
and a horizontal production well was ingdled through the study area, dtering the overdl flow regime.
During the smulation period, the injection and extraction histories for the wells in the sudy area varied
greetly. The steam volume of the injection wells changed monthly, and many of the injection wells did not
come online until 1997 or later. The production wells were regularly shut down for maintenance, or were
converted into steam injection wellsfor afew months before being turned back into productionwells. All of
these changes in production and injection were honored in the input of the flow smulator.

Figure 31. Location of smulated area in Section 36D, West Codinga Field. The blue lines show the
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gpproximate outline of three adjacent 5-spot injection-production wel configurations.
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For performing the smulaion a West Codinga, a numerica steam flood smulator capable of

modeling multiphase, multicomponent, nonisotherma flowwasrequired that could provide (at the minimum):

(1) amass bdance on water and ail,

(2) an energy baance,

(3) three-phase flow of gas, water, and oil phases,

(4) heat trandfer by convection and conduction with phase change effects,

(5) the capability for three-dimensional flow in anisotropic heterogeneous media
T2VOC (Fdta et d., 1995) possesses the capabilities noted above and has been used extensively by
government agencies and private corporations to modd the flow of water, air (seam) and ail in multi-
dimensond, heterogeneous porous media. This smulator, which is publicly available (at a cost), was
developed over a 20 year period at the Lawrence Berkeley Laboratoriesin Cdifornia, and wasoriginaly
designed for geothermd reservoir modeling. The model and source codes are distributed by the DOE
Energy Science and Technology Software Center (web: hitp://www.odti.gov/estsc/;  emall:
estsc@adonis.osti.gov).

The governing partid differentia equations (PDES) for the trangport of water and a non-agqueous
component (oil) are presented d ong with the energy balance used to account for non-isothermd flow. The
detals of these equations can befound in Fdtaet d. (1995). A generd finitedifferenceformulaionisused
to solve the multiphase, multicomponent mass and energy baance equations.
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Equation 2. The PDE for the oil component (pseudo component)
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Equation 3. The PDE for multiphase hegt transfer

In the flow smulator, the production wells were modeled using a productivity index (P1), where
production occurs againgt a prescribed flowing wellbore pressure. This condition implies that minimd all
production will occur until the pressure gradient generated by the steam injection is conveyed to the
producing wells. The Pl isafunction of the permegbility of thelayer thewe | isperforated in, thewd radius,
and the effective radius of the cdl. Thisis caculated using the following reaion:

Pl =[2*p*k* Dz] /[In (rdry)+s-0.5]
Equation 4. The productivity index (P1) for the producing wells.

where k = permesgbility of the layer, Dz = layer thickness, r. = grid block radius, r,, = well radius, and s
= skin factor.

In addition to the PI, production occursagaingt a prescribed flowing wellbore pressure(P,,,). Discussons
with Chevron production engineers reveded thet the fluid level in thewell iskept at thelevd of the pump,
and that the pump istypically located at the halfway point of the perforations. Thusa Py, of atmaospheric
pressure was assigned to the top element of the producing wells.

While the injection rates were specified by Chevron, the enthdpy of the injected fluid had to be
cdculated. Theentha py isafunction of the seam qudity and temperature. At the Codingafield, thesteam
qudlity is 60%, which means that the injectate is 60% steam and 40% hot water. The equation used to
cdculate the enthdpy of the mixtureis.
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h’nix = Cw*hlv + Cs*hs
Equation 5. The enthdpy of theinjected fluid

where hyix = enthapy of the mixture, i, = enthdpy of the water, h, = enthdpy of the steam, c,, =
fraction of water, and ¢ = fraction of seam. The enthalpies are referenced to 500°F, whichisthe
temperature of the injected gas/fluid mixture.

Five-Spot Configuration and Boundary Conditions

The 5-spot configuration is based on the principle of a centrd production with aninjection well a
each of the four corners (Figure 33). When the 5-spots being model ed are adjacent, the corner injection
wells of adjacent 5-spotsare shared. Idedlly, thisconfiguration produces ano flow boundary at the edges
of the 5spot. In the flow smulations, the edge of each 5 gpot configuration is modeled as a no-flow
boundary. This means that a no-flow boundary was gpplied around the sdes of the entire model. The
bottom layer of the mode is designated as a very low permesble layer with ano flow boundary below it.
The top two layers of the modd aso have very low permeshilities, with ano flow boundary above them.
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A
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.

Figure 33. Standard repeated 5-spot pattern. The production wells are shown as circles and the
injection wells are shown astriangles.
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Steam Flooding in Heavy Oil Reservoirs

Heavy ail is an important energy resource with large worldwide reserves, but its extremely high
viscodty a reservoir temperatures limits its remova from the subsurface usng traditiona pumping
techniques. Steam injection can reduce the oil viscosity to the point where it will readily flow due to the
effect of heat (Figure 34). Large pressure gradients generated by the steam front aso help to mobilize the
heavy oil. Lower interfacid tenson and solvent bank effects may dso help, but are secondary. The
viscosty of West Codinga heavy ail is about 900 centipoise at a reservoir temperature of 40 degrees
centigrade (or 104 degrees Fahrenheit).
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Figure 34. Viscosty of West Codinga Crude Qil (provided by Chevron).

Grid Framework of the Numerical Flow Smulator

GOCAD, whichwas used for the geologicd modeling, basesits grid architecture on the connections
between vertices, while T2VOC uses a node- centered approach to caculate the flow of fluid and heat
between cdls. As no grid conversion program was commercidly available, a converson program was
written to handle the process. The conversion program computed the cell geometry for T2VOC and
assigned dl the required cell properties, asfollows:
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(1) Grid cellswere defined by 8 corner points (vertices) from the GOCAD output,

(2) A cdl ID number was assigned to each eement,

(3) The coordinate of the center node of each element was caculated,

(4) The distance between the center nodes of adjacent €lements was caculated,

(5) Oil saturations were caculated for each cell as the mean of the oil saturations from the GOCAD

vertices,

(6) Water and gas saturation were calculated for each element,

(7) The center and area of the interface between grid cells were caculated,

(8) The angle between the gravitationd vector and the line connecting adjacent grid was determined,

(9) The volume for each grid cdll was caculated,

(10) The productivity index was assigned for each cell penetrated by the producing wells,

(11) The mesh and reservoir parameters were formatted in the appropriate T2V OC input format.
The resulting grid contained 32 vertical layers, 10 cellsin the x direction and 30 cdlsin the y direction,
yielding atota of 9600 cdls. The grid framework is shown in Figure 35.

Figure 35. Grid framework used for permegbility distributions in the numericd flow smulator.

Permeability Digributionsfor Smulation Input

Facies Tract Mode
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Three dternative approaches (facies tract, facies group, and fractal) for distributing permeability
were taken, and the results compared by usng the didributions for smulation input. The permesbility
digtribution was the only variable among between the three gpproaches.

Inthefaciestract model, each faciestract within the sratigraphic architecturewasassgned asingle
vaue of mean permesbility (Table 8). The permesahiility distributionisdominated by ardatively homogenous
digribution in the lower layers (Figures 36 and 37).
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Table 8. Permesability of each dement of the stratigraphic architecture in the facies tract modd!.

Facies Tract Mean Permeability (mD)
Tract 1 562
Tract 2 316
Tract 3 316
Tract 4 )
Tract 5 224

Perm (mD)
400
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200
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-1000
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Figure 36. Facies tract permeability digtribution in the Easting direction (South end).
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Figure 37. Facies tract permeability ditribution in the Northing direction (East side).

Facies Group Modd

Each facies group within the dratigraphic architecture was assgned a single vaue of mean
permesbility in the facies group mode (Table 9). The resulting distribution is characterized by grester
variability and a higher degree of vertica anisotropy than shown by the faciestract modd (Figures 38 and
39).

Table 9. Permesabiility of each architecturd unit of the facies group modd.

Facies Group Mean
Permeability
Group 1 3180 md
Group 2 500 md
Group 3 255 md
Group 4 525 md




Group 5

225 md
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Figure 38. Facies group permeshility distribution in the Easting direction (South end).
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Figure 39. Facies group permesability digtribution in the Northing direction (East Sde).
Fractal Model

A finer grid of fractd permesabilities was generated for each facies group, and then the
corresponding vaueswere assigned to each layer of the coarser S mulation mesh depending upon thefacies
group designation of the layer. The finer grid was constructed on a1.52 m by 1.52 m (5 feet by 5 feet)
mesh, with afractd permeability assigned to each node of the mesh.

Based ontheir location in the coarser smulation grid, the corresponding fractal permegbility vaues
were extracted, preserving the facies group structure in the model. Thefine grid fractal permesability vaues
were upscaed to thesmulation grid using an arithmetic mean for the horizonta permegbility, and aharmonic
mean for the vertica permegbility (Table 10). Compared to thefaciestract and faciesgroup models, amuch
higher degree of permeability heterogeneity is represented by the fractal model (Figures 40 and 41).

Table 10. Permegbility of the units of the fractal group model

Fractal Arithmetic Mean Harmonic mean

Group Perm (mD) Perm (m2) Perm (mD) [Perm (m2)
1 1744 1.721E-12 1413 1.395E-12
2 662 6.537E-13 181 1.787E-13
3 397 3.918E-13 196 1.931E-13
4 918 9.060E-13 128 1.262E-13
5 606 5.978E-13 159 1.573E-13
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Figure 41. Fractd group permeshility distribution in the Northing direction (East Sde)

Initial Oil Saturation and Relative Permeability

The oil and water phase rdative permeability curves were obtained from core data and were
provided by Chevron. However, flow smulations using these va ues generated resultsin which the water-
to-oil ratiowas off by afactor of 10 or more when compared to field vaues. Thisinitiated acomprehensive
sengtivity study to determine the factors contributing to this phenomenon. Two parameterswereidentified
that primarily controlled the il and water production rates. The parameter with the grestest influenceonthe
water production was the endpoint for the relative permegbility of the water phasein an oil-water mixture.
The oil production was found to be controlled by both this parameter and by the initid oil saturation.
Accordingly, to better match thefield values, the overdl oil saturations were increased by 20% above the
vauesderived by Chevron fromwdl logs (with an upper limit of 70% oil). Astheinitid oil saturationsinthe
moded were interpolations of the values provided, there was enough uncertainty to support the 20%
increase. The resulting ditribution of oil saturation is shown in Figure 42.

Inasmilar fashion, theendpoint for thewater relative permeability curve at 100% water saturation
was lowered from 0.56 (reported by Chevron) to 0.15. The adjustment of thisparameter wasjudtified by
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the fallowing:
(1)  Therddivepermesahility detafor theentirefield was based on onesmal interva of core, which
may not be representative of dl the lithologies.
(20 A gmilar modification was performed by Hazlett et d. (1997) in amodding study of steam
injection into the Midway- Sunset fidd in the San Joaquin Bagin.
The resulting relative permesbility curves are shown in Figure 43.
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Figure 42. Initid oil saturations after 20% increase (up to 0.7 maximum).
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Figure 43. Modified relative permesbility curve used in themodd. Theendpoint of the Modified Krw (red
line) represents a deviation from the Chevron data, but is supported by data from astudy of the Midway-
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Sunset fidd (Hazlett et d., 1997).
Simulation Results

The oil saturations and temperatures in the reservoir at the end of the 5 year steam injection
smulation for each of the three permeability distribution modes are presented (Figures 44-49). Visudly,
the differencesin the threemodelsare minimal. 1t islikely that thisimplies reservoir reponseis controlled
more by the imposed pressure regime and boundary conditions than by the permesability contrasts. The
temperature digtributions are a function of the injection history and pressure at the corner wels, and the
resulting oil saturationsaredirectly related. Wherethereismore heet (and pressure), the reservoir hasbeen
depleted to a greater extent. The oil saturation distribution for the fractal modd (Figure 49) reflects the
greater permeability contrast between the layers, and the temperature distribution reflectsadight decrease
in the uniformity of the front as seen in the other cases.
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Figure 44. Facies tract temperatures a 5 years
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Figure 45. Faciestract oil saturationsat 5 years.



Figure 46. Facies group temperatures a 5 years
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Figure 47. Facies group oil saturations at 5 years
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Figure 48. Fractd group temperatures a 5 years
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Figure 49. Fracta group oil saturations at 5 years.

The production history is best explained by considering the injection history over the smulation
period. Figure 50 shows the combined injection volume in steam barrels of water. Thisfigure shows that
the steaminjection reached apeak at about 1.5 years, and wasthen fairly steady from about 2.5t0 4 years,
before beginning to decline.

The smulated versus actud (field) oil production is presented in Figure 51. Thisfigure dlows a
direct comparison of the three moddls. For the first 2.5 years, there is generd agreement between the
models. All models show a smilar response, particularly with respect to the spike in production at 1.5
years, which corresponds to the pesk in the injection volume in Figure 50.

After threeyears, thefaciestract and facies group mode s continueto follow thefield trend, while il
is underproduced in the fracta group model. 1t must be remembered that thisisjust onefractd redlization.
Other redizations might, and probably would, produce a dightly (or greetly) different result. For the
redization used, a possble explandion of its behavior might be that the high permesbility reservoir
connections have depleted the easily ble cdls, and that this process has been compounded by the
overdl decrease in injection fluid dong with the resulting decline in the steam pressure drive.

Although theuniform geometry of thereservoir layers contained in the framework of thefaciestract
and facies group modd s provide reasonable matches of the oil production over the entire s mulation period,
thefaciesgroup modd yiddsadightly better match. Bothmodelsdisplay aspike at about 3.75 years, with
the facies tract showing a stronger response than the facies group (Figure 51. The greater response of the
faciestract mode is probably due to its greater homogeneity.
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Figure 50. Combined steam injection volumein barrels of water for the three 5-gpot areas over the 5-
year smulation period.
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Figure 51. Smulated versus field production of oil (combined production).

The rate of water production in the modd area is sendtive to the shape of the water relative
permegbility curve. The gpplicability of the measured corevauesinfidd scae smulaion for West Codinga
appears to be questionable.

AscanbeseeninFigure 52, al three model s over-predict the volume of water produced. Thismay
indicate that the assumed boundary conditionsare not vaid. Usudly no-flow boundariesare an gppropriate
assumption for a 5-gpot production/injection setup, but this is not an ided 5 spot configuration. An
examination of the wel-fidd presented in Figure 32 indicates tha there are a number of additiond
production wells that potentidly could be invalidating the boundary assumptions.

Another factor isthat the smulated water productioniscomparableto the quantity of water actudly
being injected in the field, yet the fidd production of water is lower than the fied-injected volume. This
indicates that water is being lost to the formation or to other wells outside the smulated area
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Figure 52. Smulated versus field production of water (combined production).
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TECHNOLOGY TRANSFER

An important aspect of our project has involved the transfer of technology. More than 40
presentations, reports, papers, theses, and dissertations have resulted from our work. The presentations
have been made & arange of technica meetings, including nationd meetings of the American Association of
Petroleum Geologists and the American Geophysica Union.

Results of our completed project were presented a a Petroleum Technology Transfer Council
(PTTC) Workshop in Bakersfidd, California, on September 12, 2002. The complete presentations from
this workshop, which describe the project methods and results, are available eectronicaly from PTTC
(web: http://Mmww.WestCoastPTTC.org/; email: pttc@archie.usc.edu).

A ligting of the publications and presentationsthat resulted elther in whole or in part from the project
is provided at the end of this report.

CONCLUSIONS

Observations of vertica sequencesand latera variability within Temblor Formation outcrops have
contributed sgnificantly to understanding thereservoir geology in West CoalingaFed. Erosona bounding
surfacesin the outcrop exposures are laterdly continuous and easily traced. These surfaces are recognized
by their irregular topography and by the presence of bioturbated clay. Based on the characterigtics of
erosiona surfacesin the outcrops, and ogous surfaces were identified in cores. Field exposures of incised-
valey fills display high relief at the lower contact, pebble lags, and a fining-upward trend. Varigbility in
geometry of the lower boundary and stacked fining-upward sequences are well defined in the outcrops.
Where sharp basa surfaces, pebble lags, and fining-upward trends are present in cores, incised-vdley fills
and their associated geometry are interpreted based on the outcrop analogs. Lateraly continuous, well-
cemented sand beds containing abundant shell debrisare recognized in outcrop exposures as useful marker
horizons. Andogous shell beds observed in cores represent lateraly extensive zones of low permeshility in
the subsurface. This information was used in congructing 3D facies tract and facies group models for
portions of West Codinga Field.

A new amadl-drillhole minipermeameter probewas developed during this project and hasimportant
advantages over previous methods of measuring outcrop permesbility. The deviceis useful for developing
extensve, high-qudlity, data sets from outcrops (Dinwiddie, 2001; Molz et d., 20028). The new probe
measures permeability at the distal end of a 10-cm deep drillhole, which avoids surface weethering effects
and provides asuperior probe-to-outcrop sed when compared with previous methods used for measuring
outcrop permesbility. The new probe was successfully used for obtaining outcrop permesability datafrom
southern Utah during this project, and has dso proved useful in sgprolitic soils (Clemson, South Caroling)
and nonwelded tuffs (Bishop, Cdifornia).

Results obtained from andyzing thefractal structure of permesbility datacollected from the southern
Utah outcrop and from core permesbility data provided by Chevron from West Coalinga Field were used
to generate permegbility distributionsin 3D reservoir models. These mode swere used asinput for reservoir
amulation in aportion of West Codinga Field. Spectral andyses and the Double Trace Moment method
(Lavdlee et d., 1991) were used to analyze the scaing and multifractality of permesbility data from West
Codingacores. Thiswas accomplished by estimating the parameters of the Universa Multifracta (UM)
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model (Schertzer and Loveoy, 1987). The UM parametersa (the multifractdity parameter and the Levy
index), s (the codimens on of the mean field andthe width parameter of the Levy digtribution), and Hm (the
stationarity parameters) were estimated at 1.78, 0.17, and 0.25, respectively. One- and two-dimensond
isotropic k fields were generated following the procedure of Wilson et d. (1991) and Pecknold et d.
(1993), and two-dimensiona anisotropic fields were generated according to an empirica procedure that
wasdeveloped. Theresultsof thiswork indicate the presence of fractd scaing in the permegbility datafrom
West Codinga Fied.

T2VOC, which isanumericd flow smulaor capable of modding multiphase, multi- component,
non-isothermal flow, was used to modd steam injection and oil production for a portion of section 36D in
Wes Codinga Fidd. The layer structure and permeability distributions of the different models were
incorporated into the numerica flow smulator. The injection and production histories were modeled,
including well shutdowns, and the occasiona conversion of production wells to seam injection wels. An
exhaudtive sensitivity andyss was performed to determine which reservoir and fluid properties have the
greatest control on oil and water production. The sengtivity analysisreved ed that lowering the endpoint for
the water rlative permeability curve had the greatest effect on decreasng water production, and that
increasing the oil saturation had the greatest effect onincreasing oil production. Theframework provided by
faciesgroups providesamoreredistic representation of thereservoir conditionsthan faciestracts whichis
revealed by a comparison of the history matching for the oil production. Fractal permesability distributions
mode the high degree of heterogeneity within the reservoir sands of West Codinga Field. These results
confirm that predictions of oil production are strongly influenced by the geologic framework and boundary
conditions.

Thereaultsof thisinvestigation indicate that to morefully apply afracta/facies gpproach to reservoir
amulation, additiona work needsto be done on devel opment of thefractal/facies concept (Lu et d., 2002).
The permesability data collected from the southern Utah outcrop support this new concept for representing
naturd heterogeneity. Thisgpproach isone of thefew smplifying conceptsto emerge from recent sudiesof
geologica heterogeneity, and has the potentia to be developed into a widely used method for reservoir
modding. Additiond outcrop permesability data setsand further andysisis needed to fully develop thisnew

concept.
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LIST OF ACRONYMS, ABBREVIATIONS, AND SYMBOLS

Units of Measure

cm centimeter

m meter

km kilometer

md millidarcy

C cdgus

F Fahrenhet

Geologic Stu

SS sandstone

fs finesand

ms medium sand

cs coarse sand

VCS very coarse sand

gran granule

BS bounding surface

HCS hummocky cross dtratification
k permesbility

Fractd Anayss

fBm fractiond Brownian maotion

H Hurgt coefficient

CDF cumulative digribution function
PDF probability dendty function
DTM Double Trace Moment

UM Universd Multifractd

T spectral dope

f gpectra frequency varigble

a the Levy index

S the codimension of the mean field and the width parameter of the Levy didtribution
I scaleratio

h double trace moment

q order of the Satigticd moment
M(q, h) moment scaling exponent

Hm the multifractal Hurst coefficient
k intringc permesbility

Resarvoir Smulation

T2VOC numerica steam flooding smulator based on TOUGH2 formulation

TOUGH2 transport of unsaturated groundwater and heet, including other phases
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IEFFT 0L 0L

N Q =
Q

partid differentia equations

productivity index

layer thickness

grid block radius

well redius

skin factor

wellbore pressure

enthapy of the mixture

enthdpy of the water

enthdpy of the seam

fraction of water

fraction of steam

oil rdative permeshility

water relative permesbility

non-agueous phase liquid saturation

vertical permeability increased by afactor of 10
porosity

gas phase saturation

mass concentration of water in the gas phase

aqueous phase saturation
mass concentration of water in the aqueous phase

relative permegbility of the gas phase

absolute permeability

dynamic viscosity of the gas phase

fluid pressure in the gas phase

gas phase density

gravitationa acceleration vector

vertica distance between cell nodes (layer thickness)
mass concentration of water in the aqueous phase
relative permegbility of the agueous phase

dynamic viscosity of the agqueous phase

capillary pressure between the gas and agueous phases
gas phase density

rate of generation of the water component.

mass concentration of ail in the gas phase

oil phase saturation

mass concentration of oil in the oil phase

relative permeability of the aqueous phase

dynamic viscosty of the oil phase

capillary pressure between the oil and aqueous phases
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gas phase density

rate of generation of the oil component
rock grain dengity

soil grain heat capacity

temperature

specific entha py of the gas phase
specific enthdpy of the agueous phase
specific enthadpy of the oil phase

bulk therma conductivity

rate of heat generation

95





