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Series Preface 

The Frontiers in Sedimentary Geology series has matured into a suite of volumes that 
provides information about current topics of interest. These topics are selected be
cause they are not effectively summarized elsewhere in recently published abstracts or 
journal articles. The number of individual publications in numerous journals makes it 
very difficult, and often impossible, to keep up with a particular focus or specialization 
of current interest. The division of geoscience into topical areas is a natural process 
and, in some cases, a necessity that, however, can work against advancements regard
ing interdisciplinary approaches or multi-expert teams. For such reasons, a series like 
this one is unique as it contains integrated perspectives and contrasting views about a 
topic of current interest. 

Each volume in the Frontiers in Sedimentary Geology series is initiated by one or 
more persons who select the particular topic and divide it into major themes that are 
integrated through the use of introductory chapters written by them as editors or other 
invited authors. Each introduction is followed by chapters that either highlight a spe
cific aspect of that theme or provide a specific example. Although it is virtually im
possible to compile a complete coverage of an entire topic, the compilation editors 
develop the outline of their volume in such a manner that maximum integration and 
discussion will be presented. Equally important is regular and constructive contact 
between the editors and the authors, thereby ensuring high-quality manuscripts that 
contribute directly to the theme of the volume. 

The present volume, Marine Clastic Reservoirs: Examples and Analogues, edited by 
Eugene (Skip) Rhodes and Thomas Moslow, is a good example of how the series 
fulfills its role. The idea for this publication emerged during an SEPM core workshop. 
However, rather than having all core workshop contributors provide a manuscript, 
resulting in an eclectic collection of descriptive works, the editors used the strength 
of that workshop to redesign an integrated volume. Analog-oriented geoscience was 
combined with well-founded stratigraphic-sedimentologic descriptions to present a 
wide spectrum of shallow to deep marine sandstones as reservoir bodies. The result is 
a process-based analysis of sandstone facies that provides the reader with insight into 
the geometries of such units. A treatment like this is vital to the development or 
management of reservoirs that are highly irregular in shape and variable in character. 
The calculation and prediction of fluid flow behavior and the determination of 
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reserves through computer simulation requires the best information on reservoir 
geometry and heterogeneity. 

The Frontiers in Sedimentary Geology series differs from the Casebooks in Earth 
Sciences, another Springer-Verlag series. Consequently, the present publication is 
different from, and complimentary to, the Sandstone Petroleum Reservoirs volume, 
edited by J.H. Barwis, J.G. McPherson, and J.R.J. Studlick recently released in the 
Casebooks in Earth Sciences series. The present volume offers a more genetic 
approach including sequence stratigraphy and the influence of relative sea level varia
tions. Such a "basic" perspective places the sandstone bodies in a framework that can 
be broken down into building blocks or individual parasequence. The application of 
these concepts to the discussion of both modern and ancient sandstone bodies clearly 
suggests that modern examples resulting from Holocene depositional controls may not 
always be viable as models for the ancient analogs. However, a combination of mod
ern and ancient examples can result in the construction of the best model for the 
particular sandstone reservoir. 

Baton Rouge, Louisiana 
August 1991 

Arnold H. Bouma 
Series Editor 

Series Preface 
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Preface 

About the volume 

The idea for this volume was conceived with the collaboration of contributors and 
participants during a Society for Sedimentary Geology (SEPM) core workshop at 
Atlanta in 1986. The initial concept proceeded through a metamorphosis after dis
cussions with the publisher and Arnold Bouma, the series editor. Further change 
occurred as the volume began to take shape during the past two years as contribu
tors submitted their first drafts and a clearer picture of the volume emerged. As 
a consequence, the initial themes were reshaped and focussed. In addition, this 
volume has benefited from the wide spectrum of contributions and the diverse ex
perience of the authors. 

The volume is a forum in which the editors and the contributors advocate analog
oriented geoscience based on rigorous stratigraphic and sedimentologic description 
and interpretation. Analog-oriented analysis of reservoirs emphasizes the use of ex
amples that reside on a spectrum of variability. Such analysis contrasts with model
oriented analysis by supporting a wider acceptance of variability and encourages a 
greater depth of description and quantification especially in terms that are useful to 
the other petroleum sciences that are downstream from exploration, such as develop
ment geophysics and reservoir engineering. 

The description of reservoirs in a sequence stratigraphic context is pivotal to this 
volume although it is arguable that sequence stratigraphy remains a model-oriented 
methodology. Embracing the underlying concepts of sedimentary and stratigraphic 
response to relative sea level change necessitate the acceptance of process-response 
models that are both generalized and somewhat imprecise at the reservoir scale. 
However, the regional framework in which most marine clastic reservoirs reside is 
most effectively explained in terms of sequence stratigraphic principles. Furthermore, 
as the acceptance and utilization of sequence stratigraphy broadens, the inventory of 
marine-clastic analogs may soon match that of the model-oriented aspects of sequence 
stratigraphy. Consequently, we devoted the opening section of this volume to the 
analysis of marine clastics in terms of parasequences, parasequence sets, and the re
sulting sequence stratigraphic packages that characterize the ancient record. 

An edited volume really reflects the summation of a loosely knit group of scientists 
who are the contributors. As the volume developed and the anticipated threads of 
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continuity emerged among the articles, we encouraged collaboration among contribu
tors at both a formal and informal level. Each chapter was evaluated by reviewers 
from within the volume as well as by external reviewers. Although we encouraged 
individualistic writing styles, we attempted to mold the volume into a consistent col
lection of well-researched scientific writings that offers a spectrum of paradigms for 
the study and analysis of marine clastic reservoirs and the environments in which they 
are deposited (Fig. 1). 

The volume is organized into three discrete but related sections that support analog
oriented characterization of reservoirs. Because the parasequence is defined as the 
primary building block of the individual reservoir, the first section consists of three 
articles that progress the reader from a general to a specific use of sequence strati
graphy to catalog, identify, and predict marine clastic reservoir facies. The second 
section contains two contributions on modern analogs that each present a unique per
spective on the value of modern sedimentology and geomorphic description. The last 
section, containing seven contributions, is organized in a progression from deltaic 
environments to the deep-sea fan and offers a collection of ancient analogs that we 
believe represent improved concepts in geoscience description and analysis. 

About the Authors and Editors 

We encourage readers to contact contributors directly regarding additional discus
sions about individual chapters. A list of authors' addresses can be found at the end of 
this section. The diverse nature of the chapters presented suggests that readers might 
want to know about each author's individual perspectives. Consequently, we asked 
all contributors to prepare brief biographic sketchs of their previous experience and 
present interests. The following paragraphs summarize the authors' biographic 
profiles. 

EDUARDO BAGNOLI currently works as chief supervisor of the geological laboratory 
of the Petrobras office in Natal, NE Brazil, where he specializes in the sedimentology 
of ancient and recent environments and the petrography/diagenesis of sedimentary 
rocks. Mr. Bagnoli holds a BS degree in geology from the University of Sao Paulo and 
a MS degree in reservoir geology from the University of Ouro Preto, Minas Gerais 
State, Brazil. 

JEREMY M. BOAK is a Physical Scientist with the U.S. Department of Energy's Office 
of Civilian Radioactive Waste Management and currently coordinates performance 
assessment activities for the Yucca Mountain Site Characterization Project in Las 
Vegas, Nevada. He formerly worked in exploration and development for ARCO 
Alaska and ARC a Oil and Gas Company. His publications include papers on miner
alogy, metamorphic petrology, geochemistry, geochronology, and reservoir charac
terization. 

BRUCE E. BOWEN received his BS and PhD degrees in geology from Iowa State 
University in 1967 and 1974, respectively. As a PhD candidate he spent most of his 
time in Africa, where he helped to develop the time-stratigraphic framework for early 
man sites in the East African Rift. He joined Texaco's Research Group in 1974 and 
later, in 1977, Gulf Oil Company, where he headed a taskforce assigned to determine 
petroleum potential of the Atlantic margin and to develop exploration models for 
deep-water plays in the Gulf of Mexico. Dr. Bowen left Gulf in 1984 to help found 
Everest GeoTech, and in 1989, joined Calibre Consulting Services, Inc. 

DOUG J. CANT is a sedimentologist/stratigrapheremployed by the Geological Sur
vey of Canada to study the petroleum-bearing clastic rocks of the Alberta foreland 
basin. In addition to pursuing detailed sequence stratigraphic work on the Mannville 
Group, he is attempting to understand the stratigraphy of the basin in terms of fore-
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land tectonics. He has worked in the petroleum industry in the United States and 
for the Alberta Research Council. His undergraduate degree is from University of 
Toronto, and graduate degrees are from McMaster University. 

JOEL C. DE CASTRO worked for over twenty years at the Exploration Division of 
PETROBRAS Research Center (CENPES), Rio De Janeiro, Brazil. He holds a BS from 
the School of Mines of Ouro Preta and a PhD in Geology from the Paulista State 
University, Brazil, where he is currently a Professor in the Geosciences Institute. His 
specialty is physical stratigraphy and clastic reservoirs, and he has been working with 
facies and stratigraphic analysis of Brazilian marginal-marine and cratonic basins. 

JUNE GIDMAN is a senior research geologist at Chevron Oil Field Research Com
pany, La Habra, California. She is a sedimentologist who specializes in core handling 
and preservation, and correlation of core, petrophysical, and log properties. Previous 
experience includes exploration and development geology of the North Sea and 
Williston Basin areas. She received a BSc Honors degree in geology from Leicester 
University and a PhD in geology from Liverpool University. 

JOHN D. GORTER is Chief Geologist of Petroz N.L. He worked in the oil industry for 
20 years (Bureau of Mineral Resources, Esso, Pancontinental, AGIP, Sydney Oil, 
Command, Norcen) after graduating in 1971 from the Australian National University 
with honors. He recently completed a part time PhD from the University of New 
South Wales. Specific interests are sedimentology, biostratigraphy and source rocks. 

CHRIS W. GRANT is a Senior Research Assistant at Chevron Oil Field Research 
Company. His specialies include petrography and sedimentology. He has worked pri
marily in EOR-related clastic projects and in researching permeability heterogeneity 
in carbonates. He received his BS in geology at California State University Fullerton 
in 1985 and is finalizing his MS in geology at California State University Long Beach, 
where he is studying depositional and organic geochemical characteristics of the re
cent anaerobic environment in Santa Barbara Basin, California. 

STEVEN J. JOHANSEN has worked in the reservoir geology section of Texaco Explora
tion and Production Technology Division since 1987, where he applies sedimentologic 
and petrographic analysis to hydrocarbon exploration and production in clastic se
quences. His studies in schools of the American southwest (BS, New Mexico Institute 
of Mining and Technology, 1976; MS, University of Arizona, 1981; PhD, University 
of Texas at Austin, 1986) were mixed with employment in environmental geology, 
uranium exploration, and related areas. 

MARTIN B. LAGOE, Associate Professor, Department of Geological Sciences, Uni
versity of Texas at Austin, previously worked for ARCO Oil and Gas Co. and ARCO 
Exploration Co. His research focuses on foraminiferal micropaleontology, quantita
tive stratigraphy, paleoceanography and basin analysis. He has a BS in geology from 
Rensselaer Polytechnic Institute, an MS in geology from the University of Wisconsin
Madison, and a PhD in geology from Stanford University. 

JOHN F. LINDSAY is presently a Senior Principal Research Scientist with the Austra
lian Bureau of Mineral Resources in Canberra, Australia. John is a sedimentologist 
and seismic interpreter with a broad interest in the larger-scale relationships between 
basin dynamics and sedimentation controls. Prior to joining the Bureau of Mineral 
Resources he worked for Exxon Production Research, the University of Texas and 
NASA's Johnson Space Center all in Houston, Texas. An Australian, he received his 
early education at the University of New England in Armidale, Australia, where he 
completed a bachelor's and master's degree before moving to Ohio State University in 
Columbus Ohio to complete a PhD. 

JEFFREY A. MAY is a Senior Geologist with Marathon Oil Company at their 
Petroleum Technology Center in Littleton, Colorado. His work focuses on deltaic, 
shallow-marine, and deep-water clastic depositional systems. Jeff has been involved in 
corporate training, special projects, and technology development. He received his BA 

Preface 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


Preface xi 

from Earlham College in 1975, an MS in geology from Duke University in 1977, and a 
Ph.D. in geology from Rice University in 1982. 

YOSSI MART is a senior scientist at the National Institute of Oceanography in Haifa, 
Israel and teaches marine geology at Haifa University. His research interests focus on 
the tectonic framework and seismic stratigraphy of the eastern Mediterranean and the 
northern Red Sea. He received his professional education at the Hebrew University in 
Jerusalem and at Texas A&M University in College Station, Texas. 

THOMAS F. MOSLOW is an Associate Professor at the University of Alberta. His field 
of expertise is in clastic sedimentology with much of his current research focusing on 
marine clastic sequences of Triassic and lower Cretaceous age in the Western Canada 
Basin, Gulf of Mexico, and Western Canadian Continental Margin. Dr. Moslow re
ceived his PhD in Geology in 1980 from the University of South Carolina. He worked 
as a research geologist at the Cities Service Technology Center and later held a joint 
appointment with the Basin Research Institute and Geological Survey at Louisiana 
State University. 

JORY A. PACHT received his bachelor's degree in geology from Ohio University in 
1973. He worked as a well-site geologist and later completed his MS degree in 1976 at 
the University of Wyoming. He received his PhD in geology in 1980 from Ohio State 
University. In 1980, he joined the staff of the Exploration Research Group of ARCO 
Oil and Gas Company, where he served as a Senior Research Geologist. Dr. Pacht 
left ARCO and joined RPI International in 1988 as a Senior Scientist where he 
worked on sequence stratigraphic projects. He joined Calibre Consulting Services, 
Inc. in 1990. 

SANDRA PHILLIPS is currently a Senior Geologist in Geoscience Operations with 
ARCO Alaska Inc., in Anchorage, Alaska. Her previous position was in Exploration 
Research with ARCO Oil and Gas Company. Her primary focus is the sequence 
stratigraphy and sedimentology of clastic depositional systems, and their applications 
for stratigraphic exploration. She holds BS and MS degrees in geology from Texas 
A&M University, and a PhD in geology from Cornell University. 

BILL R. POTTORF received a BS in Geophysics from Colorado School of Mines in 
1965. Immediately after graduation he joined Exxon U.S.A. (then Humble Oil Co.) 
as a geophysical interpreter. He held a variety of positions in interpretation, pro
cessing and acquisition with Exxon. In 1977, Pottorf became Manager of Technical 
Services at Geoquest International, Inc. He left Geoquest in 1980 to become Vice 
President of Criterion Consulting, Inc., where he developed geophysical techniques 
for the delineation of petroleum reservoirs. In 1983 he became an independent con
sultant. 

ALAN A. REED is a Senior Research Geologist at Chevron Oil Field Research Com
pany, La Habra, California. He is a sedimentologist and petrographer currently spe
cializing in reservoir characterization and reservoir modeling. Alan has also worked as 
an explorationist and development geologist for Chevron U.S.A. He earned his BSc 
and MS degrees in geology from the University of Massachusetts. 

EUGENE G. (SKIP) RHODES is presently a Senior Staff Geologist with Concurrent 
Solutions, the interpretive subsidiary of Landmark Graphics Corporation, Houston, 
Texas, where he provides development plans for mature producing trends and prop
erties through the integration of reservoir engineering with reservoir geology. After 
completing Bs and MS degrees from the University of Massachusetts, and nearly six 
years with the U.S. Army Corps of Engineers, he gained a PhD at the Australian 
National University. He held positions with the Australian Institute of Marine Sci
ence, Coma1co Aluminium, and Gulf Oil before becoming the Chief Geologist of 
RPI International during the period 1985-1990. 

ROBERT W. RUGGIERO is currently an exploration geologist with BP Exploration, 
Inc. in Houston, Texas. His focus is regional play analysis and new play synthesis, 
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working on offshore lease sales and developing prospects in shallow and deepwater 
paleoenvironments. He received his Master of Arts degree in Geology from the Uni
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SECTION I 

Stratigraphic Analysis of Marine Clastic Reservoirs 

E.G. Rhodes and T.F. Moslow 

At the exploration stage, the search for the hydrocarbon
charged reservoir emphasizes genetic units at varying 
scales. It is the association of certain types of stratal units 
with reservoir analogs that encourages the explorationist to 
focus his search within certain large-scale genetic packages. 
These large-scale packages, which are bounded by major 
unconformities or their correlative conformities, are the 
sequences of sequence stratigraphy (Mitchum, 1977). With
in the sequences are parasequences and parasequence sets, 
which are bounded by a hierarchy of marine flooding sur
faces (Van Wagoner et aI., 1990). Conversely, once develop
ment of a reservoir commences, the genetic hierarchy, de
fined by parasequences and parasequence sets, is modified 
by concepts associated with flow unit description. Flow 
units are rock units that appear to behave in a similar 
fashion during the delivery of reservoir fluids into the well 
bore (Hearn et aI., 1984; Tye et aI., 1986; Slatt and others, 
this volume). Because flow units are empirically defined by 
petrophysical and engineering parameters, such units may 
cross-cut genetic units defined by parasequences. With this 
perspective on reservoir description in mind, we commence 
the volume with a discussion of reservoir occurrence as 
parasequences (this section). Although each of the authors 
applies the concepts of sequence stratigraphy to a varying 
degree within their contributions, the deposition and pre
servation of reservoir facies, as controlled by relative sea
level change, remains a central thread within the other two 
sections of the volume. 

We asked Doug Cant to prepare the opening position 
paper on the stratigraphic framework of marine clastic re
servoirs, in a context that helps geoscientists consider the 
positioning of these facies in terms of sequence stratigra
phy. In his chapter, Cant clarifies the roles of relative sea 

level and sediment supply with regard to their control on 
systems tract location and geometry. By using terms such as 
"relative highstand" and "relative lowstand," as opposed to 
merely "highstand" and "lowstand," Cant disarms some of 
the contention surrounding terminology and proceeds to 
answer the question, "Where's the reservoir?" 

By suggesting that a sequence generated by eustatic 
variation may not be reflected at every location, Cant 
demonstrates that relative sea-level change causes facies 
migration that is visible on well logs and seismic sections. 
Such observations, when combined with hypotheses sur
rounding sediment supply, such as autocyclic switching of 
depositional fairways, provides leads to reservoir locations. 

According to Cant, rocks described at the parasequence 
level represent the individual reservoir. This building-block 
approach to reservoir architecture helps us understand the 
origin of the relatively small, subtle features that are shal
low marine or shoreline reservoirs. Many of these, espe
cially those deposited as "relative lowstand" deposits, 
have been extensively modified by transgressive processes. 
Cant provides the "rules" for predicting such subtle fea
tures once the relative sea-level history has been modeled. 

In the second chapter, Jory Pacht and his co-authors 
propose an interpretive methodology that complements the 
paleogeographic framework presented by Cant. This chap
ter offers both an expansion of, and a differing perspective 
on, the concepts explained by Cant. Using examples drawn 
from Plio Pleistocene sequences within the Gulf of Mexico, 
these authors suggest a hierarchy of interpretation that leads 
to predictive strategies similar to Cant's. According to 
Pacht and his associates, iterative analysis of depositional 
sequences and systems tracts provides a finite suite of seis
mic facies for each systems tract. This suite of seismic facies 
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has distinct attributes that can be associated with deposi
tional facies, especially reservoir units. When such methods 
are supported by analogy to historical production perfor
mance, they may directly indicate exploration targets. 

Although the growth-faulted shelf margin reservoirs of 
the Gulf of Mexico exhibit geometries that differ markedly 
from some of Cant's shallow-water examples, Pacht and his 
co-authors demonstrate that a parallel methodology arrives 
at similar results. In addition to using comparable methods, 
these authors proceed farther along the interpretive path
way by constructing a link between the sequence strati
graphic framework at a regional scale and the interpreta
tion of seismic attributes within specific systems tracts. 

Pacht and his co-workers create a facies column that 
mixes both descriptive and genetic terminology. Some of 
these labels describe seismic character rather than rock 
lithology. Although unorthodox in the view of some work
ers, this practice illustrates an important template for the 
merger of geophysics and geology or, more broadly, any of 
the disparate petroleum science disciplines. Interdisciplin
ary interpretation may require relaxation of the more rigor
ous rules that are internal to individual disciplines. In this 
case, other workers might subdivide the systems tracts 
differently, but the interpretive template would remain 
analogous. 

In the third chapter, John Lindsay and John Gorter apply 
sequence-stratigraphic concepts to an interior basin on the 
Australian craton. An exciting aspect of this basin analysis 
is the opportunity to take a fresh look at "frontier" onshore 
basins where previous studies have been encumbered with 
traditional dogma. There are strong similarities between 
intracratonic sedimentation on the North American con
tinent, especially western Canadian sedimentary basins 
(see Cant, this volume) and some of the interior basins 
of Australia. Australian resource companies have long 
appreciated the contribution that the well-documented 

Rhodes and Moslow 

North American analogs have made to predictive explora
tion analogs for Australia. 

In their chapter, Lindsay and Gorter have packaged the 
analysis of a central Australian basin for export. Their 
analysis advances two hypotheses: 1) at a regional scale, 
clastic reservoir units develop predictably during two 
specific stages of basin history and, 2) although large-scale 
basin dynamics control the positioning of prospective sys
tems tracts, there are local factors at the parasequence and 
parasequence set levels that predetermine reservoir quality. 
Lindsay and Gorter's description of such large-scale and 
local controls on porosity and permeability within the 
Amadeus Basin further strengthens the explorationist's 
view that new oil fields are being found with the drill bit 
managed by sound interpretation. 
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CHAPTER! 

The Stratigraphic and Paleogeographic Context 
of Shoreline-Shelf Reservoirs 

Douglas J. Cant 

Introduction 

This chapter reviews the stratigraphic and paleogeographic 
setting of shallow marine reservoirs by discussing the se
quences in which they occur, the fundamental variables that 
control them, their geometries, and common occurrences. 
Many of the concepts of sequence stratigraphy will be dis
cussed as they apply to these kinds of deposits. The devel
opment of unconformities, truncation surfaces, diastems, 
or ravinement surfaces is of primary importance in explora
tion for, or development of, shoreline and shallow marine 
reservoirs. 

Sequence stratigraphy is fundamentally only an elabora
tion of basic geological principles. However, it has revolu
tionized concepts of facies relationships on a large scale, 
primarily because it is linked to the idea of relative sea-level 
variation-a parameter of great importance in controlling 
the stratigraphy and sedimentology of sedimentary rocks. 
A change of depositional base level imposed upon a basin 
where active sedimentation is occurring has extreme effects 
on facies distributions, especially on shoreline and shallow 
marine deposits. The origins of relative sea-level changes 
are debatable, but eustatic sea-level variation appears to be 
a fundamental control, which is, at present, imperfectly 
understood. The concepts and models in this discussion 
apply whether a sea-level change is absolute or only rela
tive. 

Major External Variables 

The major external variables affecting the deposition, 
erosion, preservation, and large-scale organization or 

architecture of all sediments are: subsidence (Sub), eustatic 
sea-level variation (E), and the thickness of sediment depo
sited (Sed). Climate, an extremely important variable, is 
reflected by the amount and type of sediment supplied or 
formed. The parameters are related to the change in depth 
of water (D) by the following equation (Cant, 1989): 

(E + Sub) - Sed = D. 

This equation shows that variations in any of the other 
three parameters can cause changes in D, the parameter 
that describes transgressions and regressions, or in Sed, 
which describes the amount of deposition or erosion. The 
architecture of shallow marine reservoirs is largely deter
mined by the occurrence of transgressive-regressive se
quences and erosional or nondepositional sequence bound
aries. This chapter will discuss development of shallow 
marine reservoirs in terms of sequence-stratigraphic ele
ments, as generated by external variables. 

In recent years, many authors have attributed the forma
tion of marine sequences of different scales to eustatic 
variations. However, as discussed by Burton et al. (1987), 
the actual cause of a stratigraphic effect is difficult to inter
pret. The areal extent of sequences is significant in this 
context, whether the sequence is local, basinal, or global, 
because eustasy-on the scale that markedly affects sedi
mentary deposits-is global, while the other variables are 
uniform only over individual basins or parts of basins. How
ever, a global signal may be overwhelmed by a strong local 
effect, such as rapid sediment supply, so that sequences 
generated by eustatic variation may not be reflected in 
every location. 

Variations in rates of sedimentation may occur because 
of variations in the rates of tectonic processes that generate 
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relief in the sediment source area, or due to climatic 
changes that affect transport capacities of sedimentary en
vironments. On a smaller scale, sediment supply-rate varia
tions also occur because of autocyclicity in sedimentary 
systems. Autocyclicity (Beerbower, 1964) is the shifting of 
locations of deposition because of factors intrinsic to the 
sedimentary system. The switching of active lobes in the 
Mississippi Delta in the last 8,000 years is the best-known 
example of this (Frazier, 1967). Autocyclic switching of 
sediment input points, and the resulting variations in local 
sedimentation rates, are major factors in the development 
and preservation of marine facies sequences. For example, 
transgressive barrier bars may migrate over nonmarine de
posits on abandoned delta lobes, while active lobes are 
forming regressive sheet or distributary sands. Autocyclic
ity has been treated by geologists as a totally independent 
factor, but the rate of auto cyclic switching is influenced by 
the other factors mentioned above. During periods of high 
sediment supply, rapid deltaic progradation occurs, and the 
basic cause of this autocyclicity (low slopes on lengthened 
distributaries) results in switching of the sediment input 
points at increased rates. Autocyclicity is therefore not en
tirely independent of the major external factors. 

One possible criterion for interpretation of the origins of 
unconformity-bounded sequences is the rate and period of 
base-level change necessary to create them. A tectonic up
lift of 50 m will accomplish the same stratigraphic effects as 
a 50 m sea-level drop. However, some eustatic fluctuations 
(Haq et aI., 1987) seem to be shorter in period «3 m.y.), 
with relatively high amplitudes (100-300 m), compared to 
episodes of tectonic subsidence as understood from geo
dynamic models. While many of the concepts of sequence 
stratigraphy were developed on the premise that eustatic 
variation is the parameter that most affects the stratigraphy 
and sedimentology of sedimentary sequences, the ideas and 
models are still valid when relative sea-level change is con
sidered. 

Two fundamentally different types of sequences occur in 
sediments of all kinds. Unconformity-bounded sequences 
require a relative base-level drop, a combination of eustatic 
fall and/or tectonic uplift of the area. These sequences must 
be differentiated from those that can be generated only by 
variations in the rate of sediment deposition with uniform 
or steadily rising base level. A period of reduced sediment 
supply with ongoing subsidence causes formation of a 
condensed section, commonly a well-cemented submarine 
hardground. In many cases, this hardground is overlain by 
clinoforms that baselap onto it, formed by increased sedi
ment supply to the area during the following relative high
stand. The angular relationship between the condensed 
section and the highstand clinoforms can be mistaken for 
a low-angle unconformity, particularly in subsurface work. 
Sequences that are defined by the presence of clinoforms 

D.J. Cant 

are useful, in many cases, for subdividing rock units, but 
they have different implications for facies distribution pat
terns. An erosional sequence boundary requiring a base
level fall may imply incision and a lowstand shoreline de
posit seaward on the unconformity. A sequence boundary 
that requires only variation in sediment 'supply rate has no 
such implication; in shoreline facies, it may be reflected 
only by a transgression and subsequent regression. For 
example, auto cyclicity by itself does not develop un
conformity-bounded sequences, only deposional facies 
sequences. Determination of the types of sequences and 
their boundaries is therefore extremely important in under
standing facies distributions of shallow marine reservoirs. 

Facies Architecture of Shallow Marine Sediments 

The architecture or geometric organization of shallow 
marine facies depends on the geometries of the depositional 
systems and the lateral and vertical movements of the de
positional systems that control the formation, preservation, 
and stacking of sedimentary sequences in the geologic 
record. Because exploration and development of shallow 
marine and shoreline reservoirs-generally small, subtle 
features-requires detailed understanding of their origins, 
some space will be devoted to development of sequences. 

Generation of Sequences 

Transgressions, regressions, aggradation, and degradation 
result from variations in amounts of sediment deposited or 
eroded and relative sea-level change. From Figure 1.1, the 
angle of facies migration can be expressed as follows: 

tan (Jp = ARSL tan (Jnm/ ADl 
or tan (Jp = ARSL tan (Jnm/ ASed1 - ARSL. 

The angle of facies migration can be described geometrical
ly by the thickness of sediment deposited or eroded, and 
the relative sea-level rise. The implications of different pat
terns of movement can be investigated diagrammatically 
using concepts developed in the 1960s for climbing bed
forms (Jopling and Walker, 1968; Allen, 1970); these con
cepts were first applied to depositional sequences by Larue 
and Martinez (1989). During transgression or regression of 
a shoreline, the degree of preservation or erosion of non
marine, shoreline, and shallow marine sediments depends 
on the angle of climb of the facies transitions compared to 
the slopes of the sediment surface in the different environ
ments. The degree of preservation of each facies during 
migration in any direction can be demonstrated graphically 
by tracing the outline of the sediment surface and translat
ing it radially outward in that direction. Zones of preserva-
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Shoreline-Shelf Reservoirs 

I---------'-~~---- SL II 

SHORELINE I 

6 P=HORIZONTAL DISTANCE OF PROGRADATION 
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Figure 1.1. Sketch illustrating progradation from SHORELINE I to 
SHORELINE II. The angle of facies migration depends on the amount of 
sediment deposited or eroded and the relative sea-level change (eustatic 
change + subsidence). 

tion and erosion can then be delineated, depending on 
whether the sediment surface moves up or down from the 
initial profile in the different facies. Because of the curving 
surfaces, complex patterns of erosion and deposition can 
occur at certain angles of translation. For this reason, a sim
plified case, with straight lines approximating the sediment 
surface (Fig. 1.2) in the marine and nonmarine areas, will 
be presented first. The complications caused by the concave 
surfaces will be discussed below. 

Shoreline translation into sector A of Figure 1.2, either 
during regression (facies and slope break move seaward) or 
transgression (landward movement), causes deposition of 
both marine and nonmarine sediments. Regression at an 
angle above the horizontal may explain why ancient 
shoreline sandstones commonly range up to 30 m in thick
ness, while modern sandy shorefaces generally extend to 
less than 15 m depth (see McCubbin, 1982, for examples). 
A regression to sector B results in erosion of shoreline and 
shallow marine sediments, with nonmarine deposition 
above the erosion surface on the former shelf. A transgres
sion or regression into sector C results in erosion of both 
marine and nonmarine sediments, i.e., formation of an un
conformity. Transgression into sector 0 first causes erosion 
of nonmarine deposits, then marine deposition, i.e., cutting 
of a ravinement surface followed by transgressive sedi
mentation in shallow marine environments. 

5 

In a more realistic model of the sediment profile, marine 
and nonmarine depositional surfaces are concave upward. 
The upper profile of Figure 1.3 shows directions of four 
transgressions (A, B, C, D) at different angles compared to 
environmental slopes. The corresponding profiles below 
show the initial and final sediment profiles, initial (SLl) and 
final (SL2) sea levels, depositional facies, and areas of ero
sion. Because the shoreface is steeper than the lower non
marine area, transgression at an angle shallower than the 
shoreface causes formation of a barrier island and a ravine
ment surface (profile C). 

During regressive episodes, similarly complex patterns of 
erosion and deposition result (Fig. 1.4) because of the later
ally varying slope of the sediment surface. This diagram 
(Fig. 1.4) is organized like Figure 1.3; the upper profile 
shows directions of shoreline migration compared to slopes 
on the different environments, and the corresponding sec
tions below show patterns of erosion and deposition. Part C 
shows a regression with sea-level fall such that an isolated 
shoreline sandstone sitting on an erosion surface is formed. 

+ 

TRANSGRESSION I REGRESSION 
'II . • 

a 

NON-EROSIONAL ----.. -.-' 
CONTACT • • 

( 

~ NON-MARINE 

D LITTORAL SAND 

J 

1.:...-:--.:1 MARINE SAND. SILT. AND SHALE 

1--I MARINE SHALE 

'-'V"VV UNCONFORMITY 

d~ 

GSC 

Figure 1.2. Simplified profile of the sediment surface with the nonmarine 
and marine areas shown as straight lines. Translation of the shoreline into 
the different sectors "A" through "D" occurs because of variations in sedi
mentation (Sed) and relative sea level (Sub + E), and results in formation 
and preservation of the sequences and unconformity shown in sequences a 
through f. The sequence generated by translation of the shoreline into any 
area can be determined by tracing an overlay of the profile and moving it 
into the desired area. The rise or fall of the surface in the different environ
ments indicates preservation or erosion. 
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Figure 1.3. Models of transgression. The upper diagram shows transgres
sive paths (A to D) at different angles compared to the slopes of the 
sedimentary environments (unm = upper nonmarine; sh = shoreface; 
Inm = lower nonmarine; m = marine shelf). Initial and final sea levels are 
indicated. The lower four diagrams show the resulting patterns of erosion 
and deposition of the corresponding migration path. 

If this sand body is transgressed afterward, then it may be 
covered by marine muds, forming what has been termed an 
"offshore bar" in the past. 

Transgression or regression with downcutting at an angle 
steeper than the sediment surface anywhere (sector C of 
Fig. 1.2) creates an unconformity, a Type 1 sequence 
boundary in the terminology of Mitchum et al. (1977). 

A 

D 
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Figure 1.4. Models of regression. Organized similarly to Figure 3, this 
figure illustrates regression along different paths in the upper profile with 
the resulting patterns of deposition and erosion in the corresponding pro
files below. 

Geometries of Shoreline-Shelf Reservoirs 

Studies of modern sediments have shown that sands are not 
transported offshore in large quantities by waves or tides 
much below fair-weather wave base, which is commonly 
only a few tens of meters in most cases. Sands do occur on 

. modern shelves at much greater depths, however, sepa
rated from the coastal zone by hundreds of kilometers of 
muddy sediments (e.g., Amos and Knoll, 1987). These 
sands were transported far onto the shelf during the Pleis
tocene sea-level lowstand, and are presently relict or being 
reworked by waves, tides, or marine currents (Amos and 
Knoll, 1987). In recent years, the role of sea-level fluc
tuations in formation of "offshore bars," or isolated shelf 
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Shoreline-Shelf Reservoirs 7 

Figure 1.5. High sediment supply rates during 
the recent period of relatively stable sea level 
have allowed seaward progradation of this 
shoreline and initiation of sheet sand develop
ment. Modified from Curray et al. (1969). 
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sandstone bodies, has become appreciated (Weimer, 1984; 
Cant and Rein, 1986; Bergman and Walker, 1987; Plint and 
Walker, 1987; Plint, 1988). The quality, geometry, and 
stratigraphic relationships of shoreline and shallow marine 
reservoirs therefore depend on the depositional and dia
genetic characteristics, sizes, and shapes of coastal sand 
bodies, their migration paths, and stacking patterns. The 
following discussion assumes a relatively straight shoreline, 
the kind that occurs most commonly in wave-dominated 
situations. 

Sandstone thicknesses, distributions, and geometries are 
controlled by the angle of facies migration relative to de
positional slopes as discussed above, as well as the third
dimensional extent of the facies. Modern shoreline sands in 
many cases extend tens of kilometers along depositional 
strike. Under stable or gradually rising relative sea level, 
progradation of this kind of environment generates a later
ally extensive sheet sand. A well-documented example of 
this occurs on the Pacific coast of Mexico, where abundant 
sand supply to the wave-dominated shore zone has formed 
a sand body (Curray et aI., 1969), which will eventually be
come an extensive sheet if depositional conditions persist 
for a long period (Fig. 1.5). Therefore, regression with 
rising relative sea level (migration path A of Figure 1.4) 
forms sheet-like, coarsening-upward sand bodies, which 
may be capped by shoreline facies. The thickness of the 
sandstone produced depends on the angle of climb of the 
facies. This type of sandstone body has been documented 
by many authors as occurring commonly in the ancient 
record (e.g., Young, 1957; Clifton, 1981; Cant, 1984). Re
gression at a very low angle (path B, Fig. 1.4) may gen
erate a sharp-based shoreline sandstone sitting directly on 
marine shales (Fig. 1.6) because of very thin lower shore
face deposits. If the migration path were slightly shallower, 
along path C of Figure 1.4, its base would be slightly 
erosional. 

With the same rising sea level but lower rates of sediment 
input, transgressive facies show a greater variety of geome
tries. As discussed above, the angle of shoreward translation 
compared to the slope of the shoreface controls the degree 
of preservation of shoreline facies. The resulting sand 
bodies may be thin (less than 5 m) sheets of sand (path B, 

10·20m 

NON MARINE DEPOSIT 

SANDSTONE· LOW ANGLE TO HORIZONTAL LAMINATION, 
MINOR BIOTURBATION 

L--_"- -ABRUPT CONTACT, MAY HAVE EVIDENCE FOR SCOUR 

BIOTURBATED MUDS WITH MINOR SANDSTONE BEDS 

GSC 

Figure 1.6. A profile of a sharp-based shoreline sand resulting from migra
tion path B in Figure 1.4. If complete truncation of the lower nonmarine 
facies takes place, migration path C of Figure 1.4 is more appropriate. 

Fig. 1.3), patchy remnants of sand, or isolated transgressive 
barrier deposits 10 to 15 m thick (path C, Fig. 1.3). In some 
cases, these transgressive barriers preserve the morphology 
of the original barrier island, as shown by many oil field 
reservoir studies (McCubbin, 1982). Considerable excellent 
documentation of the morphology, facies, and preserved 
record of a modern transgressing barrier has been given by 
Demarest and Kraft (1987). 

A regression with falling sea level (paths Band C, 
Fig. 1.4), a "forced regression" in one terminology (Van 
Wagoner, et aI., 1987), generates a sequence with a basal 
unconformity and a sharp-based sand sitting on it. Some 
modern sand accumulations on modern shelves show se
quences of this kind (Amos and Knoll, 1987), but the docu
mentation is sparse because of sampling problems. Ancient 
examples or what appear to be comparable deposits have 
been described by Plint (1988). These types of deposits in 
many cases consist of linear sand bodies deposited during 
the low sea-level stand as shoreface-to-beach sequences sit
ting on an erosional surface. These lowstand strandline de
posits are commonly localized by a zone of slightly steeper 
slope on the older sea bottom, which is itself, in some cases, 
related to deeper structural control. Progradation of most 
lowstand shorelines appears to have been limited, resulting 
in relatively narrow (less than a few kilometers) sandstone 
bodies that may extend tens of kilometers along deposi-
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tional strike. Transgression over this kind of deposit may 
truncate or rework its upper surface, resulting in removal 
of shoreface and beach facies and making interpretation of 
the sand body difficult (Plint, 1988). Blanketing with mud 
during the later transgression or highstand forms classic 
stratigraphic traps in many basins (McCubbin, 1982; Niel
sen and Porter, 1984). 

The sequences resulting from the simplified model above 
may provide a basis for understanding some situations, par
ticularly those involving movements of a linear shoreline. 
In the real world, of course, the basic assumptions of the 
shoreline-translation model above (no variation of environ
mental slopes, no variation in type of sediment, two
dimensionality) may not hold. For example, relative sea
level fall (movement into sectors "B" or "c" of Figure 1.2) 
commonly results in incision of narrow valleys across 
shelves, which may be filled by later deposition. Swift 
(1973) has shown that the Hudson paleovalley, cut during 
the Pleistocene lowstand, extends across the Atlantic con
tinental shelf. It is filled by estuarine and perhaps shallow 
marine sediments, because the deepest erosional scour 
occurred at the mouth of the estuary during the subsequent 
transgression. This scour translated shoreward at a lower 
angle than the slope of the low to falling-stage fluvial val
ley fill, thus largely removing it. The geometries of the 
estuarine sandstones, therefore, probably reflect the shape 
of the subaerial valley. 

One other major factor that modifies the basic distribu
tion of reservoir facies in shoreline and shallow marine de-
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posits is the location and type of sediment supply. In many 
cases, coarser facies extend only a short distance from their 
input point around a deltaic distributary or fluvial channel. 
If the sediment is supplied by an incised channel cut during 
a base-level fall, then the marine reservoir facies may be 
even more laterally restricted. The degree to which marine 
processes rework and transport sands and gravels depends 
on the energy of the environment and the size of the sedi
ment. The sediment supply factor can be assessed by in
tegration offacies analysis and mapping of reservoir bodies. 

Types of Sequences 

The discussion above has considered only simple, uni
directional patterns of change of the major external vari
ables through time. Repeated changes in the variables on 
different time scales generate more complex types of com
posite sequences, which have become the focus of modern 
developments in sequence stratigraphy. Sequences of dif
ferent scales and ranks have been recognized in outcrops 
and cores, on well logs, and on multichannel seismic data 
(Fig. 1.7). 

Parasequence: An individual depositional sequence re
sulting from an episode of migration of sedimentary en
vironments, as discussed above, is termed a parasequence 
(Fig. 1.7) to distinguish clearly from any type of composite 
sequence. Individual reservoirs occur on the parasequence 
level. 

I Seismic . 
Facies 
Sequence 

Figure 1.7. Different types of sequences recog
nized in marine sediments. Part A shows ' a 
gamma-ray log with individual coarsening
upward sequences or parasequences marked on 
the left and a parasequences set on the right. 
Parts Band C show different definitions of seis
mic sequences. The unconformity-bounded 
sequence will be used throughout this chapter. 
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RETROGRADATIONAL 

----------

AGGRADATIONAL 
.6. SED 

.6.E+.6.SUB . 1 

• ~ - -=-''':: .. :::.. ........ ----------- ................ ------ - - --=--=-....:--------~ 

~ NON MARINE ro-:J BEACH·SHOREFACE 
~ . ~SANDSTONE 

~-j SHALLOW MARINE SHALE 

Figure 1.8. Three types of parasequence sets, defined in terms of the 
stacking patterns of the parasequences. As indicated, the different types 
are controlled by the ratio between the amount of sedimentation and the 
relative sea·level change. After Van Wagoner et al. (1987). 

Parasequence set: A parasequence set is a succession of 
genetically related parasequences that have a distinctive 
stacking pattern (Figs. 1.7, 1.8). Recognized commonly on 
well logs, they usually either coarsen upward (prograda
tional), show no change (aggradational), or fine upward 
(retrogradational). Note that this does not mean that the 
individual parasequences within a retrogradational para
sequence set, for example, will necessarily be deposited in 
transgressive conditions. In most cases, parasequence sets 
are bounded by major flooding or transgressive surfaces 
(Van Wagoner et aI., 1987), or unconformities. 

9 

Unconformity-bounded sequence: The largest-scale se
quence is the unconformity-bounded composite sequence 
(Fig. 1.7) commonly defined on seismic lines, the funda
mental unit of seismic sequence stratigraphy (Vail et aI., 
1977; Mitchum et aI., 1977). Formation of an unconformity 
requires a relative fall in base level, unlike flooding or 
transgressive surfaces or condensed sections. 

Depositional Systems Tracts 

These large-scale composite units (Van Wagoner et aI., 
1987) form an important link between sequences that are 
controlled by base-level change, and the individual deposi
tional facies sequences that control reservoir distribution. 
They can be defined and interpreted in the subsurface on 
the basis of their bounding surfaces (nature and relative 
extent of transgressions), the stacking pattern of para
sequence sets on well logs, and their relationships to ero
sional sequence boundaries and clinoforms on seismic sec
tions (Fig. 1.9). A correctly interpreted set of depositional 
systems tracts within unconformity-bounded sequences 
also allows delineation of the large-scale architecture of 
the basin fill. Depositional systems tracts have been geneti
cally related to variations in sea level by Van Wagoner et 
aI. (1987), but even if the eustatic origin is not correct in 
all cases, the generalized lithofacies distributions within 
them are still valid, and form a necessary link between 
composite seismic or well log sequences and the individual 
depositional facies. Highstand and lowstand systems tracts 
have been named assuming eustasy is the controlling fac
tor (Van Wagoner et aI., 1987), but here the nongenetic 
terms "relative highstand" and "relative lowstand" will be 
used. 

Variations in Proportions of Systems Tracts 

While the general pattern of depositional systems tracts 
shown in Figure 1.9 seems to occur in many different types 

Figure 1.9. The three major types of systems 
tracts (ST) in the context of an unconformity
bounded sequence. Although developed for 
large-scale passive margins, this model seems to 
work well for a variety of different basin types. 
Differences arise in the proportions of the sys
tems tracts in basins with different tectonic his
tories. Modified from Van Wagoner et al. 
(1987). 

I v-I NON·MARINE r.-1 SHOREUNE·SHELF ~ MARJNE 
DEPOSITS L.:J SANDSTONE ~ SHALES r.-:l FLUVIAL· fN"1 DEEP.SEA 

~ ESTUARINE ~ FAN DEPOSITS 
VALLEY FILL 
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of basins, the proportion of each systems tract is highly vari
able. The pre-existing morphology of the basin, as con
trolled by its tectonic history, is important in the relative 
development of systems tracts. The general diagram of 
systems tracts (Fig. 1.9) was developed essentially for 
large-scale passive margins. Where slopes and deep-water 
facies are absent, the lowstand systems tract may be very 
thin and almost unrecognizable. 

The distribution and thickness of systems tracts is 
perhaps most generally controlled by variations in the sub
sidence and sedimentation rates. For example, the trans
gressive systems tract (Fig. 1.9) was deposited because 
average rates of subsidence exceeded average rates of sedi
mentation after base level began to rise. If sedimentation 
occurs at very low rates, the transgressive systems tract may 
be quite thin, and deep-water conditions may develop. If 
rates are nearly balanced and slow, thick transgressive de
posits may accumulate if the situation persists long enough. 
If rates are nearly balanced and high, a thick transgressive 
systems tract can develop in a short time interval. These 
variations are probably controlled by eustasy in some cases, 
but generally, the tectonic evolution of the basin controls 
the rates of subsidence and sedimentation (Beaumont, 
1981), at least on a large scale. 

Foreland Basin Examples 

In foreland basins, episodes of basin subsidence are caused 
by thrusting in the associated orogen, which loads the 
lithosphere and also creates the topography that supplies 
the sediment (Price, 1973; Beaumont, 1981). Cant and 
Stockmal (1989) analyzed the stratigraphy of foreland 
basins in terms of a theoretical sequence that results from 
a single episode of terrane accretion, lithospheric loading, 
foreland depression, and uplift of sediment sources (Fig. 
1.10). Migration of a flexural bulge ahead of the depression 
causes uplift and erosion of the pre-existing shallow-water 
passive-margin sediments. Early in the process, accretion 
takes place on a continental slope, so little topographic re
lief is built above sea level and little sediment is shed into 
the subsiding foreland. Deep-water conditions devel<;>p in 
the basin initially, but as thrusting proceeds above sea level, 
great volumes of sediment are shed rapidly, first in deep 
water, then in shallow water, as the basin fills. This is the 
classic flysch-to-molasse sequence of Alpine foreland 
basins, also described from a Pleistocene foreland by Covey 
(1987) and a modern one by Crook (1989). After thrusting 
ceases, erosion removes some of the load from the litho
sphere, and the basin is partly uplifted, resulting in erosion 
of the top of the fill. The resulting sequence is unconformity 
bounded above and below, shallows upward from deeper 

PERIPHERAL BULGE 

" 

D.l. Cant 

A. INITIAL FORMATION 
OF BASIN 

,,1-",", I'-I~/!. ""'~~~:= 
I,~~/,.:- ... ·;··\,_·,,··IJ " 

\/\.' CONTINENTAL 
CRUST 

B. DEEP-WATER 
PHASE 

C. SHALLOW-WATER 
PHASE 

D. UPLIFT AND EROSION 

GSC 

Figure 1.10. Development of an unconformity-bounded foreland basin 
sequence. A. Migration of a peripheral bulge in front of the basin uplifts 
shallow-water sediments cutting an unconformity. Little sediment is sup
plied because accretion initially takes place on the continental slope in 
deep water. B. Ongoing thrusting pushes part of the orogen above sea 
level, supplying sediment to the deep basin (flysch phase). C. Rapid sedi
mentation fills the basin to sea level and above (molasse phase). D. With 
the end of convergence, erosion lightens the load, the basin rebounds, and 
another unconformity is cut. From Cant and Stockmal (1989). 

marine to shallow marine sediments, and is capped by non
marine deposits. The fundamental control on the systems 
tract development is the time lag between the onset of re
latively high rates of subsidence and high rates of sedi
mentation. This delay resulted in development of what are 
probably deep-water relative lowstand deposits in the flysch 
(Caron et aI., 1989), succeeded by transgressive and rela
tive highstand deposits in the molasse. Systems tracts in the 
molasse have been related to eustatic variation in some 
cases (Homewood et ai., 1986). 

Where multiple accretion events occur on a continental 
margin, the later sequences differ, because terrane accre
tion does not take place onto the continental slope. Later 
terranes push the earlier ones farther inboard, with sedi
ment supply established almost as quickly as subsidence. 
Deeper marine deposits therefore may be absent from later 
clastic wedges. Some of the later clastic wedges show a 
much-reduced time lag effect, interpretable from the sys-
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Distal 
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T 
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Section is 160 km long 

Figure 1.11. A well log cross-section of the Mannville clastic wedge show
ing transgressive and relative highstand systems tracts. Shoreline deposits 
backstepped toward the nonmarine area through the Gething Fm until the 
transgression abruptly swept several hundred kilometers southeastward. 

tems tracts developed in them. The second major clastic 
wedge in the Alberta foreland basin sits on the sub
Cretaceous unconformity. The Lower and Middle Mannville 
(Fig. 1.11) make up a transgressive systems tract, com
prising shallow marine, marginal marine, and non-marine 
facies. The shoreline deposits backstep southward, forming 
transgressive shorelines and estuaries, while the nonmarine 
Gething Fm was being deposited over much of the basin. 
The rate of transgression increased markedly as the 
shoreline moved abruptly southward at the peak of the 
transgression. When rates of sedimentation increased and 
began to exceed rates of subsidence, the relative highstand 
Upper Mannville (Spirit River Fm) formed a series of 
northward-prograding clinoforms. This clastic wedge re
sembles the foreland-basin sequence model proposed by 
Devlin et al. (1990) for the Wyoming foreland. The extent 
of time-lag effect between subsidence and sedimentation is 
believed to be the controlling factor in determining the 
types, thicknesses, and facies of the depositional systems 
tracts. The time lag itself is interpreted to result from the 
tectonic development of the basin. In other cases, eustatic 
variation can also markedly affect the distributions and 
thicknesses of depositional systems tracts. In the next sec
tion, examples from the Mannville clastic wedge will be 
used to describe the systems in more detail. 

Proximal 

SE 

I 
Highstand 
Systems 
Tract 

11 

In the Spirit River Fm, small-scale depositional sequences baselap seaward 
onto the condensed section, a typical configuration for a relative-highstand 
systems tract. Modified from Mitchum et al. (1977). 

Examples of Shallow Marine Reservoirs 

The remainder of the chapter consists of examples of shal
low marine reservoirs discussed in the context of the sys
tems tracts. Details of the stratigraphy and sedimentology 
will not be presented; rather, the distribution and geometry 
of lithologic units will be emphasized. 

One complicating factor with the utilization of the sys
tems tract concept should also be mentioned. Systems tracts 
are necessarily considered in a hierarchical arrangement, 
because each can commonly be subdivided further on a 
more detailed scale. Multichannel seismic data cannot re
solve stratigraphic sequences on the same scale as well log 
cross-sections, which do not show stratigraphic details 
obtainable from some large outcrops. Higher-order, but 
thinner sequences with their own systems tracts may occur 
within a larger-scale sequence. The degree of stratigraphic 
subdivision or predictability of reservoir facies distribution 
achievable utilizing the systems tract concept does depend 
on the scale of observation. 

Relative lowstand systems tracts: Lowstand systems tracts 
lap onto the slopes of passive continental margins when sea 
level drops below the shelf break. In these large-scale cases, 
the resulting deposits are commonly coarse deep-sea fans, 
sometimes with lowstand shoreline sandstones on the upper 
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Figure 1.12. Outer-shelf sand bodies on the modern Scotian Shelf 
(Browns Bank, LaHave Bank, Emerald Bank, Banquereau Bank, Eastern 
Shoal, Misane Bank), with an interpreted high-resolution single-channel 
seismic line underneath. The sands were transported across the shelf dur-

ing the Pleistocene lowstand when channels were cut, and are presently 
being reworked in the transgressive shelf environment. From Geological 
Society of America Bulletin, v. 98, Amos. C. L., and Knoll. R. G. (1987). 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


Shoreline-Shelf Reservoirs 

slope. In higher-order, thinner sequences, or in basins with
out continental-margin relief, the depositional slopes are 
low in amplitude, on the order of tens of meters. Lowstand 
wedges deposited upon these are not deep-water facies, but 
consist of shoreface to nonmarine deposits. In many cases, 
these sit on short-period unconformities cut into marine 
shales, forming "shelf" sand bodies. This process is similar 
to the erosion followed by shoreline deposition shown in 
path C of Figure 4. The deposition of lowstand shoreline 
sandstones is associated with incision of valleys into non
marine and marginal marine areas (Weimer, 1984). 

This general process of the formation of shelf sand bodies 
during a relative sea-level drop and subsequent rise can be 
illustrated from modern shelves. During the Pleistocene 
lowstand, coarse sediment was carried to the edge of the 
shelf by glacial and periglacial processes. During the sub
sequent sea-level rise, much of this material was reworked 
into isolated sand bodies on the outer shelves, separated 
from the shoreline by muddy basins. One of the best exam
ples of this occurs on the Scotian Shelf of eastern Canada, 
where Sable Bank and Banquereau Bank form part of a line 
of shelf-edge sand bodies (Fig. 1.12). Most of the sediment 
of these banks was transported across the shelf during Pleis
tocene times (Amos and Knoll, 1987), when a maximum 
sea-level drop of about 110 m occurred. The surface result
ing from the drop shows major channels filled by gravel 
(Fig. 1.12). An erosion surface was cut during the trans
gression at the beginning of the Holocene, upon which re
working of older material created the shelf sands that are 
being transported presently by waves and tides on the 
banks. Some disagreement exists between workers as to the 
identification of the transgressive unconformity, but most 
agree on the overall interpretation of a reworked glacial 
and periglacial deposit because of Pleistocene eustatic 
fluctuations. 

These kinds of lowstand shoreline deposits on shelves 
generally form sharp-based sandstone or conglomeratic 
shoreline deposits (migration path C of Fig. 1.4, or Fig. 
1.6), which may be capped by non-marine deposits. These 
kinds of facies sequences occur in a complex situation in the 
Cardium Fm of Alberta. As documented in many publica
tions, up to seven erosion surfaces were cut, many of which 
have lowstand shoreline reservoir conglomerates deposited 
upon them. The complex stratigraphy is well documented 
by Bergman and Walker (1987) and Plint et al. (1987). 

Marginal marine and nonmarine lowstand deposits may 
be modified during the subsequent transgression over them. 
In the Cardium and Viking Fms of Alberta, reworking of 
the tops of the sand bodies has superimposed tidal and 
other marine sedimentary structures and textures and 
obliterated all shoreline and nonmarine indicators. This, 
combined with their position in the shale basin, has resulted 
in these lowstand and transgressive deposits being termed 

B.C. ALTA. 

~ NON-MARINE 

o MARGINAL MARINE 
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Figure 1.13. A map of Cardium oilfields in western Canada showing their 
different morphologies and gross depositional facies. Some of the large 
fields can be interpreted as low-stand deltas or transgressively reworked 
deltas. The very linear fields can be interpreted as low-stand barriers or 
transgressive tidal-current ridges. The eastward curve of the facies belt at 
its north end has been questioned recently. 

"offshore bars" in the past, but a relative sea-level fall is 
now recognized as necessary for their formation. Some low
stand reservoirs seem to be totally reworked during the 
transgression, but others retain what could be interpreted 
as their lowstand morphologies (Fig. 1.13). 

Transgressive systems tracts: When relative sea level 
rises, an ongoing supply of sediment causes deposition in 
transgressive systems. As discussed above, this does not 
necessarily mean that individual parasequences are neces
sarily transgressive. Seismic-scale examples are composite, 
made up of one or more retrogradational parasequence sets 
(Fig. 1.9) on top of the sequence boundary, or if present, 
on top of the lowstand systems tract. In outcrop or well-Iog
scale examples, transgressive systems tracts may consist of 
single parasequences. 

The Mannville clastic wedge of the Alberta Basin shows 
well-developed transgressive systems in the Lower to Mid
dle Mannville (Figs. 1.11, 1.14). On top of a long-period 
tectonic unconformity, the nonmarine Lower Mannville 
consists mostly of meandering-stream sandstones and 
shales, along with coals. These rocks grade northward into 
shallow-marine sediments; the transition shows retrograda-
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UPPER 
MANNVILLE 

D.J. Cant 

NON·MARINE SANDSTONES, SHALES AND COALS 
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Figure 1.14. More detailed stratigraphy of part of the Mannville Group, 
showing the nonmarine Lower Mannville, the marginal marine Middle 
Mannville, and the deeper marine (but still shelf depth) Upper Mannville. 
The nonmarine Gething is interpreted as the basal part of the transgressive 
systems tract because of the retrogradation of the shoreline in this unit. 

tion with increasing stratigraphic elevation. In many places, 
the nonmarine deposits can be traced into thick estuarine 
sandstones, characteristic of many transgressive shorelines. 
In Middle Mannville time, the distance of transgression in
creased markedly, reaching hundreds of kilometers south 
to the U.S. border. The shoreline-to-marginal marine 
Bluesky Fm overlays the nonmarine deposits, forming a 
thin, irregular sheet over much of the basin. These trans
gressive sands are deposits of beaches, barrier bars or 

TWT 

Figure 1.15. A core with gamma-ray log from the Logan Canyon Fm, and 
the seismic expression of the unit (1.8 to 2.-2 sec) . The sand body has a 
sharp base and top, and appears erosive in the core. The seismic line shows 

The ravinement surface was cut as the shoreline transgressed. Ongoing 
sediment supply during the transgression generated the littoral Bluesky 
Sandstone, the restricted marine carbonates, and some shallow marine 
shale. Upper Mannville shales clinoform onto the top of this unit. 

islands, and tidally reworked sand ridges. Where the 
shoreline sands sit directly on top of the nonmarine de
posits, they have a sharp base , probably reflecting a minor 
disconformity or ravinement surface (path C, Fig. 1.3). 
Later truncation and reworking of the shoreline sand 
during the transgression has resulted in areas in northern 
Alberta where "offshore bars" are preserved. 

Overlying the shoreline deposits are marine shales that 
exhibit high radioactivity. Cross-sections of this interval 

COHAISlE.l 4-U lOOAH CANYON , ... 

--

--
....... " .,.... ............ 

t ............. ...........,. 
r~,..."....~ 

... ~ -

reflections with irregular amplitudes, depths, minor clinoforms, and faults. 
No amplitude or frequency sequences are developed. Cohasset A-52 
occurs off this line, but in the same unit. 
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show that at least some of these shales occur in the same 
transgressive unit (Figs. 1.11, 1.14) as the shoreline de
posits, as defined by clinoforms that baselap onto them 
(Mitchum et aI., 1977). Recent work has shown that these 
shales contain shallow-water and nonmarine microfossils 
(D. Leckie, personal communication, 1988) and are there
fore part of the transgressive systems tract. 

In southern Alberta, the transgressive sandstones pinch 
out, probably onto a ravinement surface. The brackish
water transgressive shales are interbedded with marginal 
marine limestones of the Ostracod Zone and Calcareous 
Member (Fig. 14). These carbonates and the associated 
shales were probably deposited where sea water invaded 
estuaries, bays, and lagoons ahead of shoreline migration, a 
so-called brackish transgression. 

On a larger scale, transgressive systems may be compo
site and much thicker than those just described. On the 
Scotian Shelf, the Albian to Cenomanain Logan Canyon Fm 
consists of very shaly, coarsening-upward parasequences, 

~ .. 

15 

which are organized into retrogradational parasequence 
sets. The upper units are capped by chalks, deposited dur
ing times of almost complete lack of clastic input. The 
shales display small, laterally impersistent clinoforms, 
indicating minor relative highstands, and contain neritic 
microfaunas. Sharp-based interbedded sandstones display 
sharp, erosive bases in cores (Fig. 1.15), coal clasts, and 
bioturbation in their upper parts. They are interpretable as 
estuarine to shallow marine transgressive sands deposited 
during the relative sea-level rise. No sequences are appa
rent on seismic lines through the interval (Fig. 1.15). Some 
of the lateral irregularities along reflections in this figure are 
interpreted to result from irregular scouring at the bases of 
these sandstone beds. Plint (1988) has described complexly 
interbedded estuarine and shelf deposits from the Eocene 
Hampshire Basin in England (Fig. 1.16). In both the Logan 
Canyon and the Hampshire Basin examples, the sandstones 
sit on minor erosion or incision surfaces cut during the low
stands. It is not clear in all cases whether the erosional sur-

Description Interpretation 

Fresh water fauna Fluvial channel 
Brackish fauna Lagoon 

Z 
::!; 

~ 
Sandstone Shoreface 

Z ~L Bioturbated Mudstone Shelf 
0 ~:: I- Coarsening - upward 
a: clay to sandstone, Aggrading shelf 

Figure 1.16. Toward the edge of a basin, sea-level fluctuations 
are represented by interbedded shelf, shoreline, and lagoon/ 
estuary deposits (where preserved). Most of the deposits here 
can be regarded as part of the transgressive systems tract. 
Modified from Plint (1988). 
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South Nonh 

TWP 65 67 69 70 70 71 72 72 73 74 75 76 77 78 80 

~ Non-Marine m Transitional 

Figure 1.17_ A gamma-ray log cross-section of the Upper Mannville (Spir
it River Fm) with depositional environments indicated. The Upper Man
nville is a parasequence set comprising 8 parasequences. Sediment trans-

face is flat or not, but the estuarine sands definitely sit in 
channels in the Hampshire case. Linear estuary fills up to 
30 m deep cut into shoreline and nonmarine deposits are a 
common transgressive facies in many areas (e.g., Wood and 
Hopkins, 1989). 

Other transgressive systems tracts differ from those de
scribed in that they completely lack parasequence sets, at 
least on the most common scale. The Cape Sebastian Sand
stone of Oregon (Campanian-Maastrichtian) consists of 
200 m of transgressive sandstone overlying an erosion sur
face (Bourgeois, 1980). The Gog Sandstone (Cambrian) is 
800 m thick, overlies a minor unconformity, and is capped 
by a limestone (Hein, 1987; Cant and Hein, 1986). Both 
units appear to lack parasequences or regressive deposi
tional sequences; however, in each case, if the units could 
be traced seaward far enough, parasequences might be
come apparent (D. James, personal communication, 1988). 

Relative highstand systems tracts: These systems tracts 
occur in the upper parts of sequences (Fig. 1.9) when rates 
of sedimentation have outstripped subsidence. In western 
Alberta, the Upper Mannville unit is a relatively simple 
highstand tract (Figs. 1.11, 1.14), in that it consists of a 
single progradational parasequence set (the Spirit River 
Fm), which advanced longitudinally along the basin to the 
north. Each of the 8 widely correlatable parasequences 
coarsens upward from marine shales to marine or shoreline 

Not 

FA 

FB 

- FC 
--H--+"+-_lJ 

FD 

FE 

WA 

WB 

~ Marine - Coal 

port was south to north. Farther south in the nonmarine area, or much 
farther north in the shaly equivalents, no parasequences can be detected in 
the unit. From Cant (1984). 

sandstones (Fig. 1.17). Because of variations in the rate of 
thrusting, the parasequences have been interpreted to re
sult from variations in the sedimentation rate (Cant, 1984; 
Leckie, 1986). None of these parasequences have signif
icant erosion associated with them; an appropriate model 
for preservation of the shoreline facies is migration path A 
of Figure 1.4. Over most ofthe basin, the basal pair of para
sequences are largely marine and dominantly shaly (Leckie 
and Walker, 1982), while the upper parasequences contain 
shoreline and nonmarine deposits (Fig. 1.17). Because of 
the excellent well control in the unit, it can be shown that 
the sandstones are sheet-like and extensive in all directions. 
Individual parasequences show minor internal markers that 
downlap onto the basal transgressive surfaces (Cant, 1984), 
which are therefore condensed sections (Fig. 1.18). On a 
larger scale, farther north, the lower parasequences baselap 
onto transgressive shales and sandstones below (Mitchum 
et al., 1977), forming large clinoforms and a condensed sec
tion (Fig. 1.11) characteristic of the lowest parts of relative 
high-stand systems tracts (Van Wagoner et al., 1987). 

The upper parasequences are much coarser, with shelf 
and shoreline sandstones deposited by wave and tidal pro
cesses (Leckie and Walker, 1982). The shelf sandstones are 
attached to the shoreline sands, forming continuous sheets 
that extend some 90 km beyond the maximum shoreline 
regression before they grade into shale. Some of the upper 
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Gamma·Ray Logs 
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Figure L18. Gamma-ray logs from the two basal parasequences of the 
Spirit River Fm, showing correlations of minor sequences and markers. 
Below, a tracing of the baselapping correlation lines in one parasequence 
(a) and their interpretation as time lines (b). From Cant (1984). 

parasequences contain chert-pebble conglomerates (Cant, 
1984), formed on beaches and at river mouths discharging 
onto beaches (Cant, 1984; Rahmani, 1984). In places, the 
conglomerates pinch out abruptly into sandstones along the 
shoreline trend, indicating that granules and pebbles were 
not transported far by littoral processes. At the base of one 
parasequence, a thin (less than 5 m), irregular transgressive 
conglomerate and sandstone unit is preserved. Regionally, 
all conglomerates grade laterally into sandstones eastward 
away from the orogenic belt (Rahmani, 1984). These 
shoreline conglomerates are highly porous and permeable, 
forming the principal reservoir rocks of the giant Elmworth 
gas field (Masters, 1984). 

17 

The sequence labelled FC on Figure 1.17 thickens sea
ward at Township 73, and develops a sharp base. These 
anomalous features suggest that a minor sea-level drop 
affected this shoreline, creating a situation similar to migra
tion path B on Figure 1.4, a forced regression. This illus
trates that minor erosion surfaces reflecting smaller (higher 
order) base-level changes may occur within a highstand sys
tems tract. 

The Barremian to Aptian Upper Missisauga Fm of the 
Scotian Shelf of eastern Canada is similar, in that it is also 
composed of a series of transgressive-regressive sequences, 
organized into progradational parasequence sets (Fig. 1.7). 
Relative sea-level rise has caused stacking of tidal channel 
sands or lagoonal sands on top of the shoreline deposits, 
resulting in continuous sandstones up to 130 m thick (Fig. 
1.19). The major flooding or transgressive surface on top of 
most parasequence sets is marked by an oolitic limestone 
sheet laid down during the transgression. In this case, the 
absence of clastics allowed carbonate deposition, forming 
the best seismic reflectors in this part of the basin fill (Fig. 
1.20). As in the case of the Spirit River Fm, eustatic effects 
are difficult to recognize, probably because of high subsi
dence and deposition rates. The distributions of shallow 
marine and shoreline sandstones and conglomerates are 
similar in the Missisauga and Spirit River Fms. As shown in 
Figure 1.9, coarser facies are concentrated initially in pro
ximal areas of the basin, but spread basinward because of 
large amounts of progradation. 

When basins receive small quantities of coarse sediment, 
marine shales and carbonates make up most of the relative 
highstand deposits. On the Scotian Shelf, these are best 
shown by the Paleocene Banquereau Fm (Hardy, 1975), 
which has large clinoforms composed of silty mudstones 
(Fig. 1.21) that contain outer neritic microfossil assemb
lages. The clinoforms are up to about 80 m thick, and the 
basal set downlaps onto the Wyandot chalk, deposited at 
the maximum extent of the Logan Canyon transgression 
discussed above. In places, the clinoforms show rotational 
faults (Fig. 1.21), reflecting the kinds of gravitational fail
ures that affect modern continental slopes (Coleman and 
Prior, 1982). Because of the low rates of coarse sediment 
input, no reservoir facies are developed in these deposits. 

Conclusions 

The setting of shallow marine reservoirs, both stratigraphi
cally and paleogeographically, can best be understood in 
terms of depositional sequences of different scales and types, 
as well as bounding unconformities. In progradational 
parasequences, most sandstone reservoirs are laterally ex
tensive and sheet-like in geometry, grading off seaward into 
marine shales. In the same situation, conglomerate reser
voirs are much more restricted because of the limited trans-
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Figure 1.19. Two ways in which sandstones can be stacked up on shoreline 
deposits. Part A shows regression with major amounts of subsidence, re
sulting in deltaic or fluvial sandstones on top of the littoral sandstone . Part 

o 

Venture 0-23 
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Sonic 
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- Top Missisauga Fm 

D SHALLOW MARINE SHALES 

B shows a minor transgression, which promotes formation of estuaries, 
lagoons, barrier islands, and tidal channels. Sediment supply variations, 
therefore, cause great differences in the types of sand bodies preserved. 

_ Top Seismic ---,..-~c:; 
Facies Sequence 

"0" Marker 

Baslnward Landward 

Parasequence Set (PS) 

o 8 

Figure 1.20. Coarsening-upward parasequence sets from the Upper Missisauga Fm of the Scotian Shelf, eastern Canada. They are capped by high
velocity carbonate beds, of which the "0" Marker is the most widespread seismic marker in the basin. 
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Venture 8-13 
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Figure 1.21. A seismic line from the Scotian Shelf illustrating relative
highstand deposits in the lower part of the Tertiary Banquereau Fm. Cli
noforms (C) are indicated, which are developed in silty mudstone. Rota-

port of gravels offshore, or even, in many cases, in shore
parallel directions. Most shoreline conglomerates form 
somewhat elongated lenses a few tens of kilometers in max
imum dimension around the fluvial or deltaic input point. 

Lowstand sandstone and conglomerate reservoirs may 
form isolated bodies surrounded by shales. These have the 
potential to form large, stratigraphically trapped fields
the Cardium Pembina Field of Alberta has recoverable re
serves of 1.8 billion barrels or 0.25 x 109 m3 (Nielson and 
Porter, 1984). Fields in the Cardium seem in some cases to 
have morphologies inherited from the relative low-stand 
depositional systems, but some may be totally reworked 
during the transgression, so that their morphologies more 
closely resemble the outer-shelf sand bodies on modern 
shelves. 

On a larger scale, shallow marine reservoirs occur in each 
kind of depositional systems tract. Using seismic or regional 
well-log data, the general distributions of the different de
positional systems tracts give reasonable predictions of the 

" 
''''I'' 
.. i~' .' 

.. ' "" .~ - , .""" 
"'SB I"" 

".''''' '''_' "" ·,, 1"'"'''' .:11'"''_ ' ,'' ''' c,,"" : 
, I ... _ "., • • 1,- Banquereau Fm 
.,,~. ""'" 

tional faults are indicated between 1.0 and 1.3 sec, which have disrupted 
two sets of clinoforms. Near the top, erosional sequence boundaries (ESB) 
are indicated, which on other lines, show considerable downcutting. 

distributions of these facies. The general model of systems 
tract distribution is modified by the tectonic and eustatic 
setting of the sediments. 
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CHAPTER 2 

Systems Tracts, Seismic Facies, and Attribute Analysis Within a 
Sequence-Stratigraphic Framework-Example from the Offshore 
Louisiana Gulf Coast 

Jory A. Pacht, Bruce Bowen, Bernard L. Shaffer, and William R. Pottorf 

Introduction 

Seismic stratigraphy has developed almost as three separate 
disciplines. The first, pioneered by Vail and others (1977), 
is seismic sequence analysis. Sequence analysis is the study 
of recognizing and correlating regional stratal surfaces to 
define genetically related rock units that represent discrete 
chronostratigraphic intervals (Van Wagoner et aI., 1988). 
Seismic data are used extensively in sequence stratigraphy, 
as primary seismic reflections are generated by time
correlative bedding surfaces, and surfaces that separate sets 
of contemporaneous depositional systems (systems tracts) 
(Van Wagoner et aI., 1988). 

The second discipline is commonly called seismic facies 
analysis. It is defined as the description and geological in
terpretation of packages of seismic reflections. Parameters 
within these packages include configuration, continuity, 
amplitude, phase, frequency, and interval velocity (Vail et 
aI.,1977). 

The third discipline is seismic attribute analysis. Subtle 
changes in properties of particular reflections are examined 
to determine rock properties, including fluid content (Seng
bush, 1962; Harms and Tackenburg, 1972; Domenico, 
1974; Ensley, 1980; Balch et aI., 1981 Slatt et aI., 1987; and 
others). 

Our approach to exploration integrates these three disci
plines. We propose that seismic interpretation should be 
conducted in three iterative stages: (1) Delineate depo
sitional sequences and systems tracts. (2) Delineate and 
map seismic facies within each systems tract. (3) Evaluate 
attributes within specific seismic facies. Well-log and bio
stratigraphic data must be integrated at all phases of this 
interpretation effort. 

This paper describes techniques used in a regional study 
of Plio-Pleistocene strata in the south additions of the West 
Cameron through Grand Isle areas, offshore Louisiana 
(Fig. 2.1). These techniques have direct application to pet
roleum exploration and development within the study area 
and to analogous play types. 

We examined over 20,000 line-miles of migrated seismic 
data and 300 well-log suites. Detailed analyses of nannofos
sils and planktonic foraminifera were conducted in 48 of 
these wells. Depositional sequences were delineated and 
then subdivided into systems tracts. Each systems tract was 
further subdivided into seismic facies. Seismic facies were 
mapped in each systems tract in each sequence, along with 
total isochron thickness of the systems tract itself. These 
maps and sections allow seismic attributes to be evaluated 
relative to their location within specific facies. 

Sequence Stratigraphic Analysis 

Plio-Pleistocene strata in offshore Louisiana were divided 
into depositional sequences. Each depositional sequence 
was then divided into systems tracts. Finally, seismic facies 
were delineated within each systems tract. Systems tracts 
are sets of contemporaneous depositional systems (Brown 
and Fisher, 1977) that develop when sea level is at a certain 
position relative to the shelf edge, and is rising or falling at 
a certain rate (Van Wagoner and others, 1988; Posamentier 
et aI., 1988) (Fig. 2.2). Although the lowstand basin-floor 
fan, slope fan, and prograding wedge systems tracts are 
named after specific depositional environments that are 
parts of these systems tracts, they include all environments 
within it. Thus, the lowstand slope-fan systems tract in-
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Figure 2.1. Index map of the offshore Louisiana Gulf Coast, showing the study area. 

LOWSTAND BASIN FLOOR FAN 

LOWSTAND SLOPE FAN 

LOWSTAND PROGRADING WEDGE 

TRANSGRESSIVE SYSTEMS TRACT 
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SEQUENCE BOUNDARY 
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TECTONIC 
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SEA LEVEL 

Figure 2.2. Diagram illustrating the relation between 
eustatic sea-level fluctuations (hingeline subsidence along 
an passive margin), and relative sea-level fluctuations 
(From Vail, 1987, reprinted by permission) . 
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Examples of a Sequence-Stratigraphic Framework 23 

Figure 2.3. Sequence, systems tract, and seismic facies 
geometry developed along unstable progradational, 
passive continental margins. 

TRANSGRESSIVE 

cludes not only slope-fan facies but contemporaneous updip 
and downdip deposits as well. 

The characteristics of depositional sequences and asso
ciated systems tracts along stable progradational, passive 
margins have been studied in detail by many researchers 
(Vail et aI., 1977; Vail 1987; Haq et aI., 1987; Jervey, 1988; 
Posamentier et aI., 1988; Posamentier and Vail, 1988). The 
Plio-Pleistocene Gulf Coast of offshore Louisiana, how
ever, is an unstable progradational continental margin 
(Winker, 1982; Winker and Edwards, 1983). As a result, 
systems tracts exhibit different geometries and different 
geologic characteristics (Vail, 1987; Mitchum et aI., 1990; 
Pacht et aI., 1989; 1990a; 1990b) (Fig. 2.3). An approach 
that integrates seismic, well-log, and biostratigraphic data 
is needed to delineate systems tracts and associated seis
mic facies with the highest degree of accuracy possible. 

Biostratigraphic Criteria for Identification of Systems Tracts 

Calcareous nannofossils and planktonic foraminifera ex
hibit abundance peaks at maximum flooding surfaces (the 
boundary between the transgressive and highstand systems 
tracts) (Shaffer, 1987, 1990; Armentrout, 1987, 1990; 
Bowen et aI., 1989; Pacht et aI., 1990a; 1990b; Wornardt 
and Vail, 1990). In several sequences, a second abundance 
peak occurs at the top of the slope-fan systems tract (Shaf
fer, 1990; Bowen et aI., 1989; Pacht et aI., 1990) (Fig. 2.4). 
These abundance peaks are named for highest occurrence 
datums of specific nannofossils and/or planktonic forami
nifera that occur at or near the peak (Shaffer, 1987). 

Abundance peaks at the maximum flooding surface de
veloped when relative sea level was at its highest (Haq et 
aI., 1987; Vail, 1987; Posamentier et aI., 1988) (Fig. 2.2). 
At this time, the rate of terrigenous sedimentation was re
latively low. Therefore, planktonic microfossils were pre-

Incised Valley 

! 

PROGRADING WEDGE 

served in greater concentrations relative to clastic debris. 
High sea level in the Plio-Pleistocene is associated with 
interglacial intervals. A more temperate world climate 
existed than during glacial intervals, and isotopic data 
(Williams, 1984; Williams et aI., 1988, Trainor and Wil
liams, 1990) suggest that sea-water temperature was higher. 
Warmer sea water resulted in higher overall faunal abun
dance and diversity (Beard et aI., 1969, 1982; Shaffer, 1987, 
1990; Bowen et aI., 1989). 

The abundance peak at the top of the slope-fan systems 
tract developed as a result of a shift in sedimentary systems. 
Sea level was below the shelf edge during development of 
the slope-fan systems tract (Posamentier and others, 1988). 
Sediment delivered through incised valleys was transported 
long distances on the slope and abyssal plain in channel
levee complexes (Bouma et aI., 1986). In contrast, the low
stand prograding wedge developed when sea level was at or 
near the shelf edge. Sediment was deposited in marine
dominated deltas and moved along the shoreline by long
shore currents. Therefore, significant time may have passed 
before sediment of the lowstand prograding wedge was de
posited over much of the slope-fan systems tract. Slow, 
hemipelagic sedimentation occurred on top of the slope fan 
during this time interval, and abundance peaks developed 
as a function of the high ratio of planktonic microfossils to 
terrigenous debris (Bowen et aI., 1989; Shaffer, 1990). 

Seismic and Well-log Criteria for Identification 
of Systems Tracts 

Systems tracts in Plio-Pleistocene strata of offshore 
Louisiana cannot be identified solely by the surfaces that 
bound them. They commonly exhibit a concordant relation 
with one another. Downlap, toplap, and onlap are often 
poorly expressed. Therefore, individual systems tracts were 
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24 Pacht et al. 

Figure 2.4. Diagram illustrating the relation between systems 
tracts, well-log profiles, and abundance peaks. 
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identified by examining both the bounding surfaces and the 
seismic facies contained within them. Systems tracts in Plio
Pleistocene strata of offshore Louisiana also exhibit specific 
upward-coarsening, upward-fining, and aggradational pat
terns on spontaneous potential and deep induction well
logs. Specific criteria used in delineating systems tracts and 
associated facies on seismic and well-log data in these strata 
are discussed below. 

Lowstand Basin-Floor-Fan Systems Tracts 

Lowstand basin-floor fans are the basal systems tracts with
in the depositional sequences. They developed during rei a-

tive sea-level fall, which occurred when the rate of eustatic 
sea-level fall was greater than the rate of rise associated 
with subsidence (Jervey, 1988; Posamentier et aI., 1988; 
Vail, 1987) (Fig. 2.2). Sandy sediment was prograded far
ther out onto the shelf during sea-level fall. At some point, 
perhaps near the shelf-edge, oversteepening occurred, and 
sediment was transported down dip into nearby intraslope 
basins by sediment gravity flows (Pacht et aI., 1990b) (Fig. 
2.5). Much of the shelf was greatly eroded during this time 
interval. 

Basin-floor fans in the study area are characterized by a 
continuous reflection that either downlaps or onlaps against 
the underlying sequence boundary (Fig. 2.6). Alternative
ly, it may abut against the downthrown side of a growth 
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Figure 2.5. Block diagram illustrating lowstand 
basin-floor fan systems tract as developed in 
offshore Louisiana. 

Basin Floor Fan 
<Sand-Prone) 

Figure 2.6. Seismic section showing a basin-floor fan. A gas 
field is developed within this basin-floor fan . Nearly 100 bcf 
has been produced from this field in only three years on
stream. 

fault (Table 2.1). Where this upper boundary is not a good 
reflection, it can be defined by a series of downlapping 
reflections in the overlying slope fan. Basin-floor fans are 
commonly less than 300 feet (91.5 m) thick. Where they are 
thick enough to exhibit internal reflections, these reflec
tions are poorly defined, or the fan is characterized by a 
transparent zone. Basin-floor fans in offshore Louisiana 
occur in local topographic lows and are commonly charac
terized by thick sandstones (Fig. 2.4). 

25 

InCised Valle 

Lowstand Slope-Fan Systems Tracts 

Slope-fan systems tracts developed during the first stages of 
relative sea-level rise (Vail, 1987; Posamentier et aI., 1988; 
Jervey, 1988; Pearlmutter, 1985) (Fig. 2.2). Sediment 
stored in glaciers was released and flowed downslope 
through topographic lows on the shelf directly onto the 
slope. In contrast to deposits on stable progradational con
tinental margins (as described by Vail, 1987), contempor-
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Table 2.1 Seismic, well-log, and lithologic characteristics of seismic facies in Gulf Coast systems tracts. 

Sys. Tract 

Basin-floor Fan 

Lowstand Slope Fan 

Lowstand Prograding 
Wedge 

Transgressive 

Highstand 

Facies 

Basin-floor Fan 

Channel-levee Facies 

Chaotic Facies 

Overbank Facies 

Hemipelagic Facies 

Updip Parallel Facies 

Semicontinuous to 
Continuous Facies 

High-amplitude 
Facies 

Chaotic Facies 

Semicontinuous to 
Discontinuous 
Facies 

Chaotic Facies 

Semicontinuous to 
Discontinuous 
Facies 

Chaotic Facies 

Seismic Characteristics 

Well-developed reflection or discontinuity sur
face, which forms upper boundary. Surface 
downlaps against the sequence boundary or 
abuts against the down thrown side of a growth 
fault. 

Channels exhibit concave-upward reflections. 
Levees exhibit discontinuous to semi
continuous reflections that downlap away 
from them. 

Random discontinuous seismic reflections. 

Discontinuous to semi-continuous seismic reflec
tions that are subparallel to the sequence 
boundary. 

Parallel semi-continuous to continuous reflec
tions. These reflections may exhibit moderate 
to high amplitudes. 

Parallel semi-continuous to continuous reflec
tions. 

Semi-continuous to discontinuous reflections 
that are either concordant or diverge toward 
the downthrown sides of growth faults. 

Reflection or set of reflections that exhibit high 
to very high amplitude. 

Random discontinuous seismic reflections. 

Semi-continuous to discontinuous reflections 
that are concordant. Rare divergence toward 
the downthrown sides of growth faults. Inter
val is usually thin and commonly below seis
mic resolution. 

Random discontinuous seismic reflections. 

Semi-continuous to discontinuous reflections 
that are concordant or diverge toward the 
downthrown sides of growth faults. 

Random discontinuous seismic reflections. 

Pacht et al. 

Lithology and Well-log Characteristics 

Well-logs exhibit thick, well-sorted sands. 

Channels commonly exhibit aggradational or 
fining-upward sequences of blocky sands. 
Some channels may be shale-filled, however. 
Levees exhibit variable lithologies. 

Chaotic facies are commonly sand-rich where 
they were formed by small channel-levee com
plexes. They exhibit variable lithology where 
they were formed by mass wasting. 

This facies is generally mud-rich. Thick muds 
are separated by spiky aggradational sands. 

Thick clays and muds. These muds are carbon
ate rich in some cases. 

Variable lithology. The facies exhibits aggrada
tional, coarsening-upward, or fining-upward 
sequences of sand, silt, and mud. Strata com
monly correlatable over several miles. 

Generally sand rich but may be mud rich in 
some areas. Well logs generally exhibit 
coarsening-upward sequences where they rep
resent delta-front sedimentation. Finding
upward sequences are developed in associated 
delta plain and fluvial deposits, and aggrada
tional deposits are commonly formed by sedi
ment gravity flows. 

This facies commonly forms at impedance con
trast between clean sandstones at the top of a 
coarsening-upward sequence and muds at the 
base of the sequence that overlies it. The 
facies also may occur where thick muds are 
deposited on top of the slope fan. 

Lithology is highly variable; however, most de
posits are mud rich. 

This facies is usually composed of thick muds. 
Poorly developed fining-upward sequences 
are sometimes present. 

Facies is mud rich. 

Facies exhibits thick muds and silts or poorly 
developed, mud-rich coarsening-upward 
sequences. 

Facies is mud- and silt-rich. 

aneous fluvial-deltaic facies were preserved updip of slope
fan depositional systems (Fig. 2.3). Sediment was trans
ported through these depositional systems down dip into 
intraslope basins by sediment gravity flows (Fig. 2.7). 

systems tract in Gulf Coast strata. Slope-fan strata directly 
overlie sequence boundaries or, where present, basin-floor 
fans. 

The lowstand slope fan is commonly the most distinctive 
The underlying sequence boundary is commonly defined 

by downlap of slope-fan strata. Alternatively, it may be de-
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Figure 2.7. Block diagram illustrating a 
lowstand slope-fan systems tract, as de
veloped in offshore Louisiana. 

lineated by the change in reflection style from the more 
continuous reflections of the underlying highstand or basin
floor fan systems tracts. The sequence boundary commonly 
does not exhibit a well-developed reflection. 

The slope fan systems tract is characterized by several 
facies, each of which exhibits specific reflection geometries 
(Weimer, 1989, 1990; Feeley et aI., 1990; McHargue and 
Webb, 1986). These reflection geometries include channel, 
levee, overbank, chaotic, hemipelagic, and updip parallel 
deposits (Pacht and others, 1990a, 1990b) (Table 2.1). 
Facies that represent individual depositional features or 

Figure 2.8. Channel and levee facies in 
a lowstand slope-fan systems tract 
(ch = channel; Iv = levee). 

Slumps 
(Chaotic FacIes) 

27 

processes were named for those features and processes. 
Facies that may develop by several depositional processes 
were given descriptive names. 

Channel facies in the slope-fan systems tract are defined 
by curved, concave-upward reflections that vary in size 
from 2 miles (3.23 km) in width to less than seismic resolu
tion. Associated levee reflections are cut by channel reflec
tions, and downlap away from them (Fig. 2.8). These chan
nels and levees commonly occur in stacked complexes. The 
overbank facies exhibits semi-continuous to discontinuous 
reflections that are subparallel to the sequence boundary. ht
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This facies develops alongside channel-levee complexes 
(Fig. 2.9). 

Channels commonly exhibit thick, well-sorted sandstones 
or sand/shale fining-upward sequences. Levees associated 
with large channels may exhibit thick, well-sorted sand
stones as well, although their lithology is highly variable. 
Overbank facies, however, are commonly mud-rich (Fig. 
2.4). Sandstone percentage decreases greatly away from 
channel-levee complexes. 

Chaotic facies exhibit random, discontinuous reflections 
(Fig. 2.9). Well-logs through this facies suggest that it con-

Pacht et al. 

Figure 2.9 . Overbank and chaotic 
facies in a slope-fan systems tract. 
Diagram also shows a basin-floor 
fan (bff = basin-floor fan facies; 
ob = overbank facies; ch = chaotic 
facies) . 

tains less than 10% to greater than 70% sandstone. Chaotic 
facies may be formed by mass wasting and gravity sliding of 
both sand and mud-rich masses. In addition, a series of 
nested channel complexes at or near seismic resolution will 
also exhibit a chaotic pattern. Chaotic facies that represent 
stacked channel-levee complexes generally exhibit greater 
than 50% sand. 

Hemipelagic facies exhibit continuous to semi-continu
ous reflections, which in some cases, are high in amplitude 
(Fig. 2.10). This facies consists largely of carbonate-, mud-, 
and clay-rich shales, probably deposited largely by 

Figure 2.10. Hemipelagic facies of the slope-fan systems 
tract. This amplitude anomaly was formed by carbonate-rich 
ooze. No sand or hydrocarbons were observed. 
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hemipelagic processes (Pacht et al., 1990a).1t also may also 
include deposits of other systems tracts that are highly con
densed and are below seismic resolution. 

Reflection characteristics in the updip parallel facies are 
similar to those developed in the hemipelagic facies; 
however, the updip parallel facies may contain thick sands. 
The updip parallel facies is characterized by aggradational 
and coarsening-upward sand/shale sequences . This facies 
probably represents shallow-water, fluvial-deltaic strata 
(Pacht et al., 1990a). 

Although lithologies of the hemipelagic and updip par
allel facies are very different, both facies exhibit analogous 
seismic signatures, probably because the geometry of de
positional units within them is quite similar. Clastic units of 
the updip parallel facies can be correlated over several 
miles and exhibit little thickness variation relative to the 
resolution of seismic data. Hemipelagic units are character
ized by thin turbidites interspersed between accumulations 
of pelagic debris. These units also exhibit uniform lithology 
and thicknesses over large areas. 

Lowstand Prograding Wedge Systems Tract 

Lowstand prograding wedges developed when sea level was 
at or near the shelf edge and was rising at a rate slow 
enough for sedimentation to keep pace (Vail, 1987; 
Posamentier et al., 1988) (Fig. 2.2). Deltas developed at or 
near the shelf margin (Pacht and others, 1990a) (Fig. 2.11). 
Since wave energy was not dissipated by movement across a 
broad, shallow shelf, it remained relatively high, and these 
deltas were commonly marine-dominated (term from 

Figure 2.11. Block diagram illustrating the 
lowstand prograding-wedge systems tract, as 
developed in offshore Louisiana. 

Hemlpeleglc 
Sedimentation 

29 

Galloway, 1975). The deltas deposited well-sorted reservoir 
sands that extend several miles along strike. 

The morphology of this systems tract in the study area, 
however, is quite different from lowstand prograding wedge 
deposits developed along stable progradational margins (as 
defined by Haq et al., 1987; Vail, 1987; and Posamentier et 
al., 1988). Progradation is not observed in seismic sections. 
Instead, reflections diverge toward the downthrown sides of 
growth faults (Fig. 2.12). 

These reflections are commonly semi-continuous to con
tinuous and exhibit low to moderate amplitudes. Chaotic 
facies and continuous high-amplitude reflections are also 
present (Table 2.1). The lower boundary of this systems 
tract is commonly defined by onlap and/or downlap onto 
the slope-fan systems tract. Strata of the lowstand prograd
ing wedge also may exhibit greater reflection continuity and 
less variation in reflection amplitude than the underlying 
slope-fan deposits (Fig. 2.12). 

The lowstand prograding wedge is commonly sand-rich, 
although it is characterized in many areas by thick shales. 
Well logs exhibit coarsening-upward patterns (Fig. 2.4) 
throughout much of the study area. High-amplitude reflec
tions (as opposed to "bright spots," which are discussed 
later in this chapter) in this systems tract commonly are 
formed by the acoustic impedance contrast between sands 
at the top of one of these coarsening-upward sequences and 
shales at the base of the succeeding one. Alternatively, 
high-amplitude reflections in this systems tract may also be 
formed by thick shales deposited immediately above the 
lowstand slope fan . 

Fining-upward sequences are observed in proximal units 
of this systems tract, near the northern boundary of the 

Major Growth Along 
Down-Io-Basln 

Faulls 
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30 Pacht et al. 

Figure 2.12. Seismic section of the lowstand prograding wedge systems tract (co = continuous to semi-continuous facies; ch = chaotic facies; ha = high
amplitude facies). 

study area. In contrast, down dip equivalents of the low
stand prograding wedge may exhibit aggradational se
quences and thick, well-sorted sands. 

Coarsening-upward sequences were probably formed 
largely by delta-front sedimentation. Updip fining-upward 
sequences may have formed in the associated delta-plain 
and fluvial deposits, whereas downdip aggradational de-

Swam & marsh near rivers 

ea Head Oelta 

posits probably formed as a result of transport by sediment 
gravity flows. Slump scars characterized by chaotic fill are 
sometimes observed updip of these aggradational units. 
The lithology of the chaotic fill varies considerably; how
ever, it commonly contains a greater amount of mud than 
deposits characterized by more continuous reflections in 
this systems tract. 

Figure 2.13. Block diagram illustrating trans
gressive systems tract as developed in off
shore Louisiana. 
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- -~" 

Figure 2.14. Seismic section of the transgressive and highstand systems tracts. This figure shows one of the thickest examples of the transgressive systems 
tract in the study area (HST = highstand systems tract; TST = transgressive systems tract; co = continuous to discontinuous facies; ch = chaotic facies). 

Transgressive Systems Tract 

The transgressive systems tract developed when the rate of 
sea-level rise increased to the rate at which sedimentation 
could no longer keep pace (Fig. 2.2), and the shelf was 
flooded. Deltaic progradation ceased, and most sand was 
trapped in updip estuaries (Posamentier et aI., 1988; Vail, 
1987) (Fig. 2.13). 

The transgressive systems tract is very thin over much of 
the study area and is commonly below seismic resolution. 
Where it is thick enough to be interpreted, it is generally 
characterized by discontinuous to semicontinuous, concor
dant reflections (Fig. 2.14, Table 2.1). Some chaotic bed
ding is also present. Little to no thickening is observed 
along the down thrown sides of growth faults in this unit. 
The transgressive systems tract is separated from deposits 
of the lowstand prograding wedge by the transgressive sur
face (Haq et aI., 1987; Vail, 1987; Van Wagoner et aI., 
1988). This surface is commonly defined by a reflection ex
hibiting moderate to high amplitude. Most classic structure 
maps in this area were made on transgressive surfaces. 
Well-log data suggest that the transgressive systems tract is 
dominantly composed of mud and clay. Poorly developed, 
fining-upward sequences are sometimes observed at the 

base of the unit; however, sandstones are relatively rare 
(Fig. 2.4). 

P.R. Vail (personal communication, 1988) and Pacht et 
aI. (1989) observed that the base of the transgressive sys
tems tract may be characterized by a very well-sorted sand. 
This sand was probably deposited during development of 
the lowstand wedge and reworked by shelf currents during 
development of the transgressive systems tract. However, 
without core data, the reworked sand layer is hard to differ
entiate from clean sands deposited during formation of the 
lowstand prograding wedge. In this chapter, therefore, the 
reworked sand layer is considered to be part of the low
stand prograding wedge. 

Highstand Systems Tract 

Highstand systems tracts developed when the rate of rela
tive sea-level rise slowed to the rate at which sedimentation 
was able to keep pace again (Vail, 1987; Posamentier et aI., 
1988). Sediment prograded seaward in large deltaic com
plexes. These deltas however, were fluvial dominated, as 
opposed to the marine-dominated deltas observed in the 
lowstand prograding wedge (Pacht et aI., 1990a) (Fig. 
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r--------------------------------. Figure 2.15. Block diagram illustrating highstand sys

Mud Rich Deltas 
Fluvial Dominated 

Swam and Marsh tems tract facies as developed in offshore Louisiana. 

2.15). The deltas are developed well updip of the shelf mar
gin, and wave energy is attenuated by movement across the 
shelf. 

Highstand strata in offshore Louisiana are defined by 
semi-continuous to discontinuous reflections on seismic 
data. Progradational sequences are rare. Instead, reflec
tions are either concordant or diverge slightly toward the 
downthrown sides of growth faults (Fig. 2.14). Some chao
tic facies are present. The highstand systems tract is sepa
rated from underlying deposits of the transgressive systems 
tract by the maximum flooding surface (term from Haq et 
aI., 1987; Vail, 1987) (Fig. 2.2). Since this surface is com
monly not characterized by downlap of the overlying high
stand systems tract (as is the case along stable prograda
tional margins; Haq et aI., 1987), it is commonly difficult 
to identify without well-log and biostratigraphic data. 

Well-logs in the highstand systems tract exhibit either 
silt- and mud-rich coarsening-upward sequences or thick 
shales (Fig. 2.4). The highstand systems tracts in the study 
area are usually less than 300 feet (91.5 m) thick. However, 
local highstand depocenters are present in which these 
strata are over 2,000 feet (609.8 m) thick. These depocen
ters trend along dip. 

Systems Tract Mapping 

Sequence, systems tract, and facies boundaries, as well as 
all structural features (faults, salt diapirs, etc.), were tied 
throughout the data grid, and maps were constructed for 
each systems tract. The maps show isochron thickness and 
seismic facies for individual systems tracts as well as struc
tural attributes. 

An example of a map within a slope-fan systems tract can 
be shown to illustrate the techniques involved in their con
struction (Fig. 2.16). Similar techniques were used in con
structing maps from each systems tract. 

Multiple seismic facies may occur within a given thick
ness of strata at any particular point. Therefore, certain 
rules were set up for mapping each systems tract. For exam
ple, channel, overbank, and chaotic facies occur in the 
slope-fan systems tract shown in Fig. 2.16). Since both 
overbank and chaotic facies are common in this systems 
tract, if the systems tract exhibited greater than 50% chao
tic facies, it was mapped as such. If it exhibited greater than 
50% overbank facies, this was plotted on the map. 

Channels, however, were plotted regardless of the rela
tive percentage of this facies in the overall systems tract. 
Channels were noted on maps wherever they occurred 
within the specific systems tract. Therefore, channel facies 
shown on the map may not correspond to individual chan
nels that developed contemporaneously. Instead, they may 
represent channel complexes developed within the systems 
tract throughout its depositional history. Chaotic facies pro
ximal to growth faults probably developed by mass wasting, 
whereas chaotic facies developed near and along the 
periphery of the major channel complexes may represent a 
series of smaller channel complexes. 

Exploration Strategy 

Once seismic facies within each systems tract were defined 
and mapped, specific exploration strategies were devised to 
locate reservoir sands in these units and to properly evalu
ate amplitude anomalies within them. 
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Figure 2.16. Facies and isochron thickness map of part of a lowstand 
slope-fan systems tract in the south additions of offshore Louisiana. Thick
nesses are in milliseconds. 

Seismic attributes (amplitude, phase, and frequency of 
specific wavelets) are widely studied in the Gulf Coast 
due to their value as direct hydrocarbon indicators. Plio
Pleistocene gas sands in the offshore Louisiana Gulf Coast 
are normally unconsolidated and undercompacted. They 

Figure 2.17. Amplitude anomaly developed in the upper 
portion of the lowstand p~ograding wedge. This anomaly 
delineates gas sands in a field with 735 bcf proven reserves. 
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exhibit lower impedance than encasing shales and water
wet sands (Rutherford and Williams, 1989; Domenico, 
1974). As water saturation is reduced, sand velocity de
creases as a function of increasing fluid compressibility 
(Gassman, 1951; Domenico 1974) . A large impedance con
trast develops, and an amplitude anomaly is commonly 
observed on stacked seismic sections (Fig. 2.17). 

Unfortunately, many other geologic variables can result 
in large impedance contrasts in these sections. For exam
ple, carbonate-rich shales exhibiting high sonic velocities, 
overlain by lower-velocity silt- and mud-rich shales may 
also exhibit a well-defined amplitude anomaly (Domenico, 
1980) (Fig. 2.10). Domenico (1980) and R.M. Slatt (per
sonal communication, 1981) observed that shales in the 
Gulf Coast may exhibit velocities that are much faster or 
much slower than the sands they surround. Small variations 
in shale composition can create large variations in both 
velocity and density. Finally, Gardner et al. (1974) noted 
that amplitude anomalies decrease in intensity with depth. 

Alternatively, reservoirs characterized by multiple , thin 
pay zones, or those overlain by shales with similar impe
dance, may not show amplitude anomalies (Rutherford and 
Williams, 1989; Anstey, 1980) or may show anomalies that 
are very small relative to reserve size. Therefore, attribute 
analysis must be done within a sequence-stratigraphic 
framework. 

Basin-floor Fan 

The basin-floor fan systems tract is the most productive in 
the Gulf Coast per unit volume of sediment (Fig. 2.18). 
Basin-floor fans are relatively local, however, and de
veloped in topographic lows. Where present, hydrocarbons 
are trapped along up dip pinchouts (Figs. 2.6, 2.19). These 
fans are generally not present along the tops of large struc
tures. 

Amplitude anomalies may not be associated with hydro
carbon accumulations in this systems tract. Basin-floor fans 
are commonly overlain by shales of the overlying, distal 
slope fan . These shales are commonly organic rich, and 
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Figure 2.18. Histogram illustrating relative amounts of production per systems tract in gas and oil fields within the study area. HST = Highstand systems 
tract; PW = Prograding wedge; SF = Slope fan; BFF = Basin floor fan . 

Figure 2.19. Seismic section across the same basin-floor fan as 
shown in Figure 6. This section shows a trap developed along 
an updip pinchout. 
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Examples of a Sequence-Stratigraphic Framework 

Figure 2.20. Oil and gas field within a 
slope-fan systems tract. This field is 
characterized by small amplitude ano
malies, which exhibit concave-upward 
patterns characteristic of channels in 
this systems tract. 

may be characterized by relatively low velocity and density. 
Therefore, the impedance contrast between gas-saturated 
sands in the basin-floor fan and overlying shales may be 
relatively low. 

Alternatively, basin-floor fans may also exhibit "false 
anomalies" (high amplitudes not associated with hydrocar
bons). The impedance contrast between well-sorted sands 
in the basin-floor fan and the muds that overlie it and 
underlie it may be sufficient to produce high amplitudes. 

Basin-floor fans may be the most underexplored reser
voirs in the Gulf Coast, because they occur well away from 
the crests of large structures. There are many examples of 
undrilled basin-floor fans throughout offshore Louisiana 
(Fig. 2.9). 

Slope-fan Systems Tract 

The slope-fan systems tract is the most productive systems 
tract in the study area (Fig. 2.18) (Pacht et aI., 1990b). 
Much of this production occurs in channels and levee de
posits near channels. Sandstone percentage is commonly 
much lower in overbank facies. 

Large, continuous amplitude anomalies (such as Fig. 
2.17) are usually not present in slope-fan gas fields. If pre
sent at all, amplitude anomalies may be small and follow 
the concave-upward pattern associated with channel de
posits (Fig. 2.20). However, small anomalies in the slope
fan systems tract may be characteristic of much larger re
serves than similar-size anomalies in other systems tracts. 
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Slope-fan fields commonly produce from many reservoir 
sand bodies. Although these sand bodies may be intercon
nected, each one exhibits limited areal extent. 

Lowstand Prograding Wedge 

The lowstand prograding wedge is the most sand rich and 
second-most productive systems tract in the Gulf Coast 
(Fig. 2.18). It also has been the most explored. Large, thick 
sands that trend along strike are frequently present, and 
most classic hydrocarbon anomalies occur in this systems 
tract (Fig. 2.17). Reserve size can be more accurately re
lated to the geographic extent of specific hydrocarbon 
anomalies than in the slope-fan or basin-floor fan systems 
tracts. 

Stratigraphic traps are commonly not developed in this 
systems tract due to its sand-rich nature. Most hydrocar
bons occur in classic structural traps. The critical element in 
plays in this systems tract is not reservoir, but rather the 
presence of seal facies, in either the lowstand prograding 
wedge or overlying transgressive systems tract. Fields are 
generally characterized by fewer, larger, and more con
tinuous pay zones than are observed in the slope-fan sys
tems tract. 

Deep-water reservoirs are also developed in this systems 
tract in down dip turbidite equivalents of the shelf-edge 
delta facies. Since these sands were already extensively win
nowed by shallow-water marine processes, they are often 
very well sorted and can exhibit excellent porosity. 
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Highstand and Transgressive Systems Tracts 

Hydrocarbons are relatively rare in both the transgressive 
and highstand systems tracts within our study area. The 
transgressive systems tract contains few reservoir sand
stones. Most sands were deposited north of the study area, 
along more proximal portions of the shelf, during develop
ment of transgressive systems tracts. 

Minor hydrocarbon production occurs in the highstand 
systems tract. Fields in this systems tract are commonly 
small, although they may exhibit well-defined hydrocarbon 
anomalies. Production often occurs in delta-front sands. 
"False bright spots" (amplitude anomalies not associated 
with production), however, are also quite common. Well
log data suggest that some of these form as a result of im
pedance contrasts developed between shales of different 
compositions. 

Conclusions 

Seismic attribute analyses of one sort or another have often 
been presented as "black-box solutions" to the problems of 
petroleum explorationists. Case studies are published that 
illustrate successful use of a particular technique, and the 
technique is then used by other scientists in different areas. 
Initial enthusiasm, however, is rapidly followed by disillu
sionment. Attempts to use wavelet properties to interpret 
fluid or rock properties yield non-unique solutions. Seismic 
attributes are dependent on a complex interaction of many 
variables. A specific seismic signature that suggests gas
saturated sands in one area may indicate silt-rich mudstone 
in another. 

Sequence-stratigraphic and seismic-facies analysis can 
provide important geologic information concerning a par
ticular area, and help to limit variables that control reflec
tion characteristics. This is particularly true in offshore 
Louisiana, where exploration has focused largely on de
lineation of hydrocarbon anomalies. Most well-defined 
anomalies have already been leased, and expensive "false 
bright spots" have been drilled in many areas. 

Future exploration in this area will require an integrated 
approach. When hydrocarbon indicators are evaluated 
within a sequence-stratigraphic framework, predictions of 
reserve size can be made with greater accuracy. Plays can 
be delineated in which anomalies are not present, or the 
anomalies are very small in relation to reserve size. The 
probability that an amplitude anomaly does not represent a 
hydrocarbon accumulation can also be assessed. For exam
ple, in this study area, an amplitude anomaly developed 
within a lowstand prograding-wedge systems tract is clearly 
much more attractive than one formed on top of the trans
gressive systems tract. The amplitude anomaly within the 

Pacht et al. 

lowstand prograding wedge is likely to be a gas-saturated 
sand developed at the top of a coarsening-upward se
quence. In contrast, the one formed at the top of the trans
gressive systems tract may simply represent the impedance 
contrast between carbonate-rich shales in a condensed sec
tion (Loutit et aI., 1988; Shaffer, 1990) and the mud-rich 
shales that surround it. 
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CHAPTER 3 

Clastic Petroleum Reservoirs of the Late Proterozoic and Early 
Paleozoic Amadeus Basin, Central Australia 

John F. Lindsay and John D. Gorter 

Introduction 

The Amadeus basin is a broad intracratonic depression that 
formed the setting for the deposition of as much as 14 km of 
predominantly shallow-marine sediments during the Late 
Proterozoic and Early Paleozoic (Figs. 3.1,3.2). The basin, 
which covers approximately 155,000 km2, lies at the center 
of the Australian craton to the south of Alice Springs. From 
east to west, along its longest axis, it extends for 800 km. It 
is one of a number of similar shallow intracratonic depress
ions that were initiated across the Australian craton in the 
Late Proterozoic. They are the product of two separate and 
distinct periods of crustal extension that appears to relate to 
the breakup of the Proterozoic supercontinent (Lindsay et 
al., 1987). All these basins contain shallow-marine to non
marine successions, and all appear to have been intercon
nected through much of their history. 

The Amadeus basin has become increasingly important 
over the last three decades, with the discovery of significant 
reserves of oil and gas within the Late Proterozoic/Cambro
Ordovician succession (Schroder and Gorter, 1984) (Fig. 
3.3). Most of the area is desert, however, and sparsely 
populated. The remoteness affects the viability of some 
prospects, and the basin is only now beginning to reach its 
full development potential, following the completion of oil 
and gas pipelines to Alice Springs and Darwin from the 
major fields. 

Basin Morphology and Evolution 

The Amadeus basin consists of three major sub-basins con
nected by shallow troughs along the northern margin (Fig. 

3.1). To the south and west, the sub-basins are separated 
from a much larger platform area by a tectonic ridge, which 
at times, acted as a barrier to sedimentation. The basin 
evolved in three stages. Crustal extension of Stage 1 began 
at about 900 Ma and was followed by an extended period of 
thermally induced subsidence. A second crustal extension 
(Stage 2), less intense but major nevertheless, occurred 
toward the end of the Late Proterozoic at about 600 Ma. 
Stage 2 was followed by a major compressional event 
(Stage 3) in which major, southward-directed thrust sheets 
caused progressive downward flexing of the northern mar
gin of the basin, and sediment was shed from the thrust 
sheets into the downwarps. 

The two major stages of crustal extension are clearly 
complex episodes involving major initial extensional events 
followed by longer term, low-intensity extension, perhaps 
in the form of small steps. Unfortunately, details of the ex
tensional process cannot be resolved due to limited time 
control on the stratigraphy. These extensional stages and 
their associated thermal recovery produced large-scale rela
tive sea-level effects, upon which eustatic sea-level cycles 
were superimposed. Relative sea-level rose with the initia
tion of each extensional stage, and then gradually declined 
as sedimentation commenced and the peripheral bulge be
gan to rise due to sediment loading. Following the demise 
of the peripheral bulge, relative sea level again appeared 
to rise as thermal subsidence became the dominant control
ling mechanism. The style of sedimentation and major se
quence boundaries were controlled, to a large degree, by 
basin dynamics. As a consequence, a predictable deposi
tional pattern occurred during each extensional stage, thus 
allowing the prediction of potential source and reservoir 
rocks (Lindsay and Korsch, 1989, 1991). 

39 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


40 

111 lD 12' 00 ___ .... ..... -r J - \ ". 

I 
J 

JJ -r, 
\ 
\, .,.../ 

........ ('--,. 
<.._--

0:7" ';.::) i 
( .... ---..-- ..... '-.:, I ,. ......... 

i ,.,"''''''' ..... 
/\fuse c' c ...... 

III 00 moo Il~ 00 

, 

PLATFORM o 

..... ...... 

Lindsay and Gorter 

1:11)0 
1300 

I~ 00 

11".,( ~I '-
IOU I ---'--_ Bfsm M.rgln (r,o.~J'J 

L-__ ---', ,8tOc/f - ... __ .... ---- I 

L-____ -'------~- - ---- __ 1- ____ ._--- -. ---':-'::!.-
II 00 

D Sub b.~"" 

o 'rough 

Figure 3.1. Map showing location of the Amadeus basin and the main morphologic features discussed in the text (sub-basins, trough, platforms, and 
ridges). The Petermann Ranges, which form part of the Musgrave Block, were an active source of clastic sediment during deposition of the Arumbera 
Sandstone. 

Using a combination of (1) subsidence due to rifting fol
lowed by thermally induced subsidence, (2) the growth and 
demise of the Central Ridge (peripheral bulge?), (3) rela
tive sea level derived from both of the above, and (4) the 
sedimentary facies observed in the Amadeus basin, it is 
possible to construct an idealized sedimentary succession 
for a single stage of basin development due to crustal exten
sion (Fig. 3.4). 

Assuming latitudinal stability during the period of basin 
formation, the predictable nature of the main features of 
the depositional succession can be related to the onset of 
thermal subsidence and the initiation and ultimate decay of 
the peripheral bulge. Following extension, the basin was 
open to the ocean, and clastic sediments derived from an 
unrestricted hinterland were deposited in a shallow-marine 
setting. As sedimentation and thermal subsidence pro
ceeded, crustal loading resulted in flexure and the develop
ment of a peripheral bulge. The basin was shallow, so that 
the bulge, even though of small amplitude, restricted the 
sources of clastic sediments. This resulted in a shift from 
clastics to evaporites and carbonates. As the amplitude of 
the bulge grew and peaked, sediments onlapped it at first, 
and ultimately were transported over it, producing a long
term rise and then a fall in relative sea level, which ended in 
an erosional sequence boundary. As the peripheral bulge 
decayed and sediments filled the existing basin, a broader 

hinterland once again became available to provide a source 
for clastic sediments. Relief of the source area was reduced 
by this time; thermal subsidence was also slowing, and as a 
consequence, the sediments were progressively reworked. 
Superimposed upon the general depositional pattern are 
the effects of eustatic sea-level change (Lindsay and 
Korsch, 1989, 1992). 

The Basin Fill 

Basin stratigraphy is complex, and its nomenclature is still 
evolving (Fig. 3.2). Sedimentation began in the Late Pro
terozoic and continued until Late Devonian (Fig. 3.2). 

Stage 1 

The Late Proterozoic sedimentary rocks deposited in Stage 
1 (the first extensional episode) of the Amadeus basin con
sist of a well-preserved succession of shallow-marine to 
nonmarine sedimentary rocks, which rests unconformably 
upon the much older Arunta and Musgrave Complexes 
(Fig. 3.2). 

Recently, Lindsay and Korsch (1989) have suggested that 
successions of fluvial sediments with associated extrusives 
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Figure 3.2. Simplified sequence·stratigraphic chart and onlap curves for the Late Proterozoic to Devonian sequences in the Amadeus basin (after 
Lindsay and Korsch, 1991). Onlap curves are based on onlap of the southern margin of the basin. 
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Figure 3.3. Hydrocarbon occurrences within the Larapinta Group (modified from Jackson et aI., 1984). 

may have formed a rift sequence locally prior to thermal 
recovery, which commenced with the deposition of the 
Heavitree Quartzite. There is, however, considerable un
certainty about the timing of the deposition of these rocks, 
and they may relate to earlier events. 

The widespread deposition of the Heavitree Quartzite 
(and correlative Dean Quartzite) and the carbonates and 
evaporites of the Bitter Springs Fm suggest a marked 
change in depositional patterns as thermal subsidence be
came the dominant tectonic mechanism. These two units 
are among the most widespread units in the basin and are 
mostly shallow marine (often tidal). 

The Bitter Springs Fm is terminated by an erosional 
sequence boundary, upon which the fluvial and glacigene 
sedimentary rocks of the Areyonga Fm and its equivalents 
were deposited. The Pertatataka and Julie Fms, at the top 
of the Stage 1 succession, form a single, shallowing-upward 
depositional sequence that begins with somewhat deeper
water pelagic and turbidite units and terminates abruptly 
with oolitic carbonates deposited in a platform setting. 
These sediments appear to have been deposited in a post
thermal subsidence setting, and their deposition may relate 
to local tectonism and sea-level change. 

Exclusive of the rift sequence, the total thickness of the 
Proterozoic succession deposited during Stage 1 averages 
about 2,000 m, although in the northeast, it may be as thick 
as 3,000 m. Where observed, the sedimentary rocks of the 
rift sequence are highly variable in thickness and may local-

ly exceed 2,000 m in thickness. The mean thickness of the 
Gillen Member evaporites is 810 m, but locally, beneath 
major structures, it may exceed 2,000 m (Lindsay, 1987b). 

Stage 2 

Depositional patterns within the Amadeus basin change 
abruptly at the sequence boundary between the Julie Fm 
and the Arumbera Sandstone, with the initiation of the 
Stage 2 extensional event (Fig. 3.2). Above the sequence 
boundary, sedimentation was largely restricted to the major 
sub-basins and the troughs in the north. The southern plat
form area became an area of sediment bypass or nondeposi
tion. Sedimentation within the sub-basins was relatively 
continuous, but there are significant time breaks in the suc
cessions in the Missionary Plain Trough and the platform 
areas. In the west, the Early Paleozoic section is dominated 
by fluvial units, while to the east, shallow-marine units, of 
both clastic and carbonate sediments, dominate. The de
position of carbonates in the northeast occurred when the 
Central Ridge began to develop along the southern margin 
of the sub-basins, which precluded deposition of clastic 
sediment. The growth of this ridge appears to have been 
triggered by flexure as a response to sediment loading in the 
sub-basins and the flow of Proterozoic salt into the growing 
structure (Lindsay and Korsch, 1989, 1991). 

Sedimentation began in the latest Proterozoic wi~l1 the 
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Figure 3.4. An idealized sedimentary succession for a single stage of rift
ing and thermal subsidence, showing the relation between lithology, rela
tive sea level, depositional sequences, and basin mechanics in a situation 
where the continents maintain latitudinal stability. Relative sea level is 

deposition of the Arumbera Sandstone-a major potential 
reservoir, and one of the major units to be discussed in the 
following sections (Fig. 3.2) (Lindsay, 1987a). In general, 
Cambrian sedimentation was restricted to the sub-basins 
and their interconnecting troughs (Fig. 3.1 and and 3.5). 
However, successive formations onlapped to the south onto 
the margin of the sub-basins as subsidence progressed. The 
most dramatic change in depositional patterns occurred in 
the Middle Ordovician, when the area of deposition ex
panded rapidly (Lindsay and Korsch, 1989, 1991). 

A major sequence boundary within the Late Cambrian 
Goyder Fm (Fig. 3.2) marks a significant time gap (Sher
gold, 1986) and a major change in depositional style, and 
represents the time at which the Central Ridge ceased to be 
a major barrier to clastic sediments (Lindsay and Korsch, 
1989,1991). Consequently, Ordovician sediments onlapped 

APPARENT 

SEALEVel 

IDEALIZED 

LITHOLOGY 

ENHANCED RESERVOIR HYDROCARBON 

POTENTIAL POTENTIAL 

BOUNDARIES 

controlled, to a large degree, by basin dynamics (Le., extension, thermal 
subsidence, and the growth of the peripheral bulge due to sediment load
ing). (After Lindsay and Korsch, 1989.) 

the southern margin of the basin such that by the Early 
Ordovician (Arenig), shallow-marine conditions extended 
over much of the Amadeus basin, and clastic sedimentation 
was dominant. During this time, sediment supply was, for 
the most part, in step with available depositional space, so 
that, with some exceptions, water depth remained shallow 
and commonly within the tidal range. Water depth appears 
to have increased abruptly for a short period due to a eusta
tic sea-level rise, which resulted in deposition of the Horn 
Valley Siltstone, the basin's main potential source rock. 
The basin's major petroleum reservoir, the Pacoota Sand
stone, was also deposited during this time interval. 

The depocenters were more complex during Ordovician 
time than they were in the Cambrian, due in part to a 
general eastward shift of sedimentation into the Missionary 
Plain Trough and the appearance of a secondary depocen-
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Figure 3.5. Two-way time to the base of the Arumbera Sandstone. Contour interval is 250 m. (After Lindsay, 1987a). 

ter in that area. Although the sub-basins were subsiding 
faster than other areas of the basin, they were not nearly as 
sharply defined as in the Cambrian. 

Stage 3 

The final depositional episode in the Amadeus basin began 
in the Devonian, as major, southward-directed thrust 
sheets caused progressive downward flexing of the northern 
margin of the basin, and sediment was shed from the thrust 
sheets into the downwarps (Fig. 3.2) (Wells et ai., 1967; 
Jones, 1972; Shaw et ai., 1984; Korsch and Lindsay, 1989; 
Lindsay and Korsch, 1989, 1991). This event shortened the 
basin by 50 to 100 km and effectively concluded sedimenta
tion (Korsch and Lindsay, 1989). Events relating to this 
stage of basin development are responsible for most of the 
obvious structural patterns (anticlines, domes, and thrust 
faults) visible in the surface geology today. 

The mid-Paleozoic sedimentary rocks of Stage 3 are best 
described as molasse. They are widely distributed in the 
Amadeus basin, but when viewed in their entirety, are 
much thicker in the Carmichael sub-basin than elsewhere. 
Locally in that sub-basin, they are more than 5,000 m thick, 
but they average 4,200 m thick. 

Structural History 

Significant discoveries in the Amadeus basin all have been 
in structural traps in the crests of major domes or anticlines, 
all of which are cored by salt derived from the Late Protero
zoic evaporites of the Gillen Member of the Bitter Springs 
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Figure 3.6. Amplitude of the evaporite high beneath the Ooraminna and 
Waterhouse anticlines as a function of time. Note that salt appears to have 
moved out of, or been dissolved from, the structures on occasion, and that 
the growth rate increases through time. Amplitudes were derived by using 
each mapped seismic surface as a datum, on the assumption that since the 
sediments were deposited in shallow water, original depositional surfaces 
were essentially horizontal. (After Lindsay, 1987b). 

Fm (McNaughton et ai., 1968; Lindsay, 1987b). Thinning 
over the salt structures suggests that, in some cases, they 
were initiated as early as the middle of the Late Protero
zoic, but that most structural growth occurred over an ex~ 
tended period in the later Paleozoic during the Alice 
Springs Orogeny (Lindsay, 1987b) (Fig. 3.6). Salt tectonics 
contributed significantly to depositional patterns as well as 
structural style in the basin. 

At least two generations of thrust faulting are present in 
the Amadeus basin, with thrusting from both north and 
southwest. Schroder and Gorter (1984) suggested that 
wrench faulting may have played a part in the development 
of the en echelon anticlinal trends in the western part of the 
basin. The initial thrusting or wrenching events probably 
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took place during the Petermann Ranges Orogeny, and 
were rejuvenated to some degree during the Alice Springs 
Orogeny. 

The Amadeus basin has been stable since the Alice 
Springs Orogeny, although general uplift and erosion have 
continued, with the removal of 2 to 3 km of sediment by 
erosion, probably since the Carboniferous. Superimposed 
drainage and relict high-level gravels attest to prior erosive 
episodes, some of which may date back as far as the Late 
Mesozoic or Early Tertiary. As a consequence, the present 
basin margins are erosional rather than depositional. 

Hydrocarbon Resources 

Hydrocarbons are produced at present from two fields with
in the Amadeus basin-Mereenie Field and Palm Valley 
Field-while a third, Dingo Field, remains undeveloped 
(Fig. 3.3). Fourteen other uneconomic hydrocarbon accumu
mulations also have been discovered in the Amadeus basin 
since the first hydrocarbon discovery was made in 1963 
(Ozimic et aI., 1986). All are present in structural traps in 
the Carmichael and Ooraminna sub-basins and the Mission
ary Plain trough. Estimates suggest that the basin's pet
roleum resources consist of 5.74 X 106 m3 of oil, 1.53 X 106 

m3 of natural gas liquids, and 14.93 X 109 m3 of sales gas 
(Ozimic et aI., 1986). Oil and gas from Mereenie Field are 
carried by pipeline 146 km to Alice Springs, while gas from 
the Palm Valley Field is carried 1,537 km by pipeline to 
Darwin on the continent's northern coast. 

Hydrocarbon Potential 

Depositional models, based on an understanding of basin 
dynamics, suggest that source and reservoir rocks are more 
likely to be deposited during particular stages of basin 
evolution, depending on subsidence rates and supply of 
clastic or nonclastic sediments (Lindsay and Korsch, 1989, 
1991) (Fig. 3.4). However, such models are idealized, and 
other effects, particularly major eustatic sea-level changes 
and latitudinal migration of the plates, may modify this 
general pattern. 

Potential source rocks are most likely to develop in res
tricted marine settings, which are very sensitive to both 
basin dynamics and eustatic sea-level effects. The effects of 
eustatic sea-level changes vary depending on the timing of 
their interaction with basin dynamics. Source rocks are 
most likely to be deposited when water depths are increas
ing rapidly and bottom conditions become anoxic. In the 
Amadeus basin, this occurred shortly after crustal exten
sion, when thermal subsidence was at its maximum (Fig. 
3.4). If sea level falls rapidly at the same time, the inflow of 
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seawater is limited at a time when the basin is deepening 
rapidly, which results in a deep restricted basinal setting. At 
the same time, crustal flexure due to sediment loading may 
restrict the movement of clastic sediments into the sub
basins. The results is deposition of evaporites and carbon
ates under anoxic conditions, with concurrent preservation 
of organic materials. Two major units with source-rock 
potential were deposited following both extensional stages 
in the Amadeus basin: the Late Proterozoic evaporites of 
the Gillen Member of the Bitter Springs Fm, and the Early 
Cambrian evaporites of the Chandler Fm. Both have exhi
bited source-rock potential, although the Gillen Member is 
overmature over much of its northern extent (Jackson et 
aI.,1984). 

The model suggests that clastic reservoir units are likely 
to be deposited during two stages of basin development 
(Fig. 3.4): 

(1) In the early stages of basin development, either concur
rent with or immediately following extension and the 
onset of thermal subsidence. 

(2) Late in basin development as subsidence declines and 
sedimentation rates are reduced, allowing considerable 
reworking of the detrital materials. 

Reservoirs associated with the first setting are likely to be 
fluvial or deltaic in origin, while those from the second set
ting are more likely to be shallow marine or tidal in origin. 

Coincidentally, the two major reservoir units in the 
Amadeus basin, the Arumbera Sandstone and the Pacoota 
Sandstone, come, one each, from these two settings (Fig. 
3.2). The Late Proterozoic to Early Cambrian Arumbera 
Sandstone was deposited shortly after the second exten
sional event in the Amadeus basin and is coastal plain or 
deltaic in origin; the Ordovician Pacoota Sandstone was de
posited late in the thermal-subsidence phase of basin de
velopment and is largely tidal or shallow marine in origin. 
This allows an interesting comparison to be made between 
the two depositional settings. 

Most of the hydrocarbons discovered to date in the 
Amadeus basin were sourced from the Ordovician Horn 
Valley Siltstone (Schroder and Gorter, 1984; Jackson et aI., 
1984), an organic-rich black shale sequence deposited, dur
ing a sea-level high stand, deposited between relatively 
clean sandstones towards the end of Stage 2. The reservoir 
for the hydrocarbons is usually the Pacoota Sandstone, 
which lies stratigraphically immediately below the Horn 
Valley Siltstone (Fig. 3.2). Source rock-reservoir rock 
associations, such as the Horn Valley Siltstone and the 
Pacoota Sandstone, result from the interaction between 
eustatic sea-level rises and the predictable pattern of basin 
dynamics. 

Petroleum exploration in the basin has focused on the 
reservoir potential of the Arumbera and Pacoota Sand-
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stones, with source and seal provided by the Tempe Fm, 
Hugh River Shale and Chandler Limestone, and the Horn 
Valley Siltstone. Results from recent exploration and 
Bureau of Mineral Resources research indicate that signif
icant potential may exist for additional accumulations in 
less well-explored parts of the succession, especially in the 
Late Proterozoic units. 

Arumbera Sandstone 

Basinal Setting 

Age and Stratigraphy 

The Arumbera Sandstone lies at the base of the Cambro
Ordovician succession straddling the Proterozoic
Cambrian boundary (Taylor, 1959; Preiss et aI., 1978; 
Burek et aI., 1979; Lindsay, 1987a; Walter et aI., 1989) 
(Fig. 3.2). In the more southerly areas of the basin, coarser 
lensoidal units-the Quandong Conglomerate and the 
Mount Currie Conglomerate, including the arkoses at 
Ayres Rock-are thought to be equivalent to the Arum
bera Sandstone (Forman, 1966, Ranford et aI., 1966). Early 
stratigraphic work involving the Arumbera Sandstone is 
discussed by Wells et ai. (1965, 1970). 

Regional Distribution 

The greatest development of the Arumbera Sandstone 
occurs north of the Central Ridge in a broad synclinal com-

IS 
1----11 

'S M 

,-r 

' ll' OIl 

,.. --

o PfOilf010lC glt high 

Lindsay and Gorter 

plex between the MacDonnell and Idirriki Ranges in the 
north, and the James and Gardiner Ranges in the south and 
southwest (Fig. 3.7). The sediments accumulated in three 
sub-basins: the Idirriki in the west, the Carmichael in the 
center, and the Ooraminna to the east (Lindsay, 1987 a) 
(Fig. 3.1). All three features and their connecting troughs 
lose definition rapidly to the south as they approach the 
Central Ridge. 

The thickest development of the Arumbera Sandstone 
occurs in the Carmichael sub-basin, where it approaches 
2,000 m (Fig. 3.7). To the south and southwest, the Arum
bera Sandstone thins rapidly as it approaches the Gardiner 
Range (Fig. 3.8). Foreshortening occurs across the Gardin
er Range thrust where thinner sediments from several kilo
meters farther south have been thrust over thicker sedi
ments closer to the center of the Carmichael sub-basin. Few 
data have been produced to the south of the range, other 
than some isolated well-control data, which suggest that the 
formation pinches out rapidly to the south of the Gardiner 
Range. From the Carmichael sub-basin into the Missionary 
Plain trough, the formation thins rapidly. Average thick
nesses of 600 to 700 m in the Carmichael sub-basin are re
duced to about 300 m in the Missionary Plain trough. 
Southward, toward the James Range, the formation thins 
and pinches out against the Central Ridge. From the longi
tude of Alice Springs eastward, the formation again thick
ens rapidly into the Ooraminna sub-basin (Fig. 3.7). The 
Ooraminna sub-basin is a broader, more open feature than 
the Carmichael sub-basin, and the maximum formation 
thickness exceeds 1,100 m. The formation gradually thins 
to the south onto the extension of the Central Ridge 
(Fig. 3.8). 

1]01011 

a 

c 

Figure 3.7. Isopach map of the Arumbera Sandstone showing areas of progradation and onlap and the location of Bitter Springs Fm salt highs. Contour 
interval is 100 m. (Adapted from Lindsay, 1987a.) 
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Figure 3.8. Idealized north-south cross sections through (a) the Car
michael sub-basin, (b) the Missionary Plain trough and (c) the Ooraminna 
sub-basin, showing the relation between the two depositional sequences 
within the Arumbera Sandstone and the relation of the formation to the 
underlying Bitter Springs Fm. The top of the Arumbera Sandstone forms 
the datum for these sections. 

South of the Central Ridge, the Arumbera Sandstone is 
not well known due to a lack of seismic data and poor out
crop. Where the formation or its equivalent can be seen, it 
is very thin, suggesting that the area to the south and south
west of the Central Ridge was, for the most part, an area of 
sediment bypass during Arumbera deposition. 

Facies Analysis 

The Arumbera Sandstone and the associated Todd River 
Dolomite form two depositional sequences that begin 
abruptly above the platform carbonates of the Julie Fm 
(Figs. 3.9,3.10,3.11) (Lindsay, 1987a). In lithologic terms, 
each sequence forms a large-scale, coarsening-upward 
cycle. In general terms, the two sequences are similar litho-
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logically, but there are significant differences. The lower
most sequence, sequence 1, begins abruptly above the car
bonates of the Julie Fm as fine-grained, red, highly fissile, 
silty shales (Fig. 3.9). Higher in the section, thin, irregu
larly spaced, fine-grained sandstone beds begin to appear 
with increasing frequency. The sandstone beds, which are 
mostly 2 to 3 cm thick, all have sharp bases and gradation
al upper contacts. Internally, most are finely laminated, 
and some contain climbing ripples. The sandstone beds all 
appear to be "distal" turbidites deposited into a somewhat 
deeper-water pelagic environment. The sediments of this 
part of the sequence are perhaps best described as pelagic 
or basinal. The thin turbidite units appear to have been 
generated upslope during extreme storm or flood events 
and are probably similar to those discussed by Woodrow 
(1985) and Lundegard et al. (1985) from the Catskill Delta. 

Higher in the sequence, the thin sandstones cease abrupt
ly and are replaced by much thicker sandstone beds, which 
like their predecessors, have sharp lower contacts and gra
dational tops (Fig. 3.9). Initially, these beds are relatively 
infrequent and have a maximum thickness of 1 m. Higher in 
the section, they become more frequent and have max
imum thicknesses of 2 to 3 m. Ultimately, the sandstones 
become the dominant lithology and then begin to oscillate 
back and forth through more shaley and then more sandy 
intervals. The lower contacts of these thicker sandstones 
are not only sharp but bear both flute and load casts. Inter
nally, they are poorly laminated, and many units have poor
ly developed hummocky cross stratification. As the sand
stones thicken higher in the sequence, they tend to become 
more massive and featureless. Approximately 10% of these 
sandstone units are highly deformed as a result of soft
sediment failure. Generally, the deformed units are less 
than 50 cm thick. These sandstone units all appear to have 
been generated by storm or flood events in a slope environ
ment. 

The uppermost part of sequence 1 is considerably more 
variable than the lower part of the sequence. In the Oora
minna sub-basin, the sandstones that form the uppermost 
part of the sequence are thick, massive, and largely feature
less, with rare indications that they are, in part, large-scale 
channels. In the Missionary Plain trough and the Car
michael sub-basin, the upper unit is not as monolithic and 
consists of stacked, shallowing-upward cycles that are pre
dominantly massive sandstone. 

Of these small cycles, the lower or earlier ones begin in 
silty shales or poorly sorted silty sandstones that are gener
ally featureless. Better sorted and more regularly bedded 
sandstones appear above them. Internally, the sandstones 
are well laminated (varve-like, according to Schumm, 
1968), and toward the top, they are highly contorted due to 
both soft-sediment folding and water-escape structures. 
The intensity of soft-sediment deformation increases up-
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Figure 3.9. A detailed section through the Arumbera Sandstone in 
the Ooraminna sub-basin (134°29'E, 23°36'S) showing the two deposi
tional sequences and the interpreted facies associations. At this locality, 
the clastic sediments of sequence 2 are relatively thin compared with its 

ward until more massive cross-bedded sandstones, which 
are locally intersected by large channels, begin to domi
nate. Slump folds and mud-chip breccias are common fea
tures of the channel sandstones. Soft-sediment deformation 
is more common in the Gardiner Range area on the south
ern margin of the Carmichael sub-basin than elsewhere, 
perhaps in response to a locally steeper paleoslope. The 
massive, well-sorted sandstones near the tops of the cycle 
form prominent strike ridges. In the west, the upper unit is 
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development closer to the center of the sub-basin (After Lindsay, 1987a, 
and Kennard and Lindsay, 1991) HST = highstand systems tract, 
TST = transgressive systems tract; and LST = lowstand systems tract. 

entirely fluvial sandstone. These varve-like and channelled 
sandstones are interpreted as part of a coastal or delta plain 
association. 

To the south, where the formation onlaps the Central 
Ridge (Fig. 3.7, 3.8), major cycles within sequence 1 ter
minate locally in as much as 2 m of poorly sorted con
glomerate. The conglomerates are interpreted as braided
stream deposits. Locally, at the eastern end of the Gardiner 
Range, the Arumbera Sandstone appears to interfinger 
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Figure 3.10. Areal photograph, taken from approximately 500 m above the ground, showing (1) the Julie Formation, (2) sequence 1, and (3) sequence 2 
of the Arumbera Sandstone in the Ooraminna sub-basin 50 km to the east of Alice Springs. (After Lindsay, 1987a.) 

laterally with marine stromatolitic carbonates that were 
deposited in a shallow interdistributary embayment where 
terriginous sedimentation was precluded. 

Sequence 2, like sequence 1, begins in fissile, featureless 
siltstones. However, the siltstones are grey-green in the 
lower part of the section, and only become red about half
way up the section; they do not include the thin turbidite 
units present in sequence 1. Instead, the shales contain thin 
(1 to 7 cm thick) better sorted sandstone units, which are 
often internally laminated or contain climbing ripples. 
Their upper and lower contacts are sharp. Some of the 
thicker sandstone units are much coarser and highly 
glauconitic. 

As in sequence 1, thick sandstone units with sharp bases 
begin to appear about halfway through the section. Inter
nally, these units contain climbing ripples and well
developed hummocky cross stratification. Ultimately, 
thick, featureless sandstone units begin to dominate, and 
invertebrate tracks and trails and evidence of bioturbation 
appear. Within a small stratigraphic interval, sandstone 
predominates, and large channels appear. The channels are 
2 to 4 m thick and contain relatively well-sorted, medium
grained sandstones with some glauconite. The sandstones 
are often cross bedded, and large-scale soft-sediment folds 
appear in the base of the channels, apparently as a response 
to sediment loading. Mud-chip breccias likewise are a com
mon feature. Locally, traces of copper mineralization 

appear near the base of these channelized sandstones in an 
association similar to that described by Smith and Rose 
(1985) in the Catskill Delta. As in sequence 1, the lower 
part of sequence 2 appears to pass upward from a basinal 
or pelagic facies through the shoreface environment to a 
coastal plain and deltaic depositional system. 

In contrast to sequence 1, the more massive channel 
sandstones are missing at the top of sequence 2 in the Oora
minna sub-basin, such that it passes abruptly upward into 
laminated shales, silts, and carbonates, interbedded with 
60- to 90-cm-thick sandstone units (Fig. 3.9). Festoon cross 
bedding and mud-chip breccias are a common feature of the 
thicker sandstone units, which are laterally quite variable in 
thickness. Toward the top of the sequence, the thicker sand
stone units disappear, and thinly bedded shales and carbon
ates dominate (Fig. 3.9). Herringbone cross stratification is 
present but poorly developed in the thinner units. Occa
sional halite casts suggest hypersaline conditions in the final 
phase of deposition. All of these features strongly suggest a 
tidal flat depositional system. These tidal deposits, while 
temporally part of the Arumbera sequence, are mapped 
lithologically as part of the Todd River Dolomite. Intra
clastic conglomerates associated with the surface of trans
gression within the Todd River Dolomite form the upper 
boundary of sequence 2. 

In general, the above patterns within the major cycles 
can be observed throughout much of the basin. In detail, 
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Figure 3.11. A seismic line across the western margin of the Carmichael sub-basin showing the two sequences within the Arumbera Sandstone. The 
boundary between the two sequences appears to be the Proterozoic-Cambrian boundary. (After Lindsay, 1987a.) 

however, they are much more complex, in that they consist 
of numerous small-scale, coarsening-upward parasequences 
(van Wagoner et aI., 1987), similar to coal-measure cyclo
thems but modified in that vascular plants had not evolved 
at the time the Arumbera Sandstone was being deposited. 
The parasequences vary in composition and completeness 
according to their position in the depositional sequence. 
Where the dominant environment was in the deeper water 
basinal facies, parasequences are, at best, difficult to de
fine. However, as the overall depositional environment 
shallowed, parasequences became better developed, 
because small changes in water depth had a significant 
effect on the sedimentary structures preserved. Thus, as 
discussed previously, toward the top of the sequence, the 
parasequences are much more prominent as they progress 
from variably bioturbated, poorly sorted sandstones to 

more massive, well-sorted sandstones of a coastal plain/ 
deltaic depositional system. 

Depositional Setting 

The depositional space into which the Arumbera Sandstone 
was deposited was created in large part by the initiation of 
the second extensional episode of basin formation at about 
600 Ma, which led to the development of the major sub
basins along the basin's northern margin (Lindsay, 1987a, 
b; Lindsay et aI., 1987; Lindsay and Korsch, 1989, 1991). 
The Petermann Ranges Orogeny modified the southwest
ern margin of the basin at approximately the same time 
(Forman, 1966) and further accelerated the development of 
growth structures and, in particular, the Central Ridge 
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(Lindsay, 1987b). Sediments derived from upthrust blocks 
developed during the Petermann Ranges Orogeny to the 
south and southwest provided the primary clastic source for 
the formation. Thus, by the time Arumbera sedimentation 
began at the end of the Proterozoic, a shallow, rapidly sub
siding, east-west-trending depositional basin had developed 
along the basin's northern margin. A broad growth struc
ture, the Central Ridge (McNaughton and Huckaba, 1978; 
Lindsay 1987a), formed concurrently to the south of the 
main depocenters, which were being fed by an active source 
of sediment to the southwest. 

The Arumbera Sandstone was deposited during two 
major eustatic sea-level cycles, one on either side of the 
Proterozoic-Cambrian boundary. Sea-level rose rapidly fol
lowing deposition of the platform carbonates of the Julie 
Fm at the end of the previous sea-level cycle. This rapid 
rise, combined with the rapidly subsiding sub-basins, re
sulted in development of a single large-scale, coarsening
upward highstand systems tract in all three sub-basins and 
their connecting troughs. Locally, a relatively thin trans
gressive systems tract developed on the margins of the sub
basins; this is the unit that forms the major reservoir inter
val in the Dingo Field (a significant point discussed in more 
detail in the following section). As a consequence of the 
rapid changes in relative sea level, lowstand deposits are of 
minimal importance in sequence 1. They are seen neither in 
outcrop nor well logs, but are indicated on seismic sections 
in the center of the Carmichael sub-basin as poorly defined 
mounded units-presumably a lowstand fan (Lindsay, 
1987a). 

Sedimentation occurred in a shallow-marine and deltaic 
or coastal plain environment in a setting similar to that of 
the Devonian Catskill Delta of North America. The facies 
transition from the shallow-water oolitic platform carbon
ates at the top of the Julie Fm to the deeper-water pelagic 
shales and turbidites of the basal Arumbera Sandstone is 
abrupt, suggesting that, for a brief period, the combined 
effects of rising eustatic sea level and rapid basin subsidence 
resulted in available depositional space outpacing sediment 
supply. Sediment was supplied from the southwest by 
braided streams. The sediments were probably deposited in 
a coastal plain setting, for the most part, with small-scale 
deltas prograding across the carbonate platform sediments 
ofthe Julie Fm (Figs. 3.11 and 3.7). 

During accumulation of the second sequence, sea level at 
first fell rapidly, exposing large areas of sediment deposited 
during the first cycle and restricting sedimentation to the 
steep-sided, rapidly subsiding sub-basins. Deposition con
tinued in the sub-basins as a series of major deltaic com
plexes prograded into the sub-basins from their southern 
and southwestern margins (Fig. 3.11). Deposition was thus, 
in large part, progradational. Between the major delta 
complexes, a depositional environment similar to sequence 
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1 predominated. The two sub-basins remained in com
munication by way of the deep channel along the northern 
margin of the Missionary Plain trough. Thus, the lowstand 
systems tract produced a large-scale, coarsening-upward 
succession lithologically similar to the highstand systems 
tract of sequence 1 but with many smaller differences, as 
discussed previously. 

As sea level began to rise again, the depositional setting 
changed abruptly. The supply of clastic sediment was dra
matically reduced, so that the transgressive and highstand 
systems tracts are dominated by carbonates deposited in a 
shallow, often tidal or reefal, setting. The transgressive and 
highstand systems tracts consist of the Todd River Dolo
mite and the Namatjira Fm, which have been mapped 
separately from the Arumbera Sandstone as lithologically 
distinct entities. The controls on sedimentation leading to 
this abrupt lithologic change are complex and not complete
ly understood. In large part, the change results from the 
growth of the Central Ridge, which may have been trig
gered by flexure in response to sediment loading. Certainly, 
there is evidence that clastic sediments were being blocked 
by the Central Ridge and redirected around its western end 
into the Idirriki sub-basin. The change from clastics to car
bonates along the east-west axis of the sub-basins in post
Arumbera time is gradational and well documented. The 
slowing of basin subsidence and the broadening of regional 
subsidence are probably also important, because an exten
sive shallow platform began to develop south of the Central 
Ridge between the sub-basins and their source of clastic 
sediment, thus reducing movement of clastics. The abun
dance of clastic sediments in the post-Arumbera Cleland 
Sandstone and other units in the Idirriki sub-basin suggests 
that the availability of clastics in the source area had not 
been reduced but that transport of clastics into the two east
ern sub-basins was restricted. 

Reservoir Characterization 

Texture and Mineralogy 

Texture and mineralogy of the sedimentary rocks of the 
Arumbera Sandstone are largely determined by facies asso
ciations and the general depositional setting. In general, the 
two depositional sequences preserved in the Arumbera 
Sandstone are coarsening-upward sequences with fine
grained, clay-rich pelagic sediments at their bases, grading 
upward to the quartz-rich, better-sorted sandstones of a 
coastal plain/deltaic depositional system. Potentially the 
best reservoir units might be expected to occur at the tops 
of the major coarsening-upward cycles in sandstones depo
sited in a coastal plain/deltaic setting (Lindsay, 1987a). In 
reality, the more quartzose, better sorted sandstones at the 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


52 

Gamma Ray 
'PI ~ ftIIl 

Sonic Log 

gO iL' II ' 0 

2100,...---:=====;::=-~ __ ---,=1 ====::::;:='~---,_--. 

N 
4> 
U 
c: 
4> .. ~ 
0" ~ 
4> .. 0 

Vl .. ~ 0. ..... E c: 
Vl 0 

Vl :: € 
~ 

.. 
« " a: 0 e u 

~ w 
CD :r 
:l! 

2'00 :> 
a: « 

Sequence 
bound.", 

]000 1 
t-+-----'''9!Ir_+--:'SlqUlnCI 

bound.", 

JULIE FM 

Figure 3.12. Gamma-ray and sonic logs of the Arumbera Sandstone in the 
Dingo #2 well. This sequence includes small depositional cycles that con
tain thin reservoir sandstones at their tops. A high feldspar content con
fuses the gamma-ray logs, so the reservoir sandstones cannot be seen. 
However, the sonic log clearly shows the higher porosities in the units. 

tops of the major cycles are heavily cemented and are often 
poor reservoirs. In the Dingo Gas Field, however, the re
servoir occurs in a thin, basal transgressive sandstone that is 

Lindsay and Gorter 

more feldspathic than the sandstones at the top of the ma
jor cycles. Similarly, reservoir potential is greater in sand
stones at the tops of small-scale, shallowing-upward cycles 
within sequence 1. These sandstones are generally thinly 
laminated or varve-like and appear to be sheet-flood de
posits associated with a coastal-plain setting. As discussed 
later, much of the porosity is secondary, due either to dis
solution of feldspar or anhydrite. These lower, small-scale 
cycles are more feldspathic than the sandstones at the tops 
of the major cycles. 

Because of the arkosic nature of many of the sandstones, 
the log response of the Arumbera Sandstone is complex 
and in need of some explanation (Fig. 3.12). In a simpler 
situation, the gamma-ray log might be expected to respond 
directly to grain size and sorting: as clay content decreases, 
the gamma-ray count would decrease in sympathy. In se
quence 1 of the Arumbera Sandstone in the Dingo Gas 
Field, the lower, shalier portion of the sequence, in gener
al, has a higher gamma-ray count, while the massive sand
stones of the coastal plain environment at the top of the 
sequence have lower values. However, the gamma-ray 
values do not decrease consistently upward as might be ex
pected in a shallowing-upward sequence, but instead in
crease upward at first and then decrease abruptly below the 
massive sandstones at the top of the sequence. Nor does the 
gamma-ray log respond to the small-scale, shallowing
upward cycles present lower in the sequence. There is, in 
fact, no indication of the most promising reservoir sand
stones. This apparent anomaly relates directly to K-feldspar 
content of the sandstones. In the case of the thin reservoir 
sandstones, the K-feldspar content is high and thus gives a 
strong log response, while the massive sandstones at the top 
of the cycle, which were more intensely reworked, are more 
mature. In contrast, the sonic log shows the small, porous 
reservoir sandstones clearly, while offering little indication 
of the presence of the well-cemented massive sandstones at 
the top of the sequence (Fig. 3.12). Correlation of porosity 
values calculated from sonic-log data between wells shows 
that the reservoir sandstones at the tops of the small cycles 
in sequence 1 are very continuous, because the same porous 
intervals can be identified in the Dingo #1 and Dingo #2 
wells, which are 2.5 km apart (Fig. 3.13). Very similar log 
patterns can be identified in sequence 1 of the Arumbera 
Sandstone in the James Range #Al. Orange #2, and Wal
laby #1 wells, and to a lesser extent, in the Waterhouse #2 
well (Fig. 3.3). Outcrop studies of sequence 1 in the Mac
Donnell Range between Alice Springs and Ellery Creek 90 
km to the west show that these small depositional cycles are 
persistent and can be followed in continuity for at least 30 
km. It would thus appear that reservoirs within the Arum
bera, while thin, are very continuous. 

The reservoir sandstones are fine grained (0.24 to 0.25 
mm), with an average grain size of 0.25 mm. Sorting is vari-
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Figure 3.13. Porosity logs for the reservoir interval in the Dingo Gas 
Field. A and B are calculated porosities derived from sonic logs for the 
Dingo #1 and #2 wells; C shows core porosities for one reservoir unit in 
the Dingo #2 well. Note the similarities between the two wells, suggesting 
that the small cycles, incluc;ling the reservoir sandstones, are laterally con
tinuous. 

able, depending on the abundance of detrital clays, and 
ranges from well sorted to poorly sorted. In general terms, 
the reservoir sandstones are arkoses or subarkoses. Quartz, 
feldspar, and to a lesser extent, clay minerals, chert, and 
lithic rock fragments are the predominant clastic compo
nents. Well-rounded quartz grains form the bulk of the de
trital fraction of these sandstones (56 to 67%). Most are 
monocrystalline grains (48 to 63%), although polycrys
talline grains are also present (4 to 12 % ). The feldspars, 
mostly orthoclase form 9 to 23% of the detrital fraction. 
Some grains exhibit dissolution features; others appear 
fresh (Fig. 3.14). The feldspars are discussed in more detail 
in a following section on reservoir quality. Apart from 
polycrystalline quartz, chert (trace to 2%) and metamor
phic rock fragments (2 to 3%) are the most important 
lithic fragments (Davies and Associates, 1980, 1982) . 

Clays of both detrital and authigenic origin form from 1 
to 12% of the reservoir sandstones. Illite and hematite coat
ings on detrital grains (0 to 12%), have been interpreted as 
pedogenic (soil) clay rims (Davies and Associates, 1980). 
Clay matrix is volumetrically more important toward the 
top of the sequence and is generally lacking from the base 
of the reservoir interval. This observation is consistent with 
the facies interpretation: the lower sandstones were depo
sited in a shallow-marine setting, while the upper sand
stones were deposited in a coastal-plain setting where inter
mittent soil formation would be expected (Lindsay, 1987a). 

A wide range of authigenic minerals have been encoun
tered in the sandstones of the Arumbera Sandstone, includ
ing silica, feldspar, compact and fibrous illite, chlorite, 
kaolinite, iron oxides, pyrite, dolomite and anhydrite. Silica 
occurs as quartz overgrowths (1 to 12% of the rock), as 
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Figure 3.14. Dolomite (D) and microquartz crystals (Q) are common 
pore-filling materials in the reservoir interval of the Arumbera Sandstone. 
Some secondary porosity has been generated by partial dissolution of feld
spar (F). Scale bar = 1.0 mm. 

euhedral terminations on detrital quartz grains, and as 
micro-quartz crystals (Figs. 3.14 and 3.15). Authigenic feld
spar occurs in minor quantities as pore lining and as over
growths on detrital feldspar grains. Ankerite and dolomite 
are the dominant carbonate minerals in the reservoir inter
val. Dolomite (0 to 2%) and anhydrite (2 to 10%) occur as 
large poikilotopic patches that occlude primary porosity. 
Among the clay minerals, fibrous illite (18 to 72% of the 
clays) (Figs. 3.16, 3.17) occurs in all samples examined, 
whereas chlorite (0 to 11%) and kaolinite (0 to 23%) are 
only sporadically recorded. 

Reservoir Quality 

Porosity determined from cores within the reservoir inter
val varies from as low as 3% to a maximum of 14.5% (Fig. 
3.18). Over the same interval, permeability ranges from 0.1 
to 11.9 md (Fig. 3.18). As might be expected, there is a 
general overall linear relation between the two variables , 
such that permeability increases with porosity. The relation 
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Figure 3.15. In addition to chlorite (C) and illite, microquartz crystals (Q) Figure 3.16. Fibrous illite occludes porosity. Scale bar = 1.0 mm. 
occlude pore space. Scale bar = 0.1 mm. 

is weak, however, and in some cases, porous units have 
very low permeabilities (Fig. 3.18). 

Primary porosity is determined in large part by facies. 

Early Diagenesis 

1. Development of pedogenic clay rims on detrital grains. 
2. Precipitation of anhydrite cement in some portions of 

the sand. 
3. Shallow burial and grain rotation, resulting in tighter 

packing. 

Better reservoir parameters occur toward the top of the 
small, shallowing-upward cycles in the better sorted but 
sub-arkosic sandstones of sequence 1. However, as dis
cussed above, reservoir quality declines at the very top of 

Early development of syntaxial quartz overgrowths on 
detrital quartz grains. Silica cement largely filled pores 
not occluded by anhydrite (Fig. 3.15). 

the reservoir interval due to the appearance of pedogenic 4. 
clays in sandstones from the coastal-plain depositional 
system. 

5. Dolomite cementation (Fig. 3.14). 

Diagenesis 

All sandstones from the reservoir show some indication of 
reduced reservoir quality due to diagenesis. Diagenesis has 
resulted in both a decrease in primary porosity and per
meability and an enhancement of porosity through genera
tion of secondary porosity. The order of these events has 
been inferred from textural relations of cements as follows 
(Davies and Associates, 1980). 

Late Diagenesis 

6. Development of secondary porosity. Primary pore net
work partially exhumed through dissolution of anhydrite 
pore fillings. 

7. Leaching and partial dissolution of some feldspar grains 
(Fig. 3.14). 

8. Development of feldspar overgrowths on some detrital 
feldspar grains. 

9. Precipitation of authigenic clays. 
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Figure 3.17. Fibrous illite in Arumbera Sandstone Reservoir interval. 
Scale bar = 0.1 mm. 

A number of primary authigenic mineral phases are re
sponsible for the reduction of porosity in the reservoir sand
stones; however, fibrous illite, silica overgrowths on quartz 
grains, pedogenic clay coating on detrital grains, and 
anhydrite are the most important (Fig. 3.14, 3.16, 3.17). In 
particular, dolomite and fibrous illite (Fig. 3.16) occur 
throughout the pore system. Dolomite is abundant and fre
quently fills pore spaces completely. Many of the primary 
pores visible in thin section are partially occluded by anhy
drite cement and silica overgrowths. Open primary porosity 
appears to have formed through dissolution of anhydrite . 
This anhydrite cement, precipitated prior to silica cementa
tion of the sandstones, precluded development of silica 
overgrowths in the pores. Later, dissolution of anhydrite 
resulted in exhumation of some original primary porosity. 
Similarly, dissolution of feldspar has increased porosity 
(Fig. 3.14). Because of the suite of mineral phases present 
in the pore system, the formation is susceptible to forma
tion damage, particularly if migration of fibrous illite takes 
place. 

A further reduction in primary porosity occurred as a 
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result of compaction of the sandstones during early dia
genesis. Burial compaction has resulted in a loss of approxi
mately 10% of the original sandstone pore ·v'olume through 
a rearrangement of grain packing. 

Hydrocarbon Potential 

Gas has been discovered in the Arumbera Sandstone at a 
number of localities. The Wallaby structure, which was lo
cated seismically in 1980 about 28 km southeast of Alice 
Springs, was the first structure in which a direct attempt was 
made to exploit the Arumbera Sandstone (Fig. 3.3). Gas 
was encountered in a thin transgressive sandstone at the 
base of sequence 1 of the formation, but drill-stem tests 
failed to produce gas at the surface in spite of the presence 
of porosity (Schroder and Gorter, 1984). The Dingo struc
ture, a broad anticline or dome trending slightly west of 
north about 75 km south of Alice Springs (Figs. 3.19 and 
3.20), which was drilled in 1982, is the only structure so far 
to show economic potential (Fig. 3.3). The areal closure of 
the structure is 68.9 km2, with a vertical closure of 160 m. 

The best potential source rocks within the Late Protero
zoic section are contained in the Pertatataka and Areyonga 
Fms and the Gillen Member of the Bitter Springs Fm (Jack
son et aI., 1984). While the Gillen Member is by far the 
most widespread of the units, it is unlikely to have been the 
source for the gas at the Dingo Field. The most probable 
source lies within the Pertatataka Formation, which directly 
underlies the Arumbera reservoir (Schroder and Gorter, 
1984). In general, the Proterozoic source rocks are over
mature beneath the Missionary Plain (Fig. 3.1), and ma
turation levels decrease to the south, concomitant with 
decreasing depth of burial. Farther south, within the oil 
fairway, the Arumbera thins rapidly. The divide between 
the oil and gas fairways coincides with the Central Ridge 
and appears to be connected with basin mechanics. North 
of the Central Ridge, sub-basins developed during the 
second extensional stage of basin evolution and accumu
lated a considerable thickness of sediment, including the 
Arumbera Sandstone. Maturation is highest in those areas 
where the sub-basins developed and the sediment pile is 
greatest. 

Pacoota Sandstone 

The Pacoota Sandstone is the most important hydrocarbon 
reservoir of the Amadeus Basin. It is widely distributed, 
extending over 700 km across the northern half of the basin 
(Fig. 3.3). The formation is dominantly quartzose sand
stone and forms the base of the Larapinta Group (Fig. 3.2). 
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Figure 3.18. Arumbera Sandstone reservoir quality. Upper plots show porosity and permeability across the main reservoir interval in Dingo #2. Lower 
plot shows porosity vs. permeability for the same interval. Note that the linear correlation is poor. 
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Figure 3.19. Structure contour map of the top of the first gas pay in the Dingo Field. 

w DINGO 2 DINGO I 

ARUNTA COMPLEX 
':!,INT," 

Figure 3.20. Seismic section (P80-11) across the Dingo Field, showing well locations and the reservoir interval. Note the massive salt core formed from 
the Gillen Member of the Bitter Springs Fm. 

Benbow (1968) noted that the whole Pacoota section at 
Mereenie Field is generally abrasive, with porosity and per
meability developed in lenses within the major sandstone 
horizons. He stated that porosities and permeabilities with-

in those sandstone bodies are extremely variable, and that 
both are better developed on the crest of the anticline. 
Williams et al. (1965) earlier noted this phenomenon at 
Mereenie Field, and attributed it to better sorting of sands 
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on the crest of a structure that grew during deposition of the 
Pacoota Sandstone. 

During the early 1970s, the Australian Bureau of Mineral 
Resources undertook studies of the reservoir characteristics 
of the Pacoota Sandstone in the Mereenie Field and the 
Palm Valley Field. A summary of the Bureau of Mineral 
Resources findings, published in 1976 (Kurylowicz et aI., 
1976), remains the standard reference to date, and was the 
first to recognize the importance of diagenesis in the de
struction and development of porosity in the Pacoota Sand
stone. Further drilling in the Amadeus basin since 1980 
(Schroder and Gorter, 1984), and a reappraisal of previous
ly drilled wells, have also contributed to the understanding 
of the porosity development and distribution in the Pacoota 
Sandstone. 

Despite the recognized need for more detailed analysis of 
the porosity distribution in the various members of the 
Pacoota Sandstone, all the published studies have treated 
the complex depositional and diagenetic history of the 
Pacoota as a whole. In this paper, subunits of the Pacoota 
Sandstone are discussed in detail. 

Subdivision of the Pacoota Sandstone 

An informal subdivision of the Pacoota Sandstone was de
veloped from the Mereenie Field by Williams et al. (1965), 
and was extended basinwide by Kurylowicz et al. (1976). 
These subdivisions, called P1 to P4 in descending order, 
were differentiated on the basis of gross lithology and log 
characteristics (Fig. 3.21). Kurylowicz et al. (1976) applied 
the P1 to P4 units to the Pacoota Sandstone at Palm Valley 
Field, but later drilling on the field showed that some of the 
correlations were incorrect. Do Rozario and Baird (1987) 
also applied the P1 to P4 terminology to the Palm Valley 
Field (Fig. 3.21), but some of the subdivisions cannot be 
substantiated (Gorter, 1992). It is therefore not possible to 
directly correlate statements made by the various authors 
about the reservoir properties of the subunits of the 
Pacoota Sandstone. Furthermore, most correlations east of 
Palm Valley are now known to be incorrect. 

To provide a more meaningful depositional framework 
from which to discuss reservoirs within the Pacoota, and to 
avoid the confusion generated by the application of at least 
two partly exclusive informal field subdivisions using the 
same nomenclature, Gorter (1992) applied depositional 
sequence concepts to further the understanding of both de
positional environments and reservoir distribution within 
the Pacoota Sandstone. A number of the parasequence sets 
are correlated basinwide, and are numbered from the base 
upward with the prefix PS (i.e., PS1, PS2, etc.) on Figures 
3.25 to 3.28. The correlation of the parasequence sets with 
previous nomenclature is shown in Figures 3.21 and 3.22. A 
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correlation of the sequences and parasequence sets recog
nized and the terminology used at Mereenie Field (Towler, 
1986) are shown in Figure 3.22. The following discussions 
of reservoir development and properties will use the se
quences and parasequences as defined by Gorter (1992), 
but reference will be made to informal field units where 
these have been previously applied. In the stratigraphic 
table (Fig. 3.23), the sequences defined by Gorter (1992) 
are correlated with nomenclature published by Benbow 
(1968) and Towler (1986). Also shown are the major inter
preted sequence stratigraphic events that are considered 
important in the depositional history of the Pacoota Sand
stone. 

Age and Stratigraphy 

The biostratigraphy of the Pacoota Sandstone is based 
primarily on trilobites (Shergold, 1986), although molluscs 
and brachiopods are also stratigraphically important in 
some horizons, and conodonts-which are confined to spe
cific horizons-may prove useful in subdividing the upper 
Pacoota (Fig. 3.23). Three faunal assemblages have been 
described. The first, which occurs in parasequence set 3 and 
is widespread in the Amadeus basin, has been assigned to 
the local Australian late Payntonian to early Datsonian 
stage (Shergold et aI., 1991) and is broadly equivalent 
with the latest Cambrian and earliest Ordovician. The 
second assemblage, which has a much wider distribution, 
occurs in the middle Pacoota in parasequence sets 8 to 11, 
and belongs to the late Warendian stage (Shergold et aI., 
1991), which is broadly equivalent to the terminal Trema
doc. There are few fossils known from parasequence sets 4, 
5,6, and 7, although trace fossils are abundant. 

Taxonomic documentation of the faunas of the upper 
Pacoota parasequence sets 12 to 13 are as yet incomplete, 
but conodont faunas are provisionally assigned to the early 
Arenig. 

Reservoir Characterization 

That the bulk of the Pacoota Sandstone is of marine origin 
is unquestioned, because of the contained marine faunas 
and trace fossils, authigenic marine minerals such as glauco
nite, and characteristic associations of sedimentary struc
tures. Fluvial facies are also present in places. We have in
terpreted the sedimentary environments of the Pacoota 
Sandstone in light of what is known of shallow-marine de
posits, processes, and biota and placed the various units de
fined within the systems-tract scheme of Vail (1987) and 
van Wagoner et al. (1987). 

The systems-tract methodology allows predictions to be 
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Figure 3.21. Correlation of Pacoota Sandstone Units defined from Palm Valley Field and Mereenie Field to illustrate unconformities, pinchout, and 
onlap relations. (From Gorter, 1992.) 
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Figure 3.22. Correlation of Pacoota Sandstone units defined from Palm Valley Field to Mereenie Field to illustrate the major sand nomenclature at 
Mereenie Field. (After Towler, 1986.) 
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Figure 3.23. Comparison of stratigraphic subdivisions of the Pacoota Sandstone based on published Mereenie Field usage (Benbow, 1968; Towler, 1986) 
and that developed by Gorter (in prep.). Ages from Shergold et al. (in press). 

made about the type of hydrocarbon reservoir developed in 
the different systems tracts, and the source, seal, and trap 
configuration required to produce a viable hydrocarbon 
accumulation (Vail, 1987). In the lowstand systems tract in 
a ramp basin, reservoir sands are typically developed in in
cised valley fills by braided streams (as in the west part of 
the Amadeus basin), and in lowstand prograding wedges 
as tidal sands, beach, and storm deposits (Vail, 1987). The 
latter are generally better developed in basins with a more 
pronounced shelf edge. While the Central Ridge still ex
isted during Pacoota deposition, its influence was much less 
marked than in earlier times, and basin morphology was 
more ramp-like. 

In the transgressive systems-tract, reservoir sands are 
best developed in beach and shoreface sands (Vail, 1987), 
where permeability and porosity are generally excellent due 

to winnowing of the sediments by waves. Offshore shelf 
sands may also form good reservoirs in this scenario, due to 
constant reworking by currents. In the highstand systems 
tract, reservoirs are generally best formed by fluvial sands 
or deltaic processes, with minor shoreface and development 
(Vail, 1987). 

Destruction or enhancement of reservoir properties in 
sandstones is not purely a product of the depositional pro
cess; diagenesis of the sandstone is also an important factor. 
The type and sequence of diagenesis are dependent on the 
original composition of the sand (i.e., the composition of 
the framework grains), the grain size and sorting (e.g., orig
inal porosity), and the initial cementation. Diagenesis be
gins immediately after sedimentation, generally by the in
troduction of a primary cement, and continues in response 
to increasing overburden and temperature. Diagenesis in 
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sandstone generally leads to a loss of porosity and a reduc
tion in permeability, although destruction of labile grains, 
such as feldspar and metamorphic rock fragments, may lead 
to secondary porosity. 

Kurylowicz et ai. (1976) used the acoustic velocity (sonic) 
log, calibrated by core porosity data, to determine the 
porosity distribution in the P units of the Pacoota Sand
stone at Mereenie Field. They noted that porosity appeared 
to be less for the whole Pacoota Sandstone interval over the 
crest of the structure (d., Williams et aI., 1965) and in
creased down flank and along the plunging noses of the 
anticline. This conclusion was based on analyses of six wells 
available at the time. 

Tectonic stress caused by faulting and flexure of im
permeable formations may also form fracture porosity sys
tems. Palm Valley Field is a prime example of a fracture 
porosity reservoir in the Pacoota Sandstone (do Rozario 
and Baird, 1987), and the West Walker #1 gas discovery 
may prove to be another. 

Parasequence Set 3 

Parasequence set 3 is characterized by the blocky shape of 
the gamma-ray curve (Fig. 3.21) and can be readily corre
lated across the basin (Fig. 3.24a). In outcrop in the north
west part of the basin at Watsons Range, parasequence set 
8 is unconformable upon parasequence set 3, and this is also 
the case at Mereenie Oil Field (Fig. 3.21), located on the 
Central Ridge. However, in the Missionary Plain trough to 
the northeast, parasequence sets 4 to 7 intervene between 
parasequence sets 8 and 3 (e.g., Palm Valley Field, Fig. 
3.21). 

In general, the unit thickens slightly to the south and 
west, and thins to the north and east of Mereenie. The max
imum thickness is about 75 m at Mereenie Field. The unit is 
58 m thick at Tempe Vale #1, and 54 m at Wallaby #1. 

Sedimentary structures in parasequence set 3 include 
both herringbone cross-bedding and unimodal cross-strata, 
often associated with reactivation surfaces. Megaripples are 
sometimes abundant, as are symmetrical and asymmetrical 
current ripples showing several different current vectors on 
the same bedding plane. Occasional mudcracked horizons 
are also noted. Other features are overturned cross
lamination, scour and fill, mud clasts, climbing ripples, and 
other ripple forms. Trace fossils, including Skolithos and 
V-shaped burrows, and a marine fauna are sometimes 
abundant. Parasequence set 3 is interpreted as a tidally in
fluenced shelf sandstone deposit. From the distribution and 
generally uniform thickness of parasequence set 3, it is 
considered that the Central Ridge had no influence on 
sedimentation patterns in latest Cambrian time. 

The reservoir characteristics of parasequence set 3 are 
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best known in the Mereenie Field in the southwestern part 
of the basin, where several cores were taken in the interval, 
and in the fully cored Tempe Vale #1 well. 

At Tempe Vale #1, parasequence set 3 is composed of 
fine- to medium-grained, occasionally coarse, poorly to 
generally moderately well-sorted and occasionally well
sorted siliceous sandstone. The sandstone often has a red
dish color due to iron oxide rims on the original detrital 
grains and in part to a ferruginous cement. Porosity in para
sequence set 3 is mostly occluded by silica and ferruginous 
cements. These ferruginous cements are a breakdown 
product of the sometimes abundant arkosic sandstones in 
the southwestern area, and perhaps parallel an increasing 
fluvial component of the sediments in this direction. The 
best permeability is related to abundant, though patchy, 
zones of sub-horizontal fracturing. Minor porosity is pre
sent (5.3%) in bioturbated zones (Skolithos) near the base 
of the section. 

Parasequence set 3 forms a generally poor reservoir for 
hydrocarbons in the Mereenie Field because of the reduc
tion of porosity by carbonate cement and burial diagenesis. 
However, reservoir sandstones do occur in parasequence 
set 3 at Mereenie (e.g., P4-40 sand; Towler, 1986) and 
owe their reservoir character to weathering at the pre
parasequence set 3 unconformity. A range of 6 to 10% 
porosity is calculated in the parasequence set at Mereenie 
Field, where parasequence set 3 consists of fine- to 
medium-grained and occasionally coarse sandstones. The 
sandstones are generally well sorted, although sorting be
comes poorer with increasing depth. At East Mereenie #2, 
the sandstones consist of 75% monocrystalline quartz, with 
8% polycrystalline quartz grains, 15% silica cement, and 
2% dolomitic cement, with only trace amounts of feldspar 
and anhydrite. Visual porosity is poor, except in coarser 
lenses, and stylolites are present, indicating that pressure 
solution has taken place. Pore space was reduced initially 
by fibrous illite and later by quartz or chlorite deposition. 

In the Missionary Plain trough, parasequence set 3 was 
intersected by several wells. In the Palm Valley Field (Fig. 
3.25), the clean sandstones are impermeable due to dolo
mite cementation and later burial-induced quartz over
growth. Dolomite cement was probably introduced con
temporaneous with deposition of these shallow subtidal to 
tidal sands, or soon after. As there is no evidence for expo
sure of these rocks prior to deposition of the overlying sedi
ments, there was little chance for dedolomitization to have 
taken place. At Orange #2, sonic logs also suggest that the 
parasequence set is nonporous (Fig. 3.25), and at Alice #1, 
in the fine-grained, generally nonporous sandstones, limo
nite coated the original grains prior to the deposition of 
dolomitic cements and the final quartz overgrowth phase. 

In parasequence set 3, porosity generally is occluded by 
dolomitic cement in the northeast and by silica overgrowths 
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Figure 3.24a-k. Distribution and isopachs of parasequence sets 3 to 13. Contour intervals in meters. 
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in the west. The clean nature of the predominantly quart
zose sandstone suggests that the more labile grains, such as 
feldspar, were either not supplied from the sediment prove
nance area, or were removed during mechanical abrasion 
prior to deposition. Primary dolomitic cement was intro
duced soon after burial and before compaction, as shown 
by the floating contacts between many grains. Interlocking 
grain boundaries and stylolitization show that later pressure 
solution caused a further porosity reduction upon deep bu
rial, probably during the Late Devonian molasse deposition 
(stage 3). 

Secondary porosity is present in some samples, especially 
in the southwest, suggesting leaching of the dolomitic ce
ment. Leaching may have taken place under conditions of 
deep weathering, during the hiatus preceding the deposi
tion of parasequence set 8 in the Mereenie area, and is 
shown by the characteristic reddish, spotted appearance of 
many sandstones in the Mereenie Oil Field and at Tempe 
Vale # 1. Such evidence of weathering is lacking in the core 
at Alice #1, suggesting that the time available for deep 
weathering in this area prior to deposition of parasequence 
set 4 was much less than on the Central Ridge. 

Parasequence Sets 4 and 5 

Parasequence sets 4 and 5 (Fig. 3.24b, c) occur in the 
eastern part of the basin and are not present at Mereenie 

WEST 
PALM VALLEY 5 ORANGE 2 

GR -<> S GR -<> S GR 

PARASEOUENCE SET 8 

PARASEOUENCE SET 7 

PARASEOUENCE SET 6 

PARASEOUENCE SET 3 

Figure 3.25. Sonic log-gamma-ray log curves of parasequence sets 3 to 7 
eastward from Palm Valley #5 to Wallaby #1, and south to Dingo #1. 
Note the Rodingan erosion on Wallaby #1. The generally impermeable 
lithology of parasequence set 3, due probably to primary dolomitic ce
ments and lesser burial-induced silicification, is well illustrated by the high
er transit times on the sonic logs. The clean sandstones at the top of the 
shoaling cycles of parasequence sets 3 and 5 are invariably impermeable 
due to burial-induced quartz overgrowths, and lesser authigenic illite and 
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Field (Fig. 3.21). At Palm Valley Field, they have been pre
viously included within the P3 unit of do Rozario and Baird 
(1987) (Fig. 3.21). 

On gamma-ray logs, parasequence set 4 is clearly a 
coarsening-upward cycle, i.e., a progradational parase
quence set (Fig. 3.25). The unit passes downward from 
medium-grained, well-sorted sandstones to finer-grained 
sandstones and interbedded siltstone and shale. Mica is 
often abundant, and minor glauconite is present. The upper 
beds are cross-bedded and contain Skolithos; below the 
uppermost sandstone, inarticulate brachiopod fragments, 
trough cross-beds, ripple marks, scour and fill, and rip-up 
clasts are present. Parasequence set 5 is also a generally 
coarsening-upward cycle on gamma-ray logs, but is com
posed of several smaller coarsening upward cycles (Fig. 
3.21). A similar succession is present. 

The evidence suggests that parasequence sets 4 and 5 are 
transgressive marine in origin: both coarsen upward from 
siltstones and shales, with sporadic glauconite through thin
bedded sandstones, into trough cross-bedded sandstones 
containing the intertidal trace fossil community. 

Parasequence set 4 is not present at Mereenie Field (Fig. 
3.21), and was not cored in any of the Palm Valley wells or 
in many wells in the northeast part of the basin (Fig. 3.25). 
Consequently, there are few quantitative data available on 
the reservoir properties of the sequence. 

An average sonic-derived porosity of 12% was calculated 
in the upper sandstones of the shoaling cycle (Fig. 3.25) at 
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later dolomite cementation. Porosity in parasequence set 6 is generally 
reduced due to burial diagenesis and quartz cementation in the cleaner 
sandstones and because of remobilization of carbonate cements in more 
arkosic sandstones. Note that decalcification of the sandstones at Alice #1 
and Wallaby #1 is thought to be a result of weathering accompanying 
the Devonian erosion cycle and subsequent relatively shallow burial. 
compared to wells in the Palm Valley area. The central sandstone in para
sequence set 7 is generally clean and cemented by quartz. 
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Alice #1. A single core plug porosity of 35% was measured 
from the base of core #7 in a sample taken from near the 
top of the cycle in the cleanest sandstone, as indicated by 
gamma-ray interpretation. This porosity is remarkably high 
for the Pacoota Sandstone, and may reflect the presence of 
fracturing in the core, although this is not mentioned in the 
original core descriptions. The upper part of the core is 
composed of generally clean, very fine- to medium-grained 
sandstone with coarse streaks. Some quartz recrystalliza
tion is reported, and the rock is fairly well cemented with 
silty argillaceous material, except where it is slightly arkosic 
and friable. There is also minor patchy development of cal
careous cement. 

The correlative section at Orange #1 has a reduced 
porosity of 9.5% over the upper sandy interval (Fig. 3.25), 
and Kurylowicz (1975) thought the difference in porosity 
compared to Alice #1 was due to a greater depth of burial 
at Orange #1. However, a calculated sonic-log porosity of 
5% from the same interval at Wallaby #1 (Fig. 3.25), 
where the unit is less deeply buried than at Alice #1, indi
cates that depth of burial is not the only reason for the re
duction of porosity in this area. The porosity at Wallaby #1 
was described from cuttings as intergranular, and there is 
little calcareous cement; the main mechanism of porosity 
occlusion is quartz overgrowth. 

At Dingo #1, Core #1 was cut in the middle of para
sequence set 4 below the main sandstone horizon of the 
shoaling cycle. Visible porosity in the upper sandier part 
of the core was poor, and no reservoir analysis was at
tempted. Furthermore, log interpretation suggested that 
the overlying main sandstone horizon of the shoaling cycle 
has minor porosity development, and permeability also 
appeared to be poor from the dual caliper-log response. 
Thin-section petrographic analyses, fine-fraction x-ray dif
fraction (XRD) analyses, and scanning electron microscope 
(SEM) examinations were carried out. All samples were 
well-sorted, fine-grained quartzose sandstones consisting of 
54 to 77% monocrystalline quartz, and trace to 2% polyc
rystalline quartz. Potassium feldspar content was highest in 
the lowermost sample, but plagioclase feldspar in all four 
samples was a uniform 1 % of the grain composition. Acces
sories were generally in trace amounts and included chert, 
clay balls, and shell fragments. Only a trace of detrital clay 
matrix was present. The most variable character of the rock 
is the cement composition; no two samples exhibit the same 
proportion of the various cements. Porosity is generally 
poor and has been generated by the dissolution of unstable 
grains (Le., feldspar). All other detrital grains are 
cemented by silica. Many of the detrital quartz grains were 
coated with iron oxide and chlorite before minor secondary 
silica overgrowth. Authigenic clays and dolomite form the 
primary cements, particularly in the two samples with the 
lower monocrystalline quartz content. Illite was the only 
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clay mineral detected by fine-fraction XRD analyses (17 to 
75%), but it does not seem to be confined to any particular 
rock composition. This fibrous illite is sometimes a major 
pore-fill mineral in this part of the Pacoota and occludes the 
intergranular pore space, although quartz cements and 
minor dolomite usually are the occluding minerals. Pyrite 
occurs in trace amounts and is a late-stage precipitate. The 
diagenetic sequence appears to have been quartz over
growth, authigenic illite precipitation, dissolution of labile 
feldspar grains, late-stage pyrite introduction, and finally, 
dolomite crystallization in the remaining pore throats. 

Little is known about porosity distribution of parase
quence set 5 due to a complete lack of cores. Porosities of 13 
to 13.5% were calculated at Alice #1, 11% at Orange #1 
(Fig. 3.25), and an average of 9% from Wallaby #1. There 
are some inconclusive indications of permeability from the 
dual caliper logs at Dingo #1. Because of the similarity in 
depositional environment between parasequence sets 4 and 
5, it would be expected that the diagenetic destruction of 
porosity followed the same pathways. 

Parasequence Set 6 

Like parasequence sets 4 and 5, parasequence set 6 is not 
present in the Mereenie Field (Fig. 3.24d). Parasequence 
set 6 is clearly defined on electric logs at the Dingo, 
Orange, and Palm Valley wells (Fig. 3.21). A consistent 
feature is very high gamma-ray values in the center of this 
essentially sandstone-dominated unit (Fig. 3.25), reflecting 
the presence of a highly micaceous greenish siltstone unit. 
Parasequence set 6, composed of fine to occasionally coarse 
and pebbly cross-bedded sandstone, is quite clearly of 
marine origin and was deposited at the culmination of a 
major transgressive event. It contains shallow intertidal in
dicators such as the trace fossil assemblage. The lithology, 
trace fossil suite, and sedimentary structures indicate a 
tidally influenced depositional environment. 

Sonic log-derived porosity values of 3.5 to 7% were 
calculated in parasequence set 6 at Orange #1, and higher 
values of 11.5 to 12% occur at Alice #1 (Fig. 3.25). A sonic 
log-derived porosity of 50% was calculated from im
mediately below the Rodingan unconformity at Wallaby 
#1. This exceedingly high porosity is thought to represent 
decalcification of the sandstones during weathering in the 
later Paleozoic, and the subsequent shallow depth of burial 
(present depth is 441 m). At Dingo #1, porosity of only 3% 
and a lack of significant permeability at present depths of 
1320 to 1360 m are noted. 

At Palm Valley #3, the sequence is composed of relative
ly pure quartz-rich sandstones, in which quartz makes up 
over 95% of the framework grains, with minor tourmaline 
and chert. In all samples, the sand grains are well rounded 
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and well sorted, but quartz overgrowths have occluded all 
porosity. Some grain boundaries are sutured, and rare inde
nted boundaries are also present. Illite does not occur on 
grain boundaries in the clean rocks, in comparison to the 
more arkosic sediments, suggesting a primary depositional 
control. Calcite cement is generally rare to absent in these 
quartz-rich rocks, indicating that in more arkosic sand
stones, the calcite cements have been derived from the dis
solution of feldspars under burial diagenesis. 

Parasequence Set 7 

On electric logs, parasequence set 7 is represented by the 
sequence of high-low-high gamma values (Fig. 3.25), 
reflecting the change from shales gradationally upward to 
coarser sandstones in the center part, and then a return to 
finer clastics. In outcrop, the sandstones are fine to medium 
grained and are coarsest in the middle part of the unit. The 
sandstones are mostly trough cross-bedded and contain 
Skolithos, but the coarser-grained sandstones may be planar 
cross-laminated. Trilobite traces are present in the trough
cross-stratified beds. Minor glauconite is present in the 
sequence at Dingo Field and at Orange #2 in both the silt
stones and the finer sandstones. Glauconite and hummocky 
cross-stratification are present in outcrop at Ellery Creek 
(Gorter, 1992). 

Parasequence set 7 records a major transgressive event. 
The presence of fine-grained clastics, hummocky cross
stratification, and glauconite suggests deeper-water marine 
deposition. The top is eroded below the Type 1 sequence 
boundary at the base of parasequence set 8. 

Parasequence Set 8 and Parasequence 9 

By early parasequence-set-8 time, the Central Ridge was 
flooded, and sediments of this unit form the primary reser
voirs at Mereenie Field (Fig. 3.21). The top of the unit is 
truncated by later erosion east of Dingo Field and in the 
eastern James Ranges (Fig. 3.24f). 

As shown by the gamma-ray logs at Palm Valley Field 
and Mereenie Oil Field (Fig. 3.26), parasequence set 8 is 
dominantly sandstone, but contains intervals of siltstone 
and shale. Sedimentary structures include trough and 
planar cross-beds, herringbone cross-lamination, ripple 
marks, megaripples, and fining-upward cycles beginning 
with pebbly sandstones, especially in the west part of the 
Mereenie Field and at Tempe Vale #1 well. A fluvial 
depositional environment, probably in braided rivers, is 
thought likely for the coarse-grained, unfossiliferous sedi
ments. 

The lower beds of parasequence set 8 in the northeast 
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contain ample evidence of deposition in intertidal to sub
tidal environments. Trace fossils of the Skolithos assem
blage are locally common. 

Parasequence 9 is a widespread clean quartzitic unit (Fig. 
3.26) that is present in both the Palm Valley and Mereenie 
fields and as far southwest as Tempe Vale #1 (Fig. 3.24g). 
The initial sediments are siltstones and shales, sometimes 
glauconitic, and the unit coarsens upward to sandstones. 
The presence of a Cruziana trace fossil suite in these sand
stones suggests an upward shift to a more marine deposi
tional environment. The large-scale ripple features and the 
clean nature of the sandstones, coupled with the character
istically fragmentary shelly fossils, infer a turbulent energy 
regime with strong current activity. The dominance of east 
and west current indicators suggests that deposition may 
have taken place in a tidally influenced seaway. 

Parasequence set 8 is more arkosic to the south and west, 
and the gamma-ray logs reflect the lithology by a character
istic "hot" gamma-ray signature (Fig. 3.26). To the east and 
northeast, the sandstones are more quartzose, reflecting the 
increased distance from the provenance area. 

Investigations of reservoir conditions at Mereenie Field 
by the Bureau of Mineral Resources were summarized by 
Kurylowicz et al. (1976). Towler (1986) carried out a com
puter reservoir simulation of the field to evaluate the recov
ery of oil from wells situated on the northern and southern 
flanks of the Mereenie anticline. All authorities are agreed 
that the major reservoir at Mereenie occurs in the P3 unit, 
which is broadly correlatable with parasequence set 8 and 9. 
Within parasequence set 8 at Mereenie, the P3-120/130 
sandstones (Fig. 3.22) are consistently permeable in all 
parts of the field, and form the major producing sandstone 
(Towler, 1986). 

At East Mereenie #2, core-derived porosity ranges from 
2.3 to 14.4% in parasequence set 8, but the porosity occurs 
in discrete zones. Core #20, from the top of the clean 
quartzite at the top of parasequence set 9, has porosities 
ranging between 3.5 and 8.7% and permeabilities between 
0.1 and 2.6 md, whereas Core #21 (1447.2 to 1456 m), in 
the lower part of the P3-130 sand (parasequence set 8), has 
porosities ranging from 10.3 to 14.4% and permeabilities 
between 0.1 and 129 md. These two cores have very dif
ferent gamma-ray-Iog characters; the higher gamma-ray 
values from the P3-130 sand reflect the arkosic content of 
the rocks. 

In Core #20 from the top of parasequence 9 (1419.8 m), 
feldspar made up only 3% of the detrital grains. The rock is 
generally well cemented with silica, but the coarser sand
stones retain some well-developed porosity. These pores 
are partially infilled by silica overgrowths and quartz druse, 
and lined by patches of fibrous illite and illite-smectite. 
Core porosity of 8.5% was measured at this depth. 

In Core #22, from fine sandstone near the base of para-
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Figure 3.26. Sonic log-gamma ray log correlation of parasequence sets 8 
to 9 eastward from Tempe Vale #1 to East Mereenie #2, West Walker 
#1, Palm Valley #5, and Orange #2. The cleaner sandstones at the top of 
the shoaling parasequence set 9 are impermeable because of early dolo
mite cementation and later silica overgrowths formed under burial di
agenesis, especially in the wells to the west. Parasequence set 8 becomes 
more arkosic to the southwest, with a characteristic "hot" gamma-ray 
character and a progressive westward change from shoaling marine cycles, 
as at West Walker #1, to fining- upward cycles in the lower beds at East 

sequence set 8, feldspar increased to 7% of the detrital 
grains, and core porosities of 8 to 10% were recorded from 
the same depth (1465 m). The pores in this rock are partial
ly occluded by silica cement and authigenic clays, including 
fibrous illite in large secondary pores. 

We conclude, on the basis of these two samples, that the 
original sorting of the sandstones appears to be an impor
tant control on the reservoir quality of this part of the 
Pacoota Sandstone. The more poorly sorted sandstones, 
characterized by the greatest content of detrital clay matrix, 
are the poorest quality reservoirs. However, no rocks with 
secondary porosity development were specifically studied 
from the producing sandstones. 

Routine core analyses were carried out on cores from 
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Mereenie #2 and Tempe Vale #1 (i.e., there is a facies change from bar
rier bar to fluvially influenced deposition westward onto the Central 
Ridge). The cleaner, wave-reworked sandstones are now silica cemented; 
however, the best porosity is developed above the base parasequence set 8 
sequence boundary on the Central Ridge, where the arkosic, more non
marine sandstones have secondary porosity due to dissolution of labile 
grains, and to preservation of original porosity not infilled by marine car
bonate cements. Depth of burial was less at Mereenie than at Palm Valley, 
and consequently, the amount of silica overgrowths is reduced. 

parasequence sets 8 and 9 in Tempe Vale #1 well. Poro
sities from the upper clean sandstone of parasequence set 
9 (589 to 613 m) range from a low of 3.3% to a high of 
13.7%, although the latter values may be in part the result 
of fractures seen in the core. Permeability ranges from 10.3 
to 106 md. The lower, non-fractured part of the unit (619 to 
649 m) has poor to occasionally fair visible porosity. Poros
ity was measured at 5.5% and the permeability was only 
1.64 md. Secondary chlorite occludes the pore space in this 
sample, but most of the section has silica and, in part, ferru
ginous cements. 

A more detailed analysis was carried out on two samples 
from clean sandstones of parasequence sets 8 and 9 in 
Tempe Vale #1. These sandstones have porosities ranging 
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from 8.5% (581.85 m, top of parasequence set 9) to 13.7% 
(611.4 m, top of parasequence set 8), and permeabilities 
between 70 and 72 md, respectively. Sorting ranges from 
moderate in the upper sample, with bimodal grain size, to 
well sorted in the lower, unimodal sandstone, but does not 
appear to have influenced porosity or permeability, in con
trast to the findings at Mereenie. There is also no clear rela
tion between these parameters and grain size. 

The upper sample is composed dominantly of quartz with 
minor clay, whereas the lower specimen has 7.7% potas
sium feldspar, minor mica, and 7.3% clay. The feldspar has 
been altered to clay, and many grains are partly dissolvec;l to 
form secondary pores. The clays are dominantly authigenic 
kaolinite, with minor illite occurring as an isolated pore 
filling. 

The main porosity reducing process has been quartz ce
mentation, with overgrowths often completely filling the 
original intergranular porosity. However, quartz over
growths in parasequence set 8 have, to some extent, been 
inhibited by the presence of clays in the pore spaces or by 
the presence of feldspars. Partial dissolution of unstable 
framework grains to form secondary pores is common in 
the sample from 611.4 m, in which large pores were 
formed. These secondary pores tend to be randomly distri
buted and not always interconnected; thus, permeability 
may be low. It is suggested that the diagenetic sequence in 
parasequence set 8 sandstones was dissolution of some feld
spars and formation of authigenic kaolinite, followed by 
quartz overgrowth cementation and later microstylolitiza
tion, probably due to burial. 

No cores were cut in parasequence set 8 in West Walker 
#1, but log evaluation of the upper, cleaner sandstones of 
parasequence 9 (1550 to 1573 m) suggests that porosity is 
less then 4 %. Cuttings and samples from the junk sub show 
that the section is extremely well cemented with silica, and 
that dolomitic cements are rare. Para sequence set 8 in the 
well is composed of more arkosic sandstone beds, several of 
which show porosity development on the density and sonic 
logs. These more porous sandstones generally are of the 
coarser grain size but are often silty and poorly sorted. A 
drillstem test (DST #4) that covered this interval recovered 
salty formation water, indicating some permeability in the 
lower part. 

At Tent Hill #1, three core samples analyzed from para
sequence set 8 showed porosity ranging from 56 to 7.4% 
with permeabilities varying between 16.1 and 25 md. 
However, a permeability of only 4.7 md was calculated for 
this sandstone from a drillstem test. 

Although gas is produced from the Pacoota Sandstone at 
Palm Valley Field, it is from fracture porosity (do Rozario 
and Baird, 1987). Most sandstones in parasequence sets 8 
and 9 are impermeable, with very low calculated porosities 
(e.g. average 1%, maximum 4%, from parasequence 9 in 
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Palm Valley #3; Kurylowicz, 1975). Samples from para
sequence 9 are quartz-rich sandstones in which quartz 
makes up over 85% of the framework grains, the others 
being tourmaline and chert. In both samples, the sand 
grains are well rounded and well sorted, but quartz over
growths have occluded all porosity. Some grain boundaries 
are sutured, and rare indented boundaries are also present. 
Illite is rare to absent. 

Below 2374 m in parasequence set 8, sorting is poorer 
commensurate with an increase in other mineral grains, 
principally potassium feldspar and illite. The uppermost 
sample contains 88% well-rounded and well-sorted quartz 
grains, and 2% calcite in the pore space. Sorting deterio
rates with increasing feldspar content and depth (4 to 10% ), 
and grains are less well rounded. Microstylolites, formed 
from illite are present along grain boundaries, and there are 
some sutured boundaries. All the original pore space is now 
occluded with the growth of authigenic minerals including 
calcite. 

Detailed analyses of the reservoir rock characteristics at 
Palm Valley #1 well were carried out. One core sample of a 
clean quartzitic sandstone was analyzed from the upper part 
of parasequence set 8 (2029.4 m), and shown to have about 
1 % feldspar and 8% dolomite cement. XRD analysis of the 
<5-lLm fraction demonstrated the dominant clay type to be 
illite (25%), with 5% chlorite and only a slight trace of 
kaolinite. Sorting was poor, reflecting the high clay content 
(39%) of the sample. The sandstones exhibit poor porosity, 
with occlusion of primary pores by detrital clay during 
deposition and later dolomite cementing. The dolomitic 
cementation appears to have occurred early in the diagen
esis of the sandstone prior to compaction, for the detrital 
quartz grains either float in the dolomite cement or display 
point contacts with one another. 

At Orange #1, Core #4 was cut in parasequence 9, and 
Core #5 in parasequence set 8. Quartz content varies from 
70 to 90%, with orthoclase varying inversely from 30 to 5%. 
An increase of visual porosity to 15% is commensurate with 
kaolinized feldspar in the feldspar-rich specimen. Core
derived porosity ranges from 8 to 13% and permeability 
from 0 to 73 md, better in the horizontal plane. Core #5 has 
embayed quartz and secondary overgrowths in samples 
with 90% quartz and some kaolinized feldspar. Porosity is 
occluded by ferruginous and argillaceous interstitial mate
rial and minor calcareous cement, but reaches 12% with 3 
to 31 md permeability. Kurylowicz (1975) calculated sonic 
log-derived porosities ranging from 3.5 to as high as 18% in 
Orange #1. However, the sonic-log response is unreliable 
in this well, and he questioned many of the higher values. 

We conclude that parasequence 9 is a clean, quartz-rich 
sandstone, with pore spaces occluded by secondary quartz 
overgrowths, most likely by the mobilization of silica in 
solution, under pressure induced by burial diagenesis. The 
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clean nature of the sandstones resulted from the winnowing 
action of waves, which removed the more labile detrital 
grains such as feldspar, and did not allow the deposition of 
primary clays such as illite, both of which may have contri
buted to the later development of secondary porosity in 
parasequence set 8. 

Parasequence Sets 10 and 11 

Parasequence set 10 is a transgressive unit (retrogradational 
parasequence set) that is thickest in the northeast and thins 
to the southwest, where it onlaps the Central Ridge (Fig. 
3.24h). It is present at Mereenie Field (Fig. 3.21) but is not 
present at Tempe Vale #1. The gamma-ray logs (Fig. 3.27) 
reflect the increasing content of glauconite in the sediments 
as the sequence grades upward into the largely glauconitic 
sediments of parasequence set 11. The basal beds are often 
pebbly but contain marine fossils including trilobites. Thin 
limestones are present in the more glauconitic sediments of 
parasequence set 11. The parasequence set is present over a 
large area (Fig. 3.24i) and overlaps the Central Ridge. The 
parasequence set thins to the southwest toward the 
Mereenie Field, where it is usually less than 10 m thick, 
while further west at Tempe Vale #1, it is absent. 

The basal beds of parasequence set 10 are nearly every
where coarse and pebbly, usually trough cross-bedded, and 
have a wedge-shaped geometry that thickens to the north. 
The presence of basal conglomerates in the south indicates 
that, in these areas, parasequence set 10 is unconformable 
upon parasequence set 3. Combined with seismic evidence 
for channels at the base of the parasequence set in the cen
tral Missionary Plain trough, indicative of a Type 1 se
quence boundary in the terminology of van Wagoner et al. 
(1987), these sediments belong either to the lowstand sys
tems tract or the transgressive systems tract. The presence 
of marine indicators, (herringbone cross-lamination, etc.) 
in the basal beds indicates that the transgressive systems 
tract is the most appropriate model. In parasequence set 10, 
the deepest-water deposition occurs immediately above the 
last parasequence seen on logs and is marked by a con
densed sequence (high gamma-ray values). This is partic
ularly well displayed at Palm Valley Field (Fig. 3.27). 

The lower part of parasequence set 11 is characterized by 
abundant glauconite and phosphatic sandstone consisting of 
finely comminuted inarticulated brachiopods and other 
fauna. Sporadic interbedded Skolithos-bearing sandstones 
and associated sedimentary structures (e.g., herringbone 
cross-stratification) indicate that environments remain, in 
part, extremely shallow in the southwest toward the deposi
tional margin. A northward increase in the Cruziana trace
fossil suite and the dominance of finer-grained sediments at 
Ellery Creek suggest deepening water to the north. 
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Glaucogenesis occurred in response to relatively slow 
sedimentation rates in cool, agitated water, within a depth 
range of 20 to 800 m. Such criteria suggest sedimentation 
in deeper water than that of the majority of the Pacoota 
sandstones. However, the ubiquitous cross-bedding of the 
glauconitic sandstones is evidence for strong current activ
ity and argues against a deep depositional environment. 
The phosphatic sandstones also indicate an active deposi
tional regime, since they are largely composed of commi
nuted infauna. The decrease in the abundance of glauconite 
up sequence suggests shallowing of the sea from the max
imum depth attained during the phase of glaucogenesis. 
Further evidence for shallowing is the appearance of her
ringbone cross-stratification near the top of parasequence 
set 11. The diverse fauna of several genera of gastropods, 
bivalves, nautiloids, trilobites, conodonts, and brachiopods 
is consistent with an offshore, open-marine environment. 

The top of parasequence set 11 is marked by a rapid 
change to clean, non-glauconitic sandstone, readily iden
tified in wells and many outcrop sections (Fig. 3.27). The 
sandstone is generally medium to coarse grained, with 
low-angle trough cross-beds, is often ripple-marked, and 
contains scolithids, Dipiocraterion, shell fragments, and 
phosphatic nodules. 

In the transgressive systems tract model (Vail, 1987), the 
best reservoirs are developed in the beach-to-shoreface, 
zone due to the reworking of sediment by the transgressing 
sea. In the case of parasequence set 10, such reservoirs 
could be expected to lie in the lower beds, but none is 
known to be present in this part of the section to date. 

This parasequence set is best developed at Palm Valley 
Field and in West Waterhouse #1. Two cores cut in the top 
of parasequence set 10 at West Waterhouse #1 (Fig. 3.27) 
show that the section has no intergranular porosity pre
served. The original pore space was destroyed by secondary 
silicification and the introduction of dolomitic and cal
careous cements. Similar reservoir characteristics are seen 
at Palm Valley Field. A core from the upper part of the 
section at Palm Valley #1 consists of well-sorted sandstone, 
with 69% quartz, 2% glauconite, 3% pyrite, and 2% heavy 
minerals. The major cementing agent is dolomite (18%) 
with minor silica (1 %). Feldspars make up about 1 % of the 
rock fragments, and illite forms the dominant clay in the 
<S-JLm fraction, with up to 37% dolomite present occlud
ing the porosity. In outcrop, this para sequence set has a 
very heterogeneous grain size and often contains pebbles. 
The presence of a soluble cement (i.e., dolomite) is indi
cated, because the unit is often friable and, consequently, 
poorly exposed. 

Parasequence set 11 forms the main glauconitic horizon 
at both Palm Valley and Mereenie Fields (Fig. 3.27). At 
Mereenie (P2 unit of Towler, 1986), porosity ranges from 
o to 7% in core analyses (Kurylowicz et aI., 1976). Similar-
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Figure 3.27. East-to-west gamma-ray and sonic-log cross section from 
Tempe Vale #1 to West Waterhouse #1, to illustrate development of pa
rasequence sets 10 to 12. Note that the transgressive systems tract sedi
ments (parasequence set 10) are thickest in the centrally located wells such 
as Palm Valley #5, and thinner in wells on the Central Ridge. The general
ly low porosity of parasequence set 10 is shown by the sonic logs and is due 
to dolomitic cement, probably introduced soon after deposition. On the 
Central Ridge, the sandstones are poorly developed, and porosity is 
occluded by dolomitic or silica cements, although in the more arkosic 
sandstones ("hot" gamma-ray character) at Tempe Vale #1, some poros-

ly, the unit is impermeable at Palm Valley Field, with a 
maximum of 4.9% porosity (Kurylowicz et aI., 1976). Au
thigenic quartz fills most of the pore space in the interbed
ded, non-glauconitic sandstones, leaving little primary 
porosity. 

The upper part of parasequence set 11 was deposited in 
tidally influenced, shallow-water environments. In the high
stand systems-tract model, the best reservoirs are devel
oped within discontinuous fluvial and deltaic facies and 

PARASEOUENCE SET 11 

PARASEOUENCE SET 10 

12/NT/97 

ity is evident from the logs, probably due to dissolution of feldspar. The 
glauconitic sandstones in the lower part of parasequence set 11 are invari
ably impermeable due to carbonate cementation. Interbedded cleaner 
sandstones have low porosity due to silica overgrowths. The clean sand
stones at the top of the shoaling cycle are impermeable due to burial
induced quartz overgrowth although some vertical permeability is present 
where the sandstones are riddled with burrows. Minor primary porosity 
has been preserved where anhydrite cement is present in the Mereenie 
wells. Sandstones in parasequence set 12 are generally of low porosity due 
to silicification and minor calcite cement. 

minor shoreface facies. Fluvial and deltaic facies have not 
been recognized at the top of parasequence set 11, although 
they may have been developed along the shoreline and 
have subsequently been reworked or eroded by the ensuing 
transgressive events. These upper beds are clean, quartzitic 
sandstones that contain shallow water trace fossils, and are 
known at Mereenie Field as the P2-110 sand (Towler, 
1986). Porosity is generally poor due to burial-induced sili
cification and quartz overgrowths, although some vertical 
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Figure 3.28. East-to-west cross section from Tempe Vale #1 to Palm Val
ley #5, showing parasequences within parasequence set 13. The upper 
sandstones in these shoaling cycles are generally clean, but porosity is 
usually occluded by silicification. When arkosic, however, as at Tempe 

porosity is present where the sandstone is riddled with bur
rows. Log interpretation suggests that the upper sandstone 
(P2-110 sandstone of Towler, 1986) (Figs. 3.22 and 3.28) is 
generally impermeable. 

At East Mereenie #2, siliceous and dolomitic cement is 
present in the well sorted sandstones. However, moderate 
primary porosity occurs where anhydrite cement is present, 
and poor porosity was noted in the same well with an
hydrite, dolomite, or detrital clay occluding pore space. 
There are no available petrological studies of the upper 
sandstones in other wells, but the low gamma-ray values 
and lack of porosity evident on sonic and density logs sug
gest that silicification in the beds is ubiquitous. Dolomite 
and calcite cements are also suggested by the density-log 
response in several wells. 

PARASEOUENCE SET 14 

PARASEOUENCE SET 13 

PARASEQUENCE SET 12 12/NT/98 

Vale #1, the contained feldspar has partially inhibited formation of quartz 
overgrowths. Sandstones in the Palm Valley Field are impermeable due to 
dolomitic cements and silicification. 

Parasequence Set 12 

Parasequence set 12, a progradational parasequence set 
(Fig. 3.27), has been included previously in the P2 at 
Mereenie Oil Field and the P1 at Palm Valley Gas Field 
(Fig. 3.21). It is distributed across the northern part of the 
basin from Orange Gas Field to Mount Winter # 1 and 
overlaps the Central Ridge (Fig. 3.24i). The lower beds are 
interbedded, heavily bioturbated sandstone and shale. 
Basal contacts of the sandstone beds higher in the section 
are often sharp, and beds are usually less than 1 m thick, 
generally 10 cm, and the frequency of scoured basal con
tacts increases up section. Shale clasts and phosphatic pel
lets are scattered throughout the unit, but sometimes occur 
in concentrated lag deposits. Up section, the shales become 
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darker, more finely laminated, and less bioturbated. The 
sandstone also becomes less bioturbated and thinner bed
ded, and lenticular bedded sandstone is often present in the 
shales immediately below the uppermost pipe rock. These 
uppermost beds are low-angle to flat-bedded sandstones 
that are riddled with burrows, some of which are escape 
burrows, suggesting rapid and episodic sedimentation in a 
shelf environment Skolithos, Ophiomorpha?, Mono
craterion, Diplocraterion, and Phycodes are the most com
mon trace fossils. Shelly fossils, including inarticulate 
brachiopods and other bivalves, are often present. 

At Mereenie Field (Fig. 3.27), the upper clean, quartzose 
sandstones of parasequence set 12 are known as the PI-31O 
sand (Towler, 1986). Porosity is generally poor and res
tricted to burrowed horizons. Silicification has generally 
destroyed original porosity due to remobilization and pre
cipitation under burial diagenesis. 

At Palm Valley #3, the sandstones contain up to 10% 
potassium feldspar and variable amounts of illite (0 to 
20%), which fills primary void spaces. However, most 
porosity destruction has taken place by pressure solution 
and reprecipitation of quartz. Minor calcite infill is also 
sometimes present. 

Parasequence Set 13 

Parasequence set 13 is the most widespread of the Pacoota 
Sandstone subunits: it is recorded as far west as Sausage 
Hill, and as far south as the Oval Syncline and Maloneys 
Creek. In the northeast, it has been progressively deeply 
eroded from the western Waterhouse Range and the area 
to the east. It ranges in thickness from 30 m in wells to the 
south to over 120 m at Ellery Creek in the MacDonnell 
Range to the north (Kurylowicz et aI., 1976). It is about 75 
m thick at Palm Valley Field. 

This unit is the most heterolithic of the Pacoota Sand
stone units (Fig. 3.28). Much of the parasequence set is silt
stone and shale, and as a result, is not often exposed. In the 
subsurface, the gamma-ray logs reflect the presence of mul
tiple coarsening-upward cycles (parasequences) (Fig. 3.28). 
The top of each cycle is terminated abruptly, and a new 
cycle is established with another shale. A typical cycle con
sists of a basal black shale overlain by bioturbated siltstone, 
followed by a thicker interval of thin-bedded, sharp-based, 
rippled sandstone interbedded with siltstone. The cycles are 
capped by low-angle, cross-bedded and bioturbated sand
stone. The uppermost sandstone often contains vertical 
burrows, V-shaped burrows, arthropod traces such as Phy
codes, and other trace fossils. 

The uppermost cycles usually do not contain Skolithos 
tubes, although they are ubiquitous in lower cycles. The 

Lindsay and Gorter 

lack of these shallow-water indicators in the uppermost 
beds suggests deepening water in the later stages of deposi
tion of the parasequence set. Deepening water is also 
suggested by the appearance of conodonts upward in the 
succession at Ellery creek, a greater proportion of the 
Cruziana ichnofauna in the trace fossil communities, and 
the general increase in finer-grained clastics to the north. 
Hummocky cross-bedding is also present in the upper 
beds, indicating deposition at depths near storm wave 
base. This supports deposition in a transgressive sea with 
episodic, small-scale regressive cycles superimposed upon 
the overall transgression. The unit conforms to the def
inition of an aggradational to weakly progradational para
sequence set (van Wagoner et aI., 1987). 

Reservoir rocks are present at the top of some of the 
shoaling cycles at Mereenie Oil Field, but whereas the con
tinuity of the reservoir interval "appears reasonable" (Tow
ler, 1986) over the field, the permeability is sporadic. The 
upper sandstones in these cycles are generally clean, as 
shown by core and the gamma-ray log (Fig. 3.28), and 
porosity is usually occluded by silicification. However, the 
best reservoir sandstone in Tempe Vale #1 well (equivalent 
to the PI-80 sandstone of Towler, 1986) contains up to 
21. 7% feldspar. Feldspar in this sandstone has partially in
hibited formation of quartz overgrowths. Sandstones in the 
Palm Valley Field are invariably impermeable due to 
dolomitic cementation or silicification induced by burial. 
It is suggested that the better reservoirs in parasequence 
set 13 will be developed along the Central Ridge, where 
arkosic sandstones are more likely to be present because 
of proximity to fluvial sources, and the sandstones have 
not been buried so deeply. 

Conclusion 

The best reservoir rocks in the Pacoota Sandstone are con
centrated above the major sequence boundary between 
parasequence sets 3 and 8 in the southwest, where feldspar 
in the sandstones affects reservoir development and preser
vation. Diagenesis resulted in partial dissolution of some 
of the labile grains and development of secondary porosity. 

These conclusions are predicated on studies showing 
that, at Tempe Vale #1, a high percentage of the feldspars 
have undergone dissolution to form large secondary pores, 
and the moderate porosity from the sequence at East 
Mereenie #2 is dominantly secondary, although some 
primary porosity remains. However, the evidence is not 
conclusive, due to the small number of samples analyzed. 
The best indicator of reservoir potential at Mereenie is 
possibly the gamma-ray log: the cleaner the sandstone (i.e., 
lower the radioactivity), the poorer the reservoir. 
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Amadeus Basin, Central Australia 

To the northeast at Palm Valley Field, the sediments are 
more marine and have been subjected to greater winnowing 
and destruction of labile grains such as feldspar. Subse
quent deep burial in this area led to compaction and dia
genesis with silicification, resulting in generally imper
meable rocks. However, dolomitic cementation appears 
to have occurred in the diagenesis of the parasequence set 
8 sandstones prior to compaction. 

At Orange #1, porosity development is commensurate 
with a high component of kaolinized feldspar, but is 
occluded by ferruginous and argillaceous material and 
minor calcareous cement. However, where pre-Devonian 
erosion has allowed access of meteoric water to remobilize 
calcareous material, and subsequent burial-induced dia
genesis and quartz overgrowth are not excessive, as at Alice 
#1, good porosity is present. 

Discussion 

When viewed from the larger perspective of basin dynam
ics, the two major reservoir units of the Amadeus basin
the Arumbera and Pacoota Sandstones-at first might 
appear to be dissimilar, because the two units were depo
sited at very different-times in basin evolution. The Arum
bera was deposited soon after extension of stage 2, when 
basin subsidence was close to its maximum, so that the mar
gins of the sub-basin were well defined, and the paleoslope 
large. In contrast, the Pacoota was deposited in a ramp set
ting late in stage 2, when subsidence was much reduced. 

In spite of these larger-scale differences, the units have 
many features in common both texturally and mineralogi
cally, and in terms of reservoir quality. Both units were 
deposited in shallow-marine settings, the Arumbera in 
a coastal-plain or deltaic depositional system, and the 
Pacoota as part of a shallow-marine to tidal depositional 
system with occasional significant fluvial input. The reser
voir sandstones of both units are moderately sorted and 
arkosic. Both are, in part, heavily cemented with silica or 
dolomite, and both have a reduced reservoir quality due to 
clay minerals. Both have secondary porosity generated by 
the dissolution of feldspar. 

The main reservoir of the Arumbera Sandstone lies close 
to the base of the formation directly overlying the major se
quence boundary and was probably deposited as part of 
the transgressive systems tract. Similarly, the main Pacoota 
Sandstone reservoir (parasequence set 8) occurs in arkosic 
sandstones immediately above the major sequence bound
ary at Mereenie Field. The similar depositional setting of 
these basal reservoir sandstones, their arkosic nature, and 
development of at least some secondary porosity by feld
spar dissolution, suggest a common depositional control. 
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That is, local factors involving facies ultimately control re
servoir quality, rather than the larger-scale factors control
ling basin dynamics, although clearly, both must be in
volved. 

Sandstones at the top of the transgressive cycles in both 
the Arumbera and Pacoota Sandstones have been cleaned 
of labile grains by wave and tidal reworking. These sand
stones, while possessing a relatively high original porosity, 
have been extensively dolomitized and later silicified by in
troduction of quartz under deep burial diagenesis. Conse
quently, these clean sandstones are now poor reservoirs 
(e.g., parasequence 9 of the Pacoota and the top of Arum
bera sequence 2.). 

In both formations, the key to the survival and creation 
of porosity has been a balance between mechanical sorting 
of the detrital materials and later diagenetic alteration. 
Where sands were well sorted at the tops of the major cy
cles, feldspar was removed and the sands became quartz 
rich. This resulted in massive quartz cementation. In less 
well-sorted sands, primary porosity was poor and was re
duced even further by clay minerals. In the reservoir units 
at the tops of shallowing-upward cycles, lower in both 
formations, the sands are well sorted and provide primary 
porosity without the extremes of either quartz cementation 
or clay minerals, while feldspars were abundant enough to 
allow the development of significant secondary porosity. 
However, even arkosic sandstones may be impermeable 
due to dolomite cementation. 
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SECTION II 

Perspectives from Modern Environments 

E.G. Rhodes and T.F. Moslow 

This section demonstrates how and why surficial and sub
surface analyses of modern sedimentary environments can 
be used in predicting reservoir behavior and performance in 
marine clastic parasequences. In this volume, the applica
tion of geological information gained from the study of 
modern environments proceeds beyond the more com
mon-and much simpler-utilization of modern environ
ments for the somewhat circular process of constructing a 
facies model. 

For many years, modern environments of deposition 
were used almost solely for the purpose of providing an 
analog to an ancient reconstruction. Conversely, most re
constructions are predominantly rooted in the summation 
of sedimentological observations. Therefore, precise or spe
cific modern analogs are inappropriately utilized to defend 
an interpretation of the ancient. Such application of mod
ern analogs has led to their misconception as static, rigid 
templates, into which all sedimentological observations of 
ancient sequences are incorporated, or force-fitted if neces
sary. This perspective of "putting the cart before the horse" 
has compromised some trust and value for the role of the 
modern analog. 

Modern environments of deposition, especially when 
they include a three-dimensional framework obtained 
through coring, provide insight toward the understanding 
and prediction of facies relations, sand body continuity and 
geometry, and process-sedimentologic controls on facies re
servoir quality. Such insights have immediate application to 
predicting reservoir heterogeneities, as demonstrated in the 
chapter by Tye and Moslow. On a broader scale, as in the 
chapter by Mart, surficial studies of modern depositional 
systems can be used readily to predict the spatial and tem
poral distribution of reservoir-quality facies on a basinal 

level. While still useful as an analog to an ancient recon
struction, the study of modern environments provides in
sights and predictive capabilities to the reservoir geologist, 
especially regarding reservoir quality and geometry within 
marine clastic parasequences. 

Bo Tye and Tom Moslow demonstate a paradigm for 
analysis of modern examples that helps bond the applica
tion of such examples to the interpretation of the ancient. 
The authors selected tidal inlet facies to demonstrate this 
perspective, although almost any Holocene parasequence 
or parasequence set could have been utilized. 

Petroleum geologists often ignore the likely and probable 
mode of preservation when determining the environment of 
deposition for reservoir facies. Of course, such interpreta
tion is essential when predicting reservoir occurrence, ex
tent, and volumetrics at either the exploration or develop
ment level. However, many modern environments of 
deposition and their resulting facies have a low potential 
for preservation, especially under transgressive sea-level 
conditions. Tye and Moslow demonstrate that even within 
the Holocene, inlet-fill facies have a greater likelihood of 
preservation than their conterminous strandline deposits. 
Consequently, modern analogs should always be consid
ered within the context of reasonable preservation poten
tial rather than merely matching facies characteristics by 
sedimentary structures. It is this aspect of analogy-oriented 
interpretation that requires modern sedimentologists to be 
more quantitative about facies geometries. 

Facies geometry as a significant parameter within reservoir 
analysis is a central theme within Tye and Moslow's chapter. 
The authors show that thickness-to-width ratios of preserved 
inlet facies cluster within the range of 1 : 125 to 1 : 500. Such 
ratios not only indicate the amount of material that is rework-
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ed or modified during the drowning of pro
graded coasts during relative sea-level rise, but they also 
hint at the number of subtle but important sea-level oscil
lations that must have accompanied the development of 
stacked reservoir facies within such formations as the 
Eocene- and Oligocene-aged sands of the Texas Gulf 
Coast, especially the Yegua and Frio barrier/strandplain 
systems (Galloway et aI., 1982, 1983; Galloway, 1986; Tyler 
and Ambrose, 1986). 

Sedimentologists and stratigraphers frequently regard 
the discipline of geomorphology as that part of the earth 
sciences that deals strictly with surficial processes. The asso
ciation of geomorphology with geographic sciences within 
many universities further distances the petroleum industry 
professional from geomorphic analysis. Ironically, it is the 
geomorphologist's validation of many process-response in
terpretations that offers the development geologist a pre
dictive analog for the distribution of reservoir-quality rock. 

With this premise in mind, we asked Yossi Mart to pre
sent a geomorphic viewpoint on the parameters that control 
sediment distribution within a deep-sea-fan complex, speci
fically, the Nile Fan. Mart describes the geomorphic asym
metry between the western and eastern provinces of the 
Nile Fan. The consequential reservoir facies distribution 
and heterogeneity of this asymmetry bear a striking re
semblance to the hypotheses tested regularly by explor
ationists in the Gulf of Mexico. In reading Mart's chapter, 
the geoscientist familiar with the Gulf of Mexico province 

Rhodes and Moslow 

will see analogs between the disruption of sediment supply 
by faulted escarpments and salt ridges within the eastern 
Nile Escarpment and the diversion of sediment fairways by 
growth faults and salt tectonics in the Gulf of Mexico. 

In Chapters 1 and 2 of Section One, Cant and Pacht and 
his co-authors presented interpretive strategies to identify 
facies-tract positions. In this chapter, Mart offers a geomor
phological explanation for sediment distribution within a 
deep marine complex that has not been extensively de
scribed in the literature. 
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CHAPTER 4 

Tidal Inlet Reservoirs: Insights from Modern Examples 

Robert S. Tye and Thomas F. Moslow 

Introduction 

The coasts of North Carolina, South Carolina, and 
Louisiana are excellent examples of the range of sand-body 
types deposited along a terrigenous-clastic barrier island 
shoreline (Fig. 4.1). Submergence during the Holocene and 
the presence of reworked Holocene and Pleistocene sedi
ment sources resulted in the formation of barrier-island, 
tidal-inlet, flood- and ebb-tidal delta, estuarine, and com
plex backbarrier environments. Hayes (1975), Nummedal 
et al. (1977), and Davis and Hayes (1984) determined that 
the geomorphic variability of barrier islands and tidal inlets 
along the southeast U.S. coast is controlled by regional 
changes in wave regime, tidal range, and tidal prism. In 
addition, Nummedal et ai. (1977) and Hubbard et ai. (1979) 
noted the geomorphic differences among wave-dominated, 
transitional, and tide-dominated tidal inlets. 

Kumar and Sanders (1974), Heron et ai. (1984), and 
Moslow and Tye (1985) cored barriers on Long Island, New 
York, and North Carolina and South Carolina, and deter
mined that tidal-inlet-deposited sediment composes 5 to 
25% of these barrier islands. Given the significant percent
age of inlet-fill material deposited within barrier islands and 
the high preservation potential of the inlet sequence, it is 
imperative that the geometry, occurrence, distribution, and 
sedimentary characteristics of tidal inlets be understood. 
Only with this knowledge can ancient barrier-island reser
voir facies be evaluated properly. 

Using high-resolution seismic profiles, historical maps 
and charts, and aerial photographs, the following objectives 
were addressed: (1) the physical factors that control tidal
inlet stratigraphy; (2) the variability and distribution of 
tidal-inlet sand bodies; (3) the subsurface geometry of inlet-

fill sequences and their relations to adjacent barrier islands; 
and (4) the preservation potential of tidal-inlet deposits in 
modern shoreline settings. The first three objectives were 
achieved by comparing tidal inlets along the North Carolina 
and South Carolina coastlines of the southeastern United 
States (Fig. 4.2). The fourth objective, determining the pre
servation potential of inlet deposits, was achieved through 
an examination of cores and seismic data from the shore
face and inner continental shelf of the Louisiana coastline, 
northern Gulf of Mexico (Fig. 4.1). These data are rare 
along modern coastlines (Rampino and Sanders, 1980), in
cluding the wave- and/or tide-dominated barrier shorelines 
of North and South Carolina (Hine and Snyder, 1985). 

Physical and Depositional Setting 

Patterns of morphology, sedimentation, and stratigraphy of 
tidal inlets were examined along the sharply contrasting 
shorelines of North Carolina, South Carolina, and 
Louisiana. The Carolina shoreline arc forms the northern 
and central portion of the Georgia embayment (Fig. 4.2). 
Coastal geomorphology varies widely within this embay
ment because of differences in the hydrographic regime 
(wave energy and tidal range), inner-shelf slope, and tidal 
prism (Nummedal et aI., 1977; Hayes, 1979). 

The arcuate shape of the embayment and the increasing 
width of the continental shelf toward the center of the arc 
have opposing effects on wave height and tidal range (Num
medal et aI., 1977; Hayes, 1979). The flanks of this arc 
(North Carolina and Florida) have a narrow continental 
shelf, resulting in high wave energy and a low tidal range. 
Conversely, the widening shelf amplifies the tidal range at 
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Figure 4.1. Regional map of the three bar· 
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Figure 4.2. Comparison of average wave heights and mean tidal range for the mid-Atlantic and southeastern coastlines of the United States. (Modified 
from Nummedal et aI., 1977.) 
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Tidal Inlet Reservoirs 
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Figure 4.3. (A) Location of active and relict (i.e., abandoned), wave
dominated tidal inlets examined along the barrier islands forming the Cape 
Lookout cuspate foreland in North Carolina. (B) Location of tide-

the apex (South Carolina and Georgia) while attenuating 
the wave energy. Funnelling of the tidal wave into the apex 
further enhances the tidal range to a maximum of approx
imately 2.5 m. This change in shelf bathymetry produces 
microtidal (tidal range, or T.R., :52 m; Davies, 1964), 
wave-dominated shorelines on the flanks of the embay
ment, and a mesotidal (T.R. 2-4 m; Davies, 1964), mixed
energy (both tides and waves are important) shoreline in 
the center of the Georgia embayment (Hayes, 1979). A 
dominant northeasterly wave approach into the Georgia 
embayment results in a net southward longshore transport 
of sediment. 

The Cape Lookout cuspate foreland in North Carolina 
(Fig. 4.3A) exhibits many characteristics of a wave
dominated coast: (1) long, linear, narrow barriers; (2) 
broad, open lagoons; (3) widely spaced tidal inlets; and (4) 
large flood-tidal deltas. Average wave heights in this area 
are 1.7 m, whereas the tidal range is extremely low «1.0 
m; Nummedal et al., 1977). In contrast, the more tidally 
influenced, mixed-energy central South Carolina coast (Fig. 

B 
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dominated central South Carolina coastline illustrating the general loca
tion of tidal inlets discussed. All tidal inlets studied are active at present. 

4.3B) experiences average wave heights of 60 cm (Hayes, 
1979; Kana, 1979). The mean tidal range is 1.6 m, increas
ing to 2.1 m during spring tides (U.S. Department of Com
merce, 1982). This mesotidal coastline consists of: (1) 
short, stubby barrier islands; (2) extensive backbarrier salt 
marsh; (3) numerous tidal inlets; and (4) prominent ebb
tidal deltas (Hayes and Kana, 1976). Within this hydro
graphic and geomorphic context, tidal inlets on the North 
Carolina coast are referred to as wave-dominated inlets. 
Conversely, the majority of tidal inlets studied in South 
Carolina are referred to as tide dominated. 

Inlet Morphology and Processes 

Numerous studies have dealt with tidal-inlet formation, 
morphology, and occurrence (Hoyt and Henry, 1967; 
Hayes, 1967; Bruun and Gerritsen, 1959; Pierce, 1970; 
Kumar and Sanders, 1974; FitzGerald et al., 1978; Hub
bard et al., 1979; and Hayes, 1980). Morton and Donaldson 
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0 TIDAL FLAT 0 .. FORESHORE (BEACH) 

0 SALT MARSH D1 TIDAL DELTA 

em BEACH RIDGES • TIDAL INLET (CHANNEL) 

0 MAINLAND ~ WASHOVER 

Figure 4.4. Schematic diagram illustrating (A) wave-dominated, and (B) 
tide-dominated inlet geomorphology and associated depositional environ
ments. (Modified from Moslow and Tye, 1985.) 

(1973), Halsey (1979), Price and Parker (1979), and Tye 
(1984) allude to paleotopographic control in the develop
ment of tidal inlets and suggest that many tidal inlets are 
confined to Pleistocene fluvial valleys and estuaries. Hayes 
(1967) and Pierce (1970) documented the formation of shal
low, narrow inlets by the seaward return flow of storm 
surge. The relation between high wave energy and the 
occurrence of tidal inlets was established by Goldsmith et 

Tye and Moslow 

al. (1974) and may be an important factor in inlet forma
tion. Hayes (1980) presents a concise review of the mor
phology and sediment distribution patterns on flood and 
ebb-tidal deltas. 

In microtidal settings, long, narrow, wave-dominated 
barriers extend for tens of kilometers and are separated by 
ephemeral, rapidly migrating tidal inlets (Fig. 4.4A). The 
associated flood-tidal deltas, deposited by waves and tidal 
currents, form large, lobate sand bodies in the lagoon. 
Wave energy and flood-tidal currents exert more influence 
on sedimentation than ebb currents; therefore, ebb-tidal 
delta development is poor. Wave-dominated inlets migrate 
laterally along the shoreline in a downdrift direction for 
many kilometers and at relatively rapid rates. As the hy
draulic efficiency of the inlet decreases, wave-reworked 
ebb-tidal delta sands accumulate in the inlet mouth, result
ing in closure of the inlet channel and abandonment of the 
flood-tidal delta (Fig. 4.5A). Fine-grained sediment 
accumulates on the relict flood-tidal delta, which is ulti
mately vegetated by salt marsh (Fig. 4.5A). Fisher (1962) 
identified positions of former tidal inlets in the Cape Look
out area of North Carolina by locating vegetated relict 
flood-tidal deltas attached to the landward side of the bar
riers. 

Unlike wave-dominated coasts, tidally influenced meso
tidal barrier islands often assume a stunted, drumstick
shaped configuration (Hayes, 1975) (Fig. 4.4B). These 
barriers are wider, extend for several kilometers, and are 
separated by numerous, more stable tidal inlets. The back
barrier lagoon and flood-tidal delta of the wave-dominated 
shoreline are replaced by salt marsh and tidal creeks. Tidal 
current dominance over wave energy helps to confine these 
inlets, restricting downdrift migration distance to less than 2 
km. Tidally influenced inlet channels are deflected down
drift by preferential addition of sand to the updrift lobe of 
the ebb-tidal delta. These inlet channels lose hydraulic 
efficiency and breach the barrier to form a shorter updrift 
channel. Large sediment lobes are reworked from the for
mer ebb-tidal delta and eventually weld onto the barrier, 
closing the earlier inlet channel (Fig. 4.6A) (FitzGerald et 
aI., 1978; Tye, 1984). This process of inlet channel migra
tion and ultimate closure by wave-reworked, ebb-tidal delta 
sand is called bar bypassing (Bruun and Gerritsen, 1959). 
Landward, out of the influence of wave transport, silt and 
clay accumulate in the former channel due to the absence of 
strong tidal currents. 

Bar bypassing is the major process of channel abandon
ment at tide-dominated inlets. Migration occurs through 
downdrift overextension of the main-ebb channel and sub
sequent breaching of a shorter, updrift channel. Bar bypass
ing occurs rapidly at small inlets (Bruun and Gerritsen, 
1959; Sexton and Hayes, 1982), but one cycle of inlet
channel migration and abandonment took more than 100 
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Tidal Inlet Reservoirs 

Figure 4.5. (A) Mechanism of wave-dominated inlet chan
nel closure resulting primarily from longshore sediment 
transport. (Modified from Fisher, 1962.) Cross provides re
ference point to illustrate migration of inlet and flood-tidal 
delta: (B) Historic evolution of the central North Carolina 
coast. Note that during historic time (since A.D. 1650), 
only Ocracoke Inlet (arrow) has remained stable. 
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lACTIVE INLETI lABANDONED (,RELICT) INLETI 

Ebb-Tidal Delta Foreshore (Beach) 

o 4km 

c:::J Intertidal Sand Shoals (Ebb- and Flood-Delta, Spit Platform, Beach) 

Subaerial Barrier Island (Storm Washover, Dune) 

G:!ill Backbarrier (Vegetated Salt Marsh) 

years at Capers, Price, and Stono Inlets (Fig. 4.6B) (Fitz
Gerald et al., 1978; Tye, 1984). 

Controls on Tidal Inlet Stratigraphy 

The inverse relation between wave height and tidal range 
along the North and South Carolina coasts results in distinct 
tide- versus wave-dominated tidal inlets. In addition to the 
hydrologic regime (waves, tides, storms), sediment supply 
(quantity and lithology) and the pre-Holocene substrate 
(topographic relief and lithology) modify the distribution, 
geometries, and sequences of tidal inlets. 

B 

Hydrographic Regime 

Wave-dominated inlets migrate rapidly downdrift and are 
constantly forming new flood-tidal deltas, due to: (1) high 
rates of longshore sediment transport associated with a 
wave-dominated environment, (2) the fact that predomi
nantly sandy substrates commonly underlie tidal inlets, and 
(3) the narrowness of the barrier islands. Downdrift exten
sion of the inlet channel results in hydraulic inefficiency and 
induces channel abandonment. Landward sand transport 
by waves closes the former channel mouth. 

Extratropical storms and hurricanes can lead to the 
development of tidal inlets (Hayes, 1967; Pierce, 1970), 
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(TIME 1) 
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c:::::3 SALT MARSH 

A 

B 

because storms cut numerous channels through narrow 
barrier islands. Post-storm conditions heal most of these 
breaches, but the more efficient channels are tidally main
tained and form new tidal inlets. A historical analysis of the 
Cape Lookout area (Fig. 4.5B) illustrates the ephemeral 
nature and variable distribution of wave-dominated tidal in
lets. The location and number of tidal inlets in North Caro
lina have varied significantly through time. For example, 
between 1738 and 1833, four of these inlets were closed, 
leaving only one inlet channel. Between 1833 and 1963, a 
second tidal inlet opened just south of Cape Hatteras. 
Fisher (1962) documented that Ocracoke Inlet has been the 
only stable tidal inlet throughout historic time (since 1650). 

Tide-dominated inlets are more stable, and because of 

Tye and Moslow 

Figure 4.6. (A) Illustration of the bar-bypass mechanism of inlet 
channel abandonment; and (B) historic examples from Price and 
Capers Inlets, South Carolina. Note that these tide-dominated inlet 
channels and ebb-tidal deltas do not migrate extensively alongshore. 

the short, stubby morphology of mesotidal barriers, they 
occur more frequently than wave-dominated inlets. In addi
tion, owing to strong ebb currents along this portion of the 
shoreline, the inlets exhibit well-developed ebb-tidal deltas 
(Hayes, 1975). Because tide-dominated barrier islands are 
relatively wide, and because the inlet channel cuts into an 
underlying cohesive substrate, the inlet throat tends to be 
stabilized (FitzGerald et aI., 1978), and is inhibited from 
extensive lateral migration. The seaward extension of the 
main-ebb channel migrates downdrift, but is abandoned by 
bar bypassing at the inlet mouth. 

Hurricanes breach fewer inlets through wide mesotidal 
barriers, but they can initiate or accelerate abandonment 
through bar bypassing (Sexton and Hayes, 1982). Bar 
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Tidal Inlet Reservoirs 

bypassing can result in the preservation of abandoned-inlet 
channel-fill deposits (Fig. 4.6A). 

Sediment Supply 

The textural differences apparent between wave- and tide
dominated inlet sequences (Moslow and Tye, 1985) are a 
function of the mode of channel abandonment. Waves 
transport large volumes of sand alongshore and into wave
dominated inlet mouths. Inlet channels choked by the ebb
tidal delta and an updrift recurved spit are ultimately aban
doned and filled with sand. 

Hydraulically inefficient tide-dominated channels are 
closed by landward-migrating swash bars. The sandy swash 
bar fills only the depositional downdip (most seaward) 
portion of the abandoned channel, thereby creating a low
energy, shallow-water body (similar to an oxbow lake) 
landward of the swash bar (Fig. 4.6). The newly formed 
main-ebb channel inhibits alongshore spit migration, and 
the ebb-tidal delta acts as a sediment sink for sediment 
transport alongshore. Thus, a sand deficiency exists in the 
former inlet channel, and it fills with fine-grained sediment. 

Pre-Holocene Substrate 

In the central and southern part of the Georgia Bight 
(South Carolina and Georgia), the onset of the Holocene 
transgression initiated the alluviation of Pleistocene drain
age systems. In response to this transgression, a primary 
barrier island chain formed roughly 6,000 yr B.P. (Moslow 
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and Colquhoun, 1981). Topographically high interstream 
divides provided a focal point for barrier genesis, whereas 
tidal channels occupied the positions of former fluvial chan
nels (Morton and Donaldson, 1973; Halsey, 1979; Price and 
Parker, 1979; Tye, 1984). 

Geomorphic and subsurface evidence from North Caro
lina suggests that the antecedent topography was subordi
nate to marine processes in influencing shoreline evolution 
and tidal-inlet positioning (Fisher, 1962; Hoyt, 1967; Hoyt 
and Henry, 1967; Swift, 1968; Moslow and Heron, 1978). 
Thus, inlet formation and distribution are mostly functions 
of storm surge and hurricane impact. 

Paleotopography is a factor independent of hydrologic 
regime and sediment supply controlling tidal-inlet stratigra
phy. Examples of inlet channels confined or influenced by 
Pleistocene topography are evident on the U.S. Atlantic 
and Gulf coasts (Morton and Donaldson, 1973; Herbert, 
1978; Price and Parker, 1979). Distances of channel migra
tion or stabilization of the inlet throat are functions of 
paleotopographic lows and substrate lithology. Constraints 
imposed by the Pleistocene surface are evident only at the 
deeper inlets. 

Tidal-Inlet Fill Geometries 

Wave-dominated 

Cross sections of abandoned wave-dominated inlet chan
nels are lenticular to wedge shaped when viewed along de
positional strike (Fig. 4.7). Active and relict channels dis
play obvious erosional and accretional margins, revealing 

Captain Sams Inlet. S.C. Swash Inlet, N.C. 

Figure 4.7. Representative examples of 
tidal-inlet fills showing the geometries and 
facies relations of wave-dominated inlet sand 
bodies. The unconformity shown in each dia
gram is the top of the Pleistocene (P). 
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84 Tye and Moslow 

Table 4.1. Linear Dimensions of Tidal Inlet-Fill Sequences in North and South Carolina 

Inlet Maximum Thickness Maximum Width Thickness-to-Width Ratio Cross-Sectional Area 
(m) (km) (Th/W) (m2) 

Wave-Dominated 
Captain Sams, SCI 5.5 2.7 11490 9,200 
Cedar Inlet, NCZ 3.0 0.74 11247 1,750 
South Swash Inlet, NC2 9.0 1.4 11127 6,300 
Johnson Creek, NC2 16.8 2.1 11125 17,640 
South Zack Creek, NC2 7.7 1.9 11246 12,350 
North Zack Creek, NCZ 3.4 0.88 11259 2,640 
1700's Drum Inlet, NCI 9.8 2.5 11255 12,250 
1933 Drum Inlet, NO 7.3 1.95 11267 7,117 
Sand Island Inlet, NO 5.8 2.4 11414 12,000 
Pilontary Inlet, NO 5.2 2.5 11481 11,750 
North Swash Inlet, NO 3.4 0.9 11265 2,700 
Whalebone Inlet, NO 25.3 3.1 11122 39,215 
Whalebone Inlet, NO 8.5 1.9 11250 11.2 
Mean 3.0-25.3 0.74-3.1 11125-11500 1,750-39,215 
Range 

Tide-Dominated 
Capers Inlet, SC4 7.0 1.0 11142 7,000 
Price Inlet, SC4 8.0 1.2 11150 9,600 
Doboy Inlet, GA5 15.0 3.75 11132 24,000 
Mean 10 2.0 11150 13,500 
Range 7.0-15.0 1.0-3.75 11132-11150 7,000-24,000 

I From Moslow (1984); 2 From Moslow and Heron (1978); 3From Herbert (1978); 4From Tye (1984); 5 From Hayt and Henry (1967). 

Figure 4.8. Oblique aerial photograph of Captain Sam's Inlet, South Carolina. Location of cross section in Figure 4.10 is shown by line A-A' in the inset 
map. (Photo by M.O. Hayes.) 
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Tidal Inlet Reservoirs 

the direction of migration. A recurved spit constitutes the 
accreting margin and fills the inlet channel as it migrates. 
Once abandoned, the channel fill deposited in shallow, 
wave-dominated inlets is lenticular to tabular in cross sec
tion. Rapid channel migration and high sediment supply 
result in thin, laterally continuous sequences of tidal-inlet 
deposits. Deeper tidal inlets, entrenched in indurated or co
hesive Pleistocene clays, are generally less laterally exten
sive and display wedge-shaped, strike-oriented geometries 
(Fig. 4.7). Thickness-to-width ratios, reflecting maximum 
scour depth and lateral migration, range from 1 : 250 for 
deep channels to 1 : 500 for shallower channels (Table 4.1). 
The high width-to-thickness ratio for shallow tidal inlets is 
due to the absence of paleo topographic control and rapid 
downdrift migration. Measurements of cross-sectional pro
files from 12 wave-dominated relict tidal-inlet sand bodies 
in the study area consistently cluster at thickness-to-width 
ratios of 1: 125, 1: 250, and 1: 500 (Table 4.1). 

85 

Captain Sam's Inlet is a shallow, rapidly-migrating inlet 
at the southern terminus of Kiawah Island, South Carolina 
(Fig. 4.8). It illustrates the way in which the balance be
tween waves and tides influences inlet geometry. Although 
it is located on a mixed-energy, tide-dominated shoreline, 
the combination of a very small tidal prism (4.0-6.0 x 106 

m3 ; Sexton and Hayes, 1982), constant wave energy, and 
intermittent storm processes produces a wave-dominated 
inlet fill. A characteristic sedimentary sequence is approx
imately 3.5 m thick, fines upward, and consists of cross
bedded active inlet-channel, spit platform, and eolian dune 
sands (Fig. 4.9). Because the inlet channel is migrating 
along a progradational barrier island, the inlet-fill sequence 
is eroded into lower shoreface sediments. As a result of 
rapid channel migration and recurved spit growth, a len
ticular inlet-fill sand body is produced that extends 3.0 km 
along the shoreline (Fig. 4.10). 

Figure 4.9. Photograph of cored wave-dominated inlet-fill sequence from 
Captain Sam's Inlet, South Carolina. Sedimentary facies are: lower shore 
face (LS), active channel (AC), spit platform (SP), and eolian dune (Ed). 
Core diameter is 7.5 cm. 

Figure 4.10. Strike-oriented cross section for wave
dominated Captain Sam's Inlet, South Carolina. 
Location given in Figure 4.8. 

A 
West 

O~~ 
O.Skm 

CAPTAIN SAM'S INLET 

11m!! Beach Ridge - F. sand, x-bedded, rooted 

o Foreshore - VF-F sand, planar laminated 

o Spit Platform - VF-F sand, planar x-bedded, burrowed 

A' 
East 

~ Active Inlet Channel - F-C. sand and shell, x-bedded, mud drapes 

IIIIlIllJ Shoreface - VF-F silty sand, laminated. burrowed 

EEJ Pleistocene - mottled, laminated clay 
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86 Tye and Moslow 

Figure 4.11. Oblique aerial photograph of abandoned flood-tidal delta at Johnson Creek , Core Banks, North Carolina. Line B-B' in map inset gives 
location of cross-section in Figure 4.12. 

B 
West 

JOHNSON CREEK 

Ollii~~iiiiiiii·1.0km 
o Overwash - F-VC, poorly sorted, horizontally laminated sand 

o Backbarrier - VF-M, burrowed and rooted, silty-sand 

o Spit Platform - VF-M, laminated, well sorted sand 

o Active Inlet Channel - M.-pebbly sand and shells, cross-bedded 

o Inlet Floor - shell and pebble gravel 

o Pleistocene - seml-consolldated silty clay 

B' 
East 

Figure 4.12. Strike-oriented cross section for Johnson 
Creek, North Carolina. Location given in Figure 4.11 . 
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CORE BANKS INLET- FILL SEQUENCE 
2.5-5' &-7.1$ 7.5-10' 1(H2.5' 12.5-15' 15-17.5' 17.5-20' 20-22.5' 22.&-25' 2&-27.5' 27.5-30' 30-32.5' 

Figure 4.13. Core photograph of wave-dominated inlet-fill sequence from 
Core Banks, North Carolina. The inlet-fill sequence is approximately 8.0 
m (25.75 ft) thick, and comprises inlet-floor (IF) , active-channel (AC) , 
and spit-platform (SP) facies . The sequence fines upward, consists of an 

Channel scour into Pleistocene clays confined inlet
channel migration at Johnson Creek, North Carolina (Fig. 
4.11) and produced a wedge-shaped inlet-fill deposit (Fig. 
4.12). Channel confinement by Pleistocene sediments re
sulted in a single 9.5-m-thick, fining-upward sequence pre
served within Core Banks. The inlet-fill sequence is fine- to 
very coarse-grained sand and fragmented shell material , 
and consists of inlet-floor, active-channel, and spit-platform 
facies (Fig. 4.13). Bioclastic channel fills within the Triassic 
Halfway Fm of Alberta and British Columbia are remark
ably similar to the sequence found at the Johnson Creek 
tidal inlet (Munroe and Moslow, 1990), and are an impor
tant hydrocarbon reservoir facies in the Western Canada 
sedimentary basin. 

Herbert (1978) described an inlet sequence of similar 
geometry at Whalebone Inlet, North Carolina (Fig. 4.3A). 
However, he observed four separate fining-upward cycles 
of inlet deposition. Inlet sequences may be stacked or verti-

approximately even mixture of fine-grained to coarse-grained sand and 
fragmented shell material, is eroded into underlying backbarrier (Bb) silts 
and Pleistocene clays, and is overlain by horizontally laminated overwash 
(OW) sands. 

cally aggraded by sea-level rise, barrier-island subsidence, 
or successive filling of the thalweg of an old fluvial channel 
(Herbert, 1978; Price and Parker, 1979). The preservation 
of four stacked sequences indicates that sea-level rise or 
land subsidence was rapid enough to displace the previously 
deposited sediment and prevent it from being reworked. 
The stability of the inlet channel may account for only one 
channel sequence at Johnson Creek, but it is more likely 
that earlier deposits were reworked by successive episodes 
of tidal-inlet migration. 

Tide-dominated 

Tide-dominated inlet channels along the South Carolina 
coast exhibit symmetrical V-shaped, strike-oriented geom
etries (Fig. 4.14). Inlet throat stability and bar bypassing 
at the channel mouth inhibit extensive lateral migration; 
thus, tidal-inlet deposits accumulate in the updrift portion 
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Capers Inlet . S.C. 

~~";' ·'·;.~.0 p ~.~ .. ~j~ 
4mL 

o 400m 
VE=100x 

Doboy Sound Inlet. Ga. 

15 

o l!:=;;=~ 
1.5 k m 

VE=100x 

2m L 

o 250m 

Price Inlet. S.C. 

~P 

VE= 75x 

Marsh 
CJ Dune 
CJ Foreshore 
o Swash Platform 

(ebb-delta) 
Q Inactive Inlet Channel 
8.J Active Inlet Channel 

Tye and Moslow 

Figure 4.14. Representative examples of tidal-inlet fills showing the geometries and facies relationships of tide-dominated inlet sand bodies. The 
unconformity shown in each diagram is the top of the Pleistocene (P). 

of adjacent barrier islands. The strike-oriented cross sec
tion at Price Inlet (Capers Island, Fig. 4.15A) illustrates 
the U-shaped inlet-fill geometry and the preservation of a 
concave-upward wedge of inlet-channel sand overlain by 
fine-grained abandoned-channel deposits (Fig. 4.16A). 
Compared to wave-dominated inlets, more time is required 
to completely close and fill an abandoned tide-dominated 
inlet channel. Inlet closure by a landward-migrating swash 
bar restricts current energy in the former channel and initi
ates deposition of a fine-grained abandoned channel-fill 
plug (Fig. 4.17). Inlet deposits thin toward the former chan
nel margins and are separated from the barrier island by 
scour contacts. Similar inlet-channel geometries and litho
logic associations were formed by the migration of Capers 
Inlet (Figs. 4.15B, 4.16B). 

When viewed along depositional dip, tide-dominated in
let deposits thin landward and seaward of the inlet throat 
(Fig. 4.18). Foreshore sands reworked from the abandoned 
ebb-tidal delta interfinger with active- and abandoned-inlet 
deposits. Landward, inlet sediments interfinger with tidal
creek and salt-marsh silts and clays. Two episodes of inlet
channel migration and abandonment at Price Inlet are evi
dent in the subsurface of northern Capers Island (Figs. 
4.17, 4.18). Because tide-dominated inlets tend to pivot 
about the inlet throat during migration, each successive 
migration cycle obliterates the previous channel sediments, 
unless relative sea level rises. 

Discussion 

Subsurface Variability and Facies Relations 

The variability of tidal-inlet sequences and geometries and 
their distribution along the North and South Carolina 
coasts are functions of paleotopography, hydrographic re
gime, and sediment supply. The combined relative in
fluence of these geologic factors affects tidal-inlet migration 
rates, sedimentation patterns, and stratigraphy. This in
teraction of dynamic physical processes results in the 
formation of distinct inlet types and stratigraphic sequences 
on wave-dominated, versus tide-dominated, mixed-energy 
coasts. Stable inlets, freely migrating inlets, and inlets con
fined to a migration zone (Heward, 1981) are distributed 
systematically within the Georgia embayment as a result of 
these varying physical processes. 

Wave-dominated tidal-inlet deposits typically thin to
ward channel margins and are scoured into barrier-island 
sands (Fig. 4.19). Along depositional dip, sandy wave
dominated inlets interfinger seaward with poorly developed 
ebb-tidal deltas and fine-grained, lower-shoreface to shelf 
deposits. Landward, the inlet deposits interfinger with 
flood-tidal delta and lagoonal sediments (Berelson and 
Heron, 1985). The sequence produced by lateral accretion, 
rapid infilling with clean quartzose sand, and rapid closure 
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o 

Figure 4.15. (A) Capers Island and Price Inlet, South Carolina. Map inset gives location of cross sections (photo by M.O. Hayes). (B) Photograph of the 
abandoned tidal inlet-channel on Dewees Island, South Carolina. The present channel of Capers Inlet is seen at the top. Location of cross section D-D' is 
shown. 
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90 Tye and Moslow 

Table 4.2. Estimated Percentages of Holocene Tidal-Inlet Fill and Active- A PRICE INLET 
Tidal Inlets for Wave and Tide Dominated Barrier Island Shorelines. 

Barrier Island Percentage of Holocene as Inlet Fill 

Wave-Dominated Barrier-Island Shoreline 
Core Banks, Net 20 
Portsmouth Banks, NC2 15 
Bouge Banks, NC2 15 
Shackleford Banks, NC2 80 

Average Percentage of Inlet-Fill 
Sediment Per Barrier Island 

Percentage of Shoreline Presently 
Represented by Active Tidal Inlets 

Total 

35 

5 

40 

Tide-Dominated Barrier-Island Shoreline 
Kiawah Island, SO 5 
Seabrook Island, SO 5 
Capers Island, SC4 25 
Dewees Island, SC4 25 

Average Percentage of Inlet-Fill 
Sediment Per Barrier Island 

Percentage of Shoreline 
Represented by Active Tidal Inlets 

Total 

IFrom Moslow and Heron (1978). 
2From Heron and others (1984). 
3From Moslow (1984). 
4From Tye (1984). 

15 

20 

35 

of these inlet channels is reflected in the blocky appearance 
of the hypothetical electric log (Fig. 4.19). 

Mud- and sand-filled, tide-dominated inlet channels in
terfinger seaward with foreshore and ebb-tidal delta sands. 
The active inlet-fill grades landward into tidal-creek de
posits, whereas abandoned inlet fill interfingers with salt 
marsh. Clay plugs in these abandoned channels separate 
barrier-island sands along strike and create localized 
impermeable boundaries among ebb-tidal delta, barrier 
island, and backbarrier tidal-creek facies. The gamma
ray log response through this inlet sequence would reveal 
stacked cycles of sand grading upward into mud (Fig. 4.19). 

The extent of barrier-island reworking and the distribu
tion of tidal-inlet deposits within the barriers varies widely 
in North and South Carolina. Excluding basement
controlled tidal inlets, wave-dominated inlets historically 
have been breached randomly through the narrow micro
tidal barriers. Downdrift migration and ultimate closure re
sults in a sporadic distribution of inlet deposits along the 
coast. Distribution of tide-dominated inlet deposits is not 
random on the South Carolina coast. 

Inlet migration and abandonment along wave- and tide
dominated coasts replaces coarsening-upward barrier
island sequences with fining-upward inlet-channel fills. 
Active tidal inlets account for 5% of the present longshore 

Ii1 Marsh - F-VF silly sand. reduced 
o Washover - F. sand and abraded shell 
iii Pleistocene - laminated. silty c lay 150m 
[;] Active Tidal Creek - well sorted F. sand, silt and shells 

c· 
EAST 

o Abandoned Tidal Creek - Sandy 10 Clayey slit, lenticular & planar bedding 
o Abandoned Inlel Channel - Same as above 

Active Inlet Channel - F. Sand and fragmented shells. x-bedded 
!iii Dunes - F. sand, crossbedded, rooted 
o VF-F sand. x-bedded & burrowed 

B CAPERS INLET 
D 

W est 

o~~ 
40m 

E] Marsh - F-VF silty sand (reduced) 
~ Channel Levee 

CJ Foreshore - well sorted I. sand, laminated 

D' 
Ea s l 

E3 Swash Platlorm/Upper Shorefaea VF-F sand, x-bedded & burrowed 
EEl Abandoned Inlet Channel - sandy silt to c layey sill 
123 Active Inlel Channel - F sand and fragmented shells, x-bedded 

Figure 4.16. Strike-oriented vibracore transects across the abandoned in
let channels at (A) Price Inlet (C-C'), and (B) Capers Inlet (D-D'). 
Coarse-grained inlet sediments are in erosional contact with the barrier
island sands and are overlain by an abandoned channel plug. Stacked 
channel sequences are present at Price Inlet. Cross-section locations are 
shown in Figures 4.15A and B. 

length on the wave-dominated North Carolina coast, and 
20% on the tide-dominated South Carolina coast. In the 
subsurface, North Carolina barriers contain an average of 
40% inlet fill, whereas South Carolina barriers average 
15% inlet fill (Table 4.2). These percentages vary with each 
barrier island, but it can be concluded that the shorter bar
rier islands in each hydrographic setting commonly contain 
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Figure 4,17. Photograph of core from tide-dominated inlet-fill sequence at 
Price Inlet, South Carolina. Sedimentary facies are active-inlet channel 
(Ac), abandoned-inlet channel (Ab), and salt marsh (M). 

more inlet-deposited material than longer barriers. For ex
ample, Shackleford Banks, North Carolina contains, 80% 
inlet fill; Capers and Dewees Islands, South Carolina, con
tain 25%; Core Banks, North Carolina, contains 14%, and 
Kiawah Island, South Carolina contains 5% (Table 4.2). 
Adding the volume of sediment required to fill the active 
tidal inlets on this shoreline to the average volume of inlet 
fill per barrier island reveals that wave- and tide-dominated 
mixed-energy coasts contain approximately equal propor
tions of inlet deposits (40% for North Carolina; 35% for 
South Carolina). 

Preservation Style 

The manner in which transgressed barrier islands are pre
served is not clearly understood. However, it is certain that 

E 
SOUTH 

MS L---.,.-, 

o Merah 

o Dune8 

o Foreshore 

~ Pleistocene 

Price Inl e t E' 
NORTH 

o 150m 
12] Abandoned Tldel Creek 

o Active TIdal Creek 

(I Abandoned Inlet Channel 
[J Active Inlet Channel 

91 

Figure 4.18. Cross section from Price Inlet. Dip-oriented transect E-E' 
parallels the abandoned-inlet channel on Capers Island. Note the land
ward (northward) thickening of abandoned-inlet fill and its seaward pinch
out. Location is given in Figure 4.1SA. 

the major factors responsible for coastal litho some pre
servation (rate of sea-level rise, basin subsidence, inner
shelf slope, sedimentation rate, and hydrographic regime) 
vary in importance and intensity along different shoreline 
settings. Therefore, under certain conditions, shallow
marine depositional systems are preserved in the rock 
record. 

Several models of Holocene barrier transgression and 
reworking have been proposed by Swift (1968), Kraft 
and John (1979), Rampino and Sanders (1980), Swift and 
Moslow (1982), Demarest and Kraft (1987), and Num
medal and Swift (1987). Vertical sequences could vary from 
complete shoreface erosion and deposition of a ravinement 
surface (Swift, 1968), to nearly complete shoreline pre
servation by the vertical and landward displacement of the 
surf zone during a rapid rise in sea level (Rampino and San
ders, 1980). The rate of relative sea-level rise and the inner
shelf slope ultimately determine the sequence of preserved 
shoreline deposits (Fischer, 1961). 

Although the Holocene sequences cored may not be truly 
indicative of what will be preserved in the rock record, 
these volumetric data can improve predictions. Because of 
the inlet's stratigraphic position and the common occur
rence of overlying and underlying fine-grained sediments, 
tidal inlets are the most preservable portion of the barrier 
lithosome (Hoyt and Henry, 1967). 

During transgression, the uppermost foreshore and 
shoreface sediments are reworked. Under present sea-level 
conditions, the preservation of Holocene shoreline sedi-
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92 Tye and Moslow 

I WAVE-DOMINATED INLETS: I 

DIP SECTION STRIKE SECTION 

Figure 4.19. Schematic diagrams of composite strike
and dip-oriented channel geometries for wave- and 
tide-dominated inlets. Hypothetical gamma ray and 
resistivity logs illustrate the clean, blocky character of 
wave-dominated inlet deposits in contrast with the 
serrated pattern produced by fine-grained beds incor
porated into the tide-dominated inlet sequences. 
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ments on the continental shelf is patchy off the coast of 
Delaware (Belknap and Kraft, 1985; Demarest and Kraft, 
1987) and almost nonexistent along Bogue Banks, North 
Carolina (Hine and Snyder, 1985). Areas of remnant 
Holocene deposits on the U.S. Atlantic Shelf were depo
sited and preserved in topographically negative features on 
the Quaternary or Tertiary surface. Most of the preserved 
accumulations are tidal-inlet related. Hine and Snyder 
(1985) determined that the present ravinement surface, 
which is the result of sea-level rise, extends to a depth of 
approximately 12 m. The maximum depth of preserved in
let fills on Bogue Banks, North Carolina is 10 m (Heron et 
aI., 1984); 15 m on Core Banks, North Carolina; and 15 to 
18 m in central South Carolina (D.M. FitzGerald and D. 
Nummedal, personal communication, 1987). Therefore, 
during one sea-level rise event, if the upper 6 to 8 m in 
South Carolina, and 10 to 12 m in North Carolina, is 
eroded, only a thin, discontinuous sequence of shoreface 
deposits will be preserved to separate laterally abundant, 
3- to 4-m-thick tidal-inlet fills. 

Preservation Potential: Example from the Louisiana Con
tinental Shelf 

On the Louisiana shelf seaward of Barataria Bight (Fig. 
4.20), a high-resolution (ORE Boomer) seismic-profile grid 
and vibracores were collected landward of the 10-m bathy
metric contour. Owing to rapid relative sea-level rise 
(Ramsey and Moslow, 1987), these barrier islands have mi
grated landward several kilometers within the past few 
thousand years. Thus, the post-transgressive barrier-island 
sedimentary record is in the process of being preserved. 
The low wave energy (1.0 m average wave height), micro
tidal (36 cm mean tidal range) hydrographic setting for this 
area is characteristic for barrier-island shorelines through
out the northern Gulf of Mexico (Mossa, 1984). Using the 
criteria presented in this manuscript and elsewhere (Mos
low and Tye, 1985) for the relative distribution of wave and 
tidal energy, most barrier-island coastlines in the northern 
Gulf of Mexico are wave dominated, as they are similar in 
morphology, depositional environments, and facies rei a-
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o 5 

kilometers 

Figure 4.20. Location map of tidal inlets along the barrier-island shoreline fronting Barataria Bay, Louisiana. Solid black lines denote high-resolution 
seismic track lines; open circles are vibracore hole locations. 
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Figure 4.21. High-resolution seismic profile line F-F' (below) and interpreted section (above) showing preservation of a tidal-inlet fill. Profile location is 
oriented parallel to the shoreline and shown in Figure 4.20. Vertical exaggeration is 15:1. 
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Figure 4.22. Graphic log of tidal-inlet and delta-front 
deposits in core CR#lO on seismic line F-F'. Location 
of core is shown in Figures 4.20 and 4.21. 
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tionships to those of North Carolina (Fig. 4.4A). Presently, 
five tidal inlets are active along the Barataria Bight 
shoreline (Fig. 4.20), two of which, Barataria Pass and 
Quatre Bayou Pass, are former distributary channels that 
have evolved into tidal inlets during shoreline transgression 
(Moslow and Levin, 1985). The remaining three inlets, in
cluding Pass Abel and Pass Ronquille, formed from storm 
breaching of the barrier islands. These inlets possess the 
well-developed flood-tidal deltas characteristic of wave
dominated inlets. Their net lateral migration is westward. 

The post-transgressive stratigraphic record of Pass Abel 
is preserved within the adjacent lower shoreface. Seismic 
line F-F' is oriented shore-parallel and located in approx
imately 5.0 m depth of water, 2.0 km from the mouth of 
Pass Abel (Fig. 4.20). A series of steeply dipping reflectors 
in this section outlines a tidal-inlet channel fill 0.75 km in 
shore-parallel (east-west) extent (Fig. 4.21). The internal 
reflectors have a unimodal direction of dip to the west, 
documenting the ~ateral accretionary nature of the inlet fill 
and the westerly migration of the inlet channel. The asym
metric, wedge-shaped to lenticular geometry of the inlet
channel fill in a shore-parallel direction is characteristic of 
wave-dominated inlets (Fig. 4.19). The inlet-fill has a max
imum thickness of 12.5 m and is incised into delta-front silts 
and clays. These fine-grained deposits are represented by 
the flat-lying seismic reflectors in F-F' (Fig. 4.21). An 

aggradational phase of inlet-channel deposition is indicated 
by a series of slightly concave to flat-lying discontinuous 
reflectors at the westernmost extent of the channel-fill. This 
aggradation coincides with the westernmost extent of inlet 
migration and likely represents a period of partial channel 
abandonment. Vibracore CR-lO is located in this portion 
of the inlet fill (Fig. 4.21) and is a fine-grained, sand
dominated sedimentary sequence with a sharp erosional 
base (Fig. 4.22). The tidal-inlet fill sequence contains chan
nel, spit-platform, and ebb-delta sedimentary facies. The 
lower half of the sequence is a cross-bedded to cross-ripple
laminated, fine-grained sand with thin interbeds of bur
rowed to wavy-bedded silty sand to silty clay. The interbed
ding is a product of combined lateral accretion and vertical 
aggradation within this portion of the inlet-channel fill. 
Planar-tangential, cross-bedded sands within this part of 
the inlet sequence display mud drapes, mud couplets, and 
an increasing thickness in mud laminae upward (Fig. 
4.23A). These bedding characteristics are interpreted as 
tidal bundles, and provide the best sedimentologic evidence 
of tidal-current processes. Rapid rates of sand deposition 
are inferred within the uppermost portion of the spit
platform facies by the multiple sets of cross-ripple lamina
tions, ripple drift, and a 7.5-cm escape burrow trace (Fig. 
4.23B). The tidal-inlet fill sequence is capped by a thin 
(1.0 m) Ophiomorpha burrowed and ripple-laminated ebb-
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Figure 4.23. Close-up photographs of tidal-inlet fill deposits from vibra
core CR-lO showing: (A) high- to moderate-angle, planar-tangential, 
cross-bedded, fine- to medium-grained sands with mud drapes, interpreted 

tidal delta facies, and is encased in lower-shoreface (above) 
and delta-front (below) silty clays (Fig. 4.22). 

Ancient Analogs 

Regardless of the exact preservation mechanism, Ryer 
(1977), Leckie (1986A), and Donselaar (1989) have inter
preted major transgressive sedimentary cycles in shoreline 
deposits of the Cretaceous Western Interior Seaway that 
are composed of thin progradational shoreline sequences 
and are separated by discontinuities. Further evidence for 
the preservation of barrier islands and inlet facies, plus 
their ability to perform as hydrocarbon reservoirs, can be 
inferred from interpretation of the Muddy Sandstone 
(McGregor and Biggs, 1968), the Cliffhouse Sandstone 
(Palmer and Scott, 1984), and the Menefee Formation 
(Donselaar, 1984), United States; the Halfway Formation 
(Campbell and Horne, 1986; Munroe and Moslow, 1990) 
and Milk River Formation, Alberta (Leckie, 1986B; Cheel 
and Leckie, 1990); and the Roda Sandstone, Spain (Yang 
and Nio, 1989). 

Perhaps the best-described example of barrier-island/ 

95 

-L 
()l 

o 
3 

as tidal bundles; and (B) an escape burrow trace within cross-ripple
laminated fine-grained sands. Location of core photographs is shown in 
Figure 4.22. Cores are 7.5 cm in width. 

tidal-inlet reservoirs IS m the Frio Formation of Texas 
(Galloway and Cheng, 1985). This detailed core and 
electric-log study defines the depositional facies of multiple 
microtidal barrier-island shoreline systems, and relates the 
facies stratigraphy to reservoir quality. Sandstone isopachs 
reveal dip-oriented inlet fills cutting the barrier core. 

Galloway and Cheng (1985) describe the inlet-fill bodies 
as having differing geometries and vertical sedimentary 
sequences. The 41-A reservoir consists of two inlet-fill 
sequences of different sizes. Both have sharp bases, and at 
their downdip extent, the sandy inlet fill is capped by spit
platform sediments. The updip portion is filled by a mud 
plug. The 41-A reservoir is similar to the present setting at 
Kiawah Island, South Carolina. A large inlet (Stono Inlet) 
is accreting a thick, sandy inlet fill onto the northern termi
nus of Kiawah Island, and a much smaller inlet (Captain 
Sam's Inlet) at the southern end of the barrier is depositing 
a sandy-inlet/spit-platform wedge. At its depositional 
downdip extent, Captain Sam's Inlet is filling with sand, but 
the backbarrier portion of the inlet channel will fill with 
mud upon abandonment (Moslow, 1980; Moslow and Tye, 
1985). 
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96 Tye and Moslow 

Figure 4.24. Hypothetical sediment isopach 
maps for one depositional episode on tide- and 
wave-dominated shorelines. Note the difference 
in orientation and geometry of the inlet-fill sand 
bodies. 

Sand Isopach: CJ O-Sm 
CJ S-10m 

> 10m 

Sm Contour Interval 

o 5 km 
approximate scale 

Sandstone Distribution and Reservoir Potential 

Isopach maps of preserved nearshore-marine sandstones 
deposited within an embayed shoreline can reveal a domi
nance of tidal-inlet and inlet-related deposits. These se
quences will vary in thickness and lateral extent, but will 
grade from a shore-parallel orientation at the extremities of 
the embayment (wave-dominated) to a more shore-normal 
position near the apex (tide-dominated) (Fig. 4.24). Chan
nel sequences will be thickest in the inlet throat, and are 
sometimes vertically stacked. 

Homogeneous wave-dominated tidal-inlet and barrier
island sands could be preserved to form porous and highly 
permeable reservoirs. Inlet processes could actually en
hance reservoir quality by reworking backbarrier and 
lagoonal sediments into channel, large flood-tidal delta, 
and smaller ebb-tidal delta deposits. Sand continuity is 
maintained in a shore-parallel direction, and the sequence 
thickens along dip due to the presence of deltaic facies (Fig. 
4.24). In contrast, tide-dominated inlet-channel sequences 
are mud rich, thus disrupting the shoreline sand continuity. 
These deposits form regularly spaced (3-5 km apart along 
depositional strike), impermeable zones separating barrier
island, backbarrier, and ebb-tidal delta sand bodies. The 
barrier-island sequences are isolated and segmented into 
multiple, shore-parallel sand lobes (Fig. 4.24). 

Summary and Conclusions 

An inverse relation between wave regime and tidal range 
results in the deposition of variable yet distinct tidal-inlet 

sequences and channel geometries. Two additional factors 
controlling tidal-inlet stratigraphy are antecedent topogra
phy and sediment supply (i.e., lithology and quantity). 

Inlet migration and abandonment produce subtle and 
dramatic variations in shore-parallel and shore-perpen
dicular sedimentary sequences. Wave-dominated inlet 
channels range in strike-oriented geometries from shallow 
(3 to 5 m), laterally continuous lenticular wedges to deep 
(15-18 m), V-shaped deposits. Tide-dominated inlets con
tinuously migrate within a restricted zone and form U
shaped (along strike) and crescentic, concave-upward 
(along dip) channel geometries. 

Active tidal inlets constitute 5% of North Carolina's 
wave-dominated coast and 20% of the tide-dominated 
South Carolina coast; however, subsurface data show that 
40% of the Holocene shoreline deposits are tidal-inlet re
lated. Contrasting lithologies and geometries of tide- and 
wave-dominated inlet fill can strongly affect the formation 
and quality of terrigeneous clastic shoreline reservoirs. 

Tidal-inlet-deposited sediments in a wave-dominated 
setting are composed almost entirely of moderately well
sorted to poorly sorted, cross-bedded quartzose sand and 
shell, yielding very high primary porosities and permeabili
ties. Silt and clay generally account for less than 5 to 10% of 
the deposit. Therefore, wave-dominated inlet sequences 
would likely have relatively good reservoir potential with 
excellent vertical continuity (Fig. 4.25A). Grain size, per
cent sand, and percent shell material decrease upward, con
current with an improvement in sorting (Moslow and 
Heron, 1978; Moslow and Tye, 1985). Wave-dominated in
lets deposit porous, laterally continuous (1-10 km), wedge
shaped channel-sand bodies. Preserved channel fills are 
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Wave-Dominated Inlet Sequence 

Bed % Cross- % 
Relative 
Reservoir 
Quality Gamma log 

Mud l Sand 
API Units f t 

Thickness % Sand 
(cm) 

Bedding Burrowing 

F C o 100 0 100 Lo Mod High 

1m 

3 

5 

7 
Inlet Floor 

Tide-Dominated Inlet Sequence 

Bed 

Gamma log 

i-API Units 

Thickness % Sand 
(cm) 

% Cross
Bedding 

% 
Burrowing 

Relative 
Reservoir 
Quality 

VF F M 
High Marsh 

3~~£-----------

5 

7 

Abandoned 
Inlet Channel 

o 100 0 100 0 100 0 100 r---., Lo Mod High 

Figure 4.25. Summary diagram illustrating potential reservoir quality and gamma-log signatures for (A) wave-dominated; and (B) tide-dominated inlet 
sequences. 

oriented shore-parallel to slightly oblique, depending on 
the degree of migration and the size of the associated flood
and ebb-tidal deltas, and exhibit consistent thickness-to
width ratios of 1: 125, 1: 250, or 1: 500. 

Tide-dominated inlet sequences are characteristically 
composed of fine-grained, clean, well-sorted quartzose 
sand, interbedded with layers of silt and clay up to 2.0 m 
thick. The individual sand layers have relatively good pri
mary porosity, whereas the finer-grained intervals are re
latively impermeable (Fig. 4.25B). These channel deposits 
are oriented shore-normal to oblique, and have thickness
to-width ratios of 1: 150. 

The association of barrier islands with fine-grained back-

barrier and marine sediments creates excellent conditions 
for the formation of stratigraphic traps . An awareness of 
the intricate differences between wave- and tide-dominated 
inlet deposits is a valuable tool for predicting shoreline sand 
geometry, facies association, and controls on fluid migra
tion and entrapment. 
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CHAPTERS 

The Sedimentologic and Geomorphologic Provinces of the Nile Fan 

YossiMart 

Introduction 

The Nile Fan in the southeastern Mediterranean is a large, 
deep-sea sedimentary fan deposit that started to accumu
late in the early Pliocene receiving its material from one 
primary source-the Nile River. The Nile River is 6,800 km 
long; it drains a basin of 3 million km2, and has an average 
annual water discharge of 86 billion m3 (Said, 1981). Prior 
to construction of the Aswan High Dam in 1964, the Nile 
discharged approximately 120 million m3 of sediment 
annually to the southeastern Mediterranean basin (Said, 
1981). Due to the Aswan High Dam and the intensive 
irrigation system in the Nile Delta area, the present rate of 
sedimentary discharge is negligible (A. Golik, personal 
communication, 1990). The Nile has constructed a large 
alluvial plain, covering an area of 22,000 km2. Herodotus, 
in the fifth century B.C., was the first to apply the term 
"delta" to this plain of triangular shape. 

The Nile Fan is a cone-shaped slope-and-rise deposition
al system covering an area of more than 70,000 km2. It is 
composed of late Tertiary and Quaternary sediments ex
tending from the present delta of the Nile River seaward 
toward the Mediterranean Ridge to the northwest, toward 
the Eratosthenes Seamount to the north, and toward the 
Levant Basin to the northeast (Fig. 5.1). The sedimentary 
accumulation of the Nile Fan has occurred since the early 
Pliocene, forming a structure with an estimated sediment 
volume of 400,000 km3, an average thickness of 2 km, and a 
rate of sedimentation that exceeded 40 cm per 1000 yr in 
places (Ross and Uchupi, 1977). 

The fan is divided into two distinct physiographic prov
inces. The western province (Fig. 5.2), also known as the 
Rosetta Fan (Emery et al., 1966) or the Nile Cone (Ross 
and Uchupi, 1977), is a gently undulating, seaward-dipping 

terrane that displays minor effects of faults and diapirs, ex
cept near the Mediterranean Ridge, where intensely folded 
sediments abound (Fig. 5.3). Cut-and-fill structures in the 
upper fan, and sinuous channels in the central and lower 
fans, are common in the western province. The eastern 
province (Fig. 5.2), also known as the Damietta Fan 
(Emery et al., 1966) or the Levant Platform (Ross and 
Uchupi, 1977), is intensively affected by faulted escarp
ments and elongated salt ridges (Ben-Avraham and Mart, 
1981); it trends WNW-ESE and forms a series of abrupt 
changes in bathymetry, ranging from 100 to 400 m (Fig. 
5.4). A long-range sonar survey in the eastern province of 
the fan encountered series of northwest-trending faulted 
escarpments and grabens, with some conjugate structures 
in places (Kenyon et al., 1975). 

Another difference between the two provinces of the Nile 
Fan is the reduced thickness of the sedimentary sequence in 
the eastern province (Fig. 5.4). Both provinces rely on a 
unified source of sedimentary supply, and both are affected 
by the Mediterranean geostrophic current that flows east
ward. The finding that the sedimentary sequence in the 
western province is considerably thicker than the contem
poraneous sequence in the east is probably the result of 
interference by the faults and diapirs in the eastern prov
ince with the sedimentary distribution. 

The Nile Fan and Its Geological Setting 

Sea Level and Climate 

The Nile is a young river that drains the East African and 
Ethiopian plateaus into the southeastern Mediterranean 
Sea. The present Nile was preceded by five earlier rivers 

101 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


102 Yossi Mart 

Figure 5.1. Generalized bathymetric map of the eastern Mediterranean. The Nile Fan is bounded by the Herodotus Abyssal Plain, by the eastern section 
of the Mediterranean Ridge and by the Eratosthenes Seamount and Abyssal Plain. Location of seismic profiles is indicated by figure numbers. 

OISTAL 

SINAI 

Figure 5.2. A generalized chart of the Nile Fan and adjacent areas, showing the main physiographic regions. Modified after Maldonado and Stanley 
(1979). 
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Figure 5.3. Cartoon of a seismic reflection profile along the western pro
vince of the Nile Fan, showing the smooth to slightly undulating seismic 
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Figure 5.4. Cartoon of a seismic reflection profile along the eastern pro
vince of the Nile Fan, showing a faulted terrain with diapirs intruding in 
places. Note that the thickness of the sedimentary sequence of the fan 

that flowed through nearly the same river bed, which was 
incised into the bedrock during the Messinian. The 
fluviatile system started to develop in the late Miocene as 
the Eonile, when the lowered sea level in the Mediterra
nean caused the entrenchment of a deep canyon that ex
tended across the Egyptian plateau from the Mediterranean 
coast to at least as far south as Aswan (Said, 1981). The 
early Pliocene marine transgression brought the sea as far 

2 

seaward of the diapirs is considerably reduced, compared to the thickness 
along the shelf and the upper slope. See Figure 5.1 for location. After Ross 
and Uchupi (1977), reprinted by permission. 

inland as Aswan forming a 1,lOO-km-Iong, 30-km-wide 
seaway. Subsequently, in the middle Pliocene marine re
gression, the river bed of the Eonile was occupied by 
the Paleonile, which started to build its delta and then its 
fan as well. The Paleonile dried out during the Pliocene
Pleistocene transition, a climatologically dry period in the 
Levant, characterized in the Egyptian stratigraphic se
quence by deposits of eolian sand. The river that occupied 
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the river bed in the early Pleistocene was the Proto nile , 
which was succeeded in the middle Pleistocene by the 
Prenile. Then, in the late Pleistocene, the river bed was 
occupied by the Neonile, and finally, in the Holocene, by 
the modern Nile River (Said, 1981). 

The geomorphologic configuration of the Nile Delta is 
very dynamic, and is known to have changed drastically, 
even in historic times. The early Greek geographers
Herodotus in the fifth century B.C., and Strabo in the first 
century B.C.-reported seven distributaries in the delta; 
today there are only the Rosetta and the Damietta. Modern 
records show that the delta prograded seaward during the 
present century at an average rate of 10 m per year, but 
since the construction of the Aswan High Dam in 1964, the 
delta has been affected by severe coastal erosion (Gold
smith and Golik, 1980). and coastline retreat of more than 
100 m can be discerned in places (V. Goldsmith, personal 
communication, 1986). 

Controls on Sedimentation 

The sediments of deep-sea fans are basically redeposited 
sediments that consist mainly of sand, silt, and mud, with 
biogenic debris and evaporitic and volcanic fragments as 
minor constituents. The origin of the sediment is ter
rigenous, biogenic, volcanogenic, or evaporitic. The sedi
ment is transported by the river to the continental shelf, 
making it available for redeposition across the continental 
slope into the deep-sea fan. The quantity and type of sedi
ments in the deep-sea fan depend mainly on the local 
shallow-marine conditions and the gradients of the con
tinental slope. Resedimentation of the clastic deposits in 
the deep-sea fan is controlled mostly by turbidity currents 
and gravity mass flows, whereas transport of suspended 
load is of secondary importance (Stow et aI., 1984). These 
sediment transport processes led to the development of the 
cone configuration of the Nile Fan, but tectonics, halokine
tics, and other nonsedimentary depositional constraints led 
to the geomorphologic asymmetry between the western and 
the eastern provinces of the Nile Fan (Fig. 5.2). It should be 
noted that the redepositional processes that control trans
portation and the distribution of marine-fan sediments tend 
to mix the down-flowing sediments. Formerly deposited 
sands, silts, and clays, which were sorted by the wave re
gimes in both active and extinct near-shore and deltaic 
environments, are resedimented to form a heterogeneous 
sedimentary deposit. 

Earlier studies suggested that the Nile River has built two 
distinct fans, western and eastern (e.g., Emery et aI., 1966), 
each of which was ascribed to one of the Nile distributaries, 
the Rosetta or the Damietta. However, considering that 
only 2,000 years ago the Nile had seven distributaries (Said, 
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1981), this correlation seems unlikely. It is suggested in the 
present study that the differentiation of the Nile Fan into 
two provinces sharing a unified sedimentary source prob
ably resulted from the effects of tectonics and halo kinetics. 
Evidence was encountered that the eastern province is in
tersected by northwest-trending faults, which built a series 
of tilted blocks along the continental slope. Elongated 
diapirs ascended along these faults, forming salt walls 
in places. The orientation of the tilted blocks, as well as 
the elongated diapirs, probably interfered with the down
slope turbiditic flow of the sediments, leading to thinner 
sedimentary accumulation in the eastern Nile Fan. The 
boundary between the western and the eastern provinces 
transects the Nile Cone; it trends northwestward and is 
structurally controlled by the northwest-trending faults 
(Ross and Uchupi, 1977; Mart, 1984). 

Tectonics 

The Nile Fan is deposited on a thick sedimentary sequence 
of passive continental margin that formed the boundary of 
the southwestern Tethys Ocean, and subsequently of the 
southeastern Mediterranean Sea, where the continental 
margin of the southeastern Mediterranean is located on top 
of the ancient margin of the southwestern Tethys. The 
geographic consistency of this transition zone between land 
and sea during more than 200 m.y. suggests a conspicuous 
tectonophysical constraint, such as variations in crustal 
composition, at the foundation of the southeastern Medi
terranean margin region (Mart, 1987). 

The Plio-Quaternary sedimentary prism of the Nile Fan 
was deposited on a thick sequence of strata of Mesozoic and 
early Cenozoic age (Ginzburg et aI., 1979; Makris et aI., 
1983). Seismic reflection surveys indicated that the 
sedimentary sequences of the Nile deposits overlie two seis
mic reflectors attributed to the late Miocene erosional sur
faces and the Messinian evaporites termed "P" (Ross and 
Uchupi, 1977) and "M" (Ryan et aI., 1970). Most of the 
Nile sequence along the continental shelf and the upper 
continental slope is underlain by reflector P, and the se
quence along the continental rise and lower slope is under
lain by reflector M. Commonly, the lateral transition from 
one reflector to the other is marked only by a gradual in
crease in amplitude of the seismic signal, but in some 
places, these two reflectors are in faulted contact (Fig. 5.5). 
Considering data from exploration wells and seismic refrac
tion profiles, it seems that reflector P is the top of an ero
sional surface carved in pre-Messinian marls and limestones 
(Chumakov, 1967; Mulder et aI., 1975; Ross and Uchupi, 
1977), and reflector M indicates the top of the late Miocene 
evaporite sequence (Ryan et aI., 1973). Whereas reflector P 
is relatively smooth (Ross et aI., 1978), reflector M com-
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Figure 5.5. Cartoon of a seismic profile showing the contrasting structural patterns between the eastern and the western provinces of the Nile Fan. See 
Figure 5.1 for location. Modified after Ross and Uchupi (1977), reprinted by permission. 

monly shows considerable relief in the fan region, probably 
due to the plastic flow and diapirism of the underlying 
evaporites. 

The surface delineated by reflectors P and M slopes sea
ward from nearly sea level at Cairo to a depth of 3 km near 
the Egyptian coast. and to about 4.5 km under the deeper 
sectors of the fan (Fig. 5.4). The sediment cover is thickest 
underneath the outer shelf north of the delta, where it 
reaches thicknesses of approximately 3.5 km (Ross et al., 
1978). The western province of the fan is characteristically 
well bedded, except for minor faults that offset the upper 
sedimentary sequence (Fig. 5.3). A structural dome was en
countered beneath the upper slope, affecting the Messinian 
unconformity surface. The dome was attributed either to a 
basement uplift or to differential compaction above a pre
Messinian structure (Ross and Uchupi, 1977). Deforma
tional folding of the lower fan strata becomes progressively 
intensive seaward, and at the Mediterranean Ridge, it is so 
intense that the details of the bathymetry and the seismic 
reflectors' structural parameters are obscured. The de
formations of the outer fan and the Mediterranean Ridge 
are correlated with the evaporitic sequence below the M 
seismic reflector, and it is presumed that deformation was 
caused by a combination of halo kinesis and tectonics 
(Woodside, 1977). 

Intensive deformation of the sediment stratification, 
although less drastic than that of the Mediterranean Ridge, 
can be seen in the seismic profiles from the eastern province 

of the Nile Fan. The rough topography of this region is 
closely associated with diapirism and faulting (Emery et al. , 
1966; Kenyon et al., 1975). Additional topographic relief 
stems from collapse features, probably caused by the 
solution of salt at the crests of some diapiric structures 
(Fig. 5.6). Evidence was encountered for the occurrence of 
elongated salt ridges, trending west-northwest and ascend
ing along a series of normal faults of similar trend (Ross 
and Uchupi, 1977; Ben-Avraham and Mart, 1981). 

The northwestern faulting trend is a regional phe
nomenon in the Levant (Shalem, 1954), and was encoun
tered in many places along the continental margin of Israel 
and North Sinai. Faulting probably originated during the 
middle Miocene and was reactivated in the Pleistocene 
(Mart, 1984). The faulting and the piercing of diapirs into 
the Plio-Pleistocene sedimentary sequence of the eastern 
province of the Nile Fan formed large undulations at the 
sea floor in some places, and horst-like structures in others 
(Fig. 5.7). The undulations and the uplifted blocks prob
ably interfered with the turbiditic sediment flow from the 
shelf edge seaward, and also seem to be effective in reduc
ing the amount of sediment transported eastward by the 
Mediterranean geostrophic current. Thus, the processes 
that enhance the thick deposition in the western province of 
the Nile fan are not very efficient in the eastern province. 
However, the large quantities and thicknesses of Nile
derived sediments that were encountered in the Levant and 
Cyprus basins suggest that the sedimentologic effects of the 
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Figure 5.6. Cartoon of a seismic reflection profile showing a collapse 
structure in the eastern fan province. The structure is due to dissolution of 
the upper section of an outcropping salt diapir that stems from the Messi-

structures off northern Sinai are relatively recent. The east
ern province of the Nile fan probably covered larger areas 
in the Pliocene and was reduced to its present dimensions 
due to faulting, diapirism, and reduced rate of deposition. 
Furthermore, the occurrence of Nile-derived sediments on 
the Mediterranean Ridge suggested that the western prov
ince of the fan also covered wider areas than at present, and 
was reduced to its recognized size due to uplift and folding 
ofthe Mediterranean Ridge (Ryan et aI., 1973). 

Geomorphology 

The western province of the Nile Fan is bounded on its sea
ward side by the Herodotus Abyssal Plain, the Mediterra
nean Ridge, and the Eratosthenes Abyssal Plain. The east
ern province is bounded by the Eratosthenes Seamount and 
the Levant Basin (Fig. 5.1). The Herodotus and Eratos
thenes Abyssal Plains, as well as the Levant Basin, are filled 
with turbiditic sediments that originated from the Nile, and 
Nile-derived sediments were also encountered on the 
Mediterranean Ridge (Maldonado and Stanley, 1978). Seis
mic activity associated with faulting could have been the 
trigger for turbiditic flows, and the rate of recurrence of 
earthquakes may thus affect the frequency and volume of 
sedimentary gravity flows feeding a submarine fan. The 
passive margin of the southeastern Mediterranean experi
ences infrequent earthquakes (Poirier et aI., 1980; Mart, 
1984, 1987; Armijo et aI., 1986), the cumulative effects of 
which could significantly affect the sediment supply, be
cause the prolonged intermittent periods could have led to 

Kl 
! 

nian evaporites. See Figure 5.1 for location. After Ross and Uchupi 
(1977), reprinted by permission. 

a large buildup of sediment along the shelf break, which 
could flow downslope following an earth tremor. 

Although the Nile Fan was deposited along an extinct 
Tethyan passive continental margin, a very old passive con
tinental margin that should have been a tectonically stable 
region, the effects of geologic structures on the geomor
phology of the fan were significant. The thick evaporitic 
sequences that were deposited in the Mediterranean basins 
gave the overlying sedimentary series an unstable founda
tion, and the tectonic activity associated with the opening of 
the northern Red Sea initiated and rejuvenated faulting sys
tems along the southern continental margin of the Levant 
(Mart, 1987). The post-Miocene tectonic activity in he 
southeastern Mediterranean consisted of regional and local 
displacement phenomena, which included crustal subsi
dence at the delta area under the load of accumulated sedi
ments (Ross and Uchupi, 1977), and the regional tectonic 
subsidence of the Mediterranean basins since the early 
Pliocene (Stanley, 1977). Furthermore, the dispersion pat
terns of the fan sediments were affected by the uplift of the 
Mediterranean Ridge and the Eratosthenes Seamount, by 
the topographic gradients of the continental slope, by halo
kinetic activity, and by the configurations of the receiving 
basins. In general, it seems that the tectonic vertical subsi
dence of the Mediterranean basins since the early Pliocene, 
combined with the local crustal subsidence caused by 
sedimentary loading, led to a "starved basin" depositional 
regime in the Nile Fan, where subsidence was more effec
tive than the sediment supply. Tectonic events associated 
with the northern Red Sea initiated halokinetic activity in 
the southeastern Mediterranean area, which produced pro-
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Figure 5.7. Cartoon of a seismic reflection profile running along the east
ern province of the Nile Fan off Sinai. Note the series of horsts and 
grabens in the shallower sector and the diapiric salt ridge at the deeper 

found effects on the sedimentary regime and the geomor
phologic configuration of the Nile Fan. 

Sedimentologic Patterns 

Sedimentary Distribution 

The Nile sediments are the principal constituent of a strati
graphic sequence that affected the morphology and 
sedimentology of the southeastern Mediterranean region 
from the early Pliocene to the present. Attaining its max
imum thickness of more than 3 km along the upper con
tinental slope off the delta, the Nile-derived sediments are 
predominant in the Plio-Pleistocene stratigraphic sequence 
of the eastern Mediterranean region, from the Mediterra
nean Ridge to the coasts of the Levant. To the east, the 
sand that accumulates along the Israeli coast consists mostly 
of Nile-derived quartz sand (Goldsmith and Golik, 1980). 
The Plio-Pleistocene sedimentary sequence that underlies 
the coastal plain and the continental margin of the southern 
Levant is also built predominantly of Nile-derived clay, silt, 
and sand (Gvirtzman, 1970; Mart, 1984). To the west, the 
Herodotus Abyssal Plain is filled with sediments trans
ported by the Nile (Maldonado and Stanley, 1979, 1981), 
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sector of the profile. See Figure 5.1 for location. After Ben-Avraham and 
Mart (1981), reprinted by permission. 

and similar provenance, mineralogy, and grain size were 
determined in samples from the Mediterranean Ridge as 
well. However, the major accumulation of the Nile sedi
ments is in its deep-sea fan (Ross and Uchupi, 1977). The 
sediments were first deposited in the delta and adjacent 
continental shelf, and were transported again down the 
continental slope by turbidity currents, slumps, and sub
marine sediment slides, to be redeposited in the deep-sea 
fan on the upper continental rise. 

Prior to construction of the Aswan High dam, the sedi
ment discharge system of the Nile River transported to the 
continental shelf an average annual sediment supply of 120 
million m3 , mostly silt and clay, causing a seaward delta 
progradation of up to 10 mlyear. The sediment transport 
was enhanced by the flow regime of the Nile, which aver
aged around 12 million m3 of sediment per month, but 
peaked at 75 million m3 during the August-September 
flood season (Said, 1981). The sediments were distributed 
from the delta across the 60-km-wide continental shelf to 
the continental slope, to form a sediment apron with chan
nel transport and erosion and interchannel deposition. 

Unlike other prominent marine fans, the Nile Fan does 
not have a well-developed canyon and deep channel sys
tem. However, the marine transportation and redeposition 
of Nile sediments along the continental shelf and slope were 
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affected not only by the morphologic gradients, but also by 
the currents prevailing in the southeastern Mediterranean 
region. The coarser sediments on the shallow shelf were 
affected by the longshore sediment transport, whereas the 
finer sediments that reached the continental slope were 
affected by the geostrophic counterclockwise Mediterra
nean current. Both currents flow eastward (Rohrlich and 
Goldsmith, 1984), but whereas the coastal sediment accu
mulations show significant evidence for eastward drift, this 
trend was not observed in the continental slope and in the 
distribution of the deep-sea fan sediments. 

Climatic Oscillations and Sedimentological Variations 

The sedimentary record of the deep-sea fan indicates that 
the Nile depositional system was strongly affected by Qua
ternary climatic and sea-level oscillations, which not only 
modified the fresh-water flow of the Nile, but also resulted 
in geomorphologic changes of the delta and continental 
shelf, and variations in the patterns of sediment accumula
tion and discharge (Maldonado and Stanley, 1978, 1979). 
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Sea-level changes strongly affected the circulation pattern 
of the Mediterranean water, and consequently, the type of 
sediments that accumulated in the eastern Mediterranean. 
At present, the well-known circulation pattern between the 
Atlantic Ocean and the Mediterranean Sea is such that the 
less dense water of Atlantic origin flows through the Straits 
of Gibraltar and eastward, above a westward flow of more 
saline and dense Levantine water, with salinities of approx
imately 38 ppt due to evaporation. However, during the 
glacial low-sea-Ievel periods, such as the late Pleistocene 
marine regression, a contrasting exchange flow trend ex
isted (Huang and Stanley, 1972). During these cold climate 
periods, decreased evaporation in the eastern Mediterra
nean basin and increased precipitation and fluvial output in 
the adjacent catchment areas caused the less dense Levan
tine water to become surface water and to flow westward 
above eastward-flowing, denser Atlantic water (Maldonado 
and Stanley, 1979). This current reversal at the Straits of 
Gibraltar led to stratification of the water mass in the east
ern Mediterranean, with no water exchange occurring be
tween the surface and the deep, resulting in development of 
anaerobic and euxenic deep water in the region (Fig. 5.8). 
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Figure 5.8. Schematic configuration of the oceanographic conditions that 
led to deposition of sapropelic and oxygenated sedimentation in the east
ern Mediterranean region during glacial ages. (After Maldonado and Stan
ley, 1979.) The cold Atlantic water enters the Mediterranean at the lower 
part of the water column at the Straits of Gibraltar. This dense water mass 
does not come into contact with the atmosphere, but is depleted of its 

oxygen content as it flows eastward. This deoxygenated water mass forms 
a reducing and stagnant environment in the eastern Mediterranean Basin. 
At present (not shown) evaporation leads to increased density of the resi
dent water mass, so that oxygenated warm and saline surface water de
scends, and the colder Atlantic water crosses the Gibraltar at the surface. 
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Provinces of the Nile Fan 

The sediments encountered in the Nile fan, and in other 
parts of the eastern Mediterranean, reflect these oceano
graphic oscillations by the cyclic sedimentation, leading 
to the alternating occurrence of sapropelic and well
oxygenated sediment layers. 

Furthermore, fluctuations of sea level, either eustatic or 
regional (Vail et al., 1977; Pitman, 1979), strongly affected 
the offshore depositional patterns of river sediments. The 
periods of high sea level increased the area of the shallow 
seas and thus enhanced sediment accumulation on the con
temporaneous continental shelves. Low sea-level stands led 
to intensive erosion of the emerging coastal plains, which 
were the continental shelves during the high sea-level 
stands, and gave the contemporaneous regions of coastal 
sedimentation an easier and shorter access to the continen
tal slope. Therefore, it is presumed that low sea-level stands 
were associated with increased sediment supply to deep-sea 
fans (Stow et al., 1984). Sediment accumulation in the Nile 
Fan was further enhanced during low sea-level stands, 
when rainfall increased considerably in the Nile catchment 
area, unlike other major rivers whose water supplies were 
partially frozen during these time spans (Said, 1981). 

Facies Distribution 

The sedimentary sequence of the Nile deep-sea fan consists 
of clays and silts, as w~ll as sandy, carbonaceous, sapropelic 
deposits. Differentiating between sediments on the basis of 
grain size depends on the mode of transport. Sediment was 
transported from the continental shelf to the fan as sus
pended load, (suspensites) gravitites, and turbidites (Mal
donado and Stanley, 1981). Suspensites are sorted clays and 
silts transported in suspension, without being in contact 
with the bed of the slope. The gravitites are determined in 
beds of unsorted clastic sediments that display random 
particle arrangement and no internal bedding (Natland, 
1976). Graded bedding, moderate sorting, and primary in
ternal structures identity the turbidites. Medium- to coarse
grained quartz sand, feldspar rich in places, is probably a 
fan channel deposit (Bouma, 1962). Well-graded quartz 
sand, silt, and mud were deposited by turbidity currents, 
and hemipelagic mud, sapropel, and organic ooze are 
products of suspended transport. The channel depositional 
sequence includes layers of coarse- to medium-grained 
sand, up to 1 m thick, with common cut-and-fill structures. 
These sand deposits were affected by gravity mass flow and 
by bottom traction, and both features are commonplace in 
the middle and lower sections of the western province of 
the Nile Fan (Maldonado and Stanley, 1979). The turbiditic 
sequences include high ratios of pelitic and fine silt in most 
places, reflecting the basic type of sediment discharge of the 
Nile. The hemipelagic mud is commonly associated with 
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minor amounts of biogenic sand and calcareous ooze, pro
gressively grading to calcareous ooze and foraminiferal 
sand, with an increase in biogenic matter. Sapropel se
quences indicate water mass stratification and anaerobic 
conditions on the sea floor due to climatic changes and 
eustatic sea-level variations (Vergnaud-Grazzini et al., 
1988). When the sapropel is topped by organic ooze and 
oxidized sediment layers, there is an indication that the 
deep-sea water was becoming better oxygenated. In the 
upper continental slope, down to a depth of 450 m, a pro
deltaic sedimentary sequence prevails (Figs. 5.9 a, b). 

The facies distribution of Nile Fan sediments is high
lighted by a broad tongue of gravity mass flow deposits in 
the western province, extending seaward from the Rosetta 
distributary down to the Herodotus Abyssal Plain There is 
evidence for downslope transport of prodeltaic sediments, 
and sorted coarse sand occurs at the lower section of the 
fan. There is a general increase with depth in the ratio of 
gravitites to suspensites reaching 4: 1 in the Herodotus 
Abyssal Plain (Maldonado and Stanley, 1979). In general, 
sectors showing a high sedimentation rate correlate well 
with zones containing large proportions of gravitite de
posits. 

The eastern province of the Nile Fan is characterized by 
an irregular sedimentary lobe, with approximately 15% 
turbidite content, extending northward and northeastward 
from the Damietta distributary. Furthermore, in spite of 
the effects of the eastward-flowing Mediterranean geo
strophic current, the quantity of recent Nile sediments in 
the eastern province is characteristically insignificant (Mal
donado and Stanley, 1979). The symmetry of the off-delta 
sedimentation, and the eastward longshore sediment trans
port (Coleman et al., 1981, Murray et al., 1981), should 
have caused the eastern fan province to have a thicker 
sedimentary sequence. Therefore, the thin sedimentary 
sequence suggests a probable obstruction to the sediment 
transport. The obstacles that interfered with the downslope 
sediment flow are most probably the elongated salt ridges 
and WNW-trending horsts that were encountered in the 
continental slope off northern Sinai (Ben-Avraham and 
Mart, 1981). These structures probably affected the fan 
sediment transport processes, and the mineralogic composi
tion of the sediments of the eastern province as well. 

Turbid flows, an important mode of sediment transport 
to deep-sea fans, originate commonly from landslides and 
slumps on the upper continental slope, where metastable 
sediment accumulation is triggered to downslope motion 
(Bouma, 1962; Mart et al., 1979). However, the interfer
ence of the uplifted structures with the turbid flows in the 
eastern province, as indicated by the common occurrence 
of ponded sediments (Fig. 5.7), led to a thinner sedi
mentary sequence there. The upper slope off the Missis
sippi, for example, is a region where fine-grained pro del-
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Figure 5.9. Lithofacies charts of the Nile Fan showing (a) average sedi
mentation rate during the past 60,000 years. The sedimentation rates are 
in centimeters per 1,000 years; (b) Distribution of major facies assemb
lages of late Pleistocene-Holocene sediments, showing lithology of tur-

taic sediments accumulated rapidly during low sea-level 
stands (Walker and Massingill, 1970). Considering similar
ities between the sedimentologic regimes of the Mississippi 
and the Nile, as well as the marine basins into which they 
flow, the reduced rate of turbidites in the eastern province, 
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biditic sequences. Note the distinct differences of the sedimentary facies 
between the eastern and western provinces of the fan. After Maldonado 
and Stanley (1979). 

which is structurally controlled, could be the reason for a 
high ratio of medium-grained to fine grained sediments in 
that province (Fig. 5.9b). During the period of the highest 
sedimentation rate of the Nile fan, that was recorded be
tween 28,000 and 17,000 yr B.P., gravitites accumulated at 
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Provinces of the Nile Fan 

a rate exceeding 40 cm/lOoo yr in places in the lower west
ern fan province (Fig 5.9a), a record unmatched in the east
ern province (Ryan et al., 1973; Maldonado and Stanley, 
1979). 

The trigger for downslope sediment flow off the Nile 
Delta could be attributed to earthquakes, to wider coastal 
plains and intensive erosion during low sea-level stands, or 
to down-flowing circulation of water masses in the eastern 
Mediterranean during periods of fluvial maxima. None of 
these processes could have caused the asymmetrical sedi
ment distribution between the two provinces of the Nile 
Fan. Therefore, considering the differences between the 
high sedimentation rates in the western province and the 
restricted deposition in the eastern province, it is suggested 
that the structural interference with the downslope sedi
ment flow in the eastern province was the principal cause 
for the different depositional regime of the two provinces, 
irrespective of the mechanism that triggered that down
slope sediment transport. It is further suggested that the 
sediment deposited on the eastern portion of the continen
tal shelf off the delta could not have moved down the slope 
due to the structural obstacles, but was transported east
ward by the longshore current and subsequently distributed 
along the Levant shelf, slope, and basin. The considerable 
thickness of the Plio-Pleistocene sequence away from the 
Nile Fan, along the continental margin of the Levant, and 
in the Levant Basin (Mart, 1984), along with the predomi
nance of Nile-derived near-surface sediments there (Ven
katarathnam et al., 1972; Nir, 1984; Mart, 1989), could 
account for the masses of missing sediment from the eastern 
province of the Nile Fan. 

Conclusions 

Analysis of the sedimentology and structure of the Nile Fan 
reveals a huge sedimentary accumulation that originated in 
east and northeast Africa, and was transported to the 
southeastern Mediterranean since the late Miocene by the 
Nile fluviatile system. The Nile and its predecessor rivers 
built a delta with a distributary deltaic system that has been 
symmetric between its eastern and western sectors. The 
deep-sea fan associated with the same fluviatile system, on 
the other hand, displays remarkable differences between 
its eastern and western provinces. The eastern province 
is strongly affected by faulting and diapirism, and its 
sedimentary fan accumulation seems thinner than that of 
the western province, where the relatively regular sedi
mentation regime of a deep-sea fan has prevailed. Fur
thermore, the occurrence of a ubiquitous, Nile-derived 
sedimentary sequence, of Pliocene and early Pleistocene 
age, in the continental margin of the southern Levant sug
gests that the distribution patterns of the Nile sediments 
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during the Pliocene were different from the present pat
terns. Since both provinces of the deep-sea fan overlie con
tinental crust covered by a thick sedimentary sequence of 
early Mesozoic to mid-Tertiary age (Woodside, 1977; Mak
ris et al., 1983), the differences between the provinces of 
the fan did not stem from crustal variability, and the radial 
symmetry of the delta rules out postulated effects of biased 
shelf sediment distribution. 

It is suggested that the differences between the fan prov
inces resulted from the activity of a local faulting system, 
which affected only the eastern sector. Therefore, the Nile 
river developed two contemporaneous depositional systems 
that came from the same single sedimentary source and de
posited upon the same type of passive continental margin. 
These two depositional systems show considerably different 
structural and sedimentologic patterns, because the faults 
and the diapirs in the eastern province interfered with the 
turbiditic flow of the sediment. Thus, the geomorphology 
and sedimentology of the Nile fan are unique in their asym
metric structure and sedimentation processes. 
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SECTION III 

Ancient Analogues 

E.G. Rhodes and T.F. Moslow 

Analog-oriented interpretation implies familiarity with a 
broad spectrum of examples that express the range of 
variability found within any specific depositional environ
ment. Equally important to such interpretations are 
reliable, robust methods that guide the geoscientist in 
description and analysis. This third section of the volume 
continues to emphasize the thread of continuity associ
ated with parasequence and facies description supported 
within the previous section. 

We encouraged authors to present material that related 
the parameters of primary facies character, diagenetic mod
ification, reservoir geometry, and production or test per
formance as fully as their data sets permitted. Because of 
the focus on sedimentary and diagenetic facies description, 
we asked authors to report their core or outcrop data as 
fully as possible. A significant emphasis was placed on 
reservoir description supported by core acquisition and 
analysis. 

The seven chapters contained within this section repre
sent a modest suite of reservoir facies examples that range 
in water depth from tidal inlets to deep-water fan com
plexes. Although demonstrative of some of the variability 
within these environments of deposition, this collection of 
examples offers a greater strength as a collection of tem
plates and methodologies that encourage analog-oriented 
interpretation. 

The Wilcox rocks that Steve Johansen describes in Chap
ter 6 are among the several clastic progradational wedges 
that dominate the Tertiary sediments of the northern mar
gin of the Gulf of Mexico. Deposited at or near the con
tinental shelf edge, sedimentary units such as Johansen de
scribes are the subject of a recent prolific exploration trend 
along the Gulf Coast. These lower Eocene rocks are, at 

most locations, complex in terms of sedimentary facies dis
tribution, partly due to the relative sea-level factors dis
cussed in previous chapters. 

Johansen demonstrates that understanding the original 
controls on primary facies distribution is a highly effective 
pathway to analyzing the distribution of diagenetic changes. 
Although Johansen points out that his diagenetic inter
pretation is not all-encompassing-even with the excellent 
data set available for Lockhart Crossing Field-his chapter 
establishes a template by which others may analyze the dis
tribution of diagenetically induced reservoir heterogeneity. 

As the gap between development geology and reservoir 
engineering closes, facies-oriented field studies that con
sider both the distribution of primary sedimentary facies 
and diagenetic overprint on these units will carry a greater 
mandate, especially prior to tertiary development phases. 
Johansen admits that he is unable to demonstrate complete 
omniscience concerning the distribution of primary and 
secondary lithofacies. However, he clearly identifies the 
primary factors affecting diagenesis as depositional 
architecture and tectonic structure. His chapter shows how 
the geoscientist must determine the position of primary 
reservoir facies and merge those data with a knowledge of 
the geometry of faults and folds. Johansen's contribution 
demonstrates that it is distribution of primary facies, mod
ified by a structural overprint, that is the ultimate arbi
trator of reservoir performance. 

Jeff May tackles a highly contentious subject in Chapter 
7-the paleoenvironmental interpretation of sediments 
within another of the progradational clastic wedges of the 
Gulf of Mexico. As Cant effectively illustrated in Chapter 
1, relative sea level, rather than large-scale eustatic control, 
is most important to the placement of shallow-marine para-
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sequences. May discusses a core-intensive study of two 
Deep Wilcox wells that contain strong evidence for shallow
water deposition within a framework that has been pre
sumed to be dominated by submarine fan facies. The 
presence of shallow water parasequences at the mouth of a 
canyon thought to be entirely dominated by deep-marine 
sedimentation can impose a major revision on exploration 
or development strategy. 

May's findings are valuable beyond the group of geo
scientists concerned about exploration strategies for the 
Deep Wilcox. May demonstrates a template for facies 
analysis that quite objectively accepts rock-oriented data, 
even when such data are contrary to an almost overwhelm
ing amount of previous interpretation. May's work con
tradicts previous interpretations through application of 
process sedimentology. The paradigm presented here is 
common within other chapters of this volume: core-based 
observation is a critical arbitrator for paleoenvironmental 
interpretation, especially in marine clastic reservoirs. 

In Chapter 8, Joel de Castro embarks on the ambitious 
task of describing a progradational parasequence contained 
within a larger retrogradational sequence. The prograda
tional sediments host four stratigraphically defined oil 
fields. Assisted by a wealth of core and outcrop data, de 
Castro has been able to precisely identify facies on the basis 
of primary sedimentary structures. A rare opportunity for 
oil-industry geoscientists, the author has made the most of 
this data set by interpreting the reservoir and seal rocks in 
the context of a single, closely constrained depositional 
system. 

Many of the facies descriptions within Chapter 8 rely 
heavily on primary sedimentary structures and lithofacies 
texture, as indicated by core and log data. De Castro is 
thorough in his subdivision of the oil-field reservoirs based 
on rock character. He observes that the highly productive 
estuarine environment contains fining-upward aggradation
al facies units that provide internal seals-an issue that 
many development geoscientists notice during water-flood 
operations in such reservoirs. Similarly, de Castro's de
tailed description of the occurrence of fine-grained facies 
associated with higher water saturations is familiar to reser
voir geologists who are concerned with capillarity and 
excessive water production within heterogeneous clastic 
reservoirs that contain low-permeability facies. 

This chapter and its companion, written by de Castro's 
former co-worker, Eduardo Bagnoli, are exceptional be
cause of their attention to sedimentologic detail and the re
lation between such detail and the reservoir character of 
these deltaic/marine oil fields. The data set, and the extent 
to which de Castro has interpreted this information, pro
vide another example of the application of reservoir 
sedimentology to delineating the architecture of facies
controlled reservoirs. 

Rhodes and Moslow 

In Chapter 9, Eduardo Bagnoli further analyzes the 
sedimentary architecture and facies distribution within the 
Canto do Amaro field, which is the largest of the four fields 
described by de Castro in Chapter 8 (over 100 million bar
rels of oil in place). Located in a downdip trend from the 
other fields, the Canto do Amaro oil field produces from 
sandstones that were deposited in tidal channels within a 
tide-dominated inlet system. 

Bagnoli's analysis is unique because he is able to extend 
de Castro's regional framework down to the individual res
ervoir and facies level. Previously, de Castro showed that 
diagenetic alteration did not appear to significantly affect 
reservoir quality among the four fields. Bagnoli is able to 
further illustrate this with petrographic and petrophysical 
comparisons, showing that primary sedimentary facies 
remain the significant parameter in reservoir quality. 
Although diagenetic alteration has altered the Mossoro 
Sandstone by mechanical and chemical compaction and cre
ated secondary porosity along with authigenic cements, 
Bagnoli shows that primary facies distribution related to 
tidal-channel energy remains the significant controlling pa
rameter in reservoir quality. Elsewhere, in Chapter 4, Tye 
and Moslow suggested a similar predictive basis for reser
voir quality associated with their study of modern exam
ples. Thus, reservoir-quality prediction is directly linked to 
paleoenvironmental interpretation, demonstrating the ex
tent to which a new field can be analyzed with sufficient 
core control. 

Chapter 10, by Bob Ruggiero, revisits an extremely ma
ture basin and describes the process-response model that 
created the reservoir complex within a deep-marine en
vironment of the Permian Basin. Not only has Ruggiero 
wrestled with the contentious issues surrounding the mode 
of deposition for these deep-water sediments, but he has 
effectively explained the controls on reservoir geometries 
within such environments. 

By design, Ruggiero has avoided becoming immersed in 
discussion of the sequence-stratigraphic framework of these 
sediments. Though important to the overall understanding 
of the history of deep-water epicontinental basins such as 
the Delaware Basin, the management of fields such as 
Geraldine Field, in preparation for secondary and tertiary 
recovery, imposes a particular focus. Such a focus usually 
requires that an overall regional model be accepted to the 
degree that it expla,ins emplacement of the reservoir units 
and their seals. As Ruggiero describes here, the challenge is 
to identify the sedimentary and diagenetic parameters that 
influence hydrocarbon recovery on a well spacing of 20 
acres or less. 

With more than 40 years of hindsight, Ruggiero's evalua
tion of the reservoir geometry imposed by subtle facies 
changes provides a unique example of reservoir sedimentol
ogy used to improve tertiary recovery. By the time a field 
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Section III 

evolves from secondary to tertiary recovery, most of the 
evidence is in hand to devise an optimal management plan; 
it merely needs to be ordered and analyzed. Ruggiero's 
method of comparing sedimentological description against 
fluid production and injection histories is a powerful analog 
by which to study other fields prior to tertiary recovery. 

The last two chapters deal with the sedimentology and 
stratigraphic architecture of deep-marine clastics within the 
Los Angeles basin. These deposits, on an active continental 
margin, host considerable hydrocarbon reserves in structur
ally and stratigraphically complex reservoirs that require 
extensive coring prior to secondary and tertiary recovery 
operations. 

In Chapter 11, June Gidman and her associates describe 
a cored well within a mature field in considerable detail, 
providing a discussion of the lithofacies, depositional 
model, and reservoir quality within such sands. In the 
Inglewood Field, the authors show that facies associations 
clearly indicate gradual migration of a depositional lobe 
across the basin floor. Such interpretations exemplify the 
broader applications of reservoir studies beyond the con
fines of a field. 

A highlight of this chapter is the discussion of permeabil
ity prediction. One of the principal goals of reservoir char
acterization is to provide quantitative description in support 
of reservoir simulation models. A significant input to such 
models is the determination of permeability and the varia
tion of this parameter throughout the volume of the reser
voir to be modelled. Gidman and her co-authors provide a 
rigorous and easy-to-follow comparison of two types of 
transformations from log-derived porosity to predicted per
meability. 

In Chapter 12, Roger Slatt and his co-authors illustrate a 
parallel observation to that of Lindsay and Gorter in Chap
ter 3. In Chapter 3, Lindsay and Gorter wrestled with the 
issue of reservoir quality prediction during the process of 
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basin analysis. They found that large-scale trends could 
be identified within certain portions of the sedimentary 
architecture of a basin. However, they concluded that res
ervoir quality at the field scale could be quantified only by 
observation and sampling on a local grid that accounted for 
facies variability. Based on an extensively studied reservoir 
within the Wilmington Oil Field of the Los Angeles basin, 
Slatt and his associates arrive at a similar conclusion. 

Similar to a theme presented in Chapter 11, by Gidman 
and her co-workers, an important aspect of Chapter 12 is 
the quantification of reservoir quality in terms of per
meability, the parameter that is essential to most reservoir 
engineering endeavors. Combining permeability with litho
facies and porosity, Slatt and his associates delineate three 
numerically significant flow units. In this case, these units 
are facies defined, simplifying the reservoir description in 
favor of the authors, but strengthening their points con
cerning scales of heterogeneity. In brief, Slatt and his 
associates use a nearly unparalleded data set to illustrate 
the limitations of scaling reservoir observations outward 
into a multi-well domain. The findings presented here pro
vide a standard by which to plan and evaluate the study of 
inter-well variability of production performance. Further
more, comparison of Figures 14 and 18 in this chapter, and 
a review of interpretations that support these figures, 
strengthen the caveats that Pacht and his co-authors placed 
on prospecting at the facies-tract level (see Chapter 2). 

Finally, the analysis of "fit" that Slatt and his associates 
apply to three current models of deep-marine sedimen
tation make this chapter valuable as a contribution in 
sedimentology and stratigraphy. The testing of three con
trasting depositional models against a rigorously complete 
field-scale data set further illustrates the uncertainty of 
managing either development or exploration programs 
strictly on a model-based theme. 
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CHAPTER 6 

Depositional and Structural Controls on the Diagenesis of Lockhart 
Crossing Reservoir (Wilcox); Gulf Coast of Louisiana (U.S.A) 

Steven J . Johansen 

Introduction 

The diagenetic processes that control the distributions of 
cements and porosity within reservoirs are poorly known. 
However, two lines of reasoning suggest that cement and 
porosity distributions should reflect both the geometry of 
the depositional units and the geometry of faults and folds. 
First, diagenetic processes are stabilization processes. That 
is, the reactive components in the sediments interact with 
the subsurface environment to form more stable com
pounds. Because the original distribution of reactive com
ponents was controlled by the depositional systems, some 
spatial relation between the depositional architecture and 
the diagenetic products might be expected. Second, many 
of the processes that precipitate cement or modify porosity 
involve dissolution, transport, and re-precipitation by sub
surface waters. Hydrology is strongly controlled by deposi
tional architecture and tectonic structure, so the distribu
tion of dissolution and precipitation products must also be 
controlled by these factors. 

This chapter relates the three-dimensional diagenetic 
fabric of one reservoir to its depositional systems and 
tectonic structure. The described reservoir is Lockhart 
Crossing Field, in the uppermost Wilcox Group (Eocene) 
of southeastern Louisiana (Fig. 6.1). A detailed study of 
the diagenetic fabric of this reservoir was undertaken for 
several reasons. A major factor was the high density of 
geological information that was available; 22 cores and 
more than 50 electric logs from an area of about 9 mi2 
(about 25 km2) were used in this study. It was hoped 
that results would aid in understanding the diagenesis of 
other Louisiana Wilcox reservoirs and similar reservoirs 
worldwide. Carbonate cements are present within Lock-

hart Crossing Reservoir, and electric-log correlations sug
gest they are laterally continuous in thin horizons that com
partmentalize portions of the reservoir. Similar, though 
more extensive, carbonate cements totally occlude porosity 
in other Wilcox sandstones in the Lockhart Crossing area. 
Lockhart Crossing Reservoir curiously lacks the abundant 
acid-sensitive ferro an clays such as those that hinder de
velopment of stratigraphically similar reservoirs several 
tens of miles (20 to 40 km) away. 

This study was funded by the Basin Research Institute 
and was possible because Amoco Production Company and 
CalIon Petroleum Company generously granted Basin Re
search Institute access to cores, electric logs, porosity/ 
permeability data, and water analyses. Previous studies of 
the reservoir include an overview of the geology presented 
by Self et al. (1986). Lowry (1987) reviewed the regional 
depositional systems of the Wilcox Group in central 
Louisiana and presented an interpretation of Lockhart 
Crossing Field that differs from the interpretations of Self et 
al. (1986) and this study. Detailed studies of the clay di
agenesis of Lockhart Crossing were conducted by Strickler 
(1988; see also Strickler and Ferrell, 1990, 1992), and de
tailed studies of carbonate cement diagenesis will be pre
sented in a later paper by Johansen, Strickler, and Ferrell 
(in preparation). 

General Geology 

Setting 

Lockhart Crossing Field is typical of many Gulf Coast 
Tertiary oil fields. The reservoir sandstone, which is the up-
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TENN . 

TEX . 

Gulf of Mexico 

Figure 6.1. Location of Lockhart Crossing field and approximate position 
of the continental margin during Wilcox deposition. Margin position mod
ified from Winker (1982). 

permost sandstone in the Wilcox Group (Paleocene-lower 
Eocene) in this part of southeast Louisiana, is an amal
gamation of marine, shoreline, and lower coastal plain de
positional units. The field is a structural trap formed by a 
roll-over anticline that is down-dip from a large growth 
fault, and is modified by synthetic and antithetic growth 
faults (Figs. 6.2 and 6.3). Self et al. (1986) estimate 46 
MMBO in place, and predict that 21 MMBO will be re
covered by a water-flood program now in progress. 

The present continental margin lies 150 miles (240 km) to 
the south, but the Lockhart Crossing area was in a shelf 
setting quite close to the continental margin at the time of 
upper Wilcox deposition (Fig. 6.1). Lockhart Crossing is 
east of the Mississippi embayment in a region where the 
rates of sedimentation and margin progradation were slow 
during Wilcox time (Lowry, 1987). This setting is distinct 
from areas west of the Mississippi embayment, where the 
continental margin prograded rapidly oceanward during 
Wilcox time, as huge volumes of sediment were delivered 
to the coast (Winker, 1982). As in most progradational con
tinental margin settings, syndepositional growth faulting 
strongly influenced the depositional systems and hydrologic 
regimes of Lockhart Crossing. 

The upper 500 ft (150 m) of the Wilcox Group at Lock
hart Crossing consists of two distinct intervals (Fig. 6.2). 
The lower 2oo-ft (60 m) interval consists of upward
coarsening, progradational deltaic coastline and marine 
sequences. These are overlain by the upper 300-ft (90 m) 
interval of aggradational strandplain and nearshore marine 
sequences, consisting mostly of silty mudstones and sub-

S.J. Johansen 

ordinate amounts of sandstones. The Wilcox Group is 
overlain by the Reklaw Formation of the Claiborne Group, 
the base of which at Lockhart Crossing is a condensed hori
zon of calcareous and glauconitic, fossiliferous, rip-up 
clast-bearing, conglomeratic sandstone and calcareous 
mudstone. It is typical of transgressive lags developed in 
siliciclastic shelf and coastalplain sequences (cf., Stenzel, 
1940). It is overlain by low-resistivity clayshales deposited 
in offshore marine settings. 

Provenance 

Most sandstones in the reservoir are very fine to fine 
grained, siliceous, texturally mature, lithic arkoses and 
feldspathic phyllarenites, using the nomenclature of Folk 
(1974) (Fig. 6.4). Their provenance was the southern Appa
lachians and uppermost Gulf Coastal plains. Lateritic, 
bauxitic, and kaolinitic paleosols distributed throughout the 
Cretaceous and Lower Tertiary intervals of the American 
southeast suggest a warm, humid climate for these source 
areas (Pryor and Glass, 1961; Dury, 1971; Sigleo and 
Reinhardt, 1988). Many geologists argue that the Appa
lachians were topographically subdued and experiencing 
low erosion rates in Lower Tertiary time (Judson, 1975), 
while an alternative view is that the Appalachians experi
enced a tectonic rejuvenation during Wilcox time (Todd 
and Folk, 1957). The petrology of Lockhart Crossing sand
stones offers contradictory evidence. Their feldspathic 
nature suggests that weathering processes were not too 
intense, but some quartz grains have corrosion textures 
suggesting intense chemical weathering. Possibly the best 
interpretation is that sediment came from both moderate
relief uplands and low-relief coastal-plain source areas, 
both subjected to a warm, moist climate. 

Sediment delivered to the coastal depositional systems 
was relatively stable, compared to the large amounts of im
mature detritus that the Laramide orogen was shedding 
into the western Gulf. The feldspars in the original Lock
hart Crossing detritus contained many low- to intermediate
temperature forms from meta-sedimentary, meta-volcanic, 
and plutonic sources. Much alumino-silicate would have ar
rived as partially degraded chloritic and illitic clays, derived 
from Appalachian sedimentary and metamorphic rocks, 
and as kaolinite (Strickler and Ferrell, 1992). Iron probably 
was transported as limonite. 

Depositional Systems 

Figures 6.2 and 6.5 are cross sections across the deposition
al strike and dip of the reservoir. Underlying the reservoir 
are bioturbated, sparsely shelly, moderately to very dark 
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Figure 6.2. A. Dip-oriented cross-section across Lockhart Crossing field. B. Location map shows the line of this cross-section and the cross-section of 
Fig. 6.5. Location 1" is the well illustrated in Fig. 6.6. 

gray, slightly sandy mudstones of normal marine deposi
tion. Several thin (1 to 3 ft, or 113 m to 1 m) beds of very 
pale blue, calcareous or bentonitic sandstone are present 
within 15 ft (5 m) of the base of the reservoir, but the se
quence does not display a noticeable upward increase in 
sand content. Sparse calcareous fossils are present through
out the marine mudstones, but many calcareous fossils have 
been partially or totally dissolved, leaving only impressions 
in the encasing mudstone. The upper 6 inches (15 cm) of 
the mudstone sequence contains burrows about an inch (2.5 
cm) in diameter filled with highly glauconitic sandstone. 

Most of the reservoir consists of a 40- to 50-ft-thick (12 m 
to 15 m), upward-coarsening sequence of texturally mature, 
very fine to fine sandstone (Fig. 6.6). This is the littoral 
facies . Close examination leads to a differentiation of two 
subunits within this facies. The subtle boundary between 
the two subunits had profound effects on later hydrologic 
regimes and diagenesis. The lower subunit, which is 10 to 
15 ft thick (3 m to 5 m), was deposited in a sandy offshore 
marine environment over an extended period of time. It 
consists of very fine-grained, siliceous cemented, slightly 
silty and clayey, glauconitic and shelly, feldspathic phyllare-
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Figure 6.3. Structure contour map (feet below sea level) of the top of the Wilcox Formation, Lockhart Crossing field. The trend of the primary growth 
fault is generalized from Self et al. (1986). 

nite sandstone. Glauconite and rip-up clay clasts are espe
cially abundant in the lower 1 ft (113 m) (Fig. 6.7). No other 
systematic changes in grain size or physical sedimentary 
structures are recognized in this subunit due to destruction 
of original structures by intense bioturbation. The upper 
subunit within the littoral facies is a regressive shoreface 
sequence. It commonly coarsens upward and contains less 
glauconite, fewer clay rip-up clasts, less detrital matrix, and 
fewer bioturbation structures than the underlying offshore 
marine sandstone subunit. Low-angle cross laminations 
with disarticulated bivalves and reworked agglutinated bur
row walls are rarely preserved in the uppermost portion of 
the sequence (Fig. 6.8). The subaerial portions of the re
gressive shoreface system are not preserved. 

The littoral sandstone sequence is overlain throughout 
much of the field by 20 ft (6 m) of moderate to very dark 
gray, carbonaceous, pyritic and sideritic shales, which were 
deposited in a brackish-water lagoon or bay environment. 
This lagoonal facies contains abundant woody plant im
pressions, while bivalve impressions and glauconite are ab
sent or very rare. Bedding is undisturbed except for very 
sparse, poorly-defined rootlet(?) or bioturbation(?) traces. 
Self and others (1986) collected from this unit a limited 
foraminiferal population of agglutinated forms, which they 
interpreted as a brackish-water assemblage. 

The lagoonal facies is missing updip of the major growth 
fault north of the field, due to syndepositional faulting and 
resultant erosion or nondeposition. It is also partially or 

totally missing in about a quarter of the wells drilled down
dip from the growth fault, because several channels were 
incised into the top of the lagoonal facies (Figs. 6.5 and 
6.9). A large channel that incised the north flank of the field 
eroded through the total lagoonal facies, into the littoral 
sandstone facies. The channel-fill facies consists of inter
bedded sandy mudstones, clean sandstones, and sandy 
mudstone-clast conglomerates (Fig. 6.10). Mudstones are 
moderate dark gray to pale dark gray, the gray value 
reflecting the ratio of plant detritus versus sand content. 
Some display delicate, repetitive laminations. Sandstones 
are ripple-laminated and trough cross-bedded, and 
bioturbation is rare or absent. Grain size is variable, but 
many channel sandstones are upper fine grained to medium 
grained, and are distinctly coarser than any of the under
lying littoral sandstones. Clasts in the mudstone-clast con
glomerates were locally derived; they resemble mudstone 
lithologies that occur elsewhere in the channel-fill se
quence. 

The origins of the channels and channel-fill sequences are 
controversial. Possibly, the channels are paleovalleys that 
incised into the lower coastal plain during a minor sea-level 
fall, and these paleovalleys later filled with bayhead delta 
and/or estuarine sediments as base level rose during an en
suing transgression. The channel dimensions (Fig. 6.9) are 
similar to those of· small stream valleys that incised the 
modern Gulf Coast lower coastal plain during the last 
glacial lowstand. The larger incised channel is located in 
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plutonic/gneissic fragments 
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+ channel-fill facies 

o upper littoral facies 
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B. volcanic rock fragments 
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Figure 6.4. A. Q-F-L plot of framework grains for 46 samples from the 
Lockhart Crossing Reservoir. Based on 300 points per thin section, with 
sections stained for potash and plagioclase feldspars. Only grains with 
apparent diameters >30 J.Lm were counted as framework grains, and if the 
counted point fell upon a crystal of >30 J.Lm diameter within a polyminera
lic grain, it was counted as an individual mineral species, not a rock frag
ment. B. V-M-S plot for the same samples. Data are presented in Johan
sen (1987). 

the zone of maximum subsidence of a contemporaneous 
growth fault (see structure discussion below), which is a 
reasonable incision course for a lower coastal-plain fluvial 
system. 

An alternative interpretation is that the channel-fill facies 
represents the infill of fluvial estuary/tidal inlet systems 
developed landward of the regressive shoreface system, 
similar to those of the present Georgia coast described by 
Moslow (1984). These modem fluvial/tidal estuaries are 
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oriented parallel to the shoreline, similar to the channel 
facies at Lockhart Crossing, and the modern fluvial-tidal 
estuaries are orthogonal tributaries to larger tidal inlet/ 
fluvial estuarine systems that separate individual barrier 
islands. A larger tidal inlet or estuarine system might ter
minate the first Wilcox sandstone at Livingston Field, 
several miles (3 to 8 km) east of Lockhart Crossing field 
(P. A. Thayer, personal communication, 1985). 

Abruptly overlying the lagoonal sequence and the 
channel-fill sequence (where present) are nearshore normal 
marine mudstones. The base of these marine mudstones 
contains, in some wells, an unsorted transgressive lag de
posit of re-sedimented carbonate concretions, oyster shells, 
and glauconitic sandstone. In other wells the contact is an 
abrupt disconformity between the mudstones of the lagoon
al facies and the overlying marine mudstones. In these 
wells, the sparsely glauconitic, shelly, and bioturbated 
marine mudstones can be separated from the lagoonal mud
stones only by careful inspection. 

Structure 

Abrupt changes in the thickness of stratigraphic units 
reflect syndepositional movement of growth faults in the 
Lockhart Crossing area. Figure 6.3 is a structure contour 
map on the Reklaw/Wilcox contact; the basal Reklaw trans
gressive lag was a relatively flat surface across the field area 
at the time of its deposition. Figure 6.11 is an isopach map 
between the top of the Wilcox and the base of the second 
Wilcox sand (labelled in Fig. 6.5). This map represents a 
"paleostructure" map of the second Wilcox sand at the time 
of Reklaw deposition, if the effects of later shale compac
tion are ignored. Correction for compaction would accentu
ate the variations in thickness. Comparison of Figures 6.3 
and 6.11 reveals that growth of the rollover anticline in
fluenced the thickness of depositional units. Updip of the 
major growth-fault system, the interval is much thinner, 
and the lagoonal facies is missing (Fig. 6.5). 

A fault trending N300E cuts across the grain of the struc
ture in the western portion of the field; it must be a post
Wilcox structure, for it has no expression in the isopachs. 
This fault dropped the western end of the field, which at the 
end of Wilcox deposition was a bit higher on the rollover 
anticline than the eastern end. 

As mentioned above, the channel incision trends east
west, parallel to the ancient shoreline trend, following a 
zone of rapid subsidence along the major growth fault. In 
the northeastern portion of the field, the channel incised 
into the littoral sequence. This geometry (Figs. 6.9 and 
6.12) exerted strong controls on the hydrologic history of 
the reservoir. 
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Figure 6.5. Strike cross section of Lockhart Crossing field. Location map is Fig. 6.1B. The channel-fill facies is present in two separate areas (wells 2 and 
6'), but the channel did not incise totally through the brackish-water shales in well 6'. Oil-water contact is only approximated. 

Porosity and Permeability Distribution-General Statement 

The distribution of permeability and porosity in this field 
mostly reflects the original sediment texture. The channel
fill sequence on the northeast side of the reservoir has 
heterogeneous porosity and permeability trends, reflecting 
the intercalated sandstones, mudstones, and mudstone con
glomerates of the channel fill. Permeabilites as high as 2 or 
3 d are present in trough cross-stratified, medium-grained 
sandstones; these are intimately interbedded with more 
shaly or clay-clast-rich layers with permeabilites of 10 md or 
less. The bulk of the reservoir consists of the littoral se
quence, which generally has a more equitable distribution 
of porosity and permeability (Fig. 6.6). The glauconitic 
and slightly clayey, very fine sandstones of the lower sub
unit, or offshore sandstone subfacies, have measured poro
sities of 15 to 20% and permeabilities of 1 to 10 md. The 

cleaner, upward-coarsening, very fine and fine sandstones 
of the overlying shoreface subfacies have generally upward
improving porosity and permeability trends, with perme
abilities generally between 20 and 100 md and porosities 
of 20 to 24%. 

Self et al. (1986) explained how the surface tension 
at the oil/water contact, in conjunction with the very 
small pores in the offshore marine facies, combined to give 
the oil water contact in this reservoir a concave-downward 
geometry. The very small pores in the offshore marine sub
facies suck up water by capillary forces. Because the reser
voir is a doubly-plunging anticline, the oil/water contact 
rises on the center of the structure in response to this capil
lary action. 

These simple relations between depositional environ
ments, permeability, and porosity do not hold at the con
tacts between different facies. Porosity and permeability 
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CALLON PETROLEUM COMPANY - M. I. STEWART NO.1 
SEC. 14 T.8 S. , R. 3 E. UVINGSTON PARISH, 

LOUISIANA 
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Figure 6.6. Sediment texture, carbonate cement, porosity and permeabil
ity trends through the littoral facies interval. Textural and cement data 
based on point counts of 16 standard thin sections (data in Johansen, 
1987). Porosity and permeability data based on conventional core analysis 

are erratic at the contact between the offshore marine sub
facies and the shoreface subfacies. In many wells, this con
tact is carbonate cemented, while in others, it is excep
tionally porous and permeable. Complicated alternations of 
high and low porosity are present in some wells, with zones 
of low permeabilty correlating to zones of carbonate ce
ment (Fig. 6.6). Carbonate cements are also common at 
contacts of the channel-fill sequence with other facies. 
When the channel fill is incised deep into the littoral se
quence, carbonate cements are common near the contact. 
Carbonate cements are also common at the top of the 
channel-fill sequence or in the overlying conglomeratic 
transgressive lag deposits that are locally present. Examina
tion of the neutron-activation porosity logs for the field 
(Fig. 6.13) reveals the extent of the carbonate cement. The 
carbonate-cemented zones are more common on the crest 
and updip limb of the anticline, and near faults. These 
zones of carbonate cementation could compartmentalize 
the reservoir into three facies-controlled flow units. Self 
et al. (1986) report no problems of this nature with the 
water-flood program now in progress. However, laterally 
continuous, thin zones of carbonate do compartmentalize 
other reservoirs (Kantorowicz, et al., 1987), and well
developed carbonate cements are a common destroyer of 
reservoir quality in siliciclastic sandstones. 

The remainder of this paper investigates the interrela
tions between the paleohydrology and diagenesis of this 
field. The effects of diagenetic processes on reservoir qual-

----+-.... 

t.:.;e:==::..:.:.···· . ..... ... ..... ..~ .. ~=C:~ 
permeability 
enhanced 
I7J calcite 

• ••••••.••••• dissolution' 

on 1-ft intervals. Electric logs, porosity, and permeability data made avail
able by Amoco Production Company. Location of well is shown as point 1" 
in Fig. 6.18. 

ity are discussed, and a model is presented that links the 
hydrologic history of the reservoir to the present distribu
tion of carbonate cements. This illustrates some general 
principles that control reservoir quality in this and in other 
reservoirs. 

Hydrologic and Diagenetic History of Lockhart Crossing 
Reservoir 

Hydrologic Regimes and the Present Reservoir Setting 

Galloway (1984) divided the sedimentary fill of the Gulf 
Coastal Plain basin into three hydrologic regimes, and 
stressed that different diagenetic processes are common to 
each. The shallowest is the meteoric regime, in which the 
loosely compacted sediment is flushed with meteoric water. 
Galloway and Kaiser (1980) documented modern meteoric 
water penetration to about 5000 ft deep in the Frio inter
val of Texas. Recent computer modelling suggests that 
meteoric waters can circulate to great depths in coastal
plain sequences, well beyond the shoreline into submerged 
shelf sequences (Bethke et al., 1987). The second hydro
logic regime is the compactional regime, in which the gen
eral fluid flow is upward, out of the sediment pile as the 
sediments compact and expulse waters. The third hydro
logic regime is the thermobaric regime, which consists 
of sediments below the top of geopressure, typically at 
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Figure 6.7. Glauconitic, clay-clast-bearing, extensively bioturbated very 
fine sandstone from the base of the littoral facies. 10,243-ft core depth, 
Amoco No. 3 I.A. Thorn , Section 41, T6S, R3E, Livingston Parish, 
Louisiana. 

6,OOO-ft (1800 m) to 12,OOO-ft (3700 m) depths. Exchange 
of fluids between the thermo baric regime and the overly
ing regimes is significantly retarded, and intense heat and 
pressure produce profound diagenesis verging on meta
morphism. 

At present, Lockhart Crossing Reservoir lies at a depth 
of about 10,200 ft (3100 m) (Fig. 6.5), which is 5,000 ft 
(1500 m) above the local top of geopressure, as determined 
from plotting mud weights. Formation temperatures prior 
to water-flooding were about 100°C (as estimated from 
bottom-hole temperatures using the method of Kehle, 
1971). Salinity is about 50,000 ppm (personal communica
tion with Amoco production geologists, 1986). Alkalinities 
reported to Amoco from commercial labs commonly esti-

S.J. Johansen 

Figure 6.8. Low-angle to horizontally laminated, clean fine sandstone 
from the top of the littoral facies. Shell debris and reworked agglutinated 
burrows are present in some laminations. 1O,204-ft core depth, same well 
as in Fig. 6.7. 

mate bicarbonate concentrations between 900 and 1100 mg/l 
(personal communication from Amoco production geolo
gists, 1986); but these numbers probably represent total 
alkalinity titrations, and so may reflect the presence of 
weak organic acids (cf. , Morton and Land, 1987; Surdam et 
aI., 1984). Updip (north) from Lockhart Crossing and at 
shallower depths, water salinities are greater, possibly 
reflecting the dissolution of salt diapirs by circulating 
formation fluids (Hanor et aI., 1986). 

Sediment Modification in the Depositional 
Environment and Meteoric Regime 

The most unstable components in this sediment at deposi
tion had two fundamentally different origins. One source of 
unstable components was the original sediment provenance 
and the updip fluvial depositional systems that transported 
the sediment to the coastline. This source delivered muds 
rich in organic matter, limonite, and cation-poor clays. The 
second source for unstable material was the final deposi
tional site. Because the final sedimentation site consisted of 
non-deltaic littoral and related coastal plain settings on a 
slowly prograding shelf, there was abundant time for car
bonate allochems and detrital organic matter to get mixed 
into the sediment. 

The distribution of these unstable components was deter
mined by the depositional systems. The lower, offshore 
marine subunit of the littoral sequence contained large 
amounts of calcareous fossils and syndepositional rip-up 
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Figure 6.9. Distribution and thickness of the channel-fill facies superim
posed upon a structure contour map of the Wilcox Formation top (Fig. 
6.3). The channel-fill facies does not cut across the trend of the structural 

Figure 6.10. Interbedded fine and medium sandstones, shale-clast con
glomerates, and laminated siltstones and shales (not shown here) are 
typical of the channel-fill facies. Note the lighter color of the matrix 
around the shale clasts, reflecting the abundant kaolinite that clogs pores 
adjacent to the shale clasts. Scale bar is 5 cm (about 2 in) long. From 
10,208 ft core depth, Calion Pet. No.1 O.M. Barnett, Sec. 16, T6S, R3E. 

anticline, but seems to be oriented parallel to the bounding down-faulted 
blocks. This relation suggests that channel incision was partially controlled 
by contemporaneous structure. See also Fig. 6.11. 

clasts and grain coatings of dolomite, calcite, and possibly 
aragonite (Fig. 6.14). These carbonate clasts and grain 
coats probably precipitated on the offshore marine sea 
floor, as similar carbonates form today in the North Sea 
marine floor (Hovland et aI., 1987) or in shoreface 
settings of Modern Louisiana beaches (Kocurko, 1986). 
Calcareous fossils were also present in the underlying 
marine mudstones. Amorphous iron would not have re
mained for long in the marine sediments; they contained 
bacteria that converted sulfate (S04+) to sulfide, which in 
turn combined with the reactive limonite to form pyrite 
(Berner, 1980). 

In contrast, the overlying lagoonal mudstones and incised 
channel-fill sequence contained abundant detrital limonite, 
little detrital carbonate, and fresh to brackish pore waters 
with little available sulfate for pyrite fixation of iron. Car
bonate ions were generated in part by the bacterial oxida
tion of organic matter and sulfate reduction (Curtis and 
Coleman, 1986), and these combined with the iron to form 
stringers of siderite immediately above the littoral se
quence, and scattered siderite rhombs throughout the lit
toral sequence. 

Localized concretions of intergrown calcite, ferroan 
dolomite, ankerite, siderite, and pyrite are distributed 
throughout the littoral sequence and channel-fill sand
stones. These also represent the stabilization of iron and 
dissolution/reprecipitation of carbonate from allochems as 
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Figure 6.11. Isopach map of the interval between the top of the Wilcox 
Formation and the base of the second Wilcox sandstone. Compare to the 
structure contour map (Fig. 6.3) and the distribution of the channel-fill 
facies (Fig. 6.9). Subsidence was strongly controlled by contemporaneous 

bacteria oxidized the unstable organic matter, and detrital 
iron compounds were reduced. The chemistry of the waters 
in which this occurred was complex. Coastal-plain sedi
ments commonly are flooded with fresh, meteoric water to 
considerable depths. However, at Lockhart Crossing, the 
syndepositional development of growth faults with dis
placements in excess of 40 ft (12 m) served to isolate the 
littoral sandstone from its up dip equivalents (Figs. 6.11 and 
6.12). This isolation was not complete; where the channel
fill sandstone was partially incised into the littoral sand
stone packet, the total sand thickness was as great as 80 ft 
(24 m), which allowed for a limited conduit across the 
growth fault. A record of this early paleohydrologic regime 
is recorded in the distribution of bacterially precipitated 
concretions. Concretions on the margins of the field are rich 
in pyrite (Fig. 6.15), which records the presence of sulfate
bearing, marine waters on the margins of the present field, 
and also records the influx of ferrous iron from the sur
rounding mudstones. Concretions close to the incision of 
the channel-fill facies and on the crest of the rollover anti
cline contain little or no pyrite, probably reflecting both the 
intrusion of fresh meteoric waters from updip, via the 
channel-fill facies, and the removal of the overlying, ferrous 
lagoonal mudstones by the channel incision. 

S.J. Johansen 

3 km 

- I 

10,000 ft 

growth faulting, but the northeast-trending fault that downdrops the west
ern edge of the reservoir did not affect deposition; it formed after Wilcox 
deposition. 

Early Compactional Regime 

Major burial diagenetic events in the sandstones are 
summarized in Figure 6.16. Isotope and petrographic 
studies constrain the timing and types of fluids involved 
(Johansen and Strickler, 1987; Johansen, 1987, 1988). 
The ankerite concretions continued to grow, probably in 
meteoric-derived waters, until temperatures of about 40°C 
were reached. Some scattered rhombs of ankerite may also 
have formed at this time, and some very early siderite was 
replaced by later ankerite. Potassium feldspar overgrowths 
formed in this early regime, before smectite soaked up all 
available potassium for the smectite to illite transformation. 
Significant mechanical compaction of the sandstones and 
adjacent shales also must have occurred at this time. Sand
stone compaction decreased porosity in all sandstones, but 
was a significantly more important process in sandstones 
contain high amounts of glauconite, rip-up shale clasts, and 
detrital matrix (Fig. 6.17), because these ductile grains de
form and flow into available pore space during compaction. 
Since the greatest concentration of ductile grains and ma
trix is in the offshore marine subfacies, this subfacies suf
fered the most serious losses of porosity/permeability due 
to compaction. 
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Figure 6.12. Sketch (not to scale) illustrating how 
contemporaneous growth faulting would have iso
lated much of the reservoir sandstone from its up
dip equivalents after several hundred feet of bu
rial or less. This diagram neglects the preferential 
compaction effects of the shale sequences, and the 
expanded mudstone sequences at deposition 
would have further isolated the displacement 
across the faults. The stacking of the channel-fill 
facies upon the littoral sequence would have local
ly expanded the sandstone section, thus allowing 
fluid flow across the fault zone where the channel
fill sequence is present. 

• 
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Figure 6.13. Distribution of carbonate cementation patterns as deduced 
from neutron density logs across Lockhart Crossing field. Neutron density 
logs were classified as one of four types on the basis of their general char
acter: (1) prominent carbonate tight zone near the lower/upper littoral 
zone contact; (2) channel-fill facies incised into the littoral sequence, 
which commonly shows carbonate cementation at the incision boundary; 
(3) prominent carbonate tight zone modified, possibly by calcite cement 

dissolution as in Fig. 6.5; and (4) no prominent carbonate tight zone 
observed. The concentration of the carbonate along the crest of the struc
ture and adjacent to faults suggests that carbonate precipitation was par
tially controlled by loss of acidity due to carbon dioxide loss across fault 
zones, or else by mixture of locally-derived formation waters with waters 
introduced via the fault planes and the channel-fill facies . 
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Figure 6.14. One potential source for carbonate cements consists of rip-up 
clasts and pellets of syndepositionally formed calcites and dolomites. This 
clast consists of calcite full of clay and framboidal pyrite (product of 
anaerobic bacteria). Because the diameter of the clast is so large, com
pared to the well-sorted host sandstone, it is probable that it formed in the 
local depositional environment. From 10,212 ft core depth, Calion Pet. 
No.2 Inter. Paper Comp., Sec. 17, T6S R3E. 

S.J. Johansen 

Intermediate Compactional Regime 

With continued burial, precipitation of potassium feldspar 
overgrowths ceased, potassium feldspar dissolution began, 
quartz overgrowth precipitation began, and carbonate 
cementation accelerated. Most of the carbonate cement is 
calcite and ankerite. Interrelations between the two are 
complex, suggesting there were probably several periods 
of carbonate precipitation and later dissolution or recrys
tallization. Isotopes and petrology suggest that most of 
the calcite reached its final form at temperatures of 60°C 
(Johansen and Strickler, 1987). This would have been a 
depth of about 5,000 ft (1500 m), if it is assumed that geo
thermal gradients were relatively constant through the Terti
ary, and subsurface waters were isotopically similar to 
modern waters at equivalent depths. It is useful to think of 
the origins and distribution of the carbonate cements in 
terms of (1) sources of cations and carbonate anions, (2) 
mechanisms for mobilizing the cations and anions in subsur
face waters, and (3) mechanisms for precipitation of the 
carbonate. 

Sources of carbonate cations and anions were abundant 
at Lockhart Crossing. These included the abundant detrital 
marine shells in the underlying marine mudstones and the 

1 N 00_===--==--=~0::::::::11-==3 km 
~ 10,000 ft 

Figure 6.15. Distribution of early diagenetic, mostly concretionary pyrite 
in 17 cores from Lockhart Crossing field. Superimposed are traces of 
faults. These concretionary pyrites formed in anoxic, sulfate-rich waters by 
bacterial processes. This distribution could reflect either the relative 
abundance of dissolved iron or of dissolved sulfate in the early pore 
waters. Because iron is ubiquitous in most siliciclastic sediments, this 

distribution suggests that marine-derived, sulfate-rich waters dominated 
the margins of the field, while meteoric, sulfate-poor waters dominated 
the crest of the structure, near the incision of the channel-fill facies. Mete
oric waters must have flushed the littoral sandstone soon after deposi
tion through the channel incision and/or the channel-fill facies. 
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Gulf Coast of Louisiana 

Figure 6.16. Relative timing of major chemical diagenetic events. 
Physical compaction has not been incorporated into this diagram. 
Relative timing and temperatures for carbonate diagenesis are 
from Johansen, Strickler, and Ferrell (unpublished data). 

30~--------~========~ __ ~ 
c non-carbonate sandstones 

r2 .. 0.565 

o 

CC • anker~ic sandstones 

• •• • 

o calcareous sandstones 
~ early concretions 

o 

~ 0 

o 10 20 30 
Percent phyllosilicate framework grains 

+ detrital matrix 

Figure 6.17. Porosity of non-carbonate-cemented sandstones is partially 
a function of the amount of glauconite, clay clasts, and detrital matrix in 
the sandstone. These components are strongly controlled by deposi
tional facies. Results are based upon point counts of 35 thin sections with 
apparent mean grain diameters between 3.0 and 3.5 phi, all from the 
littoral facies. Data are tabulated in Johansen (1987). 

lower portion of the littoral facies, and the early diagenetic 
siderites, ankerites, and calcites that were discussed above. 
Calcium may also have been contributed by feldspar dis
solution. 

The mechanisms for carbonate mobilization in the in
termediate compactional regime are not fully known. It has 
been shown for several Gulf Coast Tertiary units that some 
shales lose carbonate during diagenesis (Hower et al., 1976; 
Loucks et al., 1981), and the presence of shell impres
sions, with little remaining shell material, in the marine 
shales surrounding the Lockhart Crossing reservoir sug
gests that similar processes acted here, too. Acids evidently 
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replacements 
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and 
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Present reservoIr conditions (100 °C) 

Quartz 
overgrowths 
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Albite 
overgrowthS 

are generated in many shale sequences in the intermediate 
compactional regime, and these acids dissolve and mobilize 
the carbonate, although it is not certain whether these acids 
are organic acids derived of organic matter (Surdam et al., 
1984) or acids released by clay diagenetic reactions (Lunde
gard and Land, 1986) Whatever their origins, acids dis
solved fossil detritus and early diagenetic carbonates within 
the shales and adjacent sandstones, and compaction ex
pulsed these carbonate-rich waters into the sandstones . 

Once in the sandstones, any of several poorly understood 
processes caused the carbonate to precipitate. Potential 
causes of precipitation include the loss of acidity due to de
gassing of dissolved CO2 , loss of acidity due to consumption 
of hydrogen ions by framework grain dissolution, or loss of 
acidity due to destruction of organic acid anions (Surdam, 
et al., 1984; Siebert et al., 1984; Lundegard and Land, 
1986). Where in the sandstones a carbonate is precipitated 
is of great interest to the reservoir geologist, but few de
tailed studies have investigated this. The data presented 
here allow for a qualitative assessment of the current de
bate on the mechanisms of carbonate cementation and also 
present a model for use in understanding carbonate 
cementation in similar reservoirs. 

The distribution of carbonate cement at Lockhart Cross
ing is most clearly understood in the context of the hydrol
ogy (Johansen, 1988). There were basically two hydrologic 
systems present in the field at the time of carbonate pre
cipitation. One system was a relatively stagnant system that 
occupied the marine mudstone sequences. Although most 
shale compaction would have been completed by this time 
(Galloway, 1984), small amounts of fluid would continue to 
be expulsed, and this fluid would have been charged with 
organic acids and dissolved carbonates. This shale-water 
regime of acidity extended into the low-permeability, cal
careous, offshore marine subunit of the lower littoral facies 
(Fig. 6.18). The second hydrologic regime was a dynamic 
system with regional groundwater flow; it consisted of sand-
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Figure 6.18. A model for the precipitation of carbonate cement in Lock
hart Crossing field. Carbonate source is detrital carbonates in the marine 
shales and the lower littoral sequence. It is dissolved by acidic waters that 
are produced in the shale sequences during their diagenesis, and these 
waters gradually are expulsed (small arrows). The shale waters mix with 
less acidic waters in the sandstones that are part of regional groundwater 
flow systems (large arrows). These regional groundwater systems are less 
acidic, due to the loss of CO2 from the regional groundwater system and 
also due to other acid-consuming processes in the sandstones. The carbon
ate is concentrated at facies boundaries that are major discontinuities in 
permeability. Note that carbonate cement is not plentiful near the contact 
with the upper sandstone boundary, possibly because the overlying 
brackish-water shales contained little original carbonate debris. However, 
when the channel-fill facies is immediately overlain by transgressive 
marine mudstones, carbonate stringers may be present. 

stones with good permeabilites and lateral continuity. The 
shoreface sequence and the channel-fill sequence are rel
atively more permeable, and they were in hydrologic con
tinuity with strata updip of the growth-fault zone whenever 
movement on the fault juxtaposed them against sandstones 
in the upthrown block. Waters in this regional sandstone 
system were less acidic than waters in the shale-dominated 
system, due to the acid-destroying mechanisms discussed 
above. 

Carbonates precipitated at the boundary of these two 
hydrologic systems (Fig. 6.18). This boundary was not con
stant. At times, it was the boundary between the offshore 
marine and shoreface sequence, and at times, it moved to 
the boundary between the channel-fill and littoral se-

S.J. Johansen 

quence; the relative pOSItIOn at any time probably de
pended on the relative permeability of the units, the loca
tion of any pre-existing carbonate cemented zones, rates of 
regional groundwater flow, rates of CO2 loss, rates of acid 
generation and carbonate dissolution in the mudstones, 
rates of acid destruction in the sandstone hydrologic reg
ime, and rates of shale-water expulsion. The final distribu
tion of carbonate reflects major hydrologic subunits of the 
reservoir sandstone (Fig. 6.18), and also proximity to the 
channel incision facies and the post-Wilcox fault, suggesting 
that both may have controlled the loss of CO2 gas from the 
reservoir. 

It is clear from the distribution of carbonate in the reser
voir (Figs. 6.6,6.13, and 6.17) that carbonate precipitation 
is not solely a function of proximity to a sand/shale contact, 
nor is it solely related to sandstone permeability or to prox
imity to faults. Little carbonate is present in the relatively 
permeable sandstones at the top of the littoral sandstone. 
This reflects the dearth of detrital calcium carbonate in the 
brackish-water lagoonal facies and the upper portions of 
the littoral facies. Carbonate precipitation is common at the 
contact between the upper and lower littoral subfacies, at 
an abrupt permeability change related to depositional 
facies. This in part reflects the abundance of detrital cal
cium carbonate in this portion of the stratigraphic section, 
and in part reflects the control of permeability on the hy
drologic regime boundary. Once carbonate precipitation 
began, the resultant porosity loss would have accentuated 
the abruptness of this hydrologic boundary. The lateral 
distribution of the carbonate emphasizes the importance 
of the fault zones, although it is not clear whether this re
flects the loss of CO2 upsection along fault zones, or 
changes in the partial pressure of CO2 as waters move 
across fault zones, or the abrupt mixing of waters from two 
different fault blocks. 

Late Compactionai Regime 

Diagenetic alteration continued with increasingly deep 
buriaL The non-carbon ate-cemented sandstones have 
much better quartz overgrowths than the calcite-cemented 
intervals, suggesting that quartz overgrowths continued 
to develop after calcite precipitation ceased. Non-calcite
cemented sandstones also have less feldspar, documenting 
that feldspar dissolution continued. Incipient albite over
growths are present in the sandstones, but they are 
volumetrically a very minor phase. Some diagenetic illites 
are present, and possibly some diagenetic chlorites, but 
they are minor compared to the abundant chlorite cements 
present in delta-front Wilcox sandstones of other Louisiana 
fields (LeMoine and Moslow, 1987). This may reflect either 
a lack of detrital clay and iron oxide cutins in the Lockhart 
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Table 6.1. Feldspar abundance and known lost feldspar, normalized to quartz, littoral depositional facies 

Present ratio Known missing Known original 
feldspar Present feldspar feldspar feldspar Oversized pores 

Known % of 
Diagenetic Facies feldspar + quartz quartz quartz quartz quartz feldspar lost 

Silica cement 0.285 ± 0.037 0.403 ± 0.073 0.D78 ± 0.035 0.481 ± 0.093 0.083 ± 0.057 16% 
n= 16 

Concretions 0.278 ± 0.015 0.386 ± 0.029 0.020 ± 0.018 0.406 ± 0.031 None 5% 
n=7 

Calcite cement 0.305 ± 0.024 0.441 ± 0.052 0.030 ± 0.037 0.471 ± 0.072 0.007 ± 0.013 6% 
n=7 

Ankerite cement 0.287 ± 0.036 0.406 ± 0.072 0.133 ± 0.065 0.539 ± 0.030 0.042 ± 0.020 25% 
n=4 

Crossing sandstones at deposition, due to their abrasive re
moval by littoral processes, or that the abundance of car
bonate in the Lockhart Crossing reservoir kept most of the 
iron and magnesium tied up as carbonate species. 

Very late ankerites aggressively replace carbonates and 
feldspars in some places, and secondary porosity after cal
cite cement is present. The degree of calcite dissolution is 
difficult to quantify. The vertical distribution of ankerite, 
calcite, and porosity in the M. I. Stewart well at the littoral 
subfacies boundary (Fig. 6.6), coupled with carbonate re
placement and dissolution textures observed with optical 
and scanning electron microscopes, suggests a three-fold 
history of events at that contact: (1) calcite and ankerite 
precipitated; (2) a late ankerite began to replace calcite; 
and (3) calcite incompletely dissolved, leaving a thin zone 
of anomolously high porosity. It is not known if calcite dis
solution contributed to the anomolously high porosities at 
this contact in three adjacent wells (Fig. 6.13), and there is 
no strong evidence for volumetrically significant calcite ce
ment dissolution elsewhere in the reservoir sandstone. 

Generation of secondary porosity by the dissolution of 
feldspar occurred throughout the compactional history of 
sediment, but accelerated in the higher-temperature en
vironments of later burial. The relative importance of feld
spar dissolution for both the production of significant 
secondary porosity and as a source of dissolved cations for 
other cements is still debated (Milliken et al., 1989). Rele
vant statistics on the question, derived from detailed point 
counts of Lockhart Crossing sandstones, are presented in 
Table 6.1. Table 6.1 is based on 300 points per slide of 34 
thin sections from littoral-sequence sandstones with appar
ent mean grain sizes of between 3.0 and 3.5 phi (data from 
Johansen, 1987). Monocrystalline feldspar grains and feld
spar crystals larger than 30 JLm within rock fragments were 
included in this tabulation. Generally speaking, the present 
ratios of feldspar to quartz for the different diagenetic 
phases are not statistically different at a 90% confidence 
level. Indeed, the early-formed carbonate concretions, 

which might have preserved feldspars from later dissolu
tion, are as depleted in feldspar as the other sandstones. It 
can be texturally demonstrated that between 5% and 25% 
of the feldspar volume has dissolved. If all the oversized 
pores are assumed to have once contained feldspars, then 
a maximum estimate of 30% loss of original feldspar is 
obtained. If compaction processes destroyed oversized 
pores that formed after feldspar, as suggested by Milliken 
et al. (1989), then more feldspar may have been present. 
However, this is difficult to reconcile with the relatively 
constant feldspar/quartz ratios in all diagenetic facies, espe
cially the early concretions. 

Summary of Diagenetic Modification of 
the Reservoir Sandstone 

Present porosities for non-carbonate cemented, littoral, 
very fine-grained sandstones are estimated by point counts 
to be about 16% (Fig. 6.19). Most porosity loss was due to 
compactional processes, and the number of labile frag
ments in the sandstone had a measurable effect on the final 
porosity (Fig. 6.17). Amazingly, the volume of visible 
secondary porosity in the littoral facies is equal to the 
volume of primary porosity lost to cementation (Fig. 6.19), 
although the mineral phases present are different. The lit
toral sandstones appear to have lost potassium, sodium, 
aluminum, and silicon; and appear to have gained calcium, 
iron, magnesium, carbonate, and sulfide. Strickler (1988) 
documented large volumes of kaolinite present in some 
sandstones of the channel-fill facies (Fig. 6.10); this may 
account for the missing alumino-silicate. Some of the mis
sing silica might also be present in unrecognized quartz 
overgrowths. Potassium may have gone into detrital phyl
lite components of these sands, which probably lost potas
sium during weathering prior to deposition. Much of the 
apparent gain in iron and sulfide is due to abundant syn
depositional and early diagenetic pyrite in the Lockhart 
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Figure 6.19. Present fabric of the littoral sandstones. All figures are based 
on detailed point counts of 16 littoral-facies sandstones that were not tight 
with carbonate cement and have apparent grain sizes between 3.0 and 3.5 
phi (Johansen, 1987). A. The average F-M-C-P ratio (McBride, 1977) and 
the recognized porosity types. B. If the readily apparent effects of di
agenesis are ignored (i.e., intragranular porosity and cements), then a 
"pre-diagenesis" fabric for the sandstones can be estimated. This "pre
diagenesis" fabric has a very low porosity compared to deposited sand-

S.J. Johansen 

Crossing reservoir, and this reflects the relatively long 
periods of time during which these littoral/lower coastal 
plain sands interacted with lower coastal-plain surface 
waters. Gains in calcium, magnesium, iron, and carbonate 
also reflect the early addition of materials from lower 
coastal-plain surface waters, and probably the addition of 
some components from the shales. 

Zones tight with carbonate cement are volumetrically 
minor in Lockhart Crossing field, but could interfere with 
secondary recovery. They are at facies boundaries, between 
sandstone units with markedly different permeabilities. 
Although ankerites and siderites are sparse throughout the 
sandstones and are concentrated into small (1 to 3 ft, or 113 
to 1 m) zones, the volume of iron and magnesium in these 
carbonates is substantial; had it been spread through the 
reservoir as pore-lining chlorite, serious permeability losses 
would have resulted. 

Emplacement of Oil 

The emplacement of oil appears to be a late event, because 
no systematic differences in diagenesis between the oil and 
water zones were detected. The degree of feldspar dissolu
tion and quartz overgrowths is visually the same above and 
below the oil/water contact. The oil/water contact approxi
mates the facies boundary between the offshore marine and 
shoreface units in much of the field, and so is approximately 
at the zone of carbonate cementation. However, this re
flects increased capillary forces in the lower sandstones of 
the littoral sequence (Self and others, 1986). The c;arbonate 
cement horizon is not directly related to the oil/water con
tact, because in some wells, carbonate is well above the oil/ 
water contact, while in others, carbonate is well below the 
contact. 

The origin of oil in the Wilcox of Louisiana is a subject of 
ongoing debate. Sassen (1988) argues from geochemical 
evidence that the oil could be derived from Lower Tertiary 
or uppermost Mesozoic source units, which are now in the 
zone of oil generation down-dip of Lockhart Crossing. This 
model requires that oil migration had a large component of 
lateral flow. Bissada and others (1987) argue that the oil 

stones because the effects of mechanical compaction are ignored. This 
method also ignores all grains that dissolved totally, leaving no trace. The 
"pre-diagenesis" porosity equals the "present" porosity, implying that the 
volume of porosity lost to the precipitation of cement equals the volume of 
dissolution porosity. C. A comparison of known secondary porosity to the 
cements. The "other" column in the intragranular porosity is porosity in 
shells, organic matter, and heavy minerals. The "other" column in the 
cements is mostly pyrite. Even ignoring the sand grains that dissolved 
totally, it appears that the sands have lost some alumino-silicate and 
gained carbonate and pyrite. 
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sources were deeper in the Mesozoic section, and oil migra
tion was largely vertical. Any successful model will have to 
explain an apparently late timing for oil emplacement in 
Lockhart Crossing Field. 

Conclusions 

For the bulk of the reservoir sandstone, the final porosity 
and permeability were determined by the depositional sys
tem. The very fine-grained, matrix-enriched, shale-clast
bearing and glauconitic sandstones of the offshore marine 
subfacies have the poorest permeabilities because of their 
very fine grain size, matrix content, and the ductile de
formation during compaction of clay clasts and glauconite 
(cf., Beard and Weyl, 1973; McBride, 1977). The upward
coarsening shoreface portion of the littoral sequence is 
generally homogeneous in its three-dimensional distribu
tion of porosity and permeability. Compaction has reduced 
porosity; the amount of porosity that is clearly secondary 
after framework grains is about equal to the amount of 
porosity lost to diagenetic cements. The best porosities and 
permeabilities are in the medium-grained sandstones of the 
channel-fill facies. This facies does not have the three
dimensional homogeneity of the littoral sequences, which is 
a reflection of its depositional fabric. Diagenesis has ac
centuated this heterogeneity, because secondary porosity 
has preferentially increased porosity and permeability in 
the cleaner sandstones, and precipitation of kaolinite has 
occluded pore spaces and throats in the adjacent shale-clast 
conglomeratic sandstones. 

The distribution of carbonate cements in this reservoir 
is a useful model for similar reservoirs that are compart
mentalized by carbonates. Carbonates precipitated at 
depositional-unit boundaries in close proximity to a post
depositional fault and along the crest of the trapping roll
over structure. This might reflect three different, funda
mental controls on the carbonate cement: 

(1) Carbonate cements are generally localized near a 
source for carbonates, in this case the underlying marine 
shales and the off-shore marine sandstones; carbonates 
other than small amounts of siderite are generally not abun
dant when the adjacent shale unit is nonmarine. 

(2) Most carbonate cements are localized at major hydro
logic boundaries that separate highly permeable, laterally 
connected sandstone conduits from less permeable sand
stones that are charged with porewaters expulsed from 
marine shales. The actual boundary probably fluctuates 
through time, but generally coincides with a facies bound
ary that juxtapositions low-permeability sandstones (at 
present typically ::;10 md) and more permeable sandstones 
(at present typically 20-100 md). 

(3) Carbonate is best developed near the crest of the 

133 

trapping structure near two features that might have served 
as escape conduits for CO2 gas or as important conduits for 
regional hydrologic flow systems. One of these features is 
the highly permeable channel-fill facies, which would have 
served as the best conduit for up-dip migration of fluids 
through much of the reservoir's history. The second feature 
is a fault that post-dates syndepositional normal fault struc
tures. 
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CHAPTER 7 

Shelf Sandstones of the Deep Wilcox Trend, 
Central Texas Gulf Coast 

Jeffrey A. May 

Introduction 

The late Paleocene-early Eocene Wilcox Group represents 
the first major, regional clastic wedge built over and beyond 
the Cretaceous carbonate shelf edges along the Texas Gulf 
Coast. The Wilcox produces hydrocarbons along a strip 
paralleling the coastline from the Mississippi-Alabama 
state line to the Mexico border. This sequence also yields 
fresh water, lignite, ceramic clay, and industrial sand, and is 
a potential geopressured geothermal reservoir. 

In Texas, shales of the Midway Group underlie Wilcox 
sediments, and shales and marls of the Claiborne Group 
cap the succession (Fig. 7.1a). The Wilcox Group ranges to 
1000 ft (300 m) thick along its outcrop (Fig. 7.1b), and 
thickens basinward to over 10,000 ft (3000 m) within a dis
tance of 100 mi (160 km). In the deep downdip portions, 
the mode of deposition provides a source of controversy. 
Were these Wilcox sands laid down entirely by shallow
marine processes, or was deep-water sedimentation also in
volved? 

To interpret depositional environments within the Deep 
Wilcox trend, an integrated regional Wilcox study took 
place. Work encompassed sedimentological and petrologi
cal analysis of cores from 15 wells (May and Stonecipher, 
1990; Stonecipher and May, 1990), correlation of electric
log patterns to facies, paleontologic study for bathymetric 
assignments, and seismic-stratigraphic interpretation. This 
paper documents part of this work, describing two of the 
three most basinward and deepest Wilcox cores along the 
central Texas Gulf Coast, collected from the Amerada #1 
Kovar and Sun #1 Urban wells (Fig. 7.1b). The third deep 
core, from the Amerada #1 Talley well, is shale dominated 
and not included. Sedimentary processes are inferred by 

defining the texture, composition, physical and biogenic 
sedimentary structures, and bedding contacts in the cores 
on a bed-by-bed basis. The final depositional model is 
based, in part, on recognizing "genetic" stratigraphic units, 
and how these units are interrelated and how they changed 
through time (Siemers and Tillman, 1981 ). Genetic strati
graphic units are defined by vertical similarity and by verti
cal changes in depositional processes. 

Regional Setting 

The Gulf of Mexico is a small ocean basin, approximately 
900 mi (1500 km) in diameter, bordered by continental 
masses (Antoine and Ewing, 1962). Perhaps preceded by 
an earlier basin that closed during the late Paleozoic, the 
present Gulf originated when the North American plate be
gan separating from the South American and African plates 
in the Late Triassic. As rifting continued through late Mid
dle or early Late Jurassic time, thick evaporites developed 
during intermittent advances of the sea. Carbonate sedi
mentation occurred along the northern and western mar
gins of the Gulf from Late Jurassic through Cretaceous 
time; a change to terrigenous progradation, producing a 
clastic wedge up to 9 mi (15 km) thick, characterized the 
Tertiary and Quaternary. To the east and south, on the 
Florida and Yucatan platforms, carbonate deposition has 
persisted to the present (Salvador and Buffier, 1986). 

During Wilcox deposition (late Paleocene-early 
Eocene), much of the Gulf Coast was a broad, flat, low
lying coastal plain (Murray and Thomas, 1945; Albach, 
1979). Drainage axes of the present Gulf Coast roughly 
coincide with the positions of the Wilcox fluvial systems 
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Figure 7.1. (A) Simplified stratigraphic chart for the Paleocene through 
early Eocene of the Texas Gulf Coast. (B) Map of the Texas Gulf Coast 
showing the location of the two upper Wilcox wells, Sun #1 Urban and 
Amerada #1 Kovar, described and interpreted for this study. Also shown 

(Galloway, 1968; Tye et aI., 1991). The southern Appa
lachian region provided detritus to the ancestral Apalachi
cola, Mississippi, and Sabine rivers of the northern Gulf 
Coast (Fig. 7.2; Murray, 1961; Mann and Thomas, 1968). 
The Ouachita Mountains supplanted the Appalachians as a 
supplier of Wilcox sediments westward, with the ancestral 
Brazos and Colorado rivers flowing into the upper and cen
tral Texas coast. The ancestral Rio Grande River of the 
lower Texas coast drained local volcanic and sedimentary 
sources (Fig. 7.2; Hardin, 1962; Harris, 1962; Loucks et aI., 
1979; Oliver, 1980). The southern Rocky Mountains were 
not a major source Gulf Coast sediments until late 
Paleogene (Mann and Thomas, 1968). 

In Louisiana and Mississippi, a relatively straight 
northeast-trending coastline extended into the Mississippi 
Embayment during the late Paleocene through early 
Eocene (Albach, 1979). Concurrently, the large Holly 
Springs Delta system, fed by the ancestral Mississippi 
River, began filling this embayment (Galloway, 1968). 
The Texas coastline was much more irregular; significant 
deposition occurred during two major progradational 
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are major structural features-the San Marcos Arch and regional Wilcox 
growth-fault trend-and the positions of the underlying Cretaceous reef 
tracts and the Wilcox outcrop in Texas. (Modified from Bebout et al., 
1979.) 

phases, the lower and upper Wilcox (Fig. 7.1a; Hargis, 
1985). Fluvial-dominated deltas, of a style and size simi
lar to the Holocene Mississippi deltas, characterized the 
lower Wilcox "Rockdale System" along the upper Texas 
Gulf Coast (Fig. 7.3a). Longshore currents redistributed 
sand from this delta system into a strand plain to the south
west (Fisher and McGowen, 1967). In contrast, the upper 
Wilcox comprised numerous small, wave-dominated deltas 
(Fig. 7.3b; Fisher, 1969). Along the lower Texas Gulf 
Coast, these deltas rapidly prograded basinward, forming 
the shelf-edge "Rosita System" (Fig. 3b; Edwards, 1981). 

Central Texas Gulf Coast: Wilcox Geology and 
Hydrocarbon Production 

A major structural feature, the southeast-trending San 
Marcos Arch, bisects the central Texas Gulf Coast, separat
ing the Houston Embayment to the northeast from the Rio 
Grande Embayment to the southwest (Fig. 7.1b). This 
structural high also separates the more oil-prone Wilcox 
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--- LOWER WILCOX DELTAS 

UPPER WILCOX DELTAS ~ 
, REGIONAL 

Figure 7.2. Interpretation of the regional and local source-area transport 
paths for the Wilcox Group of the Gulf Coast. Thickness of the source
area paths represents the relative importance of Wilcox sources (based on 

province of the upper Texas region from more gas-prone 
Wilcox units of south Texas (Vlissides, 1964; Fisher et aI., 
1969). 

Trending perpendicular to the San Marcos Arch and par
alleling the coastline is a regional Paleogene growth-fault 
trend. This band of faults narrows through central Texas 
and expands into the Houston and Rio Grande embay
ments (Fig. 7.1b). The locations and stacking patterns of 
underlying carbonate shelf edges apparently controlled this 
growth-fault configuration. Along the central Texas Gulf 
Coast, the Late Cretaceous Edwards-Stuart City reef trend 
built up on top of the Early Cretaceous Sligo tract, whereas 
in the Houston and Rio Grande embayments, the younger 
Edwards-Stuart City system backstepped landward from 
the Sligo buildup (Fig. 7.1b). Where the Sligo formed a re
latively stable and shallow platform in front of the younger 
carbonates, a syndepositional growth-fault zone migrated 
basinward during progradation of the Wilcox depocenters. 
In contrast, where the Cretaceous reef tracts were vertically 
stacked, Wilcox growth faults apparently bottomed out 
deeper than the Sligo shelf edge and maintained their posi
tion by continued expansion rather than stepping outward. 

The dominant stratigraphic feature within the Wilcox of 
the central Texas Gulf Coast is a series of submarine can-

o 
I 
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I 

data from Hardin, 1962; Harris, 1962; Loucks et a!., 1979; Murray, 1961; 
Mann and Thomas, 1968; Oliver, 1980). 

yons just east of the San Marcos Arch (Fig. 7.4). These 
include the lower Wilcox Lavaca and Smothers channels 
and middle Wilcox Yoakum channel (Hoyt, 1959; Vormel
ker, 1979; Chuber and Begeman, 1982; Galloway et aI., 
1989; Dingus and Galloway, 1990). The Yoakum Channel 
is 80 mi (130 km) long, up to 12 mi (20 km) wide, and 
deepens up to 3500 ft (1050 m) near the paleo-shelf edge 
(Galloway et aI., 1989). The Lavaca Channel is much 
shorter and broader; it extends 12 mi (20 km) landward, 
is over 15 mi (25 km) wide, and about 1000 ft (300 m) deep 
(Chuber and Begeman, 1982). The canyon fills are domi
nated by mudstone and are capped by progradational 
shoreface and deltaic sequences. 

Most of the hydrocarbon production from the central 
Texas Wilcox is due to trapping by growth faults, with or 
without anticlinal rollover. Five major Wilcox oil fields
those with reserves over 10 million barrels of oil 
(MMBO)-produce from the west flank of the San Marcos 
arch (Fig. 7.4). Falls City Field contains over 22 million bar
rels of recoverable oil in lower Wilcox sands; the Slick, 
Weigang, Cottonwood Creek South, and Helen Gohlke 
fields will ultimately produce over 67 MMBO total from 
upper Wilcox units (Galloway et aI., 1983). Structural trap
ping is also important in major Wilcox gas fields. The Nord-
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Figure 7.3. (A) Map of lower Wilcox depositional systems. (Modified from Fisher, 1969.) (B) Map of upper Wilcox depositional systems. (Williams et 
aI., 1974; Edwards, 1981.) 

heim, Provident City, and Columbus fields have each 
already yielded over 50 billion cubic feet of gas (BCFG) 
from the Wilcox, and the Sheridan Field has estimates of 
over 1 trillion cubic feet recoverable reserves (Fig. 7.4; Lof
ton, 1962; Billingsely, 1982; International Oil Scouts, 
1982). Many smaller Wilcox oil and gas fields occur along 
this same trend (Fisher et aI., 1969). 

Lesser amounts of Wilcox production are associated with 
the subsurface submarine canyons of the central Texas 
area. Numerous reservoirs occur as stratigraphic traps be
neath these largely shale-filled systems. Yoakum Field (Fig. 
7.4) results from entrapment of gas against the Yoakum 
Channel margin (Hoyt, 1959; Chuber, 1986). Discovered in 
1945, this field has yielded over 13 BCFG and 2 MMBO 
from middle Wilcox shelf sands truncated by the canyon 
(Chuber, 1986). More recent sub-unconformity discoveries 
are related to the Lavaca and Smothers canyons. Produc
tion below erosional bases of these systems occurs in the 
Valentine, Menking, South Hallettsville, and KinkIer fields 
(Fig. 7.4). Reservoir sandstones of these fields have been 

variously interpreted as older deltaic, barrier-bar, or 
turbidite-channel units; production in KinkIer Field also 
occurs from sandstones within the canyon fill (Berg, 1979; 
Chuber, 1979; Chuber and Begeman, 1982; Edwards, 
1986). KinkIer Field has yielded over 8 BCFG and 100,000 
barrels of condensate since its 1968 discovery (Chuber and 
Begeman, 1982). Valentine field, discovered in 1973, con
tains over 6 MMBO and almost 9 BCFG in place; approx
imately 1 MMBO and 6 BCFG are considered recoverable 
(Chuber, 1979). The smaller Menking Field is expected to 
yield over 300,000 barrels of oil (Chuber, 1979). The 1976 
discovery well of South Hallettsville Field flowed at almost 
24 MMCFG per day and produced over 2 BCFG within two 
years; more than 15 wells are now productive (Switek et aI., 
1979). 

The Lavaca system also contains many newly discovered 
reservoirs within the updip part of the canyon fill. These 
occur as combination structural-stratigraphic traps (Chuber 
and Howell, 1989). The productive sandstones probably 
represent distributary channels of deltaic complexes that 
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Central Texas Gulf Coast 

Figure 7.4. Major Wilcox oil and 
gas fields of the central Texas Gulf 
Coast. Outlined in bold lines are 
the Wilcox-aged submarine can
yons: Lavaca, Smothers, and 
Yoakum channels. Smaller fields 
associated with the Lavaca and 
Smothers systems are numbered: 
1. Menking; 2. Mule Springs; 3. 
Valentine; 4. Campbell Creek; 5. 
Good Hope; 6. South Ha1letsville, 
Halletsville East, and Halletsville 
Burns; 7. Charlie Daubert North; 
and 8. Kinkier. 

prograded into and filled the canyon head (Allen and 
Howell, 1987; Chuber and Howell, 1989). These reservoirs 
encompass the Hallettsville East, Halletsville Burns, Good 
Hope, and Campbell Creek fields (Fig. 7.4). Two older 
fields, Mule Springs and Charlie Daubert North (Fig. 7.4), 
apparently produce from similar but separate distributary 
channels within Lavaca Canyon (Chuber and Howell, 
1989). Altogether, these six fields have yielded almost 1 
million barrels of oil or condensate and over 10 billion cubic 
feet of gas (Chuber and Howell, 1989). The most prolific 
well is the Howell #4 Golsch, the discovery well for Hal
lettsville East, which has produced over 3.8 billion cubic 
feet of gas and 150,000 barrels of condensate since late 1983 
(Chuber and Howell, 1989). 

Submarine-Fan Reservoirs? 

Wilcox submarine canyons not only have provided for sub
unconformity and updip canyon-fill hydrocarbon plays, but 
have also offered the potential for associated downdip 
submarine-fan hydrocarbon reservoirs. A great amount of 
sand was presumably removed by canyon erosion and 
flushed basinward. Halbouty (1969) estimated that 75 cubic 
miles, or 250,000,000 acre-feet, of sediment has been rede
posited downdip of the Yoakum Channel. This concept-

o 
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submarine fans located basinward of the canyon mouths
spurred deep drilling in front of the Yoakum system. Two 
wells drilled at its mouth in Jackson County (Fig. 7.5) 
attempted to find sands eroded from the shelf and redepo
sited downdip. However, neither the Humble #1 Robin
son, abandoned at 17,030 ft (5192 m), nor the Halbouty 
et al. #l-B Hollingsworth, drilled to 18,030 ft (5497 m), 
encountered Wilcox sands (Vormelker, 1979). 

In contrast, thick intervals of thin Wilcox sandstones in
tercalated with mudstones are present in the three wells 
south of Yoakum Channel in Victoria County (Fig. 7.5). 
The Amerada #1 Talley was drilled to 23,855 ft (7273 m) in 
1964. The intervals from 14,375 to 14,380 ft (4382.6-4384.1 
m) and 14,575 to 14,580 ft (4443.6-4445.1 m) were acidized 
and fractured; the well initially flowed dry gas, then stop
ped flowing, and was abandoned after the casing collapsed 
(Vormelker, 1979). The Sun #1 Urban and Amerada #1 
Kovar wells, drilled, respectively, in late 1964 to 17,467 ft 
(5325 m) and in 1965 to 15,803 ft (4818 m), were both dry 
and subsequently abandoned. 

Various workers (e.g., Vormelker, 1979) have surmised 
that the sandstones in these deep Wilcox wells of Victoria 
County represent the distal portion of a submarine fan. 
Such an interpretation, though, requires the fan to be ex
tremely are ally restricted and to have formed at a sharp 
right-angle bend off the Yoakum Channel mouth (Fig. 7.5). 
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J.A. May 

Figure 7.5. Location of deep, downdip Wilcox wells of 
the central Texas Gulf Coast in relation to Yoakum 
Channel. The absence of Wilcox sands at the mouth of 
Yoakum Channel, and their presence to the southwest 
in Victoria County, led Vormelker (1979) to propose 
that a downdip submarine fan took a sharp right-angle 
bend due to the influence of "deep paleocurrents." 
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Cores from two wells drilled into this supposed submarine 
fan are described and displayed below. However, sand
stones in these cores apparently were not dominated by 
turbidity-current deposition. Instead, features suggest epi
sodic sedimentation on a muddy continental shelf, in re
latively shallow water but below fairweather wave base, 
during storm and possibly tidal events. 

Core Descriptions 

Interpretation of upper Wilcox shelf deposits is based on 
590 ft (180 m) of relatively continuous core, collected from 
two portions of the Sun #1 Urban well (13,875-13,922 ft 
and 14,020-14,120 ft) and three intervals of the Amerada 
#1 Kovar well (14,511-14,906 ft, 14,981-15,023 ft, and 

15,067-15,172 ft). Summary lithologic logs of the two #1 
Urban cores and the uppermost #1 Kovar core are shown 
in Figures 7.6 and 7.7, and are correlated to the petro
physical logs in Figure 7.8. Photographs of selected core 
intervals and core pieces are also included as Figures 7.9 
through 7.12. 

Sun #1 E. R. Urban 

Five lithofacies are identified in the upper Wilcox from the 
Sun #1 Urban well. Three of the rock types are fine 
grained: (1) interlaminated siltstone and mudstone, (2) 
bioturbated muddy siltstone, and (3) horizontally lami
nated and ripple cross-laminated siltstone. These three 
lithofacies are interbedded and somewhat gradational from 
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Figure 7.6. Columnar stratigraphic sections of the two cores from the Sun #1 Urban well. Also shown are core symbols used in this figure and Figure 7.7. 
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Central Texas Gulf Coast 

SUN #1 URBAN 

GR--13,850'- R 

--13,950'-

--14,000'-

14,050'-

14,100'-

Figure 7.8. Subsurface induction-electrical logs for the Sun #1 Urban and 
Amerada #1 Kovar wells. Spontaneous-potential (SP), gamma-ray (GR), 
and resistivity (R) logs are shown. Cored intervals are shown in bold black 

one to another; they dominate the cores (Fig. 7.6). Two 
coarse-grained lithofacies, (4) (trough, planar, and hum
mocky) cross-bedded sandstone and (5) normally graded 
sandstone, irregularly punctuate the fine-grained intervals. 
Lithofacies 4 and 5 typically are sharp based and fine up
ward into facies 1, 2, or 3. 

Lithofacies 1: Interlaminated Siltstone and Mudstone 

This lithofacies is predominant throughout the #1 Urban 
cores (Figs. 7.9 and 7.10a). Medium to dark gray, clayey 

143 

AMERADA #1 KOVAR 
SP R 

700'-

1-15,000'-

15,100'-

bars along the depth scale; cores have been "slipped" to match log depths. 
Note the difference in vertical scales between the logs. 

mudstone alternates with light gray siltstone. The siltstone 
occurs as thin stringers and lenses that are horizontally 
laminated and ripple cross-laminated. Low-amplitude, 
starved ripples are common; ftaser and wavy bedding also 
occur. Burrows typically disrupt bedding, mixing silt into 
the mudstone layers and leaving behind remnants of silt
stone laminae. Loading of siltstone laminae onto the mud
stone also caused deformation. The basal bed (14,114-
14,118 ft) of interlaminated siltstone and mudstone is com
pletely contorted (Figs. 7.6 and 7.9c), presumably due to 
synsedimentary slumping. 

Common burrows include Terebellina, Chondrites, Hel-
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13,895' 

13,887' 

13,895' 

A 

Figure 7.9. Three representative sections of relatively continuous core 
from the Sun #1 Urban well. Cores are 4 inches wide. Each vertical strip 
represents approximately 3 ft of core. Bottom is to lower right, top is to 
upper left. The distribution of lithofacies is shown to the left of each strip 
(Ll. Interlaminated siltstone and mudstone; L2. Bioturbated muddy silt
stone; L3. Laminated siltstone; L4. Cross-bedded sandstone; L5. Normal
ly graded sandstone). (A) Core from 13,887 to 13,908 ft. Burrowing in the 

I.A. May 

13,908' 

13902' 

siltstones and sandstones is dominantly Asterosoma. (B) Core from 14,032 
to 14,048.5 ft. Interlaminated siltstone and mudstone predominate. Note 
Gyrolithes (G) at 14,037.5 to 14,038 ft. (C) Core from 14,079 to 14,117 ft. 
Abundant Terebellina are present from 14,081 to 14,082 ft. The biotur
bated muddy siltstone from 14,085 to 14,089.25 ft contains a bored horizon 
(B) at 14,086.75 ft. 
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Central Texas Gulf Coast 145 

14,037' 14,043' 

14,032' 

14,037' 

B 
14048.5' 

Figure 7.9. Continued 

minthoida, and Asterosoma. Less abundant forms are Dip
loeraterion, Teiehiehnus, and Gyrolithes. Body fossils are 
absent; scattered plant fragments are rare. 

Lithofacies 2: Bioturbated Muddy Siltstone 

Pervasive bioturbation of interlaminated siltstone and mud
stone produces medium to dark gray, muddy siltstone (Figs. 

7.9 and 7.10b). Burrowing intensity and, hence, intermix
ing appear to increase as silt content increases. The least 
intermixed muddy siltstone has a "speckled" appearance, 
due to thin, dark, mudstone laminae that are deformed and 
wrapped around a profusion of minute, light-gray, silt
filled, horizontal burrows. Identifiable burrows include 
Terebellina, Planolites, Chondrites, and Zoophycos. A 
bored horizon characterized by a Glossifungites trace-fossil 
assemblage occurs in the "speckled" siltstone at 14,087 ft 
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146 I.A. May 

14,079' 14,091 ' 

14,085' 

14,097' 

14,091 ' 

c Figure 7.9. Continued 

(Figs. 7.6 and 7.lOc) . This horizon also displays mineraliza
tion by corrensite, a regularly interstratified chlorite
montmorillonite mixed-layer clay (S.A. Stonecipher, per
sonal communication, 1991). 

Lithofacies 3: Laminated Siltstone 

Light to medium gray, horizontally laminated and ripple 
cross-laminated siltstone occurs in very thin to thin beds 

(Fig. 7.9). Mudstone laminae commonly separate these 
beds. Some of the laminated siltstone beds cap graded 
sandstones (lithofacies 5); in such cases, the siltstones are 
also normally graded. These graded siltstones display a ver
tical bedding sequence that indicates waning flow during 
deposition. Horizontal laminae are overlain by ripple cross
laminae, and mud drapes increasingly punctuate the rippled 
siltstones upward (producing flaser to wavy bedding, e.g., 
at 14,095 ft on Fig. 7.9c). These normally graded siltstones 
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c 
14111' 

Figure 7.9. Continued 

are often capped by burrowed siltstone. More rarely, 
laminated siltstone beds are inversely graded and demon
strate increasing depositional energy (from low- to high
flow-regime, tractive-bedform migration) with time; ripple 
cross-laminae change to horizontal laminae upward. 

Burrows are rare to common in the laminated siltstones; 
traces include Ophiomorpha and Asterosoma. Organic 
plant fragments are often present. 

Lithofacies 4: Cross-bedded Sandstone 

Light gray, fine-grained to very fine-grained sandstone is 
variably trough, tabular, and hummocky cross-bedded (Figs. 
7.9 and 7.1Od). Cross-lamination is both high angle (greater 
than 10°) and low angle. Some wavy laminations high
lighted by mud drapes also occur. Beds are typically less 
than 1 ft (30 cm) thick. Bases of these units are often subtly 
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Figure 7.10. Core pieces from the Sun #1 Urban well. (A) Lithofacies 1, 
interlaminated siltstone and mudstone (14,048.5-14,050 ft). Burrows 
marked by "C" are Chondrites. (B) Lithofacies 2, bioturbated muddy silt
stone (14,081-14,081.5 ft). The irregular and deformed white ellipses and 
circles are Terebellina (T). (C) A bored firmground or hardground at 
14,086.75 ft, marked by "B," with a Glossifungites trace-fossil assemblage. 
(D) Lithofacies 4, cross-bedded sandstone (14,110-14,111 ft). High- and 

scoured into underlying siltstones or mudstones. Internally, 
there is no "characteristic" vertical sequence, i.e., no evi
dence of smoothly waning or waxing current flow during 
deposition of these sandstones. Tops of beds are either bur-

l.A. May 

low-angle cross-laminae and horizontal laminae are disrupted by Asteroso
ma (A), Ophiomorpha (0), and Teichichnus (T). (E) Lithofacies 5, 
graded sandstone (14,099-14,101 ft). Two fining-upward beds are indi
cated by the two arrows. The lower structureless bed is faintly laminated, 
and then rippled, near its top, and capped by a shale drape, giving this bed 
the form of a turbidite Tabc sequence. The upper structureless bed contains 
chert granules (C) along its base. 

rowed or show a rapid change into a thin, rippled-and
draped siltstone cap or only a mudstone drape. Burrows 
vary from absent to common in the cross-bedded sand
stones, dominated by Ophiomorpha and Asterosoma. 

---------------------------------------------------------------------------------------C> 
Figure 7.11. Five representative sections of relatively continuous core 
from the Amerada #1 Kovar well. Cores are 2 inches wide. Cores are 
jumbled, and many pieces are missing. Bottom is to lower right; top is to 
upper left. The distribution of lithofacies is shown to the left of each strip 
(same abbreviations as in Fig. 7.9, plus L6. Silty Shale). (A) Core from 
14,517 to 14,538 ft. Silty shale dominates the upper two thirds of this inter
val. (B) Core from 14,578 to 14,599 ft. Interlaminated siltstone and mud
stone grades up to horizontal-laminated and rippled siltstone. Probable 
herringbone cross-bedding (H) occurs at 14,587.9 ft. (C) Core from 14,623 

to 14,641 ft. This interval of interlaminated siltstone and mudstone con
tains a slumped portion from 14,633.3 to 14,635 ft. (D) Core from 14,709 
to 14,740 ft. These medium and thick beds of siltstone are characteristical
ly horizontally laminated with rippled tops. Mud and mica line many of the 
laminae. (E) Core from 14,759 to 14,795 ft. This is an upward-coarsening 
sequence of ripple-laminated siltstone overlying interlaminated siltstone 
and mudstone, which grades upward from bioturbated muddy siltstone. 
Bedding in the portion below 14,784.5 ft is contorted. 
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14,623' 

14,629' 

14,629' 

14,635' 

c 
Figure 7.11. Continued 
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14,709' 

14,713' 

• 

14,716' 

,.... 
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t~ 
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...J 

Ir:= 
14,725' 

J.A. May 

14,725' 

14,728' 

14,740' 

14 734' 

D 
Figure 7.11. Continued 
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~ 
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Figure 7.11. Continued 
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Figure 7.11. Continued 
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Central Texas Gulf Coast 

Figure 7.12. Core pieces from the Amerada # 1 Kovar well. Cores are all 2 
inches wide. (A) Lithofacies 3, laminated siltstone (14,762.7-14,764.7 ft). 
Thick siltstone bed of horizontal and wavy laminae alternating with ripple 
cross-laminae. (B) Lithofacies 1, interlaminated siltstone and mudstone 
(14,775.5-14,777 ft). Note wave ripples (W) and herringbone ripples (H). 
(C) Lithofacies 1, interlaminated siltstone and mudstone (14,592-14,592.5 

Lithofacies 5: Normally Graded Sandstone 

Light gray, fine-grained, normally graded sandstone is the 
least common lithofacies (Fig. 7.9). Basal bedding sur
faces of these deposits are sharp and commonly erosional. 
Mudstone rip-up clasts or chert granules occur along 
the bases of some graded sandstone beds (Fig. 7.lOe). 
Internally, the lower portions of these beds are either 
horizontally laminated or structure less and overlain by 
horizontal laminae. The horizontal-laminated portions 
grade upward to ripple cross-laminated, very fine-grained 
sandstone or siltstone, which may contain plant fragments. 
These vertical successions of sedimentary structures 
match those found in turbidites, and can be described as 
T(a)bc sequences (Bouma, 1962). Burrows are rare in this 
lithofacies. 

155 

ft, top piece, and 14,595.8-14,596.3 ft, bottom piece). Siltstone layers are 
hummocky cross-stratified. (D) Lithofacies 4, cross-bedded sandstone 
(14,593.2-14,593.8 ft). An Asterosoma burrow occurs in the basal low
angle cross-bedded sandstone. The upper hummocky cross-stratified por
tion (H) is capped by wave ripples. (E) Lithofacies 6, silty shale (14,849-
14,850.4 ft) . 

Amerada #1 Allan Kovar 

Four of the five lithofacies present in the Sun #1 Urban 
cores also occur in the Amerada #1 Kovar units; lithofacies 
5 (normally graded sandstone) is absent. One additional 
lithofacies, a silty shale (lithofacies 6), exists in the #1 
Kovar cores, as described below. Laminated siltstone 
(lithofacies 3) intervals are often much thicker in the upper
most #1 Kovar core than in the #1 Urban cores (up to 2.5 
ft, 0.8 m). Horizontal to slightly wavy laminae variably 
dominate these thick siltstone beds, with ripples occurring 
only in the uppermost portions, or they alternate with rip
ple cross-laminae throughout (Figs. 7.11 and 7.12a). These 
siltstones commonly grade upward from low-angle cross
bedded or wavy-laminated sandstone beds, rather than 
from graded sandstones as in the #1 Urban units. 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


156 

Hummocky cross-strata and symmetrical-ripple laminae 
(Fig. 7.12b) are more common in the #1 Kovar core versus 
the #1 Urban cores. These features are especially prevalent 
in the interlaminated siltstones and mudstones (lithofacies 
1) (Figs. 7.7, 7.11, and 7.12c). Hummocky cross-laminae 
also occur in the laminated siltstones (Fig. 7.12d). Con
torted bedding is more common in the #1 Kovar core. 
Thin, deformed beds of interlaminated siltstone and mud
stone alternate with undeformed layers. Contorted bedding 
also affects a thick sequence of sandstone and bioturbated 
siltstone from 14,785 to 14,824 ft (Figs. 7.7 and 7.11e). 

Lithofacies 6: Silty Shale 

Dark gray, fissile, slightly silty shale contains rare light gray 
siltstone laminae and lenses. Small burrows are common. 
These traces include Planolites, Terebellina, and Chon
drites; indistinct bioturbation also dominates some in
tervals. Burrowing increases adjacent to and within the 
siltstone laminae. In the #1 Kovar well, this lithofacies 
dominates the uppermost and lowermost portions of core 
1 (Figs. 7.7 and 7 .12e) and composes almost all of cores 2 
and 3 (14,981-15,023 ft and 15,067.5-15,172 ft; Fig. 7.8b). 
These latter two cores are not illustrated. 

Interpretation 

Is the assemblage of six lithofacies described above part of a 
submarine-fan system? The abundant and diverse burrow
ing gives evidence that deposition took place under marine 
conditions. The presence of alternating coarse- and fine
grained lithologies points to sedimentation under fluctuat
ing energy conditions, such as in a tidal setting or below 
fairweather wave base. Sedimentary structures and trace 
fossils indicate that deposition of these rocks probably 
occurred above storm wave base and not in a deep-marine 
setting. 

Deposition by sediment-gravity flows below storm wave 
base dominates submarine fans. Such flows, which include 
turbidity currents, probably did produce some of the beds 
in the #1 Urban and #1 Kovar cores. The graded sand
stones (lithofacies 5) display classic turbidite (Tabc(d) and 
Tbc(d) sequences (Bouma, 1962; Middleton and Hampton, 
1976). However, turbidity currents arise not only in 
submarine-fan settings, but also in a variety of other en
vironments, including lakes, delta fronts, and continental 
shelves. Furthermore, turbidity currents are not the pri
mary mode of deposition interpreted in these upper Wil
cox units. Instead tractive processes governed most of the 
sedimentation of sand and silt and produced environmen-

1.A. May 

tally significant structures, such as hummocky cross-bedding 
and symmetrical-ripple laminae. 

Common tractive features in these cores are tabular and 
trough cross-bedding and current-ripple cross-laminae, all 
of which indicate the importance of migrating bed forms 
during deposition. Some of the current-rippled sequences, 
especially prevalent in the Amerada # 1 Kovar core from 
14,690 to 14,782 ft (Figs. 7.11d and 7.11e), appear to dis
play herringbone cross-laminae. These structures suggest 
alternating, bidirectional flow directions during deposition. 
Somewhat less profuse than the tabular and trough cross
beds and ripple cross-laminae are hummocky cross-strata, 
wave ripples, and wave-current laminae. The hummocky 
beds are inferred from internal laminations, which gently 
cross-cut and diverge upward into domes. Hummocky 
cross-stratification is thought to form due to oscillatory or 
multidirectional storm waves acting below fairweather 
wave base (Duke, 1985). Symmetrical and sigmoid ripples, 
which also denote wave processes, cap many of the bedding 
sequences. Locally abundant are sandstone beds composed 
of horizontal laminae. In contrast to cleaner and thinner 
horizontal-laminated units formed by upper-flow-regime 
currents, these beds comprise stacked laminae of siltstone 
and fine-grained sandstone, each draped by mica and mud. 
Such intervals form due to oscillatory wave processes, and 
have been called wave-laminated beds (Tillman, 1985; 
Arnott and Southard, 1990). 

Most diagnostic of shelf deposition are the hummocky 
cross-strata (Dott and Bourgeois, 1982; Duke, 1985). 
Although difficult to recognize in core, the domed, gently 
diverging laminae and low-angle truncations are becoming 
more widely accepted as indicating hummocky cross
stratification (Tillman, 1985; Walker, 1985c). The occur
rence of tabular and trough cross-bedding, and beds formed 
during progressively increasing current flow, also limit the 
depth of deposition. The sustained currents and abundant 
migrating bed forms necessary to produce these features are 
rare in deep-marine (slope or basinal) positions. The con
junction of hummocky cross-strata and wave ripples, with 
the tabular and trough cross-bedded sandstones, probably 
indicates that intermittent, high-energy, geostrophic storm 
flows, modified by oscillatory wave-orbital currents, domi
nated coarse-grained sedimentation recorded in these cores 
(Swift, 1985; Arnott and Southard, 1990; Duke, 1990). 

Other primary sedimentary structures lend support to a 
shelf interpretation for the upper Wilcox in this area of the 
central Texas Gulf Coast. The graded beds could have 
formed in numerous environments, but their relative scarci
ty and their preservation along with wave-formed features 
is typical of both modern and ancient shelf sands deposited 
below fairweather wave base (e.g., Swift, 1985; Tillman, 
1985; Walker, 1985a,d). The exact mode of generation 
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of shelf turbidity currents, whether by delta outflow, 
shoreline-parallel geostrophic flow, or basin-directed 
storm-surge ebb, is still under debate (Swift, 1985; Walker, 
1985a; Duke, 1990). Furthermore, the bored hardground 
or firmground at 14,087 ft in the lower #1 Urban core con
forms to a shelf setting. Similar features have been de
scribed from both carbonate and siliciclastic shelves (e.g., 
Aigner, 1982; Swift, 1985). Finally, the rare herringbone 
ripple cross-laminae are typical of relatively shallow-water 
deposition, probably due either to tidal currents or switch
ing storm currents (Swift, 1985; Tillman, 1985; Walker, 
1985b). 

Another characteristic of the #1 Urban and #1 Kovar 
cores consistent with a shelf setting is the episodic style of 
deposition. Active pulses of sedimentation waned and gave 
way to periods of quiescence. Shales and mudstones with 
thin siltstone laminae are predominant. Sandstone and silt
stone beds typically are separated by mudstones. Most of 
the coarse-grained units display internal bedding sequences 
formed by decreasing flow. Cross-beds progress upward to 
horizontal laminae then ripples, and finally ripple-and
drape (flaser and wavy bedding). 

These discrete changes and breaks in depositional ener
gies, combined with the variety of physical sedimentary 
structures, indicate sedimentation in relatively shallow 
water, below fairweather wave base but above storm wave 
base. The preponderance of thin-bedded and laminated 
heterolithic strata is typical of muddy or deeper (distal) 
shelf settings (Aigner, 1985; Pedersen, 1985; Swift, 1985; 
Nittrouer et aI., 1986; Snedden et aI., 1988; Leithold, 
1989). Similar beds occur in outer shelf deposits in the 
Wilcox of Louisiana (Lowry et aI., 1986). In such environ
ments, wave-orbital currents do not readily entrain coarse
grained sediments, and the bedding is thin, lacks lateral 
continuity, and is clay rich. Only large storms can create 
sufficient bottom currents to sustain large-scale bedform 
migration, producing fine-grained tabular and trough cross
bedded sandstones. Combined storm flow leads to hum
mocky cross-stratification. 

In addition, the trace-fossil assemblage independently 
corroborates the environmental interpretation based on 
physical sedimentary structures and sequences. The most 
common burrows in these rocks are Ophiomorpha, Aster
osoma, Terebellina, Chondrites, and Helminthoida. The 
first two forms are typical of sandy, high-energy environ
ments. Ophiomorpha occurs from the shoreline/tidal-flat 
zone to deep-sea settings; Asterosoma, in contrast, has not 
been reported beyond the shelf/slope break (Chamberlain 
1978). The other traces predominate in fine-grained sedi
ments from low-energy settings. Chondrites and Helmin
thoida are both common throughout the nearshore to deep
marine range. Terebellina, however, has been observed 
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only from the nearshore through outer shelf (Chamberlain, 
1978). Because this trace-fossil assemblage encompasses 
both deposit and suspension feeders, conditions were not 
dominated by either high-energy waves (very shallow 
marine) or passive pelagic conditions (deep marine away 
from sediment input). This high-diversity association most 
likely was produced within a neritic (continental shelf) 
setting. 

Conclusions 

The deepest and most basinward Wilcox units encountered 
in wells along the central Texas Gulf Coast were not formed 
in a submarine fan, in contrast to suppositions by previous 
workers. Based on examination of physical and biogenic 
sedimentary structures and vertical bedding sequences, the 
upper Wilcox cores from the Sun #1 Urban and Amerada 
#1 Kovar wells, Victoria County, instead represent deposi
tion upon a middle to outer, storm-dominated, continental 
shelf. Any sand bodies formed in this environment would 
have been thin and discontinuous; their potential as hydro
carbon reservoirs is minimal. If any submarine fan does 
exist in association with the Wilcox-aged Yoakum sub
marine canyon, it probably is located farther downdip or 
deeper than the present limits of drilling, and therefore, 
the full potential of the Wilcox remains to be discovered. 
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CHAPTER 8 

Facies, Reservoirs and Stratigraphic Framework of the Mossor6 
Member (Latest Cenomanian-Earliest Turonian) in Potiguar Basin, 
NE Brazil: An Example of a Tide and Wave Dominated Delta 

Joel Carneiro De Castro 

Introduction 

The Potiguar Basin is located in northeastern Brazil and 
occupies an area of about 40,000 km2, distributed both 
onshore and offshore (Fig. 8.1). It is one of the Brazilian 
marginal basins originated by Africa-South America rifting 
in the Early Cretaceous. In recent years, the onshore por
tion has undergone intense exploration, resulting in the dis
covery of several small oil fields that produce from Lower 
and middle Cretaceous rocks. The mid-Cretaceous is repre
sented by the clastics of the A<.;u Formation, which com
prises a lower fluvial unit and an upper, transitional unit 
known as the Mossoro member. 

This study focuses on the paleogeography of the Mossoro 
member by making use of outcrop and subsurface data, in
cluding continuous cored sections from four oil fields. De
tailed stratigraphic correlation within the Mossoro member 
has facilitated the characterization of facies geometries and 
system tracts, and the mapping of an important regressive 
event, the Mossoro Sandstone, which is a tongue of that 
member and represents the main reservoir in those fields. 
The designation "Mossoro Sandstone" is given by petro
leum development geologists for the main reservoir of 
Mossoro member in four oil fields, based on detailed cor
relation; this statement is reinforced by facies characteris
tics and sequences. Since no significant diagenetic change is 
imprinted on the sandstones of the A<.;u Fm, the most im
portant factor controlling the porosity development in the 
reservoirs is the original depositional environment and re
sulting facies. A tide- and wave-dominated deltaic model 
similar to the modern A<;u River on the mesotidal north
eastern Brazilian coast is proposed. 

Structural and Stratigraphic Framework 

The structural setting of the Potiguar Basin is dominated 
by a series of half grabens oriented northeast-southwest 
onshore and west-northwest/east-southeast in the offshore 
portion of the basin (Fig. 8.1). These grabens originated 
during the Africa-South America rifting of the Early Cre
taceous. During this stage (Neocomian/Aptian), up to 
4,000 m of fluvial, deltaic lacustrine and deep-water lacus
trine sediments were deposited. 

The A<;u Fm (Albian/Cenomanian) is a coarse clastic unit 
that occurs as a blanket all over the basin. It unconformably 
overlies the older nonmarine section in the graben areas. In 
the wide platforms that flank the central grabens, and in the 
outcrop belt, it directly overlies a metamorphic basement 
(Fig. 8.1). The limestones of the landaira Fm (Turonian/San
tonian) crop out in most of the onshore portion of the basin. 

The stratigraphic column of the Potiguar Basin is com
pleted with Campanian/Maastrichtian and Cenozoic rocks 
that crop out in the littoral zone and fully develop offshore. 

A dip-oriented stratigraphic section (Fig. 8.2) shows the 
blanket nature of the A<.;u and landaira Fms, as well as the 
stratigraphic correlation between the A<;u Fm clastics and 
its distal equivalents. In the onshore setting, the A<.;u Fm 
comprises two units: (1) a lower unit, 300-700 m thick, 
formed by coarse clastics of fluvial and fluvio-estuarine ori
gin; and (2) an upper one, known as the Mossoro member, 
that is 50-100 m thick and dominated by transitional
marine fine clastics. The lower unit of coarse clastics of the 
A<.;u Fm grades offshore to fine clastics deposited in a shelf 
setting and to the limestones of the Pont a do Mel Fm, the 
latter forming a narrow and extensive platform during 
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Figure 8.1. Main features of the Potiguar Basin in northeastern Brazil. Oil 
fields (shown in black) that have been studied are located along a major 
structural lineament, the Areia Branca fault (AB): Baixa do Algodao, 
Mossor6, Canto do Amaro, and Redonda (BAL, MO, CAM, RE). NE
SW oriented, onshore, and WNW-ESE, offshore grabens delimit the 

Albian time (Figs. 8.1 and 8.2). Another important con
temporaneous system is the deep-water complex of Latest 
Albian to Middle Cenomanian age that occurs at Ubarana 
canyon, an erosional reentrance clearly delineated in the 
Ponta do Mel carbonate platform (Fig. 8.1). 

The upper unit of the Ac;u Fm, the Mossor6 member, is 
regionally distributed and bounded by approximate time 
lines. The lower boundary (marker I) represents a major 
transgressive event that records the onset of a transitional 
marine environment following a period of extensive alluvial 
sedimentation (lower Ac;u unit) in the basin. The upper 
boundary marks the beginning of carbonate deposition that 
has resulted from a transgression over a nearly flat surface 
(Fig. 8.2). Thus, both contacts of the Mossor6 member rise 
stratigraphically toward the margin of the basin to the south; 
that is, they become slightly younger in that direction. 

The stratigraphic framework of the Mossor6 member 
(latest Cenomanian to earliest Turonian) will be discussed 
in this chapter. 

J.e. De Castro 

N 

t 
'- --

+ 
+ 

30km 

occurrence of Lower Cretaceous rocks. Basement is shown by crosses, 
Ac;u Fm outcrop by dots, and Ponta do Mel carbonate platform by a brick 
pattern; the asterisk localizes the Apodi outcrop. The town of Macau and 
Ubarana Canyon are indicated (M, UC). 

Facies Analysis 

The Mossor6 member encompasses four main depositional 
systems, ranging from dominantly fluvial in the outcrop belt 
to marine in the offshore portion of the basin. Between 
these two geographic extremes, four oil fields in the on
shore portion of the Potiguar Basin produce from the fol
lowing systems: (1) meandering fluvial, represented by the 
Baixa do Algodao field; (2) delta plain, represented by the 
Mossor6 field; and (3) estuarine/tidal flat, represented by 
the Canto do Amaro and Redonda fields. 

Thus, each depositional system is represented by one oil 
field, except for the offshore marine system, which does not 
have reservoir rocks. The estuarine/tidal-flat system is rep
resented by the Canto do Amaro field (see also Bagnoli, 
this volume). In the following sections, the depositional sys
tems (= facies association) will be characterized by analysis 
of the vertical sequences and geometric properties of their 
component facies. 
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Figure 8.2. Dip-oriented stratigraphic cross section AA' (Fig. 8.1), show
ing the blanket nature of A<;u and landaira Formations and the offshore 
facies changing of the coarse clastics of the A<;u Fm to fine clastics and to 

Outcrop Data 

The 50-m-thick continuous exposure of the upper part of 
the Al$u Fm near the town of Apodi (Fig. 8.1) has been 
studied by the author and colleagues in order to understand 
the facies and their geometries for a comparison with sub
surface data. The section measured in this outcrop is nearly 
equivalent to the Mossor6 member and represents its pro
ximal deposits. Besides these dominantly fluvial sand
stones, other facies-such as crevasse lobe sandstones/ 
siltstones, estuarine sandstones, and tidal-flat shales/ 
dolomitic marls/cemented sandstones-are also characte
rized. Thus, the outcrop data offer a unique opportunity to 
examine 3-D facies relations that can be tied to the regional 
framework of the Mossor6 member. 

At least four fluvial intervals (facies AI, Fig. 8.3F) are 
present. Each one is 4-5 m thick and formed by two units. 
The lower unit is thinner, has an erosional base, channel 
form, and a fining-upward trend formed by small sets of 
trough cross-bedded sandstones rich in shale clasts that 
grade into cross-laminated sandstones, which are overlain 
by thin shale beds. The upper sandy unit is thicker, and has 
a flat base and a convex shape that suggests bar deposits; 
internally, it has thick sets of tabular cross beds with 
tangential contacts. 

Possible overbank deposits composed of brown shales 

carbonates (Ponta do Mel Fm = PM). (Datum = top of landaira Fm; 
M = Mossor6 member; LK = Lower Cretaceous; CL = coastline). 

and very fine sandstones with sigmoidal cross beds and 
geometry (facies A3, Fig. 8.3E) locally overlie fluvial sand
stones. Crevasse lobe sandstones and siltstones (facies A2, 
Fig. 8.3C and D) have a sharp base and grade vertically and 
laterally from tabular cross-bedded and horizontally lami
nated fine sandstones, to partly bioturbated, ripple drift 
cross-laminated, very fine sandstones, and to siltstones. 

Estuarine sandstones (Fig. 8.3A and B) are well 
documented by the occurrence of mud flasers intercalated 
with the topmost fluvial sandstone, suggesting an upper 
estuarine setting. The presence of bioturbated sandstones 
in the upper portion or overlying crevasse and overbank 
deposits is also indicative of brackish conditions. 

The uppermost facies (Cl, Fig. 8.3A) present in the out
crop that directly underlies the dolomitic limestones of the 
landaira Fm is the tidal flat association of gray shales, 
cream dolomitic marls containing a poor fauna of are
naceous foraminifers, and cemented/fossiliferous sand
stones with tidal-modified cross bedding. 

Baixa do Algodiio Oil Field: 
The Fluvial Meandering System 

The Baixa do Algodao oil field is located on a dome-shaped 
structural high. It produces 147 m3/day of 28° API oil from 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


164 

Figure 8.3. Apodi outcrop. (A) Lagoonal shale (M, facies Cl) onlapping 
fluvial bar sandstone (F, facies AI); the shale unit wedges toward the top 
of the bar (T; see detail in B). (B) Detail of mud flasers at point T (pre
vious photo) . (C) Crevasse sandstones (facies A2) abruptly overlying 
fluvial sandstone. (D) Crevasse deposits: tabular and horizontally lamin-

16 wells. The main reservoir, known as the Mossoro Sand
stone, is subdivided into three production zones, MO-I to 
MO-III. Two cored wells, 7-BAL-5-RN (Fig. 8.4) and 7-
BAL-14-RN, adequately document the Mossoro member 
in this field. 

J.e. De Castro 

ated sandstones (T) fining upward to bioturbated, ripple-drift cross
laminated sandstone and siltstone (R). (E) Sigmoidal cross-bedded, very 
fine sandstone overlying brown shales with mudcracks (facies A3 and Fl) . 
(F) Fluvial bar (see H in photo) overlying a channel sequence , facies Al 
(see Fig. 8.15, for photograph position in the outcrop section). 

Facies 

Eight facies are recognized and described as follows . Facies 
A1 is represented by trough cross-bedded, medium- and 
coarse-grained sandstones, with erosional base and abun-
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Figure 8.4. Sequential analysis of cores from well 7-BAL-5-RN (description by E. Bagnoli); MO-I, MO-II, MO-III are production zones, and MK-I is 
marker 1. The position of core photographs (Fig. 8.5) is indicated at left of the texture column. 
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Figure 8.5 . Core photographs of Baixa do Algodao field . (A) Low-angle , 
cross-bedded, cemented sandstone with shale clasts, facies C2. (B) Rhyth
mites with graded bedding (top) or massive to ripple-drift cross lamina
tion, facies F3 (from BAL-14-RN). (C, D, E). Tangential tabular cross-

dant shale clasts (Fig. 8.5F). It may be followed upward 
by a thin interval of tabular-tangential, cross-bedded, 
micaceous fine sandstone. This facies is interpreted as a 
point bar in a fluvial meandering system. 

Facies A2 is formed by fining-upward sequences from 
bottom to top: tabular cross-bedded, medium to fine sand
stone, which may be associated with ripple drift cross
lamination (Fig. 8.5E), followed by horizontally laminated 
or sigmoidal cross-bedded, fine sandstone (Fig. 8.5D and 
C), and by ripple drift cross-laminated, fine to very fine 
sandstone, bioturbated and silty toward the top. This facies 

J . C. De Castro 

bedded, horizontally laminated, and ripple-drift/cross-bedded sandstones 
of facies A2. (F) Cross-bedded sandstone with shale clasts in the foresets, 
facies AI. 

is interpreted as crevasse lobe deposits with possible 
estuarine influence. 

Facies A3 is represented by fining-upward sequences 
with massive or graded fine sandstone and ripple drift cross
laminated, micaceous, fine to very fine sandstone (Fig. 
8.5C); it probably records overbank and flood-plain deposi
tion. 

The shaly facies are of three types: brown siltstone-shale 
(Fl); gray-hJ:"Own, massive to bioturbated siltstone to silty 
sandstone (F2) of flood-plain origin; and thin rhythmites of 
sandstone and shale (Fig. 8.5B), with graded bedding and 
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Figure 8.6. Baixa do Algodao oil field (top) . Cross section BB' in Mos
sor6 member showing facies distribution (see text) . MO-I, MO-II, MO-III 
and MK-I refer to Mossor6 Sandstone zones I, II , III and to marker I; 
vertical bars indicate cored sections; base of landaira Fm is datum. Iso-

climbing ripples (F3) that grade to dark gray-brown shale 
and represent oxbow-lake deposition (E. Bagnoli, personal 
communication, 1991). 

The last two facies (C1 and C2) are carbonate-rich sand
stones that constitute transgressive events. Facies C1 is 
composed of fossiliferous/cemented sandstone, detrital 
dolomitic marl, and greenish-gray shale; it occurs toward 
the top of the unit and is interpreted as a tidal flat. Facies 
C2 is made up of cemented, intraclast-rich, low-angle, 
cross-bedded sandstone with occasional pelecypod and 
phosphatic debris, making up a possible storm deposit (Fig. 
8.SA). 

lithic map (bottom) of Mossor6 Sandstone shows zones MO-I (left) and 
MO-II (right); contours in meters (maps prepared by M.A. Castelo 
Branco) . 

Facies relations and sandstone geometry 

The geometric relations among lithofacies of the Baixa 
do Algodao oil field, as well as the Mossoro Sandstone 
geometry, are shown in Figure 8.6. Despite its tabular 
shape, the fluvial sand bodies (facies AI) show significant 
lateral facies change to marginal deposits of facies A3, with 
corresponding permeability variation from high (up to 3.5 
d) to low (Figs. 8.4 and 8.6) . Thus, the oil reservoirs are 
facies Al and, to a lesser extent, facies A2 sandstones; the 
seal rocks are shales and very fine, micaceous sandstones 
(facies F2 and A3; Fig. 8.4). 
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Another interesting aspect of this unit is the presence of 
thin transgressive intervals composed of the intraclast-rich. 
cemented sandstone (facies C2) that interrupts the domi
nant alluvial sedimentation and also acts as a seal. 

The isopach maps of the Mossoro Sandstone (Fig. 8.6, 
bottom) strongly support a meandering fluvial origin for the 
sand bodies. The isopach map of the MO-I producer zone 
map suggests a complete channel/crevasse/ftood-plain set
ting. 

Mossoro Field: The Delta Plain System 

The Mossoro oil field, which was the first discovery in the 
onshore part of the basin, is located on a northeastward
dipping structural nose. The daily production averages 10 
m3 of a 27° API oil, from 15 wells. Its low performance is 
mainly due to the limited extent of the Mossoro Sandstone 
reservoir. Except for well 9-MO-13-RN, which continuous
ly cored the Mossoro member, other wells were cored only 
for the Mossoro Sandstone. 

Facies 

Seven facies were mapped in the Mossoro member: three of 
them are porous sandstones, two are siltstones/shales, and 
two are cemented, fossiliferous sandstones. Figure 8.7 de
picts part of the continuous core from 9-MO-13-RN, with 
the sequential facies analysis and calibration of logs and 
petrophysical data. 

Facies A2 and A3 have already been discussed in the 
Baixa do Algodao oil field section. Two important aspects 
of the facies are the close association in facies A2 between 
tabular cross bedding and ripple-drift cross lamination, 
both dipping in the same direction (Fig. 8.8D); and the 
fining-upward sequence of facies A3, which is formed by 
massive bedding containing shale clasts, sigmoidal cross 
bedding and ripple-drift cross lamination (Fig. 8.8A, B, and 
C). Facies A2 is interpreted as crevasse lobe deposits or the 
upper part of a fluvial point bar, whereas facies A3 is inter
preted as crevasse-overbank deposits. 

Facies A4 is characteristic of the Mossoro Sandstone 
reservoir. It comprises a major fining-upward sequence, 
which is itself composed of smaller ones. The sequences 
start with trough and tabular cross-bedded, medium-fine 
sandstones containing shale clasts (Fig. 8.9C), overlying an 
erosional base. This lithofacies is followed by horizontally 
laminated, well-sorted fine sandstone, rich in micaceous 
laminae toward the top (Fig. 8.9B); and a ripple-drift, 
cross-laminated, very fine sandstone, that is siltier and bur
rowed on the top (Fig. 8.9A). The sequence ends with 
brown, massive to deformed siltstones (facies F1). The 

J.e. De Castro 

fining-upward trend (Fig. 8.7) is associated with reduced 
permeabilities and increased water saturation due to the 
shaliness of the ripple-drift/bioturbated uppermost interval. 
This facies is interpreted as a crevasse lobe sand body (Cas
tro et aI., 1982) from evidence suggesting a combination of 
unidirectional, bedload, and suspended-load deposition 
(Coleman, 1969); bioturbation may be indicative of a 
estuarine setting. 

The finer-grained facies F1 and F2 have already been de
scribed. 

The fossiliferous/dolomitic sandstones are of two types: 
(1) bioturbated, silty sandstone with plant remains (facies 
C3, Fig. 8.9D); and (2) horizontally laminated and biotur
bated, in part by Ophiomorpha, very fine to fine sandstone 
(facies C4, Fig. 8.9E). These facies can be related to trans
gressive settings (beach, lagoon) set up after crevasse aban
donment and submergence (Saxena, 1976). 

Facies relations and reservoir geometry 

Figure 8.10 displays the spatial distribution of the seven 
facies previously identified in the Mossoro member type 
section. The predominance of crevasse and overbank de
posits (facies A2, A3, A4, F1, and F2), interrupted by in
tervals of cemented sandstones of transgressive origin 
(facies C3 and C4), is readily observed. 

The main reservoir of the field, the Mossoro Sandstone, 
shows rapid facies changes from medium to fine, porous 
sandstones (facies A4) to very fine sandstones and siltstones 
with low porosity (facies A3/F1). This relation is demon
strated in the sandstone isolithic map (porosity cutoff of 
28%), where the wells with best production are within the 
5-m contour, whereas those wells with no production plot 
within the less-than-2-m contour area (Fig. 8.10). The 
general oval geometry and the dimensions of the sand body 
are comparable to those of modern crevasse-lobe deposits 
in deltaic settings (Donaldson et aI., 1970). The absence of 
associated fluvial channel deposits suggests similarities to 
the modern Ac;u delta (discussed below) where at least 80% 
of the delta-plain area is dominated by crevasse lobes and 
subdeltas. 

Canto do Amaro and Redonda Fields: 
Estuarine/Tidal-Flat System 

The Canto do Amaro accumulation, like Mossoro, is an 
anticlinal nose dipping to the northeast. It is the best oil 
field in the onshore portion of Potiguar Basin, where it pro
duces from several reservoirs in the Ac;u Fm, including the 
Mossoro member. The main reservoir in this unit is the 
Mossoro Sandstone, and indeed, it is situated at the same 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


Example of a Tide and Wave Dominated Delta 

GR(2API) 

-u.-JIlL TROUGH, TABULAR X-BEDD 

::::;;;=. LOW ANGLE X-BEDD 

1 
HORIZ. LAMINATION 

RlPPLE DRIFT X-LAM 

POROSITY 
40 30 20 % 

PERMEABILITY 
1000 100 10 1 NO 

37 

~ INTERLAMIN. SAND-SHALE 

~l ..n. DEFORMED BEDDING 

tJ....-::> BURROW; MOLLUSK 

• PR SHALE CLAST j PLANT 

169 

Figure 8.7. Sequential analysis of cores from 9-MO-13-RN well. Position of core photographs (Fig. 8.9) at left of Texture column. MO = 
Mossor6 Sandstone; Mk I = marker 1. 
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Figure 8.8. Core photographs of Mossor6 field. (A, B, C) Crevasse! 
overbank sandstones and siltstones, facies A3. Fining-upward sequence of 
massive to sigmoidal cross-bedded sandstones, with shale clasts (C), 
tabular-tangential cross-bedded sandstone (B), and graded, low-angle 

stratigraphic level as the Mossoro Sandstone in the type 
section (Mossoro oil field). The oil production from this 
sandstone amounts to 400 m3/day from 41 wells, with 28° 
API. 

Facies 

Seven wells were cored in the Mossoro Sandstone in the 
Canto do Amaro oil field; two of them, 7-CAM-7-RN and 
7-CAM-63-RN (Fig. 8.11), have sampled thick sections of 
the Mossoro member. 

J.e. De Castro 

(sigmoidal) cross-bedded to ripple-drift cross-laminated sandstone (A) . 
(0) Tabular cross-bedded and ripple-drift cross-laminated sandstone, with 
shale clasts of facies A2 (Core widths, 10 cm). 

It is possible to identify 8 facies in the Canto do Amaro 
oil field (see Bagnoli, this volume): two sandy reservoirs 
(facies A2, A5), four silty-shale seals (F2, F4, F5, F6), 
and two cemented sandstones/dolosparites (C3, C5). For 
comparison, these facies correspond respectively to E. Bag
noli's lithofacies 2,1,3,6,5,8,4, and 7( this volume). Two 
new sandy lithofacies, A6 and A 7, are characteristic of the 
Redonda oil field, where the Mossoro member was ex
tensively cored (Fig. 8.12): facies A6 can be recognized in 
Canto do Amaro (Fig. 8.11), which it has been included in 
E. Bagnoli's lithofacies 4 (this volume). 

Facies A2, already described, is dominated by ripple-
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Example of a Tide and Wave Dominated Delta 

Figure 8.9. Core photographs of Mossor6 field, well Mo-13 (see Fig. 8.7). 
(A, B, C) Fining-upward sequence of crevasse lobe deposits, facies A4, 
formed by low-angle, cross-bedded sandstone (C), horizontally laminated 
sandstone with micaceous laminae (B), and rippie-drift cross-laminated/ 

drift, cross-laminated, very fine sandstone (Fig. 8.13A), 
and subordinate horizontally laminated and cross-bedded 
fine sandstones. 

Facies A5 represents a fining-upward sequence, which is 
itself composed of smaller ones. It begins at the base with 
shale-intraclast conglomerate, up to 0.2 m thick, resting on 
an erosional surface. This surface passes upward into 
trough and tabular cross-bedded, fine sandstone, contain
ing shale clasts in the foresets (Fig. 8.13D), overlain by 
massive or horizontally laminated, fine to very fine sand-

171 

bioturbated sandstone (A). (D) Bioturbated, very fine sandstone; black 
dots are plant remains, and white spots are recrystallized mollusk debris, 
facies C3. (E) Horizontally laminated and bioturbated sandstone, facies 
C4. 

stone to ripple drift, cross-laminated, micaceous, very fine 
sandstone (Fig. 8.13C) with thin shale interbeds. Shale 
drapes may occur within the sandstones, whereas bioturba
tion is present on the top ofthe sequence (Fig. 8.13B), pre
ceding siltstones and shales of facies F2. 

The A5 facies is representative of the Mossor6 Sandstone 
in Canto do Amaro field: lithologically and compositionally 
(arkoses), it resembles facies A4. 

At Redonda, the A5 facies exhibits more marine in
fluences, as demonstrated by the presence of phosphatic 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


172 

c 
o 

30m 

T 
MK I 

-1 

MQ -13 

= 

MO 

l:=cr I FACIES C3,C'I FACIES FI,F2 I . I FACIES '13 

and mollusk debris in the basal shale-intraclast conglomer
ate, and locally by Ophiomorpha burrows. An estuarine 
channel-mouth bar origin is proposed for facies A5. 

The A6 facies is represented by cross-bedded, fine to 
medium sandstones, displaying an erosional base enriched 
in shale clasts, as well as ftaser bedding and shale drapes in 
the foresets. It shows a distinct fining-upward trend due 
to increasing bioturbation toward the top (by Ophiomor
pha and horizontal burrows); local herringbone cross
bedding may occur (Fig. 8.13E and F). Facies A6 forms the 
upper portion of coarsening-upward sequences (Fig. 8.11, 
8.12) as it overlies fossiliferous, bioturbated silty sand
stones (facies C3). At Redonda, the CD sequence is made 
more complete by the introduction of pelecypod-rich, 
hummocky-structured, very fine sandstones (facies A7, 

c· 

o 

J.e. De Castro 

Figure 8.10. Mossor6 oil field. Cross
section CC' (top) of Mossor6 member 
in the type section, showing vertical 
and lateral facies relations. (For facies 
code, see text. MO = Mossor6 Sand
stone. Vertical bars-cored intervals.) 
Mossor6 Sandstone isopach map (bot
tom: porosity cutoff of 28%) exhibit
ing the oval geometry of crevasse lobe 
deposits. 

next) between facies A6 and C3. We suggest an estuarine 
channel-ebb tidal delta for the origin of such sequence. 

The A7 facies, mainly developed in the Redonda oil 
field, consists of wavy-bedded sandstones and shales in
tercalated with fossiliferous, cemented very fine sandstones 
with truncated undulating laminations (microhummocky) 
and thin vertical burrows. The A 7 facies also constitutes the 
upper portion of coarsening-upward sequences as it overlies 
bioturbated, silty sandstones, and siltstones/shales with 
Chondrites and horizontal burrows (facies C3 and F5, Fig. 
8.12). Besides its presence in the coarsening-upward se
quences, as previously described (facies F5-C3-A7-A6), the 
A7 facies also represents a lateral equivalent of the A6 
facies in the Redonda oil field. We may assume an ebb-tidal 
delta/shallow-marine origin for the sequence. 
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Figure 8.11. Sequential analysis of cores from 7-CAM-63-RN well. Notice FU trend of the Mossoro Sandstone and CU trend of the transgressive, wave
and tide-reworked sandstone/shale. 
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GR(QAPI) - FDC/CNL ---

Figure 8.12. Sequential analysis of cores from RE-8-RN 
well, showing the FU sequence of the Mossoro Sand
stone and CU sequences in the lower sandstones (which 
correspond to T, Fig. 8.15). 
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We should refer here to another wave-reworked facies, 
which is represented by fossiliferous, cross-bedded to hori
zontally laminated fine sandstones displaying Ophiomorpha 
burrows. The sandstones are locally cemented by dolomite 
and may grade above and below to bioturbated silty sand
stones of facies C3; they can be related to facies C4 (origi
nally defined at the Mossoro oil field), which was inter
preted as beach deposits. 

The shaly F4 facies consists of green-brown massive 

shales, sometimes with pedogenic calcite concretions and 
root-cast marks; it was deposited on an aggradational delta 
plain or supratidal flat. 

Facies F5 is a pyritic, greenish-gray shale with plant re
mains intercalated with Chondrites-burrowed siltstone and 
with limestone layers (up to 5 em) composed of pelecypod 
or gastropod coquinas and algal mat laminations. This 
facies corresponds to a tidal flat or a very shallow lagoonal 
setting. 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


Example of a Tide and Wave Dominated Delta 

Figure 8.13. Core photographs of Canto do Amaro field. (A) Ripple-drift 
cross-laminated sandstone, facies A2. (B, C, D) Fining-upward sequence 
of facies AS. Cross-bedded sandstone with shale clasts (D), cross-bedded 
over ripple-drift cross-laminated sandstone (C), and horizontally lami-

Commonly associated with facies FS, the CS facies is a 
bioturbated sandy dolosparite with mollusk molds and 
vertebrate and plant debris. 

The F6 facies occurs locally, represented by carbo
naceous shales and coals deposited in an intertidal man
grove environment. 

Facies relations and reservoir geometry 

The stratigraphic distribution of the main facies groups is 
displayed schematically in Figure 8.14 by using the best 
cored wells of the Canto do Amaro field. There is a close 

175 

nated sandstone, argillaceous an~ bioturbated toward the top (D). (E, F) 
Cross-bedded sandstones of facies A6, with shale drapes and Ophiomor
pha burrows (E), or shale clasts and 1800 opposed cross lamination on top. 

relation between the physically structured, fining-upward 
sandstones (facies A2, AS) and the tidally reworked or 
bioturbated, fining-upward sandstones within coarsening
upward sequences (facies A6 and C3). The aggradational 
shaly units of tidal flat or supratidal/delta plain (facies F2, 
F4, and FS) make up the seals in the field, whereas the 
sandy carbonates (facies CS) are transgressive units. 

The Mossoro Sandstone (Fig. 8.11) forms a distinctive 
tabular unit with a thick, lobate-shape accumulation of sand 
following a northeast-southwest trend that matches the 
structure of the field. It thins in all directions, except to the 
southeast. 

Facies changes are observed in the Canto do Amaro 
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field, indicating: (1) marine influences toward the north
east; (2) development of a soil unit (facies F4) on top of 
marker T, in the southwestern margin (Fig. 8.14); (3) better 
developed Mossoro Sandstone (facies AS) toward the 
northeast; and (4) finer-grained material intercalated with 
the Mossoro Sandstone, probably representing an aggrada
tional delta plain in the southwest (facies F2) and a shallow 
lagoon to the northeast (facies FS). 

In the Redonda oil field, the vertical sequence of facies of 
the Mossoro member, as well as the facies and reservoir 
characteristics of the Mossoro Sandstone, are similar to the 
Canto do Amaro oil field, except for more marine in
fluences due to the regional setting (Figs. 8.1, 8.12). The 
Mossoro Sandstone at Redonda is elongated in a northeast
southwest direction due to lateral and updip wedging out of 
the sandstone. As in the Ganto do Amaro, the sands are 
better developed in the downdip, northeast direction. 
Within the Mossoro Sandstone, we can observe a facies 
change from AS to A6, indicating a more distal estuarine 
channel-mouth bar setting (see additional comments about 
geometry and origin in the Stratigraphic Framework discus
sion, below). 

Shallow Marine System 

A shallow marine association is present in the Mossoro 
member in two areas: (1) in the offshore wells where the 
unit is entirely marine, and (2) in some onshore wells near 
the littoral, Redonda-like area (only on top of the Mossoro 
member) (Fig. 8.15). 

The marine association is represented by facies C6: dark 
gray shales and bioturbated, detrital/bioclastic/peloidal 
calcarenites grading to fossiliferous sandstones. The fauna 
includes micritic and arenaceous foraminifers, ostracods, 
and prismatic pelecypod debris. No reservoirs are present 
in this system. 

Stratigraphic Framework of the Mossoro Member 

In order to establish the regional stratigraphic framework 
for the Mossoro member, a detailed correlation of its litho
facies was prepared using electrical logs and core infor
mation. The overall transgressive nature of the Mossoro 
member and the landaira Fm implies that the base of the 
Mossoro member (marker I) rises chronostratigraphically 
toward the continent, and on a smaller scale, the same is 
expected to occur with the base of the landaira Fm (Figs. 
8.15 and 8.16). 

Despite the representation of only four lithofacies groups 
in Figures 8.15 and 8.16 (medium/coarse sandstones; very 
fine to fine sandstones; siltstones and shales; cemented 
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sandstones to detrital limestones), the presence of four ma
jor systems in the framework of the Mossoro member is 
noteworthy. These depositional systems are described as 
follows: 

• Meandering fluvial (Outcrop and Baixa do Algodao 
field): coarse-grained and fine to very fine-grained sand
stones of facies Al and A2/ A3, respectively representing 
point bar and crevasse/overbank deposits. Finer-grained 
facies F1, F2, and F3 document overbank and flood-plain 
deposition, while the intraclast-rich, cemented sand
stones of facies C2 are transgressive storm (?) events; 

• Delta plain (Mossoro field): fine to very fine sandstones 
of facies A2, A3, and A4 associated with siltstones and 
shales of facies F1 and F2, representing crevasse lobes/ 
subdeltas and overbank deposits. The transgressive ele
ments are cemented/bioturbated sandstones and silty 
sandstones of facies C3 and C4; 

• Estuarine/tidal flat (Canto do Amaro and Redonda 
fields): an association of fine to very fine-grained sand
stones, in part tidally reworked (facies AS and A6) with 
massive or Chondrites-burrowed siltstones and shales 
(facies F4 and FS), and transgressive detrital dolosparites 
(facies C3, C4, CS). 

• Shallow marine (offshore area): shales and detrital/ 
fossiliferous calcarenites of facies C6. 

The facies changes among the four systems are clearly 
shown in Figure 8.15. The oil-bearing Mossoro Sandstone 
(M, in Figs. 8.15 and 8.16) is a good example, as it grades 
from fluvial (facies AI, A2), to delta-plain crevasse lobe 
(facies A4), to estuarine channel-mouth bar (facies AS, 
A6), and finally to a marine facies association. The tran
sitional environments typically display the lenticular, iso
lated nature of sandstone reservoirs imposing the strati
graphic control on the Mossoro and Canto do Amaro/ 
Redonda oil fields. The Mossoro Sandstone overlies a 
transgressive interval (T, Figs. 8.15 and 8.16) that can be 
traced from onshore up to the Baixa do Algodao field. 
These two major events, one transgressive (T) and one re
gressive (M) provide a better comprehension of the strati
graphic evolution of the Mossoro member, which is net 
transgressive (Fig. 8.15). 

Figure 8.17 is helpful in understanding the depositional 
model for the Mossoro member and particularly the Mos
soro Sandstone. First, the major depositional systems of the 
Mossoro member are displayed parallel to the A~u Fm iso
pachs, and therefore parallel to the Mossoro member iso
pachs (not shown, but their attenuation mimics the A<;u Fm 
isopachs). Second, the depositional systems distribution for 
the Mossoro Sandstone is not different from the Mossoro 
member (Fig. 8.17). 

The Mossoro Sandstone is the main reservoir in four oil 
fields analyzed herein, and the stratigraphic control is criti-
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Figure 8.14. Canto do Amaro oil field. Cross-section ~O' (top) between 
7-CAM-63 (left) and 7-CAM-7 (right), showing facies relations (vertical 
bars for cored sections; datum is base of landaira Fm; see text for facies 
code). T is the transgressive interval of Fig. 8.15. Isolithic map (bottom) of 
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the Mossor6 Sandstone showing a NE = SW orientation that is coincident 
with the field structure, (only cored wells are indicated; map prepared by 
F. Nolla) 
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FLUVIAL 

I: 0 :3 MED/COARSE SANDST. 
(FACIES All 

SAL 
• 

I::: .. J V. FINE/FINE SANDST. 
(A2, A3, A4, A5, A6) 

o 

Figure 8.15. Dip-stratigraphie cross section EE' (Fig. 8.17) showing litho
logie correlation and the depositional systems of the Mossor6 member. 
Notice the main reservoir, Mossor6 Sandstone (M), as a probable regres
sive episode, overlying a transgressive interval (T). D P = delta plain; 

cal in three of them. Despite the similarities in composition 
and sequential organization of texture and structure be
tween delta-plain and estuarine systems, the size, facies re
lations, and orientation of sand bodies are quite distinctive. 
Estuarine channel-mouth bar sandstones (facies AS) are 
bigger and elongated in a northeast-southwest direction 
perpendicular to a probable ancient coastline. They show 
an updip pinch-out and downdip dis confinement (notice 
channel and lobate geometries in the insets of Fig. 8.17); 
they also change laterally to tidal-reworked sandstones 
(facies A6). 

Few ancient models for wave- and tide-dominated deltas 
are available in the literature. Campbell and Horne (1986) 
proposed a tidal inlet/shoreline model for the genesis of the 
Middle Triassic Halfway Fm in the Western Canada Basin. 
The area investigated is assumed to be lateral to a delta, so 
it would be a marginal deltaic setting supplied by longshore 
currents. Despite the convincing vertical sequence and 
geometric characterization of inlet and barrier facies, it is 
difficult to compare the single regressive sequence of the 
Halfway Fm with the complex Mossoro member frame
work. 

Two recent contributions investigate the Upper Cre
taceous from the Western Interior of North America 
(Rahmani, 1988) and the lower Eocene from the southern 
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ETF = estuarine/tidal flat; SM = shallow marine; CL = coastline; X = 
crossing with section FF' (Fig. 8.16). The marker I (.) rises chronostrati
graphically; base of landaira Fm is datum. 

Pyrenees, Spain (Yang and Nio, 1989). Both papers de
scribe major CU, regressive sequences, from marine to 
coastal, which contrast with the general transgressive set
ting of the Mossoro member. Some similarities can be 
observed, however, in the sequential organization and 
geometry of the coastal facies. 

Rahmani's CU marine sequence (prodelta silt/shale, in
terbedded sand/shale, and delta-front parallel-laminated to 
low-angle cross-bedded sandstone) is scoured by a tidal
dominated estuarine channel (cross-bedded sandstone with 
tidal bundling and mud drapes) and overlain by tidal flats 
and carbonaceous marshes and swamps. He also recognizes 
a tripartite division of the narrow and elongated estuarine 
channel (fluvial sand in the upper estuary, mud in the mid
dle estuary, tidal sand in the lower estuary) and makes 
appropriate comparisons with modern environments. 

Yang and Nio (1989) describe the Roda Sandstone and 
compare it with the modern ebb-tide delta of the Eastern 
ScheIdt estuary, southwest Netherlands. The authors 
identify transverse sand bars and estuarine channel sands 
with fining-upward sequential organization, and downdip 
ebb-tide deltas with coarsening-upward sequences. The 
estuarine channel FU sequence develops by lateral migra
tion of the thalweg (large-scale, ebb-oriented cross bedding 
with tidal bundles in the foresets) and accretion of the inner 
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Example of a Tide and Wave Dominated Delta 

Figure 8.16. Strike-stratigraphic cross section FF' 
(Fig. 8.17) along the estuarine/tidal-flat system of the 
Mossor6 member, showing lithologic correlation. F 
The Mossor6 Sandstone (M) developed to the east, 
overlying the transgressive interval (T). Base of Jan-
daira Fm is datum; vertical bars are cored sections. 
Lithology symbols are the same as Fig. 8.15. 

bend of the channel (small-scale cross beds and flaser bed
ding). Intense bioturbation at the top of the FU sequence 
will characterize the abandonment of the channel. The ebb
tide-delta CU sequence develops by progradation over 
marine deposits (bioturbated siltstones/marls) of ebb-tide 
lobes fed by ebb-tidal channels (low-angle cross-bedded 
sandstone capped by tabular cross-bedded sandstone with
out shale drapes). Both sequences are always capped by 
thin, laterally persistent, calcareous sandstone, which trans
gresses and interrupts the clastic sedimentation. 

We can compare our CU sequences described in Re
donda (facies F5-C3-A7-A6, Fig. 8.12) with Rahmani's 
prodelta/delta front/lower estuarine sand-channel se
quence, and Yang and Nio's ebb-tide delta sequence; this 
comparison is reinforced if we consider the shallow-marine 
setting offshore (northward) of Redonda. The FU facies 
A5, typical of the Mossoro Sandstone from Canto do 
Amaro and Redonda, poses more difficulties. At Redonda, 
the AS facies already displays lateral gradations to facies 
A6 and A 7, indicating a possible lower estuarine channel 
setting. This statement is supported by the Mossoro Sand
stone geometry in those oil fields: a northeast/southwest
elongated shape with narrowing updip and widening down
dip (insets, Fig. 8.17). So, the comparison of facies A5 with 
Rahmani's (1988) and Yang and Nio's (1989) lower 
estuarine sandy channel seems quite convincing for Redon
da. However, the absence of specific tidal features, mainly 
in the Canto do Amaro area (tidal bundles, shale drapes, 
and flasers )-other than the opposed paleocurrents re
ported in the dipmeter log by E. Bagnoli (this volume)-is 
intriguing. We could be dealing with channel-mouth bar fe-
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atures, possibly with tidal reworking. Perhaps an answer for 
such questions can be found in modern deltaic settings from 
mesotidal areas. 

A Modern Analog: the A~u River Delta 

The modern wave- and tide-dominated A~u River delta has 
been used as a modern analog for the mid-Cretaceous A~u 
Fm (Castro et aI., 1982). 

The A~u River flows along some 500 km in northeastern 
Brazil. The river is ephemeral due to the semiarid climate; 
its discharge is significant for only two to three months a 
year. Man-made modifications (dams, dikes, etc.) in the 
lower course affect the river discharge in the delta area 
during flood season. 

The A"u River is building a delta with an area of 500 km2 

in the Macau region of the Potiguar Basin. Mesotidal condi
tions are indicated by the spring tidal amplitudes of 3.0 m. 
In addition, strong winds from the northeast originate 
western-directed longshore currents and coastal dunes 
associated with barriers (Fig. 8.18). 

Like other wave- and tide-dominated river deltas, such as 
the Copper and the Burdekin (Galloway, 1975), three 
geomorphic areas are distinctive: delta plain, tidal lagoon, 
and shoreline (Fig. 8.18). The sandy-muddy delta plain is 
dominated by two distributaries (only the eastern one is 
presently active) and by crevasse lobes and subdeltas, simi
lar to bay-head deltas (Donaldson et aI., 1970). The muddy 
tidal lagoon has large supratidal areas (used by man as 
"salinas") cut by estuarine and tidal channels, and the 
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38° 

Figure 8.17. Depositional setting of Mossor6 member, and A<;u Fm iso
pachs. Notice the disconnected, lenticular geometries of Mossor6 Sand
stone in the Canto do Amaro (CAM) and Redonda (RE) oil fields (see 

sandy shoreline has barrier islands and associated coastal 
dunes interrupted at estuary entrances by ebb tidal deltas 
( = estuarine mouth bars). So, four potential reservoirs de
velop in this model: fluvial channels and crevasse sub deltas 
(delta plain), estuarine channels, and ebb-tidal deltas/ 
barrier islands (shoreline). 

Despite the lack of radiocarbon data, the presence of fos
sil barrier trends and the observation of bay deposits under
lying the actual delta plain (seen in artificial channel cuts) 
indicate a general coastline progradation for the area. The 
progradation probably began following the maximum 
marine invasion (some 5,000 years ago), when the entire 
delta area was a large embayment. Progradation resulted in 
a general "regressive" pattern associated with a period of 
stable or descending sea level and/or with a high sedimenta
tion rate due to the river supply. The non-uniform migra
tion of the shoreline is furnishing discontinuous, mud
encased barrier/ebb-tidal-delta sandy reservoirs, a situation 
comparable to that of the Mossor6 member. 

Conclusions 

The Mossor6 member was deposited in an extensive, low
energy coastal-plain setting formed by alluvial, deltaic, 

J.C. De Castro 

sand isolith maps in the insets). F = fluvial; DP = delta plain; 
ET = estuarine/tidal flat, SM = shallow marine. Locations of cross sections 
EE' and FF' are indicated. 

tidal-flat/estuarine and marine systems, under a general 
period of sea-level rise. The Mossor6 Sandstone can be re
lated to a minor regressive episode (under stable or even 
descending sea level) that was responsible for the deposi
tion of reservoirs ranging from blanketing sheets to isolated 
sandstone bodies. Alternatively, the Mossor6 oil field 
reservoir is interpreted as a delta-plain crevasse lobe, and 
the Canto do Amaro and Redonda oil fields as estuarine 
channel-mouth bars at different stages of shoreline pro
gradation. 

The Mossor6 Sandstone depositional model is tentatively 
compared with the Holocene "regressive" episode (last 
5,000 years) of the Ac;u River delta. However, it is difficult 
to understand how the entire Mossor6 member, which basi
cally represents a major transgressive period, developed. 

Probably the central problem concerning the Mossor6 
Sandstone episode (M, Figs. 8.15 and 8.16) is understand
ing the nature and evolutionary pattern of sand accumula
tions at the estuarine settings. For example, how does the 
river supply (via channels and crevasse subdeltas) interact 
with tidal reworking in the upper estuary? Is the middle 
estuarine channel really muddy, and is the shelf the source 
for the lower estuary sands (Rahmani, 1988; Yang and Nio, 
1989)? 

Recent research in the Ac;u River delta (C. G. Silva, 
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Figure 8.18. The modern tide- and wave- ~ 
dominated A<;u River delta. Notice the A<;u River 
(AR) and its estuarine channel (A), as well as for-
mer fluvial courses (traces) and the estuarine 
channel of the Cavalas River (C). Fossil barriers 
occur in the muddy tidal lagoon (TL); modern 
barriers and ebb-tidal deltas (EI) characterize the 
sandy shoreline. DP = delta plain; M = Macau; 
and dashed areas are rocks older than Quaternary 
(original map by F. Fortes). 

Ph.D. thesis, in preparation) has revealed the presence of 
tidally reworked sandy bars in the estuarine channel, which 
is itself encased in lagoonal muds. Coring in these bars re
veals: (1) preservation of river suspension deposits interca
lated with tidally wavy bedded sand/mud and bioturbated 
sands in the upper estuary, and predominance of thick 
sand/mud interbeds and sands with mud drapes in the mid
dle and lower estuary. These results support the estuarine 
meander model proposed by Smith (1988). Also, the gen
eral evolutionary pattern of the tide- and wave-dominated 
deltaic system demonstrates the river's contribution to 
the estuary and to the shoreline; this must be favored when 
river flood periods coincide with spring low tides, for 
example. 

The second question focuses on the evolutionary pattern 
of the Mossoro member. The major transgressive pattern 
presented by that unit was interrupted by minor regressive 
episodes such as the Mossoro Sandstone (Fig. 8.15); so, the 
Mossoro member and the succeeding landaira Limestone 
(Late Cretaceous) can be correlated with an ascending sea 
level and/or diminishing sediment supply from source 
areas. 
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CHAPTER 9 

The Mossoro Sandstone, Canto do Amaro Oil Field, Late Cretaceous 
of the Potiguar Basin, Brazil: An Example of a Tidal Inlet-Channel 
Reservoir 

Eduardo Bagnoli 

Introduction 

The discovery of the Canto do Amaro oil field in November 
1985 is a milestone in the exploratory history of the Poti
guar Basin, which has turned out to be the most productive 
onshore oil field of Brazil and has opened new prospects in 
an area previously considered to be of minor importance. 
The Canto do Amaro oil field is located in the onshore part 
of the Potiguar Basin, Rio Grande do Norte State, in the 
extreme northeast corner of Brazil (Fig. 9.1). This field has 
nineteen producing zones, all of them in sandstones of the 
Upper Cretaceous A<;u Fm. The A<;u Fm in the Canto do 
Amaro area is about 650 m thick, and shows, from the base 
to the top, a transition from coarse sandstones deposited by 
braided rivers, through medium sandstones deposited by 
meandering rivers, to fine sandstones deposited in a mar
ginal marine system. The fine sandstones grade upward into 
an argillaceous zone and then into the shallow-marine 
limestones of the Jandaira Fm, making up a transgressive 
megasequence (Fig. 9.2). 

The present work focuses exclusively on reservoir rocks 
of the transitional section of the A<;u Fm, which is informal
ly named the Mossor6 Sandstone and is Late Cenomanian 
in age. These reservoir sandstones, found at a depth of 
about 500 m, have an average thickness of 7 m and cover an 
area of approximately 40 km2, with 18 million m3 (113 mil
lion barrels) of oil in place rated at 28° API (Fig. 9.3). The 
volume of recoverable oil is about 4.0 million m3 (25 million 
barrels), of which 220,000 m3 (1.4 million barrels) had 
already been produced up to June 1988. The 67 wells com
pleted in this zone yield a daily average of 9 m3 (56 barrels) 
of oil each using mechanical pumping. 

The Canto do Amaro oil field is located on a north-

east-dipping structural nose that reflects the presence of a 
high in the basement at a depth of 1120 m. The trap of the 
Mossor6 Sandstone is structural/stratigraphic and was 
formed by the structure in combination with a lateral pinch
out of the sandstones. 

This work presents a sedimentological and reservoir 
analysis of the Mossor6 Sandstone. 

Macroscopic Characterization of the Lithofacies 

About 188 m of core from 6 fairly representative wells 
(Fig. 9.3) were studied, resulting in the definition of eight 
lithofacies based on differences in texture, sedimentary 
structure, and fossil content. These lithofacies occur in 
three typical associations, as shown in Figure 9.4 and in the 
core descriptions of Figures 9.5, 9.6, and 9.7. 

Lithofacies 1 

This lithofacies is characterized by a basal conglomerate or 
conglomeratic sandstone containing a sandy matrix and mil
limetric to centimetric clay and carbonate intraclasts (Fig. 
9.8A). This lag deposit grades upward into fine to medium 
sandstone with low-angle cross bedding, trough cross 
bedding, planar to plane-parallel cross bedding, and also 
herringbone cross bedding, the laminations of which are 
generally enhanced by the concentration of small argil
laceous intraclasts (Fig. 9.8B), or are locally covered by 
clay drapes and rare mud couplets (Visser, 1980). This sec-
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Figure 9.1. Location map of the Potiguar Basin and Canto do Amaro oil field. 

tion in turn grades upward into fine to very fine massive 
sandstone with increasing bioturbation toward the top (Fig. 
9.4, sequence A), or to the very fine sandstone with climb
ing ripples of lithofacies 2 (Fig. 9.4, sequence B). The thick
ness of lithofacies 1 varies from 2 to 8 m. 

Lithofacies 2 

This lithofacies is composed of very fine sandstones with 
climbing ripples, and ripple-drift cross lamination, which is 
commonly enhanced by the concentration of decanted clay 
that often forms flasers and drapes (Fig. 9.8C). It generally 
shows little bioturbation and grades upward into the silt
stone of lithofacies 3 (Fig. 9.4, sequence B), or directly into 
the pelitic sediments of lithofacies 5 and 6. It normally over
lies lithofacies 1 (Fig. 9.4, sequence B) and has thickness 
ranging from a few decimeters to 3 m. 

Lithofacies 3 

This lithofacies comprises argillaceous siltstone with climb
ing ripples (Fig. 9.8D). It is commonly bioturbated, show
ing horizontal to subvertical burrows with millimetric cir
cular to elliptical sections, locally resembling root casts. 
Bioturbation increases upward and may totally mask the 
sedimentary structures. Lithofacies 3 is up to 3 m thick and 
overlies lithofacies 2 or, more frequently, forms thin layers 
interbedded with shales (Fig. 9.4, sequences A and B). 

Lithofacies 4 

Lithofacies 4 is made up of very fine, argillaceous sand
stone, containing scattered plant and pelecypod remains 
(Fig. 9.8E). This lithofacies displays a mottled appearance 
due to intense bioturbation. The burrows are both horizon
tal and subvertical (mainly the former), and those of 
Ophiomorpha and Chondrites have been identified among 
others. Planar or low-angle cross-bedding(?) with clay 
drapes has been identified locally where bioturbation is less 
intense. Lithofacies 4 is up to 5 m thick and commonly 
shows a coarsening-upward pattern and a gradational con
tact with the underlying pelitic sediments of lithofacies 5 
and 6 and the overlying carbonaceous sediments of lithofa
cies 8 (Fig. 9.4, sequence C). 

Lithofacies 5 

This lithofacies is characterized by the alternation of centi
meter to decimeter-thick layers of shale and dolomitic car
bonate. The shale layers have irregular plane-parallel 
laminations and are locally bioturbated and pyritic; they 
contain some plant remains, chiefly grasses(?), together 
with some pelecypod and oyster molds. The dolomitic car
bonate beds consist of marls with irregular laminations 
(probably algal mats), bioclastic calcilutites, and coquinas 
composed of gastropods and, to a lesser extent, pelecypods 
(Fig. 9.8F). Root casts, mud cracks, and paleosoil develop
ment are relatively common, as is bioturbation by Chon-
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Figure 9.2. Stratigraphic column of the Potiguar Basin in the Canto do 
Amaro oil-field area. 

drites, among others. Thin layers of very fine sandstone and 
silt, with climbing ripples and lenticular bedding, are locally 
intercalated with the shales and marls. 

Lithofacies 6 

Lithofacies 6 is composed of massive, homogeneous, locally 
highly pyritic mudstone (Fig. 9.9A). Bioturbation is evident 
only in the more silty portions. Thickness varies from 1 to 
6m. 

Lithofacies 7 

The same marls-with irregular laminations, bioclastic cal
cilutites, and coquinas-that form thin layers interbedded 
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with shales in lithofacies 5 can locally attain a few meters 
of thickness (Fig. 9.9B), characterizing a distinct unit that 
has been named lithofacies 7 (Fig. 9.4, sequence B, and 
Fig. 9.5) . 

Lithofacies 8 

The scattered carbonaceous organic matter, composed 
mainly of plant remains (Fig. 9.9C), that is found in lithofa
cies 4 may form peat layers up to 1 m thick, constituting 
lithofacies 8 (Fig. 9.4, sequence C, and Fig. 9.6). 

Environmental Interpretation 

The interpretation of the depositional environment of the 
Mossor6 Sandstone and associated sealant rocks is based on 
the sedimentologic characteristics of the lithofacies and 
lithofacies associations, the fossil content, and on paleocur
rent analysis (Fig. 9.10) . 

The vertical succession of sedimentary structures and the 
textural fining-upward pattern, commonly observed in 
lithofacies 1, are typical of inlet-channel deposits such as 
those described by Kumar and Sanders (1974), Moslow 
(1984), and Moslow and Tye (1985). The inlet floor deposit 
described by these authors is characterized in lithofacies 1 
by the basal conglomerate, whereas the active inlet channel 
is represented by the crossbedded sandstone. The presence 
of clay drapes and mud couplets within the cross-bedded 
sandstone is indicative of the tidal influence on the deposi
tion (Visser, 1980; Rahmani, 1988). These mud layers are 
formed by the decantation of mud caused by the decelera
tion of tidal currents in the periods preceding the changing 
of the tide (slack-water periods). Paleocurrent azimuth fre
quency plots using a dipmeter log analysis of lithofacies 1 
cross bedding show a bipolar distribution (Fig. 9.7), which 
is in agreement with the inlet channel interpretation. The 
bipolar distribution of paleocurrents toward the northeast 
and southwest is shown clearly in the lower plot of Figure 
9.7. The medium plot of this figure still shows the bimodal 
distribution of paleocurrents; however, the southwest com
ponent is more developed than the northeast one. In the 
upper plot, the most developed component points to the 
northeast. It is interesting to note that the northeast
southwest direction shown in Figure 9.7 matches the de
pocenter direction of the Mossor6 Sandstone around the 
7-CAM-30-RN well, where the dipmeter was logged (Fig. 
9.3). This coincidence suggests that the depositional axis 
of this elongated sandstone body represents the paleo
inlet channel axis. Therefore, it is inferred that the 
paleoshoreline was oriented northwest-southeast, approx
imately parallel to the present shoreline (Fig. 9.1). If this is 
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Figure 9.3. Map showing distribution and thickness of the Mossoro Sandstone and locations of cored wells (modified from Nolla and Souto, unpub
lished). 

true, the southwest component of the paleo-current (Fig. 
9.7) must represent the flood-tidal current, and the north
east component the ebb-tidal current (Figs. 9.1 and 9.11). 
Bipolar cross bedded sandstones in tidal inlet sequences 
were described by Hayes and Kana (1976), and Donselaar 
and Nio (1982). Barwis and Makurath (1978) and Don
selaar and Nio (1982) also made interpretations of paleo
shorelines based on paleocurrent distribution. 

The current ripple cross-bedded sandstone of lithofacies 
2 (Fig. 9.4, sequence B) represents the lower-energy de
position on top of laterally accreted channel-fill deposits 
during migration of the inlet channel. The presence of 
flasers and clay drapes in this sandstone is evidence of tidal 
influence on the deposition (Reineck and Singh, 1980). 

The fining-upward sequence of the inlet fill ends with the 
bioturbated, locally rooted siltstone of lithofacies 3 (Fig. 
9.4 sequence B). This deposit represents low-energy inter
tidal deposition, typical of inlet-channel abandonment. 
Commonly, lithofacies 3 occurs isolated within tidal-flat-

lagoon sediments and probably represents small tidal 
creeks within the tidal flat (Fig. 9.4, sequences A and B, 
and Fig. 9.10). 

The bioturbated argillaceous sandstone of lithofacies 4 is 
interpreted as a flood-tidal delta deposit (Fig. 9.4, sequence 
C). The mottled appearance caused by bioturbation, the 
coarsening-upward profile, and the high clay content, are 
typical of flood-tidal delta deposits as described by Israel 
et al. (1987). Ophiomorpha burrowing points to marine 
influence, whereas the great quantity of plant fragments in
dicates a continental component. The common capping of 
lithofacies 4. with the peat deposit of lithofacies 8 (Fig. 9.4, 
sequence C, and Fig. 9.6) denotes temporary subaerial 
exposure of the flood-tidal delta, providing conditions for 
plant colonization (Fig. 9.10). According to McCubbin 
(1982), flood-tidal deltas often become partially exposed, 
resulting in marsh growth. Palynological analysis of one 
sample of the peat deposit (lithofacies 8) has shown a large 
quantity, as well as great diversity, of pollens and spores, 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


Example of a Tidal Inlet-Channel Reservoir 

~SAND----i I-- SAN D----l 

'" ., 
0: .. 
'" Z .. 0 .. ~ ;;: ..Ju <I> ::> .. " 0: .. " 1-" .. 0: '" 

Q z 0: ...I'" .... 0 .. .. _...I 
0.> U '" ;;: > <l>u 

(/) ..J 
L1J ... 

I-

U Z 

<[ III 

'" lJ.. z 
0 0 
:x: a: 

., 
co 
0: ., 

.,e! ., z 
~ ;;: ..Ju ., ::> 

" 1-" .. " 0: Q 
., 

.. 0: '" Z 0: ..Jc 
~~ 0 .. ;;: .. _..J 

U '"' > <l>U 

I I I I I ':: > z I I I I 
..J III 

6 

® 
'3 I-... r--=-- ..J 

"-
..J ® ... 
0 

6 
I-
"-
Z 
0 
0 

" ... 
..J 

..J 
III 
Z 
z 

1 ... 
:z: 

" 
I-
w 
..J 

~ 

~ 
..J 

5 "-
..J ... 
0 
;:: 

Figure 9.4. Three typical vertical successions of lithofacies and environ
mental interpretation of the Mossoro Sandstone. Succession (A) repre
sents the typical inlet-channel sequence of the east-northeast part of the 
Canto do Amaro field, and succession (8) the typical inlet-channel se-

such as Triorites africaensis, Araucariacites australis, Equi
setosporites sp., Classopollis major, and Cicatricosisporites 
purbeckensis. Cuticles and wooden fragments are also pre
sent, suggesting a continental environment containing both 
autochthonous and transported flora. Some marine in
fluence is indicated by the presence of a few dinoflagellates. 
The sample contained no foraminifers. 

Lithofacies 5 is interpreted as a tidal-flat deposit on the 
basis of the following evidence: (1) lithology (interlamina
tions of shale, algal mats, bioclastic calcilutite, and lag gas
tropod deposits); (2) presence of exposure features (root 
casts, mud cracks, and pedogenic features, with yellow 
color due to probable aluminum concentration); and (3) 
fossil content (oysters, gastropods, pelecypods, and grass 
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quence of the west-southwest part of the field. Succession (C) represents 
the typical flood-tidal delta sequence of the Canto do Amaro field (see text 
for description of lithofacies). 

remains). The lag deposits of mollusc shells, whose origin 
is probably related to periodic storm tides, are commonly 
found on tidal flats (Duc and Tye, 1987). Palynological 
analyses on samples of lithofacies 5 have shown a large 
quantity and great diversity of pollens and spores such as 
Classopolis major, Ephedripites ambiguus, Tricolpites sp., 
Rizophora, and Cicatricosisporites purbeckensis. These, 
plus the presence of chitinous microforaminifers, indicate a 
continental-marine transitional environment. The same 
samples contained no other, more marine foraminifers. 

Lithofacies 6 is composed of homogeneous and massive 
lagoonal mudstones. Similar sediments have been de
scribed and interpreted as bay deposits by Israel et al. 
(1987). The absence of primary sedimentary structures and 
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Figure 9.5. Core description of well 7-CAM-79-RN with electric-log correlation. 
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Figure 9.6. Core description of well 7-CAM-7-RN with electric-log correlation and petrophysical data. 
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Figure 9.7. Core description of well 7-CAM-30-RN with electric-log correlation and azimuth frequency plots showing paleocurrent trends of the vertical 
stacked inlet channel sandstones. 

fossils in these mudstones is quite intriguing. However, the 
presence of interbedded tidal-flat deposits strengthens the 
interpretation of lagoonal deposits (Fig. 9.10). 

Lithofacies 7, comprising algal mats interbedded with 
gastropod coquinas and bioclastic calcilutites, represents an 
extensive tidal-flat deposit that is an important transgres
sive mark, easily identified in wireline logs throughout the 
Canto do Amaro field (see datum in Fig. 9.12). 

The vertical successions of lithofacies A and B displayed 
in figure 9.4 are an attempt to show a variation that actually 
occurs in the Canto do Amaro field. The inlet channel de-

posits of sequence A are typical of the east-northeast area 
of the field, where sandstones are thicker, such as those 
observed on cores of the wells 7-CAM-7-RN, 7-CAM-ll
RN, and 7-CAM-30-RN (Figs. 9.3, 9.6. and 9.7). On the 
other hand, the deposits of sequence B are typical of the 
west-southwest part of the field, represented by the cores of 
the wells 7-CAM-63-RN, 7-CAM-79-RN, and 7-CAM-99-
RN (Figs. 9.3 and 9.5). A tentative explanation of such 
variation is given later. 

The inlet-channel deposits in the Canto do Amaro field 
overlie back-barrier sediments (Figs. 9.10 and 9.12), sug-
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A B 

o E 

Figure 9.8. Photographs of the Mossor6 Sandstone lithofacies . (A) Litho
facies 1: lag conglomerate composed of clay (gray) and carbonate (white) 
intraclasts with little sandy matrix. (B) Lithofacies 1: fine to medium sand
stone with low-angle cross stratification enhanced by the concentration of 
tiny clay intraclasts (arrow). (C) Lithofacies 2: very fine sandstone with 
climbing ripples, flasers, and clay drapes (arrow). (D) Lithofacies 3: silt-
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c 

. -
c 

; 

F 
stone with climbing ripples and root cast (arrow). (E) Lithofacies 4: highly 
bioturbated argillaceous sandstone showing Ophiomorpha burrow 
(arrow) . (F) Lithofacies 5: interbedded bioclastic calcilutite (BC) and gas
tropod coquina (C) with shale layers (S) showing plane-parallel lamina
tion. 
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A B c 
Figure 9.9. Photographs of the Mossor6 Sandstone lithofacies. (A) Lithofacies 6: massive, homogeneous mudstone. (B) Lithofacies 7: marl (M) and 
bioclastic calcilutite (BC) with irregular lamination. (C) Lithofacies 8: wood remains in argillaceous matrix (arrow). 

gesting that their origin is related to transgressive events. 
On the other hand, the inlet-channel deposits are always 
covered by regressive sequences represented by the same 
lagoon and tidal-flat sediments (Fig. 9.12). However, this 
interval is part of a large transgressive system that contains 
the entire A<;u Fm. This transgressive event is characterized 
by the transition of the continental sediments of the A<;u 
Fm to the shallow-marine limestones of the landaira Fm 
(Fig. 9.2). By understanding the evolution of this major 
transgression, it is possible to explain the variation in thick
ness of the Mossor6 Sandstone along the Canto do Amaro 
oil field. The major transgression led to the southwestward 
migration of the paleoshoreline, intercalated with phases of 
minor progradation and periods of stable sea level. These 
periods of stable sea level must have allowed the establish
ment of a barrier island/inlet-channel system, with the con
sequent development of thick sandstone bodies. Two such 
major periods can be proposed to explain the presence of 
localized thicker portions of the Mossor6 Sandstone (posi
tions I and II, Fig. 9.11). The stable period I (Fig. 9.11) 
represents a longer period of time than period II and must 
have led to the thicker sand deposition in the east-northeast 
part of the field. After the deposition of the less expressive 
sands of the stable period II (Fig. 9.11), the southwestward 
migration of the paleoshoreline continued, probably with 
increasing velocity, leading to the sandstone pinch-out in 
this direction. 

Typical coarsening-upward barrier-island sequences, 
such as those described by Moslow (1984) and McCubbin 
(1982), among others, have not been found in the Canto do 
Amaro field. Two hypotheses can be proposed to explain 

the absence of barrier-island sediments in the Canto do 
Amaro oil field. 

(1) According to Hobday and Horne (1977) and Moslow 
(1984), the uppermost foreshore and shoreface parts of the 
barrier island are reworked during a transgression. Looking 
at Figure 9.10, it is easy to imagine that the major transgres
sion that took place during the Mossor6 Sandstone deposi
tion exposed the top of the barrier island to wave action, 
causing its total reworking. 

(2) Barrier-island sediments do occur along the paleo
shoreline, but have not yet been found because the drilling, 
for oil exploration purposes, is being restricted to a narrow 
zone normal to the paleoshoreline (see the alignment of the 
oil fields in the Canto do Amaro trend, Fig. 9.1). 

The Geometry of the Mossor6 Sandstone 

The fining-upward pattern of the inlet-channel fill in the 
Canto do Amaro field shows a transition from the inlet floor 
lag to the active inlet channel, abandoned inlet channel, 
and clay plug (Fig. 9.4, sequences A and B). Moslow (1984) 
considers this sequence to be typical of tide-dominated in
lets developed in mesotidal coasts. According to this au
thor, in such an environment, the inlet channel migrates 
parallel to the shoreline in a back-and-forth movement, and 
if subsiding conditions and/or elevations of sea level are 
favorable, this kind of migration will tend to develop a 
series of interconnected stacked inlet-channel deposits with 
good lateral continuity (Fig. 9.10). Actually, this happens 
in the Mossor6 Sandstone, which is made up of vertical 
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Figure 9.10. Idealized three-dimensional block diagram showing the depositional environment of the Mossor6 Sandstone and associated sealant rocks 
(not to scale). 

stacked inlet channels that behave as a single reservoir, 
where the pressure is constant throughout the field (Figs. 
9.12 and 9.13). The vertical stacking of inlet sequences 
seems to be a common feature , as it has been observed by 
several authors (Horne and Ferm, 1976; Barwis and 
Makurath, 1978; Galloway and Hobday, 1983; Moslow, 
1984). 

The Mossor6 Sandstone reservoirs are composed of tabu
lar continuous sandstone bodies, similar to the blanket 
inlet-filling sands described by Kumar and Sanders (1974) 
and interpreted as the product of the inlet migration along 
the shore (Figs. 9.12 and 9.13). 

Although the Mossor6 Sandstone is not delimited in the 
Canto do Amaro field , some pinch-outs can be seen toward 
the northeast around well 7-CAM-12-RN (Fig. 9.13), as 

well as to the north-northwest and south-southwest (Fig. 
9.3) . 

Reservoir Petrology 

The main reservoirs of the Canto do Amaro field are the 
inlet-channel deposits chiefly represented by lithofacies 1 
and, to a lesser extent, by lithofacies 2. Lithofacies 4, repre
sentative of flood-tidal delta deposits, may locally attain 
some reservoir characteristics. 

The framework grain composition of the reservoirs was 
obtained by point counting 23 stained thin sections (Aliza
rin Red S), taken from blue-epoxy-impregnated core sam
ples (Fig. 9.14). The sandstones of lithofacies 1 and 4 are 
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Figure 9.11. Isopach map of the 
Mossoro Sandstone showing the in
ferred positions of the advancing 
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arkoses, whereas the sandstones of lithofacies 2 are sub
arkoses. Quartz is the main framework grain, averaging 67 
percent. Feldspar follows, with an average of 32.5 percent. 
The K-feldspar is much more common than plagioclase. 
Rock fragments are quite rare, averaging only 0.5 percent. 

The whole-rock compositional data of lithofacies 1, 2, 
and 4 are summarized in Table 9.1. Because of the changing 
characteristics of lithofacies 1 across the field (Fig. 9.4), its 
data are presented in two distinct columns. The whole-rock 
composition is similar for the sandstones across the field 
(Table 9.1). However, the inlet-channel sandstones of the 
west-southwest part of the field (right-hand column) have 
less porosity and more clay matrix than the sandstones of 
the east-northeast part (left-hand column). This is in agree
ment with the proposed hypothesis that the tidal energy of 
the inlet channels decreases from the east-northeast to the 
west-southwest. Lithofacies 2 contains the highest amount 
of mica, which is compatible with the increased traction
plus-fallout depositional conditions of this lithofacies. 
Matrix clay and organic debris are found predominantly in 
lithofacies 4, and as a consequence, this is the least porous 
and permeable unit. 

Cumulative granulometric curves of lithofacies 1, based 
on 7 samples from well 7-CAM-7-RN, are displayed in 
Figure 9.15. The curves are homogeneous and show that 
the sandstones of lithofacies 1 are moderately to well
sorted, ranging from medium to very fine grained. 

Diagenesis and Reservoir Quality 

The major diagenetic processes affecting the reservoir qual
ity of the Mossoro Sandstone are mechanical and chemical 
compaction, precipitation of calcite with replacement of 
some detrital framework grains, leaching of calcite cement 
to create secondary porosity, and precipitation of subordi
nate authigenic cements. These processes appear to have 
operated similarly on lithofacies 1, 2, and 4. 

Mechanical compaction is common throughout, and 
probably occurred during the first few hundred meters of 
burial, leading to primary porosity reduction. It consists of 
slippage and rotation of grains, and ductile deformation 
of micas, clay intraclasts, and organic debris (Fig. 9.16A), 
with the development of pseudomatrix (Dickinson, 1970). 
Chemical compaction, consisting of grain-to-grain pressure 
solution and feldspar overgrowth, has also contributed to 
reducing the porosity (Fig. 9.16A). The next diagenetic 
process to occur was precipitation of calcite within the re
maining primary porosity, and the partial to total replace
ment of feldspar and quartz grains by calcite (Fig. 9.16B). 
Later, much of the calcite cement, including the replace
ment calcite, was leached, causing development of second
ary porosity (Fig. 9.16C). Textural evidence (Schmidt and 
McDonald, 1979) supporting this interpretation includes 
elongated pores (Fig. 9.16C), inhomogeneity of packing 
(Fig. 9.16D), and the corroded margins of detrital grains 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


Example of a Tidal Inlet-Channel Reservoir 

... 

7-CAM-63-RN 

• 140011 

""'- ... 

7-CAM-79 -RN 

• 1400 • 

-'-DATUM -'-

... 
= 

7-CAM-ll-RN 

• 
7-CAM-7-RN 

140. • 

195 

E ... 

... :: :: : : : :: :- MO~SoRO S~·::.·:::::· 
.. ~.' ... ....... .,.. . 

G. A. DENSITY 

.... L ... cr 
~-...... ~ : 

Q. 
-.~~ 

.. . . 

r7J 
L.:..:.J I"LIT CHANNEL [3 TIDAL P1.AT IIHALf"UIlUI 

.O~ 

I~~ I 
1"~.,3 

[B] TIDAL FLAT ICOQUINAS/aLOAL MarS I 

10 

~LOOD-TIDAL OIL TA PUT 

0 D LAfOOH I TIDAL ~LAT ~ '"ALLOW MAlliN. CAUOHATU 0 "0 000 .. 

Figure 9.12. Stratigraphic section across the cored wells showing the transgressive sequence from the transitional sandstones of the Upper A<;u Fm to the 
shallow-marine carbonates of the landaira Fm (cross section location shown in Fig. 9.3) . 

(Fig. 9.16E). Concomitant with, or just after, the calcite 
dissolution, the precipitation of kaolinite (Curtis, 1983) as 
pore-filling cement took place (Fig. 9.16D and F) . Clusters 
of small euhedral anatase crystals also formed as a pore lin
ing after the calcite dissolution (Figs. 9.16E and F). The 
development of anatase (titanium oxide) likely relates to 
the alteration of framework heavy minerals , which com
monly occur concentrated in laminae. Ixer and others 
(1979; Turner, 1980) suggest that titanium ions might be 
released into the interstitial groundwaters during the mar
titization of detrital titanomagnetite. The diagenetic se
quence ended with the precipitation of minor amounts of 
illite-smectite, pyrite, and dolomite. Hydrocarbon migra
tion followed this last stage of diagenesis. 

Cements rarely form more than 15% of the whole-rock 
volume (Table 9.1) and do not seriously affect reservoir 
quality. Although diagenesis has significantly modified the 
amount and geometry of the pore spaces, it is the grain 
size, sorting, and quantity of primary clay matrix that con-

trol porosity and permeability in the reservoirs of the Mos
sor6 Sandstone. Since these parameters are governed by 
the depositional environment, it appears that the reservoir 
quality of the Mossor6 Sandstone is basically controlled by 
its depositional setting. Consequently, the coarser-grained 
sandstones of lithofacies 1, deposited by high-energy 
processes, are better reservoirs than the finer-grained 
sandstones of lithofacies 2, deposited by lower-energy 
processes. 

Petrophysical Characterization of the Reservoirs 

About 160 conventional core plugs were analyzed in order 
to determine average values of porosity and permeability 
and the variation of these two parameters throughout the 
Canto do Amaro field (Table 9.2). The sandstones of litho
facies 1 in the east-northeast part of the field have 29.9% 
average porosity and average permeability of 926 md, 
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whereas in the west-southwest section, the same sandstones 
have 28.5% average porosity and 277 md average per
meability. Although lithofacies 2 and 4 show good average 
porosity, they have low permeability (Table 9.2). This is 
probably due to the presence of lower-energy sedimentary 
structures and finer grain size in lithofacies 2, and the in
tense bioturbation in lithofacies 4. 

Conclusions 

The Mossor6 Sandstone is a tidal deposit of Late Cre
taceous age. The characteristics of the eight lithofacies 
described above have led to identification of several sub
environments, including inlet channel, tidal flat, lagoon, 
flood-tidal delta, and marsh. The vertical sequence of the 
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Figure 9.14. Petrographic classification of the Mossor6 Reservoirs pre
sented on McBride's (1963) diagram. 
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Figure 9.15. Cumulative granulometric curves of lithofacies 1, the main 
reservoir ofthe Mossor6 Sandstone. Data from we1l7-CAM-7-RN (depth 
range: 499.9 to 529.3 m; see Fig. 9.6). 
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Table 9.1. Whole-rock compositional data of the Mossoro Reservoirs. 

Lithofacies 

1(14)1 1(3)1 2(3)1 4(4)1 
% % % % 
Inlet channel Top of Flood-tidal 

Clastic constituents 2 inlet fill delta 

Quartz 36.3 28.6 36.0 38.7 
Feldspar 17.9 20.3 11.3 14.2 
Mica 1.1 3.2 5.3 2.7 
Clay intraclasts 6.3 4.3 2.6 
Rock fragments 0.5 0.2 
Accessories4 tr tr tr tr 
Organic debris tr tr 0.5 
Matrix clay 3.6 22.3 4.0 24.0 

Authigenic constituents 

Clacite 4.1 4.8 1.6 2.7 
Dolomite 1.0 tr 4.0 
Kaolinite 3.2 2.3 1.3 0.7 
Anatase 0.3 0.3 0.3 1.2 
Pirite 0.2 0.3 tr tr 
Illite-smectite 0.1 0.2 1.0 
Feldspar overgrowths 1.5 1.0 1.5 tr 
Pores 

Micropores5 4.7 6.0 9.3 4.5 
Macroporos6 18.3 8.6 7.3 4.7 

1 Numbers in parentheses = number of samples point counted. 
2Represents inlet-channel reservoirs from the ENE part of the field. 
3 Represents inlet-channel reservoirs from the WSW part of the field. 
4Includes zircon, tourmaline, gamet, and detrital opaque minerals. 
5Includes all pores less than 0.062 mm in diameter. 
6Includes all pores more than 0.062 mm in diameter. 
tr = traces 

lithofacies suggests that the deposition of the Mossoro 
Sandstone took place in a tide-dominated setting. The main 
reservoir sandstones comprise inlet-channel deposits is 
whose characteristics change across the field, suggesting de
creasing depositional energy from east-northeast to west
southwest. An analysis of the paleocurrent direction pro
vided by the dipmeter log suggests a northeast-southwest 
direction for the paleo-inlet channels. This direction is con
firmed by the orientation of the thickest sandstone bodies 
apparent in the isopach map of the Mossoro Sandstone. 
This interpretation also implies a northwest-southeast 
orientation for the ancient shoreline. 

The inlet-channel deposits of the Canto do Amaro oil 
field commonly display an erosive base with lag intraclastic 
conglomerate followed by sandstones with a fining-upward 
pattern. They form extensive tabular reservoirs composed 
of up to three vertical stacked inlet channels. Texturally, 
these sandstones are medium to very fine, moderately to 
well-sorted, and have an arkosic composition. 

Diagenesis has acted homogeneously throughout the 
field, affecting all the porous lithofacies. The major di-
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c 

E 
Figure 9.16. Thin-section and SEM photomicrographs of the Mossor6 Re
servoirs. (A) Muscovite (M) grain showing evidence of mechanical com
paction, and feldspar grain (F) displaying overgrowth. Cross-polarized 
light. Scale bar = 100 /-Lm. (8) Pore-filling poikilotopic calcite cement (C), 
also replacing feldspar grains (F) . Cross-polarized light. Scale bar = 200 
/-Lm. (C) Fine-grained, well-sorted sandstone showing good porosity 
(gray). Elongated pores (P) and inhomogeneity of packing are also visible. 

Eduardo Bagnoli 

B 

o 

F 
Plane-polarized light. Scale bar = 500 /-Lm. (D) Pore-filling authigenic 
kaolinite cement (K). Plane-polarized light. Scale bar = 100 /-Lm. (E) Clus
ters of anatase cristals (A) lining pore spaces (P). Corroded margins of 
detrital grains also visible (arrow). Plane-polarized light. Scale bar = 100 
/-Lm. (F) SEM photomicrograph of kaolinite (K) and anatase (A) au
thigenic cements. Scale bar = 5 /Lm. 
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Example of a Tidal Inlet-Channel Reservoir 

Table 9.2. Petrophysical data of the Mossoro Reservoirs 

Lithofacies 

11 12 2 4 
Top of Food-tidal 

Inlet Channel inlet fill delta 

Mean porosity 29.9 28.5 28.9 21.8 
(%) 

Mean permeability 926 277 64 28 
(md) 

1 Represents inlet-channel reservoirs from the ENE part of the field. 
2Represents inlet-channel reservoirs from the WSW part of the field. 

agenetic processes, in order of occurrence, are mechanical 
and chemical compaction, precipitation of calcite cement, 
leaching of calcite cement and development of secondary 
porosity, and precipitation of kaolinite, anatase, and other 
subordinate authigenic cements. Although diagenesis has 
significantly modified the amount and geometry of the pore 
spaces, it is the depositional environment that controls the 
porosity and permeability. The coarser lithofacies depo
sited by high-energy processes are more porous and perme
able than finer lithofacies deposited by lower-energy pro
cesses. The permeability and, to a lesser extent, the poros
ity, significantly decrease from the east-northeast to the 
west-southwest, supporting the hypothesis that the inlet 
channels lose energy in this direction. 

It is hoped that the data presented in this paper improve 
the understanding of ancient inlet-channel deposits, and 
that this work aids in identifying similar reservoirs in the 
geologic record, diminishing the exploratory risk in such 
complex lithologic sequences. 
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CHAPTER 10 

Depositional History and Performance of a Permian Bell Canyon 
Sandstone Reservoir, Ford-Geraldine Field, West Texas 

Robert W. Ruggiero 

Introduction 

Location 

The Permian Basin of western Texas and southeastern New 
Mexico is a mature petroleum exploration province. The 
western portion of this basin complex is the Delaware Basin 
(Fig. 10.1). This subsurface study focuses on the uppermost 
Guadalupian sandstone, the Ramsey member, of the Bell 
Canyon Formation (Delaware Mountain Group) where it 
subcrops near the center of the Delaware Basin (Fig. 10.2). 

Ramsey sandstones constitute important, shallow (2,000 
to 3,000 ft deep; 610 m to 914 m) oil reservoirs in the Dela
ware Basin (Fig. 10.3). In the Ford-Geraldine field, these 
sandstones form a stratigraphic trap containing an esti
mated 93 million barrels of oil in place. The field reservoir 
is the terminal or most distal portion of a fan channel that 
became structurally high by eastward tilting during the Late 
Permian and again in the Late Cretaceous (Hills, 1984). 
The field was discovered in 1956 and had been waterflooded 
since 1969 before carbon-dioxide (C02) injection began in 
1981. At the start of tertiary injection, a disappointing 22% 
of the oil in place had been produced, necessitating a more 
detailed geological description of the reservoir; hence, the 
impetus for this study. 

This study provided a detailed geological description of 
a producing reservoir (the Ramsey member of the Bell 
Canyon Formation) in the Ford-Geraldine field early in the 
installation of a tertiary recovery program. The resulting 
geological model helped predict tertiary recovery perform
ance and provides an analog for similar reservoirs in the 
Delaware Basin. 

Previous Work 

King (1942) provided the initial discussion of provenance 
and depositional processes of the Delaware sands in his 
study of the outcropping erosional channels in the Guada
lupe Mountains of west Texas. Since King's early work, 
there have been many hypotheses to explain the deposition
al processes of the basinal facies (Fischer and Sarnthein, 
1988). McDermott (1984) summarized and grouped the key 
literature by its focus. The works of Harms (1974), William
son (1978, 1979), Harms and Williamson (1988), Bozanich 
(1978), and McDermott (1984) form the basis for this study. 

Harms (1974) redescribed the outcropping, erosional 
channels recognized by King and questioned the applicabil
ity of previous deep-sea fan models that had been proposed 
for the Brushy Canyon Fm (e.g., Jacka and others, 1968). 
He compared the features of Jacka's model with his field 
observations, which differed dramatically (Harms and Wil
liamson, 1988). To explain this disparity, he postulated the 
existence of density-driven currents (either hypersaline or 
cold). Depending on the density contrast between an in
coming flow and the density-stratified basin waters, a cur
rent would either hug the channel bottom (hyperpycnal) or 
sheet out over more dense water layers (hypopycnal). 
Those that remained within the previously eroded channel 
would transport and deposit coarser sediment. Those that 
flowed atop more dense water layers fanned out over a wide 
area. The finer sediment that these hypopycnal flows trans
ported settled from suspension, draping channel fill and 
margin evenly. 

Williamson (1978, 1979) expanded Harms' concepts with 
a thorough outcrop and basin-wide subsurface study of the 
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Figure 10.2. Stratigraphic relation of Permian rocks of the Delaware 
basin, northern shelf margin, Texas and New Mexico (after Sarg and 
others, 1988). The Upper Guadalupian Ramsey sands are the last marine 

sands deposited on a thick, siliciclastic submarine fan . The Ramsey is 
equivalent to prograding and aggrading shelf-margin carbonates. 
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Permian Bell Canyon Sandstone Reservoir 
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Figure 10.3. Possible transport paths for lagoonal siliciclastics to bypass 
the carbonate shelf margin. Dramatic thins in the carbonates appear to 
coincide with major linear sand trends of the Ramsey, suggesting sediment 
bypass in canyons. The area from Eunice canyon south to Jal canyon 

Delaware sandstones, specifically the Bell Canyon Forma
tion. He made isopach maps of the gross Ramsey interval in 
the Delaware Basin, which demonstrate the sub-parallel, 
multi-point source nature of the channels that trend basin
ward, perpendicular to the shelf margin (Fig. 10.3). 

Bozanich (1978, 1979) studied Cherry Canyon and Bell 
Canyon subcrops in the eastern Delaware Basin. His de
positional model for the eastern shelf is similar to Harms' 
(1974) and Williamson's (1978) for the northern shelf, ex
cept that channels as well defined or as thickly filled were 
not observed. He attributed these differences to the re
duced supply of sediment from the eastern shelf, which was 
farther from its corresponding source. He believed that the 
Midland Basin, nearly filled by late Guadalupian time, 
acted as an extension of the shelf and supplied clastic sedi
ment and dense, saline water to the Delaware Basin. 

McDermott (1984) described the Cherry Canyon-Upper 
San Andres shelf margin/slope break where it crops out in 
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unice 

Teague 

Jal 

, 

appears to have been the major axis. Significant Ramsey fields are shown 
in black. The fields are coincident with the eastward-tilted terminal lobes 
of submarine channel fill. (Carbonate margin after Hiss, 1975; Ramsey 
channels and structural contours after Williamson, 1978.) 

Last Chance Canyon, southeastern New Mexico. He recog
nized submarine channels carved into interchannel slope 
siltstones. The channels were filled predominantly by sand
stone (lagoonal siliciclastics). Multiple events of erosion, 
deposition, and slumping were observed. In addition, he 
recorded examples of channel-fill events that were mantled 
(and thus, separated) by horizontally stratified, bioturbated 
siltstone and sandstone. After the channels were aban
doned, they were followed by progradation and aggrada
tion of normal shelf deposits (principally carbonate). 

From his field observations, McDermott concluded that 
hypersaline, bottom-hugging currents off the embanked 
shelf transported siliciclastic lagoonal sediments through 
breaches (channels) in the shelf shoal and interchannel 
slope. Like Harms (1974), Williamson (1978), and Boza
nich (1978), McDermott believed the density flows to be 
long-lived (long enough to form and sustain migrating sand 
waves). Williamson (1978) and McDermott postulated that 
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the Ramsey channels were back filled and that the sand
stone lobes are imbricated or lapping atop one another 
back toward the shelf. 

McDermott proposed several causes for this imbrication: 
(1) a diminishing sediment supply due to a retreating sedi
ment source, (2) a decreasing velocity for successive density 
flows, (3) a decreasing volume of dense saline water flowing 
through the channels because of channel constriction or 
abandonment, and (4) a decreasing density of successive 
flows. 

Control 

The Ramsey reservoir was examined through 506 gamma
ray/neutron or gamma-ray/sonic logs and 27 cores, primar
ily from the unitized Ford-Geraldine field (Fig. 10.4). Logs 
from cored wells were correlated to the core and served as 
cornerposts for the correlation grid. In addition, core 
porosity and permeability data from 181 wells were plotted 
against depth to examine reservoir segregation. These plots 
served as useful correlation tools as well. An example plot 
of these data mimics the gamma-ray curve and was used to 
correlate logs of differing vintage and quality (Fig. 10.5). 
Nineteen stratigraphic cross sections were constructed, of 
which six are included in Figure 10.4. Interval isopach and 
structure maps on each stratigraphic interval (Fig. 10.5) 
helped determine controlling factors on production. 

Lithofacies 

Three major rock types are present in the subsurface upper 
Bell Canyon Fm of the Ford-Geraldine field area. In order 
of increasing average grain size, they are: lutite (oranic-rich 
siltstone), laminated siltstone (laminite), and very fine
grained sandstone. This classification scheme is modeled af
ter Bozanich (1978, 1979). The most notable feature of the 
lithotypes is that they are virtually clay-shale free (William
son, 1978); lutite has the highest clay content. 

These three lithotypes make up a depositional cycle, 
wherein lutite is the finest-grained, "lowest energy" end 
member; laminated siltstone is the intermediate member; 
and sandstone the coarsest-grained, "highest energy" end 
member. Lutite and laminite were deposited by processes 
that are distinct from sandstone deposition. 

Lutite 

The lutite facies is a fissile, dark, highly organic siltstone 
and the finest element of the basin fill. Watson (1974) re
ported 6% clay in the thickest lutite of the upper Bell 
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Canyon section (within the Ford laminated siltstone of 
Fig. 10,5). Most of the amorphous organic material is of 
marine planktonic origin (Payne, 1976) and was deposited 
by settling from suspension. The Ford lutite is approxi
mately 2 ft (0.6 m) thick throughout the study area and 
makes up about 2% of the section from the base of the 
Ford siltstone to the top of the Trap siltstone. 

The thicker lutites blanketed previously deposited sedi· 
ment, thereby draping over the bottom topography; the 
thickness of each lutite is fairly constant. Laterally exten
sive throughout the basin, lutite is an excellent regional 
time marker, easily recognized in logs (Fig. 10.5) as an 
anomolously high gamma reading; where it is discontin
uous, large channel scour may be indicated (Berg, 1979). 
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Figure 10.5. Type log and core (Ford-Geraldine Unit #108) . The Ramsey is subdivided into six mapping and log correlation units based primarily on 
distinctive gamma ray log response. Porosity and permeability are adversely affected by pore-filling cement. 

The organics within the lutites are sapropelic but were not 
buried deeply enough to generate the hydrocarbons in the 
reservoirs (Hills, 1984). 

Depositional Processes-Interpretation. The presence of 
lutite is evidence of a period of reduced clastic deposition 
and a record of planktonic productivity in the more hospit
able near-surface water layers. Lutite units are not inter
rupted or subdivided by major clastic hypo- or hyperpycnal 
flows, but rather have graded upper and lower contacts 
(where conformable) with laminated siltstone. As plankton 
died and settled to the deep ocean floor, the constituent 
organics were preserved in the anoxic, reducing conditions 
of the density-stratified, deep-water layers, thus accounting 
for the black color and organic richness of this lithotype 
(Williamson, 1978). 

With a greater silt influx, resulting from more frequent 
hyperpycnal flows, organics (constantly raining down from 
suspension) became diluted by silt. The appearance of the 
resulting deposit approaches that of a laminated siltstone 
(laminite lithotype) . Many of the lutite units in core have 
gradational contacts with laminite units. For example, be
low the base of the Ford lutite, organic-poor siltstone lami
nae become progressively fewer, and the organic laminae 
much thicker, creating an apparent upward-fining sequence 

into the lutite. The reverse sequence is true near the top of 
the lutite layer, which "grades" into laminite . The relations 
may be demonstrated on a typical log; the lutites within the 
Ford and Trap members are symmetrically bounded by 
laminite (Fig. 10.5). Moreover, sandstone was never 
observed in conformable contact with a major lutite. There
fore, lutite is interpreted to be the lowest-energy end mem
ber in an overall scheme of cyclic deposition where the base 
and top of each highest order cycle is lutite. Stratigraphic 
intervals to be discussed later that contain lutites are the 
Ford siltstone, Trap siltstone, and Lamar siltstone (Fig. 
10.5). 

Laminated Siltstone (Laminite) 

Laminite is parallel-laminated siltstone with alternating 
laminae (0.2-2 mm thick) of amorphous organics and silt. 
As observed from the porosity/permeability data of 181 
wells in the field, the porosity of laminite units is remark
ably consistent: between 18 and 19%. The permeability is 
typically quite low, ranging from .01 to 4 millidarcies (md), 
but principally less than 2 md. Horizontal and vertical per
me abilities are greatly reduced by the presence of pore
filling calcite cement. Permeability is least in the vertical 
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direction because of fine organic laminae that are stacked 
like a deck of cards. Laminite composes 50% of the section 
from the base of the Ford siltstone to the top of the Trap 
siltstone. 

The "Ramsey" sandstones are encased in laminite that 
forms the seal of this stratigraphic trap and complicates pro
duction. Laminite sections may appear as monotonous, 
uninteresting, varve-like deposits, but an understanding 
of their geometry is the key to the architecture and deposi
tional history of the fan. 

Each light gray, coarse silt lamina can be coupled to one 
above it that is dark, organic-rich, and finer grained. In 
fact, each couplet apparently fines upward (Williamson, 
1978) so that as silt size decreases, organic content in
creases. 

In an interval of several feet of core, the couplets seem to 
have a higher order of sequence, often appearing as part of 
a general fining or coarsening trend. This apparent grading 
is not believed to be from one flow like the grading in a 
Bouma sequence, but rather a composite of individual "silt
stone" events (hypopycnal flows) amid a constant back
ground rain of organics. For example, the couplets in the 
upper Ford member just below the first Ramsey sand fre
quently thicken upward. Within each couplet, the light gray 
siltstone lamina is thicker, and the organic lamina thinner, 
than those in the preceding set. The. overall effect is an 
upward-thickening and coarsening trend, which indicates a 
period of intensifying activity on the shelf that culminated 
in sand-laden density currents to the basin. After periods of 
episodic sand deposition gave way to more normal condi
tions, the sandstones (e.g., Ramsey) were followed by a 
reverse sequence of laminated siltstone characterized by 
upward-decreasing silt content (e.g., Trap), eventually 
"grading" into lutite (Fig. 10.5). 

Interpretation. Like the lutite, laminite is deposited by 
settling from suspension. The important difference is that 
the silt fraction of the laminite most probably entered the 
basin by hyperpycnal density flows. Silt-laden currents of 
this nature are reported off the Gulf of Mexico shelf edge 
after the passage of "blue northers" (McGrail and Carnes, 
1983). The cool, hypersaline density flows may have spilled 
through gaps in the shelf margin, met a point of equal 
density within the stratified basin, and sheeted out as 
inter-laminar flows. The transported silt settled from 
suspension, mantling bottom topography (Harms, 1968; 
Williamson, 1978) and sealing the "lid" on sandstone pre
viously deposited in the submarine channels. Another dif
ference is that the overall geometry of laminite is wedge
shaped, thinning toward the basin center (Fig. 10.27 and 
Meissner, 1972), whereas lutite is more blanket-like. For 
example, the Ford lutite maintains an average thickness of 
2 ft (0.6 m) within and well outside the area of study. 

R.W. Ruggiero 

Most probably, the organic laminae in laminite and lutite 
represent a constant basin-wide rain or "background" of 
organic material settling from suspension. The thickness of 
the silt fraction in each laminite couplet could indicate rela
tive size of the driving force (i.e. ranging from a frontal 
passage to a tropical storm) that created the silt-laden 
density flows. The higher order coarsening and fining 
sequences of couplets could represent pulses of density 
flows from building or waning storms. Thus, laminite is a 
record of suspension sedimentation: the result of normal 
organic materials at "background" levels, punctuated by 
cyclic siltstone deposition from interlaminar flows. 

The Ford siltstone, Trap siltstone, upper and lower 
laminated siltstone of the Ramsey member, and the Lamar 
siltstone are stratigraphic intervals deposited primarily by 
this process. These units (Fig. 10.5) will be discussed in 
more detail below. 

Fine-grained Sandstone 

The sandstone facies in the study area is a silty, very fine
grained, submature, moderately well-sorted arenite (Wil
liamson, 1978; Payne, 1976). Porosity ranges between 20 
and 24%, whereas permeability varies greatly (0.01 to 300 
md), depending on the distribution of calcite and authigenic 
clay cements (Williamson, 1978). Unlike widespread lutite 
and laminite, sandstone is confined to channels that are well 
defined in outcrop and the subsurface. 

Sandstone occurs as thin units (1-5 ft, or less than 1.6 m), 
reaching an aggregate maximum thickness of 65 ft (21 m) in 
the study area (Fig. 10.6). Each major correlative unit or 
package is composed of many smaller units and is laterally 
continuous along depositional strike, as denoted by 
porosity/permeability characteristics and log marker cor
relations (Fig. 10.5). Units pinch out against the channel 
margins and intra-channel erosional remnants downdip. 
Most sandstone appears massive, but on a wet, polished 
core face has thin, horizontal lamination (plane bed, upper 
flow regime) or parallel planar cross lamination (migrating 
dunes). This lithotype constitutes approximately 48% of a 
typical center-channel section. 

Interpretation. The nature of the gravity flows that de
livered sand and silt into the basin are widely described 
and discussed in previous literature. Two major schools of 
thought emerge: one calls for turbidity currents, and the 
other for hypersaline density currents. The principal ideas, 
as presented by their chief proponents, are addressed 
briefly herein. 

Berg (1979) and others (Payne, 1973, 1976; Weinmeister, 
1978) proposed meandering turbidity currents within 
leveed channels to account for apparent graded intervals in 
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Figure 10.6. Isopach map of the total Ramsey interval as defined in Figure 
5. Marked thinning of the sandstone within the channel indicates onlap 
onto erosional remnants that had topographic relief. 

core and sinuous patterns on isopach maps. Leveed, 
meandering channels have been documented on recent fans 
composed of shale-rich sediment (Mississippi fan: Kastens 
and Shor, 1985; Bouma, et aI., 1984; Amazon fan: Damuth 
and Flood, 1984). However, the apparent meanders in the 
sand-rich terminal lobes of the Delaware fan, like the Ford
Geraldine area, are shown in this study to be more likely 
caused by pinch-outs against erosional remnants within the 
primary channel (see Fig. 10.17) and to bottom topography 
at the time of sand lobe deposition, rather than to the 
dynamics of the depositing currents alone. Additionally, 
Ramsey channels in the Ford-Geraldine field do not have 
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levees. The geometric relations of the lithofacies are dis
cussed in a later section ("Results"). 

Moreover, many apparent inverse or normal graded in
tervals in core (based on the dispersal pattern of laminated 
siltstone rip-up clasts) are interpreted as increasing or de
creasing flow strength, respectively. The rare, normally 
graded sequences in Ramsey cores, often described as 
"Bouma sequences" (Bouma, 1962) by other workers, may 
be the result of waning density currents and not necessarily 
turbidity flows. Because clay is required to maintain turbid
ity, and there is virtually no detrital clay in the Ramsey 
sandstones, turbidites are extremely rare in the section 
(Williamson, 1978). 

Another point of general disagreement is the length of 
time during which sand was emplaced. At one end of the 
spectrum, Berg (1979) believes sand was deposited by tur
bidity flows as migrating point bars in a meandering chan
nel; this process requires remarkably long-lived currents to 
explain the observed continuity of correlative sands across 
the width of the field. To account for this continuity, Berg's 
"point bars" would have to migrate laterally and down 
channel without interruption, and in such a manner that the 
lateral accretion process would yield sands of nearly iden
tical log characteristics throughout the field. This proposed 
model of "submarine point bar" deposition is not consistent 
with other point bar facies tracts. 

Williamson (1978) and McDermott (1984) discussed the 
hypothesis of long-lived hypersaline currents of fluctuating 
strength to explain alternating upper and lower flow-regime 
structures and dune migration down the axis of the channel. 
Their observations of primary structures on outcrop and 
core were corroborated by this study of cores from Ford
Geraldine Field . 

Parallel planar cross lamination (suggesting dune migra
tion) was present in cores within the "thalweg" of each 
Ramsey subunit (i.e. "lA," "lB," "lC," and "2"; cores 
Ramsey #8-14, FGU 66, 131, 149, and 160: Figs. 10.4 and 
10.5). Although the basic observations coincide, the inter
pretations of density flow characteristics differ. 

Herein, the Williamson (1978) model is modified to 
account for strong evidence of rapid deposition along the 
margins of the channel. Many observations of soft-sediment 
deformation, fluid-escape structures, and escape burrows 
indicate more rapidly emplaced sand. In one core from the 
edge of a channel, a large, laminite rip-up clast (2 cm 
across) at the base of an apparently normal-graded bed is 
interpreted to have been "frozen" in the process of disinte
grating along lamination planes. At one end of the clast, 
laminae are undisturbed; at the other, massive, fine sand is 
present between flaring laminite couplets, indicating very 
rapid deposition of the enclosing sand. 

These two opposing rates of deposition may be resolved 
by the following model. Assume that the bottom-hugging 
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currents (liquefied flows) had enough volume to fill the en
tire channel bottom in a sheet-like fashion from margin to 
margin, not confined within a narrow meander belt. When 
the flows encountered channel constrictions or obstruc
tions, cross-sectional area was preserved; they thickened 
and became very erosive. This erosiveness is prevalent 
around the remnant high, which is demonstrated by isopach 
thins of the Ramsey sand (Fig. 10.6) in the northwest part 
of the field (cores FGU 57 and 60, Fig. 10.5). The channel 
deepens sharply to 65 ft (19.8 m) and narrows next to the 
topographic remnant. This narrow is analogous to a flume 
chute. As the flows left the constriction, they would have 
fanned out over the firm sandy substrate and refilled the 
channel from side to side. The velocity of the flows should 
have increased substantially in the throat of the constriction 
and dropped off fairly rapidly as the "head wave" flattened, 
increasing its surface area or footprint (see isopach Fig. 
10.17 and 10.24). 

By this or related processes, laterally extensive cross
bedded units with similar porosity and permeability can be 
explained. In addition, as the currents waned, their load 
was probably emplaced first along the channel edges where 
the flows were thinner and frictional forces weakened them 
sooner, and last along the axis or thalweg where they were 

Figure 10.7. Perspective diagram of Ramsey depositional systems. The 
source for the basinal sands lies in the mixed carbonate and siliciclastic 
lagoon behind the shelf-slope break. A flexure of carbonate build-ups 
breached by submarine canyons characterizes the shelf margin. The basin 

R.W. Ruggiero 

thicker and had more momentum, much like a fluid lava 
flow. This "staged" emplacement can explain the higher 
frequency of cross-bedded units near thalweg axes and 
more quickly emplaced, horizontally stratified, or massive 
units on the channel margins. 

Depositional Model 

The depositional model presented here is derived from pre
vious shelf and shelf-margin outcrop studies (i.e., McDer
mott, 1984) and the results of this subsurface study. The 
concepts of many previous workers are distilled from the 
literature and incorporated into this model (principally 
Harms 1974, Williamson 1978, and McDermott, 1984). 

The Permian Basin was near the Permian paleo-equator 
(Habicht, 1979). The encircling shallow shelf and the nearly 
infilled Midland Basin had high rates of evaporation and 
were sources of hypersaline water. In this restricted basin, 
apparent sea-level rise and fall may have been due to a 
cycle of evaporative loss followed by episodic resupply of 
water from a more open marine source to the south (Silver 
and Todd, 1969). 

During periods of relative highstand, siliciclastic sedi-

channels are deeper, narrower, and more "V"-shaped nearer the shelf, 
and more shallow, broad, and "U"-shaped basinward. Erosional remnants 
with sharp topographic relief rise above the channel floor. (Shelf model 
from Cherry Canyon of Last Chance Canyon, McDermott, 1984) 
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ments were stored on the shelf well behind the shelf break; 
while at lowstand, siliciclastics prograded onto the shelf just 
behind the shelf margin, where they were swept basinward 
through breaches in the shelf margin by bottom-hugging, 
hypersaline density currents (McDermott, 1984) (Fig. 
10.7). One model of fluctuating relative sea level (Pray, 
1977) seems to fit with these interpretations. Pray believes 
that fluctuations of not more than 2 to 3 ft (0.6-0.9 m), 
were needed to effect this siliciclastic progradation onto the 
broad, shallow shelf. 

Channels and Inferred Depositional History 

Truncation of the regional lutite markers suggests that the 
channels that carried siliciclastics from the shelf were 
scoured by large flows prior to "Olds" or pre-Ford sand-
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stone deposition (Berg, 1979; Weinmeister, 1978) (Fig. 
10.8, Stage 1). The scour may have cut upsection as it 
flowed basinward (see Fig. 10.11). This observation coin
cides with the changes in channel characteristics from the 
shelf margin to the center of the basin. The channels that 
are more "V"-shaped, narrower (less than 1 mil; 1.6 km), 
and deeper (nearly 100 ft, 30 m, deep) proximally become 
more "V"-shaped, broader (2 mil, 3.2 km), and shallower 
(40 ft, 12 m) distally (Fig. 10.7; see also Fig. 10.12). 

Incompletely scoured fan deposits within the channel 
(erosional remnants) became topographically high areas or 
"hills" on the channel bottom. The time equivalency of the 
erosional channel surface and tops of the topographic highs 
are established from an even draping of the surface by the 
lutite within the Ford siltstone (Fig. 10.8, Stage 2). 

Bottom-hugging hypersaline density currents laden with 
fine-grained sand swept through the head of the channel 

I: PRE-FORD RO I T GI': 2: 0 P ITIO F FORO DR P T 1':3: RLV RA 1 EV PR RAD TIO 

Figure 10.8. Stage 1: initial pre-Ford scour, as evidenced by truncation of 
lutite markers and resultant erosional remnants. Stage 2: deposition of 
Ford siltstone and lutite, which evenly drapes the channel. Stage 3: basal 
Ramsey (IA) sandstone progrades basinward and onlaps intra-channel 
highs. Stage 4: middle Ramsey (IB) sandstones prograde farther into the 

basin and are confined to the channel. Stage 5: laminite (e.g., upper Ram
sey laminated siltstone) drapes channel fill. Stage 6: retrogradation or 
back-filling of the channel; Ramsey 2 sands encounter a compactional anti
cline along the channel axis from earlier sand deposition. Stage 7: Trap 
laminite drapes sandstones and creates numerous stratigraphic traps. 
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and flowed down the slope of the fan, confined within chan
nel margins; there was little or no overbank flow. The path 
of these density flows was diverted around erosional rem
nants, which had a profound effect on the depositional his
tory of the sandstone facies (Fig. 10.8, Stage 3). The first 
flows scoured into the Ford laminated siltstone; in some 
areas, as much as 10 ft (3 m) of it were removed and in
corporated as rip-up clasts (see Fig. 10.18). Slumps along 
the channel margin occurred from undercutting. In the late 
progradational phase, sandstone nearly filled the channel 
and had covered most of the erosional remnants (Fig. 10.8, 
Stage 4). 

Sand-laden flows from the shelf, which had been pro
grading basinward, ceased briefly during deposition of the 
Ramsey lower laminated siltstone (between Ramsey lA 
and 1B deposition; similar to Fig. 10.8, Stage 5). Deposits 
classified as "progradational" persisted through deposition 
of Ramsey lB. 

Before the late onlap or retrogradational phase, 
sandstone-bearing currents were absent again during the 
more quiescent period of Ramsey upper laminated siltstone 
deposition (Fig. 10.8, Stage 5). The siltstone settled out of 
suspension from interlaminar flows, draping the channel
margin and channel-fill deposits evenly. 

Sandstone deposition in the basin, and presumably, ac
tive sand transport on the shelf, resumed during Ramsey 2 
time. Sand units continued to back-stack or onlap toward 
the shelf (Fig. 10.8, Stage 6) for several possible reasons: 
(1) a diminishing sediment supply due to a retreating sedi
ment source, (2) a decreasing velocity for successive density 

A 
NW 

17-1E 

I 
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flows, (3) a decreasing volume of dense saline water flowing 
through the channels because of channel constriction or 
abandonment, (4) a decreasing density of successive flows 
(McDermott, 1984), or (5) a decreasing slope gradient of 
the fan channnel. Although a combination of factors is 
probable, a decreasing channel gradient seems the most 
likely cause of the observed onlapping in Ford-Geraldine 
and similar Ramsey fields, like EI Mar (Williamson, 1978, 
see Fig. 10.17). 

Finally, after the last sands were transported basinward, 
the Trap and Lamar laminated siltstones were deposited 
(Fig. 10.8, Stage 7). Silt-laden interdensity flows cyclically 
interrupted the constant rain of organics. The silt and 
organics settled from suspension, evenly draping the sands 
within the channel and the previously deposited laminites 
at the channel margins and interchannel areas. The net 
effect was to seal the channel sandstones within laminite, 
creating the potential stratigraphic trap. 

Results 

Geometry of Channel Complex 

An isopach of the gross Ramsey section indicates an elon
gate pod of sandstone that trends northeast-southwest, 
composing the Ford-Geraldine field. The eastern subparal
lel channel makes up the Sullivan and Screwbean field 
complex (Fig. 10.6). Strike cross section A-A' (Fig. 10.9) 

A' 
SE 

12 HOPE #1 

I 
~ 

SCALE 

Figure 10.9. Strike section A-A' demonstrating channel geometry and bifurcation into Ford-Geraldine to the northwest and Sullivan-Screwbean to the 
southeast. The channels are narrow, deep, and more "V"-shaped. 
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demonstrates this bifurcation of the main channel. Both re
sultant channels are steep sided and nearly 60 ft (18 m) 
deep in this more proximal section. The sand units fill 
channel-bottom topography, are laterally extensive, and 
when deposited, nearly flat-topped. 

G 
NW 
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Ford-Geraldine 

Strike section G-G' (Fig. 10.10) establishes the east-west 
channel geometry of the Ford-Geraldine. The channel 
widens to 2 mi (3.2 km) and becomes more shallow (40 ft or 
12 m average depth) basinward. Progradational sandstone 

G' 
SE 

Figure 10.10. Strike section G-G' demonstrating Ford-Geraldine channel geometry. The channel is shallow, broad, and more "U"-shaped. Lateral 
truncation of older sediment occurred before Ramsey upper laminite (solid black) was deposited. 
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Figure 10.11. Dip section Y2-Y2' demonstrating downlap of prograding sandstones. Ramsey 1B prograded the farthest basinward. 
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Int r- hannel 
rea 

ord- raldine nit Outline 

Figure 10.12. An isometric projection of the residual (regional dip sub
tracted out) structure on top of the Ford. This process creates a channel 
geometry. The aspect is down-channel where the bifurcation of the Ford-

units "lA" and "lB" fill the channel laterally from margin 
to margin by vertical accretion. One or more erosive events 
after "Ie" and before upper laminite deposition are indi
cated. 

Dip section Y2-Y2' (Fig. 10.11) represents typical pinch
out down depositional dip. In the Ford-Geraldine channel, 
the Ramsey 1B unit prograded farthest into the basin. 

Figure 10.12 is an isometric projection of structure on top 
ofthe Ford siltstone (Fig. 10.13), with the eastward regional 
dip subtracted out. The projection is a representation of the 
channels, as depicted by Ford structure less the regional 
dip. Because the Ford siltstone evenly draped pre-existing 
topography of the fan surface, this type of restoration 
should indicate channel geometry most accurately. In the 
northern, or more proximal, portion of the study area the 
main channel is deeper (maximum of 65 ft or 20 m) and 
narrower (less than 1 m or 1.6 km wide). More basinward, 
past the largest erosional remnant, the Ford-Geraldine 
channel broadens to 2 mil (3.2 km) wide, becomes more 

rea 

rea 

Geraldine and Sullivan-Screwbean channels occurs. Topographic highs 
control the path of bottom-hugging density currents. 

shallow (40 ft or 12 m deep) and has more gently dipping 
channel margins. 

Channel Fill and Isopach Analysis 

The isopach of the gross total Ramsey interval (Fig. 10.6) 
shows a main channel that bifurcates into two linear, sub
parallel channels. This bifurcation occurs just north of the 
largest erosional remnant discussed below. The eastern or 
Sullivan-Screwbean channel was a "pressure relief" valve or 
splay for the bulk of the flows that encountered the remnant 
high in the Ford-Geraldine channel. 

Paleotopographic Highs or Erosional Remnants 

The thickest portion of the Ford-Geraldine channel fill 
(60-65 ft; 19.8 m) in Figure 10.6 follows an axis from T&P 
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Figure 10.13. Structure on top of the Ford laminated siltstone. Structural 
closure is very rare. 

Block 57 T-1 section 8, in the extreme north of the area, to 
Section 19, 3 mi (4.8 km) along depositional dip. West of 
this channel fill, along a similar axis, is a complex of ero
sional remnants or highs. These paleotopographic highs 
had an effect on the deposition of sandstone and production 
from the resultant reservoirs. 

Cross section C-C' (Fig. 10.14) connects the two remnant 
highs with greatest topographic relief, as determined by the 
thinning or absence of Ramsey sand over them. Well #38 
has no sandstone in it, having the appearance of an inter
channel well; however, its location is within the channel. 
Likewise, well #57 has a very thin sandstone interval in it 
and is flanked by wells with much more sandstone (cross 
section E-E', Fig. 10.15). Well #57 is the southernmost 
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location of this topographic high. Older sandstones pinch 
out against the topographic high, while succeeding ones lap 
over it, except at its highest point (unit well #38). 

This topographic feature had a profound effect on the 
depositional history of the sands. An isopach of the average 
thickness of the total Ford interval (Fig. 10.16) reveals 
probable erosion of the Ford along the axis of the thickest 
"lA" sandstone. Because the Ford evenly drapes the 
original pre-Ford scour, the pattern of erosion reflects 
channel-bottom topography. The isopach of the 1A sand
stone shows an area of nondeposition coincident with the 
location of the high (Fig. 10.17). Likewise, other erosional 
remnants can be seen as anomalous sandstone thins within 
the channel (e.g., T&P Block 58 T-1). The apparent sinuos
ity of this pattern of thicks juxtaposed to thins has been 
attributed by other workers (Berg, 1979) to deposition by 
sinuous turbidity currents. Isopachs of succeeding intervals 
suggest lateral filling by sheet-like flows that were con
stricted near topographic highs on the channel bottom, and 
elsewhere were allowed to fan out, scouring and filling the 
lows. 

Ford and Ramsey lA 

The Ramsey "lA" sandstone interval represents the first 
flows scoured into the upper Ford laminite, removing as 
much as 10 ft (3 m) of it along the thalweg (Fig. 10.18). 
Other thin intervals of the laminite appear where the "lA" 
isopach takes large excursions northwestward. These areas 
quite possibly are slump locations along the channel margin 
where the margin was undercut by turbulent eddies. The 
slumped material was incorporated into the flows as rip-up 
clasts. The Ramsey 7 #5 (Fig. 10.4) is located at the edge of 
the channel near a possible slump site in T &P Blk 57, T -1, 
Section 7; core from the well indicates angular truncation of 
the Ford siltstone, which could have been caused by current 
or slump. 

The "lA" interval prograded the farthest into the basin 
in the Sullivan-Screwbean channel and nearly as far as "lB" 
in the Ford-Geraldine channel. By far, the "lA" unit has 
the greatest volume of all the intervals. "lA" sandstone was 
not deposited over the largest erosional remnant in T &P 
Block 57-1 Section 19 (Fig. 10.17). 

Lower Laminite 

A short hiatus in sandstone deposition followed "lA" em
placement, during which silts rained down from interlami
nar flows. The distribution of the lower laminated siltstone 
is shown in Figure 10.19. The very localized nature of this 
unit (which should otherwise be widespread) suggests that 
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Figure 10.14. Strike cross section C-C' along the crest of the highest erosional remnant. The sands onlapped the high but failed to bury the point of 
greatest relief, well #38. A darkened triangle below a well denotes a core control point. 
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Figure 10.15. Strike cross-section E-E' along the southern flank of the highest erosional remnant. The sands onlapped the flank of the high and buried it 
during Ramsey 1B deposition. 

the successive "1B" flows were highly erosive. The lower 
laminite appears to be preserved where "1B" flows were 
diverted. 

Ramsey lB 

The "1B" interval isopach (Fig. 10.20) suggests a "sinuous" 
thalweg and localized "point bar" areas of thicks (20 ft; 
6.1 m). This superficial interpretation is overly simplistic. 

The pattern of 1B deposition, like that for all the other 
units, is created by a combination of deposition, non
deposition on highs, and erosion. For instance, the broad, 
thin area (15 ft thick; 4.6 m) in T&P Block 58 T-1 sections 
25 and 36 of the 1B isopach is not the result of point bar 
deposition, but more likely the erosion of all of "1e" and 
a portion of "1B" prior to upper laminite deposition (see 
strike section G I -G I , Fig. 10.10). 

The "1B" interval prograded the farthest into the basin in 
the Ford-Geraldine channel, but appears to be truncated by 
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Figure 10.16. Averaged or smoothed isopach map of the Ford laminated 
siltstone. Thins correspond to the axis of the thickest Ramsey 1A interval. 
As evidenced by inter-channel control, the Ford gradually thins to the 
south. 

erosion in the Sullivan-Screwbean channel. "lB" sandstone 
is deposited over the erosional remnant with the greatest 
relief in Ford-Geraldine. 

Ramsey Ie 

The "lC" interval (Fig. 10.21) differs from 1B in that it has 
a smaller areal extent. The pattern is dominated by erosion 
prior to upper laminite deposition; the upper laminite 
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Figure 10.17. Isopach map of the Ramsey 1A interval. The thickest por
tion of the unit is shaded. The sinuous appearance of the shaded area is a 
result of sand-laden currents flowing around erosional remnants that had 
topographic relief. 

serves as a time marker of that erosional surface. Absent in 
the Sullivan-Screwbean channel, the "IC" interval appears 
to be the first imbricated sand package pinching out two
thirds of the way down the Ford-Geraldine channel. 

Upper Laminite 

The upper laminite evenly drapes the erosional surface that 
preceded it and has an average thickness of 2-3 ft (0.6-0.9 
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Figure 10.18. IS-foot isopach of the Ramsey 1A interval and anomalous 
thins in the underlying Ford laminated siltstone. The coincidence of the 
axis of 1A deposition and Ford thins is evidence of the erosive nature of 
the density currents. Erratic widening of the channel may be indicative of 
slumping of the channel margin. 

m). This laminated siltstone unit is' apparently truncated 
midway down the Ford-Geraldine field (Fig. 10.22) along a 
nearly north-south line. Adequate well control permitted 
excellent definition of this apparent thinning to the trunca
tion line. The line also coincides with the pinch-out of the 
interval "2" sandstone. 

An isopach of the Trap laminated siltstone which drapes 
interval "2" sands (see Fig. 10.27), reveals a thickening 
from its normal average of 15 ft (4.6 m) to an average of 
18 ft (5.5 m) at the same apparent truncation line of the 
upper laminite and Ramsey 2 sandstone. 
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Figure 10.19. Isopach of the Ramsey lower laminated siltstone. Erosion 
by Ramsey 1B density flows may account for some of the limited extent of 
this interval. 

The Trap (15 ft, 4.6 m, average thickness) directly over
lies the upper laminite (3 ft, 0.9 m, average thickness) at the 
Ramsey 2 truncation line, to result in a combined laminated 
siltstone interval of 18 ft (5.5 m), The Ramsey 2 sand does 
not "intervene" between the two laminite units down de
positional dip of the truncation line, indicating a deposi
tional pinchout of sandstone. Dip section X2-X2' (Fig. 
10.23) demonstrates the pinchout of the Ramsey 2 interval 
and the conformable contact of the two laminites. Strike 
section G-G' (Fig. 10.10) shows this relation at the western 
pinchout of the interval "2" lobe, Where the two laminites 
are conformable, the Ramsey upper laminite cannot be dis
cerned from the Trap laminite on well logs; however, a con-

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


Permian Bell Canyon Sandstone Reservoir 

I/) 

11 

21 

2 

:IJ 

, 

'M' IIIA. ~. ' .1 
r-

I~ 

IS ~ 

22 2] 

27 21> • 

.l~ ]5 

P 8'" fit I -! 

11 

' 1'1 

24 

2~ 

.ll. 

H • I \111 r 
I , , 
• .J I U ;" " 
-' 

ontour interval qual 5 feet 
--- Total Rom y interval 

"0" cont ur 
0 Rom e "18" inter 01 

> 15 feet thick 

"II 2') 2H 

]1 ~2 .1.1 

, 
" 1111. .f i T-! 

Figure 10.20. Isopach map of the Ramsey IB sandstone. The sinuosity of 
the shaded portion of the map is probably a result of currents either having 
avoided topographic highs or having eroded deeply into previous deposits. 

tact determined by a zone of intense bioturbation (004 ft, 
0.1 m, thick) can be marked in core (cores 202, 211, 161, 
and 7 #2; Fig. lOA) approximately 3 ft (0.9 m) above 
the Ramsey-Trap contact. This top of the Ramsey upper 
laminite has similar, but less intense, burrowing where 
the Ramsey "2" sandstone unit overlies it. The degree of 
bioturbation is assumed to indicate the length of time the 
surface was at the sediment/water interface. Therefore, this 
zone is interpreted to be the surface of the fan just before 
and during interval "2" deposition. 

As in the Ford-Geraldine channel, the upper laminite 
pinches out midway down the Sullivan-Screwbean channel 
(Fig. 10.22). Because of sparse well control in a narrow 
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Figure 10.21. Isopach map of the Ramsey Ie sandstone. This interval has 
a limited distribution and may represent the first major imbricated or 
back -stepping episode. 

channel, the line is inferred. The upper laminite appears to 
be erosionally truncated by, or prior to, interval "2" deposi
tion. The "IB" interval below the laminite is truncated at 
that line as well. Apparently, emplacement of the Ramsey 2 
unit, primarily in this eastern channel, was a highly erosive 
event down channel, perhaps because of its chute-like 
geometry. 

Ramsey 2 

The "2" interval sandstone pinches out down-dip in the 
Ford-Geraldine and Sullivan-Screwbean channels (Fig. 
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Figure 10.22. Isopach map of the Ramsey upper laminated siltstone. The 
zero isopach of this interval, shown in the middle of the field, represents 
the line at which the Ramsey 2 sand pinches out. Where sand is not present 
to separate the Ramsey upper laminated siltstone from the identical Trap 
laminated siltstone, the two siltstones are indistinguishable in log presenta
tions. 

10.24). The interval is thickest (25 ft; 7.6 m) at the head of 
the Sullivan-Screwbean and only 20 ft (6.1 m) in the Ford
Geraldine. In addition , the sandstone makes a more distant 
excursion basinward in the Sullivan-Screwbean. Apparent
ly the eastern channel was the major locus of deposition for 
this interval. 

Perhaps Ramsey 2 density flows met a more gentle chan
nel gradient in the Ford-Geraldine because of the topo
graphic expression of previous fill and found a steeper, 
more preferred gradient in the Sullivan-Screwbean. This 

R.W. Ruggiero 

hypothesis of channel switching is suggested by the zero 
("0") isopach line of the "2" interval, as superimposed 
on a structure map of the pre-Trap surface (Fig. 10.25). 
The structure map represents a constructional or "compac
tion" anticline that plunges northeastward. The formation 
of a compaction anticline is summarized in Figure 10.26. 
The compaction anticline and its importance to the pro
duction history of the field are discussed later. 

In the Ford-Geraldine, the zero ("0") isopach line of the 
Ramsey 2 unit closely mimics minor highs and lows on the 
pre-Trap surface, which must have existed at the time of 
deposition. The Ramsey 2 flows encountered a large, dam
like topographic high or ramp on the channel bottom, 
which was the expression of previously deposited and com
pacted sands. Minor crenulations or "gullies" in the north 
face of the ramp permitted more basinward excursions of 
sand. The net effect was that the ramp or compactional 
anticline dammed or ponded sand in the Ford-Geraldine 
channel. The bulk of later flows were diverted into the 
Sullivan-Screwbean channel. 

The Ramsey 2 flows were not as erosive of laminite in the 
Ford-Geraldine as they may have been in the Sullivan
Screwbean channel. Areas of thinnest upper laminite (Fig. 
10.22) are generally aligned along the axis of thickest Ram
sey 2 sandstone, indicating local, minor erosion. For exam
ple, in T&P Block 57 T-1 section 18, the small area on the 
east line of the section, which encompasses thin or absent 
upper laminite, lies beneath the thalweg of the sandstones 
above. Natural communication of fluids between the Ram
sey 2 and older reservoirs is limited to small areas like 
these. 

Trap 

The overall geometry of the Trap, like the Ford siltstone, is 
wedge-shaped, thinning basinward. The isopach averages 
of the Trap member (Fig. 10.27) indicate the depositional 
pinchout of Ramsey 2 sandstone in the Ford-Geraldine 
where the Trap laminite conformably overlies the Ramsey 
upper laminite, increasing from a 15-ft (4.6 m) average 
thickness to 18 ft (5.5 m) along the pinch-out. Inter-channel 
well control shows, on the average, an 18-ft-thick (5.5 m) 
laminite section. For example, the log of Ramsey 7 #2 
(T&P Block 57 T-1, section 7, well #2; Fig. 10.4) , which is 
just outside the western margin of the channel where Ram
sey sand is absent, has 18 ft (5 .5 m) of Trap laminated silt
stone. Here, the Trap directly overlies the Ford laminated 
siltstone. The contact between the Ford and Trap in core is 
obvious and sharp, based on abrupt changes of color 
(organic content) and degree of bioturbation. Three feet 
(0.9 m) up-section from that contact is a zone of intense 
bioturbation, which correlates to the same interval at the 
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Figure 10.23. Dip cross section X2-X2' demonstrates the pinchout of the Ramsey 2 sandstone and the conformable contact of the Ramsey upper 
laminated siltstone and the Trap laminated siltstone. 

top of the Ramsey upper laminite in the channel. There
fore, the intra-channel thicknesses of laminated units are 
maintained outside the channel, indicating that laminite 
units evenly drape the channel-fill and inter-channel areas. 
The corollary to this conclusion is that there is no over
bank deposition of finer fractions; otherwise, the thickness 
of laminated siltstone would be greater in interchannel 
areas. 

Production History 

The Ford-Geraldine field was discovered April 14, 1956, 
with the drilling of Chapman 1-18 (FGU 31) by Ford 
Chapman III. The well flowed 267 barrels of oil per day 
(BOPD) with a reservoir pressure of 1405 psi. The well site 
was located by linear extrapolation of net sandstone iso
pach maps and an apparent roll at the surface (Ford Chap
man III, personal communication, 1982). 

By late 1959, most of the field wells had been drilled (on 
a 20-acre spacing) and were producing. By mid-1958, just 
before production increased six-fold, the reservoir pressure 
must have decreased to near bubble point (1383 psi) be
cause of a sharply rising gas/oil ratio and water production 
(Conoco, 1963). At this or lesser pressure, dissolved gases 
within the oil came out of solution, initially sustaining high 
rates of production. No attempt was made to maintain 
pressure early in the life of the field; the reservoir pressure 
dropped to between 300 and 500 psi by early 1968, reduc
ing recovery efficiency. Cumulative primary production 
reached 13.2 million barrels of oil before unitization. 

The field was unitized in November 1968, and secondary 
recovery (water injection) began in June 1969. After 
unitization, Conoco, having the largest interest in the 8,540 
acre unit, became the operator. The reservoir pressure was 
brought back up to nearly 1400 psi for the waterflood. The 
field was divided into 5 stages (Fig. 10.28); Stage 5 was 
shut-in in March 1985. A pre-unitization engineering com
mittee had determined that 110.4 million barrels of oil were 
originally in place in the field; this estimate was later re
vised to 93 million. By early 1975, the field attained a peak 
secondary recovery rate of 2,875 BOPD. By early 1981, 
that figure had dropped to 569 BOPD, or 6.79 million bar
rels cumulative production since unitization. Water cut had 
risen to 95% of production. 

A continuous CO2 flood was initiated in 1981 and was 
originally planned to be in two phases. Phase I began 
February 19,1981; Phase II was to begin in 1986. Less CO2 

was injected than planned through December 1985, be
cause regional pipelines were not completed; CO2 supply to 
the project was a limiting factor. At that time, Phase 1 of 
the CO2 flood was reduced to encompass the "Stage 2" area 
of the waterftood (Fig. 10.28), and a higher rate of injection 
(20 mmcf per day) was applied to the smaller area. In July 
1987, the "Stage I" area of the waterflood (Fig. 10.28) was 
activated with CO2, and the north half of "Stage 3S" in 
April 1988. EJlipected production from the CO2 flood (8.45 
million barrels) and the results of primary, secondary, and 
tertiary (to December 1988) recovery are graphically 
summarized in Figure 10.29. Most of the preceding in
formation is derived from a Conoco report (1979), an ap
plication for certification of the tertiary project (Conoco, 
1981), and an update of data from Conoco in early 1989. 
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Figure 10.24. Isopach map of the Ramsey 2 sandstone demonstrating the 
pinchout mid-field. In the Sullivan-Screwbean channel, interval 2 was de
posited more basinward than in Ford-Geraldine. The interval 2 sandstone 
probably encountered a compactional anticline composed of earlier prog
radational units that were naturally mounded, perhaps as deposits at the 
base of slope . 

Primary Production 

Figure 10.30 shows the results of primary production by 
pressure depletion (solution gas drive) superimposed on the 
structure map of the pre-Trap surface or top of the last 
sand. Production is divided into two areas separated by the 
largest erosional remnant. The NE-SW-trending area of 
maximum production falls along the crest of the com pac
tional anticline; production figures decrease toward the 
flanks. Multiple oil-water contacts are encountered within 

~I 
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Figure 10.25. The zero isopach of the Ramsey 2 interval over pre-Trap 
structure. The compactional anticline is in the southern part of the field . 
Ramsey 2 density flows appear to have encountered a mound in the middle 
of the field and deposited onlapping sediment. The Sullivan-Screwbean 
channel served as a pressure-relief valve or splay for these blocked flows. 

the numerous sub reservoirs at various elevations; there is 
no clear-cut, field-wide contact. Hydrocarbons are found 
from 160 ft (49 m) to more than 600 ft (183 m) above sea 
level. Like other Ramsey fields, the hydrocarbon column is 
larger than expected from capillary pressure calculations 
because of hydrodynamic banking (Berg 1975, Grauten 
1965). Hydrodynamic banking is the extension of hydrocar
bons down structural dip in a reservoir that has a dynamic 
water drive. Water at the tilted oil-water contact traps 
hydrocarbons farther down structural dip than would nor
mally occur in a reservoir with a level oil-water contact. 

The isolated area of primary production in the northern 
part of the field is the result of stratigraphic trapping against 
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Permian Bell Canyon Sandstone Reservoir 

Figure 10.26. A possible mechanism for the forma
tion of a compactional anticline (adapted from 
Busch, 1974). 
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the largest erosional remnant. In this region, hydrocarbons 
are trapped to the west by sandstone pinch-out into silt
stone and to the south by pinch-outs against the erosional 
remnant (Fig. 10.6). To the east lies the main thickness of 
Ramsey sand, which is composed of more continuous units 
that wrap around the remnant and were possibly a path for 
hydrocarbons migrating toward the larger accumulation to 
the south. Apparently, this northern trap was filled to spill 
point. Hydrodynamic banking may have kept some of this 
accumulation from migrating up structural dip to the south. 

As reservoir pressure dropped below bubble point, local 
gas caps developed, especially in up-dip areas like T&P 
Block 58 T-1, sections 39 and 46 (Conoco, 1963). The 
formation of gas caps further subdivided the already inde
pendent reservoirs, leaving pockets of oil in place. 

Secondary Recovery 

The Ford-Geraldine unit was created to more efficiently 
produce remaining reserves. A pressure-maintenance 
waterflood was chosen over an unpressured one for a more 
complete sweep of the reservoir. The field was computer 
modeled and then divided into five flood stages to be ex
ecuted as in Figure 10.28. The results of the flood as of May 

I'll £RSION 

LV IT 

( J) P'TE.JHROM H II . 198-1) 

1978 are shown in Figure 10.31 superimposed over pre
Trap structure. Those wells indicated with a triangle or 
open circle were water injection wells, while those marked 
by a darkened circle or dot were problem wells that showed 
no increased oil production from water injection. The prob
lem wells lie on the flanks of the compactional anticline, 
while those with increased or highest oil production lie 
more crestally or along the axis of the plunging nose. Areas 
of over 100,000 barrels production are on the most crestal 
portions of the structure at elevations from 400 to 600 ft 
(133 to 183 m) above sea level. Results of the flood were 
below expectations (Fig. 10.32). 

The computer model (Conoco, 1969) applied to the res
ervoir did not account for permeability barriers parallel 
to bedding, which actually subdivide the reservoir. In addi
tion, low injectivity to fresh and slightly saline water sug
gested the presence of fresh-water-sensitive authigenic 
clays. Continued injection of produced connate water 
(approximately 52,000 ppm chlorides) and Pecos River 
water probably damaged the formation and ultimately re
duced production. By 1980, 8,400 barrels of water were 
being produced per day along with 569 barrels of oil, while 
11,225 barrels of water were being injected daily. Over 64 
million barrels of water were injected during the period 
from June 1969 to January 1981; 22 million barrels of water 
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Figure 10.27. A smoothed or averaged isopach map of the Trap laminated 
siltstone. The Trap becomes three feet thicker basinward of a line coinci
dent with the Ramsey 2 sandstone pinchout. The extra thickness is actually 
the upper laminated siltstone merging with the Trap where sand is not 
present to intervene. 
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Figure 10.28. Five planned stages of the waterflood and the two phases of 
carbon dioxide injection. 
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Figure 10.29. Production performance curves prior to commencing tertiary recovery (carbon dioxide injection) in 1981. Production from secondary 
recovery (waterflood) was declining rapidly. 
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Figure 10.30. Total primary production and pre-Trap structure. The best 
primary production occurs along the crest of the compactional anticline in 
the southern half of the field . The northern pool is trapped against the 
largest topographic high. 

and 6.8 million barrels of oil were produced in the same 
period. Production from the unit peaked in January 1975 at 
2,875 BOPD. 

Of the 6.8 million barrels (primary and secondary com
bined) produced since unitization, 3.5 million have been 
attributed to the waterfiood; another 431,000 barrels are 
anticipated from the remainder of Stage V. The total falls 
short of the expected 6.8 million barrels for the flood alone 
(Fig. 10.32). After the waterfiood, 21.5% of the original oil 
in place had been produced, leaving over 73 million barrels 
of oil behind. 
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Figure 10.31. Total secondary production and pre-Trap structure. The 
best secondary production occurs along the crest of the compactional anti
cline in the southern half of the field along subtle structural features. 
"Problem" wells (black dots) with no increased oil production clearly are 
on the flanks of the compactional anticline . 

Tertiary Recovery 

A tertiary recovery project using continuous CO2 injection 
was initiated in 1981 to increase production. Preliminary 
results (as of November 1981) of the project are superim
posed on the pre-Trap structure map and pinch-out, or "0" 
isopach, of the Ramsey "2" unit (Fig. 10.33). The highest 
increase in barrels of oil per day occurs along the crest of 
the compaction anticline. Productive areas are apparently 
separated by the pinchout of the Ramsey "2" sand. This 
implies that the pinchout is trapping displaced oil. 
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Figure 10.32. Secondary produc
tion performance. Results of the 
waterflood did not meet expecta
tion. 
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A similar pattern developed during drawdown before the 
first CO2 injection (Fig. 10.34). Water injection was discon
tinued; the reservoir pressure was 1400 psi. The reservoir 
was placed in a less dynamic state during this procedure, so 
that remaining pockets of production could be located. 

Major difficulties with the project arose early. Carbon 
dioxide breakthrough (arrival of CO2 at the production 
wells) was occurring too soon to sweep the reservoir 
efficiently. Figure 10.35 shows the percent breakthrough at 
each well. The highest CO2 content was located within the 
crestal portion of the compaction anticline, which is to be 
expected. The CO2 probably moved through the most 
permeable layers (which had already been depleted during 
primary production and swept by water during the second
ary waterftood) and rose to the highest structural positions 
in the gas phase. CO2 production was 30 percent of the in
jection rate at the end of 1988; four producers have been 
shut-in because of excessive CO2 production. The results of 
the flood are summarized in the graph on Figure 10.36 and 
portrayed geographically in Figure 10.37. 

The Ramsey is not a vertically homogeneous reservoir. 
Highly permeable units are laterally continuous, but are 
vertically separated from the rest of the reservoir by per
meability barriers (either laminated siltstone or heavily 
calcite-cemented zones). The net effect is that they are like 
pipelines from the injection wells straight to the producing 
wells. The CO2 may not sweep the less permeable oil-laden 
layers as planned. To remedy this situation, production 
rates have been reduced to retard CO2 breakthrough and to 
maintain reservoir pressure above the minimum miscibility 
pressure of 900 psi. 

1988 

Prediction and Expectations 

The tertiary flood is expected to produce another 8.45 mil
lion barrels of oil, bringing the field total production to 
31.7% of the original oil in place. The boundaries for the 
CO2 flood stages should be derived from an understanding 
of the geometry or "plumbing" of the reservoir. Controlled 
by state regulation and influenced by competitive develop
ment, well-spotting should be sensitive to elements that 
affect production efficiency. These elements are discussed 
below: 

(1) The Ramsey sandstone pinches out laterally and 
down depositional dip into densely calcite-cemented lami
nite (Fig. 10.6). This permeability barrier when combined 
with regional eastward dip, creates stratigraphic traps of all 
sizes along the western channel margin and at the channel 
terminus. The terminal portions of the fan-channel fill are 
the final, structurally highest traps and are prone to gas cap 
development. This distal facies covers a larger expanse than 
the proximal facies, but is often a lower quality reservoir. 
Usually, the thinner the sandstone, the more it is densely 
calcite cemented. 

(2) The best production is along the axis of the northeast
plunging nose of the compaction anticline. The hydrocar
bon column is extended by hydrodynamic banking. The 
eastern, northern, and western flanks are at higher water 
saturations. Attempts to sweep oil from these wet zones 
with CO2 will probably be futile. Efforts should be concen
trated on the area enclosed by the >35-ft (>10.7 m) total 
Ramsey isopach and south of the Ramsey "2" interval "0" 
isopach. Other pockets of potential production are along 
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Figure 10.33. Early tertiary production performance. The best production 
occurred in the southern half of the field in the compactional anticline. A 
northern pool appears to be segregated by the pinchout of the interval 2 
sandstone. 

the western and southern margins where small stratigraphic 
traps exist. Waterflood opportunities may exist within non
unitized portions of the channel south of the Ford
Geraldine field. 

(3) The pinch-out of the Ramsey 2 interval at the con
formable contact of Ramsey upper laminite and Trap lami
nite makes that sandstone an independent stratigraphic trap 
(Fig. 10.23). Ramsey production in this area is best along 
the main depositional axis south of the large erosional rem
nant. An injection program contained within the Ramsey 2 
interval and designed to sweep the area south of the rem-
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Drawdown: Stopped water injection; 
continued oil production; reservoir 
pressure at 1400 P.S.I. 

Figure 10.34. Production performance during drawdown. In a less dynam
ic state, pockets of highest production potential become evident. Again, 
the segregation of an area to the north of the main compactional anticline 
appears to be caused by a stratigraphic trap at the interval 2 sandstone 
pinchout. 

nant (banking oil at the pinch-out) should prove successful. 
The results of a pilot CO2 injection project in another Ram
sey reservoir, Twofreds field, indicates an analogous 
"laminated shale and sand" permeability barrier within the 
field, which creates two reservoirs (Kumar et aI., 1980). 
Apparently, an upper sandstone unit, like the Ramsey 2 
interval in the Ford-Geraldine, pinches out midway in the 
field. Increased oil production (from 27 to 700 BPOD) was 
achieved in the upper sandstone. A conformable contact 
of two laminite units apparently forms the independent 
stratigraphic trap. 
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Figure 10.35 Percent injected carbon dioxide breakthrough. As carbon 
dioxide arrives at a producing well updip of an injection well, a strong 
increase in oil production should be evident. In an ideal case, the gas has 
thoroughly swept the reservoir and created a bank of oil ahead of it. Arriv
al of gas too early signals problems. 

(4) Separate stratigraphic traps occur along the northern 
flank of the large, southeast-trending erosional remnant in 
the T&P Block 57 T-1 sections 18 and 19 (Fig. 10.6) where 
sandstone pinches out on the high. Primary production his
tory (Fig. 10.30) substantiates trapping along the northern 
flank. This area should be treated differently from the other 
flood areas. Emphasis should be placed on the Ramsey 1A 
and 2 intervals. Erosional remnants like those in the Ford
Geraldine field are present in other Ramsey fields (e.g., E1 
Mar field). 

(5) Minor laminite intervals subdivide the Ramsey into 

R.W. Ruggiero 

smaller reservoirs. The Ramsey lower laminite is more 
locally distributed than the upper laminite, but acts just as 
effectively as a permeability barrier. Likewise, thin lutites 
at the tops of some units subdivide the sandstone section. 

(6) Usually occurring within 2 ft (0.6 m) of a contact with 
laminated siltstone, densely calcite-cemented zones hori
zontally subdivide sandstone intervals into more complex 
production units. These calcite-cemented zones are correla
tive between wells, indicating lateral continuity. Locating 
exact points of CO2 injection into the vertical sandstone 
section is critical to modeling the flow path of the gas. 

(7) The type of depositional facies governs porosity/ 
permeability trends. The tendency is for the main axis of 
each flow to have greater permeability than at the flow mar
gin; this may be due to more abundant cross bedding in the 
channel axis. This factor may be important for setting dif
ferent rates of CO2 injection for wells along a row of injec
tors that crosses a channel axis. 

(8) Porosity and permeability are chiefly reduced by 
diagenetic events like compaction and cement develop
ment. Pore-filling calcite and pore-lining chlorite and illite
smectite significantly reduce permeability. Local, dense 
cement growth can subcompartmentalize the reservoir. 
In addition, water-sensitive clays can swell to plug pore 
throats if too fresh an injection water is chosen. During acid 
injection (perhaps to dissolve calcite cement), iron-rich 
chlorite can be altered into a pore-plugging gel. 

Summary of Conclusions 

(1) The submarine fan channel, which funneled bottom
hugging hypersaline density currents 100 mi (161 km) from 
the shelf into the central depths of the Delaware basin, 
trends southwestard from breaches in the Guadalupian 
shelf margin. In the northern extremity of the study area, 
the channel bifurcates into the Ford-Geraldine and 
Sullivan-Screwbean channels. Cross-sectional area of the 
channel was conserved; the channel became deeper where 
narrower and more shallow where broader. 

(2) Distribution of the Ramsey sandstone was confined to 
the channel that was eroded before Olds and again before 
Ford deposition; there was no overbank deposition. The 
path of the sheet-like density flows (liquefied flows; Lowe, 
1975, 1976, 1979, 1982; Lowe and LoPiccolo, 1974) was 
diverted around paleotopographic highs or erosional rem
nants left from the scour phase. During each episode of de
position, sand was emplaced first at channel margins and 
then at the channel center. After partial filling of the scour, 
the channel fill became topographically positive (convex 
up) as a result of compaction and dewatering. Subsequent 
flows pinched out against the resultant compactional anti
cline. Back-stacking occurred until a steeper gradient was 
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BOPD 
MONTHLY PRODUCTION AND INJECTION Figure 10.36 Tertiary production per

formance curves. With an adequate sup
ply of carbon dioxide (on line by January 
1986), field production is increasing but 
still quite below earlier projections. 
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found in the Sullivan-Screwbean channel, making it the 
most likely flow path. In this manner, the channels alter
nated depositional activity. 

(3) Sandstone depositional patterns are a combination of 
erosion, non-deposition on highs, and deposition within the 
channel. Laminite and lutite are more laterally extensive 
and drape pre-existing topography evenly. 

(4) The Ford-Geraldine field is a combination structural
stratigraphic-hydrodynamic trap with multiple oil/water 
contacts. Regional tilting to the east caused oil to migrate to 
the structurally higher "toes" of the fan channels. The main 
producing structure is a compactional or constructional 
anticline, with maximum production along the axial crest. 
A separate stratigraphic trap exists in the northern part of 
the field where sands pinch out against the largest erosional 
remnant. Fresher water is naturally introduced into the 
reservoir in the southern portion of the field, as indicated 
by a pre-flood chlorinity gradient. Hydrodynamic banking 
can explain the extended hydrocarbon column, the de
velopment of structurally deeper stratigraphic traps than 
those in the main producing area, and the water-wet limbs 
of the compaction anticline. 

(5) Primary and secondary phases of production had 
similar recovery patterns. The first results of the CO2 flood 
indicate the effect of the Ramsey "2" pinch-out midway 
down the field, and that the "2" sandstone should be dealt 
with separately from the rest of the flood. 

(6) Incorporating a detailed geological model into de-

velopment plans is essential to the success of any project. 
Clastic reservoirs should not be modeled as homogeneous 
sand. The gross reservoir is subdivided and complicated by 
abrupt porosity/permeability changes in the sandstone, in
tervening laminated siltstone, densely calcite-cemented 
zones, pinch-outs against erosional remnants, unconformi
ties, hydrodynamic banking, multiple oil/water contacts, 
and subtle structural relief. 
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Figure 10.37. Map of cumulative tertiary production over pre-Trap struc
ture. The best production appears to be on the southeast flank of the com
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CHAPTER 11 

Reservoir Character of Deep Marine Sandstones, Inglewood Field, 
Los Angeles Basin 

June Gidman, Will J. Schweller, Chris W. Grant, and Alan A. Reed 

Introduction 

The Inglewood Field is located in the western Los Angeles 
Basin, southern California, about 8 mi (12.8 km) southwest 
of downtown Los Angeles (Fig. 11.1). It was discovered 
in 1924 by the Standard Oil Company of California, and 
was completed in the Pliocene Vickers zone. Subse
quently, seven additional productive zones have been dis
covered and are producing in the field. 

Oil accumulated in an anticlinal structure that lies along 
and is cut by the Newport-Inglewood fault (Fig. 11.2). This 
major strike-slip fault divides the field into eastern and 
western pools. Field estimates of original oil in place range 
from 800 to 1,000 million barrels. Production peaked in 
1925 at 50,300 barrels per day and has diminished to the 
current rate of 7,750. Cumulative production is 325 million 
barrels, or 32.5% to 40.6% of the estimated oil in place. 

The Vickers East Pool is the subject of this publication. 
Oil in the Vickers zone is heavy, with an API gravity of 18° 
and a viscosity of 65 centipoise at lOO°F. The Vickers East 
Pool had an original oil-in-place estimate of 152 million bar
rels, and to date, 46.5 million (30.6%) have been recov
ered. Ultimate recovery is estimated to be 53.6 million 
barrels (35% of the oil in place). Current production is 
1,500 barrels per day, with an oil/water ratio of 1 : 22. Water 
is being injected at a rate of 27,000 barrels per day. 

A pilot waterflood was tested in the Vickers East Pool in 
1954. The pool underwent widespread waterflooding in 
1957, but no consistent fieldwide injection pattern was 
established. Peak production fell far short of expectations 
(4,000 barrels per day in 1964, compared with 8,000 pre
dicted). 

In 1985, a major waterflood realignment was initiated to 
improve the areal and vertical sweep efficiencies. The ex-

isting waterflood was poorly understood. Vertical sweep 
was poor in most injectors, and some had no water com
munication with the producers. Several thief zones caused 
water cycling and, ultimately, sand production and casing 
failure. Some reservoir zones would not accept water even 
at greater than fracture pressure, and the reliability of the 
porosity logs and the distribution of permeability were 
unknown. 

A core study was planned to provide geological support 
to the waterflood realignment. Almost the entire Vickers 
zone was cored in the BC-403 well. Care was taken to en
sure good core recovery. Over a period of 10 days, 1414 ft 
(431 m) of section were cored, with a recovery of94%. Spe
cial wellsite-handling techniques were devised to maintain 
the integrity of the core without freezing it. This involved 
filling the annular space between the core barrel liner and 
the core with an isocyanate polyol resin (Gidman et al., 
1987). 

The core study focused on the BC-403 core and on six 
wells in its vicinity (Fig. 11.3). The core data were analyzed 
within the framework of the regional geology and our 
understanding of the field as a whole. The study was aimed 
at constructing a detailed picture of the depositional en
vironment, describing the geometry of the Vickers zone 
sandstone bodies, and characterizing their vertical and hori
zontal continuity. It was also aimed at developing a quan
titative correlation between measured permeability and 
porosity and log response. 

Geologic Setting 

The Inglewood Field is one of several major oil fields that 
occur along the northwest-trending Newport-Inglewood 
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Fault in the Los Angeles Basin (Fig. 11.1). The reservoir 
rocks in the basin are a thick series of deep-marine sand
stones deposited during the period of rapid subsidence, 
which began in the late Miocene. Subsidence and deposi
tion in the Inglewood portion of the Los Angeles Basin con
tinued through the Pliocene. At the same time, some parts 
of the Miocene basin floor, such as the Palos Verdes area, 
began to rise and became bathymetric highs that helped to 
restrict the remaining parts of the basin. The combination 
of rapid subsidence of the basin floor and rising structural 

San Vicente 0 Salt Lake 

yHills ~~0 

Gidman et al. 

blocks around the basin perimeter allowed the accumula
tion of more than 19,000 ft (5800 m) of clastic sediments in 
the central trough ofthe Los Angeles Basin (Ingle, 1980). 

The Inglewood Field occupies the crest of an elongate 
anticline on the northern part of the Newport-Inglewood 
Fault, a right-lateral strike-slip fault (Fig. 11.2). Production 
occurs on both sides of the fault, but the fault acts as a 
barrier to fluid flow in the field. Numerous secondary faults 
trend subparallel to the main fault and complicate the 
geometry of the reservoirs. 

~~ C 
Cheviot Hills _--...:~~~-~~ 

o 
I 

r-. 

r-. 

>-

Scale in Miles 
4 8 12 Oil Fields 

Figure 11.1. Location map showing Inglewood and other major oil fields in the Los Angeles Basin. 
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Reservoir Character of Deep Marine Sandstone 

Paleontology 

Thirty samples from the BC-403 core were analyzed for 
microfossils. All samples contain Pliocene foraminifers, as 
well as radiolaria, bivalve fragments, and woody debris. 
The cored interval contains benthic fauna typical of the Los 
Angeles Basin between 2.5 and 4 Ma, which correlates with 
the Middle Pico, Lower Pico, Upper Repetto, and Middle 
Repetto biostratigraphic subdivisions of the Pliocene (Fig. 
11.4). A change in coiling ratio of a key planktic species 
between 1420 and 1430 ft (433 and 436 m) corresponds to 

sw 
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an age of about 3 m.y. (see Ingle, 1967; Bandy et aI., 1971; 
Bandy, 1972a-c). 

Bathymetrically mixed Pliocene foraminifers were pres
ent in all samples and include species that indicate lower 
bathyal depths (>6500 ft or 2000 m). More than 90% of 
the specimens of each sample represent shallow-water 
species that had been displaced into the bathyal zone. 
Such displaced, mixed faunal assemblages are typical of 
turbidites. The analysis indicates that the basin floor re
mained at lower bathyal depths throughout the deposition 
of the interval. 
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Modified from California Oil and Gas Fields, 
Vol. II, 1974. 

Figure 11.2. Cross section through the Inglewood Field showing major faults and stacked oil zones. 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


234 

~ 
- N-

d 
o 400' 
L.-.J 

Scale 

---C.I. = 50' 
- - - - - - - 011 1 Water 

Contact 
---Cross Section 
---Fault 

Lithology and Lithofacies 

The Vickers zone is composed of thinly interbedded, poorly 
consolidated sandstones and mudstones. It is informally di
vided into a number of correlatable (sub)zones: Alpha 
through O. The core consists of several hundred alternating 
sandstone and mudstone beds. Individual beds range from 
less than 0.1 to more than 16 ft (0.03 to 4.9 m) thick. The 
lithology of a given core interval varies from almost entirely 
sandstone to predominantly mudstone. 

Five lithofacies were defined on the basis of sandstone 
bed thickness, internal structures, and sandstone/mudstone 
ratio (Fig. 11.5). The lithofacies have descriptive names 
and are also assigned numbers, 1 through 5, for ease of rep
resentation on figures . 

Gidman et al. 

Figure 11 .3. Map of the Inglewood Field showing structure on 
the top of the Alpha zone. Many of the wells are deviated into 
the field. 

The lithofacies can be related to interpreted depositional 
environments. Figure 11.6 shows the vertical distribution of 
these lithofacies through the cored interval. The following 
section gives a description of each lithofacies and an inter
pretation of its depositional environment. 

Massive Mudstone (Lithofacies 1) 

The Massive Mudstone lithofacies consists of mudstone in
tervals at least 2 ft (0.6 m) thick that contain no sandstone 
beds (Fig. 11.7). The mudstone typically contains minor 
amounts of sandstone as small lenses or burrows, but the 
total sandstone content is less than 5%. The mudstones are 
olive gray, mottled and burrowed, silty, micaceous, and 
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Reservoir Character of Deep Marine Sandstone 

Sample E·Log Stratigraphic Divisions Planktic 

Depth (Ft) Zone Epoch Age Wissler Natland & Chevron- Foram 
1943 Rothwell '54 Western Zone 

894.6- ! 
Middle Midd le 

~ Pico Pico 979 .3- • .. 
~ 

1039.2- • ... :; 
• ::J 
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- .. 
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Figure 11.4. Correlation chart of biostratigraphic data from BC-403. 
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Figure 11.5. Lithofacies defined for the BC-403 core. Each facies shows a lithology column on the right (dots = sandstone; dashes = mudstone) and a 
grain-size profile and sedimentary structures on the left. The dashed lines in the grain-size column indicate the profile for the coarsest fraction of the 
sandstone. 
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Figure 11.6. Vertical sequences of lithofacies in the BC-403 core . The cored interval starts at the top left and continues through to the bottom right. The 
core has been adjusted to log depth. The log-depth column is continuous, while the cored-depth column is broken. 
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A B 
893' 1052' 

894' 1053' 

895' 1054' 

89S' lOSS' 

Figure 11.7. Examples of massive mudstone lithofacies. Left and right sides of photo pairs show the same core in plain and ultraviolet light, respectively. 
Note large, sand-filled burrows at 1052.2, 1052.7, 1053.7, and 1054.8 ft. 
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Table 11.1. Lithofacies statistics 

Average Thickness Maximum Thickness 
Facies Percent of Core Depth of Core (ft) Number of Intervals (ft) (ft) 

Massive mudstone1 

2 
Mudstone with thin 

sandstones 
3 
Interbeds of mudstone and 

sandstone 
4 
Sandstone with thin 

mudstones 
5 
Massive sandstone 
Total 

4.0 

24.2 

17.3 

38.7 

15.8 

100.0 

50.4 13 3.9 6.2 

304.7 102 3.0 10.9 

217.2 96 2.3 8.1 

486.6 140 3.5 18.2 

198.2 36 5.5 16.4 

1257.1 387 3.2 18.2 

1 Does not include one 20.6-ft bed of massive mudstone from above the top of the Vickers zone. All statistics include only Vickers zone cores. 

slightly calcareous, and contain intact foraminifers. Bio
turbation is generally intense and pervasive, with burrows 
up to 0.8 in. (2 cm) in diameter. 

Massive Mudstone is the least common lithofacies. It 
occurs in 13 intervals that total 50.4 ft (15 m) of core from 
the Vickers zone, plus an interval 20.6 ft (6 m) thick that is 
above the Vickers zone (Table 11.1) at the top of the core. 
In the Vickers zone, Massive Mudstone beds are, on aver
age, 3.9 ft (1 m) thick and account for 4% of the core. Most 
intervals occur in the Alpha through E zones, with the 
lowermost occurrence at the base of the H zone (Fig. 11.6). 

The Massive Mudstone represents deep-marine, low
energy clastic deposition in a setting that was isolated from 
major sources of coarse clastic material. Possible modern 
analogs include continental slopes and the distal portions of 
basin floors away from active submarine fan lobes. The in
tense bioturbation is typical of deep-marine basins or slopes 
with slow sedimentation rates and adequate oxygen supply 
(Frey and Pemberton, 1984). 

Mudstone with Thin Sandstones (Lithofacies 2) 

The Mudstone with Thin Sandstones lithofacies consists of 
mudstone with thin layers and lenses of fine-grained sand
stone that make up 0 to 10% of the lithofacies (Fig. 11.8). 
The mudstone is olive gray, mottled and burrowed, silty, 
micaceous, slightly calcareous, and contains whole forami
nifer tests. The sandstone layers and lenses range up to 1.6 
in. (4 £m) thick and are brown (oil stained), very fine- to 
fine-grained, laminated or ripple cross-bedded, and have 
sharp top and bottom contacts. Bioturbation is pervasive 
and includes large burrows that cut across bed boundaries. 

Mudstone with Thin Sandstones is the second most com-

mon lithofacies in the core, amounting to 24.2% of the total 
interval. The 102 occurrences average 3 ft (0.9 m) thick and 
total 305 ft (93 m) of core (Table 11.1). It is most abundant, 
and constitutes the thickest intervals, in the E, L, and M 
zones (Fig. 11.6). 

This lithofacies represents deep-marine clastic deposition 
under low- to moderate-energy conditions. The sandstones 
were deposited by intermittent higher-energy currents that 
winnowed and moved thin sand sheets across a predomi
nantly muddy, biologically active sea floor. The sharp lower 
and upper contacts of the sandstones and the abundance of 
ripple bedding and laminations suggest that these deposits 
represent thin, fine-grained turbidites that may have been 
reworked by strong bottom currents after initial deposition. 

The most likely depositional setting is on portions of a 
basin floor away from the feeder channels of deep-sea fan 
systems. In terms of models of deep-sea fans (Mutti and 
Ricci-Lucchi, 1972; Walker, 1978), this lithofacies would 
occupy most of the lower fan and portions of the channel 
levees and interchannel areas on the mid-fan and upper fan 
(Fig. 11.9). 

Interbedded Mudstone and Sandstone (Lithofacies 3) 

The Interbedded Mudstone and Sandstone consists of mud
stone with interbeds of sandstone up to 6 in. (15 cm) thick 
that make up 10% to 50% of the lithofacies (Fig. 11.10). 
The mudstone is olive gray, mottled and bioturbated, silty, 
micaceous, slightly calcareous, and contains foraminifer 
tests, similar to mudstone in Lithofacies 2. Most upper con
tacts of the sandstones are bioturbated. Some thin sand
stone beds have been almost completely bioturbated into 
chaotic sandy mudstone zones, as seen in Figure 11.10. 
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1 1 . 1 2 . 

Figure 11.8. Examples of mudstone with thin sandstone lithofacies. Much of the core has been bioturbated. Some planar-laminated sandstone occurs at 
1425.7 ft. 
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Figure 11.9. Deep-sea fan model showing the lateral distribution of lithofacies relative to fan subenvironments. Shown at the bottom left is the sequence 
that would theoretically form during fan progradation. (Modified after Walker, 1978; reprinted by permission.) 

The sandstones are very fine to fine grained, moderately 
well sorted, and have planar, wavy, or ripple cross
laminations. Most sandstone beds have sharp bases and 
mottled tops that grade upward into bioturbated mudstone. 
Many of the thicker sandstones are normally graded and 
resemble thin turbidites with partial Bouma sequences 
(Bouma, 1962). These beds have a scoured lower contact 
overlain by a section of plane lamination that grades up into 
a finer-grained, better-sorted, wavy, cross-laminated in
terval. 

The 96 occurrences amount to 17.3% of the total core 
(Table 11.1). Intervals are, on average, 2.3 ft (0.7 m) thick. 
The lithofacies is most common in the E, K, L, and M 
zones, and is only sparsely distributed elsewhere (Fig. 
11.6). 

The interbedded character of this lithofacies implies 
alternations between relatively long periods of low-energy 
mud deposition and shorter periods of moderate- to high
energy sand deposition. The cross-laminated and well-

sorted sandstone beds indicate deposition by strong and 
continuous currents flowing across the basin floor, whereas 
the graded turbidites indicate deposition as part of a deep
sea fan system. The combined evidence suggests deposition 
in the middle to outer portions of a deep-sea fan but away 
from the locus of thickest sand deposition. In the deep-sea 
fan model of Walker (1978), these would be classified as 
lower fan or channel levee deposits (Fig. 11.9). The Inter
bedded Mudstone and Sandstone also could be interchan
nel deposits in the mid-fan, with some of the sands derived 
from channel overspill or flow-stripping of large channel
ized turbidites (Piper and Normark, 1983). 

Sandstone with Thin Mudstone (Lithofacies 4) 

The Sandstone with Thin Mudstones lithofacies consists of 
normally graded beds of sandstone, 0.5 to 3 ft (0.2 to 0.9 m) 
thick, separated by mudstones less than 0.5 ft (0.2 m) thick 
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A 
1527 

1528' 

1529' 

1530' 

Figure 11.10. Examples of interbedded mudstone and sandstone lithofa
cies. Planar laminations can be seen at 1527.7,1528.2, and 2136 ft. Ripple 
laminations occur at 2135.9 ft. Bioturbation is common. For example, the 
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B 
2134 ' 

2135' 

2136' 

2137' 

ultraviolet photographs show that much of the mudstone between 1528 
and 1530 ft is mixed with a considerable amount of sandstone. 
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(Fig. 11.11). Sandstone makes up between 50 and 90% of 
this lithofacies. Individual sandstone beds have a sharp, 
scoured base and a gradational, usually bioturbated top. 
They contain a structureless lower section gradationally 
overlain by a thinner upper part that is commonly lami
nated or cross-bedded. 

Most sandstone beds are poorly sorted in the lower part, 
becoming moderately well sorted toward the top. Sand
stones thicker than 2 ft (0.6 m) commonly show normal 
grading of the coarse-grained fraction but little change in 
the modal grain size except near the top of the beds. 

Upper contacts typically are bioturbated, commonly with 
large burrows. In contrast, most basal contacts are sharp 
and show evidence of scour into the underlying mudstone. 
The amount of scour is difficult to estimate and may be 
minor in most cases, since the mudstone interbeds are pre
served. The thin mudstone beds are similar to mudstone in 
the Mudstone with Thin Sandstones lithofacies, but appear 
to be less pervasively bioturbated. 

This is the most common lithofacies in BC-403, with 140 
occurrences, which account for 38.7% of the total core. 
Although widely distributed throughout the core, it is most 
abundant and thickest in the Alpha through D zones and in 
zones I and K (Fig. 11.6). 

Lithofacies 4 is a series of sandstone turbidites separated 
by thin mudstone interbeds. Within the deep-sea fan 
models of Walker (1978) and Mutti and Ricci-Lucchi 
(1972), this lithofacies would occur on the mid-fan deposi
tionallobes (Fig. 11.9). 

Massive Sandstone (Lithofacies 5) 

The Massive Sandstone lithofacies consists of sandstone 
beds at least 3 ft (0.9 m) thick (Fig. 11.12). The sandstone is 
poorly to very poorly sorted, with maximum grain size up to 
4 mm (granule) and a modal grain size of fine sand. The 
beds generally lack visible structures except in the upper 
portion of some beds, where sorting improves and cross
laminations and convolute laminations occur. The coarse 
fraction is typically normally graded. 

Some of the thicker beds contain amalgamation surfaces 
defined by sharp changes in grain size. Bottom contacts are 
sharp and scoured into mudstone, whereas the tops are 
typically bioturbated and gradational into mudstone. These 
beds are similar to, but thicker than, the sandstones in the 
Sandstone with Thin Mudstones lithofacies. 

This lithofacies accounts for 198.2 ft (60 m) or 15.8% of 
the total core. Beds are, on average, 5.5 ft (1.7 m) thick, 
with a maximum of over 16 ft (4.9 m). The occurrence and 
thickness of individual beds vary markedly down the cored 
section (Fig. 11.6). There are no Massive Sandstones in the 
E zone. 

Gidman et al. 

The Massive Sandstones appear to be amalgamated 
turbidites, similar to the turbidites in the Sandstone with 
Thin Mudstones lithofacies but lacking the thin mudstone 
interbeds. Most beds appear to have been formed by multi
ple flow events. The absence of mudstone at the amalgama
tion surfaces may be due to slightly more scour and erosion 
by successive turbidity currents than in the Sandstone with 
Thin Mudstones lithofacies. No pebbles or cobbles occur in 
the thick sandstone beds, nor as lags at their bases. The 
granular nature of the sandstones and the rare occurrences 
of mudstone clasts within the thick beds suggest a deposi
tional setting in the proximal part of a suprafan lobe of a 
deep-sea fan (Fig. 11.9). Thick-bedded turbidites can occur 
as channel-fill deposits or as laterally extensive, nonchan
nelized deposits, presumably near the ends of channels. 
The extensive lateral continuity of this lithofacies, as seen 
on log cross sections (discussed later), argues for deposition 
beyond the channels. 

Petrography 

Seventy-three thin sections were prepared for petrographic 
analysis. The thin sections were made from core analysis 
plugs that were cut parallel to bedding. Half of each thin 
section was stained with sodium cobaltinitrite to aid in K
spar identification. Thirty-eight scanning electron micro
scope (SEM) samples were analyzed to determine clay fab
rics and composition. Twenty-five x-ray diffraction analyses 
were made to quantify bulk mineralogic composition. 
There is little difference among the lithofacies in terms of 
composition. 

The majority of the sandstones are arkosic arenites, 
according to the classification of Pettijohn et al. (1972). 
There are also lithic arenites and arkosic wackes. Feldspar 
and quartz are the dominant minerals (Table 11.2). Plagio
clase (predominantly oligoclase) is commonly sericitized 
and is the dominant feldspar type, with lesser amounts of 
K -spar (orthoclase). Biotite is variably altered to amor
phous green clay and is a common constituent of all the 
sandstones. 

The arkosic arenites are typically very fine to fine grained 
and well to extremely well sorted. The lithic arenites are 
fine to medium grained and very poorly to moderately well 
sorted. The framework of the arkosic wackes is typically 
fine grained and well to extremely well sorted. Most grains 
in all samples are angular to subangular, and the coarsest 
grains are better rounded. Grain contacts are tangential to 
straight. 

Thin-section porosity averages approximately 30% for 
the arenites and 14% for the wackes. Well-connected inter
granular macropores are the predominant porosity type, 
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A 
1780' 2082 ' 

B 

1781 2083' 

1782' 2084 ' 

178 2085' 

Figure 11.11. Examples of sandstone with thin mudstone lithofacies. Most sandstone beds are turbidites that show normal grading. 
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A 
(7) ( 3) 

1760' 

2070' 

1761 ' 

2071' 

1762' (.6) 

1275' 

I 5) 

B 

2.4 ' 
01 Sandstone 
Not Shown 

Gidman et al. 

Figure 11.12. Examples of massive sandstone lithofacies. Sandstone beds are massive to graded with thin mudstone interbeds. 
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Reservoir Character of Deep Marine Sandstone 

Table 11.2. Principal components of the BC-403 sandstones 

Rock Class Sample No. Quartz 

Arkosic Arenites 53 Range: 10-43% 
Mean: 26.9% 

Lithic Arenites 9 Range: 13-30% 
Mean: 20.6% 

Arkosic Wackes 10 Range: 6-29% 
Mean: 19.1% 

Lithic Wackes 11 

with minor to moderate amounts of microporosity and in
tragranular macroporosity. 

Detrital clay occurs in most samples in varying amounts 
and is composed primarily of biotite. The clay occurs as 
grain coats, patches on grains, and as pore fill. Microporos
ity is associated with the detrital clays. Where clay is abun
dant, there can be a significant difference between total and 
effective porosity. 

Authigenic smectite occurs in most samples on detrital 
clays and silts and as patchy coats on framework grains. It is 
coarser and better developed in samples from the lower 300 
ft of section, but is not abundant enough to occlude primary 
macropores. Authigenic zeolite (clinoptilolite-heulandite) 
occurs in several deep samples, intergrown with smectite on 
detrital grains. The increased abundance of smectite and 
zeolite with depth reduces the reservoir quality of the sand
stones in the lower 300 ft of the core. 

Cross Sections 

Two stratigraphic and structural cross sections were con
structed through the well BC-403: line 1 across dip, and line 
2 along strike. 

The structural cross sections were drawn with both hori
zontal and vertical scales of 1 : 600 and were photographi
cally reduced for this publication (Fig. 11.13). Well paths 
are projected onto the section lines from the deviation sur
veys. Major faults are drawn as vertical, and correlations 
are made by reservoir zone. 

Faults have removed about 30 ft (9 m) of the Alpha in the 
BC-354, and this entire zone in LW-402. In the BC-403, 
there is a fault in the H zone that has removed 15 ft (4.6 m) 
of section. 

Zones G, E, D, and M show the most significant thick
ness variations. In the dip line, the M zone shows extreme 
thickness variation, probably resulting from fault
controlled sedimentation. The Newport-Inglewood fault 
was developed during middle Miocene time and is active to 
the present. It is quite possible that Pliocene movement 

Feldspar 

Range: 13-28% 
Mean: 26.1% 
Range: 15-24% 
Mean: 18.7% 
Range: 8-34% 
Mean: 23.6% 

17 

Lithics 

Range: 0-20% 
Mean: 7.6% 
Range: 8-34% 
Mean: 23.8% 
Range: 0-8% 
Mean: 3.5% 

28 

245 

Clay 

Range: 0-9% 
Mean: 1.8% 
Range: 0-14% 
Mean: 3% 
Range: 15-70% 
Mean: 31% 

25 

along this fault affected deposition of the Vickers sand
stones. 

The dip and strike cross sections are approximately 510 
and 1,225 ft long, respectively. The majority of the sand
stone and mudstone beds, even those as thin as 1 or 2 ft, 
showed continuity across both stratigraphic section lines. 
The lithologies of the unrecovered intervals of the BC-403 
were interpreted from the logs, and the net sand and gross 
interval thickness for each reservoir zone are given in Table 
11.2. 

Depositional Model and Vertical Sequences 

Most simplified models predict that a deep-sea fan pro
grading across a basin floor will consist of coarsening- or 
thickening-upward depositional lobes overlain by fining
upward channel fills (Fig. 11.9). Using the five lithofacies 
defined for the BC-403 core, Figures 11.14A and B show 
lithofacies relation diagrams for idealized thickening- and 
thinning-upward sequences. By contrast, the BC-403 core 
shows numerous back-and-forth cycles of thickening and 
thinning, interspersed with a few intervals where the litho
facies appear random (Fig. 11.6). There are almost identi
cal numbers of thickening- and thinning-upward lithofacies 
transitions (Fig. 11.14C). 

The character of vertical sequences in the core indicates 
that a simple progradational-fan model does not explain 
this section of the Los Angeles Basin. Only a minor part of 
the core shows abrupt shifts of lithofacies that would corre
spond to abrupt channel abandonment (Fig. 11.15A). In
stead, most of the core shows a gradual back-and-forth pat
tern, which suggests that the lobes were built by gradual 
lateral migration and vertical accretion of the lobe depocen
ter across the basin floor (Fig. 11.15B). There is no appar
ent evolution in the character of the vertical sequences 
from the bottom to the top of the cored interval, except that 
the uppermost 150 ft of the core show a more random pat
tern of lithofacies than most of the remainder. 

The vertical gradations among lithofacies indicate that 
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SW NE 
BC403 

LW402 LW 251 BC404 

/. ~/.\ 
-400 

Investment 

Top Vickers 
-600 -600 

a 

A 

B 
-800 C -800 

0 

- 1000 -1000 

E 

- 1200 -1200 

- 1400 - 1400 

-1800 - 1800 

-1800 -1800 

-2000 

'~L 
-2000 

'00 

Figure 11.13. Structural cross sections. (A) SW-NE section is parallel to dip. Note the extreme thickness variation in the M zone. Major fault traces are 
shown as vertical. (B) NNW-SSE section parallel to strike. There are no major faults, but there are minor ones in wells BC-354 and BC-403. 
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Figure 11.13. Continued 
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A 

. .. 
,-

B 

M 

M 
1- · .. 
I :~. 
I: 

Thinning Upward 
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C Inglewood Be 403 Vertical Sequences 
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Gidman et al. 

Figure 11.14. Facies diagrams with arrows showing number of upward (C) Actual vertical sequences from BC-403 have nearly equal numbers of 
transitions between pairs of lithofacies. (A) Idealized thinning-upward thinning- and thickening-upward sequences. 
sequence from right to left. (B) Idealized thickening-upward sequence. 
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Reservoir Character of Deep Marine Sandstone 

Figure 11.15. Depositional patterns for lobes on deep
sea fans . (A) Sudden shift of the depositional site, 
caused, for example, by channel abandonment, results 
in an abrupt change in the vertical sequences. (B) 
Gradual shifting of the channel produces progressive 
changes in the vertical sequences. 
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the BC-403 sediments were deposited in laterally adjacent 
subenvironments within a deep-sea fan system. Individual 
sandstones were deposited by turbidity currents that spread 
across a relatively flat basin floor . The Massive Sandstone 
and Sandstone with Thin Mudstones lithofacies probably 
represent the central portions of deep-sea-fan depositional 
lobes near the channel mouths, whereas the Interbedded 
Mudstone and Sandstone, the Mudstone with Thin Sand
stones, and the Massive Mudstone lithofacies represent 
increasingly distal portions of the fan lobes (Fig. 11.16). 

The poorly sorted and angular texture of the thicker 
sandstones suggests that clastic material was fed directly 
into the basin from fluvial sources without significant sort
ing or reworking in shallow-water, high-energy environ
ments. The sandstones were deposited as thinner, finer
grained, and better-sorted beds as the turbidite currents 
spread over the suprafan lobes. 

The high proportion of shallow-water benthic fauna in 
the mudstone beds indicates that the turbidity currents re
moved mud from the slopes and deposited it on the basin 
floor. Even with this addition of mud, the total proportion 
of sandstone in the cored interval is over 50% (Table 11.3). 
This percentage fits well with Conrey's (1967) regional 
maps, which show increasing sandstone percentage toward 
the northeast corner of the Los Angeles Basin in the early 
Pliocene. On the basis of the regional distribution of sand
stone percentages and conglomerate grain size, Conrey 
(1967) suggested a dominant source of clastics entering the 
basin from the northeast corner. The Inglewood Field lies 
over 10 mi (16 km) from this coarse-grained corner of the 
basin, apparently far enough from the source area to allow 
accumulation of significant amounts of mudstone along 
with the sandstone. 

The lateral continuity of lithofacies units on log-based 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


250 

Continental Slope 
...-n--r"n-~_ 

<:> 
M 

-. 
I: 
I ' , 

<:> <=> 
Ms I 

<:> 
Sm 

<=> 
S 

Table 11.3. Net and gross sand thicknesses by reservoir zone 

Net Sandi 
Zone Net Sand Gross Thickness gross Thickness 
(Log Depth) (ft) (ft) (%) 

a ( 911-1002') 54.3 91 59.7 
A (1002-1064') 20.8 62 33.5 
B (1064-1111') 28.8 47 61.3 
C (1111-1150') 8.7 39 22.3 
D (1150-1253') 64.6 103 62.7 
E (1253-1471') 61.4 218 28.2 
G (1471-1579') 61.1 108 56.6 
H (1579-1648') 45.5 69 65.9 
I (1648-1790') 99.6 142 70.1 
K (1790-1886') 63.2 96 65.8 
L (1886-2062') 83.9 176 47.7 
M (2062-2154') 51.2 92 55.6 
N (2154-2260') 76.7 106 72.4 
0(2260-2412') 19.4 152 N/AI 
Total 739.2 1501 49.22 

I Only top 47.1 ft of zone was cored. 
2From top Vickers to base of cored interval. 

cross sections suggests that no true channel deposits were 
cored in BC-403. The five lithofacies represent a range of 
deep-sea fan sediments deposited in the middle to outer 
portions of depositional lobes beyond the ends of suprafan 
channels. The style of middle and outer fan sedimentation 
is predominantly aggradational deposition without major 
episodes of erosion. 

1000' -110' 

Gidman et al. 

Figure 11.16. Position of the five BC-
403 lithofacies on a depositional lobe. 
Note the vertical exaggeration of 
turbidite bed thickness compared with 
their lateral extent. 

The cyclic character of the vertical sequences indicates 
that the fan did not prograde across the basin floor, but 
rather centers of sand deposition shifted laterally back and 
forth across it (Fig. 11.15). Such a pattern might be ex
pected if the fan was large enough to nearly fill the floor of 
the topographically restricted Pliocene Los Angeles Basin. 
Regional studies suggest that deep-sea fans spread com
pletely across the floor of the Los Angeles Basin in the early 
Pliocene (Conrey, 1967). Figure 11.17 shows a schematic 
model of the setting of the Inglewood Field during deposi
tion of the sediments cored in BC-403. 

The depositional model for the Inglewood Field predicts 
extensive lateral bed continuity of at least hundreds of feet, 
and probably of thousands of feet. The resulting reservoir 
geometry should support good lateral sweep efficiency in 
the sandstones, but since the mudstones are also laterally 
continuous, there will be poor vertical communication be
tween sandstone beds. 

Petrophysics 

Porosity, permeability, and saturation (PKS) analysis was 
conducted on 719 plugs. Samples were taken at approx
imately 1-ft intervals in the sandstones. No mudstones were 
analyzed. One-inch by two-inch plugs were plunge-cut from 
the chilled bulk cores. Plugs were jacketed in lead sleeves 
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Reservoir Character of Deep Marine Sandstone 

Figure 11 .17. Model showing the deposi
tional setting of the Inglewood Field. 

with 200-mesh end screens. The jackets were seated at 400 
psi, and analyses were made at present-day net effective 
stress based on the Repeat Formation Test (RFT) results. 
Stresses range from 516 to 1442 psi. 

Porosity and Permeability 

The helium porosity compares very favorably with the log 
measurement of bulk density, as shown in Figure 11.18, in 
which the two measurements are plotted at compatible 
scales (i.e., with a bulk density of 2.65, equivalent to 0% 
porosity). 

The sandstones have an average porosity of 32.2% and a 
geometric mean permeability of 461 md. Analysis of 
variance was calculated to determine whether there is a sig
nificant difference among the lithofacies in terms of mean 
porosity and permeability. The results indicate that the 
mean porosities of lithofacies 2 and 3 are similar, but that 
they differ from lithofacies 4 and 5. There is not a significant 
difference among lithofacies in terms of geometric mean 
permeability. As lithofacies 2 and 3 are similar in both 
porosity and permeability, they have been grouped 
together and are referred to qualitatively as the thin
bedded sandstones. 

Lithofacies 2 and 3 are significantly more porous than 
lithofacies 4 or 5, as shown by the porosity frequency 
distributions (Fig. 11. 19A). The permeability frequency 
distributions of all lithofacies are similar, in agreement 
with results of the analysis of variance (Fig. 11.19B). The 
porosity/permeability cross plot has a large amount of 
scatter, as is typical for these plots (Fig. 11.20). A least
squares regression line can be calculated, but the correla
tion is meaningless because the fit is so poor. 

251 

Sieve Analysis 

In order to analyze the scatter in the porosity/permeability 
cross plot, 34 of the actual PKS plugs were sieved. Wet/dry 
sieve analyses were made. Grain size and sorting were de
termined from the cumulative frequency curves and were 
measured in phi units where phi is -log mm. Sorting was 
calculated using the graphic standard deviation equation: 

S t· P84 - P16 
or mg= 2 

where: 

P16 = 16th percentile on cumulative frequency curve 
P84 = 84th percentile on cumulative frequency curve. 

This takes into account 68% of the grain-size distribu
tion. The resultant values are expressed verbally as well
sorted, poorly sorted, etc. (Folk, 1974). Folk devised an 
alternative and slightly more complicated equation for cal
culating sorting that takes into account 90% of the distribu
tion. A couple of samples were calculated using both equa
tions, and the results were indistinguishable. The simpler 
method was therefore used for all samples. 

The Wentworth (1922) scale is used to express size class 
based on the median grain size: the 50th percentile on the 
cumulative frequency curve. 

Grain Size and Sorting 

There is a strong correlation between median grain size and 
sorting (Fig. 11.21). The thin-bedded sandstones, lithofa
cies 2 and 3, are finer grained and better sorted than the 
thicker-bedded ones, lithofacies 4 and 5. The Massive 
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Sandstones, lithofacies 5, are the coarsest grained and the 
poorest sorted. 

Porosity, Sorting, and Grain Size 

Porosity is influenced by sorting but is independent of grain 
size (Krumbein and Monk, 1942; Beard and Weyl, 1973). 
The porosity/sorting cross plot (Fig. 1l.22A) shows that the 
highest porosity corresponds with the best sorting (lithofa
cies 2 and 3), and the lowest porosity with the poorest sort
ing (lithofacies 5). 

Since the BC-403 sandstones also have a strong correla
tion between grain size and sorting, there is an equally 
strong correlation between grain size and porosity (Fig. 
1l.22B). The fine-grained, thin-bedded lithofacies (2 and 3) 
have the highest porosity. The sample with the highest 
porosity has a median grain size in the coarse silt range and 
is from the thinnest-bedded sandstone lithofacies (2). 

2.65 

Gidman et al. 

Figure 11.18. Depth plot of helium porosity and the bulk 
density log over a section of the cored interval. The two 
curves track each other if overlain. 

Permeability, Sorting, and Grain Size 

Permeability is influenced by both grain size and sorting 
(Krumbein and Monk, 1942), and because of this complex
ity, cross plots of permeability/sorting and permeability/ 
median grain size show a complete lack of correlation (Fig. 
l1.23A and B). To better analyze the influences of grain 
size and sorting, porosity/permeability cross plots were 
made as described below. 

Porosity, Permeability, Sorting, and Grain Size 

Figure 11.24 is a porosity/permeability cross plot for the 34 
sieved samples and has the same degree of scatter as the 
entire core analysis data set (Fig. 11.20). In Figure l1.25A, 
each data point in the cross plot is coded with its corre
sponding median grain size. Distinct boundaries can be 
drawn between the grain-size classes. For a given grain size, 
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Figure 11.19. Frequency distributions of porosity and permeability data. 
(A) Porosity, if) = mean porosity. (B) Permeability, gka = geometric mean 
permeability. (For facies numbers, refer to Figure 11.4.) 

there is a reasonable correlation between porosity and per
meability, and for a given porosity, the highest permeability 
samples are the coarser sandstones. However, it is also im
portant to note that, for a given permeability, there can be 
quite a spread of grain size and porosity. For example, 
there are two sieved samples that have around 500 md per
meability. One is a medium-grained sandstone with 27.1 % 
porosity, and one is a coarse silt with 41.6% porosity. 

Figure 11.25B is the porosity/permeability cross plot with 
data points coded according to sorting and with boundaries 
between the different sorting categories. These boundaries 
are not as distinct as those for grain size and are perpen-
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dicular to them. Of the two samples with around 500 md 
permeability, one is a moderately well-sorted coarse silt, 
and the other is a poorly sorted, medium-grained sand
stone. 

Permeability Prediction 

Deriving porosity from logs is generally a fairly straightfor
ward procedure. For example, for the BC-403 well, strong 
correlation exists between porosity and bulk density. Un
fortunately, no log has been designed to measure per
meability, and permeability data are essential for reservoir 
simulation. Most commonly, permeability values are 
obtained by first deriving porosity from logs, and then esti
mating permeability from a porosity/permeability correla
tion. Porosity/permeability correlations as poor as that seen 
with the BC-403 data (Fig. 11.20) are also quite common, 
and therefore, predicted permeability values are often 
flawed. Simple relations between porosity and permeability 
are the exception rather than the rule and might be found in 
rocks that have little variation in grain size, sorting, or ce
mentation. 

Alternative approaches were used for the BC-403 core. 
Multiple regression equations were derived to predict per
meability from sieve data, combinations of sieve and log 
data, and finally from log data alone. We also predicted 
permeability from porosity in order to compare the results 
with the measured data and with data derived from multiple 
regression. 

Porosities derived from the density log were entered into 
the porosity/permeability correlation equation to determine 
a predicted permeability. For the purpose of this publica
tion, these values will be referred to as the transform per
me abilities , to distinguish them from permeabilities calcu
lated by other means. Since the porosity/permeability cross 
plot shows a lot of scatter and the correlation coefficient for 
the regression is low, it is expected and will be shown that 
permeability calculated by this method is meaningless. 

A multiple regression procedure was used to develop a 
model for predicting permeability from the electric logs. 
The goal of regression is to account for changes in a depen
dent variable, in this case, permeability. If a single indepen
dent variable-porosity-fails to account for most of the 
change, it is reasonable to hypothesize that the dependent 
variable is influenced by two or more independent vari
ables. 

Prediction of permeability from logs is fraught with a 
number of difficulties. Rock integrity may be altered during 
coring or plugging. Clay fabric can be destroyed if, for ex
ample, the rock has been allowed to dry. If the rock is ex
tremely variable, properties of a plug may not be equivalent 
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Figure 11.20. Porosity/permeability cross plot showing 
the least-squares regression line and the very low cor
relation coefficient (r). Numbers represent the facies 
for each data point. The data show a great deal of 
scatter. 
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Figure 11.21. Cross plot showing a good correlation between grain size and sorting for the sieved samples. The massive sandstones (facies 5) are the 
coarsest and poorest sorted. 

to average properties of the interval sampled for evalua
tion. Plug depths may not be accurately reported. Log data 
may be poor, and they average a greater volume of rock 
than core plugs. Core-to-Iog and log-to-log adjustments 
may not be precise. Furthermore, regression analyses esti
mate means and reduce the spread of distributions. 

In this study, care was taken to ensure that the rock, 
plugs, adjustments, core analyses, and logs were quality 
controlled. Details of well-site core handling are given in 
Gidman et al. (1987). Plug depths were specified to 0.1 ft, 
and were chosen on the basis of core descriptions. Core-to
log adjustments (247) were made using the core descrip
tions at a scale of 1 : 24, and the electromagnetic propaga
tion time (TPL) log trace at the same scale. Log values used 
in the regressions were hand-picked and quality controlled. 

A specific type of multiple regression analysis was used: 
stepwise regression using the SAS computer software. 
In the stepwise procedure, the independent variables are 
brought into the equation one at a time. A threshold signif-

icance level is set for the variables being added to the equa
tion. This level is based on the significance of an F-test 
analysis of covariance. The significance level was set at 
0.15. 

The independent variables are added by forward selec
tion, provided that they meet the threshold significance 
level. After a variable is added, the stepwise procedure 
looks at all independent variables in the model and will re
ject those that, in the newly formed equation, do not meet 
the 0.15 significance level for retention. After this check, 
and necessary deletions, another variable can be added to 
the model. The process ends when the variables outside the 
model have an F-statistic significant entry level less than 
0.15, or when the variable to be added to the model is the 
one just deleted from it. 

The permeability data are log-normally distributed, and 
were transformed to a normal distribution by taking their 
logarithm to the base 10. Stepwise analyses were made with 
the logarithm of permeability as the dependent variable, 
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Figure 11.22. Cross plots showing (A) good correlation between helium porosity and sorting, and (B) good correlation between helium porosity and 
grain size. 

and sieve data, combinations of sieve and log data, and log 
data as the independent variables. 

Sieve Data 

Variations in grain size and sorting account for the poor 
correlation between porosity and permeability, and con
tribute to the spread on the porosity/permeability cross 
plots. 

All of the sieve data variables were considered in the 
stepwise regression. The results show that permeability can 
be predicted by an equation that takes into account grain 
size and sorting, in that the independent variables are the 

fine (P84) , coarse (P5), and median (P50) grain sizes (Table 
11.4). 

Sieve and Log Data 

A correlation matrix was derived to determine those logs 
that individually show the most significant correlation co
efficients against the logarithm of permeability. Based on 
this, values of the microlaterolog (MSFL), electromagnetic 
propagation time (TPL), bulk density (RHOB), and gam
ma ray (GR) were hand-picked for each of the 34 sieved 
samples. The data were hand-picked to ensure appropriate 
log values; for example, to avoid spikes in the data. Step-
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Figure 11.23. Cross plots showing (A) no correlation between permeability and sorting, and (B) no correlation between permeability and grain size. 
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Figure 11.24. Porosity/permeability cross plot of 
the 34 sieved samples. Sieved samples were chosen 
to represent the degree of scatter shown by the 
whole core analysis data set (Fig. 11.19). 
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Figure 11.25. Porosity/permeability cross plots of the sieved samples. (A) 
Boundaries can be drawn between grain-size classes showing that for a 
given porosity the permeability increases with grain size. (B) Boundaries 

wise regression analyses were made for the sieve/log com
binations shown in Table 11.3. 

The MSFL and MSFLlGR, in combination with the sieve 
data, did not improve on the correlation that was based on 
sieve data alone. 

The best correlation is derived from an equation that 
takes into account the coarse (P5) and fine (P84) sandstone 
fractions and RHOB. The equation is essentially predicting 
permeability from sorting (represented by P84 and P5) and 
porosity (represented by RHOB). 

can be drawn between sorting classes. These are not as distinct as, and are 
perpendicular to, those shown in (A). 

Log Data 

The MSFL and TPL logs are recorded with a sample incre
ment of 2 in. (5 cm), whereas the GR and RHOB record 
values every half foot (0.2 m). The MSFL and TPL were 
interpolated, so that all of the logs had values at every half 
foot. 

The equation derived from the stepwise regression using 
these logs is given in Table 11.3. The equation was used to 
calculate permeability through the entire cored interval, the 
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Table 11.4. Data summary for stepwise regressions 

Dependent Variable: Logarithm of Permeability 
Independent Variables Variables in Model Correlation Coefficient Regression Equation 

Sieve data only 
Sieve data + MSFL 
Sieve data + MSFL + GR 
Sieve data + TPL 
Sieve data + TPL + GR 
Sieve data + RHOB 
Sieve data + RHOB + GR 
Sieve data + all logs 
Logs only (MSFL, RHOB, TPL, GR) 

P84PSPSO 
P84PSPSO 
P84PS PSO 
P84 PS TPL PSO 
P84 PS TPL PSO 
P84PSRHOB 
P84PSRHOB 
P84PSRHOB 
RHOBMSFLGR 

0.8S 
0.8S 
0.8S 
0.86 
0.86 
0.90 
0.90 
0.90 
0.73 

-1.336(P84) + 0.189(PS) + 0.36S(PSO) + 6.774 
-1.336(P84) + 0.189(PS) + 0.36S(PSO) + 6.774 
-1.336(P84) + 0.189(PS) + 0.36S(PSO) + 6.774 
-1.43S(P84) + 0.lS3(PS) + 0.OS8(TPL) + 0.384(PSO) + 6.407 
-1.43S(P84) + 0.lS3(PS) + 0.OS8(TPL) + 0.384(PSO) + 6.407 
-0.948(P84) + 0.201(PS) - 2. 188(RHOB) + 10.908 
-0.948(P84) + 0.201(PS) - 2.188(RHOB) + 10.908 
-0.948(P84) + 0.201(PS) - 2.188(RHOB) + 10.908 
-4.040(RHOB) + 0.06S(MSFL) - 0.018(GR) + 12.283 

Key: PS, Fifth percentile on sieve analysis cumulative frequency curve (coarse fraction); PSO, median grain size; P84, eighty-fourth percentile on sieve 
analysis cumulative frequency curve (fine fraction); MSFL, microlaterolog; TPL, electromagnetic propagation time; RHOB, bulk density; GR, gamma 
ray. 

result being a permeability log with values at every half 
foot. The equation was derived from PKS samples, which 
are sandstones; therefore, the calculated permeability is 
appropriate only for sandstones. From matching the core 
descriptions with logs, it is apparent that the easiest and 
most reliable way to distinguish sandstones from mudstones 
is based on the MSFL. MSFL readings of 2 ohms or more 
correspond to sandstones. Depths that have an MSFL value 
of less than 2 ohms can be eliminated in order to derive a 
permeability log for sandstones only. 

Figure 11.26A shows a cross plot of calculated versus 
measured permeability. Only PKS samples that fall on the 
foot or the half foot are represented, since these depths 
match with a permeability calculated from the logs. The 
data fall around the x = y line, confirming the ability of the 
log equation to predict permeability. 

Comparison of Permeability Prediction Results 

Two means of predicting permeability have been described. 
The simple porosity/permeability regression predicts what 
is referred to here as the transform permeability. In addi
tion, the log data have been used in the multiple regression 
equation to determine what is referred to here as the calcu
lated permeability. 

The calculated permeability, plotted against measured 
values, shows a good distribution of data around the x = y 
line (Fig. 11.26A). To make a similar comparison, mea
sured porosity data were used in the porosity/permeability 
regression equation to derive transform permeabilities. 
These were then plotted against the measured values (Fig. 
11.26B). The plot shows a narrow distribution of transform 
permeability values scattered about 500 md. In other 
words, regardless of porosity, the transform predicts essen
tially one permeability: 500 md! 

A typical section of the depth plot of measured, calcu
lated, and transform permeabilities is shown in Figure 
11.27. The calculated permeability matches well with the 
measured data, whereas the transform permeability 
throughout the entire cored interval is 500 md. The multi
ple regression equation is clearly superior to the porosity/ 
permeability transform as a means of calculating permeabil
ity from the BC-403 data. 

Conclusions 

(1) The thinly interbedded, poorly consolidated sandstones 
and mudstones that compose the Vickers reservoir zone of 
Inglewood Field were deposited as part of a deep-sea fan 
system. Individual beds were deposited by turbidity cur
rents that spread across a relatively flat basin floor. Water 
depth was estimated from microfossil analysis to be in ex
cess of 6500 ft (2000 m). 

(2) Based primarily on the texture and lateral continuity 
of the beds, the reservoir section is interpreted to have been 
deposited in the middle to outer portions of depositional 
lobes, beyond the ends of suprafan channels. 

(3) The cyclically alternating thickening- and thinning
upward sequences suggest that fan lobes were built by 
gradual lateral migration of the lobe depocenter across a 
relatively small area of the basin floor. 

(4) Based on the depositional model, the extensive 
lateral bed continuity, and negating the influence of any 
faulting, lateral sweep efficiency should be good, and 
vertical communication between sandstone beds should be 
poor. 

(5) The sandstones are arkosic arenites, lithic arenites, 
and arkosic wackes. Well-connected macropores predom
inate; however, detrital clay reduces reservoir quality 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


Reservoir Character of Deep Marine Sandstone 259 

10,000 ~---------------------...,. 

1000 

Measured 
Permeability 100 

(md) 

10 

10 100 

+ + 

-+- -+ ....... : ++ 
+ + 

:: .... + ... 

+ 
+ 

44 Samples 
Depth Matched 

1000 10,000 

Calculated Permeability (md) 

10,000~---------------------------------------, 

1000 

Measured 
Permeability 100 

(md) 

10 

10 

719 Samples 

100 1000 10,000 

Permeability from Porosity/Permeability Transform (md) 

Figure 11.26. Cross plots showing (A) a good correlation between permeability measured from plugs and that calculated from the multiple regression 
analysis, and (B) poor correlation between permeability measured from plugs and that calculated from the porosity/permeability transform. 

(geometric mean permeability of all sandstones sampled is 
461 md). 

(6) A strong correlation is observed between median 
grain size and sorting. The thin-bedded sandstones are finer 
grained and better sorted than the thicker-bedded ones. 
The massive sandstones are the coarsest grained and the 
poorest sorted. 

(7) Porosity depends on sorting and, indirectly, on grain 
size, because of the strong correlation between grain size 

and sorting. Permeability depends on interrelated vari
ables, including porosity, grain size, and sorting. There is 
no statistically significant linear relation between porosity 
and permeability as a result of the complex relations be
tween the variables that influence permeability. 

(8) A log-derived, multiple linear regression equation 
was developed to calculate the air permeability of sand
stones throughout the reservoir section. 

(9) The multiple regression equation is clearly superior to 
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Figure 11.27. Depth plot of permeability over a typical section of the cored interval. Permeability calculated from the multiple regression tracks the 
measured data. Permeability from the porosity/permeability transform shows little variation, with all values at about 500 md. 

the porosity/permeability transform as a means of calculat
ing permeability in the BC-403 well. 
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CHAPTER 12 

Scales of Geologic Heterogeneity of a Deep-Water Sand Giant Oil 
Field, Long Beach Unit, Wilmington Field, California 

Roger M. Slatt, Sandra Phillips, Jeremy M. Boak, Martin B. Lagoe 

Introduction 

Deep-water sands form economically important hydrocar
bon reservoirs in many parts of the world. Although they 
have been studied extensively from a traditional, somewhat 
qualitative perspective, quantitative reservoir characteris
tics are poorly understood, and often are not described in a 
format suitable for reservoir engineering applications. Like 
other types of sands, heterogeneities of deep-water sand 
reservoirs can be described at four scales (terminology 
after Krause et aI., 1987): microscale (grains and pores), 
mesoscale (near well bore), macroscale (interwell), and 
megascale (field-size). 

In this paper, the Long Beach Unit, which constitutes the 
southeastern part of the giant Wilmington Oil Field, Los 
Angeles basin, California (Figs. 12.1 and 12.2) is described 
in terms of these four scales of heterogeneity. The data set 
centers around detailed analysis of six long cores totalling 
over 5000 it (1500 m) (Fig. 12.2), coupled with detailed 
well-log cross sections and isopachs. 

The objective of the study was to evaluate the degree to 
which quantitative assessment can be made of geologic and 
reservoir parameters at each of the four scales, and the 
level of confidence that should be placed upon such assess
ments. In any producing oil or gas field, this knowledge can 
lead to improved reservoir management. 

Regional Geology, Stratigraphy, and Structural History 

The Wilmington Field is located in the southwestern part of 
the Los Angeles Basin, on the eastern end of a faulted 
asymmetric anticlinal crest (Figs. 12.2 and 12.3). The field 

is approximately 11 mi (18 km) long and 3 mi (4.9 km) 
wide, and encompasses 13,500 acres (Mayuga, 1970). The 
Wilmington Field was discovered in 1936, and development 
in the Long Beach Unit began in 1965. 

Total original oil in place for the Long Beach Unit has 
been estimated at 3.8 billion barrels, of which 645 million 
barrels had been produced as of June, 1987 (Berman and 
Clarke, 1987). Production in the unit, as well as the entire 
Wilmington Field, comes from Mio-Pliocene sands, which 
are generally considered to have been deposited in a deep
water setting as a succession of sediment gravity-flow de
posits (Slatt et aI., 1988). 

Los Angeles Basin 

The middle Miocene to Recent Los Angeles basin consists 
of both the present-day northwesterly trending coastal low
land and the older depositional basin, which extended from 
the San Gabriel and San Bernardino Mountains to the 
Pacific Ocean, and from Santa Monica Bay to the Peninsu
lar Ranges (Yerkes etaI., 1965; Henty, 1987). It lies at the 
northern end of the northwest-trending Peninsular Ranges 
physiographic province, where it abuts the east-west
trending Transverse Ranges province. The structural com
plexity of the basin results in part from the interaction of 
the predominant tectonic trends of these two provinces. 
The interaction is in turn guided by the .~omplicated history 
of plate motions along the western edge Of North America. 

The depositional basin resembled basins along the tec
tonically complex present-day California borderland, just 
offshore of the portion of California that lies west of the San 
Andreas Fault, on the Pacific Plate. The borderlands are 
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SALT LAKE 
BEVERLY HILLS ..., ...... LOS ANGELES 

_____ CHEVIOT HILLS~ " •• MONTEBELLO .. ... 
" INGLEWOOO ,. ..' • • 
~ BANOINI "' '" 

EL SEGU~O, SANTA FE SPRINGS. -"'-~I 
.. ~ ROSECRANS WEST COYO:" • b .... YORBA LlNOA 
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(Modified from Clarke. 1987) 

Figure 12.1. Los Angeles Basin oil fields. (After Clarke, 1987. Reprinted by permission.) Line of cross section in Figure 12.3 is shown. 

characterized by small, deep basins separated by sills pro
duced commonly by deformation along a series of transcur
rent fault zones paralleling the plate margin. These basins 
step progressively outward and downward to the oceanic 
crust. During its maximum extent in the middle and upper 
Miocene, the Los Angeles basin was approximately 45 mi 
(74 km) wide and 65 mi (105 km) long (Henry, 1987), and 
was probably continuous with the contemporaneous Ven
tura Basin to the northwest (Yerkes et aI., 1965). 

At the time of deposition of the upper Miocene and 
lower Pliocene sands discussed in this paper, the basin 
was characterized by a narrow shelf to the northeast (Fig. 
12.4) (Henry, 1987). Sediments that make up the Long 
Beach Unit were deposited 20 to 30 mi (33 to 49 km) sea
ward of the shelf, in a broad, northwest-trending deep 
basin. Whether or not the submarine slope was steep is 
questionable. The producing intervals in the Santa Fe 
Springs field (Fig. 12.4) (~1O mi from the shelf edge) are 
interpreted by Morrissey and Hickey (1988) to have been 
deposited in mid-fan channels of a submarine fan system. 
If these channels are related to fans in the Wilmington 
area, then the slope would probably have been steep. It is 
not possible to demonstrate connection between these two 
fan systems due to the lack of drilling data in the center of 

the basin. Alternatively, Lyons and Suchecki (1989) have 
suggested that Miocene deposition in the vicinity of the 
Puente Hills (Fig. 12.4) occurred in a submarine-ramp set
ting. If these deposits are related to Wilmington Field 
sediments, then a shallow-gradient slope may have pre
vailed, at least during Miocene deposition in the Long 
Beach Unit. 

The western edge of the basin is not well defined. The 
eastern shelf edge appears to have been located farther to 
the southwest in Pliocene time than in the latest Miocene, 
and a marine shelf may have existed in the vicinity of the 
Palos Verdes Hills (Fig. 12.4) (Henry, 1987). As discussed 
in this paper, all of the rocks were deposited within the 
deep marine part of the basin, and remained deeply sub
merged throughout the Miocene and Pliocene. This is at 
variance with subaerial erosion proposed by Truex (1974). 

Wilmington Structure 

Mayuga (1970), Truex (1974), and Clarke (1987) discussed 
the structural evolution of the Wilmington Field. Truex 
(1974) suggested that the Wilmington structure was related 
to the Newport-Inglewood fault zone to the northwest and 
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N 
5000 " 

I 

·uncorrected for lrue stratigraphic depth (Modified from Clarks, 1987) 

Figure 12.2 Structure and major faults of the Wilmington Oil Field (mod
ified from Clarke , 1987 Reprinted by permission.). Long Beach Unit is 
outlined in heaviest line. Shoreline is shown by thick line. Location of 

the THUMS-Huntington Beach fault to the southwest. 
Clarke (1987) suggests that the entire 22-mi-Iong (36 km) 
Torrance-Wilmington structural trend results from wrench 
folding involving these faults and also the Palos Verdes 
fault, which occurs to the southwest. The Newport
Inglewood fault zone is a major zone of deformation that 
also separates two distinctly different basement types in the 
Los Angeles Basin (Yerkes et aI., 1965). The fault is active 
at present, as indicated by the prominent line of hills (and 
oil fields) that marks its trace. The Palos Verdes fault is a 
reverse fault (Yerkes et aI., 1965) and remains active today 
(Clarke, 1987). 

The numerous normal faults that commonly form en 
echelon sets cutting the Torrance-Wilmington structure, are 
interpreted as cross faults in this wrench system (Clarke, 

cored wells and footages (inset table) are shown along with regional (Figs. 
15 and 20) and detailed (Fig. 12.16) cross sections and outline for grid for 
detailed isopachs (Fig. 12.17). 

1987) (Figs. 12.2 and 12.3). The largest of these is the Long 
Beach fault, with offset of approximately 400 ft (133 m) 
(Clarke, 1987). Folding and faulting are interpreted to have 
occurred at various intervals in the history of the area 
(Truex, 1974). The episode of folding responsible for the 
current Wilmington structure occurred during early 
Pliocene time (Truex, 1974). 

The Wilmington structure was planed off by a mid
Pliocene unconformity, and sediments above this level have 
not been folded (Fig. 12.3). The only fault that crosses this 
unconformity is the Long Beach Unit fault (Truex, 1974; 
Clarke, 1987a). Seaward tilting is the only evidence of the 
regionally extensive Pleistocene Pas aden an orogeny 
(Yerkes et aI., 1965; Henry, 1987). Thus, the Wilmington 
Field structure is masked, unlike structures in the group of 
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Figure 12.3 Regional stratigraphic cross section of the Wilmington Oil Field and adjacent areas. (Modified from Clarke, 1987. Reprinted by permission.) 
Major unconformities are illustrated by wavy lines. Locations of the cross section is shown in Figure 12.1. 

oil fields above the Newport-Inglewood fault zone, indicat
ing that recent deformation along the zone is are ally re
stricted. 

Stratigraphic! Geologic History 

Various aspects of the general geology of Wilmington Field 
and the Long Beach Unit have been published by Mayuga 
(1970), Clarke (1987), Henderson (1987), and Slatt et aI., 
(1988) . The basement in the Wilmington field consists of 
the Catalina schist (Yerkes et aI., 1965) (Fig. 12.3). The 

oldest sediments deposited upon the Catalina schist are 
middle Miocene conglomeratesibreccias. These are fol
lowed by phosphatic shales, sandstones, cherts, limestones, 
and bentonites, which are correlative with the Altamira 
Shale member of the Monterey Fm (Truex, 1974; Randall, 
et aI., 1983) and which have been considered to be com
parable to some parts of the Topanga Formation (Henry, 
1987). During late Miocene time, submarine-fan sys
tems developed at bathyal depths, and in the area of the 
Wilmington Field, progressively sandier turbidites of the 
Puente Formation were deposited throughout Mohnian 
and Delmontian time (Fig. 12.3). Turbidite sediment a-
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Figure 12.4 Regional paleogeography in the Los 
Angeles Basin during upper Miocene time. (After 
Henry, 1987. Reprinted by permission.) 

miles 

" OIL FIELD 

~ INTERTIDAL- MARINE SHELF 

D MARINE SLOPE-BASIN 

(From Henry. 1987) 

tion continued in the early Pliocene with deposition of 
the lower Pico Formation (formerly the Repetto Forma
tion). Reservoir sands of the upper part of the Long 
Beach Unit were deposited at this time. Similar turbiditic 
sands from higher in this formation form the reservoirs of 
the Inglewood Field (Schweller et al., 1988). 

In part of the Los Angeles basin, the base of the Repet
tian section of early Pliocene age overlies a Pliocene uncon
formity (Fig. 12.3). In the Long Beach Unit, evidence for 
this unconformity is ambiguous, as discussed in a later sec
tion; however, a mid-Pliocene unconformity truncates the 
Wilmington anticline (Fig. 12.3). 

Unitized Formations and Subzones 

Subdivision of stratigraphic units within the Wilmington 
Field has been largely controlled by operational considera
tions. There are seven unitized zones in the Long Beach 
Unit, termed, in ascending order, the 237, Ford, Union 

Pacific, Lower Terminal, Upper Terminal, Ranger (Lower 
and Upper), and Tar (Figs. 12.3 and 12.5); each is named in 
some way from the wells that discovered the productive 
sands. This paper focuses on the Ranger unitized zone, 
which is the most hydrocarbon-productive interval in the 
Long Beach Unit. 

Operational considerations have necessitated formal sub
division of these unitized zones. The relation between Los 
Angeles basin formation names, California foraminiferal 
stages, Wilmington Field unitized formation (= Zone) 
names, and field subzone markers is summarized in Figure 
12.5, with the ages of the formations shown at the left. The 
Miocene/Pliocene boundary in the Los Angeles basin was 
formerly thought to occur at the Repettian/Delmontian 
stage boundary, but is now interpreted to be above that 
boundary. Subzone boundaries are generally picked at the 
top of prominent producing sands, however, some subzone 
boundaries have been picked at the base of producing 
sands. The nine original subzones of the Ranger Zone are 
termed the F1, FO, F, H, X, G, G4, G5, and G6 (Fig. 12.5). 
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Epoch 
(Stage) Formation Zone Subzones 

Pleistocene San Pedro 

JF, KF 
Upper Upper Pico 

Pliocene 
~ ~~ 

Lower 
Pliocene Lower Pico 

(Repetto) Tar So, S, T, U, DU 
(Repettian) 

Upper Ranger F1, FQ, F, H, X 
~ ....,~....,~-

Lower Ranger G,G4,GS,G6 

Upper HX1,HXQ,HX,HXb, 
HXc,J,Y,Y4,K,Z,'vI 

Terminal IA 
AA. AB, AC, AD, 

Lower ADI 
Miocene/ Terminal 
Pliocene 

Puente 
AE, AF, AI, AK1, 

Union Pacific AK,AL1, AM 

(Mohnian/ 
Delmontian) AO, AOI, AR, AR1 

AU, AU2, AV, AX, 

Ford 
AY,AY1, AZ 

BA. BB, BC 

237 

.../'"'-'" ~ 
Middle 

Miocene 
Monterey 
~ ~ 

? Catalina 
Schist 

Figure 12,5 Stratigraphic intervals, zones, and subzones in Long Beach 
Unit. 

Other subzones have since been added to account for: (1) 
previously insignificant sand that has been found to thicken 
into a major reservoir, (2) sands miscorrelated across 
faults, and (3) occurrences where multiple oil-water con
tacts indicate separation of the reservoir sands, At this 
time, more than 70 subzone markers have been picked, 

Biostratigraphy 

Benthic and planktic foraminifera distributions have been 
examined in detail from cores from wells A863 (31 sam
ples), C714 (24 samples), B756I (25 samples), and B7771 

Slatt et al. 

(21 samples) and in less detail from cores from the other 
two wells (Fig. 12.2). The succession of foraminiferal 
faunas is similar in all the wells (Fig. 12.6). Three major 
biostratigraphic units are recognized in the Ranger Zone. 
The lowermost unit occurs in the Puente Formation and is 
characterized by an assemblage that is diagnostic of the Del
montian Stage (Kleinpell, 1938, 1980) (Fig. 12.6). In the 
Los Angeles Basin, this stage is correlated to the upper 
Nitzchia reinholdi and lower Thalassiosira oestrupi/ zones, 
yielding a numerical age of ca. 4-6 Ma by calibration to the 
paleomagnetic time scale (Barron, 1986). The benthic fora
miniferal fauna from this interval is indicative of upper mid
dle bathyal (1500-4500 ft, 155-465 m) water depths (all 
paleobathymetries are estimated using the biofacies model 
of Ingle, 1980). This Delmontian fauna is similar to late 
Miocene benthic foraminiferal assemblages in the San Joa
quin basin that appear to represent deposition under low 
oxygen conditions (Lagoe, 1987). 

Overlying the Delmontian fauna is a relatively thin 
"foram-poor interval" containing few foraminifera but 
common siliceous microfossils (primarily radiolaria and 
sponge spicules in the> 150-JLm size fraction) (Fig. 12.6). 
This foraminiferal fauna is not recognized to be diagnostic 
of either the Delmontian or Repettian Stage. It is included 
in the Puente Formation because it may correlate to the 
"diatomite" at the top of the Puente Formation, which was 
formerly exposed in the downtown Los Angeles area 
(Soper and Grant, 1932). 

The uppermost unit is in the basal Pico Formation and 
contains a diverse fauna typical of the Repettian Stage 
(Natland, 1952) (Fig. 12.6). This fauna reflects lower mid
dle bathyal water depths (4500-6000 ft, 1400-1860 m) dur
ing deposition of the basal Pico Formation. 

To summarize, the major paleoenvironmental trend was 
an increase in water depth from the Delmontian into the 
Repettian, from upper middle bathyal to lower middle 
bathyal. In addition, the Delmontian fauna appear to rep
resent lower oxygen conditions in comparison with the high 
diversity Repettian faunas. 

The "foram-poor interval" is enigmatic. It is present in all 
of the wells studied (Fig. 12.7), and is on the order of 50-
100 ft (16-33 m) thick. The interval represents a bottom
water event in the Los Angeles Basin, during which there 
was increased carbonate dissolution. Keller and Barron 
(1983) identify several Neogene hiatuses in the deep sea 
that involve carbonate dissolution. Their hiatus NH7 (en
compassing the period 4.7 to 5.2 Ma) may correlate to the 
"foram-poor interval" within the Ranger Zone. This car
bonate dissolution would be linked to climatic cooling and 
the introduction of cold, carbonate-corrosive bottom water 
into the Los Angeles basin. 

Samples from the "foram-poor interval" and adjacent 
strata from the B756I well were analyzed for siliceous 
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Figure 12.6 Biostratigraphy and paleoenvironments of the cored interval in Well A863. (Modified from Slatt et al. 1988.) 

microfossils in order to better constrain the possible cor
relation with hiatus NH7. Results (S.A. Kling, personal 
communication, 1988) indicate that the "foram-poor in
terval" contains Pliocene radiolaria and fragmentary di
atoms. A sample from just below the "foram-poor interval" 
(3691.5 ft in the B756I well) contains a diatom flora 
diagnostic of the lowermost T. oestrupii zone of Barron 
(1986), just above the Miocene/Pliocene boundary. An age 
of about 5 Ma is indicated by these data, supporting a 
correlation of the "foram-poor interval" with hiatus NH7. 

Microscale and Mesoscale Heterogeneities 

Microscale and mesoscale heterogeneities are the easiest to 
quantify, because they can be measured directly from cores 
and indirectly from wireline logs. Microscale hetero
geneities include grain size, sorting, porosity, and per
meability (Krause, et aI., 1987). Mesoscale heterogeneities 
include lithology, lamination and bedding style, sedimen
tary structures, facies, stratification sequences, and flow un-

its. These characteristics are treated together in this section 
in order to illustrate a progression of 

-rfacies=r FI . h' I ow umts at t e smg e-
lithologies . / well level. porosIty 

permeability 

Lithologies 

Based on detailed core description, three major lithologies 
were found to make up the Ranger Zone: massive sand, 
graded sand, and shale. Several less common lithologies 
are also present. Individual lithologies are described below 
and are discussed in more detail by Slatt et al., (1988). 
Although the cores were unslabbed because they are un
consolidated sand, the core surface was scraped with a knife 
so that sedimentary textures and structures could be 
examined. 

Massive Sand is fine to medium grained, moderately to 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


270 

WELL 
A863 

WELL 
87771 

WELL 
87561 

Slatt et al. 

WELL 
C714 

1 8261 Fh J 
7077 FT: 

250~ : : REPETTIAN 

5940 FT-

-
FT (LOWER MIDDLE: 3003 FT 

, I rATHYAL) , 
-

~ 0 1 ~ __ SCALE CHANGE __ '_ -SCALE CHANGE- : _ -SCALE CHANGE- _ L ~~ 
~() r 77~)I-_____ j ~ : 1 

100 - 9074 FTI--_______ 6790 FT-
~ I 3562 FT- -..-=-=-::-:::-=-=-=-=:--=- • -t .... 

a: 
w 

FJ7873 FT~~ "FORAM-POOR"9132 FTi INTERV1L 3604 FT21 (DELMONTIA6~ltT: 

01 - - DELMONTIAN -
_ (UPPER MIDDLE - : ~ . 

2 '- - - SCALE CHANGE - - - ~:~E~~A~~E- - '- SCALE CHANGE - - '- ~ ~ 
> 

250 t 8170 FT!I 9413 FT:I J : -I a.1 Fo~ - = MICROPALEO SAMPLE 4025 FP 7261 FT-

'j SEE MAP FOR WELL LOCATIONS 
• MBL '87 

Figure 12.7 Regional biostratigraphy and paleoenvironments. Well locations are shown in Fig. 12.2. 

poorly sorted, and shows very little vertical variation in 
grain size. The sand is unconsolidated except for occasional 
zones that are cemented with calcite. Individual beds range 
in thickness from 0.1 to 10+ ft (0.03 to 3+ m) and are nor
mally separated by shale beds. Sand beds may be amalga
mated and exhibit erosive bases; however, these features 
are difficult to recognize owing to the overall uniform na
ture of the grain size. Fluid escape structures, mainly dish 
structures, are preserved in some beds. It is possible that 
sedimentary structures are more common, but cannot be 
seen because of the unconsolidated nature of the sand, and 
in many parts of the cores, to the presence of oil stain. This 
sand tends to be somewhat coarser grained in the upper 
Ranger zone than in the lower Ranger zone. 

Graded Sand is mainly fine- to medium-grained, 
(although rounded pebbles and shale clasts up to 20 mm in 
diameter are present in some beds), moderately to poorly 
sorted, 0.1-20 ft (0.03-6.1 m) thick, and separated by shale 
beds. Normal grading is subtle but obvious in most beds, 
and some beds appear to be inversely graded. Amalga
mated beds are common, although they are often difficult to 
recognize. Most beds consist mainly of thin Bouma A 

graded intervals (Ta), although many are capped by thin 
Bouma Band/or C intervals (Tab or Tabc) , and a few beds 
lack the Bouma A interval (Tb or Tbc). The bases of beds 
are generally sharp or erosive. This facies occurs through
out the Ranger Zone where cored, but tends to be thicker 
and coarser grained in the upper Ranger. 

Miscellaneous Sands that do not readily fit into the above 
categories were observed in core. These beds, which make 
up only a small percentage of the total beds, are: (1) mas
sive, muddy sand beds, which tend to be <1 ft «0.3 m) 
thick; (2) sand and shale that are interlaminated at a centi
meter scale; (3) burrowed or convoluted, fine- to very fine
grained sand beds up to about 3 ft (0.9 m) thick, which may 
contain shale clasts and variable mud content; (4) cross
laminated fine sand beds up to 2 ft (0.6 m) thick; (5) aggre
gates of sand grains in a micaceous muddy matrix (probably 
fault gauge) forming beds <1 ft «0.3 m) thick; (6) shale
clast conglomerates with individual clasts ranging up to 60 
mm in diameter in a muddy sandy matrix, and (7) fine
to medium-grained sand beds with coal-clast/fragment 
("coffee-ground") laminae. 

Shale, as used here, denotes a major class of fine-grained 
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clastic rocks (Potter et aI, 1980). The component rock types 
within this class that are present in Long Beach Unit cores 
are dark brown to greenish black siltstone, mudstone, and 
claystone ( see classification of Potter et aI., 1980, pg. 14, 
for definitions). 

Siltstone beds, ranging up to 10 ft (3 m) thick, are typical
ly burrowed, not well-indurated, and occasionally contain 
laminated or thinly bedded sands. Mudstone (silt-clay 
admixture) is the most common type of shale in the cores. 
Beds, up to tens of feet thick, are slightly to moderately 
fissile. Claystone is much less common in the cored wells. It 
is characteristically very well indurated and massive and 
forms beds up to approximately 15 ft (4.6 m) in thickness. 

Carbonate mudstone, in beds up to 4 ft (1.2 m) thick, is 
occasionally inttrbedded with siltstone and mudstone beds. 
These beds are mainly well-indurated, finely crystalline, im
pure dolomitic mudstone, but rarely the carbonate beds are 
impure limestone. 

Diatomite beds occur occasionally within shale sections. 
These beds are finely (millimeter scale) laminated; laminae 
are generally parallel, but occasionally are convoluted. 

Lithofacies 

Figure 12.8 illustrates the frequency distribution of sand 
bed thicknesses. Mean sand bed thickness equals 2.0 ft 
(0.67 m), and there is a population break at about this 
thickness. On the basis of bed thickness, in addition to style 
of interbedding, the above lithologies are grouped into 
three major lithofacies: Thick-Bedded Sand Facies, Thin
Bedded Sand Facies, and Shale Facies. 

Thick-Bedded Sand Facies (Fig. 12.9) consists of in-

150 

~ 100 
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Figure 12.8 Frequency distribution of true stratigraphic thickness of 
Ranger Zone sands. Subdivision into Thick-Bedded and Thin-Bedded 
Sand is at 2 ft (0.67 m). 

dividual sand beds, generally from 2 ft (0.67 m) to 15 ft 
(4.5 m) thick, which are either amalgamated or separated 
by thin mudstones. Average sand bed thickness is 3.8 ft 
(1.1 m). Most of these sands are normally graded, but 
massive sands also occur. 

Thin-Bedded Sand Facies (Fig. 12.10) consists of indi
vidual sand beds up to 2 ft (0.67 m) thick that are arranged 
in stratigraphic intervals interbedded with mudstone. Aver
age sand bed thickness is 1.1 ft (0.33 m). Interbedded shale 
beds are of equivalent thickness. Most of the sand beds are 
normally graded, but a few are massive sands. 

Shale Facies consists mainly of mudstone. Beds range 
from 0.1 to 50 ft (0.03-15.2 m) thick. Thinner beds separate 
individual sands of the Thin-Bedded or Thick-Bedded 
lithofacies, whereas thick shales (tens of feet) separate ma
jor sand intervals. Analyses of 45 shale-bed samples from 
cores C714 and B756I (Fig. 12.2) for Total Organic Carbon 
(TOC) yielded a mean of 3.69 wt. % and a range of 1.46 to 
6.50 wt.%. 

Figure 12.11 displays a 200 ft-thick (67 m) section of core 
and its associated gamma-ray log and core-plug porosity 
and permeability profiles. This section illustrates the typical 
vertical characteristics of the Thick-Bedded and Thin
Bedded Sand Facies. 

Grain-Size 

Visual estimates have demonstrated that the Thick-Bedded 
Sand Facies and Thin-Bedded Sand Facies consist mainly of 
beds of fine- to medium-grained, moderately to poorly 
sorted sand (although some finer- and coarser-grained beds 
are present ). Grain-size analyses were also completed on 
85 sand samples from wells B-756I and B-7771. Samples 
were taken from each major subzone (Fig. 12.5) at approx
imately 50-ft (17 m) intervals. Standard sieve and pipette 
techniques (Folk, 1974) were used at 0.5-phi intervals to 6 
phi, then whole phi intervals to 9 phi. Mean grain-size and 
sorting values for the Thick-Bedded Sand and Thin-Bedded 
Sand are summarized in Table 12.1. For each well, phi 
mean size is finer for Thin-Bedded than for Thick-Bedded 
Sand, and sorting is equal. The same relationship is appar
ent from the summary data; mean size of Thick-Bedded 
Sand is 2.6 phi (fine sand size class) and that of Thin
Bedded Sand is 2.9 phi (fine sand size class). A statistical 
t-test indicates these differences are significant at the 95% 
confidence level. Sorting of both facies is 1.6 phi (poorly 
sorted). 

Porosity and Permeability 

Porosity and permeability measurements were made on 
1223 core plugs from the six cored wells. Frequency dis-
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Figure 12.9 Examples of Thick-Bedded Facies in Well A863 (Fig. 12.2). 
The interval 7981 to 8006 ft (2433-2441 m) consists of a graded sand 
(7981.8-7984.8 ft; 2433.5-2434.4 m), thin massive sands (7985.2-7988.5 

Slatt et al. 

ft; 2434.5-2435.5 m), a graded sand (7988.8-7996.9 ft; 2435.6-2438.1 m), 
and a massive sand (7997.3-8005.7 ft; 2438.2-2440.8 m), each separated 
by shales (darker beds). All footages are as measured in the deviated well. 
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Figure 12.9 Continued 

tributions of stressed (approximately 900 psi) and un
stressed measurements are compared in Figure 12.12. 
Application of overburden stress has diminished average 
porosity by about 4%, and permeability by more than half. 
Mean-stressed porosity equals 28%, and the frequency dis-

tribution of values is approximately normal (Fig. 12.12). 
Mean (geometric) stressed permeability equals 422 md, 
and the distribution is negatively skewed (Fig. 12.12). In 
theory, porosities and permeabilities measured at over
burden stress will approximate reservoir conditions. How-
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Figure 12.10 Example of Thin-Bedded Facies in Well A863. The interval 
7377 to 7399 ft (2249-2256 m) is a series of thin, normally graded and 
massive-appearing sands separated by shale beds. The well-lithified bed at 

Slatt et al. 

7377 ft (2249 m) is a carbonate mudstone. The sands are moderately to 
heavily stained with oil. All footages are as measured in deviated wells. 
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Figure 12.10 Continued 

ever, in the case of the Long Beach Unit, these values do 
not represent reservoir conditions because of the uncon
solidated nature of the sands that were plugged and be
cause some sand grains are fractured, as discussed below. 

The extent of error between measured and in situ poros
ities and permeabilities resulting from these factors is not 
known. No comparison between core and log porosities was 
attempted. 
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Figure 12.11 Portion of Well A863 illustrating core lithologies and facies, 
gamma-ray log, and core-plug porosity and permeability data. For grain
size scale, P = pebble, VC = very coarse sand; C = coarse sand, 
M = medium sand, F = fine sand, VF = very fine sand, S = silt, Mu = mud, 
and C1 = clay. Facies types are labelled. Blank areas are footages without 
core. All footages are as measured in deviated well. 

Grain Size, Facies, and Reservoir Quality 

Reservoir quality, particularly permeability, appears to be 
controlled, in large part, by grain size and sedimentary 
facies. For example, individual permeability values for the 
Thick-Bedded Sand Facies illustrated in Fig. 12.11 are con
siderably higher than values for the Thin-Bedded Sand 
Facies. 

This relation is illustrated more comprehensively in Fig. 
12.13, in which stressed porosity and permeability measure
ments are grouped according to facies. Geometric-mean 
permeability of Thick-Bedded Sand averages 457 md, 
whereas that of Thin-Bedded Sand averages 288 md. This 
difference is statistically significant at the 95% confidence 
level. By contrast, there is no significant variation between 
porosity of Thick-Bedded Sand and Thin-Bedded Sand; 
both average 28% (Fig. 12.13). 

This relation between facies and reservoir quality is 

Slatt et al. 

Table 12.1. Long beach unit statistical summary of grain-size distribution 
by well 

Thick-bedded sand Thin-bedded sand 

Well Grain Size Sort n Grain Size Sort n 

cp (mm) cp (mm) 

B756 2.7 (0.150) 1.5 15 3.0 (0.125) 1.5 20 
B777 2.6 (0.165) 1.6 25 2.8 (0.140) 1.6 25 

Both wells 2.6 (0.165) 1.6 40 2.9 (0.130) 1.6 45 

largely a manifestation of grain size variations that result 
from primary depositional processes. Slatt et al. (1988) pre
sented evidence for deposition of Ranger Zone sands by a 
variety of mass-gravity flow processes. Potter and Scheideg
ger (1966), Sadler (1982) and Middleton and Neal (1989) 
have shown that turbidite bed thickness is directly pro
portional to grain size. This is because both more sand 
and coarser sand can be carried in suspension in a flow of 
greater turbulence than in a less turbulent flow, so that the 
lower the energy or turbulence of the flow, the thinner and 
finer grained will be the resultant sand bed. Thus, Thin
Bedded Sand lithofacies would tend to be finer grained than 
Thick-Bedded Sand lithofacies . 

The greater permeability of Thick-Bedded Sand than 
Thin-Bedded Sand is apparently the result of slightly 
coarser grain size. This equates to a smaller number of 
grain contacts and larger pore sizes per unit volume of sand, 
and resultant greater pore connectivity (Table 12.1). 
Equivalent porosity between both facies is apparently a re
sult of equal sorting of the beds that make up both facies 
(Table 12.1). Because sorting is equivalent, the relative 
volumes of pores and grains per unit volume of each sand 
will not vary with grain size. 

Moreover, the relation between reservoir quality and 
grain size also is recognized at the scale of individual sand 
beds. For example, Figure 12.11 illustrates this relationship 
for a graded sand between 7257 ft (2212 m) and 7276 ft 
(2218 m) depth. The upward gradation from medium/ 
coarse-grained sand to fine-grained sand corresponds with 
an upward decrease in permeability. 

As previously mentioned, some sand grains show evi
dence of grain crushing. In thin section, the broken pieces 
of grains have not moved, and thus retain the original form 
of the coarser original sand grain. Thus, these grains 
apparently have remained intact during and after coring, 
but undoubtedly would become separated during the siev
ing process. The effect of this phenomenon on grain-size 
distribution is to artificially reduce average grain size to an 
unknown degree and to worsen sorting. We make the 
assumption that the effect of fractured grains on grain-size 
analysis will be internally consistent between samples, so 
that results can be compared (Table 12.1). Nevertheless, 
these grain-size data should be interpreted with caution. 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


Scales of Geologic Heterogeneity of a Deep-Water Sand Giant Oil Field 277 

200 

() 
z 
w 
::::l 

@1oo 
c: 
u.. 
d z 

50 

0 

() 
z 
W 
::::l 
o 
W 
c: 
u.. 
d 
z 

150 

0 

UNSTRESSED CORE 
POROSITY 

N = 1223 
x = 32.0% 
5 = 3.3 

30 

POROSITY (%) 

STRESSED CORE 
POROSITY 

N = 1223 
x = 28.4% 
5 = 2.9 

20 30 
POROSITY (%) 

40 

() 100 
Z 
w 
::::l 
o 
w 
c: 
u.. 
d z 

UNSTRESSED CORE 
PERMEABILITY 

N = 1223 
x = 1068 
5 = 1301 

0----.... • 
100 1000 

PERMEABILITY (md) 

STRESSED CORE 
PERMEABILITY 

N 
x 

() 100 5 
z 
w 
::::l 
o w 
c: 
u.. 

g 50 

= 1223 
= 422 md 
= 489 

100 1000 
PERMEABILITY (md) 

10000 

10000 

Figure 12.12 Frequency distributions of stressed (approximately 900 psi) and unstressed core plug porosity and permeability measurements. 

Flow Units 

A flow unit is a volume of rock subdivided according to 
geologic and petrophysical properties that influence the 
flow of fluids through it (Ebanks, 1987). Conversion of 
lithologies and lithofacies into flow units provides a means 
of "scaling-up" a reservoir description for simplifying inher
ent geologic complexities without losing significant aspects 
of the description. Based on the previous discussion, the 
three major lithofacies in the Long Beach Unit are equiva
lent to flow units, since each facies has distinctive porosity, 
permeability, grain size, and bedding characteristics. 

A Thick-Bedded Sand flow unit is defined as consisting of 
groups of individual beds >2 ft (0.67 m) thick of poorly 
sorted, fine- to medium-grained sand, with an average of 
28% porosity and 457 md permeability. The Thin-Bedded 
Sand flow unit consists of groups of individual beds <2 ft 
(0.67 m) thick of poorly sorted, fine- to medium-grained 
sand (slightly finer grained than the Thick-Bedded Sand), 
with an average of 28% porosity and 288 md permeability, 
which are interbedded with shale beds of equivalent thick
ness. Based on these characteristics, Thick-Bedded Sand is 
of better reservoir quality than Thin-Bedded Sand. 

Shale is the third flow unit. Porosity and permeability 
values were not measured on this unit; however, they are 
low, and unless faulted, this flow unit will act as a per
meability barrier to vertical migration of reservoir fluids. In 
effect, the shales probably isolate individual sand beds. 

This correspondence between facies and flow units is not 
necessarily what is observed in other reservoirs. Many 
times, flow units subdivide facies (for example, see Hearn 
et aI., 1984 and Slatt and Hopkins, 1988). In the case of the 
Long Beach Unit, undoubtedly a finer division of flow units 
is possible, but the three units defined here provide a prac
tical means of subdividing the reservoir. 

Figure 12.14 is an example of "scaling-up" of the reser
voir description from beds to facies and flow units for well 
A863. The generally good correlation between lithofacies 
and reservoir properties is a result of a first-order sedi
mentologic control on these properties at the microscale 
and mesoscale, thus providing a sound basis for defining 
flow units at these scales. Comparison of average perme
ability values for flow units with permeability measure
ments for individual beds (Fig. 12.14) shows that flow unit 
values are within the same order of magnitude and prob
ably provide appropriate numeric values for reservoir de-
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Figure 12.13 Frequency distributions of stressed porosity and permeability measurements for Thick-Bedded Sand and Thin-Bedded Sand. 

scription purposes. However, the style of individual bed
ding, which can be important to fluid flow behavior, is lost 
by scaling-up to flow units. 

Macroscale Heterogeneities 

Macroscaie, or interwell, heterogeneities include lateral 
bed continuity, stratification, interval geometries and thick
nesses, facies distribution, and lateral variations in reser
voir properties. Electric logs are the principal log type in 
the Long Beach Unit; gamma ray logs were usually run only 
on cored wells. Sensitivity of the SP to bedding style is not 
very good (Slatt et aI., 1988); consequently, a reliable 
method has not yet been developed to consistently distin
guish facies or flow units in uncored wells. Between-well 
correlation of beds in uncored wells was accomplished by 
correlating the numerous distinctive, continuous shales 
that occur within the Ranger Zone. 

Two typical cross sections of the upper Ranger interval 
are shown in Figures 12.15 and 12.16. Figure 12.15 is a re
gional cross section covering the entire length of the Long 

Beach Unit (Fig. 12.2). Thick shales, which correspond to 
subzone picks (Fig. 12.5) can be correlated across the Unit. 
Figure 12.16 is a more detailed cross section of the upper 
Ranger interval over a lateral distance of about 1 mi (1.6 
km). Thin shales, which are subzone picks, can be traced 
laterally across the length of the section. This continuity of 
shales, even those as thin as 2 ft (0.67 m), suggests that the 
reservoir is, in fact, composed of a series of laterally exten
sive, but vertically isolated sands. 

To evaluate variations in thickness trends of individual 
sands, a correlation loop of cross sections was established 
with 18 infill wells within the loop. Figure 12.17 shows 
thickness trends of three subzones, FO-F, FJ-FK, and 
H1M-H1LA (Fig. 12.16). The FO-F interval thickens sub
stantially toward the southeast, while FJ-FK thickens 
toward the north-northwest (Fig. 12.17). Interval H1M
H1LA is thinner than the others and thins subtly toward the 
south within the area of the correlation loop (Fig. 12.17). 
These three examples demonstrate that thickness trends are 
not the same among the various sands. 

To illustrate lateral variations in some reservoir prop
erties, the average value of permeability, the ratio of feet of 
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Table 12.2. Properties of subzones from two cored wells 

No. of 
Average permeability Interval 

Subzone permeability measurements thickness 

FO-F 
A863 1592 11 25 (7.5) 
B777I 984 19 61 (18) 

FJ-FK 
863 1066 35 71 (21) 
B777I 870 14 73 (22) 

HIM-HILA 
A863 162 8 23 (6.9) 
B777I 310 12 28 (8.4) 

Thick-Bedded Sand to Thin-Bedded Sand and the ratio of 
feet of medium- to coarse-grained sand beds (grain size was 
determined by visual estimation) to feet of very fine- to 
fine-grained sand beds were calculated for the subzones 
FO-F, FJ-FK, and HIM-HILA (Table 12.2) from core data 
in wells A-863 and B777I. These wells are spaced about a 
mile apart and are located at both ends of the cross section 
in Figure 12.16. Over this distance, permeability varies by 
less than an order of magnitude. Subzones HIM-HILA and 
FJ-FK follow the permeability relation established at the 
mesoscale reservoir level; that is, higher permeabilities 
occur within the more thickly bedded and coarser-grained 
sand. This relation is not consistent for subzone FO-F, 
where lower average permeability is associated with rel
atively more Thick-Bedded Sand in core B777I. 

These comparisons demonstrate the greater degree of 
uncertainty associated with predicting lateral variability in 
reservoir properties at the macroscale, or interwell scale, 
than at the mesoscale, or single well scale. At least some of 
this uncertainty is associated more with non-uniform sam
pling procedures than with natural variability. For example, 
the number of core-plug porosity and permeability 
measurements in Long Beach cores varies from 1 per 2 ft 
(0.67 m) of interval thickness to 1 per 5 ft (1.5 m) (Table 
12.2, Interval Thickness divided by Number of Permeabil
ity Measurements), and plugs were not equally spaced 
throughout each interval. Nevertheless, average values of 
the properties measured are within an order of magnitude 
of variability between the two wells. 

Megascale Heterogeneities 

Megascale, or field-wide, heterogeneities include variations 
within the overall depositional system and its gross geome
try and regional facies trend. Commonly cited depositional 
models are typically generalized and qualitative, and they 

Thick-Bedded Sand Medium- to Coarse-grained Sand 

Thin-Bedded Sand Very Fine- to Fine-grained Sand 
(ft) (ft) 

1.0 12.8 
3.1 12.8 

21.5 8.3 
5.4 1.6 

1.8 0.8 
20.2 3.8 

rarely consider the complexities and uncertainties of inter
nal lithofacies architecture. Further, comparison of many 
modern and ancient fans worldwide has shown that their 
overall shapes and sizes are quite variable (Fig. 12.18), and 
their form is dependent on size and geometry of the deposi
tional basin, source drainage area, tectonic setting, etc. 
Thus, it is difficult to accurately describe three-dimensional 
megascale characteristics of a field unless the data grid 
(wells, seismic, etc.) completely encompasses the entire 
depositional system. In many fields, the size of the deposi
tional system is indeed larger than the size of the field, so 
insufficient data from outside the boundaries of the field 
may preclude the possibility of accurately describing these 
megascale heterogeneities. 

This is the case in the Long Beach Unit. The apparent 
size of the turbidite system( s) that composes the Ranger 
Zone is larger than the area of Long Beach Unit, so that 
depositional geometries have not been accurately ascer
tained. Evidence to suggest that deposition occurred, at 
least in part, as a series of basinal submarine fan lobes or 
sheets, as has been interpreted for similar deposits in the 
nearby Inglewood Field (Fig. 12.1) (Schweller et aI., 1988) 
includes (1) biostratigraphic data (Figs. 12.6 and 12.7); (2) 
lateral continuity of shales (Figs. 12.15 and 12.16); (3) the 
apparent presence of a shelf edge >20 mi (33 km) landward 
of Long Beach Unit (Fig. 12.4), and (4) apparent com
plementary thickening of successive sand packages in cer
tain intervals (Figs. 12.15, 12.16, and 12.17). 

In order to demonstrate different perspectives for de
fining three-dimensional megascale heterogeneities when 
the depositional system extends beyond the limits of the 
field data, we have interpreted the Ranger Zone sediments 
using three different approaches: (1) utilizing depositional 
sequence stratigraphy concepts (Vail, 1987), (2) applying a 
classical progradational submarine fan model (Walker, 
1978) and (3) interpreting an evolutionary scheme for a 
turbidite depositional system (Mutti, 1985; Mutti and Nor
mark, 1987). 
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Figure 12.14 Comparison of lithologies, facies, and flow units, and gamma 
ray log for the cored interval of Well A863. Permeability measurements 
for individual sand beds are shown, as are average permeability values for 
selected Thick-Bedded and Thin-Bedded Sand flow units. 

Sequence Stratigraphic Model 

The sequence-stratigraphic approach is based on the de
lineation of time-rock stratigraphic units composed of gene
tically related strata bounded by unconformities and their 
correlative conformities (depositional sequences; Mitchum 
et aI., 1977). The basic premise of sequence stratigraphy is 
that depositional sequences record the response of sedi
ments to changes in rates of accommodation (space avail
able for sedimentation; Baum and Vail, 1988; Posamentier 
et aI., 1988), which result from fluctuations in eustatic sea 
level and subsidence. Climate and sediment supply are sub
ordinate controls on the creation of accomodation space 
(Vail and Todd, 1981; Vail and others, 1982, 1984; Vail, 
1987). Thus, sequence formation and architecture can be 
related to different components of a sea-level cycle. 

The conventional sequence-stratigraphic model, which 

Slatt et al. 

shows the relationship between relative changes of sea level 
and depositional stratal patterns for a deep-water basin 
having a distinct shelf-slope break, is shown in Figure 
12.19. A depositional sequence representing a complete 
sea-level cycle consists of lowstand, transgressive, and high
stand systems tracts. Sequence boundaries (unconformities 
and correlative down dip conformities) formed by relative 
drops in sea level occur at the base of lowstand and top of 
highstand systems tracts. The lowstand fan deposits form 
during falling sea level, when streams are actively eroding 
the exposed shelf and the supply of coarse clastics is abun
dant. At sea-level minima and during the ensuing rise, the 
lowstand wedge forms basinward of the shelf edge, but 
progressively onlapping in a landward direction. The trans
gressive surface occurs at the top of the lowstand wedge 
deposits formed by initial flooding of the shelf. The max
imum flooding surface is developed during the maximum 
rate of sea-level rise and is associated with an interval of 
relative sediment starvation called the condensed section. 
The condensed section marks the boundary between the 
transgressive and highstand systems tracts. It is important 
to note that the terms lowstand, transgressive, and high
stand refer to the strata deposited during a given phase of a 
sea-level cycle, and do not imply any particular clastic facies 
character. 

Lyons and Suchecki (1989) have suggested that Miocene 
sequence development and systems tract geometries in the 
northeast Los Angeles basin developed from a complex in
terplay of eustatic sea-level and tectonic changes, with 
eustatic changes exhibiting first-order control. The follow
ing stratigraphic sequence analysis for the Ranger Zone 
lends credence to this interpretation. Our analysis is based 
on (1) facies variations from core, (2) facies distribution 
and stratal patterns from well-log cross sections and isopach 
maps, and (3) biostratigraphic and geochemical signatures in 
the Long Beach Unit, which suggest that systems tracts be
longing to parts of three separate sequences can be inter
preted in the Ranger Zone. These sequences are designated 
"lower Ranger," "upper Ranger A," and "upper Ranger 
B" (Fig. 12.20; note that Figs. 12.15 and 12.20 are of the 
same stratigraphic section, with the latter being re-datumed 
and correlated within a sequence-stratigraphic framework). 

Two factors of scale must be considered with regard to 
the Ranger Zone sequence stratigraphy. The first concerns 
overall location of the Long Beach area within the shelf-to
basin profile. Owing to the paleogeographic setting of the 
Long Beach area during late Miocene and early Pliocene 
deposition of the Ranger Zone (Fig. 12.4), only the por
tions of the sequence systems tracts seaward of the shelf 
edge are seen on the data presented herein (Fig. 12.19). 
Secondly, because the Ranger Zone stratigraphic interval 
represents 2 to, at most, 4 m.y. of geologic time, only a 
small stratigraphic interval that contains parts of three 
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Figure 12.15 Northwest-southeast regional cross section of Ranger Zone (see Fig. 12.2 for location). Major subzone picks (tops of beds) (Fig. 12.5) are 
also shown. Well depths are corrected for true stratigraphic thickness. 

A-B63 A-151 
A-1431A 

8-7651 8-7771 

F1 - rtrrL,F----iL-I---)--f---;L+---J--L 

FK 

MN 

MN4 

H1M 
H1A 

H1B~~~~ 
H2L ----"'1-+ .......... 

XU--.,.....-i 

1000 FT 

Figure 12.16 Northwest-southeast detailed stratigraphic cross section 
showing correlation of various sand and shale intervals and subzone hori
zon picks (Fig. 12.5) in the upper part of the Ranger Zone. Location of the 
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cross section is illustrated in Fig. 12.2. Well depths are corrected for true 
stratigraphic thickness. 
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Figure 12.17 Isopachs of three stratigraphic intervals 
shown in Figure 12.16. Contour interval is 10 ft (3.3 m). 
Isopach intervals reflect true stratigraphic thicknesses. 
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sequences-not three complete sequences-is being 
analyzed. 

Lower Ranger Sequence 

The Puente Formation strata of the lower Ranger Zone are 
interpreted as the late lowstand wedge and distal highstand 
deposits that make up the upper part of a sequence of 
Delmontian age. Two key observations support this in
terpretation: (1) the section just above the 06 marker 
(Figs. 12.15 and 12.21) is an exceptionally organic-rich 
shale unit characteristic of a condensed section, and (2) 
significant changes in lithologic characteristics occur across 
the shale interval just above the 06 marker. 

Condensed sections typically consist of organic-rich 
hemipelagic and pelagic sediments that were deposited dur
ing the period of maximum rate of relative sea-level rise 

(Loutit et al., 1988). They are often easily differentiated on 
a gamma ray log as "hot" intervals (Meyer and Nederlof, 
1984; Loutit et al., 1988), such as the shale above the 06 
sand (Fig. 12.21). The total organic carbon content of sam
ples of this shale is anomalously high-exceeding 6%
further supporting interpretation of this shale interval as a 
condensed section. 

Comparison of the lithologic and bedding characteristics 
of the sands below and above the 06 marker (Fig. 12.21) 
suggests a change in depositional style across this interval. 
Below the marker, sands are thick bedded, commonly 
massive, amalgamated units with a blocky to coarsening/ 
thickening-upward-appearing log character (Figs. 12.15 and 
12.21) that can be correlated over long distances. These 
characteristics are compatible with deposition in a prograd
ing lowstand wedge system. 

In contrast, sand beds overlying the marker (Fig. 12.21) 
are thinner bedded, and in the lower part of this interval, 
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Figure 12.18 Outlines of selected modern and ancient submarine fans and 
turbidite systems showing variability in size and shape (Barnes and Nor
mark, 1985). 

they tend to contain a higher percentage of graded beds, 
convoluted bedding, and burrowed zones (termed "miscel
laneous sands" in Fig. 12.21). Thus, deposition in a part of 
the basin that received sediments more episodically and/or 
was more distal to the source area at that time is implied. 
This trend may result from a decrease in the frequency and 
volume of sediment gravity flows in response to the land
ward shift of accommodation space during highstand 
deposition. Basinal turbidite deposition during highstand 
phases may have occurred dominantly as a result of major 
flood or storm events, and oversteepening and slumping 
of slopes at the depositional shelf edge during maximum 
progradation of the highstand deposits. An isopach map 
of the highstand systems tract (Fig. 12.22) shows a slight 
southwesterly thinning, suggesting a northeasterly source 
area and onlap direction. 

A sequence boundary (down dip correlative conformity 
to an updip unconformity) is placed at the "foram-poor in-

terval" referred to previously (Figs. 12.6, 12.7 and 12.20). 
The "foram-poor interval" also appears to correlate with 
the Delmontian/Repettian stage boundary in the Los 
Angeles Basin. This stage boundary, which is marked re
gionally by an unconformity, was formerly considered the 
Miocene/Pliocene boundary. It is commonly referred to in 
earlier literature as the Miocene/Pliocene or basal Pliocene 
unconformity. Yerkes et aI., (1965) referred to erosional 
unconformities at the base of the Pliocene in the Inglewood 
and Huntington Beach oil fields, and in outcrop, near New
port Bay, in the Santa Ana Mountains, in the Coyote Hills, 
and in the Anaheim nose area. In the Long Beach area, a 
submarine unconformity has been inferred by Clarke 
(1987) and Henderson (1987). 

Although we have found no evidence in the core or on 
log cross sections for an erosional unconformity at this in
terval, the documented increase in water depth from the 
Delmontian into the Repettian (Figs. 12.6 and 12.7) may 
record the interaction between eustatic fluctuations and late 
Miocene tectonic tilting that gave rise to uplift along the 
basin margin and water deepening toward the basin center, 
as has been suggested for this area by Lyons and Suchecki 
(1989). In addition, formation of the "foram-poor interval" 
at this time (correlating to the NH7 hiatus at 5 Ma) suggests 
an episode of tectonically and/or climatically induced 
changing oceanic circulation. 

Changes in sand grain size, bed thickness, and stratal pat
terns also suggest that the lower and upper Ranger intervals 
belong to different depositional sequences. In general, Del
montian lower Ranger sands are relatively finer grained and 
tend to thin upward, whereas the overlying Repettian sands 
of the upper Ranger tend to be relatively coarser grained 
and thicken upward (compare the gross log characters on 
Fig. 12.20 below and above the sequence boundary). 

Upper Ranger A Sequence 

The upper Ranger A Sequence across the Long Beach Unit 
is composed of a series of sand packages, some of which 
tend to exhibit well-log characteristics of upward coarsening 
and upward bed thickening. (Fig. 12.20). These deposits 
are interpreted to make up a lowstand wedge prograding 
complex (Fig. 12.19), of the upper Ranger A sequence. An 
isopach map of the lowstand wedge (Fig. 12.23) indicates 
thinning to the south, which suggests a northerly source. 
Thinning is most pronounced north of the crest of the 
Wilmington structure (compare Figs. 12.2 and 12.23), so 
the thickness pattern could also have been influenced by 
structural growth if it was contemporaneous with sedi
mentation. 

Overlying these lowstand wedge deposits is a laterally 
persistent shale (Fig. 12.20) unit that records either a shift 
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Figure 12.19 Idealized depositional sequence model showing the relative position of the Long Beach Unit within the shelf-to-basin profile. (Modified 
from Vail, 1987; Reprinted by permission.). 
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Figure 12.20 Northwest-southeast regional cross section showing lower 
Ranger, upper Ranger A and upper Ranger B sequences and depositional 
systems tracts. Abbreviations used are: CS = condensed section, 
SBee = sequence boundary (correlative conformity). Note northward 

downlap of stratal surfaces within lowstand fan deposits onto the upper 
Ranger B sequence boundary. Cross-section location is shown in Figure 
12.2, and the cross section correlated by unit subzones is shown in Figure 
12.15. Well depths are corrected for true stratigraphic thickness. 
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Figure 12 .21 Portion of Well C714 illustrating "hot" 
gamma-ray log re ponse of conden ed- cetion hale above 
G6 ubzone boundary. cored depo itional facie. and 
equence- y tem tract interpretalion . Blank area are 

footage without cor . II footage are a mea ured in de
viated well . Refer to Figure II for de riptive term . 

THIN BEDDED 

THICK BEDDED 

in the locus of deposition or in the balance between sedi
ment supply and accommodation potential (shift in systems 
tracts). Comparison of log characteristics of sands above 
and below this shale indicates a change in depositional style 
that suggests the two sand packages belong to separate 
depositional systems. Consequently, the shale unit itself 
is interpreted to include the basinal facies of the trans
gressive and highstand systems of the upper Ranger A se
quence (Fig. 12.20). The correlative conformity of a 
sequence boundary separating the upper Ranger A and B 
sequences is interpreted to occur at the base of the over
lying sand package (Fig. 12.20), which is interpreted to 
represent renewed lowstand deposition during the suc
ceeding cycle. 

Upper Ranger B Sequence 

Basal sands of the upper Ranger B sequence (Fig. 12.20) 
have a distinctly blocky log character and consist of am alga-

FACIES 

i!II!!I!!II!!!III!lill· 

GAMMA RAY 
LOG 

120 API 2001 
PVC C M F VF SI MU CL 

~CARBDNATE 

~ MASSIVE SANDSTONE 

~ ~ ~ ~ ~; ~ MISCELLANEOUS 

: ::::: :::: :: SILTSTONE 
:...:...:..:... 

IIIIIIIIIIIIIII SHALE 

mated, thickly bedded, very coarse- to fine-grained, poorly 
sorted sands. Several pebbly sand and pebble beds (pebbles 
up to 20 mm in diameter) occur exclusively within this inter
val. Beds also exhibit abrupt basal contacts and a stacked, 
aggradational character on well logs (Fig. 12.20). Sand 
packages show a lateral complementary thickening on well
log cross sections, suggesting that depositional topography 
localized sand deposition in low areas. 

Using the shale just below the sequence boundary as a 
datum on regional cross sections, a downlap pattern is 
observed by correlating stratal surfaces within the sand 
packages (Fig. 12.20). This is the same type of stratal pat
tern that characterizes lowstand fan deposits on seismic 
data (McGovney and Radovich 1985; Mitchum, 1985). 
Both the coarse-grained, aggradational sedimentary char
acter and stratal patterns of the upper Ranger B sands sug
gest that they were deposited as part of a lowstand fan, 
although they could represent the coarser-grained part of a 
lowstand wedge system (Fig. 12.19). A drop in relative sea 
level along the basin margin may have shifted the site for 
sediment accommodation more basinward at this time. 
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• 

LOWER RANGER 
HIGHSTAND SYSTEM 

• N 

= 10 FT. 

o 5000 FT 
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Figure 12.22 Regional isopach of Lower Ranger highstand systems tract. 
Contour interval = 10 ft (3.3 m). 

Progradational Submarine Fan Model 

Certain characteristics of the Ranger Zone sediments sug
gest that they can also be interpreted within the context of a 
progradational submarine fan model. 

Walker (1978) published a depositional model (Fig. 
12.24) that is today a standard reference. According to this 
model, fan progradation during one continuous deposition
al cycle will produce a distinctive vertical sequence that be
comes coarser grained and thicker bedded upward. This 
vertical sequence represents successive deposition of more 
"proximal" facies, from lower fan to mid-fan suprafan 
lobes, to upper fan channel fill (the same channel system 
that fed the lower and mid-fan) at anyone location. Facies 
also are suggested to vary systematically in the lateral and 
down-fan directions (Fig. 12.24). 

In the gross sense, the interval from about the middle 
of the lower Ranger (at the Condensed Section in Figure 
12.20) to the top of the upper Ranger B comprises a 
coarsening- and thickening-upward sequence of beds that 
can be interpreted as a single progradational depositional 
cycle. As previously mentioned, lower Ranger sands (Fig. 
12.20) are generally finer grained and thinner bedded than 
overlying upper Ranger A sands, and upper Ranger B 
sands are the coarsest grained sands within the vertical suc
cession. The thickening-upward character of the sands is 
also evident in Figure 12.16. However, interpreting the suc
cession as a single continuous progradational interval is 
based mainly on the physical characteristics of the vertical 

Slatt et al. 

UPPER RANGER A 
LOWSTAND WEDGE 

• N 

C.I. = 50 FT. 

o 5000 FT 
I I 

Figure 12.23 Regional isopach of upper Ranger A lowstand wedge sys
tems tract. Contour interval = 50 ft (10.5 m). 

sequence, and ignores much of the biostratigraphic, 
geochemical, and stratigraphic information applied to the 
sequence-stratigraphic interpretation. According to the 
progradational fan interpretation, the lower part of the 
Lower Ranger interval (Lowstand Wedge of Figure 12.20) 
is the upper part of an older progradational cycle, probably 
a mid-fan suprafan lobe. 

Turbidite Systems Model 

In an attempt to relate turbidite sediments and depositional 
sequences, Mutti (1985) introduced the concept of three 
main types of turbidite systems, called Type I, Type II, and 
Type III (Fig. 12.25). These systems differ from each other 
in terms of where sand is deposited and by the volume of 
sand available in the source area. A Type I system (Fig. 
12.25) results when a large volume of sediment is deposited 
as elongate, thick-bedded sandstone lobes basinward of and 
physically detached from their channelized feeder system. 
A Type II system (Fig. 12.25) forms when lesser volumes of 
sediment are deposited in the lower reaches of channels and 
in the regions beyond the channel mouths. In the downflow 
direction, sands tend to become thinner bedded. A Type III 
system (Fig. 12.25) develops when sediment source is 
minimal; thus, it is characterized by small, sand-filled slope 
channels that are enclosed by mud (channel-levee com
plexes). 

According to Mutti (1985), these three types of turbidite 
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Figure 12.25 Plan view of main types of turbidite depositional systems. 
(Mutti, 1985; Reprinted with permission of Kluwer Academic Publishers.) 

systems form an evolutionary sequence from Type I 
through Type III (Fig. 12.26), with a progressive rise in rela
tive sea level and a reduction in sediment supply. The entire 
sequence is capped by basinal mudstone. The upper surface 
of the mudstone is a sequence boundary formed during the 
sea-level fall marking the onset of the next cycle of sedi
mentation. 

The Ranger Zone sands can also be interpreted within 
the context of Mutti's (1985) model. Using the subdivision 
and terminology of Figure 12.20, the previously interpreted 
relatively thick-bedded lower Ranger lowstand wedge is a 
Mutti Type II system. The overlying, thinner-bedded inter
val of the lower Ranger to the top of the "foram-poor" in
terval is a Type Will system. The upper boundary of the 

<J-----------------------------------------
Figure 12.24 Progradational submarine fan depositional model of Walker 
(1978; Reprinted by permission). No vertical or horizontal scale is in
tended. 
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Slatt et aI. 

Figure 12.26 Diagrammatic cross section showing the various stages of cyclic turbidite deposition in the Eocene Hecho Group, Spain. (Multi, 1985; 
Reprinted with permission of Kluwer Academic Publishers.). No vertical or horizontal scale is intended. 

"foram-poor" interval is a sequence boundary. The upper 
Ranger A of Figure 12.20 is interpreted to form another 
sequence composed of Type II and III systems, and the 
coarser upper Ranger B is a Type I or coarse-grained Type 
II deposit, both separated by a sequence boundary. 

0 
c.,) 

ii: 

w 
I-z w 
:::> 
II. 

....I 

~ a: w .... 
2': 

ffiffi 
t~CD 
:::>< a:: 

< 
a:: a:: 
Ww 
"'e "'z :::>< 

a:: 

a:: w 
e z 
< a:: 
a:: w 
~ 
9 

VAIL (1987) 

LOW STAND 
FAN 

(CS) 

LOWSTAND 
WEDGE 

HIGHSTAND 
DEPOSIT 

(CS) 

LOWSTAND 
WEDGE 

MUTII (1985) 

TYPE 1/11 

SB 
TYPE III - - - -

TYPE II 

SB .. 

TYPE 11/111 

-?-?-?-

TYPE II 

Comparison of Models and Implications For Megascale 
Heterogeneities 

The previous discussion is not intended to imply direct anal
ogy between component parts of the three depositional 

WALKER (1978) 

UPPER FAN 
CHANNEL FILL 

MID-FAN 
SUPRAFAN 

LOBE 

LOWER 
FAN 

MID-FAN 
SUPRAFAN LOBE? 

CHARACTERISTICS 

AMALGAMATED, THICK-
BEDDED. COARSEST GRAINED 

SANDS I PEBBLY SANDS. 
BLOCKY LOG CHARACTER. 

LENTICULAR. 

... 
LATERALLY PERSISTEN ..... 

SHALE 

UPWARD-COARSENING 
AND-THICKENING. 

AMALGAMATED 
SAND PACKAGES 

"FORAM-POOR" INTERVAL 

THIN BEDDED 

BURROWED AND 
CONVOWTED BEDS ... 

ORGANIC-RICH, LATERALLY" 
PERSISTENT SHALE 

UPWARD-COARSENING 
AND-THICKENING, 

AMALGAMATED 
SAND PACKAGES 

Figure 12.27 Main stratigraphic intervals and characteristics of the Ranger Zone in the Long Beach Unit, and three possible interpretations according to 
common models or approaches. 
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schemes. The important point is that, based on large-scale 
two-dimensional characteristics, Ranger Zone sands can be 
interpreted within the context of all three depositional 
schemes (Fig. 12.27), yet each scheme implies a different 
origin and three-dimensional geometry. 

This latter point is significant because it bears on the in
terpretation of the regional geometry of the depositional 
system beyond the confines of the Long Beach Unit data 
grid. The sequence-stratigraphic model implies that "low
stand fan" deposits are fan shaped, and "lowstand wedge" 
deposits are wedge shaped, as inferred from the isopach of 
Figure 12.23. The "highstand deposit" is suggested to be 
more tabular in shape, again as implied by the isopach in 
Figure 12.22. 

Application of the progradational submarine fan model 
of Figure 12.24 implies that the Ranger Zone sands make 
up a large, fan-shaped depositional lobe capped by an elon
gate, approximately north-south-trending main feeder 
channel. 

The turbidite system model of Figures 12.25 and 12.26 is 
derived mainly from examination of the Eocene Hecho 
Group, Spain, which was deposited in a small, elongate, 
active-margin basin (Mutti, 1985) Thus, the overall shape 
of these systems will be elongate. Strict application of this 
model to the Long Beach Unit would imply an elongate 
depositional system. 

The above comparison illustrates a potential problem 
that is encountered when attempting to interpret a deposi
tional model for a succession of strata based on two
dimensional cross-section interpretation and/or when the 
size of the depositional system is larger than the grid size of 
the field data. 

The effects of describing reservoir properties at the 
megascale for a single well are illustrated in Figure 12.28, 
using permeability as an example. At the microscale
mesoscale, there is about an order of magnitude variation in 
permeability measurements of individual beds. By scaling 
up to flow units, this heterogeneity is diminished, and the 
reservoir takes on a somewhat less complex character, as 
previously discussed. At the megascale, permeability is 
averaged over such a broad stratigraphic interval that it 
bears little resemblance to natural geologic heterogeneity. 
In addition, the style of interbedding is entirely lost at this 
scale, even though bedding style will significantly impact 
the fluid flow behavior of a reservoir. 

The effects of describing interwell reservoir properties at 
the megascale were evaluated using the three reservoir pa
rameters in Table 12.2 for the three cored wells along the 
cross section shown in Figure 12.20. These cored wells are 
almost 3 mi (1.8 km) apart. Consistent trends (Table 12.3) 
among (1) average permeability, (2) the ratio of Thick
Bedded Sand to Thin-Bedded Sand, and (3) the ratio of 
feet of medium- to coarse-grained sand beds to very fine- to 
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280 
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GAMMA RAY 
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~;:=_-t .. 107 

M ESOSCALE-M ICROSCALE 

Figure 12.28 Comparison of permeability values at the scale of single 
lithologies, facies, flow units, and depositional systems (using the sequence 
stratigraphic terminology discussed in the text). Average permeability 
values at the megascale are taken from four cored wells, so are different 
from average permeability values in Table 3, taken from three cored wells. 

fine-grained sand beds established at the single-well scale 
are not apparent at the megascale owing to the gross aver
aging technique that must be applied to these thick strati
graphic intervals. In addition, cores did not completely pen
etrate the entire upper Ranger B interval (Fig. 12.20), so 
average values may not be representative of that interval. 

It is interesting to note that the overall average values 
(Table 12.3 and Fig. 12.28) of reservoir properties for the 
three stratigraphic intervals indicate that (1) the lower Ran
ger highstand deposit (using the sequence strtigraphic ter
minology of Figs. 12.19 and 12.20) is the finest grained, 
thinnest bedded, and least permeable of the three intervals; 
(2) the upper Ranger A lowstand wedge has intermediate 
values; and (3) the upper Ranger B lowstand fan exhibits 
the greatest permeability, is mostly composed of Thick
Bedded Sand, and is the coarsest-grained interval. These 
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Table 12.3 Properties of Depositional systems from three cored wells 

No. of 
Thick-Bedded Sand Medium- to Coarse-grained Sand 

Average permeability Interval Thin-Bedded Sand Very Fine- to Fine-grained Sand 
Subzone permeability measurements thickness (ft) (ft) 

Upper Ranger B 
Lowstand Fan 

*A863 1127 36 >103 (>31)·· 2.1 4.9 
B777 1213 25 >74 (>23)·· 2.8 7.5 
C714 762 95 >230(>70)·· 10.6 9.6 
X 919 >136 (>41)·· 6.3 7.9 

Upper Ranger A 
Lowstand Wedge 

*A863 372 136 452 (138) 2.1 1.3 
B777 400 101 495 (151) 2.5 2.2 
C714 276 110 388 (118) 3.6 2.2 
X 350 445 (136) 2.7 1.9 

Lower Ranger 
Highstand Deposit 

·A863 230 37 178 (54) 1.4 <.1 
B777 295 79 218 (66) 3.3 <.1 
C714 158 83 252 (77) 2.6 <.1 
X 226 216 (66) 2.5 <.1 

• See Figure 20 for well locations . 
.. Cores did not penetrate this entire stratigraphic interval, so average values may not be representative of that interval. 

characteristics are consistent with the interpretation of 
these intervals within a sequence-stratigraphic framework, 
as well as within the context of the coarsening- and 
thickening-upward progradational turbidite model, and 
illustrate that even at this megascale, the primary deposi
tional control on reservoir properties is maintained. 

Conclusions 

The Ranger Zone sands in the Long Beach Unit can be 
described at four scales of heterogeneity, but the accuracy 
of description diminishes with increasing scale. At the 
microscale and mesoscale, the sands are composed of three 
major lithologies-massive sand, graded sand, and shale
which can be grouped into three lithofacies-Thin-Bedded 
Sand, Thick-Bedded Sand, and Shale. At these scales, per
meability and porosity are related to sedimentary charac
teristics that reflect primary depositional processes. In par
ticular, average permeability varies with sand facies, owing 
to mean grain-size variations, but porosity does not vary in 
the same manner because grain sorting in the facies is 
equivalent. 

Lithofacies control on reservoir characteristics provides a 
sound basis for subdividing the Ranger Zone into flow units 
at the mesoscale. A Thick-Bedded Sand flow unit is defined 
as consisting of groups of individual beds >2 ft (0.67 m) 
thick of poorly sorted, fine- to medium-grained sand, with 

an average of 28% porosity and 457 md permeability. A 
Thin-Bedded Sand flow unit consists of groups of individual 
beds <2 ft (0.67 m) thick of poorly sorted, fine- to medium
grained (slightly finer-grained than the Thick-Bedded 
Sand) sand, with an average of 28% porosity and 288 md 
permeability; these thin-bedded sands are interbedded with 
shale beds of equivalent thickness. The Thick-Bedded Sand 
flow unit is of better reservoir quality than the Thin-Bedded 
Sand flow unit. Shale, the third flow unit, provides per
meability barriers to vertical fluid flow. Recognition of flow 
units provides a convenient means of "scaling up" the reser
voir description by combining various properties that will 
control the flow of fluids through the reservoir. 

At the macroscale, individual sand and shale beds are 
laterally persistent across the reservoir; thus, shale beds 
probably form effective permeability barriers between indi
vidual sand beds. Individual sandy intervals do not show 
consistent thickness trends, owing to a combination of tem
poral variations in sediment transport directions and shift
ing loci of deposition into topographic lows. Within anyone 
stratigraphic interval, reservoir properties such as per
meability will vary laterally. Sometimes these variations are 
systematic and predictable, reflecting sedimentologic and 
reservoir property relations established at the mesoscale. 
However, between-well lateral relationships are not always 
predictable, owing to natural geologic variability that may 
not be detected due to uneven sampling. Lateral variability 
is generally within an order of magnitude. 
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At the megascale, three alternative interpretations of 
depositional sequences and systems are presented to illus
trate that a unique interpretation is not possible at this 
scale when the overall size of a depositional system is 
larger than that of the field size data grid. In the case of the 
Long Beach Unit, two-dimensional cross sections can be 
interpreted according to the integrated sequence stratig
raphy concepts of Vail (1987), the progradational sub
marine fan model of Walker (1978), and the active margin 
turbidite systems model of Mutti (1985). Each of these 
models involves different formative processes and eustatic
tectonic controls, as well as a different gross three-dimen
sional geometry. At the megascale, reservoir properties are 
averaged to such an extent over a large stratigraphic in
terval that there is very little interwell predictability of 
reservoir properties. Nevertheless, the primary deposi
tional control on gross reservoir properties is maintained at 
this scale. 
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Cambrian Period (sandstone), 16 
Cambrian Period sedimentation, 43 
Campanian-Maastrichtian (sandstone), 

16 
Campanian/Maastrichtian, 161 
Campbell Creek Field, 139 

Canada, relative highstand systems tracts, 
17 

Canto do Amaro Field (CAM), 114, 162, 
179 

absence of barrier-island sediments, 
192-193 

algal mats, 192 
core photographs, 175 
depositional setting, 180 
discovery, 183 
estuarine/tidal-flat system, 168-170 
facies, 170, 171 
facies relations and reservoir geometry, 

175-176 
facies relations shown in cross-sections, 

177 
flood-tidal delta sequence, 187 
inlet-channel sequence, 187 
location map, 184 
permeability, 197 
porosity, 197 
shallow marine system, 176 
stratigraphic column of the Potiguar Ba-

sin, 185 
Canyon head, 138-139 
Cape Hatteras, 82 
Cape Lookout 

cuspate foreland, tidal inlets along the 
barrier islands, 79, 80 

historical analysis, 81, 82 
Capers Inlet (S.C.), 80-81 

bar-bypass mechanism of inlet channel 
abandonment, 82 

geometries and facies relationships of 
tide-dominated inlet sand bodies, 
88 

linear dimensions of tidal inlet-fill se
quences, 84 

strike-oriented vibracore transects across 
the abandoned inlet channels, 90 

tidal-inlet migration, 88, 89, 90 
Capers Island (S.C.), 88, 91 

cross section locations, 88 
inlet fill 070, 90 
percentage of Holocene as inlet fill, 

90 
Cape Sebastian Sandstone, 16 
Captain Sam's Inlet (S.C.), 85, 95 

geometries and facies relations, 83 
linear dimensions of tidal inlet-fill se

quences, 84 
oblique aerial photograph, 84 
photograph of cored wave-dominated in

let-fill sequence, 85 
sedimentary facies, 85 
strike-oriented cross section for wave

dominated, 85 

295 

Carbonaceous organic matter, 7-CAM-79-
RN well, 188 

Carbonate, 40, 42, 132 
deposition of, 45 
stromatolitic, 48-49 

Carbonate allochems, 124 
Carbonate cementation patterns, distribu

tion across Lockhart Crossing 
Field, 127 

Carbonate cements, 123, 132 
distribution in Lockhart Crossing Reser-

voir, 133 
Lockhart Crossing distribution, 129, 130 
Lockhart Crossing Reservoir, 117 
trends through the littoral facies inter-

val, 123 
Carbonate diagenesis, relative timing and 

temperatures, 129 
Carbonate dissolution, 268 
Carbonate intraclasts, 191 

7-CAM-79-RN well, 188 
Carbonate mudstone, Wilmington Field, 

271 
Carbonate sedimentation, Deep Wilcox 

trend,135 
Carbon dioxide injection, phases, Ford-

Geraldine Field, 222-227 
Carboniferous Period, 45 
Cardium Formation (Fm), 13 
Cardium oil fields, 13 
Cardium Pembina Field, 19 
Carmichael sub-basin, 40, 44, 45, 46 

depositional setting, 51 
facies analysis, 47, 48, 50 
idealized north-south cross sections, 47 

Carmichael SST, 41 
Carrizo member (MBR), 136 
Cassidulina cushmani, 269 
Castile Formation (Fm), 202 
Catalina Schist, 266, 268 
Cation-poor clays, 124 
Cavalas River, 181 
Cedar Inlet (N.C.), linear dimensions of 

tidal inlet-fill sequences, 84 
Cemented sandstones/ dolosparites, 170 
Cenozoic Era, 161 
Central Ridge, 46-47, 61-62, 64, 66-67 

basin mechanics and, 40, 42-43, 55 
depositional setting of the Arumbera 

Sandstone, 50-51 
parasequence set 10, 69 
parasequence set 12, 71 
parasequence set 13, 72 

Cerritos Fault, 265 
Chalks, 15 
Chandler Formation (Fm), 41, 45 
Chandler Limestone, 45-46 
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Channel facies, 23, 27, 28, 32, 35 
slope-fan systems tract, 35 

Channel-fill facies, 119-122, 126, 130-131, 
133 

composition, 125 
distribution and thickness superimposed 

upon a structure contour map of the 
Wilcox Formation top, 125 

and pyrite distribution in 17 cores of 
Lockhart Crossing Field, 128 

stacking of, 127 
Channel-fill plug, 87, 91 
Channel levee facies, 27, 28 

Capers Inlet, 90 
seismic, well-log, and lithologic charac

teristics, 26 
Channel scour, 86 
Chaotic facies, 23, 27-28, 32 

seismic, well-log, and lithologic charac-
teristics, 26 

Charlie Daubert North Field, 139 
Cherry Canyon, 202, 203 
Cherry Canyon-Upper San Andres shelf 

margin/slope break, 203 
Chert, 53,65,68,266 
Chert granules, 155 
Chert-pebble conglomerates, 16-17 
Chlorite, 53-54,62,65,67, 132 

Ford-Geraldine Field, 226 
late compactional regime, Lockhart 

Crossing Reservoir, 130 
parasequence set 8, 68 

Chondrites, 143-145, 148, 156-157, 172, 
176 

Mossor6 Sandstone, 184-185 
RE-8-RN well, 174 

Cibicides McKannai, 269 
Cicatricosisporites purbeckensis, 186, 190-

192 
Clacite, Mossor6 Sandstone lithofacies 

content, 197 
Claiborne Group rock unit, 118, 135, 

136 
Classopollis major, 186, 190 
Clastic petroleum reservoirs, Late Protero

zoic and Early Paleozoic Amadeus 
Basin, Central Australia, 39-72 

Clastic reservoir units, 2 
stages of basin development when depos

its likely, 45 
Clastics, 161 

fine-grained, 66 
Clastic wedges, 10-11 

built over and beyond Cretaceous car-
bonate shelf edges. 135 

Clasts, 120 
Clay, Deep Marine Sandstone, 245 
Clay clasts, 129 

Clay drapes, 185, 186, 191 
7-CAM-79-RN well, 188 
Mossor6 Sandstone, 193 

Clay intraclasts, 191 
7-CAM-79-RN well, 188 
Mossor6 Sandstone lithofacies content, 

197 
Clay rip-up clasts, 120 
Claystone, Wilmington Field, 271 
Cleland SST, 41 
Cliffhouse Sandstone, 94 
Climbing bedforms, 4 
Climbing-ripples, 62 

7-CAM-79-RN well, 188 
Clinoforms, 4, 9 

disrupted by rotational faults, 19 
northward-prograding, 11 
Upper Mannville, 14 

Coal, Canto do Amaro oil field, 177 
Coallevel, 7-CAM-79-RN well, 188 
Coarsening-upward parasequences, 50 
Coarsening-upward sequences, 29, 30, 36 

Canto do Amaro oil field, 172 
Coastalplain sequences, 118 
Cohasset A-52, 14 
Coiling ratio, 233 
Color (shale), 7-CAM-63-RN well, 173 
Colorado River, 136 
Columbus Field, 137-138, 139 
Compactional regime, 123 
Concretions, feldspar content, 131 
Condensed section, 280, 282, 284, 285 
Configuration, 21 
Conoco reports, Ford-Geraldine Field pro

duction, 219 
Conodonts, 58 

correlation of Pacoota Sandstone Units 
from Palm Valley Field to Mereenie 
Field, 59, 60 

parasequence set 13, 72 
Contemporaneous fluvial-deltaic facies, 

25-26 
Continental margins 

and Nile Fan, 106 
stable progradational, vs. contemporane

ous fluvial-deltaic facies, 25-26 
unstable progradational, 23 

Continental Shelf, 102 
Continental Slope, 102 
Continuity, 21 
Contorted bedding, 156 
Convolute bed, 7-BAL-5-RN well, 165 
Copper delta, 179 
Copper mineralization, 49 
Coquinas, 184, 185 
Core Banks (N.C.), 91 

inlet fill Ufo, 90 
percentage of Holocene as inlet fill, 90 

Index 

Core Banks (N.C.) inlet-fill sequence, 
wave-dominated, core photograph, 
87 

Core descriptions, 140-156 
Core symbols, 141 
Correlative downdip conformities, 280 
Corrensite, 146 
Cottonwood Creek South Field, 137, 139 
Cretaceous (Period) reef tracts, 136, 137 
Cretaceous Western Interior Seaway, 94 
Crevasse deposits, Apodi outcrop, 164 
Crevasse lobe deposits, 166, 168, 169 
Crevasse lobe sand body, 168 
Crevasse lobe sandstones/siltstones, 163 
Crevasse lobes/subdeltas, 176 
Crevasse/overbank deposits, 168, 169, 176 
Crevasse/overbank sandstones and silt-

stones, Mossor6 Field, 170 
Crevasse sandstones, Apodi outcrop, 164 
Cross faults, 265 
Cruziana, 69 
Cruziana ichnofauna, parasequence set 13, 

72 
Cruziana trace fossil, 66 
Current-ripple cross-laminae, 156 
Cyprus basin, 105-106 

Daisy Avenue Fault, 265 
Damietta distributary, 104, 109 
Damietta Fan, 101 
Darwin, 39 
D. Brouweri, 24 
D. Brouweri "A", 24 
Dean Quartzite, 42 
Deception Formation (Fm), 41 
Dedolomitization, 62 
Degree of preservation, 4 
Deep Marine Sandstone, 231-260 

cross sections, 245 
depositional model and vertical se

quences, 245-250 
depth plot of permeability over a typical 

section of the cored interval, 260 
frequency distributions of porosity and 

permeability data, 253 
geologic setting, 231-232 
grain size and sorting, 251-252 
grain size/sorting crossplot for sieved 

samples, 254 
helium porosity depth plot and bulk den-

sit ylog, 252 
helium porosity/sorting crossplots, 255 
lithofacies, porosity, 252 
lithofacies, statistics, 238 
lithology and lithofacies, 234-242 
paleontology, 233-234 
permeability, 251-260 
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permeability prediction, 253-260 
permeability, sorting, and grain size, 

252 
petrography, 242-245 
petrophysics, 250-253 
porosity, 251-260 
porosity/permeability crossplot showing 

least-squares regression line and cor
relation coefficient, 254 

porosity, permeability, sorting, and 
grain size, 252-253, 255-259 

porosity, sorting, and grain size, 252 
sand thicknesses, net and gross, by reser

voir zone, 250 
sieve analysis, 251, 255-257 

Deep-sea fan model (Walker), 240 
Deep-sea fan system, 104, 238, 250, 258 

depositional patterns, 249 
Deep-water epicontinental basins, 114 
Deep-Water Sand Giant Oil Field, geologic 

heterogeneity scales, 263-291; see 
also Wilmington Field 

Deep Wilcox trend 
Central Texas Gulf Coast: Wilcox geol

ogy and hydrocarbon production, 
136-139 

core descriptions, 140-156 
interpretation, 156 
lower Wilcox depositional systems, 138 
regional setting, 135-136 
shelf sandstones, 135-157 
submarine-fan reservoirs, 139-140 
upper Wilcox depositional systems, 138 
Wilcox deposition, 135 

Deep Wilcox wells, 114 
Deformed bedding 

7-CAM-63-RN well, 173 
9-MO-13-RN well, 169 

Delaware Basin, ll4, 201, 203 
Delaware Fan, meanders in sand-rich ter-

minallobes, 207 
Delmontian fauna, 268 
Delmontian/Repettian boundary, 283 
Delmontian time, 266, 268, 270, 281 
Deltaic distributary, coarser facies, 8 
Delta plain, 162 
Deltas, fluvial-dominated, 136 
Density-driven currents, 201 
Depocenters 

Ordovician Period, 43-44 
Wilcox, 137 

Deposition, 3, 5, 6 
reduced rate of, 106 

Depositional base level, change of, 3 
Depositional facies, 2, 5 
Depositional facies sequences, 4 
Depositional lobe, gradual migration 

across the basin floor, 115 

Depositional sequences, 21, 280 
Ranger Zone, 283 

Depositional systems tracts, 9, 162 
Depositional units, trends through the litto-

ral facies interval, 123 
Depth of water (D), 3 
Detrital clay, 71 
Detrital matrix, 126, 129 
Detrital opaque minerals, Mossor6 Sand-

stone lithofacies content, 197 
Detrital quartz grains, 65 
Devonian Catskill Delta, 51 
Devonian Period, Amadeus basin final de

positional episode, 44 
Dewees Island (S.C.) 

abandoned tidal inlet-channnel, 89 
inlet fill 070, 90 
percentage of Holocene (epoch) as inlet 

fill,90 
Diagenesis, 68, 72, 73 

burial,73 
carbonate, 129 
of sandstone, 61-62 

Diamictite level, 7-CAM-79-RN well, 
188 

Diapirism, 105, 106, III 
Diapirs, 101, 103 

elongated, in the Nile Fan, 104 
piercing of, 105 

Diastems, 3 
Diatomite, 268 

Wilmington Field, 271 
Dingo Field, 45,51-52,55,66 

distribution and isopachs of para
sequence sets, 63 

parasequence 8, 66 
porosity logs for the reservoir interval, 

53 
seismic section (P80-11) showing well 10-

cations and reservoir interval, 57 
structure contour map of top of the first 

gas pay, 57 
Dingo structure, 55 
Dinoflagellates, 190 
Diplocraterion, 69, 145 

parasequence set 12, 72 
Dish structures, 270 
Distal Continental Margin, 102 
Doboy Inlet (S.C.), linear dimensions of 

tidal inlet-fill sequences, 84 
Doboy Sound Inlet (Ga.), geometries and 

facies relationships of tide
dominated inlet sand bodies, 88 

Dolomite, 53-55, 65, 69, 71, 73, 124-
125 

ferroan, 125 
Mossor6 Sandstone lithofacies content, 

197 

precipitation in Mossor6 Sandstone, 
196 

source for carbonate cements, 128 
Dolomite cements, 62-64, 69 

parasequence set 8, 68 
parasequence set 13, 71 

297 

Dolomite concretion, 7-CAM-79-RN well, 
188 

Dolosparites, 175 
transgressive detrital, 176 

Domes, 44 
Downdip trend, ll4 
Downlap, 23 
Downwarps, 44 
Drainage axes, 135-136 
Drapes, 183, 184 
Drillstem test (DST #4),68 
D. Surculus, 24 
Dunes 

in representative examples of tidal-inlet 
fills, 88 

Price Inlet, 90, 91 

Early Cambrian period evaporites, 45 
Early Cenozoic era, 104 
Early Cretaceous (period) Sligo tract, 

137 
Early Mesozoic era, 111 
Early Ordovician period, 43 
Early Paleozoic era section, 42 
Early Pleistocene epoch, 103-104 
Early Pliocene epoch, 106 
Early Pliocene (epoch) marine transgres

sion, 103 
Early Tertiary period, 45 
Earthquakes 

and downslope sediment flow off the 
Nile Delta, 111 

and turbiditic flows, 106 
East African plateau, 101 
Eastern Fan Province, 102 
Eastern ScheIdt estuary, 178 
Eastern Shoal, 12 
Ebb-tidal deltas, morphology and sediment 

distribution patterns, 80 
Edwards-Stuart City system, 137 
Egyptian plateau, 103 
Electromagnetic propagation time (TPL) 

log, 255, 257-258 
Electromagnetic propagation time (TPL) 

log trace, 254 
Ellery Creek, 66, 69, 72 
Ellery Creek S., 61 
El Mar Field, 203, 210 
Elmworth gas field, 17 
Embayment, 77-79,95,180 
Emerald Bank, 12 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


298 

En echelon anticlinal trends, 44 
England, 15 

interbedded estuarine and shelf deposits, 
15 

Eocene Hampshire Basin, 15, 16 
Eocene Hecho Group (Spain), various 

stages of cyclic turbidite deposition, 
diagrammatic cross section, 288 

Eocene Series, 136 
Eolian sand, 103 
Eonile, 103 
Epistominella pacifica, 269 
Equisetosporites species, 186, 190 
Eratosthenes Abyssal Plain, 102, 106 
Eratosthenes Seamount, 101, 102, 106 
Erosion, 3, 5, 6, 120 

severe coastal, 104 
Erosional contact, 7-CAM-79-RN well, 

188 
Erosional sequence boundaries (ESB), 9, 

19 
Estuarine channel-mouth bar sandstones, 

178 
Estuarine sandstones, 8, 163 
Estuarine/tidal flat, 162 
Ethiopian plateau, 101 
Eunice canyon, 203 
Eustatic change, 5 
Eustatic fall, 4 
Eustatic sea-level change (fluctuations), 3, 

4,11 
Amadeus basin, 40 
and relative sea-level fluctuations, 22 

Evaporites, 40, 42 
deposition of, 45 

Exposure feature, Mossor6 Sandstone, 193 

Facies association, 162 
Facies migration, 1 
Fair-weather wave base, 6 
Falls City Field, 137, 139 
False anomalies, 35 
False bright spots, 36 
Faulted contact, 104 
Faulted escarpments, 76, 101 
Faulted terrain, 103 
Faulting, 101, 105-106, 111, 264-265 

northwest-trending, in Nile Fan, 104 
seismic activity as trigger for turbiditic 

flows, 106 
Fault zones, Lockhart Crossing Reservoir, 

130 
Fauna, Delmontian and Repettian stages, 

268 
Feldspars, 53, 62, 64, 73 

abundance and known lost, normalized 
to quartz, littoral depositional fa
cies, 131 

Canto do Amaro Field, 194 
carbonate diagenesis, 129 
Deep Marine Sandstone, 242, 245 
dissolution, and quartz overgrowths, 132 
kaolinized, 73 
late compactional regime at Lockhart 

Crossing Reservoir, 130 
Lockhart Crossing Reservoir, 131 
Mossor6 Sandstone lithofacies content, 

197 
Pacoota Sandstone, 66 
parasequence set 8, 66-67, 68 
parasequence set 13, 71 
Tempe Vale #1 well, 72 

Feldspar overgrowths, Mossor6 Sandstone 
lithofacies content, 197 

Feldspar/quartz ratios, 131 
Feldspathic litharenite, Mossor6 Reser

voirs, 197 
Feldspathic phyllarenites, 118 
Feldspathic phyllarenite sandstone, 119-

120 
Ferroan calcites, carbonate diagenesis, 

129 
Ferruginous cements, 62, 67 
Festoon cross bedding, 49 
Fine-fraction x-ray diffraction (XRD) anal

yses, 65 
Fining-upward cycles, 66 
Fining-upward sequences, 29-30,31, 166 

7-CAM-79-RN well, 188 
Canto do Amaro field, 175 
crevasse lobe deposits, 171 
Mossor6 Field, 171 
Mossor6 Field sandstones, 170 
Mossor6 member (MBR), 168 

Flaser bedding, 143, 146, 157, 172, 178-
179 

Flasers, 184, 186, 191 
7-CAM-63-RN well, 173 
7-CAM-79-RN well, 188 
Mossor6 Sandstone, 193 
RE-8-RN well, herringbone, 174 

Flood-plain deposits, 166, 176 
Flood-tidal deltas, 186 

morphology and sediment distribution 
patterns, 80 

Flora, 186, 190 
Florence Rise, 102 
Florida platform, 135 
Flow units, 1 
Fluid content, 21 
Fluid escape structures, 270 
Fluid production and injection histories, 

115 
Flume chute, 208 
Fluvial bar overlying a channel sequence, 

Apodi outcrop, 164 
Fluvial channel coarser facies, 8 

Fluvial dominated deltas, 31-32 
Fluvial facies, 58 
Flysch phase, 10 

Index 

Flysch-to-molasse sequence of Alpine fore
land basins, 10 

Folding, 265 
Foraminiferal faunas, Wilmington Field, 

268 
Foraminifers, 176 

marine, 192 
Pliocene epoch, 233 

Foram-poor interval, 268-270, 283-284, 
287-288 

Forced regression, 7 
Ford-Geraldine channel, 213-215, 217-

218,226 
Ramsey 2 sandstone interval, 220 

Ford-Geraldine Field, 204, 215 
carbon dioxide injection phases, 222-

227 
channel geometry, 211-213 
cores studied, 207 
depositional history and performance, 

201-228 
geometry of channel complex, 210-212 
laminated siltstone unit, 216 
lithofacies, 204 
permeability, 226 
porosity, 226 
production history, 219-226 
production performance curves, 222 
tertiary production, cumulative, 228 
total primary production and pre-Trap 

structure, 223 
total secondary production and pre-Trap 

structure, 223, 224 
transport paths for lagoonal siliciclastics 

to bypass the carbonate shelf mar
gin, 203 

Unit #108, type log and core, 205 
waterflood stages, 222-225 

Ford siltstone, 204-206, 209-210, 212-214, 
216,218 

isopach map, 216 
isopach map (Ramsey 1A interval), 215 
laminated,210 
structure on top, 213 

Foreland basins, 10-11 
basin subsidence, 10-11 
unconformity-bounded sequence devel

opment,1O 
Foreshore 

Capers Inlet, 90 
Captain Sam's Inlet, 85 
in representative examples of tidal-inlet 

fills, 88 
Price Inlet, 91 

Fossiliferous/dolomitic sandstones, 168 
Frequency, 21 
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Frio barrier/strandplain system, 76 
Frio Formation (Texas), 94 
Frio interval (Texas), 123 
F-test analysis of covariance, 254 

Gamma ray (GR) log evaluation, 255, 257-
258,285 

Garnet, Mossoro Sandstone lithofacies 
content, 197 

Gas fields 
Mereenie Field, 45 
Palm Valley Field, 45 
production per systems tract, relative 

amounts, 34 
slope-fan systems tract, 35 
within a slope-fan systems tract, 35 

Gastropod, 184 
7-CAM-79-RN well, 188 

Gastropod coquina, 174, 192 
7-CAM-79-RN well, 188 
Mossoro Sandstone, 191, 193 

Genetic hierarchy, 1 
Genetic stratigraphic units, 135 
Geomorphologic provinces of the Nile 

Fan, 101-111 
Geomorphology, 76 
Georges Bank, 12 
Georgia 

channel-fill facies, 121 
tidal inlets, 77-79 

Georgia Bight, 83 
Georgia embayment, 77-79, 88 
Geothermal reservoir, geopressured, 

135 
Geraldine Field, 114 
Gething Formation (Fm), 11, 14 
Giles CK DOL, 41 
Gillen Member (MBR), 41, 44, 45,55 

evaporites, 42 
massive salt core formed from, Bitter 

Springs Fm, 57 
Glaciers, slope-fan systems tracts develop

ment, 25 
Glaucogenesis, 69 
Glauconite, 120, 126, 129, 133 

Amadeus basin, 58-60, 64 
in parasequence set 7, 66 
parasequence sets 10 and 11, 69 

Glauconite and conodonts, correlation of 
Pacoota Sandstone Units from 
Palm Valley Field to Mereenie 
Field, 59, 60 

Glauconitic sandstone, 119, 121 
Giossifungites, 145-146, 148 
Gog Sandstone, 16 
Golden Avenue Fault, 265 
Good Hope Field, 139 
Goyder Formation (Fm), 41,59,60,61 

Grabens, 101, 107, 161 
offshore, 162 

Graded Sand, 270 
Grain crushing, 276 
Grand Isle, 21 
Gravitites, 109 
Growth faulting, 24-25, 32, 76 

contemporaneous, 120-121, 126, 
127 

Gulf Coastal Plain basin, 123 
Gulf Coast Tertiary oil fields, 117 
Gulf Coast Tertiary units, 129 
Gyroidina rotundimargo, 269 
Gyrolithes, 144, 145 

Half grabens, 161 
Halfway Formation (Fm), 94 
Hallettsville Burns Field, 139 
Hallettsville East Field, 139 
Halokinesis, 104, 105, 106 
Harbor Entrance Fault, 265 
Hardground, well-cemented submarine, 4 
Heavitree Crite, 41 
Heavitree Quartzite, 40-42 
Heavy minerals, 69 
Helen Gohlke Field, 137, 139 
Helium porosity, Deep Marine Sandstones, 

251,252,255,257 
Heiminthoida, 143-145, 157 
Hematite, 53 
Hemipelagic facies, 27, 28-29, 32 

seismic, well-log, and lithologic charac-
teristics, 26 

Hemipelagic mud, 109 
Hermannsburg SST, 41 
Herodotus, 101, 104 
Herodotus Abyssal Plain, 102, 106, 107, 

109 
Herringbone cross-bedding, 62, 148, 150 

7-CAM-79-RN well, 188 
Canto do Amaro Field, 172 

Herringbone cross-lamination, 66, 156 
Herringbone cross-stratification, 69 
Herringbone ripple cross-laminae, 157 
Hiatus NH7, 268-269, 283 
High-amplitude facies, 23 

seismic, well-log, and lithologic charac
teristics, 26 

High-amplitude reflections, 29 
High-resolution seismic profile line, preser

vation of a tidal-inlet fill, 93 
Highstand systems tracts, 9, 23-24, 31-32, 

36 
block diagram illustration of one as de-

veloped in offshore Louisiana, 32 
Lower Ranger, 283, 286 
maximum flooding surfaces, 23 
reservoir sands, 61 

299 

seismic facies and their seismic, well-log, 
and lithologic characteristics, 26 

seismic section, 31 
well-logs, 32 
Wilmington Field, 280, 284 

Holly Springs Delta system, 136 
Holocene barrier reworking, 90 
Holocene barrier transgression, 90 
Holocene epoch, 77, 104 
Holocene Mississippi deltas, 136 
Holocene Parasequence, 75 
Holocene "regressive" episode, 180 
Holocene shoreline sediments, 91, 96 
Holocene tidal-inlet fill, estimated percent-

ages, and active-tidal inlets for 
wave- and tide-dominated barrier 
island shorelines, 90 

Holocene transgression, 13, 83 
Horizontal lamination 

7-BAL-5-RN well, 165 
7-CAM-63-RN well, 173 
9-MO-13-RN well, 169 
RE-8-RN well, 174 

Horn Valley Siltstone, 41, 43, 45-46, 61 
Horsts, 107 

WNW-trending, 109 
"Hot" gamma-ray character, Tempe Vale 

#1,70 
Houston Embayment, 136, 137 
Hudson paleovalley, 8 
Hugh River Shale, 41, 45-46 
Hummocky cross-bedding, 156 

parasequence set 13, 72 
Hummocky cross-stratification, 66, 155, 

156, 157 
Huntington Beach Field, unconformities, 

283 
Hurricanes, and bar bypassing, 82 
Hydrocarbon 

Amadeus basin potential, 45-46 
Amadeus basin resources, 45 
Arumbera Sandstone potential, 55 
emplacement, and carbonate diagenesis, 

129 
in transgressive and highstand systems 

tracts, 36 
occurrences within the Larapinta Group, 

42 
Ramsey fields, 220 
reservoir facies in Western Canada, 

87 
Hydrocarbon anomalies, 35, 36 
Hydrodynamic banking, 220, 224, 227 
Hydrographic regime, 81-83, 88, 90 
Hydrologic regime, 81, 83,129,130 
Hydrology, 117 
Hyperpycnal flows, 201, 205, 206 
Hypersaline density currents, 206 
Hypopycnal flows, 201, 205, 206 
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Idirriki sub-basin, 40, 46, 51 
Illite, 53-55, 65-66, 68, 126 

authigenic, 64 
fibrous, 62, 65-67 
fibrous, in Arumbera Sandstone reser

voir interval, 55 
late compactional regime, Lockhart 

Crossing Reservoir, 130 
parasequence set 8,68 
parasequence set 12, 72 

Illite-smectite, 66 
Ford-Geraldine Field, 226 
Mossor6 Sandstone lithofacies content, 

197 
precipitation in Mossor6 Sandstone, 196 

Imbrication, Permian Bell Canyon Sand
stone Reservoir, 203-204 

Impedance contrasts, 33, 35, 36 
Inactive inlet channel, in representative ex

amples of tidal-inlet fills, 88 
Incised valley, 23 
Inglewood Field, 115,231-260 

cross section showing major faults and 
stacked oil zones, 233 

deposition, 279 
depositional model, 250, 251 
location map, 232 
map showing structure on the top of the 

Alpha zone, 234 
reservoirs formed by turbiditic sands 

higher in Pico Formation, 267 
unconformities, 283 

Inlet-channel abandonment, 186 
Inlet-fill facies, 75-76 
Inlet-fill sand bodies, hypothetical sedi

ment isopach maps for one deposi
tional episode on tide- and wave
dominated shorelines, 96 

Inlet-fill sequence, Johnson Creek (N.C.), 
86 

Inlet-floor (IF) facies 
Core Banks inlet-fill sequence, 87 
Johnson Creek (N.C.), 86 

Inlet migration, 95-96 
Inlet throat stability, 87 
Inner-shelf slope, 90, 91 
Interbedded mudstone and sandstone, 

Deep Marine Sandstone, 235, 238-
240,249 

Interlamination, sand-shale, 9-MO-13-RN 
well,169 

Interlaminations of shale, 190 
Interlocking grain boundaries, 64 
Interval velocity, 21 
Interwell heterogeneities. see Macroscale 

heterogeneities 
Intraclasts, 183 
Intracratonic sedimentation, 2 

Intraformational breccia, 7-CAM-79-RN 
well, 188 

Iron, 132 
Iron oxides, 53, 65 
Iskenderun Basin, 102 
Isochron thickness, 32, 33 
Isocyanate polyol resin, 231 

Jackson County, 139 
Jackson Group rock unit, 136 
Jal canyon, 203 
James Ranges, 66 
Jandaira Formation (Fm), 161, 183 

base, 167 
dip-oriented stratigraphic cross section, 

blanket nature and offshore facies 
shown, 163 

facies relations of Canto do Amaro oil 
field, 177 

lithologic correlation, 179 
stratigraphic framework, 176 
stratigraphic section across the cored 

wells, 195 
transition of continental sediments of 

A~u Formation, 192 
Jandaira Limestone (Late Cretaceous pe

riod), 181 
Jay CK, 41 
Johnson Creek (N.C.) 

inlet-fill sequence, 86, 87 
linear dimensions of tidal inlet-fill se

quences, 84 
oblique aerial photograph of abandoned 

floor-tidal delta, 86 
strike-oriented cross section, 86 
vs. Triassic Halfway Formation bioclas

tic channel fills, 86-87 
Johnson Creek Inlet (N.C.), geometries 

and facies relations, 83 
Julie Formation (Fm), 41, 42, 47 

deposition of platform carbonates and 
sea-level, 51 

facies analysis, 48, 49 
Junipero Fault, 265, 281, 282 

Kaolinite, 53, 68, 118, 125 
carbonate diagenesis, 129 
Lockhart Crossing Reservoir, channel

fill facies, 131, 133 
Mossor6 Sandstone lithofacies content, 

197 
parasequence set 8, 68 
precipitation in Mossor6 Sandstone, 

195, 198, 199 
Kaolinite cement, Mossor6 Reservoirs, 198 
Kaolinized feldspar, parasequence set 8, 68 

Kiawah Island (S.C.), 85, 95 
inlet fill 070, 90 

Index 

percentage of Holocene as inlet fill, 90 
KinkIer Field, 138, 139 
K-spar (orthoclase), Deep Marine Sand

stone, 242 

Lag conglomerate, 191 
Lag gastropod deposits, 190 
Lag intraclastic conglomerate, Mossor6 

Sandstone, 193 
Lagoonal deposits, 192 
Lagoonal facies, 119-121, 127, 130 
Lagoonal sediments, 88 
Lagoonal shale onlapping fluvial bar sand-

stone, Apodi outcrop, 164 
LaHave Bank, 12 
Lamar siltstone, 205, 206, 210, 214 
Laminations, 143, 156 
Laminite facies 

Bell Canyon Formation, 204, 205-206 
Permian Bell Canyon Sandstone Reser

voir, 207, 212-213, 215-217, 221 
Laramide orogen, 118 
Larapinta Group, 55 

hydrocarbon occurrences, 42 
Last Chance Canyon, 203 
Late Cambrian Goyder Formation, 43 
Late Cenomanian, 183 
Late Cretaceous period, 201 
Late Cretaceous Edwards-Stuart City reef 

trend, 137 
Late Devonian molasse deposition, 64 
Late Devonian period, sedimentation, 40 
Late Jurassic period, 135 
Late Mesozoic era, 45 
Late Miocene (epoch) erosional surfaces, 

104 
Late Miocene (epoch) evaporite sequence, 

104 
Late Permian period, 201 
Late Pleistocene epoch, 104 
Late Pleistocene-Holocene (epoch) sedi

ments, 110 
Late Pleistocene (epoch) marine regres

sion, 108 
Late Proterozoic eon, 44, 55 

sedimentation, 40 
Late Proterozoic eon and Early Paleozoic 

era Amadeus Basin, clastic petro
leum reservoirs, 39-72; see also 
Amadeus basin 

Late Proterozoic (eon) evaporites, 44, 45 
Late Quaternary (period) sediments, 101 
Laterally extensive sheet sand, 7 
Latest Albian period, 162 
Late Tertiary (period) sediments, 101 
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Lavaca Canyon, 138, 139 
Lavaca Channel, 137 
Lavaca system, 139 
Lenticular bedding, 7-CAM-79-RN well, 

188 
Levant, 103, 105, 107 
Levant Basin, 101, 105-106, 111 
Levant Platform, 101 
Levee deposits, slope-fan systems tract, 35 
Levee reflections, 27, 28 
Limestones, 266 
Limonite, 62, 118, 124, 125 
Litharenite, Mossor6 Reservoirs, 197 
Lithic arenites, 258 

Deep Marine Sandstone, 242, 245 
Lithic arkoses, 118 

Mossor6 Reservoirs, 197 
Lithics, Deep Marine Sandstone, 245 
Lithic subarkose, Mossor6 Reservoirs, 

197 
Lithic wackes, Deep Marine Sandstone, 

245 
Lithofacies 

Canto do Amaro Field, 170 
Deep Marine Sandstone, 234-242 
Mossor6 member, 164-169 
Mossor6 Sandstone, 183-185, 193, 194, 

199 
Mossor6 Sandstone photographs, 191 
Sun #1 Urban well, 140, 143-155 

Littoraifacies, 119-121, 124, 127-131 
fabric of sandstones in Lockhart Cross

ing Reservoir, 132 
porosity, 132 

Livingston Field, 121 
Llano uplift, 137 
Llara SST, 41 
Load cast, 7-CAM-79-RN well, 188 
Lockhart Crossing Reservoir, 113, 117, 

121, 133 
acids, 129-130 
carbonate cement distribution, 130 
clay diagenesis, 117 
compactional regime, 123 
depositional and structural controls on 

the diagenesis of, 117-133 
depositional systems, 118-121 
depth, 124 
dip-oriented cross-section, 119 
distribution and thickness of the channel-

-fill facies superimposed upon a 
structure contour map, 125 

distribution of carbonate cementation 
patterns, 127 

early compactional regime, 126-128 
emplacement of oil, 132-133 
fault zones, 130 
feldspar, 131 

general geology, 117-123 
hydrologic and diagenetic history, 123-

133 
hydrologic regime, 129, 130 
hydrologic regimes and the present reser

voir setting, 123-124 
intermediate compactional regime, 128-

129 
late compactional regime, 130-131 
location and approximate position of 

continental margin during Wilcox 
deposition, 118 

meteoric regime, 123 
paleohydrologic regime, 126 
porosity, 131 
porosity and permeability, 133 
porosity and permeability distribution-

general statement, 122-123 
Provenance, 118 
pyrite distribution in 17 cores, 128 
salinity and alkalinity, 124 
sandstone from the base of the littoral fa

cies, 124 
sandstone from the top of the littoral fa

cies, 124 
sediment modification in the deposi

tional environment and meteoric re
gime, 124-126 

strike cross section, 122 
structure, 121 
structure contour map of the top of the 

Wilcox Formation, 120 
summary of diagenetic modification of 

the reservoir sandstone, 131-132 
thermobaric regime, 123-124 

Logan Canyon Formation (Fm), 14, 15 
transgression, 17 

Long Beach Unit, geologic heterogeneity 
scales description, 263-291; see also 
Wilmington Field 

Long Beach Unit Fault, 265, 281 
Long Island, 77 
Los Angeles Basin, 115,231-232,283 

regional paleogeography during upper 
Miocene epoch, 267 

Louisiana, 77 
Lockhart Crossing Reservoir (Wilcox), 

depositional and structural controls 
on the diagenesis, 117 

Louisiana Gulf Coast, offshore index map, 
22 

Loves CK member (MBR), 41 
Low-angle cross-bedding 

7-BAL-5-RN well, 165 
7-CAM-63-RN well, 173 
7-CAM-79-RN well, 188 
9-MO-13-RN well, 168, 169 
Mossor6 Field, 170 

Low angle, hummocky cross-bedding, 
RE-8-RN well, 174 

Lower Eocene epoch, 178 
Lower Eocene rocks, 113 
Lower Inindia Beds, 41 
Lower Mannville, 11, 13, 14 
Lower non-marine regressive path, 6 
Lower non-marine transgressive path, 6 
Lower Pacoota Sandstone, 61 
Lower Pico Formation (Fm), 268 
Lower (L.) Shannon, 41 
Lower Tertiary period, 118 
Lower Tertiary source units, 132 
Lower Wilcox subgroup rock unit, 136 
Low-resistivity clayshales, 118 
Lowstand, Pleistocene sea-level, 6 
Low-stand barriers, 13 

301 

Lowstand basin-floor fan systems tracts, 
21,24-25 

block diagram of one as developed in 
offshore Louisiana, 25 

development of, 24 
Low-stand deltas, 13 
Lowstand prograding wedge systems tract, 

23,29-30,35,36 
amplitude anomaly, 33 
block diagram illustration of one as de-

veloped in offshore Louisiana, 29 
Ranger Zone, 286 
reservoir sands, 61 
seismic facies and their seismic, well-log, 

and lithologic characteristics, 26 
seismic section of, 30 

Lowstand slope-fan systems tract, 21-23, 
25-29 

block diagram illustration of one as de
veloped in offshore Louisiana, 27 

facies and isochron thickness map, 33 
seismic facies and their seismic, well-log, 

and lithologic characteristics, 26 
Lowstand systems tracts, 9, 10,24,280, 

284 
parasequence sets 10 and 11, 69 
reservoir sands, 61 

Lutetian, 15 
Lutite facies, 209, 226 

Bell Canyon Formation, 204-205, 206 
Permian Bell Canyon Sandstone Reser

voir, 209-210, 221 

Macau (town), 162, 181 
MacDonnell Range, 40, 72 
Macroscale heterogeneities, 263, 278-279, 

290 
Magnesium, 132 
Major domes, 44 
Major external variables, 3-4 
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Maloneys Creek, 72 
Mannville clastic wedge, 11, 13 
Mannville Group, 14 
Marine dominated deltas, 29, 31 
Marine regressive path, 6 
Marine reservoir facies, 8 
Marine shales, Mannville Group, 14-15 
Marine shelf, transgressive path, 6 
Marl/calcilutite, 7-CAM-79-RN well, 

188 
Marsh 

Capers Inlet, 90 
in representative examples of tidal-inlet 

fills, 88 
Price Inlet, 90, 91 

Martinottiella pallida, 269 
Massive mudstone lithofacies, Deep Ma

rine Sandstone, 234-238 
Massive sandstone, Deep Marine Sand

stone,235,238,242,244,249,251-
252 

Mass wasting, 32 
Matrix clay, Mossor6 Sandstone lithofa

cies content, 197 
Meandering fluvial, 162 
Mean tidal range vs. average wave heights 

for mid-Atlantic and SE coastline 
of U.S., 78 

Mechanical compaction, Mossor6 Sand
stone, 195 

Mediterranean Basin, sedimentation dur
ing glacial ages, 108 

Mediterranean geostrophic current, 101, 
105, 108, 109 

Mediterranean Ridge, 101, 102, 105, 106, 
107 

seismic reflection profile, 103 
Megaripples, 62, 66 
Megascale heterogeneities, 263, 279-280, 

289-291 
Wilmington Field, 288-290 

Melonis barleeanus, 269 
Menefee Formation (Fm), 94 
Menking Field, 138, 139 
Mereenie Field, 45, 57-58, 61-62, 64, 66 

computer reservoir simulation of the 
field,66 

correlation of Pacoota Sandstone Units 
to Palm Valley Field, 59, 60 

distribution and isopachs of para-
sequence sets, 63 

Pl-31O sand, 72 
P2-110 sand, 70 
parasequence set 4 and 5, 64 
parasequence set 8, 66 
parasequence set 12, 71 
porosity, 69 

Mereenie SST, 41 

Mesoscale, heterogeneities, 263-278, 279, 
289,290 

Mesotidal coastline, 79 
Mesozoic era, 104 
Mesozoic source units, 132 
Messinian, 103 
Messinian evaporites, 104 

Nile Fan, 107 
Messinian unconformity surface, 105 
Metamorphic rock fragments, 53, 62 
Meteoric regime, 123 
Meteoric waters, 123 
Mexico, Gulf of, 76, 77 

hydrographic setting, 92 
Mica 

Canto do Amaro field, 194 
Mossor6 Sandstone lithofacies content, 

197 
Microforaminifers, chitinous, 192 
Microfossils, in marine shales, 15 
Microhummocky, Redonda oil field, 172 
Microlaterolog (MSFL), 255, 257-258 
Microquartz crystals, 54 
Microscale, heterogeneities, 263-278, 289, 

290 
Microstylolites, 68 
Microstylolitization, 68 
Middle Bank, 12 
Middle Cenomanian Age, 162 
Middle Mannville, 11, 13, 14 
Middle Miocene (epoch), 105 
Middle Miocene conglomerates/breccias, 

266 
Middle Ordovician period, depositional 

pattern changes, 43 
Middle Pleistocene epoch, 104 
Middle Pliocene (epoch) marine regression, 

103 
Middle Triassic Halfway Formation (Fm), 

178 
Midland Basin, 203, 208 
Mid-Paleozoic sedimentary rocks, 44 
Mid-Tertiary period, 111 
Midway Group, 135 
Midway Group rock unit, 136 
Milk River Formation (Fm), 94 
Miocene epoch, 103,232,245,264 
Miocene/Pliocene boundary, 283 
Mio-Pliocene (epochs), 263 
Misane Bank, 12 
Missionary Plain Trough, 40, 42-46, 55, 62 

depositional setting, 51 
facies analysis, 47 
idealized north-south cross sections, 47 
parasequence set 10, 69 

Mississauga Formation (Fm), 17 
Mississippi Delta, switching of active 

lobes, 4 

Index 

Mississippi Embayment, 118, 136, 137 
Mississippi River, 136 
M. I. Stewart well, 131 
MMBO (10 million barrels of oil), 137, 138 
MMCFG (10 million cubic feet of gas), 138 
Modern analogs, 75 
Mohnian, 266 
Molasse, 44 
Molasse phase, 10 
Molluscs, 58 
Mollusk debris, marl, RE-8-RN well, 174 
Monocraterion, parasequence set 12, 72 
Monocrystalline quartz, 65 
Monterey Fault, 265 
Monterey Formation (Fm), 266, 268 
Mossor6 Field (MO), 162, 168, 176 

core photographs, 170, 171 
facies relations shown in cross-section, 

172 
Mossor6 member 

Canto do Amaro and Redonda fields: es-
tuarine/tidal-flat system, 168-170 

depositional setting, 180 
facies, 164-167, 168, 170-175 
facies analysis, 162-176 
facies relations and reservoir geometry, 

168 
facies relations and sandstone geometry, 

167-168 
facies, reservoirs and stratigraphic 

framework, 161-181 
fluvial intervals, 163 
lithologic correlation, 178 
Mossor6 field: the delta plain system, 

168 
outcrop data, 163 
stratigraphic framework, 176-179 
strike-stratigraphic cross section along 

estuarine/tidal- flat system, 179 
structural and stratigraphic framework, 

161-162 
Mossor6 Reservoirs 

petrographic classification, 197 
photomicrographs (thin-section and 

SEM),198 
porosity, 198, 199 

Mossor6 Sandstone, 161, 164, 167, 180 
conclusions, 199 
cumulative granulometric curves of litho

facies 1, 197 
depositional environment and associated 

sealant rocks shown in block dia
gram, 193 

diagenesis, 199 
diagenesis and reservoir quality, 195-197 
distribution, thickness, and locations of 

cored wells, 186 
environmental interpretation, 185-193 
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facies, 168, 169 
facies relations and reservoir geometry, 

168, 175-176 
geometry, 193-194 
inlet-channel reservoir vertical and lat

eral distribution shown in fence dia
gram, 196 

isolithic maps, 167, 168, 177 
isopach maps, 167, 168, 172 
isopach map showing advancing paleo

shoreline, 194 
lithofacies, 193, 194, 199 
lithofacies and environmental interpreta

tion, 187 
lithofacies clastic constituents, authi

genic constituents, micropores and 
macropores, 197 

lithofacies photographs, 192 
lithologic correlation, 179 
macroscopic characterization of the lith

ofacies, 183-185 
permeability, 196, 199 
petrophysical characterization of the res-

ervoirs, 197-199 
porosity, 168, 196, 199 
reservoir petrology, 194 
thickness variation, 192 
tidal inlet-channel reservoir, 183-199 
trap, 183 
trends in cores, 173 
vertical stacked inlet channels that be

have as a single reservoir, 193-194 
vertical stacking of inlet sequences, 194 

Mount Currie Conglomerate, 46 
Mt. Harris Basalt, 41 
Mud-chip breccias, 48, 49 
Mud clasts, 62 
Mud couplets, 94, 183, 185 
Mud cracks, 184-185 

7-CAM-79-RN well, 188 
Mud drapes, 94, 95, 146, 147 
Muddy Sandstone, 94 
Mud flasers, Apodi outcrop, 164 
Mud laminae, 94 
Mudstone with thin sandstones, Deep Ma-

rine Sandstone, 235, 238, 239, 249 
Mule Springs Field, 139 
Muscovite, Mossor6 Reservoirs, 198 
Musgrave Block, 40 
Musgrave Complex, 40 
Mudstone, Wilmington Field, 271 
Mudstone/shale, 7-CAM-79-RN well, 

188 

Namatjira Formation (Fm), 51 
Namatjira lowstand systems tract (LST), 

41 

Nannofossils, 21 
calcareous, 23 

Neocomian/ Aptian stage, 161 
Neogene hiatuses, 268 
Neonile, 104 
Neritic microfaunas, 15, 17 
Newport-Inglewood Fault, 231-232, 233, 

245 
Newport-Inglewood fault zone, 264-

266 
Nile Cone, 101-104 
Nile Delta, 102 

geomorphologic configuration, 104 
Nile Escarpment, 76 
Nile Fan, 76 

bathymetric map of the eastern Mediter
ranean, 102 

climatic oscillations and sedimentologi-
cal variations, 108-109 

cone configuration, 104 
controls and sedimentation, 104 
deposit formation, 101 
distributaries, 104 
facies distribution, 109-111 
fluviatile system, 103 
and geological setting, 101-107 
geomorphology, 106-107, 111 
lithofacies charts showing average sedi-

mentation rate during past 60,000 
years, 110 

physiographic regions, 102 
sea level and climate, 101-104 
sedimentary distribution, 107-108 
sedimentation rate, 101 
sedimentologic and geomorphologic 

provinces of, 101-111 
sedimentologic patterns, 107-111 
sedimentology, 111 
seismic profiles, 102 
seismic profile showing contrasting struc

tural patterns between eastern and 
western provinces, 105 

seismic reflection profile, 103, 107 
seismic reflection profile showing a col

lapse structure in the eastern fan 
province, 106 

tectonics, 104-106 
tectonophysical constraint, 104 

Nile River, 104 
1933 Drum Inlet, linear dimensions of tidal 

inlet-fill sequences, 84 
Nitzchia reinholdi zone, 268 
Nondeposition, 120 
Nordheim Field, 137-138, 139 
North Carolina, 77 

active tidal inlet 070, 96 
historical evolution of the central North 

Carolina coast, 81 

303 

tidal inlets, 81, 82, 89 
tidal inlets along barrier islands forming 

the Cape Lookout cuspate foreland, 
79 

North Swash Inlet (N.C.), linear dimen
sions of tidal inlet fill sequences, 84 

Northwestern faulting trend, 105 
North Zack Creek (N.C.), linear dimen

sions of tidal inlet-fill sequences, 84 

Ocracoke Inlet, 82 
stability, 81 

Offshore bars, 6-7, 13 
and transgressive systems tracts, 14 

Offshore shelf sands, 61 
Oil field 

Mereenie Field, 45 
production per systems tract, relative 

amounts, 34 
within a slope-fan systems tract, 35 

Oil-field reservoirs, subdivision based on 
rock character, 114 

Oil migration, Lockhart Crossing Reser
voir, 132-133 

Old Drum Inlet (N.C.), geometries and fa-
cies relations, 83 

Olympic Formation (Fm), 41 
"0" Marker, 18 
Onlap, 23 

correlation of Pacoota Sandstone Units 
from Palm Valley Field to Mereenie 
Field, 59, 60 

Onlap curves, 41 
Ooraminna anticline, evaporite high ampli

tude, 44 
Ooraminna sub-basin, 40, 45, 46 

facies analysis, 47, 48, 49 
idealized north-south cross sections, 47 

Ophiomorpha, 94,147,148,157,168 
Canto do Amaro field burrows, 175 
Mossor6 Sandstone, 184, 186, 191 
parasequence set 12, 72 
Redonda Field, 171-172 
RE-8-RN well, 174 

Orange Gas Field, 71 
Ordovician Horn Valley Siltstone, 45 
Ordovician Pacoota Sandstone, 45 
Ordovician sediments, 43 
Oregon, Cape Sebastian Sandstone, 16 
Organic debris, Mossor6 Sandstone litho-

facies content, 197 
Orogen, 10 
Orogenic belt, 17 
Ostracods, 176 
Ostracod Zone, 15 
Ouachita Mountains, 136 
Ouachitas, 137 
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Outcrop Field, 176 
Oval Syncline, 72 
Overbank deposits, 163, 166, 176 
Overbank facies, 23, 27-28, 32 

seismic, well-log, and lithologic charac-
teristics, 26 

Oversteepening, 24 
Overturned crosslamination, 62 
Overwash, Johnson Creek (N.C.), 86 
Overwash (OW) sands, horizontally lami-

nated Core Banks inlet-fill se
quence,87 

Oxbow-lake deposition, 167 
Oyster molds, Mossor6 Sandstone, 184 
Oyster shells, 7-CAM-79-RN well, 188 

PI-31O sand, Mereenie Field, 72 
P2-110 sand, Mereenie Field, 70 
Pacoota Sandstone, 41, 43, 45-46, 55-72 

age and stratigraphy, 58 
comparison of stratigraphic subdivisions 

based on published Mereenie Field 
usage,61 

distribution and isopachs of para
sequence sets 3 to 13,63 

east-to-west cross section from Tempe 
Vale #1 to Palm Valley #5, 71 

east-to-west gamma-ray and sonic-log 
cross section from Tempe Vale #1 to 
West Waterhouse #1,70 

parasequence set 3, 62-64 
parasequence set 4, 64-65 
parasequence set 5, 64-65 
parasequence set 6, 64, 65-66 
parasequence set 7, 64, 66 
parasequence set 8, 62, 64, 66-69 
parasequence set 9,66-69 
parasequence set 10, 69-71 
parasequence set 11, 69-71 
parasequence set 12, 71-72 
parasequence set 13,71,72 
permeability, 67-68 
porosity, 64, 65, 67-68, 70-73 
porosity distribution in the P units, 62 
reservoir characterization, 58-62 
sonic log-gamma ray log correlation of 

parasequence sets 8 to 9 eastward, 
67 

subdivision of, 58 
vs. Arumbera Sandstone, 73 

Pacoota Sandstone Units, correlated from 
Palm Valley Field to Mereenie 
Field, 59, 60 

Paleobathymetries, 268 
Paleocene Banquereau Formation (Fm), 

17 
Paleocene epoch, 136 

Paleocurrent analysis, 185 
azimuth frequency plots, 185 
7-CAM-30-RN well, 190 

Paleocurrents, deep, 140 
Paleogene growth-fault trend, 137 
Paleogene period, 136 
Paleomagnetic time scale, 268 
Paleo nile, 103 
Paleosoil development, 184-185 
Paleotopography, 83, 85, 88 
Paleovalleys, 120 
Paleozoic era, 44 
Palm Valley Field, 45,58,64,68-70 

correlation of Pacoota Sandstone Units 
to Mereenie Field, 59, 60 

distribution and isopachs of para-
sequence sets, 63 

fracture porosity reservoir, 62 
parasequence set 8, 66 
parasequence set 12,71 
parasequence set 13, 72 
silicification, 72 

Palm Valley wells, 64 
Palos Verdes area, 232 
Palos Verdes fault, 265 
Palynological analysis, 190 

Mossor6 Sandstone, 186 
Parasequences, 1 

definition, 8 
examples in marine sediments, 8 
relative highstand systems tracts, 17 
stacking patterns, 9 
transgressive systems tracts, 13, 15, 16 

Parasequence sets, 1 
coarsening-upward, 18 
definition, 9 
Pacoota Sandstone, 58 
progradational, 17 
transgressive systems tracts, 13, 15, 16 
types of, 9 
Upper Mannville, 16 

Parke SLT, 41 
Pass Abel, 92 
Passive pelagic conditions, 157 
Pass Ronquille, 92 
Pay zone, 33, 34 

basin floor fan, 25 
Peat, 7-CAM-79-RN well, 188 
Pedogenetic concretion, Canto do Amaro 

oil field, 177 
Pedogenic (soil) clay rims, 53 
Pelecypods, 174 

Baixa do Algodiio oil field, 167 
7-BAL-5-RN well, 165 
7-CAM-79-RN well, 188 
Mossor6 Sandstone, 184 
prismatic debris, 176 
Redonda oil field, 172 

Index 

Permian Basin, 114, 208 
Permian Bell Canyon Sandstone Reservoir 

channel fill and isopach analysis, 212 
channels and inferred depositional his

tory (stages), 209-210 
control, 204 
depositional history and performance, 

201-228 
depositional model, 208-209 
geometry of channel complex, 210-

212 
isopach map of the total Ramsey inter

val,207 
lower laminite, 213-214 
paleotopographic highs or erosional rem-

nants, 212-213 
permeability, 206, 208 
porosity, 206, 208 
possible transport paths for lagoonal si

liciclastics to bypass carbonate shelf 
margin, 203 

possible transport paths for lagoonal si
liciclastics to bypass carbonate shelf 
margin, 203 

Ramsey depositional systems, perspec
tive diagram, 208 

Ramsey lA interval, 209, 210, 213, 215-
216,226 

Ramsey 1B deposition, 209, 210, 214-
217 

Ramsey lC interval, 209, 215, 217 
Ramsey 2 interval, 210, 217-219, 224-

226 
Ramsey 2 sandstone, 222 
Ramsey 2 sandstone, isopach map, 220 
sandstone facies, 206-208 
stratigraphic relation of Permian rocks 

of the Delaware Basin, northern 
shelf margin, Texas and New Mex
ico, 202 

tectonic and paleogeographic features, 
202 

type log and core (Ford-Geraldine Unit 
#108),205 

upper laminite, 215-217 
Permian paleo-equator, 208 
Pertatataka Formation (pm), 41, 42, 55 
Petermann Ranges, 40, 41 
Petermann Ranges Orogeny, 44-45, 50, 

51 
Petroleum exploration and development, 

seismic stratigraphy techniques ap
plied,21 

Petroleum fields, distribution and isopachs 
of parasequence sets 3 to 13, 63 

Phase, 21 
Phosphatic pellets, parasequence set 12, 

71 
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Index 

Phosphatic shales, 266 
Phycodes 

parasequence set 12, 72 
parasequence set 13, 72 

Phyllite components, detrital, 131 
Pico Formation (Fm), 266-270, 288 
Pilontary Inlet (N.C.), linear dimension of 

tidal inlet-fill sequences, 84 
Pioneer Formation (Fm), 41 
Pirite, Mossor6 Sandstone lithofacies con

tent, 197 
Plagioclase 

Canto do Amaro Field, 194 
Deep Marine Sandstone, 242 

Plagioclase feldspar, 65, 121 
Plane-parallel stratification or lamination, 

7-CAM-79-RN well, 188 
Planktonic abundance curve, 24 
Planktonic foraminifera, 21, 23 
Planktonic microfossils, 23 
Planolites, 145, 156 
Plant remains, 184, 185 

7-CAM-63-RN well, 173 
in siltstones, 145, 147, 155 
Mossor6 Sandstone, 193 

Plectofrondicularia cali/ornico, 269 
Pleistocene clays, Core Banks inlet-fill se

quence, 87 
Pleistocene drainage systems, 83 
Pleistocene epoch, 77, 105 

Captain Sam's Inlet, 86 
Johnson Creek (N.C.), 86 
Price Inlet, 90, 91 

Pleistocene foreland, 10 
Pleistocene lowstand, 8, 12, 13 
Pleistocene Pasadenan orogeny, 265 
Pleistocene sea-level lowstand, 6 
Pleistocene topography, 83 
Pliocene epoch, 232, 245, 249 

biostratigraphic subdivisions, 233 
Los Angeles basin, 250 
Nile sediments different from present 

patterns, 111 
unconformity, 267 
Wilmington Field, 264, 265 

Pliocene foraminifers, 233 
Pliocene-Pleistocene transition, 103 
Plio-Pleistocene Gulf Coast of offshore 

Louisiana, 23-24 
block diagram illustrating lowstand ba

sin-floor fan systems tract, 25 
block diagram illustrating lowstand pro

grading-wedge systems tract, 29 
block diagram illustrating transgressive 

systems tract, 30 
facies and isochron thickness map of 

part of a lowstand slope-fan sys
tems tract, 33 

lowstand slope-fan systems tract block 
diagram illustrated, 27 

Plio-Pleistocene sedimentary sequence, 
105,107 

Plio-Pleistocene sequence, 1, 107, 111 
Plio-Pleistocene strata, offshore Louisi

ana,21 
Plio-Quaternary sedimentary prism, 104 
Point bar, 207 

deposits, 176 
in a fluvial meandering system, 166 

Pollens, 186, 190 
Polycrystalline quartz, 53, 65 
Polycrystalline quartz grains, 62 
Ponta do Mel carbonate platform, 162 
Ponta do Mel Formation (Fm), 161-162 
Pores, Mossor6 Sandstone lithofacies con-

tent, 197 
Porosity, permeability, and saturation 

(PKS) analysis, 250 
Portsmouth Banks (N.C.), percentage of 

Holocene as inlet fill, 90 
Post-Arumbera Cleland Sandstone, 51 
Post-Wilcox fault, 130 
Potash feldspar, 121 
Potassium, 131 
Potassium feldspar, 65, 126 

Canto do Amaro Field, 194 
carbonate diagenesis, 129 
overgrowths, 128 
parasequence set 8, 68 
parasequence set 12, 72 

Potiguar Basin 
location map, 184 
main features and nearby oil fields, 

162 
Mossor6 member facies, reservoir 

and stratigraphic framework, 161-
181 

Powerline Fault, 265 
Pre-Holocene substrate, 81, 83 
Pre-Messinian marls and limestones, 104 
Preservation, 5 
Preservation potential, 77 
Preserved channel fills, 96 
Price Inlet (S.C.), 80-81 

bar-bypass mechanism of inlet channel 
abandonment, 82 

cross section, 91 
cross section locations, 88 
geometries and facies relationships of 

tide-dominated inlet sand bodies, 88 
inlet-channel migration and abandon

ment, 88 
linear dimensions of tidal inlet-fill se

quences, 84 
photograph of core from tide-dominated 

inlet-fill sequence, 91 
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strike-oriented cross section, 87, 89 
strike-oriented vibracore transects across 

the abandoned inlet channels, 90 
Progradation 

horizontal distance of, 5 
of lowstand shorelines, 7-8 
seaward,7 

Progradational clastic wedges, 113 
Prograding wedge systems tract, 21, 23, 24 
Proterozoic-Cambrian boundary, 46, 50, 

51 
Proterozoic salt, 42 
Protonile, 103-104 
Provident City Field, 137-138, 139 
Puente Formation, 266, 268, 269, 270, 288 

lower Ranger sequence, 282 
Pyrenees (Spain), 178 
Pyrite, 53, 65, 69, 125-126, 131-132 

carbonate diagenesis, 129 
distribution in 17 cores from Lockhart 

Crossing Field, 128 
precipitation in Mossor6 Sandstone, 196 

Pyrite concretion, 7-CAM-79-RN well, 188 
Pyritic shales, 120 

Quandong Conglomerate, 46 
Quartz, 53, 64, 65, 69 

Canto do Amaro Field, 194 
Deep Marine Sandstone, 242, 245 
monocrystalline, 62 
Mossor6 Sandstone lithofacies content, 

197 
parasequence set 8, 68 
parasequence set 9, 68 

Quartzarenite, Mossor6 Reservoirs, 197 
Quartz cementation, 73 
Quartz druse, 66 
Quartz overgrowths, 65-66, 70-71 

carbonate diagenesis, 129 
cementation, 68 
Lockhart Crossing Reservoir, 130 
parasequence set 9,68 
parasequence set 13, 71 

Quaternary period, 135 
Quaternary period climatic and sea-level 

oscillations, 108 
Quatre Bayou Pass, 92 

Radioactivity, in marine shales, 14 
Radiolaria, 233, 268, 269 
Rahmanic CU marine sequence, 178 
Rahmani's prodelta/delta front/lower 

estuarine sand-channel sequence, 
179 

Ramsey lA interval, 209, 215, 226 
isopach map, 215 
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Ramsey lA sandstone interval, 209, 213, 
216 

Ramsey 2 sandstone, 209, 216, 225 
Ramsey depositional systems, 208 
Ramsey fields, hydrocarbons, 220 
Ramsey lower laminated siltstone, isopach 

map, 216 
Ramsey lower laminite, 226 
Ramsey member (MBR), 201 

deposition process, 206 
Ramsey reservoir 

control, 204 
type log and core, 205 

Ramsey sandstone, 206 
Ramsey-Trap contact, 217 
Ramsey upper laminite, 209, 211-213, 

216-219,225-226 
isopach map, 218 

Ranger Zone, 267-268, 270, 281-282 
lithologies, 269-271 
macroscale heterogeneities, 278 
NW -SE detailed stratigraphic cross sec

tion correlating sand and shale inter
vals and subzone horizon picks, 281 

northwest-southeast regional cross sec-
tion, 281 

sequence stratigraphy, 280-281 
turbidite system, 279 

Rapid deltaic progradation, 4 
Ravinement surfaces, 3, 5 
Redonda Field, 162, 170, 179 

depositional setting, 180 
estuarine/tidal-flat system, 168-170 
facies, 171-172 
facies equivalent to that of Canto do 

Amaro Field, 172 
facies relations and reservoir geometry, 

176 
Red Sea, northern, 106 
Reflection geometries, 27 
Reflections, high-amplitude, 29 
Reflectors, 104-105 
Regression, 5 

models of, 6 
with down cutting, 6 

Regression analysis, 258-260 
data summary for stepwise regressions, 

258 
stepwise, using SAS computer software, 

254 
Regression procedure, multiple, for model 

predicting permeability from elec
tric logs, 253 

Regressive depositional sequences, 16 
Reklaw Formation (Fm), 118, 119 
Reklaw/Wilcox contact, 121 
Relative highstand systems tracts, 1,9,11, 

16-17 

Relative lowstand systems tracts, 1,9, 11-
13 

Relative sea level, 5 
Relative sea-level change, 5, 8 
Repeat Formation Test (RFT) net effective 

stress, 251 
Repettian, 268, 270 
Repetto Formation (Fm), 267, 268 
Resedimentation, 104 
Reservoir facies, 1 
Rhodes Basin, 102 
Rhythmites, Baixa do Algodiio Field, 166, 

167 
Rio Grande Embayment, 136, 137 
Rio Grande River, 136 
Ripple drift, 7-CAM-79-RN well, 188 
Ripple drift cross-lamination 

7-BAL-5-RN well, 165 
7-CAM-63-RN well, 173 
Canto do Amaro Field, 175 
9-MO-13-RN well, 168, 169 
Mossor6 Field, 170 
RE-8-RN well, 174 

Ripple marks, 64, 66 
Rip-up clasts, 64, 155 
Rip-up clay clasts, 120 
Rip-up shale clasts, 126 
Rizophora, 190-192 
Rock fragments, Mossor6 Sandstone litho-

facies content, 197 
Rock units, 4 
Rocky Mountains, 136, 137 
Roda Sandstone, 94, 178 
Rodingan unconformity, 65 
Root 

7-CAM-63-RN well, 173 
7-CAM-79-RN well, 188 
Canto do Amaro oil field, 177 
RE-8-RN well, 174 

Root casts, 184-185 
Rosetta distributary, 104, 109 
Rosetta Fan, 101 
Rosita System, 136 
Rotalia garveyensis, 269 
Rotational faults, 17, 19 

Sabine River, 136 
Sabine Uplift, 137 
Sable Island Bank, 12, 13 
Salado Formation (Fm), 202 
Salt marsh (M) sedimentary facies, Price 

Inlet, 91 
Salt ridges, 76 

elongated, 101, 105 
Nile Fan, 107, 109 

Salt tectonics, 44, 76 
Salt walls, 104 

Index 

San Andreas Fault, 263 
Sand Island Inlet, linear dimensions of 

tidal inlet-fill sequences, 84 
Sandstone and thin mudstone, Deep ma

rine Sandstone, 235, 238, 240-243, 
249 

Sandstone facies, Bell Canyon Formation, 
204 

Sandstones, 266 
7-CAM-79-RN well, 188 
stacking up, 18 

Sandy reservoirs, 170 
San Joaquin basin, benthic foraminiferal 

assemblages, 268 
San Marcos Arch, 136, 137, 139 
San Pedro Formation (Fm), 268 
Santa Fe Springs Field, 264 
Sapropelic and oxygenated sedimentation, 

oceanographicconditions for deposi
tion in the Mediterranean region, 
108 

Sapropel sequences, 109 
Sausage Hill, 72 
Scanning electron microscope (SEM) exam

inations, 65 
Scolithids, 69 
Scolithos, 64 

in parasequence set 7, 66 
Scotian Shelf, 12, 13, 15, 17-19 
Scour, 8 
Scour and fill, 62, 64 
Scour contacts, 88 
Seabrook Island (S.C.), percentage of Ho-

locene as inlet fill, 90 
Sea-level rise, rate of, 90, 91 
Seal facies, 35 
Seaward tilting, 265 
Sedimentary succession, idealized, for a 

single stage of rifting and thermal 
subsidence, 43 

Sedimentation 
delta-front, 30 
hemipelagic, 23 
rates of, 3-4 
variations in, 5 

Sedimentation rates, 11, 90 
distribution and thickness of systems 

tracts, 10 
Nile Fan, 101 
Nile Fan lithofacies charts, 110 
parasequences as result of variations, 16 
terrigenous, 23 

Sediment gravity flows, 24, 26, 27, 30 
Sedimentologic provinces of the Nile Fan, 

101-111 
Sediment supply, 81, 83, 88 
Sediment supply factor, 8 
Sediment supply-rate variations, 4 
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Index 

Sediment texture, trends through the litto
ral facies interval, 123 

Seismic attribute analysis, 33 
definition, 21 

Seismic criteria, for identification of sys
tems tracts, 23-24 

Seismic facies, 1-2, 21, 32, 33 
geometry developed along unstable pro

gradational passive continental mar
gins, 23 

Seismic facies analysis, definition, 21 
Seismic facies sequence, 8 
Seismic profile, Nile Fan, 105 
Seismic reflection profile, 103 

Nile Fan, 107 
Nile Fan, collapse structure in eastern 

fan province, 106 
Seismic section, basin-floor fan with a gas 

field developed within, 25 
Seismic stratigraphy, stages, 21 
Semicontinuous to continuous facies, seis

mic, well-log, and lithologic charac
teristics, 26 

Semicontinuous to discontinuous facies, 
seismic, well-log, and lithologic 
characteristics, 26 

Sequence 
geometry developed along unstable pro

gradational passive continental mar
gins, 23 

types of, 8-9 
Sequence analysis 

definition, 21 
Sequence boundary, 24, 26-27, 280, 283, 

285 
Sequence stratigraphic analysis, 21-32 
Sequence stratigraphy, 1,3,4,8 

Amadeus basin Late Proterozoic to Dev
onian sequences, 41 

1700's Drum Inlet (N.C.), linear dimen
sions of tidal inlet-fill sequences, 84 

Seymour sub-basin, 40 
Shackleford Banks (N.C.) 

inlet fill "10, 90 
percentage of Holocene as inlet fill, 90 

Shale, 66 
parasequence set 13,72 
Wilmington Field, 270-271 

Shale clast 
7-BAL-5-RN well, 165 
7-CAM-63-RN well, 173 
Canto do Amaro Field, 175 
9-MO-13-RN well, 169 
parasequence set 12, 71 
RE-8-RN well, 174 

Shale drapes, 171, 172 
Shale facies, Wilmington Field, 271 
Shale-intraclast conglomerate, 171-172 

Shallow marine reservoirs, examples, 11-
17 

Shannon and Jay Creek, 61 
Sharp-based shoreline sandstone, 7 
Sheet sand development, 7 
Shelf bathymetry, 79 
Shelf break, 11 
Shelf margin reservoirs, growth-faulted, 2 
Shelf margin wedge systems tract, 284 
Shelf sand bodies, 13 
Shelf sandstone bodies, 6-7 
Shelly fossils, parasequence set 12, 72 
Sheridan Field, 138, 139 
Shoaling Cycles, correlation of Pacoota 

Sandstone Units from Palm Valley 
Field to Mereenie Field, 59, 60 

Shoreface, Captain Sam's Inlet, 85 
Shoreface regressive path, 6 
Shoreface transgressive path, 6 
Shoreline deposition, 13 
Shoreline facies, 4 
Shoreline-shelfreservoirs, 3-19 

geometries of, 6-8 
Siderite, 125, 126, 132, 133 

carbonate diagenesis, 129 
percent found in littoral facies, 123 

Siderite rhombs, 125 
Sideritic shales, 120 
Sierra Madre Orientals, 137 
Sigmoidal cross-bedded sandstone overly

ing shales with mudcracks, Apodi 
outcrop, 164 

Sigmoidal cross-bedding, 7-CAM-79-RN 
well, 188 

Sigmoid ripples, 156 
Silica, 53, 55, 62, 65, 73 

channel-fill facies, Gulf Coast of Louisi
ana, 131 

overgrowths, 66 
Silica cement, 62, 67 

feldspar content, 131 
Siliciclastic sandstones, 123 
Siliciclastic shelf, 118 
Siliciclastic submarine fan, 202 
Silicification, 70-73 
Siltstone, 66, 143-157 

parasequenceset 13,72 
Wilmington Field, 271 

Silty shale, 148, 155, 156 
Silty-shale seals, 170 
Skolithos, 62 

correlation of Pacoota Sandstone Units 
from Palm Valley Field to Mereenie 
Field, 59, 60 

parasequence set 8,66 
parasequence sets 10 and 11, 69 
parasequence set 12, 72 
parasequence set 13, 72 

Slick Field, 137, 139 
Sligo buildup, 137 

307 

Slope-fan systems tract, 21, 23-24, 29,32 
gas fields, 35 
hemipelagic facies, 28 
oil and gas field, 35 
overbank and chaotic facies, 28 

Slump folds, 48 
Slump scars, 23, 29,30 
Small normal fault, 7-CAM-79-RN well, 

188 
Smectite, 126 

Deep Marine Sandstone, 245 
Smothers Canyon, 138 
Smothers Channel, 137 
Smothers system, 139 
Sorting, using graphic standard deviation 

equation, 251 
South Carolina 

active tidal inlet %, 96 
tidal inlets, 77-79, 81, 89 

Southern Appalachians, 137 
South Hallettsville Field, 138, 139 
South Swash Inlet (N.C.), linear dimen-

sions of tidal inlet-fill sequences, 84 
South Zack Creek (N.C.), linear dimen

sions of tidal inlet-fill sequences, 84 
Spirit River, 14 
Spirit River Formation (Fm), 11 

eustatic effects, 17 
gamma-ray log cross-section, 16 
gamma-ray logs of parasequences, 17 

Spit platform 
Captain Sam's Inlet, 85 
Johnson Creek (N.C.), 86 

Spit-platform (SP) facies, Core Banks inlet-
-fill sequence, 87 

Spit-platform sediments, 95 
Sponge spicules, 268, 269 
Spores, 186, 190 
Stacked reservoir facies, 76 
Stacking patterns, of parasequences, 9 
Stairway sandstone, 41, 61 
Starved basin depositional regime, 106 
State 109 Fault, 265 
Stokes SLT, 41 
Stono Inlet, 80-81, 95 
Storm breaching, 92 
Strabo, 104 
Strike-slip fault, 231, 233 

right-lateral, 232 
Structural-stratigraphic traps, 138 
Structural trapping, gas fields, 137 
Stylolites, 62 
Stylolitization, 64 
Subarkose, Mossor6 Reservoirs, 197 
Sub-basins, 39 
Sublitharenite, Mossor6 Reservoirs, 197 
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Submarine fans, 139-140, 156 
Wilmington Field, 264, 266, 283 
Wilmington Field progradational model, 

286,287,289,291 
Submarine point bar deposition, 207 
Subsidence (Sub), 3, 5 

distribution and thickness of systems 
tracts, 10 

tectonic, 4 
Suburban fan, 157 
Sullivan-Screwbean channel, 213-215, 

217-218,226-227 
Ramsey 2 sandstone interval, 220 

Sullivan-Screwbean field complex, channel 
geometry, 210-212 

Suspensites, 109 
Swash bars, 83, 87 
Swash Inlet (N.C.), geometries and facies 

relations, 83 
Swash platform (ebb-delta), in representa

tive examples of tidal-inlet fills, 88 
Swash platform/Upper shoreface VF-F 

sand, Capers Inlet, 90 
Symmetrical-ripple laminae, 156 
Syndepositional faulting, 120 
Syndepositional growth faulting, 118 
Syndepositional rip-up clasts, 124-125 
Synsedimentary slumping, 143 
Synthetic growth faults, 118 
Systems-tract methodology, 58-59 
Systems tracts, 21 

basin-floor fan, 25, 26, 33-35 
biostratigraphic criteria for identifica

tion of, 23 
definition, 21 
geometry developed along unstable pro

gradational passive continental mar
gins, 23 

highstand, 26, 31-32, 36, 280, 284 
highstand, Lower Ranger, 283, 286 
lowstand, 280, 284 
lowstand prograding wedge, 26, 29-30, 

35,36 
lowstand slope-fan, 25-29, 33 
lowstand wedge, Ranger Zone, 286 
major types, 9 
mapping, 32 
production in gas and oil fields, relative 

amounts illustrated in a histogram, 
34 

relation with well-log profiles and abun-
dance peaks, 24 

relative highstand, 11, 16-17 
relative lowstand, 11-13 
seismic criteria for identification of, 23-

24 
shelf margin wedge, 284 
slope-fan, 28, 29, 32, 35 

transgressive, 10-11, 13-16,26,30-31, 
35-36 

transgressive, Wilmington Field, 280, 
284 

variations in proportions of, 9-10 
well-log criteria for identification of, 23-

24 

Tabular cross-bedding, 156, 157 
7-CAM-79-RN well, 188 

Tabular-tangential cross-bedded sand
stone, Mossor6 Field, 170 

Tectonics, 105 
Nile Fan, 104-106 

Tectonic stress, 62 
Tectonic tilting, 283 
Tectonic uplift, 4 
Teichichnus, 145, 148 
Tempe Formation (Fm), 41, 45-46 
Temple Avenue fault, 281, 282 
Terebellina, 143-145, 148, 156, 157 
Tertiary Banquereau Formation (Fm), 19 
Tertiary period, 128, 135 
Tethyan passive continental margin, 106 
Texas Gulf Coast, 76 

shelf sandstones of the Deep Wilcox 
Trend, 135-157 

stratigraphic chart for the Paleocene 
through early Eocene, 136 

Thalassiosira oestrupil zone, 268 
Thalweg, 178-179,213,218 

Ramsey subunit of Ford-Geraldine 
Field,207 

sinuous, 214 
successive filling of, 87 

Thermobaric regime, 123-124 
Thick-bedded sand facies 

frequency distribution of true strati
graphic thickness, 271 

permeability values, 276 
Wilmington Field, 271, 272-275 

Thickness of sediment deposited (Sed), 3 
Thickness-to-width ratios, 96 
Thief zones, 231 
Thin-bedded sand facies 

frequency distribution of true strati-
graphic thickness, 271 

Thin-section petrographic analysis, 65 
Threshold significance level, 254 
Thrust faults, 44 
Thrust sheets, 39, 44 
THUMS-Huntington Beach fault, 264-265 
Tidal basin reservoirs, preservation style, 

90-91 
Tidal bundles, 94, 95 
Tidal creek, Mossor6 Sandstone, 193 
Tidal-flat deposit, 190 

Tidal-flat shales/dolomitic marls/ ce
mented sandstones, 163 

Tidal-inlet fill geometries 

Index 

representative examples showing the ge
ometries and facies relations, 83 

wave-dominated, 83-87 
Tidal-inlet fill preservation, 93 
Tidal inlet-fill sequences, 95 
Tidal inlet-fill sequences (N.C. and S.C.), 

linear dimensions, 84 
Tidal-inlet migration, Johnson Creek, 87 
Tidal inlet reservoirs, 77-97 

ancient analogs, 94-95 
controls on tidal inlet stratigraphy, 81-

83 
ebb-tidal delta deposits, 95 
ebb-tidal deltas, 88 
flood-tidal deltas, 88, 95 
inlet morphology and processes, 79-81 
physical and depositional setting, 77-79 
porosity of deposits, 96 
preservation potential: example from 

the Louisiana Continental Shelf, 
91-94 

sandstone distribution and reservoir po
tential,95 

subsurface variability and facies rela-
tions, 88-90 

summary and conclusions, 95-97 
tidal-inlet fill geometries, 83-88 
tide-dominated, 89 
wave-dominated, 88, 89, 92 

Tidal inlets, 77 
active and relict, wave-dominated, along 

barrier islands forming the Cape 
Lookout cuspate foreland, 79 

basement-controlled, 89 
ebb-tidal deltas, 82, 83 
flood-tidal delta, Johnson Creek, 86 
formation and distribution, 83 
high wave energy relation, 80 
mechanism of wave-dominated inlet 

channel closure from longshore sedi
ment transport, 81 

thickness-to-width ratios, 85 
tide-dominated, 79, 82 
tide-dominated inlet geomorphology and 

associated depositional environ
ments, 80 

wave-dominated inlet geomorphology 
and associated depositional environ
ments, 80 

width-to-thickness ratios, 85 
Tidal inlet sequences 

composite strike- and dip-oriented chan
nel geometries for wave- and tide
dominated inlets, 92 

tide-dominated,87-88 
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Index 

Tidal-inlet stratigraphy, 77 
Tidally reworked sandy bars, coring, 181 
Tidal prism, 77, 85 
Tidal range, 77 
Tide-dominated inlet sequences, potential 

reservoir quality and gamma-log sig
natures, 97 

Time-lag effect, 11 
clastic wedges, 10-11 

Titanomagnetite, martitization in Mossor6 
Sandstone, 195 

Todd River Dolomite, 41, 47-49, 51 
T. oestrupii zone, 269 
Topanga Formation, 266 
Toplap, 23 
Torrance-Wilmington structural trend, 

265 
Total Organic Carbon (TOC), analyses of 

shale-bed samples, Wilmington 
Field,271 

Tourmaline, 65, 68 
Mossor6 Sandstone lithofacies content, 

197 
Township 73, 17 
Transcurrent fault zones, 264 
Transform permeability, 258, 259-260 
Transgression, 5, 11 

models of, 6 
with downcutting, 6 

Transgressive barriers, 7 
Transgressively reworked deltas, 13 
Transgressive megasequence, 183 
Transgressive systems tracts, 10-11, 13-16, 

23-24, 35-36 
Arumbera Sandstone, 73 
base characteristics, 31 
block diagram illustration of one as de-

veloped in offshore Louisiana, 30 
maximum flooding surfaces, 23 
parasequence sets 10 and 11, 69 
reservoir sands, 61 
seismic facies and their seismic, well-log, 

and lithologic characteristics, 26 
seismic section, 31 
Wilmington Field, 280, 284 

Transgressive tidal-current ridges, 13 
Trap laminite, 225 
Trap siltstone, 204-206, 209-210, 214, 

216-219 
laminated, isopach map, 222 
laminite, 218 

Tremadoc, 58 
Tiassic Halfway Formation (Fm), 86-87 
Trilobites, 58, 66 

parasequence set 11, 69 
Triorites ajricaensis, 186, 190 
Triple Avenue Fault, 265 
Trough and planar cross-beds, 66 

Trough cross-bedding, 64, 156, 157 
7-BAL-5-RN well, 165 
7-CAM-63-RN well, 173 
7-CAM-79-RN well, 188 

Trough, tabular cross-bedding 
9-MO-13-RN well, 168, 169 
RE-8-RN well, 174 

Truncation surfaces, 3 
Turbid flows, 109 
Turbidite bed thickness, 276 
Turbidite deposition, various stages of cy

cle, Eocene Hecho Group (Spain), 
288 

Turbidites, 155,233 
Deep Marine Sandstone, 238, 240, 242, 

243 
identification in Nile Fan, 109 
Permian Bell Canyon Sandstone reser

voir, 207 
sedimentation, Wilmington Field, 266-

267 
Turbidite sequences, 156 
Turbidite systems 

Ranger Zone of Long Beach Unit, 279 
Wilmington Field, 283 
Wilmington Field model of three types, 

286-289,291 
Turbidite Tabc sequence, 148 
Tubiditic sediment flow, 105 
Turbiditic sediments, 106 
Turbiditic sequences, lithology shown in 

lithofacies charts of the Nile Fan, 
110 

Turbidity currents, 156-157,206-207,242, 
249,258 

Turonian/Santonian stage, 161 
T(a)bc sequences, 155 
Twofreds Field, 225 
Type 1 sequence boundary, 6 

Ubarana Canyon (UC), 162 
Unconformities, 3, 5-6, 280 

Messinian surface, 105 
Pliocene epoch, 267 
Ranger Zone, 283 
sub-Cretaceous, 11 

Unconformity bounded seismic sequence, 
8 

Unconformity-bounded sequence, 4, 9 
major types of systems tracts, 9 

Unimodal cross-strata, 62 
Unitization, Ford-Geraldine Field, 219 
Updip fining-upward sequences, 30 
Updip parallel facies, 29 

seismic, well-log, and lithologic charac
teristics, 26 

Updip pinchouts, 33, 34 

309 

Upper A~u Formation (Fm), stratigraphic 
section across the cored wells, 195 

Upper Cretaceous, 178 
Upper Cretaceous A~u Formation (Fm), 

183 
Upper-flow-regime currents, 156 
Upper Goyder Formation (Fm), 41 
Upper Guadalupian Ramsey sands, 202 
Upper Inindia Beds, 41 
Upper Mannville, 11, 14, 16 

gamma-ray log cross-section, 16 
Upper Miocene, regional paleography in 

Los Angeles Basin, 267 
Upper Missisauga Formation (Fm), 18 
Upper non-marine regressive path, 6 
Upper nonmarine transgressive path, 6 
Upper Pacoota Sandstone, 61 
Upper Pico Formation (Fm), 268 
Upper Shannon, 41 
Upper Wilcox subgroup rock unit, 136 
U-shaped burrows, 62, 72 
Uvigerina hispida, 269 
Uvigerina hootsi, 269 
Uvigerina peregrina S.L., 269 

Valentine Field, 138, 139 
Variables, major external, 3-4 
Ventura Basin, 264 
Vertical burrows, 72 
Vibracore CR-IO, 94 

close-up photographs of tidal-inlet fill 
deposits, 95 

Vibracore hole locations, 92, 93 
Vickers East Pool, production and recov

ery, 231 
Vickers reservoir zone, 258 
Vickers zone, 231 

lithology and lithofacies, 233, 234, 238 
Victoria County, 139, 140 
Viking Formation (Fm), 13 

Wallaby structure, 55 
Warendian stage, 58 
Washover, Price Inlet, 90 
Waterflood 

five planned stages, Ford-Geraldine 
Field, 222-225 

Vickers East Pool, 231 
Waterhouse anticline, evaporite high am

plitude,44 
Water-scape structure, 7-CAM-79-RN 

well, 188 
Watsons Range, 62 
Wave- and tide-dominated mixed-energy 

coasts, 90 
Wave-current laminae, 156 
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Wave-dominated inlet sequences, potential 
reservoir quality and gamma-log sig
natures, 97 

Wave-laminated beds, 156 
Wave regime, 77 
Wave ripples, 156 
Wave truncated ripple, 7-CAM-79-RN 

well, 188 
Wavy bedding, 143, 146, 157 
Weigang Field, 137, 139 
Well log, 9, 11 
Well-log criteria, for identification of sys

tems tracts, 23-24 
Well-log profiles, relation with systems 

tracts and abundance peaks, 24 
Wentworth scale, 251 
West Cameron, 21 
Western Fan Province, 102 
Western Interior of North America, 178 
Whalebone Inlet (N.C.), linear dimensions 

of tidal inlet-fill sequences, 84 
White quartzites, correlation of Pacoota 

Sandstone Units from Palm Valley 
Field to Mereenie Field, 59, 60 

Wilcox Formation (Fm), 131 
isopach map of the interval between the 

top, and the base of the second Wil
cox sandstone, 126 

Wilcox Group, 118, 135 
regional and local source-area transport 

paths, 137 
Wilcox Group rock unit, 136 
Wilcox growth faults, 137 
Wilcox growth-fault trend, 136 
Wilcox Lavaca Channel, 137 
Wilcox outcrop in Texas, 136 
Wilcox "Rockdale System," 136 
Wilcox rocks, 113 
Wilcox sandstones, 117 
Wilcox Yoakum Channel, 137 
Wilcox Yoakum Field, 138 
Wilmington Fault, 265 
Wilmington Field, 115 

biostratigraphy, 268-269 
depositional systems tracts and Ranger 

sequences, 284 
flow units, 277-278, 290 
frequency distributions of stressed and 

unstressed core plug porosity and 
permeability measurements, 277 

geologic heterogeneity scales, 263-
291 

grain-size, 271 
grain size, facies, and reservoir quality, 

276-277 
idealized depositional sequence model 

showing relative position of Long 
Beach Unit with shelf-to-basin pro
file, 284 

isopachs of three stratigraphic intervals, 
282 

lithofacies, 271 
Long Beach Unit statistical summary of 

grain-size distribution, 276 
Los Angeles Basin oil fields, 264 
lowstand wedge deposits, 283-286 
macroscale heterogeneities, 278-279, 

290 
megascale heterogeneities, 279-280, 289-

291 
megascale heterogeneities, comparison 

of models and implications, 288-
290 

mesoscale heterogeneities, 277, 279, 289, 
290 

microscale and mesoscale heterogenei
ties, 269-278 

microscale heterogeneities, 277, 289, 
290 

NW -SE detailed straigraphic cross sec
tion of various sand and shale inter
vals and subzone horizon picks, up
per Ranger Zone, 281 

NW -SE regional cross section of Ranger 
Zone, 281 

outlines of selected modern and ancient 
submarine fans and turbidite sys
terns, 283 

permeability, 271-278, 289, 290 
porosity, 271-278, 290 
production and recovery, 263 
progradational submarine fan model, 

286,287,289,291 
regional geology, 263-267 
regional paleogeography in Los Angeles 

Basin during upper Miocene time, 
267 

regional stratigraphic cross section, 266 
reservoir quality, 277 
sequence stratigraphic model, 280-286, 

289,291 
shale facies, 290 
shale facies, flow unit, 277 
stratigraphic/geologic history, 266-267 

Index 

stratigraphic intervals, zones, and sub-
zones in Long Beach Unit, 268 

stratigraphy, 263-267 
structural history, 263, 264-266 
structure and major faults, 265 
thick-bedded sand facies, 279, 280, 289, 

290 
thick-bedded sand facies, flow unit, 277 
thick-bedded sand facies, frequency dis

tributions of stressed porosity and 
permeability, 278 

thin-bedded sand facies, 279, 280, 289, 
290 

thin-bedded sand facies, flow unit, 277 
thin-bedded sand facies, frequency distri

butions of stressed porosity and per
meability, 278 

turbidite systems (3 types) model, 286-
288,289,291 

unitized formations and subzones, 267-
268 

Woody debris, 233 
Wrench faulting, 44-45 
Wrench folding, 265 
Wyandot chalk, 17 
Wyandot Formation (Fm), 19 
Wyoming foreland, foreland-basin se-

quence model, 11 

XRD analysis, 68 

Yang and Nio's ebb-tide delta sequence, 
179 

Yegua barrier/strandplain system, 76 
Yoakum Channel, 137, 138, 139 

deep, downdip Wilcox wells, location 
of, 140 

Yoakum Field, 138, 139 
Ypresian, 15 
Yucatan platform, 135 

Zeolite, Deep Marine Sandstone, 245 
Zero isopach, 220 
Zero isopach line, 218 
Zircon, Mossor6 Sandstone lithofacies con-

tent, 197 
Zones of erosion, 4-5 
Zones of preservation, 4-5 
Zoophycos, 145 
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