
GEOLOGIC DESCRIPTION AND RESERVOIR MODELING

OF

A JURASSIC AGED, LOW PERMEABILITY, LIGHT OIL RESERVOIR, 

NORTHERN COASTAL PLAIN, ALASKA 

By

Jack Robert Newell

RECOMMENDED

Advisory Committee Chair

/tfL-

APPROVED
Dean, School of Mineral Engineering

 (  ________
Dean of the Graduate School

  _______
Date



GEOLOGIC DESCRIPTION AND RESERVOIR MODELING

OF

A JURASSIC AGED, LOW PERMEABILITY, LIGHT OIL RESERVOIR, 

NORTHERN COASTAL PLAIN, ALASKA

A

THESIS

Presented to the Faculty 

Of The University of Alaska Fairbanks

In Partial Fulfillment of the Requirements 

For the Degree of

Master of Science

By

Jack Robert Newell

Fairbanks, Alaska 

May 2001

RASMUSON LIBRARY
UNIVERSITY OF ALASKA-FAIRBANKJ-

AcasM

T ( \ l

r m



ABSTRACT

GEOLOGIC DESCRIPTION AND RESERVOIR MODELING

OF

A JURASSIC AGED, LOW PERMEABILITY, LIGHT OIL RESERWOIR, 

NORTHERN COASTAL PLAIN, ALASKA

The objectives of the study include the analysis of the geologic description and 

reservoir modeling of a Jurassic aged, low permeability, light oil reservoir on the 

northern coastal plain of Alaska. The methodology of the study was to use a 

reservoir simulation model to evaluate the performance and cumulative recovery of 

the reservoir under primary depletion and a water injection process. Results of the 

simulation showed a primary recovery of 15.9 %OOIP of oil by solution gas drive. 

The results of the simulation by a water displacement process showed that 41.9 

%OOIP oil could be recovered with a production of 38.5 %HCPV of the injected 

water. This study has an application in determining estimates of the design 

parameters for surface facilities required for the development of the field.
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1 Introduction

The thesis describes the geological and reservoir modeling necessary to develop 

a full field reservoir simulation model of a low permeability sandstone reservoir located 

on the northern coastal plain of Alaska. The reservoir rock and fluid property raw data 

for the study was obtained from the owner of the field. The data was analyzed using a 

state of the art black oil reservoir simulator. The reservoir is an exploration field with no 

production data available. The field covers an area six miles wide and ten miles long, 

oriented in a southwest-northeast direction in the region of the arctic coastal plain in the

northern area of the State of Alaska.

The literature review was conducted to understand the type of model that should be 

used, the lithology and characteristics of the reservoir. A conceptual reservoir 

description was developed to define the spatial distribution of the fluid and rock 

properties. Areal maps of the gross thickness, top of structure, absolute permeability, 

statistical porosity and net to gross ratios of the reservoir sand bodies were developed. 

The reservoir description was developed from geologic data that is consistent with 

published material in the region of the oil pool. The reservoir is a stratigraphically 

trapped sand body in the Jurassic-Cretaceous aged Kingak Shale formation not 

correlative with the Kugrua Sandstone. The Kingak shale is a major source interval in 

the area and is understood to be the hydrocarbon source area of the oil pool under 

study. The reservoir is a low permeability reservoir that has very lightweight 41° API 

gravity oil at the surface, with dissolved gas in solution. The average connate water 

saturation of the reservoir is approximately 18% in the core production area of the sand 

body. The initial oil saturation is estimated at 82%. The sand body is of limited areal 

extent consisting mostly of a stillstand deposition. The stillstand environment is believed 

to have excellent vertical continuity for the development using horizontal well 

completion methods. A transgressive depositional environment was seen mainly in the 

northern and central eastern area of the reservoir. The transgressive environment has a 

higher glauconite content ranging from 10% to 20%. The sand body is near shore face 

environment, part of a larger deltaic sequence. The sand bodies have a weak silic
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cementation with loose sands in various regions of the reservoir. The mobility of the oil 

was found to be approximately ten times greater for oil than water in the reservoir from

relative permeability curves.

The simulation grid developed used a cell size of 250 feet by 250 feet square. The 

grid block thickness varied in accordance with the thickness of the sand body 

throughout the simulation grid matrix. The total simulation time was thirty years.

Two forms of depletion methods were investigated. The methods focus was on 

3000 feet horizontal well completions. The first recovery method is primary depletion by 

solution gas drive. The primary recovery method showed that significant energy of the 

reservoir is depleted within a period of approximately five years. The average absolute 

permeability varies from 12 millidarcies to 25 millidarcies, decreasing rapidly towards the 

periphery of the core area. The second recovery method was by a water displacement 

of the reservoir core production area. The term water displacement is used because the 

effects of the water injection pressure transients move slowly through the low 

permeability reservoir. The results of the simulation study showed a cumulative 

recovery of 15.9 %OOIP by primary depletion, and 41.9 %OOIP of oil using a water 

displacement process.



3

2. Literature Review of Regional Geology

2.1 Introduction

The literature review section examines the history of the National Petroleum 

Reserve -  Alaska. This examination was to understand the development of exploration 

on the North Slope of Alaska designated the Arctic Coastal Plain. The region of interest 

in this study is the northeast corner of the National Petroleum Reserve. Numerous 

governmental studies performed in the region are in the public domain. USGS, ADNR, 

and AAPG geological papers were the primary sources of information reviewed in this 

study in order to have a better conceptual understanding of the region. Lithology, 

migration paths, and source rock in this region was of importance. Government has 

drilled numerous wells and obtained cores in the northeast corner for evaluating the 

Jurassic sand approximately the same depth as the reservoir considered in this study. 

The literature review had constructive conclusions pertaining to the region in terms of 

lithology and types of trapping in the area. The review of NPRA looked at kerogen type 

and percentages for the generation of oil or gas potential in the northeast corner of the

national petroleum reserve.

The objective of this section is to understand the history and structural geology 

of the region. The northeast corner of the National Petroleum Reserve-Alaska is 

expected to be representative of the gross formation properties in the area of the 

Colville River Unit. The history of the region commences from the early days of oil and 

gas exploration on the Arctic Coastal Plain of Alaska. The Arctic Coastal Plain or North 

Slope is defined as the region north of the mountains known as the Brooks Range. 

Some recent definitions designate the region as ANS or Arctic North Slope, which is still 

the flat coastal plain region north of the Brooks Range. Discussion of the reservoir rocks 

in the region is based on geologic time. Source rock regions and migration pathways 

are included to show hydrocarbon generation methodology of the area. It is suggested 

that there are three major petroleum sources on the North Slope of Alaska. Structure 

and isopach maps are included to show stratigraphic intervals and horizons of the region 

east of the Colville River Unit.
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The area of concentration is the northeastern corner of the national petroleum 

reserve, which could be representative of the Colville River Unit east of the petroleum 

reserve. Numerous studies on the National Petroleum Reserve, Alaska, have been 

performed by assorted government agencies including the United States Geological 

Survey, USGS; State of Alaska, Department of Natural Resources, DNR. The USGS 

studies were completed mostly independent from industry sources and were based on 

government-supervised wells and the information presented here is taken from these 

studies.

The USGS Professional papers (Gyre, 1988) contain descriptions and analogies 

that show a relationship to the reservoir lithology below the Colville River unit east of 

NPRA. The study has indicated a sand body of Jurassic age within the Kingak Shale. 

The complexity in using the USGS papers on NPRA is that specific formation names used 

in these interpretations of regional geologic time deposition have in a few cases been 

redefined or better understood structurally. The depths of the formations appear to 

show a relationship with those found in the Colville River Unit

2.3 Exploration History -  NPRA

Few regions have had as long, intricate or interesting history of exploration for 

hydrocarbon resources as that of the North Slope of Alaska. Oil seepages along the 

Arctic coast have been known and reported since the early 1900 s. Commercial interests 

filed prospecting permits for oil and gas as early as 1921. In 1923, President Harding 

anticipating a need for hydrocarbon fuels set aside the western half of the Arctic North 

Slope designating this area the National Petroleum Reserve No. 4 (NPR -  4). The 

reserve recently was designated, NPRA, or the National Petroleum Reserve Alaska. For 

the next four decades exploration by both the federal government and the oil industry 

continued, resulting in the discovery of the super-giant field, Prudhoe Bay, in 1968. The 

discovery of the Prudhoe Bay field located well to the east of NPRA ushered in a new era 

in oil and gas resource development in Alaska. The US Geological Survey has been the 

principal source of geological and geophysical information concerning the northern arctic

2.2 Why Interest in NPRA
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coastal plain. The first published geologic map and description of the Reserve was in 

1930. A second mapping of the area was completed following a reconnaissance survey 

0f impr-4 requested by the US Navy in the late 1940's. The drilling at Prudhoe Bay, east 

of npr-4 provided new geologic data, culminating to a new geologic model developed 

for exploration in NPR-4. Prodded by the OPEC oil embargo of 1973 the US Navy began 

a second exploration of NPR-4 in the mid 1970's.

A plan for the U.S. Navy's exploration program in NPR-4 was outlined in an 

unpublished paper titled, "Engineering Plan for Assessment and Evaluation of Naval 

Petroleum Reserve, Alaska," dated March 1973 with updates in 1975 (Gyre, 1988). The 

plan called for an assessment and evaluation of this area by means of interdependent 

geophysical and geological studies. Test well drilling would be considered during two 

five year periods of activity directed toward assessment of the extended projection 

extension of the pre-Cretaceous, medium depth, Prudhoe Bay production trend 

westward into the coastal region of NPR-4.

After acceptance of the Alaska Claims Settlement Act of 1971, the U.S. Congress 

passed the Naval Petroleum Reserves Act of 1976. This act transferred the 

responsibility of the newly designated NPRA to the Department of Interior, DOI, which 

directed the continuation of exploration programs for oil and gas energy resources. This 

direction by the DOI mandated a series of studies on all resources and future 

management of the National Petroleum Reserve in Alaska, NPRA. The contract for the 

ongoing U.S. Navy exploration program was also transferred to the United States 

Geological Survey to manage exploration activities. Geophysical seismic surveys were 

completed using 22,500 miles of planned survey tracks. Test wells were drilled 

systematically in areas of the reserve based on prospective geologic models or plays. A 

play was described as an area in which possible oil or gas deposits have similar 

characteristics. An example can be given as a stratigraphic sequence, the same 

reservoir rock, and (or) the same trapping mechanism. Additional gas deposits were 

discovered in the Barrow area along with oil shows in most of the tests.

Traditional methods of the USGS for estimating petroleum resources used 

volumetric analysis, analogs based on subjective judgments, statistical analysis of drilling 

histories, or any combination of the methods. These methods had long been used in
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assessing the nation's resources; despite the fact these methods were difficult to 

reproduce and did not provide details required for an economic model. To meet the 

need for an assessment method suitable for economic modeling and an exploration 

strategy for long range planning, the USGS decided to use the play approach, an 

accepted industry standard. Initially eleven plays were defined based largely on 

stratigraphy within the area using geologic structural criteria. When these methods 

were adopted, the USGS defined seventeen plays in NPRA based on the newly adopted 

play approach. Bird and others (Gyre, 1988) described the geologic basis for these 

plays and their use in appraising the undiscovered resources in the NPRA. Miller, and 

others, (Gyre, 1988) continued from Bird's assessment and further described the 

methods and procedures used for assessing the petroleum resources of the NPRA (Gyre, 

1988). Based on hydrocarbon potential, the NPRA can be divided up into four geologic 

structural stratigraphic provinces (Map 2-1). These included from the

Umiat Gubik
East Umiak

^  Oil Fields

m Gas Fields

* Expto ration WeHs

0 60 km

0 30 mi

I
-150°

Map 2-1: Major Geologic Montgomery Provinces (Adapted from Montgomery, 1998)
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Brooks Range north, the Brooks Range overthrust, the foothills fold belt, which is 

divided into a northern and southern region, the Colville foreland basin and the Barrow 

Arch on the North Slope.

These provinces overlap to varying degrees and can be divided based on 

geological history affecting known and possible hydrocarbon occurrence. The Barrow 

arch is broad, west-northwest trending basement high that separates the rift related 

Canadian basin to the north from the Colville foreland basin to the south. The Colville 

foreland basin, or Colville trough developed beginning in the Late Jurassic period as a 

result of crustal and sedimentary loading associated with the northward advancing 

Brooks Range fold and thrust belt. The basin is floored by up to three thousand feet of 

preorogenic Mississippi-Jurassic strata deposited when the basin area was part of a 

southward facing passive margin. Earliest fore-deep deposits consist of Upper Jurassic- 

Lower Cretaceous deep-water turbidites and shales (flysch) now found within the 

allochthons of the Brooks Range. Coeval with these deposits are deep marine shales 

(Kingak Shale) and shelf sandstones sourced to the north (Montgomery, 1998). 

Formation of the Colville foreland basin commenced with uplift and unroofing of major 

portions of the Brooks Range thrust complex. The main episode of basin filling took 

place in the Albian-Maastrichtian with prodelta shales and turbidites, Torok Formation, 

followed by major pulses of deltaic sedimentation, Nanushuk and Colville groups. These 

deposits eventually prograded northward and eastward across the Barrow arch, 

establishing continental shelf and slope, clastic environments in the Canada basin. Much 

of the Cretaceous basin fill subsequently became involved in late-stage thin-skinned 

deformation associated with the foothills terrain. Evaluations of hydrocarbon potential in 

this province suggest that good to excellent reservoirs exist in turbidites and deltaic 

sandstones (Gyre, 1986). Good quality source beds are found in underlying Triassic- 

Jurassic deep marine shales, Shublik and Kingak formations, and the lower Cretaceous 

Pebble Shale Formation. Entrapment in this portion of the North Slope would be mainly 

stratigraphic.
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Known and potential reservoir rocks within the NPRA include a large number of 

sandstone intervals within the Ellesmerian, Beaufortian, and Brookian sequences, and 

additionally as carbonate rocks of the Ellesmerian Lisburne group. Major reservoirs in 

the Prudhoe Bay-Kuparuk River area to the east of NPRA consist of the non-marine 

Sadlerochit Group, Ivishak Formation, the shallow-marine Sag River Sandstone, the 

shallow-marine Kuparuk Formation, and the platform carbonates of the Lisburne Group 

and non-marine sandstones of the Endicott Group. Figure 2-1 shows a west-east 

section following the northern Alaskan coastline from Point Barrow to Point 

Thomson.

2.4 Reservoir Rocks -  NPRA

West East

NPRA
Point Barrow

Prudhoe Bay

Walakpa Barrow Simpson
Point

Thomson

SL

5000-

f
&

10,000-

15,000-

Sanstone of the Sagavanirktok Formation 
and Colville GroupX

Vertical Exaggeration = 45X

Figure 2-1: West-East Regional Cross Section (Adapted from Magoon, 1991)
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The coastal non-commercial fields in the NPRA and commercial areas to the east 

are also shown (Figure 2-1). The west-east cross section along the Barrow Arch 

between Point Barrow and Point Thomson shows hydrocarbon occurrence at higher 

stratigraphic levels in the west due to erosional truncation of the Ellesmerian strata. 

The described strata existing to the south within the area of the Colville basin has been 

penetrated by a number of wells. Results from these wells indicate adequate to 

excellent reservoir quality in various intervals both above and below the Kingak shale. 

Despite concerns of adequate formation sealing, the hydrocarbon potential of any 

reservoir interval cannot be conclusively evaluated in this area due to the small number 

of wells drilled in this area (Gyre, 1986). Discovery in the Colville River surface area has 

focused interest on the Beaufortian and Brookian sandstones sequences. These 

potential reservoirs include multiple sandstones of limited regional extent within the 

Kingak shale, turbidite sandstones of the Torok Formation, and deltaic sandstones of the 

Nanushuk and Colville groups. Figure 2-1 shows that between the Alpine and Simpson 

pools, identified reservoir intervals include sandstones in all of these units. Generally, oil 

and gas shows have been documented in these intervals in many portions of the central 

and northern National Petroleum Reserve -  Alaska.

2.5 Source Rocks with Migration Pathways - NPRA

Geochemical studies focusing on source rock analysis, hydrocarbon generation 

and migration include Magoon and Bird (1988), Claypool, (1988), Molenaar (1988), and 

Magoon (1991). These studies in conjunction with Magoon (1990) suggested that there 

are three petroleum systems on the North Slope. The Ellesmerian-Beufortian, the 

Torok-Nanushuk, and the Hue-Sagavanirktok with source beds indicated (Figure 2-2). 

Figure 2-2 indicates that the Kingak shale is a major source structure and migration 

pathway. Vitrinite Reflectance, Ro values, indicates percentages of 0.7 to 2.0 in the 

region of the lower Kingak shale. The Kingak shale down dips to the south and 

southwest in this region generally of one to two degrees.

W A SM U SO N  LIBRARY
UNIVERSITY OF AL ASK A-F AIRBANKS
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Figure 2-2: Interpretive Pathways for Oil Migration (Adapted from Magoon, 1988)

Primary source beds for the Ellesmerian have been identified within the Triassic 

Shublik Formation and Jurassic-Cretaceous Kingak Shale. The analysis of Bird and 

Molenaar (1988) and Bird (1994) indicated that the Ellesmerian system is the source for 

up to 98% of the hydrocarbons generated in the region. Total organic carbon content, 

TOC values, range for these units on average about 2.3% and 2.7% by weight 

respectively, with values ranging as high as 6.5% to 6.7% in both cases (Bird, 1994). 

Maps in future sections (Map 2-7) of average organic content show higher values of 

greater than 2% in the eastern portion of the NPRA within the area of the Fish Creek 

Platform and Ikpikpuk basin (Magoon and Bird, 1988). Source potential within the 

Torok-Nanushuk petroleum system exists mainly in slope and basinal marine shales of 

the Torok Formation with TOC values from 0.6 weight percent to 1.44 weight percent.
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2.6 Isopach/Contour Maps - NPRA

The structure and contour maps were developed from forty-nine of one hundred 

and forty-six wells drilled within the boundaries of NPRA by the government, mainly the 

USGS (Map 2-2).

Map 2-2: Government Drilled Wells (Adapted from Gyre 1988)

The mapped well locations show a series of wells used in the northern area of 

the national petroleum reserve for the development of the USGS map series. The wells 

of concentration are in the northeastern area around the area known as the Fish Creek 

Platform. Many government wells were drilled and cored along the eastern boundary of 

the petroleum reserve. The Colville River Unit to the east is assumed to be lithologically 

and age equivalent. The government drilled wells were patterned after a drilling
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summary by Collins and Robinson (1967). Graphical representations of most of the well 

data were given by Magoon and others. (Gyre, 1986) The stratigraphic intervals and 

horizons used for the USGS maps are based on the stratigraphic column given in Figure 

2-3.
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TOROK AND FORTRESS MOUNTAINS, UNDIVIDED

PEBBLE SHALE UNIT

KINGAK SHALE

SAG RIVER SANDSTONE
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SADLEROCHIT GROUP
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CALCAREOUS
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■TT^I METASEDIMENTARY 
ROCKS

INTRUSIVE ROCKS JRN

Figure 2-3: Age and Lithology Structural Column (Adapted from Gyre, 1986)

The major age groups of this column are the Ellesmerian and Brookian 

sequences. The main concentration here is the time estimate in the region of the 

Kingak Shale deposition. The depositional period from latest to earliest, range from
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Early Cretaceous, Jurassic, and Triassic in geologic time. The Early-Cretaceous age 

includes the lithology of the Pebble Shale Unit and the upper portions of the Kingak 

shale. The Jurassic age includes the lower region of the Kingak Shale. The Kingak 

shale shows that within the northeastern portion of the reserve isolated sand lenses 

could exist. The Triassic age is not believed to be in the period of deposition for the 

upper sand bodies of the Kingak Shale in the region of the Colville River Unit.

The following maps (Isopach Map 2-1, Map 2-3, and Isopach Map 2-2) show the 

structure of the region around the Kingak Shale.
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Isopach Map 2-1: Isopach Map, Pebble Shale Unit, Adapted from Gyre, 1986
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The top region of interest is the Early Cretaceous Pebble Shale Unit. The study 

of the Pebble Shale Sands indicates a regional southward thickening of total sand 

toward an apparent southern source area. The Pebble Shale Unit ranges from 150 feet 

to 540 feet thick (Isopach Map 2-1) except in the area of Harrison Bay where the unit is 

reduced in thickness or absent because of submarine slumping or scouring (Gyre, 1988). 

The exception to this generalization is seen in the Barrow Area where thickness 

increases northward to a small onshore area north of the Barrow High. It appears that 

on the North Flank of the Barrow High the sand was derived from a northern source. In 

contrast to a regional southward thickening of sand, the porosities (> 8%) tend to 

increase northward.

Map 2-3: Unconformity, Base of Pebble Shale Unit, Adapted from Gyre, 1986
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There is probably more than one source area for these sands, with the major 

source being the ancestral Brooks Range Province. The Pebble Shale isopachs should be 

compared with those of Jurassic to observe the marked change of major source areas 

from north to south during Jurassic time and southwest at the beginning of Early 

Cretaceous time (Phipps, 1982). The Early Cretaceous aged Pebble Shale Unit consists 

of marine shale containing an occasional lenticular sandstone body (Bird, 1982). The 

major regional unconformity that extends over much of the North Slope exists at the 

base of this unit as a strong spike on the gamma-ray curve referred to as the gamma 

ray zone (Map 2-3). The organic content ranges from 1.20 to 3.49 weight percent with 

averages of 2.0 weight percent. The Pebble Shale Unit has a fairly high average content 

of organic carbon, composed mostly of amorphous and herbaceous kerogen that is 

mature over a large part of NPRA. The Pebble Shale Unit is considered a potential 

source for oil and gas with a tendency to be oil prone (Bird, 1991).

The Kingak Shale is one of the major marine shale structures of the NPRA region 

in the North Slope region of Alaska. The Kingak Shale unit ranges from a thickness of 

55 to 4000 feet and underlies the regional mid Neocomian in the general area of the 

Brooks Range. (Isopach Map 2-2). At the locality of the Brooks Range, the Kingak is 

exclusively Jurassic in age. The sand within the Kingak Shale interval is predominantly 

the Kugrua Sandstone Unit. The only known exception to this is in the West Fish Creek 

No. 1 well, where seventy-three feet of Late Jurassic age sands in the upper part of the 

section, and is not correlative with the Kugrua Sandstone Unit located in the Kingak 

Shale (Phipps, 1982). The thickness of the Kingak Shale Unit is estimated to be 1000 

feet to 1500 feet in the region of the Colville River Unit.
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2.7 Kingak Shale -  Source Rock Potential-NPRA

2.7.1 Kingak Shale -  Kerogen Type Content

The organic matter included in the rocks should be evaluated for organic 

richness, kerogen type and thermal history. Each type of analysis includes only limited 

information. With these values combined, they provide useful information for a
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preliminary assessment of the petroleum potential of a source rock. The non- 

extractable organic matter in sediments is known as kerogen. Kerogen has been 

functional in development of the temperature-time model for the evolution of organic 

matter in sediments (Vassoyevich, 1970, Tissot, 1974, Ishiwatari, 1977). Immature 

kerogens with atomic hydrogen/carbon, H/C, ratios greater than one generate liquid 

hydrocarbons in laboratory pyrolysis. Immature kerogens with atomic H/C ratios lower 

than one predominantly generate gaseous hydrocarbons (Harwood, 1977). A problem 

with evaluating natural samples is that some of the products generated are lost during 

thermal maturation and only the remaining organic material is available for analysis. 

Even though both the kerogen and bitumen remaining in a sample are analyzed, the 

amount and composition of the total generated oil and gas can only be estimated 

(Harwood, 1977). For purposes of petroleum exploration, it is important to have the 

composition of the oil versus gas generating kerogen.

Kerogen is defined as the solvent-insoluble organic material in sedimentary 

deposits. As observed from natural data, differences between kerogens affect oil and/or 

gas generating capabilities. Visual kerogen in percent provides data about the relative 

abundance of different types of organic matter. The visual kerogen content is given in a 

sequence of three maps. The first map labeled A shows the relative proportion of 

amorphous/herbaceous; oil prone, visual kerogen in percent for the Kingak Shale (Map 

2-4). The map labeled B shows the relative proportion of woody, gas prone, visual 

kerogen matter in percent (Map 2-5). The map labeled C shows the relative proportion 

of inertinite, non-generating oil and gas kerogen in percent (Map 2-6).
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Map 2-4: Kingak Shale, Amorphous/plus Herbaceous Kerogen (Adapted from Gyre,
1986)

Amorphous sapropel is a material that has an amorphous or non-structured 

appearance. It can be derived from the lipid-rich degraded remains of marine algae or 

can be the result of bacterial degradation of herbaceous and spore remains of terrestrial 

origin. The physical appearance may be diaphanous, finely disseminated, globular, or 

relict at high levels of digenesis. Herbaceous kerogen encompasses all membranous 

plant materials of terrestrial origin, such as cuticle, spore, pollen, and in general, the 

softer part of plants annually regenerated, such as leaves and grasses
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Map 2-5: Kingak Shale, Woody Kerogen (Adapted from Gyre, 1986)

Woody plant detritus consists of plant remains in which a ribbed structure or an overall 

twig-wood appearance is pronounced. Woody detritus or accumulation is frequently 

associated with herbaceous-membranous material.

The different types of kerogen have different potentials for contributing various 

amounts of oil and gas. Amorphous material contributes mostly oil, whereas woody 

material contributes mostly gas. This hydrocarbon contribution can be related to the 

hydrogen content of the kerogen (Ishiwatari, 1977).
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Map 2-6: Kingak Shale, Inertinite (Adapted from Gyre, 1986)

Inertinite is a term used for black opaque particulate debris that generally has a 

definite angularity related to a herbaceous-wood type precursor. The term "coaly," is 

sometimes used because of the black appearance only. No relation to coal should be 

inferred. The term inertinite kerogen is more appropriate because this material is inert 

and leads to no hydrocarbon generation.
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2.7.2 Kingak Shale -  Organic Carbon Content

The organic-carbon content in weight percent is a measure of the amount of 

carbon in the rock that originated from either terrestrial or marine organisms. The 

organic carbon content in itself will not characterize the capacity of the rock to generate 

oil or gas, neither will organic-carbon content characterize the amount of oil and/or gas 

that may have been generated. The map of organic-carbon content (Map 2-7) 

represents the richness of organic matter on a regional perception of the formation. As 

a matter of rough estimate, formation rock having less than 0.5 weight percent is 

considered non-source rock (Welte, 1965). Formation rock with a weight percent of 0.5 

to 2.0 are considered as having a fair potential of being a source rock. Formation rock 

having organic-carbon content greater than 2.0 weight percent have a good source rock 

potential independent of the type of organic matter properties. Organic-carbon content 

within the Kingak shale range from 0.50 to 3.02 weight percent with averages of 1.11 

weight percent. These weight percent values appear to be influenced by regional 

structural features (Bird, 1982). Organic-carbon weight percents increase significantly in 

the north to northeasterly direction towards the Colville Trough. Map 2-7 indicates the 

average organic carbon content of extractable C i5+ hydrocarbons for the Kingak Shale. 

The interval represented in the graph is 0.3 weight percent. The organic content of the 

Kingak shale range from 0.50 to 3.02 weight percent with averages of 1.11 weight 

percent.

Vitrinite reflectance is an indirect measure of the maximum temperatures in 

thermal history for rocks containing maceral vitrain (Castano and Sparks, 1974). To 

equate reflectance values with the generation of oil and gas, other geochemical analysis 

must be calibrated or correlated to Vitrinite reflectance (percent Ro) measurements. 

Calibration for the National Petroleum Reserve Alaska show that values of Ro for the 

three stages of petroleum generation are in diagenetic stage for vitrinite reflectance less 

than 0.6, catagenic stage from 0.6 to 2.0 percent, and metagenic stage above 2.0 

percent (Tissot (1974) and Welte, (1965)). The value for the Kingak Shale region is 

estimated to be less than 0.8 percent (Magoon, 1990).
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Map 2-7: Average Organic Content, Kingak Shale, Adapted from Gyre, 1986

The Kingak shale has appealing characteristics that could lead to a considerable 

reservoir in this structural region. The properties of this shale unit show the 

characteristics tailored to oil generation. The thermal maturity of the Kingak Shale 

indicates the area is young thermally by vitrinite reflectance values less than one. This 

northeastern corner of NPRA has good oil shows from previous exploration activities.
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3. Jurassic Oil Pool

3.1 Jurassic Oil Pool Summary

There are two sand bodies defined in the oil pool that is stratigraphically trapped 

in the Kingak Shale formation. The C-sands, the larger of the two sands, contain 

stillstand and transgressive depositional environments. The C-Sand stillstand 

environment indicates a stability of an area such as a continent or island. The lower of 

the two stillstand facies appears to be the larger or thicker of the two. The combined 

stillstand environments are characterized as lower to middle near shore face marine 

environments with glauconite content less than five percent. The average porosity is 

approximately 19.0% with a sand thickness ranging from 25 feet to 101 feet. The 

average absolute permeability of the stillstand facies is 12 millidarcies with a maximum 

absolute permeability of 42 millidarcies. The reservoir volume of the stillstand facies is 

estimated at 80% to 85% of the reservoir volume depending on the influence of the 

transgressive environment. The second major environment, the upper or lower facies 

depending on areal location in the Jurassic-C sandstone is transgressive deposition. The 

transgressive sands are very fine to fine with glauconite content from 10% to 20%. The 

thickness of the transgressive facies is 5 feet to 26 feet and accounts for 10% to 15% of 

the reservoir volume. The average porosity is 20.4% and a higher average absolute 

permeability of 25 millidarcies with a maximum absolute permeability of 159 millidarcies.

The second sand designation, the A-Sand is a deltaic deposition that is less than 

5% of the volume of the reservoir below the core area of the C-sand. The glauconite 

content of the deltaic facies is less than one percent with a grain size of 0.10 millimeters 

graded as very fine. The average porosity for the deltaic A-Sands is 17.5%. The 

absolute permeability of 10 millidarcies for the deltaic facies is slightly lower than the 

stillstand maximum absolute permeability of 62 millidarcies for the deltaic deposition. 

The thickness of the deltaic facies ranges from 1 foot to a maximum thickness of the 

deltaic facies is 30 feet.
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3.2 Local and Regional Geologic Setting

3.2.1 Regional Geologic Setting

The regional setting of the reservoir is a stratigraphically trapped sand body 

within the Jurassic-Early Cretaceous aged Kingak Shale. The resistivity-gamma log of 

Bergschrund 1 shows three distinct sand bodies with varying characteristics (Figure 3-1). 

The top sand body as shown on gamma-resistivity logs, is eighty to one hundred feet 

below the Early Cretaceous unconformity (LCU) as an outstanding, low gamma ray, high 

resistivity bench (Figure 3-1).

Figure 3-1: Gamma-Resistivity Log, Type Log 1
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The interval at type log 1 consists of very fine grained, moderate to well-sorted 

quartzone sandstone with variable glauconite and clay content in the upper most sand 

zone.

In the northern area of the reservoir, the deposition is mainly transgressive in 

nature. This indicates a point of strongest erosion of the deltaic sands or filling of an 

ancient riverbed or floodplain as sea level increased in depth by the transgression. Most 

of the deltaic and barrier sands are usually deposited under regressive conditions as the 

deltas and barriers grow seaward. The sands that are deposited because of the 

opposite situation, when the sea advances upon the land, are referred to as 

transgressive marine sands. As the transgression progressed inland, a small portion of 

the upper layer of the delta sequence was removed by wave erosion and a thin blanket 

of sand was on lapped above the original deltaic sand body mid shore face. This is 

evident in the area where the transgressive sand approaches a thickness of twenty-five 

feet. Transgressive sands are usually less than twenty feet in thickness and have wide 

distribution and good continuity. The stillstand deposition shows an area of land, which 

could be a part of the ancient mainland or a barrier facies with reference to mean sea 

level at the time. A similar stillstand environment or barrier facies appears around the 

southern area of the reservoir. The farther south stillstand is the thicker deposition of 

the two sand bodies. Stillstand environments are estuarine deposits that rarely exist as 

one stand. As one goes father south, a deltaic environment overlaid by offshore silt and 

mudstones can be recognized. An assumed scenario for the transgression and possibly 

slumping and sea level rise in the region of Stillstand One and Two that occurred along 

this cross section is characterized. This scenario assumes that preservation of a specific 

barrier facies is dependent upon a number of factors including, sea level fluctuations, 

sediment supply, inlet conditions, either migrating or stable, and wave climate and 

slumping. The most important condition for this scenario to be true is the apparent 

changes in sea level fluctuations and that a transgression is indeed occurring near an 

estuary location. The concepts of transgressions and regressions usually refer to the 

overlapping of deeper water deposits over more landward or shallower water deposits, 

with transgressive sequences, or shallow water deposits over more marine or deep- 

water facies for regressive sequences.
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Figure 3-2: Diagrammatic Sketch -  Stillstand 1 showing Barrier Transgression

The initial period of the transgression is characterized (Figure 3-2). The cross 

section is from north to south with the north being the shallower portion of the 

reservoir. The beginning sea level is at SL1 that is believed to be an increasing level. 

The barrier is generated due to rapid deposition and aggraded quickly to a horizontal 

surface approximating sea level. This is typical of an estuary system that is noted for 

sites of rapid deposition. As the sea level continued to rise, the barrier was covered by 

the rising sea with a wash over transgressive filling of an ancient lagoon, bay or marsh 

behind the barrier within the floodplain of the ancient river. This created the 

transgressive deposition shown in the Jurassic A1 well profile.

Figure 3-3: Diagrammatic Sketch, Stillstand 1 and 2 Barrier with Transgression

This first barrier was leveled and consequently thinned as indicated (Figure 3-3). 

As the sea level continued to rise, the deltaic flood plain was eroded in a lateral direction
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(down beach) following the tidal action of the rising sea or from change in the ancient 

river or estuary system. As erosion or scouring of a portion of the deltaic flood plain 

was occurring, a second barrier sand facies was being formed by the rising sea and/or 

slumping of the area. Preservation of the buried transgressive deposition could be 

preserved with the rising sea level and/or a rapid slumping. With the sea level rising 

further thinning and working of the lower barrier facies (Figure 3-4).

Figure 3-4: Diagrammatic Sketch, Present Transgressive Depositional Sequence

The ancient river was drowned by the rising sea and a transgressive depositional 

environment occurred as the stillstand environment was overrun by the rising sea. The 

preservation of the transgressed zone is questionable. If the first barrier, stillstand 1 

provided protection during wash over, the transgressed environment could be 

preserved. The distillation of the generated end member sequence for sea 

transgression facies model comes from documented examples (Walker, 1984). The 

transgressive depositional model is more complicated than the regressive theory in 

terms of inter-bedding of facies and alternating lithology. The transgressive model is 

characterized by sub-tidal and inter-tidal back barrier facies that does not show a fining 

upwards or coarsening upwards trend. The contact between the some of the facies may 

be sharp or erosional. The bedding plane is close to the horizontal, dipping 

approximately one to two degrees to the southwest. The Jurassic sandstone grades
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from fine grain moderately to well sorted, burrowed quartz sandstone containing clay 

particles and small quantities of glauconite to a very fine to fine grained poorly to well 

sorted, non-burrowed, fossiliferrous, and slightly calcareous quartz sandstone, with up 

to 24% glauconite. The higher glauconite content is within the transgressive 

environment that is 10% to 15% volumetrically of the reservoir. The shallow marine 

near shore face sand deposition is elongated on an east-west plane approximately ten 

miles in length and six miles wide.

The reservoir is a stratigraphically trapped sand body in the Kingak Shale source 

rock region. In the northeast region of the reservoir the stillstand and transgressive 

deposition of the reservoir thins to an apparent pinchout or thinning of these 

sandstones. The Jurassic oil pool shows truncation by deltaic and offshore siltstones to 

the south and southwest. The structural and stratigraphic discontinuities indicate 

negligible or no compartmentalization of the reservoir. Faulting currently recognized in 

the reservoir is minor, consisting of northwest trending, down the west, normal faults 

with throws averaging less than thirty feet.

The reservoir has an immobile average connate water saturation of 18.2 % that 

was trapped at time of deposition. Formation logs show no indication of mobile 

formation water in the reservoir. The formation has no indication of a mobile gas phase 

in the shallower region of the reservoir. The reservoir has solution gas with an average 

GOR of 917 cubic feet of gas to stock tank barrel produced.

3.2.2 Local Geological Setting

The shale of the formation above the sand body shows very organic cut leaf 

shale with well-developed fissility (Figure 3-5 through Figure 3-9). In the north-central 

region of the core area the sandstone has good inter-granular porosity. The grain sizes 

range from very fine upper to fine lower. The grains showed a well-developed sphericity 

with slight surface abrasion seen on the grains. There is a weak silic cementation with 

up to five percent glauconite. The sandstone shows a good blocky deposition with no 

shale seen in the sandstone (Figure 3-5). The sandstone indicates layers of occasional 

siltstone and shale with increasing depth. This region of the reservoir is suspected to be
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a stillstand deposition. In the southwestern region of the core area the sandstone is 

covered by layers of claystone and mudstones (Figure 3-9). There is thin interbedded 

sandstone and unconsolidated sand grains. The sandstone is a continuous body with 

glauconite content less than three percent. The sandstone midway through this blocky 

area indicated weak cementation with sloughing while drilling. The blocky sand body 

changes from the blocky character to siltstone with very fine silty sandstone. Increasing 

depth below the main sand body shows a claystone and mudstone and commonly shows 

very thin interbedding of siltstone and sandstone. This area is considered a thick 

stillstand deposition. In a direction to the east the top of the sand body is organic cut 

leaf type shale with well-developed fissility. With increasing depth the shale shows 

increasing clay between the laminates (<5.0 %). There are slight indications of siltstone 

interbedded in the shale. The blocky sandstone has grains with slight abrasion with 

well-developed sphericity (Figure 3-6). The sandstone has weak silic cementation with 

up to five percent glauconite. The sandstone has good inter granular porosity. The 

sand body is stillstand deposition. The area to the east of the previous location 

indicates a non-blocky sand body (Figure 3-7). There is a thin layer of sandstone that 

grade quickly to sandstone, shale, and sand. The grains in this area have a polished 

texture. The sand with increasing depth shows silt mixed with the sand. The sand 

grades eventually to siltstone mixed with shale. This is a stillstand deposition.
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From 9266 Feet
Very o rgan ic looking cut lea f type  
sha le . The sha le  has ex trem e ly  
well developed fissility. The shale 
appea rs  as ve ry  dense ly  packed  
pape ry  o rg a n ic / c a rb o n a ce o u s  
lam inae tha t separa te easily . The  
shale has locally spotted distinctive  
fragments of very resinous looking 
coal tha t is seen as c las tic  pieces  
and occasional thin lam inae in the 
shale. There is a lso interbedded  
bentonite.

Traces o f s ilts tone and sandstone  
w ith  g re a te r  th a n  te n  p e rc e n t  
glauconite grains. Shale becoming 
in c r e a s in g ly  s i l t y  g ra d in g  to  
s i l t s t o n e  w it h  s h a le  h a v in g  
characteristics noted above.

Sandstone has light brownish gray 
- pale yellowish brown, brown color 
m os tly  de rived  from  o il s ta in in g . 
Spherical to sub-spherical : Quartz 
arenite estimated at 96-98% quartz, 
1-2% g laucon ite , and 1-2% other 
forms o f silica or lithic grains. Good 
v is ib le  po ros ity  w ith gra ins easily  
separated by probe.

The sands tone  g rades to  a pa le  
yellowish brown to grayish orange 
to  ve ry  pa le  o range  in co lo r w ith  
increasing sha le content. G rain  
size is very fine to ultra fine grains 
sub-rounded to rounded. Moderate 
surface abrasion o f the gra ins is 
seen in th is  area o f the form ation . 
The sand is poo rly  con so lida ted
with loose grains.__________________
The sand  g ra d e s  to  in c re a s in g  
sh a le  c o n te n t w ith  th e  te x tu re  
form ing tabular to splintery cuttings 
w ith p lanar fractu res . The shale  
has an earthy to spark ling luster 
g r a d in g  to  in c r e a s in g  s i l t ,  
occas iona lly  grad ing to s ilts tone. 
G la u c o n ite  g ra in s  a re  lo c a lly  
abundant.

Figure 3-5: Formation Log, Type Log 2
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From 7900
A distinctive change occurs after 7900 feet 
to near 100% o rg a n ic  cut lea f type  
grayish-b lack to brownish-black color. 
The shale in th is region has extremely  
developed fissility. The appearance is as 
a very densely packed papery organic/ 
carbonaceous laminae and platelets. The 
laminae separate easily with a probe. As 
depth increases there is increasing clay 
between the laminae, less than 5%. The 
form with depth shows wedge to blocky 
w ith occas iona l tabu la r to sp lin te ry  
cuttings. Increasing depth the shale 
becomes increasingly silty then to gritty 
texture with some silt and coarse to very 
co a rs e  sand g ra in s . O c ca s io n a l 
bentonite.

Sandstone very pale orange to grayish 
orange in color. The grain size ranges 
from very fine upper to fine lower. The 
grains are round to subround with well 
developed sphericity with moderate to low 
s u r fa c e  a b r a s io n .  W e a k  s i l ic a  
cementation is noted in this area. Quartz 
arenite: with up to 5 % glauconite. The 
sand has good v is ib le  in te rg ranu la r  
porosity.__________________________

Sandstone grayish-orange to very pale 
orange in color. The size ranges from 
very fine upper to fine lower subrounded 
to rounded grains w ith well developed 
spheric ity. The grains appear to have 
moderate abrasion with generally weak 
consolidation. Grain supported with 
minor calc or silica cementation. Quartz 
arenite w ith up to 5% glauconite. The 
sandstone has moderate to good visible 
porosity. The sandstone grades to shaly 
with occasional silt to siltstone.

S h a le  h a s  d i s t i n c t i v e  c o lo r s ,  
predominantly reddish black to very dusky 
red. The shale generally has high coarse 
s ilt content and becomes s iltiest when 
fissility diminishes. Generally massive 
with only moderate interbedding being 
pla ty, tabu la r, and sp lin te ry  texture. 
Irregular blocky to planar fracturing.______

Figure 3-6: Formation Log, Type Log 3
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From 6700 feet
The shale is dark-yellowish-brown to dusky 
yellowish-brown in color. The shale is soft 
to s ligh tly  firm , crum bly w ith small flaky, 
occasiona lly tabu la r or irregu lar cuttings. 
The tex tu re  has a du ll lu s te r sm oo th to  
slightly grainy. Surfaces of cuttings appear 
slightly dimpled and crenelated pieces with 
organic laminae appear banded. Overall the 
appearance is that of shredded leaf. Good 
fissility. Increased depth shows tabular and 
platy cuttings w ith a dull luster smooth to 
s lig h t ly  g ra in y  tex tu re , non -ca lca reous. 
Occasional ligh t gray tuffaceous claystone  
lam ina tions and scattered clear polished 
well rounded qua rtz  g ranu les . M assive  
section of very homogeneous shales. Trace 
of light gray to very light gray ash.

S an d s to n e / Sand is ve ry  lig h t g ra y  to  
trans lucent becom ing very light brownish  
gray. Clast size ranges from medium lower 
to fine lower grad ing to very fine grain to  
7115 feet.. The subrounded to sub-angular 
g ra in s  a re  m ode ra te  to  w e ll s p h e ric a l 
moderate ly sorted. G rains have polished 
texture with very weak silic cementation.

Sandstone very pale yellowish-brown to very 
light gray in color. C last very fine lower to  
very fine upper w ith occasional fine upper, 
s u b ro u n d  o c c a s io n a l ly  s u b -a n g u la r  
moderate spherica l and moderate ly sorted  
grains. The sandstone has very weak silic 
cementation. There is a slight clay mixture. 
Predominantly consists o f quartz with minor 
che rt and g re e n s to ne . The sand s to ne  
shows silt as depth increases,
The s ilts to ne  is m ixed w ith  sha le  tha t is 
medium gray to medium grayish brown that 
is  s o f t  to  f irm . T h e  te x tu re  show s  a 
composition of clean shales and dirty / silty 
branches grading to silt and siltstone. The 
siltstone is dark yellowish-brown to grayish- 
brown usua lly soft w ith occasiona lly being 
firm. The texture grading to very silty, fine 
grained sandstone w ith poor porosity and 
perm eability.______________

The s ilts to n e  is da rk  ye llow ish -b row n  to  
grayish-brown in color. The siltstone is soft, 
occasionally firm , mainly brittle, occasionally 
crunchy slightly mushy. The siltstone has a 
du ll ea rth y  lus te r, s ilty  to  g r itty  textu re . 
O cca s io n a lly  s ca tte re d  ve ry  f in e  g ra in  
sandstone mixed with the siltstone.

Figure 3-7: Formation Log, Type Log 4
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From 6400 feet
The shale is grayish-black to brownish-black in 
color. The shale is very o rgan ic w ith well 
developed fissility, composed of papery organic 
and/ar carbonaceous laminae or platelets that are 
compacted together with little or no interstitial clay 
or silt. The shale has a ragged soft hackly texture 
that is mushy to firm.
From 6600 feet
A significant change in the shale occurs. The dark 
brownish gray cut leaf shale is present in only 
spotty amounts. There are two types: 1) The most 
abundant is a very distinctive blackish-red - very 
dusky red color with orangish hues with moderate 
to poor fissility and a prominent grainy very finely 
ab ras ive  te x tu re , to both a m ass ive and 
structureless clyst and shaly siltstone. 2) The 
second shale type is less abundant being grayish- 
black - brownish-black in color, not having a cut 
leaf composition. This shale also has a very fine 
grainy texture that is abundantly is present as 
splintery pieces with slight curve above longitudinal 
axis.  _ _
The sandstone is light brownish-gray - pale 
yellowish-brown to greenish-brown abundantly well 
sorted in very fine upper - fine lower range. There 
is a very minor second mode of grain size to 
coarse upper. There is spotty locally large loose 
round smooth grains of quartz and glauconite. The 
grains are dominantly round to subround being 
spherical to sub-spherical greatly supported with 
non-calcareous cementation with good to fair 
visible porosity. The sandstone grades to siltstone- 
sandstone combination with shaley composition.

Siltstone, Shale, and claystone have the same 
general descriptive properties with the main 
differences being the slight variation in particle size 
and the developement of the shale structure and 
fissility. The very dusky red to blackish red with 
strong secondary yellowish-orange hues color is 
very homogeneous and distinctive. The texture 
has a dull earthy luster, with spotty translucent 
dark brownish orange fla t too th like  foss il 
fragments.

The sandstone is pale yellowish-brown to grayish- 
orange pink to light brownish gray in color. There is 
coarse siltto very fine upper grains, abundantly well 
sorted in very fine lower. Visible porosity ranges 
from moderatly good to poor with 1 % glauconite.

Figure 3-8: Formation Log, Type Log 5
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The shale is medium dark gray grading to dusky 
yellowish-brown with weak fiss ility . The shale is 
splintery, sub platey cuttings with jagged edges.. 
There is a slight curvature along the longitudinal axis 
of the cuttings with a smooth to matted, dull earthy to 
sub resinous texture. The shale becomes more 
clayey and slightly silty with depth with abundant very 
fine pyrite and micas..
The claystones and mudstones are dom inantly  
medium dusky yellowish-brown to medium reddish- 
brown in color. There are sub flakey irregular cuttings 
with blunted edges. The cuttings are slightly firm to 
very firm with no visible bedding structure. The texture 
is clayey-slightly silty. There is very thinly interbedded 
sandstone and unconsolidated sand grains with 2% 
glauconite with increasing depth..__________________

The sandstone is light gray in color with 3% glauconite. 
The size ranges from very fine lower- fine upper, well 
sorted sub-round to sub-spherical to spherical grains. 
There is 94% quartz, 3% chert and lithics with the 
grains supported with a trace of silic cementation.
The sandstone midway through the block had very 
weak cem en ta tion  and had a la rge  am ount o f 
sloughing while drilling.

The siltstone is light to medium grayish-brown slightly 
reddish-brown w ith occasional dusky yellow hues. 
Slightly to moderately firm  and brittle. Dominating 
irregular cuttings with well rounded edges. Generally 
massive with occasional traces of carbonaceous 
laminae with a dull earthy luster. Smooth to very 
slightly gritty texture from very fine lower included 
sands, grading in points to very fine silty sandstone, 
non-calcareous.
The shale in this region is a diverse mix of color, texture 
and composition. The most abundant is brownish- 
black to olive-black and is almost always the hardest 
and brittlest. The second is commonly dusky yellowish- 
brown to dusky brown. The least common though very 
distinctive is blackish-red to very dusky red and also 
commonly tough and brittle, moderately hard. There 
are spo tty  am oun ts va ria b le  gray , brown, and 
yellowish-brown colors. Most is moderately brittle, 
ranging from soft to moderately hard, clayey to slightly 
silty dense matted texture._________________________
The claystone/ mudstone dominate color is dark 
yellowish brown with strong secondary grayish hues. 
There is a du ll sub-earthy to earthy texture w ith  
localized tuffaceous component and gradational to a 
tuffaceous clay variation. Commonly shows very thin 
interbedding of siltstone and sandstone. Commonly 
pieces show different colors in planar orientation.

Figure 3-9: Formation Log, Type Log 6
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3.3 Overview of Reservoir Fluid Study

The reservoir fluid study reviewing a series of laboratory procedures conducted 

by a commercial laboratory provided values of the physical properties required in 

calculations using material balance methods. There were two studies named JB1 and 

JB2. The fluid samples were analyzed to determine bubble point pressure, formation 

volume factor for the oil, solution gas-oil ratio, coefficient of isothermal compressibility, 

and oil viscosity. All these were done as functions of pressure with pressure decreasing 

from initial reservoir pressure through bubble point pressure to a low pressure. Other 

parameters that were determined from the reservoir fluid study are Z-factor, formation 

volume factor for gas, and gas viscosity from the gas evolved in the reservoir at 

pressures below the bubble point In addition, quantities and properties of separator 

gas, stock tank gas, and stock tank oil at various separator pressures was determined.

Samples were sent to the laboratory in sample volumes of approximately 550 

cubic centimeters. An oil reservoir must be sampled before reservoir pressure drops 

below the bubble point of the reservoir for determination of the initial dissolved gas in 

solution at time of discovery. The bubble point pressure of different samples varied 

from 2125 psia to a high of 2408 psia (Table 3-1). The saturation pressure from 

differential vaporization tests gave a saturation pressure of 2454 psig for JB1 and 2276 

psig for JB2. This reservoir has not been produced and the pressure is expected to be 

in equilibrium throughout the reservoir, allowed for the assumption of the pressure 

above bubble point to be valid in this case through out the reservoir. This may not be 

true for all reservoirs where faulting or compartmentalization has occurred. At reservoir 

pressures below bubble point, no sampling method will give a representative mixture of 

the reservoir. Bottom hole samples will generally contain less gas or more gas than the 

original mixture because the phase equilibrium of the reservoir has been altered. 

Separator samples would have been recombined at the wrong ratio. Simulations show 

this to be true when pressure drops below bubble point.

The values are given in terms of reservoir fluid by low temperature distillation/ 

extended gas chromatography. The values are given in mole percent of the light
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hydrocarbons from methane through hexanes. The fraction reported as hexanes 

contains various isomers of hexane as well as some of the lighter napthenes. The 

remaining components are combined together as heptanes plus. The apparent 

molecular weight and specific gravity of heptanes plus is measured in an attempt to 

characterize its properties. The reservoir shows negligible amounts of non-hydrocarbon 

components. The trace amounts of nitrogen, N2, and carbon dioxide C02 were less than 

one percent. The average molecular weight of reservoir fluid was 92.7 and the sample 

density at 60 °F was 0.7155 gm/cc. The table shows saturation pressures for JB1, the 

deeper in the reservoir of the two fluid studies.

Table 3-1: Reservoir Saturation Pressure

Description High Value (PSIA) Low Value (PSIA)

Saturation Pressure (JB1) 2408 2285

Saturation Pressure (JB2) 2225 2125

3.4 Reservoir Rock Properties

3.4.1 Stillstand Depositional Environment

The bioturbated stillstand environment of the pool is sandstone with high quartz 

content. This stillstand depositional environment comprises 85% of the total estimated 

reservoir volume. A stillstand depositional environment is usually found in areas of an 

estuary system. A stand or stillstand deposition can be characterized in geological terms 

as a fast depositional process. Different stands can be developed as the river system 

within the estuary or sea level changes through time. These types of depositions 

usually make excellent reservoirs. The areal extent of a stillstand environment is limited 

in area owing to the nature of the deposition and size of the estuary system extents.
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The stillstand environment is located near a marine source that causes rapid flattening 

of the stand from tidal action. The relative permeability tables show that this 

environment has a low oil relative permeability with decreased saturations of oil. The 

stillstand has a very weak to weak silic cementation holding the matrix of the sandstone 

in place. The stillstand sandstone environment rock-wetting phase is water. The non

wetting phases are the hydrocarbon fluids in this area of the reservoir.

3.4.1.1 Transgressive Depositional Environment

Wash over or transgressive back barrier deposits result when wind generated storm 

surges overtop and cut through barriers, creating lobate or sheet deposits of sand which 

extend into a lagoon or estuary. This could also be caused by a rising sea level or a 

slumping of the area void of the major wave build of the open marine environment. An 

example of this scenario could be an area such as an inlet. Studies of wash over 

deposits indicate there are two dominant sedimentary structures, sub-horizontal or 

planar stratification, and small to medium scale delta foreset strata where the wash over 

detritus protrudes into the estuary or lagoon. The reservoir grain size ranges from very 

fine to fine sandstone to loose fine sand forming the bulk of this environment. The 

transgressive depositional environment consists of approximately 15% of the reservoir 

volume. The bioturbated sands of the transgressive facies have a glauconite content of 

four to twenty-four percent. The thickness of the transgressive sands is from 5 feet to 

26 feet. The porosity of these sands is slightly higher than the stillstand environment. 

The maximum permeabilities are in transgressive sands reaching a value of 159 

millidarcies. The average permeability is 25 millidarcies.
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4. Jurassic Full Field Reservoir Model

4.1 Introduction
The simulation of the Jurassic oil pool involves investigating the different production

rates and bottom hole pressures to maximize the cumulative recovery of the 

hydrocarbon pool over thirty years. The reservoir has two distinct and major 

environments, stillstand or transgressive deposition. The stillstand deposition is the 

main body of the reservoir. The simulation input file is split into sections, each of which 

is introduced by a keyword using a freeform method of data input. The descriptions 

explained are included here to understand the basic layout of the data file.

4.2 Model Input Data File

The RUNSPEC section describes the title of the run, the date of simulation start 

time in day-month-year format, units of the simulation dimensions that is in field units, 

switches for tables, well dimensions, the phases present and the type of coordinate 

system. The dimensions of the problem include the number of grid blocks in the x, y, 

and z-directions, the number of wells in the simulation, and the number of entries in the 

various tables. The keywords oil, water, gas and disgas describe the phases present in 

the simulation run. The run is described having three-phases in terms of fluid mobility. 

The fluid mobility's are calculated from the saturation functions, viscosities and live oil 

properties input to the simulation by the simulator. The reservoir during the simulation 

period is projected to drop below the bubble point pressure threshold of the reservoir. 

This will initiate gas as an active phase in the simulation.

The GRID section specifies the geometry of the grid blocks by corner point locations 

and the rock properties including, porosity, absolute permeability, and net to gross in 

each grid block. The grid blocks have sloping surfaces on the top and bottom of the 

layers. Cartesian X, Y, and Z geometry allows for irregular grid blocks, increasing 

accuracy in initial and intermediate volume calculations during simulation. The 

coordinate system locations were based on the State Base Plane Coordinate System also 

in units of feet. The gridding dimensions used for this simulation are 210 cell blocks in
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the X-direction, 140 cell blocks in the Y-direction, and two layers or cell blocks in the Z- 

direction in areas of the A-Sand deposition.

The PROPS section includes tables of properties of reservoir rock and fluids as 

functions of fluid pressures, saturations and phase compositions. The initial oil 

saturation for each grid block was set to a global value of 0.8128 fractional percent of 

the total pore volume. The initial connate water of the system was set at 0.1872

fractional percent. Capillary pressures are input with the individual oil, gas, and water

saturation functions. The reservoir PVT live oil properties were assembled in terms of 

dissolved gas in solution as a function of pressure. Two different solution gas values 

were given in the reservoir fluid packet. The dissolved gas was determined to be from 

0.909 MSCF/STB at 6900 feet, 0.964 MSCF/STB at 7190 feet and an estimated

maximum of 1.013 MSCF/STB at a depth of 7400 feet. With the reservoir in the 

discovery stage the reservoir-dissolved gas in solution should physically vary with depth.

The SOLUTION section specifies initial conditions of the reservoir. The equilibrium 

facility of the simulator is a means of calculating the initial conditions based on 

hydrostatic equilibrium. The reference depth for equilibrium was set at 7000 feet 

subsea with a reservoir reference pressure of 3183 Psia. Within the equilibrium region, 

the calculation is performed in two stages by the simulator. The first step sets up an 

internal table of phase pressures, Rs, and Rv against depth. The second stage

interpolates this table to develop fluid conditions in each grid block. The internal table 

stores the values of phase pressures for oil, water, and gas, the dissolved gas 

concentration. There is minimal vaporized oil accounted for in this simulation with Rs <

Rv. The initial fluids in place calculation were done using tilted block averaging by the 

simulator. The initial conditions are calculated using specified depths and dissolved gas 

saturations to give a potential equilibrium. The values for each grid block were 

individually specified. A summary is presented in Table 4-1..

The SCHEDULE section specifies the operations to be simulated. These include 

production and injection well controls and constraints. In the simulator, there are 

options for controlling individual wells autonomous or part of a larger group. Producing 

well configurations can operate at a specified value of oil rate, water rate, liquid rate,
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reservoir fluid voidage rate, bottom hole pressure or tubing head pressure. Individual 

wells can also be provided economic constraints in terms of minimum production, 

maximum gas oil ratio, and maximum water cut. The output of the simulation is also 

specified in this section. The SUMMARY section is for output of data.

Table 4-1: Summary of Input Data

Description Value

Geometry Corner-Point

Initial Oil Saturation 0.8128 %

Connate Water Saturation 0.1872 %

Initial Gas Saturation 0.0000 %

Datum Depth 7000 Feet Subsea

Pressure @ Datum 3183 PSIA

Solution Gas, Rs @ 6900 Feet 0.909 MSCF/STB

Rs @ 7190 Feet 0.964 MSCF/STB

Rs @ 7400 Feet 1.013 MSCF/STB

Grid Block Dimensions 250 Feet By 250 Feet

Fluid Phases Oil, Gas, and Water
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5. Simulation

5.1 Section Introduction

The initial conditions include the initial state for pressure, phase saturations and 

dissolved gas for the reservoir as a function of depth. The equilibrium option allowed 

the reservoir to be in potential equilibrium with all production or injection equal to zero. 

The depth of the gas-oil transition zone was set to zero since a gas cap has not been 

determined in this reservoir. The dissolved gas, Rs, versus depth table index for under 

saturated oil reservoirs represents the method to vary the dissolved gas in solution as a 

function of depth.

The eastern region is produced first from ten wells producing with ten wells 

categorized as water injection wells. The addition of wells is done by a drilling schedule 

that is common to all the scenarios. Wells are added at two per quarter, one being 

production and one being injection. The western region is produced as wells are drilled 

in a seven year drilling sequence. Wells are added quarterly in groups of two the same 

as the eastern region. The wells are planned in a grid pattern resembling a grate. The 

wells all use the same head end location for the different lengths of horizontal wells. 

This is to prevent different bottom hole depths from confusing the results for the 

different well completion scenarios. The horizontal wells increase with length although 

the pressure reference is at the same head end location. The wells are completed in the 

simulator using a six-inch well bore with no accounting for the non-rate dependent skin 

or the rate dependent skin from the higher gas velocity that occurs as the gas evolves 

from solution becoming mobile as saturation increases.

The two main depositional environments investigated were the stillstand and 

transgressive, depositional environments. The depositional environments used the same 

fluid properties, dissolved gas ratios, and rock compressibility values. The capillary 

phase pressures, absolute permeability value and relative permeability curves were the 

parameters changed between the two depositional environments. The transgressive
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environment absolute permeability was increased by a factor of two for the X, Y, and Z- 

directions.

The field wide variables include the cumulative oil production total in surface 

barrels. The field wide gas production rate is in thousand standard cubic feet per day of 

production. The average reservoir pressure is output at each time step in units of psia. 

The field water production rate, and water injection rate is in BPD. The field water 

cumulative injection is in barrels. The output of the well data for all wells is also 

included in the output for the visualization module post-processor. The values for the 

well production allow for visualization of individual well bores. The values are the same 

as for field parameters only broken down into individual well bore.

The first condition to determine daily oil production stability was to limit bottom 

hole pressure slightly below the average bubble point of the reservoir varying production 

rate. This condition allowed for the determination of a daily field oil production rate that 

had the minimum amount of decline per unit time from startup with the most effect of 

increased oil production as new wells were put on line. The reservoir was analyzed for 

values that created the least rate of change over time in the production rate as the 

individual wells were brought on production. Bottom hole pressure was then varied with 

production rate held constant to optimize for maximum cumulative oil recovery. This 

process was continued for the settings used in the production methods and well 

configurations for the reservoir simulation.

Tight sand reservoirs with limited water injectivity for pressure maintenance, 

horizontal wells were considered as the predominant method for increasing water 

injectivity. Horizontal wells would minimize draw down in close proximity to the 

wellbore and reduce decreased oil relative permeability effects from evolved solution gas 

at the lower pressures. The water flood displacement development technique for 

secondary recovery was considered due to viscosity of the injection water comparable to 

the reservoir hydrocarbon fluid in the simulation. The mobility ratio of the fluids is 

approximately unity for this reservoir when the reservoir pressure was held about bubble 

point. Water flood would be mainly a displacement process rather than a pressure 

maintenance process.
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The initial reservoir conditions are represented from the reservoir visualization 

module of the simulator. The visualization showed that 58,800 cells are recognized by 

the simulator for simulation runs. From these 58,800 cells, 24,256 cells are classified as 

active cells. The active cells were determined by the net to gross ratio for the different 

sand classification. The visualization supplied verification of the reservoir initial 

conditions input compared to suspected physical characteristics of the reservoir. The 

initial pressure distribution of the reservoir indicates the average calculated reservoir 

pressure in the simulation is 3221 Psia. The initial dissolved gas was varied in the 

reservoir as a function of depth. In a discovery reservoir that has not been disturbed a 

gas ratio variation should be representative of the dissolved gas variations simulated. 

The explanation is that pressure increases as a function of depth, so must the dissolved 

gas concentration in an under saturated reservoir. The reservoir simulation shows that 

the dissolved gas-oil ratio is least in the shallower portions of the reservoir. The 

shallower portion of the reservoir had a dissolved gas ratio of 0.909 MSCF/STB at 6900 

feet with the solution gas increasing to 1.013 MSCF/STB at a depth of 7400 feet. 

Different fluid properties were input into the simulator to account for the variation in the 

physical properties as a function of depth. The Rs parameter is used in the simulation to 

vary fluid properties changing with depth.

The initial oil saturations were estimated from the endpoints of the relative 

permeability curves. The maximum oil saturation value in the curve is used by the 

simulator to set the initial oil saturation value at 0.8128 percent of reservoir pore 

volume. This average value is comparable to the core producing area of the reservoir. 

The water saturation was set at one minus the oil saturation, 1- S0j. The water is below 

the critical saturation, SWCr, indicating this as an immobile phase at initial conditions. 

This indicated the average connate water saturation was 0.1872 percent. There is no 

free gas in this reservoir within the boundaries specified in this simulation. The gas 

saturation was set to a value of zero.

5.2 Model Initialization
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The viscosity of the oil with dissolved gas varied as a function of pressure. The 

viscosity varied from 0.45 centipoise in the deeper portion of the reservoir to 0.48 

centipoise in the shallower region of the reservoir. The lower viscosity in the deeper 

regions of the reservoir can be associated to the higher dissolved gas.

The oil formation volume factor ranged from 1.50 RB/STB to a value of 1.58 

RB/STB. The lower formation volume factor value was in the shallower region at initial 

conditions of the reservoir.

The reservoir fluid densities ranged from 40.1 Ibm/ft3 in the deeper depths to 

41.7 Ibm/ft3 for the shallower depths. The slight variation in density is from the 

elevated pressures and increased dissolved gas in solution for the deeper regions of the 

reservoir where the lighter densities are indicated. There are increased lighter 

hydrocarbon fractions in the deeper region of the reservoir as shown by the fluid 

studies. The gas in solution portrays an increased function in the fluid properties over 

the pressure dependent variations of the density, viscosity, and formation volume factor 

of the fluid.

The absolute permeability ranged from a minimum of one millidarcy to a 

maximum average of 34 millidarcies. The largest absolute permeabilities are in the 

north central region of the reservoir. The values in this region range from an average 

minimum permeability of 12 millidarcies to average maximum of 27 millidarcies. The 

peripheral regions along the western area of the reservoir, the southern periphery, and 

the eastern periphery of the reservoir showed lower values of absolute permeability. 

The simulator is a three-dimensional simulator that uses representative quantities in the 

calculation of fluid transfer to and from grid blocks. The absolute permeabilities were 

input to reflect this. The absolute permeability in the Y-direction is the same as absolute 

permeability in the X-direction. The permeability in the Z-direction is a fractional portion 

of the absolute permeability in the X-direction. The absolute permeability decreases 

significantly the farther south, east, and west in direction from the core area.

The net to gross ratio of the reservoir indicates the north central region of the 

reservoir has blocky, vertically continuous, and high net pay sands. Vertical continuity 

of the sands diminishes in the northeastern and deep southern portions of the reservoir 

to a 0.5 net to gross ratio of approximately of the total reservoir thickness. The
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reservoir C sand designation is inside this high net to gross region. The net to gross 

appears to reduce with the transgressive environment layered below the stillstand 

environment. The producing wells planned in the reservoir are in the high net to gross 

region of the reservoir. The transgressive depositional facies has slightly increased 

porosity with less vertical continuity. The porosity in the model is statistically estimated 

that is not zero at the boundaries of the reservoir.

The known initial fluid properties of the reservoir physically compare to the initial 

conditions of the simulation model. The properties were all taken from the initial 

conditions of the simulation that had no well activity in the simulation

5.3 Field Performance

The study investigated two methods of depletion, primary, solution gas drive, and 

secondary, water displacement, over a thirty-year period. The study looked for 

production parameters that would minimize near wellbore draw down and pressure 

transients in the reservoir. Both depletion methods used the same well schedule and 

well locations. The well configurations are vertical wells, 1000 feet horizontal, and 3000 

feet horizontal wells. Primary depletion used a target oil rate of 1000 STBD for vertical 

wells and 2050 STBD for horizontal wells at a bottom hole pressure target set at 500 

Psia and 2000 Psia for all well configurations. All wells are completed in the Jurassic C- 

Sand upper layer of the simulation grid. The vertical wells are completely open to flow 

through out the vertical distance of the layer.

Performance of water displacement process was simulated using the imbibition 

water-oil relative permeability curves. This curve was used because the process in the 

reservoir is that of water displacing oil. In the simulation, the oil relative permeability 

was greatly reduced in the model to look at the effects of the fluid water/oil mobility 

ratio equal to unity. This would present a pessimistic view of the reservoir under study. 

Depending on the individual well locations the rate varied. The original wells in the 

northern area of the eastern core area appeared to have the better water injectivity. 

The absolute permeability improves the farther north in the reservoir.
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The initial interpretation was using a horizontal well length of one thousand feet. 

This length of production string showed a rapid near well bore draw down. This draw 

down showed production rates dipping to as low as 200 stock tank barrels per day after 

five years. The model showed using one well that the average reservoir pressure stayed 

above the bubble point of the liquid. Locally the reservoir pressure dipped below bubble 

point by indicating a decrease in gas production followed by an increase in gas 

production rate. The simulation model showed that using this length of horizontal well 

the main problem was reservoir pressure maintenance on a local not a regional scale 

due to excessive draw down, creating an increase in gas production for producing 

pressures below bubble point. The 1000 feet horizontal well showed a resemblance to 

the displacement of vertical wells. The problem was seen that areas between the wells 

the oil saturation appeared undisturbed. The water had acted as a trapping mechanism 

in the areas where the water displacement process converged from one well to another. 

A horizontal well with length of one thousand feet was not considered as suitable in this 

type of reservoir. The use of this length of well was not evaluated in detail after the 

initial observations. This 1000 feet horizontal well length is not recommended in this 

study for the production of the reservoir.

5.4 Comparison of Reservoir Performance by Completion Method

5.4.1 Depletion Method

The comparison of reservoir performance under various completion scenarios is 

presented to foster an understanding of the production mechanisms of the reservoir. One 

of the goals of this analysis is to determine a bottom hole pressure that the producing 

wells can sustain without declining at a rapid rate with excessive gas production. 

Primary depletion studied is a solution gas drive process using vertical wells, 1000 feet 

and 3000 feet horizontal wells.
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5.4.2 Primary Depletion in Stilistand Deposition

The stilistand environment is the tighter or lower absolute permeability formation 

of the two depositions. The stilistand is also the majority of the reservoir with 85 percent 

of the volume. Primary depletion with a 2000 Psia bottom hole pressure target show the 

most drastic differences in the production rate from vertical wells, 1000 feet and 3000 

feet horizontal wells.
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Figure 5-1: Primary Depletion, Stilistand Deposition, 2000 PSIA BHP Target

Primary depletion of the reservoir used two bottom hole pressure targets to 

evaluate the recovery of the reservoir. The first analysis used 2000 psia as the bottom 

hole pressure target (Figure 5-1). In terms of recoverable oil, the 3000 feet horizontal 

well produced the best cumulative recovery of 7.4 %OOIP. The vertical well has an 

expected recovery of approximately 5.1 %OOIP.

For the second analysis a bottom hole pressure target of 500 psia was used, Figure 

5-2, which showed a different production trend. The recovery at the end of thirty years 

showed a value converging for recoverable oil for all cases. The vertical well showed the 

least recovery of oil with the 3000 feet horizontal well the greatest oil recovery.



48

Figure 5-2: Primary Depletion, Stillstand Deposition, 500 PSIA BHP Target

The 3000 feet horizontal well shows the largest cumulative production at the end 

of five years almost twice of the vertical well. The total cumulative production for the 

3000 feet horizontal well was nearly achieved in the first ten years at 14.4 %OOIP. The 

average reservoir pressure also showed the greatest decrease in the early years of 

production from the 3000 feet horizontal well. The remaining twenty years showed a 

leveling of the rate of change of the total cumulative production for the 3000 feet 

horizontal well. The rate of reservoir pressure decline also showed a leveling off at the 

end of ten years for the 500 Psia bottom hole pressure target (Figure 5-3). The vertical 

well showed a gradual decrease in average reservoir pressure that also relates to the 

gradual increase in cumulative production. The 3000 feet horizontal well has the 

greatest increase in cumulative production in the first ten years of production that 

correlated to the rapid decrease in average reservoir pressure. The 1000 feet horizontal 

well shows traits between the vertical well and the 3000 feet horizontal well although 

the drastic changes were not as pronounced. At the 500 Psia bottom hole pressure
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target, the wells in all cases were converging to the same bottom hole pressure rate of 

pressure decrease after a period of thirty years.

Jurassic Oil Pool - Average Reservoir Pressure 
Primary Depletion Stillstand Deposition 

500 PSIA BHP Target

Time [YEARS]

Vertical W e ll 1000 Ft. Horizontal Well ------- 3000 Ft. Horizontal Well

Figure 5-3: Primary Depletion, Stillstand Deposition, Average Reservoir Pressure, 500 PSIA BHP 
Target

In the case for the 2000 Psia bottom hole pressure target, the trend showed a 

rate of pressure decrease as a function time leveling off earlier in the production time of 

the reservoir. The average reservoir pressure stayed above the bubble point of the 

reservoir for the first ten years of production for all three well configurations (Figure 5- 

4). The 3000 feet horizontal well had the lowest average reservoir pressure with the 

largest cumulative production at the end of ten years. This also showed the cumulative 

time that the well configurations showed the least rate of change of reservoir pressure 

per time. The average reservoir pressure showed a good correlation in both the 500 

Psia and 2000 Psia bottom hole pressure targets as an indication of the rate of change 

of cumulative production that could be expected.

The daily average oil production rate for the 500 Psia BHP target showed the 

vertical and 3000 feet horizontal well configurations continued to increase in production 

as new wells were brought on production. The 1000 feet horizontal well had indications 

of decreased production at the end of the first year of production. As new 1000 feet,
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horizontal wells were put on production the daily oil production rate increased until 

peaking at 1.98 %OOIP/Year before decline from the third year forward. At a low 

bottom hole pressure target of 500 Psia, the 1000 feet horizontal wells could produce a 

local drainage area quicker than the volume of the reservoir could recharge that local 

area.

Figure 5-4: Primary Depletion, Stillstand Deposition, Average Reservoir Pressure, 2000 PSIA BHP 
Target

The 3000 feet horizontal well showed the largest daily oil production rate of 2.48 

%OOIP/Year at the end of five years. The vertical well had a peak production rate of 

1.34 %OOIP/Year close to the end of six years. The final daily oil production rate for 

the vertical wells was 0.077 %OOIP/Year, the 1000 feet horizontal well was 0.042 

%OOIP/Year, and the 3000 feet horizontal well was 0.024 %OOIP/Year (Figure 5-5).
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Figure 5-5: Primary Depletion, Stillstand Deposition, Daily Oil Production Rate, 500 PSIA BHP 
Target

The peak daily oil production rate for the 2000 Psia BHP target (Figure 5-6) for 

the vertical and 1000 feet horizontal well configuration occurred at approximately the 

same time of 2Vi years. The daily oil production rate for the vertical well configuration 

is approximately 0.52 %OOIP/Year. The 1000 feet horizontal well daily oil production 

rate was approximately 0.931 %OOIP/Year for this same cumulative time. The vertical 

well and the 1000 feet horizontal showed the inability to produce at the initial target 

rates specified in the simulator. The target rate for the vertical well was 1000 STBD 

while the 1000 feet and 3000 feet horizontal well is 2050 STBD. The rapid declining of 

the daily oil production rate can be seen after the first few years (Figure 5-6). The daily 

oil production rate continued to decline even when new production wells were brought 

on production up until the end of the seventh year for a both horizontal and vertical well 

configurations.
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Figure 5-6: Primary Depletion, Stillstand Deposition, Daily Oil Production Rate, 2000 PSIA BHP 
Target

The 3000 feet horizontal wells also showed a gradual increase in daily oil 

production as new wells were brought on line. The peak daily oil production rate was 

approximately the middle of the second year at 1.35 %OOIP/Year. The 3000 feet 

horizontal wells began a rapid decrease in production from this time of maximum 

production. At the end of ten years, the 1000 feet horizontal well had the maximum 

production, with the vertical well the smallest daily production of oil. The 3000 feet 

horizontal well daily oil production decreased below that of the vertical well 

configuration shortly after the seventh year of production. The daily oil production rate 

for well configurations, vertical and horizontal showed the inability to sustain a 

production rate with the addition of new wells. This is indicated by two daily oil 

production rate peaks. At the end of thirty years the wells daily oil production rate for 

the 2000 BHP target was 0.034 %OOIP/Year for the vertical well configuration, 0.031 

%OOIP/Year for the 1000 feet horizontal well configuration, and .018 %OOIP/Year for 

the 3000 feet horizontal well configuration.
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The GOR or gas-oil ratio showed significant variance from the dissolved solution 

gas for the different well configurations at a 500 Psia BHP target (Figure 5-7).

Jurassic Oil Pool - Gas-Oil Ratio 
Primary Depletion Stillstand Deposition 

500 PSIA BHP Target

Time [YEARS]

 Vertical W e ll 1000 Ft. Horizontal Well --------3000 Ft. Horizontal Well

Figure 5-7: Primary Depletion, Stillstand Deposition, GOR, 500 PSIA BHP Target

The dissolved gas in solution would produce at a rate of 0.917 MSCF/STB if there 

were only oil production from the reservoir. For the vertical well configuration during 

the first few days of production the GOR decreases as the gas near the well bore is 

evolved from solution due to the near well bore pressure decrease. The gas saturation 

is below the critical value and is not mobile. Gas saturations near the well bore are 

increasing with the reduced pressure as the dissolved gas is evolved from solution. Gas 

saturations exceed critical saturation near the well bore and the gas is produced with 

the oil showing an increased average GOR. This cycle continues with new wells put on 

production although the local pattern is the same the GOR varies at the same pattern. 

When the average reservoir pressure declines below the average reservoir pressure gas 

saturation increases until the gas is mobile. The 3000 feet horizontal well had the 

lowest GOR at the end 20 years due to the highest GOR early in the life of the reservoir 

when a massive amount of gas was produced compared to the initial dissolved gas in 

solution of 0.917 MSCF/STB on average for the reservoir.
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When the reservoir bottom hole pressure was kept at 2000 Psia that is close to 

the bubble point of the reservoir a drastic reduction in GOR was seen (Figure 5-8).

Jurassic Oil Pool - Gas-Oil Ratio 
Primary Depletion Stillstand Deposition 

2000 PSIA BHP Target

Time [YEARS]

 Vertical Well -------1000 Ft. Horizontal W e ll 3000 Ft. Horizontal WelT

Figure 5-8: Primary Depletion, Stillstand Deposition, GOR, 2000 PSIA BHP Target

The field GOR for all three configurations showed little difference for the first two 

and a half years of production. The vertical well that affected the average reservoir 

pressure the least showed little increase in the producing GOR over the thirty-year 

production period. The GOR initially showed a decrease from 0.917 MSCF/STB for the 

first several months of production as gas was evolving out of solution although still 

below the critical gas saturation. The GOR increased as the critical saturation of the gas 

allowed the gas to be mobile and produced. The field GOR cycled as new wells were 

brought on production until a time of one year when the GOR steadily increased as the 

average reservoir pressure neared the bubble point of the reservoir. The GOR increased 

to 0.952 MSCF/STB a time of two years decreasing to 0.931 MSCF/STB a few months 

later. The GOR was cycling as gas was evolving out of solution, sufficient gas then 

exceeding the critical gas saturation, and then becoming mobile. At cumulative time of 

seven years, the GOR had decreased to 0.912 MSCF/STB and for the remaining
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production life of the reservoir steadily increased to a maximum value of 0.960 

MSCF/STB at the end of thirty years.

The 1000 feet and 3000 feet horizontal wells for the first 2Vi years showed the 

same characteristic of gas evolving out of solution below the gas critical saturation value 

being immobile. The 1000 feet horizontal well showed a slight change in GOR as a new 

production well was brought on line. The GOR tracked close to the initial dissolved gas 

in solution. When a new 1000 feet horizontal well was put on production a field wide 

GOR decreased until the pressure near the well bore decreased, trapping the evolved 

gas. The saturation near the well bore increased allowing the gas to become mobile 

when critical saturation was achieved, and the critical saturation then exceeded, 

showing an increase in the GOR cycle. At the end of seven years the GOR showed a 

steady increase to 1.00 MSCF/STB at the end of thirty years. The GOR never exceeded 

this value through out the producing life of the reservoir. With the 3000 feet horizontal 

wells at the end of 2V2 years a drastic increase in the GOR occurred. At this time, the 

daily field gas production rate peaked at 0.0014 %OGIP/Year along with the daily field 

oil production rate at 1.34 %OOIP/Year. As the pressure continued to decrease the oil 

relative permeability continued to decrease as the gas saturation increased. The gas 

critical saturation was exceeded as the local area reservoir pressure around the core 

production area decreased below the bubble point allowing the gas to become mobile. 

This shows as a decrease in daily oil production and an increase in daily gas production. 

The reservoir had under gone a major shift in the phase and mobility characteristics of 

the fluids. The 3000 feet horizontal well continued an increase in the GOR as the 

mobility of the oil decreased. The GOR at the end of thirty years was 1.13 MSCF/STB.

5.4.3 Primary Depletion in Transgressive Deposition

The reservoir performance in the transgressive deposition was evaluated using 

three well configurations, vertical, 1000 feet and 3000 feet horizontal wells. The well 

configurations were produced at a daily oil production rate target of 1000 STBD for the 

vertical well and 2050 for the 1000 and 3000 feet horizontal wells. The well
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configurations operated at bottom hole pressure targets of 500 Psia and 2000. The 

estimated recovery of the reservoir for a bottom hole pressure of 500 psia appears to be 

comparable with all three methods of well bore configurations. The vertical well 

configuration shows a cumulative recovery of 143 million STB at the end of thirty years 

(Figure 5-9). The 1000 feet horizontal well configuration shows approximately the same 

cumulative recovery at the end of thirty years.

 Vertical Well --------1000 Ft. Horizontal W e ll-------- 3000 Ft. Horizontal Well

Jurassic Oil Pool - Cumulative Production 
Primary Depletion Transgressive Deposition 

500 PSIA BHP Target

10 15 20
Time [YEARS]

Figure 5-9: Primary Depletion, Transgressive Deposition, Cumulative Production, 500 PSIA BHP 
Target

The difference is the 3000 feet horizontal well configuration that showed a 

recovery of 148 million STB of oil. The cumulative recovery in the early stage of 

production shows the 3000 feet horizontal well out performs the vertical well 

configuration by a ratio of over 2 to 1 (Figure 5-9). The 1000 feet horizontal well has a 

cumulative production approximately 10% to 20% less than the 3000 feet horizontal 

well. The 3000 feet horizontal well is anticipated to increase production because of the 

larger areal extent that the longer wells cover. The pressure gradient increased quicker 

with the 3000 feet horizontal well. The 2000 Psia bottom hole pressure target showed 

lower cumulative production at the end of thirty years and a trend of lower recovery in 

the early stage of the recovery process (Figure 5-10).
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Jurassic Oil Pool - Cumulative Production 
Primary Depletion Transgressive Deposition 

2000 PSIA BHP Target

Time [YEARS]

 Vertical W e ll 1000 Ft. Horizontal W e ll 3000 Ft. Horizontal Well

Figure 5-10: Primary Depletion, Transgressive Deposition, Cumulative Production, 2000 PSIA BHP 
Target

The major difference in the well configurations was the early stage of production 

cumulative recovery. The 3000 feet horizontal well had a cumulative production greater 

than a factor of two for the first ten years of production as new wells were put on 

production for the first seven years. The vertical well showed a steady increase in 

cumulative production through out the recovery process up to fifteen years. Both cases, 

the 500 Psia bottom hole pressure target, Figure 5-11 and the 2000 Psia bottom hole 

pressure target, Figure 5-12, showed great loss in average reservoir pressure. The 

recovery of the well configurations can be correlated to the decrease in average 

reservoir pressure. The cumulative recovery increased the quickest early in the stage of 

production for the 3000 feet horizontal well leveling off after about ten years in terms of 

cumulative production.
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Jurassic Oil Pool - Average Reservoir Pressure 
Primary Depletion Transgressive Deposition 

500 PSIA BHP Target

Time [YEARS]

 Vertical W ell 1000 Ft. Horizontal W e ll 3000 Ft. Horizontal Well

Figure 5-11: Primary Depletion, Transgressive Deposition, Average Reservoir Pressure, 500 PSIA 
BHP Target

Figure Figure 5-12: Primary Depletion, Transgressive Deposition, Average Reservoir Pressure, 
2000 PSIA BHP Target

The average reservoir pressure showed the same characteristic as the rate of 

increase for cumulative production for the 1000 feet horizontal well and the vertical well
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configurations. The rate of increase for cumulative production for all three well 

configurations followed this trend of following the decrease in average reservoir 

pressure. The cumulative production varied in the same pattern as the average 

reservoir pressure varied through the production cycle. The quicker the decrease in 

average reservoir, the faster the cumulative production added.

The average reservoir pressure decline at a bottom hole pressure target of 2000 

Psia had a trend closer to the same rate of decline for all three well configurations. The 

3000 feet horizontal well had the greatest rate of decline with more contact area of the 

reservoir. The 1000 feet horizontal trended decline tracked approximately the same rate 

of decline as the 1000 feet horizontal well. This showed that the reservoir drained by 

the 3000 feet horizontal well was capable of the 2050 STBD target rate. The 1000 feet 

horizontal well showed an indication of being stressed at the 2050 STBD production rate 

with a slightly slower rate of average reservoir pressure decline. The vertical well with a 

1000 STBD daily oil production rate declined at a steady rate up until the tenth year 

where a leveling off of the decline rate was seen. This showed that the vertical well 

affected a smaller are of the reservoir while producing.

The daily oil production rate shows that a bottom hole pressure target of 500 

Psia the horizontal well configurations showed a rapid decline in production quickly at 

the end of five years. Even with the addition of new production wells during the fifth an 

seventh years the production continued to decline (Figure 5-13).

The vertical well continued to increase in production until after the end of seven 

years after the completion of the last production well was put on line. A production 

decline could not be over come even with the addition of new wells put on production 

because the reservoir had been decreased in pressure by wells in the local area of the 

new producers. This showed that the reservoir core area had declined in pressure 

beyond the ability for new wells to enhance production at the 500 Psia bottom hole 

pressure target in the core area. The 2000 Psia bottom hole pressure target showed the 

available energy available for production rapidly decreased. In the 3000 feet horizontal 

well the individual wells started as if they could produce at the target rate of 2050 

STBD.
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Jurassic Oil Pool - Daily Oil Production Rate 
Primary Depletion Transgressive Deposition 

500 PSIA BHP Target

Time [YEARS]

 Vertical W e ll 1000 Ft. Horizontal W e ll 3000 Ft. Horizontal Well

Figure 5-13: Primary Depletion, Transgressive Deposition, Daily Oil Production Rate, 500 PSIA 
BHP Target

Through a short period, several weeks, the wells showed a drastic reduction in 

production. The field daily oil production rate showed a declining decrease in production 

after a year of production even while new wells were put on production. The field did 

begin to increase the daily oil production rate after a year and one half with the addition 

of new wells in the western region of the field away from the initial core production 

(Figure 5-14). The pressure gradient from the field to the producer decreased rapidly 

creating a reduction in oil production. Two mechanisms are suspected in the reduction 

of daily oil production rate. The first is the decrease in the pressure gradient between 

the producing well and the areal extent of the reservoir. The second is the evolution of 

gas as the reservoir pressure near the core producing region decreases below the 

bubble point of the reservoir. These were both seen in the reservoir model.
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Figure 5-14: Primary Depletion, Transgressive Deposition, Daily Oil Production Rate, 2000 PSIA 
BHP Target

All three well configurations show a decrease in production with the inability to 

sustain production with new wells brought on production. The 3000 feet horizontal well 

sustained production the longest with a decline appearing after the third year. After the 

end of ten years, the average reservoir pressure was close to the bottom hole target 

pressure. The daily oil production rate appeared to be correlative to the decrease in 

decline of the average reservoir pressure decline. By the end of fifteen years, both the 

horizontal well configurations and the vertical well configuration had a daily oil 

production rate less than 3000 STBD.

GOR of the 500 Psia bottom hole pressure target showed a rapid increase for the 

first seven years of production (Figure 5-15). The GOR rate of increase follows the 

shape of the cumulative production curve. Oil is being trapped as the pressure falls 

below the bubble point creating evolved gas. The 1000 feet horizontal well shows a 

continually increasing GOR up to the end of the production life at the end of thirty years.
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Jurassic Oil Pool - Gas-Oil Ratio 
Primary Depletion Transgressive Deposition 

500 PSIA BHP Target

Time [YEARS]

 Vertical W ell 1000 Ft. Horizontal W e ll 3000 Ft. Horizontal Well

Figure 5-15: Primary Depletion, Transgressive Environment, 500 PSIA BHP Target

The average reservoir pressure is also declining at greater rate than the 3000 feet 

horizontal well that has already decreased the average reservoir pressure close to the 

bottom hole pressure target of the producing wells there fore stabilizing the GOR. The 

GOR of the vertical continues to increase the entire production life of the reservoir. The 

2000 Psia bottom hole pressure target shows nearly constant trend throughout the life of 

the reservoir (Figure 5-16). The reservoir shows a decrease in GOR early in early stage of 

production caused by gas being evolved out of solution as the near well bore pressures 

decrease below bubble point. Initially the gas saturations are below the critical 

saturations making the evolved gas immobile. As saturations increase, the gas is 

produced increasing the GOR. At the end of 2XA  years, the 1000 feet and 3000 feet 

horizontal wells, show a constant increase in GOR in the form of increased gas 

production. The daily oil production decreases at the end of five years with the increased 

gas production from evolved gas free to move in the reservoir being produced.
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Jurassic Oil Pool - Gas-Oil Ratio 
Primary Depletion Transgressive Deposition 

2000 PSIA BHP Target

Time [YEARS]

 Vertical W e ll 1000 Ft. Horizontal W e ll 3000 Ft. Horizontal Well

Figure 5-16: Primary Depletion, Transgressive Deposition, GOR, 2000 PSIA BHP Target

This shows that if the reservoir is allowed to go below the bubble point the oil 

relative permeability is decreased to the point that gas is freely available to move 

through the reservoir at the reduced pressure gradient. The pressure gradient between 

the producing well and the areal extent is not enough to over come the interstitial forces 

to promote good oil production from the peripheral regions of reservoir.

5.5 Water Displacement Process Optimization

The results of water displacement process simulations are presented for the 

stillstand and transgressive depositional environments. The bottom hole pressure target 

was set to 6245 Psia is assumed to be below the fracture gradient of the reservoir. The 

analysis is completed to understand the effect of the bottom hole pressure and the daily 

oil production rate target on the displacement process. Only 3000 Feet horizontal wells 

are used in this analysis.
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5.5.1 Stillstand Deposition, Determination of Optimum BHP Target 
for Water Displacement Process

To determ ine the optimum BHP a plot of cumulative production versus 

pressure with lines of constant time in years was developed (5 -1 7 ).

The plot shows that for a maximum cumulative production for a fifteen-year plan 

the bottom hole pressure target would be between 1600 Psia and 1700 Psia using a 

water displacement process. For a maximum cumulative recovery after thirty years, the 

bottom hole pressure target increased to a pressure between 1900 Psia and 2000 Psia. 

Figure 5-17 shows a comparison of only total cumulative production and not daily oil 

production rates.

The increased stability of the field daily oil production rate can be achieved at a 

bottom hole pressure of 2000 Psia in the water displacement process. The initial oil rate 

was a constant oil production rate at 2050 STBD. The longest period for a stabilized oil 

flow is seen at the 2000 Psia bottom hole pressure target (Figure 5-18).The increases in 

production are from new wells being put on production.
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Jurassic Oil Pool Daily Oil Production Rate 
Varying Bottom Hole Pressure Limit

Time [Years]

500 PSI --------1500 PSI  2000 PSI  2600 PSI

Figure 5-18: Water Displacement, Stillstand Deposition, Effect of BHP Target on Daily Oil 
Production Rate

Figure 5-19: Water Displacement, Stillstand Deposition, Daily Gas Production Rate
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The daily oil production rate is shown to have high gas rates at the lower bottom 

hole pressure target. At a bottom hole pressure target above the saturation pressure of 

the reservoir, declines in production are seen in the early stages of production. In the 

figure the gas rates increase significantly as the bottom hole pressure targets is reduced 

(Figure 5-19). The daily gas production rates show that if the reservoir pressure falls 

excessively below the saturation pressure of the reservoir gas saturation increases to the 

value that the gas is mobile. The trend of the plot shows that a BHP target of 500 Psia 

excessive gas is seen in the form of daily gas production rate. At a value of 1500 Psia 

the maximum daily gas production rate is seen at the end of five years at approximately

4.03 %OGIP/Year. The cumulative production was affected by the selection of the 

bottom hole pressure target with a range of 15.22 %OOIP 2000 Psia to a minimum 

value of 14.1 %OOIP at a bottom hole pressure target of 500 Psia (Figure 5-20).
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Figure 5-20: Water Displacement, Stillstand Deposition, Cumulative Oil and Water Production
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The water production showed an increase with the lower bottom hole pressure 

from the increased pressure gradient between the water injection wells and the 

producing wells. The cumulative water production increased from a low of 0.22 HPV at 

2000 Psia bottom hole pressure target to an increased cumulative water production of 

0.51 HPV at 500 Psia bottom hole pressure. As the bottom hole pressure was increased, 

the early time water production decreased significantly (Figure 5-21). The average 

reservoir pressure plot shows the average reservoir pressure decreasing with the 

lowering of the bottom hole pressure target occurring earlier in the production of the 

reservoir (Figure 5-22). This plot can be misleading to the true production mechanisms 

in this reservoir.

Jurassic Oil Pool Water Production Rate 
Varying Bottom Hole Pressure Limit

Tim e [Years]

500 PSI ------- 2000 PSI ^ — 2600 PSI

Figure 5-21: Water Displacement, Stillstand Deposition, Daily Water Production Rate
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Jurassic Oil Pool Average Reservoir Pressure 
Varying Bottom  Hole P ressu re  L im it
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Figure 5-22: Water Displacement, Stillstand Deposition, Average Reservoir Pressure

5.5.2 Stillstand Deposition, Determination of the Optimum OPR 
Target

The OPR or oil production rate target used a bottom hole pressure of 2100 Psia 

as the optimum pressure. This was determined as an iterative process that evaluated 

the different bottom hole target pressures as a function of oil production rate. The 

cumulative production did not appear as a significant factor compared to bottom hole

pressure effects (Figure 5-23).

The cumulative water production increased with the increased daily oil 

production rate. The near well bore draw down had increased although the average 

core production The range of cumulative water production at the end of thirty years 

varied less than 5.66 %HPV of produced water.
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Figure 5-23: Water Displacement, Stillstand Deposition, Cumulative Oil and Water Production

The major effects of the daily oil production rate can be seen, which shows the 

effect of in the variation (Figure 5-24). The oil production rate shows that for a rate of 

.062 %OOIP/Year daily oil rate increases steadily with slight decreases as individual 

wells are put on production. At the end of four years, the ability of the reservoir to 

sustain the requested production rate is reduced. The maximum daily oil production 

rate of 2.89 %OOIP/Year is achieved at the end of six years. The rate decreases as 

new wells are put on line at the end of this time. The model captured the early time 

effects shortly after the wells were put on production. For the 2000 STB daily oil 

production rate, the individual wells have indications of sustaining the BHP target rate as 

new wells are put on production for the first six months. After this time new wells put 

on production did not sustain the daily oil production rate target. At 2200 STB daily oil 

production rate, the individual wells show indications of being drained at a rate beyond 

the ability of the reservoir. The recharge of the drainage area has approached a value 

that is less than the ability of the reservoir.
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Jurassic Oil Pool Daily Oil Production Rate
Varying Well Oil Production Rate Upper Limit 

3000 Feet - Horizontal Wells

T im e [Years]

1500 BPD -------2200 BPD -------- 2800 BPD--------3400 BPD

Figure 5-24: Water Displacement, Stillstand Deposition, Daily Oil Production Rate

At rates from 1.15 %OOIP/Year to 1.40 %OOIP/Year the daily oil production rate 

fluctuates in the first nine months of production. The reservoir is showing the inability 

to recharge the drainage area of the producing wells because of the low permeability. 

This effect is minimized at a daily oil production rate of 0.82 %OOIP/Year to 0.86 

%OOIP/Year. The daily gas production rate shows that the gas production follows the 

daily oil production rate when the pressure in the production area is kept close to the 

saturation pressure of the reservoir (Figure 5-25). The daily oil production rate of 0.82 

%OOIP/Year shows the value that the gas rate tracks the daily oil production rate.

The water injection rate of the reservoir indicates little variation with the 

different daily oil production rates (Figure 5-26). A lower injectivity was seen for the 

1500 STBD oil production rate. This rate had a decreased rate that can be correlated to 

the smaller pressure gradient between the injection well and the producing well. When 

the bottom hole pressure target was maintained at or around the bubble point of the 

reservoir this pressure gradient phenomena influenced the ability of the reservoir to
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accept water injection. The injection rate increased as the surface area of the flood 

front increased allowing for more area for the water saturation changes to take place. 

Initially a small surface area was injected into near the areas of the well bore. As time 

progressed the reservoir pressure in the regional areas of the injection wells increased 

creating a larger pressure at the flood front surface area. This caused a decrease in 

time of the injection rate even as the surface area of the flood front increased. The 

reservoir had indications that the water displacement process was exceeding the oil 

production of the wells. Water production was not indicated in the field until the end of 

eight years (Figure 5-27).

Jurassic Oil Pool Daily Gas Production Rate
Varying Well Oil Production Rate Upper Limit 

3000 Feet - Horizontal Wells

Time [Years]

1500 BPD ------- 2200 BPD ------- 2800 BPD  3400 BPD

Figure 5-25: Water Displacement, Stillstand Deposition, Daily Gas Production Rate
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Figure 5-26: Water Displacement, Still Deposition, Daily Water Injection Rate

Figure 5-27: Water Displacement, Stillstand Deposition, Daily Water Injection Rate
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Jurassic Oil Pool Average Reservoir Pressure
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Figure 5-28: Water Displacement, Stillstand Deposition, Average Reservoir Pressure

The average reservoir pressure can be misleading (Figure 5-28). The bottom hole 

pressure target for the production wells is set at 2100 Psia although the lowest average 

bottom hole for any daily oil production rate case is 2722 Psia. The average reservoir 

pressure did indicate that for all the cases of field daily oil production after a period of 

ten years the pressures varied negligibly.

5.5.3 Transgressive Deposition, Well Performance as a Function 
Injection Pressure

The transgressive deposition was investigated using three different values of 

bottom hole injection pressure. The 6245 bottom hole pressure target was used in the 

stillstand depositional environment as an assessment value for adequate injectivity 

below the fracture gradient of the reservoir.
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Figure 5-29: Water Displacement, Transgressive Deposition, Effect of Water Injection on 
Cumulative Oil and Water Production

The transgressive deposition at an injection pressure of 6245 Psia showed high 

cumulative water production from the producing wells (Figure 5-29). The cumulative 

water production was twice the value of the oil production indicating rapid break thru 

and poor displacement action at this pressure. At an injection pressure of 4000 Psia the 

reservoir showed a displacement of the reservoir with lower cumulative water 

production.

An injection pressure of 4000 Psia indicated the lowest maximum daily oil 

production rate at 3.02 %OOIP/Year (Figure 5-30). The transgressive deposition showed 

increasing daily oil production as the injection pressure increase. The ability of the 

pressure transient to move thru this environment created pressure gradient transitions 

that was slightly steep. The reservoir with a water injection pressure of 6245 Psia 

showed a peak daily oil production rate of 4.13 %OOIP/Year. This is accomplished due 

to the higher permeability in the transgressive deposition of the reservoir.
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Figure 5-30: Water Displacement, Transgressive Deposition, Effect of Water Injection on Daily Oil 
Production Rate

The daily gas production rate is indicated that the daily gas production rate was 

representative of the initial gas in solution (Figure 5-31). The GOR of the reservoir 

showed a slight increase as the average reservoir pressure decreased (Figure 5-32). 

The daily oil production did not significantly decrease as the GOR increased showing that 

gas is evolving near the well bores as the pressure dips below the bubble point of the 

reservoir as wells are initially put on production. The reservoir simulation indicated that 

gas is absorbed into solution as the pressure increased, reducing the gas saturation, 

thereby increasing the oil relative permeability. The average reservoir pressure is not 

believed to representative of the true reservoir production mechanisms when the 

reservoir pressure reduces below the saturation pressure.
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Jurassic Oil Pool - Transgressive Deposition 
Daily Gas Production Rate 

3000 Feet Horizontal Well with 1850 BHP & 2050 OPR

Time [Years]

-WI 4000 PSIA -WI 5000 PSIA -WI 6245 PSIA

Figure 5-31: Water Displacement, Transgressive Deposition, Effect of Water Injection on Daily 
Gas Production Rate

Jurassic Oil Pool - Transgressive Deposition 
GOR - Average Reservoir Pressure 
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Figure 5-32: Water Displacement, Transgressive Deposition, Effect of Water Injection Pressure on 
GOR and Average Reservoir Pressure
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Jurassic Oil Pool - Transgressive Deposition 
Daily Water Production Rate 

3000 Feet Horizontal Well with 1850 BHP & 2050 OPR

Time [Years]

 WI 4000 PSIA WI 5000 PSIA WI 6245 PSIA

Figure 5-33: Water Displacement, Transgressive Deposition, Effect of Water Injection Pressure 
Daily Water Production Rate

The water production for the transgressive deposition occurred at a time five 

years for the 6245 Psia water injection pressure (Figure 5-33). At the end of thirty years, 

the daily water production exceeded the daily oil production at a ratio of 25:1. The 

water injection rate shows that the rate is increased to approximately 6.20 %HPV/Year 

at the end of seven years with the addition of injection wells (Figure 5-34). When the 

pressure increases in the areas near the injection wells a gradual decrease in water 

injection rate is recognized. The water injection rate increases in time after a decrease 

in water injection rate at the end of fourteen years for the 6245 Psia bottom hole 

pressure target. The increase in water injection rate can be contributed to the higher 

reservoir pressure at this time since the advancement of the flood front is decreased 

from increased front surface area. As the pressure is increased from the displacement 

process, the gas saturation is seen to decrease without increased daily gas or oil 

production. This allows the displacement front to progress with less resistance as the oil 

relative permeability is increased near the production wells. In this argument, the effect
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from the higher injection pressure is less significant than the oil or water relative 

permeability in this stage of production. This can be characterized for the different 

water injection pressures only this effect is seen later in the production life of the 

reservoir. For 5000 Psia water injection pressure the time is approximately 17 years into 

the production time of the reservoir. The same effect can be seen for the 4000 Psia 

water injection pressure though is not seen until 25 years into the production of the 

reservoir.

Jurassic Oil Pool - Transgressive Deposition 
Daily Water Injection Rate 

3000 Feet Horizontal Well with 1850 BHP & 2050 OPR

Time [Years]

 WI 4000 PSIA WI 5000 PSIA  WI 6245 PSIA

Figure 5-34: Water Displacement, Transgressive Deposition, Daily Water Injection Rate
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5.6 Well Bore Pressure Profiles

A pressure profile for two localized well cases was generated to see the effects of 

drainage radius. The first case demonstrates the shape of the pressure front moving 

away from the well bore of a vertical well. The second case develops a line between a 

producing well and an injection well in the reservoir under a complete field wide 

development using 3000 feet horizontal wells.

5.6.1 Pressure Profiles Vertical Well Operating at a 500 PSIA 
Bottom Hole Pressure and a 1000 STBD OPR Target

A pressure profile was developed for a lone producing well in the western central 

region of the core production area (Figure 5-35). The first day of production the near 

well bore pressure decreases to the saturation pressure of the reservoir. The knee of 

the curve appears approximately 300 feet from the well bore. The pressure has 

decreased quickly with the ability to quickly recharge the area for production negligible.
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Figure 5-35: Primary Depletion, Vertical Well Pressure Profile
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This slow recharging of the well bore area can be seen in the rate of change for 

the pressure profile being close to horizontal. The main mechanisms affecting 

production are near the well bore. When the pressure drops below the saturation 

pressure gas is evolved out of solution. The fluid is restricted in its ability to flow into 

the wellbore by reduced oil relative permeability from increased gas saturation. The 

pressure transient then starts to take the path of least resistance or out into the 

formation equalizing the higher pressure in to the region of lower pressure. The effects 

are seen gradually as the near well bore pressure reduces below the 1000 Psia value at 

the end of one month. The area near the well bore as the pressure decreases creates a 

system of reduced oil permeability from increased gas saturation. The ability of the oil 

to move into this region of increased gas saturation is decreased. The oil does move 

into the lower pressure area as a gradient exists that allows the fluid to migrate 

overcoming viscous forces. An interesting trend occurs from the second month to the 

end of two years. The slope of the pressure profile remained relatively constant within 

the first 250 feet from the well bore. This correlated to a constant pressure gradient 

near the well bore as a function of time out a distance of 250 feet in the model. This 

pressure gradient does start to decrease after a period of l 1/2 years. This would tend to 

indicate a constant decreasing production rate for the period of constant pressure 

gradient. The well was not able to sustain a 1000 STBD oil production rate target for 

the IV2 years

5.6.2 Pressure Profiles of a 3000 Feet Horizontal Well Operating at 
1850 PSIA BHP Target and 2050 STBD OPR Target

The 3000 feet producing horizontal well was located n the center of two injectors 

labeled, Producer 2. The pressure profile was taken from grid blocks at the center of 

the well bore length to minimize the end effects of the well streamlines. The well 

location used was in the northeastern edge of the reservoir on the first production well 

line. The injector to the east of this producing line was at the edge of the core 

production area. The injector to the west was sided by a producer to the west of that 

well. The pressure profile indicates that a sink is formed at the horizontal well bore of
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the producer. This pressure sink by comparison is less than the pressure at the 

head end of the well in part from frictional losses estim ated in the simulator. A 

pressure source can be seen at the injection wells as the w ater flood progresses 

and pressure increases. (Figure 5-36 ).

Jurassic Oil Pool - Water Displacement 
3000 Feet Horizontal Well with 1850 BHP Target, 2050 OPR

Distance [Feet]

Figure 5-36: Water Displacement, Stillstand Deposition, 3000 Feet Horizontal Well, Pressure 
Profile

Pressure is largest at injection well C that is at the periphery of the core region. 

Injection wells A and B are within the core producing area. The pressure is locally 

decreasing in the center of the producing grid at a rate quicker than at the edge of the
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core producing area. The rates of injection and production are for the well labeled 

producer 2. This well was chosen to illustrate the phase changes around the horizontal 

well producer and horizontal well injector (Figure 5-37). The figure shows the 

relationship between the free gas evolved from solution produced, the solution gas 

produced, water production, solution plus free gas produced, and the GOR as a function 

of pressure. This is for a generalization of the mechanisms at a well level. This is type 

of study is usually completed in a cross sectional simulation model.

Jurassic Oil Pool Water Displacement 
3000 Feet Horizontal Well with 1850 PSIA BHP Target, 2050 STBD OPR

Time [Years]

Free Gas Production Solution Gas Production WWPR WOPR Sol+Free Gas GOR

Figure 5-37: Water Displacement, 3000 Feet Horizontal Well, 1850 PSIA BHP Target and 2050 
STBD OPR

The oil production rate maintains the target production rate of 2050 STBD for 

most of the first three years. The GOR starts decreasing at the end of the first year as 

the bottom hole pressure reduces to 2246 Psia (Point A), the saturation pressure of the 

oil at this depth of the reservoir. At this time the daily gas production rate is decreased, 

as solution gas is evolved and immobile being below the critical gas saturation value. 

The pressure continues to decrease to 2238 Psia (Point B) when the gas saturation is 

above the critical saturation becoming mobile and produced as free gas. The total gas 

produced is shown to increase although the solution gas daily production rate is still 

decreasing. The free gas production rate continues to increase until a bottom hole
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pressure of 2043 Psia is reached (Point C). When this pressure is reached the GOR, free 

gas, solution gas, and total gas produced start on a decline. The reservoir is still 

declining in pressure because the voidage rate is greater than the injection rate. For the 

next four years, the flood front continues to advance on the producing well chosen 

(Figure 5-38). The pressure in the producing well continues to decline in the area 

between the injection and producing wells. The pressure stabilizes when the water 

injection rate equals the voidage rate from production. The symmetry of the advancing 

flood could be seen in the areas that had an injection well surrounded by producing 

wells. In a homogeneous reservoir, this would be representative of the ideal flood.
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Figure 5-38: Water Displacement, 3000 Feet Horizontal Well, 1850 PSIA BHP Target, 2050 STBD 
OPR
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Figure 5-39 shows the water injection rate of the injection well, daily free gas 

production, daily oil production, daily solution gas production, and the water production 

rate This is shown for a feeling of how the simulator is responding to phase changes of 

the reservoir. This is normally part of cross-sectional reservoir study.

Jurassic Oil Pool Water Displacement 
3000 Feet Horizontal Well with 1850 PSIA BHP Target, 2050 STBD OPR

Time [Years]

WOPR P2 WGPR P2 WWPR P2 WWIR INJ B  FGP P 2 GOR P2

Figure 5-39: Water Displacement, 3000 Feet Horizontal Well, Well Production and Injection 
Analysis

In analyzing the figure, a relationship appears between the free gas production 

and the water injection rate. The first year water injection profile shows that the 

injection rate decreased in the first six months. This can be contributed to the increase 

in bottom hole pressure of the injection well. The increase in water injection can be 

attributed to the surface area of the advancing front increasing with time. The decrease 

at one year is correlative to the reduction in the GOR of the production feed. This is 

showing that the gas is evolving from solution. At a period when the evolved gas 

becomes mobile, the injection rate of the water increases as the free gas production 

increases. The water rate decreases at a point before the maximum free gas production 

is obtained. The water injection rate appears to be linked to the mobility of the free gas 

in the resen/oir.
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6. Observations and Remarks from the Full Field Model

The following observations and remarks are presented based on the full-field

Model.

Simulator

1) In the designing of the reservoir model the effect of the grid block size influenced 

how the time step could be advanced in the simulator. The first simulation grid 

built used grid blocks that were 1000 feet X 1000 feet square. These grid blocks 

were too large and linear convergence problems were seen at different production 

rates.

2) Linear convergence errors were seen with increasing frequency at the higher 

production rates as the reservoir pressure decreased below the saturation pressure. 

Non-linear convergence problems were seen when the saturation changes were 

excessive, greater than 10 percent of the initial saturation of the fluids in the grid 

block. This was seen most often when a new injection well was put on production 

in the simulation. To accurately simulate the mass balance expected in the 

reservoir a grid block size of 250 feet X 250 feet was found to be suitable.

3) In the simulation, high initial water injection rates could be misleading. In the 

simulator for pressure and rate determinations, the saturations of the grid block 

are calculated on a cell domain basis. The rapidly decreasing water injection rates 

could be representative of the reservoir or could be a function of the simulator 

showing increased saturations with a more favorable mobility in the cell.

Well Configuration

1) The analysis showed the results of three well configurations for the stillstand and 

transgressive environments. A vertical well, fully completed through the entire 

pay zone, a 1000 keep horizontal well that was located in the center of the 

upper layer spanning four cells or grid blocks and a 3000 keep horizontal well 

that spanned twelve cells or grid blocks. The vertical wells are more sensitive to
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the bottom hole pressure target in relation to the upper oil production rate target 

during primary and the water displacement process.

2) The injection pressure was set at a physical maximum below the assumed 

fracture gradient of 6245 PSIA. The 1000 and 3000 feet horizontal wells showed 

comparable cumulative production values of 42 %OOIP for secondary depletion. 

The major difference was the rate at which the bottom pressure changed during 

time.

Reservoir

1) This reservoir should not be produced at high draw down pressures. Proper 

bottom hole pressure targets are essential to maximize cumulative oil production. 

The reservoir is a loosely cemented formation and as such, when pressure 

gradients are excessively large near the well bore, localized formation damage is 

likely to occur. This could create a sand control problem that may be 

irreversible.

2) Initially injection pressures near the fracture gradient of the reservoir are 

required to over come the rock and fluid properties in the reservoir. This is the 

result of the flat oil relative permeability curve used in the simulator. The water 

flood is mainly a displacement process, not a field pressure maintenance 

method. In a tight sand reservoir pressure transients travel slower in the 

reservoir than would be expected in a reservoir with better absolute 

permeability.

3) To minimize the effect of water break through and high cumulative water 

production, the bottom hole pressure targets of the wells should be set at a 

value the has the least pressure gradient between the water injectors and the 

producers.

4) Cumulative oil production was reduced during the displacement process at lower 

bottom hole pressure targets. Cumulative production can be linked to the 

volume of water injected.
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7. Summary and Conclusions
1) The geological description shows the reservoir to be an isolated sand body 

with a shale boundary above the main blocky sand body. The formation 

logs show a weak silic cementation in the majority of the reservoir. There 

are regions in the eastern and southern areas that have loose sand. The 

sand grades in different regions of the reservoir to mainly siltstone mixed 

with shale, with claystone and mudstones mixed with siltstones grading to 

shales in the southern regions of the reservoir.

2) The cumulative recovery after thirty years for 3000 feet horizontal wells 

with a water displacement processes

a. Equals 41.8 %OOIP of Oil Recovered.

b. Equals 0.43 %OGIP of Gas Produced.

c. Equals 0.37 HPV of Injection Water Produced.

3) Bottom hole pressure varies with the cumulative production time of the 

reservoir.

4) Oil production target rate influences the stability of the production feed.

5) Performance of the reservoir from solution gas drive showed excessive gas 

production from the lower bottom hole pressure target. The higher bottom 

hole pressure target showed significantly decreased cumulative recovery 

of less than 11.3 %OOIP of oil.

6) Water displacement should be an effective Enhanced Oil Recover Method 

in the production of the reservoir

7) The reservoir should exceed these performance predictions.
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8. Future Study Proposed

1) Continuation of the development of the gridding system using multiple

layers to represent the reservoir.

2) Separate the geologic depositions in terms of transgressive and stillstand

depositional environments.

3) Investigate three-phase oil relative permeability function for continuing

improvement of reservoir model that will be representative of production 

as the data is available.

4) Investigate the use of a gasified water injection method.

5) Investigate the cumulative recovery using a miscible injection program.

6) Investigate the cumulative production using a Water Alternating Gas,

WAG secondary recovery method.

7) Investigate the pressure responses to different viscosity characteristics of a

secondary recovery displacement scheme. Example would be polymer 

flooding in a low permeability reservoir.
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Glossary

Alaska State Base Plane Coordinate System: In 1927 The Alaska Base Plane Coordinate 

System was designed in the 1930's by the U.S. Coast and Geodetic Survey. This survey 

was to enable surveyors, mappers, and engineers to connect their land or engineering 

surveys to a common reference system, the North American Datum of 1927. Land 

survey distance measurements in the 1930's were typically made with a steel tape or a 

device with less precision. Accuracy rarely exceeded one part in ten thousand. The 

designers of SPCS 27 concluded that a maximum systematic distance scale distortion 

attributed to the projection 1:10000 could be absorbed in the computations with out 

adverse impact on a survey. If distances more accurate than 1:10000 and/ or the 

systematic scale distortion was not acceptable, the effect of scale distortion could be 

minimized by computing and applying an appropriate grid scale factor correction factor. 

The 1:10000 limit was set at an arbitrary level. This level worked well for the intended 

purpose and was not restrictive to the quality of the survey when grid scale factor was 

computed and applied. To minimize error Alaska has multiple projection zones. There 

is sufficient overlap of the zones within Alaska to accommodate projects or surveys that 

cross-different zone boundaries with a scale distortion limited to 1:10000. When the 

correction is used, zone boundaries become less significant as projects may extend 

further into adjacent zones. The rules as defined for the State of Alaska are included for 

clarification of the opinion of the state on SPCS usage. Zone 4 is the region, which the 

Jurassic Oil pool is located in within the State of Alaska.

Arctic Slope: Area north of the drainage divide of the Brooks Range: also known as the 

North Slope or Arctic North Slope, ANS.

Glauconite: Is a distinctive sand-size, granular material that occurs in thin sections as 

green or brown (oxidized), structureless near spheres (peloids), most which are believed 

to have originated from fecal pellets. The peloids are exclusively marine in origin. 

Glauconitic greensands and chamositic ironstones commonly occur above a coarsening 

or shoaling upward facies sequence. Many of them are cross-bedded and burrowed,
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and some interbedded with a ferruginized or phosphatized hard ground, indicating a 

diastem and sub-marine cementation. Glauconitic and chamositic beds are most 

common at times when the cratonic blocks were widely dispersed and sea level was 

high, in Cambro-Ordovician and Cretaceous times, the reason for this association is 

unknown (Blatt, 1996).

Measured Depth: The depth as indicated by the length of the drill stem or of a wire line 

lowered to reach the bottom of a drilled well bore.

NPRA: National Petroleum Reserve in Alaska: the name given to Naval Petroleum 

Reserve No. 4 by Public Law 94-258 in 1976 upon transfer of jurisdiction from the 

Secretary of the Navy to the Secretary of the Interior.

Organic Matter Characteristics:
Amorphous sapropel is a material that has an amorphous or non-structured

appearance. It can be derived from the lipid-rich degraded remains of marine algae or

can be the result of bacterial degradation of herbaceous and spore remains of terrestrial

origin. The physical appearance may be diaphanous, finely disseminated, globular, or

relict at high levels of digenesis.

Herbaceous kerogen encompasses all membranous plant materials of terrestrial

origin, such as cuticle, spore, pollen, and in general, the softer part of plants annually

regenerated, such as leaves and grasses.

Woody plant detritus consists of plant remains in which a ribbed structure or an

overall twig-wood appearance is pronounced. Woody detritus is commonly associated

with herbaceous-membranous material.

Inertinite is a term used for black opaque particulate debris that generally has

a definite angularity related to a herbaceous-wood type precursor. The term "coaly," is

sometimes used because of the black appearance only. No relation to coal should be

inferred. The Inertinite is more appropriate because this material is inert and leads to

no hydrocarbon generation.
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Permeability: A measure of resistance offered by rock or other porous material to the 

movement of fluid through it. Has units of length squared.

Play: defines an area in which possible oil or gas deposits have similar characteristics. 

Example as a stratigraphic sequence, same reservoir rock, and (or) the same trapping 

mechanism.

Shale: common name applied to fine-grained varieties of sedimentary rock formed by 

the consolidation of beds of clay or mud. Most shales exhibit fine laminations that are 

parallel to the bedding plane and along which the rock breaks in an irregular, curving 

fracture. Shales are usually composed of mica and clay minerals, but the grains are so 

fine that the rock seems to have a homogeneous appearance, and individual minerals 

cannot be identified without the aid of a microscope. Most varieties of shale are colored 

in various shades of gray, but other colors, such as red, pink, green, brown, and black, 

are often present. Shales are soft enough to be scratched with a knife and feel smooth 

and almost greasy to the touch. All gradations in consistency exist between shales and 

clay; true shales differ from clays in their lack of plasticity in water. Many shales yield oil 

when distilled by heat, and the sedimentary rocks containing larger quantities of oil are 

called oil shales. Widely distributed throughout the world, oil shales are a source of oil 

for countries lacking petroleum.

USGS: The United States Geological Survey, Department of the Interior.

Nomenclature

BHP = Bottom hole pressure 

EOR = Enhanced oil recovery 

GOR = Gas oil ratio 

HPV = hydrocarbon pore volume 

OGIP = original gas in place 

OOIP = original oil in place
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