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ABSTRACT

The Frio Fluvial-Deltaic Sandstone (Vicksburg Fault Zone) oil play of South Texas has
roduced nearly 1 billion barrels (Bbbl) of oil, yet it still contains about 1.6 Bbbl of unrecovered
j 0bile oil and nearly the same amount of residual oil resources. More than half of the reservoirs
1 this depositionally complex play have been abandoned, and large volumes of o0il may remain
| nproduced unless advanced characterization techniques are applied to define untapped,

| icompletely drained, and new pool reservoirs as suitable targets for near-term recovery.

: iterwell-scale geological facies models of Frio fluvial-deltaic reservoirs are being combined

ith engineering assessments and geophysical evaluations in order to characterize reservoir

‘ rchitecture and flow-unit boundaries and to determine the controls that these characteristics

; xert on the location and volume of unrecovered mobile and residual oil. These results will help
dentify specific opportunities to exploit these heterogeneous reservoirs for incremental recovery
j y recompletion and strategic infill drilling.

| Progress during the third project year centered on technology transfer activities. The

eserve-growth potential of reservoirs in two fields within the play, Rincon field in Starr County

and Tijerin‘a-Canales-Blucher field in Jim Wells County, was documented in a Topical Report
blished by DOE and in this report. Specific opportunities to exploit untapped and incompletely
. ained compartments were identified. Results of this effort were also presented at both local and
| ational technical meetings and in two courses hosted by related programs. Preparations have
cgun for two workshops centered around the activities of this project, as well as the

: onstruction of a microcomputer-based Geologic Reservoir Characterization Advisor (GRCA).
The short courses, scheduled for April and June 1996, along with the GRCA, will
emonstrate for operators of this mature play the potential that remains in reservoirs threatened
; premature abandonment and will document methods for locating and efficiently recovering

e tremendous remaining resource. The integrated multidisciplinary characterization

ethodology demonstrated in this project is applicable to reservoirs throughout the Frio Fluvial-
eltaic Sandstone play, to other fluvial-deltaic plays within the Gulf Coast, and more broadly to

y mature fluvial-deltaic play in the United States.



- INTRODUCTION

Fluvial-deltaic sandstone reservoirs represent significant opportunities for redevelopment in

nature fields throughout the world. At present they account for more than 34 billion barrels

| 3bbl) of unrecovered oil resources in the United States and as a class represent the highest
reentage of 'remaining mobile oil resources in clastic reservoirs throughout the state of Texas.
he stratigraphic complexity inherent in these deposits is responsible for low recovery
ficiencies, in large part because of the isolation of significant volumes of mobile oil in
indeveloped reservoir compartments. These unproduced zones can be identified by integrated
eological and engineering reservoir characterization and can be targeted for near-term
incremental recovery by recompletions and infill drilling.
‘Frio fluvial-deltaic reservoirs are being abandoned at high rates in fields throughout South
[exas, but recent resource calculations estimate that more than 1.6 Bbbl of unrecovered mobile
il still resides in reservoirs within a play that has already produced nearly 1 Bbbl of oil (Holtz
: nd McRae, 1995b). Because of the stratigraphic complexity inherent in fluvial-deltaic sandstone
;e servoirs, significant volumes of mobile oil are commonly isolated in undeveloped reservoir
rompartments. This large oil resource will remain unproduced unless advanced multidisciplinary
servoir characterization techniques can be applied to identify untapped and incompletely
rained compartments that have been overlooked by previous development efforts.

Frio reservoirs in Rincon and Tijerina-Canales-Blucher (T-C-B) fields in the South Texas

ulf Coast were studied to better characterize interwell stratigraphic heterogeneity in fluvial-
deltaic depositional systems and to determine controls on locations and volumes of unrecovered
0il. Stratigraphic log correlations, reservoir mapping, core analyses, and evaluation of production
data were used to characterize variability of reservoirs within the field. Differences in sandstone
d positional styles and production behavior were assessed to identify zones with significant
ratigraphic heterogeneity and a high potential for containing unproduced oil. Integrated

geologic and engineering reservoir characterization was completed on two selected reservoir

nes each within Rincon and T-C-B fields that have experienced different production histories



and exhibit different reservoir architectural styles. Development of reservoir flow-unit
architecture, described by log facies supplemented with petrophysical core studies and integrated
ith production data, forms the basiS for recognizing the primary controls on hydrocarbon
roduction that, in turn, will directly aid in the determination of reserve growth potential. The

IF ethodology demonstrated here has direct application to other reservoirs in these fields, other
fields in the Frio Fluvial-Deltaic Sandstone Play in South Texas play, as well as fields outside the

blay representing analogous depositional settings.

bt

PROJECT SUMMARY

Project Description

The Frio Fluvial-Deltaic Sandstone (Vicksburg Fault Zone) play of South Texas has

produced nearly 1 Bbbl of oil equivalent from more than 129 reservoirs in fields throughout the

play in South Texas since field development began in the late 1930’s and early 1940’s. Total

o‘riginal oil-in-place estimates, hoWever, are in excess of 4 billion stock tank barrels (BSTB), of

which 1.5 BSTB is classified as unrecovered mobile oil, and 1.3 BSTB is attributed to residual

O

il resources (Holtz and McRae, 1995a). In 1991, over one-half of the 129 reservoirs included in

he play were no longer producing, and the reservoirs still producing contributed only 0.1 percent

O

f the cumulative production. Unless new strategies are developed to locate this unrecovered oil,

this very significant resource will likely remain unproduced.

lTads to determining reserve growth potential. This is being accomplished by developing

The objective of this project is to develop a reservoir characterization methodology that

therwell—scale geological facies models of Frio fluvial-deltaic reservoirs from selected fields in
South Texas and combining them with engineering assessments to characterize reservoir
aLchitecture and flow-unit boundaries. This characterization has led to an understanding of the
l<!)cation and volume of unrecovered mobile and residual oil. Results of these studies should lead

directly to the identification of reserve growth strategies (Table 1).
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Table 1. Summary of project objectives.

OBJECTIVE

. Demonstrate the application of state-

of-the-art reservoir characterization to
assess the reserve growth potential in
mature fluvial/deltaic oil fields of South
Texas

. Integrate geological facies models

with petrophysical and engineering
data to characterize fluvial-deltaic
reservoir heterogeneity and identify
controls on the location and volume of
unrecovered mobile and residual oil

. Provide examples from selected fields

and reservoirs to serve as a guide for
other fields and reservoirs

. Define near-term reserve growth

potential in selected fields by
describing the spatial distribution of
remaining oil resource

APPROACH

Utilize maturely developed fluvial and
deltaic sandstone reservoirs as a
laboratory for reservoir
characterization techniques

Categorize engineering information by
depositional and diagenetic
characteristics

Characterize major Frio reservoirs in
the Vicksburg Fault Zone oil play in
the Texas Gulf Coast Basin

Emphasize practical field-oriented
techniques to screen for reserve
growth potential and develop
approaches to direct strategic
targeting of new infill drilling and
recompletions to overcome reservoir
compartmentalization

Project Task Breakdown

The project is divided into three major phases (Fig. 1). The first phase included

(1) screening fields within the play to select representative reservoirs that have a large remaining

1 resource and are in danger of premature abandonment (task 1), and (2) performing initial

1aracterization studies on these selected reservoirs in order to identify the potential for

untapped, incompletely drained, and new pool reservoirs (tasks 2—4).

The second phase involved advanced characterization of the selected reservoirs in order to

lelineate incremental resource opportunities. Subtasks within Phase II included volumetric
assessments of untapped and incompletely drained oil, along with an analysis, by reservoir, of
specific targets for recompletion and strategic infill drilling. Phase II tasks were completed early

n project year 3. The third and final phase of the project, encompassing years 3 and 4, consists
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Figure 1. Diagram of work structure for this project illustrating
three primary phases and a breakdown of individual tasks
associated with each phase of the project. Phase II studies were

carried out during the second project year and are the focus of
this report.



of a series of tasks associated with final project documentation, technology transfer, and the

trapolation of specific results from reservoirs in this study to other heterogeneous fluvial-
deltaic reservoirs within and beyond the Frio play in South Texas. This annual report documents

t

(€]

chnical work completed as part of project Phase II and III that took place during the third year

of the contract award, from October 1994 through October 1995.

Summary of Year 1 Progress

During the first year of the contract award (October 1992—October 1993) playwide field
screening and field selection (Phase I) were accomplished and initial reservoir characterization
studies (Phase II) were begun. Complete documentation of work completed during the initial
reporting period is documented in McRae and others (1994) and Holtz and McRae (1995a); a

brief summary is included here for reference (Table 2).

Fields throughout the play were screened to identify reservoirs that have a large remaining
()fil resource, are in danger of premature abandonment, and have geological and production data
iﬂ sufficient quantity and of suitable quality to facilitate advanced reservoir characterization
studies. The approach that was used to assess the potential for incremental reserve growth in

Iinature fields of the Frio Fluvial-Deltaic Sandstone play was based on the statistical

Table 2. Significant accomplishments in Project Year 1: 1992—-1993.

Selection of two South Texas fields for reservoir characterization studies
Reviews with field operators, data gathering and inventory
Development of digital log data bases

H>wphp =

Construction of type logs for fields, establishment of regional cross-section
framework

Prelirhinary synthesis of reservoir log, core, and production data
Synthesis of reservoir pressure and production data
Comparison of production histories by reservoir

© N o O

Synthesis of core analysis data by reservoir




¢haracteristics of reservoir volumes. Reservoir data from throughout the Frio Fluvial-Deltaic

Sandstone play were compiled in an effort to characterize reservoir parameters and generate

¥

i

source estimates, and these formed the basis for assessing the additional uncontacted and

Tcompletely drained potential in the play as a whole.
W Two Texas fields were selected for detailed investigation: Tijerina-Canales-Blucher

(T-C-B) field, located in the northern portion of the trend in Jim Wells County, and Rincon field,

located to the south in Starr County. Operators from both fields provided base maps and access

to existing completion records, reservoir production histories, and extensive well data files.

Reservoir evaluation during the first project year focused on developing a detailed
stratigraphic framework of the productive reservoir interval and on evaluating engineering data

from reservoirs in both field areas. Electric-log and core data were evaluated in order to map

egional facies patterns and construct field-wide reservoir correlations to help identify interwell

tLatigraphic heterogeneity and the potential for compartmentalization of significant volumes of
Trecovered hydrocarbons. Production data, including completion density, abandonment rates,
md production trends for individual reservoirs, were evaluated in order to assess the level of
j:maining potential for each productive reservoir zone. Reservoir development histories for

najor oil producing zones in both fields were reconstructed in order to rank and prioritize zones

ith the best potential for incremental reserve growth.

<

The primary objective of initial Phase I reservoir studies was to identify general styles of
iE[]terwell stratigraphic heterogeneity, complete a preliminary assessment of additional resource
[;()tential of individual reservoir units, and select individual reservoir zones with significant
potential for incremental recovery for further analysis to delineate the locations and volumes of

unrecovered mobile oil. On the basis of the results from this initial work, two reservoir zones

=

om each field were identified to be the focus of detailed characterization studies during project

Phase IL.




Summary of Year 2 Progress

Work performed during the second project year (October 1993—October 1994) consisted of
Phase II tasks associated with delineation of incremental recovery opportunities in the Frio
reservoirs that were chosen for detailed study during Phase I (Table 3). Screening of reservoirs
from each field to determine the best candidates for recompletion and infill potential was
completed early in the second project year. The four representative reservoirs selected for
detailed studies are the Frio D and Frio E zones in Rincon field and the Scott and Whitehill zones
in T-C-B field. Reservoir characterization was performed for the remainder of the fiscal year

upon this selection of reservoirs.

Table 3. Significant accomplishments in Project Year 2: 1993-1994.

1. Statistical analysis of petrophysical attributes for middle Frio (fluvial), lower Frio
(fluvial-deltaic), and Vicksburg (deltaic) stratigraphic sub-intervals within the entire
play.

2. Playwide evaluation of additional resource potential and assessment of remaining
mobile oil in middle Frio fluvial, lower Frio fluvial-deltaic, and Vicksburg deltaic
sandstone reservoirs.

3. Completion of regional stratigraphic framework in Rincon and T-C-B fields and
documentation of general reservoir architectural styles.

4. Selection of two representative reservoirs in each field for detailed study.

5. Digitized log data for nearly 200 wells in Rincon field were depth adjusted,
normalized, and flagged with associated production data, stratigraphic tops,
log facies type, net sandstone thickness, percentage sandstone, wireline core
porosity and permeability, vertical log facies type, and lateral depositional facies type
interpreted from facies maps.

6. Log data from more than 50 wells in T-C-B field were digitized for petrophysical
analysis and annotated with associated production data and stratigraphic tops.

7. Maps illustrating distribution of oil production, initial potential, log facies, net
sandstone thickness, percentage sand, and permeability-thickness have been
generated for 8 separate reservoir subunits in Rincon field and compared to identify
differences in sandstone depositional styles and production behavior and identify
zones with high potential for containing unproduced oil.

8. Stratigraphic cross sections were constructed to document subregional stratigraphic
framework of reservoirs in greater T-C-B field area, identify stratigraphic hierarchy
and sandstone architectural styles within field study area, and aid in the selection of
specific reservoir zones for detailed study.




In addition to specific project tasks, final revised versions of the annual contract report and

o

topical report were completed and submitted to DOE for publication and distribution. Two

technical papers were prepared for presentation: one for the 1994 American Association of

| etroleum Geologists meeting in June and a second for the Gulf Coast Association of Geological
ocieties meeting in October. A Bureau of Economic Geology Report of Investigations on
aywide resource assessment and identification of remaining oil potential in the Frio Fluvial-
Deltaic Sandstone Play entered final stages of preparation for publication. This report was
Tblished in early 1995. Three separate abstracts were also prepared, submitted, and presented at
‘ e annual American Association of Petroleum Geologists meeting held in March 1995. These
ibstracts highlighted project results from playwide reservoir assessment and from initial
eservoir characterization studies in each field area. A listing of these individual publications is

included as an appendix (p. 177).

OVERVIEW OF PROJECT YEAR 3
Phase III Objectives

The bulk of activity during Project Year 3 focused on Phase III tasks. The goals of Phase III

P
e

f this project are technology transfer, definition of extrapolation potential, and development of a

computer-based geologic reservoir characterization advisor program. The first year of Phase III

o

covers calendar year 1995, when five tasks were initiated.

Tasks 1, 2, and 3 cover documentation of the reserve growth potential of reservoirs for

—

echnology transfer. These tasks began on January 1, 1995, and took 7 months to complete. The

Uy

oal of the tasks was to document results of reservoir characterization and to prepare
documentation for reports and technology transfer workshops. A summary of the results of this

ask was presented as a topical report to the DOE Bartlesville Project Office. Presentations of

results were also made at both local and national meetings, including the 1995 GCAGS annual

meeting and the 1995 AAPG annual meeting. Two papers were published and presented at the




1995 GCAGS and another three abstracts were published at the 1995 annual AAPG meeting
documenting reservoir characterization studies in both Rincon and T-C-B fields.

Technology transfer, task 4 of Phase III, also began on January 1, 1995, and will last for

8 months. The goal of this task is to conduct technology transfer activities and extrapolate

lfe sults within and between plays. The central efforts under this task are to prepare a set of
\Lvorkshop notes, develop final reports and publications, and conduct two workshops to transfer
results of advanced reservoir characterization to oil operators. Tentative dates have been

gstablished for workshops to be held in San Antonio, hosted by the South Texas Geological

r,

Society, and in Houston, to be hosted by the Houston Geological Society.
Extrapolation of the results of this project to other areas will be based on the concept of the

geologic play. Much of the information developed about the Frio Fluvial-Deltaic Sandstone

.

Vicksburg Fault Zone) play during this project will be extrapolated to other Frio plays in Texas,
including the Frio Deep-Seated Fault Domes play near Houston. Furthermore, the styles of
heterogeneity in this fluvial-deltaic play will be transferable to other plays of this origin, for
¢xample, the Wilcox Fluvial-Deltaic Sandstone play, deeper Vicksburg reservoirs, and

Pennsylvanian deltaic reservoirs of the Strawn Sandstone and Upper Pennsylvanian Shelf

P
\> &3

andstone plays in North-Central Texas. The methodology used in the project will be thoroughly

o

locumented so that it can be easily transferred to other fields and reservoirs by operators.

Documentation of this methodology will be made in the topical and final reports and in the

-t

workshop notes.

Development of a geologic reservoir characterization advisor (task 5), the final task of

)

hase III, has commenced. This task includes the development of a microcomputer-based

3

rogram to describe and teach users the methodology of reservoir characterization in fluvial-

deltaic reservoirs.

10




Summary of Year 3 Results

Work performed during this reporting period (October 1994—October 1995) consisted of
the completion of Phase II tasks associated with delineation of incremental recovery opportuni-
ties in selected Frio reservoirs in Rincon and T-C-B fields, as well as Phase III tasks focusing on
technology transfer. Specific significant accomplishments are listed in Table 4. Reserve-growth

potential for the Frio D and E reservoirs of Rincon field and the Scott and Whitehill reservoirs of

Table 4. Significant accomplishments in Project Year 3: 1994-1995.

1. Routine core analysis data from 100 wells in Rincon field were categorized by
depositional facies, resulting in more accurate facies-based porosity-permeability
relationships and correct apportioning of commingled production to each reservoir
zone.

2. Special core analysis data were measured in 15 samples from Rincon reservoirs to
improve calculations of original oil in place, residual oil saturation, and irreducible
water saturation, resulting in a more accurate evaluation of remaining reserves.

3. A petrographic study of 22 samples from Rincon reservoirs was carried out to
determine the effect of diagenesis on reservoir quality and to supplement results of
the special core testing.

4. Detailed characterization of two upper delta plain fluvial reservoirs in T-C-B field was
completed, resulting in the identification of 17 recompletion and 19 infill drilling
opportunities.

5. An accommodation-based model was developed that improves the prediction of
reservoir architecture and between-well heterogeneity and establishes a method for
ranking reservoirs in terms of reserve-growth potential on a quicklook basis.

6. Geologic Societies in two cities have offered to host short courses scheduled for
early 1996, and work has begun on a set of course notes for attendees.

7. Methodology and results of this study have been transferred to industry in 5 technical
presentations, 4 publications, and 2 related Bureau short courses.

8. Objectives and a tentative structure for a microcomputer-based geological advisor
have been established, and programming of a test version has begun.

11



T-C-B field have been identified (Phase II, tasks 1-3), and specific recompletion/infill drilling
opportunities in incompletely drained or untapped compartments and new pools have been
dpcumented (Phase III, tasks 1-3). The technologies developed and used in the reservoir charac-
terization process have been transferred to several industry groups through numerous papers and
presentations at technical conferences (see list in the appendix), as well as at short courses
deyeloped through other Bureau projects (Phase III, task 4). Additionally, a Topical Report
documenting reservoir characterization strategies used in Rincon field was accepted and pub-

lip hed by the Department of Energy (McRae and others, 1994). Planning and scheduling has

b

(9

gun for two project workshops to be held in San Antonio and Houston during April and

Mlay of 1996, and work has begun on a set of course notes to be supplied to attendees (Phase III,
tzlsk 4). In addition, the general framework for a microcomputer-based geologic reservoir charac-
terization advisor software package has been established, and programming of a test version has

begun (Phase III, task 5).
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RESERVOIR CHARACTERIZATION METHODOLOGY

by M. H. Holtz

Reserve Growth and the Need for Reservoir Characterization

Reserve growth is a process that begins with the idea that it is possible to add value to a

hydrocarbon property. Additional technology and/or changes in socioeconomic conditions can

stimulate reserve growth (Fig. 2). Additional technology can improve the efficiency of reservoir

=3

nagement and characterization, thereby improving the economics of production and

o

evelopment and increasing field life. In this step all the tasks necessary to apply the technology
aka undertaken. When the process of reserve growth is stimulated by changes in socioeconomic
conditions, reserve growth can happen immediately by extending the project life of producing

operties or by making additional properties feasible. If adding projects is the reserve growth

o)
—

process route, the next task is again reservoir management and characterization so that the

ditional reservoir development can proceed. The process in general is dynamic, occurring

-
()

peatedly during the life of a reservoir. As new opportunities arise from changes in
socioeconomic conditions, new technology, or increased knowledge about a reservoir, the
process of reserve growth once again can take place, thus becoming a cyclic dynamic process.
Socioeconomic conditions have a pronounced effect on oil reserves. The primary
controlling elements include oil price, government regulation, and world economic growth and
politics. Oil market price swings affect production rates, affect the timing of well abandonment,
qud determine if additional technology will be implemented to increase recovery. With the large
oil price fluctuations present in today’s marketplace, price plays an important role in reserve
growth. Government regulation also affects reserve growth potential by impacting such factors as
tax structure and operating costs. Recently enacted environmental regulations will also have a
major influence on reserve growth by increasing operating cost. Additionally, shifting patterns in
world economic growth and politics influence supply and demand and thus the need for oil

reserve growth.
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Figure 2. Process of reserve growth stimulated by technology and socioeconomic
changes. Reservoir characterization induces reserve additions by targeting resources
unrecoverable through existing completions.
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Reservoir characterization and management is at the heart of reserve growth. Only when a
clear picture of a reservoir is developed can it be determined if a technology should be applied,
which properties to apply it to, and what the timing of its application should be.

Reservoir characterization is the building of a geologic and engineering model that
describes the reservoir’s internal architecture and the distribution of hydrocarbons. The model
should incorporate all geologic scales of heterogeneity from gigascopic basin-scale
characteristics to microscopic pore-level characteristics. The internal architecture delineated is
based on the integration of geologic character with measured engineering parameters. This
integration should result in a model that describes all salient fluid-flow paths and barriers. The

distribution of hydrocarbons is also a critical element in a reservoir characterization model and

14



follows from the determination of reservoir architecture. Identifying the location within the
reservoir of both the initial and remaining hydrocarbon resource allows the model to be applied

as a tool for assessing reserve growth potential.

2]

The purpose of reservoir characterization is to develop a fundamental tool that can be

applied in determining and optimizing hydrocarbon recovery for reserve growth. A reservoir

characterization model applied as a tool allows the assessment of original resource and current
reserves and gives fundamental knowledge of how hydrocarbon recovery may be improved.

Reservoir characterization is the driving force behind reserve growth.

Methodology

Our ability to model reservoirs at their most fundamental flow unit level is limited because
t#}e limited nature of the well-log data sets leaves large areas unsampled between the wellbores.
P[k)wever, important heterogeneities can be recognized in the reservoir with detailed
characterization that integrates all available geological, geophysical, and engineering data.

The approach to identifying and modeling reservoir character involves four principal steps:

determining geologic reservoir architecture, (2) establishing fluid-flow trends in the reservoir,

p—

3) integrating reservoir architecture and fluid-flow trends, and (4) identifying reserve growth

otential (Fig. 3). These steps are interrelated, although determining geologic reservoir

g_;"d

chitecture is the logical first step. These four steps are general, and the level of depth to which
tley. can be implemented is heavily dependent on both the time and data available. The

aracterization methodology is an iterative process, relying on testing multiple working

o

ypotheses to determine the most probable reservoir model. The key iterative step is integrating
reservoir architecture with fluid-flow trends. This key step often is the point at which new
hypotheses are developed and old hypotheses are disregarded. The goal of the overall
methodology is to determine by what means reserve growth can be accomplished. The following
discussion describes each of the four steps of reservoir characterization, culminating in 3-D

reocellular reservoir visualization model development and delineation of reserve-growth

opportunities.
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Figure 3. Reservoir characterization as an iterative, four-step process.

Determine Reservoir Architecture
Introduction

The architecture of sandstones in clastic reservoirs has a direct impact on hydrocarbon
recovery. Internal features within reservoir sandstone units define the geometry of fluid pathways
that control the efficiency of hydrocarbon migration to the wellbore and therefore provide
fundamental constraints on the ultimate volume of conventionally recoverable oil and gas that
remain in the ground when the reservoir is abandoned (Tyler and others, 1992). Understanding
the details of reservoir architecture and its inherent control on fluid migration is critical to
efficiently targeting the remaining recoverable hydrocarbon resource in maturely developed
IeSEervoirs.

The internal geometry of sand bodies and the degree of interconnectedness, communication,
or compartmentalization between individual reservoir sand bodies is a product of the

nonuniformity, or heterogeneity, of a rock reservoir (Alpay, 1972). Reservoir structure can be
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exceedingly complex, containing heterogeneities from scales of kilometers down to scales of less

than 1 millimeter (Lasseter and others, 1986). The scale of heterogeneity that is most critical in

controlling fluid-flow pathways and is the key to accessing unrecovered hydrocarbons remaining

in the reservoir is the intermediate, interwell, or macroscopic scale of heterogeneity. This level of
hflerogeneity most closely corresponds to the reservoir flow unit. Macroscale features include
variations in depositional and diagenetic facies that serve to compartmentalize a reservoir.
Physical bounding elements that define the permeability structure of a reservoir and divide it into
separate flow units include both bedding surfaces as well as nonpermeable rock types that act as
intrareservoir seals between individual reservoir compartments.

Lateral and vertical reservoir heterogeneity is controlled by the depositional processes

responsible for creating the reservoir, and this heterogeneity in turn is responsible for developing

the reservoir architecture that provides the fundamental control on hydrocarbon recovery
efficiency in a given reservoir unit (Tyler and Finley, 1991). Developing a detailed understanding
of the processes, styles, and scales of heterogeneity that characterize a particular reservoir type
can become a powerful predictive tool in the identification and delineation of additional

unrecovered oil and gas resources.

Workflow Outline

Determining reservoir architecture is the first step in reservoir characterization. This step
consists of four basic tasks:

1. Ascertain internal reservoir stratigraphy

2. Compose lithofacies maps to define stratigraphic unit geometries

3. Interpret distribution of depositional environments

4. Combine stratigraphy with structural character.

Reservoir architecture is determined from analysis of the well log, seismic, and core data.
Recognizing the internal reservoir stratigraphy of time-equivalent genetic units and their

bounding surfaces is the important starting point that allows quantitative facies mapping of the
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framework reservoir sandstones. Time-equivalent marker beds are recognized on the gamma-ray

log and divide the sequence into genetic units. The finer units then form the framework for

pping trends in reservoir geometry as defined by the net-sandstone maps (or percent-

S

|y

sandstone maps if the genetic interval thickness changes markedly) and log-facies maps.

andstone maps define the geometry of the bed-load fraction of the depositional system and

provide a powerful guide to interpreting the processes of sediment dispersal (Galloway and
Hobday, 1983). Log-facies maps illustrate the character and distribution of bedding styles and,
when combined with sandstone maps, enable construction of a detailed model of reservoir
architecture. Systematic areal changes in sandstone gebmetry or bedding style across the

reservoir likely reflect significant facies changes and thus demonstrate heterogeneity that could

[*}

tentially inhibit fluid flow within the reservoir.
- Structure can play an important role in reservoir architecture, so structural mapping of key

orizons is an integral part of step one. For example, faulting can juxtapose reservoir sandstones

b
16
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gainst nonreservoir mudstones, disrupting continuity of the reservoir facies and segmenting the

field. Faulting can also juxtapose sandstones of different reservoir quality and introduce partial

a‘rriers to fluid flow. Scale of faulting is another important consideration and is dependent on the
lative thickness of reservoir and nonreservoir facies and their interbedding relationships. The

eepness of structural dip also influences fluid flow in a reservoir and the applicability of certain
|

serve growth methodologies. Finally, understanding the interrelationship between stratigraphy

nd paleostructure aids in the delineation of reservoir architecture.

scertain Internal Reservoir Stratigraphy

Ascertaining the internal reservoir stratigraphy describes the building blocks of the reservoir

architecture. The five main tasks listed below are performed in order to delineate the internal

servoir stratigraphy. They may be worked on concurrently or stepwise depending on the data

(94

afnd manpower available. It is advisable to accomplish the large-scale genetic stratigraphy first in

rder to have a framework in which to complete the other tasks.
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Describe lithofacies from core

Integrate lithofacies with petrographic character

Relate core description to wireline log response

* Determine and correlate finest scale genetic units recognizable on logs

Delineate missing section and /or stratigraphic pinchouts.

Describe Lithofacies from Core

Whole core is a very valuable set of data that gives the greatest insights into the reservoir’s
architecture. When core is slabbed, the geologic description should include lithology, grain size,
sedimentary structures, fossils, and bedding surfaces. These geologic attributes lead to the
interpretation of lithofacies and their stacking patterns. Additionally, depositional facies and
systems can begin to be hypothesized and potential fundamental bounding surfaces can be
identified. Core gives the only firsthand geologic information that can be related to outcrops,

modern environments, and geologic process models.

Integrate Lithofacies with Petrographic Character

The goal of petrographic investigation is to understand mineralogy for wireline log
apalysis, delineate diagenetic history, and to determine controls on reservoir quality. Methods of
petrographic characterization include thin section description, scanning electron microscopy

(!

t]Tat one can adequately characterize all rock types, spatial variations both vertical and areal, and

EM), cathodoluminescerice, and x-ray diffraction. Sampling strategy must be complete such

U2

relate petrography to any measured petrophysical measurements. Sampling includes obtaining

N

several thin sections from each lithofacies described in core; from vertical successions within

W

lithofacies; over the depth range of the reservoir; and over the horizontal extent that has been
cored. Whenever possible, thin section samples should be obtained from core plugs used for

petrophysical measurements. In thin section analysis 200 to 300 points should be described to
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obtain a statistically significant data set. Petrographic data collected include detrital mineralogy,

aTt higenic cements, grain size, sorting, and porosity amount and types.

Relate Core Description to Wireline Log Response

Understanding the geqlogic controls to wireline response is essential because logs make up-
the majority of subsurface data. Properly described whole core allows the best correlation
between wireline log response and geology. This log-geolbgy correlation can be accomplished
following the general steps outlined below:

e Depth shift core to wireline log depth

e Correlate wireline log responses with stratigraphic stacking patterns

e Categorize log response into log/lithofacies.

Core depth often does not match up with wireline depth; therefore, the first step in log-
geology correlation is depth matching. Next the relationships between log signature and the

d

A4

scribed geologic attributed are investigated. For example, an upward-fining grain size

described in core may relate to an increasing gamma-ray-log reading. When relationships are

1S4

established in wells separately, the log-geology correlations between wells should be examined
in order to be categorized for depositional system mapping.
Determine and Correlate Finest Scale Genetic Units Recognizable on Logs

The key to proper stratigraphic correlation is the recognition and correlation of large-scale

netic flooding surfaces, working stepwise toward smaller scale bounding surfaces. The general

aq
)

steps in correlation strategy include:

e Recognize and correlate large-scale genetic flooding surfaces
e Interpret basin shape and filling style

e Correlate smaller scale genetic unit surfaces

e Delineate autocyclic bounding surfaces.
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High gamma and/or low SP log markers within sandstone systems are used in the

recognition and correlation of large-scale genetic flooding surfaces. The best type of marker is

dg

01

in
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endent on the overall type of basin system. Formation boundaries or the base of regionally

extensive shales are good starting points.

With large-scale genetic flooding surfaces correlated, the next step is to interpret basin

shape and filling style. Basin shape influences whether a siliciclastic system functions as a point

line sediment source. The geometry of large-scale genetic units aids in interpreting the
teraction between sediment supply and relative sea-level fluctuations. A progradation,
rgradation, or transgression system will result. These large-scale stacking patterns influence the
cometry of the smaller scale genetic bounding surfaces and the corresponding processes.

Correlations of the smaller scale genetic unit surfaces are constrained within the larger scale

ooding surfaces. The type and character of these markers are dependent on the larger scale

<

stem in which they reside. The geometry of these markers begins to delineate the reservoir
chitecture on the interwell scale.
Autocyclic bounding surfaces reside within the smallest scale genetic unit. These surfaces

fine individual depositional facies packages and can be discontinuous on the interwell scale.

A4

—

apping on log signatures and lithology isopachs is often needed when interpreting autocyclic

bounding surfaces and the depositional facies that they delineate.

@)

Delineate Missing Section and /or Stratigraphic Pinchouts

Anomalies often occur when correlating significant stratigraphic markers. The presence of

omalies should signal the possibility of missing section due to faulting, stratigraphic pinch-

n
Lts, or a broken correlation. Determining the most feasible interpretation concepts to pursue

equires:
e Observing lateral facies variability for localized thinning trends
e Checking for missing genetic unit/subunit markers

e Looking for faults in seismic data.
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These concepts test whether the anomalous heterogeneity observed during correlation is due
stratigraphic changes or structural control. Lateral facies variability can be defined by working
ncurrently with both lithofacies isopachs and the spatial character of depositional facies/

eogeographic reconstructions.
mpose Lithofacies Maps to Define Genetic Unit Geometries

Map Types

Lithofacies maps are made in order to define genetic unit and depositional system geometry.

/hen composed these maps highlight salient depocenters and sediment-dispersal pathways,

ich can be related to paleotopography and/or basement topography, and highlight potential

h-quality pay zones. To generate these maps, genetic unit tops are picked and a shale-

g

!

1dstone cutoff is applied to wire-line logs, leading to lithology thicknesses. The genetic unit

d lithology thicknesses are then contoured in relation to hypothesized depositional models. The
sic map set that defines genetic unit geometries includes:

e Genetic unit isopachs

e Separate lithology isopachs

e Separate percent-lithology isopachs.

Mapping Strategies

Several concepts are important to apply when developing lithofacies maps. These concepts

are based on fundamental sedimentological principles and include:

e Sandstone bodies are generally dip- or strike-oriented to paleotopography
e Sediment-dispersal patterns are normally continuous

e Mapping should reflect depositional facies changes.
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Genetic unit isopachs are developed by interpreting unit thicknesses in relation to the
hypothesized depositional model and by comparing with log facies signatures. The basin shape

and filling style hypothesized during large-scale correlation should be applied and tested when

i

t erpreting genetic unit isopachs. For each genetic unit a lithology-indicating log facies map
aids in understanding lithology and depositional facies changes within the genetic unit.
Lithofacies maps have a large number of uses. These maps delineate sediment-dispersal
pathways displaying the continuity and directionality of each lithology. The shape and
directionality are normally related to paleotopography and/or basement structure, and thus these
aps are a key to depositional facies interpretation. They also highlight potential high-quality
pay zones by delineating the fairways of thickest reservoir-quality rock. As will be mentioned

later, they can also function as a geologic trend template in 3-D geocellular modeling to guide

the interwell interpolation of petrophysical attributes.

Interpret Distribution of Depositional Environments

The depositional system and facies distribution is determined by interpreting a combination
of genetic-unit and lithology isopachs, and log facies maps, within the context of the larger scale
basin filling character. The genetic unit and lithofacies geometry relates to the depositional
system. For example, basinward-thickening genetic units with dip-elongate sandstone geometries
terminating into strike elongate sandstone bodies can signify a fluvial-deltaic depositional
system. Within the depositional system, distinct depositional facies can be delineated when the
sandstone isopachs are combined with log facies maps. In a fluvial-deltaic system, upward-fining
log facies that are coincident with thick dip-elongate sandstone bodies signify a channel facies,
whereas an upward-coarsening log facies coincident with thin nondiscrete sandstone bodies
indicates a splay. Interpreting the spatia1 distributions of depositional facies results in the

C

—

plete interpretation of the internal architecture of each genetic unit.
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‘ombine Stratigraphy with Structural Character

Combining the genetic unit stratigraphy with the structural character results in the final

elineation of the reservoir architecture. Constructing structure maps for each mappable genetic
it gives the present 3-D construction of the reservoir. Then by observing both stratigraphic and
uctural cross sections the interpretation of paleostructure controls on depositional environment

stribution is attainable.

stablish Fluid-Flow Trends in the Reservoir

Goals and Procedure

Establishing fluid-flow trends in the reservoir is the second step in reservoir

haracterization. The goal of analyzing fluid-flow trends in the reservoir is to aid in determining
ﬂf:le initial drive mechanism and reservoir architecture, understanding effects of previously

| plied reservoir management techniques, and to function as a production preprocessor to
eservoir simulation. This step analyzes and incorporates the flow dynamics of the reservoir and
i8 heavily dependent on reservoir engineering concepts of storage capacity and fluid flow in a
orous medium. The type of fluid-flow characteristics to be analyzed is dependent on the initial
drocarbon fluid properties and drive mechanism and on the secondary or tertiary recovery

\echanisms applied.

Establishing fluid-flow trends in the reservoir is accomplished through five main tasks:

1. Ascertain the initial hydrocarbon and water fluid properties.

2. Generate a production time series analysis of fluid flow (graphs and maps of oil, gas,
watercut and pressure-depletion).

3. Analyze initial and changes in water and hydrocarbon chemistry.

4. Assess well test data.

5. Determine flow directions of injected fluids.
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Tools

The tools used in establishing fluid-flow trends include laboratory analysis of hydrocarbons,
omputer graphing, mapping, and well test analysis (Fig. 4). The key to establishing fluid-flow
trends with these five main tasks is to do it in the context of the established reservoir
architecture, petrophysical character, fluid properties, and reservoir management. Fluid-flow
ends can be better analyzed when the hydrocarbon volumes stored and fluid-flow capacity
quations are divided into these characteristics. The hydrocarbon volumes stored equation is a
inction of reservoir architecture, petrophysical characteristics, and fluid properties (Fig. 5). The
real extent of the reservoir and the net pay thickness define the net reservoir volume and are
ontrolled by the reservoir architecture, having a significant effect on the volume of produced
ydrocarbons. The amount of this bulk volume that contains hydrocarbons is directly controlled
y the petrophysical attributes, leading to the possibility that a thick interval that produces small
volumes may contain low porosity and/or high initial water saturation. The fluid-flow capacity

quation is a function of reservoir architecture, petrophysical characteristics, fluid properties, and

v

servoir management (Fig. 6). Flow rate is directly proportional to the permeability-thickness

Kh), which is a combination of reservoir architecture and petrophysical character. Relatively

—

—

—

gh well flow rates must signify relatively high kh values. Flow rate also increases with
increasing pressure drop from the reservoir. With larger hydrocarbon storage capacity, pressure

in the reservoir will decrease relatively more slowly, sustaining a higher pressure differential and

=

erefore slowing the decline of hydrocarbon production rate. These general interrelationships,

hen kept in mind during the analysis of fluid-flow trends, help to integrate the reservoir

~

architecture with the production character.

p—

scertain the Initial Fluid Properties

Introduction

The initial fluid properties give valuable insight into how a reservoir will produce and can

help explain production anomalies. Basic hydrocarbon fluid properties needed in reservoir
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igure 4. Tools used in establishing fluid-flow trends, including laboratory analysis of hydrocarbons,

ghlputer graphing, mapping, and well test analysis.

STORAGE CAPACITY

Original oil in place = 7758*A*h*g™ (1-Swj)

Boi
* Reservoir } A = reservoir area (acres)
architecture h = reservoir height/net pay (ft)

e Petrophysical } @ = reservoir porosity
characteristics J Syj = reservoir water saturation

Fluid properties Bgj = oil formation volume factor

QADb101(a)c

gure 5. Hydrocarbon storage equation as a function of reservoir architecture, petrophysical

haracteristics, and fluid properties.
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FLOW CAPACITY
khAP

141.2u8, Ln ( e+s)

q (flow rate) =

. Reservoir h = net pay thickness
architecture re = drainage radius
* Petrophysics k = permeability

* Fluid properties W = viscosity
Bo = formation volume
. Reservoir AP = pressure drop
management s = wellbore skin
rw = wellbore radius

QAb101(b)c

i gure 6. Fluid-flow capacity equation as a function of reservoir architecture, petrophysical

aracteristics, fluid properties, and reservoir management.

characterization include oil and gas gravity, oil and gas viscosity, formation volume factor, gas to
oil ratio, and initial water to oil/gas ratio. Salient water properties include resistivity, salinity, and
cation and anion concentrations. Below is a description of how these properties can give insight

| )
into the character of a reservoir.

Hydrocarbon Properties

The primary source for determining initial hydrocarbon fluid properties is pressure-volume-

temperature (PVT) analysis and a secondary source is initial well production. Hydrocarbons are
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subdivided into heavy and light oil, dry and wet gas, and retrograde condensate gas on the basis

of|distinctive PVT properties. Knowledge of the initial hydrocarbon fluid properties from PVT

lysis and/or initial well production directs which production fluid characteristics should be

monitored and when changes in those monitored characteristics are giving insight into the

reservoir,

Pressure-Volume-Temperature (PVT) Properties

A generalized multicomponent phase diagram (Fig. 7) can be used to illustrate the fluid

I€
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li

li

Ie

Ie
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h

operty differences between low-shrinkage and high-shrinkage oil, dry and wet gas, and

trograde condensate gas. The phase diagram illustrates how temperature and pressure control

hether a hydrocarbon exists as a liquid, gas, or both within a reservoir. At pressures above the

ubble-point line, a hydrocarbon exists as a liquid, whereas at pressures below the dew-point line

ydrocarbon only exists as a gas. These two lines meet at the critical point, a temperature and

p}' >ssure at which a hydrocarbon demonstrates the properties of both a liquid and a gas. Both

quid and gas coexist together in the region of pressures and temperatures between the bubble

=)

int and dew-point lines. In an oil reservoir, if the original pressure is above the bubble-point

)

e, the liquid is undersaturated with respect to gas, at the bubble-point the oil is saturated, and

v

low the bubble-point the oil is associated with gas normally as a gas cap.

At high temperatures above a line defined as the cricondentherm a hydrocarbon will remain
gas, regardless of the change in pressure. The cricondentherm line is important because as a
servoir is produced it remains at a constant temperature as pressure is reduced. Therefore, if a
servoir lies at a temperature below the cricondentherm, the possibility exists for the presence of

oth liquid and gas within the reservoir as pressure is reduced, whereas if the reservoir lies above

the cricondentherm the hydrocarbon will remain a gas, regardless of the pressure drop (Fig. 7).

s will be discussed later, inducing multiple phases within the reservoir from pressure depletion

o

s a profound negative effect on the ultimate recovery efficiency of the reservoir.
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Figure 7. Generalized PVT graph displaying nomenclature.
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Figure 8. The PVT character of low-shrinkage oil, which causes a lower relative bubble point
pressure and results in the phase diagram percent liquid lines being shifted toward lower pressures.
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Important PVT properties for oil include oil gravity, solution gas-oil ratio, bubble point

pressure, gas gravity, formation volume factor, and oil viscosity. All of these properties are

i thelated. When characterizing a reservoir it is important to understand both the initial

property conditions and how these properties change with pressure. This understanding is gained

(Jm observing the nature of the oil’s phase diagram.

Low-shrinkage oils are typified by API gravities of less than 30° and produce at initial

ORs of less than 500 scf/STB (McCain, 1973). The lower oil gravity and GOR is a direct result

the liquids being composed of primarily heavier hydrocarbons. This causes a lower relative
bubble point, and the phase diagram’s percent liquid lines are shifted toward lower pressures

(F ‘ g. 8). If the reservoir is initially above the bubble point, the oil is undersaturated and an initial

crease in pressure does not result in gas coming out of solution in the reservoirs. With

ajditional production pressure drop, a reservoir can reach the bubble point and the oil becomes

saturated. Pressures below the bubble point line result in the presence of gas. However, because

the shifted percent liquid lines a substantial portion of the hydrocarbon remains a liquid;

therefore, less shrinkage occurs, resulting in a formation volume factor close to unity. The

ajority of the hydrocarbon remains a liquid when taken to surface conditions. The heavier

hydrocarbons also cause relatively greater oil viscosity. Low-shrinkage oil normally resides in

reservoirs at lower pressures and temperatures and at shallower depths than light oil.

High-shrinkage oils are characterized by API gravity greater than 30° and initial GOR

g cater than 500 scf/STB. A greater portion of the oil consists of lighter hydrocarbons, resulting

a higher bubble-point pressure and a shifting in the phase diagram of percent liquid lines

l

tjward higher pressures (Fig. 9). As reservoir pressure is initially reduced, the hydrocarbon

f

i

Tctions similar to the heavy oil. However, when the reservoir pressure drops below the bubble-

point a much greater portion of the oil becomes gas, resulting in elevated producing GOR,

greater shrinkage of the oil, and thus a formation volume factor much larger than unity. The high-

!

shrinkage oil is less viscous; however, it becomes more viscous as more of the light

throcarbons are produced in the form of gas. High-shrinkage oil normally resides in reservoirs

at higher pressures and temperatures and at deeper depths than heavy oil.
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Retrograde condensate gas has phase properties that allow the possibility of both liquid and

as to reside within the reservoir. A retrograde condensate gas reservoir is initially at a

mperature greater than the critical point but less than the cricondentherm. The initial pressure is

I€

C

in

o

ficiently high that the hydrocarbon is in a gas phase. As production proceeds and pressure is

4

duced below the dew point, liquid comes out of solution; therefore, both gas and liquid reside

=

the reservoir (Fig. 10). The preferential movement of gas in the resultant two-phase flow

33

duces the ability to produce the liquid portion. Low recovery efficiency of the total original
ydrocarbon volume results.
Classification of a gas as wet or dry also depends on the PVT properties and separator

onditions. A wet or dry gas is initially at reservoir conditions above the critical point and at a
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mperature above the cricondentherm. As production reduces pressure within the reservoir the

o

s stays single phase because it is above the cricondentherm. When the produced gas reaches
e separator conditions a wet gas passes the dew point and a portion of the hydrocarbon

comes liquid. However, a dry gas does not cross the dew point at separator conditions but

)} 4

mains in the gas phase (Fig. 11). Because two phases do not coexist within the reservoir

ressure depletion does not adversely affect recovery efficiency.

Analyzing Initial Well Potential Tests

Analyzing initial well potential tests provides a picture of reservoir fluid-producing
otential and hydrocarbon fluid properties during the early stages of reservoir development.

[apping initial well potential highlights reservoir sweet spots and can also point out early any

areal differences that may be a result of lateral heterogeneities. Statistics of such fluid-flow

characteristics as initial gas-oil ratio (GOR), water-oil ratio (WOR), water-gas ratio (WGR), and

as-condensate ratio (GCR) give a benchmark by which to compare changes in fluid flow over

1e. They can also aid in understanding the initial hydrocarbon fluid properties in the absence of

VT data.
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Figure 9. A greater portion of high-shrinkage oil consists of lighter hydrocarbons, resulting in a
higher bubble-point pressure and a shifting in the phase diagram of percent liquid lines toward
higher pressures.
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Figure 10. As production proceeds and pressure is reduced below the dew point, liquid comes out of

ution. Therefore, both gas and 11qu1d reside in the reservoir.
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yure 11. When the produced gas reaches separator conditions, a wet gas passes the dew point and
ortion of the hydrocarbon becomes liquid. However, a dry gas does not cross the dew point at

arator conditions but remains in the gas phase.
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Water Properties

An understanding of initial water properties is critical in the calculation of water saturation

and can aid in the determination of internal reservoir flow barriers. Laboratory analysis is the

in source for obtaining water properties, but wireline logs can also be employed. Properties of

in
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terest include water resistivity, salinity, and cation and anion concentration.

enerate a Production Time Series Analysis

Introduction

There are three tasks in generating a production time series analysis:

e Compile completion and plugback information on maps and logs

¢ Graph production and annotate with reservoir management history

e Map and analyze time series history of fluid production.

The production time series analysis has three reservoir characterization objectives. These

bjectives are to determine the initial reservoir drive mechanism, to understand the effects of

I

revious reservoir management techniques, and, most importantly, to understand how the
servoir architecture has influenced fluid flow. The combined influence of these three factors is
hat has created the reservoir’s production history. Knowledge of their relative effects is critical

reservoir characterization and in determining reserve-growth potential.

Production Time Series Graphing and Mapping

A time series analysis of fluid flow consists of graphing and mapping of oil, gas, water cut,
nd pressure-depletion variation over the producing life of the reservoir. Graphing of all

roduced fluids and pressure is done on both a reservoir and a well level. Reservoir level graphs,

=

addition to production of all fluids, should include the number of wells on line and should be

nnotated with the timing of any reservoir management changes such as the implementation of
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secondary or tertiary recovery. Graphs are developed such that they capture the shortest interval

fa

1 which data are taken and are annotated with any workovers that may affect the well

>rformance such as pumps, frac jobs, recompletions, and so on. Fluid-flow trends within the

&

p

reservoir are also established from a set of production performance maps that illustrate initial

poiential, cumulative and current production, GOR, water cut, and pressure depletion on a per-
we’ll basis. Analysis of these maps captures the historic changes in fluid production throughout
th‘l reservoir and highlights important frends 1n fluid flow. Areas of best production (sweet spots)
as‘ iwell as areas showing impedance to fluid flow are readily identifiable.

Another key is whether the oil in the reservoir is undersaturated or saturated with solution

gaT. An undersaturated oil reservoir can produce substantial volumes of oil with a significant

essure drop before gas will come out of solution in the reservoir. This will be seen in a steady

|

producing GOR at a value near the initial solution gas to oil ratio. In contrast, a saturated oil

begins to produce at elevated GORs soon after production with only a minor pressure drop.

A time series set of water cut and pressure maps also illustrates fluid-flow trends. These
ps record the pattern of water migration as reservoir pressures decrease and can highlight
ferential pathways of fluid migration, most likely indicating fairways of high transmissivity
1d thus reservoir communication. Anomalies in these maps can indicate barriers to fluid flow
] thus reservoir compartmentalization.

Comparison of the initial hydrocarbon fluid characteristics and the time series analysis is
primary aid in determining the initial drive mechaniém. Monitoring GOR can indicate
hether gas cap expansion or solution gas drive, or both, are the functioning drive mechanism.
apidly increasing GOR near the crest of the structure can indicate gas cap expansion in a
ervoir containing initial oil characteristics above the bubble point pressure. A fairly uniform
increase in GOR around the field can indicate a solution gas drive mechanism. A time series of

WOR that displays increases over time up structure can indicate a water drive mechanism.
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Water Production Analysis

Water production is one of the most critical fluid flow trends to understand in identifying
reserve growth potential. The production of water can indicate encroachment of an aquifer,
rendering portions of a reservoir void of reserve growth potential. However, water can often

finger or channel into the productive interval, leaving substantial reserve growth opportunities

o
o—

chind. The risk of additional reservoir development can be substantially reduced when detailed

water production analysis is incorporated into a reservoir characterization model.

N\

Characteristics of Aquifer Encroachment

Aquifer encroachment decreases ultimate recovery in gas reservoirs. Encroaching water

trafps residual gas behind the invading water front and maintains reservoir pressure. These effects

re 1uce the volume of gas that will be produced, as compared with conventional pressure

depletion. Also, as water volume flowing into the well bore increases, loading can eventually

o?cur, and this will effectively kill the free flow of gas, resulting in down time, sporadic well

p‘Tduction, costly well maintenance, and ultimately, abandonment of the well. Additionally, high

volumes of produced water can increase disposal costs, rendering a well uneconomic. Careful

planning, design, reservoir characterization, and well handling are needed to maximize gas

recovery when aquifer encroachment occurs.
In contrast to gas reservoirs, oil reservoirs can benefit from aquifer encroachment. Water

encroachment from a connected aquifer can act as a water drive, maintaining pressure and

=3

Tplacing oil. The maintenance of pressure sustains flow rates, and the displacement of oil by
W ter increases sweep efficiency.

Aquifer and hydrocarbon reservoir characteristics and production history govern water
encroachment, and understanding these factors is critical to optimizing oil and gas recovery. The

main aquifer attributes that influence a hydrocarbon reservoir are aquifer size, pressure, and

geologic character. Size and pressure characteristics affect the pressure support transmitted to the
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drocarbon reservoir. The larger the aquifer size relative to the hydrocarbon reservoir
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(dimensionless radii), the greater and longer the pressure support and the lower the recovery
efficiency. A greater pressure differential between the aquifer and a depleting gas reservoir can
reduce ultimate recovery. Recovery efficiencies for gas reservoirs and aquifers at lower initial
pressures will be less affected by aquifer encroachment, whereas higher pressure systems may

result in more rapid water encroachment (Agarwal and others, 1965). Permeable and

mogeneous aquifer/gas reservoir systems undergo more rapid water encroachment at higher

reservoir pressures and thus have lower gas recovery efficiency. Also, higher residual gas
saturation resulting from pore geometry and higher relative permeability to water will lead to

lower recovery efficiency. High residual oil saturation occurs when pressure depletion is not

iform in the oil leg and when the oil has high viscosity relative to the encroaching water.

Opverall, characteristics that promote water influx and decrease oil or gas reservoir incremental

pressure drop cause lower recovery efficiency.

Production history also influences aquifer encroachment. An increased gas production rate

can result in an increased recovery of gas (Agarwal and others, 1965; Matthes and others, 1973;
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tes and others, 1977). An increased production rate often leads to greater pressure depletion

fore wells water out and thus results in greater gas recovery. The performance parameters

proposed by Hower and Jones (1991) illustrate the interrelationship between gas flow rate and

reservoir characteristics. High production rates, however, must be designed so that no coning or

gering occurs. Relative permeability and residual gas saturation are important considerations
the effectiveness of higher production rates. Permeability, relative permeability, and residual

s saturation characteristics affect the broadness of the pressure gradient between gas reservoir
d aquifer. A broad pressure gradient will increase the water-invaded zone and result in a larger
lume of trapped gas. Oil recovery is increased when reservoir pressure depletion is uniform.

is reduces water fingering and, thus, bypassed oil as the aquifer water front encroaches.
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~Interpreting Field Data

Determining the movement of water into an oil or gas reservoir characterizes the aquifer/

ydrocarbon reservoir interaction and aids in reservoir development. Modeling the direction of

encroachment is best accomplished by analyzing water/gas ratios (WGR), reservoir pressure, oil-

water cut (percent water), downhole production logging tool response (spinner tests), and

roduced-water characteristics in a time series of maps. This analysis is dependent on monitoring

vl

a at short time intervals so that significant trends can be observed. Map time-series
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bservation facilitates determination of fluid movement in three dimensions, is key to integration

Lanr)

geology and engineering, and aids in reservoir simulation. Increases in WGR can occur from

four different scenarios: (1) water coning or fingering, (2) reservoir communication with a small

o

ssive aquifer, (3) reservoir communication with a strong aquifer, and (4) communication with a

o

ter zone behind casing.

Increasing water-oil or water-gas ratio (WOR/WGR) is the first frontline observation

signifying a water production problem and possible équifer encroachment. At the onset of
increasing WOR/WGR, the possibility that water coning or fingering is occurring in a single well

must be suspected. This is brought about by a well bore pressure drawdown that is high enough

cause a local change in the OWC such that it comes in contact with the well bore. Reservoirs

that have good permeability and/or high permeability heterogeneity are most susceptible to
coning and fingering. Diagnostic features of coning or fingering include rapidly increasing

WOR/WGR or WOR/WGR increasing in only one well while others at structurally equivalent

ositions show no WOR/WGR increase (water cross-cutting structure). This cross-cutting of

nucture can occur in multiple wells. Coning or fingering may occur when WOR/WGR increases

rapidly immediately after drawdown on a well has been increased. In some cases, production
logging tools can identify whether water is coming from the lowest perforations. A time series of

WOR/WGR maps will show a rapid increase in WOR/WGR in localized spots (like target

ull’s-eyes). Over time, WOR/WGR will increase in those wells that have coning or

ngering problems.
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WOR/WGR can also increase when a passive or small aquifer is connected to a reservoir
o water drive or only a weak one). In this scenario, a steady WOR/WGR increase will occur

(n‘

with a large drop in overall reservoir pressure over an extended period. Aquifer encroachment

will gradually follow upstructure, with the oil-water contact rising on a reservoir scale. Local

variation in permeability may cause more rapid localized WOR/WGR changes; however, it is

likely that water encroachment will cross-cut structure significantly.

A strong water drive aquifer can cause the WOR/WGR to increase early in the production

life of a reservoir. Encroachment of water will follow upstructure, increasing the WOR/WGR

over time, corresponding to overall reservoir pressure drop, and resulting in lower cumulative

h drocarbon production.

The final scenario that can increase WOR/WGR is communication with a water zone behind
casing. Water problems occur when poor casing cementation permits water to move between the

clsing and formation. If a water-behind-casing problem results from a poor cement job, the
initial WOR/WGR may be high and the well may appear to have been completed in the
h | drocarbon/water transition zone. When the cement job deteriorates over time, the WOR/WGR
ay increase slowly. Water-behind-casing problems can be diagnosed when increasing WOR/

GR does not correspond to reservoir cumulative production or pressure changes and when the

problem does not occur in other wells.

Monitoring and analyzing reservoir pressure can determine whether water problems are

r\Tated to one of the four scenarios described above and can indicate direction of water influx.

quifer encroachment causes the rate of pressure depletion to decrease over time with increasing

cumulative production. Neither coning and/or fingering nor increased WOR/WGR from water

béhind casing will provide pressure support. A passive aquifer will provide little pressure

support.
By mapping and interpreting material balance plots, the area for which pressure support is
occurring can be determined. Figure 12 illustrates the effect different reservoir characteristics

have on material balance plots. Strong evidence for pressure support is provided when the
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Effects of reservoir characteristics
on production performance

| Volumetric depletion Aquifer influx
PIZ R,
Cumulative  production Cumulative production
Permeability variation Abnormally pressured
P/Z PIZ
Cumulative production Cumulative production
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Effects of reservoir production practices
on production performance

Infill well interference New zone perforated
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Cumulative production - Cumulative production
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Figure 12. The effect that different reservoir characteristics and production performance practices
h?‘ve on material balance plots.

>ssure support corresponds to rapid increases in WOR/WGR upstructure. The direction of
reasing WOR/WGR and pressure support illustrates the direction of water encroachment.

Production logging tools (spinners) can also assist in determining the characteristics of
ater production. These tools demonstrate what water volume, different perforations, and/or
1dstone zones contribute to total water production. When water is coming almost exclusively
m upper perforations, communication with a water zone behind the casing should be

spected; when only the lowest perforations are contributing to water production, however,

40



c(

m
1o

S€

()

)Lng or fingering should be suspected. A specific reservoir sandstone connected to an aquifer
lzTy be isolated in the case of multiple sandstone zones. Information gained from production

gging tools can guide the use of dual completions, permeability profile modification, and/or
*lLactive perforation plugging.

Monitoring produced-water chemistry can also indicate the origin of a water. Changing

ater chemistry should be analyzed over time and between wells. Freshening of produced water

may indicate communication with a water zone behind the casing above the reservoir (water

»
oy
— Q0

dumping), whereas increasing salinity may indicate production from an aquifer that is more

line than the connate water. Proper interpretation can be accomplished only when the specific

reservoir water chemistry (as well as that of the overlying and underlying aquifers) is known.

ssess Well Test Data

'\ Introduction

Well tests are an important source of information on reservoir architecture, petrophysics,

and reservoir management. Well testing is divided into two types, pressure transient testing and

TS

production logging. Pressure transient testing involves producing pressure variations in a well

bore over time and subsequently measuring pressure differences. The character of a volume of

reservoir in pressure communication can then be interpreted by analyzing these pressure

di tlierences. Production logging involves downhole measurements that record vertical variations

in‘ reservoir characteristics.

Pressure Transient Testing

Pressure transient testing provides information on reservoir architecture, petrophysics, and

reservoir management. Four basic types of tests include

e Buildup and drawdown tests

e Interference and pressure pulse tests
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e Injectivity tests
e Drill-stem tests.
Analyses of pressure transient tests fundamentally stem from the rate eqliation illustrated in

Figure 6. By measuring flow rate and pressure, the reservoir architecture characteristics of net

i)
1)

y, drainage radii, and flow-unit compartment boundaries can be analyzed. The total

rmeability of the flow unit tested is also determined along with well-bore skin effects. Drill-

i)
10}

stem tests (DSTs) allow the sampling of downhole fluids, the measuring of static downhole
pressure, and the testing of well productivity. Overall pressure transient tests describe how a well
will perform as a result of both the reservoir character and any wellbore damage that may have

curred.

Q
(J

Drill-stem tests can be very useful in both the initial development of a reservoir and

sTbsequent reevaluations. Initially the DST can be used to gather the first reservoir fluid samples
that allow the analysis of initial fluid properties. The DST gives a measure of the static
bottomhole pressure that is used in production design and is the benchmark when analyzing

re srervoir pressure depletion. Potential well productivity is a result of the hydrocarbon flow rate
test as well as kh and skin determination. The DST is the front-line indicator of the
commerciality of a new reservoir. DSTs in infill development wells result in testing how fluid
cleiracteristics have changed and how pressure has depleted since initial development. This

valuable information can lead to the delineation of aquifer encroachment and the recognition of

underproduced zones within a reservoir.

Production Logging

Production logging tests the vertical variations of reservoir character and may also indicate

be

&

hind-pipe problems. The four most common tests include
e Spinner tests

e Tracer tests
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e Temperature survey tests

¢ Repeat Formation Tester (RFT)*.

Spinner tests measure the relative flow rates into the wellbore and are useful in determining
ef zones in the case of waterflooding. Zones that indicate good reservoir quality from open-

le wireline logs but show poor flow character from spinner tests may have high near-wellbore

mation damage or poor perforations. Tracer tests and temperature surveys indicate how fluid

is|flowing within the reservoir or just behind pipe. The Repeat Formation Tester (RFT)* allows

en-hole testing of the pressure at specific points, resulting in the ability to test and compare

ssure depletion between flow units.

Integrate Reservoir Architecture and Fluid-Flow Trends

Workflow outline

Integration of reservoir architecture with established fluid-flow trends is the critical third

step in reservoir characterization. This step forms the basis for testing and interpreting the

rking hypothesis of reservoir architecture, and the outcome becomes the working model on

ich reserve growth strategies are based. The workflow for this step is shown in Figure 13. The

itial task is to identify correspondence between stratigraphic-unit geometries, structural setting,

It i

o
)

tas

tra
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and fluid-flow trends. The goal of this initial step is to determine what portion of the stratigraphic
and structural heterogeneity is influencing fluid flow within the reservoir. The second task has

two concurrent subtasks of designing petrophysical models and establishing reservoir flow units.

s important that this second task come after the first since petrophysics and flow units should
modeled at the scale where geologic architecture controls fluid flow in the reservoir. The third
k is to determine the distribution of petrophysical properties within the reservoir. This task has

ditionally been accomplished by summing or averaging calculated properties at the wellbore

d then mapping them in two dimensions. However, with the advent of greater computing

*

Mark of Schlumberger
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wer, the distribution of petrophysical properties is being modeled in three dimensions. The
vantage of this is that little or no averaging of the wellbore data is needed. Additionally not

nly is the intrawell property distribution being accomplished deterministically but also

chastic methods are being employed. The final task is to calculate the original hydrocarbons in
p};lace. This is accomplished volumetrically from the petrophysical distribution and allows the

characterizer to begin investigating reserve growth potential.

1 Identify correspondence between stratigraphic-unit
geometries, structural setting, and fluid-flow trends

L Design petrophysical models M Establish reservoir flow unitsw

L |

Y

Determine distribution of petrophysical characteristics ’

Y

Calculate original and remaining
hydrocarbons in place

N

@
"

QAaB414c(e)

'Figure 13. Integrating reservoir architecture and fluid flow trends, involving four basic tasks.

Identify Correspondence Between Stratigraphy, Structure, and Fluid-Flow Trends

P N

Identifying the correspondence between stratigraphic geometries and structural setting, and

fluid-flow trends is the initial step in integrating reservoir architecture and fluid-flow trends. In

ii step all reservoir architecture maps—including lithoisopachs, facies-distribution maps, and

strfcture interpretations—are compared to fluid-flow maps for similarities in distribution

cbmpletions, well deepening, plug-backs, and recompletions. All salient fluid-flow directions and

patterns. To aid in this comparison, completion maps are needed that include all initial

anomalies should be tested to determine if they can be explained by the mapped reservoir

o

hitecture. Typically fluid-flow trends are posted on maps and overlaid with geologic data to

ntify any correspondence.

—EL—
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The scenarios for determining the correspondence between reservoir architecture and fluid-

ow trends are only limited by the investigator’s ingenuity. Some useful scenarios include

* Comparing vertical RFT pressure depletion anomalies with genetic unit flooding surfaces

e Testing production results of plugback locations with genetic unit flooding surfaces

e Generating scenarios between production characteristics and genetic units being
produced

® Mapping and comparing water encroachment levels with hypothesized
compartmentalization

e Investigating and developing geologic models that explain variability in water chemistry

e Explaining variable initial oil-water contacts

e Comparing and contrasting gross sandstone isopachs with hypothesized fluid flow

movement.

esign Petrophysical Models and Establish Reservoir Flow Units
Introduction

Designing petrophysical models and establishing reservoir flow units is the second task in
tegrating reservoir architecture and fluid-flow trends. Salient petrophysical properties include
orosity, permeability, residual oil saturation, capillary pressure, formation resistivity factor,
ettability, relative permeability, and initial water saturation. The goal in modeling petrophysical
arameters is to devise methods for determining storage capacity, .ﬂow capacity, and

ydrocarbon pore volume in a reservoir. In this task several scales of geologic attributes are

sted for correlation with petrophysical parameters. Geologic attributes from microscopic pore
cometry to mesoscopic facies and parasequences should be tested against both petrophysical

roperties measured in core and wire-line measurements for possible correlation and uniqueness

in|a geologically based grouping. The basic geologic attributes from smaller to larger scale

include (1) pore geometry, (2) lithology, (3) facies, (4) genetic unit/subunit, and (5) formation.
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The relative influence and importance of these geologic attributes are quantified at this point by

applying the knowledge obtained in the previous characterization work, specifically the _

(=]

[

petrography and relationships developed between core and wire-line logs.

Petrophysical parameters are interdependent at the geologic scale. Often, however, the scale
at which correlation between geologic attributes and core measured petrophysical parameter is
determined is too small for application to wire-line logs. This necessitates scaling up to what can
be determined from wire-line logs so that the model results can be mapped throughout the field.

This log-resolvable scale also influences the flow unit scale. When petrophysical models are

derived, establishment of flow units can be finished. Each flow unit established should have

three characteristics: interdependent petrophysical parameters, log signature capable of

correlation over extended areas of the reservoir, and fluid-flow boundaries at the top and base.

Pay Cut-Offs

Pay cut-offs determine what portion of the reservoir bulk volume will be considered as
containing producible hydrocarbons. The term net pay is applied to describe that portion of the
reservoir that meets the pay cut-off criteria. Numerous petrophysical attributes are applied in
determining the cut-off values for net pay. Porosity-permeability cross-plots are analyzed to
determine at what porosity the rock becomes too tight for hydrocarbons to flow. Capillary
pressure curves are analyzed to determine at what porosity and permeability the pore throats are

o small for hydrocarbons to migrate into the rock. Initial water saturation is analyzed along

=+
(@)

with relative permeability to determine at what saturation the rock becomes permeable to water
amlnd not hydrocarbons. Additionally in sandstones often a bulk volume shale value is applied as a
means of distinguishing net pay.

Pay cut-offs for a reservoir are best determined on a depositional and/or diagenetic facies-

pansy
A

y-facies basis. At the facies level, the mineralogy and rock pore geometry, and consequently the

=t
o

ck-fluid interaction, will be the most similar. A facies-by-facies set of cut-offs requires both a

U9

ood set of core analysis and a concise geologic description of analyzed core plugs. With this

O

ay cut-off control significant error can be reduced in the hydrocarbon volumetric calculation.
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termine the Distribution of Petrophysical Properties

Introduction

Determining the distribution of petrophysical characteristics is the third, and one of the most

critical tasks in integrating reservoir architecture and fluid-flow trends. How the petrophysical

aracteristics are distributed must honor both the geologic architecture and fluid flow trends.
reservoir characterization model usable for analysis of reserve growth potential must be
veloped at the flow unit scale when spatially distributing petrophysical parameters. Both
erministic and stochastic methods are currently used in distributing the petrophysical

rameters spatially. To obtain a distribution that honors both the geologic architecture and fluid-

w trends and the known data the application of deterministic and stochastic methods must be

alanced.
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Storage capacity, flow capacity, and hydrocarbon pore volume are the key petrophysical
racteristics for which the spatial distribution is determined. Historically these parameters have
>n mapped; however, increasingly 3-D geocellular models are being developed. Any method

t represents the petrophysical parameters’ distribution must rely on a gridding system. This
dding system should be chosen with respect to the well spacing, steepness of flow unit dip,

1 computing power available. When drawing storage capacity, flow capacity, and hydrocarbon
re volume maps the trend of both the geologic reservoir architecture and fluid flow should be

lected as much as feasible.

D Geocellular Reservoir Model Development
Workflow Outline

Three-dimensional geocellular computer modeling is the latest technology applied in

determining the distribution of petrophysical properties. The utility of 3-D computer geocellular

deling is inherent in the three-dimensional nature of geology. Galloway and Hobday (1983)

47




state “Depositional systems provide meaningful sections of basin fill” and “The concept of

d
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positional system implies 3-dimensional units.” Therefore, in order to properly model a
hydrocarbon reservoir the depositional system architecture must be captured in three dimensions.
A properly constructed 3-D computer model combines the input of all aspects involved in
1eServoir characterization and résults in greater precision in volumetric calculation and reservoir
simulation (Fig. 14). After a model is constructed additional boundaries can be overlain, such as
oilrwater contacts, hypothesized reservoir compartments, and/or lease boundaries. These
additional boundaries allow further zonation of a reservoir for analyzing volumetrics and reserve
g]:()wth strategies. Modeling is accomplished in four tasks:

- (1) Preparing petrophysical attributes for each open-hole wireline log suite

(2) Creating surface grids for each correlatable geologically distinct unit

(3) Interpolating petrophysical attributes between wells

(4) Performing geocellular operations.

Flow-unit Petrophysical Geological Reservoir
surfaces characteristics characteristics compartments,
\ / O/W contacts,
leases
3-D
> model
Model

operations <

Model for
simulation

Hydrocarbon
volumetrics

Strategies for
rreserve growth

QAb1612¢

Figure 14. A properly constructed 3-D computer model combines three sets of input into the 3-D
model. Performing model operations results in greater precision in volumetric calculation and is
critical to developing reserve growth strategies and to reservoir simulation.
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Geocellular computer modeling in 3-D allows several levels of geological control. At the

mesoscopic scale, the geometry of each flow unit and their interspatial relationship are modeled.

he intra-flow-unit structure is built by controlling the size cells and how they are stacked. At the

cell level, attribute values are assigned cell by cell such that the final model contains a fine

D grid of petrophysical and geological properties.

Preparing Petrophysical Attributes for Each Open-hole Wireline Log Suite

The first step in developing a 3-D reservoir computer model is to determine petrophysical

atitlributes for each open-hole wireline log suite. This step is accomplished through the data

d

eparation tasks listed below.

e Determine and apply petrophysical equations
e Set the scale of data to use in the 3-D model
e Adjust data quality.

Determining and applying petrophysical equations is accomplished by wireline-core

ributes that are calculated include porosity, bulk volume of shale, and initial water saturation.

cl‘]ibration and/or through the application of published models. For sandstone reservoirs typical

Setting the scale of petrophysical attribute data to use in the 3-D model can be

a¢ccomplished in two ways. The first way is to apply some type of running average method to the

a and then extract values at a set interval. The interval is set at the scale of resolution one

o>

o
©

wiould like to obtain from the model. The second method is to extract unaveraged samples of data
from the wireline information at the scale to be modeled. These extracted values are imported

into a 3-D geocellular modeling software package and are used as the wireline attribute values.

Creating Surface Grids for Each Flow Unit

The second step in building a 3-D geocellular model is to create surface grids for each flow

unit. These genetic units/subunits form the basic framework for the 3-D model. There are four

sic types of data that can be used to generate surface grids. Any combination may be most
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propriate for modeling a given reservoir depending on the geometric relationship between flow
un‘.ts. Data types for surface grids can come from computer-contoured geneﬁc unit tops, gridded
3:D seismic, digitized hand-drawn maps, or surfaces generated by summing isopach values. Th
choice of which geologic markers to grid depends on the scale of detail to be incorporated, the
depositional system of the reservoir, and the control desired on interpolation of petrophysical
aftributes. The steps for generating surface grids for import into a 3-D geocellular model are:

1. Generate structure map for laterally persistent marker horizon above the reservoir
interval and prepare grid

Generate geologic isopach of each genetic subunit below marker horizon

Digitize subunit isopachs and grid to honor well data

Add successive isopachs downward from top marker grid

A

Import grids into 3-D modeling software.
Interpolating petrophysical attributes between wells

Interpolating petrophysical properties between wells is the third step in developing a 3-D

[ €]

geocellular model. This step involves populating the intrawell portion of the reservoir with

trophysical properties needed to determine hydrocarbon volume, and flow capacity. Little hard

(]

p

information actually exists as to what the properties are or how to populate this unknown space.
The basic information that drives the interpolation is analogous reservoirs with smaller well
spacing, or geologic models, developed from studies of both outcrop and modern environments.
Rarely, however, do these studies include hard petrophysical information. The two main methods
currently being applied are deterministic and stochastic interpolation. The deterministic
interpolation of petrophysical properties applied in geocellulaf modeling has five controls:

1. Flow-unit geometry

2. Cell search radii

3. Geologic template weighting

4. Geologic cellular layering character

5

. Applied petrophysical parameter interpolation scheme.
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Flow unit geometry

Flow-unit surfaces control intergenetic unit heterogeneity and constrain p‘etrophysical
tribute interpolatioh vertically and laterally within the flow-unit boundaries. The stacking of
ccessive flow-unit surfaces produces three-dimensional bodies within which the petrophysical
operties are interpolated. Interpolation can be terminated abruptly by the truncation of flow

lits onto basement highs, against faults, and/or other disconformities.

Cell search radii

The cell search radii control intragenetic unit heterogeneity by designating the data sample

at is used in interpolating attribute values to cells. The attribute values assigned to a given cell

are only influenced by well data within the search radii area. The search radii must be chosen

ch that enough well data lie within the set area such that interpolation of attributes to the cell

n take place. Limiting the search radii gives the modeler the opportunity to keep data from

oyver-influencing the between-well cell attribute values.

Geologic template weighting

Geologic template weighting allows geologic control in the interpolation of attributes within

w units. Commonly, templates are developed from gross sandstone or facies maps and can

also be based on 2-D petrophysical maps such as storage capacity or flow capacity. The template

i divided into areas of influence along facies boundary lines. Areas across the map that fall

in

hin the same facies type compose a “correlation facies.” Cells and wells within a correlation

facies will influence the attribute values assigned to other cells in the same correlation facies.

They will not, however, influence cells in another correlation facies. For example, a cell that lies

an overbank correlation facies on one side of a channel can influence the overbank cells on the

other side of a channel. Geologic template weighting results in a strongly deterministic

interpretation built within a genetic unit or parasequence framework (Fig. 15).
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Figure 15. Geologic template weighting, which results in a strongly deterministic interpretation
- based on the geologic sequence stratigraphic model.

Geologic cellular layering character

Geologic cellular layering character controls the interrelationship of cells within a flow unit,

thjs controlling the vertical and lateral heterogeneity within the flow unit. The character of cell

layering is based on the geologic interpfetation of each flow unit. Common cell layering
characteristics include cell dimensions, proportional layering, onlap, and truncation (Fig. 16).
The 3-D grid resolution is determined by the cell dimensions. Typically a cell size is applied such
that several cells will lie between wells. Proportional laYering is normally applied when
thickening or thinning of an individual flow unit is indebendent of another flow unit. Both onlap
and truncation are applied when the geometries of flow units are dependent on one another.

Geologic cellular layering character is therefore a critical avenue through which the geologic

architecture is incorporated into the 3-D model.
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Figure 16. The character of cell layering is based on the geologic interpretation of each flow unit.
CJommon cell layering characteristics include cell dimensions, proportional layering, onlap, and
truncation. |

Petrophysical Property Interpolation Schemes

Two basic attribute interpolation schemes can be applied to distribute petrophysical

operties. One scheme is to apply a key attribute interpolated from the well log data to each

individual cell based on the aforementioned interpolation controls. Upon interpolation of this

(o

pr

)

operty remaining properties are assigned to the cell as a function of the key property. The

nefit of this type of interpolation scheme is that the covariance between petrophysical

v

operties is captured. A second scheme is a multiple property model, in which all properties are

interpolated independently based on the other aforementioned controls. The properties can be
interpolated deterministically or stochastically. No covariant relationship is preserved; however,

if data are insufficient to establish a covariant relationship, then this scheme may be necessary.

Geocellular Operations
Geocellular operations are the final step in developing a 3-D reservoir model. Several model

erations such as the application of attribute model equations, geobody (attribute continuity)

analysis, attribute summation maps, and hydrocarbon volumetrics are accomplished in this step.
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Applying attribute model equations allows additional attributes to be assigned to each cell in the

=

odel. Hydrocarbon volumetrics are determined by applying four steps: (1) input reservoir
undary/compartmentalization map; (2) input hydrocarbon reservoir volume factor; (3) apply
Ay cut-offs; and (4) calculate original hydrocarbons in place.

| The final task in integrating reservoir architecture and fluid-flow trends is the calculation of
iginal and remaining hydrocarbons. Having determined the distribution of the hydrocarbon
re-volume, the hydrocarbon-in-place volume is calculated for each flow unit by applying the

lumetric equation. A hierarchy of greatest initial resource evolves from this calculation,

isplaying the stratigraphic variation of production potential. By subtracting the current reservoir

oduction, the volume of remaining hydrocarbons is determined. The remaining volume of

g
=

hydrocarbons less the current proved producible reserves is the target for reserve growth within a

IeServoir.

Qil Volumetrics

Original oil in place (OOIP), or N, in stock tank barrels (STB), is calculated by applying the
volumetric method. This method is the best approach when comprehensive material balance data

are not available. The volumetric solution for oil reservoirs is shown in the equation below.

N (STB) = (7758)(1-Swi)( hp)(A)( ¢ )/Boj ey
where

Swi = initial water saturation (fraction)

h, = net pay thickness (feet)

A = reservoir area (acres)

¢ = porosity (fraction)

B,; = formation volume factor (reservoir barrels/stock tank barrels).
The original residual oil volume (Ny) is calculated volumetrically (equation 2). The
residual oil volume is that portion of the oil held by capillary forces such that it will not be

removed by waterflood.
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Npo (STB) = (7758)(Sor)( hn)(A)( ¢ )/Bo; 2)

where S, = residual oil saturation as a fraction of pore space.

Remaining mobile oil (RMO) is then determined by subtracting both the N,, and cumulative

production from the OOIP. The RMO is the target for improved primary and secondary recovery

ojects delineated through reservoir characterization.

=T
=

Gas Volumetrics

Original gas in place (OGIP), or G, is also calculated by the volumetric method. Equation 3

represents the general solution for calculating original gas volume

G (MSCF) = (43,560 Ah¢ (1-Swc)/ Bg + RgN)/1,000 3)

where

A = Reservoir area (acres)

h = Net pay thickness (ft)

(0] = Porosity (fraction)

Swc = Connate water saturation (fraction)

Bg = Gas formation volume factor (reservoir ft3/SCF)

Rs = Solution gas oil ratio (SCF/STB)

N = Original oil in place (STB)

Except in retrograde gas condensate or associated gas reservoirs, the term RgN is zero. The

gas formation volume factor, Bg, is given by equation 4 (Smith, 1983).

Bg = (PscZresTres) (TscPres) (reservoir ft3/SCF) 4)
where
Pgc = Pressure at standard condition, 14.7 psi
Tsc = Temperature at standard condition, 60° F
Pres = Reservoir pressure (psi)
Tres = Reservoir temperature (°F)
Zres = Gas compressibility factor reservoir condition.
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The gas compressibility factor, Z, is a function of the fluid composition and reservoir

P
P
n
g
(

©

temperature and pressure. The Z factor can be calculated as a function of pseudo-reduced
temperature and pressure of the reservoir gases. The methodology of Brill and Beggs (1974) was

applied in this resource assessment and is shown in equation 5:

Z= A+ (1-A)/eB + C (Ppr)P )

where

A =139(Tpr - 0.92)0-5 - 0.36Tp; -0.101

B =(0.62 - 0.23Tpr)Ppr + [0.066/(Tpr - 0.86) - 0.037] (Ppr)2

+0.32(Ppr)¢/109(Tpr -1)

C=0.132-0.32 logTpr

D = antilog(0.3106 - 0.49Tpr + 0.1824(Tpy)2)

Tpr = Tres/Tpc, Pseudo-reduced temperature

Ppr = Pres/Ppc, Pseudo-reduced pressure

Ppc (Tpc) = Pseudo-critical pressure (temperature).

To calculate pseudo-reduced pressure and temperatures it is necessary to calculate the

seudo-critical temperature and pressure of the gas. The most accurate method to calculate the

seudo-critical pressure and temperature is to use gas composition. But since the composition is
ot readily available, an indirect method of estimating these parameters from the reservoir gas
ravity is used. The correlations of Brown and others (1948) shown in equations (6) through
) are used to estimate these parameters. The surface, or “California,” gas curves are fit by the
quations
Ppc =677 +15.0 g, - 37.5 (g, )2 (6)
Tpc = 168 +325 g, - 12.5 (g )2 (N
nd the “condensate” gas curves, have the following relationship: |
Ppc =706 - 51.7 g, - 11.1 (g )2 ®)
Tpc = 187 +330 g, - 71.5 (g, )2 ©)

vhere

gr = gas gravity = ratio of gas and air densities at standard conditions.
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Application of these equations allows the estimation of gas compressibility and thus the

olume of gas in each reservoir. The volume of remaining gas is then determined by subtracting

the reservoir cumulative production from the calculated OGIP.

Iﬁientify Reserve Growth Potential

Ilr rroduction

Identifying reserve growth potential is the fourth and final step in reservoir characterization.
eserve growth potential is identified by critically analyzing the reservoir characterization model
eveloped from integrating reservoir architecture and fluid-flow trends. The identification of
serve growth requires four consecutive tasks (Fig. 17). Calculation of current hydrocarbon
eserves is the first task. The results of reserve analysis are applied, along with the calculated

ginal hydrocarbons in place, to delineate the remaining hydrocarbon resource. Reserve-growth

oncepts are then generated by synergistically analyzing the remaining hydrocarbon resource
7ithin the context of the reservoir model. The final task is to target reserve-growth opportunities

y applying the reserve growth concepts.

Original hydrocarbons
[ Current reserves 1 [ in place ]

[ ]

Y

[ Delineate remaining hydrocarbon resource 1

¥

{ Generate reserve-growth concepts ]

\

Target reserve-growth opportunities by applying concepts

QAa8414c(a)

Figure 17. Identifying reserve growth potential involves four tasks.

57




Calculation of Hydrocarbon Reserves
Character of Reserves

Evaluators of hydrécarbon resources constantly strive to improve the approaches used to
describe and quantify reserves. The problems addressed in this pursuit are twofold. The first
hurdle concerns the interplay of the multiple factors that influence producibility of hydrocarbons.
These factors are scientific uncertainty, technology, and socioeconomics. The second difficulty

I’

\S'4

sults from the tendency of these factors to change through time. This dynamic nature causes
reserve values to span a continuum of possibilities. To better grasp the significance of reserve
variability we attempt to superimpose a categorical scheme. Categorization is a normal scientific

endeavor, but it is difficult to apply in practice because reserve values are a continuum.

Reserve Nomenclature and Variability

The commonly accepted nomenclature for categorizing reserves was discussed by Cronquist
(11991). He noted that the categorization scheme of “proved,” “probable,” and “possible”

reserves, which is in common use worldwide, is extremely subjective, and the confidence

[y
=

implied by these terms may differ according to the definition and methods used to make the
determinations. Thus, the utility of this system is limited. Ideally, reserve nomenclature should
gommunicate the same certainty of reserve values. The qualitative reserve definitions are an
attempt to pass on the confidence level of how scientific uncertainty, technology, and
sécioeconomics will affect a derived reserve value. Probabilistic methods have been suggested as
4 method to quantify the reserve variability due to scientific uncertainty (Cronquist, 1991). The
inherent weakness in probability is that little is known about the probability distributions of the
engineering parameters used to calculate reserves. Therefore, the need exists to explore the
probability character of these engineering parameters within a geologic context.

The evaluation of scientific uncertainty in reserve calculations has led to many studies of

the controls on recovery efficiency. An American Petroleum Institute (API) study (1967)
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A

oncluded that the initial reservoir drive mechanism affects recovery efficiency. Arps (1970)

stablished a relationship between recovery efficiency and oil in place, oil mobility, water

o

turation, and pressure drop. Another API study (1984) recognized a relationship between
eservoir recovery efficiency and geographic area, lithology, and drive mechanism. Tyler and
thers (1984) demonstrated that oil reservoir recovery efficiency is largely controlled by

>servoir genesis and initial drive mechanism. Together these studies identify a large number of
eologic and engineering attributes that affect recovery efficiency and thus must be incorporated
n RVP analysis.

Technology and socioeconomic factors also affect the variability of reserve estimates.
\Ithough socioeconomic influences, such as oil price and taxes, are often predicted, their direct
ffects on reserve calculations vary from operator to operator. In the absence of socioeconomic
nfluences, the influence of technology on reserve values is dependent on the geologic and

gineering character of a reservoir. Within the context of a given reservoir type, or geologic

lay, certain reservoir developmental strategies will have greater impact on recovery efficiency

n others.

d

r]-l

Calculation of Volumes of Reserves

The calculation of hydrocarbon reserves is derived from production performance analysis.
he type of production performance analysis applied in a given circumstance is dependent on the

ata available and the constraints of time and manpower. Reserves are determined by the

f

L.

ollowing four methods:

e Analogy through applying recovery factors
e Empirically from decline curve analysis

e Material balance

e Reservoir simulation.

Upon determination of reserves the volume of remaining hydrocarbons is calculated by

subtracting the ultimate recovery from original hydrocarbons in place. The remaining
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ydrocarbons in place are determined at various scales, from field scale to flow unit scale, and

=

sed as a tool in targeting reserve growth potential.

Delineation of Remaining Hydrocarbon Resource

Delineation of remaining hydrocarbon resource requires understanding the spatial residency
f the remaining hydrocarbons. At the largest scale (reservoir level) remaining mobile oil,
résidual oil, and remaining gas can be determined, identifying a first level of feasibility for

reserve growth. At the next finest scale, separate flow unit hydrocarbon volumetrics are

A4

alculated, initiating the process of targeting specific opportunities. For each flow unit, maps of

maining hydrocarbons in place, remaining mobile oil, and apparent area drained are generated

\4

to|further delineate targets of reserve growth potential. These maps result in a specific picture of

vhere the remaining hydrocarbons reside.

=l

enerate Reserve-Growth Concepts

Reserve growth in already-discovered reservoirs comes from two sources. When additional
1 improved reservoir management is applied to a reservoir the recovery efficiency can be
increased, resulting in reserve growth. This source does not delineate new hydrocarbons but does

better job at obtaining what is known. The second source of reserve growth comes from the

=2

iscovery of additional oil within the already discovered field. This source of reserve growth is
ften a result of recharacterizing an old reservoir in a new way.

Improved reservoir management results in reserve growth by enhancing production
performance and thus improving recovery efficiency. Increased recovery efficiency is achieved
by applying advanced recovery techniques such as improved pump design, well stimulation,
mplementation of optimized advanced secondary and tertiary recovery strategies, and ir}fill

illing. All of these techniques must be applied in conjunction with detailed engineering and

geologic reservoir characterization if production performance is to be optimized. Proper pump
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design focuses on inflow performance. Well stimulation methods are employed to correct
wellbore damage by reducing skin effects and can also result in improved connection of the well
bore to isolated, compartmentalized oil. Advanced secondary and tertiary recovery development
methods increase recovery efficiency by adding energy to the reservoir and by reducing rock-oil
interfacial tension, thus reducing residual oil saturation. Infill drilling can increase the vertical
and aerial sweep efficiency during both advanced secondary and tertiary recovery by increasing
interwell pay continuity, by redefining flooding patterns, and by contacting isolated,
compartmentalized oil. Reserve growth through improved reservoir management can also arise
through the recognition of

e fault-controlled untapped compartments

o stratigraphically and/or diagenetically controlled untapped compartments

updip attic oil and/or gas

incompletely drained infill locations

bypassed mobile oil.

Reservoir reexploration is the second process that stimulates reserve growth. The major
components of reexploration are (1) offstructure step-out extension drilling and (2) deepening
and recompletion of missed zones in existing wells. Extension drilling is typically undertaken
when geological and engineering analysis indicates the potential for extending the reservoir’s
limits. Such drilling is usually the result of redefinition of reservoir structure, the position of the
oil-water contact, or vertical or lateral limits of effective porosity. This is commonly the case
when the trapping mechanism is recognized as being partly stratigraphic instead of wholly
structural. Reinterpretations are typically based on analysis of production data, geological
characterization, new technology, or changes in economic factors. Deepening of existing wells
can also result from reinterpretation of reservoir structure and geometry, or may be driven by
price change alone. Recompletion of missed zones can occur when reinterpretation of well logs

or correlation from a nearby producing well indicates missed pay.
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Target Zones Containing Poorly Drained Hydrocarbons

Major targets for reserve growth are portions of a producing reservoir that will remain
oorly drained under the current producing practice. Determination of the spatial residence of the

maining hydrocarbon resource is analyzed on a flow unit basis. At the flow unit level, tools

N4

seful in determining reserve growth targets include
e apparent area drained maps

e remaining oil or gas maps

e remaining mobile oil maps.

These types of flow-unit-scale maps highlight poorly drained portions of a reservoir as a

(94

sult of areas that appear to be undrained and areas where significant remaining hydrocarbons
cside. Overlaying these maps with structure and depositional facies interpretations can also

lLJstrate potential for extension and infill well drilling.

Target Zones Containing Uncontacted Hydrocarbons

A second target for reserve growth is zones from which no production has occurred in the

ast. These are zones where no perforations have been open to potentially drain the

—

ydrocarbons. This occurs as behind-pipe unperforated pay, as zones deeper than a wellbore has
enetrated, and as zones not penetrated because they occur between currently drilled wells. To
1Issess the potential for uncontacted reservé growth the following tools are applied:

e completion zone/reservoir quality maps

e well depth penetrated map

e annotated cross sections.

A completion zone/reservoir quality map displays spatially where in a flow unit the

I

roductive hydrocarbon pore volume was initially located compared to if that zone was

perforated. Areas with productive reservoir quality but that have not been perforated are potential
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reserve growth targets. The well depth penetrated map and annotated cross sections illustrate the

chntial for reserve growth from deepening wells. Correlation between wells can often indicate
thLa a productive stratigraphic unit in one well has not been penetrated throughout a large areal
extent by any other wells. Cross sections can also illustrate potentially productive intrawell zones

that have not been contacted by a well.

Risk Assessing Reserve-Growth Targets

The last task in reservoir characterization is to determine which of the reserve growth
targets delineated should be acted upon first. This decision requires understanding the risk
inyolved with each target. The risk can be assessed both qualitatively and quantitatively. By the
tﬂme areservoir characterization team progresses to delineating reserve growth targets, they have
a|quantitative understanding as to which reserve growth concepts are the most and least risky.

This understanding can be used to rank targets into hierarchy of least to most risky. Doing so will

increase the success ratio and economic viability of a redevelopment program.

Quantitative risk analysis is an important part of choosing the most lucrative reserve growth
target. Risk assessment decision trees are one useful way in which to approach a quantitative risk
alysis. Upon constructing a risked decision tree for each reserve growth target, an expected
target value is calculated. The expected values are normalized to account for risk and therefore
can be directly compared to determine which target is the most lucrative.

Stochastic simulation also leads to a risk assessment of additional oil and gas potential in a
reservoir. The volume of the remaining mobile oil resource is derived directly from the

ifference between the volume of estimated OOIP and the volumes of produced oil and

0o
Lo

stimated residual (immobile) oil. The accuracy of these estimates is dependent on the values of

193

each of the geologic parameters that go into the hydrocarbon volumetric equations, namely initial

water saturation, residual oil saturation, porosity, net thickness, and area of the reservoir. In past

)

standard practice, each of these reservoir attributes was characterized by a deterministic mean

yalue. These mean values are substituted into the reserve equation to calculate OOIP volumes
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%‘t form the basis for subsequent estimates of remaining mobile oil volumes and further

production potential. The heterogeneity of most reservoir rocks suggests that using single values

describe reservoir attributes is inadequate. Modern reservoir characterization studies should

empt to more accurately describe reservoirs by incorporating heterogeneity and attempting to

quantify the variability of reservoir units. This is accomplished by identifying not only mean

values of reservoir attributes but also the range and distribution of these values.

u
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Risk analysis techniques are now commonly used to help identify and minimize the

uncertainty inherent in hydrocarbon exploration and development. The area sampled by a typical
oi»l well drilled with an 8-inch-diameter hole on a 40-acre sample spacing represents only 10-6
percent of the entire reservoir area. This small sample of reservoir attributes creates substantial

uncertainty concerning reservoir description. In field development, constraining the level of this

icertainty is fundamental to good resource evaluation and reserve growth potential assessment.

—

sk analysis attempts to balance the uncertainty against the risk. As generally defined, risk
flects the range or dispersion of possible outcomes of a particular event (for example, if the
tcome can be predicted with 100-percent confidence, there is no risk). In hydrocarbon field

velopment, risk may be defined as the variability in values for a given reservoir parameter that

[ =1
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s an effect on hydrocarbon storage. Uncertainty refers to an event having unknown outcomes

outcomes that have unknown associated probabilities of occurrence. Quantifying the

variability of possible outcomes (in our case the variability of reservoir attribute values) so that

e probability of occurrence is understood reduces the uncertainty associated with predicting
hat will actually be encountered. This may be achieved by identifying the probability

istribution function that describes the range of possible values. Our goal in detailed reservoir

)

aracterization is to identify, through rigorous statistical analysis, the range and probability
stributions that best describe individual reservoir attributes. These results may then be

corporated in hydrocarbon volume calculations to generate more accurate estimates of OOIP

Ld remaining oil resource potential, which should in turn reduce the risks and costs associated

with additional field development.
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Methodology of Volumetric Risk Assessment

Descriptive and central-tendency statistics are the initial step to undertake for each of the
engineering parameters that influence calculation of hydrocarbon volume. These parameters
include average porosity, initial water saturation, residual oil saturation, net pay, and reservoir
size. Covariance is tested between each combination of parameters, and statistical F and t tests
are applied in an analysis of variance (ANOVA) in order to identify statistical differences or
similarities between data population subsets.

Each of the engineering parameters is analyzed to determine what type of probability
function best represents the data distribution. Three best-fit tests, the chi-square, Kolmogrov-
Smirnov (K-S), and Anderson-Darling (A-D) (Lindgren, 1976), can be applied, as well as visual
inspection of the graphical outputs of the data. These data types should be treated as nondiscrete.

Stochastic modeling is now applied to combine the best representative probability functions.
The general model is graphically represented in Figure 18. Monte Carlo and Latin Hypercube
simulation methods are the most widely used. Upon seeding the simulation and setting the
number of iterations a run is initiated. The result is a continuum of hydrocarbon resource
volumes that represent a probability of occurrence distribution. This distribution is used to

examine the possibility of reserve growth.
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igure 18. Stochastic modeling combines the best representative probability functions into resultant
isk-adjusted hydrocarbons in place volumes.
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RESERVOIR CHARACTERIZATION OF RINCON FIELD

by L. E. McRae, M. H. Holtz, T. F. Hentz, and C. Chang

Introduction

Stratigraphic compartmentalization is inherent in fluvial-deltaic depositional systems and is

responsible for the incomplete and inefficient recovery of available oil and gas resources. The

identification and production of incremental mobile oil resources depend on identifying which

arts of the reservoir have not been effectively contacted or swept because of heterogeneity and

the resultant reservoir compartmentalization. Successful advanced recovery approaches in
ﬂku vial-deltaic reservoirs depend on reservoir characterization strategies that integrate geological

facies models with engineering assessments of reservoir behavior and production histories.

Location and Geologic Setting of Rincon Field

Rincon field is located in eastern Starr County, Texas, roughly 120 mi southwest of Corpus

Christi and approximately 20 mi north of the United States-Mexico border. The entire Rincon

eld area covers over 20,000 acres and contains more than 640 wells. The area of investigation

covers approximately 5,000 acres in the northern portion of the field, includes nearly 200 wells,

aLnd is limited to productive reservoir sandstones within the Frio section (Fig. 19).

The general structure in the shallow Frio section at Rincon is characterized by a northeast-
rending, downthrown asymmetric rollover anticline that plunges gently to the northeast and is
ounded to the west by the Sam Fordyce/Vanderbilt Fault, a major growth fault associated with
he large Vicksburg Fault Zone system (Fig. 20). Frio production associated with the shallow
tructure is both stratigraphically and structurally controlled. Hydrocarbons are trapped in zones

ithin the rollover anticline downdip of the major growth fault and exist in multistoried and

multilateral sandstone reservoirs that form complex stratigraphic traps draped over an anticlinal

nose.
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Figure 20. Generalized west-to-east cross section through Rincon field illustrating structural setting
of a representative field in the Frio Fluvial-Deltaic Sandstone Play (adapted from Ashford, 1972).

More than 50 individual productive reservoirs within the stratigraphic interval from 3,000 to
5,000 ft have been identified and mapped across the Rincon field area, and they range in
dimension from only a few acres to complex, interrelated reservoir systems that are present
across the entire field. Individual reservoir units occur both as narrow channel-fill sandstones
isolated vertically and laterally by very low permeability overbank facies and floodplain
mudstones and as large channel complexes consisting of multiple thin sand units that combine
into a single large communicating reservoir. The variability in sandstone geometries and the

complex multilateral and multistacked nature of these reservoirs provide excellent potential for
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identifying additional hydrocarbons that have been isolated in untapped and incompletely
drained reservoir compartments. In this project our Rincon field study focused on two reservoirs

as type examples.

Reservoir Characterization Methodology
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