
DOE/BC--91,'6/SP
Distribution Category UC--122

Opportunities to Improve
Oil Productivity m DO_./BC--gZ/6/SP

Unstructured Deltaic Reservoirs
DE91 002237

Technical Summary and Proceedings
of the

Technical Symposium

A Public Meeting for
Views and Comments

Conducted by the
Oil Implementation Task Force

Dallas, Texas, January 29°30, 1991
Hyatt Tower East

Dallas/Fort Worth International Airport

OILRESEARCHPROGRAM
U.S. Department of Energy

Office of Fossil Energy
Washington, DC 20545

M_ie rrr,
. "", ,v I ct[



PREFACE

In August, 1990, Robert H. Gentile, The Depart- (TORIS), an extensive compilation of petroleum-re-
ment Hf Energy's Assistant Secretary for Fossil En- lated information, disclosed the urgency posed by the
ergy, appointed a Task Force, comprising technical increasing rate of well abandonment. The Hydrocar-
and management expertise, to put into piace the bon Geoscience Research Coordinating Committee,
Department's new Oil Research Program tmplemen- in cooperation with the Geoscience Institute for Oil

tation Plan, (DOE, 1990). This new plan grew out of and Gas Recovery Research, published a strategy
DOE's continuing effort to formulate a National En- document and urged a balance of near-, mid- and
crgy Strategy. long-term research, and stressed the need to increase

Research directed t{)ward near- and mid-term re- our understanding of reservoir complexities.
suits has been added to the previous program empha- In response to these studies, on January 31, 1990,
sis on long-term, high-risk research, iii order to ad- DOE announced its new Oil Research Program lmple-
dress the needs of current conditions in the petroleum mentation Plata. lt recommended a program of field-
industry. The 1986 price cc_llapse, falling domestic based rcsearctl on prioritized classes of reservoirs to
production, and increased well abandonments that rapidly demonstrate cost-effective advances in re-
threaten future access to reservoirs containing a vast covery technology. Under this new plan, a balance of
potential of recoverable oil were lhc major factors near-, mid-and long-term research will pursue the
that led to this new direction, goals of better reserw)ir knowledge and improved

In 1987 the Department initiated a study that recovery technologies. Research results will need to
highlighted the risk to National energy security posed be evaluated at reserw_ir scale to be of value.

by rising imports and pointed to the need t'or greater Building upon its predecessor, the plan estab-
efforts in research. This recommendation was rein- lishes a program of highly targeted research, develop-
forced in an independent study by the Energy Rc- ment, and demonstration in collaboration with the

search Advisory Board, which emphasized greater states, industry, and the academic community, lt
integration and coordination of geoscience and ex- focuses on the reduction of technical and economic

traction research, constraints on producibility to realize the enormous..
DOE sent a team of technical and management potential of the resource remaining in known domes-

experts across the country to canvass the entire petro- _ic reservoirs. Tlm p,ogram sets Ihree time-specific

leum industry_ma.jors, independents, consultants, goals:
service companies universilies_to obtain input on .In the near term (within 5 years), preserve access to ._
what they thought was needed to increase domestic reservoirs with high recovery polcntial that are
produclion. Information _,,,aincd from this effort led to rapidly approaching their economic limits and are
a DOE Enhanced Oil Rcco\'cry (EOR) iniliative thai in danger of being abandoned.
recommended expansion of the research program to • In lhc mid term (within 10 years), devek)p, test, and
include near- and mid-term measures to improve do- transfer Ihe best, currently defined, advanced tech-
mestic produclion, inclusion of mobile as well as nologies to operators of the reservoirs with the
immobile oil, and emphasis on technology transfer, greatest potential for incremental recovery.
particularly in relation to the independent producer. • In the long lerm, develop sufficient fundamental

In 1988, Congress directed DOE's Office of Fos- u1_tlerstanding to define new recovery techniques
sil Energy lo create, as part of a Hydrocarbon Geo- for the oil lefl afler application of the most ad-
science Research Stratete,,,', a plan lo refocus oil rc- vanced, currently defined mid-term processes, and
search programs with a specific goal of increasing for major classes of reservoirs for which no ad-
domestic ()ilpmduction. In late 1989 and early 1990 vanced technologies are anticipated to be available.
the Department held a series of public hearings The primary goal of the new Oil Research Pro-
throuetmut the U.S., heard hul_drcds oiwitnesses, and gram is lo improve the economic producibility of
gathercd thousands _I pa ees oi IcsliHIorty lro_ll a domestic oil and preserve access Io those reservoirs

cxoss-scction t)l lhc Nali(_n. These IllCetillgS provided conlainillg the largest vt_lomcs of ()ii thai are at the
lhc background nlalt.'rial lol lhc foxnlulalion of a grealcsl risk of being abandoned.
Nali(_nal Kncr,ey Slralc_y lhal socks Io strike a bal- A vasl resource felllains iii exisling reservoirs
alice belwcCll t,ompclilly, rcsotlrccs :llltl Ilalional pri- aflcr ,.'onvc,lllional recovery. Of lhc Inorc than 500

Ol'ilics ill arrix in_ al a >,cnsiblc, c_)llcsivc apprt)ach to I_illi()ll barrels oioriginal oil-in-piace iii lhc U.S., less
a nalional etlcrey ln_li_.v, thall t)lle-lhird has 1)cell [)rt)ttuce(I, alld a inere 5% .....

()thtr c_)rlctlrlclll sllztlics cmphasi/cd addili()nai less Ihan 3() billion barrels ..... remains as proven rc-
faccls t_f lhc etqcr_}_ sccLllilv silt|alit_tl. Analysis bv serves. Wilh well-(lesigned research arid cffecti\,e
1)()t-_',, ']'t'lliar\' ()ii Rct._\ cry Illf_)ll_lali(_ll Sv\lOll1
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technology transfer, reserve additions of 76 billion industry technical symposium was scheduled in Dal-
barrels are possible within the next I0 years.--15 las, TX based on this ciassification.
billion barrels in the near-term (within 5 years), at A subsequenl peer review of the classificalion
present economic conditions with currently available determined thai the deposystem is more significant to
and proven technologies. For the mid-term research recovery processes than structural character of a res-
component (5 to 10 years), reserve additions of 61 ervoir. As a result, a four-fold classification was
billion barrels are possible with the application of finalized: fluvial-dominated deltas, wave-dominated
currently identified, yet-to-be-provc_ technologies, deltas, tide-dominated deltas and undifferentiated

The top priority for the Task Force is to preserve deltas. Fluvial-dominated deltas are designated the
access to those reservoirs that have the largest poten- first class for the RD&D under the oil program, based
tial for oil recovery. TORIS analysis shows that the on the largest potential for improved recovery and the
present abandonment rate of 17,000 to 18,000 wells a largest risk of abandonment of the revised classes.
year threatens future access to a significant portion of The revised classification results in varied termi-
our oil resource. Calculations based on the principai nology appearing in this report. The synopsis of the
reservoirs in nine states, representing over 75% of the industry symposium in Dallas, TX targets unslruc-

remaining resource in the Lower-48, india:ate that by tured deltas, whereas Chapters 2 lind 3 e|nploy the
1987 access to 40% of the remaining oil-in-piace has depositional delta subdi,,isions.

been abandoned. Even at $35 per barrel, nearly 60% The analysis, ranking and selection process has
of the resource could be abandoned by the year 2,000, been adopted by the Task Force as a method of priori-
and more than three-fourths would be lost by the early tizing its efforts and focusing on real problems with
21st century if lower prices persist and technology real potential. Ali work done under the Task Force
advances are delayed (DOE, 1989). research, development and demonstration program

The first step in preserving reservoir access is will be done on specific leases in functioning reser-
identifying those reservoirs that have significant pro- voirs.
duction potential_oil technically recoverable with Industry and other public comment on the reser-
advanced, but as yet not proven, technology. Infor- voir selection process and the research needs of each
mation relating to the 3,700 reservoirs contained in class will be used along with other data to make the
TORIS's reservoir database is being expanded and final selections and to design research keyed to the

refined. Using TORIS in an ongoing Multi-State needs of the particular reservoir class. Field demon-
Study, BPO and the Interstate Oil Compact Commis- strations of both currently existing and pre, raising
sion have classified nearly 2,000 of the Nation's new recovery techniques will be implemented in res-
2,500 largest re'_ervoirs, covering 25 of the 29 oil- ervoirs where they are deemed applicable. Success-
producing states and 65%oftheoriginaloil-in-pIace. ful results will be made available through DOE's
The reserw_irs have been grouped into classes based Technology Tran_fer Program, and will be directed
on common geologic characteristics, and their associ- particularly to operators in the reservoirs where the

ated production potential has been estimated. An results are applicable.
engineering evaluation of the recovery potential and The Task Fierce is proceeding with these multiple
risk of abandonment showed deltas to be the most approaches. Data are being collected, refined, and
important types of reservoirs, analyzed to provide criteria for ranking and selection

Deltas are river-fed systems that deposit sedi- of reservoir classes. The first of a series of meetings
ment along the shorelines of oceans, lakes or bays, to obtain comment from the oil industry, academia,
forming a sediment wedge. The shape of the delta is and government on the ranking and selection process
dependent on the dynamic interplay dfa number of has been held; its results are reported in this report.
processes. The primary depositional process in delta Other similar meetings are being planned, and the
formatio_ is fluvial, however the final geometry of reports for ali of the sessions will be published to
the sandbody may be affected to varying degrees by provide a consistent, comprehensive reference to this
wave and tidal currents. Deltaic depo'_its are broadly effort.
classified into three types: fluvia!-dominated, tide- Questions reg;arding the meeting or information
dominated and wave-domi_ateddeltas. Deltaic res- concerning the general activities of the Task Force
ervoirs can also be subdivided on the basis of struc- may be addressed to:
tural compartmentalization due to faults and frac- Herbert ATiedemann
tures. U.S. Department of Energy

Based on _l preliminary ctassit'ication of reser- Bartlesville Project Office
w:ir_ thai stressed the structural aspects of deltaic P.O. Box 1398
rcserv()irs, unstructured deltaic reservoirs were se- Bartlesville, OK 74005

)ccled as lhc first high priority reservoir class, An 918-337-4293 FTS 745.4293
This documen_l consists of three chapters and one

iv



appendix. Chapter 1 contains summaries of the pre- clude references important to understanding the
sentations given at the Department of Energy (DOE).- classification, controlling processes, depositional
sponsored symposium and key points of the discus- facies, and resulting models of modern and ancient
sions that followed. The 2-day meeting consisted of deltas.
four half-day sessions which included both formal 2) Fifty-five general geological references that in-
presentations and discussion periods. An introduc- elude references that supply important informa-
tory ses3ion was presented by the Department of tion about the sedimentation, distribulionotfacies
Energy and contained a brief explanation of the light and depositional environment, geometry, geologi-
oil RD&D plan, the reservoir classification system cal characteristics of reservoirs, and examples fronl
and selection methodology, and a summary of the modern deltas.

general characteristics of unstructured deltaic reser- 3) Nineteen reservoir characterization references that
voirs. Three technical sessions followed which ad- include selected references concerning examples

dressed the topics of integrated geological and engi- and applications of geological and engineering
neering reservoir characterization in deltaic reser- aspects of reservoir characterization.
voirs, extraction technologies, and operational con- 47 Fifty-one engineering technology references that

straints including environmental and regulatory con- include references to technologies for discovery,
straints, drilling, and recovery of oil in deltaic reservoirs.

Chapter 2 characterizes the light oil resource 5) One hundred and sixty-seven references on the
from fluvial-dominated deltaic reservoirs in the Ter- geology and engineering aspects of reservoirs oc-

tiary Oil Recovery Information System (TORIS). An curring in six plays. The plays were selected on the
analysis of enhanced oil recovery (EOR) and ad- basis of geographic distribution, delta type, and
vanced secondary recovery fASR) potential for flu- availability of data so that a broad, representative
vial-dominated deltaic reservoirs based on recovery sample of deltaic reservoirs would be presented.
performance and economic modeling as well as the The plays are as follows: a) Cherokee sands, pri-
potential resource loss due to well abandonments is marily fluvial-dominated type deltaic deposits in
prescnted. Oklahoma and Kansas (46 references); b) Dakota

Chapter 3 provides a summary of the general Formation including the D sand and J sand, mixed
rescrw_ir characteristics and properties within deltaic wavf.;- and fluvial-dominated deltaic deposits in
deposits, lt is not an cxhaustive treatise, rather it is CoV,orado and Nebraska (24 references); c) Fron-
intended to provide some basic information about tie}_I Formation, undifferentiated deltaic deposits
geologic, reservoir, and production characteristics of in Wyoming (30 references); d) the Robinson For-
deltaic reservoirs, and the resulting recovery prcb- mat!on, a fluvial to fluvial-dominated deltaic res-
ictus. The following topics are addressed: l)agen- ervoirinlllinois(8references);e)StrawnForma-
cral review of the sedimentological aspects of deltaic tion, primarily fluvial-dominated deltaic deposits
systems; 2) a discussion of reservoir heterogeneities in Texas (20 references), and ft Wilcox Formation,

related to deltaic depositional processes and their mixed but predominantly fluvial-dominated del-
effect on fluid movement within the reservoir; 3) a taic deposits in Texas, Louisiana, and Mississippi

review of geological factors affecting recovery in 26 (39 references).

enhanced oil recovery (EOR) pilot projects; and 4) References
average reservoir properties and production charac-

, teristics derived from data from 229 fluvial-domi- U.S. Department of Energy, Bartlesville Project

nated, unstructured deltaic reservoirs in the Tertiary Office, 1989, Abandonment Rates of the Known Do-
mestic Oil Resource, DOE/BC-89/6/SP, November

Oit Recovery Information System (TORIS)database.
1989.

Appendix A contains over 300 annotated deltaic
U.S. Department of Energy, 1990, Oil Researchreferences that are divided into the following five

subtopics: Program Implementation Plan, DOE/FE-0188P, April1990.
!) Twenty-seven key geological references that in-
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Chapter 1

ANALYSIS AND SUMMARY OF THE DEPARTMENT OF ENERGY-SPONSORED

SYMPOSIUM "OPPORTUNITIES TO IMPROVE OIL PRODUCTIVITY IN

UNSTRUCTURED DELTAIC RESERVOIRS"

MEETING SUMMARY barrels of light oil were originally contained in un-
structured deltas of the onshore United States. Of

The purpose of the Department of Energy (DOE)- this, 17.4 billion barrels have been produced, and 580
sponsored symposium, entitled "Opportunities To million barrels are considered proven reserves under
Improve Oil Productivity in Unstructured Deltaic current ()ii prices. After these reserves are produced,
Reservoirs," held January 29-30, in Dallas, Texas, more than 31 billion barrels will remain in these

was: (1) to define opportunities for improved light oil reservoirs, which comprises a significant target for
production from domestic unstructured deltaic reser- advanced oil recovery techniques.
voirs; (2) to discuss technical constraints affecting
producibility and the research needed to overcome The symposium consisted of four half-day ses-
them; and (3) to encourage communication between sions. An introductory session was presented by the

different segments of the petroleum industry and DOE. Department of Energy and contained a brief explana-
Unstructured deltaic reservoirs are reservoirs that rien of the Department oi" Energy's light oil RD&D
were formed in a deltaic environment and whose plan presented in theOil Research Program Imple-

production is not severely impeded or controlled by mentation Plan (DOE/FE-0188P, April, 1990), the
structures resulting from faulting, folding, or frac- reservoir ch|ssification system and selection method-
luring at the interweil scale (IOCC, 1990). elegy, and a summary of the general characteristics of

unstructured deltaic reservoirs. Three technical ses-

The total attendance at the meeting was nearly sions followed which addressed the topics of inte-250 people and represented a broad cross-section of
grated geological and engineering reservoir charac-

the petroleum industry. The largest portion (-30%) terization in deltaic reservoirs, extraction technolo-
consisted of independent operators, followed by con-

sultants (~20%), university professors (_15%), tech- gies, and operational constraints including environ-
mental and regulatory constraints.nicai staff from major oil companies (~10%), and

service company employees (~10%). The remaining Summaries of the presentations and the ensuing
15% consisted of domestic and foreign government discussions were prepared from abstracts submitted
employees, by the authors as well as notes taken at the mee_.ing.

Deltaicrcservoirs wcrc idenlifiedas an important The authors reviewed the summaries and provided
class of reservoirs because they account for about valuable comments and suggestions. The following
one-fourth of the remaining light oil (gravity greater authors elected to submit manuscripts, which were
than 20 ° API) resource in the United States (fig 1.1). used in lieu of summaries: Don Oltz,"Reservoir Char-
Most of this resource is in unstructured deltaic reser- acterization of the Illinois Basin Including Deltaic
voirs. The DOE estimates that more than 49 billion Sands;" Gary Pope, "Reservoir Modeling: Advanced

Reservoir Simulation -- Experience in the Big Muddy
Unstructured ,,

_ t_o_t,,jcR°servo_r Field, Wyoming; ,|ames E. Russell, "Ecor|omic and _
3ZSBH,onB,,,e_, Regulatory Constraints;" and William C. Maurer,

_8.6O/o "Drilling Technology' Advances in Directional Drill-
ing."

I_¢'_ _ /Strootured The major points which emerged from the meet-
_'_-:ii!_ " 111,4 BillionBarrels ing are outlined below'

• Operators voiced confidence in the capability of
technol(_gy lo improve productivity, but the tech-
nology must bc delivered in an understandable for-
m_l and style.

• Reservoir characterization is critical for data inter-

pretation and effective reservoir management. The
interpretation and application of sophisticated tech-
nol_gies _ttch as horizontal drilling or seismic cross-

[_igure l. 1 ]_ell/ilillirlg light _il reserves, well Iom(_graphy require detailed reserv(_ir mc_dels.
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• Opinions on the impact of plugging and abandoning sential to optimunl well location and profile, and
wells on (',ii reserves varied; however, lhc negative cross-well tomography, where the interpretation o1'
effects are primarily due to the dismantling of oil tomogram images relies heavily on the reserw_ir
field infrastructure (manifold systems, slorage, model.

power, etc.) and the consequent cost of reinstalla- Opinions aboul the impact of plugging and aban-
rien. lt was generally agreed thai regulations thai doning walls on oil reserves varied. Some companies
allow a longer period before required plugging felt the impact was minimal since new wells were
would be helpful to oil producers, drilled for EOR projects. Other operators, however,

• Methods to evaluate the risks and benefits of tropic- pointed out thal lhc cost of plugging severely impacts
menting specific advanced recovery processes are them and does deter future secondary or tertiary re-
needed, covery. Regulations thai permit a longer period be-

. New and improved tools to measure in situ reservoir fore forced plugging were suggested.
properties are required to enhance characterization The importance of assessing a reservoir for appl i-
of reservoir properties and heterogeneities and cation of advanced recovery methods was highlighted.
thereby maximize resource exploitation. Not ali reservoirs are worlh the manpower and cost

• The degree to which reservoir properties can be required to enhance productivity, so il ix important to
generalized across basins which have undergone determine the risks and benefits of implementing a
different histories must be carefully evaluated, specific advanced recovery technique. Typically, the

industry dees only the minimum analysis necessary lo
• Recommendations for future activities to encourage implement a project. Methods to evaluate the risk of

communication among and between different seg- implementing advanced recovery techniques arc
ments of industry include: 1) additional workshops needed.
with an agenda focused on specific topics relative
to deltaic reservoirs; 2) seminars on reservoir A parameter critical to the evaluation of a reser-

voir for application of advanced recovery processes ischaracterization and methods of utilization of ex-
an estimation oi" the amount of unrecovered mobile

isting data; and 3) further encouragement to con-
sortia and cooperativc efforts, oil(UMO) present in the reservoir. Estimates of the

amount of mobile oil are often based on the assumption
that the reservoir is water-wet when in actuality manyANAI, YSIS OF SYMPOSIUM
reservoirs are intermediate to oil-wet. This assump-

!. Tefhnic'al Constraiqts tion results in overestimation of the amount of mobile
oil. On the other hand, several examples discussed in

The '.'ormal and informal discussions among the the meeting showed that sweep efficiency in hetero-
diverse group of people at the meeting emphasized geneous reservoirs may be better than previously
the fact thai different segments of the industry have thought, and lhc amount of UMO has been overesti-

varying lechnological needs anO levels of technical mated.
sophistication, lt wa,_ widely agreed that much ad-

ditional oil could bc recovered by better or more I1. R_equired 'rechnolot_icalAdvancements
widespread use of conventional technology. The
major cause of under utilization of conventional The requisite technological advancements to ira-
technologies was attributed to lhc lack of knowledge prove producibilily from deltaic reservoirs that were
of the benefits of the technology and where to obtain defined at Ibis symposium are in the fc_llowing areas:
it. Many independent operators, however, voiced I ) reservoir data aquisition and analysis; 2)numerical
confidcncc in the capability oftcchnology to itnprove simulation; 3) chemical recovery processes; and 4)
their productivity, bul the technology must be deity- directional drilling technology.

ered to them in a forlnat and style Ihal they understand. New and improved tools to measure in situ reser-
Many of lhc smaller operat(_rs stated thai they could w_ir properties are required to enhance characteriza-
not afford to iunplement technologies, even though lion of reservoir properties and hetex'ogeneities and

they appreciated lhc henefil they would bring. Ihereby maximize resource exploitation. Logging

The importance of rcservoir characterization in and {)lher l(_ols which record reservoir properlies al
tt;,lttt intex'prClali()n and effective field developmenl ,eneater (lislances away rxurn lhc well bore anti highcr-
wa:, widely agsccd upon _tnd undcrsc(_n'cd in a ntJil]ber rcsoluli(_n cross-hole sicsmic xnelhods are rctluired.
(_t papers presenled. Detailt,,d rcsexvuir chal_,icteriz;,i- The cun'r¢lll ahilily Io c{_llt:',clI/lrgc ail l_,_untsoltlelailed
li{>n is inlp(_x'tanl I(> lhc ulilizati(_n of sc)phislicaletl tlzlln, h¢_wcver, has pre,ceded the ability to inlt.'grale
Icchn_l_gics such as I](_nizc_nlaldrilling, where kn(_wl- and pr_cc,,,s thai data. Equipll|t'lll and s_llwaxt, I(_
ctlgc ()l' gc()lllctt'ies alltl rescrv(}in ;,irchilccltJrc is cs- prot.'c,ss and illlcgra',c [;,ixge 'dlllOUlltS, (}l (.lala I'1'(_111
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diverse sources in a timely and cost-effective manner meeting by Needham el al. on Hugoton field, Kansas
arc needed. ' illustrated how the effectiveness of tin int'ill drilling

Within the field of numerical reservoir simul_l- program was evaluated by the analysis and integra-

tion, four main areas fnr improvements were identi- rien of geological, engineering, and reserw_ir perfor-
fled: 1) numerical problems which include numerical nlance evaluation data. The conclusions of that sludy
errors (numerical dispersion), limitations on problem were that no additional reserve_ would result from an
size, and reliability; 2) process description problems infill drilling program although production rates would

iiici'ease.
which include phase behavior, physical property
models, chemical rcaclion models, and surface phe- The importance of identifying directional flow
nomena; 3) design and application problems includ- trends and designing the well pattern to account for
ing new processes or new combinations of chemicals, thegn was illustr_ted in a presentation of a surfactant
heat and solvents, mobility control with foams or flooding project in the Robinson sand.

microbes, and design oplimization; and 4) reservoir The impo,'tance of a detailed reservoir model in
description problems including translation of gee- the interpretation r,_f the cross-well seismic
logical descriptions into gridblock properties, esti- tombgraphic images fI'om the deltaic Cromwell

marion of el'fective gridblock properties from sandstone reservoir was presented. This study stressed
petrophysical data, uncertainty in geostatistical esti- that reservoir characterization is the key to interpret-
mations, and the cost of the numerous solutions ing the tomographic images and that sedimentology is
required, the key to understanding the distribution of reserw)ir

A major challenge for improving directional drill- quality.
ing technology is cost reduction by development of Significant advances have been made in tools

improved drilling tools. The DOE-sponsored re- which measure in situ reservoir properties such as
search on measurement while drilling (MWD) and cross-borehole sei_:mic and well logging techniques.
polycrystalline-diamond-compact (PDC)bits has pro- Advances in cross-hole tomographic lnethods allow:
vided major advanc'es in drilling technology. The l) identification of high-porosity zones; 2) selection
next major development is predicted to be in the area of infill well locations; 3) monitoring of reservoir

of slim-hole drilling which can reduce drilling and dynamics such as the movement of the gas cap during
completion costs by as much as 50 lo 60%. Other prilnary production and fluid front advancements in
improvements needed arc: more efficient drilling bits, EOR projects; and 4) collection of information for

more powerful downhole motors, and improved reso- structural and slratigraphic mapping on the interwell
lution in MWD and survey tools, scale.

Economic requirements for lhc tJelroleum indus- Advances in logging lechniques include the de-
try were voiced by independent operators who called vel_pment of the laminated sand analysis (LSA) teel
for relief, or at least consistency, from regulatory that has increased resolution and enables the detection

of hydrocarbons in thinly bedded interwlls, a featureagencies. Currenlly the American Petroleum lnstitue
common in deltaic reservoir facies such as crevassis working on _.his, but DOE assistance is also solic-

ited. James E. Russell, president of the Texas Inde- splay, tidal flat, and prodelta deposits. Inlhepast, a
pendent Producers and Royalty Owners Association potentially large number of wells drilled in marginal

(TIPRO) outlined the following three areas necessary types of reservoirs have remained unexploited due to
insufficient resolution Hf conventional dual inductionto resolve the current domestic energy dilemma: 1)

price stability in the f¢_rm of a floor and ceiling price logs. In one case studied, a 33% increase in reserves
on oil ($20 to $30/bbl); 2) greater tax incentives for was indicated by using LSA techniques vs. conven-
applying enhanced recovery methods; and 3) less tionallogging. Other logging tools which overcome
restrictive environmental regultltions, saturation measurement problems in reservoir inter-

vals with textural variations are the electromagnetic

propagation teel (EPT), the geochemical logging teel
111. '!Lechno[o_ca/Advances (GLT), and lhc nuclear magnetic log (NML). The

array induction imager teel (AIT)overcomes problems
Reservoir Characterization due to drilling mud invasion.

The area of reservoir characterization ha.._;rc. "1'he importance of the envtronment in which the

ceivcd mu_:h tittenti_n in the past decade, and consid- reservoir was l'ormed was illustrated by Finley and
erable progress h_ls been made in developing tech- Tyler whoshowed thatdifl'erences in dclt_l lype facies
nitlues ;.lhd methods, li requires the continuous in- aiTecl recovery efficiency in Texas reservoirs. Wave
teractive cooperation bclwecn engineers, geologists, dominated dcila_ tend to be less compartmentalized
and geophysicists. The case study presented al the and have higher recovery cfficiencies than Ihe more
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highly conlparllncNl;.Lli/.c,d l'ltivial-tjolnin;.tlcd delia,,,;, I'(.'.',;urvoir Inuxt I',c_¢()N:,;idcl'c',d ht.'l(_rc illll'_lcllluilt;lliOll.

W+.t\',_-dc_rnil_;Itod deIsts.'<with _od lutc,r;ll c<,_lnn_uni- 'l"hc. in_p(>j'l_tnt.:c',()1 ri_(>,'ou_ n.,.,.;crx,_>i,z_i_ul.¥.,<i.,<wu.,-;

C_lli()l) ill(IV provide Ilic hc,',;I (_pt'jOrtLiFlitie,'-; OI' II)]()t'_, _.'.;_r_._+`_+._i_al1cV_`_jti_i(m()_aI_in_i_<._`i_i_+'_._I_()gr_It_

\vl)crca,',; tilt I|lorc collll'>;.ll'llncllt;.lli/+ed lluvial-dollli- I'(_r _t gzl,',,;I'¢,'-;cfvoir ill IlllgOtOII (KS) I'icld, lit Ihi.'.;

ntilcd deltaic rcxcr\'(_ir,,.; may Ive lal'gcl,,,; I'ol: dilcclion_ll ,'.;lutly, II1¢ <.:urr¢lll (>,:-l¢)-ztCrc well xp_lcitl!] l_r(>\'i<.lCtl
und inl'ill drilling, Knowledge of Illcnc I'clalit)n,,;hips alhplc t.lraiN_tgc oI' tltc gas r<,.'xcr,,,(>irI_c.<.'au,,.,ct>I _,t>(_.l

cnttl+le,,.; t.leni,,n and implct1'_cntalit>n olclTcctive t'cscr- ItttccaI COIltttILItliCtIliOtl will1 I'((PvVtlitit+';,
v()irllltlilttt'ClllClll';Iratcgic,',

' R¢cui_t ut.lvai_c'¢sin well c(>_Ii_Icli(+_z_Itlw<.'II

I_ecovery ++llld Exlr£tcli<)n Muthod.s .,.;timtllalion I<.,chnt+l<.'+g),(l+()lll ,,,+,.,.MIchelz_nd ht+ri/.(+flt+_l)

can ovcrcor_lc Nc+.t_'-wcllh<.+t'u clutttlt_c I+y :aci<.liz.itt!_,.and
P,.ccc.nt+.u.l\'+.tncc.'.;ill_url'ttct;.tr_tpt'oct..:sxtlcsign C.l.lll

I'ructurin#Iccilnigucx,aild ,'.;+_n¢II'+V¢+dt_cii(+nc';,nIw
:.;i_niI'icanlly inc_'casci_ro<.lucli(+nand l'Ct_Itlccco,',.;Ix.

SimulaIion studic.'.;prc.,.;ctltcdhy F"oI_cilt<..Iicttlcdlhtil .,.;toi_pcdwith _rJ:_,',,,_.,Iptlcks, Int.'rc_xcd;._wnrt.'t+c'.'<.'.;(+I

"bycrcalin,,,a lrctlcr,,.;alinitv_raclicnIbctwccn ir_jc,.ctcdlhccI'lcclt+lllcar-wclll+()rc()rg;.tnicl'(+i'itlali,_)ll_.l;.iil_igt.,

ch¢ini¢_llxtlndI'(>rl_tati(_rlw;.tlci's,nc;.Ivlytwice ;+tsinucll ()rlrcclucin,,,_pr()t.lucti()nint)Iclcrruxcrv()irs(tna_v.()I
wh icharc dc'.IIuic)willc()i_IriI_utcI()_.,;._iIv rc,.c()_tiiIion,

+,+iltun he recovered, Corlclu,',;it)tts lt'(+ttt _+txut'lactttIII - ,

l'l()odl'>rojcctii+R(>l+ia_.,,tmfic.l<.l,lllin(>isin<.licatcdthat mcmilori_l+.,all(lI'L'VL'.I',".:,_.II()flhc Llttllltlgc,Illlll;.IllV
c:.txcx, l'(_rmatiotl dttnl;.tgc _tm b<,.,_'c.mcdicd hy incxpcn-

chcmic;tlc_.+stscI.iIlt'>cIowcvc<.Isigt]iI'icantI'+'v,,hcrllhc
sivcwcIII+o_'ccleanup tccIlnigucs,;_ndc()xtlysIiFUuI_t-

t.I+,.,si'.-r_oi"an optimum .',,lug.'.;izci.'.;I+.tilorcdI(+lhc
tiOlltrciilillc'ntscan ht,.uvoidc<.I,"I'hcnutcclii_it.lUCS,

volume oi t'csct'voirwhich c.ur_bc swept, inslcad(>I

thcI()tulv(+Itlmc,;.t.'.;Iypicallyisclonc. Expcricnccsin ma X I_I'ovidca rcI_ttivcIycoxl-cI'I'ccIivuway to itl-

.,.;ui'faclafllpoIymci i'>t'ojccI+,;in I.+oti<.IonI'icldIIIi_ois ct'c,:tsclilttIItil]lalcrecovery I'rumtllattJrci'cxc,,i'vt+ir.,.;.

illustc+.ttcd u tcchnic_.lll y and ccon(',mic;.llls, .xucccssl'ul Al_ut'_d___nldicta arc cuH'cntl+v _:t,,.'_til_tl_lc,I_'()_ _.;(_-

I'iclcl-,',;c+_lc stlrl'aclant polymer' p_'o.iC'cl irt a dcllt_ic mcrciul sc>uvccs which i_cludc digili/,c<.l d+.tla, intc-

vcscrvcdnhut;tlsopointedto lhc i_ce(.llor rc.sct'\.'oirgrated commercial <.l;_l;.il)a,,.;cs,;tn<.lnew Iccl_nt)l(+gicx

cI_it'uctcrizaIion,I+ctlcrpc>Ivmcr li'+.tr_xp(+rl,and cost such as (]c,.(+Io:,ziculInI'ort_ation,Systci'_(G IS)+:t_t¢I

rcducIiO_+I",yt'ccyclingused ,,.;t_rI'aclanI.,.;.SigFIiI'icanl sc;.inncdim;.t?c,tI_tlm Th,..,lyi'Jc'x(+I iill<.>ri_+aIic_n

,,',. h l_cCllIn;Idcitttiledcvclopntctttu('nu ' 'pro..-..tcss_ts - a,,,;_tilat_Ic;srcrc,'.;,,.'rv+,',ir++l;._tttproLlUclit)_tdal+.iCt',rc,

mci'icul,'-;imulai(+rslhal ;.ICCt)LIr_If()rall lhc complex well lOSt,;tndc¢)itii)Icli()i_<,I;.iIa',;.tswell ;.tsllui_crt+u.',

l_hc.ncm_cn;.t IhmoccuYir_ lhc vcscrv<.>i_'dut'in'., Ul_c_lvmcr_. cligiti>,.cd well Io_s. ar_tl sci,,;_ic' <.lal;.t,
xu_'l;.tctatlt flood.

Ad,,,+_nccs in dirccti(',n;._l ¢lFillirlg unable drilling IV, Colni___ltlllic_tl;i()ll Ilelm,'ee_

(_I"sl_.tr,,t _.tnd h+,,,1izontt+tl wells thut c;m incr,.:':_:_,c pro- n_ten..t..sul'.,.Itl(!ustr._' _+_I_(II)()__E
(.luctit)n hv ovcrcomin,, rcxcrvt+ir p;_+l_lclnS ()1 Icn-

C(+nltY_cnt.,; l't'(_mthe nc_rl\, 25()ic_'i_lt'_1_t,xw_.'1'c
lictJltlr,cIi.'.;conncctcclpay zt)nos',hI_LIIdcgrcc:()fintc,.rn_ll

St_l_l'>(>rli,/coI'lhc [)cpartrncr_It_Il,nu[gy'xR+._[)sl[iiI-.

coxnl.:,an'ti_lentulization'highly I.t._ycicd]'csc.rv(_irxcon- cgy and tiltclloiccoi deltaic,n'csc.v\,()irx;tstI_clirsl

xisling of pay /,oi]cs scparatc¢l I>y irnpc.l'mcal_lc xh;llc I_.lrgc,I oi stu<.lv. I l " Z _ I " '10_ r and small t)l>C_'_+_tc_n'.;,sexvice

luycvx' and writer ttt_d gtts c(>t_ting pml,lem,',;. AItl_ough cc_Fnl)unics, _t_l(.Ircscarcl+ ()rg;.t,_i,,._lli()ns cxp_'¢.',;sc.d in-

cln'illingc(),',;tslon"horiz(_ntalwcIl_ a_'cLII_()LIItWO lJlllC_ ICt'C,',;tin i>urticipalingin c()_l-,xharc<.Ipt'ojcctsv+,,ith
glct_tcrthttntil;aloi \'crtic_.tlwcllx,(>ill_'oducti(,_nct_n DOF.i,
potcnli;+_IIyI",uir_crca.'.;cdhy ),t()X lilnc.,,.FIoriz(_ntal

wcIIs _,_cn(+lthe _nswe_ I'orullvescv\,()ivx,h(_v,,uvcr. Some gUCxli()nswcrc,ruised_il+()ullhc c()_i_.'Cl>I()I'

InI<.)w-i_crr_c_tI'_iIit)'rcsc_'v()ir.',;(<I rod),I_ydrauIic;.tII.v.,,;cII'-+,;imila_ily-- the hyi)t)lhcxistil:aticxcrvuir.',dc-

I't_clurc<.Ivct'lic;.tlwells ()I'tcllprodu¢c inorc thun posited i_Iiilc,'.;;,_tnc.dci_(_.',;ilio_l_tlcnvir()n_nc._Iwill

h_1"iz,,_11t:.IIwcIIs. In hiuhly pcrlnc_thlc,lcI_.lli\'clv1i;._\'+,,,,.;irnil;.11"ch;ir_clc1"istics."l'hcCOllCCplc>frcsc'1"vc_ir

hol_l()'.,cnc(_tls rc.+.,;cl\'(>irs vcrlical weil.,, cllicicnlly ,,.;imil;tt'itv ii IFUC _tl ;til It_tJst lirst I_c,.IcXtcd iii ur(_ul'_X_+, , . +, , ,

clrain the l'()rin;.iti()ll.',,. An :.ldv;.ttlt_.lgc ()1 dit'ccti('+n_ll ()lrc'scrv(>iF._ IIi;tr I'()rlncd ill IIIc .'.;;ttllcb_t.'.;il_(.)l"uct_louic

drilling tcchnit.lUC,,.; is lhc inv;_lu_tl_lc g¢(_logic;.ll iii- pl'o\'iltcc ;lIl<.lh;_,,'c he,cii st_hjcct¢<.l t(_ similu_' sc'.tli_c'_+t
lol'lnutiun availul_l¢ Ir()rn horixo_t_tl c'orcs, ()he ,,.,<._uvccs:.llltl xilllil;tr Icclonic ;.Intl diagc, nctic hi.,.;l()ric.,,,

ll(_t'iz(_ntttlc<._rc'rt_;t)'pr<._vidcinI(_rmt_tionct.]tliVtiIcIll IIwiis Stl!_,t,_,.o.,,,Ictllhiilc'Ztilli()iilib.,otis,I() I_.'C\L'I-

t()lh;.III'_'o_n50 \'crIic;._Ic(_rc'+,,, cis_.'tlI(>_\_'_i(Iovcr-y<,.'ncrali/.;tIi(_nt_IF<..'.',crv(>iFI_Vt_I_-

Ir_I'illclriIiiItgh;.t,,r¢cci\'c<.Inltlch;.tltCnti(_nI;.tlcly c'FIic's_tcr()ssI_Isi_s(_I<+'(_I_t_'_sti_Iy<.IcI+(_,,iti(_I_',_II_is-

u.,.,_ I(_wc'rc(_.,;IuIIcrt_;.tti,,'ct(_utI_ct't_d\'ur_cu<.Ircc(_\'ctv t(wy.I)ott()II/._ItI_cIIIinoi,,.,(_,,.'(_I_icSt_tvc.v1'_<,,_i_tcd

tcchniqtics, _tnd m;ty I+c ;_Il _tllcrn_tliV¢ I(_ h(_ri/.(_fltal (_tJl tl_tl rc,sc'r\'('_ir u'h;traclcFi,',licsil_ dcll_tic]'cxur\(_i_s
t.iviIIit_',,I_i'i+nl_Yt_vcdl_'c,ducli_',n,Ax i_ ;ill]'uc_vcJ'v i_ liltIIIint_is,I_,;_,.,it__n_IvtliIlcrIl()lllIIl()s+,.'(_I+(;ulI
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slopes, geothermal gradients, sand thicknesses, verti- additional workshops with an agenda focused on spe-
cal sequences of reservoirs, and the maturity of source cific topics relative to deltaic reservoirs; b) seminars
rocks, on reservoir characterization and methods of utihza-

tion of existing data such as old logs and production
V, Recommendations data; and c) further encouragement to consortia and

cooperative efforts.
Recommendations for future activities to encour-

age communication between different segments of
industry and the Department of Energy include: a)

SESSIG'_ SUMMARIES

Introductory Session

DOE'S R&D Approach" Focusing on Problems Encountered in Specific Reservoir Classes
Robert H. Gentile, Assistant Secretary for Fossil Energy, U.S. Department of Energy

The following is a transcript of the keynote ad- Becaust: of the obvious impacts of world energy

dress presented by Robert Gentile. markets, Admiral Watkins and the Department as a

I speak for ali of us at the Department of Energy whole are taking an active role in the policy and
in welcoming you here today. We are aware that planning that is going into the allied response to thecrisis.
many of you have taken valuable time away from your

company duties to be here. And I can assure you that Our principal role is coordinating the U.S. energy
we appreciate your willingt_ess to share your exper- response -- part of a preparedness effort that involves
rise and experien_:e, ali of the 21 member nations of the International

I'm going to adhere strictly to the expressed Energy Agency plus three other OECD countries.

intent of this meeting -- namely that it is a meeting At the center of that response is a coordinated
intended to elicit your participation, your comments, international drawdown of strategic stocks, Fourteen
your active discussion, That means my remarks this nations are lnvolved in this aspect of the IEA response.
morning will be very brief.

The U.S,, at the direction of the President, has

But l don't want any of you to equate brevity with begun its first-ever emergency drawdown of the
a lack of priority. Strategic Petroleum Reserve (SPR).

In fact, I believe I can honestly say that this Our action is not meant to drive down prices, lt
meeting, if it is carried out as we envision -- and if it is an exercise in precaution -- an effort to ensure that
leads to the kind of positive results we hope for -- can world oil markets have a cushion of supply in the
be one of the most important activities we've under- event oil flow from the Middle East is disrupted.
taken at the Department of Energy. I spoke to the
Secretary about this effort last week, and I can tell And we have been pleased tbat markets have

you that he concur;_ in that opinion, responded positively. Prices did not soar as so many
had predicted. In fact, just the opposite occurred.

And the reasons are quite obvious. And while I know that many people in the oilpatch
don't want to see prices nosedive, I don't think we -

Today, we can't help but be transfixed by the -and myself included--want to see them skyrocket
events in the Middle East. I know that somcofyou, either.
like myself', may have colleagues or family serving in
the Persian Gull'. They deserve, and have, our fullest A roller-coaster oil market doesn't help anyone.
support, _)ux"pride and '_ur continuing prayers for a Price stability must be our ob.jcctive, and that is our
safe return to families and l'riends, purpose in commissioning an early drawdown of our

strategic stocks.

lt tears our heart out to again see Americans in Yesterday, we announced the list of bidders for
harm's way. But they have a job to do. They are well Strategic Reserve oil -- 26 companies in ali, submit-
trained, and they are prepared, ted b_ds for nearly 45 million barrels of crude, about

! I million barrels above what wc offered. 'Vomorrow,
lt is; our duty here al home to be prepared also.
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we expect to announce the successful bidders, and we Olhers -- those with more realistic views of real-

could be ready to begin moving the first oil out of the ity -- will understand thai massive, overnighl changes
SPR in the first of thc month, lo our economic mat:hint are r|cither possible nor

Aslsaid, this is part ofa coordinated international desirable. They will understand theft first, and fore-
effort. Ali 21 nations of the IEA and 3 more OECD most, oil _s the lifeblood (51"our economy. And any

sound, realistic, well-thought-out energy policy mustnations are either releasing some of their govern-
ment-controlled stocks or other supply optiorls or bcgitl with oil and wilh the domestic oil industry.

exercising demand restraint. You _lte ali I_robably aware thai tile l)eparlment is

And that bodes well for the international _,.lli- in the final stages of formulating a National Energy

antes that are being strengthened by this war against Strategy (NES), Many of you may have attended the
a common enemy, public nleetings we held lo obt_lin inpul on the wide

range of oil issues covetcd by the NES.
We are watching incredible tragedies of almost

Now your conlu'ibtJtions have been compi led, ana-
unimaginable scale, both in human and ccoiogicdl lyzed ;_nd woven into a narrative d,_cument Manyterms. But we are also watching a group (51"nations
uniting in their belief that a new world order can decisions have been made.

But some optio1_s remain on lhc President's desk,begin only when old traits of aggression and tyranny
arc eliminated, and of course as you can wel J imagine, his thoughts

arc on ttlC Persian Gull" right now and his agenda is
1 think the last few days have shown us -- the quile full. Sol can't give you a timetable on exaclly

American people -- that the conflict in the Middle when the Strategy will be released, but I can say that
East is much more than "blood for oil " The terrorist

our best guess is thai it will be in a matter (51"a few
tactics of indiscriminately.-fircd missiles, the gut- weeks.
wrenching barbaric treatment of downed pil(_ts, the
massive environmental poi_ution of lhc Persian Gulf And I can tell you that the NES is not an isolaled
-- ali of these have revealed the true portrait of the exercise, lt is building on several activities Ihal h_ve
evil (51Saddam Hussein. already laken piace. Our Oil Research Plan thai forms

the backdrop for this meeting will be part-and.,parcel
And because of this, we've not heard much these of lhc National Energy Strategy. Anolhcr part of ii

last few days about this being a way for cheap oil or will he lhc recently passed lax incentive legislation -
cheap gasoline. Americans now know the stark rc- soxnetimc that many of us worked long and hard on, as
alities of what this war is ali about, did several of you.

They know the threat is much greater Ihan jusl a We estimate thai lhis legislation will lezid to an
disruption of tanker flow or the up-or-down movement increase in domestic production by nearly a half roll-
of oil prices. We now seethetrue faceofaruthlcss lion barrels per day in the next decade. That ix
tyrant, with apparently little humal_ conscience or important. But il obviously is not everything tllat we
respect for the dignity of man or nature, can do. Tax policy is an ongoing give-and-lake

And yet ultimately, thistvranl will bedcfeate(l, process. We gol some necded ben_'fitsinlhcbudgct

And the war will be over. And Amcricans will again package last year. Perhaps we can work toward an
turn inward, hopel'uli>: recognizing Iha(, no mailer even better package in the future.
how just the cause, our future cannot be left solely to But I think many of you recognizcd lhal lax
mililary might, incentives arc only one parl of lhc efforl. Today, here

at this meeting, we ;_t'edealing with the other m_t.jorNational strength will be dictated largely by eco-
nomic strength, and economic slrenglh in turn will be aspecl. We are moving from lhc policies of Washing-

Ion to lhc praclices you are using in lhc oil field.drawn largely from the strength of _sur ene_'gy sup-
plies and our energy industries. This symp_sium ix lhc nexl stage of an efforl we

began _t year ago to drastically i'estructure cstlt oilSo, although the Persian Gull wzu is nloxc lh-m a
recovery l_r_grzim --making ii more direclly me_tn-war over oil, it will certainly elev_lte energy and
ingful _ltltl hopefully, more useful lo Ih()se (51V()ll wh(}energy policy in the American consciousness _nd in
;ire working Iodzty in lligh-p(51cnlial reservoirs.furs, receive mcsre emphasis in lhis N_ltion's tlomcsiic

agenda, li h_ts I'_ecomc (_t'_\,ious Io us theft our c_phztsis ot_
I_tb(_x_it(H.v-_rie_}led rese_trch was n_l ;.tddrcs.,,ing lhc

Now s()151ewill still preach lhc incrt'dibly n;ti\'e
vet\' crilic_tl issut's :tlf¢clin_ (l_l_t:slic i)r()(It_cli(_n. 11\'Jew thttl we can make massix'c chax_ges t_ our cnctgy
w;.ts tl(}ill,,,,.q(Hhi_lg I',) btl)' tl.'glhc lilnu Wt.'_lt't::tlc(!I_ _'._t'lmix _vernighl. Some will tJn(Iot,bledly x_t\, Ih_tl wc
ilcw, b¢11¢1 recovery Icchr_)l()git's Jill() pr;.iclicc.ca_| xem_ve the ihre_tl (_I fUll.ire Sa(ltl_llll l-tusseins

simply by bringing in allern_tti\,e energy s_surces wilh And, ;ts ;,II'¢sdll, we Wttl¢ r_pitllv I_sin_ zwccss i_
lhc wave of s()mc x|/;,tgic v,,;tnd, sul_.sl[tnli:_l tlU:tntitiex _1 (_il in kn_v¢_ xcscrv_irs. The
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numbers are stark. At the present rate of abandon- because it is common over a wide geographic area--
ment, we could see 65 percent ofour remaining lower- ii exists in more than 15 slates.

48oil resource abandoned in just the next few years. And in this category of reservoir, wc ._ee both
Even the best research was going to have very common problems and common potential. Oil recov-

little impact if we had no plaee to apply it. Andlneed cry is generally low. But these fields offer good
tell you least of all that once a reservoir is abandoned, targets for infill drilling, and polymer floods are
the difficulties in re-establishing titles to the mineral abundant. Tl_ere are many operators working in similar
rights, or reworking or redrilling wells virtually environments. And from them, we hope lo stimulate
eliminates the future use of enhanced oil recovery an interchange of ideas across a broad geographic
(EOR) technology, spcctrum.

That is why we have changed our focus. That is So that is what we are beginning here today--an
why l' ve told Bob Foistein and his crew that there is interchange of experience and expertise. Working

nothing more important to the short-term priorities of with you, we hope to clarify our understanding of the
the Office of Fossil Energy than the effort he has put problems of working in unstructured deltaic rcser-

together -- the effort we are discussing here today, volts. And at a similar meeting in the near future, wc

We see our role as a catalyst -- bringing together will ask for your commcnts on moving ahead with

a multidisciplinary fabric of reservoir engineering field demonstrations in these reservoirs.

and geoscience efforts. Our goal is to define commonly Thi:._ is an iterative process. As new reservoir
recognized reservoir problems and find solutions that classes arc selected, similar meetings will be held.
you can use -- that are appropriate and familiar to the By the lime we have finished, wc hope lo have cn-
way industry operates, compassed most of the recoverable oil resource in

We've begun with a systematic assessment of this country.

domestic reservoirs. More than 2;I)00 have been So l urge you today to participate, tocomment, to
classified on the basis of geologic factors thatinflu- offersuggcstions. This is not DOE'_ meeting. This
ence oil recovery. Theyarc being ranked according to is DOE setting up a forum for you to begin sharing
the twin criteria of the volume of recoverable oil and knowledge and real-life experiences. This is anop-
the risk of abandonment, portunity for you to begin working with the govern-

As reservoirs arc selected for consideration, we ment and with your colleagues with the sole purpose

hope to identify technologies that can prolong the life of increasing production and maintaining reservoir
of the fields -- not pie-in-the-sky laboratory ideas, but access.

technologies that have been shown to work in the We at the Department of Energy will not produce
field, that are producing results in one corner of a a drop of oil because of these meetings. We can't do
re,,;ervoir and may be useful in other corners or in a single thing to boost production of our own. This is
reservoirs of similar geology, something that you in industry must do.

We wish we could do this on a scale resembling a If we can help, so much the better. But we are not

P_)jcct Apollo commitment-- with the same funding going to tell you how to run your fields. We are going
arid personnel res(_urccs. We wish we could work on to give you an opportunity, however, to talk to others,

ali at-risk reservoirs, ali at the same time. to share your ideas and discuss possible approaches

But fiscal constraints make that impossible. So for prolonging the life of our domestic resource.

we must be selective. We must focus on groups of My background, as some of you may know, is
reservoirs that have specific, addressable problems primarily i,,3coal. l haven't spent most of my carecr,
and offer realistic opportunities for additional re- like you have, trying to understand the geoscience of
covery, the oil patch.

Our selectivity will largely come from meetings But I think wc still share a common link. Energy
like this -- where we interact directly with you to geology and energy production arc also in my lifeblood
define thc problems and detcrmine what opportunities -- they are second nature to mc. And I understand
appear most attractive, their significance to this country's pasl, and more

Today's session is the pioneer effort in this ap- importantly, to the prospects for this country's future.

proach, lt is considering unstructured deltaic reser- Today we are defining thai future -- in terms of
voirs, world leadership and in terms of domestic commit-

Wechoselhiscatcgoryofreservoirbecauseithas ment. This Nation stands tall today not only because

potential for significant recovery and it faces a high of the vision of past Americans but because of their
risk ofabandonmcntinthc near future. We chose it dedication and sacrifice. Now today'.,,;/.,,cneration is
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being asked for the same measure of vision, detlica- terms of our future growlh und ill lerlns ()f our ftilurc

tion and sacrifice, security -- I can't imagine a luorc significant domes..

The importance of this meeting obviously pules tic action thar! what we are about here Ioday.
in comparison to events hall'a globe away. But in So thank you for your attendance, and tha nkyou
terms of the long-term future of this country -- in for your cooperation.

DOE'S Oil R&D Plan and Objectives of the Symposium
Edith C. Allison, Reservoir Class I Manager, DOE Bartlesville Project Office

The overall goal of the plan is Io maximize the A unajor element of the near-term obje,:live is to
economic producibility of the domcstic oil resource, sustain production within high-potential rcscrw_ir

The objectives arc: (!) to preserve access to domestic classes thai arc approaching their ecou)onlic limit.
reserves within the r|ear-tcrm (5),ears) with a target This will bc obtained through broader application of
of 15 billion barrels of oil; (2) to demon._tratc cut- currently available, economic _echnologies and will
rently defined advanced technologies within the mid- include field demonslrations of underulilized tech-

term (5 to 10 years) with a target o1"61 billion barrels; nologics and tcchl,ology transfer workshops and field
and (3) to develop new technologies in the long-term visits. Research focused on methods and technologies
(over 10 years) with a target of 265 billion barrels that will reduce environmental conslraintsor| produc-
(fig. 1.2). rien will also be implemented.

Th,: unid-term objectives lo develop and transfer

the best currently defined, advanced technologies I()
operators of high-priority reservoirs will be achieved

RemalnlngResource=l by concentrating on integrated unultidisciplinary res-
_6Sa_lJonaarre_, crvoir characterization; implementing tesls of ad-

(s2%)
CurrentlyPtoved _ vanced lechn()logics in field pilots and dcmonstra-

Raa,,,,,,a_ _ tiers; and transferring successful results to operators

27 Billion barrel_

(_.,:,) consullants, ;und service companies.

Near.TermTmrgetl_ Pursuit of the long-term objectives to develop
15BIIItonBarrela t new recovery lechn('_logies for reservoirs not alile-(a,/,)

nable to conventional or advanced processes will

Mid-TermTarget1.7 entail fundamental crosscutting research in L,eoscience

6tBillionBIrrela r and engineering characterization of reservoirs and
(12'/,) Total Known U.S. Orginal Oil-ta-Piace novel extraclioll Icc'hulologies. Focused university

513 Billion Barrel=

research will be an important clement inthis activity.
Figure 1.2 -'Total known U. S original barrcl_ of oil-in-

place.

Reservoir Classification System and Selection Methodology
R. Michael Ray, Deputy Director, DOE Bartlesville Project Office

The classification system was developed by a [ LITHOLOGY

group with diverse ureas ()f expertise lr()m industry, l| [ _ I

_2()x,'eunlllenl und acadelniu. Reseu'v()ir.,,. auc classified [cAaaonareaccAs_cson the basis ()f lithology, dcp()sitional system, diage-

net it o v crprint, a ndstruclural c()un part mentalizali()n --(_--_i____i[_-__-i_-_[[

(fig. i.3). The major elastic dcposilional syslems arc .............................................. lpre_ented in figure 1.4, and the maj()r carb()nale depo- DEPOSITIONALSYSTEM

sitional systems, in figure 1.5. Merc Ihan 2,0()0 major ..................................- l...................................../
rescrv()irs have been clas.,.,ificd. Selecti()n ()f priority 1
reservoir classes was based ()n rankin_ I_y remaining 1()ii-in-piace (figs. 1.6 and 1.7)' aband()nmcnl peteR- -...........................................................................
lial (fig',,. I.N and 1.9): and advanced leclln()l()gy DIAGENETIC STRUCTURAL

" OVERPRINT COMPARTMENTALIZATION
recovery potential for _,he selecti¢_n. The advanced
tcchn()l()gy rec()very potential ()1 unslruclured dellaic .....................................................................................
re.selV()irs i.,.,prcsenlcd in figure 1.l(). Figure 1.3 -The slrucUurc of lhc clas.',ification system.
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STRUCTURED
DELTA/FLUVIAL - DOMINATED { UNSTRUCTURED

DELTA/ WAVE- DOMINATED I

DELTA/ TIDE- DOMINATED _,

DELTA/ UNDIFFERENTIATED {'

FLUVIAL/ BRAIDEDSTREAM
I

FLUVIAL/ MEANDERINGSTREAM t ' ' '

FLUVIAL/ UNDIFFERENTIATED [

STRANDPLAIN/ BARRIERCORESANDSHOREFACESI
GTRANDPLAIN/ BACKBARRIERS

t
CLASTIC STRANDPLAIN/ UNDIFFERENTIATED

RESERVOIRS i

EOLIAN l

LACUSTRINE I

ALLUVIALFAN I

SHELF I

SLOPE-BASIN I

BASIN I

Figure 1.4 - Classification of elastic resevoirs.

DOLOMITIZATION

PERITIDAL MASSIVE DISSOLUTION

OTHER

DOLOMITIZATION

SHALLOW SHELF / OPEN MASSIVE DISSOLUTION

OTHER

DOLOMITIZATION

SHALLOW SHELF / RESTRICTED MASSIVE DISSOLUTION
CARBONATE
RESERVOIRS OTHER

DOLOMITIZATION

SHELF MARGIN

OTHER

DOLOMITIZATION

REEFS MASSIVE DISSOLUTION

OTHER

BASIN SILICI FICATION

Figure 1.5 - Classification of carbonate reservoirs,
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Figure 1.8 - HiStogram of abandonment potential For clastic reservoirs.
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Figure 1.9.- Histogram of abund(_nmcnt potential for carbonate reservoirs.
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Figure 1,10- Histogram of advanced technology recovery potential for unstructured deltaic reservoirs.
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Figure 1.11,- Map (_t"unstructured deltaic reserw)irs in major basins in the United States,
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Geologic and Engineering Characteristics of Deltaic Reservoirs
E.B. Nuckols, Reservoir Class2 Manager, DOEMetairie, Louisiana Site Office

This presentation included an overview of geo- and Mississippi; North Texas, San Joaquin Valley,
logical and engineering characteristic of deltaic res- CA, and in the East Texas Salt Dome province (fig s ,
ervoirs, the magnitude and geographic distribution of 1.11 and 1.12).

the light oil resource, and the enhanced oil recovery Currently there are 43 active enhanced oil recov-
activity in unstructured deltaic reservoirs, The talk ery (EOR) projects in unstructured deltaic reservoirs
emphasized that the reserves-to-production ratio of which include 17 polymer, 12 surfactant, 9 gas injec-
5.8 in mature deltaic reservoirs indicates a high risk tion, 3 thermal, and 2 other projects with a total 1989
for abandonment and that timely application of en- production of 3,999 bbl/d. Although the light oil
hanced oil recovery techniques could produce as much from deltaic reservoirs comprises 20% of the Natimfs
as 6 billion barrels of incremental reserves, remaining oil-in-piace, il accounts for less than 1% of

Most unstructured deltaic reservoirs are concen- the U.S. EOR production.
trated in a few provinces: in the Cherokee Platform of
Oklahoma and Kansas, the Gulf Coast of Louisiana

/
/

7 Cherokee Platform
,' _ Louisiana-Mississippi

f.f J

_ f / .i

m t3 ,, ,, ,,

_ S" / .a

rf_ /e_/, ,. / .,, m
03 ,5 - /// "-'." m

0 /// ,., _- 50"

_ " / / 0')

,,-, (/)
0 ,,-/ .,,

_ 3 _ .... //r/,_/ ,, O0
"t:3

r" ,..,-., _ .._ 'F m m

"" "" V/J k'/A rT_ _ _ _ _ -_ o
rr 1 ,""" /_. """ P'/A Y/A r/'/;l < r_ =o _ ._ -_ I

/, ,.. """ "r o _
O '

Figure 1.12 - Histogram of remaining oil-in.piace by major basin.

Technical Session 1: Reservoir Characterization in Deltaic Reservoirs

Reservoir Characterization of the Illinois Basin Including Deltaic Sands
Donald F. Oltz, Illinois State Geological Survey

Introduction twice each year by two industry advisory committees
The Illinois State Geological Survey (ISGS) is and was most recently reviewed this past December.

one of the largcsl state geological surveys in the In prcparalion for this symposium, part of the Decem-
country and is currently dedicating 1_ _nembers of its ber review meeting was used to solicit input on depo-
technical staff to a stalc-l'ederal cooperative reservoir sitional systems (including deltas) and lhc influence
characterizalinn program. The prn_j.ram i,4rcvieweO of della charac!eri_!ic_ on prodt!o!!on.

1-1.3



The Illinois f_rogram receives continued ,_uPimrt Production history in Illinois is characteri_ti of
from industry individuals and m'ganizatic_ns; ii has most mature, producing basins (fig, 1,14), Pe,ak pro-
been cmcered irl TV and newspaper mt,dta and iii duclion occurred iii lhc early 194()s following lhc
regional trade journals, Resul(s am f_resented al ixltroductionofseismic, andlater, i'a'acturirlgtechllol-
regional and national pr(_fessional organization meet- ogy, Subsequent prodtlction has been sustained hy
ings, The initial puhlicatiotl hased_>n work done in waterflood, The decline ii] drilling activity, as mea-
this program describes an alternative technique for sured by the number of permits issued by the state's
log analysis using ttle old E.Iogs thai comprise a regulatory authority (fig, 1.15), isa reflectiorlol'the
significant portion of the Illinois _il and gas database, domestic industry downturn,

The ISGS reservoir characterization program (fig. Eslimates by DOE of remaining mobile oil-in-
1.13) is broad-based and interdisciplinary, lt relies place rank Illinois among the top nine colermim_us
heavily on c_perator cooperation I'_r geologic and states having significant targets for improved recovery
engineering data and access to leases for brine and oil research (fig. 1.16). Illinois' hydrocarbt_n resources
sampling, Reservoir selection is based, in part, on total about 9.5 billion barrels.

hydrocarbon volume and sample availal_ility. Initial Cratonic P,aslns as Hydrocarbon Containers
reservc_ characterization employs multiple I,ypolh-
eses ct_ncerning tile deposyslem and facies, Thin The Illinois Basin is one o1" a large number of
sections, cores, drill cuttings, and logs allow focus intercralonic basins. This classification groups lhc

Michigan, Williston, Paris, Bailie, Parana,and refinement of the mulliple hypotheses into a

reconstructed deposystem model. An integrated Carpentaria, post-ri ft N, Sea, and others in one class
geologic and enginecring appraisal provides informa- (Leighton and Kolala, 1991), These basins share

similar characteristics tha! sep'_ra!c them from othertion aboul the internal architecture and general flow

regimes within the reservoir facies. Exploitation basin types. Cralonic basins can be quite produclive,
recominendations developed in the current project and the Illinois Basin is among the most productive
include geologically largclcd infill drilling programs, (Bally, 1980). Tile projecl focuscs on Mississippian-
improved waterfiood designs, and recommerldations and Pennsylvanian-age sediments which may illus-
regarding the selective application of acids in certain Irate charactc, rislic differences belwcefl inlracratonic
factes to improve standard stimulation techniques, and pericratonic depocenters.
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Figure 1,17 -Generalized strtitigraphic column for Illinois,

_a During the Kaskaskia Sequence, for example (fig.
1.17), which includes most of the deltaic reservoirs

used here for illustration, the Michigan Basin was
isolated, whereas the Williston and Illinois Basins

0 were open to tidal influences. However, scdilnonta-
1978 1979 1980 1981 1982 19113 1{#84 1985 19116 1987 1988 1989 1990 lion rates In ali three of these intracratonic basins

Year were only slightly less than thai at the cratonic edge,
During deposition of the Absaroka Sequence, how-

Figure 1.15 - Numberot'oil well permits issuecl in Illinois. ever, sedimentation rates in the pericratonic
depocenters were much greater than those on the

cr,'tton, Rapid accommodation at the continental edge

-__<_._.. allowed accumuhttion of hundreds of feet of thick
deltaic sands with well-defined peripheral shale
boundaries and withoul major shifts in the distributary
channel systems, In contrast, deltaic sands on the
craton are mcasured only in tens of feet, Tidal re-
working has locally erased expected deltaic envi-
ronments, and otherwise characteristic signatures have

been modified.

Caution needs tc) be exercised to avoid over-

." 'Not enough Informatlorl generalization of reservoir properties across basins o1"
reevaluate c(,)ritrasting dopositiorlal history. In conlr,'isl with

: Morethi;n 500 MMB "Based on W L, Fisher,

[i_}_ More than 1,000 MMB Toxa.Bl,lreau of poricrilt()nic basins, interior basins such aS the 111 iil()is

EeonomlcGeology Basin characteristically have gentle depositional
_,oun.o IIPO/I()ttI_<;. I!lll,"

slopes (<0,5 degree), lower goolhe, rnlal gradierlls,

Figure 1.16 - I)()E estiinliles t_l' renlnining mobile oil-in- inulliple thin stack pays (generally comprising shal-

pllic, c'. lllin()is bus 1,45.t billion b_rrels of low waler depl)sits), several unc()nforlnilies (niaj(ir

.... .............. . ..... il_: ,,ii. tlild lllintlr), and unique deltaic reservoirs, i ills era-
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Ionic basin sct'nari(} in+parts reservoir charactcristlcs

signil'icantly diff+'rcnt from tt_osc in other basin set- Fieldm In The Upper Valmeyeran
tings, Sediments commonly sh()w abrupt lateral and Tlde.DG:'nlnated Delta Play
vertical challgcs (alihough basin.wide tJllils arc rcc- -.....................................
ognizcd). Sands c'an he less I]+atut'c.There are multiple • AdenConsolidated • Main Consolidated
opportunitie,,,+ for hydrocarbon play,,.; (fig. 1,18), A (AuxVases) (AuxVases)
gcncrali_,.ud stratigraphic section illuslratcs several •Ctay City Consolidated • SalemConaolldaled(AuxVases) (AuxVases)
major deltaic reservoirs in lhc Illin()i_ Basin.

• DaleConsolidated • Tontl (AuxVases)
(AuxVases)

ii JohnsonvllieConsolidated ii Tontl (Roslclare)
...............-_ ....... Fralleys (AuxVases)
:..'---"-'.... ::i:;_Beech.+Cr_eek .+ • Lawrence(AuxVases) ii Walpole(AuxVases)
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POROSITY (%)
t-'igttrc I. 18 -Generalized stratigraphic interval t)l" interest

illttstrating the ¢lel_ositional setting of lhc Cypress Figure 1.20 - Upper Valtn_yerar_ tidc-domir_ated dcltutic
and Aux Vases ]+:ormations, play [oeat[or_, Dale eonsolhlatu, d I'iehl, Aux Vases

Formation,

Deltaic Reservoirs in Illinois

Deltaic plays contribute a significant i)ortion of

the oil production it+ the Illinois Basin, The Tertiary 1000.00 [ ....... ., ,, _,--,-...... -.,-,-++-,-,-+-,..,-+-,-,+.

Oil Recovery Information System (TORIS) data iri- _. '. ' ",i.:.."• .f.°.".'._ ." ,
elude 3 ! fields and 1I formations following the clas- lOO.OOL • ' '.:'-'" +'._'

"-" I '" :": +': "_" ;

sification criteria used in screening TORIS reservoirs r., . ,,,., .....,,
in the recent Interstate Oil Compact Commission _ ' "',:'.;._.'_-'.'_; .'

(1OCC) study (IOCC, 1990). Diagenetic factors in _ lO.O0_ " '"" """'
' ,.' .1 "•, s'. ,

" -' ' ..a_..'*_¢ t..
these reservoirs include compatriot+, cemer_tatior_, _ '....,.::f._..'.l.: .

and authigenic clays. Ali traps tire combination m 1.o0 :. .... ' ,..
structure/slratigraphic, a:: '

111 " • ", . -
Cl . ., ;,TORIS deltaic reser,,,(>irs in lllinol,_ have been

categorized as follows' O.lO

l. 'The Upper Valmcycran ']'idc-l.)(_minatcd Deltaic 0.01 ._.J-._.,-,,-+..,.,-,-J....+.-,-,--,.-,.,-,-_.-,..t.,.,-.,........ , , ,.

Play c()mpriscs aline fields and Iwo [>r()ducing o lO 2o 3o
h()rizt+ns, the Aux Vases arid tile Spar Mountain
( Rosic lare) (fig. I, I 9 ). t:'(_r{_sity/pcrmcahilil y cross POROSITY(%)
plots ()f Aux Vases l(}rmati(m rescrv()irs arc sh()wn
fr()lll [)ale ('()lls()li(llllt'(I field (fig. 1.2()) alld ('lay ]"{gt}l'12 1.21 - Pt)rt)sity/[)ern]cubility cro,.;s l)h)ls lr(}ln Clay

Cilv ("l_ll_)li_l:-It_'_l.......... f'i,'.l_l_.....(ri,,_. ..~,1.3 o), City t't)llst)lldalcd Field, ALIX Vn.sos I"t_llllatl(_ll.
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2, The Chesterian Tide-Dominated Deltaic Play in- 3, The Chesterian Fluvial-Deltaic Play is represented
eludes 16 fields and five l'ormalions: the by two fields and two formations, the Cypress and
Waltersburg, Hardinsburg, Benotst, Bethel and the the Tar Springs (fig, 1,25), Porosity/permeability
Cypress (Weiler) (fig 1,22), Cypress Formation cross-plots are shown from the Cypress Formation
porosity/permeability cross-plots are shown from at Dale Consolidated field (fig. 1,26) and Tax'
New Harmony Consolidated field (fig, 1,23) and Springs Formation at Benton field (fig, 1,27).
Sailor Springs Consolidated field (fig, 1,24),

Fields In The Chesterlan Fields In The Chesterlan

Tide.Dominated Delta Play= Fluvial-Deltaic Play

• Albion Consolidated • Lawrence (Hardtnsburg)

(Waltersburg) • Main Consolidated (Bethel)

• Boulder (Benolst) • Main Consolidated (Cypress)

• Centralla (Benolst) • Mt, Carmel (Cypress) • Benton (Tar Springs)

• Cordes (Benolst) • New Harmony Consolidated • Dale Consolidated (Cypress)

• Dale Consolidated (Bethel) (Cypress)
• Sailor Springs Consolidated

• Lawrence (Benolst) (Weller)

• Lcwrence (Bethel) • Salem Consolidated (Benolst)

• Lawrence (Cypress) ,i Tontl (Benolst)

Figure 1,22 - Fields a:',d formations in the play, Figure 1,25 - Fields and formations it] the play,

1000.00 _'-' -,-,-r-,_--.,-,-,-,:,.-,-_. -;r-,-,-_,-,'-,- 1000.00 _-,-,-_...... , ..... ,,.,,., :',. .........
• "t_. • .

• o • ,i, / i .

.-. ' )0,00 _'_j_'"¢'_.k.'_" _'-" 100,00 , :._.,;.
)al,.t_.;.._,.,_ .r-, . ;.,- , . :_ . ..,;,,f.;....-...- , ., :: *_.i_''..'- , ..,

lo.oo .. .,.".., _r":,,'.". . - 10,00 . - '.
- ,.¥_. _" . ..- ,

i1_ _ 1.00 .... ':_ 1.00 ' -..r • '
rr' , ," ".: ':, .
LLI ....
a.. ., . -,

0,10 ' ' ' 0,10

0.01 .......... l ............ . i .......... 0.01 ............ ' ......... ' ............
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Figure 1,23 - Porosity/permeability cross-plots from New Figure 1,26 - Porosity/permeability cross-plots from I)ale

Harmony Consoliclated field, Cypress Formation, Consolidated field, Cypress Formation,

1000.00 ...... , I-, , ,-_-_-'7-_,-_- ...... '_ '- 1000,00 ]_-r-rt-r-t v'," i-o I l"'T"r--t-rT"r-'x't;V I 'lzrr t- , T-I 1"

0 ._ .t, E ' ' " "
• ' ;" ":2rf.,' . .... "

:...: .,,,.,.% I • •
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I- ',"" _:,- • . '._. ...I "J,"* t

m'-J 10.00 . '.'.'0".,r,," . ... _ 10.00 ii'..< ., ! ....,b:'¢.!sr.
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P'igtnrc 1,2.1 - Pc_rosity/pcrmeubility cross-plt_ts from Sailor F;igt_re 1,27. l_orosity/permeability cross-plots from Benton

Springs (,onsc)lidatt2d l'ield, W(.'ilcr-Cyprus For- field, Tar Sprin_4s Fc)rmation,
mation.

1-17



i ,

i

4. The Pennsylvanian Fluvial-Deltaic Play has been Currc.nt DOE-ENR (Illinois Slate. Deparlmcntsof'
d()cumented in lhre,e fields and occurs in the Educalionan(.INaluralRest)urces;)invesligati()nsshow
Ridgley, Bridgeport, and Robinson sand unils (fig different trends in the respeclive porosily/pcrmcal)il.
1,28), Porosity/permeability cross-plots are shown ity distributions of lhc Cypress and Aux Vases Fur-
from the Robinson at Main Consolidated t'ield ( t'ig. mations, The Aux Vases data show a linear trend

1.29) and the Bridgeport at Lawrence field (fig. toward increased permeability with increasing pl:res-
1.30), ity (figs. 1.20 and 1.21). The Cypress in cc_nlrasl is

characterized by porosities not greater than about
Fields In The Pennsylvanian 22% with a typical, narrow range of 18-22% (fig.

Fluvial-Deltaic Play 1.20), The relationshif) (,f the variation in por(,sity
with facies has not been determined.

Examples

• Lawrence(Rldgley) Two Cypress Formation reservoir studies irl

• Lawrence(Bridgeport) progress include lhc Parkershurg area (B, Syler)and
Bartclso Field tS, Whitaker).• MainConsolidated(Roblnson)

' The Parkersburg area is a 3()-xc.orion study ilru,a

originally drilled for SI. Geuevieve (Upper
Valmeyefan) targels. The study uses 5()6 wells, 107
of which produce from the Cypress Formation: 20
from the lower, 70 from the middle, 8 from the upper,

Figure 1.28 - Fields and formation in the play. Three basic SF' signatures are recognized and n_apfn.:d

1000,00 ,--,--, , ;_.'".:.. ,,
,,T-,",-,-,T,'_-,",-,-,',,-,,V, ,,,, ..... regionally. One oi' the three response types, also

,__. , , _.,. representaliveoflhc largest production was further
... ,_, ,-j ... ,. ,

' :._' .:"' divided into upper, middle and lower Cypresx..-.. .. ,'J . .n',: ' .

100,00 . ..,_j_,.
....?:.,,,-.,,,.,.r, ...,,;:";,,... . ls()pach maps were constructed for each of the lower,

. ...:._,.;._..,,-.,. middle, and upper intervals, and lhc resultant topoi-
10.00 ." • .'_"Y'=-,.- '_" ogy was interpreted The lower Cypress mapped unil_ ..,-.,.,?.,,,,,,,...-7.. ,

m . -.:,',o. ",'." ' . characterizes Iowerdelta plain environments including

:_ 1,00 ' "', ' dislributary channels, interdislribulary l_ays, and a
uJrr ' . possible crevasse splay, The mid(lie Cypress maf)ped
£L

unit comprises lhc hesl reservoir and has the best
0.10 production: lt represents re-worked, well sorled,

thicker, laterally persistent, subaqueous deltaic sands.

0,01 ............. _................ *................, The upper Cypress map may be indicalive of a l idal
flat or tidal channel environment, The (,ypress in lhc.0 10 20 30
Parkershurg area is highly variable,

POROSITY(%)
Figure 1.29 - P(m,sity/permeabilily cross-plots from Main Bartelso field, located in Clinlon County. till-

Consolidated field, Robinson Formation, nois, produces from the Mississippian Cypress For-
mation and the Silurian. The Cypress here hits I_ecn1000,00 ...... ""'-'-T'_-"""-"_-" "rII_m_,";'q

• " ,:a,"__ ]_.!. divided inlo I'our intervals, Problems exist in lilt: data

, 0'#' "

• ' ,_]"_';a ..,_,:'" for this field; e,g,, many wells in lhc' field wcrc Ilot
_" 10o,0o . ....,. logged, the Cypress seclion was not penelraled hv

.. ' ,;. every weil, and pr()ducti(_n figures are t.,()mii:2,1cd.
10.0o . .. .... . .... Porosilyrangcsfrom 161o22%;pcrmeahililyrangex

• '" "" from 50 lo 600 md (based on core). Silica celnelll and

..." qULIflZ ()vergrowlhs are COlillli()ll, I:eldspars IIlilkc up
1,00

rr _ , 3 I() 6% ()f lhc rock and stiow varying slagcs, (_1LLI
a. dissolution. Clays c()mf)rise less than 2(_ ()1 Ille

0,10 sar|dslone, Calcite celnellt is rare,

The four Cypress inlcrvals al Bi.Irlels,,) field arc
O.Ol ............. z......... _ ......... xeparalt.:d I)y xh;.|les and reprcsenl difl'crclll _lcl)(_si-

0 10 20 30 lit)nal envir()nlllellls, ("()Inpilrllll¢illilli/,tlli()ll ()f lilt'
POROSITY(%) rc',scrv()irs is variable, deln.:nding _)nlilt.', Cl_vil(_ll_llClll

of(.lef)()sili()ll. F"r()ln ()l(lc.sl I(, y()ungc.xl, Ihuxc inlcr-Figure 1.3() - l)orosily/permeability cross.l)l(,ts from
i.awrence fields. Brid_ep()rt l=()rmati()n, vals repfex(.'.ll['
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1. Delta: blocky, clean, 40 |o 50 ft lhick sands, 1. Improve understanding of controls on reser\,(_ir
numerous discontinuous shale beds. Regional heterogeneities.

mapping suggests that this sand extends across the 2. Increase and improve (effective; technology trans-
entire area. fer.

2.. Upper shoreface: 10to 15 ftthick sands, shales 3. Improve efficient recovery of oil and gas fromrare, relative homogeneity based on one oil-water
cbntact. II linois reservoirs.

3. Lagoonal, estuarine: siltstones and shales, thin Anticipated Results
sandstones. As the total study progresses, the following r,e-

4. Offshore bars: well-formed, discontinuous lenses, suits are anticipated:

can be locally stacked and may comprise several 1. Characterize reservoirs in sufficient geologic and
smaller shingled lenses. For example, one of the engineering detail to be able In recommend appro-
bar complexes represents at least two individual priate improved oil recovery (IOR) and enhanced
stacked bars separated by a thin shale; there is gas oil recovery (EOR) technologies.

in the lower, but only oil in the upper. 2. Test some of the drilling and completion fluids
Clays are not abundant enough in the Cypress at commonly used in the basin in core-flow experi-

the Bartelso fie, ld to cause production problems. Ten- ments. Both lateral and vertical variations in a

acre spacing is adequate for recovery except in the single formation across the basin as well as within
upper shoreface facies. The offshore bar-complex one field have been demonstrated;; variations in

shows a tendency for shingling;off-pattern producers response lo introduced fluids are expected.
drilled for waterflood may have contacted undrained
nii. 3. Refine assessment of the State's remaining oil

resource for use in planning documents, including
Individual Study Goals the DOE and Illinois energy policy.
The integrated ISC,,q sludies require a detailed

4. Enhance the Illinois data base by increasing itsinterpretation of the d;'_positional environment to ira.-
prove the predictabilivy of lhe following: size, accessibility to the independent operator, anduser t'riendliness.
1. Reservoir rock quality.

5 Expand the use of old E-logs, the common denomi-
". Lateral reservoir boundaries (gradational versus

abrupt), nator for Illinois Basin data analysi,_.

3. Preferred spatial direction and continuity of barri- 6. Document characteristics of brines, oils, and clays
ers in each depositional environment, for use in geochemical and reservoir models and

refinement of drilling, stimulation, and comple-
Because most independents work at the scale of a tion practices.

single prospect, their perceptions of regional
deposystems and the variations in those deposystems Technology Transfer

that control or affect production may be inadequate. In the Illinois Basin, most of the exploration,
The ISGS reservoir and depositional studies are de- Jcvelopment, and production is accomplished by in-
signed to demonstrate the effects ofdeposystem varia- dependent operators. These companies do not main-
tionoIproductionandtomakethispract.icalinforma- rain rese, arch staffs. They will benefit from having
tion available to independent operalors in a usable access to new data, recent technological advances,
format, and new ideas about the habitat of oil f,'om the service-

Overall Project (;oals oriented environment that a state survey can provide.

The three underlying principles of the program
are to:

Seismic Applications to Reservoir Characterization

Jim H. Justice and M.E. Mathisen, Mobil Oil Corp.

As large commercial oil fields bcc(m-tc incrcas- pr(_duclion may depend on the development and ap-
ingly difficult to find in North America, attention has plicati()n ¢_1new tools which more clearly delineate
turned to the enormous oil reserves which still remain reserw_ir characteristics and/or fluid flow patterns.

uaprc_duced in existing dcmaestic ()ii fields. Many of Seismic tomography is a new tool which can play
these fields are in decline, and continued economic

an important role in reservoir characterization. Cross-
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hole seismic data have been successfully acquired 3, An exanlpleofacross-tmrehol¢ I(unographieslut_y
and processed into tmnographic images oi'the velocity was presented from the Pennsylvanian-aged, d_,.I-
field helween wells. These images have I_een inter- talc Cromwell sandslonc in lhc Arkoma Basin.
preted hased on an inlegra!ed analysis of ali get:- The study was conducted in rather ideal condilions
science and production daut. Initial resulls indicate where lhc dislance hetween wells was almut 400
that single tomog|'ams provide additional data for fcel, and the sequence invesligaled wasal_ul 40
reservoir surveillance, feet thick al a deplh of 4,50(I feet arid con:_isled of

Tonlograms across a n|idcontinent waterllood livncslone aJld sandstone layers which provided
document thal seismic tomography can he used Io good velocily conlrasls. ]=aulls with a (lisplace-

menl of 20 fec.l could he recognized.image deltaic reservoir sands of the Pennsylvanian

Cromwell Formation. Integrated geoscience inter- lt was found lhal (I) reservoir characlerizalion
pretations indicate that tomograms define cross-hole was the the key tct inlerpreling lhc tomograms and (2)
stratigraphy, structure, facies variations, and reservoir thai seclimentology was the key to understanding lhc
properties. These interpretations enable moreaccu- distrihutic+n of reserv()ir quality. The presence of
rate reservoir characterization and should help guide sedimentary features of clay drapes and hiogenic
reservoir management, fealures resulted iri lower reservoir quality sand.

Key Points of the Presentation
Key Points of the I)iscussion

1. Applications of cross-hole tomogr,plty include ( ! )
1. Currenlly the technology of cross-I_c_rcholeidentification of high-porosity zones; (2) location

of well sites for infill drilling; (3) monitoring of tomography is prof_|'ielary and is not cmn|nercinlly
EOR fluid lronl advancement; (4)Jn'.'orlnali()|| for available. The cosl of one Icmlographic survey

structural and stratigraphic mapping; (5) monitor currently ranges from $70,()00 lo $ I0(),()()() which
limils lhc availahilily of this technology lo sinai Icring reservoir dynamics such as the movement of a
oil companies, li is predicled, however, lh;li lhcgas cap; (6) additional information for reservoir
costs will d|'op significantly after lhc technol(Leycharacterization and modeling.
is perfecled.

2. Any feature which effects the velocity will bc 2. The technique has li|nilatiorls and is not a panacea
reflected in the tomogram and includes porosity forall reservoir description problems, lt is slressed
(lithology), temperature, gas saturation, and pore that these data must he integrated with other sources
pressure. Therefore the inlerprelalion of lhc lm- of reservoir data including l'mlrographic analysis.
ages requires correlalion with a reservoir model
conslructed from reservoir dala such as core analy-

ses, engineering (la{a, pelrophysics, and geology.

Petrophysical Challenges, Unstructured Deltaic Ell_.,ironm ents
Scoll Jacobsen, Schlumherger

Wireline logs are routinely used to determine the features occur in the lops of upper delta plain channel
lo(alton oithe reservoir in each well and Io derive the deposit sequences in the form c>l ripple-laminaled,
formation parameters that arc critical Io the selection small-scale bedding, and clay drapes; in lower della
and design of the recovery pr()cess, Log evaluation plain hay fill deposits; and in I()wer della plain al_an-
consists of three activities: (1) data acquisition, (2) doned dislrihutary fill ayld I_asal distrihtllary fnt)ulh

computalic)n, and t3) interpretation. !;ar deposits. High-permeal_ility/,ones susceptil_le to
mud invasion arc c¢)mmon in tile I()wer p¢)rlit)ns ofBecause of the mature stage ()I inally d¢)mestic
channel dep()sits--I_oth upper delta plain channel dc-fields, the production ()f hy(lr()carl_()ns is beginning It)

require the accuratcevaluati()n()fn_arginal rescrv(>irs, fmsils and lower delta plain distrihulary chnnncls;
and lhc upper paris ()f dislrihulary In¢)tllh bars.This means thai off'eels prcvi()uslv thoughl to he un-

importanl beet)lng critical to tile cvalualit_n and pro- Thin beds, _flen less Iharl (7 inches Ihick, dislol'l

¢.ltJcli¢)ll of these reservoirs. Three' imporlanl ellccls c()nve;lli()rlal dual irlduclit)n I¢)gailalyst, s which have
on petrophvsical 1o. evaluation a_c(I) Ihin bcdd he. a resolutic)n t)l ab(Hit g fcel The ttlill bc¢ls In_lsk III('
(2) textul'al variations, and (3) clrilling fluid illVtlsi()n, expressic)n (if Ilyclrocarht)n pI'¢SI211CU ill lilt! [()L'S;.IIItl

Thin t_edding and hnlh vcrlical and lateral Icxlur;.ll rcsl.lll ill It'aVill,e li pc)lelllially lal'fC nl.Jlllbcr {_l inar.-
s,inal types, of rcserv_irs ||ndcrde\cIcH_cd I'_lt_il\'variations are very c{_vnnlc_nin dcllaic dcp_sils. Tllesc ,
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tools have slightly higher resolution, but similar prob- voir data has I_receded the ability to integrate and
lems of resolution aiso exist. Severaltcchniques have process these data in a timely and cost-effective
been developed to address this problenl. These in- fashion. In 1970, logs recorded 200 kilobits of
clude a scheme called "alpha" processing for nuclear information per 100 ft of interval. In 1978, the
porosity measurements, enhanced resolution Phasor TM amount of information collectedj umped to 160,000
processing, and the LSA TM (laminated sand analysis) kilobits, and currently in 1990, 2,300,000 kilobits
product, of information is collected per 100 ft of interval.

Textural variations create errors in the calculation 2. Regardless of the amount ot' information obtained,
of irreducible water saturation and permeability. Some many of the resolution problems in petrophysical
success in solving this in selected areas has been seen log data will not be resolved, and we will bc

by utilizing three different types of log measure- required to look to other disciplines for the infor-
ments. The electromagnetic propagation tool (EPT) ,nation needed. For example, interwell heteroge-
provides flushed zone saturations from which a ,mity may be determined by a new technique called
petrophysical textural parameter can be derived. "sonic imaging", which has imaged bed bound-
Mineral analysis of the formation, as provided by the aries from the well bore out to 40 feet away in the
geochemical logging teel (GLT), lends itself to a some experimental cases. Logging (5t"horizontal
permeability answer in shale3 sands and the nuclear wells will also provide a wealth of information

magnetic log (NML) will give a measure of the amount about the lateral variations of reservoir properties.

of moveable fluid in sandstone lithologies. 3. Finally, the evaluation of these complex reservoirs
Log analysis problems due to drilling fluid inva- will be costly and may be difficult tojustil'y for the

stun are corrected by newer resistivity profiling log- often marginal return from these areas. However,
ging tooi_; such as the array induction imager tool in one case study cited, a 33% increase in reserves
tAIT). Also, advances in low-pressure drilling may was indicated by utilizing LSA techniques to ana-
help to mitigate mud invasion problems, lyze thin laminated sands versus conventional lower

Key Points of the Presentation resolution methods. These developments will be
critical if we are to be able to produce the remain-

The following technical developments are re- ing oil and gas from these reservoirs.
quired Iu overcome these problems.

I. Increased analytical capabilities. The ability to
collect large amounts of extremely detailed reser-

Reservoir Modeling: Advanced Reservoir Simulation .. Experience in the Big Muddy Field, Wyoming
Gary Pope, Center for Petroleum and Geosystems Engineering, University of Texas at Austin

The presentation consisted of two parts. The first leum sulfonate, polymer properties, three-phase rela-
part was a brief summary of a simulation study (Saad five permeability, and trapping characteristics. The
ct al., 1989) made severalyears ago of the original key factor in the good match of the oil bank break-

Big Muddy surfactant pilot conducted by Conoco in through was the inclusion ofathin, high-permeability
thc 1970s. The second parl was an overview of some layer above the main sand separated from ii by shale.
of thc significanl advanced reservoir simulation top- With enough effort, even very complex processes
its. such as surl'actant flooding can be simulated.

Simulation Study of Big Muddy Field After achieving a good history match of the pilot,

The objective ¢51this study was tc, investigate the a design study was made to see ii"the simulator could
effects of some design factors on the performance ot" be used to suggest design changes thai would increase
the Big Muddy pilot project using UTCHEM. The oil the oil recovery with little or no cost. These factors

includedsalinity gradient, preflush, injection rates,cut from the cenlral producer of the Big Muddy five-
spot pilot was successfully matched. The observed and polymer concentration in the surfactanl slug. The
and simulaled polymer, salinity, alcohol, and tracer capability to do this study did not exist until the mid-

1980s.
data were also compared. The reservoir description

was I_ased upon cores, logs, and tracer data from The comDined results of ali of the changes showed
Conoco. The process data were based upon a multi- thai ()ii recovery more than doubled from 31 Io 66%.

,year research projccl al University of Texas to mca- Mt)st of thi,_ increase was due to a better salinity
sure lhc micellar phase behavior and IFT of lhc petro- gradient at essentially no extra cos1. The increased
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calcium concentration in the injected slug actually • New Processes or New Combinations ofCll_mica I'',
improved oil recovery. Phase behavior was iniproved Heat, and Solvents

by changing the saliently gradient in the post pilot Low-tension polymer floods
design. This and other design changes suggest that

Surfactant-alkaline-polylner floodsthe oil recovery could have been doubled at no addi-
tional cost. The restllts of this work are published in Profile control with polymer gels during C(),
Saad el al., 1989. floods

• Mobility Control with Foams or MicrobesOverview of Reservoir Simulation Research

Topics • Chemical Signal Processing
Inverse problems cii"how lo infer geostalislics of

An overview of some cii"the lnOSl Jlnpc)rlanl resel'- reservoirs froxn tracex's
voir siinulalion research topics was presenled, The
four categories presented were: NulnericalProblelns, Use of tracers for iii silu Measurelnt.'nls iii

wettabilityProcess Description Problems, Design and Applica-
tion Problems, and Reservoir Description Problems. Combined use of pressure, Iracer, and cross-bore-

Numerical Problems hole seismic data

• Numerical Errors • Design Optimization
Effective use of horizontal wellborcs iii EOR

• Limitations on Problem Size and Optinlum Use of Grading cii"polymer drives
Computers

Gravity-assisted surfactant flooding
• Reliability Problems
• Human Interface Problems Mobility control with steam

Mobility control with CO 2Each of these was broken down into several gen-
eral topics, such as: numerical errors, thai result from Reserwlir I)escription Problems
truncation errors, numerical dispersion, and grid ori- Four sub-categories of reservoir description prol'J-
entation. The need for more research was empha- lems are:

sized. As useful as simulation is ii still requires .TranslationofGeologicalDescriptionintoGridblock
considerable engineering judgement. This issue is Properties
closely related to limitations on problem size, and
optimum use of computers. There are alternatives • Estimation of Effective Gridblock Propcrlies Ironl

under investigation such as: higher order finite dif- Petrophysical Data
ference techniques and adaptive mesh refinenlent to • Uncertainties in Geostatistics
inlprove computersilnulation. • Cost of Many Realizations

Process Description Problems Reservoir description is an importanl topic which
quantifies reservoir properlies and helerogencitics

Thcproccssdescriplion problems can be broken for use in numerical simulation. The challenge isle

down into the following four sub-categories with translate a geological description into gridblock
some examples properties. Problems in estimating effeclive gridbiock
• Phase Behavior properties arise from the use of core plug-scale data

Phase equilibrium calculations with three or more to determine the properties of much larger volulncs of
phases rock. Effective nicthods of averaging properties but

Characterization of heavy fractions of crude oil also retaining the important features are necessary to

Incomplete equilibrium or mixing during dis- "scale-up"petrophysicaldatalolhclargervoluxnesof
placement gridblocks.

• Physical Property Models The currenl practice in reservoir siluulaticln uses
a deterministic apprl)ach which predicts one outconlc

Three- and four-phase relative permeabilities
only. The geostatislical approach can be tlividcd into

Interaction iii" gel kinetics wilh fluid flow stochaslic approach and condilioned al)proach. 'File
Rheology of weak gels stochaslic approach requires runrling a scrics til' sillltl-
Description of multiple tracers during steam drives lations based on a set cii"geostatistical realizations to

• Chemical Reaction Models derive a probability curve for prcdiclion. The c:olldi-

• Surface Phcnonlcna lioned approach is silililar Iii lhc sll)t'haslic al)pi'each ,
oxcepl data fr(/ni one or nii)re s(tUl'CC_ssuch _lSCOl'C,

l)esi_n and Applicltthin Prolllems
electric logs, production li)gs., goolo_.y, we,li Icsls,

Tile four subcalcgorios and c×aniplcs of design lrac_ers, s¢iSlllic surveys, anti hislory ni_ilchilig til
and applicalion prclblclil._ _tl'c: produclioll are used Iii colidilion lhc l)roblt_lii.
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The significant issues rEmaining to bK addressed remaining in reservoir simulation. These span the
include how to: l) generalE stochaslic field based on Entire range from generic to research specific, We
geology, 2) incorporale conditioning, 3) deal with need to work simultaneously on both specific reset-
finite block sizes, and 4) reduce overall effort, voirapplications and the cross-cutting problems within

Key Points of the Presentation reservoir classes and among ali classES,

The most important conclusion is thai there are
many diverse and different research opportunities

Variability in Deltaic Reservoir Heterogeneity:

hnplications ibr Mobile and Residual Oil Recovery

R. J. Finley and N. TylEr, Bureau Hf Economic GEology, University of Texas at Austin

Based on a 1983 study of 45(i) major Texas oil syndepositionally reworked resulting in good lateral
rEserw_irs, 29% of original oil-in-piacE (OOIP) was continuity as well as textural and compositional ma-
found in fluvial-deltaicrEservoir,_and 30% in other turity. These sandstones tend to be top l'looded,
types of deltaic reservoirs. Estimated ultimate recov- although vertical hetErogEnEity and overlapping of
cry (EUR), however, is not in the same proportions sandstones can result in multizone waterfloods. Res-
for both groups. EUR from fluvial-deltaic reserw_irs Ervoir compartmentalization is minimal, and most of
comprises 28% of recovery from sandstones. EUR the remaining oil is true residual oil requiring en-
from other deltaic reservoir types comprises 49% of hanced oil recovery (EOR).
recovery from sandstones. The latter

In Texas, recovery efficiencies (primary and scc-

disproportionality results primarily from the high ondary) range from 80% ofOOIP t'or the wave-domi-rECOvEry efficiency in the East TExas field, a wave-
nated Woodbine deltas of East Texas field (averagedominated deltaic reservoir. Deltaic deposition and
rEsErvoir properties include 1.3 darcies permeability,the resulting framework architecture of deltaic res-

ervoirs are determined by the interaction of fluvial 25% porosity, 14% water saturation, and expected
processes and waves, currents, and tidal processes in Res of 15%) to 28% recovery efficiency for fluvial-
the recciving basin. Classification ofdeltas relates to dominated deltas of the Morrow Sandstone in the

TExas Panhandle. OilrEcovery efficienciEs for reser-overall geometries (elongate lo cuspate) and toas-
sociated processes (river-dominated to marinE- voirs intermediate between these two types, such as
dominated). Critical reservoir hetErogEneities vary the fluvial-dEltaic reservoirs of the Frio Sandstone of
according to the type of delta. For example, in clon- South Texas, average 48% of OOIP for that play.
gate (Mississippi type) deltas, sand deposition is Although not affected by structurE, somewave-domi-
primarily in fluvial and distributary channels and at nated deltas can have a low recovery efficiEncy whErE

the distributary mouth bar which builds seaward lo diagenesis and fine grain size detErminE recovery
form a "bar finger" sand body with narrow, lenticular efficiency. Such is the case for Big Wells field

geometry in cross section. These types of deltas producing from the San Miguel Formalion in South

historically display low to average rECovEries. Texas whichhas a primary and SEcondary recovery
Channel sandstones foster water invasion and arc efficiency ofonly 28%. The San Miguei Formation at

rapidly waterflooded, whereas mouth bar sandstones Big Wells is commonly biolurbated and has 21%

tend to be more uniformly or top flooded. For example porosity, an average of only 6 md permeability (0.1-
in Daqing field, China, where typical permeability in 6 md range), and 30% Res, although 80% of the
distributary channel facies varies widely between 200 mobile oil has been recovered. Big Wells field is
and 2,000 rod, the highest water cul is in the fluvial virtually strike elongate due to significant reworking
channels. Stacked sandstone bodies result in

of delta front sands by waves and currents. Lacking
multizone waterfloods, and lhc polcntial for intra-

comparlmenlalization, and with a large fraction of
reservoir entrapment of unrecovered mob'e oil is

unrecovered ot'iginal oil-in-piace, such reservoirs offer
high. good opportunities for EOR.

In contrast, laterally conlinuous sandstones of
cuspatE deltas, dominated by wave and current pro- The Bureau of Economic Geology, The Univer-
cesses, exhibil recovery efficiencies tl",,,atare well sily of Texas, Austin, is currently inw_lvcd in an

above average. Beach-ridge plain sandslotles com- ongoing project using oulcrop exposures of fluvial
prise most of the reservoir and are typically dominated delta set_.in_s in the Ferron Sandstonelo
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evaluate the hierarchy of g,,,.,oit'_gical heterogeneilies lI) be v,,,aler-v,,ct, 'l'hc nuswt.,r was Ihal lhc lhc Ill_l_ilc,

and the)x" effect on reservoir paramelers, oil li[ill) were rc ally in(_rc' lisclul f(ir clllnl);llalivt'
purposcsand lhal lhc. relali\'c value' tillilt liUilibcrs

Key Points iii' the Presenliiiion lifts validily allhough lhc cslillitiles Inay bc lwice _is

• Volumetrically signit'icanl increinenlal oil and gas largo as lhc acltial rcs0urcc,

reserves remain wilhin deltaic reservoirs, • q'he Bureau of Econtlniic (ieol(}gy had bc,t!lin Irl

• Internal facies architecture isrelated to the type of invesligalo with Mobil Oil ('t_l'p, cl'tlSS-bt_rch¢_lc

delta and Iko balance of fluvial and Inarine pro- IOlnography iii' subsurfiicc t:1"io Salidsloncs, li was
tosses, noled It)al such work may bc usc.ful in inlcrprtqin 7

sand-sand contacls,
• The fundamental flow units follow and are con-

trolled by lhc disl,.:ibulion, geometry, and lype of • The speaker wasasked Io provide ii!1 eSlilnalt', of lhc

depositional facies, lime or inallpower needed for a sludy of ii field such
as Big Wells field, where lhel'C were several hun-

• Cuspale deltas dominated by wave and current
dred wells. The speaker rcsp(inde.d by saying Ihal

processes tend lo he less compartmentalized and
OllO fully supported experienced geolt)gisi could

have higher recovery el'ficiencits than lhc lll(Iro product such a study iii aboul I year al _.1cost iii

highly cornpartmenialized fluvial-dominaled dci- about $125-15() K/yr in direcl cosls, dcpc.nding on

las, Because of their good laleral cOlnlnunicalion, lhc qualily of lhc dala le,g, Ihe )igt and availabilily
wave- and current-dominated dollas nlay provide

of lhc wireline logs), Stlch a study would liavc Io
good opportunilies for EOR when a large fraction

incorporate ali production dala, and lhc final tesi
of unrecovered original oil remains iii piace.

would Im higher if such records were nel reastlnably

Key Points of the Discnssion well organized and In nlachine-l)roccsstlble f(irlnai

• Horizontal wells may prove useful it" they could be at lhc starl of the sludy. Special core analyses and

contained within a single productive sand stringer other types of data acquisilion could raise lhc filial

at Big Wells field, costs. In ali cases, however, lotal sltidy cosls would
be well below the cost related to infill ¢_1develop-

• lt was asked how "mobile oil" was determined, inenl wells drilled without lhc benefil of a dciailcd

particularly because sands were generally assumed field study.

Technical Session 2-- Extraction Technologies

Drilhng Technology: Advances in Directional Drilling
William C. Maurer, President, Maurer Engineering Inc., Houston, Texas

Horizontal well drilling Inay be the largest break- /
through in the ()ii industry since hydraulic l'racluririg _o t/

[} ,/

was developed in the 1950s, Directional drilling _ a /
technoJogy is advancing at a rapid rate due to the d I

increased use of horizontal drilling. ]'he number of u. o ,
o /

horizontal wells drilled annually increased from 5 _ 5 /
wells in1980 to l ,000 wells in 1990(fig. l.31). These _ 4•< /

w 3

horizontal wells are the proving ground for new di- o _. /rectional drilling equipmenl. _ 1
oA

Basic Well Prol'iles _flao _na5 1oaa 10e0 1fine 1005 2ooo

Horizontal wells are drilled in many (lifferenl YEAR

shapes, as shown in figure 1.32. Ill clean reservoirs, Figure 1.3 l Histogrliln of lilt', estinlnte iii" llulnber (_f I'Illlll'e

horizontal wells are lypically drilled horizontally. In hori,.ontal wells.

"dirty" reservoirs containing impermeable slringers, Multibranch wells are used I0 incrt'.asc htlri/.tinlal

horizontal wells are oflen slanted upwards or dliwn- well lenglh and Io all()w use olexisliiig vcrlic'al wells,

wards or drilled iri an urldulaling shape I()inlersect Drain holes are oi'ion drilled upwards inlo dcplclcd

lhc iinperlneable stringersand drain ali seclions of reservoirs whore gravily drainage is lhd. t)lll), drive
the reservoir, mechanisin,
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[F-'_L"-- , a. ]1[]' , .li injected into the top h()rizontal well and heated ()ii

,_ _ produced rrom the I_(')ltom horixontal wellQ, . ° (3 fl

° I I
FLAT UNDULATIN(3 _ _'_

';......... _,-- PROOUCERJ
Jl

o ° o !--,._. _f/2_,,.:0

,, oPW,,O Z
,a _' ,' Figure 1.34 - Diagram of horizontal flood movement.
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.. r_,
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/ , r'.,.:?"...... "

I._ "__o • r-. v.,,, o ._. "---...._J-f.......-_f::::::::::_J
GRAVITYDRAINAGE COMPLEX I ',,..,:_i.....t

Horizontal Well Applications

Horizontal wells are used to increase ()ii and gas
production rates in reservoirs with water and/or gas-
coning problems. In reservoirs with gas-coning prob- Figure 1,35 - l)iagram of vertical flood movemt_nt.

lems, horizontal wells are drilled along the bottom of Multibranch wcllsarc finding increased use in oil
the reservoirs, whereas with water coning, horizontal and gas wells because they al low increased ho:'izontal
wells are drilled along the top of the reservoir (fig. well length at reduced cost (fig. 1.36). A recent
1.33). Approximately one-third of the horizontal multibranch well in the Austin Chalk that utilized

wells drilled in Canada are used to overcome water- 2,200-ft and 3,300-ft laterals was very successful,
coning problems, initially producing 2,200 barrels of oil pcr day.

J $1N(3LE OR MULTIBRANCH CONVENTIONAL

DUAL-LEG

...... L_ .....

Figure 1.33 - l)i'_gram of water , '_ning al)plication.
* Figure 1.36 - ])iagram t)r well design options.

Horizontal wells can als() hc used lo improve

sweep efficiency, Parallel flo()ds of horizontal wells Multibranch wells are also used lo drain pay
create line drives which overcome cusp ;Jroblems xones divided by impermeable shale stringers, as
with vertical well floods (fig, 1.34), Vertical flood- sh(_wliin figure 1,37. Horizontal wells are als()uscd

ing of horizontal wells can achieve good vertical in low-permeability and naturally fractured rcscr-
sweep efficiency for enhanced oil lec()very (EOR) voirs(fig. 1.38). Horizontal wells typically cost 1.5
oroce._se._{1i(2. 1.35). Wilh he;ivv ()ii. gl(_il}l w()lll(I he. t,, ") t;,}30t, ,n,_,',, lh,in ...... "li .... I ..... IlL, I-_,,t ; ....... ,,,,-,,_l t
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g_[sapplicalic)ns_ they pr(}du_e 3 t() _ tinl_s 11|()1'_ ()iiandlhan vertical_ wells,,,,, ,,,,,' ! ] --_

"

m ......
.... !

" PROBE HOLE GEOLO(IIO OONTROL

inforlr, ation about largol reservoirs, C(_t'ing ill hori-
zontal wells is nel a serious problem, ]nl'orm,_lion

Figure 1.37 - Illustrution of dual bore weil. from coring, logging, and producli(_n l'ron] lhc l'irsl
horizontal wells in a field can often tell more about

ii -! - .,[ _k_ the rese,'v(,ir ge(,l(,gy than 50 vertical wellS.Recentl)evelopments

"'"......'-'-" ! ;";_i"." Recent directional drilling impr()vcmenls include:

l (1) improved sidecutting horizontal well bits Ihat
MARKEI_BED FORMATIONTOP drill 20 to 40 ft/hr compared to 3 to5 ft/hr in 1985; (2)

5 years ago failure of motor drive shafts, universals,

'_ -_-.r....-e..-,,.,--,,,_ ; ii i'.ii mcasureme nt- while-drilling (M W D) tools "hardened"
lo last 200 to 400 hours under severe vibrations com-

PROBeHOLe OeOt.O_GOONT_Ot. pared to 50 lo 100 hours a few years ago; (4) sophis-
ticated directional drilling software Ihat allows direc-

Figure 1,38 - Illustration of naturally-fractured reservoir, tional assemblies to hit targets within 3 to 5 I't, whereas
a few years ago hilling targets within 10 to 20 ft was

Horizontal wells are not lhc answer for ali reser- difficult; (5) flexible short-radius motors lh|lt Call

voirs, being applicable in 20 Io 40% of reservoirs, make 40-1't radii turns and he accuralely guided I_y
Horizontal well production can he very efl'ective in MWD Iools over horizonlal distances in excess oF
reservoirs with permeahilitiesrangingtrom I to 1,000 1,00(71 l't; and (6)muir|branch medium-radius wells

rod, In low-permeability reservoirs(< I rod), hydrau- that drain larger areas than single branch wells and
lically fractured vertical wells often produce ,here reduce drilling costs significantly.

than horizontal wells, In highly permeable reservoirs l)esired Improvements
( 1,000 lnd), vertical wells efl'iciently drain the forma-
lions, and horizontal wells are often not needed. An Horizontal well drilling costs willdecrcase rap-
exception is highly permeable reservoirs containing idly in the next several years. The key factor to
heavy oil where flow rates are low due to lhc high reducing drilling costs is the development t_fimproved
viscosity o1'the oil. drilling tools.DOE research pr(_gr;tms were inslru-

Target i,ocation mental in the developmenl of Iwo ilnp()rlalll technolo-
gies' MWD and polycrystalline-diamond-coml)aCl

The Four techniques normally used Io locate the (PDC) bils. The ncxl major developmenl will hc
pay zone with horizontal wells are illustrated in I'ig- slim-hole drilling which carl reduce drilli_g a_ld
ure 1.39 and are as Follows: (1) drill vertically until completion costs 50 to 6()°_,.

a known marker bed above the pay zone is identified; lmprovemeuts are needed for oilier l,_)ols inel|ld-
(2) drill at a high angle until IIle top ()f lhc f()rlllali()n ing bits, lilt)lt)rs, MWD, all(J SLIFVL:yI()()Is. /IIIpx'ovc-

is identified; (3) drill al a hi!.h angle through the pay ments are needed for hils lt) drill Ilnrd r(_ck al hil._h
/.one, plug back Io the top of the pay, arid initiate
h()rizontal weil; and (4) drill verlically Ioa deplh temperatures and highp|essures. "l'hreelypesoll_ils

are availal)le for h()rizonlal well drilling' C()llVellli()ll;.ll
determined by nearby vertical well._, roller, PI)C', and thermally slahlc. (lialll()ud ('I'SI)).

Horizontal wells provide invaluable geological Roller bils d() nel operate effcclively al high r(_larv
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speeds(dueIohearingfailures)and oftendrillslowly requiredincludejoy-slickguidancesystems,d(w.,,rlholc
in hard l'ormattons, PDCbttshavehighdrilltngrates adjustable assemblies, and downhole Ihruslex's Io
but wear out rapidlyin hard l'ormationsbecauseoI" overcome l'rlctlonand increasehorizontalwelllength

hightemperaturesgeneratedatthecurlingedge.TSD (now limitedtoabout5,500fl).Improved production

bits overcome lhc. high-temperature problem and drill logging techniques are needed for belier cvaluallon of
many hard rocks l'asler than roller or PDC bils. High- the perl'ormance oI' horlz(inlal wells,

power blts suitable for air drilling arc also needed. Key Points oI' the Presentation
Improved motors are critical Io successful hori-

zontal well drilling, Advanced motors which deliver More advances have been made in dirccllonal
3 to 5 times more power than current motors are drilling in the past 2 to 3 years than in tile previous 20
needed, These motors should deliver high power and years. 'T'hls rapid development rate should continue,
operate at high temperatures, Motors for shc_rt-radius In 1990, 1,000 horizontal wells were drilled at a
drilling and air drilling are also needed, budget of$1,5 billion, This is eXl',ected to increase to

I0,000 h(.rizontal wells annually by the year 2,()()0,
Current MWD systems have sensors located 50to corresponding to an annual budget oI' $15 billion,

80 l't l'rom the bit. This causes problems because the This large marke_ will provide the incentive and l'i-
bit oi'ten drills out of'the pay zone in horizontal wells nancial resources for service c(ln_imnies Io develop
before the survey sensors delecl the change in well the tools and services needed Io increase lhc use of

, path (fig, 1,40), In lhis case, the bits dril120() Io 300 horizontal wells,
ft before they can be turned back up intolhe pay zone,
resulting in long, unproductive intervals in the weil, Key Points of The l)iscusslon

I. Horizontal wells have been successfully utilized in
a number of oil-bearlng forlnalions olher than lhc

BIT Austin Chalk. Recently, horizontal wells have

been successfully drilled in the Wilcox Formation
• .,.L _ .... PA'_II'!ZONE' ..__.''- " in Louisiana and Mississippi and lhc Slnackover

SURWY S_N-S'OI_-'" FormationinAlabama. Horizontalwellshavealso
been appliedtooffshoregas reservoirs.

2.Horizonlalwellshaveboon usedtoovercome water

Figure 1,40 - Illustration oi' borehole guidance problem, coning problelns, Anloco drilled wells along tile
top of lhc Wilcox Formation in Mississippi, guided

Several companies are developing advanced MWD by resistivily readings from MWD tools, This
tools with survey sensors located directly behind the technique has been used in Canada where wells are
drill bit, They utilize acoustic or electromagnetic also drilled along the bottom el'the l'ormation to
transmitters lo send signals back to the MWD tool overcome gas coning.

which then relays the data to the surface (fig, 1,41). 3, In spite of numerous successes, horizontal wells
When developed, these MWD tools will allow more have failed in some cases (e,g. two horizontal

accurate control of lhc horizontal well trajectories, wells in Kansas), Reasons cited for failure were
thai the wrong reservoirs were selected.

SURVI_YOENSOR 4. Reservoir simulators l'or horizontal wells have
_-,_ _.a,, been developed by seve,'al institutes i,,cluding

[-- I ewe _l [ (,,o,u,Q [__.ia_l\" • NIPER and theC, omputer Modeling Group. Thesereservoir simulators account for wellbore hydrau-

<((( (((((((((((((/ " lics and tIle pressure loss clue to friction within lhc
REOI=IVER /L_.TRAN$1dlTrr.R horizontal weil,

5. Cm'e recovery wilhin horizonlal wells is relalivelyFigure 1,41 - lllustration of the l'ulure MWD teel,
easy, whereas lhc lecllnology to evaluate
pelrophysical properties is lagging. Casing of

Improvements needed in MWD tools include' horizonlal wells in fractured, North Sea forllla-

1. Survey sensor located near lhc bit; lions has been successful.

2. Tw(l-way communication; 6. Comparisons of lhc cost-effectiveness o1' infill
drilling vs. horizonlal wells are n()I well under-

3. Compatibility with shorter radius drilling; stood and are currenlly being invesligaled. Pre-
liminary results fr(ml a currenl sludy hy 1tle DOE

4. Compatibility with air drilling, and Chevron ()ii in the Stevens sand in Naval
Improvements are needed for survey data on azi- Petroleum Reserve No. I, CA, indicate thai hori-

much, inclination, tool-face orientation, and electro- zontal wells nlay have a slight cost advantage over
r_ • _ ,i,; I I I

_agiluiic sysiczIIS, lai,c¢'iit_ll control ilnfm_vcmenls ,,,,,,I dri ii,gII .,
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An Analysis of In fill Drilling in the ttugoton Gas Field

Riley Needhaln, Phillips F'eirtllcutu ('Onilmlly

Hug(Iron field in lhc largest gas rield ill lhc lower dellveral_ilily of e,ach weil, and Initp,_¢11'ptlro._ily aild
48 stales. This studyprovidc,,danopporl,unitytolesl permeal_ilily from each zone.

lhe methcldology used I(i evaluate growth potential O1' iii(' rel_lacemenI wells drilled in 72 sections,
l'c|rthe field,Previouslyrepro'tedstudiesusingtile

li(JiltCIlrjI)UIlteI'edvirginrcserv(iirpressures,Now
reservegrowlhpolenIialmelhodologycsIimaledlhal

wellsconlirluedloperformallhcsame talc',ilslhaloi'

infilldrillingwould yieldincreasedreservesc',I'25"_,lhcorlginalwells,Because oflhcgood laleralcom-
oI'lheoriginalgas-in-place,PhiIIipsPelroleLlmused munlcaIion,ilwas I'oui|dlhallhc currenl640-acre

arlintegratedal')l)roach,strc'.ssingactivesilnullaneous spacinginsul'l'icientlo adequatelydraintliereservoir,

interactionhelwccrlspecialistsfrofs diversehack- Pressurecc)nlinuedlo drop in wells in al)andoned

grounds Iclshow infilldrillingdoes not add gas re- secl,ionscii"lifefieldwhilegas was l_c',ingwithdrawn

sex'yesinthisI'ield,Resultshavebeen puI'_Iishedina elsewhere,Such I_chavlorwas offeredasI'urlhcri.)x,oor
seriesof I'iveSPE papers(McCoy, T, F,elal,,1990; of tileg(iodlaleralconIinuilywilhinlhc Mow unils

Fet'kovich,M, J,etIii,,1990',Ebbs, D, ,I,,Jr,elal,, and thelackoi"need rotinfilldrilling,
1900', Sierners, W T. and W. M. Ahr, 1900; and
Felk(_vich, M. J., el al,, 1990). Statistical analyses of more than 600 ini'ill wells

drilledcii'llle3,()()0wellswhich had been permil,led,
Ttie scope of ttlc study included geological char- provided no evidence cii" new or addilioniil I'eserve_,

aclerizalion, reservoir nlodeling, replaceinenl wells,
a five-well lesl iii lhc Kansas porllon of lhc rc.w,ervoir This sludy provided conclusive evidence Ihlll re-
in 1977, and analysi._ of perf(irlnanco of 6,_9 inl'ill covery efficiency was _1,t% regardless ()1" whel,her
wells in Kansas, liay zones include the Winfield inl'ill wells were drilled or nel, Addillonal int'tll wells
Iinicslorie, and lhc Krider and Herringlon Iiiricsione provided no tiddil,ional l'oscrvos bul WoLlld allow in-
inel]il)ers o1'lhc Nolans lilnOSlollC, ali wilhii-i lhc Chase creased producliori ral,es, 11was also declded l,hal any
(]roup, ThoChase(lroup wilhin lhc field c(insislsof inlelralod reservoir sl tidy such as Ihis InUSl validal,e
inlorlayered carbonal,os, siiiciclasttc.s, and evaporilos l,he model by history nialching of producl,ion,
deposited in regionally extensive cycles, Typically a Key Points ot' the Presentiitlon

dcl)O._il,ional cycle is underlain and overlain by .lncyclicalChaseGroupsedtnlenl,sliiHugol(lilfield,
palcos()ls. There is good laleral conl,inuily (ii' pore lhc diagenelic alteration cii" Iilnesiorie lo.doloinile
typos wilhin l,he carhonale layers because o1"weil- creaiedlnulliplelal,erallye×lensiveiill,crcryslaliiriodcvclol)od inlercrysltillillC porosily which forlned as
lhc resull, (ii" pervasive, areli-widc dolcllililizalion, porcnelworks, liilcrlayored redbedsand 7aleosols

provided I_lirriers I(i vorl,ical I'luid flow I'esulling iii
Multiple flow unil,._are _eptirtllcd hy t)ari'iers dopes- arcally o×l,ensivc, mulliple flow unils Ihal cross
lied al lhc end iii oacl-idoposilional cycle,, The Ilarl'iers lalorally equivalonl facies boundiirios,
(inl,erl_edded redl_edx alld paleosols) c()nsisl of facies
which have high l,tlroshold enl,ry pressures, are • Reservoir modeling (li'single wells did nel provide
argillaceous, have low perineal_ililies, and have go(iU a good history Inalch cii' producl,ion wil,hin l,hefield,
areal conliriuil.y. Laleraily litc flow unils are con- More _iccurale niodelirig was based on ii l-lUlllbcr of
linuous and cross facies boundaries. The well-dc- wells l'l'onl a series of cross seclions and was cross

ycleped pore system wilhln lhc carlmnale layers in checked with culnulalivc produclit)l] hisl,ory, pl'ox-
relal,cd I,o lhc diagonel,ic conversion c,,l"limestone to sures fresh distincl pay layers based on DS"I"s, well

dol(in]ilo rcsull,ing in isolaled d()loslonc layers with deliveral)ilil,y, aildnlaps(ll'l)or(_silyandpermeal-iilily
well dr.airied flow unil._, frOlll each ZOIle,

During lhc reservoir study, ii was l'otind lhal , llil'ill wells in Hugolon Mold would provide no
lrlodcling _ingle wells wilh inullil.)le pay zones did nel addtlii)llal i'osoi'ves t_ul,could bc used lo increase
provide a c.orrecl hislory illalC[i. The work referred lo produclion i'liles. Currelll 64()-acre spacing pro-
in l,his talk was based on a 3-D reservoir lnodel vides sufficicnl drainage because of good lateral
derived frolri a 12-secli(iri poriiorl of lhe field. A conlnll.inic.alion wilhin flow uliils,

crilical parl of lile w(irk was calil_ralin<g liew wirelinc • Ba._edOil lhis :._ludy, t-lug(licit I'i¢ld provides clas._ic
logs I(i lhc eldor logs iii order Io dove.lep lhc reservoir behavior for a layered, ilo crossfl()w reservoir wilh

inodel. Olhcr parainelers iii lhc sludy incllided prodLlclivc z()nes oxhibilin_ widely dilTorcnl
nlalchirig CUlliulalivc pr(iduclion hisl(iry, inalchin,._ pei'nlca[)ililics.
prc,ssurcs I'rom pay layc.rs I)ased (iii drill hil l,ent.,,

) ..... Truly ii llcgrliled field sludics are required in (li'der('I ,Sl x) arid conlparin_ ll-ial dala I() lhc inodel, lhc
Io pr(_(l,tlCe,lliCliliingl'til COlicll.isitlllS,
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Key Points of thel)lseusslon • lt was suggested that the deposlttonal/dragenelic

• lt was mentioned that one cannot sit>' that Inl'ill system controls production regardless t)l' whether
drilling will not work unilaterally, The interaction gas or otl is produced, even though gas Is generally

less sensitive to geological heler()genelttcs,o1' fluid behavior and what most people refer to as
"geology" are the principal causes CII'he(er()gene- • lt was further suggested that the geological helero-
tiles that may create problems with tnt'iii drilling as genei',' '¢ inherent in any particular type o1' deposi-
well as EOR processes. Thus the same results that ttonal system are the key to understanding the
were ot'_tained in this study rnt|y not necessarily be, performance ol'a reservoir, This paper shows where
reache,d ii" the reserw}tr were producing etl, inflll drilling may not Im useful, lr| a reply to these

slalolllents, li was ll(.}ted that because ali iivailable• The results o1' this study could not have been
fo'recasl by a ge(}logic,'il study I:llorle, Needham reservoir d,'ltt.i htld I1(}I been ttsed previot_sly, the
reported that a prior study hi:td produce,d t| less results; and c(mcluston!; ()f lhts current sl',Jdy were
accurate prediction o1' inr|li reserves due to |nad- not previously predtcl(,,d, The auth(lr slressed the

need for interactive use oi'engineering and geologicequate reservoir pert'ormance evaluation, but it was
data above and beyond what is oi'ten considered anl'ound that there was a need to include re,servoir

perrormance evaluation, integrated muir|disciplinary study,

Review of Surj'actant Flooding in the Illinois Basin -- Robinson Sand

Ron Smith, Manager, Petroleum Recovery Techn(llogy, Marathon Oil Company

TheM-I Pro.jeer, partially funded by the Depart- 5.0-acre pattc.rn area wits terminated in August of
ment of Energy, was a commercial-scale test of the 1989,

M,'iraflood TM er_hanced oil recovery process (DOE/ The true initial producti(m response in lhc 2.5-
ET/13077). The project location was in southwestern acre pattern area was observed in March oi' 1979 at
Illinois near the town ofRol_inson, TheM-I Project 18,6% PV injected, l:)roductton peaked in Octol'mr
reservoir, the R(_binson sand, is a meandering river 1980 (44,5% PV injected) at 577 bbl/d and a 12% oil
deposit with rnigrating point bars occurring between cut. The 5,0-acre patterrl area showed a significtint
depths of 750 al)d 1,000 t'l. Sand tllickness varies increase in otl cut in May oi' 198(), Production peaked
from zero feet on the eastern edge of the pr(lject to in Oct()lmr 1982 (45,()% PV injected) at 283 bbl/d tit
about 60ft in the center, B(ith multiple sand bodies a 13,3%oti cut,
stacked one above arlother and isolated sand lenses,
found above and lmlov,' the main sand, are t'(lund in the The total project ultimate recovery was about 1,4

M-l Project, A summary of|he average parameters million harrelsof(}ii ()rabout 21% of lhc40% post-
for the net reservoir section is us follt)ws: thickness waterflood ()ii saturation, This recovery is signil'i-

of 2g l'l, geometric mean permeability of 77 rod, and cantly lower than the original total project predicti()rl
porosity of 19%, At'tct connate water saturation WItS of 36.6% (38% fron| the 2,5-acre area, arid 35% from

determined fronl electric log data, lnaterial balance the 5.()-acre area), Poor vertical alld areal sweep
calculations estimated the r)ost-waterrlood ()ii salur;.i- elTiciencies caused I)y reservoir heterogeneities were
th.m to be 40% oi'the reservoir pore v(llume. The 407- primarily responsible for the lower than anticipated
acre project was split into lwr} areas: one area of 248 ()ii recovery,

acres was developed with 2.5-acre patterns, tlnd the Induction logging of observation wells silowed
other 159-acre area was developed with 5,0-acre put- the movement of fluid over several intervals, indi-

terns, The two pattern sizes were utilized io examine ca|ing the presence (li"slacked-sand I'mdics. The fluid

the elTect of well densily on the economics of the banks advanced al different rates conlrolled by the
micellar-p(}lymer process, reservoir properties within each interval, The atl-

The injection ()f a l()e_, PV of micellar slug began vancemenl of {he p(llymer bank was grealest in tile
in February 1977. The micellar slug was l'oll()wed by Upper R(}l'Jinson sand where reservoir qualily is su-
a partially hydrolyzed polyacrylamide mobility buffer per|or I(i lhal of lhc lower intervals,

in a tapered c(}ncentration sequence. Approximately A geological interpretation indicates Ihal the ine-

l 00°/v PV of mobility buffer was, in turn, displaced by andering stream channel wlts deposited in a northeast
drive water. The 2,5-acre paltern area became uneco- to soulhwest direction. Directional permeability
aomic at the end of 19,R6 and was lerminated. The ....,_h,,,,o,I.....,..,,._h"g,.,-,,_,,,-,_.,....,,,..,,;,-,..,_h;,-,,,,,,,,t;,,,,c,;,,,-,.....,..,,,.,, ,_,,,,,...... ,,,,,,lh,,,,.......,,, ,_,,;....
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t[llion or sand grains and sedlmentllry structures dur- • Chemical costs can be reduced bydestgntng tn(_re

ing deposition, Six of tel)wells StLidledwilh [i_'adlo- el'l'leienland lower cost slugs,
aclive tracer program showed a flow trend nearly

paralleltt_lhlsnorlheasl-soulhwesl deposill()naldi- • Optimum slug size design ix one llinluses .jusl
reel)etl, enough stirfaet[Irit to recover oil I'rotn lh(', plll'l {_l'

I'ormlttiorl Ihat c.'arl he swept, and not for the Iotill

Art econoanlc analysis cii' ttie M- 1 l:_roject stiows a reservoir imx'e volume,
$4,3 niilliori profit resuliiug in a ("_I year payoul and
an <"4%rale of return, This analysis includes the ,$14 • Development cosls cttrl be miUllutzed hy using

e×lstlng wells,
milliorl iu tnveslnient funds recouped from the De-

i'mrtment til' Energy as part til' a tertiary recovery • The elTtciency and success rate can he improved hy
incentive program, tnlegrlitin I (1) reservoir s[inlpllng, (2) reservcltr

Key Points (if The Presentathin description, (3) rl;;servotr engineering, (4) liihorll-
tory ev[ilillilton, (5)inodeltng, ({)) pilot tesls, (7)

• Sweep efl'ictelicy Call be iinproved by either ortenl- evllltialton, [ilid til) project llnr)lelnerllalion steps,
ing lhe well pl.illern Io correct dlrecllonal l'low
Irends or use {li" hortzont',ll wells cii' Iilledrive l'lutds,

Completion Engineering. Where We Are TodayNeeds For The Future
Gerald Couller, Division Completion Engineer, Oryx Energy Coinpany

A brief overview of the cOXnl')lettoil engineering Horizontal Well Completion -- Horizi)iilal wells

dis(.'ipline llS ii is lo(Jay, alorl t with seine of the are being considered lilt)re and more in non-l)arli-

potential needs for the future, waspx'esetlled, Iloned resox'volts, placing there demands on the

A gener[tl definition oi'completion ellgtneering is coinplelion til" these wells, Ali ot' the potential f)rtih-
loins nleniioned above (,:[iii be inagntl'ied in Iiorl;,',(itlll.il"work in lhc wellbore after pipe is set - which in-
wells,

eludes the initial colnpletton, as well as workovers

later in the life cii' the weil," The pr(iblelllS encoun- Technology Advancement Methods -- The iii-

tered and solutions used today were discussed as dustx'y has shown a strong interest iii cooperative

follows, research eiTorls til the past few years, This eooperli-

Current live effort tx tin elTictenl approach lo advallt.'ing tech-
nology til viirious disciplines, An exainplc, of l.iil

I_'tir'lnation i)ama_e and Perftlrllttn_ -- We (tin- association I'orxned tc)en¢oilrage Ibis type til' (.'oclp(.,rli-

liriue to see poor initial producliorl after COlnplelion )ion is lhc {?oinplelion Engineering Associalion, (.:til'-

till seine wells, li is thought lhl:il nluch (li' this is due rently int.)de Iii) of approximately 22 oil _lild gtis pro-
lo significanl l'orinaliondanlageand/orpoorperl'orat- ductn I c(.)lnpantes, This assoclalion has liiken li

ing perforlnance, proaetive approach lt) surfacing industry needs ill the

Stlmuhith)n -- Acidizitlg and, in some cases, a area (ii' completion engineering, Tc) further address

small l'raclux'ing lreatlnent, are utilized lo ovex'coine those subjectsreceiving the inosl interest, ¢OlTllnil-

near-wellhore damage, These small fraclurtng Ix'el)i- lees have been forlned, These conllnillees will sur-

nlenls can be very elTeciive, Advances in the slate-oi'- face specil'ic needs in each til' the l'ollowtng areas,

Ihe-arl in lnassive hydraulic l'ri:icturing ai'o allowing Environlnolllal and Safely
the indu,_lry to assess vial)lilly of these large li'eal-
Inenls, The delerminalion tit" in situ slresses and Horizonlal WellCon-lplelion

al')plicaliclri of 3-D l'rac ge¢linetry inodels let us pl'e- Sand Control

di(.'l success til" t'ra¢luring Ireallnenls, An area for Slilnulalion
ilnprovelnenl in hy(.lraulit.' l'x'acluring is tl boiler under-

sial)cling (ii" lhc fluids used, The fluids are not (is clean Pel'l'oratioil

cir non-dailiaging as we would like, Water ShuI-OIT

Sand Control -- The induslry ix very efficient til l<'uture Needs

stopping Sall(_l produt.'licin wtlh gravel packs, Sc/Ine
Mar! 5, tire{ts wilhin lhc t.'olnplc, tioll engillt.,,eringforlnalitln dtinlage still (iccurs fr(iii) lhc list; ot" gravel

pat:king hut t.'_ln [)e overc'()nle hy a(.'idi/,illg, iriduslry need additional research work, [:(ir this
preserllalicin, lhc t'(;)cus was tin tloriz_/iilal well
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conlpleltons, Horizontal wells may l_eused 'In deltaic Key Points o1' l)iscusshm
reservolrs tc+ address water cot+Ing prohlenls and
perhaps replace hydraulic fracturing, There are those In a way, a horlzontal well can be considered
sltuatlons where bottom water is a problem and hy- e<.lUlvalerlt to a long hydraulic l'racture, However, due

to vertical l>m'meablllty variatior_s, a true horizontaldraulte fracturirlg may be detrimental to the temple-
lion, well may not adequately drain the interval of interest,

Hydraulic fractures from hc_rtzcmlalwells can be ben-
As mentioned above, many prc>blems encountered el'Icial in overcoming vertical permeability harriers,

tn verl.lcal ,+veilsmay he nlagnil'led in hc_rtzontal wells, am,+veilas giving additional reservoir stimulation,
The problems include I'orrnatton damage, proper ltn-
ers for ztmo tsc_latiorJ,and sand control,

Completion/Maintenance Technologies Organic Formation Damage
Kenneth M, Barker, Petroltte lnc,

Long-term productivity l'ram deltaic reservoirs relatively enriched in paralTins and asphaltenes, Upon
can be affected by a number o1' l'actors. A lack of heating to greater than 200 ° F, the stock tank crude oil

understanding of the relationships o1' formation flu- is I'urther degraded by driving c>lTvolatile compo-
ids, the l'ormatit_n, and production rnethods oi'ten nents.

creates problems, Near-wellbore organic formation Acidizing has become so well accepted that its
damage is one o1' these factors. ParalTins and implications are often ignored. Acid reacts with
asphaltenes are the main compormnts oi'crude oil that asphaltenes in the oil to produce sludge problems in
generally cause organic fortnationdamage. Precipi- ali types of oils. Clearly, compatibility of acid with
ta+ion of asphaltenes may drastically change the the crude oil must be checked.
wettability of'the l'ormaticm neat' the wellbore, thereby
increasing the water cut and negatively affect produc- Most organic damage is located near the wellbore
tivtty. Paraffins in the strict chemical sense may be (<6 ft), so that alleviatton by solvent/surfactant treat-
defined as straight-chain alkanea and include methane, ments may be a rather simple process. Service
They are crystalline, with melting points up to 240 ° F. companies usually start with a treatment designed to
Only lOppmofC100parafftn is soluble at 100 ° Fin fill 1 foot outside the pm't'orated interval. It' this
xylene, Asphaltenes are disperscd by asphaltic resins treatment pays l'or itself in 5 day,,+ with increased
in the crude oil, and because they are the +nest polar producttorl, increasingly larger treatments should be
component of crude oil, they are highly attracted to tried. The, lack era 5-day payout al'ter a trealment
charged surfaces such its clays or metals. Asphaltenes will indicate when the majority of the damage has
are not crystalline and will slowly flow after adsorption been removed,

onto surfaces. Formation darnage caused by tile Key Points of the Presentation
precipitation and depositioll o1" parafl'in and
asphaltenes particles has been a recurrent problem in • Near-wellbore organic formation damage is ali
ali types of reservoirs, often overlooked cause o1"decreased productivity.

• ParalTirls and asphaltenes are the primary tempo-
Organic damage may be naturally occurring or

nents of the crude oil +hal create the damage.
more frequently the result of cornlnon oill'ield main-
+chance operatior+s. Hot oiling to remove downhole • Many older reservoirs, including a good number of
paraffin deposits and acid jobs to remove inorganic deltaic reservoirs, have depleted pressures and have
deposits can cause severe l'ormalion danlage. These cooled enough to permit precipitation oI' parafl'ins.
operations may result in the loss of oil production Recognition, monitoring, and reversal of organic

immediately or over a period ol' years, ll' the damage formation damage may provide a relatively cost-
accumulates slowly, ii may be mistaken for natural effective way lo effect the ultimate recovery from
depletion oi'the reservoir. 'heseoldel ....at risk" reservoirs,

Older fields and many deltaic reservoirs have • Organic formation damage may he naturitlly occur-
cooled to the point thai paralTins may precipitate. Hot ring or il may be brought about by common oill'ield
oil treatments to re+hove precipitated paraffins often lllaintenallce operations such its hot ¢lil treattllents
involve tile WOl'_lstf>ck tank _+ilbecause ii is drawn lind acidization. The I'ormaticm dalnage usually
l'rom lhc [>(+lt()Inof the tank which contains crude oil acctJmulates graduall,,, however, ii may occur rap-

idly, fur exarnple afler a single hot oil .job.
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• Organic formation damage may he suspected if microwave radiation to the formation, Continuous
productivity declines Irl a given well faster than tn monitoring for organic l'ormatior_ damage may be
the rest of the field, Damage created by acid jobs required tf there is a natural source of CO,, in the
may be recognized t1' the water cut goes up after the l'ornlation. In other cases, it may take a single
acid job, Such occurrences are commonly reported treallnenl to remove the damage if subsequent
and may providea measure of the widespread rlalure acidization is not required.
of the problem. , • The effects of treatment for orgarlic fornlation

. Alleviation of certain types el" organic formation damage may lasl up to 2 years for paralTin and up It)
damage by multiple solverlt/surfaclant injectiorljobs 6 months for asphaltenes.

is recommended t1' each job pays out in about 5 • A tip was offered for recognizing organic formation
clays, damage caused by gas cooling, Production may

Key Points of the Discussion increase after a shut-in/workover ii" the formation

• Asphaltenes are oi'ten precipitated by injection of temperature is sufficient to melt any paraffirls thai
have precipitated, Production may then slowlyliquid petroleum gas(LPG)-enriched natural gas wr
decease as paraffin damage recurs.CO_, Most CO_ projects, especially the large ones,

have asphaltene problems. In addition, surfactants • II was suggesled that a chemical pad might be
for chemical floods should be carefully selected to placed ahead Hf acid-frac fluids to protect the oil
avoid organic formation damage, The useol'some from asphaltene problems created by acid-crude oil
surfactants may cause emulsions, contact or paraffin problems caused by formation

• Gas production will create downhole cooling, For cooling.

every 40 psi of pressure drop at the perforations • Because of lhc affinity of asphaltenes for iron and
during gas production from oil wells, the formation the abundance of iron sulfide in many water-in-
cools approximately 1° F. jectton wells, organic formation damage may need

to be cleaned up in these wells.• lt was noted thai paraffins are generally harder to
remove than are asphaltenes, Because solvents • Further information about organic formation dam-
(such as xylene) arc relatively inefficient in remov- age is available in the following SPE papers:

ing paralTins from around the wellbore, ii wouldbe (Newberry, M, E, and K. M, Barker, 1985; Jacobs,
very useful to develop new or more efficient ways I.C. and M. A. Thorne, 1986; Barker, K. M., 1987;
to heat the downhole region, such as by applying and Acldison, G. E., 1989),

TECHNICAL SESSION 3 .- OPERATIONAl, CONSTRAINTS

Lessons Learned at Loudon Surfactant Pilots
Edward D. Holstein, Reservoir Engineering Coordinator, Exxon Co., USA

Loudon (IL) field which was discovered in 1940, 1982; Maerker, J. M. and W. W. Gale, 1990; Reppert,
has a total acreage of 30,000 acres. The primary T. R, et al., 1990; and Huh, C. el al., 1990) were
recovery mechanism was solution gas drive, and some published on these pilots.

gas reinjection was performed. Waterflooding was The pilols were in the Chester (Mississippian)

Begun on a small part of the field in the 1950s, and aged Weiler sand. The deposition environlnent is
then was expanded to lhc entire field. The field is at deltaic resulting in stream-mouth bar and delta fronts.
an advanced stage of deplelion after nearly 40 years The sands are medium to fine lo very fine grained.
of walerfloodirlg. Water cut is 99% and lhc total

. primary and secondary recovery is expected to be Theaw'.rage reservoir properties are as follows:

50% OOIP. Five surfactant pilots were Collducted in Depth, ft ........................................... 1,500
IBis field. The first one was performed during the Thickness, I'l ........................................... 50

period 1969- 1971, arid 15% of waterflood residual Temperature, OF .................................... 78
was recovered. The second slnall pilot recovered Porosity, % ............................................. 2()
nearly 6()% of the watcrflood residual. Success of F'ermeabilily, md ................................. 160
IBis small pilot led to a series oi" tllrec pilots to be Salinity, ppm ................................ 104,000

............................. _ ............. wil vi,st.",l_iiy, c:P......................................5
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The rock properties are excellent for the applic-a- mobility control as a result of problems with polymer
tion ofasurfactantprocess. A chemical system had transport and the higher degree ofheterogeneities in
tct be developed to work in the high brine salinity the areas of the larger projects (Dykstra Parson coef-
environment. The southern part of the reservoir was ficients were 0.43, 0.59, and 0.5 for the small pilot,
chosen for pilot tests because it was thought that the 40-acre, and 80-acre projects, respectively). Addi-
geology is less complex and, therefore, easier to tional core and log measurements after the tests
interpret the results, confirmed the heterogeneities of this deltaic reservoir.

The three pilots were described as follows: The recovery efficiencies of various palterns in the
project areas varied widely, with the highest being

I. a 0.7-acre five-spe, pilot, 40%. The loss in mobility control was not due tct

2. a 40-acre project with 2.5-acre five-spot pattern, polymer degradation; the recovered polymer was as
and effective as the original. Phase separation l'rom sur-

factant slug and loss of mobility of the higher mo-
3. an 80-acre project with 5.0-acre five-spot pattern.

lecular weight polymer in the l'ormation were thought
The objectives of the 0.7-acre five-spot pilot were to be the cause of the loss of mobility.

to determine the proper microemulsion slug size and An interesling conclusion fronl the laboratory
to test the technology for trealing macroemulsion in coreflood experiments is the relationship observed
produced fluid, between permeability and recovery efficiency for a

The second and third projects were initiated at the given set of surfactant formulation and rock -- the

same lime after the successful completion of the higher the rock permeability the higher the recovery
small pilot. Nine inverted five-spot patterns were efficiency. The conclusion is that the applicability of
used in these projects. All of the wells in these pilots surfactant flooding is limited to reservoirs with
were new wells. The 40-acre pilot area consisted of permeabilities greater than 100rod.
an Upper Weiler zone and a L_twer Weiler zone

The calculated chemical flooding costs for a com-
separated by an impermeable shale. The thicknesses

mercial project, assuming 30% recovery of water-
of both the Upper and Lower Weiler sands change flood residual saturation, are as follows'..
dramatically across the 40-acre project. A number of
low-permeability streaks were distributed throughout
these sands. S/additional bbl of oil

The 80-acre project consisted of three zones, the Chemical cost (no recycled surfactant) ...... 28-32

Upper Cypres:;, lhc Upper Weiler, and the Lower Chemical cost (recycled surfactant) ........... 18-22
Weiler. The Upper Cypress is very tight and pinched

Emulsion treating cost ...................................... <<1out within the project area. lt was thought that the
Upper Weiler and Lower Weiler were not completely Facilities ............................................................... 4-8

isolated from each other, and communication in ce,- Drilling wells ......................................................... ??
rain areas was thought to occur.

The ability to break the emulsion without adding
The injection sequence and :slug sizes were as chemicals would allow recovery ofsurfactant. This

follows: Slug 1,0.3 pore volume of microemulsion surfactanl is reusable, and it is as effective as new

(viscosity= 28 cP) which consisted of 2.3% surfac- stock. The chemical cost is partially indexed lo crudc
tant, 1 _ to 2.7% white oil and biopolymer; Slug _..... oil cost with the remainder a I'unction of manufactur-

0.7 pore volume of biopolymer drive (viscosity = 38 ing equipmenl.
cP); Slug 3, brine.

Initial oil saturations in the pilot areas varied For luture work, the project could be designed to
from 24 to 55%. The variation was caused by sand take advantage of recycling thesurfactant.
quality and distance from exisling injectors. The The conclusions that can be drawn from these
waterflood residuals in the initial producing (til cut in

field projects are as follows:
the pilot averaged 2%. This result also indicated the

lack of infill drilling potential in the field. Successes'

The 0.7-acre pilot recovercd 68_ of waterflood
• Mobilization of signiticanl amounts of residual oilresidual (til, and the 40-acre and 80-acre project re-

covery cfficiencies were 27 and 33%,respectively. • Successful operation of a large-scale surfactant
The reasons for the recovery efficiencies Rtr the flood

40- and 80-acre field projects being lower than thai of
the 0.7-acre piiot w'ere considered to bc due to loss of • Confirmation ttf many chemical design principles
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• Breaking produced emulsion at low cost Key Points of the Discussion

• Recovering usable surfactant 1. A suggestion was made thai it would be interesting
to compare oil recoveries and costs of a second

• Development of reliable simulation capability pilot conducted in the same field using horizontal

Remaining challenges: wells instead of five-spots. In the second pilot, a
more detailed facies analysis and more realistic

• Solving the polymer transport problem: better use reservoir model should be used.

of currently available polymer 2. It was commented that an analysis of energy bal-
. Developing better polymer ante should be made for EOR pilots to determine

whether there is a net energy gain.
Finding lower cost chemical systems: lower con-
centration formulations

• Achieving volumetric sweep with v. ider well spac-
ing.

Economic and Regulatory Constraints
James E. Russell, Russell Petroleum Co.

Instability in the price of oil and unrestricted abandoned because of economic and regulatory con-
imports of foreign oil are the most devastating factors straints, lt is recognized that many of these, once
in solving our domestic energy dilemma. During the abandoned, can never be used in any type of EOR
1970s and 1980s, oil prices fluctuated between a low program and that much of the potential reserve will he
of about $3.00 per barrel prior to the oil embargo in lost. If this trend is not reversed, we could lose more
1973 to a high of $40.00a barrel in 1981. Aftera than 50% of our reserve base in the next decade.

gradual decline to about $25.00 in 1985, OPEC Some relief should be built into the regulations for
shocked the world in 1986 by flooding the world with appeal from mandatory plugging and automatic fines.
oil and driving the price down to less than $10.00 per Far too many wells are being abandoned because of

barrel. Subsequent to this, many oil companies and tough regulations even though they are not a threat to
service companies went out ofbusiness. Oil properties the environment. There must be a way for industry,
were shut-in or abandoned, domestic oil production the environmentalists, and regulatory bodies to work
started to decline, and oil imports began to increase, together in a reasonable and realistic manner that will

By the end of 1990, the U.S. had lost nearly 2,000,0q0 preserve the environments, but not cripple domestic
barrels per day in producing capacity, and imported production.

oil now stands at nearly 50% of our needs --an During President Carter's administration (1976-
alarming situation t

• 1980), the byword was that this Nation was running
Other factors that have impacted the survival of out of oil, that most oil fields had been discovered and

the domestic industry are restrictive environmental were rapidly being depleted, so there was no need to

regulations and unfavorable lax treatment. With the grant incentives to find new oil or improve efficiency
advent of EPA maoy rules and regulations have been ot"recovery. At the same time, prices were rising and
written and implemented that adversely affect the oil a "boom" in drilling was occurring. President Carter

and gas industry. A clean and healthy environment is thought oil companies were making too much money,
essential to the public domain and should be pre- and he referred to it as "obscene profits". As a result,

served. The oil industry is very cognizant of this and a windfall profits tax was passed by Congress, per-
it has taken great strides in correcting many of the centage depletion allowances were reduced or elimi-

"sins" of the past. On the other hand, over regulation nated, expensing of intangible drilling costs was re-

and discriminations against certain segments of the duced, and other restrictive taxes and regulations
oil industry may not be in the long term best interest were imposed. Ali of these factors together with the
of our society. For example over 16,000 wells were oil price collapse in 1986, the tragic failure of banks

abandoned in 1989, representing 10,000 more wells and S&L's, real estate evaluation, bankruplcics, etc.
abandoned than in 1980. Certainly many of these havetakcn their toll on the domestic oil industry.
wells needed to be abandoned, bul far Icu_many were
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Oil prices have improved since 1986 and some supplies. Such a price range adjusted for inflation
signs ot'a partial recovery have appeared, but we are should be fair and reasonable for both lhc induslry
still a long way from reestablishing a viable domestic and consumers.
industry particularly for the independent producer.

As discussed above, the industry has been rc-Many studies have been made by various institutions
stricted by certain x'egulation;; thai amour_t to disin-(DOE, AAPG, University groups, ICF, and others)
cenlives for exploration and iniliation of advanced orover the past several years that indicate we do have
EOR projects. Recently the Congress passed tilesignificant undiscovered oil and gas reserves in the
Budget Reconciliation Act of 1990. In this acl arelower 48 states and Alaska. Also, some 350 billion
newly enactedenergy-incentive provisions thai shouldbarrels of unrecovered oil will remain in known res-
be beneficial toward the goals thal DOE and induslryervoirs that could be a target for advanced recovery
are trying to achieve. These incentives are as follows:technologies. The purpose of this symposium is to

concentrate on the "Unstructured Deltaic Re::ervoirs"
Tax Credit for Enhanced ()ii Recoverythat area significant part of this unrecovered reserve.

The DOE should be commended for the work il is Enhanced Oii Recovery Credit. A credit equal

doing and the new approach to tiansferring known lo 15% of qualified costs attributable to qualified
technology to industry to improveproductivity if] the enhanced oil recovery (EOR) projects. The qualiiied
near term. A partnership between governmenl and EOR costs include' l) tangible property which is an
industry is essential if we are going to recover these integral part of the project and with respecl to which
known reserves in a reasonable time frafne. A stabi- depreciationm'amortizationisallowable;2)intangible
lized pricing scenario, lax incentives, and methods of drilling costs (IDC); and 3) the costs of tertiary
funding projects are ali integral parts of the equation injectants with respect to which a Section 193 deduc-
to accomplish this important goal. rien (relating to the expensing of tertiary injcctants)

,is al Iowable.
The DOE has recently submitted to President

Bush recommendations for a meaningful National Qualified EOR Methods. Qualified EOR melh-
Energy Strategy. This report points out much of the eds include lhc nine tertiary recovery nlelho(ls listed
strategy needed lo coordinate all energy sources such in the June 1979 DOE energy regulalions. The nine
as oil, gas, coal, hydroelectric and so on to maintain tertiary recovery techniques are' 1) miscible fluid
adequate energy supplies for this Nation for many displacement, 2) steam drive injection, 3)
years ahead. The Texas Independent Producers and microemulsion or micellar emulsion flooding, 4) in
Royalty Owners Association (TIPRO), has long ad- situ combustion, 5) polymer augmented floo_ling, 6)
rotated a "core supply" energy policy that would cyclicsleam, 7) alkaline, 8)carbondioxideaugmenled
maintain supply al a minimum of 20 million barrels of walerflooding, and 9) ifnmiscible carbon dioxide dis-

()ii or equivalent per day from ali energy sources for placement.' In addition, immiscible non-hydrocarbon
many years. However, adequat e and stabilized pric- gas displacemen! is considered a qualifying method
ing and favorable regulations will be necessary to do even ii" the gas injected is not carbon dioxide. The
this. Secretary of Treasury may als() add lo the list of

qualifying methods. Some of these thai are being

II is doubtful that a variable import fee is being advocated include 1)in-fill drilling, 2)major workover
considered at this lime. Such a fee has long been and/or recomplelion, 3) improved waterflooding by
advocated by the Texas Independent Producers and

paltern change to correct for heterogeneity, 4) new
Royalty Owners Associalion (TIPRO). Most of the seismic melhods and techniques, 5) horizontal drill-
other oil and gas associations tl|roughoul the U.S., ing, and 6)microbial.
including Independent Producers Association of

America (IPAA), support such a fcc. However, the Effective Date. The EOR credit is effective for
Administration and Congress have not approved such laxable years beginning after December 31, 1990,
a fee in thepast. In order to develop and supplylhis with respect to costs paid or incurred in EOR projects
Nation with adequate ()ii, we Cannot rely entirely on begun or significantly expanded aflcr thai dale. li is
the free market Io work when in fact lhc international not clear whal "significantly expanded" really means

energy market is almost exclusively government and needs further definition.
driven -- particularly in the Middle East. An impor! Phase.Out oi'Credit. The amount oi'lhc cre(Iii is

fcc, or other similar options, should he implemented reduced in a taxable year following a calendar year
immediately to slahilize oil prices in the range of $25- during which the average nalional price ofoil exceeds
$30 pcr barrel. This should cause more drilling and $28 (adjusted for inflation). The credit is reduced
the implementation of improved oil recovery processes over a $6 phase-oul range (belween $28 and $34).
thai will help lessen dependence on uncertain foreign
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Amendment of Percental_e l)epletion Rules for have been a problem in the past for many small- to
Independent Producers medium-sized independents. Capital requirements

usually are high "up-front" with deferred returns over

The Act makes three modifications to the pcr- a longer period of time than primary produclion.
centage depletion rules under Section 613A. However, in most cases, the risk is much lower. Price

Net Income IAmitation, The prior law limitation slabilizalion at levels between $25 and $30 per barrel

on the allowance of percentage depletion to an amount and the tax incentives in the Budget Act should be
not in excess of 50% of lhc taxpayer's nel income beneficial in developing these projects. However, in
fronl the property is increase_l to 100%, order to ensure thai qualified projects are continued

and fully developed to maximize recovery, the ability
Transferred PropertylAmltation. Thc priorlaw to finance such projects properly is an imporlanldenial of percentage tlcplction for properties trans-

fcrred after they havc been proven is repealed, consideralion, Perhaps some relationship between
the operator, government, and financial institutions

Percentage Depletion for Marginal Production. for guaranteed loans could be developed.
Increase in percentage depletion for marginal produc-
lion and marginal production are covered here, The 11 is apparent that we may have improved our
statutory percentagedepleli(mrateof 15%is increased position on tax incentives included in lhc Budget
by I% (limited to a maximum increase of 10%) for Rec(mciliation Act of1990, but we still need to achieve
each whole d(_llar that the domestic wellhead price of a reasonable stabilized pri.ce high enough to stimulate
crude ()ii for the immediately preceding calendar year and accommodate lhc cosl of development and api)li-
is less than $20 per barrel (not adjusted for inflation), cation of technology to recovery the oil we know is

out there. Wilhout this, much of the technology
Marginal production is defined as'

transfer will not be economically available to lhc
(a) crude oil and natural gas produced from a domes- independent segment.

tic stripper well properly. A strippcr well property
is any proper!y which products a daily avcragc of 1 disagree with those in government and our Ad-

l5 bbl or less pcr producing well on such property ministration, as well as some economists, that $25-
in lhc calendar year during which the taxpayer's $30 oil ($0.60-$0.70/gal,) would be devastating to
taxable year begins. The determinatiotl whether a our GNP when a gallon of Coke TM or a gallon of milk
propcr!y is a stripper well property is to be madc costs two lo three times more. When you factor in the
separately for each calendar year. This apparently cost of protecting our foreign supplies, the hidden
repeals the "once a stripper always a stripper" cost to our taxpayers per gallon of gasoline is unbe-
rule. lievably high (according lo Kent Hance, former Texas

Railroad Commissioner). Mac Wallace (also a former
(b) Oil from a domestic property substantially ali of Texas Railroad Commissioner) once said, "If it's

lhc production of which is hcavy (til (having a
worth fighting for, it's worth drilling for,"

weighted average gravity of 20 '_ API or less).

Effective Dates. The amendmenls relating Iolhe Actions necessary to stimulate production and
net income limitation and the percentage deplctioo, redu,.e the number o1' well abandonments:
rate for marginal properties are effective for taxable
years beginning allcr Decembcr 31, 1990. The I. Establish an appeal mechanism for abandoned

wells and other regulation issues.amendment repealing lhc transfer rule is effective for

transfcrsofpr(_perty(tccurringafterOclobcrll, 1990. 2. Work wilh the EPA lo reduce envirorlmental

The 1RS is currcnlly reviewing and will be wril- regulation restraints which contribute lo prema-
ing regulations on these incentives in the near future, ture al_andonmenl of wells, Leniency on shut-in
Correspor|dence with thc IRS in Washington, D.C. is times would reduce the need to plug and abandc_r_
invited lo supporl these rcgtJlations and proper imple- wells and allow lhc option of re-enlry and applica-
me,_tations, lion of EOR processes.

Othc_'inccntives included in thc lax package cover 3. Avoid windfall profits tax Ihal could devastate
changes in lhc Alternative Minimum Tax (AMT) and many ttil pr_tducers and would bc counter to DOE's
extensi¢_n for 2 ye'lrs of the tighl sand (Soc. 2a) credit objectives of implementation of known Icchnol-
for tax years after I-I-91. ogy.

Because transfer of technology and application to 4. Stabilize (til prices al $25 to $30 pet" barrel by
field l)rojecls are of ulm(tsl imp(trlance to our improv- imposing an import fee. This slabilily is necessary
in._ oil recovery, basic means of fundinc, such pr¢_.iccls for (til companies Io invest in producing (til from
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domestic oil fields rather than foreign production Key Points of the Discussion
and would ignite industry into domestic activity.

1. Problems for the oil producer are: the costs of 0ii
5. Offer tax incentives for 15% of qualified costs production and _,hesubsequent refining to gasoline

such as property and equipment, drilling costs, are high, a fact not appreciated by the public.
workover costs, use of new technology such as Since gasoline is not subsidized, (the United States
seismic methods, EOR implementation costs, and is one of the few countries where it is not) the
other enhanced recovery techniques such as lm- public is subjected to the full cost of the energy
proved waterflood methods, infili drilling, and resource and feels that oil companies are making
horizontal drilling. The following processes are "obscene profits." II' the media and government
considered EOR processes: miscible, steam, mi- would work with the oil companies, they could
cellar, in situ, polymer-augmented waterflood, correct this public misperception.
cyclic steam, alkaline flood, CO_ waterflood, CO z
miscible. Also, a plea was submitted for relief 2. Many of the participants claimed they were free
from depletion allowance, market advocates and did not lhink that price regu-

lation is a long-term solution to the problem.
6. Change the public perception that low oil prices However, U.S. operators are at a disadwmtage in

are good for the economics of the country and the world market because they are competing
increase awareness of what is involved in the against government subsidized companies.
production of a barrel of oil.

Environmental Constraints

Cheryl Stark, Milpark Drilling Fluids Company, Houston, Texas

The topics oi" the past 2 days have covered the grave" waste management, controls for underground
technical restraints to developmentofU.S.A, oil pro- storage tanks, and is being reauthorized this year
ductivity. The technical restraints may be easier to (1991). Reauthorization could lead to the loss of the
forecast; develop, and commercialize than to antici- oil, gas and geother.,nal industry exemption to dis-
pate the future of environmental regulations. Legis- posal of drilling fluids, produced water, and associ-
lation is imposed from the federal, state, and local ated wastes.
level, and may be more a factor of public opinion than
environmental protection. Federal laws under which Comprehensive Environmental Response,
petroleum and gas industries operate cover the entire Compensation and Liability Act (CERCLA) which
gamut of Environmental Protection Agency (EPA) entails Superfund identified toxic chemicals, and in
Occupational Health and Safety Act, (OSHA) Miner- the reauthorization as Superfund Amendments and
als Management Service (MMS), Bureau of Land Reauthorization Act (SARA)expanded included the
Management (BLM), and others with less widespread reporting requirements of "Community-Right-To-
impact. The EPA has the greatest number of regula- Know."
tions and covers ali aspects of operations from air,
water, groundwater, land, coastal zone/wetlands, and Safe Drinking Water Act (SDWA) which regu-
waste manage_;"-_nt. The acts have been in place for lares underground injection control, the placement,
some time, but each is reauthorized on a 5 to 10 year classification and construction of injection wells.

cycle, and may at each reauthorization become more States also have water, waste and air disposal
restrictive and contain more reporting requirements, restraints, and in many cases, these regulations are
Ali aspects can eventually become restrictive and more rcslrictive than the federal laws. For instance

expensive to actual drilling and production opera- under RCRA, each state was given primacy in setting
tions, the regulations for handling of drilling fluids, cut-

The federal laws briefly are' tings, produced water, and associated waste. Compli-

Clean Water Act (CWA) which contains the cations occur in dealing with different agencies in
National Pollutant Discharge Elimination System each state, the varying laws, and overlappingjuris-
(NPDES) concept of water discharge permitting and dictions. Ali lhc various laws and regulations require
storm water testing/regulation and is being operators to have large environmental support staffs,
reauthorized this year. Thereauthorizationwillprob- spend increasing sums to comply, and constantly
ably set tighter restriclions on use of coastal zone and review and educate local personnel. The environ-
wetlands and contains the idea of "no nel loss." mental arena is certainly not static. The speaker can

offer no positive assurance that these environmentalClean Air Act (CAA) which was recently
reauthorized (1990) and contains newer restrictions restrictions will become less complicated, or that the
for ozone, global warming, and acid rain control, effect on drilling and production operations will

lessen. One can only assume that environmental
Resource Conservation and Recovery Act regulations rous! be factored into ali operations for

(R.CRA) whi,:h ,.:(._nt,ain._:the ',:'.;.n,cep_ '.;f "'cr_:'d!c t_; production of oil and gas.
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DOE Oil Research Program. Data Constraints
Philip H. Stark, Petroleum Information Corporation

There are abundant data collections to support the tion data plus production volumes and performance
DOE's Oil ResearchProgram. The major constraints test data for ali wells associated with about 60%( 16
appear to be the availability of ready-to-use comput- billion bbl) of the resources in the program. Substan-
erized data and the cost to generate computerized tial commercial databases also are awlilable for the

databases from disaggregated hard copy archives that balance,

are essential for the program. Integ_"ated commercial Other commercial databases also are important.
databases and new technologies such as Geologic More than 2.2 million well logs are available from
Information System (GIS), scanned image data cap- commercial sources. Few logs are digitized, but new
ture, and desktop applications workstations provide scanning technologies allow one to economically cap-
an excellent platform to create an information system ture and display logs. In the Gulf Coast, geologic
for the program, Commercial databases are being databases provide correlated tops, sand counts, hydro-
integrated through entry of API well numbers and carbons and pressure data for about 30,000 onshore
standard field, operator, and geologic formation codes wells. Regional geologic characteristics of deltaic
to ali well entities. Complete (ali wells) well and systems can be mapped from these data. Digital in-
production histories are available in the Rocky Moun- dexes also allow one to retrieve and map more than
tains, Anadarko and Permian Basins. Pre-1965 field 500,000 miles of commercially available seismic linus
development wells are being encoded at the rate of in the Gulf Coast. Digital land grid from USGS 7.5
5,000 per month in Texas, Oklahoma, and Louisiana. minute quads -- the graphic foundation for digital
The objective is to provide a well history for ali maps-- soon will be available for ali major U.S.
current and abandoned producers. Thus, commercial producing provinces.
databases soon will provide well core, test and comple-
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Chapter 2

CHARACTERIZATION OF THE LIGHT OIL RESOURCE

FROM IDENTIFIED FLUVIAL-DOMINATED DELTAIC RESERVOIRS

IN THE UNITED STATES

INTRODUCTION contained within fluvial-dominated deltas. Based on their

historical importance, large recovery potential, and
Deltaic reservoirs are by many measures the impending abandonment, the U.S. Department of Energy

predominant type of light oil reservoir in the United (DOE) is focusing a significant portion of its R&D
States. Considering only the light oil (gravity greater than program on fluvial-dominated deltaic reservoirs.
20° API) contained in the 2,540 reservoirs in the Tertiary
Oil Recovery Information System (TORIS) data base, TERTIARY OIL RECOVERY INFORMATION
deltas account for about one-third 1 of U.S. oil recovery to SYSTEM

date (Figure 2.1), The application of additional recovery
technologies to these deltaic reservoirs before they are The analysis of enhanced oil recovery (EOR) and
abandoned could yield nearly 6.7 billion barrels of new advanced secondary recovery (ASR) potential is based on
reserves at foreseeable prices.. However, 2.3 billion recovery performance and economic modeling using the

barrels of this 6.7 billion barrels of oil is at risk of Tertiary Oil Recovery Information System (TOR.IS). This
abandonment by 1995. Fluvial-dominated deltaic system was adopted and validated by the National
reservoirs contain up to 3.4 billion barrels of the potential Petroleum Council (NPC) in 19842 and is maintained and
6.7 billion barrels of incremental reserves. Of the 2.3 updated by the U.S. Department of Energy's Bartlesville
billion barrels of the oil from deltaic reservoirs which is Project Office. TORIS consists of comprehensive oil
at risk of abandonment by 1995, 900 million barrels is reservoir data bases and detailed engineering and

Carbonates
Non-Deltaic

22.2 BII, Bbl
Clastics

28,2%
31,7 BII, Bbl

40,3%

Deltas

24,8 BII, Bbl

31,5% Delta \ Tide-Dominated

1,4 Bil, Bbl

:;iI _ 1,8%

::::::::::::::::::::::::::::::::::::::::::

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::_ Delta \Fluvlal-Domlnated
Delta \ Undltforentiated

\ 11,4 Bil. Bbl

2,5 Bil, Bbl Delta \ Wave-Dominated 14.5%

3.2% g,5 BII. Bbl

12,1%
BPO/'TORI q', I091

Figure 2.i - Cumuiative Light Oii Recovery from z uttJ_ Keservoirs
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economic evaluation models for a variety of EOR and include unrecovered mobile etl (UMO). Examples of
ASR technologies. Thc models address individual technological improvements lncludc increased injcctant
reservoirs separately to estimate costs and production, as sweep efficiency, increased tnjectant tolerance to "severe"
well as to evaluate the applicability and anticipated reservoircondttions(tcmperaturc, salinity, etc.), decreased
performance of various recovery technologies. The chemical retention, improved process displacement
models are also used to predict project economics and, efficiency, and reduced injectant costs. A more detailed

ultimately, the potential crude oil resource. Dccltnc curve description of advanced tcchnology assumptions is given
models predict reservoir abandonment dates and ultimate in the NPC (1984) report on Enhanced Oil Recovery,
recovery. This analysis of fluvial-dominated deltaic Tables 2.1 and 2.2show examples of the implemented and
reservoirs is based on 410 such reservoirs represented in advanced technology screening criteria for selected EOR
the TORIS data base as of this writing, and ASR processes.

TORIS was originally designed to evaluate EOR GEOLOGIC CLASSIFICATION SYSTEM
potential which targets remaining immobile oil. The

capabilities of TORIS have since been expanded to Thegeologiccharacteristicsofreservotrsinfluencethe

incorporate thc cvaluation of the unrecovcred mobile oil volume, distribution, and potential rccovery of remainil_g
resource (UMO). Unrecovercd mobile otl, the target for mobile and immobile oil. The primary geologic lhctor
advanced secondary recovery operations, consists of affecting recovery potential is the origin of the reservoirs,
uncontacted or bypassed oil that is physically displaceable the conditions under which the sediment packages were
by water. "Uncontacted" oil is oil trapped in isolated originally deposited. These processes of deposition yield
portions of the reservoirs not in contact with wells at the distinct spatial relationships between and within reservoirs.

current spacing, while "bypassed" oil is in pressure "Deposystcm" is thc term used to encompass the
communication with existing wells but remains unswept cnvironment of deposition and the resulting distribution of
by secondary processes) sediments.

The resource potential documented within TOPJS is A major constraint to oil production is reservoir

estimated for two technology levels: implemented heterogeneity, variations in rock properties within the
technology, which assumes the more extensive application producing interval which affect fluid flow at the interwell

of currently available technology, and advanced scale. Reservoir heterogeneities result from the processes
teclmology, which assumes that the scope and the of deposition or by the subsequent alteration of the

application of existing technology is extended to overcome reservoir rocks by diagenesis or tectonic activity. Noting
current technical and economic limitations. These cases that future production of light oil (>20 ° API) in the United
were originally defined by the NPC (1984) for immobile _tates could be significantly augmented by better
oil (EOR), and were expanded by the DOE (1990) 4 to definition of reservoir units, the U.S_ Department of

Table 2.1 - Screening Criteria for EOR Candidates.

Miscible Surfactant Alkaline

Implemented&
Advanced hnplemented Advanced Implemented Advanced

ScreeningParameter _Fechnologles Technol_gV TechnoloRy Technology "rechnoh_y

OilGravity(oAPI) _'25 .... <30 <30

OilViscosity -- <40 <100 <90 <100

ReservoirTemperature(oi:) -- <200 <250 <200 <200

Permeability(rod) -- >40 >10 >20 >10

ReservoirPressure(psia) aMMP* ........

BrineSalinity(ppm) -- <100,0Cg) <200,000 <100,000 <200,000

RockType Sandstoneor Sandstone Sandstoneor Sandstone Sandstone
Carbonate Carbonate

....... ....w,_o u,,,,,.,,_..lll ,***o_.-i_.li,_._ Fs_..oot.lsv.,, wlll_..il _..i,_IIU¢_ Wli |sallli_ICSLUlG_ _nuuG Vli g._dlllJJO_lllUlll _illU IIIJtX_L_Ill gH_
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Table 2.2. Screening Criteria for ASR Candidates

Polymer* Profile Modification

Implemented Advanced Implemented Adwmced

ReservoirTemperature (oi:) <200 <250 <180 <250

Formation 13rinoSnilnity (ppm) <100,000 <200,000 <100,000 <200,0(}0

Permeability (rod) >20 >10 >20 >10

O11Viscosity (cp) , <100 <150 <100 <150

*Source: NPC, 1!)84

Energy resolved to gain an increased understanding of of land and water formed by the rapid Influx, deposition,
reservoir heterogeneity by delineating the geologic reworking, and subsidence of sediment at a rate which
characteristics of reservoirs. A reservoir heterogeneity exceeds its removal and redistribution by wave and tidal

classification system for reservoirs iii the TORIS data base action.

was developed. Approximately 2200 TORIS reservoirs
have been classified." The nature of the depositional processes and the

internal architecture of deltaic systems justified the

Similar types of'reservoirs have been combined within delineation of four distinct deltaic classes:
a geologic framework for focused research into reservoir Delta/Undifferentiated, Delta/Wave-dominated,
heterogeneity. Based on extensive dtscussiotm of Delta/Fluvial-dominated and DeltafI'ide-dominated,
lithology, depositional systcm, diagenesis, and structure, a Undifferentiated deltas are either complex combinations of
committee of expert geologists grouped the reservoirs any or ali of the three major types, or deltas for which
from geologically similar deposystems into 22 classes: 6 insufficient information was available with which to place
carbonate and 16 elastic. Reservoirs within these classes them into any of the other three classes. Each of the four

were created by like processes and are expected to deltaic classes has a "structured" and "unstructured"
manifest attendant similarities in reservoir heterogeneity as subclass. Dtagenetic processes, specifically the growth of

outgrowths of their similar lithologies and depositional authigenic clays, have a significant effect on heterogeneity.
settings. This is particularly important in fluvial-dominated and

wave-dominated unstructured deltas. These processes are

The structurai and diageneticcompartmentalizatic, n of too widespread to be useful in the differentiation of
a reservoir can have air overriding inlauence on the flow subclasses within the elastic deposystems.

of oil and other fluids. Recognizing the importance of
these modificrs iii the description of reservoir b,_havior,

the experts agreed that it was desirable to generate
subclasses for each class. They created structural
subclasses for the elastic classes and diagenetic subclasses

Uthologyfor the Carbonate classes. The resultant grouping of _
reservoirs into classes with subclasses addresses the Carbonates Clastlcs

observation that other geologic factors, in addition to I
depositional setting, have an impact on reservoir

heterogeneity (Figure 2.2). OeposltlonalSystem

Among the si×teen elastic classes are lbur that are I I
deltaic in origin (Figure 2.3). Deltaic reservoirs are

Dlagenetlc Structural
created by stream led systems which deposit sediments Overprint Compartmentalization
rich in organic matter into standing bodies of water (lakes,

bays, lagoons, oceans, etc.), resulting in an irregular
progradation of the shoreline. In general, ali deltas are
marked by a thickening wedge of sediment at the interface Figure 2.2 - OrganlzaLion of the Reservoir Classification

_;ystem
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Struotured
D elta/FluvlaI-Domlnated I- Unstru_;tured
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FluviallBral'ded stream

Fluvial Fluvial/Meandering Stream

Fluvla!/Undlfferentlated

Strandplaln/Barrler Cores and Shore(aces

Strarldplaln Strandplaln/Back Barriers

ClaStlo Strandl01aln/Undlfferentlated
Reservoirs

Eolian

Lacustrine

Alluvial Fan

Shelf

Slope-Basin

Basin

Figure 2.3 - Classification of Clastlc Reservoirs.

THE RESOURCE

While TOP.tS does not include tile entire domestic oil Table 2.3 - TORIS Results for Deltaic Reservoirs.

resource, it does include 597 deltaic reservoirs. These (Millionsof Barrds)

reservoirs contained 66,5 billion barrels of original oil in
piace (OOIP). Over one-third, 24.8 billion barrels, of the ,NearTerm(ImplementedTechnology__20/Bbl)
original oil in place has been produced and 1.2 billion
barrels of proved reserves remain. The remaining oil in Clas..._2s I_?,O.._R AS_RR Total

piace (ROIP) equals 40,5 billion barrels (Figure 2.4), The Delta/Undifferentiated 79,6 102,8 182,4
recovery potential of a reservoir can be increased by the
application of hnplemented and advanced EOR and ASR Delta/Wave-dominated 34,1 333,4 367.5

technologies. Delta/Fluvial-dominated 587,2 909.3 1,496.5

The amount of the increase in productive potential Delta/I'tde-domtnated 0 60.7 60,7
over the anticipated recovery through a continuation of Total 700.9 1,406.2 2,107.1
current operations is the incremental recovery potential,
This incremental recovery potential is estimated under Mid-Term(Advanced Technolokrv_ $32/B1__

different price scenarios using TORIS.

Clas__._s EOR AS___R Total
Preliminary reserve numbers calculated from the data Delta/Undifferenliated 572.5 232.0 804.5

currently in TORIS reveal that the largest deltaic class in
terms of OOIP and ROIP is that of the fluvial-dominated Delta/Wave-domlnated 409.2 700.4 1,109,6

deltas. In the "Near-Term" case (at an oil price of $20 per Delta/fquvlal-dominated 1,665,6 1,740,4 3,406,0
barrel, utilizing implemented EOR and ASR technologies)
a potential recovery of 2.1 billion barrels is estimated from Deltafl'ide.-dominated 1,275.0 83,4 1,358,4

deltaic reservoirs (Table 2,3 and Figure 2.5), The majority Total 3,922.3 2,7596.2 6,678.5
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Figure 2,4 - Comparison of Resource Magnitude for Ali Deltaic Classes.

of this (1.5 billion barrels) is from fluvial-dominated majority (about two-thirds) of the deltaic reservoirs
deltaic reservoirs, These reservoirs are predominantly described in TOR.IS are unstructured. The "Mid-Term"

unstructured, Most of the resource potential within incremental recovery potential reflects this distribution

fluvial-dominated deltas results from the application of with 71% of the potential resource attributable to deltaic

advanced secondary recovery techniques. In fact, while reservoirs that are unstructured. Over 90% of the

the EOR/ASR potential in ali four delta classes exceeds EOR/ASR potential from fluvial-dominated deltaic

2.1 billion barrels in the "Near-Term", the ASR portion of reservoirs in the "Mid-Term" case are in the states of

this potential is 1.4 billion barrels, two-thirds of the total, Texas, Louisiana and Oklahoma (Figure 2.8).

indicating that the majority of the "Near-Term" resource

potential is mobile oil. Seventy-eight per cent of the Significant amounts of the light oil resource in deltaic

EOP-JASR incremental recovery potential from TORIS reservoirs are at risk of abandonment by 1995

fluvial-dominated deltaic reservoirs in the "Near-Term" is (Figure 2.9). At $20 per barrel, 800 million barrels of oil

located within the states of Texas and Louisiana potentially recoverable using currently implemented

(Figure 2.6), technology is at risk of abandonment in this very short
time frame. Nearly 60% of this is in fluvial-dominated

In the "Mid-Term" ($32 per barrel oil price, utilizing deltaic reservoirs. With a $32 per barrel oil price and the

advanced technologies) the incremental recovery potential use of advanced technologies, the potential recoverable

soars to almost 6.7 billion barrels for the four deltaic resource at risk of abandonment by 1995 is estimated to

classes combined (Figure 2.7). Slightly more than half of be 2.3 billion barrels from these four deltaic reservoir

this recovery potential (3.4 billion barrels) is from the classes alone. Over 40% of this is in fluvial-dominated
fluvial-dominated deltas. In fluvial-dominated deltas, deltaic reservoirs. In short, access to this resource base is

incremental potential recovery is attributable to ASR and in danger of being lost due to record abandonment rates of

EOR techniques, equally. However, for deltas as a whole, wells and fields. However, with broader application of

the resource available through EOR methods exceeds that existing ASR/EOR technologies and the development of

from ASR techniques, reflecting the overwhelming amount reasonably attainable advanced technologies, much of this

of EOR potential in tide-dominated deltas. The vast remaining resource could be recovered.
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Figure 2.5 - Near-Term Case for Ali Delta Classes.
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0/32
0/86
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Figure 2.6 - Incremental Recovery Potential of Delta/Fluvlal.l)omlnated Reservoirs, Near-Term Target (EOR/ASR MMBhl).
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Figure 2.7 - Mid-Term Case for ali Delta Classes.
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Figure 2.8 - Incremental Recovery Potential of Delta/Fluvial-Dominated Reservoirs, Mid-Term Target (EOIUASR MMBbl).
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Fluvial-Dominated Deltas contain about 70 percent of the total U.S. oil, but it is not

possible to know precisely what portion of any particular
More than 37 billion barrels of light oil were class of reservoirs the system might contain. Light oil,

originally contained in the fluvial-dominated deltas of the fluvial-dominated, deltaic reservoirs are found throughout
United States. Of this, a total of 11.4 billion barrels have the oil-producing regions of the United States and occur

been produced and 582 million barrels arc considered in states and basins other than those currently rcprescnted
proved reserves under current economic conditions in the TOR]S data base. Additional deltaic reservoirs,
(Figure 2.10). After these reserves are produced, more many from the Gulf Coast region, are expected to be
than 25 billion barrels will remain in these reservoirs, the added to the data base in the future.

targets for advanced recovery techniques. Thirty-five

percent of the remaining oil (8.8 billion barrels) is mobile Current Production and Operators
to waterflooding, but was bypassed or uncontacted. This

unrecovered mobile oil (UMO) is a target for advanced Currently 3,709 operators are active in fluvial.

secondary recovery (ASR) techniques such as infill dominated deltaic reservoirs. 6 In 1989, these operalors
drilling and polymer treatments to increase the proportion produced 55.3 million barrels from reservoirs that contain
of the reservoir swept. The r_alance of the remaining oil 582 million barrels of proved reserves, a reserve..to-

(16.3 billion barrels) is "residual oil" which is immobile to production ratio of 10.5 to 1. Figure 2.11 and the
water, being trapped by viscous and capillary forces, accompanying Table 2.4 show the profile of operators,
Enhanced oil recovery (EOR) techniques can overcome ranked by size of their total U.S. liquid reserves, relative
these for:es to produce a portion of this oil through the to their production from fluvial-dominated deltas. The

injection of chemicals, gases, or heat. ASR and EOR 'Majors", thirteen of the largest U.S. operators, produced
technologies are frequently employed in combination. 48.8% of the total light oil recovered from fluvial-

dominated deltas in 1989. The next six largest
These estimates are recognized to be understated independent U.S. operators (based on U.S. domestic liquid

because they rely on the sample of 410 large, mature, reserves) account for only 1.0% of the 1989 production
fluvial-dominated deltaic reservoirs currently described in from these reservoirs. Twenty-three of the next 40 largest
the TORIS data base. The reservoirs in this system publicly traded U.S. oil companies are represented as mid-

_
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Cumulative Production

11,4 Billlon Bbl Unrecovered Mobile OII

8,8 Billion Barrels

Proved Reserves /
0,6 Billion Bbl

Immobile OII

16,3 Billion Bbl

Total OOIP: 37.1 Billion Bbl

Source: U.S. Department of Energy, Bartlesville Project Office, 1090.

F'igure 2.10. Distribution or Original Oil.in.Piace In Fluvial.Dominated Deltaic Reservoirs.

size independent operators with domestic reserves of
between 10 million and 100 million barrels. Collectively (Percentof1989Crude0ilProducti0n)
they have preduced 6.8% of the oil recovered from
fluvial-dominated deltaic reservoirs in 1989. The

remaining 3,667 or so operators, which are small public Small
companies with less than 10 million barrels of domestic Independents
liquid reserves or privately held companies of mtspecified andOthers

size, together account for 43.4% of the total oil produced (43.4%) Majors
from this reservoirclass in 1989. This distributionreflects (48,8%)
the diversity in company types that are actively producing
from fluvial-dominated deltaic reservoirs.

EOR Applications

Excluding heavy oil (gravity less than 20° API), 76 _d-Sizelndependents Largelndependents
EOR projects in fluvial-dominated deltaic reservoirs are (6,8%) (1.0_)
documented in the combined DOE and Oil and Gas

Journal data bases. 7 These include both active and 1_9CrudeOilPr0duction=55,3MillionBarrels
,*erminated projects. Interest in EOR is clearly tied to the Number0fCtass10perat0rs=3,709
price of oil. Project starts peaked in 1980-82, following

the dramatic increaseiii oil prices that occurred iii 197% 'l Maj0rs(13)(>250milli0nbarrelsd0masticliquidsreserves) /

80. Conversely, new project starts dropped off J Largelndependents(6)(>100millionbarrelsdomesticliquidsreserves) Isignil3cantly after tile price collapse o1"1986. Currently, Mid-SizeIndependents(23)(>10millionbarrelsdomesticliquidsreserves)

46 light oil fluvial-dominated deltaic reservoir EOR Smallindepende_and0thers(3,667)_ ,
projects are reported as active by the combined data bases.

Advanced secondary projects are not as systematically
reported as EOR projects, but a number of individual Figure 2.11 - Fluvial-Dominated Deltas Operator Profile
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Table 2.4 - List of Operators Active In Fluvial-Dominated Deltaic Reservoirs.

M_}O_ {public co;npanles > 250 million barrels domestic liquids reserves)

Amoco Chevron Mobil Shell USX

ARCO Conoco Oryx Texam

BP Exxon Phillips Unocal ,

!.at'ge Independents (public companies > I00 million barrels domestic liquids reserves

Amerada ltess Pennzoil

Burlington Resources Santa Fe

Occidental Union Pacific

Other Independents (public companies > 10 million barrels domestic liquids reserves

Adobe Resources BHP Louisiana Land Noble Sonat

American Petrofina Coastal Maxus Pacific Enterprises Union Texas

Anadarko Enron Mesa Parker & Parsley Wiser

Apache Fidelity Oil Mitchell Energy Presidio Oil Berry

Kerr-McGee Murphy Oil Sage Energy

Others (public companies < 10 million barrels domestic liquids reserves and private companies),

3,667 other operators

reports suggest considerable experimentation with infill Texas (2), Louisiana (1), and Illinois (1), Surfactant
drilling and polymer-blocking, projects account for nine of the active chemical projects

and are distr_uted among three states, Oklahoma (4),
Thermal EOR projects producing from the lower- Illinois (4), and Louisiana (1). An alkaline chemical

gravity (20-23 ° API gravity) light oil reservoirs are project is underway in the same field as the thermal steam
relatively uncommon in fluvial-dominated deltas. Only projects in Louisiana, although in a different reservoir. A
four of the forty-six active EOR projects utilize this single microbial project is active in a fluvial-dominated
technology. Two these thermal EOR projects are steam deltaic reservoir in Oklahoma.
floods in a single Louisiana field. 't'he other two other are

in situ combustion projects in Bartlesville Sand reservoirs Overall, the currently reported EOR activities in
in Oklahoma and Kansas. fluvial dominated deltaic reservoirs are restricted to a few

states and larger companies dominate operations. Most
Active miscible and immiscible gas injection projects, active light oil EOR projects in fluvial-dominated deltaic

which are primarily in Louisiana (14), represent a reservoirs are located in Louisiana (19) and Oklahoma
significant portion of the total number of EOR projects (13). Only the four other states mentioned above are
currently in fluvial-dominated deltaic reservoirs, 16 of the reported to have active projects in this class of reservoirs.
46 projects. Gas injection projects are also reported in The vast majority (over 80%) of project operators are the
Oklahoma (1) and Texas (1). major oil companies. This illustrates the potential for

further expansion of activities to develop the EOR
The greatest number of reported active EOR projects resource.

in fluvial-dominated deltaic resezvoirs are chemical,
whether surfactant, polymer, alkaline, or microbial Future Potential
projects. Twenty-six of the forty-six reported EOR

projects active in fluvial-dominated deltaic reservoirs h|cremental recovery potential resulting from the
utilize chemical processes. Fifteen polymer flood projects application of implemented technology is estimated lo total
are operative in five states, Oklahoma (6), Montana (5), 1,5 billion barrels at an oil price of $20 per barrel for
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fluvial-dominated deltas (the "Near-Term" case). Nearly drilling, contribute a total of only 8%. EOR processes
61% of this potential results from the application of ASR contribute nearly as much to the incremental recovery
processes. Over half (53%) of the ASR potential could potential as the ASR processes, 49% versus the 51% from
come from hlfill drilling alone, while infill drilling in ASR. Chemical flooding increases in significance as the
combination with profile modification and polymer dominant EOR process (66%), while miscible gas (22%)
flooding ("combination" ASR process in Figure 2.12) and thermal (12%) processes continue to contribute
accounts for an additional 30%. The remainder of the substantial amounts.

ASR potential is from profile modification (8%) and
polymer flooding (9%), when they are not combined with Well abandonments put at risk a significant portion of
infill drilling. EOR accounts for 39% of the incremental the domestic oil resource (Figure 2.9). The extent of well
recovery potential in the "Near Tenn." Chemical flooding abandonments and their impact on potential recovery has
could account for 44% of the EOR potential, miscible gas been estimated tbr fluvial-dominated deltas. If no new
31%, and thennal processes the remainder (25%). technology is applied to the reservoirs by 1995, well

abandonments could reduce the incremental recovery
The incremental recovery potential from fluvial- potential of 1.5 billion barrels anticipated from the "Near-

dominated deltas when advanced technologies are utilized "renn" target ($20 per barrel, implemented technology
is estimated to be3.4 billion barrels at $32 per barrel (the case) by as much as a third. As with the implemented
"Mid-Term" case). As in the "Near-Term" case, the technology, abandonments will reduce access to otherwise
majority of the increxnental recovery potential in the "Mid- promising reservoirs where advanced technologies could

Term _ results from the ASR processes, 51%. Of this, be used. If no new technology is applied by 1995, the
infill drilling accounts for 47%, and infill drilling in incremental recovery potential of the "Mid-Term" target

combination with profile modification and polymer ($32 per barrel oil price, advanced technology) could
flooding another 45%. Profile modification (2%) and similarly be reduced by almost a third.
polymer flooding (6%), not in combination with infill

Near-Term Mid-Term
2.0 2,0

Total: 1.5 Billion Barrels Total: 3.4 Billion Barrels
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SUMMARY

The amount of potentially recoverable oil endangered
by abandonment establishes an urgency in ensuring
application of implemented technologies to light oil,
fluvial-dominated deltaic reservoirs. The maglfitude of the
incremental recovery attributable to research-based
advanced technology, likewise establishes a substantial
target for future R&D. Light oil fluvial-dominated deltaic
reservoirs as represented in TORIS are clearly an
important component of the nation's energy resource base.

NOTES

1U.S. Department"of Energy/Bartlesville Project Office
TOR.IS database.

2National Petroleum Council, Enhanced Oil Recovery,
Washington, D.C., 1984.

3IOCC Project on Advanced Oil Recovery and the States,
An Evaluation of the Known Remaining Oil Resource
in the State of Texas, 1989.

4U.S. Department of Energy/Bartlesville Project Office,
Producing Unrecovered Mobile Oil: Evaluation of
Potential Economically recoverable Reserves in
Texas, Oklahoma, and New Mexico, Bartlesville, Ok,
1990.

5IOCC Multi-State Study, Evaluation of the Domestic Oil
Resource and Economic Recovery of Mobile and
Immobile Light Oil: Tlm Report of the IOCC Multi-
State, forthcoming.

6According to an operator survey by Petroleum
Information Corporation, November, 1990.

7U.S. DOE and The Oil and Gas Journal EOR data bases

combined, including the OGJ Terminated Projects

data base as reported in "CO 2 and HC injection lead
EOR production increase," The Oil and Gas Journal,
April 23, 1990, pp 49-82.
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CHAPTER 3

GENERAL GEOLOGICAL AND PRODUCTION CHARACTERISTICS OF

DELTAIC RESERVOIRS

SUMMARY eh'y, scale, and lithology ofdepositional facies. These
facies are produced by the interplay of depositiona,

Deltas form where streams transport large quan- processes which are characteristic of particular depo-tities of sediment into bodies of water such as lakes,
sitional environments. Thus, the recognition of facies

bays, lagoons, ox"the ocean, creating potential reset-
(the distinguishable rock units) tan be tied to ge-

voir facies. Depositional facies are three-dimen- netitally related type deltas (fluvial, wave, or tide-
sional rock bodies whose environmental origins can

dominated), which define the distribution of potential
be inferred from the physical characteristics of the

high-quality reservoir sandstones.
rock. Fluvial processes interact with the sediment-

reworking and redistributing properties of tidal and Reservoir heterogeneities occur at dil'ferent scales,
wave processes to varying degrees resulting in three which are best detected by dit'ferent technologies.
genetic types of deltas that can bc recognized based Sand distribution maps and vertical successions in-
on sand distribution patterns, particularly delta front terpreted from electric logs provide means for distin-
sands, and lateral and vertical facies relationships, guishing major depositional facies and determining
The general area where an active stream enters the which type ol'delta created the reservoir sandbodies.
ocean or other body of water is called the delta front. Seismic reflections are often used to examine the
Each of the three major types of deltas affects the larger scale aspects of the delta deposystem such as
distribution of the delta front sands, often the best the gross depositional pattern, the presence of ero-

reservoirs, in different ways. Fluvial-dominated deltas sional surfaces and faults, or about the continuity of
tcnd to build elongate "fingcrs" of delta front sands, sealing strata. Smaller scale heterogeneity problems

and the general distribution of major sands tends to be are often best deciphered by examination of recovered
perpendicular to the shc._rcline. The delta front sands tore which can then be calibrated with electric log
on wave-dominated deltas tend to be reworked into patterns so that facies distributionscan be interpreted.

nulnerous coastal barriers that arc oriented roughly Diagenesis includes the physical and chemical pro-
parallel to the shoreline. Tide-dominated deltas tend tesses including compaction, cementation and
to have sand-choked channels and build tidal sand leaching that are undergone by sediments as they

ridgcsinthcdelta front area which arc oriented per- subside within an active sedimentary basin. Diage-
pendicular to the shoreline, netic features are known to potentiali._ improve or

destroy reservoir quality sandstones. However, the
lt is because of the link between t,he genetic type processes controlling diagenesis are relatively diffi-

of delta, depositionalenvironment, and rock charac- cult to predict, particularly on an interwell scale.
teristics that reservoir geologists can predict impor- Diagenetic processes are related to the hydrologic
rant information about geologica! hetcrogeneities that framework of sedimentary basins, but only indirectly
are critical to production including geometry, trend, related to depositional systems, such as deltas, and
scale, and quality of reservoir sandstone facies. An may locally create significant differences in the
important aspect of maximizing oil recovery from production characteristics of depositionally similar
deltaic reservoirs through better understanding of reservoirs.
geological heterogeneities is improved geological
reservoir characterization. Such characterization may Production from deltaic deposits generally comes
be used as a basis for implementation of appropriate from distributary channel facies ox"from delta front
secondary a_ad enhanced oil recovery (EOR) produc- facies. The size and geometry of distributary channel
tion technologies. Improved, often more .'Jetailed deposits are related to the overall size of the delta, the
knowledge about the depositic_nal fx'amewc)rk and the substrate over which the delta lobe is deposited, than-
scale and frequency of reservoir hetcrogeneities may nel mouth processes, and the distance upstream f.'om
be required, but that detailed knowledge offers the the delta front. In sinuous distributaries, sand bars
best c)ppc_rtunity lo anticipate and alleviate problems depositecl on the inside of meander loops (pc}tnt bars)
commonly enc0unlered by infill drilling, water- are coxnmon; however, in straight dislributaries, point
flooding, ox"other enhanced oil recovery processes, bars arc not important facies, and symmetrical chan-

nel deposits arc flanked by muddy natural levee de-
lnterwell continuily is often related lo the geom- ,-,.... ;,,. c_................... 0f';,,,;..... h ..... _r;_ _...............

l)_''tl t'P * _*_-'_111 IIl_sII LI !) _ tll _,_ I IIlilIL. _ _*fll_lllll_ I I Ii I ,1_,_11_./_1)
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are caused by lateral migration of channels as well as cesses thal create deltas. Because the processes which
by channel abandonment, often creating mud sealsat ' form deltas opcrate irt other deposystems, thehetero-
lhc top of reservoir quality sands. Because of the geneiliescommon in deltaicdeposits are also found
depositional mechanisms controlling the geometry of in other types of reserw_irs. Field-scale heterogene-
channel deposits, bolhlatcralextentanddepositional ities are related to the degree of sandbody
conlinuity of distributary chanilel sands decreases interconnectedness and the location within the

upward, often creating depositional compartments deposystem. Interwell-scale heterogeneities are re-
difficult lo contact and drain during secondary and lated to lateral facies changes and the zonation (bolh

chemical EOR recovery processes, laterally and vertically) ofpermeabililybetwcenand

One study of deltaic facies dimensions indicates within depositional facies. Pore level or microscopic-

that a single genetic cycle of distribulary channel scale depositional heterogeneities are related to
meanderbelI deposits averages 30 l't thick, about 1,000 bedding style (e.g. lamination, cross lamination, or
fl wide, and has a width/thickness ratio of 40:1; massive), direction of fluid flow, mineralogy, and

however, variability is exceedingly large and prob- textural features such asgrain size, sorting, orpacking.

ablydepends on the absolute size of lhc delta, local Currently available advanced production melh-
slruclure, and other factors. Great variations in size eds can mitigate the effects of the heterogeneities
ofdistx'ibutary channel deposits have been documented discussed. In general, the methods of infill drilling,
for modern as well as ancient settings, horizontal/slant wells, and hydraulic fracturing are

Delta front facies geometry is dominantly related most applicable to larger field-scale heterogeneities,
to rate of sediment supply and the relative strengths whereas enhanced oil recovery processes are best
of wave, tide, and fluvial processes. The resultant applied to interwell and microscopic-scale heteroge-
facies may, in turn, be modified by several factors at neities.

the time of deposition including growth faulting, Effective application of EOR methods to recover
gravity slumps, anddiapirism. Although there is also oil remaining after waterflooding will depend on

great variability in delta front facies dimensions, knowledge of bo_h the type and scale of heterogene-
these facies tend to be much larger than distributary ities limiting oil recovery as well as their effect on
channel sandstones. For example, dislributary mouth specific EOR techniques. (Jntil now most evaluations

bar (delta front) sands tend to be twice as thick and 10 have concentrated on the recovery process, with little
limes wider than distributary channel sandbodies, effort spent on relating the project performance to

Fu_ure analysis of distributary channel or delta heterogeneities induced by the geological environ-

front sand dimensions should probably be made with ment. Most DOE- and industry sponsored chemical
respect to the genetic type of delta and the overall EOR pilot tests have been conducted in deltaic reser-

delta size. For a given degree ofpreservalion, the w)irs. A review of the sedimentologically related
geometry of genetic sand units is more predictable reservoir heterogeneities found the following to be
than their absolute dimensions, significant: channeling, when a high permeability

zone takes a disproportionate volume ,,)f the injected
The presence of shale layers within and between fluids which has a low residual oil saturation due to

reservoir sandstones can strongly influence produc- prior waterflooding; compartmentalization, caused
tion in either a positive or negative manner. Dimen- by lateral changes in facies, clay drapes, etc. that
sions of shale layers generally correspond to the prevenl communication between injectors and pro-
depositional setting. For example, shales associated ducers or result in unswept areas of the reservoir;
with deltaic barrier sands are generally morc continu- directional trend, is generally caused by bcdding()us than are shales in delta front sediments.

orientzqion and creates preferential fluid flow direc-
There is often a great tendency Ioassume that thin lions; contact with high salinity regions, may reduce

shales within productive sandstones tire more or less the effectiveness of the EOR fluids; and formation

planar and extend for only short dislances or are parting may be created by high-viscosity fluids in-
discontinuous because they cannot be correlated in jetted for mobility control, tn the pilots reviewed,
adjaccntwells. Swcep is often unexpcctedly poor in recovery efficiency decreased from 70 to less lhan
such settings because the depositionai _e_,'-')melryof 30% when well spacing became grcater than I acre.
lhc bedding allows thin shales to merge causing both Geological heterogeneities within the reservoirs were
lt_teral and vertical barriers to fluid flow and "com- the likely cause for the decreases in efficiency.
partments" of various size lhat are not contacted

Reservoir properties and production character-
during watcrfl_>od or chemical EOR operations. istics of 229 fluvial-dominated "unstruclured" del-

Field-wide, inlerwcll, and microscopic scale bet- talc rcservoirs in the Tertiary Oil Recovery lnforma-
erogcneilics arc often created as a resull of the pro- rien System (TORIS) data base were analyzed. Me-
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•' dian values indicate that fluvial-dmninal,ed deltaic ,.,-.._-AotiveChannel ,.._._ AbandonedGhannel
...... t i ..... . ......

rcserv(_)i l°s are general ,y h igh-q uality |°cser voi|°s at |l_ ()dc, r- .... ) '_i--- .. .i) .... 177. !ii1,!!, 1 .

atc depth (4,954 ft) with good porosity (19%) good Jl l, , . . .

permeability (128 rod), and producing light oil (39 ° 'upper ]lllgl old._
API gravity) with a primary recovery of 26% oi' OOIP, D_,ltasoPIt_ln,N . jI[U,_ _t sur|a_e

• . ' ' •Based on the TORIS data, lhc best indicator among --_ 'jl.lmlloflEflocflveformation parameters for primary production is pcr- t.ower
. . "jm.----.f------ m"_l_" "I"aal Inun..dation

racah|lily. Low secondary recovery factors recorded OeltalcPlaln .r--- _ ._L",K. . : .................... ' ' F i _u./.,p,_, ,

for fluvial-dominal,ed reservoirs may be attributed to ,.r-,_ ........" " ' " '_'%',..'?_

either poor sweep efficiency or extremely efficient /...,_///'_7_.",- %----;7_, _"_h,_,r,_'°,_>,,/&,_/_%_//'_" 2'11 .'.: __ !_ _//0 t1

thal le,'.tves relatively small amounts ofoil for second- __"i*_.__'i!
ax'y recovery, lt should he emphasized thal the TORIS __!!.s..o..e.!!a !_ Actve

Marginal _','_',. v" : ,,,,"'.:", ......_Jii_ -
,., ,,.a-._:_57,2.: :::;:.,,::::::',:::/ Delta

reservoir data base contains only average values for Deltaic Plain _, _._,_,_:_,,,:,_
production, and I'eserv(.lir paralllelers and Jnterprel.a- Shelf Longshore Currenttions based on lhc data must be made with extre|nc
caution.

INTROI)UCTION ,,,,,o,,,,.,o,,,, __" <Deltas arc stx'ca|n-fed deposiliorlal systems that -]

occur in lakes, bays, lagoons, or the ocean and create _ ,'0_,
ata irregularity on that shoreline. Deltas are created by _ _,,fT_,_;,1

the rapid influx, deposition, reworking, and subsid. ,,,,,,, It'__._.,I ,,,,,,,._,,,.L_._,,,.,_,,,:,"I '_,_.._._,_,*' I '_,_,

cnce of sedilnenl at a ratc which e×ceeds its removal by _ "_ ,_,,,,o,.,,_ ! :_
for example, Kanes (1970) showed that the Colorado .... c,,,,,u,,,--

century, or they may be la|'ge; for example, the Nile

Dc!ta is about 170 relics wide along the shoreline und I _,,,,,,,,.u,,,.,,,0,,/ _ o,,,,,
nearly 100 miles from its apex to the shoreline. _,,,-_ _>

The configuration of deltaic deposits in plan view

has been described by Coleman and Prior (1982) (fig. Figure 3.1 . Abovc. C.omponcnts ot'a typical delta sys-
3.1). Proceeding in a seaward direction, the major tem. Al'terColeman und Prior, 1982. Below.
depositional settings are' Typical gamma-ray log patterns for mu|or

• The upper deltaic plain, which is dominated by flu- components of a typical wave-dominated
vial processes. Representative facies include braided, delta. After Weber, 1986, The indicated log

patterns arc representative of the major dope.
straight and meandering distributary channels, sitional facies but, in no way, indicate ali of
lacustrine, and floodplain deposits, the possible vari_,tions.

• The lower deltaic plain, which lies within lhc range
of high and low tides. The principal facies arc
interdistributary bay fill, crcvassc splays, levees,
marshes, and abandoned distributary channel fill. delta include sedi|ncnl, input and energy of lhc basin

or water body. These arc modified by climate and
• The suhatlUeOUS delta, which is dominated hy marine basin-sl)ceiltc factors such as tectonic style which

processes (waves and currcnls) and lends Io cons;tsl, will affecl subsidence |'aic.,,, (see Swift, 1969; Gallo-
of |cworkcd ,,.,edi|ncnts. "lhcsc fat.'ics include dis-

way. 1975). Scdinlcnl inpul ix a funcli(_n of lhc
tributary m_uth hats, channel mc_ulh tidal nidgcs, fluvial cc_nt|ihution lo the della, whereas wave and
._ubaqucous sluv||ps, Inud diapi|'.'.,. ',illdpn()dclta Inuds.

tidal c.nc,|'gy flux arc lhc pr|friary Iong-lc|'_l pro-
cesses alfccti|lo_ Itlc types and .gc(_mct|'ics (_1'deltaic

PRO(JESS FRAMEW()RK I"()P, I)ESCRIBIN(; facic.s.
I)I,.'I,TA M() r Pll(,)l,i)(;Y

[)cpositi_>nal lacics arc thrce-dimcnsi_>nal stx'ati-
Delta systcm._ ;rrc character|zed hy c(>ntinual in- graphic bod|cs whose environmental <>|'nginscan hc

tcrplay _>1p|occsscs, s<_thai dcp_sili<_nal p|_cc.,,scs arc infcrrcd t|om lhc physical chax'aclcx'istics of lhc rock
'-"_' ........ '"-' I '......h ,,._,. . ....:,. ,. ,t:;,._........ . _a,.c:,,.; .... ,_.-_ ...... 'T;'Ic '_"_'n¢;I ; ...... _.......... _: ............ r. ......... c'¢_m....... nl r Fin!e3 ..... x...... ,

which deter|nine lhc Inorph<_l_Ley and ,.,l|atie|'aphy <>la The. facies c<>|nprising a dcll;.|ic dc.posit arc, lherc-
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fore, linked by deposttional environment to associ- Characterization of deltaic reservoirs by truly
tiled depostttonal processes (Brown and Fisher, 19773, interactive mulltdisciplinary reservoir Studies is nec-
II is the process-related or genetic apf_rt}ach lo reser- essary to understand and predict production behavior
voir characterization thai offersthe reservoir geolo- (Honarpour et al., 1989; also see cotangents by
gist and engineer the best opportuni!.y to characterize Needham in this report). These studies must fully
the interwell area using fundamental rock units (Finley utilize ali types o1"data available for geological char-
and Tyler, 1986), acterization (Finley and Tyler, 1986), but must also

Galloway (19753 found thai of ali the processes include comprehensive engineering reviews that in-
affecting deltaic sedimentation, only sediment input, corporate geological, petrophysical, and reservoir
wave energy, and tidal currents appear to be capable l'roduclion/injectton field data (Harlman and Paynler,
of transporting and redistributing large volumes of 19793,

sand. These processes del'ine three end members: 1) Important information about reservoir facies dis-
fluvial-dominated deltas, 2) wave-dominated deltas, tribution, lithology, continuity, trend, scale of criti-

and 3) tide-dominated deltas (fig. 3.2), Fiuvial-domi- cal geological heterogeneities, potential reservoir
nated deltas tend to build elongate fingers of delta quality, and recovery efficiency may be predicted
front sands til high angles to the shoreline. Reservoir based on lhc genetic type of delta to which the rese,'-
sands are sealed by surrounding impermeable shales, voir belongs, For example, certain critical heteroge-
Tide-dominated deltas are characterized by sand neities within deltaic reservoirs vary according to thc
choked distributarychannelsandbytidalsandridges generic types of delta, Finley and Tyler (in this

in the lower delta plain, Wave-dominated deltas are report) indicate thai elongate, l'luvial-dominaled deltas
typified by sands which have been reworked into historically display low to average oil recoveries.
coastal barrier bars perpendicular to the stream inl'low. Sand deposition in this type o1"delta is principal ly in
Ali oi" these processes operate in ali deltas, with one fluvial and distributary channels and distrihutary
or anotlaerpredominatingatdifferenttimes, resulting mouth bars which build seaward creating narrow,
inawide variety of deltaic configurations, lenticularsandy"bart'ingers"(Fisk, 19613, in con-

Irt-tsl, lalcrally continuous sands in cuspate deltas are

_' dominated by wave and current processes. These

types of sandstone bodies are easier lo sweep and tend
l{i have good recovery et'ficiencies, in addition, al-

$_ l_111_el+ll INpUl

.++/_,<+ tributes oi'deltaic reservoirs can he more realistically

.o_,_/ \,,,. simulated once the correct genetic type ,11'sandb,,dy

has been ascertained.

DEI21'AIC PROCESSES ANl)

Because {11'the tremendous complexity within
/ ...... _ T,,,+ deltas, several authors including Fisher et al, ( 19693,

+/ _,n'_,,o ] Do;,;.,;,,.,, _g Fisher (19693, Coleman and Wright ( 19753, and Gal-
o_'y _ Ioway (1975)proposed a series of end-member delta

W;,veEne,gyglu* rldalEne,oYF,u× types which were related to the dynamic interplay o1'

_____+o,0,, +}_'" _%.__+ _,, a finite number of controlling processes. An under-
s,o_ ::3_! standing {/I" these processes and the resulting deltaconfiguralion facilitates prediction of reservoir dis-

trihution and quality. Coleman and Wrigtlt (19753

Figure 3.2-Morphologic and stratigraphic classification concluded that, ii3 the geological sense, lhc. In()sl
oi'delta systems based on the dominant regime ilnportant controlling processes are climate, relief in
uf the della front (fluvial processes, wave drainage basin,,walerdischarge,,sedimenlyield, river-
energy fltlx, aIld tidal energy flux l, After In(}uth processes, heal'shore wave power, tides, wil}ds,
Galloway, 1975, nearshore currents, shell' slope, tectonics {>t'recei ring

basin, and receiving-basin geometry, 'l'he overall
Galloway noted that because sandy facies form effect of lhc deposilional processes is framework

the slratigraphic framework _)I' the delta, a genelic (dominantly sandstone) or nonfralnewclrk (dominantly
(process oriented) classilicati¢_n of deltas based on muddyl facies thai may Iw, either constrtJcli(_nal
relalive importance _1' tide and wave energy flux and (mostly slream dominated) or deslruclional (nl{_slly
rates of sediment inpul is equally applicable for mod- curretlt and wave {lmninaiecI} (f:ish+:r el '!1, I0(,0:
ern deltas and their ancient equivalents (table 3.13. Fisher, 1969).
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Table 3,1, Stratigraphic characteristics of deltaic depositional systems, Modified from Galloway and Hobday, 1983,

Fiuvlal-l)onllnnted Wave l)omlnated Tide-Domin_lted

Lobe Geometry Elongate to lobate Arcuate Estuarine to irregular

Bulk Composition Muddy to mixed Sandy Muddy to sandy

Framework Facies l)istributary mouth Coastal barrier Tidal sand ridge sand;
bar and delta front sand; distrib, estuarine distributary
sheet sand; distrib- utary channel sand channel rill sand
uatary channel fill sand

Framework Highly variable, Parallels depo- Parallels depositional
Orientation parallels depo- siti_nal strike slope unless locally

sitional slope skewed

Common Channel Suspended-load Mixed-load to Variable, tidally rood-
Type tu fine mixed-load bed-load ified geometry

Channel Style Straight to sinuous Meandering Flaring straight to sinut_us

1 2 3

Type I Type 2 Type 3
Conditions: h_w w_','c energy Conditit_ns: lt_w wave energy Conditions: intermediate

tidal range, and littt_r_d drift high tltlltl r_mge, tmrnmlly w_ve energy, high tides, It_w

low t_ffshorc slope, fine-gralned law littoral drift! a_arrow littoral drift, sh_dlow stable
sediment lc_ad, basin, basin.

Charalcteristics: widespreitd Characteristics: finger-like Ch_tractcristics: chttnnel
finger-like ch_lnnel sands ntJrm_d ch,_nrtel sands t}tlssing off- sands ilortllal to shoreline

tu the shoreline shore into elongate, tidal connected laterally by
F,xamplc: rm_dern Mississippi current ridge sands, barrier-beach sands

delia Examples: (,)rd, Indus, ('olor_do Fxarnplcs: Burdekin, lrr_-

Gangcs-Bt'ahmal_utra deltas waddy _lnd Mckong deltas

4 5 6

_iii[i_,:.., ,_/"!

,,,;:',':g ,,

Type 4 Type 5 Type 6
Conditions: intermediate Conditions: high persistent Ct_nditimls: high wave
wave energy, It_w _ft'sh_rc wase energy, It_w littt_ral energy, str_ng litt_>ral drift,

sit,pc, I_v,,setliment yield , drift, steep_ffsh_t'e sltq_t:, slccp_l'fshore sl_pe,
Characteristics: c(_alcsced (?haractcristic,_: sheet-like Characteristics: multiple
chanttel and m_uth bar sands laterally persistent barrier elongate barrier-t>each sands
lt_ntcd by _ft'sh_tt. barrier beach sands with tlp-dip aligned p£trallel lt> tile shore
islands channel :_ands, line with subdtted channel
[!xanlples: Apalachit'_da and l';xanlplcs: Sa_ I:rancist:_ salltls

['_rltZ()Sdeltas anti (3rijaiva tlelta.,_ t:.xample.,:: Scneual tlclla

Plgtlre 3.3 .. ,S;.tlI(Itllslrll3tlll()ll lllt)(lels btt.,.;c(I_)ll llltllllv_._rt_tte ttllalysls ol a witle vt_r_ety or ptlralnelers Il(tlll lllt)(lerll (Ittllas.
Darker shadt:s il]dicatc thicker sands. After ('t_le_nan and Wright, 1975.
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l)eltaicSandl)lstributtonModels river mouth tidal ridge facies geophysical log pat-
terns are given in Col¢illannnd Prtor (1982),

The interplay of individual processes mentioned
above resultsin specificresponses in a particular Sand distributionmaps and w:.rtlcalsuccessions
delta,For example, climatedeterminesthalthick interpretedprirlclpe_llyfrom wirelinclogsprovidclhc

coal-formingpeatsarecharacleristicof Iroplcaleli. most cornmonlyusedmeans fordisIingulsIiingmajor

mates,whereasihinpeatsinterfingerwilhfineelastics suI'JsurI'acedeposltlonalfacies,and Ihcrcby,IIlutype

tn temperate climates; continued high wave energy and exlelll of lhc.: resulltng delia and its reservoirs,
along delta shorelines results tn widespread slrlke- GeOl'_hystcai lechniques, such as seismic tnterpreta-
aligned clean quartzose sand bodies; or high tidal lion, are often used to examine the larger scale as-
ranges result tn sand.choked radiating or dip-aligned peels of lhc delta system, such as the gross tleposi-
channelsincontrasttoclay-filledchannelsinareas tiorlalpattern,the presenceof uncorll'ormitlesand

characterizedby lower tidalranges, I'aults,or lhc continuityof sealingstrala,Cross-
borehole tomography is a developing teelthalpo.

Analysis of 34 major deltas of the world by tentially has much to ofl'er in terms of struclural and
Coleman and Wright (1975) indicates that in terms of

stratigraphic mapping of reserw)irs (see Justice and
gross sand body geometry, deltas can be broadly Mathtsen in this report), Smaller scale helerogeneilies
clas:_ified according to six end members (fig, 3,3), such as bedding type, fine scale interlamirlatiori of
They illustrate that specific combinations of pro- diverse Iithologies, porosity type, mineralogy, and
cesses, if preserved, exhibit distinctive lateral and

subtle changes in facies are oi'ten best deciphered byvertical sand and reservoir distribulions,
examination of recovered core, which can then be

Of course sand thicknesses will vary with the calibrated with log patterns so that facies distribu-
absolute size and type of delta as well as the tectonic tions can be interpreted.
setting, II should be expected that deltaic deposi-
tional geometries occupy a continuum relating the DELTAIC DEPOSITS
relative contributions of different fluvial and marine

transporting and reworking processes. Hence the

need to classify deltas according to their genetic type Constructional Delta Framework Facies and
for reservoir characterization studies. Environments

Among these facies, the distribulary channels,
Sand Distrlb_tioQ _nd Vertical Succession of subaerial levees, and delta l'ront sallds comprise the

Facies best reservoir quality facies or framework of lhc
delta.

Borehole programs in the Mississippi, Rhone,
and Niger deltas (Fisk ct al., 1954; Fisk, 1955, 1961; l)istributary Channel Facies

Oomkens, 1967, 1974; Weber, 1971) were stimulated Distributary channels o1' the Mississippi delta, a
by thc economic importance of deltatc facies. Based slrearn-dominaleddelta, are low sinuosity, andpoint
on these studies and others, ii became apparent thai bat's (sand bars created by meandering streams) are
deltaic successions contain a wide variety of vertical common (fig. 3,10); however, when channels are
facies sequences and that the type of vertical so- straight, point bars are insignificant, and the deposits
quence changes both within the delta at different are generally symmetrical in cross section with levees
locations and between deltas, t'lanking the channel. In conlrast lo upland channels,

Conceptual diagrams of principal facies, sand deltadistributary channcls are always influenced by
patterns, and geophysical log responses for high con- basinal processes such as titles, waves, and marine
slructive and destructive elongate (fluvial dominated), currents (even in low-energy basins).

high constructive lobate (fluvial/wave dominated), Facies sequences within the fluvial-dominated
high desiructive cuspate (wave dominated), and high distribulary channels tend to comprise erosive, than-
destructive, tide-d()minated delta systems are pro- nelbases, often with coarsc-grained lag, overlain by

vided for reference in figures 3.4-3,9. trough cross-bedded sands which pass upward into
Lateral variations of log patterns within major ripple-laminated finer sands with silt and clay alter-

delta depositionai environments must be understood nations and l'inally into silt and clay plugs ()f aban-
in order t() make proper l'acics c()rrelations, parlicu- doned distribularies carried into lhc channels by suc-
larly in the absence of core conlrol. Examples of the cessively diminished l'low and overhank flooding ()f
lateral variabilily within interdislributary bay fill, adjacent active channels. Overall upward fining o1'
abandoned tlislributary, distribulary mouth bar, and the channel fill results t'rom both lateral migration ()1'

the channel, m" more often l'rom channel abar_don-
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, A, Delta plain facies

A1 Dlstrlbutary channel

' _ A2 Subaerlal levee

A3 Marsh-swamp
B, Delta front facies

B1 Dlstrlbutgry mouth bar

B2 Delta front slope
B 3 Distal delta front

C, Prodelta Facies

y

' Deposltlonal stdke

1. DEPOSITIONAL FACIES

Figure 3.4 - Repre,_enlalive del_siiional I'_i_:ie_,sand distribulion, and electric-lo# patterns ba._ed on hi_h--consiructive
elongate delta systems til' lhc Gulf uf Mc,xic(I. Afler l"isher el al., 1()69.
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Figure 3,5 - Facies relationships within an idealized facies tracl ot' a fit)vial-dominated delta produced by I()be
abandonment, subsidence, and transgression, Al'terGalloway and Hobday (1983), originally from Fisher
et al, (1969),

i

Prodelta

Chonnel _ Delta front mm Delta plain (organic matter)

Chonnel-mouth bar _ Levee [zzz-_TJInterdtslributary bay

Figure 3.6- Block diagram ofa high-constrtlclive lobate delta. From Erxleben (1975)after 1;razier (1967), I,
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Ov ' Inloldi,.ilrlbulafy i --

}h'annol

I

i _-----_Dl,',tr,b utsty _- --
channel

A Fluvial channel.owJrbank B Delta plain facies C Delia fronl faelett

lames (llslrlbular 7 mouth bars
(iJrogradatlonal)

Fi#ure 3.7 - ]{cprcscnlativc dep()slll(_n_l laclus, satld dl._ll'lt)Ull(tl_ palturl_, an(I lo b, pallCrllS based on Ill£h-c()i_.,,Irllclivc

h)bat¢ delta systems (_l'th_., Gulfuf Mexico. Atlcr l;isllcr ct al., 1969.
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CONSTITUENT FACIES

J_'/ _ A. Fluvialchannel

"1',_"_,() _] B. Channel andchannel-mouthbar. (progradatlonal)

Deposilionalstdke J_/_ [_] C. Stackedcoastalbarrier
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ment. Thickness, lateral extent, and dcpositional con- delta, elongate tidal channel sands form complexes
tinuity of reservoir quality sands dccreasc upward 12 miles wide and 30 miles long (Oomkcns, 1974).

throughthc distributarychanncl fill sequence. Dislributary channels of the wave-dominated
Tidally influenced dis_ributary channels tend to Rhone delta are moderately sinuous, forming broad

bc low sinuosity and funnel-shaped with high width/ meander belts up to 3 miles wide that tend to branch

dcpth ratios in contrast to the rclatively straight reaches and narrow basinward. Rhone della distributary
of distributarics in microlidai regions. In the Niger channcl deposits fine upward from medium to coarse
della, there are marc than 20 tidal inlets which cut sand into silts and fine sand. Channel belt width/

through the shoreline barricr sands, and depths within thickness ratios range from 100:1 to 1,000:1
the inlets range from 27 to 45 ft. Vcrticalsequences (Oomkens, 1970).

from tidally influenced distributaries in the Niger Subaerial Levee Facies
delta have a coarse basal lag with a fragmented ma-

rine fauna overlain by sands with decimeter-scale Subaerial levees form as the result ofoverbank
trough cross-bedding to centimeter-scale cross-lami- flow during flood stage; they tend to flank rather than
nation (Allen, 1965). Vertical sequcnces within lhc overlie channel fill facies in mud-rich deltas. Al-
tidally influenced distributary and estuarine channel though vegetation often destroys primary sedimentary
facies may fine upward (e.g., mangrove swamps at structures, centimeter-scale or finer laminated
the top of the seq_encc) or they may remain coarse interhedding o1 silty sands and mud layers is com-
throughout, as when the distrihutary cuts through a man.
coastal sand barrier. Delta Front Facies

Characteristic fcalurcs ()f lidal influenced dis- The delta front sedimenls include 1) lhc inosl-

tributary channel facies include bimodality of flow terminal portion ()I"lhc distrihutary channel immedi-
direction arid abundance of small-scale facies varia- alcly upstream of the dislributary mouth bar, 2) the
tions in the vertical sense which reflect Ilucluati(ins distrihutary mouth bar sands, 3) the distal bar sands,
in tidal current and direction. In lhc former Rhine 4) lhc ._uhaqucous levee, and 5) the marginal or della

fr()nl ._hcet sands (vary from bar finger !(i lobate
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o,- 0
_c merry), and include ttlc best potcntial oil and _a,_ nonnlarinc, part of the delta plain tluring sul'_sidcnce o1'
rcservoirs (ii_. 3.7). These dclmSit,_ r(.',prcscnt the adeltalob(.'includcsextensivebrackislltofrcshwatcr

coarsest sodjat|cnts axx()ciatcd with a progradin_ delta marshes. Destructive phase poIllN cxhibit mtlch gl'calol" .

;.|11(.1I.i1;.iyI)e about 75_ sand (Fisl.icr el al., 19("_9), latc|al pcrsislencc than those dcpo,'.;itcd durin_

Fluvial flow bCC()IllCS uncolll'illed I;.llcrally its lhc i)r(_gradali()n;.iI phases (Fisher ct ;.ii,, 1969; Gould,

strcttlll reaches lhc receiving basin and lhc hydraulic 1970).

gradient decreases dranlatically. In addition, Mow Distal or Marginal l)estructive Facies
septiralion due to dcnsily differences bctwcc|TT fluvial

Sediment supplied to thc, lower delta plain and
and marino w,alers rcsulls in rapid dc'imsitio|,i o1"

della I'ront environments in drastically rcduccd during
be,dload as a channel or dislributary moulh bar. These

l)roccsscs create the maximun.i sand depositing cnvi- petiods when lhc channel switches course to another

rOlilIlCnl Oil lhc el,flirt delta, WillllOWillg and rework- part of the delia, The prodclta region reverts to a

ing Oil lhc Ill_.llil,iC face of ttlc delta front and bar c|'cst IIOI'lll;.ll nlarinc shell' and a n]orc diverse community of

arc largely duc Io wave assaull. These sands arc lhc marine (.)J'ganiNlliN rclurlls l(.)lhc arcll. Intcrdistrilmlary

N()LII'CC()f lhc well-developed coalesced beach riditcx regions arc charactcri/,cd hy highly orgailic mud fill
_ ()l'shallow-watcr bays or sountJs. The inlcrdistributary

whichT define lhc characteristic cuspatc shape oIwavc-
(.Iolllill;.ltCd tlcllas, l'CgiOl,iS m;.ly I'_Cprotccicd by and grado sctlw;lrd ilTtO

I_arricr island lacics formed by lhc rcworkin,_ ()1 dclla
The distal p(lllion ()f lhc chtlllllcl IIIOtJlh bar C()11- l'l'()l,iI NalldS,

trilStS with the bar cresl. II iN finer grained and oltcl,i

contains gx'adcd beds and Ihin sltJmpcd sand beds. By far II.lc illOSI inlpollanl dcstrt|clional lacies in

Thin, distinct Sallds or silt), sands with ovcx'all co;irs- ICl'IllS of Imlcnlial I'CNOI'V()ii" quality ill'C,lhc. I'ewox'kcd
delta frontStllldNwhich may l'orll,iall i.lrcII;llC.'_yslcln

chino up sequences may characterize log patterns
oF harrieri._landsor shoals ()n lhc oulcr margins of

developed in the distalbar. Convolulc Sodding re-
aI_andoncd della lobes. Wilh addilionalrcworking

taredlo loading of lhc prodclta muds also occurs.
t'u'OLJght al')()tit I_y continued suhsidencc, these sands
i.llC n'ollcd back iii the forln of thin sheet sands Oil lhc

Constructional l)elta Nonl'ramework Facies and
Missixsippi delta, whore they are volumetrically in-

Environments xi..anilicant, Rcworkcd delta front sands arc Ii,iuchl

l'his c;.itcgory includes a wide \'aricly o1 goner- Ii,i(lrc imporlanl on mit)rc sand rich typos of delian,

lilly muddy and organic-rich I'a(.'ies whicl-larc located particularly those building into ii wavc-dofninalcd

on Imlh lhc stll_acrial illld stlbilqtlcolls portions ()f the soiling, Iii wavc-dolninalcd dcllas such ;.ts lhc Rhol,iC

delta plain, lllcludcd hcrc arc IllilnV paris (.)I'lh(., dclt;.I (OOlllkcllS, 197()), lhc Grijlliv;.i (Psuty, 1967) or lhc
Sao F:r;.incisco (Coleman ilild Wright, Iq75), lltllnCr-

plain ct_inplcxsuch ii.,,Illcalml,idt_ncddJslribulary-
ou._coastalharriersor heath ridgesdevelop and maycI1anncl fill,marshes and swamps, lacuslrinc,cre-

\assc splay dClmsil'_,as well as lhc prodclta inuds, provide si,_nil'icanthydrocarlmn reservoirs.Coaslal
harrier sands associalcd with wa\,c-douli_alcd dcllas

('(_llccli\'clvlhcxcC.llVil'(llIlllClll.xl'()I'lllIIIulll()Xlarcally
lor_n(.Icposilsran!_in_lronlseveralhundFcd I_)xe.\,cral

cxtcils,ivc, lalcralIvpcrsistcnlunils _I tnany deltas.
lhc_usandfcelthick in lhc L.Ippcr"I'erliary Nile dellaAcc(_alin_: 1_,l,i shcr (.'1iii. ( 190 t) ), marshes and swamps

whicll c(_mp_ise II_c _F,,anic:_ pr(_ducin_, cnvironmcnl.,, _;ysIc. III (Galloway a_ld I-tobday, 19N3) and in Ihe
"I'erliarv l='rio and ()akvillc Iorlll;.tlioll,, iii tile ll()llh-

Ivpical. o1 lat,,e._ 1'illC-El';lil/Cd_ Ct)llslrucli\'c dclla xvs-
western (.it, ll _,1 Mexico (Galloway cl ai., 1¢)82).Ictus in;lr ct_\'cF up I_)9{)g of lhc della plain. ()r_anic-
Cyclic burial of wavc-dominalcd dcllas n_ay pr_duc(.'rich i)](_dc.ll;.I muds aic norl_l;.llly I()calcd s(.';.iward <_1
slacked SCqLIClICC.N()I'upwtlx'd-c(lal'NCl,iiIlgc()asllllI);il-thcdcIIalr()nlandreprcscntlhcm()sl \vidcsprcad,lhc

mosl I_)xn()gcne(_us, and ()llcn II.le Ihickcsl dep()si- ric r sands (O()nnkcns, 1970) which are p()tcnlially
li()nal CI,iViF()IIIllCIIIin the dcIlasvslc_n, e.xccIlcnlreservoirs.

I)estructive I)elta Facies anci Fnvironments (;I,;()MI,','I rY ANl) I)IMF, NNI()NS ()F I)l,;l,'l'Al('

I)c_l[uclivc Ia_.'ic_, il_cludc (pr_xil_;tll)) widc-

_l'_ica¢l li¢_111c'_Cl_ir I_al,,l_ dcp()sil>, ii11(1 (_lislall\') Primary r_,servoir I,h_cies
p_tcnlial _(.,,_cr;_ir lacic,_ \vliicl_ arc _l(_il_illal(.'d by

III;IlilICF)l()t'c'.,xc',.I"ltlvial I'_I_C,,'_C',, ll',IVClllilIilIIiIl "l'I_c{I lllClINi()llX;111(I,IJe()lllell'y()J t'h;IIiIIcl_Icp_-

_i_pacl_ II_cdc,,Irucli\cdcII:_lacicx, iI__Ic a Iunclio_pFi_arily _I I)tiltsi/.c(_Ilhc _IcIIa,

Proximal I)e_Irucli,,eI,'acies 21 II_ci'_(_,,ili(_n_I'lifecIlannclinIii(.'d(.'Ila,._)II_ctype

_I l_Icri_iII_ci_l_cul itlI_)._l_I4) I_a Ic,,_,cr_Ic?rcc
flit (I_IIIIIl_IIII_I_'I1_III_II_II uIlViI_IIIIICII1 _II IIl_'

II_cI_._.'_alII_cIIl_uIIl_>III_ccI1ailI_eldis,I[iI_ulin!.!lhc



sediments (Sneider el al,, 1978), For example, the (ion ftore nine s'(udies which re.present a variely c_l'
channels of lhc modern Mississippi River generally ancient and modc, rn dellaie setlings (Lowry, 1999/,
are less than 600 fl wide and 35 l't deep where sedi-

The dala indicaie a wide degree of variabilily inment i.,,; being dispersed into the Gulf ()f Mexico, in
Ihe dinlensions and geometry. The median width ofconlrast to channel dimensions of 2,000 1o 3,000 fl
dislributary channels ix about 1,000 fl, bul widlh

wide and 150 lo 200 ft deep ups(ream on the upper
delta plain (Sneider et al., 1978). Channels can l)e ranges from less Ihan 250 to over 2,bi()0 fl. The.

median Ihickness of distributary channels is 30 I1 and
filled with up lO 90% sand or clay/sill material de-
pending on whether ii migrales lalerally or hecomc.s ranges from less than 12 lo 60 fl for one genetic cycle,

abandoned. The geometry of. the delta fronl ix typi- and width/(hickness ratio ix typically 40, Distribu-
tally attributed to I ) the rate of sediment supply and tary moulh bur deposils are much larger sandh_dies

2) the relative strengths of(he wave, fide and fluvial with median values for width tit about 10,50()f(,.
thickness 60 ft, and lenglh about 2(I,(II)0f(, Widlh/

processes acting on the sandbody. However,
thickness ralios generally are 280, while lenglh/lhick-

synsedimcnlary faulting, slumping, clay diapirism ness ralios are about 360.
and gravily sliding can draslically affec( the geom-

etryand structure oi'delta front and moulh hardeposils Dislribulary m()ulh bar deposils lend Io be Iwicc

(Colem'a}l, 1980). Deformed packe!s of sedimenls up as thick and 10 limes wider lhan dislril_utary channel
to 200 ft thick and over half of ali delta front so- deposits, The width/thickness ratio for dislributary

quenc.es were reported lo be disturbed in outcrop mouth bars is 7 limes greater than thai for dislributary

exposures of Upper CarhonifcrotJs dcllaic deposits of channels.

the Clare Basin, Ireland (Puiham, 1989). In lhc same Table 3,3 presenls dimensions data on channel

sludy, largemuilistory and laterally compc_site channel fill deposits which are further subdivided inIo non-

sandstones were attribulcd to rapid subsidence and migrating distribulary channel-fills and _neandcring

compactionratcs, Anolhcr example of growth fault- channel-fills, and poin( bars. Non-migrating than-

ing affecting sandstc)ne geometry ix presented for a nel-fills arc an order of Jnagnilude narr()wer than lhc
Niger della reservoir (Weber ct al., 1978) where the nleanderingchannel-fills, are hall as lhick and lentl l_

sandstone thickness varied Irc_m 15 1o 45 ft thick form discc)nnccled, labyrinthine type rescr,,,c>Jrs as

acr()ss 11 fault, c)pposed lc) lhc laterally cc)nlinu()us reservoirs result-

Table 3.2 presenls data on the dinlensions and ing from meandering channel-fill dcposils.

geomelry of deltaic facies of distr_bulary char|nel, Table 3.3 l)imensions of channel Fills and barrier har
di,-,lrihutary mouth bars, distal bar sandsloncs and deltaic facies. Modified from Weber, 1986.
crevasse splay channels. The data include informa-

-iTa_.:fe-,_".........................Width iw) 'J;iih;kn_,,_s('l')-- i,('/'i' -
(l't} (ft)

No _-mig.rUint:. 4{1().,4,(11)() ll)-I _i(I 5(I-2011
"Fable 3,2. Facie.,, dimenston.', lc_r primary reservoir facies dist,ibutaty

11]deltaic clcposils. Modified frum l.owrv, 1080. channcl /iii,,, tlarF, t'r thannt'ln (W>lflll()) lt'hd I,, h,tvc \V/'I'>.I()).................................................................................................. . ...............

Fncies 90% 50% 2tt% Meilndcling ,|,(l()ll-(,5,(lll() .3(1. _,()(I _,(111.) 7III)

less than: less Ih;lli_ lt'AS t|i_lll: channel-fills, tlstlally <lfl,5(ll) tlstlilll_,, _,l).ll}II tl.,,tlalJy <]hllll
poilll b,trs

l)i strib utary Char]ric] s Ilargt.r ch,tnncl,,, (W>I0,O(H)I Icnd I,,hay(' W/'[> _,1111)
width (ft) 2.805 1,073 248
thickness (ft) 6() 30 12 I_,,rri_,,hats 4.Sun-,U_.um_ ,)__,}ul_ _,l,).l_ _u
width/thickness 130:1 ,lf} l I0'1

(lalgt'r I_,lrliers (W;,I _,()()l)) Icnd I,, havt' \VII -.llllll

I)istrlbutary Mouth Burs
width, dip (ft) 21,120 I 0,560 3,696 Shale Length_
tb.ick nes.,, (ft) 99 60 2.]

length, strike (tt_ .3168(I 21,120 1(},56() Dimensions of shale layers It.'nd to vary a.s a

width/thickness 82(): 1 28(): 1 5(]'1 function ()ldepc)sJlic)nal selling, t-;'igure 3. ! I presenls

length/thicknes.,, 1240:1 360:1 ,42'1 probabilily dislrihulion functi()ns c)l shale lengths tk)r

length/w_dth 2.7:1 2.1 1.2:1 a number c_ldeltaic settings.

I)islal Bar Sandsl_nc.s Shalc.s associaled wilh dc.ltaic barrier sand dcp()s-
thicknc_._, (ft) 2 .. its are usually quilt conlJliul)us and arc generally

c()nccnlraled iii lhc lc)wet flalf()f lhc sandy illlerval.

Crevasse Splay(:hannel The ilctJvily()fblJrI(lWJllg()I'_IIIIJSlIINollen ClCillCS;

width fl'I} 838 24,1 36 penneabilily across shale breaks iiIhcy are lhilljler
thickness (ft) 33 13 l ,h,,n Irl "III ....h,.Ila r, ........,, , .,...... ,..:.- ,', ...... . ,, _. . ,,_,J,t tltltl UL[I,I l_l{llll :_t..:kllJi-lUIli_,,

width/thickne._._ 76:1 34110:1 h()wever, co_lain sllalc layerh which arc usually I{,_s
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Joked by the resulting diagenetic products s,lCtl as
cemenls or Secondary porosity. Just as often lhc

so There are, however, some basic concepts thai lie
tile often sile-specific products o1'diager|esis Io larger

g t _ _ '_ scale patle,'ns. Fundamental lo the prediclion of
g porosity and permeability di,_t|'ibution is a process-

__ oriented diagenetic mode,. The p rocess-o,'ie.nled
model ix the result of integraled information about

both organic and inorganicdiagenetic reactions which
o s00 _0oo _5o0 ;,ooo are placed into a time and lempe,'alure framework

FEEt (Surdam el al 1989) The general approach lo devel-,, o_, ,
I I I I I I --I '

o _oo zoo _ (oo soo 6oo ()ping such a model, in lurn, depends upon recogniz-
LENGT_OFSHALELAYEIRSM ing the specific processes responsible for the en-

l-'igure 3.11 - Observed shale lengths as a function of hallcementandpreservali()n of porosity. S()|nec)flhe
depositional environment. After Weber, belier models have recently begun to recognize lhc
1982. importance of secondary sandstone porosity thai

originates within deeper subsurface environments
extensive because of erosion by migrating and (Surdam et al., 1984). Such models dem()nstralc lhc
nonmigrating rivers and tidal chanllels. Shale breaks

dynamic nature of diagenesis during progressiveare of(cn less than 30 ft in lateral extent in distribu-
stages of burial which ark lhc consequence of interac-

tary channel fill deposits. The most common occur-
lion between pore fluids, maturing kerogen, and

rencc of laterally discontinuous shale layers is related
cements and framework grains comprising lhc rock.

to trough cross-bedding, where the shale layers often
merge causing barriers to horizontal as well as verti- The effects of diagenesis may be relaled lt) the
cal fluid flow (Weber, 1982). hydrological framework of large, depositionally ac-

live sedimentary basins. The hydrological systemNumerical studies of lhc effects of shales on
includes a meteoric regime in shallow portions of lhc

production are discussed by Haldorsen and Chang basin characterized by infiltration of surface waters.
(1986) and can negatively and positively effect pro- The shoreline is generally a major discharge area for
due(ion. The negative effects include: gas meteoric waters; therefore, dci(aic sands are often

underrunning shalc:_ (cusping), reduced volumetric deposited within and strongly effecled by this hydro-
sweep in gravity drainage, reduced horizontal and
vertical (cross-flow) flow and swecpefficiency, and logical (and diagenetic) regime. The compactional

regime is characlerized by upward and outward ex-
the creation of channeling by confining high-per- pulsion oflrapped pore waters as sedimcnts arc con-
meability zones. Positive effects on production in..

linuously loaded onto lhe accumulating section.
ciude reduced coning and, therefore, reduction of Walcrs produced fro|n this zone may be, derived from
early gas or walcr breakthrough and aid in confining

waler ()rig.inally trapped in the sediments and subse-
injected water lo reduce slumping and improve the quenlly modified by rock-waler reaclions, or Ihey

vertical sweep efficiency, may be meteoric waters which have been buried be-
low the zone of active meteoric circulation. The

i)IA(;I,]NESIS thermobaric regime ix located in the deel)CSl parts of

Diagenesis refers to the posldcpositional physi- the basin where the pressures and lemperalui'es are
cal and chemical (including t_iologically induced) lhc greatest. Here significant volumes of water may
processes that arc undergone by sediments as they be released by dehydration of clays (tr other hydrated

minerals (Galloway, 1984). The It)w-permeabilitysubside within a sedimentary basin prior to extreme
character:i-slit ()1 the lhc lhermobaric regime is causedchangcs brought about by prcssurc and heat. Diagc-
by cementation and compaction and generally crealesnetic processes include compaction, hydration/dehy-

dralion, cemenlalion, recrystallizalion, leaching, al- reslricled or slow water circlllalio)|.
teta(ion, and replacement among olhers. The driving Bolh deposili<mal environment and hydrogeologic
fo|'ce for most diagenesis is the chemical inslahilily Selling help to delil_e lhc end resull ()f diagenesis;
of minerals within sediments with respect to pore therefore, distribulion of reserv()ir qualily sandstone
waters (Burley ct al., 1985). INind_reclly relaled lo facies disllil_tlll()ll, hut IN llCl-

Oflcn the higher quality (higher p()rc)sily and lher controlled by, nor uniquely ass()ciated with, lhc
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depositional environment of the reservoir (Galloway EOR recovery processes should be evaluated, The
and Hobday, 1983). pore system is fhen defined in terms _1 v_lumc., pore

size, distribution, aspect ratio, geneli¢ lype alld ge-An example of dia_enetic changes that have
widespread implications may be taken from lhc (lull' oratory, tnicroporosity, and mineral or organic coat-
Coast. lt is well known thai porosity generally dc- ings, fillings, and throat blocking. Pelrophysical

• _ parameters can be significantly el'fecled by texturalct'cases with ,depth in the Gull" (._ ast section (Blatt,
1979; Loucks ct al., 1977). McBride ct al. (1991) propertiesofclaytnincrals, l_'orthisrcason, rc,scrvoir

rocks must be evaluated in terms of clay mineralshowed thai much of the loss of porosity in Wilcox
sandstones could be attributed lo compaction. These lexlure arid morphology as well as the "standard"
sands compacted rapidly to approximately 1,200 fl volume and distribution values.
and appear to have stopped compacling at about 3,000 Petrographic analysis of deposilional and diage-
ft Total whole rock porosity Iosl by compaction netic features can provide basic ilifornlalion fof lhc
ranges from 9 to 31%. Porosity in lhc deepcr sub- reservoir engineer including pore size distribulion,
surface er_vironmenl, however, increasc, s in many pore geomelry, pore type and complexity, pore lining
Tertiary Gull" Coast sediments at the top of the gee- materials (including clays) and their grain size, ahun-
pressured zone (Blatt, 1979; Loucks ct al., 1984) as dance, and morphology, framework conlcnl and

secondary enhanced porosity is created, probably by amount, dcpositional matrix, mineralogy, _rain size
the inleraction of organic and inorganic constituents distribulion, sorting, compaction, other tcxlural fca-
within thc seditnent,'u'y sequence that is undergoing tures, and the mineralogical and textural history of
progressivediagcncsis(Surdametal., 1989). Loucks lhc rock. Each of Ihese parameters is rclalcd lo
ct al. (1984) noted thai lhc large range of porosity and producti_n w_lume, rale, and expected residual oil
pcrlneabilily values al any given dcpih indicates the saturation aflcreach phase (primary, walerflood, EOR)
c,,_mplexities involved in understanding lhc controls of production.

on reservoir quality. Frio Formation deltaic and The study of reservoir diagenesis can be of par-
barrier/slrandplain syslems were found to have dis- titular use to waterflood applicalitms. Petrographic
tinct suites of diagenetic features for each oi'lhc three studies comprise part of the iahm'alory studies thal
_najor basinal hydrologic regime.,, (Galloway, 1984), can bc used topredict waterflood f_erfortnance. They
ihus providing a direct link between diagenclic must be ufldertakcn prior to walerflood implcmenla-
changes and produclion capabilities. In a more gen- lion ( Atwatcr ct al., 1986a and 1986b) in order to help
eral sense, t, oucks ct al. (1984) distinguished similar improvc design of well patterns and prevent drastic
diagenetic sequences wilhin Lower Tertiary sand- formation tlamagc. Petrographic studies for waler-
stones along lhc Texas Gulf Co,'_st. The generalized flood performance prediclion c01|celilrale O11lhc ha-

diagenelic sC,tluences may be summarized according sic questions of compatibility of in.jcction water and
lo the general diagenetic/hydrologic cnvir¢_rlrnerlts, formation water, and lhc compalihilily or reaclivity
"Fheseincludesurlace-lo-shallow-stJl_surfacediagen- of injectiorl waler with the reservoir rock. Detailed

esis characlc.rizcd by compaction and cementation; knowledge of lhc chemical composition of the reser-
intermediale suhsurlaee diagenesis characterized by voir rocks and the injection waler is paramount Io the
cc_ntinued cenlclltati,,_n, bul locally significarll eli- predictim_ of chemical reactions bclwec, n the two
ha0cemenl ()f porosity; and deep subsurface diagen- media.
esi.,, characte, r_zcd by carbonate cement precipitation.
I..ouckselal.(1984)concludc.dthaldilfcrcllcesinthe Jusl as the polential reaclions belween waler-

intensity of diagenelic evcnls and def_lhs al which water and waler-rock are considered for walcrl'l()(_d,

they firsl occurred ct)rrespond to lhc chemical and lhc p()tcntial rcaclioll_ between EOR injection chcllli-

Illcchanical slability()flhe(_rigitlallnineral(_gyalldto cals alld lhc reservoir rock ¢ompo,silion tllusl he
regional variali(ms in geothermal gradient, evaluated. Theoretical consideralions based on a

thorough knowledge of the chemical composition and
Diagenesis impacls a humidor of aspects of ph)- reactivity of injection fluids with reservoir minerals

duction thal may bc sunlmarizcd as produclion/injec- should be supplemented by lalmralory tests on cores
li()_l allolnalics, core allillysis, drilling, co;riplelit)n, under reservoir cotldilions prior to chemical in ice-
and stitnulation applications, It_g analysis, and fluid/ lion into a reservoir.
rock inlcracli()ns. These I(_pics sh(_uld bc taken into
account for each stage of producli_n (prilnary, watcr-
llo(_d, EOR_ in Icrms ()f lhc c,ngincering model of a
given teserv(+ir.

Pt)lcntially sensitive mint.,r+lls shoultl I)c dislin-

........ _-,, t_,,_-, t_l_,ll '_.'| I_.k.I,"_ I/li ]1111111"117' ,, 'VVdlk.;I III. IIH.I,_ Itli"
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STRU(?TURAI, FEATURES IN I)I¢,I,TAIC Lilly I'orn_ parallel to the shoreline, have a curved
RESERVOIRS concave profile in cross-section which flattens with

depth, and lhc downthrown side of the fault is

Introduction basinward. The thickness of sediments is appreciably
thicker on the downthrown side and also contains a

Slructural features result from deformation of signil'icanllyhighersandproportion(Reading, i978).
scdimcntsand rocks and include faults, folds, tilting The amount of vertical displacement can be as large
(dip), and fractures. Structural l'eatures can he broadly over 3,000 ft (Busch, 1975). Although many mecha-
divided into two classes based on lhc liming of the nisms have been proposed for the formalion oi'growth
def(mnati(_n: 1) syndepositional deformation which faults, ii is generallyacceptcd thaldilTcrenliaicom-
occurs ,'tr the time of de.position in unconsolidated pacti(m is an important mechanism, where large masses
sediments, and 2) postdepositional structural features of sediment are rapidly deposited on walcr-saturaled
that typically occur in consolidaledrock after burial shales (Carver, 1968). Sediment continues Ioaccu-
of the sediments. The types and frequency oi: mulale ()n the downlhrown side of the fault, thus
syIldcposilional struclural features arc related to the perpetuating downward movemcnl of lhc fault.

dcposilii_nalcnvir(_nmenl. The c(_ndilions in deltaic Structural fealures can n_odify lhc san(lsl()ne body
environmenls, for example, where large volumes of gcomelry to such an extent thai ii Iias heen suggeslcd
sedimcnl are rapidly deposited into large bodies of thai della classification schemes should include

water, are conducive to large scale def(mnational delormati(mal processes as well as tidal, wave, and
features. Postdepositional features, on lhc olher hand, fluvial processes (Pulham, 1999). Def(_rination hy
are unrelated to the environment (_fdeposition and are diapirism has been reported lo Iranslorni distributary
controlled hy tectonic forces and movement within mouth bar deposits from uniform, linear bodies 40 to
the earth. 60 ft thick, Io a series of discrete sand packages up Io

300 It thick separaled l_yareas of Ihin sands (Coleman
Svn(:LeDositionall)eformation elal., 1974). Sandthicknesscs vary fr()m 15 to45 fl

across a growth fault iii a Niger Della reservoir (Webe.r,
Syndepositional del'c_rmational processes, which 1978),

include, slumpin,_, nltld diapirism and growth faull-
ing, arc comm(_n in lower delta plain envir(_nmcnls The uppcr Wilcox dcllaic reservoirs (_f lhc Texas
and operate during delta formation. Slumping is lhc Gulf Coast allain Ihicknesscs ()1' 3,()()() fl and are
downward movement of a mass of sedimcnl caused by examples of growth-faulted deltas. The growth faults
slope failure and is due Io a combination of processes wcrc activated by progradation over unstable pr(n.lelta
including high pore-water and methane pressures in muds at lhc shell margin (Edwards, 19_1). in con-
the sediment, wavc-in._luced forces acting on the sedi- trast, syndcpositional growth faulting does not play
mcnts during storms and hurricanes, and animporlanlroleinthereservoirsofthelowerWilcox

ovelstecpening of a bar fronl due to differential sedi- deltaic reservoirs which were deposited on a stable
mentation rates during flood peri(_ds. Slumping may substratc (Fisher, 1969; Fisher and McGowen, 1967).
affect large volumes of sediment. For example, in lhc The lower Wilcox Group in East Texas, ccnlral Loui-
Mississippi Della, it ix estimated that 50% of lhc siana and Mississippi is not subject lothc exlensive

sediment deposiled in lhc distrihulary mouth bars is growth faulting of lhc soulh Texas Coast. However,
involved in down-sl(_pc mass movements which iIl soJne areas of southern Louisiana Iaultingrelated
transport upper moulh-I_ar facies into the deeper parts to diapirism and upward movement of sail piercement
of the hasin (Elliolt, 1989). Syndepositionally dc- domes into the overlying sediment ix evident. Salt
formed sediments may locally create significant ac- dome formation caus'.es fracturing and displacement
cumulations. For example, packages of deformed of the hydrocarb(_n in thceffected reservoirs.
sedimenl up t(_ I,_0 fl Ihick ()tour in Carlmnifer()us
deltaic deposits ill Ireland (Pull/am, 1989). I)ostdepositio!lal l)el'orm;Ition

A thud diapir is a dome or fold in sediments that P()sldefmsili()nal features include folding, lilling,
ix f()rmcd by lhc plastic dcf()rlnali()n ()f mud underly- faullin,,__,and fracturing and rcsull from Icclonic forces
ing sand ()r()thcr sedimenls. Diapirs, called mudlumps, and consequc, nl movement of Illc earllI's crusl. These
frcquently emcr,,e in dislributary moulh bar (lcl)()sils> features arc important in the inigration, accun_ulation

where they cause steeply dipping bi lr If()nls, slunlping and lral)ping of pelrolcunl, Migralion ()f hydr()car-
and faulling. [_ons Irt_m lhc source rock is enhanced hy faulls and

/': ,*,, ;;, _ h.................... I'"'I[[% r,,,.,-,., d' ,I;_;L,I.C.{U {21""" ,.,d" Fv'q_,f_r,,c Thc,_,,,_,slm_l.,tl,'_n_rte;,r_r._in_,_t'_il }c,,,0_._,_l

syndc.p(_sili(_nal faulls and are defined by characleris- I_ypcrmeal_ilily barriers which prc.vcnl furlhcr ii_igra-
tics which rcflccl their ._cnesis. These faults ,,.,,,enel- lion ()f the pctr(_leum. When lh(' pcrmcahililv. I_arricr
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is a structural feature, the reservoir is considered a nels, and wave and tide processes shape coastal
structural trap, Structural traps may be created by bc,'iches, sand ridges _Lndshoret'ace sediments as well
folding, faultirlg, fracturing, or lilting oI' slrala as as delta front sediments,
well as inlrusion (or wilhdrawal) of salt plugs or a
combination of these features, Fractures and faults l_leld-Scale lleterogeneities
are important on an interwell scale where they control
the movement ol'bolh injected and naturally occurring Interconnectedness of sandbodies. On lhc field
reservoir fluids and may signil'it:anlly affect the scale, the lack of interconnecledness of distribulary
production o1"hydrocarbons, sandbodics may present zt major problem lo sweep

elTiciency, Fig 3.12a illuslrales three differcnl de-Deltaic reservoirs within the Frontier Formation
grees of dislribulary channel interconnccledness

in the Rocky Mountain region are examples of reser- separated by shale. S_.atislics of the widths, thick-
voirs formed by structural traps. Deposition of the

nesses, and lengths of dislribut_ry sandhodics pre-
Frontier Formation w_s widespread and relatively sented above indicalc that dimensions _1' sandhotlies
uniform across much of what is now north-central

can vary over an order of magnitude. Depositic_nal
Wyoming and parts of southern Montana. Mountain

controls on channel sandbody inlcrconncctetlncss arebuilding caused extensive folding and faulting that

modified the uniform sand and created many strut- primarily related to lhc amount of sand in lhc, (lep(_-
lural traps and fractured reservoirs, Of the 65 oil and silional regime and the lithology of lhc underlying

unit being cut into, II' the underlying u_lit is shale., lhc
gas fields in lhc Bighorn and Wind River Basins, only channels tie not tend to migrale laterally, restJlling in
five recognized reservoirs are not structural traps
(Cardinal, 1989). In the Powder River Basin, how deep, straighlchannels, li'lhc underlying unilis sand,

which is not as easily eroded as shale, the channels
ever, the Frontier reservoirs are were nel strongly

are shallower and wider, and lhc lentlcncy to migr_llemodified by tectonic forces and are not structural
laterally is increased. Lateral migration rcsulls in

traps, greater channel sandbody interconncctedness "l'hc,(_-
In the Burb:lnk sandstone of the Cherokee Group retical studies on lateral migralion patterns _1 river

of Oklahoma, no major thrust faulting or regional channels have shown thai it.tc channel santlst()rle

growth faulting occurs; however, minor faulting and interconnectedness increases substanlially when the
fracturing has resulled in a highly compartmentalized sand/shale ratio exceeds 0.50 to 0.55 (Allen, 1978).

reserw_ir in North Burbank field and affects produc- Figure 3.13 is a conceptual model of the clTecl of
tion patterns (Trantham el al., 1980). The joint sys- ,,;andstone body inlerconnectedness on walcrl'lo(_dtem affecting the Burbank sandstone at deplhs up to

sweep elTiciency. The reservoir mt_tlel in figure3,000 ft can be traced on the surface by vegetative
3, 13a is similar to the Statl:jord reservoir in lhc Northchanges using aerial photography (Hagen, 1972), Sca (Van dc Graff, 1989) and consists _1"three units

separated by shales. Each unil consists of diffcrcnl
HI_;TEROGENEITIES RELATEI) TO I)I_._I,'I'AIC sand/shale ralios and degree of interc(,nncctcdness (_1'

DEPOSITIONAI.,PROCESSES sandbodies. Figure 3.13bprescntsthe fluiddistrihu-
lion after walerl'lood showing thal the middle urlit

lntrodoetion remains unswept and illustrates the iniporlanct, (_1
sandbody connecledncss on walerl'l()od sweep cffi-

Heterogcneities that occur as a result of delta ciency,
genesis or depositional princesses may cause signil'i-

I,ocation within the deposystem. A sec{)nd typecanl recovery problems on scales ranging from field-
o1' field-scale hcterogencily is lhc variabilily {_l'rcser-scale to pore-scale. Heterogeneities that are not di-
voir quality due to location within lhc dcpc_sy,,_tt_ln.rcctly caused by depositional processes such as slruc-
Previous studies have shown a generally good c(_rrc.rural faults and fractures, diagenelic fL'.alures, and
lation between facies type and permeability in a nulll-rock-fluid inleractions will not bc discussed here
ber of different environments (Drcycr, 199(); Jacks()llalthough they exert significant affects on fluid flow,
el al., 1990; Jackson el al., 1987; Stalkup and Ebanks,

The types of hctcrogeneities found in deltaic res- 1986; Jones ct al., 1987). The facies dislribulit_n,

ervoirs arc presenled in figure 3.12 in a decreasing Ihereforc, can be used to indicalc the permeability
order of scale. Although these hclerogcneilies arc distribution wilhin a reservoir, Figure 3.6 illuslr'Jlcs
c_mmon in deltaic dcposils, they may also apply Io the rcserv<_ir c(_mplexity due Io lhc laleral \,;iriali_}ns

other deposilional systems because lhc processes of facies thai (_ccur within a I_wcr della plain area.
which f(_rmed them operate in a number of environ-

This scale oi variability has been lhc ci|ust: I{_rmenls. For example, channelized flow occurs in
numerous problems in t'r_hanced ¢_il rot'every (I,_()R)

fluvial syslems as well as in delta dislrihulary than-
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Figure 3.12 - Helerogeneities related to deltuic depositional processes, Modified from Weber, 1986,
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(a) vasse splaysand beach sands,and lifesecond was

:i'.i:.'..:_;:....... _T splayI°CaleddeposilsWilhindislribularY(vanHorn,channe.Ii983), sandand crevii._se

,- I Field-scaleheterogcneitiescan oi'tenl_ercc()g-, .. ,,,- ,7-_--,-,.....-'," ' " -" nizeddeterminlsticallyby delailedwelllogc()rrcla-

_,:._;:.::.::::.:_..'_ _-.- lions and through sediment(,logical models derived
_ from core descrlplions and outcrop informati(,n, Re-
" cent advances in imaging technol()gy and geoslalislics

__ have been applied to outcr(_p exposures whicll allow

quanllrication of the spali,'ll distribulion of racius and
sandhodies in a fluvlo-dellaic dep()sit (Ravenne. cl al,,
1989; Ravenne and Beucher, 1988; Matheron el al.,

_j 19_7).Delailedseismicstudiesmay als(,l_c(,lvalueI"e 0,5 to mlleB -q
F1ESERVOIROUALITY in delineatingfieldscale variali(,ns in reservoir

Nonreservo,, E_3Fa,t To Good PermeaU,hly quality,

I Cemented Zones _ Good To Excellenl Permeabdlly

nel deposils (fig 3.12b) orten consisl of clay drapes or

lllllllll lilrlm]illllil mud-pel)hle conglomerates which range lr()m low Io
- zero permeal)ility. These perlneal)ilily harriers

[]]_lt v/////i2///////////t'/zh,'_ = strongly afrecl horizontal and verlical sweep and
_/////////_//////J v_,/il/17Z/IlIIL.(i) contribute lo compartmentalization of lhc reserv()i r.

_II(((I#IIIIIIII/iIIIIII_ T he lengths(' f these s halesa,'e usua IIy less than 1,()()()
--- """".. t,m,nll|n_'" ] ft (fig. 3. II ).

[J_[_llIIIIIIIIII111111III11111111II1_u._ii_l']'l'l'i'l'l'l'I'l'l'l'l'i'l'i?;,'_,',';J
i_-_'_'_mln Examples ot" lateral l'acies changes ()n lhc inlerwell

_;_;;;;_'IiIi]IIIIIII]']J]_][i|IIIIIIII|IiTIII_]J_J,I,L]_ scale are distributary channel cutting into a_i adja-
.........................._ cent, thinly heddcd bay rill or crevas,_ splay (Iig,

0,5_omiles "] 3.12c) or of a distributary channel prograding oul
o.. II]II w_e, over Ihinly hedded pro-delta dep()sils. These hcl-

cr()geneities tend to cause channeling, strongly arfecI
Fi_uure3.13 - (a) Various distrihution.,, _l_cldegrees oi' horizontal sweep crriciency, and inoderalcly affect

_Ittcrconnectcdncss()f distrihul_trychannel
verticalsweep eITiciency.

sandl)odies, lh) Conceptual l'luid dislrihution

al'lcr walerf]o¢)d illuslratJng lhc erfecl o[' ' Ali exanlple ()I" reserv()ir-scale heler()geneJl), Jx

san(Jhody dislrlhul]()n ()n sweep ell'icien(:y, presented in figure 3, 14awhich depicls a single chall-
Al'lcr ,,,at](.lcC;raafl"and Ealcy, I_-,)89. nel sandstone which has cut down into thinner sand-

pilots. In Sloss field, for example, a five-spolmiccl- stones interbedded with shales, The lalerally
equivalent thinner sandslones arc c()mmonly l'ormcdlar polymer pilot wax located in interdislrihuary cre-
in crevasse splay or sub-aerial levees and have lower,,,asse-splay sands, which are discontinuou_ and have

poor areal and vertical c()rnmunicali()n (Basan el al,, permeahilities and poorer vertical c(,mmunicali()n Ihl.in
1978). Perf(_rmance data collected during preflush the adjacent channel sandstonc. Figure 3.14h sh()ws
waler injeclinn could r|()t hc,malched will l math- lhc expected fluid dislrihuti()n after walerll(,()ding

which results fr()m the permeability c()ntrasl, influ-ematicalmodel resullsl_ecausethey were l_asedupon
enceofgravilyandsandconIinuily,AIieldexaml}lemore favoraI_ledislrihutarychannelsand pr()pertie._

rcc()rded in an(,ther part oI lhc field, similar I(, this ix presented by l-lartman and P;.lynlcr,
(1979).

Another example of mislo(.'aled l)il()Is in dellaic
reservoirs is discussed in Szpakicwi(:zelal.,(1987). Another example or lhc effect ()I lalcral facies
Ill El Dorad() rield, Kansas r)r()ducing lrom lhc Ad- changes is rrom lhc Mississippi della area, "the M,,

sandstone in the South Pass Block 27 ix discussed hymire sand, tw() pilots were initiated wilh lhc ()l',jective
van de Graat and Ealey, (19_19). This reservoir c()n-lt) (.'()nIpare tw() scparal(-,ly designc'd Icrliary ()il recov-
sists of a distribulary channel which has pr()_uradudct), methods (Van l-l(_rn, 197X). (,()ml)aris()n ()f lhc
over arid cut into delta lr(}nI sI.inds. [:igurc 3.15afw{) m(:lh()ds was n()I v;_lid because lhc pilols were

l()_:atcd in di lTcrenl paris ()I lhc' dc.llaic sysleni ......()ne .'.,l,uws iii(.: riuid distrihuti()n witi_in lhc" M,, s_ndxl()nc
al lhc lime ()f l'icld (Jevel()pmcnl ii] 195(). Figurer)il()l was lt,cared in inlcrdislrihulary hay shales, cre-
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(a)t i'+ 3.15h depicts the fluid distribution :li'lcr 15 years of

,,vaterflood produclton and i llusl,ratus lhc preferenlial

sweep of Itle high-permeability zotms,

Permeabilily z6nalion within genetic un,Is (l'ig,

" 3, 12d) can consist oi'decreasing permealfilily upward
o as occurs in distributary channel deposils, or increas-

I ing permeahilily upwards as in delta l'ronl dislribu-

I tarv mouth bar deposits. These lleterogeneilies
I

i strongly affect vertical sweep el'l'icie_,cy, moderatelyelTcct h()x'izonlal sweep elTiciency, and cause n(_n-
cir.

, ,,,, ,,.

_0os,_ _ uniform residual oil saturation (RES) in swcpl zones,

FIESERVOIROUALITY The cffc.el, oI' lhis l,ypc of helerogeneil,y ()n oil
III Nont_ervol! r_] Fi1 _ -i.o Good Pe,'lnt}lth,llly recovery was invesligaled hy simulalion sludies hy
I Poo_ to Fall Pelmeabd.,ly _ Good Io E*cellent Pr_rmeaolhty

van dc GraalTand Ealey (1989). Figure 3.10 shows

(b) lhc percentage of oil cut vs, dimensionless oil recov-

ery (equal to cumulalive produced oil divided hy

rlmlIlmmmmlmmlllllllmqllllllIIII1 f,',,,,, Th,.
IIIII1/1111111111111111111tw,, casesconsidered are a fining-upward (decreasing

"'""'""'"'"'"'"'"'"'"_JIII II III I11111111111111111111--- permeahilil.y) channel deposit typical of dislrihul,ll'y

cl_arlnels, and a coarsening upward (increasing pcr-

meability) harrier/bar lypical fur disl,ribul,ary mouth

hats and della front deposil,s.

///////l////////l_///////////Z///g/,,',llh_qlm_ The same parallleters l'or Imth SCellari()s were

_/////////'//////////,2/////A[IillI1]Ill used', ullil'orlll porosity, ()ii visc(.)sil,y of 20 IllPa*sec
(i,e. an unfavorable inohilily ratio) and l,hree layers of

= ,oos,t " equal thickness wil,h cross l'low and with tile same

[_ o, rr_ w,.o, average permeabilily and absolute permeability. Only

lhc position of lhc high-permeahilil,y layer is dilTcr-
t"igure 3.1,-1 (u)I)istrihutary char_nel sttndstorle und its

luternl facies equivalents illustrating reservoir- ell[,
to-genetic sand. br)ely scale h¢lerogeneily, (h) Silrlulal,ion rosulls show lhal ill lhc channel sand-

('t)nCul_lunl fluid distribulit)H el'lcr v,'aterl'lood sl,el le, I:l 5% ()il 'till (cconolllic lilnil) is rettched afler
sho,.vlng unswept layer.,,. Afler vnn de Gruuff
und Iiuley, I¢)80.

sp R

!'..'. ;4. _' "_,i".'_..._._ _.__ ._ ,.__ __.. _.....__';:_"."::'".::,"""'".'... i"',.;,'? ;.',',': _..; :)'".. '.'.':'".:: :';: "";'.':'"" ..... ...'

_{ :'.:.'.i:"._:??.:.:,",',!i;'[?' ::'f,',{!{';,',{':':'/,::,'::ii';i;:.:;:,_;:'@",ii*,', 9.:Y:'::;';!::'iDelta F runt /.':',',':.::'::'>">:':.":,:"..;::

7,_._,.... : 7-_(] 71177i::7!C7:7777':77 7' :7,,,:C :!:;),: :,';:: : :::!i:!":%, ::i:;:: : C, ::::_
-- o+, []w,,,o,
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Figure 3.15 - (al Fluid d_sltibu!iu+_ in M,, snmlslulle in 195o nl linac of field develolm]Unt, (b) l"luid distrihutit)_l in M,,
sandst()ne iii 1()'7.1ul'lc,r 15 ,,'vurs t,l' i)roduclion. Afler Hartrnnn und Pnynler, IO79.
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|00 iII1_ h(')|'iz()n_lI _|nd vcrlicaI _w_ep (),t'lict_|l_y a|_(.I _LlUS(. I,

soI _ _ non-unif()rn_ restdtJal oil sattJ|'_iiiun in swepl z()nc',s,
Permeabilily baffles wilhin gcnelic un|Is (fig

.. 3,12e) are typically caused by cltly di'apes between

v- _o cross-hod sels and along ,scoured surl'aco,'.;, Tile.lr
presence strongly affects ve|'tie_al swee,p elTiciencyc_

-' " _ and m(_deralely at't'ects horizontal sweep el'l'icit_nev

o 1/ " I l "

Dtslrlbulary Ghannol _.ilid tl()n-tJntl't)rnt ROS tn swepl zones,

i Cr()sshed sols (l'ig, 3,121') are _Isource ()1'LllliS()l-]

0 o2 0.4 0e ropy in the reservoir, Ernmel el ai, (1971) described

Dl_,_enseonuesso_cR_COVEnY the influence of cross-bedding on in|iii drilling and
secc_nda|'y |'ec(_,,,ery in the 'I'ensleep Forint.ilion in

Figure 3.16 - Inf'luence of verticul distribution of perme- Wyoming, 'They t'ourld that permeal_tlity parallel Io
ability onoil recovery. Permeability profiles the cr(_ss-bed laminae is about 4 limes higher lh;ta
typical for the distributury cht_nnel (decreas- thai pe|'l'_elldieula|' lo the laminae, The efl'ecl of the
ing permeubility upwurd) nnd distributnry perineabllily Contrasl in depende|ll etl lhc viscosilv (_1'
mouth bar finercasing permeubility upward ) •
tleltu facies result in different oil cut vs, oil lhc fluid, where lhc higher the viscosity of Ihe ()ii, lhc
recovery curves even with identicul _,bsolute grealer lhc aft'eel oil walerl'lood recovery. J()nL',S C[_.11.
permeability vulues. Al'tervun(leOra_,fl'and (1987)documorltperine_.lhilily |'atlgeSand lhc degree.
Enley, 1989. ot' anis()l|'()py for tile sl|'alil'icali(m types o1' tr()ugh

cros,',;-bedding, as well as ripples and dewalering slruc-
lures in ot|lcrop exposures of the Mesavorde t_'(_rma-

approximately 35% of mobile oil has been produced Lion in C()lorad().

(fig. 3.16), By contrast, in the ba|'rier sandstone, oil Weber el al., (1972) delermined the permeability
cut is still 20% after 60% of mobile oil has been distribution in an unc(ms()lidaled, Irough cross-hed-
|'ccovered. The reverse response |nay occur in agris deddislrihutarychannel-filltlep_silanddevelopeda

(_|' steam injection scheme, however, because of lhc Inod¢l for calculating per|neat'_ilily anis(_lr(_l-)y, In
c()mbined etTecl of gravily a,nd presence of a high- si le l'l(_w experiments were perl()rmed in lhc channel-
pe|'_neal'_ility zone al tile top of the sandstone. A fill sand body to check the i')e|'_neal_ilily anis()lr()l)y
barrier in t_sandstone |'eservoir will giv0 an unfav(_|'- calculatior_s, They concluded |hal perineabiiilv
able sweep as compared to a channel sandstone, anisotr(_py in unc(_ns(_lidaled distribulary channe.I-

A field example l'|'om the North Sea Brenl l'(_rma- l'ill dep()sils in _legligihle; however, in c(_nsolidaled

li(',n of lhc eflecl of an upward decreasing pcrmeabil- sands, lhc anis(_l|'opy is expected lobe very large.
ily profile on injected water |n(_vemenl in discussed

I_y A|'cher (1983), AI lhc location where injected Core.Piup, and Microscopic-Scale
water channeled al()ng the base of distributa|'y ch;.|n-
nel fill dep()siI, sweep efficiency was lower and tnuch tteterol.leneities

Icns ()il was |'ecove|.ed than expected. Permeability variations caused by grain size
Laleral permeability zonal|on within genetic variations within cross-bed laminac are a small-scale

sandhodies is |nosl slrongly influenced by sedi|nen- heterogeneity co|nm(m in dislrihulary channel tlep(_sils
tary st|'uclures and stratification type, clay content, (fig. 3.12g), The permeability contrasts I)elwoen

and grain size distril_utior_. Permeabilily vltriations cross-bed lamina can range from v¢|'y slight differ-
within distributary channel sandbodies were docu- ences to great dilTerences whore i|npe|'meal_le shale
monied in an analysis o1' pe|'meabilily dala from out- laminac are inlerlayered wilh sandsl(_ne laminae and
crop exposures (Drcycr, 1990). The study indicaled may impart a significanl etTcct on residual oil sa_lu-
thai the sandbodics ct)ns|st of numerous interlocking ration and log response,
permeability lenses lhal rarely exceed 3 1"Iill thick-

ness or 60 ft in length or width. The lense-shape Kortekaas (It)83)analyzed lhc. el'l'ecl ()1 pcrn_c-
geomelry of lhese zones is altributed to lhc channel ab|lily var|aliens on lhc disl')lace|ncnl of oil by waler

within cr(_ss-beds wilh a per|noah|lily c(_nlrasl o1"5deposili()nal processes of in|tiling o1"scours and tni-
I)etween laminae, His work shrews Itlal witch fluidgt'ali(+n ()f bed l'(+rms along the channel belle|n.

Semivari()gram analyses and correlati(_n o1"perme- flow is porl_endicular lo lhc cr(_ss-hed laminae tllld II|(.,.
rock in waler-wel, oil within lhc' higher permeahilily

ability profiles indicz!led lhal permeability measure- _..... ; ....... ..... ,.,. ;,,;,:,.,,.., .............. , _,........ ,......... ,.....
inents t¢;nd I() he tlnrel;.llt;(.! _.lldistanccs exc'eeding 6 t() ,,,,, ..... ,,..,.... ._ ,,_ ,,,,t,t,,,),,yl,,,',.-,,-.u u,,,,.: lt, ,,,c,i,/.;,,_.:,
I{)fl. These holcrogcneiliessl|'onglynffec'Ibolh capillarypressuresinlhc I()wei"pcrmeaI_ilily(filler-





Table3.4. Application of enhanced pr()duction meth6ds to heterogeneities related t(, deltaic dtp()sitional processes

Horizontal/ Hydraulic Gel Surfactant in situ

lnfill slan_, fr,_cturing polymer Polymer alkali-surf. {'()2 Steulil comhusti_ln

Field scale sandbody

continuity
continuous X X X
SellliColl [illtlOUS X X

separated X

Bounda:ies between X X X

genetic unit

l,ateral facies changes X X X

Permeability zonation X X

Permeability baf,'_s X

Cmssbed sets X X X X X

Crossbed laminae X X X X X

lion from a horizontal well by cc:lnecting two or lriO,,_ lateral facies changes will be the use of infill wells

neighboring sand bodies providing the shale layer in (vertical or high angled slant weil) in lhc light thin

between will propagale a fracture, zones, or iii some instances, the use of polytner gel
may be used I(/nlodify the flow profile.

For an off_hOre reservoir with similar l leld-scale

perlrleability barriers b,'l a<: inverse pattern as lhat l_ermeabilitv Zonation Within (;ellletic [Jnits
illustrated irl figure 3.12a, Johnsorl and Kl'ol (1984)

illustrated through simulation studies lhc possibilily Heterogeneity caused by the vertical arrange-
of simultaneous miscible gas flooding iii lhc top lal- Irienl of pernlcal_i Iii y Call usuall V be Iii iligaled lhr(iii ,_tl

orally continuous (transgressive) unit alld thai walor- pr(iperly desigiltd ilnprlived walerflo¢ld 'ii'ielhiltl._ ._ill_'h
fl oodin g of the lower i ndiv ld ual arid ii] ullisiory cha Ilnol ;.is polylii0r flllodin7 (lr profile inl)dilicalioll (li a C¢llii-

salldSlone urlil would improve recovery efficiency iii binalion of lhc two iriethl)ds, ('rosslinked polyniers

lhc lep ill iii by 14%. ill¢lu(.ling chrolniuni acelale, chroniiuni i)ioprional¢,

alld alulninlillll acelalO polyll;crs iii prllfile inodilica-

Lloundaries Between (;enetie Unils lion and piilylii_'r flooding have been successfully

used lo iinprove the sweep efficient:y iii hi_h-per-
lnfill drilling would he bcs! applied io ovoiCOllie

meabiliiy zones iii deltaic reservoirs such ;.is Helllh
perlrieabilily barriers caused by boundaries betwee, n

Burbank and North Staril_y Units of Burbank field
genelic units with dimension ii) the 10's to 100's feet (Zornes, 1986; Harpole and Hill, 1983). 'I'l_cse
inllie(x-ydirections), The use of hydraulic fraclur-

methods reduce drive water Inobility arid (.lecreasc lhc
ino_ or short lalorals froln Iho vertical well irlay be

degro(; of water channeling, thereby ilriproving con-

desirable to provide boiler flow. forlllanco and overall walorflood volulllolric swoop

,',fficiency. Profile modification and l)olyiner flood-
.Lateral Facies Changes illg irl y not be {111oCi;llOilliC solution iii lafge, high-

The residual llil afler walerflood indicalod in perineabilily ZOllOS, (,r whoP. lhiD lhc ralioof vortical Io
horizolltal is greater than 0.01, where the water will

i_,llrc' J. 14 _uggesls that thin lanlilltio adjacent lo a

ctianncl with good pernieabiliiy will not he swept revert back to the high-perlneabilily zone after ii .,
cllicicnll_. One elT¢ciivo technique lo overcome flows pas! lhe gel-polymer slug (Gao el al., 1990). Iii "

those cases, lal'gOlod infill drilliri 7 may be a boiler
,I iccli(_lial pcrintabilily (ii chaiinelip, g is I(/ apply a

s(iltlliOn.
J_lic_lfi\c pllllcin ',o Ihal lhc injected water flows

p,il,¢iid,_::ular ll_ lhc dirc(.'li(lli til lhc p_;rlriOabilily lncaseswhorclhc peririoabilil 7c'.onlrasl belween

_,._1 lhc linc_lrivc pallern has been succtssflllly zones is rlol large, polylner floodin 7 tall COllipellSale

,_ {"i_,+,'_1 II'1 IlIIIIIt'I'(ilix I'C_,¢I'V(IifS includiri 7 Norlh for lhc ili,balaliCe iri waler iiilake due lo lhc.' differ-
..ii,<.._,_,.,!_ilicld iii (Jklalii)liia (Trarllh;.ilii el ;II., 198()). (ricc._ iii fluid c(liiducli\'ily. However, p(ilvliicr

.... . .,';<._clllcicalc,,I,dnilicalilqiialililic's(/ftiil iii fll)odili!d Calill()l C()lilplelcly c()rrecl for pcrlilcabililv
:_; _._ ._i,_llicl cllt'cll_Clliclh(idl(ic(irrc!c'll(_r /tilialii)li ilitlllcctl Il(iw iiilbalaliC'C,, ;.is illtlic_ilt'tl b\



po._t ._urfa¢'tant p()lymcr I'loodillg pilotcvalualion REVIEW OF (;EOI.,()GICAI, F'A(,T()R,_

studies, where highor residual _atux"ilion._ in tighter AFI,'I,]C'TIN(;, RI,_C()VERY IN E()R PII,()T

zonl.:,,_ wci'c l'(.'pcu'l.cd ('l';.Iggl.ii'l ;.tild Russell, 1981; I)R()JI,]CT_

Slllith,1991). ]%'1¢ch_,IniC;,illllCtll(l(.i._.%uch ;,i.%flow

I_arIIcs,sclccicd pcrforali()n hay( aI._clI_ccn u._cd wilh Intn_ducIion
s_mlc ,_uccc,_s.

,_''

Ai'icr ['_rilll:iry and _t'c(liid;.il'y r¢c(l\,cry, (iii _iVt.l-

Permeability lial't'les Within (leneli¢ Unit,_ age cii iil_oul (}9(>_. of lhc ()rigilii.iI (lil-in-.l)lacc, ,,,,,iii
rciii;.iill illllCCcivc'rl.'d iii dc'li;Aic rcscrv()irx (.,..ce lhc

I-I(iri/.()nt_.il p(.,rnlcal}ilily hi.ifflc._ reduce vc!iliclll x¢c.'liciil (iii (;¢11¢1;.tl R¢.,,,i,.'rv(iir ('hilr;.lctcri.'.,lii.'x I1-()111

pCi'lllCl.lhilily and may ¢f1¢cl h(iii/.clnlal wt'll_ ni(lr( "r()ki,_ Diii',(|}ii._c). "rhik rciilililiill_ ()ii will hc lilt.'

;.ldV(.'i'.%ciy thrill vcrliclil w¢ll._, ttydraulic Ir_lClUliil_ l[ll'Et'! ()liinl}i(iv¢d (iii i't't.'(iVely. Illl[)lO'`¢d (iii rct;civt.'rv
._lilnulali(in will ilnllrov¢ injeciiviiv iii pr(iduc'livil)' ili¢lhc)tl.,, includ¢ advaliCCd _¢Liiiid:ilV lii¢lhcitlx _,llch

_.il'Oulld lhc w¢lll_ore. _i_, Iiir_¢lct]. (iiiiii drill(n,,,, i}l(llil¢ li(ct(iii((ali(iii

(ciilltlliiUlli lir ;lliillliliiUlli c'rc)_l inked [_(ll'_'lnt'r. [ii;iii(,,.

Crtlsslil, d _els (lc. I. iii(ii [_()lyln¢r Ilciildili_,.. rhc,,¢ int, lllittlk illilll(Ivt_

lhc' xw¢¢p cli'ic'i¢liC)' til _i watcrflllild anti IliiliT;ilc'
A.,, ilidiclil¢d iii lhc i}r¢vi(l(i ,, .,,ccliiin. '`valcrllocltl-

rt!.,,c'rv(iil-kt;iil¢ ,ind .,,lli_lll-,,cill¢ hc'lOlilTt'li¢ili¢x thliliii,, iii Cl'().,,.,,t_cdd¢d inl¢rval.,, (.'(iii I_c' hi_hlv incflici¢nl
c';.llikt" Illil¢C(IVClc'd Iliit\_il'll¢ (iii I(i I_c' I¢11 I_chllltl c'vcn

duc Ici irappin 7 iii oil I_v c'apilllirv I(irccx and I_b'pa.,,_,-
_illc'r cxlcntlcd W_llcrfl(icidill_. Th¢ (lllic'l ii((pllived (iiiiii,, Z()liO,,, til.lC Iii _,liill¢ Iiiv¢l,, Iii Ilii._ ,,ilualic)n lhc
r¢c'(iV¢ly niclliiltl.,, il.%ullllv Idc'nlllic'tl ;ix el(hi,li(i'd (_il

r¢eov¢rv cllic:icncv (';iii I_¢ illiprov¢tl I_ ill, lilt., ii
It'c(l\t,lY i)i(ic'c'xxt.'x ;ire _lctlllifl(l()tl, t')clic xl¢iilll, iii

ini._c'il_lc tli:,l}lal.!¢lncnl Ii'(). livllr(ic'arl_llli 7_i,,. ('lc.)
.,,iii( Cilllil_il_,liOli. ilii,,cil-llc and illiliiikc'il_lc 7;i_ (('() .

illOCt, x,, which l¢tltic¢x lhc, capillary Icllcc'_ II(al li_ip llaliil_il _i,,. t.lilic;llc'tt nallil_il ,,_i_, al(ii _ ) iliiC'l(ll_iai
lhc crude' (iii _in(.I.liv¢iL'Cllllt.,_ lhc vikc'(lil,, I()lclt'k Ihat

;ilk_ilili¢, ,,illlaclalll, _lli(I iilkalili¢-,,lirlacllilil Ili¢lliiitl,,.
lC'lid Icl r¢l;.ird ClUdc' (iii Ilt)'`'` (tttllncll and M(irr(iw,

ltic',,c' ilic'lticltl_ ilnt)rciv(.' tli.,,l}llic'clii¢nl ¢I Iici¢lic'` _lli(I
19X_ ). A dilute _urlac'l_iiil cii alk;jI i-,,urf_icl;inl l}lCicc_,,,

c'_i_l liilli_iii¢ _lliCl(i- _illd Xllii_ll-,,c_ilc' ti¢lt'lCl._cn¢ilic,,.
Ill{iV t_I.";.1candidlil¢ plCitc,,,, illltl _hcitlld I_¢ inv¢niiT;ilctl.

M(ll_ililv c'(llllrcil ((ge;t1..,, kilL'li ilk I_(/lylli¢r. anti .,,lc((in
Ho_¢vcl, lhc ilX¢ (if i)tll Vlilt, r I(ir ing)hi I ii v t.'(llll rc/I ill(iV

iili(l ('().l(llilii c'iill, Iii ii c¢rliiili tlcgl¢C, lliiiiT,il¢ I_v-
n(li I_c.dv.xir;.il}lc' tlii¢ I,)lhc, pilt¢il'lial fillcrinL, cff¢cl til
lhc .,,hal¢ .,,Ireakk which (_cclir I_(.'l'`vccn Iti¢ c'r(l_,_,-I_ctl I)a""in" _- i}hcli°in¢liiin cau.,,c'tl Ilv rc.,,¢rvciir ,,('file li¢l-

criiTcncilic'_,. I!nf(irlunatclY, ii,, c;.in l_t' _t'¢ll ll(nll lhc
_¢i.,,. 'rhi._ llh¢ll_lli¢lii_n Iii(l\ i_¢ lhc' c',illX¢ (li i pl'()l_lclli.,,

di.,,c'u.,,_,iiln I_¢liiw. U_ill 7 inol_ilitv cclnlrcll ag(ni.,, willcn(cit(ni(red iii _i iiUliil_¢r cii pili)l.,, wh¢r¢' ()iii), ili¢
n()l Icllallv clilninat¢ lhc icndcncy for Iluitl Iii I(lllciw

.,,urflic'laill .,,1117hill li(ii piil)'llic'r lC;jchctl ill( (ll_,,¢lVil-

(ion w¢ll or cvalL|alion w¢ll (Lc(rc.ii/. c,l al It)8(}: ii path of Ica.,,I rt'.xi._l{lllCt_. In¢ffici¢nl _w,¢¢p i.,, c._pc-
" cially d¢,triincnlal Io EOR pro.loci.', that in.loci I¢._._

Ccll¢, 19_ a anti t_; Huh ¢I al., 199()). lhan i pill( v(ilulli¢ iii ._luTx. The _ln_illc, r lhc ._lll 7

u._¢tl, lhc' 7rolilcl" th¢, ilnl}Ollancc cii I}rOl)¢r liiill_ilily
(/r(!sslied Laniinae t.'onlrl)l.

Pore ._izc \'ariali(in iii ci(ix._l_cd I;.ilnin_ic tciid._ Iii The DOE Barllt;.._vilic tJr(ij¢:cl Office E()R lJr()iccI

pr(ml(ilo nclnw¢llin 7 pha._c I.iiippilig. ln'(/r WalOr-w(I Dalal_a._e ,%t/owoC 129 EOk pro.ioct._ iii .]7 ficld._ pr(i-

(lick, rapid ilnl_il_ili(/n of wal¢r inl(i Ilic liThlcr lain(- ducin 7 fr(iii( dcllaic r0_¢,rvoirs. Of ih¢.._¢ 12 t) pl().iccl._,
nac Icavo_ th¢ tliTIwr pc,,incal_ility I_iinilla¢ un._wopl 46 ;il'C xl,':iln (cyclic or xloaindrivo), 4 in ._iiu c'(lllll_ti_-

arid wilh a hiTti rc._idual (iii ._aluiali(in (ill iin(il_ilo (iii). li(in, I() ;':_ in.ioclion, 714poly(nor, 3 ") _ui'faclal)l, I

Thix wa,_ .%h(iwn iii lhc _ilnulalion work of K()i't(_kaa.% alkaline, and I iniCl'(ihi_il I_P]OR projocls. FillIv -(our

(19147) and Ihe(,rcli(.'al rovicw (ii" ..SIc.Tolnt, il" (1976), (if the 46 .xlcain pr('jocl._ ai'o iii C(ialiliga, L(i_l Hill,
and Ell< t-lill._ l'iolds which havo crudo oi1._ iii rho 2().$"

The only way !(_ (iVCI'C(/II1O this lype of heier(,gc-

noiiy is hy incroa_in_ lhc capillary nulnl_cr and lm- Io 22._g °API 7i'avily r_ln_o. M(isl inlorcsiinTly, lhc

provin<g the displace,lienl efficiency via one (if lhc llUllihor of gas in.jection prcl,iects is .W,lll{lll, IliOSl proh-

EOR Ilrlotho(]s. Any ef tlic c'(/nv¢nlionai EOR l);Iclh- ahly duo lo the lack ofavail;!l_ilily olCO_. Fl'(illl those

ods of cho(ni(al, _a._ ini._cil_le (roduc[i()n ofinlorfa- hi._loricdala, chcnlic_lll'll):Jdiri 7(surfa¢lanl,_.,ikalinc-
._url'aclanl, and p()lylnor flo()ding)appoai'._ Ii/ hc IIlocial ton.xi(in), and lhorinal (ro(iu(ii(in of vi._c(i._ily) can

ovorcolne lho off(el (if ¢i'(/.x._-I_od laininao inducod oil ru-in_c, EOR inclhod Io hc applied iii Iho dcllaic rc._or-

Iral.)pin_. voi r._ ¢cin._idcrod.

Til Illli×illli/O Ih_" ('l'llll(llllil" I'('l'/IvlJl')' (li" _li! !_v

w_il¢l'flc)(idilil 2, _ipplicali(In (if ali (ll_lilnUlli ;.itlvallC'¢(.I
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secondary recovery method (infill drilling, profile most ol" the evaluations conccnlrated on the rcct_very

modific,'ltiorl, and polymer flooding) will bc needed proc(_.sses, and even when Ihe geological flitters were

tomitigate the effectsofdifferentscalesand types of evaluated, littleel'l't)rtwas expended in relatingthe

helerogeneitieslhalaffcclwaterflot)defficiency.The projccl performance It)heterogenciIies induced hv

el'fecliveapplicationof EOR meth()ds to recover rc- the (.ler)ositionalenvironmeriI.
mailing oil ailcrwalerflooding will depend upon a

In an attempt lt)determine tileeflccl.()Ithese
knowlcdge of the type and scale of hetcrogeneiIics

helerogerleitieson EOR recovery efficiency,reIIOrl,_limiting oil recovery. Venuto (!q89) advocales iai-
and publications on EOR projects perfornled in del-

It)ring EOR processes It)' get)logic environlnenls.
laic l'eservt)irswere reviewed. IIixinlereslingthalGeoscientists and engineers should work logelher lo
alnioslallDOE-sI')onst)redand a large prop()rIionofdesign an EOR process It)mitigale inefficientrecov-
induslry-sponsored chemical EOR pilolsIcslswere

cry due lt)geologic Irt)ckand rocklfluidproperlies)
conducled in deltaicreservoirs.In thisreview, only

and production induced heterogeneilies. As an ex-
ample, geologic and engineering studies al the SIoss lhc el'l'ccls of sedilllenlologically related rescrvoir

h¢lert)geneily were considered. Although Ille of f i-
field, Nebraska surfaclanl-polymer pilol silo have

cacy o! tile recovery process is also inlptHtanI, ii ixidcnlifiedchanges irldeposilionalenvirolllllellIas lhc
outside lhc scope of thisreport and will nel he dis-cause for lhc reslrictedCOillnlunicatiorlhelween two
cussed here.

injectionwells, which are totaled in lhe dislrihulary

channel facies,and the centralproducing weil,which Table 3.5 ix a ct_mpilalit)nt)flhc t)l')servalit)n.s

ix localed iiia inlerchannel deposil {Basail el al., reporlcdin lhc lileralurefrom 17 fieldsand 27 chemi.

1978). cal EOR pr()jeclscorlducled in dellaic reservoirs. The

.fluidflow prt)blems Ira)sloften reporled were than-.
Polymer floodin!,,ha.,,heel effeclivclyaPr)liedlo

neling, directionaltrends (preferenlialdircclion ofrecover addilionaloileconomically inNorth Burbank

field,Oklah(_ma, a deIlaicreservoir,hv milivaIing fluid IIow), and c()mpartmentaIizaIion. Although

crlannelin,,_caused by field-scale helert)gcneilies fracturesor faultsmay cause similarflow an()malies,
Illcy were nel reporled It) he lhc cause in Itlc examples(Zornes el al., lt)80). Irl lhc same field, a more cost-
listed.

effectivemethod ixbeing api)liedinwhich lre.:,;,hWaicr

prcflu.,,h ts nol required. "Fhe successful Pitrt)ts iii ChannelinR

L eden lield,Illinois(Braggetal., 1982, Reppertct A projectixconsidered l()he affccledby chanllel-
al.,199())alst)dcmtmslrale lhc ,successfulapplication

ing when a high-permeability zone aIfectsthe dislri-

of surfacl;.Inl-pt)lylner technology to improve di.,,- buti()n of fluids or when a zone ix taking a dispro-
pliJcelncnl and sweep efficiencies and lo iniligale porlionalt: volume of the injected fluid. Vertical
small-scale helert_ocneilv.The alkaline-surfaclanI-

. - permeability zonati()ns within genelicsan(Ibodiesare
polymer process may be a viable and less expensive

comm()n in dellaic reservoirs, with higher

pr()cessc()lllpleinelilirlglhc surfactanl-r)olynlerpr()- permeabililies(and thereforepreferred conduits for
tess (French llndBurchfieId, !99()). '""

A_,i!_ic;.Hion()I fluid llow) occurring at the bases of distribulary
the gravity ._table CO, miscible method in a tilled

channel deposils and al the tops of dislrihulary moulh

deltaic reservoir (Palmer ct al., 19_1) is anolher ox- bar and della frf)ni dcposit.,.',.
ample of tailoring EOR pm,:esses Io geologic envi-
ronments. The high-permeability channels reduce lhc effec-

liveness of lhc designed slug because most t/l" lhc

Effects of Sedimentological Factors on EOR Pilot injecled EOR fluid will flow in lhc high-permoabilily
Proiects zone, which has low residual oil saturation due to

- waterflood sweep efliciency. The lower than ox-

The influence (_1 sedimenlological factors on petted recovery reported for the M- 1 surfaclant pilt)I

walerflot)ding was discussed in previous sections, was atlrihuled lo a similar situation (Smilh It)is report),

Since most [EOR processes involve injection of fluid where only a small fraction of Ihis report lhc slug
to mobilize and displace residual oil, the same sedi- contacted the zone with high oil saturalion. This

menlological factors tire expected lo influence EOR phenomonork was observed in 20 t)f 27 (74_) of the

recovery efficiency. Any effecl is amplified because field tesls listed in table 3.5.

of the small pore volume III the EOR fluid injected. Compartmentalization

Since the early 1970s and until recently, many Compartmentalization was documenled when

EOR pilots and commercial field tesls were performed, geologic studies of lhc EOR projecls rept)rled lhc
and a significant number til'papers and rcporls evalu- presence til" compartmc his or harriers lc) flow o1 E()I:{
,_i _.I_'t_u..................uau.'_u.',m,uJi-CfiSOii,_Iu,,nuducn.%_:,,,aiidi'_aiiu,u'.

()Ilheseproje(:Ixhavehe(.'nr('p()rlcd.Unft)rlunalely,
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Table 3,5, Geologic factors affecting EOR recovery

Field name FX)R Well Recov, Chan- Compart- Contact Formation Direct- Facies
type spacing efficiency neling ments high parting ional

acre % salinity trend

Benton, !I) S/P 1 27 yes yes yes
Big Muddy I, WY" S/P 1 36 yes dc,dfr
Big Muddy 2,WY' S/P I(I 14 yes yes
l)elaware Chthler,()K _ S/P 2.5 7 yes yes yes
El I)orado, KS' S/P 6.4 (1 yes
Glennlxu_l, ()K" S/P yes yes yes yes
l.oudoll I, II.' S/P (I,625 15.3 yes
l.otithm 2, ll.S S/P (I.68 611 yes yes yes dmb,mb,df
I.tmdon 3, 112 S/P 071 68 yes yes
l.ottdon 4, 11.i,, S/P 2.5/5 27/33 yes yes
M;.Iill('Ollsolid. I, I1.11 S/P 0.75 63 yes yes dc,pb
Main ('tmsolid,2, II.': S/P 1(1 39 yes
M_lin('onsolid.3, II. '_ S/P 3 27 It) 33

Mail1 ('oils.til II,_"'_ S/P 2.5/5 20/I 7 yes yes yes yes
ManvcI,TX'" S/P

North Btirbank, ()K" SIP 111 25 yes yes yes yes yes ft,retail
North Ht(rb., ()K I_'p' P 2(I yes yes yes fc,mmtl
Norlh Stanley, ()K:" P 1.4 yes
Ranger, TX :_ .q/P 4(1 25 yes tic
Sitlem I, II.x_:_ SiP 5 14 yes yes yes til"
Salem 2, II :':_ SIP 5 47 ye:; yes
Sloss, NE:" S/P t) }'cs, yes yes
Bay St. Elaine, I.A:" ('(),M obs
Gmbcr, ()K TM ('(),M Ilia 14 yes yes dc,df
Rtick ('rock I,WV:" ('(),M I11 3 yes yes
Rock ('reck 2,WV "' C(),M 1.55 11 yes yes
C;rann (,rc'ck, WV u C'(),M ().85/6.7 37/6 yes yes

S/P Surfaictanl (including nlicruemulsion, low tension and soluble 0il)-polymer
P I'_lymer
('(),M Carbol! dioxide miscible

dc:= distributarv channel til'= delta front mmtl =:marginal marine tidal or lagoonal deposit
obs = overbank splay pc = immt hre. dfg = delta fringe
fc :=fluvial channel mb= mt)uth bar drab = distal mouth bar
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fluids and occurred iii /3 of 27 (4,R%) projects i'e- cry et'ficiencies against well sf>acing foranuml_,:,r(',l
viewed. Compartmerllalizaiiorl may result from micellar-polymer field tests I_erlornled in l..(_tJdoll,
Imundaries hei,ween genetic units, lateral facies Main Consolidated (Rcd_inson), and Big Muddv field.
changes, and clay drapes hetween cross-bed sels (dis- These fields were chosen because several pro, jecls

cussed above) which prevent, communication helween were performed with varying well spacing and simi-
injectors and producers or result in unswept areas o1" lar chemical slugs, The 1973 pilot lest III L.oudon was
lhc reservoir, In cerlain cases, harriers to flow were not included because lhc slug was difl'erelll t'r_lll Ihal

nol delecled when low viscosii,y fluids such as of subsequent field lests, and pilol '119' al Main
prcflush, tracer, or surfaclanl solui,iOllS were injeci,ed. Consolidated (Robinson) field was also excluded

However, when polymer solui,ion was injected, lhc because of the different well patlern used {ii was a
progress of polymer slug was impeded. Compart- linedrive pilot with 10-acre spacing between in jeclors
mentalization could reduce the elfecliverless of an and producers and 2.5-acrespacing I'wlween in,jeclors).

otherwise well designed EOR project. Figure 3. I g shows I,hai, the recovery efficiency
I)ireetional Permeability Trends decreased from 6(}1o70% toless than 3()c_, I_r well

Directional i,rerlds ofpermeal_ility may he caused spacings greater than I acre. Ali,h(_ugh otherexpla-
I_y(_rienlali(m(_l'cross-lmdding(}rhigherpermeabilily nations can be advanced, reservoir helcrogene.ilics

arelhe likely cause, lna nu;nher(_lll;L'presclllaliunschannel deposits which have cu_. down inlo lower
permeahilily facies, holh of which generale a prcf- al lhc ('lass 1 Symposium on EOR pilol pro.iecls,
erenlial direclion of flow. Tracer tesls or recovered sedimenlologicallyrelatedheterogeneilieswerecilcd

surlaclanl and polymer are oi'Ion al_le to tOnitem the as the cause for p(mr fmrformance, For exatnple,
preserlce and directions of high-perrneal_ilily trends Smith (this report) showed thai poor vertical and
(ttolleyctal,, 1990), This feature was ohserved in six areal sweep efliciencies within Main ('onsolidated
( _,.,, (Rol_inson) field, caused hv the presence of sl;.tcked-.... ,) _I lhc pn).jecls reviewed.

, sand Imdies and directional permeal>ilily are IIiu
(;ontaclin_ HiRh Salinily Relaion probable reason for the lower than aflticip;.lled c_il
('hanneling, contf_artmcntali/,ation, al)d/or dixec- recovery, ttr suggeslcd Ihat i.| lincdrive pattern may

tional trends rnay result in hy-passingofareaswilhin alleviate these geologic prol_lelns. The highvr re-
a reservoirand presetvatican_Ilhcoriginall'oflllalioncc_veryefficiencyoftheIIt)projectsusingalinedrivc

brines.Asaconsequenccofl'_ellerrn(_hililyconlrolofpatternsuppm'tsthishylmthesis. In anolhcrcase,

lhc FOR process, Ihcse high salinily pockels are Holstein (this rcporl) in his discussi_m of I._)udoll
c()nlacled durino_ an E()R projecl. . This l_hen(_mcn(_n field, altrihuled lhc I(_wer recovery, elticiencv, in lai'eer.
was rcporledonly inthen)tealF;OR projeclswhere well spaciilgpilolslopoor polymer Ii';,tllSl_)rl.The

hi,rhsali_lilywas l_)ui_dIurcducelhceflectivenessof probablecausesfor poor p(_lymerIra_sln_rlare'I)
lhcE()R fluids, disassociationofpolymer from surfaclanlslug(Hol-

Formalion Parting si,ein, this reporl)', 2) low perme,ahilily rock (I-tuh el
al., 1990)' and 3) reservoir c(_mpartmentalizali_)n.

Thisphenomenon isnotrelatedtolhcdepositi(mal

environment of a deltaic reservoir; however, ii is (;ENERAI, RESI£RVOIR ('ttARAC"I'I_:RiSTICS
included here because ii occurred in eight of lhc FOR I)I,:I.,TAIC RI,:SERVOIRS IN Tltl,:T()RIS
pr(_jecls reviewed. Formatior_ parting was reported in i)ATA BASE
many ()I lhc chelnical flood projeci,s where high-
viscosil.v fluids were injeci,ed for mobility coni,roi.

Formation parting may he caused by the presence of hltroductiol!
fraclures <>rlow in _;iluslresses in shallowreservoirs.

TORIS, which stands for Tertiary Oil RecoveryNai,ural fraci,ures, however, were not cited as the
Information System, was developed by I,he Nai,tonal

cause of formation parling, even though fraci,ures Petroleum Council (NCP) and is maintained by tlm
were present in some of the fields. Depari,meni, of Energy (DOE). TORIS is a collection

l)iscussion of a reservoir data base, an EOR data base, EOR

screening models, and reservoir simulators, For soy-Lower I,han expected ali recovery was partially
attributed t(, heterogeneity related to deposit,tonal oral years, DOE _'nd the l_llerslate Oil Coml'}acl Com-
processes in the projects listed in table 3.5. Quani,i- inis,,.',ion have been .jointly collect,ing data on ina.ior

float,ion of the effects on recovery, are not possible al U.S. reservoirs for TORIS. In 1983, ii was decided Io
this poinl. However, comparison of performance Io scekaddilionaldata for ali reservoirs havirlg20mil-
well spacing may indicale lhc scale of the features lion I_hl _f OOII-' or greai,er and crude oil gravities of

controllin, production Fieure3.18isaplotofrecov- II,A" At'I or greater (National Petroleum Council
1984). Requesls were senl to each maj(}r operator ill

3 2X



reservoirs. Fluvial-dominated deltaic reservoirs

, 100 / Surfactant-Polymer Floods showed a low secondary recovery which nlighl he duc

B0 _ [] Loudon Iolhc', permeability conlrasl in lhc verlical direclion.
• 'Main Consolidated

"_ + BigMuddy ,
Reservoir l'rot}erties._ 60

+_ . .(.]c.jIcra_ ,_l.alis.l,!_:s of formation and production '

chaJ',._,:'l._,:._i._lic's(if fluvial-dominated dcllaic re'serve(rs
40

o [] Ji . . .4_ ,o ar.¢, ii._:d,/in table 3.6, Mediari values arc used ltlr

rrm 20 • _ c(.)ln'l,_[il't.4lill bc_a'u_c.-dclC.rlll i nal ion (ii sii!.cni fica iii mean
- -_ v,'iluo_ require!4 thai lhc data be disiribuled nllrnlally,

0 , , , j , , . , . L .__ which is rarely lhc: case. A "lnedian" fluviai-d,._ini-

0 2 4 6 8 10 2 naled deltaic rcsc, rvoir has a nel pay of 16 ft (fig. _;
Well Spacing. acres 3.19), florosily of 19% (fig. 3.2()), pcrineal'_ilily of

128 Indic fig. 3;21), :lnd a reservoir size of I ,,"44()atrc.<,.
14igl.lre3.18 - l,_elalionshil_belween well Sl)acing and recov-

The Iogarilhlnic values (li" p¢l'lneal_ilily _how a
cry cl'l'icieilc;y in E()R pilot pru.iecis.

sonicwhai linear rclalionship wilh lhc porosity values

iii figure 3.22. Fifly percent of lhc; fluvial dcllaic
1,3()0 idcnlified reservoirs Ior rcsol'\'oir dala and pro- i°e,_¢rvoirs studied have inor¢ lhan 26.6 niillitin bafr¢l,_
duclion data til priinary and seuondary rec'ovcry. The

tit" original oil-in-piace (fig. 3.23) and have produced
collection effort wa.,,;a re(tct'alive process with con-

more than 205 I_hl/acrc/ft(fig. 3.24). Fluvial doini-

li[iu(ius requests lo rcscarcll organizations and tip nalcd deltaic reservoirs product light otl with a me-
cratoi._ for additional infornlation on reservoirs which

dian gravity of 39" API (fig. 3.25). The r¢._crvoir
are not limited io OOIP equal Io or greater than 20

cleplh ranges froni 58() io 10,246 fl will( a median

million bbl. The end result til this cfforl is a reservoir value of 4,954 ft (fig. 3.26). Nc'.ilhcr lhc pernlcal_ilily
data base far larger and inert l.:tllliplctc than had

value nor lhc original oil-in-piace showed a correla-

previously been available, li(in with III( reservoir deplh. The riled(an value of

A total {ii 220 tluvial-dolninated deltaic reservoirs prilnary r¢cov¢i'.y factor is 26e/<, and the nledian value

were identified alnon_2 350 unslruclurcd dcllaic r0s- til" priln[Iry and _ocondary recovery fat;l(ir i,,, 3()c){ (fig.
ervoirs contained in lhc TORIS dala I_asc. Eighty-one 3.27).
wave-donlinated and 24 lid¢-donlinaled deltaic res-

General stalislics iii wave- and Iid¢-tii)Ininalcd
orvoii,_ wtr( identified. ]'he TORIS reservoir data

deltaic rosci'voirs contained iii TORIS data I_a.,,c are
I_ii.',;et:onl'lins only average values til' ploduclion and

listed iii tables {.7 and 3,8 for colnparistlli. Fluvial-
reserv.(lir paralnclcr._ (such a._ porosilv, perlneabilily, wave-, and lidc-d{mlinalcd dcllaic reservoirs have
and recovery factor). The detail of data is not suilable

similar wllues for porosily, perlneahiliiy, (nil(al oil

forarigor(lus slatisticalanalysis; however, ii ispre- saturation, and oil gravity. Tide-donlinaled deltas

scnlcd here lo illusirale lhc range of reservoir prop- have a inedian deplh of 2,065 fl iii conlrasl Io (ned(an

criics and production characteristics iii deltaic res- depihsofovcr4,000ft for fluvial- and wavc-dolninaied
ervoirs. Interpretations based on tlicsc data nlust he deltas.
made with extreme caution.

Analysis of reservoir and production dlila was
Reservoir properties and produclion eharacleris-

conducted for four individual plays wilhin fluvial-.
tics of 229 fluvial-dominated unstructured deltaic

dominated deltaic reservoirs as a sample til" lhis gro0t'J

reservoirs inTORISdatabasewcreanalyzcd. Asthc of reservoirs. The following plays wercselcc:ted_,:,il
median values suggest, fluvial-dominated deltaic

the basis of geographic distribulion arid availability
reservoirs are generally high qualily reservoir.,', ai of data: l)CherokeeorBartlcsvillcsandsillOklahonla

moderato depth (4,954 fl), having good porosity (19%) and Kansas; 2) Dakota Group including lhc D sand

and permeability ( 128 rod) and produce light oil (39 <.` arid J sands iri lhc Dcnver-Julcsburg Basin in Colorado
API gravity) at a reasonable primary recovery factor

and Nebraska; 3) Strawn Group in Texas; and 4)
(26%). Among four individual fluvial-dolninaied

Wilcox Group in Texas, Louisiana and Mississipp i ,
deltaic plays analyzed, Bartlesville sands have the

The general statistics of formation and product(or(

shallov,,esl depth (2,000 ft) and lhc highest or(gtr(al properlies offluvial-dolninated deltas iii Bartlesville,
oil-in-piace (82.7 million barrels), while Wilcox sands Dakota, Wilcox, and Strawn sands are listed iri tables

show lhc highest permeability (524 rod) and the highest 3.9 to 3.12, respectively. Hislogralns til" porosity,

primary recovery (479bbl/acre-fl). Rock pcrmeabil- pe,rm_-ahilily: _lep!h: n_;l p_by; _ri_,in'il,, c_il-in-plare,

ityvaPucswerefoundthcbestindicaloramongforma- primary production in bhl/acrc-fl, and ultimate rc-
lion parameters for lhc prinlary pl'(iducli()n in such

covery factor of these four plays arc shown iii figures
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Table 3,6, Statistics of reservoir properties of tluvial-donlilmted deltaic deposits (from TORIS database),

Numl)er of Std
Variable reservoirs Minimmn Maximunl Mean Median deviation

Well space, acres 219 0,4077 735 75,47 41,03 85,87
Net pay, ft 229 2 201 22,71 i6 21,99
Gross pay, t't 228 2,4 241,2 31,05 22 28,87
Porosity, % 229 7,5 35 20,16 19 5,667
Initial oil saturation, % 229 41 90 67,32 ' 68 7,454
Current oil saturation, % 228 10.01 68.79 41,61 42.67 12,11

Depth, ft 227 580 10,250 4,684 4,954 2,027
Perrneability, md 229 0.2 3,100 275,4 128 41851
API gravity 229 21,8 50 38,18 39 4,557
"Fetal disolved solids, ppm 134 300 244,000 83500 50(X)O 73,990

")'3Original oil-in-piace, bbl x 10t' ,_,.9 0,1685 1,189 89,71 26,6 17,73
Primary recovery factor 228 0.01211 (I,836 0,2896 .... 0,26 0,1696
Secondary recovery factor 142. 0 0,64 0,(18372 (1,02122 0,1193
Cumuhitivc recovery, bbl x I11" 221_ 111.39 325.4 23,99 65,93 51,76

'3 '3Primary recovery, bbl/ac-ft ,.,..8 6,433 1134 254,5 ,,05,,.. 193, I
Primary recovery, bbl x 1(/' ,.,.8 0,(12588 348 _° _ 59,86 51.39
LJltmlate recovery factor 229 0,012 0,836 (I,3321 0,302 O,1706

Table 3.7. Statistics _,t"reservoir properties of wave-dominated deltaic deposits (from TOI,',IS database).

Number of Std
Variable reservoirs Minimum Maximum Mean Median deviation

Well space, acres 81 0.1471 293,6 63,62 40 63.69
Net pay, ft 81 4 272 24.36 12,5 ,41,41
Gross pay, ft 8 4.8 1,560 48.3 16,8 177,1
Ptm_sity, 9; 8 6 35 2(),42 21 6,715
Initial till salttratiorl, t_ 8 28.1 85 64.93 68 12,57
Ctwrent oil saturation, % 8 7.928 73.16 39.91._ ,.1(I,55 1,1.63

l)epth, fl 8 40(I 9,8(10 4,655 4,423 2,271
Permeability, md 8 0,03467 2,8(/0 335 95 583.1
API gravity 8 21.2 46 37.17 38 5,314
Total disoh'ed solids, PPm 59 31,9 25(I,(iX)0 72,660 68,0(X) 56,020
Primary recovery, bbl x 106 81 0,03()74 7558 21.26 22.5 92,01
Primary recovery factor 81 0,033 0.84 (1,3 0,2479 0,184
Secondary recovery factor 46 0 0,85 O,1238 0,07765 O.1664
Ctmmlative recovery, bbl x l(Y' 81 0,01232 5,004 93,86 5.294 561,6
Primary recovery, bbl/ac-ft 81 11.76 910 267.6 152.5 25(.),1
Primary recevery, _.bl x 10_' 81 0,01232 4,939 8"1.,51 5.173 549.9
Ultimate recovery t'actor 81 0,08766 (}.86(M 0.3438 0.307 O.1931
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60 .... [. I I I I" I "71 I J I,_ I I 'l 3,28 Io 3.34, The cross-plots of permcabilily and
Fluvial Delta __ porosity of individual plays are sho,,vll tn figure 3,35.

50-
_ Table 3.13 lists anedian values of imlmrta01l Ic_r-
,_ 40 - _ matiotland px'oduclion characteristics for Bartlesville,

[_ Dakota, Wilcox and Strawn sands together with those
'*6 30 - I : _ _ for ali fluvial-dominated deltaic reservoirs. Thc

.n_ [ i ::i:i primary recovery value is not necessarily equal t_ the

E 20 _ t producl of the original oil-in-piace and the prilnary

z'= recovery l'actor because median values are listed in

10 _7 _ lablc3'13' Bartlesville sands have shall°w dcl_lhs ')f
around 2,00()l'l (fig, 3.30), relatively thick nel pay o1"

0 --471 1 ..1.: .... 25 t't (fig, 3.31), and high original oil-in-piace (ap-
S,,7 million bbl)(fig. 3.3"_), Wilcox20 30 40 50 proximalely '_ ...

Oil API Gravity sands show the highesl reed,an v,'llues in imrosily
(30%) (fig. 3,28), penneabilily (524 rod)(fig. 3.29),

Figure 3.25 - Histogram of oil gravity in the fluvial-domi- and prilnary rccovcl'y in barrels per acr¢-Io()I (479)
hated deltaic reservoirs studied. (fig, 3,33) among lhc four listed individual plays.

The primary recovery of Wilcox sands is known to
bcnefil from its bottom water drive. This water drive

40 ,- i , , , i i , , , , _ , i _ l mechanism helps Wilcox sands achieve high primary
Fluvial Delta I recoveries and require no secondary recovery. Oil

'5 30 - _ __ gravities of ali four plays in lable 3.13 are about the
same as those of fluvial-dominated deltaic rescr,,,_irs.

m [lD
¢1"' , ' !

"5 20 - ..] Production Charaeteristi,_:s
._ 1 Visual anal vsis of cross-plol s i lid ic;.llc Ihal pri ,l_arv

-4.-, _ - - production is most slrongly correlaled wilh pcrlllc-
• " ability and thai the primary recovery lltcl()l' illCl¢,;.iscs
_ _ , J

- - I

[ [ I I I with an inc,'easc ii, pe,',neabilily in the rcsc.,v,,i,'s
0 -'t_ I l I ! ! _ sludied (fig. 3.36). According Io principles _lrus-

J

0 2500 5000 7500 10000 ervoir engineering, reservoirs of high-perwllcal_ilily

Depth, ft valuesresull in hi,h_ producli_n rates, bullj(_l llecc.s-
sarily in liigh recovery factors, Rec_,,,ery tat.'l()r is

, determined by se,veral factors such as permcabilily,
formation heterogeneity, fluid-rock pr_)perlies, and

Figure 3.26 - Histogram of reservuir depth in tile fluvial- reservoir drive lnech;lllislns.
dominated deltaic reservoirs studied.

Permeable reservoirs produce greater aln_)(Inls of
oil because lower pressure drawdown ix reguired Io

80 I "', , , ', 't , , w produce the Sallle alll(lunt ()f oil, and the larger viscous

forces overcome the capillary effects, resulting inFluvial Delta
_ lower amounts of remaining oil. High perlncabilily,

60 - _ - in addition to the botlom aquifer drive, may explainlD I
O3

lD i why the Wilcox reservoirs have pr(_duced In(_re pri-
,, ---',', mary oil than the average fluvial-dominated dell,'lic
,2 40 - ---- - reservoir.lD i

, •

z 20 .... i [ increase of well spacing (fig. 3.37). The c()mparl-
: : _ mentalization of fluvial-dominated deltaic reservoirs

_ " tri ,

o : :_ :: l: I ["---t---q reduces lhc draina,,e area from a single vertical well. , ..._.1 Primary production seldom reaches 500 bbl/acrc-fI
0 0.2 0.4 0.6 0.8 1 when the well spacing is,=,,realerII, ali 16() acres. This

Ultimate Recovery Factor relationship, su,,,,e,_,,.,_.,...,,,.,lhal lhc application { infill
drilling or hori/.(_nlal well drilling may be required I(_

F'l,-urc 3.27 - Histogram of cumulative recovery in tile rec()vcr additi(_nal ()ii frown fluvial-dolrlinalcd deltaic
l'luvial-domil]ated deltaic reserv_irs studied.
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Table3.8,Statisticsofreservoirpropertiesofth.le-donlinaiedcleIiaicdeposils(I'ron_'T()RISdalabasel,

Number of Std
Varlabk, reserwlirs Mhlinluln Maxinlunl Mean Median devhltion

Well space, acres 24 1.616 150,5 3(',.0,1 1q,45 40,51
Netpay,ft 24 7 l(i() 26,71 16,5 24.75

Gross pay, fl 24 8,4 1,11)() t)6,(Ut 26,85 22t).2
P_m_sity, ?{. 24 13 4() 21,25 18.75 6.7()1
Initial oil saturation, <.ff 24 55 77 67.87 69 4.73
Current till saturation, <.;; 24 2t.l.43 5(L63 38.t)3 34,73 7.lt)F,

_ " 2,(l)epth, fl 24 765 4,8()7 ,,,.411 165 93(1.3
Perlneahilfly, md 24 Iii bl()() 219,6 15(1 22(1.6
API gravity 24 17 30,5 34.32 36 (,.22
Totcll dis01vedsolids, plml 18 152,7 14(I,(l()() 76,(i(i() 65,95() 53,1711
Primary recovery, hhl, x I(Y' 24 2,5 175 215,.t 24.5 453,8
Primary recovery factor 24 (I.(I.:l t),55_)7 U.2288 (),23 (I. I.:lll_
Secondary recovery factor 23 () (i.35 ().1g42 0.24 (I. 1166
Cumulative recovery, hh[ " 11)" 24 ().76 46.46 63.t;4 1().9 121, I
Primary recovery, hhl/ac-fi 24 24.2c,l 1447 369.2 195.4 422.5
Primciry recovery, bbl x IIY' 24 0.13 462.2 61.58 5.8 1214
Ultimate recover), factor 24 (). 12 0.565 (),6597 ().4121 (I. 121i5

Tcihle 3,0. Slatistics o1 reservoir prolwriies i_l' lhc Barl lesvil le slindslmle (froln 'I'()R IS thtlabase).
...........................................................................................................................................................................................................

Number iii' _td
Variable reservoirs Mininluln Maxinlunl Mean Medilul deviation

Well Slicier!,acres 3 2.4 .i,III,t) 28.92 15.41 54.(M
Net pay, fl 3 3 74 28.t)t) 25 17.54
Gross pcl!,',I) 3 3.6 88.8 .t5_'t9 31.2 2(i. 12
Porosity, ¢,_ 3 12 28 17.25 17.9 3.(Itri
Initial oil sattlrati(m, (:_ 3 47 8() 66.12 68 7.()12
(?urrenl oil saluralioll, <;'_ 3 23.3 66.26 45.43 47.16 11.56

1)el,th, fl 3 580 7742 2178 195(1 147()
Perineahiliiy, ind 3 4.7 35' 66.91 43 88.12
API b'ravity 3 22 4" 36,()6 38 4,546
Total disolved solids, ppm 13 IIi,()(X) 22(),(.i()() 98,671) 1Ifi,(XiO 57,831)
f)riginal oil-in-piace, bbl x I(Y' 31 (),1685 1,(i58 199 82,76 241
Primary recovery factor 31 ().()1211 (),62t) (),2598 0,233 (}.1693
Sccondlary recovery factur 7 (I,()()(1061 (),3()q (l,05037 (),00(i374 (1,1151
Cunlulative recovery, bbl x I(Y' 31 0.039' 37.t.5 51.18 1.t.54 89.91

Primary recovery, bbl/ac-ft 31 1(),26 655.4 206.3 183 156.8
Primary recovery, bbl x lr)" 31 li,II4437 414 53,59 13.56 97,16
Ultimtite recovery l'actor :tI 0,(] 12 0.629 0.2691 0.233 0.1773
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Table 3,1(), Stalistics o!"reserwfir prolxzrties of the 11/.I(Dakota) ntmdslone (from T()RIS database),

L

Number of Sld
Variable reservoirs Minimum Maxinlum Mean Median deviathm

Well space, acres 29 O.1628 316,7 135 120 91.4
Nel pay, I'l 34 2 30 12.46 1() 6,09
Gross pay, ft 34 2,4 37 i 5.55 12 9,48
Porosity, 9/( .t4 1() 26 19.63 19 2.95
Initial oil saturation, e_ 34 58 90 71.51 71 6.117
Current oil saturation, t_, 34 14,14 68.7 ¢I 41,88 42. I 11.5
l)epth, ft 34 3,938 6,731 5,255 5,077 665
Permeability, md 34 17.94 2,238 336.2 234.5 385
API gravity 34 2?, 4.t 37.47 38 3.69
T()lal disolved solids, ppm 17 3011 18,()(X) 7,9(15 7,363 5,1 I(1
()rigmal oil-in-piace, bM x 1()" 34 ().(12829 135 16.87 8A19 23.5
Prmlary recovery factor 34 11.153 11.798 {).3628 11.325 11.147
.Secondary ree()ver3' factor 21 (.) 11.38 {},(171M7 ().()I744 (),I{)I
('tlmula).lvc rec()very, bhl x 1()!' 34 ().(1118887 55.35 6.38 .t.9116 9,61
Primary recovery, bbl/ac- ft 34 15. l9 9(18.?, 29{).2 277 lt,18
Primary recovery, bbl x I" 34 ().(1118887 55.26 5. 157 2.836 9..18
1.1]lllllalerec,)ver', lactt)r 34 11.1611 11.798 11.411.t5 (1.3717 11.137

"I'ablc 3.1 I. Statistics ()f reservoir properties of the Wilcox li)rlnatlon from T()NIS database).

Number of Std

Variable reservoirs Mininr, .,, Maximum Mean Median deviation

,.,..111 220 84,19 62.58 56.39Well space, atrc.,, 2() "_")
Net pay, ft 20 4 7(1 12.55 9 14.11

Gross pay, fl 211 4.8 84 15._J6 111.8 16.94
P()r()sity, _,:_ 20 26 ' 35 3(1.(15 30 2..I 17
lmtlal ml saturation, c_ 2() 41 71 59.2 62 8.788
Current ()tl saturation, r:_ I t) 1().55 ' 57.01 33.97 35.85 15.49
l)cpth, ft I t) 4,3311 6,666 5,995 6,174 675.3
I-'enncabllltv, md 2(1 89.7 15411 644.1 523.9 441.5
API gravity 2{1 31 47 39.45 39.5 3.364
Total dlsolved s )lids, ppm 12 13(),(X)() 178,600 147,3011 146,{XX) 12,791)
Original oil-in-piace, bbl x I{Y' 20 1,4 36.7 7,81 6,44 7,6
Prima_' rec()very factor 19 O.1 0.84 0.412 0.44 11.24
Secondary recovery factor II (.),{)(-)(.)(X)I (},O(XM67 11,()001808 O,(XX)I47 (},(X)(}1792
Cumulative recovery, bbl x 10_' 20 0.2566 5.879 2.662 2.674 1.77
Primary recovery, bbl/ac-ft 19' 121.4 1134 484 479 278.1
Primary recovery, bbl x 111_' 19 0.3485 6.403 2.908 2.723 1.9113
Ultimate recovery factor 211 0.114 0.836 (.).4037 0.427 0.2419



Table 3,12, Statistics ot"reservoir properties o1"the Strawn sand (l'rom TORIS database),

Number of ' Sld
Variable reservoirs Mhdmum Maximum Mean Median dev|ation

,

Well spate, acres 20 8,5 183,3 58,41 44 42,22
Net pay, ft 21 6 110 24,21 15 26,59
Gross pay, ft 21 7,2 2000 120,8 22,8 431, I
t_orosity, °h, 21 10 23,5 17,41 17 3,002
Initial oil sattu'ation, % 21 60 74 65,9 65 4,158
Current oil saturation, % 21 12,47 61,34 41.55 42,36 11.25

l)epth, ft 21 850 6,400 4°043 3,970 1,077
Permeability, md 21 0,5,102 335 80,59 55 78,78
API gravity 21 33,7 44 39 40 2,916
Total ¢lisolved solids, ppm 1 50,000 240,600 , 146,600 120,000 84,260
Original oil-in-piace, bbl x 10" 2 2,495 593 7(I,71 18,17 154
Primary recovery factor 2 0,07 0,812 0,2885 0,2616 O,1856
Secondary recovery factor 1 0 0.29 (I,05635 0.03 0.08818
Cumulative recovery, bbl x 1()'; 2 (),2911 16.94 21,02 3,688 48,79
Primary recovery, bbl/ac-ft 2 43.86 675.3 204,3 194,6 131,5
Primary recovery, bbl x I0 2 (1.2911 171,8 20,4 3.459 50.12
Ultim atc . ,.recovers, factor " (I,09594 0,812 0,3396 0,302 O, 164

Table 3.13. Median wllues of reservoir and l-_rochtctiondata of fluvial-dominated individual plays and ali deltaic reservoirs, l)ata
frorn TORIS database,

Fluvial Bartlesville l)/,l Wilcox Strawn
delt_

Number of fields 229 31 34 20 21

Porosity, % 19 18 19 30 17
Permeability, mcl 128 43 235 524 55
Sot, _, 68 68 71 62 65

Net pay, l't 16 25 1.0 11 15
Depth, ft 4,054 1,950 5,078 6,174 3,970
API gravity 39 38 38 39.5 40
Original oil-in-piace, bbl x 106 26,6 82,8 8,4 6,4 18.2
Primary recovery, bbl/acrc/ft 205 183 277 479 195
Primary recovery, bbl x lip 5,98 13,54 2,84 2.72 3,46
Primary recovery factor 0,26 0.23 (i).32 0,44 0,26
Ultimate recovery factor 0,30 0.23 0,37 0.44 0,30

= 3 35
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25,.-.r--.I i , , ,, , , , i , , 25 i i l I i i l i , l "lBartlesvilleSand i

}" t(A) D/J Sand
'- 20 _ 20 - (B) _

_ ,p,
_ _

"6 "6

-
Z 7

5 - - 5 -

o ..... I I I, I _ I i J I I I
.Ol o.1 1 lO lOO 1,ooo lO,OO 0.01- 0,1 1 10 100 1,000 100o0

Permeability,md Permeability,md

(C) Strawn Sand,_ _ (D) Wilcox sand
p. 20- - '5 20 - .

tr
.._ 15 - rr 15- _
o

_ lo - _ 10- -
-i

z zK
,01 0.1 1 10 100 1,000 10,00 0 01 0 1 1 10 100 1,000 10,000

Parmeahilitv md _..... i..,_....
" ' U _-_U l,)f I IllU

Figure 3,20 - Histogram,_ ¢)f permcat_ilily fur four play,_ in lhc l'luvial-dt)minaled deltaic t'eserv¢_irs sludied.

3-3 fi



'°I+'+''' 'eL' '' t
._ (A) Bartlesville Sand ._ (B) D/J Sand

15 6?' 15

fr cc

"6 t0 . '+6 lO

Z 5 z 5

0 i i _ i _ i j 0 1 i i i i 1 I I 1
0 2500 5000 7500 10000 0 2500 5000 7500 100o0

Depth, ft Depth, ft

20 -I_ ]_ i i ! _ i i i I i i 7 20 i i t w I I I '1 ! I i i 1 1 w

Slrawn Sand m Wilcox Sand,_ (c) ,_,- (D)'F_., o
_' 15 P-. 15

rr rf;

Z 5 5

0 _ A 1 _ 1 I I I 0 I 1 I I I 1 1 I I
2500 5000 7500 10000 0 2500 5000 7500 10000

Depth, fl Deplh, II

I-:igurc 3.3(} . l-Iistugrllms ul' tt,_,t, rvuir dl'plh l'_r Iuur play.,, iii lhr' fluvl;ll.d_>nlilJlltt, d tlclllJlt lC,,t'lvt_ll,, ,,lu_llctl

20 -[- _- i i i i i i , i i I 20 i _ _ T l 'i r" t I i --r---

_,m t (A) Bartlesville Sand (B) D/J Sand

_" 15 6 15 -

cc rr,..,_.

o 10 '5 10 -

E
z 5 _ ;_ 5 -

0 m 1 i 1 0 i 1 i i I i i
0 20 40 60 80 1O0 120 0 20 40 60 80 100 120

Net Pay, ft Nel Pay, ft

Strawn Sand (D) Wilcox Sand
P

'_" 15 '6 15 -

•.- 13L'.

,._° 10 "6 10 _ -

z 5 z 5 -

0 i i _ i _'_ 0 I, I J _ i i I
,.3 20 40 60 80 1O0 120 0 20 40 60 80 1O0 120

NetPay. fl N_;I Pay. ft

=

l"iv, urc 3 .++i lli,,tt_grum t_l n_'t IX_y l_i Illt, lluvllll th,mii+,_tc_l ,Ivlt;lic rc,,t, rv_i,, ,,Iuillcil,



20 = i ,'-- I , i I i w w i 20

(A) Bartlesville Sand

._ - (B) D/J Sand
'5_ 15 _ 15

tr
tr,_ 10 mi `5 10

" 5 z 5
z

=

o i mm i oBRL.
4 5 6 7 8 9 lo 1 10 7 10 10 9 1010 10 10 10 10 10 10 10 4 10 s 06 e lo

Original Oil.in-Piace, bbl
Original Oil-in-Piace, bbl

o ot t
t Strawn Sand t Wilcox Sand

(C) _ (D)

'- 15 '_ 15

10
rr

"5 "5 10

,,l, 1"_ 5 _
Z Z 5

0 I I I _ I
10 4 10s 106 107 108 10 9 1010 0 I I I I I I10 4 10 5 106 10 7 10 8 10 o 1,

Original Oil-in-Piace, bbl Orlginal Oil-in-Piace, bbl

Figure 3.32 - Histograms of original oil-in-piace for four plays in tile fluvial-dominated deltaic reserw)irs studied.

15 I = w w w I w = = w 15 I w I I 1 I w I I I I I

[ (A)w Bartlesville Sand _ D/J Sand
12 '_ 12

6 6
E Z

z 3 3 -

o o _ Bi
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Primary Production, bbl/acre-ft Primary Production, bbl/acre-ft

15 I i =.... w i i =' J w = I / 15 = = = I i i = = _ _ ....=

Strawn Sand | _ (D) Wilcox Sand

" 12 (C) 1 5 12 -
n" 9 rr 9 -
'5 '5

0 _ _ _ _ _ , 0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Primary Production, bbVacre-ft Primary Production, bbVacre.ft

Figure 333 • Histograms of primary recovery for four plays in lhc fluvial-dominated deltaic reserw)irs studied.

3-38



15 ' /' u / u I I J u I /' 15

'_m 12 (A) Bartlesville Sand / ._ 12 (B) D/J Sand

(_

-6 9 8 9rr
..0

E 6 - _ 6
:" E=

3 z 3

0 I I 0
0 0.2 0.4 0,6 0,8 0 0.2 0,4 0.6 0,8 1

Ultimate Recovery Factor Ultimate Recovery Factor

t12 (C) Strawn Sand (D) Wilcox Sand_ _ 12 - -
0 '--

9 _ 9 - -
rr rr

,_ 6 _ 6-

z 3 z 3

0 El , mmimm o
0 0.2 0,4 0.6 0,8 1 0 0.2 0,4 0.6 0.8 1

Ultimate Recovery Factor Ultimate Recovery Factor

Figure 3.34 - Histograms of dumulative recovery for four plays in the fluvial-don'lirtate(.l deltaic reservoirs studied,

10000 -- V I u u ....... I I 10000 I 1 W t W U
(A) Bartlesville Sand D/J Sand

"_ "o (B) •
E 1000 E 1000

o° • -
E_ 100 •

# _: _ 100 •n no •
10 • ii @ @@

•@ 00 10

I i l t I I I
I -- I I l I I I

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

Porosity, % Porosity, %

10000 i i w _ w J 10000 u u , u I I

(C) Strawn Sand Wilcox Sand
"_ "o (D)E 1000 E

- bi..--_ _ 1000 •
"_ • :-

eo• • ,_ gels- ,
E 100 Oi I'ogo I_ -o •

• • n

_o Ill ioo •
• •

1 | I I I I I 10 I I I I I I
5 10 15 20 25 30 35 40 5 10 15 2.0 25 30 35 40

Porosity, % Porosity, %

l'l,curc 3 _'_ %cmllt)_2 pl{)t t._f l}crmcahnlii.y v_, p()r{)sity ()1" four plays in the t'luvial-d()minutcd deltaic reservoirs stu(lictl.

3-39



I v u I u 1200i u u u

FluvialDelta '_ t: FluvialDelta

_,_ 0.8 •O o° _ go0 •
eJ

• • _ • • •

• .rr" _ 600

0 o4 • • -.. " • :
300ml_ • _ elOo.

0,2 _ 8 E _,,i['Jldl_ •', •• • _- ___._II,,Te eo • • _O
0 0____LL_JQe
O.1 1 10 1e0 1000 104 0 1e0 200 300 400

Permeability.md WellSpacing,acre

Figure 3.36 - Effect of pcrmcability on primary recovery Figure 3.37 - Well spacing vs primary recovery ot' the
factor for fluvial-dominated deltaic rescrw_irs fltLvial-dominated deltaic rcscrw_irs studied.
sl:udied.

reservoirs with well spacing greater than 160 acres, resulted in higher primary recovery rates than the
Horizontal wells may be effective in penetrating iat- average from other fluvial-deltaic plays (table 3.13).

erally continuous, multiple reservoirs quality coastal Production characteristics repor,ed for deltaic
barrier sands from wave-dominated deltas but may be reservoirs located in Texas also indicate higherre-
less effective in discontinuous reservoir sands from covery efficiency in wave- dominated deltaic reser-
the same stratigraphic horizon in tide- and fluvial- voirs (Tyler, 1988): This study showed that the
dominated deltas, unrecovered mobile oil (UMO) remaining in fluvial-

Primary and secondary recovery were analyzed dominated reservoirs averaged 43% for water drive
for fluvial-, wave- and tide-dominated deltaic reset'- reservoirs and 27% for solution-gas drive reservoirs,

voirs. Primary recoveries from the different genetic whereas the UMO in wave-dominated deltas averaged
types of deltaic reservoirs were similar, with median 37% for water drive reservoirs and 10% for solution-
values ranging from 24 to 26% original oil-in-piace gas drive reservoirs.
(OOIP); however, differences in secondary recovery
production were apparent. The secondary recovery SYNOPSIS
factor (median value) for fluvial-dominated reservoirs
was the lowest at 2% OOiP in contrast to 8% OOIP for This chapter provides background information
wave-dominated and 24% OOIP for tide-dominated about the general geological and production charac-

teristics of deltaic reservoirs in order to provide adeltaic reservoirs. The significantly higher recovery
rates for tide-dominated reserw)irs may be an artifact means for information exchange among different
c_l well spacing, where the median well spacing is 20 segments of the petroleum industry. Tthe main points
acres as opposed to 40 acres in the fields producing presented in chapter 3 are as follows:

from fluvial- and wave-dominated deltaic deposits • Deltas are stream-fed depositional systems that
(tables 3.6-3.8). occur in lakes, bays, lagoons, or the ocean and

The low %condary recovery factors recorded for create an irregularity in that shoreline Three major
fluvial-dominated deltaic reservoirs (69 of the 142 dcpositional settings include the upper deltaic plain,

rcscrvoirs reported less than i%) can be attributed to which is dominated by fluvial processes; the lower
either: l)rescrvoirheterogcneitywhich preventsef- deltaic plain, which lies between high and low
Iicient waterflood sweep, or 2) extremely efficient tides; and the subatlueousde_ta, which is dominated

pritnary production which leaves relatively small by marine processes including waves and currents.
amountsofoil for secondary recovery. Axdiscussed, Delta fr(mt sediments refer to those sandy accu-
fluvial-dominated deposits tend to have a greater mulations ai or near channel mouths and those
amc_unt ()1 compartmentalization than wave- or tide- deposits dispersed locally by longshore currents.

tl_minated deposits which may explain the lower o Deltaic reservoirs are created bycntrapmentol'oil

recovery faclors, and gas within lhc sandy, generally unore porous

An example of efficient primary recovery in a depositional facies. Depositional facies are three-
fluvial-dominated deltaic deposit is illustrated in the dimensional stratigraphic bodies whose environ-

Wilcox reservoirs, where the bottom-water drive pro- nnental (_rigins can be inferred from the physical
ductionmechanismcombincdwithhighpcrmcability characteristics of the rock. Depositional facies
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comprising deltaic reservoirs are, therefore, related front sands may become an arcualc syslem of haJ-
to depositional processes. Reservoir quality and rier islands or shoals on lhc margins of_tbantloncd
geometry of deltaic depositional facies may be iii- delta lobes and may also become imporlanl rescrw)ir
tered by three structural features (folds, faults, or facies. Lobe abandonment occurs when lhc stream

fractures) or by diagenesis. Diagenesis refers lo the feeding the delta switches Io another channel.

postdepositional physical and chemical processes •Dimensions and geometry of channel deposits arc a
that are undergone by sediments a_,;they subside function of lhc size of the della, the posilion of tile
within a sedimentary basin. Di ageaotic processes channel in the delta, the type ofunaterial being cut
include colnpaction, cernentation, and leilching, into, and the forces at the mouth of the channcl.
among others.

• Geometry of the delta front sandbody is typically
• Three types of deltas are defined by the dominant attribuled lo the rate of sediment supply and lhc

depositional processes capable of transporting and relative strengths of wave, tide, and fluvial pro-
redistributing large volumes oi'sand, particularly in cesses. However, the ge()metry can be altered by
thedelta front area. The resulting classification of synsedimentary faulting (growth faulting), slump-
deltas includes 1) fluvial-dominated deltas, 2) wave- ing, gravity sliding, and clay piercement structures
dominated deltas, and 3) lide-donlinated deltas, known as diapirs.
Fluvial-dominated deltas tend lo build elongate
fingers of delta l'ront sands iii high angles I.o the • Distributary mouthbitr deposits tend to he twice as
shoreline. Tide-dotninated deltas are characterized thick and ten times wider than distributary channel

by sand choked channels and tidal sand ridges, deposits. Widlh/thickness ratios for dislribulary
Wave-dominated deltas have an abundance oi'sand mouth bars is seven times greater than Ihal for

thiit has been reworked inlo coastal barrier bars distribulilry channels. A wide degree ofvarial_ilily

oriented perpendicular to lhc sediment-supplying ix present in the size and geometry of dislributary
river, channel, distributary inoulh bars, distill hilr sand-

stones and crevasse splay channels. Dislribulary

• Sand deposition in fluvial-dominated deltas builds bar deposits are much larger sandbodies (average
seaward creating elongate, lenticular bar fingers. 10,500 ft wide and 60 ft thick) than are distributary

Reservoirs from these types of deltas tend to have channel deposits (average !,000 ft wide and 30 ft
lower than average oil recoveries. In contrast, thick).
laterally continuous barrier and beach sands from

wavc-domina!cd deltas arc merc easily swept and • Shales associated with deltaic barrier sand deposits
havcgood rccovcrycfficiencies. Reservoirs from are usually highIy continuous. Delta front and delta

tide-dominated reservoirs are, at this time, poorly plain sediments, however, contain shale breaks
known, which are usually less extensive because of erosion

by fluvial and tidal channels. Effects of shales on
• lnterplayofawidevarietyofdepositionalprocesses production can be either positive or negative.

has been shown to produce a limited number of Negative effects include gas underrunning shales,
distinctive sand and reservoir distributions. Un- reduced volumetric sweep in gravity drainagc, rc-
derstanding of the processes and resulting delta duced horizontal and vertical flow and sweepel'l'i-
configurations facilitates prediction of reservoir ciency, and lhc creation of channeling. Positivc
distribution and quality, effects include reduced coning and, reduced early

• Sand distribution maps and vertical successions gas or water breakthrough, and aid in confining
interpreted principally from gcophysical logs pa'(>- injected water to improve lhc vertical sweep effi-
vide the means for distinguishing major subsurface ciency.

depositional facies, and thereby, the typc and extent • Diagenetic effects may be either positive or nega-
of the resuiting delta and its reserw_irs. Geophysical live with respect to reservoir quality. Because
techniques, such as seismic interpretation, areof- diagenesis is related to the hydrological framework,

ten used to examine the larger scale aspects of the Imth ii and the depositional environment determinc
delta system. Smaller scale heterogencilies are lhc end results. Distribution of rescrvoir qualily
often host deciphered by examination of recovered salldslones ix indirectly relaled lo facies dislrihuli()n,
c()re, which can then he calibrated wilh log pallcrlls hul is neither uniquely controlled by, llor as.,,_t:i;llCtl
so that lacie:-, dislrihulions can hc interpreted, with, any specific dcposilional envir()nlnc_,t.

•Oflhc numerous deltaicdcp()silionalfacies,perhaps • Gcol()gical hclcrogcneiiies within rcsclv()irs arc
the most imp()rlant reservoir facies include the dis- related to deltaic depositional processes, nlav c;lusc

tributary channel facies and lhc delta front facies, significant recovery problclns, and occur on a widc
The dclta front facies includes lhc bcsl l>otcntial oil varicly of scales. Field-scale helcrogcneilics iwl.
and g;js rescr\'(_irs. In addili(>n, rcw_)rkcd della
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APPENDIX A. ANNOTATED DELTAIC REFERENCES

Annotated references have been provided for the convenience of the reader who may which to know mol'e
about certain aspects covered in this report. The Annotated References section is divided into five areas: Key
Geological References; General Geological References; Reservoir Characterization: Examples and Applica-
tions; Engineering Technology; and Selected Plays,

1. KEY GEOLOGICAL REFERENCES

Included in the key geological references are those which are deemed essentaalto understanding the classification, tl!c
controlling processes, the depositional facies, and the resulting models of modern and ancient deltas,

Allen, G. P., D. Laurler, and J.Thourenin, 1979, Berg, O. R., 1982, Seismic detection and evt_lu-
Etude sedimentologique du delta de la Mahakam: ation of delta and turbidite sequences: Their appli-
Notes et Memories 15, Compagnie Franciase des cation to the exploration for the subtle trap: in
Petroles, Paris. Halbouty, M. T., cd., The Deliberate Search for the

Documentation of the tide-dominated Mahakam Subtle Trap: AAPG Memoir 32, p, 57-75.
delta of Indonesia. Deltas are divided into fluvial-dominated, wave-

dominated and tide-dominated deltas. Each delta has
Allen, J. R. L., 1965, Later Quaternary Niger a distinct framework, orientation, and depositional

Delta, and adjacent areas: sedimentary environments pattern which gives a characteristic seismic reflec-
and lithofacies: AAPG Bulletin, v. 49, p. 547-600. tion. Fluvial-dominated deltas have seismic reflection

This was the first study of the Niger delta, an patterns include oblique (tangential), complex ob-
arcuate, mixed wave-tide dominated delta type. The lique (tangential), sigmiod, and complex-sigmoid-
summary table ofcharacteristics of environments and oblique. Seismic facies analysis can define sand
lithofacies is very useful, facies. Wave-dominated deltas are characterized by

shingled reflection patterns. Seismic facies analysis
The Niger delta in the Gulf of Guinea is a large for this type is riot effective in identifying sand

arcuate delta, associated with estuaries and barrier- facies. Shingled reflections may define strandline
island lagoonal systems. The late Quaternary delta sands. Tide-d0minated deltas have not yet been
comprises a minimum of 900 cubic kilometers occu- identified by seismic stratigraphic methods. Turbid-
pying part of the Nigerian Coastal Plain geosyncline, lte fans and submarine canyons can be identified.
Sediment is dispersed by river, tidal, wave and ocean Examples include regional studies from the North
current processes. Sea, the Gulf Coast, and the Sacramento Valley.

Growth of the delta began during the Late Wis- Maps: models and seismic reflection patterns.consin-age lowstand of the sea. Rivers had become

entrenched on the continental shelf above submarine Bernard, H. A., C. F. Major, Jr., B. S. Parott,
canyons on the continental margin. The oldest pre- and R. J. LeBlanc, Sr., 1970, Recent sediments of
served feature is a transgressive strand plain sand, Southeast Texas- A field guide to the Brazos alluvial
called the "Older Sand". As sea level stabilized, and deltaic plains and the Galveston barrier island
deltas advanced forming the "Younger Suite". complex: Guidebook No. 11, Bureau of Economic
Lithofacies of the "Younger Suite " grade upward Geology, The University of Texas at Austin, 16 p.
from open shelf clays to pro-delta clays, silts and
sands to well-bedded sands of the delta-front, river- This field trip guidebook includes stops on the

wave-dominated delta of the Brazos River, Texas. Ofmouth bar and beaches. Tidal mangrove swamps
occur today behind the beach ridge-barrier island interest are the historical changes in the shoreline.
fringe. The swamps contain organic-rich sands and Well illustrated with "cored" intervals.

silts. Cross bedded sands are associated with the silts Coleman, J. M., and S. M. Gagliano, 1964, Cyclic
and clays of the delta floodplain, sedimentation in the Mississippi River deltaic plain: Gulf

Maps: sedimentary features, geology of region, sand Coast Assoc. Geol. Soc. Trans., v. 14, p. 67-80.

thickness, sediment transport and distribution, wave and Based on cores, this paper described the compo-
tidal currents, environments, grain size distribution. nent parts of cyclic deltaic sedimentation.

Charts: grain size frequency curves for sand, fre.
quency curves for various minerals, sedimentary struc-
tures.
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Coleman, J. M., and D. B. Prior, 1982, Deltaic small lobate masses where the delta has prograded
environments: in Scholle, P. A. and D. Spearing, toward shallow-water bay margins. No species were
eds., Sandstone Depositional Environments: AAPG found to be restricted to a particular depositional
Memoir 31, p. 139-178. environment.

This chapter from the AAPG's volume, Sandstone Dott, R. H., Jr., 1964, Ancient deltaic sedimen-
Depositional Environments, is a good, well-balanced tation in eugeosynclinal belts: in Developments in
review ofall the deltaic subenvironments. The article, Sedimentology, v.1, Deltaic and Shallow Marine
and the book, are particularly well illustrated. Highly Deposits: Elsevier, N.Y., p. 105-113
recommended for a general introduction to the geol-
ogy of deltas. This paper was the first to present examples of

deltaic sedimentation from a tectonically unstable
Coleman, J. M., and L. D. Wright, 1975, area, The paper demonstrated that deltaic seclimen-

Modern river deltas: variabiliiy of process and sand tary packages are distinctive regardless of the tec-
bodies' in Broussard, M.L., ed., Deltas, Models for tonic setting.
Exploration: Houston Geological Society, p. 99-149.

Elliott, T., 1989, Deltaic systems and their con-
This study found that the most significant pro- tribution tO an understanding of basin-fill succes-

cesses controlling the distribution, orientation, and sions: in Whatley, M.K.G., and K.T. Pickering, eds.,
internal geometry of delta sand bodies include cii- Deltas: Sites and Traps for Fossil Fuels: Geological
mate, relief in drainage basin, water discharge, sedi- Society Special Publication 41 p. 3-10.
ment yield, river-mouth processes, nearshore wave
power, tide, winds, nearshore currents, shelf slope, A review of progress in deltaic studies to identify
tectonics of receiving basin, and receiving.basin ge- current or future topics of interest. Some of the main
ometry. The results of this study indicate that no one points made include: Understanding of tide-domi-
delta model could be used to predict vertical se- nated deltas is limited compared with what is known
quences in ali deltas, about fluvial- and wave-dominated deltas. Although

the tide/wave/fluvial process classification of deltas
Coleman, J. M., S. M. Gagliano, and W.G. remains valid, additional factors influencing deltas

Smith, 1970, Sedimentation in a Malaysian high tide such as location within the basin, type of basin, and
tropical delta:in Morgan, J.P., ed., Deltaic Sedimen- type and caliber of sediment load are necessary for
tation Modern and Ancient: SEPM Special Publica- improved characterization of deltas. Inclusion of
tion 15, p. 185-197. more features than fluvial, wave, or tide dominance in

This paper is perhaps the best detailed descrip- the classification of deltas may result in description
tion of a tide-dominated delta. The compound delta of ancient deltas without modern analogs, which the
of the Klang-Langat rivers endures mean spring tides author calls non-actualistic models.

of 14 ft which dominate the sediment dispersal pat- Fisher, W. L., and L. F. Brown, Jr., 1972,
terns. Because of tides and currents in the ,Malacca Clastic depositional systems- A genetic approach to
Strait the prodelta muds (Angsa Bank) are located facies analysis: Bureau of Economic Geology, The
lateral to the swampy mouths of the Klang and Langat University of Texas at Austin, 211 p.
rivers and are separated from the mainland by a small
strait (Klang Strait). Channels that have become Excellent collection of notes for a course empha-
established in I:anks and tidal flats serve dual purposes sizing the genetic approach to stratigraphy and sedi-
of accommodating tidal movements in the estuary and mentology through an understanding of depositional
directing river discharge, processes and their relationships with depositional

environmeats and sedimentary facies. Not illustrated.
Donaldson, A. C., R. H. Martin, and W.H. Useful list of selected references for each of the major

Kanes, 1970, Holocene Guadalupe Delta of Texas deposystems.
Gulf Coast: in Morgan, J.P., ed., Deltaic Sedimenta-
tion Modern and Ancient: SEPM. Special Publication Fisher_ W. L., L. F. Brown, Jr., A. J. Scott, and
15, p. 107-137. J.H. McGowen, 1969, Delta systems in the explo-

ration for oil and gas: A Research Colloquium: Bureau
This delta is being deposited along a shoreline of Economic Geology, The University of Texas at

dominated by barrier islands. Distinctive delta envi- Austin 78 p.
ronments recognized include distributary channel,
natural levee, marsh, interdistributarybay, delta front, Notes and illustrations provide a solid basis for
and prodelta. Sands are present only in the distribu- understanding the concept of depositional systems,
tary cha,lnels and as delta-front deposits. The overall the relative importance of deltas, delta forming pro-
configuration of the delta is "birdfoot", but includes
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cesses, morphology and component parts of various M.L., ed., Deltas, Models for Exploration: Houston
delta types. An extensive list of selected references is Geological Society, p. 88-98.

included. One of the most u_,edclassifications of delta types

Fisk, H, N., 1955, Sand facies of Recent Mis- based on depositional processes. Marine deltas ch,'lr-
sissippi Delta deposits: World Petroleum Cong., 4th, acterized in terms of three end-member types" 1)

fluvial-dominated deltas, 2) wave-dominated deltas,
Rome_ Proc., sec. I/c, p. 377-398. 3) tide-dominated deltas.

This was the first paper to discuss the origin and
distribution ofsandsinthesubaqueousportiopofthe Gould, H. R., 1970, The Mississippi Delt:_
delta, complex: in Morgan, J.P., ed., Deltaic Sedimentation

Modern and Ancient: SEPM Special Publication 15,
Fisk, H. N., 1961, Bar-Finger sands of Missis- p. 3-30.

sippi Delta: in Peterson, J. A., and J. C. Osmond,
eds., Geometry of Sandstone Bodies: AAPG, p. 29- This paper was first presented in 1965. lt is a
52. synthesis of the concepts of deltation by H.N. Fisk

(and his colleagues) derived from years of work o11
This excellent summary paper discusses the oc- the Mississippi Delta. Ali of the older Mississippi

currence and geometry of bar-finger sands and their deltas prograded onto the shallow inner margin of the
relationship to other delta facies. Core analysis of the continental shelf; only the modern birdfoot delta has
Mississippi bird-foot delta reveals tile geometry and advanced into the deeper waters of the continental
facies of bar-finger sand_. They are lenticular, elo'n- slope. In general, most of the sands were laid down in
gate sand bodies 15to 2(1miles long with branching the distributary-mouth bars of the delta front.
distributaries that widen toward the Gulf. The fingers
originated as distributary mouth bars. Maximum Kanes, W. H., 1970, Facies and development of
width is five miles and maximum thickness is 250 the Colorado River Delta in Texas: in Morgan, J.P.,
feet. Three zones are present in each bar: 1) a central cd., Deltaic Sedimentation Modern and Ancient:
zone of clean sand with only minor silt and clay; 2) SEPM Special Publication 15, p. 78-106.

a thin upper transitional zone, which grades up to This work documented the small birdfoot delta of

levee and delta plain; 3) a thick lower transitional the Colorado River of Texas, which formed recently
zone which grades downward and laterally into delta- in Matagorda Bay behind a barrier sand and divides
front. Thin layers of festoon cross-bedding are found the bay into eastern and western parts. The deposit
in the upper and central zones. Plant fragments and was lobe-shaped prior to artificial channeling of the
clay laminae are found in theilower zone. Upward river through the shoreline barrier. An 8-10 ft thick
deformation of the bars has been caused by diapiric platform of deltaic sediments formed within the bay
movement of muds, known as mud lumps. An ancient during the six years after removal of an upstream log
example of bar-finger deposits is the lower Pennsyl- jam.
vanian Booch sand of Oklahoma.

Maps: delta environments, bar finger distribu- Kolb, C. R., and J. R. Van Lopik, 1966,
tion, 3-D development of bird-foot delta, cross-sec- Depositional environments of the Mississippi River
tions. Deltaic plain_southeastern Louisiana: in Shirley,

M.L., ed., in Deltas in their Geological Framework:
Figures: core analysis, faunal chart, grain size Houston Geol. Soc., p. 17-61.

plots, sedimentary character charts.
q'his is arguably the best summary of the geologi-

Fisk, H. N., E. McFarlan, Jr., C. R. Kolb, and cal history, depositional environments, and sediments
L. J. Wilbert, 1954, Sedimentary framework of the of the Mississippi delta-plain complex. Subaqueous
modern Mississippi Delta: Jour. Sed. Petrology, v. portions of the delta were not considered. A large
24, p. 76-99. amount of core data were correlated with depositional

The emphasis of this paper was on bar fingers of environments.

the modern birdfoot delta. Unlike previous papers, Kruit, C., 1955, Sediments of the Rhone delta:
Fisk and others considered ali the various deposi- Part 1, grain size and microfauna: K. Nederl. Geol.
tional environments and related facies of the delta, Mijnbouwk. Gen. Verhand., v. 15 p. 357-514.
including subsurface data.

This paper was the first to be concerned with the
Galloway, W. E., 1975, Process framework for relationship between sediments and depositional en-

describing the morphologic and stratigraphic evolu- vironments of the Rhone delta. Kruit described the
tion of deltaic depositional systems: in Broussard, delta sequence based on wells and borings.
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Le Blanc, R. J., 1975, Significant studies of ited during strong Post-glacial sea level rise. 2.
modern andancient deltaic sediments: in Broussard, Onlapping complex of lower coastal plain, fine
M.L., ed., Deltas, Models for Exploration: Houston grained lagoonal and mangrove swamp mud at the
Geological Society, p. 13-85. base and tidal channel and coastal barrier sands in the

This useful paper summarizes, in chronological upper units. This unit is up to 25 meters thick. 3.
order, the results of about 60 of the most important Of flapping complex of fluviomarine and coastal de-
papers contributing to our understanding of modern posits. The base is marine clay and silt and the upper
and ancient deltaic deposits, member is tidal channel and coastal barrier sand.

Deltaic progradation resumed as rapid sea level change
Morgan, J. P., 1970, Depositional processes arid slowed down in the Holocene. The offlapping se-

products in the deltaic environment: in Morgan, J.P., quence is up to 35 meters thick.

cd., Deltaic Sedimentation Modern and Ancient: Maps: Niger delta, lithofaciesdistribution, depo-
SEPM Special Publication 15, p. 31-47. sitional sequences, channel fill sequences, recent tidal

Four basic factors control and influence delta channel fill sands of Netherlands, core sample se-
formation: l) river regime, 2) coastal processes in- quence, transgressive-regressive sequences,
cluding waves, tides, and currents, 3) structural be- lithofacies model.
havior and, 4) climatic factors. The Mississippi,
Ganges-Brahmaputra, and Mekong deltas are con- Orife J, M., and A. A. Avbovbo, 1982,
trasted based on the relative importance of the dotal- Stratigraphic and unconformity traps in the Niger
nant processes creating each delta. Delta: in Halbouty, M. F., cd., The Deliberate Search

for the Subtle Trap, AAPG Memoir 32, p. 251-265.

Oomkens, E., 1970, Depositional sequences and Hydrocarbons of the Niger delta (a wave-tide
sand distribution in the postglacial Rhone delta dominated delta) are trapped by rollover anticlines
complex: in Morgan, J.P., ed., Deltaic Sedimentation and fault closures. Three additional types of strati-
Modern and Ancient: SEPM Spec. Pub. 15, p. 198- graphic trap are also recognized: 1. crestal accumu-
212. lations below mature erosion surfaces. 2. Canyon-fill

Wave-dominated Rhone deltaic sediments can be accumulations above uncomformity surfaces. 3. Fa-
grouped into one of three depositional sequences: a) cies change traps. Several important offshore oil
transgressive sequences, b) regressive sequences, and discoveries are associated with crestal accumulations
c) channel-fill sequences, below erosional surfaces in southeastern Nigeria.

Transgressive sequences result in a sediment body Canyon-fill oil accumulations have been found off-
shore in southeastern Nigeria in the Qua ldboe Shale.where coastal plain deposits are overlain by coarse-
Oil is also found in the Opuana channel fill in thegrained coastal barrier deposits that are in turn over-

lain by marine deposits. In the Rhone delta complex western part of the Niger della. Facies change traps
these deposits are seldom more than 2 m thick (per are found in the central part of the Niger delta. Ali

these stratigraphic traps were observed by the use of
cycle), seismic data,

Regressive processes produce a sediment body
that contains fine-grained sediment at its base and Maps: locality, distribution of trap types, struc-
dominantly coarse-grained sediment at its top. tural, seismic sections, cross sections, isopach, trap

models.
Channel-fill sequences fine upward. The basal

sand member is seldom more than 5 m thick in the Fields: Obiafu-Obrikom, Tonjor, Enang.

Rhone delta. Wright, L. D., and J. M. Coleman, 1973,

Oomkens, E., 1974, Lithofacies relations in the Variations in morphology of major river deltas as
Late Quaternary Niger Delta complex: Sedimentology, functions of ocean, wave and river discharge regimes:
v. 21, p. 195-222. AAPGBulletin, v. 57, p. 370-398.

Excellent description of a wave/tidal dominated Criteria were established to separate the contri-
delta. Tidal channel sand is the dominant lithofacies bution of fluvial versus marine forces to the building
in the upper 30 meters of the Niger Delta complex, of deltas. Deltas studied include the Mississippi
Below 30 meters fluvial sand is dominant. Coastal (USA), Danube (Rumania), Ebro (Spain), Niger (Ni-
barrier sand is present in the top 5 meters of the geria), Nile (Egypt), Sao Francisco (Brazil) and
modern coastal belt, but is rarely preserved. Senegal (Senegal). These deltas show a range of

process regimes from fluvial-dominated, low-wave-
Post-glacial sediments are divided into three units. energy (Mississippi) to wave-dominated, low-fluvial

1. alluvial valley'fill sands and conglomerates depos- influence (Senegal).
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River-dominated deltas have highly irregular and Maps: depositionai environment map for each
protruding shorelines, few wave built features and delta, discharge map for each delta.

low lateral continuity of sands. Wave dominated Charts:deltamorphology_discharge/wave.powe r.
deltas have straight shorelines with well developed climate, morphometric properties, vertical sequences
barriers and beach ridges and high lateral continuity through several deltas.
of sands. River dominated deltas are developed only
where there is a flat offshore profile. Where the
subaqueous slope is steep, wave built shoreline plat-
forms dominate the delta morphology.

2. GENERAL GEOLOGICAL REFERENCES

Included in the general geological references are selected entrees that supply important information about
the sedimentation, distribution of facies and depositional environments, geomelry, geological characteristic._
of reservoirs, and examples from modern deltas.

Allen, J. R. L,, 1978, Studies in fluviatile sedi- predict the discontinuous shale units. Data on thick-
mentation: an exploratory quantitative model for the ness, lateral continuity and spatial distribution of
architecture of avulsion-controlled alluvial sites: shale permeability barriers from Upper Carbonifcr-
Sedimentary Geology, v. 21, p. 129-147. ous channel sandstones in Northern England was used

to test the 2 and 3-dimensional models.A model of avulsion of rivers studies the con-

struction of new channel sand bodies. This process is In channel mouth bar and channel sand bodies,
also active on deltas and so is included here. Sedi- shale units are identified by minor drapes of the
ment is accumulated during each avulsion. Each toesets of cross-beds, forming local barriers to verti-
sequence is comprised of overbank sediments of a cal flow. More extensive shale "sheets" drape over
thickness proportional to subsidence rate and avul. bedforms and event-deposited sandstone layers form-
sion period, and laterally equivalent to a weakly ing barriers to both vertical and horizontal flow.
multistory sand body of a thickness proportional to
channel depth, avulsion period and subsidence rate. Bloomer, R. R., 1977, Depositional environ-
The sandbody width is determined by stream size and ments of a reservoir sandstone in West-Central Texas:
dynamics.The model ignores sequence compaction AAPG Bulletin, v. 61, p. 344-359.

and avoids areas of previous avulsion. Sandbodies Hundreds ofstratigraphic traps in fluvial, deltaic,
are virtually unconnected in alluvial suites contain- and marine Paleozoic sandstones are present in the
ing 50% or more overbank facies. The model results eastern shelf and slope of the Midland Basin. The
show that coarsening upward alluvial suites may owe Cook sandstone contains two fluvial and deltaic sys-
much of their character to progressively decreasing terns extending about 100 miles from outcrop to shelf
subsidence as to a decline in channel sinuosity, edge. Blackweil field is a stratigraphic trap in point

bar deposits of the Cook Sandstone. Two high-con-Beerbower, J. R., 1961, Origin of cyclothems of structive lobate deltas formed in a shallow sea. Delta
the Dunkard Group (Upper Pennsylvanian-Lower
Permian) in Pennsylvania, West Virginia, and Ohio: plain, delta front-sheet and distributary channel
GSA Bulletil_, v. 72, p. 1029-1050. sandstone facies are present. At the shelfedge maxi-

mum thickness reaches 1,300 ft and thins basinward.
This paper on the origin of cyclothems is an The Jameson "Pennsylvanian Strawo" field produces

example of the application of studies of the modern from the Cook sandstone lower slope and appears to
Mississippi delta to the study of ancient sediments be a submarine fan deposit.

(the Dunkard Group of Pennsylvania, West Virginia, Maps' locality, electric-lng, paleodrainageand Ohio). Beerbower described the Dunkard
structure and stratigraphic sections, isopachs.cyclothems as having developed in lakes rather than

in a marine setting (as in the Illinois cyclothems). Brown, L. F., Jr., 1969, Geometry and distri-

Besly, P., and W. Williams, 1989, Quantifica- bution of fluvial and deltaic sandstones (Pennsyiva-
tion of permeability barrier geometrics within deltaic nian and Permian), North-Central Texas: Gulf Coast

Assoc. Geol. Soc. Trans., v. 19, p. 23-47.sandstone reservoir bodies-a study of Carboniferous
analogues (abs.): Marine Petroleum Geol. London, v. Brown described sandstones of the delta front, dis-
6, p. 379-380. tributary mouth-bar, and distributary channel facies. Also

discussed are destructional sands formed during theShales in reservoir sand bodies act as barriers to
abandonment phase. The final part of the paper wasfluid flow, Well data is used to make 3-D models to
concerned with factors that control sandstone distribution.
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Busch, D. A., 1961, Prospecting for stratigraphic Maps: Isopach of the McAlester Fm., correlation
traps: in Peterson, J. A. and J. C. Osmond, eds., of Booch Sandstone members, isopachs, cross-see-
Geometry of Sandstone Bodies: AAPG, p, 220-232. tions, structure maps, stratigraphic profile.

Stratigraphic traps are often related to their envi- Chesnut, D. R., and Cobb, J. C,, 1986, Penn-
ronments of deposition. Isopach studies of shales sylvanian-age distributary-mouth bar in the Breathitt
above and below sandstones are of use in reconstruc- formation ofeastern Kentucky: GSA Centennial Field
tion depositional environments. These isopach maps Guide- Southeastern Section, p, 51-53.
may serve as indicators for locating certain lenticular
sands. Reservoir sands that parallel depositional Outcrops of distributary-bars from the Breathitt
trends, such as beach sands, strike-valley sands, and Formation are foundin twolocations in Knott County,
offshore bars can be found in this manner. Structure Kentucky. Acoarsening-upward marine bay sequence
maps with reliable time markers can be of use in grades into overlying distributary-mouth bar sand-
locating stratigraphic traps. Electric-logs are essen- stones, which are truncated by distributary and over-
tial in this work, and the thinner the preserved se- lain by distributary-channel sandstones. Peat com-
quence, the more important the electric log interpre, prises the top of the cycle. Slumping was
tation becomes, penecontemporaneous with formation of the distribu-

tary sandstones and bayfill.
According to the author, some deltaic reservoirs

may be difficult to recognize, but are often well Maps: locality, schematic diagrams.

preserved. Understanding of trends of distributary Coleman, J. M., and S. M. Gagliano, 1965,
channels and the influence of compaction in produc- Sedimentary structures, Mississippi River Delta plain:
ing drape structures is essential, in Middleton, G. V., ed., Primary Sedimentary

Example: Booch sandstone, Mississippian of Structures and Their Hydrodynamic Interpretation:
Oklahoma. SEPM Spec. Pub. 12, p. 133-148.

Maps: cross-section, structure of Oklahoma, Cores of deltaic and marginal deltaic plain facies
isopachs, block diagram, structure, electric-log eor- of the Mississippi River were analyzed. The active
relations, environments were studied to determine their sedi-

mentary structures. Twenty-five structure types were
Busch, D. A., 1971, Genetic units in delta pros- identified and illustrated according to the processes

pecting: AAPG Bulletin, v. 55, p. 1137-1154. of their formation. Suites of structures were found to

Deltas form at river mouths at the time of sea characterize environments. Twelve depositional
level stillstands under conditions of cyclic transgres- environments were studied: shelf, prodelta, delta
sion or regression. Reservoir facies consist of con- front (distal b_r, distributary mouth bar, distributary
tinuous or discontinuous bifurcating channel sand- channel and subaqueous levee), subaerial levee, marsh,
stones and delta front sheet sandstones. Lithological swamp, interdistributary bay, mudflat, and fresh wa-
components of a deltas are interrelated and collec- ter lake. Maps: locality, sequence of struc-
tively referred to as one type of Genetic Increment of tures, deltaic environments.

Strata (GIS). The GIS is a vertical sequence of strata Core samples: laminations, textures, inclusions,
defined at the top and bottom marker beds by time scour and fill, truncation, organic remains, burrows.
lithologic units or by an unconformity, or by facies
change from marine to non-marine beds. A GIS Chart: sedimentary structures in depositional en-
isopach shows channel trends and delta shapes re- vironments.

gardless of variable lithology. Coleman, J. M., S. M. Gagliano, and J. E.
A Genetic Sequence of Strata (GSS)consists of Webb, 1964, Minor sedimentary structures in a

two or more GIS's which together define a shelf, prograding distributary: Marine Geology, v. 1, p.
hinge line, or less stable part of a basin. 240-258.

A hypothetical model serves as the basis for es- Sedimentary structures were studied from cores
tablishing the criteria for: 1. recognizing successive taken from the Mississippi River delta at Johnson's
stillstands of a shoreline, 2. predicting paleodrainage Pass. The environments recognized include: sub-
courses, 3. predicting positions of a series of deltaic aerial and subaqueous levee, channel, distributary
reservoirs, 4. locating isolated channel sandstone mouth bar, interdistributary bay and marsh. Co,res
reservoirs, and 5. tracing related beach sandstone were split and dried and photographed to reveal the
reservoirs, minor structures.

Example: Booch sandstone, Mc Alester Fm.,
Arkoma Basin, Oklahoma.
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The natural levee contained current ripple lami- Of the stratigraphic traps analyzed, 61% were
nations, unidirectional cross-lamination, parallel and deposited in nearshore or under shoreline conditions.
wavy laminations, distorted layers and burrowed, 54% ofall reservoir sandstones contain mainly oil, 27
oxidized silty sands. % contain gas and the rest have substantial amounts

Channel fill had alternating beds of clay and silt of both.

with trough cross-laminations, scour andfill and dis- Maps: U. S. reservoir localities, trap type, trap
torted layers, relationship to environment.

The distributary mouth-bar was composed of sand Charts' age correlations, sand thickness table.
and silt with small multi-directional cross-lamina-
tions and air-heave structures. Interdis_ributary bay Curtis, D. M., 1970, Miocene deltaic sedimen-
deposits consisted of homogeneous clay with a brack- tation, Louisiana Gulf Coast: in Morgan, J.P., cd.,
ish-water fauna or clay with thin parallel and lenticular Deltaic Sedimentation Modern and Ancient: SEPM
laminations and ripple marks. Marsh deposits had Special Publication 15, p. 293-308.

abundant peat, carbonaceous clays; calcareous nod- Based on a study of Gulf Coast Miocene deltas
ules and root disturbances. Curtis proposed the conceptual model where if rate of

Maps: Mississippi delta, Garden Island 1872, deposition exceeds rate of subsidence, deltas pro-
Garden Island Bay 1891, Johnson Pass. grade and normal regressive basin filling occurs; if

Cores: textures and structures, rate of sedimentation equals rate of subsidence, del-
tas build vertically and spread out laterally; if rate of

Chart: sedimentary structures and depositional sedimentation is less than rate of subsidence, regional
environment, transgression occurs and marine processes modify

small deltas.
Collinson, J. D., 1969, The sedimentology of the

Grindslow Shales and the Kinderscout Grit: a deltaic Dott, R. H., Jr., 1966, Eocene deltaic sedimen-
complex in the Namurian of northern England: Journal tation at Coos Bay, Oregon: Jour. Geology, v. 74, p.
of Sedimentary Petrology, v. 39, p. 194-221. 373-420.

This paper and another by McCabe (1978) pro- Pri0r to Dott's (1964, 1966) work it was generally
vide a good description of a deltaic system that has no considered that deltaic sedimentation was uncommon

recognized modern genetic equivalent. This Carbon- in tectonically unstable areas. This paper documents
iferous delta system, which was fed by a high discharge delta building in just such a tectonically active area
river system characterized by coarse-grained along the Oregon coast.
bedforms, supplied large amounts of sediments to the
Central Pennine Basin, a small intracrafonic basin in Edwards, M. B., 1981, Upper Wilcox Rosita delt_l
which the basinal waters were substantially diluted system of South Texas: growth faulted shelf-edge
by the anaount of freshwater discharge entering the deltas: AAPG Bulletin, v. 65, p. 54-73.

basin. As a result most of the coarse-grained sedi- The Rosita delta system which is preserved in the
ments bypassed the shoreline and were transported deep uppe r Wilcox of south Texas comprises at least
into deeper parts of the basin, three delta complexes. Growth faults were activated

Curtis, B. F., 1961, Characteristics of sandstone by progradation of the deltas over unstable prodelta-
reservoirs in United States: in Peterson, J. A. and J. slope muds at the contemporary shelf margin. As the

lobes of each complex passed over active growthC. Osmond, eds., Geometry of Sandstone Bodies:
faults thickness increased by as much as tenfold.

AAPG, p. 208-219. Coarsening-upward progradational units were inter-
7,241 reservoirs in the U.S. were included in this preted from electric logs and the following patterns

study. 68% of the sandstones are of Tertiary Age. were recognized' prodelta shales, delta-front sand-

Most sandstones are restricted in size to less than 100 stones, distributary channel and channel-mouth bar
sq miles in extent and have an average thickness of 39 sandstones, and interdistributary shales and sand-
feet. stones. This paper illustrates the importance of

Petroleum accumulation in sandstones results synsedimentary growth faulting to reservoir geom-

from structural configuration in 56 % of the reser- etry and thickness.
voirs, from stratigraphic conditions in 10% and from
combined structural/stratigraphic causes in 34 %. Ekweozor, C. M., and E. M. Daukoru, 1984,
Thicker sandstones tend to have broader extent and Petroleum source-bed evaluation of Tertiary Niger

Delta: Reply: AAPG Bulletin, v. 68, pl 390-394.better reservoir characters than thickness alone would
indicate.
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The authors reply to Lambert-Aikhionbare and Gregory, J. L., 1966, A Lower Oligocene delta in
Ibe's representation of their original data on the hy- the subsurface of southeastern Texas: in Shirley,
drocarbon source for the Niger Delta. Lambert- M.L., ed., Deltas in their Geologic Framework:
Aikhionbare and the gave no specific field or weil Houston Geological Society, p. 213-227.

names and no evidence of where their samples came The Lower Oligocene (middle Vicksburg) delta
from. irl southeastern Texas has an areal extent of 1,100

Niger delta source rocks should mature upward, square miles and is up to 300 ft thick. Gregory
rather than downward within the stratigraphic col- concluded that the most favorable location of hydro-

umn, according to the maturity data cited by Lambert- carbon traps was in sands,ones depo:_ted near the
Aikhionbare and Ibe, This is contradictory to evi- seaward margin of the delta. Strur,.,res that formed
dence from ali other sedimentary basins. Maturity contemporaneous with sedimentation and remained
depends on relative depth of burial, local geothermal positive had the greatest effect on hydrocarbon accu-
gradient and duration of exposure to therraal stress, mulation; subsequent structures had little effcct on
The Lambert-Aikhionbare and Ibc cla;m of immature accumulation of hydrocarbons.
Akata versus mature Agbada shales isn't supported
by evidence from wells. Kruse, C., 1979, A Dictionary of Petroleum

Terms: in Kt'use, C. cd., Petroleum Extension Service:

Most evidence by the authors of this paper and The Univ. of Texas at Austin, p. 1-129.
other researchers supports the theory of hydrocarbon
generation from relatively deep paralic or paralic- An alphabetical listing of terms used in the pctro-
marine shales. Vitrinite reflectance values must be ieum industry. Heavily slanted towards the field

interpreted in conjunction with ali geochemical data operator, defining mechanical operations and equip-
from the basin. _ ment. Geared toward production data with some

engineering statistics, but few geological terms per-
Elliott, T., 1978, Chapter 6 Deltas: in Reading, taining to depositional facies and diagenesis. Useful

H. G., ed., Sedimentary Environments and Facies: to the academic orientated toward interpreting well

Elsevier, New York, p. 97-142. information and industry jargon.

Elliott's chapter on deltas is partofacomprehen- Lagaaij, R., and F. P. H. W. Kopsteln, 1964,
sire textbook covering modern and ancient environ- Typical features on a fluviomarine offlap sequence:
ments, in Developments in Sedimentology, v. 1, Deltaic and

Fisher, W. L., and J. H. McGowen, 1967, Shallow Marine Deposits: Elsevier, N.Y.,p. 216-226.

Depositional systems in the Wilcox Group of Texas This paper presents a summary of the sedimen-
and their relationship to occurrence of oil and gas: tary sequence of the Rhone delta based on a study of
Gulf Coast Assoc. Geol. Soc. Trans., v. 17, p. 105- cores,
125.

Lambert.Aikhionbare, and A. C, Ibe, 1984,

A regional study based on outcrop and subsurface Petroleum source-bed evaluation of Tertiary Niger
data of the Rockdale delta System. Maps show the Delta' Discussion: AAPG Bulletin, v. 68, p. 387-389.
distribution of several large delta lobes similar to

those of the Mississippi delta-plain. One of the first Earlier work concluded that the Akata 3hales
papers to interpret depositional environments from a were the main source of hydrocarbons in the Niger
thick subsurface accumulation of clastics in an oil- delta based on geochemical analysis. This was based

productive province, on interpretation of bitumen content that could only
occur at greater depths than 2,900 m onshore and

Galloway, W. E., and D, K. Hobday, 1983, 3,375 m in the offshore areas.

Terrigenous clastic depositional systems, applications The present authors feel this neglects the high
to petroleum, coal and uranium exploration: Springer- extract values of bitumen at shallow depths. Samples
Verlag, New York, 423 p. were taken from the Agbada shale and the Akata

Textbook oriented for students interested in sedi- shale. The finding was that the shallower Agbada
mentary models for tcrrigenous systems exploration shales (1,800 m) were thermally mature and could

applications, have generated the hydrocarbons. Low extract values
in some beds represent areas from which generated

Galloway, W.E.,C.D.Henry, andG.E.Smlth, 1982, hydrocarbons had migrated.
Dcposition',d framework, hydrostratigraphy and uranium
mineralization of the Oakville Sandstone (Miocene), Texas Vitrinite reflectance values were used by both
CoastalPlain: BureauofEconomicGeology,TheUniversity sides to confirm theories, depending on the range of

vitrinite reflectance accepted as thermally mature.of Texas at Austin, Rept. Invest. No. 113, 51 p.

A.8



Lindsay, J. F., D. B. Prior and J. M. Coleman, McCabe, P. J., 1978, The Kinderscout delt:l
1984, Distributary-mouth bar development and role (Carboniferous) of northern England: a slope influ-
of submarine landslides in delta growth, South Pass, enced by turbidity currents: in Stanley, D.J., anti G.
Mississippi Delta: AAPG Bulletin, v. 68, p. 1732- Kelling, eds., Sedimentation in Submarine Canyons,
1743. Fans and Trenches: Dowden, Hutchinson & Ross,

Submarine landslides are a major process in Stroudsberg, Pa., p. 116-126.
building distributary-mouth bars and in transporting An example of a delta system where gravity
sediment into deeper water from the bar front. South transport (turbidity currents and delta-front slump-
Pass of the Mississippi River has advanced more than ing) were important and removed most of the coarscr
one mile westward from 1867 to 1953. (sand size) sediments from the shoreline and trans-

Dynamics of bar growth are controlled by the ported them to the deeper parts ofthe receiving basin.
The resulting delta system is unusual in that it has aplume of freshwater as it mixes with the saline water

of the Gulf. Approximately half of the sediment fine-grained delta front with incised channels and a
deposited on the bar bas been moved into the deeper sand-rich submarine fan at the foot of the delta.

water by submarine landslides. Bar failure occurred McEwen, M. C., 1969, Sedimentary facies of the
following major floods when deposits of thick, un- modern Trinity Delta: in Holocene Geology of the
stable water-satt,,'ated sediments accumulated on the Galveston Bay Area: Houston. Geol. Soc., p. 53-77.
bar. The triggering mechanisms include major storms
and hurricanes, mudlump activity, increased pore This paper was based on a series ofcores from the
pressures resulting from generation of biogenic gas. modern Trinity delta, Texas, a small birdfoot delta.
Failure may occur one to four years following built The entire delta sequence was illustrated.

up. Bar growth _,,ndlandslides is studied by computer Moore, D. G., 1959, Role of deltas in the for-
analysis of bathymetric data. mation of some British Lower Carboniferous

Maps: distributary channel locality, 1888-1953 cyciothems: Jour. Geology, v. 67, p. 522-539.
comparisons, sonar image, cross-sections, contour,

Moore recognized that each cyclothem was formed3-D model of bar, shear-strength of soil.
by a delta that had prograded into a shallow continen-

Mathews, W. H., and F. P. Shepard, 1962, Sedi- tal sea. The cyclical advance of the delta was related
mentation of Fraser River Delta, British Columbia: to upstream diversions (crevassing), that resulted in
AAPG Bulletin, v. 46, p. 1416-1443. lateral shifts of depocenters.

The Fraser delta was first studied in 1919 by W.
Moore, D. G., and P. C, Scrutton, 1957, Minor

A. Johnston. The slope of the delta is 1 1/2 degrees internal structures of some Recent unconsolidated
overall and from 1 3/4 to 3 1/2 degrees in tile upper
parts of the main channel. Landslides on the delta sediments'AAPG Bulletin.,v. 41,p. 2723-2751.
front have caused gullies with hills along the side. This paper established the importance of stratifi-
The river mouth bar has advanced 840 ft in 30 years, cation type and sedimentary structures to deposi-
The volume of sediment added in this time is esti- tional environment on the eastern part of the Missis-
mated at 700 x 109cu ft., silt predominates. Thedelta sippi delta.
front is sandy to the south and silty north of the river
mouth; this distribution may be accounted for by tidal Muller, G., 1966, The New Rhine Delta in Lake
movements. Porosities and liquid and plastic limits Constance: in Shirley, M.L., ed., Deltas in theirGeological
of the newly deposited sediments are high, compared Framework: Houston Geological Society, p. 107-124.
to buried sediments. Age of the delta is approxi- Not ali deltas are at the terminus of their supporting
mately 8,000 years. Sediments range from an average rivers. Muller documented the New Rhine Delta (post
of 400 feet thick to a maximum of about 700 feet 1900) and its effect on Lake Constance, whicl_iiesbetwcen
thick. Classical distinctions of foreset and bottomset Bavaria and Switzerland. Over 90 percent of the detritus
beds are not really applicable to this delta, thatentersLakeConstancefrom the RhineRiverisdeposit_

Maps: locality, Fraser delta, Mississippi delta, and only a small percentage leaves the lake to be carried to
the Rhine's "other" delta and the North Sea.Rhone delta, profile of Fraser delta, advance of con-

tours, sand-silt-clay ratios, contour of sea slope. Murphy, M.A., and S.O. Schlanger, 1962, SeMi-
Tables: delta sediments, properties of delta front mentary structures in lib.'asand Sao Sebastiao formations

sediments, ion exchange capacities, depth versus po- (Cretaceous), Reconcavo Basin, Brazil: Amer. Assoc.
rosity. Petroleum Geologists Bull., v. 46, p. 457-477.

This study compared Cretaceous deltas of Brazil with
the Mississippi Delta.
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Nanz R. H., Jr., 1954, Genesis of Oligocene Oomkens, E., 1967, Depositional sequences and
sandstone reservoir, Seeligson field, Jim wells and sand distribution in a deltaic complex: Geologic cn
Kleberg Counties, Texas: AAPG Bulletin, v. 38, p. Mijnbouw, v. 46, p. 265-278.

96-117. Oomkens described three types of depositional
This paper was the first to consider the distribu- sequences for the Rhone delta: regressive, channel

tion of sands in the subaqueous part of the delta, fill, and transgressive.
Their work demonstrated to the petroleum industry
the importance of studies on sandstone depositional Pryor, W. A., 1961, Sand trends and palcoslope
environments, in Illinois Basin and Mississippi Embaymcnt: in

Peterson, J. A. and I. C. Osmond, eds., Geometry of
Nelson, B. W., 1970, Hydrography, sediment Sandstone Bodies: AAPG, p. 119'133.

dispersal, and Recent historical development of the Major sand trends in the Illinois Basin and Gull"
Po River Delta, Italy' inMorgan, J.P., ed., Deltaic Coast basin have related paleoslopes, dcpositional
Sedimentation Modern and Ancient: SEPM Special strikes and basin axes. Sand bodies have a southwest-

Publication 15, p. 152-184. ern trend. The Gulf Series of deposits in the Mis-
The Po River empties into the Adriatic Sea. The sissippi Embayment and the Chester series in the

character of the delta is determined by: 1 geology, Illinois Basin are similar. Both basins were open-
geography, hydrology of the drainage basis, 2. his- ended to the southwest and parallel to basin axes.
torical development of the delta, 3. hydrology of Depositional strikes were east-west normal to basin
modern distributaries, and 4. hydrographic condi- axes. Sediment transport was to the southwest.
tions in the AdriaticSea. Freshwater discharge of the Deposition was deltaic in the north to marine in the
Po is 1,500 m_/sec and the sediment load is domi- southern parts ofthebasins. A depositional model for
nantly sand and silt. The tidal range at the delta is 60 intercratonic basins has been made based on these
centimeters. The sea has a high salinity of 38% and examples.

is relatively low energy. The delta rests on a slowly Maps: Eastern North America basins, Chcsterian
subsiding shelf, series, sand body axes, stratigraphic column, Gulfian

The modern delta is artificially confined and Series, sedimentation model.
changed by man-made construction. Today 60% of
the river flow and 75% of the sediment flow is in a Psuty, N. P., 1967, The geomorphology ofbeach
singledistributary. Delta advance is at a much higher ridges in Tabasco, Mexico: Louisiana State Univ.
rate than in prehistoric times. Coast. Stud. Ser., v. 18, p. 51.

The distributary mouth bar has a crest nearly at Description of a classical cuspate, wave-domi-
mean sea level which acts as a barrier to salt water nated delta system with very well developed beach

incursion. Normally the salt water wedge invades the ridge facies. Both the Mezcalpa and Usumacinta
distributaries only at high tide and is flushed out by river systems share asingle major outlet to theGulfof
the river at low tide. The river velocity makes it Mexico, the Grijalva River located just west of the
possible to transport sand over the bar and into the Yucatan Peninsula.
sea. As the river waters enter the marine environment

Rainwater, E. H., 1966, The geological impor-the flow becomes unconfined laterally, and its veloc-
tance of deltas: in Shirley, M.L., ed., Deltas in theirity diminishes causing settling of the suspended sedi-

ments. The fresh water plume extends out over the Geological Framework: Houston Geol. Soc., p. 1-15.
shelf in front of the mouth bar. Fine-grained sedi- The introductory paper for the Houston Geologi-
ments are transported at least 30 kilometers seaward cal Society's 1966 volume on deltas is a concise
from the delta before dropping from suspension, general summary of delta systems, including vertical

and lateral sequences of sediments and their geom-l_aps: Po River drainage basin, Adriatic Sea and etries.
Po delta bathymetry, Adriatic Sea surface currents,

historic growth of Po delta, river mouth profiles, Ryer, T. A., 1981, Deltaic coals of Ferron
suspended sediment in Adriatic. Sandstone Member of Mancos Shale: Predictive Model

Tables and cross-plots: rainfall, river discharge, for Cretaceous coal-bearing strata of western interior:
and sediment flux; particle size distribution and ve- AAPG Bulletin, v. 65, p. 2323-2340.

locity of Po River suspended sediment, current ve- Upper Cretaceous Ferron Sandstone member is a
locities, tidal curve at Venice, hydrologic character- coal bearing unit in the Emery coalfield of central
istics, salinity curve. Excellent description of fresh- Utah. Accumulation ofclastic sediments in a lobate,
water plume and salinity wedge interaction, river-dominated deltaic system along the western shore
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of the Interior Cretaceous Seaway formed the depos- ridges and barrier islands. Large delta systems are
its. Five cycles of deltaic sedimentation, each con- built by repeated phases of construction and destruc-
taining a major coal bed were deposited. The thicker tion of imbricating deltas.

part of each coal bed extends from the vicinity of the Maps: modern Mississippi delta, Mississippi delta
landward pinch out of the delta front sandstone 1874-1940, 3-D model of Mississippi, sedimentary
landward for a distance of 10 km. structures, migration of environments, Frazer Delta-

Maps: Emery coalfield, Interior Cretaceous sea, British Columbia, Orinoco River delta- Venezuela,
cross-sections, delta models, isopach, predictive Rhone delta-France.
model, depositional history.

Smith, A. E., Jr., and M. L. Broussard, eds.,
Photographs: textural features, outcrops. 1971, Deltas of the world: modern and ancient--

Saxena, R. S., 1977, Deltaic sandstone reser- Bibliograpy: Houston Geological Society, 42 p.
voirs-exploration models and recognition criteria This handy publication contains 1,195 references
(abs.): Annual AAPG-SEPM Conv., Prog & abs, p. indexed according to modern deltas, by country; an-
51. cient deltas, by country; and subject.

The lower deltaic region forms a zone ideal for Swarm, D. !t., 1964,Late Mississippian rhythmic
hydrocarbon generation and entrapment. Two factors sediments of Mississippi Valley: AAPG Bulletin, v.
make the lower delta plain prolific: its location updip 48, p. 637-658.
of extensive, organic rich, prodelta and marine shales
(source rocks) and the complex lithologic variability Based on the patterns of sandstone thickness maps
and abrupt changes which provide sand-shale juxta- Swann interpreted these sand bodies to be of deltaic
positions to form traps. Five facies were recognized origin. He indicated that the sandstones were not
from _'eservoirs within the lower deltaic plain: 1. channel fills but, rather bar finger sands, as described
point bars, 2. crevasse splays, 3. disributary mouth by Fisk (1961). Swannwas oneofthe first authors to
bars, 4. beach barriers, and 5. reworked deltaic sands, be concerned with whether so-called "deltaic sands"
Studies of the modern Mississippi delta and Carbon. were channel fills or originated as river-mouth bars,
iferous Appalachian Plateau deltas form predictive creating bar fingers or delta-front sands.

models. Maps: tectonic setting, paleogeography, cross

Grain size characteristics and temporal varia- section, isopachs, E-log correlations.

tions of depositional environment are used to recog- Charts: stratigraphy of Mississippi Valley Mis-
nize sand bodies in the subsurface using E-logs; SP sissippian age sediments,
curves define the shape of the sand bodies.

Taylor, J. H., 1963, Sedimentary features of an
Scruton, P. C., 1960, Delta building and the ancient deltaic complex; the Wealden rocks of

deltaic sequence: Recent Sediments, Northwest Gulf southeastern England: Sedimentology, v. 2, p. 2-28.
of Mexico, Symposium: AAPG, p. 82-102.

Taylor provided one of the first papers to describe
Characteristic stratigraphic sequences form dur- sediments from the entire range of deltaic deposi-

ing a delta cycle in both constructional and tionalenvironments, rather than just portions of the
destructional phases. Deltas are seaward-thickening complete deltaic sequence.
banks of sediment deposited in the constructional
phase and modified in the destructional phase. Land- Thayer, P. A., 1985, Diagenetic controls on res-
derived elastics are deposited in an orderly sequence ervoir quality, Matagorda Island 623 field, Offshore,
to build the delta. The classical delta is composed of Texas (abs.): AAPG Bulletin, v. 69, p. 311.

top-set, fore-set and bottom-set beds. Similarities This paper documented a gas reservoir in an
between different deltaic sequences are compared, overpressured lower Miocene deltaic sandstone.

Environments of sedimentary deposition are de- Reservoir depth is 10,000 to 14,000 ft. Bottom hole
fined by: 1. sediment source_ 2. processes and their temperature is 275 F. Pay sand porosity ranges from
intensities, and 3. rates of deposition. Source areas 15% to 35%, permeability ranges from 10 to 3,000
differ from delta to delta. Rapid depositio n is charac- md.

teristic of deltas. As the river shifts the delta builds Primary intergranular porosity comprises 60-80%
in different directions, to be abandoned and modified of total porosity. Porosity preservation depends on:
by wave and current action. During the destructional 1. early formation of chlorite grain coats, 2. stable
phase sedimentare winnowed into thin veneers, beach mineralogic framew_l_, 3. overpressuring, and 4.

entry of gas into reservoir. Chlorite coats form up to
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8 %of the rock volume and originate from decompo., area 100 times to encompass 7,098 acres, Any barrier
sition of volcanic rock fragments. The chlorite inhibits beaches that may have existed in front of Matagorda
quartz cementation. Bay were buriedby deltaic sedimentation.

Secondary porosity is derived from feldspar and Wanless, H. R., 1965, Environmental interpre-
volcanic rock fragment dissolution. Leaching ofcal- tation of coal distribution in the Eastern and Central
cite did not form significant porosity. Evidence for United States: illinois Mining Inst. Ann. Meeting
the absence of large scale carbonate dissolution in- Proc., Springfield, I11.,p. 19-36.
eludes: 1. unaltered carbonate lithoclasts, 2. re-
worked Cretaceous foraminifera, 3. preservation of Unlike most papers on ancient subaerial delta-
chlorite crystal morphology, and 4. absence of pitted plain sediments, Wanless discussed the distribution
or serrated surfaces on quartz overgrowths, of delta-plain coals rather than channel sandstones.

As with his previous papers, the regional picture was
Thompson, R. W., 1968, Tidal flat sedimentation emphasized.

on the Colorado River Delta, northwestern Gulf of
California: GSA Memoir 107:133 p. Wanless, H. R., J. B. Tubb, Jr., D. E. Gednetz,

and J. L. Weiner, 1963, Mapping sedimentary en-
This report was concerned with the southwestern vironments of Pennsylvanian cycles: GSA Bulletin,

portion of the Colorado delta-plain in Baja, Califor- v. 74, p. 437-486.
nia. Extensive ro,,rlflats (deposited in an 8-10 m tidal
range) and chen,cr plain were also examined. Using one well per township, the authors illus-

trated regional scale distribution of several large del-
Tidwell , E. M,, 1974, Bibliography of North tas of Pennsylvanian age from Illinois and the

American Oil and Gas Fields: AAPG Memoir, 24, p. midcontinent.
300-328.

Whitbread, T., and G. Kelling, 1982, Mrar
This reference is an index to geologic papers on Formation of western Libya-Evolution of an early

U. S. oil and gas fields which appeared in AAPG Carboniferous delta system: AAPG Bulletin, v. 66, p.
publications from 1918 to 1974. The index includes: 1091-1107.
field name, state, country, year of publication, publi-
cation volume and pages. Authors names for indi- The Lower Carboniferous age Mrar Formation is
vidual references are not given. There is some cross- located in northwest Libya. The basal part is cap rock
referencing of related fields and name changes of and a possible source for hydrocarbons produced
fields, from the underlying sandstone reservoirs.

The deltaic environment developed on part of the
VanAndel, T.H., 1967, The Orinoco Delta: Jour. Saharan platform. The sequences coarsen upward

Sed. Petrology, v. 37, p. 297-310. and grade into sandstone. Nineteen subenvironments
A good short summary of the geology of the range from deltaic and delta plain to marine shelf,

Orinoco delta which Van Andel compared with the beach and tidal flat. The prograding deltaic complex
Mississippi, Niger, and Rhone deltas, was fluvial dominated in the initial stage. The area

shallowed progressively and sand was reworked into
Van Straaten, L. M. J. U., 1961, Some recent bars. Subsequently the discharge area migrated 62

advances in the study of deltaic sedimentation: miles northwest.
Liverpool and Manchester Geol. Jour., v. 2, p. 411-
442. The upper Mrar deposits reflect basinward migra-

tion of the diverted discharge regime. Sands pass
This was the first important summary paper on from bars into beach sands, becoming part of a wave-

deltaic sedimentation, lt was based largely on studies dominated delta. Further riverine migration reintro-
of the modern Mississippi, Rhine, Rhone, Colorado, duced fluvial deposits. The sandstone is capped by a
and Orinoco deltas which had been studied by various distinctive algal rich limestone formed in a period of
geologists between 1940-1960. delta lobe abandonment. The basin was slowly sub-

siding as the delta changed from fluvial to waveWadsworth, A. 1t, Jr., 1966, Historical deltation
dominated. Thin and extensive sheet sandstones are

of the Colorado River, Texas: in Shirley, M.L., cd.,
Deltas in their Geologic Framework: Houston Geo- preserved with the thick prodelta shales.
logical Society, p. 99-105. Maps: locality, columnar section, log cross sec-

This short paper documents the changes in size of tions, stratigraphic cross-sections, evolution of delta
the Colorado delta, Texas, after a 46 mile long log raft facies.
was removed in 1929. By 1941 the delta had grown in
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3. RESERVOIR CHARACTERIZATION: EXAMPLES AND APPLICATIONS

Included here are selected references concerning geological and engineering aspects of reservoir characterization,
their application, and information about specific plays that do not fit into section 5 of this bibliography.

i

Brummert, A. C., R.J. Watts, D. A. Boone, and Finley, R.J., and N. Tyler, 1986, Geological
J. A. Wasson, 1988, Rock Creek Oil Field CO2pilot characterization of sandstone reservoirs: in in Lake,
tests, Roane County, West Virginia: Jour Petroleum L. W, and H. B. Carroll, Jr., cd., Reservoir Character-
Tech, v. 40, p. 339-347. ization, Academic Press, New York, p. 1-38.

Two CO2EOR tests were conducted on the Rock This paper summarizes the various aspects oi'
Creek oil field. The history, fluid properties and geological reservoir characterization which are today
geology of Rock Creek field is reviewed. Cores and being more heavily relied on during efforts to maxi.
geophysical logs of injection and production were mize oil production from mature hydrocarbon prov-
used to study the injection history, inces. The genetic approach to reservoir facies analy-

Normal five-spot patterns with 13,000 scfCOjstb sis is defined and explained as the best opportunity
oil (2315 std m3/stocktank m3) were injected. This for the reservoir geologist and engineer to character-

ize the interwell area using fundamental rock unitstest recovered 3 %of the original oil in place, but was
terminated after 3 years. A second test used in- that have the greatest likelihood for more than site-
creased HCPV's of COa injected for a greater poten- specific applications.

tialoilrecovery. Test Il was conducted in a 1.55 acre Hat'tman, J. A., and D. D. Pa_,ater, 1979,
normal four-spot pattern. 11% of the oil was recov- Drainage anomalies in GulfCoast Tertiary sandstones:
ered. About 48 % of an HCPV was injected. This Jour. PetroleumTech. v 31 p. 1313-1322.
suggests that CO2 miscible flooding may be techni- ' ' '
cally successful in some Appalachian reservoirs. Unanticipated drainage patterns are termed

drainage anomalies. They occur frequently in Gulf
Maps: locality, columnar section, permeability Coast sandstone reservoirs. They usually become

and porosity profiles, injection history, resistivity apparent only after extensive work and production
log, dual -induction log. has occurred in a field as they represent unconnected

Charts: pilot test data, pilot '.,".stinjection, stock- sandstone reservoirs. Pressure data is the best source
tank saturations, injection data, oil saturation pro- to indicate anomalies. Detailed engineering reviews
files, of ali geological, petrophysical, reservoir and pro-

duction data is needed to pinpoint the anomalies.
Falkner, A., and C. Fielding, 1990, Sediment

body quantification: Examples from a Late Permian Five examples of drainage anomalies from Loui-
mixed influence deltaic system, Bowen Basin, Aus- siana include: 1. South Pass block 27 field "M6"
tralia (abs.): AAPG Bulletin, v. 74, p. 651. sandstone, 2. South Pass block 27 field "N" sand-

stone, 3. South Pass block 24 "Q" sandstone, 4.
An open pit coal mine in Bowen Basen, Australia Eugene Island block field, and 5. Two Miocene "K"

exposed alluvial and fluviodeltaic sequences. The sandstones (A&B). In reservoirs of this type large
coal is an upper Permian terrestrial to shallow-marine volumes of water are produced along with the hydro-
deposit from 5 to 600 km along strike, carbons.

Photo-mosaics of the exposed mine walls were Maps: locality, structure for each example, E-log
used to obtain a detailed view of the facies. Cores correlations, stratigraphic cross sections, 20 year
were used to interpret sedimentological data. pressure history.

The German Creek Formation is interpreted as an
extensive lower delta plain of a mixed wave-tide- Lowry, P., and A. Raheim, 1989, Characteriza-
fluvial influenced delta. Four facies are identified, tion of delta front sandstones from a fluvial-domi-
two of these are possible hydrocarbon reservoirs, nated deltasystem: NIPER/DOESecond International
First, major channelized sandstone bodies 4 to 11 Reservoir Characterization Technical Conference (in
meters thick and .5 to 5 Km wide, elongate perpen- press): Academic Press, N.Y.

dicular to the basin edge; interpreted as distributary To develop a new oil field one must first define
channel fills The second includes tabular sandstone the reservoir architecture; first to establish the geom-
bodies 9 to 20 m thick and tens or km in extent, etry of the sandstone bodies and second to define the
elongate parallel to the basin margin, internally reservoir heterogeneities or potential permeability
dominated by hummocky cross-stratification, inter- barriers within the reservoir. Increasingly accurate
preted as proximal mouth bar deposits.
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description of the reservoir has led to increasing use The Rio Grande delta sand bodies compare well
of the stochastic reservoir simulator which generates with reservoirs from the GulfCoast, Western Interior,
a program of probabilistic realizations based on sedl- and Illinois Basin,

mentary sequences observed in well data, and sand- Maps: geometry and permeability, locality, log
stone and shale dimension,_, and facies cross-section, s,

Two examples were chosen to test the model
simulator: 1, The Ferron sandstone member of the Richardson,J, G,,J, B, Sangree, R, M. Sneider,
Mancos Shale, central Utah, and 2. Pochahontas 1989, Deltas: Jour. Petroleum Tech., v. 41, p. 12-13.

Basis eastern Kentucky (Carboniferous). Both are Oil is primarily produced from sandstone reser-
fluvial- dominated deltaic sequences, voirs of ancient delta systems. Deltas form at river

The Ferron sandstone crops out along a belt 70 mouths as sediments discharge into oceans or bodies
km long and 10 km wide, lt had five major regressive of water. Stratigraphic events in delta development
events with 5 or 6 individual sandbodies, two are include: 1. sediments are carried and deposited in
mapped as distributary mouth bars 7 to 8 km long and channels, and 2. sediments are reworked by waves
3 to 4 km wide. and tides. In high energy deltas the clay and silts are

eroded leaving sand rich deltas. In low energy situa-
Chart:; and graphs: ratios of distributary body tions mud-rich deltas form. High energy deltas have

size, sandstone thickness, few distributary channels, they are meandering or
braided. The Nile delta is cited as the best exampleLowry, P., 1989, SPOR-OPT Establishment ef a

geologic database for improved reservoir character- of a high energy delta. The Mississippi delta is the
ization, Part 1: Geometry of Delta Front Sandstones: best example of a mud-rich delta.
Institutt for Energiteknikk Report No. IFE/KR/F-89/ Maps: Nile delta, Mississippi delta, seismic sec-
056:36 p. tion, sand body model.

This study, funded by the SPOR program, Norwe- Richardson, J. G., J. B. Sangree and R. M.
gian Petroleum Directorate, is part of their program to Sneider, 1989, Mud-rich deltas: Jour. Petroleum
1) collect field data from various depositional settings, Tech., v. 41, p. 334-335.
and 2) establish small prototype database to store
quantitative data necessary for efficient reservoir Mud-rich delta systems form where rivers deposit
characterization and reservoir modelling, sediment faster than the sediment can be reworked by

basin currents. Mud-rich deltas have more silt and

The majority of the data for this report were taken clay in the river mouth bars and delta-front sheet
from the Ferron Sandstone member of the Mancos sands. They have straight distributary channels that
Shale of central Utah because of the excellent oppor- branch frequently. The coarsest, cleanest sand is at
tunity provided by these outcrops to examine the the base of the channel. Channel sands become pro-
three-dimensional geometry of the delta front sand- gressively thinner and of poorer reservoir quality
stones, toward the channel mouth. Mud-rich deltas can build

Pryor, W. A.,and K. Fulten, 1976, Geometry of rapidly. The Mississippi hasbuilt hundreds of square
reservoir-type sandbodies in the Holocene Rio Grande miles in the past 5,000 years. Sheet sands are isolated
Delta and comparison with ancient reservoir analogs: by large areas of silt and clay. Sand beds as little as
Soc. Petroleum Engin., Paper 7045, p. 81-84, 1 inch thick may be prolific oil producers.

Reservoirs form by the combined processes of Maps: Mississippi delta, Geometry model, delta
deposition, burial, compaction, diagenesis, and struc- growth.

tural deformation. Internal geometry is important in Richardson, J. G., J. B. Sangree and R. M,
understandingtheevolutionofindividualsandbodies Sneider, 1989, Sand-rich Deltas: Jour. Petroleum
and their permeability-porosity variations. Tech., v. 41, p, 157-158.

The Rio Grande delta complex has three compo- In this short article the authors focused on the
nents' 1. distributary mouth-bar ._-'.ndbodies, 2. me- characteristic features of high-energy, sand-rich del-
ander point-bar sand bodies, and 3. delta slope sand tas.
bodies. The distributary complex sands are bundles

of sand in a silt-clay matrix. Permeability and poros- Rittenhouse, G., 1961, Problems and principles
ity of the Holocene sands are 200 md to 7 darcys and of sandstone-body classification: in Peterson, J. A. S.
from 5% to 45% respectively., and J. C. Osmond, eds., Geometry of Sandstone Bod-

ies: AAPG, p. 3.12.
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Original geometry includes size, shape and orien- space in terms of porosity, permeability and capilltlry
tation and can be modified by erosion, faulting, fold- pressure properties, and 3. the location of barriers to
ing, tilting, compaction of underlying sediment or flow, both internal and external.

internal compaction, Three problems in geometry of A brief review of delta literature from 1912 is

a sandstone body include: 1, to reconstruct the ge- included. There are 32 large deltas forming in the
ometry correctly, 2, to know what geometry implies world today, High energy deltas examples; Nile,
regarding origin, and 3, to know the distribution Rhone, Brazos-Colorado rivers. Low-energy or mud
pattern of sediment, deltas examples, Mississippi, Orinoco, Lena, Volga

Isopach maps of sand bodies define size and rivers.

orientation, but only partly define shape. Modifica- Maps: delta models, dip and strike sections, delta
tion of original shape by compaction and other pro- environments, sand distribution, geometry model.
cesses must be considered. Three dimensional data

from ancient sediments is often misinterpreted. Tillman, R. W., and D. W. Jordan, 1987,

Internal features of cross-bedding, grain orienta- Sedimentology and subsurface geology of delt,'lic
tion, and bed and grain size sequences are important facies, Admire 650' sandstone, El Dorado Field,
to understanding origin, Kansas: in Tillman, R. W,, and K. J. Weber, eds.,

Reservoir Sedimentology: SEPM Spec. Pub., v. 40, p.
Example: Galveston Island, Lavaca Bay, Texas. 221-291,

Maps: locality, G_iveston island, cross-section, The Admire 650 ft sandstone reservoir (Pel'mian
sand profiles. Wolfcampian) ranges from 11 to 23 ft thick. Discov-

Shelton, J. A., 1973, M,_dels of sand and sand- cry was in 1915, secondary waterflood was carried
stone deposits: a methodology for determining sand out in the 1950's and a tertiary recovery project began

in 1974.genesis and trend: Oklahoma Geol. Surv. Bull., v.
118, p. 122. Three types of sandstone reservoirs comprise the

A study of geometry and internal features of sand Admire 650', distributary channel sandstone with high
bodies to determine t_epositional environments. This and low energy subfacies. Initial deposition was from
article makes use of depositional models to study the splay channels that prograded into a muddy
genesis of sand deposits. Distributions that must be interdistributary baY. In some areas the channel is

thicker than in others or absent in the southeastern
known include geometry (trend, length, relative loca-
tion, width, thickness, and boundaries) and internal corner of interdistributary bay environment. The

final phase was a marine transgression that resulted infeatures (sedimentary structures, texture and con-
stituents), regional deposition of limestone and shale.

Twenty-four well documented deposits from Thedistributary channel bifurcates with a N to
twenty different environments were used as models NE paleocurrent flow indicated. Pressure-transient
including: Mississippi River; Robinson sandstone, ratios as much as 14 in areas of elongatesandstonc
Illinois Basin; Tuscarosa sandstone, Appalachians; body deposition indicate areas of preferred transmis-
Brazos delta, Texas; Rockdale delta, Texas; Bluejacket sibility which supports the model of a heterogeneous
sandstone, Oklahoma and Kansas; Dakota J3 sand- reservoir.

stone, Nebraska; Frio (barrier bar); Texas. Distributary channel sandstones average 436 md

Maps: locality, structure, topography, cross-sec- permeability and 28% porosity. Permeability and
tion, paleocurrents, isopach, delta models, porosity are reduced by diagenetic processes of clay

formation, deformation of rock fragments, mica
Tables: depositional environments and models. lamina, quartz growth, secondary leaching of fclds-

Sneider, R. M,, C. N. Tinkler, and L.D. par and cementation.
Meckel, 1978, Deltaic environment reservoir types Maps: locality, cross sections, deltaic models,
and their characteristics: Jour. Petroleum Tech., v. columnar section, transport direction, delta growth,
30, p. 1538-1546. delta environments, isopach, fence diagrams,

According to the authors most known oil and gas Photographs: textural features.
accumulations are trapped in terrigenous sandstone
deltas. The key to understanding their reservoir be- Tyler, N., and R, J. Finley, 1988, Reservoir
havior includes: 1. the type of reservoir potentially architecture- a critical element in extended conven-

tional recovery of mobile oil in heterogeneous res-available, 2. the distribution and quality of pore
ervoirs (abs.): AAPG Bulletin, v. 72, p. 255.
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i,

Iramoderately !leterogeneous reservoirs as much Rocky Mountain Ct'etaceous sandstones were
as half the mobil oil is not recovered. In low-perme- deposited in marine, transitional and non-marine en-
ability reservoirs or those with weak drive mecha- vironmeP.ts. The Fox Hills sandstone of the Rock
nism primary and secondary yields may be only 15% Spring uplift consists of a series of barrier bar sa1_.d-
of the in-piace mobil oil. stones that change northwestward to lagoonal shales

Internal reservoir seals and resultant compart- (Lance Fm.) and to the the southeast to marine shale
mentalization controls hydrocarbon recovery. De- (Lewis Shale). One barrier bar is 30 feet thick and 6-
velopment of models of internal reservoir architec- 7 miles wide. Each bar extended along the western
ture; facies composition, extents, geometries, orien- margin of the Cretaceous seaway.
rations are necessary to maximize hydrocarbon re- The upper Judith River Formation of Montana is
covery from heterogeneous reservoirs, a transitional and marine sandstone with a width of

Wave-reworked depositional systems with simple 140 miles. Thickness ranges up to 100 feet. This unit
architectures have high mobile oil recovery efficien- was deposited between lagoonal shale facies in the
cies. In contrast strong channelized systems with west and marine shale facies (Pierre Shale ) in the
complex architectures including fluvial, fluvial- east. Most sand bodies in the Rocky Mountain
dominated deltaic and submarine fan reservoirs have Cretaceous are similar in pattern and range to the
low to moderate mobile oil recovery. Carbonate examples given.
reservoirs display a smaller range of mobile oil re- Maps: locality SW Wyoming, cross-sections, co-
covery efficiencies. Large volumes of unrecovered lumnar sections, environments, paleogeographic, lo-
oil remain in highly stratified laterally discontinuous cality SE Montana, Judith River outcrop and struc-
platform carbonates of the Permian Basin, In Texas ture, E-log correlations.
reservoirs withcomplex architectures 35 billion bbl
of mobile oil will be unrecovered at abandonment, Yinan, Q., 1983, Depositional model, heteroge-
nationally this resource may be 80 to 100 billion bbl. neous characteristics and waterflood performance of

sandstone reservoirs in a lake basin; case study of
Weber, K. J., 1982, Influence of common sedi- oilfields, eastern China: Reservoir Geology and

mentary structures on fluid flow in reservoir models: Engineering, 1lth World Petroleum Congress, Lon-
Jour. Petroleum Tech., v.34, p.665-672, don, (PD6) p. 1-13.

A summary of the use of permeability-distribu- Deltas build into lakes during constructional
tion models based on cores, sidewall samples and phases and "_.,abe divided into birdfoot and fan delta
logs. Reservoir heterogeneity studies include: clay types, b_r0_ ,ot deltas are attached to a river system
drapes and intercalations, cross-bedding, sand lami- with a distant source. Fan deltas are associated with
nations, slumping and burrowing, alluvial fans and relatively nearby sources of sedi-

Figures: shale intercalations as a function of ments.

depositional environment, channel fill Rhone delta, Waterflood performance of fluvial channel sands
permeability distribution in burrowed silt, festoon is characterized by high productivity, rapid tonguing
cross-bedding, vertical permeability in channel fills, of injected water, low volumetric sweep efficiency

and high in-layer heterogeneity with upward decreas-
Weber, K..I., 1986, How heterogeneity affects ing permeability. River mouth bars have more uniform

oil recovery: in Lake, L. W. and H. B. Carroll, Jr., permeability, but a vertically upward increase in
Reservoir Characterization: Academic Press, Orlando, permeability so a larger swept volume is expected.
Florida, p.487-544.

The studied fan delta composed of conglomerates
Reservoir heterogeneity is the major cause of and coarser sandstones was built by a river with a

problems with enhanced oil recovery. Reservoir het° nearby sediment source and steep slope which di-
erogeneities should be quantified to design reservoir rectly entered the lake without fluvial plain devel-
models by use of cores and ev'_luation of reservoir opment. Its pebbly reservoirs present a pore texture
characteristics. The paper summarizes a classifica- of extreme complexity.
tion of reservoir heterogeneities.

Examples: China; Shengtuo field, Daqing field,
Figures and Tables: extensive reservoir charac- Dingxing loop of Tumahe River.

terization data, heterogeneity classification.
Maps: lake basin clastic model, sedimentary fa-

Weimer, R. J., 1961, Spatial dimensions of Up- ties sections, sweep of injected water, sand thickness
per Cretaceous sandstones, Rocky Mountain area: in and permeability, cross-section.

Peterson, J. A. and J. C. Osmond, eds., Geometry of Engineering data: capillary pressure curves, wa-
Sandstone Bodies: AAPG, p. 82-97. ter flood tables.
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4. ENGINEERING TECHNOLOGY

Technologies for discovery, drilling and recovery of oil throughout the World h_,ve advanced rapidly in
recent years. Reservoir characteristics and the engineering technologies necessary to exploit them go hand and
hand in modern ,'esearch.

Aalund, L. R., 1989, W. Germans plan unit- Design of horizontal fracturing must be devel-
facility _13rdrilling 45,000 ft borehole: Oil and Gas oped on a well to well basis. Design must consider:
Jour., v. 87_ip. 64-65. reservoir properties, rock mechanics, material trans-

A report on the world's deepest hole located in port, completion and treatment methodology. Suc-
West Germany. Results are expected to have signifi- cess of a horizontal well is based on permeability

anisotropies, reservoir thickness, and proximity to acance for earthquake and volcanic research as well as
data on de,,elopment of hydrocarbons. The previous gas or water contact.
deepest hole was 39,000 ft in the Kola Peninsula of Figures: permeability comparison, equations,
the Soviet Union. nomenclature, reservoir thickness comparison, re-

Charts: Ultra-deep casing program, locality, placing a horizontal weil, longitudinally fractured
horizontal weil, notched perforations, pressure drop

Armessen, P., A. P. Jourdan and C. Maricotti, across perforations, stimulated vs. unstimulated hori-
1988, Horizontal drilling has negative and positive zontal wells.
factors: Oil and Gas Jour., v. 86, p.37-40.

Bleakley, W. B., 1983, IFP and ELF-Aquitaine
Long -radius horizontal drilling has progressed solve horizontal well logging problem: Petroleum

so that drillholes up to 600 m to 1,250 m are common Engineer International, v. 55, p,22-24.
at depths up to 3,000 meters. Penetration rates have

In traditional well logging tools run on wirelineincreased dramatically in the past few years.
and depend of gravity to reach the bottom of the hole.

The high degree of friction in drilling a horizontal New techniques needed to be developed for horizon-
well is the biggest problem restricting the length of tal wells, lt is called SIMPHOR and it uses the drill

the borehole. Upward friction is created by the drill pipe to push the tool to the bottom. Logs are recorded
pipe rubbing against the walls of the hole. Downward as the tool is retrieved.

l friction is also a problem. The lateral gravity effect
of the drillstring creates friction that increases with Figures: Rig, logging tool witl',drill pipe, running
the length of the horizonta! section, drill pipe, bottom hole electrical connection, cable

arrangement.
Charts: penetration rate, drilling cost, penetra-

tion rate com pari son. Bossio, J. C., 1988,Horizontal wells prove their worth:
Petroleum Engineer International, v. 60, p. 18-19.

Barber, A. H. Jr., C. J. George, L.H. Stiles and
An interview with J. C. Bosio of Elf AquaitaineB. B. Thompson, 1983, Infill drilling to increase re-

serves, actual experience in nine fields in Texas, Group answersquestionsofwhyhorizontaldrilling is
. Oklahoma and Illinois: Jour. Petroleum Tech., v. 35, useful. He details the benefits of this technique as to

p. 1530-1538. where ,9.-ndin what circumstances it is most effective.

Evaluation of reservoir discontinuity may underesti- Charts: production data.

mate the recovery potential by infill drilling. Production in Bossio, J., and L. H. Reiss, 1988, Site selection
nine fields including carbonate and sandstone reservoirs remains key to success in horizontal well operations:
showed improved reservoir continuity with increased well Oil and Gas Jour., v. 86, p.71-76.

, density. Increased recovery from 870 wells in the nine
fields ranged from 56% to 100%. Optimum well density in Horizontal wells fall into two catagories; 1. long
a given field can only be determined after several years of or medium radius radius wells which use several
field performance, hundred meters to curve from vertical to the desired

horizeqtal deviation. These are wide diameter bore-

Figures: cross-section, porosity and permeability holes and use standard equipment. 2. Short radius
variatiot:s, production data graphs for each field, wells which reach horizontal in only a few meters .

Blanco, E. R., 1990, Hydraulic fracturing requires These require special equipment, the horizontal po-
extensive disciplinary interaction: Oil andGasJour.,v. 88, sition drilied is usually less than 100 meters. A small
p.112-117, diameter bore hole is used.

Charts: horizontal well summary, rig time and
cost.
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Bragg, J. R., and W. W. Gale, 1983, Loudon About48 % of an HCPV was injected. This suggests
surfactant float pilot- overview and update: SPE, that CO2 miscible flooding is technically successful
(11505), p. 525-536. in the Appalachian reservoirs.

A successful surfactant (microemulsion) flood in Maps: locality, columnar section, permeability
a watered out portion of the Weiler sand, Loudon and porosity profiles, injection history, resistivity
Field, Illinois was preformed !lt i981. The log, dual-induction log.

microemulsion system was designed for ase in high Charts: pilot test data, pilot test injection, stock-
salinity formation water (104,000 ppm dissolved tank saturations, injectiondata, oil saturation pro-
solids) without use of a preflush. 60% of the oil files.
remaining after waterflood was recovered. Loss of

mobility control in the polymer drive bank and pre- Dussert, P., G. Santoro and H. Soudet, 1988, A
mature breakthrough of lower-salinity drive water decade of drilling developments pays off in offshore
was observed part way through the test. This loss was Italian oil field: Oil and Gas Jour., v. 86, p.33-39.
caused by bacterial degradation of the xanthan

As of 1988 Rospo Mare wa:+the only oil field inbiopolymer used. Formaldehyde was shown to be
the world producing systematically from horizontalmost effective at killing the bacteria within the for-

mation, wells. Production as of 1-1-1988 was 22,000 bbi c.f
crude oil. The field is in the Adriatic Sea at water

Bragg, J. R., W. W. Gale and W.A. depths of 200 to 300 feet. The oil produced has a
McElhamnnon, Jr., 1982, Loudon surfactant flood gravity of 11.9 API. The reservoir is at 4,300 feet.

pilot test: SPE 10862, Third Enhanced Oil Recovery Maps: structural map Rospo Mare, cross-section
Sym., Tulsa, Oklahoma, p. 933.952. of reservoir+

A successful microemulsion flood test of the
Ferrel, H. it., R. A. Easterly, T. B. Murphy

Weiler Sand in the Loudox,' field, Illinois. The design and J. E. Kennedy, 1987, Evaluation of micellar-was to be effective in high-sa!i.,aity formation water
without use of a preflush. Sixty percent of the water- polymer flood projects in a highly saline environment

in the E! Dorado Field: DOE/BC 10830-6, U. S. Dept.flood residual oil present in the pilot pattern was
recovered. Energy, Bartlesville, Ok., 127 p.

There was bacterial degradation of the biopoly- High oil saturation remained in the El Dorado
met and a problem with produced oil-water emulsions. Field, Kansas even after air, water and steam injec-

tion. Two different micellar methods were used, bothHowever, the high-sa!inity microemulion formation
were sensitive to high salinity and hard water. The

was considered a success, project failed to produce measurable additional oil.
Tables: formation brine, fluid and tracers. An interpretation of the geology, oil saturation and
Figures: locality, permeability distribution, re- reservoir flew properties is used to explain the fail-

sidual oil distribution, isopach, injection data, con- ure. Specific causes were: 1. gypsum and barium
centrations of surfactant, polymer and tracers, C/O deposits, 2. unusual vertical oil saturation, 3. mi-
ratios, oil saturation, variation of injectivity index, gration of liquids into the test area, 4. high hardness

of waterflood injected water.

Brummert, A. C., R. J. Watts, D. A. Boone, Applications to other reservoirs: !. use of a
and J. A. Wasson, 1988, Rock Creek Oil Field CO2 alkyl arly sulfonate is good for oil displacement only
pilot tests, Roane County, West Virginia: Jour. Pe- in a narrow salinity range. 2. a preflush is of little
troleum Tech., p. 339-347. benefit particularly if the reservoir contains gypsum.

Two CO2EOR tests were conducted on the Rock 3. a high average oil saturation is not necessarily a
Creek oil field. The history, fluid properties and good target for EOR. 4. an unusual pressure gradient
geology of Rock Creek field is reviewed. Cores and and fluid migration within the reservoir can result in
geophysical logs of injection and production were excessive salinity. High hardness brine in contact
used to study the injection history, with the micellar slug reduces the slug effectiveness

Normal five-spot patterns with 13,000 scfCOjstb and causes inefficient sweep.
oil (2315 std m3/stocktank m3) were injected. This Maps and Tables: extensive production data.
test recovered 3 % of the original oil in place, but was
terminated after 3 years. A second test used increased French, M. S., G. W. Keys, G. L. Stegemeier,
I-ICPV's of CO2 injected for a greater potential oil R.C. Ueber, A. Abram: and H. J. Hill, 1973, Field
recovery. Test II was conducted in a 1.55 acre normal test of an aqueous surfactant system for oil recovery,
four-spot pattern. 11% of the oil was recovered. Benton Field, Illinois:Jour. PetroleumTech.,v. 25,

p.195-204.
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In the Benton field of Franklin County, Illinois a Harvey, F., 1990, Fluid program built around
tertiary recovery waterflood on a five spot pattern hole cleaning, producing formation: Oil and Gas
was preformed. Four phases of the test were: 1. Jour., v. 88 ', p.37-41.

preflood of low -salinity water to displace high-salin- Potential problems with horizontal drilling can
ity formation water. 2. slug of chemical solution with be corrected by careful selection of the drilling fluid.
a surfactant 3. a controlled mobility drive solution 4. Attention must be given to the cleaning and lubrica-
a waterflood with fresh water, tion properties of the fluid selected.

The solution was capable of displacing oil from a Tables: comparison of drilling fluids.
previously waterflooded interval in the Tar Springs
Fm. Residual oil saturations were as low as 4%. Oil Figures: hole angle and particle slip, inclination,

recovery was somewhat less than predicted, inclination and orientation.

Figures: chemical flood, chemical and oil pro- Holley, S. M., and J, L. Cayias, 1990, Design,
duction, operation and evaluation of a surfactant /polymer

Tables: chemical properties by zone, core analy- field pilot test: SPE/DOE 20232, 7th Enhanced Oil
sis of chemicals. Recovery Sym., Tulsa, Ok., p. 549-556.

Oryx Energy Company evaluated tile design and
Gould, T. L., and A. M. S. Sarem, 1989, Infill operation of a low tension surfactant polymer test in

drilling for incremental recovery: Jour. Petroleum the McCleskey sandstone of Eastland Co., Texas.
Tech., v. 41, p. 229-237. Choice of the site was based on: good reservoir per-

Infill drilling has been a part of good waterflood meability, availability of fresh water and high re-
management for many years. Only in the 1980's was sidual oil saturations,

it discovered that infill drilling was a valuable incre- The pilot was success, but did not achieve its
mental recovery process in itself. Factors to consider design objectives due to reservoir heterogeneity and
before infill drilling: 1. production/injection perfor- reduced sweep efficiency. The propagation of chemi-
mance 2.reservoir description 3. infill drilling project cal fronts and recovery of oil demonstrated that sur-
design 4. economic evaluation, factant flooding is capable of recovering tertiary oil.

"In general the more a reservoir deviates from the Tables: polymer injection summary, Ranger tracer
ideal behavior, the greater the opportunity for incre- recoveries, arrival times-days since injection, Ranger
mental recovery by infill drilling." Infill drilling field map, NCRU surfactant pilot production, well
sweeps unswept zones and in',proves vertical sweep, production response.

Tables' summary of infill drilling recoveries,
Huh, C., L. H. Landis, N. K. Maer, P. H.summary of infill drilling project characteristics.

McKinney and N. A. Dougherty, 1990, Simulation
Figures: prodt, ction graphs from several fields, to support interpretation of the Loudon surfactant

cross-sections, distance between wells, simulation pilot tests: SPE 20465, 65th Tech. Confo and Exit.,
results, selective perforation, effects of heterogene- New Orleans, La., p. 9-24.
ity, effect of crossflow.

A summary of the pilot tests on the Loudon field.
Hamaker, D.E. G., and I) Frazier, 1978, Tests included a seven acre five spot, a 40 acre

Manvel enhanced recovery pilot-design and imple- pattern with nine 2.5 acre five spots, and an 80 acre
mentation' SPE 7088, 5th Improved Methods Oil with nine, five acre normal five-spots. An important
Recovery Syrup., p. 495-504. task was to determine ",vhytests with larger pattern

A surfactant flooding system for use in high salinity sizes were not as good as smaller pattern tests.
sandstone reservoirs has b_n developed. Chemicals are Fluids from neighboring injectors established flow
mixed directly into the brine and are injected directly channels within the boundary producers, suggesting
without preconditioning the reservoir. The pilot was a poor mobility control by injected fluids. The polymer
Manve! field, Brazoria Co., Texas in the Frio sandstone in bank on the 40 acre and 80 acre plots did not propa-
a watered out fault segment. A five well pattern of two gate as designed.

injectors and three producers was used. Tables and Figures: reservoir properties, perme-
Tables: reservoir data and fluid properties, reservoir ability, oil/surfactant/polymer phase behavior, pro-

transmissibilities, injected pore volumes, chemical distri- duction data, cross-sections, tracer and polymer
bution, injectivity profiles, surfactant mixing facility, drivewater analysis, pattern pore volumes produced.
polymer mixing facility.

Maps: structure, location, fence diagram.
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lwata, T., Y. Tsuneo and S. Hisao, 1990, Three- radius is 6 to 22 meters with a 4 1/2 or 6 inch hole. 3.
dimensional computer simulation system of deltaic long medium turning radius- standard equipment is
sedimentary sequences, abs : AAPG Bulletin, v. 74, used with modifications.

p. 651. Figures: trajectory profiles, Rospo Mare profile
Computer simulation to predict deltaic sandstone design, typical well profile, bottom hole assemblies.

reservoirs is being developed. Jet-flow, density-flow
and bed-load transportation models are used. Lang, W. J., and M. B. Jett, 1990, High ex-

pectations for horizontal drilling becoming reality:
Jet-flow of turbulent water into quiescent bays; Oil and Gas Jour., v. 88, p. 70-79.

the parameters needed are location and dimensions
of river mouth, flow velocity, sediment concentration The progress of horizontal dcilling in the 1980's
and fluid and sediment characteristics, is analyzed.

Density-flow simulates turbidity underflows that Charts: Risk analysis, rig count Texas, horizontal
occur in fresh water lakes and steep submarine fans. well forecast.

Wave action, longshore currents, water-level Maps: horizontal wells worldwide.
changes are being added to the model's test capabili-
ties. Matson, R., and R. Bennett, 1990, Cementing

horizontal holes becoming more common: Oil and

Joly, E. L., A. M. Dormigny, G. N. Catala and Gas Jour., v. 88, p. 4046.

F. P. Pincon,1985, New Production logging tech- Cementing is used less frequently in horizontal
nique for a horizontal weil: SPE 14463, p. 1-8. wells. New technology is needed for the tools to be

A new technique to run production logs in hori- effective in control of free water, to manage cuttings
zontal wells is presented. Logging tools are carried at transport and to obtain pipe centralization.

the end of a rigid stinger attached to a logging cable. Figures: consistometer strip chart, recirculating
The assembly is pumped down a tubing until the tool mixer, flow rates, real-time monitoring, on site com-
reaches the end of the zone and is then retracted. Logs putercementing analysis, tool-length calculation, off-
can be recorded when the tool is going in or coming bottom cementing.
out. Two case histories Lacq 91 (France) and Rospo
Mare 6 (offshore Italy) test the new d_velopment. Montigny, O. de, and J. Combe, 1988, Hole

Figures: equations, horizontal logging method, benefits, reservoir types key to profit: Oil and Gas
Jour., v. 86, p. 50-55.stringer makeup procedure, Lacq 91 well completion,

Rospo Mare 6 well completion, flowmeter reading for Advantages of horizontal drilling in low-perme-
spinner diameters, ability reservoirs are: 1 increases length up to 2,000 ft

horizontal 2. infinite conductivity, resistance to flow ,
Jones, W., 1990, Unusual stresses require at- is negligible in a horizontal weil. 3. control of geom-

tention to bit selection: Oil and Gas Jour., v. 88, p. etry, the trajectory of a horizontal well can be com-
81-85. pletely controlled. In contrast hydraulic fracture

Horizontal drilling causes unique stresses on the depends on stresses within the reservoir.

rock bit during drilling. Analysis of the different Figures: trajectory design, gas and water coning
stresses and the bits necessary to combat them is in layered reservoir, generalization of Merkulov's
given, formula, limitations of Merkulov's formula.

Figures: bit design, bend angle of drill stem, Montigney, O. de, P. Sorriaux, A. J. P. Louis
redesigned shortened bit. and J. Lessi, 1988, Horizontal well drilling data

Jordan, A. P., P. Armessen and P. Rousselet, enhance reservoir appraisal: Oil and Gas Jour., v. 86,
1988, Elf has set up rules for horizontal drilling: Oil p. 40-48.

and Gas Jour., v, 86, p. 33-40. The lateral evolution of the facies, the fractured
Drilling techniques without rotation is strictly zones, and the irregularities at top and bottom of the

limited. RGtary or turbodrilling is used for standard reservoir are perceived differently in horizontal wells
deviated wells. Drilling concepts involved include: than in vertical wells. To formulate a well design
1. ultra-short turning radius. The use of jetting action reservoir characteristics must be understood includ-
to drill profiles with a radius of curvature less than 30 ing: entire thickness, heterogeneities, fluid mechan-
cm. The diameter of the hole drilled is 2 inches and ics, interfaces betw_.zn fluids, and volume of hydro-
length is up to 70 meters. 2. short turning radius. The carbons in place.
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Figures: Lacq dolomite zones, Costera Lou strut- less than predicted. Production response was later
rural map, well crossing mini-grabens, open hole and lower than expected. Operations were discontin-
logs, Rospo Mare 6 d geology, FWAL in vertical and ued before the scheduled polymer injection sequence
horizontal wells, FWAL in highly deviated wells, was completed.

equations, stimulated response curve. Maps; Locality, wells

Moritis, G., 1989, Worldwide horizontal drill- Tables and Graphs: reservoir properties, produc-
ing surges: Oil and Gas Jour., v. 87, p. 53-63. tion facilities, injection schedule, injection history,

sulfonate and chloride concentration, sulfonate and
Analysis of ali aspects of horizontal drilling are

discussed. Extensive data from major projects around oil-in-water concentration.

the world are included. A report on the world's Palmer, F. S., A. J. Nute and R. L. Peterson,
deepest hole is included. 1981, Implementation of a gravity stable, miscible

Charts: horizontal wells over 1,000 feet length in CO2 flood in the 8000 foot sand, Bay St. Elaine Field:
1989, nomenclature, production increase, horizontal SPE 10160, 56th Tech. Conf. and Exhib., San Anto-
wellsurvey, nio, Tx., p. 1-15.

Moritis, G., 1989, More information from hori- The reservoir is in the costal marshes of south
zontal well survey: Oil and Gas Jour., v. 87, p. 63-65. Louisiana. The reservoir overlies a salt dome. Unique

equipment was designed to transport and inject the

Data on measurement tools, stimulation, log run- CO2solvent slug. Pulse tests indicate that the three
ning tools, open hole logs and production logs are project wells were interconnected. The CO2 solvent
presented. Many applications in conventional wells effectively recovered the residual oil. A 33% pore

can be adapted to horizontal wells, volume of the CO2solvent slug was sufficient for this
Charts: terminology, horizontal well survey with field.

equipment data. Tables: reservoir characteristics, CO 2 solvent
mixtures.

Moritis, G., 1990, Horizontal drilling scores
more successes: Oil and Gas Jour., v. 88, p. 53-64. Figures: locality, structure, E-log correlations,

well bore diagram.
A survey of horizontal drilling around the world

based on responses by operators. Up to date practices Pursley, S. A., R. N. Healy and E. I. Sandvik,
and objectives of horizontal drilling are analyzed. 1973, A field test of surfactant flooding, Loudon

Charts: lateral drilling report, nomenclature, Illinois: Jour. Petroleum Tech., v. 25, p. 793-802.

horizontal wells over 1,000 ft. length, horizontal well A watered out portion of the Loudon field was
less than 1,000 ft length, horizontal well survey by used for a surfactant test in 1969-71. The test was

company, Texas RRC report on independents, designed to determine: 1. extent of surfactant adsorp-
tion-fractionation and effect ofoil recovery. 2. degree

Nazzel, 1990, Planning matches drilling equip- of mobility control and its effect on sweep efficiency.
ment to objectives: Oil and Gas Jour., v. 88, p. 110- 3. any problems not observed irl the laboratory.118.

Oil recovery was 15.3% of oil-in-piace. Excel-
Developing a plan for horizontal drilling and lent sweepefficiency was achieved. Oil recovery was

selecting the equipment before drilling will save limited by excessive salinities. Low-salinity
money and be more efficient, preflooding was not practical with the type of surfac-

Figures: horizontal well comparison, motors with tant used. The tracer made a significant contribution
long range radius, 3-point geometry, Java Sea well to test evaluation.
data, bottom hole assemblies, trajectory, kotter plat-

Figures: transmissibility, isopach of sand, tracer
form. technical limitations interpretation, surfactant flood responses, oil recov-

Ordrusek, P. S., 1988, Micellar/Polymer flood- cry.
ing in the Bradford Field: Jour. Petroleum Tech., v.

Reiss, L. H., 1987, Production from horizontal
40, p. 1061-1067. wells after 5 years: Jour. Petroleum Tech., v. 39, p.

A 218 acre micellar/polymer flood project in the 1411-1416.

Bradford field of Pennsylvania is discussed. Tertiary Four horizontal wells were drilled by Elf Aquitaine
oil production occurred after injection of 35% PV ,_f between 1980-1983. Information from these wells

micellar slug and polymer. A total of 191,226 bbl or pertains to: drilling, coring, logging devices, reser-
3.4% PV oil was produced. This was significantly voir engineering and production behavior. The first
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three wells were designed primarily to master drilling A seismic line across a shoestring sand was used
problems with oil production secondary. The forth to test a .50 caliber machine gun as a seismic source
well Rospo Mare 6D was drilled for primary produc- of high-resolution, The test was to explore its use in
tion. discovery potential in shallow sandstone. The test

Figures: Lacq 90 production profiles, RospoMare was in the Bronson-Xenia field of the Bartlesville
production profile, Castera Lou production profile, sandstone of the Cherokee Group in Bourbon County,

Kansas. The depth was 622 ft. The reservoir has a flatcross-section Castera Lou 110, Lacq 90 structure
contours, schematic of Rospo Mare karstic reservoir, base and irregular top representing a superposition of

several fluvial sandstone bodies. The seismic line

Reppert, T. R., J. R, Bragg, J. R. Wilkinson, T. depicts a lenticular sandstone 56 ft thick and showed
M. Snow, N. K. Maer, and W. W. Gale, 1990, both lateral extent and edge of the body.

Second Ripley surfactant flood pilot test: 7th Enhanced The frequency of the .50 caliber machine gun is
Oil Recovery Sym., Tulsa, Ok., p. 463-474. 30 to 170 HZ (dominantly 100 HZ). Two shots per

A second successful test was conducted in the shotpoint are the minimum necessary for acquiring

Weiler sand in the Loudon field, Illinois. Changes high-quality data, and 12 fold is the minimum accept-
for the salinity-tolerant micellar polymer process in- able common depth-point coverage. The .50 caliber
clude: 25% smaller microemulsion bank size and machine gun has better potential for a high-resolution

addition of formaldehyde to inhibit bacterial degra- seismic source than the previously used Betsy seisgun.

dation of the biopolymer. Maps: locality, columnar section, stratigraphic

68% of the waterflood residual oil present was section, structural section, seismic lines
recovered. Improved mobility and lower surfactant
retention enhanced this recovery compared to the first Society of Petroleum Engineers, 1989, Re-
test. A method was developed to separate oil-water gional Low Permeability Reservoirs Symposium and

Exhibition: Proceedings, Joint SPE/Rocky Mountain
surfactant emulsions. Assocl Geol., 752 p.

Tables: core analysis, injected fluid anallysis.
This volume contains a number of papers that

Figures: isopach, pore volumes, cross-sections, analyze Rock Mountain reservoirs. A number of
oil recovery, tracer anallysis, polymer and surfactant papers deal with horizontal drilling, well stimulation

transport data, pressure gradient, surfactant retention and EOR techniques.
and remaining oil.

Spreux, A., C., Georges and J. Lessi, 1988, Most
Ruble, D. B., 1982, Case study of a multiple sand problems in horizontal completions are resolved: Oil

waterflood, Hewitt Unit, Oklahoma: Jour. Petroleum and Gas Jour., v. 86, p. 48-52.
Tech., v. 34_ p. 621-2-627.

New techniques necessary for horizontal drilling
Twenty-two sands in Hewitt field were flooded include:

simultaneously. Injection, production surveillance
programs and optimization methods are highlighted A. logging - Wire line is restricted to wells with
in this study. These include injection well bore deviations less than 65 to 70 degrees.
design, injection distribution,production stimulation, B. MWD - Measurement-while-drilling tools

polymer augmented injection, and infill drilling, used are gamma ray, oriented gamma ray, resistivity,
Successful application of these techniques has in- temperature and the density tool.

creased ultimate recovery. C. SIMPHOR - Logging tools are mounted on the
Sands were of the Hoxbar and Deese formations drill pipe. This does not work well on a floating rig

of Pennsylvanian age. Average depth of sands is from because of wave action.

1,200 to 2,900 feet subsurface. There are five major D. Coiled tubing - This is restricted to shorter

zones in the 1st pay interval, length wells of 200 m up to 500 meters using lighter
Maps: locality, water/oil contact, structure, water production tools.

flood, polymer project areas. E. Pump down stinger - Logging tools are pushed
Charts: reservoir data, injection weil, recovery with a pump down stinger through the drill pipe or

summary, multiple producing patterns, infilldrilling, tubing. This method can only be used with small
diameter tools and shorter wells (max. 520 meters).

Seeber, M.D., and D. Steeples, 1986, Seismic

data obtained using .50-caliber machine gun as high- Figures: logging techniques, liner configuration,
resolution seismic source: AAPG Bulletin, v. 70, p. acid washing, completion equipment.
970-976.
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Spreux, A. M., A. Louis and M. Rocca, 1988, evaluation measurement-while-drilling (FEMWD),
Logging horizontal wells: field practice for various The lateral section of a well greatly increases the
techniques: Jour. Petroleum Tech., v. 86, p. 1352- interval of the reservoir available for analysis.

1354. Figures: Reservoir heterogeneities, bottom hole
New techniques for running logging tools in assembly, time data, mudlog-FE-MWD, well bore

horizontal wells include: 1. wireline method 2. the paths, mud log sidetrack, example of horizontal eor-
measurement-while-drilling (MWD) method 3. the ing.
information and measuring systems in horizontal wells
(Simphor) method 4. the pumpdown stinger method Tillman, R. W,, and D. W. Jordan, 1981,
and 5. the coiled tubing method. Sedimentary facies analysis, El Dorado field, Kansas,

micellar-chemical pilot project: AAPG Bulletin, v.
Logging by wireline is restricted to well inclina- 65 p. 1001-1002.

tions up to 65 degrees. Simphor and MWD methods
use drill pipes and can work at any inclination. Only The El Dorado field has yielded 36.5 million bbl
small diameter tools can be used with the telescopic of oil by primary and secondary recovery. 71 million
stinger. The coiled-tubing method is fragile and best bbl remain for tertiary recovery. Micellar PolYmer
suited to short horizontal drainholes and use with tests begain in 1978,

lighter tools. Van de Graft, W. J. E., and P. J. Ealey, 1989,
The telescopic stinger and coiled-tubing methods Geological modelling for simulation studies' AAPG

have the advantage that they can operate without a Bulletin, v. 73, p. 1436-1444.
drilling rig. They can also be used on wells that are Levels of reservoir heterogeneity must be quanti-
highly deviated, where wireline logging can't be used.

fied by a reservoir geologist for numerical simulation
Figures: drillpipe logging, pumpdown stinger, studies. The most important parameters are field

coiled-tubing logging, operating domain of logging scales, sand-body continuity and interconnectedness.
techniques. Within a sand body permeability trends, presence and

Table: logging techniques comparison, distribution of permeability baffles, vertical profiles
of permeability and directional permeability are most

Strange, L. K., and A. W. Talash, 1977, critical. At a small scale the influence of Cross
Analysis of Salem low-tension waterflood test: Jour. bedding is important. Examples are given to show the
Petroleum Tech., v. 29 ,p. 1380-1384. simulated effects of different scales of heterogeneity

A low-tension waterflood test was preformed on on fluid flow.
the Salem field in a single five-spot pattern. A Figures: lateral and vertical reservoir hetert, ge-
regional pressure gradient across the pattern was found neity, fluid distribution, conceptual channel patterns,
and is believed to have caused migration of injected sedimentological model, reservoir quality, reservoir
chemicals and displaced oil from the pattern area. heterogeneity patterns, South Pass (La.) map, fluid
Less oil was recovered than had been expected, distribution example, permeability heterogeneity.

Surfactant retention was significantly less than Venuto, P. B., 1989, Tailoring EOR processes to
the value given by Widmyer etal, 1977. The lower oil geologic environments: World Oil, November, 1989,
production was caused by migration of injected and p.61-68.
displaced fluids out of the test pattern.

A given reservoir must be thoroughly studied in
Figures' fluid concentrations, pressure contour, all geologic characteristics before an EOR design is

fluid distribution, completed. Natural reservoir pressures are often
Tables: injection slugs, tracer and surfactant bal- sufficient for light oil to initiate flow into surface

ance. wells. If pressure is low pumps must be used.

Tay!or, M., and N. Eaton, 1990, Formation EOR production in the U. S. was 6.8% of total U.
evaluation helps cope with lateral heterogeneities: S. production in 1986. Chemical methods account for
Oil and Gas Jour., v. 86, p. 56-66. 3%, miscible/immiscible gas for 18%, and thermal

techniques for 79% of the EOR production.
Success in horizontal drilling is dependent upon

Reservoir characteristics thatmust be determined
maintaining the optimum position of the w_ll bore to
the productive intervals of the reservoir. G,i:_:logical are: 1. what fraction of the rock is reservoir quality 2.
tools for this process are mud logging and formation what the oil saturation distribution is 3. how much oil

can be contracted by EOR methods 4.what flowpaths
are for mobilization, displacement and production of
oil.
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Figures: stratified reservoir, reservoir criteria for White, C., 1990, Formation characteristics dic"
slug, physical-chemical factors, waterflood test, phase tate completion design: Oil and Gas Jour,, v. 88, p.
behavior and flow dynamics, 58-64,

Tables: reservoir structure, reservoir geologic An optimum completion design for a horizontal
model, steam injection, well requires preplanning by geologists, production

and drillingpersonnel. Items to analyze: equipment,
Ware, J. W., 1983, Salem unit micellar/polymer bell bore location, drive mechanism, further remedial

project: SPE 11985, 58th Tech. Conf. and Exhib., San and stimulation requirements, dogleg severity and
Francisco, Ca., p. 1-19. horizontal length.

Texaco Oil Co. cortducted a 60 acre tertiary re- Stresses which effect tool selection include: run
covery project in the Benoist Sand of Illinois. A in wear, gravity, hydrostatic head, hole roundness
brine tolerant surfactant followed by a biopolymer and caliper, liner tops, and solids on the bottom of the
system was used. Expected tertiary recovery in the hole.

Salem unit is 50m bbl. Figures: stress to bend pipe around a curve, pipe
The system successfully mobilized the residual tolerance, tubing workover hookup, slotted-liner

oil. It proved that surfactants can be designed for use completions, hole completion, open hole completions,
in high brine reservoirs without lost of time or pre- tools, hydraulic fracturing.
tre_.tment. Problem areas are: contracting the reser-
voir with injected fluids, handling and mixing vis- Wldmeyer, R. H., A. Satter, G. D. Frazier and
cous injectants, treating produced emulsions, ob- R.H. Graves, 1977, Low-tension waterflood pilot at
taining accurate well tests, and bacteria control in the Salem unit, Mariot County, Illinois-Part 2: per-
biopolymer solutions, formance evaluation: Jour. Petroleum Tech., v, 29, p.

Tables: rock and fluid properties, core analysis, 933-939.
analysis of injection brine. A five acre, five-spot pilot test of low-tension

Maps and Figures: locality, oil saturation deter- waterflood was preformed in the Benoist sand in the
Salem field. A model wasdeveloped with theseminations, permeability curves and ratios, polymer
features: 1. chemical transport for dispersion, adsorp-taper, radioactive tracer response, chemical tracer

response, production curve, tion and partitioning 2. incompressible flow of
aqueous and oil phases 3. non-Newtonian flow of

Watts, R. J., W. D. Conner, J. A. Wason and A. polymer solution and permeability reduction.

B. Yost, 1982, CO2 injection for tertiary oil recovery, The pilot performance evaluation included: 1.
Granny's Creek Field, Clay County, West Virginia: analysis of tracer data to verify flow patterns, fraction
SPE/DOE 10693, 3rd Enhanced Oil Recovery Sym., of production contributed by each quadrant and ver-
Tulsa, Ok., p. 285-306. tical reservoir heterogeneity. 2. the effect of the

The objective of the field tests was to determine surrounding Benoist injectors and producers 3. esti-
the feasibility and economics of recovering oil from mation of chemical consumption based on tracer and
a flooded out low-oil saturated reservoir. CO2was used chemical breakdown. 4. comparison of simulated
as the miscible displacement for the residual oil. The recovery performance.

original waterflood at this site was very successful. Figures: liquid distribution plan, chloride and
Residual oil saturation was 30-35%. Porosity aver- calcium concentration, iodide tracer concentrations,
aged 16% with 7 md permeability for the reservoir, surfactant responses, surfactant and ammonium thio-

CO 2 injection began in 1976. Complex reservoir cyanate tracer configurations, sodium bromide con-
heterogeneity and field problems suggest that CO2 centration, tertiary oil production.

miscible displacement is not economical for tertiary Table: chemicals in piace or injected.
oil recovery in reservoirs with such low-oil saturation

without better mobility control. Widmeyer, R. H., D. B. Williams and J. W.

Tables: reservoir fluid properties, core analysis, Ware, 1985, Performance evaluation of the Salem
unit surfactant/polymer pilot: 60th Tech. Conf. and

reservoir properties. Exhib., Las Vegas, Nevada,, p. 1-14.
Maps and Figures: location, waterflood pilot,

A brine tolerant surfactant was injected into theproduction history, cross-section, log correlations,
CO2 injection, tertiary production plot, bottom hole Benoist sandstone of Marion County, Illinois. No
pressures, preconditioning was required. A biopolymer fol-
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lowed the surfactant injection, Forty-eight pattern Xue, P., 1986, A pointbar facies reservoir model,
quadrants were studied using different tracers at vari- semi-communicated sandbody: SPE 14837, Int. Meet,
ous injection wells. Petroleum Engineering, Beijing, p,103-115.

Initial production rates were higher than ex- Secondary recovery by waterflooding gives poor
pected. Uneven pressure at the backup injectiou performance in point bar reservoirs of meandering
wells caused flow distortion. Log interpretation indi- channels. Low ultimate recovery is estimated at 30%.
cared that the top 1/3 of the Benolst sandstone had not This type of reservoir has a potential oil reserve of
been completely waterflooded. The chemical flood 50% or more basedon analysis of swept thickness and
concentrated in the lower 2/3 of the reservoir. Oil water displacement. Simulation analysis combined
saturation was reduced 2 tO 8% in some intervals, with geologic studies suggest that a 16% increase in
There was an early loss of polymer effectiveness due recovery is possible for the point bar facies sand
to bacterial degradation. Ultimate tertiary oil recov- body,

ery is calculated at 47% of the oil-in-piace, Table: reservoir characteristics.

Table: fluid data. Figures: photos of textures, locality, point bar
Figure_: locality, surfactant and polymer Injet- model, sand map, water vs. recovery curve, simula-

tions, oil production, concentrations of tracers, mont- tion plots.
tor well data, oil recovery efficiency.

i

' 5. SELECTED PLAYS

Six "unstructured" deltaic plays were chosen from the TORIS database. Selected references about the
geology and engineering aspects of these plays are presented in this section. The plays include the Cherokee
Group, D & J sands, Frontier Formation, Robinson Formation, Strawn Group sands, and the Wilcox Group
sands.

A. Cherokee Group

The Cherokee Group of clastics covers large areas of Oklahoma, Kansas aed parts of Missouri. Major
producing formations of the Cherokee include the Bartlesvillesand, Burbank sand and the Red Fork
Formation. Deposition is fluvial-deltaic and stratigraphic entrapment is a major source of oil in the
extensive reservoirs,

Bass, N. W., C. Leatherock, W. R. Dilllard and Berg, O. R., 1963, The depositional environment
L. E. Kennedy, 1937, Origin and distribution of of a portion of the Bluejacket Sandstone (unpub the-
Bartlesville and Burbank shoestring oil sands in parts sis): The University of Tulsa.
of Oklahoma and Kansas: AAPG Bulletin, v. 21, p.
30-66.

The Bluejacket sandstone west of Pryor was de-
The Bartlesville sand is stratigraphically lower than posited by a meandering stream. The sands range

the Burbank sand. 'Ihe shoestring sands of Greenbank, from less than 4 ft thick to over 55 ft thick. A

Butler, and Cowley counties Kansas are equivalent to complete sedimentary description of these sand lenses
sands of the Burbank, South Burbank and Naval Reserve is given including: grain size analysis and sedimen-
oil fields of Oklahoma. Bartlesville and Burbank sands are

tary features.
composed of numerous lenses that occur within narrowly
restricted limits in the Cherokee Shale. Burbank sands are Maps: cross sections, sedimentary features.

set in offset trends similar to offshore bars on the Atlantic Berry, C. G., 1963, Stratigraphy of the Cherokee
and Gulf Coasts. The Bartlesville sand was deposited as Group Eastern Osage County, Oklahoma (unpub. the-
offshore bars along the western shore of the Cherokee Sea sis): The University of Tulsa 84 p.
in an early stage when the seashore migrated across a
narrow region from northeastern Oklahoma to southeast- The Cherokee sandstone represents the initial
ernKansas. Burbanksandsweredepositedmuchlaterafter transgression of the Pennsylvanian sea in this area.
the Cherokee Sea had expanded to the northwest. Alternating sandstone and shale with minor limestone

(marker beds) comprise the Cherokee Group. The
Maps: locality, cross-sections, net sand. Cherokee Group is divided into 4 time-stratigraphic
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units based on limestone beds seen on electric logs, Cruz, J. A,, 1963, Geometry and Origin of tile
Analysis and maps of each interval reveal sandstone Burbank Sandston_ and Mississippian "Chat" in T,25
bodies that form bars or channels. These channels N., R,6,E, and T,26 N., R,6,E. Osage County, Okla.
may be traced laterally up to 70 miles, They were homa (unpub. thesis): The University of Tulsa, 37 p,

deposited in nearshore settings, Shales and lime- E-logs were used to plot isopach maps and strati-
stones were transgressive units and tile sandstones graphic cross-sections in this area of Osage County,
comprise regressive or static phases. Depositlonal settings include chenter, beach ridges,

Maps: structure, isopach, stratlgraphtc sections; barrier islands, and spits deposited on the western
E-log correlations, shore of the Cherokee Sea, The Mississippian "Chat"

filled topographic lows, Mississippian components
Boneau, D, F., and R. L. Clampitt, 1977, A sur- were reworked by the Pennsylvanian seas,

factant system for the oil-wet sandstone of the North
Burbank un it: Jour. Petroleum Tech, v. 29, p. 501- Cruz, J.A., 1966, Geometry and origin of the
506. Burbank sandstone and Mississippian "Chat" in T. 25

This study compared the performance in water and 26 N., R. 6 E,, Osage County, Oklahoma: Shale
Shaker Digest, v. 16, p. 102'116.rand oil wet sandstones of a surfactant system recom-

mended for a field trial in the North Burbank Unit. Six fields are included in this subsurface study:

Cornell, F. L., 1991, Engineering improvements West Little Chief, North Burbank, Stanley Stringer,
for Red Fork fracturing: Jour. Petroleum Tech,, v.43, South Burbank, Fairfax and East Little Chief. The
p. 132-137. geometry of sandstone bodies has environmental im-

plications, factors to be considered are: 1, proximity
The four main producing zones of the Red Fork in to another sand body; 2, orientation with respect to

the Anadarko Basin of Oklahoma are the Cherokee, depositlonal strike; 3. cross section; 4. relief of the
upper, middle and lower Red Fork. Various treat- upper and lower surfaces; and 5. stratigraphic rela-
ments have been used to improve oil production from tionship to surrounding area. The Missi'ssippian Chat
these intervals. Five different fluids and four types of is the thick limestone below the Cherokee strata that
proppants were used on 99% of the wells. The Red filled stratigraphic lows. The Chat was reworked and
Fork interval is a very fine to fine grained sandstone redistributed by Pennsylvanian seas. The Burbank
of deltaic deposition, sand is interpreted as cheniers, beach ridges and

Fracture treatment currently uses controlled fluid barrier islands.

volumes and viscosity to control fracture-height Maps: locality, cross-section, sand isopach.
growth. The best designs emphasize the relation of
net pay to gross fracture height. Intermediate-strength Ebanks, W. J. Jr., 1979, Correlation of Chero-
proppants show the best results. Red Fork wells with kee (Desmoinesian) sandstones of the Missouri-
less than 10% porosity are controlled by secondary Kansas-Oklahoma Tri-state area: Tulsa Geol. Soc.,
porosity. Spec. Pub., v. 1, p. 295-312.

Figures and Maps: locality, production histo- Stratigraphic classification across the Cherokee
grams. Group in tl'.e tri-state area has been difficult due to

Tables: completion intervals, stimulation aver- poor outcrop correlation. New data from logs and
ages. cores demonstrates that the "Bluejacket" of Missouri

is older than the Bluejacket sandstone member of the
Crawford, C. C., and M. E. Crawford, 1985, Boggy Fm. of Oklahoma and that the "Warner" of

Win. Berryhill micellar polymer project: a case his- Missouri is younger than the Warner sandstone mere-
tory: SPE 14444, 60th Tech. Conf. and Exhib., Las ber of the McAlester Fm. of Oklahoma. Ali four
Vegas, p. 1-8. sandstones are present in the subsurface in Kansas.

The origin of these sandstones is alluvial-deltaic.A micellar polymer project pilot was began in the
Glennpool Field southwest of Tulsa, Oklahoma in Maps: locality, schematic diagrams, structural
1979, Injection was into the upper member of the cross-sections, stratigraphic cross-sections, sand
Bartlesville sandstone. The polymer flood was thickness.
scheduled to continue through May 1987. Lithology
of the sand played an important part in flood behav- Frank, J., and L. Schoeling, 1985, Injection side
ior, The micellar polymer flood has moved signifi- applications of polymer and polymer gels in Kansas:
cant amounts of oil. 6th Kansas Univ Tertiary Oil Recovery Conf., Wichita,

Kansas, p. 92-112.
Figures' polymer pilot data, polymer and sulfon-

ate injection schematics.
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Forty-one Injection side projects have been com- the Burbank field, Water flood began tn this t'leld 111
pleted In Kansas In the past 23 years, First use of 1950. The pattern of surface joints suggests were to
polyacrylmides In Kansas floods were to correct wa- predict waterflood results favorable to oil prodtlc-
ter-to-oll mobility ratios. In another problem area tion,

polymers were used to reduce permeability varla- Maps: locality, drainage patterns, structure,
tlons. When permeability variation Is severe, polymers
are Insufficient to correct the problem, Harpole, K. J., and C. J. !t111, 1983, An evalu-

Twenty-seven percent of the projects were classl- ation of the North Stanley polymer demonstration
fied as economic successes. 21% were classified as program: DOE/BC/10033-6, 36 p,

failures and 33% were classlfied as "unknown" due to Ultimate _1recovery from the project ts estl-
insufficient data. Four of the successful projects mated at 570,000 bbl or 1.4% of the original olf-tn-
were in the Cherokee sands of southeast Kanzas. place, This i_:significantly less than Initial predtc-

Map: locality, tlons. No correlation was observed between polymer
production and incremental oil production response

Tables: polymer projects successes, failures, pro- In the project area.
duction data, slug size versus incremental oil, per-
meability variationscrossltnked. Harrison, W. E.,and D, L, Routh, 1981, Res-

ervoir und fluid characl_ristics of ._elected otl fields

French, T. R., and T. E. Burehfleld, 1990, in Oklahoma: Oklahoma Geological Survey Spec.
Design and Optimization of alkaline flooding formu- Pub,, v. 81-1, 317 p.
lations: SPE 20238,7th Enhanced Oil Recovery Sym.,
Tulsa, Ok., p. 615.626. The results of a questionnaire sent to operators of

water flood units in 23 "giant" fields In Oklahoma.
Sl,rfactant-enhanced alkaline flooding formula- (Giant is defined as having an ultimate recovery po-

tions with low pH alkaline agents have potential for tenttal of 100 million barrels,) Information included
increased recovery, Laboratory results show that on each unit: reservoir data; formation, age, Itthol-
surfactant losses by adsorption are reduced under ogy, average depth, average thickness, average po-
alkaline conditions, roslty, average horizontal permeability and range,

Fronjosa, E., 1965, A study of Oklahoma water average vertical permeability, oil saturation at begin-
flood statistics (unpub Thesis): University of Okla- nlng of secondary recovery, lype of drive, pressure.

Fluid data; API gravity, salinity of formation water,
homa, Geological Engineering, 86 p, chloride content of formation water, sulfur ct_ntent of

Correlation of geological factors, reservoir, and otl. Locality maps for each unit. Note some oil
fluid characteristics to the success of a secondary companies refused to release the requested data.
recovery project. Term effectiveness function, E, is
defined as a dimensionless ratio of oll produced by Units containing Cherokee Group; Avant field

(Bartlesville Fm.), Burbank field (Burbank ss.),secondary recovery to that produced by primary means.
Parameters studied include average permeability, Cushing field (Bartlesville Fm.), Glenn field

(Bartlesville Frn. ), Hovey-Postle-Hough field (upperaverage porosity, geologic age, depth of pay zones,
thickness of pay zone, geological structure, texture of Cherokee),

reservoir rock, shale partitions, shape and sedimen- ttatch J. R., J. D. King, and T. A. Daws, 1989,
tary patterns, mineralogy, gravity of oil, viscosity of Geochemistry of Cherokee Group oils of Southeast-
oil, type of water injected, ern Kansas and Northeastern Oklahoma: K'msas Geol.

Charts and graphs: extensive production data and Sur., Subsurface Geol, Series.,v. 11, p. 1-20.

mathematical equations. Seventy-two organic-matter-rich samples (>1.0
% total organic carbon) from the Cherokee Group andttagen, K. B., 1972, Mapping of surface joints on

air photos can help understand waterflood perfor- Marmaton Group were analyzed for carbon determi-
mance problems at North Burbank unit Osage and nations, Rock-Eval pyrolysis, and vitrinite rcflec-
Kay Counties, Oklahoma (unpub. thesis): The Uni- tance and compared to 13 samples of the Chattanooga

Shale of SW Missouri, SE Kansas, and NE Oklahoma.
versity of Tulsa, 85 p. Offshore shales and coals from ali three locations are

Mapping of the surface joints based on air photos thermally mature. The organic matter in theChero-
was used to interpret watcrflood performance prob- kee Group and Marmaton Group shales is hydrogen
lems in the North Burbank field, The joint system of deficient. Comparisons of saturated hydrocarbons,
the Permian limestones can be rec'._)gnizcdin ai_ photo_; carbon isotope and other chemical analysis show that
by lush vegetation. The principal joint set is at N 70 oil in sandstone reservoirs of Cherokee and Chatta-
E. Parallel joints at 3,0C)0t't separation produce oil in
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nooga Shale are similar, but are dissimilar to extzacts tlonal environments and dtagenetlc alterations and
of the Cherokee Group and Marmaton Group offshore the effects of diagenesis on reservoir rock properties,
shales and coals, lt was concluded that the Chatta- The Burbank sandstone consists of very fine to fine
nooga Shale is the source rock for the Cherokee grain llthlc arenltedeposlted In fluvlal-deltaiccondl.
Group oils. The excellent hydrocarbon-generating tigriS, Rock fragments and feldspars are 1/3 of the
potential in the middle Pennsylvanian offshore shales grains, Quartz dominates, Compaction, authlgenests',
and coals suggests that where thermally mature, these replacement and dissolution have altered texture and
rocks are sources fc,c other mid-continent oll and gas composition of the rock, Compaction is minor due to
reservoirs, early cementation, Dissolution of grains and cement

Maps: locality: Charts: geochemical analysis, has yielded an average porosity of 15%, Carbonate
vitrinite reflectance, replaced detrltal particles tare susceptible to dissolu-

tion, For a successful tertiary recovery, the complex
Hemish, L. A,, 1989, Bluejacket (Bartlesville) effects of cementation, dissolution and authtgenests

Sandstone Member of the Boggy Formation (Penn- must be considered,
_p

sylvanian) in its type area: Ok, Geol, Notes, v. 49, p,
72-89. Jordan, D. W., and R. W. Tlllman, 1987,

Geologic facies analysis for enhanced oil recovery,
Two reference wells were established for the Bartlesville sandstone, Greenwood County, Kansas:

Bluejacket sandstone, Within one retie across the SEPMSpec,Pub. 40, p. 311-332.
type section the lithology of the Bluejacket changes

Five deposltional facies occur in cores of thefrom medium.grained sandstone with coal'se con-
glomerate at the base to thin fine grained sandstone Bartlesville sandstone Irl Greenwood County, Kan-
and silty shale, Interpretations of the depositional sas. Orientation of the cores allowed a model to
environments: 1. the conglomerattc deposits origl- predict the trend of the channel sandstones. Envi-

ronments of deposition: 1. interdistributary bayhated as flood deposits in a distributary channel in a
deltaic setting, 2, the fine-grained deposits origl- siltstone, shale and sandstone facies, 2. crevasse
nated as crevasse.splay and overbank deposits on the splay sandstone and slltstone facies, 3. overbank

shale and siltstone facies, 4. distributary channelinterchannel deltaic plain. These environments rep-
sandstone facies, and 5. delta plain shale and siltstoneresent different parts of a large delta distributary

system, facies, The distributary channel facies is the major
reservoir, lt overlies brackish to continental delta

Maps: locality, columnar sections, cross-see- plain sediments, and is overlain by brackish and marine
tions; core analysis, sediments, The channel has low sinuosity shown by

a blocky bell -shape gamma-ray log. An upwardHough, R. M., 1978, Depositional framework of
decrease in grain size, a decrease in scale of sedi-the Lower Red Fork, eastern flank of the Anadarko
mentary structures and increase in clay is typical of

Basin, Oklahoma (unpub thesis): The University of fluvial-deltaic sediments.
Tulsa, 60 p.

Permeability differs in the various facies basedThe Red Fork sandstone has two trends. Sedi-
on packing, the presence of ductile rock fragments,merits were deposited in a complex deltaic environ-

ment consisting of distributary channel, distributary amount and kinds of clays and sorting. Permeability
mouth-bar, interdistributary bay deposits. The trends of distributary channel sands decrease from 60 to 100

md in trough cross-bedded sands in the middle chan-were controlled by deepening water to the southwest.
nel fill to 20 to 60 md in rippled sandstones, siltstonesDip oriented distributaries prograded southwestward
and shales in the upper channel. Low permeabilitieswith a series of distributary mouth-bars at the terminus
of 0 to 20 md are typical in the siltstone and shale.forming a strike-oriented sandstone trend, The au-
Distributary channel facies is continuous across thethor suggests that the Red Fork sandstone is an ex-

tension of deltaic systems to the northeast, study area, varying in thickness. The overbank, cre-
vasse splay and interdistributary bay facies are not

Maps: isopach, cro_,;s sections, paleodrainage continuous, these filled the topographically lows ad-
patterns, sedimentary structures, jacent to the channel.

tlufford, W. R., and T. T. Tieh, 1984, Diagen- Maps: locality, cross-section, lithology, gamma-
esis of Burbank Sandstone, North Burbank Field, ray log, isopach, regional cross-section with cores,
Osage County, Oklahoma (abs.): AAPG Bulletin, v. paleocurrent: S_timentary facies chart.

68, 489 p. Keplingerand Assocs., 1982, An evaluation of
Tile Burbank sandstone in tract 97 is 2,845.2,945 the North Burbank Unit tertiary recovery pilot test:

feet deep. Five wells were cored to analyzedeposl- contract#DE-AC19-80/BC/10033-2,29p.
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Although only hall' of the oil originally predicted and permeability range from 9 to 18 % ar_,:_0,4 to 11.0
was recovered by Phillips Pet, Co,, the project wad md, respectively, Significant otl and Fai_have been
judged technically successful, High sulfonate losses produced from the Waklta Trend.

caused the low recovery, Maps: locality, structure: Charts and graphs: x-

Kumar, R._and J, N, Elbeck, 1984, CO2flooding ray diffraction, llthologlcal characters, photomicro-
tn a waterflooded shallow Pennsylvanian sand In graphs of pore filling, mineralogy, SEM analysis,

Oklahoma: a case history: SPE 12668, 4th Enhanced Phares, R. S., 1969, Depositlonal Framework of
Otl Recovery Syrup., p. 378-386, the Bartlesville Sandstone in Northeastern Oklahom,'l

The pilot was to test the tertiary oil potential of (unpub. thesis): The University of Tulsa, 56 p.

the shallow Pennsylvanian Age sands of the Garber The Bartlesville sandstone ts part of a large del-
field, Ultimate recovery by CO2flooding Is estimated talc complex which prograded seaward to the south.
to reach 14% of original oil-la-piace, Dlstributary channel system development is the most

Kuykendall_ M. I)., 1989, Reservoir Heteroge- diagnostic in this area. The Bartlesville sandstone
neity within Bartlesville Sandstone, Glenn Pool oil represented a major regression In eastern Kansas and
field, Creek county, Oklahoma, abs.: AAPG Bulletin, Oklahoma.
v. 73, p, 1048. Maps: cross-sections, isopach, isoltth; core

70 well log suites and 18 cores were used to study samples.

reservoir heterogeneity at the 160 acre William Rhelnholtz, P.N.,1982, Distrtbution, Petrology
Berryhlll Unit. The upper delta plain depositional and deposltional environment of "Bush City shoe-
setting of the Bartlesville sand changed facies in string sandstone" and "Centerville Lagonda sand-
short distances with many small scale heterogene- stone" in Cherokee Group (Middle Pennsylvanian),
ities. There is a tendency to compartmentalize pot- Southeastern Kansas (unpub. thesis): University of
tions of the reservoir because of laterally discontinuous Iowa, 180 p.sandstone units. The Bartlesville sandstone is a

sublitharenite-litharenite strongly influenced by din- Sediment patterns in eastern Kansas were influ-
genesis. Porosity is secondary due to dissolution of enced by the periodic influx of siliciclastic materials
framework grains. Porosity and permeability, diagen- and sea level changes. The deltas prograded in the
esis, petrophysics, and depositional environmental shallow Cherokee Sea onto the Cherokee platform.
features aid in reservoir characterization and help to Carbonate deposition occurred when sediment supply
improve enhanced recovery, was reduced. The "Lagonda" interval in Kansas

represents a prograding delta. Point bar deposits are
Moffitt, P. D., D. R. Zornes, A, Moradi-Zraghi, recognized by incised channels and fining- upward

and J. M. McGovern, 1990, Application of freshwater sequences. The Bush City Channel was incised dur-
and brine polymer flooding in the North Burbank ing a lower sea level, and later filled by a stream
unit, Osage County, Oklahoma: SPE 20466, 68th system. Detailed sedimentary description of mere-
Ann. Tech. and Exhib,, New Orleans, La, p. 59-72, bers and units of Cherokee Group are presented with

A review of techniques used in polymer flooding assessment of environment of deposition,

in the North Burbank Unit. Maps: numerous and detail stratigraphic columns,

O'Reilly, K. L., 1986, Diagenesis and deposi- locality, structure.
tional environments of the Red Fork Sandstone Charts, Tables and photographs: core analysis,
(Desmoinesian) in the Wakita Trend, Grant County, grain size distribution, mineral content, current clas-
Oklahoma (unpub. thesis) The University of Tulsa, sification, textural features.

153 p. Riggs, C. H., 1954, Waterflooding in the Burbank
The Red Fork represents a low energy transgres- field, Osage County, Oklahoma:U.S. Dept. Interior,

sive barrier bar system. Sand was deposited over a May, 1954, 19 p.
flat shale surface. A ridge and swale topography
characterizes the upper surface of the sand. The shale Analysis of the early phases of waterflooding in
below the Red Fork is lagoonal vr muddy emergent the Burbank field.
coast. The shale above the Red Fork is a shallow

Saitta_ B,, and G. S, Visher, 1968, Subsurface
marine facies. Secondary porosity in the shoreface study of the southern portion of the Bluejacket Delta:
and foreshore deposits was formed by dissolution of Ok. City Geol. Soc. AAPG-SEPM Joint Mtg. and
carbonate cements and framework grains. Porosity Field Conf.,p. 52-68.
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The study area is 7,560 sq miles with an average Scheffe, G. L., and W. E. Full, 1986, Deposi-
width of 84 miles and a length of 90 miles. Objectives tional investigation and analysis of porosity develop-
were: 1. determine the geometry of the Bluejacket ment in a Northwestern Oklahoma Cherokee Sand-
Formation and establish a correlation framework, 2. stone, using petrographic image analysis (abs.): AAPG
determine paleogeography, and 3, illustrate distrtbu- Bulletin, v, 70, p. 645.

tion of SP curve shapes and determine variations of PIA (petrographic image analysis ) processes
specific shapes. Depositional environments of the digitized scenes of the porosity network, PIA applied
Bluejacket include: 1. lower alluvial valley, 2. upper to the Bartlesville sandstone of the Cherokee Group
and lower delta plain, 3. delta fringe and prodelta, 4. was used to define characteristics of the petroleum
marine bar, 5. lagoons and bays, and 6. marsh reservoir, The investigation identified the reservoir
deposits. 4000 E-logs were used to access SP curve as deltaic. Predicted permeability had a correlation
shape, 3 trends were studied: 1. nature of upper coefficient (R2_valve of 0.93. The highest prediction
contact of sand with shale whether it is abrupt, tran- was from the pore type and quantified pore attributes
sitional or transitional serrated, 2. central portion of that characterize small pores occurring in high den-
curve, smooth or serrated, 3. base of sand section, sity with small to moderate perimeter roughness.
abrupt, transitional or transitional serrated. This pore type occurs in quartz sandstone laminations

Saltta, S.B., 1969, Environment of deposition of with alternate layers containing small amounts of
an ancient delta: The Bluejacket Formation in calcite and fossil fragments. Reservoir production
Northeastern Oklahoma: Bol. Inforn. Assoc. Venez. seems related to a system of fractures and micro-

Geol, Miner. Petrol., v. 12, p. 109-150. fractures.

The Bluejacket sand was deposited in a large Schoeling , L., and D. Green, 1989, lmple-
deltaic system. Stratigraphic correlation, mapping mentation of gelled polymer technology- an example
and sedimentary-textural analysis were used to inter- of a joint industry University project: 36th Ann. Pe-
pret the area. Cross-bedding and paleocurrent analysis troleum Short Course, Lubbock, Texas, p. 248-260.

was used to determine the origin for the sand. Tertiary recovery project at the University of
Variations of grain size and distribution and sedimen- Kansas has investigated gelled polymer technology to
tary structures were used to determine current velocity, improve efficiency in waterflooding. Polymer gels
The lnola and Brown limestones, time parallel units are injection and formed in situ to seal off and reduce
of the Bluejacket were depositedduring transgressive permeability of a channel or high permeability zone.
phases. The Bluejacket was deposited during a re- Water is then injected to sweep the enclosed area and
gressive phase of the Cherokee Sea. The base of the recover oil. A time-delayed gelation has been devel-
sand represents a high energy scour surface; the sands oped and tested in Kansas oil fields. The time control
prograded seaward over a flat stable continental is an oxidation-reduction reaction. The polymer so-
platform, lution injected is a polyacrylamide, sodium dichro-

Maps: locality, structural contour, sttatigraphic mate, thiourea and brine solution. Testing was done
sections, sand isopachs, paleocurrents, environmen- in the Bartlesville sandstone of the Cherokee Group
tal model, in Allen County, Kansas.

Charts: grain size analysis, texture. Shulman, C., 1965, Stratigraphic analysis of the

Saitta, S. B., 1968, Bluejacket Formation- a CherokeeGroupinadjacentportionsofLincoln, Logan
subsurface study in Northeastern Oklahoma (unpub. and Oklahoma Counties, Oklahoma (unpub thesis):

The University of Tulsa, 30 p.thesis): The University of Tulsa, 140p.

The Bluejacket represented a complex deltaic The Cherokee Group consists of a sequence of
environment. The lnola and Brown are time parallel transgressive and regressive lithologic units. The sea
transgressive phases marking the boundaries of the invaded from the east. Pennsylvanian sediments
regressive Bluejacket sandstone. Descriptions of onlap eroded underlying Mi_;sissippian topography.
structure are based on SP curves. There is a NW-SE The Lower Skinner sandstone is a lenticular, elon-
paleoslope. The deposits consists of: lower alluvial gate, erratic sand deposited in channels. The Chart-
valley, upper and lower deltaic plain, delta fringe and nels were eroded and superimposed over the Missis-
pro-delta, marine bars, lagoons and bays , marsh . sippian drainage system. The southwest Mount

Vernon Pool was deposited as deltaic sands with
Maps: cross-sections, isopach, sand/shale ratio, shales basinward.

sedimentary structures, grain size distribution.
Maps: cross-sections, structure, locality.
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Thomas, R. D., K. L. Spence, F. W. Burtch and Trantham, J. C., H.L. Patterson, and D. F.
P.B. Lorenz, 1982, Performance of DOE's micellar- Boneau, 1978, The North Burbank Unit, tract 97
polymer project in Northeast Oklahoma: SPE 10724, surfactant/polymer pilot-operation and control: Jour.
3rd Enhanced Oil Recovery Sym., Tulsa Ok., p. 763- Petroleum Tech., p. 1068-1074.

769. A fresh water preflush injection in the North
Analysis of a micellar-polymer flood in the Dela- Burbank unit in Osage County, Oklahoma was pre-

ware-Childers field in the oil-wet Bartlesville Sand- formed by Phillips Petroleum. A sequence of slug
stone. The project was not a technical or economic followed the preflush, including salinity preflush,
succe_;s, surfactant solution and a graded viscosity-mobility

buffer. This paper discusses the mixing and injecting
Tight, D, C., 1983, The Bartlesville Sandstone: of the fluids to optimize fluid movement within the

A detailed subsurface stratigraphic study in the North reservoir.
Avant Field, Eastern Osage County, Oklahoma (unpub.

Charts and Graphs: radioactive tracer response,thesis): The University of Tulsa, 115 p.
flow diagram, injection/production balance, produc-

Production from the Pennsylvania,-. age tionhistory, surfactant solution analysis, bottomhole
Bartlesville sandstone is discussed. The mineralogy pressure, injected polymer solution analysis, total
is composed of quartz, rock fragments_ feldspar, mica, pilot performance, chemical contents, sulfonate in
and clays (chlorite, kaolinite and illite). The oil.
Bartlesville sandstone has three divisions: 1. clean

sands with abrupt basal contact, 2. muddy interv,al, Vanbuskirk, J. R., 1960, Investigation of res-
and 3. upper Bartlesville sands, ervoir conditions of Lower Deese Sandstones (Penn-

Sedimentary structures vary from large scale sylvanian) for a flood project in the North Alma Pool,
crossbeds to wavy laminations, decreasing in scale Stephens County, Oklahoma (unpub. thesis): The
upward. Grain size also fines upward. The clean U.qiversity of Oklahoma, 84 p.
sandstone intervals are distributary channels. The A report on the geology of the Pennsylvanian
muddy zone represents channel abandonment. The sandstone reservoirs in the North Alma Pool and how
upper interval represents interdistributary sediments, geology effects the waterflood process.
Oil and gas production are best along paleo-distribu-
tary channels. Traps are stratigraphic pinchouts. Vi_her, G. S., 1968, A Guidebook to the Geol-

ogy of the Bluejacket-Bartlesville sandstone, Okla-
Figures: thin sections, e-log correlations, _edi- homa: in Visher, G. S., ed., Ok. City Geol. Soc.

mentary structures, grain size curves, models of delta AAPG-SEPM joint MTG Field Conf., p. 1-60.
types.

Guidebook includes a general history of the area,
Maps: well locations, isopach, photography of outcrops, general sedimentological

Trantham, J. C., 1983, Prospects of commer- descriptions and designation of observed deltaic en-
cialization, surfactant/polymer flooding, North vironments. Included are: 1. The Cherokee Group by
Burbank unit, Osage County: Jour. Petroleum Tech., Carl C. Branson; a map and description of the Chero-
v. 35, p. 872-880. kee formations; 2. Depositional framework of the

Bluejacket-Bartlesville Sandstone by G. S. Visher; a
A 90 acre pilot in Osage County produced 221,700 history of research and production of the Bluejacket

bbloilin 51 months of operation. Tertiary oil produc- with outcrop photos and data, paleocurrent data and
tion from this unit is expected to continue for seven grain size analysis; and 3. Subsurface study of the
years. The reservoir is highly heterogeneous because southern portion of the Bluejacket Delta by G. Visher
of a fracture system, lt is estimated that 360 MMbbl and B. S. Saita. Subsurface distribution of the

of sweet 39° API oil will remain when waterflooting Bluejacket-Bartlesville sandstone is 7,560 sq miles,
reaches its economic limit. 84 miles in width and 90 miles in length. It covers 13 i

Oklahoma counties. ]Trantham, J. C., and P. D. Moffitt, 1982, North
Burbank unit 1,440-acre polymer flood project de- Maps: well locations, deltaic environments, out- i
sign: SPE 10717, 3td Enhanced Oil Recovery Symp., crop locality, cross-sections, l
p. 669-688.

Visher, G. S., 1968, Depositional Framework of
Initial waterflooding in the North Burbank Unit the Bluejacket-Bartlesville Sandstone: in Visher, G.

gave a poor response. The size of the test pilot has S., cd., A Guidebook to the Geulogy of the Bluejacket- li
been increased and polymer slugs have been injected Bartlesville Sandstone, Oklahoma, OK. City Geol.
to increase flow. Assoc. AAPM-SEI'M Joint Mtg. Field conf., p. 1-20.

i
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The Cherokee Group which includes the vial shoestring sandstones, Five major facies include
Bluejacket-Bartlesville sandstones is a major oil pro- conglomerate, cross-bedded sandstone, interbedded
ducing unit ir Oklahoma and Kansas. The stratigra- sandstone, siltstone and clay-shale. Average porosity
phy of the Cherokee is complicated. Outcrop studies of the cross-bedded and ripple.bedded sandstones are
of the Bluejacket show that it extends as a ridge approximately equal. Initial permeability was re-
forming unit from southern Kansas to the frontal zone duced three orders of magnitude by compaction.
of the Ouachita Mts. over a distance of 160 miles. Cementation ofclays reduced permeability, rendering
Many of the facies are of delta origin including off- some sandstones impermeable. Shoestring sands were
shore marine, upper and lower delta plain, inter- laid down in a series of episodes on clean scour
deltaic area and pro-delta units that are exposed in surfaces. The cross bedded sandstone has the greatest
outcrop. The subsurface of the Cherokee sand zone permeability parallel to the flow of currents. The
covers an area of 20,000 sq miles, lt ranges from only Cherokee Group in south eastern Kansas has produced
a few hundred ft thick in the north to over 2,000 ft in over a billion barrels of oil. The Cherokee group is
the McAlester basin to the southeast, mostly clay-shale and siltstone with some sandstone

Maps: locality, cross.section correlations, depo- in Kansas ranging from 100 to 150 meters thick. The
sitional environments; core analysis, thickest part is in Labette County, Kansas. There is

little deformation and only minor normal faulting in
Visher, G. S., B. S. Saitta, and R. Si Phares, the Cherokee.

1970, Pennsylvanian delta patterns and petroleum Maps: locality, permeability and porosity charts,
occurrences in eastern Oklahoma: AAPG Bulletin, v. cementation charts.
55, p. 1206-1230.

Criteria used to define Pennsylvanian deltas of Zornes, D. R., A.J. Cornelius, and H. Q.
Long, 1986, Overview and evaluation of the NorthOklahoma include: 1. vertical patterns of sedimen-

tary structures, bedding and grain size, 2. clay miner- Burbank unit block. A polymer flood project, Osage
alogy and detrital clasts, 3. trace fossils, and 4. County, Oklahoma: SPE 14113, Intern. MeetingPe-
detailed analysis of textures, troleum Engineering, Beijing, China, p. 311-324.

A 4 -dimensional delta model is based on 6 envi- Thirty-six chemical flooding wells in the North
Burbank Unit were injected with 4.17 MM pounds ofronments: 1. lower alluvial plain, 2. upper delta

plain, 3. lower delta plain, 4. subaqueous sand sheet, polyacylamide. Fresh water and polymer production
5. marginal basin, and 6. marginal depositional plain, were monitored at 84 producing wells in an attempt to
The lower alluvial plain has meandering stream point correlate oil production response.
bars and confined channel flow. Stream gradients are
reduced in the upper delta plain; distributary bifurca-
tion, marsh and levee development occurs. The lower
delta plain is characterized by crevasse splays. Sheet
sands are produced by shallow water currents. Mar-
ginal basin and plain facies are produced by long-
shore currents and reflect the balance of subsidence,
sediment and wave action. Pennsylvanian s,:diments
marked by overall transgression with extensive re-
gressions. The single river sediment system can be
traced through the Morrow, Atoka and Desmoinesian
strata.

Maps: outcrop, isopach, regional cross- section,
delta patterns, and distribution; S-P curves and E-log
correlations; oil fields

Walton, A. W., D. J. Bouquet, R. A. Evenson,
D. H. Rofheart, and M. D. Woody, 1986, Charac-
terization of sandstone reservoirs in the Cherokee

Group (Pennsylvanian, Desmoinesian) of Southeast-
ern Kansas: Department of Geology and Tertiary Oil
Recovery Project University of Kansas, Academic
Press, p. 39-62.

The Cherokee Group consists primarily of flu-
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B. D & .I Sands

The Denver and Julesburg sandstones of the Dakota Group are found throughout the Denver Basin in
Colorado, Nebraska and Wyoming. The Denver Basin has thick fluvial-deltaic deposits of Cretaceous Age.
The abundant reservoirs in the Denver Basin contain stratigraphic oil traps with enormous potential.

Basan, P.B., J. A. McCaleb, and T. s. Buxton, Davis, J. C., and T. Chang, 1990, Estimating
1978, Importantgeological factors affecting the Sloss potential for small fields in mature petroleum prov-
field micellar pilot project: SPE 7047, 5th Improved ince: reply' AAPG Bulletin, v. 74, p. 1764-1765.

Methods of Oil Recovery Symposium, p. 111-118. D and J sandstones contain an exceptionally ho-
A nine acre five spot micellar project in Sloss mogeneous population of oil pools mostly from

Field, Kimbal County, Nebraska is in part of the stratigraphic traps. Depths are from 4,000 to 8,000 ft
Denver Basin and produces from the Muddy J sand- in the Denver Basin. The traps are not detectable by
stone. Initial tests showed an inability to match seismic work. Statistical manipulation predicts 3000
performance data during preflush water injection to pools remain undiscovered in the Denver-Julesburg
mathematical model expectations. A detailed geo- Basin. Simulation experiments extrapolate the trend
logical study was conducted to obtain a better reser- in the D-J Basin discoveries in the future. The J

voir description. Two different deposits occur in the shaped Pareto distribution is proven not appropriate
field. Type one is a permeable sand deposited in a as a model of the parent pool-size distribution.

distributary channel. Permeability is continuous Graphs: log models and Pareto model.
within this channel. Type two deposit (where the

first pilot was conducted) represents overbanksplay Ethridge, F. G., and J. C. Dolson, 1989,
sands and is discontinuous. The flow from type II Unconformities and valley-fill sequences-key to un-
sands is less uniform and less predictable than flow derstanding "J" sandstone (Lower Cretaceous) res-
from type I sands, ervoirs at Lonetree and Poncho Fields, D-J Basin,

Maps: locality, tracer performance, facies distri- Colorado: in Coalson, E. B., ed., Petrogenesis and
bution, isopach, E-log, permeability distribution, sand Petrophysics of Selected Sandstone Reservoirs of the
thickness. Rocky Mountain Region: Rocky Mt. Assoc. Geol., p.

221-233.

Coalson, E. B., 1989, Petrogenesis and A reinterpretation of the 3 genetic units of the "J"
petrophysics of selected sandstone reservoirs of the sandstone includes' lower unit-- delta front- J3;

Rocky Mountain region' in Coalson, E. B., cd., middle unit-- J2 is now split into point bar, crevasse
Rocky Mt. Assoc. Geol., Denver, Colorado, 353 p. splay and floodplain sequences of a meander-belt

An analysis of the petrology of the Sandstone complex; upper unitmJl isadestructional marine
reservoirs of the Denver Basin. A number of papers bar. This reinterpretation is based on thin sections
study different aspects of geology of the region, and SEM analyses of cements with quartz overgrowths.

J3 delta front deposits underlie an unconformity.
Crouch, M.C., 1982, Oil and gas fields of Deposits ofJ3 are tightly cemented by siderite and do

Colorado, Nebraska, and adjacent areas: Rocky Mtn. not produce oil in either field. J2 sands are produc-
Assoc. Geologists, p. 354-791. tire from meander-belt deposits in both fields. J1

Sixty-five fields within this area contain D and or overlying sands include 3 northeast trending marine
J sandstone units. Information given for each field bars of which only the western one is productive.

includes: 1. Name, location, formation; 2. Geology; Maps (numerous): field and structure, isopach:
regional setting, surface formations, discovery Engineering data on ali three units.
method, trap type, production formation, thickness

and lithology, geometry of reservoir rocks, other Exum, F. A., and J. C. Harms, 1968, Compari-
shows, and the oldest stratigraphic unit penetrated; 3. son of marine-bar with valley-fill stratigraphic traps,
Discovery weil; name, location, elevation, comple- western Nebraska: AAPG Bulletin, v. 52, p. 1851-
tion date, total depth, sizing, perforation, treatment, 1868.

initial potential, pressure; 4. Logging practices; 5. Cretaceous J sandstones of Cheyenne and Banner

Drilling and completion practices; 6. Reservoir data; Counties, Nebraska are composed of marine-bar and
productive acres, spacing, net pay-map and average valley-fill stratigraphic traps. Marine bars are ellip-
porosity, permeability, water saturation, initial field tical lenses 2 to 5 miles long and 0.5 to 1.5 miles wide
pressure, type of drive, oil characteristics, gas char- and less than 25 ft thick. Sandstone grades laterally
acteristics, estimated primary recovery; 7. Discus- into marine mudrock. Two generations of marine
sion;and8. References, tables and maps bars are oriented in different directions. Most of the
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sandbar deposits are oil filled, and entrapment is Griffin, E. G., 1963, Prospecting for "D" sand
independent of structural closure. Reservoirs in the channel production: in Katich, P. J., and D. W.
valley fill deposits are 20 miles long and 2,000 ft wide Bolyard, eds., Guidebook to the geology of Northern
and 50 to 80 ft thick. Denver Basin and Adjacent uplifts: Rocky Mtn. Assoc.

Oil is trapped only where valley-fill deposits Geol., 14th Ann. Field Conf., p. 229-233.
crosse plunging anticlines. The valley fill intercon- Most of the undiscovered profitable oil and gas to
nects ali pools as a single aquifer. The marine bar be found in the Denver Basin will be found in channel
reservoirs can be predicted by mapping core samples, deposits. High energy channel deposits frequently
The valley-fill reservoirs are separated by erosional display coarse grain-size, good sorting and resultant
boundaries and can't be detected by core samples high porosity and permeability. Thickness of channel
from surrounding areas, however, when found they sands in "D" is 40 ft or greater. The recovery factor
are large and persistent. Valley-fill reservoirs have is 200 barrel or more per acre foot. The width of "D"
water drive, marine-bar reservoirs have only solution channels varies up to 1,000 to 4,000 ft. Lengths may
gas energy, be 15 miles or more. Six criteria for recognizing

Maps: structural, cross-section, isopach, isomet- channel sands are discussed at length.
ric block diagrams. Charts: stratigraphic corre- Maps: structural contour, field maps.
lations, core samples, charts on mineralogy and grain
size, fossil correlations. Hamilton, V. J., 1990, Controls of sequence

stratigraphy on sandstone body geometry and
Geyer, A. P., and P.. W, Pritchett, 1978, The interconnectedne_s: example from the Dakota For-

Davis-Joyce field-a Cretaceous riverine deltaic "D" mation in Kansas (abs.): AAPG Bulletin, v. 74, p.
sand system in western Nebraska: in Pruit, J. D. and 669.

P. E. Coffin, eds., Energy Resources of the Denver Three sequence-bounding unconformities on the
Basin: Rocky Mtn. Assoc. Geol., p. 63-7. eastern margin of the Western Interior Basin of west-

Deposition of the "D" sand occurred during a ern Kansas are recognized by seaward shifts in facies,
minor regression of the Cretaceous Cordilleran sea- evidence of subaerial exposure and incomplete facies
way. Davis and Joyce fields were separate discover- successions. The unconformities located are at the
ies, but the fluid systems may be connected. Neither base of the Cretaceous Plainview Fmc, the J sand-
field produces much formation water. The reservoir stone, and the D sandstone.

consists of shoe,string shaped sand bodies of good Gamma ray well logs from recovered cores were
quality that are part of a riverine-deltaic facies com- used to correlate these sequence boundaries with out-
plex. Six general facies can be identified from well crops sections. In central Kansas the Dakota Group
log and sample data and can be related to ancient delta strata become increasingly non-marine, primarily
systems. The field is a model for further exploration fluvial with some deltaic deposits in the upper part.
of riverine-delta distributary systems. Channel sandstones are 30 ft thick and 1/4 mile wide!

Maps: structure, isopach, log correlations, dia- These amalgamate to form sand bodies 100 ft thick
grammatic section model; Production data charts, and up to 2 miles wide. Channels were controlled by

east-west trending faults and interc0nnections of the
Griffin, E. G., 1978, The "D" sandstone channel sandstone bodies occur at intersections of the trends.

complex of the greater Rogen area: in Pruit, J, D. and
P. E. Coffin, ed., Energy Resources of the Denver Haun, J. D., 1963, Stratigraphy of Dakota Group
Basin, Rocky Mtn. Assoc. Geol., p. 61-62. and relationship to petroleum occurrence, Northern

Denver Basin: in Katich, P. J., and D. W. Bolyard,Two "D" sand oil fields located seven miles apart
eds., Guidebook to the Geology of Northern Denverare thought to be parts of the same delta system

because of: 1. channel incisions revealed by isopach Basin and adjacent uplifts' Rocky Mtn. Assoc. Geol.,
mapping, 2. anomalously thick "D" sandstone, and 3. 14th Ann. Field Conf., p. 119-134.
evidence from oriented cores. Subsequent drilling 13,000 wells had been drilled in the Denver Basin
has confirmed that the "D" channel sandstone was by 1963. An analysis of 1,300 E-logs from wells
emplaced as a series of overlapping point bars sepa- scattered over the drilling areas was made. This paper
rated by impervious channel fill. Production from 30 correlates the relationship within the members of the
wells in Dec. 1977 was 29,534 bbland 112,275,000 Dakota Group throughout the Basin.

cu ft of gas. Maps: stratigraphic diagrams, cross-sections,
Table: production dat:_, isopachs of J and D sand intervals and tile Mowry

Shale.
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Itigley, D. K., 1989, Comparison of sandstone types of channel-fills reflect stages in development of
diagenesis and reservoir development within two lower the distributary channel. Vertical sequence includes
Cretaceous J sandstone fields, Denver Basin, Colo- a (lower) active channel fill, (middle) partial aban-
rado (abs.): AAPG Bulletin, v. 73, p. 1160. donment, (upper) abandonment fill. Peoria field

Wattenberg field sandstones were buried deeper channels are narrow, 1,500-2,000 ft wide and 30 to 40
and subjected to higher heat flows than Kachina field ft deep. Fine grained interdistributary deposits in-
sandstones. Thermal history indicates greater burial clude those formed by levees, crevasse splays, marsh
temperature and pressure resulted in higher degree of or swamp, and marine and fresh water bay deposits
sediment compaction, fracturing of reservoir rocks, arelateral to the channels. Ofthese, only the crevasse

and more chert and po!ycrystalline quartz in the splays are suitable reservoirs. The ability to recog-
Wattenberg field, nize these facies is important in oil exploration.

The Kachina field produces from stratigraphic/ Maps: locality, 3-D model, wells, isopachs; E-
structural traps in a distributary channel environ- logs, core samples.

ment. Vitrinite reflectance is .62 %; much of the oil Martin, C. A., 1965, Denver Basin: AAPG Bul-
may have migrated from deeper in the basin, letin, v. 49, p. 1908-1925.

The Wattenberg field produces gas from hydro- The deepest part of the Denver Basin has over
dynamic stratigraphic traps in the deepest part of the 13,000 ft of sediments. The, area was a marine shelf
basin. Sandstones of this reservoir are low porosity during the early Pale_:)zoic. Uplift during the middle
and low permeability. Hydrocarbon origin is prima- Paleozoic exposed older rocks to erosion; Pennsylva-
rily thermogenic gas. Vitrinite reflectance ranges nian seas transgressed and eroded Mississippian de-
from 1.14 to 1.51%. posits in the south. Throughout the Permian regres-

Higley, D. K., and J. W. Schomoker, 1989, In- sion normal marine through evaporitic to terrestrial
fluence of depositional environment and diagenesis sediments were deposited. The Ancestral Rockies
on regional porosity trends in lower Cretaceous "J" contributed sediments in the upper Permian and Tria-
sandstone, Denver Basin, Colorado: in Coalson, E. ssic. In the Middle and Early Jurassic the seas en-
B., ed., Petrogenesis and Petrophysics of Selected croached on the northwest followed by the formation
Sandstone Reservoirs of the Rocky Mountain Region: of a broad plain.
Rocky Mt. Assoc. Geol., p. 183-196. The present Denver Basin began to form in the

An analysis of 135 widely distributed drillholes early Cretaceous as seas advanced from north to south.
in the Denver Basin, to study permeability, depth, Fluvial material from the east and northeast devel-
thermal maturity and porosity. Median core porosity oped into a complex deltaic system. Another delta
in the "J" decreases from 24% at 4000 ft depth to 7 to system fed in from the south and finally merged with
10% at 9,000 ft depth. The decrease in porosity is due the eastern delta. Two Cretaceous sedimentary cycles
to increasing depth of burial and increasing thermal of transgression contain large reserves of oil and gas.
maturity. In the Late Cretaceous a major transgression joined

the seas forming a large seaway and downwarping
Depositional environment is related to porosity: continued within the basin. During the Laramide the

higher average porosities are present in channel sand- Front Range was uplifted and the basin acquired its
stones; high porosity is present in the eastern third of present configuration.
the basin in major incised drainage and valley -fill
sequences. The Kachina field on the east flank Maps: structure, cross-section, isopach of each
produces oil from highly porous and permeable dis- major era, lithofacies of each major era.

tributary channel sandstones. Hydrocarbons are Mossel. L. G., 1978, Hydrocarbon accumulations
trapped by overlying mudstone, in the "D" sandstone, Adams and Arapahoe Counties,

Engineering data in charts, tables and maps Colorado: in Pruit, D. J., and P. E. Coffin, eds.,
Energy Resources of the Denver Basin: Rocky Mtn.

Land, C. B., and R. J. Weimer, 1978, Peoria Assoc. Geol., p. 75-80.
field, Denver Basin, Colorado- J sandstone distribu-
tary channel reservoir: in Pruit, J. D., and P.E. The lower Cretaceous"D" sand contains signifi-
Coffin, eds., Energy Resources of the Denver Basin: cant hydrocarbon reserves in stratigraphic trap reser-
RockyMtn. Assoc. Geol.,p. 81-104. voirs. Reservoirs are developed on marine bar

sandstones and in deltaic distributary channels.
The Peoria field produces from delta plain sand- Trapping includes traps formed by up-dip pinchout of

stones. The reservoirs are stratigraphic traps. The J sandstone, and traps formed by interchannel point bar
interval is a complex of distributary channels. Three
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porosity-permeability pinchouts. Recognition of en- Most production from "J" member sands is from
vironment of deposition of sand bodies from log data porous sandbodies 5 ft thick. Three fields have pro-
will lead to more discoveries in this area. duced over 1,000,000 bbl oil each.

Maps' isolith, log correlations. The J was deposited in elongate, elliptical NW
trending marine bars separated laterally by shales.

Prult, J. D., 1978, Statistical and geological Long distance lateral petroleum migration occurred
evaluation of oil and gas production from the "J" l'romthermally mature shalesofthe Dakota and Benton
sandstone, Denver Basin, Colorado, Nebraska and Groups. Movement along the Precambrian basement
Wyoming:in Pruit, J. D. and P. E. Coffin, ed., Energy faults has enhanced reservoir quality and oil migration,
Resources of the Denver Basin: Rocky Mtn. Assoc. favoring oil accumulation along the trend.
Geol., p. 9-24.

Maps: locality, contour, isolith, structure; log
This study of 885 fields in the Denver Basin was plots.

based on wells drilled before January I, 1973. The
Denver Basin was subdivided into 15 areas of study. Specific examples: Cedar Valley, Minatare and
Computer analysis was conducted on field size distri- High Line fields

bution, mean, median and modal field sizes, density Sonnenberg, S. A., 1988, Tectonics and sedi-
of field sizes, relationship between reserves and aerial mentation--Phanerozoic rocks Golden-Morrison area,
extent of field, average reserves per 80 acres, influ- Denver Basin, Colorado: Annual GSA-MTG Field
ence of structure on production and the orientation of Trip, Denver, Colorado.
producing sandstones.

This paper is a field trip guide to the Colorado
Variations in average 80 acre reserves from 30 M. Front Range. Stops 1 and 2 viewed synorogenic

bbls in the northwest to 406 M. bbls in the south deposits in the middle and late Paleozoic. Stops 3 and
central area reflect variations in reservoir quality. 4 viewed late Jurassic and Cretaceous sequences in
There is twice as good a chance to discovery oilon a the geographic center of the foreland or back arc
structureal nose or on a structure with closure than on basin. Stop 5 viewed sedimentation associated with
a regional dip. As of January 1, 1973 there was an the Laramide Orogeny in the late Cretaceous and
estimated reserve of 134 MM equivalent bbls in the Paleocene. Additional stops showed aspects of basin
Deaver Basin. The Fairway and Kimball areas offer
the best promise of future J sandstone production, development.

Maps: stratigraphic section, locality, time plots
Tables: subprovinces of Denver Basin, compari- of :eaways, cross-section of Red Rocks park, cross-son of area reserves.

sections of Lyons Fm. and other surface formations,
Maps: field distribution, equivalent reserves, wild diagrammatic of tectonic movements, isopach of 'J'

cats drilled, sandstone.

Ridgley, J. L., 1990, Genetic lithofacies in the Sonnenberg, S. A., and R.J. Weimer, 1981,
Dakota Sandstone, a major oil-and gas-producing Tectonics, sedimentation and petroleum potential,
formation, Northern San Juan Basin, Colorado and Northern Denver Basin, Colorado, Wyoming and
New Mexico (abs.): USGS Cir., v. 1060, p. 67-68. Nebraska: Colorado School of Mines, Quarterly, v.

A geological study of the Dakota Sandstone in the 76, p. 1-45.
San Juan Basin. The study employed facies analysis A stratigraphic analysis of Paleozoic and Meso-
and stratigraphy, zoic strata in the Denver Basin shows recurrent move-

ment on basement faults especially during major sea
Silverman, M. R., 1988, Petroleum Geology, level changes. The research area is 30,000 sq miles.

paleotectonics and sedimentation of the Scotts Bluff Twenty stratigraphic intervals of Paleozoic and Me-
Trend, Northeastern Denver Basin: Mountain Geol., sozoic age were identified from well data. In general,
v. 25, p. 87-101. thin areas on isopach maps correspond to paled-highs

Ten J sand oil fields form a long narrow NE-SW and thick areas correspond to paled-lows. In the
trend in western Nebraska, which is related to the northern Denver Basin four N-E trending
Scotts Bluff Trend. The Cretaceous J sands dip paleo_tructures had recurrent movement in the Per-
gently southwest across the northeast Denver Basin. mian and Cretaceous. Three N-W trending
Several structural-stratigraphic tl'aps are caused by paleostructures had recurrent movement in Penn-
low-relief closures and structural noses. Most traps sylvanian, Permian, Triassic and Cretaceous. Late
are controlled by updip facies change from porous, Paleozoic sequences are thicker in subsurface then in
permeable sandstone to siltstone and stiale, outcrop.
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A tectonic and sedimentation model for fault There are three stratigraphic sequences in the
blocks with recurrent movement aids in exploration lower Cretaceous of the Denver Basin. Petroleum
for hydrocarbons by predicting the distribution of production is largely from the Muddy (J) sandstone in
source and reservoir rocks and identifying early traps, sequence 2 & 3, The sequence boundary is a regional
Wells that penetrate only Cretaceous rocks may be unconformity. Gas production from the Wattenberg
used to predict the Paleozoic paleostructure, field is from the Fort Collins member of the Muddy

Mapsi Numerous cross- sections, structure, (J) sandstone. Fluvial channel sandstones are the
isopach, seismic, stratigraphic traps in the Wattenberg Field.

Paleostructure controls distribution of the reservoir.

Charts: Formation correlations. A drop in sea level caused erosion into older sedi-

Taggart, D. L., and S. C Russell, 1981 Mi- ments of from 20tol00ft, Paleosol development in
• ' the drainage of these valleys initiated early diagen-

cellar/polymer flood post test evaluation weil: SPE/ esis which reduced porosity and permeability. Depths
DOE 9781, Second Enhanced Oil Recovery Sympo- of drilling in the Watttenberg field are from 7,600 to
sium, Tulsa Ok., p.139-148. 8,400 ft. 600,000 acres are productive fromthe Fort

Sloss field in Kimball County, Nebraska was the Collins Member.

site of a successful post-test evaluation well follow- Maps: stratigraphic sections, structure, contour,
ing a micellar-polymer flood. Sufonate loss was 0.4 isopach, E.log correlations: some data on geothermal
of a poundper barrel of pore space. Oil was displaced gradients and thermal maturity.
over the entire pay interval, with an average of 30% of

the post waterflood residual. The average oil satura- Weiss, W. W., and J. M. Chain, 1989, J. sand
tion was 8%, rising to 16% in some lower permeabil- polymer flood performance review: SPE Rocky
ityzones. The polymer was sevt_rely degraded causing Mountain Region/Low Permeability Reservoirs
loss of mobility control. Tests indicate that well Symposium, Denver, Colorado, v. 89.03. 06-08, p.
workover fluids may have caused the degradation 465-474.

along with thermal processes. The original polymer flood for the Warner Ranch
Tables: injected and low rate production analy- unit, Nebraska, underestimated the polymer retention

ses, well core analysis, workover fluids, core effluent and had an adverse affect on performance. Propaga-
analysis, tion of the polyacrylamide through the rock was much

Figures: locality, micellar sweep diagram, flow less than anticipated. The injectivity is greatly re-
diagram for polymer stability, polymer and IPA con- duced with polymer injection and approximates that
centrations, produced chlorides concentration, expected when the mobility ratio is less than one.

Two wells have produced 18,000 bbl of incremental
Weimer, R. J., and S, A. Sonnenberg, 1989, oil attributed to polymer injection. Production from

Sequence stratigraphy analysis on Muddy (J) sand- J sands at 6,150 feet have produced 37° API sweet
stone reservoir, Wattenberg Field, Denver Basin, crude oil. The Warner Ranch field produced 163,729
Colorado: in Coalson, E. B., cd., Petrogenesis and bbl of primary oil in 16 years prior to waterflooding.
Petrophysics of Selected Sandstone Reservoirs of the

Tables: rock and fluid characteristics; isopach
Rocky Mountain Region: Rocky Mt. Assoc. Geol., p. map, graphs of pressure, permeability, viscosity, pro-
197-220. duction profiles, polymer production and injectivity

indices.
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C. Frontier F_rmation

The Frontier Formation is a widespread Upper Cretaceous deltaic sandstone found in the Powder River,
Bighorn and Wind River Basins of Wyoming. Due to the Laramide folding and thrust faulting many of the
Frontier reservoirs in the western parts of the basins belong to structured deltaic reservoir class. The non-
structured deltaic reservoirs of the Frontier Formation are primarily in the east and north-central areas of
Wyoming.

Terminology in the region is somewhat confusing in that there are Muddy Members in several Cretaceous
formations in the Rocky Mountains. The Big Muddy Field is a major new field producing from the Frontier
Formation.

Arrow, E., 1969, Waltman Field: Symposium on Reports on 271 oil and gas fields in Wyoming as
Tertiary Rocks of Wyoming: Wyoming Geol. Assoc. of 1959-60 are summarized with maps. The geology
Field Conf. Guidebook, v. 21, p. 105-110. and history of each field is given. 418 crude oil

The Waltman field is a complex, faulted struc, samples are analyzed for sulfur content_ nitrogen
tural-stratigraphic trap in the Wind River Basin. Pro- content, refractive index and other data.
duction is from the Fort Union (Paleocene) and the Most of the oil from Wyoming is produced in the
Lance Fin. (Cretaceous). The Fort Union is shale and BigHorn, Wind River, and Power River basins. Other
the Lance is composed of fluvial-deltaic deposits of a important basins are the Bridger, Laramie-Hanna and
mixed nature. Denver-Julesburg Basins. Natural gas is largely

from the Bridger and Wind River Basins.
Maps: structural base map, stratigraphic cross-

section, structure cross-section: some production Maps: contour, structure, locality.

data. Production data from 1940'S and 1950's.

Berg, R.R., 1976, Trapping mechanisms for oil Cardinal, D. J., 1989, Wyoming Oil and Gas
in Lower Cretaceous Muddy Sandstone at Recluse Fields Symposium: Bighorn and Wind River Basins:
Field, Wyoming: 28th Ann. Field Conf., Wyoming Wyoming Geol. Association, 555p.
Geol. Assoc. Guidebook p. 261-272.

' Oil and gas fields are listed in alphabetical order,
Muddy sandstones form lenticular reservoirs 65 fields have production from the Frontier Forma-

which are stratigraphic traps. Oil is produced from tion. Information given for each field includes: lo-
the highest permeability zone located in the center of cation, formations, discovery weil, general field data
the reservoir. Two types of reservoirs are present; (well spacing, logging practices, operators). Reser-
narrow, sinuous fluvial sandstone bodies of limited voirdata; formation, lithology, porosity,permeability,
extent and a fine-grained sandstone deposited close to average pay thickness, oil/gas column, initial pressure,
the shoreline during a marine transgression, formzing present pressure, drive mechanism, field salinity,
oval sand bodies parallel to strike. In the fine-grained bottom hole temperature, character of oil, continuity
sandstone bodies grain size and quartz content de- of reservoir, cumulative production, primary and
crease upward while clay matrix and bioturbation secondary recovery, perforations, treatment , esti-
increase downward. Permeability drops laterally from mated ultimate recovery.
400 md near the center of the field to 17rod or less at

the field margin. The oil column is somewhat greater Maps: each field, references and a short dis-
than 130 ft with 120 ft attributed to trapping by down- cussion of the history of each field.

dip hydrodynamic flow and 20 ft by capillary pres, Clark, C., 1978, West Poison Spider Field,
sure changes where permeability is reduced. Fluid Natrona County, Wyoming' 30th Ann. Field Conf.,
pressure relationships need to be understood in devel-
opment of stratigraphic traps. Wyoming Geol. Assoc., p. 261-271.

The West Poison Spider Field has oil production
Maps: structure, cross-sections, core sections, from the Frontier Formation. The trap is structural in

isopachs, potentiometric (hydrogen gradient), a deep seated anticline. The folding and faulting in
Charts: rock and fluid properties, porosity and the field are in a NW-SE trend.

permeability, pressure buildup, oil column calcula-
Maps: cross-section of structure, top sand map,tions.

isopachs, E-log correlations

Biggs, P., and R. tl. Espach, 1960, Petroleum and Tables: production data
natural gas fields in Wyoming: U. S. Bureau of Mines
Bull., v. 582, p. 538.
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Cobban, W. A,, 1957, Mowry and Frontier For. The unconformity at the base of beach deposits in
mation in southern part of Wind River Basin: 12th the soutt_cast was developed on fluvial sandstones of
Ann. FieldConf., Wyoinlng Geol. Assoc,Guidebook, the delt_i plain, A second, upper marine sandstone
p, 67-70. and shale sequence buried the delta tn the southeast.

Cretaceous sandstone and noncalcareous shale Northwest the sandstones grade into marine shales.

deposits in this part of the Wind River Basin comprise In the Wind River Basin the Muddy is present in both
Mowry Shale (430 to 580 ft thick) and Frontier sand- outcrop and subsurface allowing a more complete
stone Fm. (580 to 1005 ft thick) overlying the Mowry. analysis than in other areas,
The Frontier is marine and non-marine sandstone and Maps: cross-section, geographic field limits, out-
shale of Late Cretaceous age. The Frontier Fm. crop and well control,
outcrops in the southern Wind River Basin,

Davis, J. G., H. H. Ferrell, and W. C. Stewart,
Maps: isopach, lithologlc. 1981, Big Muddy field low tension flood demonstra-I

Cole, E. L., 1988, An evaluation of the Big tionproject: Third Ann. Rept.,# DOESF01424-39, U.
S. Doe, 85 p.Muddy Field low-tension flood demonstration project:

DOE/BC/10830-9, 151 p. Analysis of nine 10 acre 5-spot pilot tests to

A micellar-polymer demonstration project was provide aata for commercialization of surfactant
carried out on a 90 acre site in the Big Muddy Field of flooding in the low-permeability freshwater reser-
Wyoming. Preflush injection began in early 1980. voirs of Wyoming and Colorado.

Low-tension and polymer drive banks were begun in Ferrell, H. H., M. D. Gregory and M. T. Borah,
January, 1981 and August, 1982 and the project was _ 1984, Progress report, Big Muddy field low tension
discontinued inSeptember, 1985. Production through flood demonstration project with emphasis on
May 1987 was 290,000 bbl oil, Recovery is estimated injectivity and mobility: SPE 12682, 4rh Enhanced
at 14 % of the oil-in-place at the beginning of the Oil Recovery Syrup., p. 41-48.
project. The low-tension process was successfully
mobilized waterflood residual oil. Low tension flood tests began in the second Wall

Creek mbr. of the Frontier Formation in 1980. Opti-
Tables: well completion summary, formation mum slug mobility for maximum oil recovery and

mineralogy, permeability data, brine compositions, injectivity is analyzed for this reservoir,
surfactant screening, properties of sulfonate, poly-

mer screening, effect of formaldehyde, oil treating Ferrell, H. !t., D. W. King and C. Q. Sheely,
results, effect of slug viscosity, composition of slug, 1984, Analysis of low-tension pilot at Big Muddy
injectivity during low-tension slug injection. Field, Wy.: SPE/DOE 12683, 4th Enhanced Oil Re-

Maps: locality, lineament pattern, structure, po- covery Sym., Tulsa, Ok., p. 49-54.

rosity isopach, net pay isopach, pore volume, perme- Conoco preformed a low-tension test on the Big
ability, imbibition, drainage, surfactant recovery, sa- Muddy field east of Casper, Wyoming in 1973. The
linity effect, oil recovery, schematic of injection plant, process mobilized an oil bank ahead of the slug, A

peak oil cut of 20% was reached with 36% of the
Cury, W. H., 1978, Early Cretaceous Muddy residualoilrecovered. Tracers injected in the preflush

Sandstone delta of western Wind River Basin, Wyo- and postflush showed that over 95% of the flow to the
ming: Resources of the Wind River Basin, Wyo. center well came from the two northern injection
Geol. Assoc., v. 30th Field Conf. p. 139-146. wells. The successful results of the test supported the

The Muddy Sandstone of the Wind River Basin is development of a 90 acre commercial demonstration
a thin well-developed Early Cretaceous delta system, in 1980 which still functioned in 1984.

Sixty-five feet of prodelta sediments and delta-front Tables: injection schedule, injected tracers, oil
sandstones formed at the northwest seaward edge of
the delta. Delta plain sediments prograded over the recovery.

prodelta sediments. Rapid subsidence preserved most Gilliland, H. E., and F. R. Conley, 1976, Pilot
of the Muddy delta sequence. Lower marine rocks flood mobilizes residual oil: Oil and Gas Jour., v. 74,
were eroded by rivers on the delta plain and most of p. 43-48.
the delta plain southeast of Lander was eroded away,
The delta plain was covered by two successive facies; Tests in Wyoming indicate early response and a
1. fluvial channel sandstones, and 2. flood plain de- high oil displacement efficiency in a surfactant field
posits. Progressive onlapping by middle marine test. Production from aoneacre 5-spotwas 30bblper
Muddy sequences buried the older delta system.
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day at an 85% water cut (in 1975), The test is from Over 60 oil fields are located trr structural traps
the second Wall Creek in the Frontier Formation at an that developed during Laramide deformation. Seven-
average depth of 3,050 feet, teen sedimentary formations produce o11, The prin-

The source of reservoir energy was a solution gas ctpal reservoirs are the Pennsylvanian Tensleep, Per-
with a possible local water drive. The reservoir began mtan Park City, Cretaceous Cloverly, Thermopolis
waterflood in 1953 and 6,9 mlliion bbl of oil was (Muddy ss member), Frontier and Lance, Paleocene
produced. Fort Union formations.

Tables and graphs: injected water analysis, ten- Cretaceous deposition was in shallow seas. Pri-
sion vs. salinity, sulfonate retention, oil saturation, mary oll accumulation began before folding began.
production response, surfactant plant flow diagram, Subsidence during the Laramlde Induced secondary

migrational updlp into structural traps that developedJ

Grles, R., 1983, Oil and gas prospecting beneath along the basin margins, The central deep part of the
Precambrian foreland thrust plates in the Rocky basin In untested (1969) In the Frontier Fm, where
Mountains: AAPG Bulletin, v. 67, p. 1-28. stratigraphtc trapsmay retain oil. Common reser-

voirs are less than 15,00 ft deep.Sixteen test Wells in the area have been drilled
through Precambrian rocks to test 3 to6milllon areas Maps: locality, contour, lists of oll field and
of sedimentary rocks below. One recent test (1983) productive formations and depth. 600 to 1000 ft of
madea major gas discovery, over half the tests showed Frontier Fm. is productive in the Wind River Basin.
oil or gas, These wells have helped define the under-
lying structure and tile geometry of the mountain- Lawyer, G., J. Newcomer, and C. Egcr, editors,
front thrust using data on seismic velocities of Pre- 1981, Powder River BasinOil and Gas Fields : Wyo-

ming Geol. Assoc. v. I, 239 p., and v. II, p. 240-472.cambrian rocks. Success of these wells has encour-

aged further drilling in the Wyoming thrust belt and Lists ali fields in the Powder River Basin as of
suggests further areas to test in Wyoming along the 1981. Gives location, formations, reservoir charac-
Owl Creek Range, Gros Ventre Range, east and west teristics, maps, engineering and oil recovery data for
flank s of the Big Horn Range and the north flank of each of approximately 405 fields. Includes data on
the Hannah Basin. five Class I reservoirs cited in the proposed study;

Maps: locality, well data charts, cross section of Sage Spring Creek and Brooks Ranch producing from
the Frontier; and Big Muddy, Burke Ranch and Colethrust belt, thickness charts, cross-section and struc-

tur'al maps. Creek (South) producing from the Dakota Group.

Tables: Details of drilling results and numbers of Molenaar, C. M., and B. W. Wilson, 1990, The
days needed to drill to these depths are given. Frontier Formation and associated rocks of North-

eastern Utah and Northwestern Colorado: GeoI.Surv.

tlinton, G., 1957, Riverton Dome: 12th Ann. BulI. 1787, p. MI-M21.
Field Conf. Guidebook, Wyoming Geol. Assoc., p.
132-136. The Frontier Fm., part of the Mancos Group,

received new rank upgrading from Frontier sandstone
The Riverton Dome is a surface-seismic discov- member of Mancos Shale Fm. in this paper. The

cry in the south-west portion of the Wind River Basin Frontier consists of several facies of marine and non-
found in 1945. Production of oil and gas is from the marine Late Cretaceous rocks that become totally
Frontier Fm., Muddy, and Lakota sandstones, marine in easternmost Utah and northeastern Colo-

Deeper in the field an oil gravity of 46,5 was rado. Six major facies are recognized in the Frontier.
reported from a 219 ft section of Tensleep Fm. One l.a basal transgressive marine sandstone, 2. a marine
hundred ft. of closure on a transversely faulted anti- shale tongue, 3. a prograding coastal sandstone, 4. a
cline is the trapping mcchanism for the Frontie,,', and sequcnce of non-marine sandstone, 5. an upper,
600 ft of closure in the Tensleep. The Riverton Dome transgressive coastal sandstone, and 6. an offshore-
was active from Pennsylvanian to Cretaceous time bar sandstone.

with final movement during Laramide orogeny. In outcrops along the south and eastern flanks of
Maps: contour, structure the Uinta Mts. these rocks range in thickness from

760 ft in the west to 140 ft in the east. The shoreline
Tables' production d_ta from 1945 to 1957.

trend of the deltaic wedge was N 60 ° E across the

Keefer, W. R., 1969, Geology of Petroleum in Uinta, but swung NW into Wyoming north of the
Wind River Basin, Central Wyoming: AAPG Bulle- Uinta. South across the Uinta Basin the trend was N
tin, v. 53, p. !839-1865.
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55 ° E, 100 to 200 ft in sea level rise resulted In : 1, marine bar.tnterbar 2, Prodelta 3, delta plain 4,
deposition of a transgressive shale at the top of the delta margin 5, nearshore martne; represents one
section, major regresslvt_, transgressive cycle along north.

Maps and figures: numerous cross.sectlol_, westernmarglnoftheBlghornBasln,
structure, and correlations, Tables: thin section analysis, mineral content and

cements, paleonenvlronment analysis based on gratn
Saad, V,, G, A, Pope, and K, Sepellrnooi, 1989, size and mineral content,

Simulation of Big Muddy surfactant pilot: SPE Res- Simmons, S, P,, and P. A, Scholle, 1990, Eu-
ervolr Engineering, v. 4, p.24-34, static and tectonic control on localization of porosity

A chemical flood simulator has been used In a and permeability, Mid-Permian, Btghorn Basin,
low-tension pilot test at the Big Muddy field near Wyoming: AAPG Bulletin, v, 74, p, 764,
Caspar, Wyoming. The tracer injection before the
chemical slug injection was analyzed separately, The Goose Egg Formation of the northeastern
Using composition simulator oll recovery, tracers, BighornBasinwasdeposltedasaridshorellne(sabka).
polymers, alcohol and chlorides could ali be ldenti- Low sea levels are represented by terrestrial red beds
fled. and high levels resulted in supratldal to shallow

subtldal carbonate deposition. During the Pennsylva.
Results show that for this freshwater reservoir a nian and Permian uplift along the basin margin formed

salinity gradient during preflush with aresulting cal- a broken chain of barrier islands and shoals and
cium pickup by the surfactant slug played a major role earlier carbonate members.
in success. Analysis of crossflow on the performance
of the pilot indicates that for the well spacing of the The Ervay member on these paleo.highs is fenes-
pilot crossflow is not as important as it would be for tral dolomite with tepee s_ructures and pisolds, This
a large project, is interpreted as highest intertidal to suprattdal sabka

which formed leeward of the barrier islands.

Maps: well locations, core data streamlines for Basinward the deposits grade into bioclastic grainstone
chemical injection, beach deposits then open-shelf fossiliferous

Tables: initial reservoir condition, simulation of packstones and wakestones. The eastern area is lami-
tracers, injection rates, oil recovery efficiency, iri- hated lagoonal micritic limestones and dolomites.

jected compositions, simulation parameters, effec- Fenestral dolomite along the present day basin
tive CEC on oil recovery efficiency, simulated aloe- margin is the most porous facies. Folding here in the
hol concentration, simulated effective salinity and Laramide in the Goose Egg carbonates has caused
total calcium, simulated chloride concentration, fracturing and highpermeabities. The combination
simulated polymer concentration, bottom hole injec- of Laramide folding and productive Permian carbon-
tion pressure, ates could be characteristic of other structures along

the basin margin yet to be explored.Saad, N., G. A. Pope, and K, Sepehrnoori, 1990,

Big Muddy surfactant pilot project: simulation design Stapp, R. W., 1967, Relationship of Lower
studies, abs., #490-704: SPE unsolicited paper, v. Cretaceous depositional environment to oil accumu-
SPE 20802, p. 1-32. lation, Northeastern Power River Basin, Wyoming:

An improved chemical flood simulator has been AAPG Bulletin, v. 51, p. 2044.2055.

designed. Simulation results indicate that some de- Oil is produced from stratigraphic traps in the NE
sign changes will substantially increase oil recovery Powder River Basin. By surface studies it is possible
effici_ ncy. to relate time-equivalent sandstone bodies to deposi-

tlonal patterns. Electric log correlations were used.Siemers. C. T., 1975, Paleoenvironmental
analysis of the Upper Cretaceous Frontier Formation, Depositional trends of the Muddy sandstone were
Northwestern Bighorn Basin Wyoming: 27th Ann. determined by isopach mapping. The Fall River has

' 3 sandstone bodies, the Muddy has 2 sandstone bodies
Field. Conf. Guidebook, Wyoming Geol. Assoc., p. (Newcastle and Dynneson). The Newscastle has a
85-100. detrital drainage pattern. Oil production is from the

Seventeen days of field work on outcrops were eastern updip edges of maximum sandstone develop.
used to measure sections, collect thin sections and ment.
samples for X-ray diffraction, Outcrops studied were
near Cody, Wyoming on the Clark's Fork River. The Maps: location, structure, block diagrams, sand

distribution, production areas.Frontier Formation, originally named for strata far
south near Frontier, Wyoming, outcrops in this north-
ern portion of the state. Lithologies and facies chart
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Stewart, W, W,,1975, Recent drllltng ln the Llne ruing: In Coalson, E, B,, cd,, Petrogenesis and
Creek urea of Wyoming and Montana: 27th Ann, Petrophyslcs of Selected Sandstone Reservotrs of the
Field Conf, Guidebook, Wyoming Geol, Assoc,, p. Rocky Mountain Region: Rocky Mt, Assoc, Geol,, p,
203 -208, 7-28,

The field is structurally located west of the syn- Predlctiens of porosity evolution are based on
cltnal axis of the Bighorn Basin, lt produces from the models to integrate the organic diagenesis with inor-
Frontier Fm, and Dakota group sandstones, It Is ganlc diagenesis In a source-reservoir system during
belteved that the structural feature of the Beartooth burial, The processes of progressive burial dlagen-
uplift obscures more stratigraphtc and structural traps esis are in three zones, 1, shallow burial from surface
in the area. The drtlllng history of the fields in the to depths equivalent of 176 °F (80 °C), 2. intermedi-
immediate area is reviewed, ate burial 176°Fto284°F(80 °C-140 °C). 3. deep

The paper summarizes dlfficultles of drllllng and burial284 °F-410 °F(140 °C-210 °C), Each zone
has specific organic/inorganic Interactions that con-prospecting the western Bighorn Basin due to geo-

logic, clir'_aatic,and government (National Forest Land) trol mineral stability und porosity evolution,
restrictit_ns, The key to porosity prediction is spatial distribu-

Maps: locality, structure showing formations tion of organic/inorganic interaction during progres-
penetrated by wells in folded area contour maps. sive burial. Modified Ttssot and Espitale (1975)

' kinetic maturation model was used. A case history of
Stone, D. S,, 1967, Theory of Paleozoic oil and the Frontier Fm. of the Bighorn Basin was used for the

gas accumulation in Bighorn Basin, Wyoming: AAPG model,

Bulletin, v. 51, p. 2056-2114. Charts: burial zones, porosity evolution, graphs
The concept of a common pool state based on on cement porosity, oil migration, reaction pathways

similar chemical compositions of crude oils, associ., of organic/inorganic components; specific engineer-
ated formation water and vertical density stratlfica- ing data for Frontier Fm. from the Bighorn Basin,
tion of fluids in multi-zones fields is studied. Paleo- Wyoming.
zoic reservoir rocks include organic.rich phosphatic
fine-grained sediments of marine facies. Primary Taylor, B.A., 1957, South Sand Draw oil field:
migration of otl was completed by Early Jurassic 12th Ann. Field Conf, Guidebook, Wyoming Geol,
times, Stratigraphic traps were created by: 1. updip Assoc.,p. 143-147.
facies change, truncation of the Phosphorta Fm. and A summary of the geology und engineering pa-
2. uneven Phosphoria-Goose Egg truncation of un- rameters of the South Sand Draw field, Wyoming.
derlying Teensleep Fm. Locally and further east hy-
drocarbons were released later by fracturing and Towse, D.,1952, Frontier Formation, Southwest
faulting. Powder River Basin, Wyoming: AAPG Bulletin, v,36,

Maps: cross-sections, p, 1962-2010.
A geological description of tile Frontier Forma-

Tables: engineering data (from 1960's produc- tion in the Powder River Basin, The Frontier, amajor
tion), oil producer, is primarily unfaulted in the Powder

Stone, D. S., 1975, Discovery of SilverTip South River Basin.

Field, Park Co. Wyoming: 271h Ann. Field Conf. Waring, J., 1976, Regional Distribution of envi-
Guidebook, p. 189-201. ronments of the Muddy sandstone, southeastern Men-

The Silver "rip field is in the northwestern part of tana: 28th Ann Field Conf, Wyoming Geol. Assoc.
the Bighorn Basin. The structure is a buried anticline Guidebook, p. 83-96.

with a faulted terrace present at the surface. Produc- The Lower Cretaceous Muddy sandstones occur
tion is from the 4th Frontier (Peay sandstone) and on the eastern flank of the Powder River Basin. Res-

lower Dakota (Greybull). The field was discovered ervoirs are primarily stratigraphic traps from single
by a seismic profile study, beds or a multiple ofbeds within the Muddy. The Bell

IVlaps: locality, structural contour, seismic strut- Creek field is the only significant field developed in
ture, seismic line, structural cross section, this area.

Beds are thin and lenticular with sand thicknessSurdam, R. C., T. L, Dunn, D. B. MacGowan
andH. P. Iteasler, 1989, Conceptual Models for the local in extent and variable in character. Previous
prediction of porosity evolution with an example studies have interpreted the Bell Creek as marine and
from the Frontier Sand_,;toile, Bighorn Basin, Wyo- deltaic facies or barrier bars. During the time of the

Lower Muddy the sea transgressed the channeled
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Skull Creek surface, By middle Muddy ali channels during a sea level rise, Sandstone and mudstone were
were filled. During the upper Muddy more sheet-like deposited as thin shelf sand sheets 6 to 15 m thick,
sands were deposited, although still margtnal marine, Sand moved offshore and downcuA'rent from a delta-

Maps: structure, locality, isopachs, E-log corre- strandplaln system on the west of the Powder River
lattons, Bastn. Delta-strandplaln deposits were eroded by a

subsequent transgression,

Wlnn, R, D,, Jr., 1991, Storm deposition in ma- Core and outcrop studies show the Wall Creek to
rine sand sheets: Wall Creek member, Frontier For- be burrowed to bioturbated medium-scale cross beds,
marion, Powder River Basin, Wyoming: Jour. Sed, horizontal laminated beds and ripple laminated beds.
Pet,, v, 61, p, 86-101. A dominance of storm current deposits over tidal

The Wall Creek member of the Frontier Forma- deposits is indicated by variable bed thickness, struc-
tion was deposited in the North American Cretaceous ture type, grain size and degree of vertical burrowing.

Seaway. The Wall Creek member is as much as 67 m Maps: locality, Western Interior Seaway, out-
thick and consists of shale, sandstone and minor crop lithology, cross-section, stratigraphic zones, E.
conglomerate and bentonite. Deposition occurred log correlations.

D. Robinson Formation

The Robinson Formation is a Pennsylvanian age sandstone in southern Illinois. Field studies in the early
1960's define the Robinson as fluvial in origin. The more recent TORIS data base defines fields in the
Robinson Fm, as non-structured deltaic reservoirs, The Robinson sandstones may be interpreted as fluvial-
dominated upper delta plain deposits.

Cole, E. L., 1988, An evaluation of the Robinson Eariougher, R. C,, Jr., J, R Galloway, and R.
M-l commercial scale demonstration of enhanced oil W. Parsons, 1970, Performanct of the Fry in-situ
recovery: DOE10830-10, U. S. Dept. Energy, combustion project:Jour. PetroleumTech.,v. 22, p.
Bartlesville, Ok., 135 p. 551-557.

A crude oil sulfonate surfactant system was used The pilot test was broadened to a field wide test in
to flood the reservoir. At the time the reservoir was in 1964. The Robinson sandstone is a lenticular sand of

an advanced stage of waterflood depletion. Ultimate Pennsylvanian Age, lt is fluvial in origin. Four
oil recovery is estimated at 1,397,000 bbl, distinct structural units of the Robinson have been

Although the oil/sulfonate sy,_tem mobilized and identified varying in thickness from 10 ft to 30 feet.

produced waterflood residual oil the project was not Earlougher, R. C. Jr., J. E. O'Neal, and !t.
economic because of lower than expected recovery Surkalo, 1975, Micellar solution flooding, field test
and higher costs. Low recovery is attributed to: poor results and process improvements: Rocky Mt. Reg.
volumetric sweep, and salinity/hardness effects. For- Meeting, Denver, Colorado, p. 1-7.
mation parting due to injection overpressuring and
random communication between producer and injec- Small micellar solution field tests were success-
tors contributed to the poor sweep efficiency. High ful for secondary and tertiary recovery. Test fields in
salinity and water hardness exceeded the tolerance of two states were used. 1. The Robinson sandstone in
the petroleum sulfonate surfactant system. Crawford County, Illinois, Estimates are that 59% of

the oil within the test pattern might be displaced. 2.
Tables and Figures: extensive coverage of testing Bradford field, McKean County, Pennsylvania. This

and production data. old field is about 40 to 55 % waterflooded.

Clark, G. A., R. G. Jones, W. L. Kinney, R.E. The Maraflood oil recovery process is effective
Schilsm, H. SurkaloandR. S. Wilson, 1965, The Fry for tertiary recovery in sufficient quantities to be
in-situ combustion test-performance: Jour. Petroleum economic.

Tech., v, 17, p. 343-353. Tables: reservoir characteristics, oil recovery.
The test was a five-spot test on a 3.3 acre site in

the Robinson sandstone of Illinois. Air injections Gogarty, W.B.,andH. Surkalo, 1971, A field
tests were made at the site. Four cores were drilled in test of micellar solution flooding: SPE 3439, 46th
the reservoir. Ann SPE, New Orleans, La., p. 1-12.

Field tests of micellar solutions began in 1962 in
Illinois. The first test was in an unflooded reservoir.
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Subsequent tests (2 and 3) were conducted in water- this area are classic cycles of coals, shales, sand-
flooded reservoirs, Test in waterflooded reservoirs stones and limestone sequences, The Robinson sand-
are for tertiary recovery, The Robinson sandstone stone is an informal member of the Spoon Formation
was the site of the tertiary recovery tests, A large of the Kewanee Group. Robinson sandstone includes
pore volume of polymer was used to ensure complete a number of irregular sands in a 250 ft interval. The
mobility. 63% of the oil-in-piace was recovered in sands are oil bearing on the structural highs of the La
the third test, A 9% volume slug displaced up to 3.8 Salle anticline. The Robinson is shallow subsurface
barrels of oil per barrel of slug injected, Tracer with a depth from 880 to 940 ft, 21/2 miles long and
studies indicate a mobility buffer of 50% pore volume 1 mile long, The belt of sands of the reservoir
is necessary. Tertiary recovery for the the Robinson averages more than 10 ft thick for a 1/2 mile in length
should be 60%. and 3,500 ft in width. Maximum thickness is 50 feet.

Tables: production data, The Robinson sandstone has three zones. The

Maps and Figures: sand isopach, porosity-perme- upper zone has small scale cross-bedding and climb-
ability and lithology, water saturation, slug perfor- ing ripples, lt is 5 to 10 feet thick, The middle zone
mance, oil saturation, cumulative oil. has medium scale cross-bedding with thin interbeds

of small scale cross-bedding, lt is 20 to 30 feet thick.
Hewitt, C. H., and J, Morgan, 1965, The Fry in- The lower zone is mixed sandstone and interbeds of

situ combustion test-reservoir characteristics: Jour, shale. The shale has mud-cracks and mantle ripple
Petroleum Tech. v, 17, p, 337-342. marks. This unit averages 20 to 25 feet thick.

The test was carried out on a 12,000 foot long, Overall the Robinson has an upward decrease in
3,500 foot wide body of the Robinson sandstone of grain size. A conglomerate of pebbles is present at
Illinois. The reservoir is at depths of 880 to 936 feet the base. Permeability and to a lesser extent porosity
and has three distinct sandstone units, each with decrease upward. The lower zone has an average
different textural and reservoir properties. The porosity of 20% and permeability of 425 md, Aver-
Robinson sandstone is of fluvial origin and part of an age porosity of the middle zone is 19% andperme-
extensive system, ability 300 rod. The upper zone averages 18% poros-

ity and 50 md permeability. In the middle zone
HowelI, J. C., R. W. McAtee, W. O. Snyder, vertical permeability is 75% to 95% of horizontal

and K. L. Tense, 1979, Large-scale field application permeability. The three zones are effectively isolated
of micellar-polymer flooding: Jour. Petroleum Tech,, reservoirs.

v.31, p. 266-272. The depositional environment is though to be
The Maraflood oil recovery process is a fluid bank and channel deposits of a river unto an alluvial

injection with a slug of micellar-polymer injected plain. A meandering stream is indicated by the sedi-
into a formation by a mobility buffer, The mobility mentary structures. There are no marine indicators of
buffer is the polymer-water solution. The test area is lower deltaic plain rather than alluvial plain. The
the Robinson sandstone of Illinois. narrow width of the deposits suggests limited lateral

shift of the stream.The Robinson sandstone of Pennsylvanian age

was deposited by a meandering river as migrating Maps: locality, structure, isopach.
point bars. Production was increased from 40 bopd to
536 bopd during the process. Recovery is estimated
to reach 27% to 33% of oil-in-piace.

Maps and Figures: location, sand isopach, E-log,
injection history, project performance.

Tables: reservoir characteristics, fluid injection
sequence.

Shelton, J. W., 1973, Robinson sandstone,
Pennsylvanian, southeastern Illinois; in: Models of
sand and sandstone deposits: a methodology for de-
termining sand genesis and trend: Oklahoma Geo.
Surv. Bull. 118, p. 36-39.

The Robinson sandstone lies in the La Salle anti-
clinal belt on the eastern flank of the Illinois Basin in

Crawford County, Illinois. Pennsylvanian rocks in
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E. Strawn Grouv

The Pennsylvanian age Strawn Group of North-Ccntral Texas has two major divisions. The deltaic
deposits of the lower Strawn fill tile dcep Fort Worth Basin. Fluvial-deltaic deposits of the upper Strawn sprcad
out over a great distancc on the Concho Platform.

latcd sandstones and shales 3. mudstones/shalcs.
Bebout, D. G., and C. M. Garrett, 1983, Wcst

Both carbonate and clastics provide excellent reser-
Texas (Railroad Commission of Texas Districts 7C, 8

voirs from a depth of 5,000 to 6,000 ft.
and 8A) Mississippian to Permian plays: in Gallo-

way, W. E., T. E. Ewing, C./vi. Garrett, N. Tyler and Brown, L. F. Jr., 1973, Pennsylvanian rocks of
D. G. Bebout, eds., Atlas of Major Texas Oil Reser- North-Central Texas: an introduction: in Brown, L.
voirs' Bureau Eco. Geology, The University of Texas F. Jr., A. W. Cleaves, and A. W. Erxleben, eds.,
at Austin, p. 106-130, Pennsylvanian Depositional Systems in North-Cen-

These several papers summarize and map the tral Texas. A guide for interpreting terrigenous clastic
major Mississippi, Pennsylvanian and ?':,mian plays facies in a Cratonic basin: Bur. Eco. Geo., The Univ
in Texas. The Strawn Group appears in several of the Texas at Austin, v. 14, p. 1-9.

regions covered. The majority of these reservoirs are, Many oil pay zones occur in North-central Texas
however, predominantly carbonate deposition. Sec- in the Strawn and Cisco fluvial-deltaic sandstone
tions include: facies. Maps delineate the stratigraphic position of

San Andres/Grayburg carbonate (north an6 south facies. The commercial development of oil and
Central Basin Platform). mineral and rock units in the area is discussed. Maps

Permian sandstone and carbonate show the regional structure, cross- sections and oil
wells in the area. A map of the evolution of the

ClearFork Platform Carbonate depositional systems across the Concho Platform,

Queen Platform / strandplain sandstone Bend Flexure and Forth Worth Basin is included.

Wolfcamp Platform carbonate Brown, L. F., 1969, Geometry and distribution
Northern Shelf Permian carbonate of fluvial and deltaic sandstones (Pennsylvanian and

Permian), North-Central Texas: Gulf Coast Assoc.
Maps' locality, structure, cross-section, net sand. Geo. Trans. v. 19, p. 23-47.

Charts: engineering -production data Sandstones of the Cisco and Strawn formations

and the Virgil and Wolfcamp series are discussed.Boring, T. H., 1990, Upper Strawn
(Desmoinesian) carbonate and clastic depositional Facies define a south-west paleoslope of 5 ft/mile
environments, S.E. King County, Texas (abs): AAPG across north-central Texas. Sandstone facies include:
Bulletin, v. 74, p. 218. delta front sheets, distributary mouth bars, distribu-

tary and fluvial channels, destructional bars. Multi-
King Co., Texas was the area of interaction be- story sandstone bodies were deposited along narrow,

tween carbonate and clastic depos_:ion (luring the structurally unstable belts maintained during 1,200 ft
Desmoinesian. Carbonate facies were deposited along of Cicso strata. There are 30 stratigraphic levels in
the northern edge of the Knox-Baylor trough. Terrig- 1,200 ft of section of nearshore facies in the Virgil
enous deposits were carried through the trough to the and Wolfcamp series. Very detailed analysis of de-
Midland Basin. Distribution and geometry of facies scriptive stratigraphy of each unit, including outcrop
are related to subsidence of the Knox-Baylor trough, cross-sections, cross-sections from logs and cores.
Pennsylvanian tectonics, deltaic progradation, avul-
sion end compaction. Maps: facies relationships, sandstone distribu-

tion, sand and mud compaction; depositional model
The carbonate cycle on the platform from bottom for Texas delta basins.

to top includes the following facies: 1. algal bioclastic
wackestones, 2. crinoidal wakestones, 3. algal Brown, L. F. Jr., 1973, Cra!onic basins' Ter-
bioclastic packstones-grz_,instones/fu:_ulinid crinoidal rigenous clastic models: in Brown, L. F. Jr., A.W.
packstones-grainstones, 4. crinoidal bryozoan Cleaves, and A. W. Erxleben, eds., Pennsylvanian
wakestone/shale. Clastic sediments from the Wichita Depositional Systems in North-Central Texas. A
and Arbuckle Mts. filled the Knox-Baylor trough in Guide for Interpreting Terrigenous Clastic Facies in a
the Desmoinesian. Deposits include: distributary- Cratonic Basin: Bur. Eco. Geol., Univ. Texas at Aus-
bar fingers, lobate deltas, offshore bars. Facies from tin, v. 14, p. 10-30.
top to bottom" 1. cross-bedded sandstones 2. interca-
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Analogs of modern delta models and ancient del- Two general units based on tectonic setting and
tas may display different degrees of basin stability, lilhofacies character were defined. Lower Strawn
geometry, scale, and other features. Depositional basin fill for the Fort Worth Basin, fan deltas and
systems models should be based on processes and slope depositionalsystems (including turbidites)make
environment and not absolute scale and geometry, up the basin fill. lt did not extend beyond the western
Depositional systems with a basin's history may in- flank of the Fort Worth Basin. Upper Strawn is
clude: terrestrial fans, lakes, eolian systems, dip-fed similar to Canyon and Cisco in terms of deposition,
fluvial, deltaic, shelf and slope-basin systems. The history, and facies. The fluvial and deltaic Buck
rate of subsidence may depend on: 1. dip feeding Creek Sandstone and Dobbs Valley Sandstone

across a shelf via delta progradation or tidal support, prograded over 80 miles beyond the western flank of
2. strike feeding along the basin margin to barriers, the Fort Worth Basin.

strandplains and through tidal inlets, or bay-lagoon Because the Midland Basin was not deep, no
estuary systems, major slope depositional system developed in the

Maps: fluvial development, deltaic systems, fa- upper Strawn. There was no slope break to localize
ciesdescriptions, schematic diagrams. Examples from deltaic sedimentation. Eight separate deltaic
the Strawn and other Groups in Texas. progradational cycles are recorded at surface and

shallow subsurface in the upper Strawn.
Care, A. S., 1988, Short-term community transi-

tion and "r selection" in shallow marine ernbayment Maps: S_.ratigraphic sections, cross sections
fauna from Pennsylvanian of North-Central Texas across seven counties based on 80 wells, cross ..
(abs.):AAPG Bulletin, v. 72, p. 170. sections across 5 counties based on 53 wells, threenet

sandstone maps based on 1,300 wells. Some coals
Macrofauna from a thin fossiliferous strata of the appear in the delta plain facies, locality map for coal.

East Mountain Shale(Strawn Group) was analyzed. Thick delta plain march deposits were due to high
Vertical sampling allowed reconstruction of a series structural stab!lity of the shelf.
of short-term communities and shifts in population
structure of 2 gastropods; Glabrocingulumg. Cleaves, A. W., 1990, Controls on cyclic sedi-
zrayvillensi_ and Str'_ap_lr011US_. ¢atilloides. These mentation patterns with Middle and Upper Pennsyl-
species shifts are related to environmental shifts vanian transgressive-regressive sequences in North
brought on by deltaic progradation. Central Texas (abs): GSA Bulletin, v. 22, p. 4.

The lowest unit was rapidly colonized by bryozo- The interval between the top ofthe Branon Bridge
ans and crinoids. These were replaced by more mud- Limestone (middle Strawn) and the base of the
loving species of gastropods. In the upper part Coleman Junction Limestone (top of the Cisco Group)
characterized by distributary deposits the harsh envi- contains 29 carbonate bound transgressive-regres-
ronrnent favored infaunal pelecypods. Initially rapid sive cycles. Complex influences of the uplift of the
growth rates during early colonization were checked Ouachita Mts. and eustatic sea level changes con-
by density dependent limiting factors. Suspension trolled the deposition. Eustatic sea level changes
feeders had high mortality rates as increases in sus- were responsible for transgression of the bounding
pended inorganics occurred. More stable environ- limestone units. The absence of a distinct shelf edge
ments had smaller numbers of larger individuals, or vertically accreting carbonate banks adjacent to

the Midland Basin was due to tectonic factors not sea

Cleaves, A. W., 1973, Depositional systems in levels. One to four geographically distinct fluvial-
the Upper Strawn Group of North-Central Texas: in deltaic depocenters were active in course-grained
Brown, L. F., A. W. Cleaves, and A. W. Erxleben, deposition. Progradation of deltas occurring during a
eds., Pennsylvanian Dr,,positional Systems in North- Iowstand of sea level gave rise to incised valley-fill of
Central Texas. A Guide for Interpreting Terrigenous chert pebble conglomerate that cut into earlier lime-
Clastic Facies in a Cratonic Basin: Bur. Eco. Geo., stones and shales.
The Univ. Texas at Austin, v. 14, p. 31-42.

The Strawn Group is a thick scquence of Middle Cleaves, A. W., and A. W. Erxleben, 1985,
Pennsylvanian terrigenousclastic and carbonate fa- Upper Strawtl and Canyon cratonic depositional
cies in a narrow band across north-central Texas. In systems of Bend Arch North-Central Texas (abs):

outcrop the Strawn the carbonate facies comprise less AAPG Bulletin, v. 69, p. 142.
than 5%of the total facies. This study used 1,400 E- Clastic and carbonatedepositional systems of the
logs and sample logs from 7,000 sq miles of 8 court- Upper Strawn and the complete Canyon Group were
ties is North-central Texas. deposited in the Fort Worth Basin and on the Bend

Arch of north-central Texas. Twelve major cycles of
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deltaic progradation and marine transgression were source for the more arkosic northern delta systems.
involved. Variations in subsidence in the Fort Worth The Ouachita fold belt supplied the chert-rich detritus
Basin, Knox-Baylor trough and Bend Arch were re- for the fluvial-deltaic facies on the Concho Platform.

sponsible for lithofacies geometry of the different Maps: locality, cross-sections, structuralcontour,
cycles. Effects of eustatic sea level changes have not facies, models and sand channel distribution.
been recognized from the facies evidence in north-
central Texas. Hamilton , J. F., and A.W. Cleaves, 1990,

Petroleum geology of Missourian Strawn sandstone
Galloway, W. E., 1983, Strawn Sandstone: in units, Callahan and Eastland Counties, Texas (abs):

Galloway, W. E., T. E. Ewing, C. M. Garrett, N. GSA Bulletin, v. 22, p. 8.
Tyler, and D. G. Bebout, eds., Atlas of Major Texas

rThe uppermost Strawn between the base of theOil Reservoirs: Bur. Eco. Geo., The Univ. Texas at
Austin, p. 65-67. Palo Pinto limestone and the top of the "Morris"

limestone can bedivided into three units: lower Moran,
Fluvial anddeltaic sandstones of the Strawn Group upper Moran and Cross Cut. Each of these sandstone

(Pennsylvanian) produce oil over North-Central units represents delta lobes that prograded from SE to
Texas. Fields are associated with the Sherman Basin, NW as part of a high constructive elongate deltaic
Muenster Arch, Red River Arch, Fort Worth Basin, system. Over 5MM bbl oil have been produced from
Bend Arch, and Eastern Shelf. these threeunits. Production depth averages 2,300 ft

On the eastern and northern margins the Strawn subsurface.

clastics are truncated and capped by Cretaceous de- Three coarse-grained reservoir facies arepresent:
posits. The source was the tectonically active Ouachita 1. discrete distributary channel fills, 2. amalgamated
and Arbuckle Mountains of southerii Oklahoma and distributary channel and channel -mouth bar sand-
northeastern TexasThe Strawn had three major elon- stones, and 3. growth-faulted and diapirically de-
gate fluvial/deltaic lobe complexes. The proximal formed distal delta front sandstones. Secondary po-
parts of the Strawn deposits in the Sherman Basin rosity developed where sand-sized fragments were
were folded and faulted in the late Pennsylvanian. removed through dissolution. Ankerite cement oc-

Trap type includes the faulted anticlines of the eludes porosity in ali three units. These sandstones
Sherman Basin and widespread -ow relief simple with open pore work, little authigenic clay (kaolinite)
anticlines, combined structural noses or closures, and and epitaxial cement are excellent clastic petroleum
stratigraphic pinch outs of reservoirs. Multiple stacked reservoirs.
reservoirs occur within several hundred feet of strati-

graphic section. Many small Strawn fields display Jamieson, W. H. Jr., 1983, Depositional envi-
stratigraphic entrapment but only the Antelope field ronments of Pennsylvanian Upper Strawn Group in
has produced over 10 million barrels of oil from a McCullohand San SabaCounties, Texas (abs): AAPG
stratigraphic trap.Tables: fields with 10 million bar- Bulletin, v. 67, p. 489.

rel production, engineering data The upper Strawn represents a transition to flu-
vial from progradationai deltaic facies. The lowerMaps: locality, fluvial-deltaic systems, environ-

ment model, structures, cross-sections, part of the upper Strawn is composed of horizontally
bedded fine-grained sandstones and shales of delta

Greimei, T.C., and A.W. Cleaves, 1979, Middle front origin. Foreset beds dip up to 15 degrees. The
Strawn (Desmoinesian) cratonic delta systems, delta-front facies contain small normal faults. Middle
Concho Platform of North-Central Texas: Gulf Coast. parts of the upper Strawn are massive fine to medium-
Assoc. Geol. Soc. Trans., v. 29, p. 95-111. grained mature sandstones which represent distribu-

The Strawn Group of the Fort Worth Basin and tary mouth bar deposits and proximal delta front
Concho Platform had four major transgressive-re- deposits. The upper part of the upper Strawn consists
gressive cycles. Information from 4,000 well logs of fluvial !.rough cross-bedded sandstones and chert
and 35 measured sections was used to correlate and pebble conglomerates. The upper Strawn is overlain

interpret the area. Deltaic facies present within each by the Adams Branch limestone. The upper Strawn of
cycle involve; thin (usually less than 140 ft thick), McCulloh and San Saba counties represents contin-
multilateral, high-constructive elongate and lobate ued filling of the Fort Worth Basin.

delta systems. The lowest two cycles extend downdip Mclnturff, D. L., R. C. Price and R. F. Ward,
for more than 200 miles. 1989, Depositional environments and porosity de-

There was no true shelf-edge or slope system velopment, Strawn Formation (Middle Pennsylva-
along the gradually subsiding eastern platform of the nian), Wagon Wheel and H S A (Penn) Fields, West
basin. The Arbuckle and Wichita Mts. were the Texas (abs):AAPG Bulletin, v. 73, p. 389.
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These fields are on the western flank of the Cen- the Fort Worth Basin. Paleocurrent and petrographic data
tra! Basin Platform in the Permian Basin. Siliciclastic indicate that the source was the rising Ouachita Mts. in the
and carbonate depositional systems controlled sedi- north and northwest. Outcrop studies divide the Strawn
mentation in the Strawn in this region. The HSA field Group into two divisions: 1. iower Strawn-basin and
is composedoffanglomerateclastics which prograded submarine fan sediments deposited as active tectonic
westward across the basin. The Wagon Wheel is subsidence increased water depths in the Fort Worth Basin,
carbonate with five shallowing upward sequences, and 2. upper Strawn- a progradational sequence of fluvial-
Rapid transgressions are marked by subtidal phylloid deltaic and carbonate platform sediments deposited as
algal wackestone facies. Porosity occurs in interpar- regiotuxluplifttotheeastaccompaniedprogressiveshoaling
ticle voids within the nearsh0re fanglomerate lobes of the sediment surface. The lower Strawn has four facies:
and as leached biomolds in the grainstone shoals of 1. massive channel sandstone, 2. massive amalgamated
the carbonate bank. Late stage ferroan calcite cement sandstone, 3. turbidite, and 4. shale facies.

reduces porosity. The upper Strawn delta platform assemblages include:

Shannon, J. P., and A. R. Dahi, 1971, Deltaic 1 channel mouth-bar sands, delta-front sands, delta slope
stratigraphic traps is West Tuscola Field, Taylor sands, interdistributary fine elastics, and 2. carbonate
County, Texas: AAPG Bulletin, v. 55, p. !194-1205. facies including phylloid algal mounds and perideltaic

bioclastic limestones. The lower Strawn overlays the
Hydrocarbons is sandstone bodies of West Tuscola Smithwick Shale. Upper Strawn grades from lower Strawn

field near Abilene, Texas are in stratigraphic traps in some areas but rests unconformably over the Marble
composed deltaic sandstone of the Strawn Group. Falls Fm. in other areas due to orogenic movement of the
Vertical sequence (bottom to top) is: 1. progradational Ouachitas.
sequence (prodelta and delta front), 2. aggradational
unit (delta plain-marsh and interdistributary bay), Trice, E. 1,., and R. C. Grayson, 1982, Depositional
and 3. overlying transgressive shallow marine inter- systems and stratigraphic relationships of Strawn Group
val. (Pennsylvanian), Colorado River Valley, Central Texas

Reservoir sandstones in the delta-front facies are (abs.): AAPG Bulletin, v. 66, p. 637.

know locally as the "Gray sandstone". They are Brazos River Valley Strawn deposits are fluvial, del-
stream-mouth-bar deposits, lenticular and irregular taic, and shallow marine. The Strawn Group of the Colo-
in shape. Porosity is variable and, therefore, it makes rado River Valley is divided into lower and upper units.
development of secondary recovery methods and pre- The lower Strawn represents submarine fan and basin fill
dicting occurrences in other deltaic sandstones dif- deposits, at least two cycles of fan progradation are
ficult, recognized. Upper Strawn represents three regressive-

transgressive cycles of deltaic, perideltaic and shallow
Sullivan C. E. B., 1990, Planning and interpre- submarinedepositionalsystems. LowerStrawnisconfined

tation of a VSP in a Strawn mound prospect, Lea to the Fort Worth Basin overlying the Smithwick Shale.
County, New Mexico (abs.): AAPG Bulletin, v. 74, p. The upper Strawn prograded westward upon to the Concho
773. Platform. The sediment source was the Ouachita foldbelt.

A zero offset, single source offset vertical seis-
mic profile was conducted on an 11,500 ft deep Strawn Ware, G. D., 1987, Stratigraphic and structural rela-
mound. Objectives: 1. an accurate well tie 2. a tionships of Strawn Group, Brown, Coleman and Runnels
representation of the mound away from the borehole Counties, Texas (abs.): AAPG Bulletin, v. 71, p. 244-245.
3. a comparison with a key surface seismic line. Two exposures of the Strawn form triangular areas in
Modeling was used to test whether the VSP could north-centralTexas; the Brazos River ValleyandtheColo-
detect changes in mound configuration and porosity rado River Valley. The Brazos River Valley outcrops are
content. The difference in phase, the surface line fluvial-deltaic and represent transgressive shallow marine
being out of phase with respect to the VSP caused facies. They grade into carbonate facies in the subsurface.
interpretation difficulties. Processing of seismic data The Colorado River Valley Strawn is divided into two
with a deconvolution operator designed from the VSP units; the lower Strawn is basin-fill sediments of outer
data was recommended in further tests, shelf, slope and submarine fan. The upper Strawn is

correlated to the Strawn in the Brazos River Valley and
Trice, E. L., 1982, Depositional history of Strawn west into the subsurface. In the Colorado River Valley and

Group (Pennsylvanian) Fort Worth Foreland Basin, west into the subsurface mapping reveals a system of faults
Colorado River Valley, Central Texas (abs.): AAPG related to horst and graben structures. The Concho Arch
Bulletin, v. 66, p. 637. area was positive and became a core of persistent algal

In the Colorado River Valley, Texas, 1,200 ft of buildup.
terrigenous clastic and carbonate facies were deposited in
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F. WilcoxGrouo -

The Wilcox Group is a sequence of Paleocene-Eocene age clas_.ic formations reaching across the Texas
Gulf Coast to include parts of Texas, Louisiana, and Mississippi. Growth faulting in Texas caused the building
of thick deltaic sequences in predominantly faulted reservoirs. Further east, in Louisiana and Mississippi, the
Wilcox produces from non-structured deltaic reservoirs.

Anderson, M. P., and J. A. Breyer, 1988, sandy shales are bioturbated in the lower section but
Depositional sequences and hydrocarbon exploration not in the upper section of the Technik sequence. The
in Wilcox Group, South Texas (abs.): AAPG Bulletin, Kublena zone is similar. The non-reservoir facies are
v. 72, p. 155. overbank deposits.

Five unconformity-bounded sequences (A to E, South Hallettsville field, lower Wilcox sand-
from upper to lower) are present in the lower and stones produce gas at depths of 10,000 to 11,400 ft.
middle Wilcox of south Texas. In the C, D, and E Beds are 2-10 ft thick and composed Of massive
sequencesoftheLowerWilcoxofDeWittCounty and turbidite sandstones. Theyare stacked channel tur-
parts of Gonzales, Karnes and Lavaca Counties there bidites isolated by black shale. Some of the sandstone
are 33 gas fields, ali but two of which are in the is contorted due to soft-sediment deformation. Re-
Wilcox growth-faulted zone. These 33 fields are gional seismic profiles show lower Wilcox sands
located in the downdip Wilcox and contain less than deposited on Early Eocene shelf edge and slope.

40% sand. The updip Wilcox sequences above the Maps: locality, E-log correlations, seismic lines,
growth fault zone contain 44 fields, with additional as core sections show textural features.
yet undeveloped areas in the shallow Wilcox trend.

Breyer, J. A., 1985, Coarsening-upward tidal
Belvedere, P. G., 1988, South Harmony Church sequences in Wilcox Group in East Texas (abs.):

Field, Southwest Louisiana- further insights on Up- AAPG Bulletin, v. 69, p. 142.
permost Wilcox shelf-margin trend (abs.): AAPG
Bulletin, v. 72, p. 160. Most concepts of the Wilcox Group are based on

paleogeographic reconstructions based on maps of
The Wilcox Group in South Harmony Church net sand. Coarsening upward tidal sequences found

Field is a 2,000 ft thick sequence of single and mul- in the walls of lignite mines show the shortcoming of
tistory sandstones and shales. Typical lithologies these reconstructions. In the past these sequences
include: bioturbated, muddy sandstone- inner shelf; were interpreted as prograding floodplain splays in an
less bioturbated, arenaceous sandstone- mostly inner area of fluvial sedimentation. Recognition of the
shelf; structureless to faintly horizontally laminated tidal origin of the coarsening-upward sequences sug-
sandstone- mostly lower shoreface; horizontal to gests an embayed coast or shoreline at the time of
cross-laminated, commonly deformed sandstone with deposition. Smaller intervals can be defined using
shales and siltstone interbeds- lower shoreface, the principles of sequence stratigraphy and tracing

The best reservoir sands are the bioturbated clean unconformities in the subsurface for predicting the
sandstones of the shelf-shoreface transition zone subtle trap.
where porosity ranges from 5 to 23 % and permeabil-
ity ranges from 0.01 to 31 md. Porosity is of leached Breyer, J. A., 1984, Tide-dominated delta model
secondary origin. Geologic parameters in Allen Par- for coal-bearing Wilcox strata in South Texas (abs.):
ish are similar to those of Lockhart Crossing Field AAPG Bulletin, v. 68, p. 457.
including: 1. rollover anticline production, 2. shelf Coal-bearing Wilcox deposits near Uvalde, Texas
to nearshore depositional setting, and 3. lithology, are from a tide-dominated delta comparable to the
The study area (Allen Parish) is down dip from Klang-Langat delta of Malaysia. Five facies are
Lockhart Crossing. identified: 1. lignite 2. underclay 3. interbedded sand

and mud with lenticular, wavy, flaser bedding 4.
BergR. R.,1979, Characteristics ofLower Wilcox ripple-laminated or cross-bedded sand 5. greenish

Reservoirs, Valentine and South Hallettsvillc Fields, strongly bioturbated sand.
Lavaca County, Texas: Gulf Coast Assoc. Geol. Soc.
Trans., v. 29, p. 11-23. On the Klang-Langat delta modern equivalents of

these facies are: 1. peat formed in freshwater swamps
The Valentine field produces oil at depths of 2. root horizons developed beneath the peat 3.

9,100 ft in a stratigraphic trap from two sandstones of interbedded sand and mud on tidal flats 4. channel
the Wilcox group. The Technik is a thin-bedded 25 ft sands 5. shallow marine sand and mud.
thick turbidite, with laminated bedding. Adjacent
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Tidal flats of modern deltas are crossed by small DePaul, G. J., 1989, Environment of deposition
tidal creeks and larger tidal streams. Tidal channels of Upper Wilcox Sandstone, Katy Gas Field, Waller
cut into tidal flat sediments and separate peat forming County, Texas: Gulf Coast Assoc. Geol. Soc. Trans.,
areas. Channel sands of the Wilcox cut into tidal flat v. 30, p. 61-70.

deposits and form washouts in the lignite. Thinner Sandstones of the Wilcox Group produce gas at
sands in the Wilcox are small tidal creeks with sharp depths of 10,021 to 11,000 ft. Reservoirs are con-
erosive bases, fining upward into mud. The thick trolled by stratigraphic and structural features. Pro-
sands in the Wilcox have sharp tops and bases and ducing zones are from 6 to 42 ft thick. Production is
show no grain size trend. They are fills of larger tidal localized on the top on an anticline. The upper
streams, Wilcox was defined asdelta front grading upward to

Chin, E. W,, G. A. Cole, M. J. Gibbons, R. bay-marsh deposits (Williams 1974). and turbidite
Sassen, and R. J. Drozd, 1990, Organic geochemis- deposits by (Berg and Findley, 1973). The field is
try of Lower Tertiary shales of Southern Louisiana: downdip from the Wilcox fault zone. Cores from the
regional distributionof source potential (abs): AAPG upper Wilcox show the sandstones are submarine,
Bulletin, v. 74, p. 628. channel turbidites. The sandstones are sparsely

bioturbated. Forams indicate bathyal water depths at
Outer continental shelf shales of Paleocene/Eo- the time of Wilcox deposition.

cene Wilcox Group and Middle Eocene Sparta Fm.
are potential source rocks for oil in southern Louisi- The upper Wilcox group is associated with late
ana. 837 shale samples from 24 wells were analyzed Sabinian transgression, deposition in a submarine

fan.
using Rock-Eval pyrolysis and pryolysis-gas chroma-
tography and gas chromatography-tnass spectrom- Maps: locality, structure, isopach; E-log correla-
etry. Regional trends in organic geochemistry are tions, core sections for textural analysis.
related to sedimentary facies transition from proxi-
mal deltaic to shelf/slope environments and thermal Dingus, W. F., and W. E. Galloway, 1990,
maturity. Thermal effects increase from east to west Morphology, paleogeographic setting, and origin of
and from north to south as depths of 30,000 ft are the Middle Wilcox Yoakum Canyon, Texas Coastal
reached in the Wilcox. There is more oil from west Plain: AAPG Bulletin, v. 74, p. 1055-1076.

to east in southern Louisiana with maximum in the The Yoakum is the largest Gulf Coast Eocene
shelf/slope flexure zone of south-central Louisiana. erosional gorge, lt is interpreted as a buried subma-
Sparta Fm. shales show excellent potential in shales fine channel. The canyon can be traced 67 miles from
overlain by shelf-edge barrier sands. Wilcox source the Wilcox fault zone. The canyon was formed adja-
rock potential is high in shales deposited in submarine cent to the Rockdale Delta and depths exceed 3,500 ft
fan environments, of shale-fill. The sequence of formation was: 1. distal

deltaic facies of the lower middle Wilcox were depos-
Chuber, S., 1979, Exploration methods of dis- ited during regression, 2, upper middle Wilcox

covery and development of Lower Wilcox reservoirs progradation atop the unconsolidated muds initiated
in Valentine and Menking Fields, Lavaca County, slump of the continental margin, 3. erosion of the
Texas: Gulf Coast Assoc. Geol. Soc. Trans., v. 29, p. canyon across the shelf contemporaneously with sub-
42-51. sidence and disruption of sediment supply, and 4.

The Valentine field was discovered by correla- Yoakum Canyon filled by hemipelagic and prodelta
tions of 48 wells in a 185 sq mile area. The Wilcox muds of upper Wilcox.

Group in the Valentine field is 4000 ft thick. Six Maps: i_opachs, paleogeographic, logs; 3 -di-
deltas in this field were correlated. A northeast- me,nsional model of canyon
striking barrier bar model was used to pick offset-

development locations. Subsurface data exposed two Dow, W. G., and P. K. Mukhopadhyay, and T.
shale-filled channels which are responsible for the oil Jackson, 1988, Source rock potential and maturation
accumulation, of deep Wilcox from South-central Texas (abs): AAPG

The Menking field was an accidental discovery in Bulletin, v. 72, p. 179.

the Kubena sandstone, 100 ft above the shale-filled Organic rich shales from depths of 5,000 to 24,000
channel, ft were analyzed. Lowest and highest vitrinite reflec-

Maps: locality, deltas, isopach, sand trends, tance and bottom hole temperatures are .4% R and
structural contours, E-logs. 122° F at 5,000 ft and 4.5% R and 460° F at 24,000 ft.

Four types of organic facies were found. Three phases
of types IIA and lib oil prone kerogens are related to
environment. Deltaic coal and deep sea-fan or pro-
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delta shales in thelower Wilcox are source rocks for Edwards, M. B., 1985, Effect of differential
the liquid hydrocarbons in south-central Texas. Gen- subsidence in growth-faulted regions on E-log pat-
eration and expulsion of crude oil occurred during terns and preservation potential (abs.): AAPG Bulle-
deposition of overlying middle Miocene reservoir tin, v.,69, p. 251-252.

facies. Electric log correlation in the Eocene Wilcox

Edwards, M.,1981, Upper Wilcox, RositaDelta Group and Oligocene Frio Fm. of the Texas Gulf
system of South Texas: Growth-faulted shelf-edge contradicttheideathatchangesinlogeharacteracross
deltas: AAPG Bulletin, v. 65, p. 54-73. growth faults only reflect changes in environment.

Growth ratios on the downthrown blocks vary from
Astudy based on 500 well logs. Acomplex of 1:1 to as much as 10:1. The basic unit of both

three deltas each up to 10's of miles along strike can deposition and correlation is the regressive coarsen-
be traced 15 miles downdip. Basinward across the ing upward sequence. Growth faults had no signifi-
growth fault zone each delta has 600 to over 3,000 ft cant surface expression and did not separate contrast-
of deposits. The growth faults were activated by ing environments.
progradation of deltas over unstable prodelta-slope
muds at the contemporary shelf tnargin. In the Wilcox, prodeltas pass up into delta front

sandstones. In the Frio barrier-bar or strandplains,
The Wilcox deltas are Duval, Zapata and Live shell"and lower shoreface deposits pass up into upper

Oaks, from oldest to youngest. Each has several shoreface sandstones. A change in log character
lobes, with thickness increased by tenfold due to across a growth fault appears to indicate that the
progradation over active growth faults. Characteris- subsidence rate on the downthrown block exceeds a
tic coarsening upward sequences include: prodelta threshold valve, enabling preservation of low energy
shales, delta front sandstones, distributary channel muddy layers and episodic storm deposits that were
and channel-mouth bar sandstones and largely destroyedby weather-wave reworking on the
interdistributary shales and sandstones. For the upthrownblock. Sandstones in the downthrown block
Wilcox the Paleocene-Eocene was the first extensive may contain shale barriers to vertical fluid flow if the
period of progradation of terrigenous sediment in the threshold rate was exceeded.
Tertiary GulfCoast basin, lt thicken from 100 ft near
outcrop to over 6,000 ft subsurface across 60 to 100 Fisher, W. L., 1969, Facies characterization of
miles. Gulf Coast basin delta systems, with some Holocene

Conclusions: 1. The sandstones in deep upper analogues: GulfCoast Assoc. Geo. Soc. Trans., v. 19,
Wilcox were deposited in shallow water deltaic envi- p. 239-261.
ronments. 2. Upper Wilcox deltas of Rosita complex There are two basic delta types on the Mesozoic-
prograded rapidly toward the shell"edge in associa- Cenozoic Gulf Coast: high-constructivem largely
tion with growth faults accumulating great thickness, fluvial and fluvial influenced facies, and high-de-

Maps: delta location and shelf edgcs, strati- structivempredominately marine facies. High con-
structive lobate and elongate systems are recognizedgraphic sections, log sections, strike sections, struc-

tural dip sections showing faults; correlations, as well as high:destructive wave dominated and tide
dominated deltas.

Edwards, M. B., 1980, The Live Oak Delta Complex: Examples of high-constructive deltas are: Lower
an unstable, shelf/edge delta in the deep Wilcox trend of Wilcox of Texas, Louisiana, and western Mississippi,
South Texas: Gulf Coast Assoc. Geol. Soc. Trans., v. 30, p. Yegua and Jackson of Texas, and Woodbine of Texas,
71-79. and Cotton Valley of Mississippi and Louisit_na. The

Correlation of 500 well logs shows three major delta Holocene analogue is the modern Mississippi delta.

complexes in theRosita delta system. They werepreviously High-destructi ve del tas include the upper Wilcox,
defined as lower Wilcox shelf-edge facies. Now Vicksburg, and Frio of Texas. Holocene analogues
reinterpreted as upper Wilcox deltas th.'ltprograded across include the Rhone, Po, Apalachicola, and Tabasco
a stable shelf to an unstable marginl delta systems. The paper discusses stratigraphy, fa-

The Live Oak Delta complex is the youngest and has ties, and depositional processes.

the most numerous lobes. The Luling and Slick lobes are Maps: delta schematics, depositional systems,
extensively growth faulted, changing downdip from delta delta locality map, facies distribution er.amp;.es, net
plain to prodelta facies. Thickness increases downdip sand, maps of delta types and logs.
where rapid subsidence occurred. The deltas progradcd out
to the shelf margin and the associated growth faults reflect
gravity instability related to the adjacent prodelta slope.

Maps: locality, isopach; E-log correlations.
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Fisher, W. L., and J. H. McGowen, 1967, subsidence are preserved. Genetic statigraphic se-
Depositional Systems in Wilcox Group (Eocene) of quences reflect interplay of variables such as tectonic
Texas and their relation to occurrence of oil and gas: events in the source rock area in the early Cenozoic.
Gulf Coast Assoc. Geol. Soc. Trans,, v. 17, p. 105- Late Cenozoic sequences are more related to sea level
125. fluctuations.

See annotation in next entry. Maps: Stratigraphic section of GulfCoast, move-
ment of depocenters ill Gulf Coast, 3-D model, E-log

Fisher, W. L,, and J, H. McGowen, 1987, correlations across GulfCoast, source areas for Gulf,
Depositional Systems ill Wilcox Group (Eocene) of position of major delta systems in Cenozoic.
Texas and their relation to occurrence oi' oil and gas: _

in Beaumont, E. A., and N. H. Foster, etl., Reservoirs Galloway, W.E., 1968, Depositional systems of
II Sandstones; Treatise of Petroleum Geology, Reprint the Lower Wilcox Group, North-central Gulf" Coast
Series, v. 4, p. 242-266. Basin' Gulf Coast Assoc. Geol.Soc. Trans., v. 18, p.

275-289.
A regional investigation of the Wilcox group in

outcrop and subsurface indicates seven principal Lower Wilcox of Louisiana, Mississippi and Ala-
depositionalsystemso 1. Mt. Pleasant fluvial system bama consists of 4 depositional systems. 1. Holly
updip and in outcrop north of the Colorado River. 2. Springs Delta system is the largest, 2. Pendleton Bay-
Rockdale delta system, primarily subsurface between lagoon system which extends into east Texas, 3. a
the Guadalupe and Sabine Rivers. 3. Pendleton la- restricted shelf system east of the delta system, and 4.
goon-bay system, outcrop and subsurface on the an unnamed fluvial system along the flanks of the
southern flank of the Sabine uplift. 4. San Marcos Mississippi trough. Three lobes of the delta mass are
strandplain-bay system, outcrop and subsurface on separated by mud-rich interdeltaic-subembayments.

the San Marcos Arch. 5. Catahoola barrier bar system, Facies mapping from E-logs recognizes seven
subsurface, South Texas. 6. Indio bay-lagoon system, components of the delta system: 1. bar-finger sand
updip and outcrop in South Texas. 7. South Texas facies, 2. interdistributary bay mud-silt facies, 3.
shelf system, extensive in the subsurface, distributary channel sand facies, 4. prodelta mud fa-

The Rockdaledelta system of large lobate wedges ties, 5. distributary mouth bar-delta front sand fa-
ofmudstone, sandstone, and carbonates is the thick- ties, 6. interdistributary deltaic plain sand-mud-

est and most extensive on the lower Wilcox deposi- lignite facies, and 7. destructional phase sand-mud-
tional systems, lt grades updip into the Mt. Pleasant lignite facies.

fluvial system. Deposits of the Rockdale were the There are two principal types of deltas in the
source for redistribution by marine processes. Delin- Holly Springs system. The bird-foot lobes were con-
cation of the component facies of the several systems strutted where distributaries prograded over thick
permits establishment of regional oil and gas trends prodelta muds; thinner more lobate shoal-water delta

which show relation of producing fields to potentially lobes formed on shallow sandy shelves or old delta
productive trends, plains. There is a correlation in depositional environ-

Maps: depositional systems, outcrop and subsur- ment and oil production between Holly Springs and
face distribution of sand, stratigraphic sections, delta Rockdale system of Texas. Sand units associated

with distal margins of lobes or destructional units aresystem locality, mud-sand ratios, production map.
the most prolific reservoirs.

Galloway, W. E., 1989, Genetic stratigraphic Maps' locality, sand isolith, cross-sections, sand-
sequences in Basin Analysis II: application to North- sh.'lle ratios, E-logs.
west Gulf of Mexico Cenozoic Basin' AAPG Bulle-

tin, v. 73, p. 143-154. Galloway, W. E., W. F. Dingus and R. E. Paige,

The Gulf of Mexico Cenozoic sedimentary wedge 1988, Depositional framework and genesis of Wilcox
illustrates the use of genetic stratigraphy. Theprin- submarine canyons systems, Northwest Gulf Coast:

AAPG Bulletin, v. 72, p. 187-188.cipal genetic units of the basin fill are sequences
defined by regional marine flooding. Periods of basin

margin ofl'lap punctuated by period of transgression Wilcox slope systems have two families of paleo-
and marine deposition. Continental margin outbuild- submarine canyons. The Yoakum is in the regressive
ing is concentrated in one or more shell'edge-dclta middle Wilcox. Four canyons exhibit high length to
systems. The depocenters relocate during transgres- width ratios and the fill is primarily mud. The fill is
sion and flooding. Syndepositional structural style genetically related to the uppcrWilcox fluvial-dci,
results in sporadic uplil't of basin-fringing deposits taic sequences.
and facies along zones of normal faulting and enhanced
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Lavaca type canyons form a system of erosional Oil in the Hazlit Creek field is found in strati-
features created along the rapidly prograding, un- graphic traps of the Lower Wilcox at depths between
stable lower Wilcox continental shelf. Five canyons 6,875 and 7,250 ft. Eight sandstone units comprise
are characterized by low length to width ratios, and 375 ft of pay sands.

broad, flat floors. They cut out large volumes of Maps: locality, contour: facies description, de-
prodelta and slope facies; fill is both mudstone and scription of production zones, sample logs and some
sandstone. Cores reveal slump and debris-flow engineering characteristics_
sedimentary packages. Lavaca type canyons are as-

sociated with large slumps. Herrmann, L. A., 1986, Computer-aided explo-

General process model for submarine canyons ration-a case history, (Caldwell Parish, Louisiana):
includes: 1. depositional loading of the continental Gull' Coast Assoc. Geol. Soc. Trans., v, 36, p. 151-
margin creating instability, 2. initiation of large- 159.

scale slump or listric bedding-plane faults, and 3. Gas exploration is the Wilcox Group of Louisiana
headward and lateral expansion of tile depression by used data from 223 wells in 1975 and 469 wells in
slumping and density under-flow erosion. 1986. Computer use of this data predicted wells

Short broad canyons form on narrow shelves of based on structure, isopach, trend surface, and re-
active prograding margins. Elongate mature canyons sidual maps. 34% of the wells produced gas.

form in regressive or transgressive settings. Hutchinson, P. J., 1987, Morphology and evo-

Garbis, S. J., B. J. Brown and S. J. Mauritz, lution of a shale-filled Paleo-channel in the Wilcox
1985, Review of the completion practices in the Wilcox Group (Paleocene- Eocene), Southeast Texas: Gull"
Formation in South and South Central Texas: SPE/ Coast Assoc. Geol. Soc. Trans., v. 37, p. 347-356.

DOE Low Permeability Gas Reservoir, Denver, Cole- Seven paleo-channels in the Wilcox Group of the
rado, v. 13900, p. 497-508. Gulf Coast have been described. An eighth suggests

This paper gives specific engineering data with passive submarine erosional forces shaped the chan-
averages and ranges from a number of Wilcox units in nels prior to active erosional forces such as turbidity
south Texas. There is a discussion of rock character- currents. The Tyler (Hardin) channel is 24 miles long

and 12 miles wide with over 1,000 feet of shale fill. ltistics, drilling and completion data, fracturing con-
siderations, and design, bifurcates updip.

Tables: X-ray diffraction analysis, mineral con- The deep marine shale infill of these channels
tent of formation water, reservoir and frac fluid char- acts as a source of oil and gas and a seal for adjacent
acteristics; examples o1"casing program for weil, reservoir rock. Upward migration of oil through
proppant profiles, and calculated productivity, fractures and faults fills the reservoirs in overlying

Wilcox deposits. Most oil fields in the Wilcox Group
Gibson, T. G., 1982, New stratigraphic unit in of Tyler and Hardin counties are associated with the

the Wilcox Group (Upper Paleocene- Lower Eocene) underlying channel fill.

in Alabama and Georgia: U. S. Geol. Surv. Bulletin, Maps: locality, stratigraphic ._ections, isopach of
v. 1529-tt, p. H23-H32. channel fill, correlation of channel fill and oil fields,

A new lithostratigraphic unit is named in this hydrocarbon migration.
paper. The Baker Hill Formation of the Wilcox
Group outcrops in eastern Alabama and western ltutchinson, P.J., 1987, Morphology andevo-
Georgia. Baker Hill is largely kaolinitic clay and lution of shale-filled paleochannel in Wilcox Group
cross-bedded sand and was previously part of the (Paleocene-Eocene), Southeast Texas (abs.): AAPG
Nanafalia Formation. Outcrops are in the Bulletin, v. 71, p. 1117.
Chattahoochee River Valley. The name change relied Paleochannels in the lower Wilcox include:

heavily on invertebrate fossil identification and Bejuco_Lalaja, Chicontepec, DeSoto, Nautla,
stratification. Ovejas, St.Landry and Yoakum and Tyler (Hardin).

Maps' locality, cross-sections, age relationships. The Tyler (Hardin) is 24 miles long, 12 miles wide
and displays over 1,000 ft of shale fill in a N-S

Gulmon, G.W,,lt.E. llansen, andA. T. Ricci trending channel, lt bifurcates updip into two chan-
Jr., 1972, Hazlit Creek Field, Wilkinson County, nels with many gullies. The channel grew from
Mississippi' AAPG Memoir 16, p. 318-328. youthful to mature stages through passive erosive

mechanisms. In the mature stage it was enlarged by
turbidity currents In old age infilling occurred with
a deep marine shale. The deep marine shale of the
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channel "iii acts as a source of otl and gas and a seal Roll, E,G,, 1987, Structural framework and sand
for adjacent reservoir rock. Upward migration of oil genesis of the Wilcox Group, Travis Ward Field, Jim
through faults and fractures in the fill are the source Hogg County, Texas: Gull" Coast Assoc, Geol. Soc.
of oil for the reservoirs of the Upper Wilcox in Tyler Trans., v. 37, p. 207-215.

and Hardin Counties, Texas. Since 1983, eight deep wells have been drilled in

Lawless, P. N.I 1990, Genetic stratigraphy of the the Wilcox, 4 produce from deep sands and one pro-
Lower PaleogeneofCentral Louisiana(abs.):AAPG daces from the top of the Wilcox. Reserves are
Bulletin, v. 74, p. 700-701 estimated at 60 to 200BCFgas, Wilcox and Queen

' City production is related to normal faulting associ-
The Wilcox Group and related Porters Creek For- ated with deep stilt and or a shale ridge within the Rio

mation were divided into three sequences using 476 Grande interior salt basin, Growth of the ridge has
wells and6seismiclines. Genetic sequences include: resulted in the Wilcox being as much as 2,000 ft
1. Midway, 2. Eolly Springs,and3. Carrizo. They are structurally high to areas adjacent to Travis Ward
locally dominated by highstand systems tract dopes- field. Ridge associated sea floor topography, shelf
its. The Midway was deposited in a very rapid sea currents, sediment source proximity andratcofsedi-
level fall. lt is characterized by shingledprograding mentation h.'_ve combined for development of high
clinoforms. The Eolly Springs was deposited during quality clean reservoir sands.
a sea level rise and is fluvially dominated. The
Carrizo was deposited during sca level fall and has Maps: locality, structure, cross-section, seismic

section, block diagram of sand genesis, productionpoorly developed deltaic facies. The three sequences
represent separate hydrocarbon migration routes. Oil data.

has been produced from the Carrizo and Eolly Springs, Sassen, R., 1990, Lower Tertiary and Upper Cre-
but not from the Midway. taceous source rocks in Louisiana and Mississippi:

May, J. A., and S. A. Stonecipher, 1988, Dia- Implications to Gulf of Mexico crude oil: AAPG
Bulletin, v. 74, p. 857-878.genetic/stratigraphic modeling: Wilcox Group, Texas

Gulf Coast (abs.): AAPG Bulletin, v. 72, p. 218. The Wilcox crude oil from Louisiana and Missis-

Diagenetic/stratigraphic modeling of Wilcox fa- sippi has two kerogen variations. In downdip areas of
cies interpretations are based on depositional process southern Louisiana the oil migrated short distances,

in updip areas Wilcox production results from longand lateral variation and vertical sequence of pro-

cesses. Diagenetic models require knowledge of range materi.'|l migration (150 km) from mature source
rocks. Crude oil in Upper Tertiary and Pleistocenechemical processes. Chemistry of bottom waters
reservoirs is explained by vertical migration fromaffects formation of specific authigenic clay and car-

bonate cements. The Wilcox Group is the lstmajor dccp lower Teritary source rocks.

regional clastic wedge built over and beyond the Tables of 695 core samples discuss total organic
Cretaceous carbonate shelf edges. Cores analyzed carbon, temperature and hydrogen index and oxygen
attribute sediments to subenvironments of the delta index (on graphs). Tables cover chromatographic
plain, delta front and continental shelf. Turbidites studies of 78 oil samples.

are present along delta fronts, however no submarine Maps: migration pathways.
fan sequences have been found (16 wells).

Sassen, R., R. S. Tye, E. W. Chinn, and R. C.
McCulloh, R. P., and L. G. Eversull, 1986, Shale- Lemoine, 1988, Origin of crude oil in the Wilcox

filled channelsYstem in the Wilcox Group (Paleocene. trend of Louisiana and Mississippi: Evidence of
Eocene),North-central,SouthLouisiana:GulfCoastAssoc. long-range migration: Gulf Coast Assoc. Geol. Soc.
Geol. Soc. Trans., v. 36, p. 213-218. Trans., v. 38, p. 27-34.

The shale channel is a N-S trend that bifurcates to form
Long range updip migration (sometimes greater

two branches downdip. The channel cuts across adjacent than 100 km) from deeply buried Wilcox source fa-
sandstone-shale Wilcox strata. The channel shale is nearly ties provides the best explanation for emplacement of
featureless with uniform lithology and in interpreted as a crude oil in the shallow Wilcox trend of central Loui-

submarine canyon ['ill. The length of the channel is 30-35 siana and SW Mississippi. Geochemically distinct
miles and the width is 6 miles. The thickest fill is 985 ft at oils with lower wax contents are l'ound in this trend.

the point of bifurcation. The channel indicatcd potential Research on the thermal maturity of the Wilcox in
forstratigraphichydrocm'bontrapsahmgitsflankinadjacellt Louisiana anti Mississippi show the source is in ma-
sandstone units of the Wilcox. rino shales of the deep Wilcox Group in south central

Maps: stratigraphic dip sections, E-Iogcorrcla- Louisiana.
tions.
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Tables and graphs: geochemical data of crude oll Tye, R. S.,C. W. Wheeler, W. C, Kimbrell, and
from Louisiana and Mississippi comparing Wilcox, T, F. Moslow, 1988, Ltthostratigraphic framework
Tuscaloosa and Smackover reservoirs; Kerogen as- and production history of Wllcox in central Louisiana
sessment and mean vitrinite reflectance, pyrolysis (abs.): AAPG Bulletin, v, 72, p. 255.

and TOC determination, engineering data plots on The Wilcox Group in Louisiana is a complex of
parameters of thermal maturity, fluvial, deltaic and marine deposited multiple, dis-

Self,G.A.,S.Q, Bread,ll, P, Raef, J,A. Sleln, continuous sandstones. Hydrocarbon reservoirs are
found in positive structural features or in areas (_1'M. O, 'l'raugett, and W, D. Eason, 1985, Lockheart ,

Crossing Field: New Wilcox Trend in Southeastern favorable stratigraphy, Numerous Wilcox depocenters

Louisiana (abs.): AAPG Bulletin, v, 69, p, 306. in Louisiana necessitate division, A five fold
lithostratigraphic framework is proposed, The five

In 1982 Wilcox oil was discovered in theLockhart zones cover 21 parishes. These zones vary from 115
Crossing field known previously for its gas produc- to 1,000 ft thick with sand content from 25 to 60 °h,.

tion from Cretaceous Tuscaloosa sandstones at depths Production In updlp Wilcox is highest from zone III.
of 17,000 to 18,000 l't , Oil from the Wilcox was Zones landllaremostproducttvedowndipin"decp"
produced from 10,0001"t depths. The main field isa Wilcox wells, Ali zones havea strong north-south
marine sandstone with 2 facies present. The dotal- isopachtrend,
nant facies is a coarsening-upward sequence depos-
ited as nearsl_ore bar. The othcr facies is tidal channcl Tyler, N., 1983, Wilcox fluvial /deltaic sand-

deposits fining up to very fine grain sand. Therela- stone: in Galloway, W. E. , T. E. Ewing, C. M.
tionship of the facies is oae of progradation of tidal Garrett, N. Tyler, and D. G. Bebout, eds,, Atlas of
channels and erosion into existing nearshore bars. Major Texas oil reservoirs: Bur. Eco. Geol,, The
The primary trapping mechanism is a structural Univcrsity of Texas at Austin, p. 19.21.

reliever anticline. Five Wilcox reservoirs have produced over 10
million barrels ofoil each. They are ali located on theSurer, J. R,, and II. L. Berryhill, 1985, Late

Quaternary shelf-margin deltas, Northwest Gull" of west flank of the San Mattes Arch. Four product
Mexico: AAPG Bulletin, v.69, p, 77-91. fromthe upper Wilcox, Carrizo Sand and one from

the Falls City Sand of the lower Wilcox. Ali fields ia
Seismic interpretationof21,000sqmilesofsingle- this play are fault bounded. The Slick and Cotton-

channel high resolution profiles across the continen- wood Creek South fields are simple fault-bouoded
tal shelf indicate 5 late Wisconsin shelf margin dci- anticlines. Sand pinch out gives partial stratigraphic
tas. Isopach patterns show size range up to 1,900 sq control to the Slick field. The Helen Gohlke field is

miles and thicknesses of over 590 ft. Deposits are intensely faulted, Closure in the Falls City field is a
elongate parallel to strike indicating subsidence of reliever anticline.
the shelf margins as a whole. Deltas are l'luvially
dominated and effcctcd by eustatic sea level l'luc- Hydrocarbon accumulation in the lower Wilcox
tuations. Models for the ancient record include the is controlled by the distribution of specific deltas.

Rio Grande, and Mississippi deltas. Reservoirs are delta front sands and reworked marine
sands. Hydrocarbon production from the upper Wilcox

Maps: 3-D models, seismic profiles, bathymctric is related to the overlying marine Reklaw Shale,
corltours.

Maps: locality, net sandstone, sandstone and hy-

Swarm, C., and J. M. l'oort, 1979, Early Tertiary drocarbon relationship, structure maps, cross-sections
lithostratigraphic interpretation oi"Southwest Georgia. (strike and dip).
(Midway and Wilcox Group equivalents): Gulf Coast
Assoc. Geol. Soc. Trans., v. 29, p, 386-395. Waiters, C. C., and D. D. Dusang, 1988, Source

and thermal history of oils from Lockhart Crossing,
Wilcox and Midway Group equivalents in four Livingston Parish, Louisiana: Gult'Coast Assoc. Geol.

counties in SW Georgia and one county in Alabama Soc. Trans., v. 38, p. 37-44.
were studied. New mapping and drilling projects
from 1975-78 allowed reinterpretation of the lithol- Chemical analysis reveals that oils from the Lower
ogy and correlation of units, Description of surface Tuscoloosa rescrvoir and the newly discovered Wilcox

reservoir in Louisiana constitute two separate oiland subsurface units, locality nlaps are included. Part
families. Within each reservoir the oils become

of the region is a mining district of low grade iron ores
and only minimal oil production, progressively more mature with depth due to tlaermal

cracking. Wilcox oils were generated from clay-rich
shales with significant bacterial organic matter.
Wilcox shales are the oil source rock. Tuscaloosa oils
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are more thcri_tally n_attJre ttt_cl ttrc,a_sociatcd v,'itll
late stage oil/gas colltlollsatc gcneratioJl /'rort1 lower
marine Tuscaloosa shales al_d otl_er vartablc source
rocks,

Wilco×on, II. R., and R. E. Ferrel, Jr,, 1990,
Depth and lithofncics-related tliageltesis in the Wilcox
Group of Southwest Louisiatla: Implications for po.
rosityevaluatlon: AAPG Bulletin, v. 74, p. 791,

Core from a well in Allen Parish, Louisiana was
analyzed to relate depth and lithofacles parameters to
diagenetlc history of the Wilcox Group in Southwest
Louisiana. Optical and scanning electron microscope
petrography, x-ray difl'raction, backscattered electron tru-
age analysis and pyrolysis techniques were used to describe
five facies. Pyrite, early chlorite, mixed illite/smectite were
precipitated during early diagenesis. Intermediate dia-
genesis stage showed increased water/rock interaction at

higher temperatures and pressures leading to potassium
feldspar dissolution, quartz overgrowths, kaolinite and

calcite precipitation and beginning of smectite to illite
transition. Late stages observed include destruction of
kaolinite, precipitation of chlorite, iron carbonates and
fibrous illite, and increased rate of organic matter decar-
boxylation.

Compaction in early phases was detrimental to the

porosity of lithofacies containing dctrital clay. Quartz
overgrowths arrested compaction of clean sands. Calcite
locally destroys porosity. No evi(lence of carbonate leaching
to form secondary porosity was found. Late authigenlc
minerals did not affect porosity but reduced permeability.
Clean quarb,, rich sandstones have greatest reservoir po-
tential.

Winker, C. D,, 1982, Cenozoic shelf margins,
Northwestern Gulf of Mexico: Gull" Coast Assoc. Geol.

Soc. Trans., v. 32, p. 427-448.

Late Pleistocene shelf margin deltas are used as a
guide to interpret earlier Tertiary deltas on the Gulf Coast.
Late Pleistocene deltas are characterized by rapid subsid-

ence and growth faulting and thick progradadonal deposits.
Many Tertiary formations have similar growth faulting
with geopressured gas reservoirs, Pre-Pleistocene shelf
margin deltas are not synchronous across the basin and

reflect sediment supply rather than sea level changes. The
three largest Tertiary deltas associated with major tectonic
episodes are: 1. Paleocene (lower Wilcox) Rockdale Delta

of East Texas coincides with Laramide uplift of the Rocky
Mts., 2. Oligocene Frio of South Texas coincides with

volcanism of the Sierra Madre Oriental, and 3. Neogene
ancestral Mississippi delta coincides with reactivation ot'

the southern Rockies and regional uplil't,

Maps: paleogeography, cross-sections, seismic
sections.
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