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ABSTRACT

An integrated workflow including analysis of seismic, core, weli and
biostratigraphic data was developed and conducted to both constructalalereli
geologic model and characterize a Pliocene gas reservoir ewéches the Cantarell

field in the Campeche Sound, southern Gulf of Mexico.

In 2003, the offshore exploratory Utan #1 well was drilled to ingate the
gas potential of the Pliocene sequence. The well provided successtits rfrom
facies characterized by thin mixed siliciclastic-carbenbeds contained within a

faulted rollover anticline.

Campeche Sound is the most prolific Mexican oil producing province where
the best fields are Mesozoic-Paleocene carbonates in stiuctps Therefore, little
exploration has been focused on the overlying late Tertiary and silarielastic
section, representing a gap in the knowledge of this part obdksa where new
expectations arise for non-associated gas entrapments iditeotraly oil-producing

province.

Based upon development of a sequence stratigraphic framework, playew
analysis is developed where the reservoirs are identifieeti@gyradational shoreface
parasequences sitting atop third-order sequence boundaries. Basia\amted
seismic attributes contribute to the stratigraphic interpogtaind gas detection.

Seismic inversion for reflectivity allowed better identificat of key stratigraphic

XVili



surfaces. Modeled Type-l AVO and a dimmed spectral decompositsporse
following structural contours provide reliability to gas discrinima and reservoir
delineation. The seismic attributes will require additional supjmotie valuable as

reservoir quality predictors.

Because biogenic methane and thin sheet reservoirs define théurdck
system, development may be uneconomic. However, the trapped gas could be

reinjected at deeper depths to improve recovery efficiency of oil in ther€fitdd.

The knowledge gained from this research is an important contribiatitime
petroleum geology of Mexico and the Gulf of Mexico basin. It cardithe petroleum
system for this Pliocene play, proposes a new play concept and gravedbasis for

further research in the study area.

Future work is recommended to extend the regional geological ngapping
the integrated methodology and play analysis developed from thestdigsn. New
well and seismic data focused on Neogene levels should also beedbtaiimprove
the knowledge and assure expectations for future exploration and development
strategies in these and other subtle stratigraphic gas tfapisis traditional olil

province.
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Chapter 1

INTRODUCTION

Natural gas is playing an important role in the energy indastdyis widely
expected to be the fastest growing primary energy source waltthe over the next 20
years. Particularly, in the Mexican industry the demand has ineecasing as new
combined cycle power plants are built and existing power plantsareerted to
natural gas. Mexico’s government expects the natural gas denilhdduhble over the
next ten years, and that half of this gas will be used tergém electricity. While the
country is still a net gas importer, most gas production in Mdgiessociated and is
decreasing dramatically. The additional resource has to cameldoosting internal
gas production, discovering new non-associated gas provinces, or by dayelopt

conventional reservoirs.

Main non-associated gas provinces of Mexico include the onshore Burgos,
Veracruz and Macuspana basins. Beyond onshore prospecting sioCgmpeche
Sound, which is the most prolific oil producing province of Mexico, hasntéc
shown new opportunities for gas in this typical oil province.

Campeche Sound is a Mesozoic offshore province in the Gulf of Mexito tha
belongs to the petroleum Southeast Basins (Cuencas del Sufebtexico (figure
1.1). Fractured Mesozoic-Paleocene carbonate rocks and structurébtnapise main

oil reservoirs in Campeche Sound including Abkatun Field, Ku-Maloob-Zaap



Complex, and the super giant Cantarell Field, the latter of whah produced
approximately 7000 million barrels of oil during almost 20 years oflpection and
development.

On the other hand, little exploration has been focused on the ldiaryie
section of Campeche Sound, representing a gap in the knowledge pérthed the
basin. The lack of a comprehensive understanding of these units can be attributed to:
0 Most of the wells have been drilled for Mesozoic-Paleocenettarcgusing a lack

of well log and core information for the late Tertiary.

0 Seismic data which have been acquired and processed for deepéuratruc
objectives have limited use for interpreting these shallower andtlymos
stratigraphic targets.

o The first wells drilled to test the gas potential of Teytiaargets were not
successful, being either non-producers or commercially non-producergveiow
some wells drilled for deeper targets reported importarttafgrgas shows in the

Campeche Sound.

Dissertation problem statement

As a result of recent Mexican gas exploration strategiekafe Tertiary targets
in Campeche Sound, the exploratory Utan-1 well, located 67km offshore
northwestward of Ciudad del Carmen, Campeche State (figurewla®)drilled in
2003. It provided successful results in a Pliocene mixed sdgticlcarbonate section
overlying Cantarell field. The well provided new expectationsnfam-associated gas

developments in this traditionally oil producing province.



Geologically, Utan field is located in a minibasin formed bgpwgh and
antithetic faulting. The field has two reservoirs comprised of Blincene mixed
sandstone-carbonate sediments. The trap mechanism is a rollovee cgsinst a
single major fault (figure 1.3). A depositional model, including an utaledsg of
spatial and temporal variations as well as controls on thesel m@qiences, had not
yet been well stated at the beginning of this dissertatid200b. At that time they
were interpreted as deep water depositional environments (Pemternal reports).
This confusion, coupled with the sparse biostratigraphic and weltldtgy at these
Pliocene intervals, and the lack of seismostratigraphic studeshea basis for some
of the problems. The new proposed model, based on Bahamon (2006) and Mendez et
al. (2006), supports shallower depositional environments.

The study of mixed sequences has a variety of distinctive getnoteservoir
characteristics for both exploration and development programs. Tinetedd
paleogeographic settings and records of sea level, tectohiostec and sediment
supply, which have received less attention than carbonate or s#ii@dad members.
Thus, conventional reservoir quality analysis, characterization alkeal®on are
difficult in this mixed setting. Even, the use of seismic attabutleveloped for
siliciclastic sequences are not fully applicable for thin geaserwirs in mixed
sequences.

On the other hand, drilling activities and infrastructure to develbeld are
expensive in offshore areas. Consequently, a promising showdafdaybons should
not be considered an outstanding discovery until some ideas of the galofogazl,

as well as the size of the field and its potential productivity are obtained.



In consequence, new concepts and thinking that have not been preusesly
in the study area have to be employed to understand the geolaggoadl of the
Pliocene in Campeche Sound, and an integrated and quantitative methdusdogy
be developed to provide an understanding of the geological model andtgiasitibn
in the mixed section of Utan field, opening an unexplored limesdarch in the study
area. This is the framework of this dissertation.

Based on the above statements, the purpose of this dissertatialevekop an
integrated and quantitative analysis of the Pliocene mixedictlstic-carbonate
section at Utan field to provide a geological understanding andotbaration of the
spatial distribution of the reservoir properties and gas distributitnn a sequence
stratigraphic framework. In addition, an integrated and quantitgppeach has to be
developed to test the applicability of advanced and conventional se#inicites to
reduce the uncertainty in both constructing a realistic reservamdemand
understanding the spatial distribution of reservoir rock properti#ss kind of mixed
sequence. A key implication of this research is to develop a stacitarakcterization
methodology to recommend feasible solutions if analogous projectsdegtaken in

the future.

Approach/methods

To accomplish the objective of this dissertation, seismic, coed, lag and
biostratigraphic data were integrated to establish in the studg a sequence
stratigraphic framework. Sequence stratigraphy combines wedls | with

biostratigraphy and seismic patterns to understand the relatioashipgy rock layers,



their seismic expression and depositional environments for a moueage prediction
of reservoir settings, source rocks and seals. This framewankostly needed to
decipher relationships in terms of relative age and depositiongéihgsefor
litostratigraphic units when it is needed to predict the positionamdlogous
stratigraphic traps in different parts of the basin.

Additionally, sequence stratigraphy provides the framework needed talgrope
interpret seismic attributes in terms of stratigraphiclysis reservoir property
distribution and hydrocarbon anomalies in the study area. Moderrsasnafyseismic
attributes plays a key role in reservoir characterizatiomdgbining amplitude and
frequency properties of a seismic signal to estimate hatic &nd dynamic reservoir
properties in a three-dimensional scheme. The accuracy of predathegervoir
property from seismic data improves when those attributes thastatistically
different, but present a significant correlation to certain physmoperties, are
properly combined for the interpretation.

Unfortunately, most of the seismic attributes developed by the tigydase
based on amplitudes and only applicable to siliciclastic sequendbs mwore
predictable depositional behaviors than carbonate settings. Methodokgid as
Spectral Decomposition, Seismic Inversion for Reflectivity, andpiode versus
Offset analysis were evaluated in this study in order tmat@ how much they can
enhance some stratigraphic features, or how sensitive they can be to qoakitggre
fluid properties in this mixed setting.

Some other considerations and additional potential benefits are phatad

same Chapter as “Implications of this research”.



Location of the study area and available data

The study area covered in this dissertation is defined byirtties lof seismic
and well data provided by PEP (PEMEX E&P), the Mexican government oil cggnpan
and encompasses an area of approximately 300 $mrounding Utan field in the
Cantarell area of the Campeche Sound (figure 1.4).

Seismic data provided for this research involved 3D seismic P3irbt (
stacked time migrated) CDP gathers and stacked data frodcesn Bottom Cable

survey acquired and processed in 1996-1997.

Cantarell is a giant operating field, thus providing a huge acaitionlof log
and core data for dozens of drilled wells in this province. Unfortunatebst of the
wells have been drilled for Mesozoic-Paleocene targets, cpadack of enough well
log, core and biostratigraphic information for the late Tertianyt @ these dozens of
wells available, over 45 wells were screened under theiarivé having a suitable
suite of well logs for correlation and application of sequenegigtaphic concepts, as
well as biostratigraphic analysis, core and engineering ddtar the screening
process, only a smaller group of wells met the requirements needa@ate the

stratigraphic framework and perform the seismic analysis for thesreh:

e 7 Wells with partial or full well log information at reservéavels (including the

discovery well): C-3068, Utan;T-283, C-2295, C-2275A , C-219, C-429/418D

e 3 wells with biostratigraphic data (including the discovery well)



e 1 well with core data (the discovery well) and 7 wells witine data from outside

the study area
e Engineering data for available wells (two wells with pressure)testan 1, C-283

e 4 wells used for multimineral analyses, fluid substitution andhsyiat seismic

modeling: UTAN-1, C-3068, C-429 y C-468.

Additional data for use in this study included formation tops, as a=ll
petrophysical analyses and Pemex confidential internal reporteeseTdata were

reviewed and integrated into the various analyses.

The discovery well was the main control well because it cordaiae
comprehensive geological data set including paleontology reports, tueesl

intervals, petrographic studies, cuttings descriptions and engineering reports

Details of the database used in this work are provided in the fatjowi

Chapters of this research.

Methodology

Figure 1.5 shows a workflow developed to accomplish the objectives seldres
for this dissertation. The workflow relies on a combination of sequstratigraphic
interpretation from well and seismic data, coupled with struigtbiastratigraphic,
petrophysical, and geochemical analyses. The workflow includeg gjaglogical and

geophysical activities undertaken in a synergistic approach aepgrate tracks



followed by merging of the sequence stratigraphic framework aisthg analysis to

develop the G&G integrated interpretation.

As a first step, seismic, core, well log and biostratigraphia @Ware integrated
in the study area to establish a geological model. Previouprietations in Pemex’s
internal reports considered the reservoir facies as assowdtedeepwater deposits.
The new proposed model, based on Bahamon (2006) and Mendez et al. (2006),

supports a shallower depositional environment.

After that, the sequence stratigraphic framework was esigolifor the Utan-1
well, based on the core analysis, well log data, biostratigraptiytied to the eustasy
curve published for the Gulf of Mexico (Wornardt et al., 2002). Oncé&eliesurfaces
for stratigraphic correlation were identified, they weredfarred to the seismic data
to extrapolate them to nearby wells. Several loops betweenisaasd well log data

were performed to assure agreement of interpretations.

Engineering information was also integrated within this fraoréwPressure
tests from two wells were analyzed to test connectiviiiyvben some intervals and

verify the stratigraphic correlation.

According to the workflow, during the course of this researchfdalewing

tasks were undertaken in a synergistic approach:

= Review of previous works and the related technical literature

= Database compilation, screening and validation (quality control)



Core descriptions and comprehensive review of cuttings descriptions and

detailed core analyses

Review and synthesis of the geological framework

Formation evaluation and petrophysical analysis of key wells
Reservoir quality analysis

Definition of the geological environment for the study area

Definition of the sequence stratigraphic framework for the Utan-1 well

Seismic data conditioning, phase rotation, frequency content and seismic
resolution analysis, wavelet extraction, synthetic seismogramal, tie to

stacked data, time-depth conversion
Basic seismic interpretation

Extension of the sequence stratigraphic framework in the Utan-1 well to nearby

key wells and seismic data

Extraction of seismic attributes for stratigraphic intergireta(instantaneous

attributes, spectral decomposition, inversion for reflectivity)

Extraction of seismic attributes for hydrocarbon detection (AéPectral

decomposition)

Evaluation of petroleum engineering information (Drill Stemt3¢BST) and

drilling reports)



= Integrated interpretation based on facies distribution and reseyhgsical

properties.

Each step in the workflow will be detailed further in the esponding section

of this dissertation.

This approach was applied to understand the geological record didbene
in Campeche Sound, where the gas reservoir in Utan field was discovered. Beyond thi
achievement, a key implication of this research was to develogtaadard
characterization methodology to recommend feasible solutions lbganes projects
are undertaken in the future. Therefore, this workflow is presentecabaaegyossible

template for use in other areas when the appropriate data set is available.

Organization
This dissertation has been divided into the following parts:

1. A first Chapter with a general introduction, objectives, main dmutions,
database, resources, methodology and organization of this research;

2. A second Chapter describes the general background of the stagycavering
general issues of the Gulf of Mexico basin and the Mexicatmopoof this basin,
as well as the regional geologic framework and petroleuntersigs of the
Campeche Sound. It concludes with a brief summary and generatihestics of
Utan field;

3. A general overview on sequence stratigraphy as an exploratiors fjoavided in

Chapter 3;
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4. Chapter 4 contains well log analysis, formation evaluation and ghstscs,
whereas Chapter 5 is involved with seismic data analysis, comddi and
modeling of the data available for this dissertation;

5. Following that, two Chapters (labeled as 6 and 7) describe thgrated analysis
of geological-geophysical-engineering data to construct a gealagodel under a
seismic sequence stratigraphic framework. The nature anatampty of seismic
attributes applied in this work are used to define the spatial distributioaest/oer
rocks, taking into account reservoir quality conditions for futureceapbn and
development strategies in the study area,;

6. A final Chapter establishes the conclusions of this dissertatonell as several

recommendations for future analogous works.

Most of the chapters of this dissertation are not meant tcobplete in
themselves; they complement each other to provide an overall knowledge

accomplish the objectives of this dissertation.

Implications of this research
The main contributions of this work are:
e To develop new concepts, skills and a workflow to explore for gsgnraditional
oil province. This work will generate knowledge promoting the useeof concepts

and technology to draw reliable conclusions about cause-and-effatibmships
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conducted in an integrated manner for these new, potential gas aatansul
overlying Cantarell Field.

e This work will contribute to define further E&P strategies tdedmine whether
Campeche Sound could be a potential source of undiscovered gas reserves i

Mexico in this kind of mixed setting.

Support and resources

The author of this dissertation was granted permission by Pegiex(FEP,
the Mexican Oil and Gas Government Company) to develop thisrchsatier an
author’'s requirement for a PhD dissertation project which could atice \end
generate knowledge in a novel and little explored Mexican petroleum basin.

Once the subject of this research was determined by PEP, a&P[iihe
University of Oklahoma project titled “Study of Evaluation of Pliveeésas Plays of
the Utan Area, Campeche Sound, Mexico”, was established betweemdidthions
to be led by the author of this dissertation under the direction of Dr. Roger Slatt.

Oil and Gas exploration in Cantarell Asset is currently #sponsibility of
bothRegién Marina NERMNE) andSubdireccion de la Coordinacion de Estrategias
de ExploracionSCTER)with offices atthe Mexican cities of Ciudad del Carmen, and
Villahermosa, respectively. These PEP organizations sponsored thishesea

As a part of this collaborative project, there were aatiwitleveloped and led
by the author of this dissertation carried out at:

o The University of Oklahoma at Norman, Oklahoma, with active colldgivera

participation from Carlos Bahamon, who completed his Master sstbesthe
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Neogene sequence stratigraphy of the study area, developed $thbel of
Geology and Geophysics at OU under the direction of Dr. Roger Slatt.

o PEP’s offices at Ciudad del Carmen, México, with continuous fekdibam
geoscientists of this PEP’s Asset.

o PEP’s offices at Villahermosa, and Poza Rica, México.

o Fusion Geophysical offices in Norman, Oklahoma, and Houston, Texds, US
with participation from geoscientists of this company in théyesiages of this

research.

Table 1.1 shows itemized tasks, locations and people involved during

development of this Dissertation:

Task Location Who

The University of Oklahoma at

Early planning of the Dissertation. Mendez & Slatt

Norman
. . Mendez &
Final planning of the Dissertation The University of Oklahoma at Dissertation
Norman .
Committee
Database compilation and PEMEX offices at Cd. Carmen Mendez
validation. and Villahermosa, MEXICO
Review of the related technical PEMEX. ofﬁqes at Cd. Carmen;
. . The University of Oklahoma at Mendez
literature and geological framework
Norman
Fusion’s

The University of Oklahoma at
Norman; Fusion offices at
Norman, OK and Houston, Tx

Editing of well logs and
petrophysical work

geoscientists
under Mendez's
supervision

13



The University of Oklahoma at Mendez,
Norman; Fusion offices at Bahamon and
Norman, OK and Houston, Tx Slatt,

Reservoir quality analysis of key
wells

PEMEX offices at Cd. Carmen Slatt, Mendez

Core descriptions and Villahermosa and Bahamon

Sequence stratigraphy analysis
including biostratigraphic and well | PEMEX offices at Cd. Carmen Mendez,

log correlation, seismic pattern and Villahermosa; The University | Bahamon and
analysis and correlation, and EMI | of Oklahoma at Norman Slatt,
interpretation

Fusion’s

geoscientists
under Mendez’s

Seismic conditioning, seismic-well

X e ) . Fusion offices at Houston, Tx.
tie, seismic attribute extraction

supervision
Seismic attribute interpretation, The Unl\./ersr[_y of O_klahoma at
; . . ; Norman; Fusion offices at
integrated interpretation, risk . Mendez and
. Norman, OK and Houston, Tx.;
analysis and proposal of new Slatt

PEMEX offices at Cd. Carmen

drilling locations and Villahermosa

The University of Oklahoma at
Norman; PEMEX offices at Poza | Mendez
Rica, Veracruz

Writing of the Drafts and Final
Dissertation

Table 1.1: ltemized tasks during the development of this dissertation

Stratigraphic Nomenclature and Semantics

Even though there is an established and accepted lithostratigrapimencol
with formational names for the onshore Southeast Basins, lithostftig names
for Campeche Sound are informal. This research has been concemaudlypmvith
defining a geologic model through identifying sequence boundaries @kidgahird
and higher order sequences from a chrono- and lithostratigraphicgboirdéw to
characterize reservoir distribution and quality in the study émethis sense, during

development of this dissertation, there was no attempt to providel foamas to the
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Neogene stratigraphic units analyzed. Therefore, they assifea@ as units from
their chrono- and lithostratigraphic point of view and not referred foranations. In
addition, some of the technical documents from which several obs&iwaind
concepts were derived as a source of reference for thigclessm@ unpublished or

classified as confidential by PEP.

For the purpose of consistency and to avoid arguments over semantics,
Mexican names and terms have been anglicized where appropript¢heSonda de
Campechéecomes the Campeche Sound anddhencas del Suresteecomes the

Southeast Basins.
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Figure 1.1: Location of Southeast Basins, Campect&und (Sonda de Campeche) Province, and
Cantarell Field, MEXICO.

Figure 1.2: Utan-1 well location.
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Figure 1.4: Location of the study area defined byn area of approximately 300 krf of seismic
data surrounding Utan field.
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Chapter 2

GENERAL BACKGROUND

2.1Introduction

The Gulf of Mexico basin has been studied more extensively thanbasies
in the world. The current knowledge of the basin has been the ofésidtcades of
cumulative geological and geophysical work developed not only by tmelgueh
industry, but also by academic institutions, government agencies andt@orfsam
the petroleum E&P point of view, the smaller U.S. northern portion has lighly
explored in comparison with the larger and less explored part dfagia that lies in

Mexico.

Campeche Sound is located in the southern part of the Mexican Gulixafdvie
It represents the most prolific Mexican oil producing province whedest reservoir
conditions for oil entrapment occur in Mesozoic-Paleocene carbonattusal traps.
Most of the geological knowledge has been concentrated in tH®nzde-prone
section and less exploration has been focused on the late Tsifi@Ecjastic section
of this province. Therefore, not much is known of the younger Cenozoic
environmental nature and reservoir potential, representing a dgaqowiedge of this
part of the basin where recent Pliocene, non-associated gas disspkiakie provided

big expectations in this traditionally oil producing area.
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Utan Field, discovered in 2003, is one of these Pliocene gas fielthee in
Campeche Sound. The Utan-1 discovery well provided successful resin® iof
three tested intervals. Geologically, a listric growth faddffines the structural
framework of this reservoir and a faulted rollover anticline ®othe trap. Reservoir

rocks comprise mixed siliciclastic-carbonate facies.

This chapter attempts to provide a general overview on several teaded to
understand the geologic framework of the study area on which thestdigsn will be
developed. From the general to particular, a brief description of tHeoGMexico
basin and the portion of the basin which lies in Mexico is provided. Themra
detailed structural, stratigraphic and tectonic analysis, incluthegdescription of
petroleum systems, is developed for the Campeche Sound province andnthe gia
Cantarell field where the Utan field is located. Finally, gahaspects on the Utan-1

discovery well are provided.

2.2 The Gulf of Mexico Basin. A brief overview

The Gulf of Mexico basin is a roughly circular structural bagipreximately
1,500 km in diameter, locally modified by a number of second-orttactsral
elements including uplifts, archs, platforms, sub-basins, and safiirsdi The
topographic relief and bathymetry of the Gulf of Mexico badosaly reflect the
geologic structure of the basin which extends onsffage2.1). Therefore, the limits
of the Gulf of Mexico basin correspond, for the most part, with straicteatures (fig.
2.2). Parts of the structural rims along the northern, northwestenyastern flanks

of the basin are marked by mountain ranges and highlands whereasorida F
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carbonate platform and the Yucatan carbonate platform represemempegentle
eastern and southern flanks of the basin, respectively.

Particularly, and according to Salvador (1991a), the southern angrmwes
limits of the basin have been placed roughly at the foot of thap@s massif and the
Sierra Madre Oriental of Mexico, and along the eastern efitfee Coahuila platform.
To the north, the structural limits of the basin correspond, from twesast, with the
basinward flanks of the Marathon uplift, the Ouachita Mountains, theralent
Mississippi deformed belt, and the southern reaches of the Appaladaantains.
From the Appalachians to the shores of the Atlantic Ocean, thiedinthe basin is
arbitrary because no distinct structural feature clearly aggsait from the Atlantic
Coastal Plain (figure 2.2).

The central part of the basin is occupied by the waters of tifeoGMexico,
which cover an area of more than 1,500,00F, kwith maximum water depths of
3,750m on its abyssal plain. From the deepest part, the floor @uleof Mexico
rises steeply to the east and south along the Florida and Campeaha@ents which
form the gulfward limits of the Florida and Yucatan platformse®#here, the floor of
the Gulf rises toward the coast through generally well-definsd, slope, and
continental shelf physiographic provinces. The Gulf of Mexico is surrauimdé¢he
continental part by a low coastal plain which ranges in width faonarrow zone in
eastern and central Mexico to more than 550 km in the central ptme &f.S. Gulf
Coastal Plain (figures 2.1 and 2.2).

Salvador (1991a, b, and c), Sawyer et al. (1991), and Ewing (1991), provide

precise descriptions of the evolution of understanding of the geaogi geophysical
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composition and geologic history of the Gulf of Mexico basin. Theoggml and
geophysical information now available provide a reasonably good understanding of the
stratigraphy and structure of the Gulf of Mexico basin, the tgpesust that underlie

it and their general distribution, the main structural featureshefbiasin and the
location and pattern of its many second-order structural featasewell as the nature

of the thick sedimentary section filling the basin.

Nowadays, it is known that the crust under the Gulf of Mexico basinbe
divided into oceanic, transitional, and continental types according tonammer in
which crust was either created or modified by Mesozoic riftBawyer et al. (1991)
state that the terms "crust" and "basement" are used as synamgtudies related to
the Gulf of Mexico basin and point out that:

A) Continental crust, is interpreted as crust that predated the formation afilthef G
Mexico basin and was not significantly modified (i.e., extended, thinned, or intruded)
by the Middle to Late Jurassic rifting, the main stage of rifting #thtd the formation

of the Gulf of Mexico basin. Continental crust is observed around the periphery of the
basin. The continental crust is typically 35 to 40 km thick,

B) "Transitional" crust occurs between continental and oceanic crust. fioaaki

crust was originally continental and after that "rifted" or "stretchieding

significantly extended and thinned, and probably intruded with magma, during Middle
and Late Jurassic rifting and, in some places, there is evidence of laagid through
Early Jurassic rifting. Transitional crust is also divided into thick tramsiticrust,

which was somewhat thinned during rifting, and thin transitional crust, which was
dramatically thinned during rifting. The boundary between oceanic and thin
transitional crust is reasonably well defined by seismic refraction 8edtien data

by assuming that salt was originally deposited over continental crust witiamée
transitional crust after rifting. Therefore, the edge of transitional udten marked

by the edge of salt deposition. The continental crust and the transitional crust abns
a variety of igneous, metamorphic, and older sedimentary rocks.

C) Oceanic crust was formed under the deep Gulf of Mexico basin during the Late
Jurassic.sea-floor spreading and continued for about 5 to 10 m.y. It is not known
whether this oceanic crust was like that forming today at sea-floor spye=ahters.
The transition from rifting to sea-floor spreading is not well understood ateasyve
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margin. The oceanic crust in the Gulf of Mexico basin is generally 5 to 6 km thick and
is believed to be composed of basalt pillows, dikes, and massive gabbro or
serpentinite.

Geophysical studies indicate that the "basement"” in the cetgpest part of
the basin can be estimated to be about 12 to 16 km below sea lesalle€hicentral
part of the basin is underlain by an oceanic-type crust, wherestsainthe U.S. Gulf
Coastal Plain, the Florida and Yucatan platforms, and the remaohddexico are
underlain by continental or thick transitional crust. Transitionaltcalso occurs
between the continental and oceanic crust under the northern and souttseaf e
Gulf of Mexico whereas along the western and eastern litmg@soundary between
oceanic and continental crust is represented by a narrower Weétneitional crust.
(figure 2.3).

This crust-type distribution has strongly suggested a model ofvtietien of
the crust under the Gulf of Mexico basin that includes (Sawyedr,t991): (1) a Late
Triassic-Early Jurassic phase of early rifting; (2) adle Jurassic phase of rifting,
crustal attenuation, and formation of a broad area of transitionat, (3) a Late
Jurassic period of oceanic crust formation in the deep centralbbGMeéxico; and (4)
subsequent crustal subsidence modified by sediment deposition.

Sawyer et al. (1991), also suggest that a widespread unconforntfity base
of the marine Mesozoic section more accurately representséhnall configuration of
the modern Gulf of Mexico basin. This surface represents the boundamebethe
crust, basement and pre-rift sequences beneath which are overlain appednby

Middle Jurassic salt (or equivalent rocks) as well as younger sediment&sy

23



It is assumed that from the cessation of sea-floor spreatimtyansitional and
oceanic crust cooled and subsided, allowing deposition of thick sedimsatprgnces
in the Gulf of Mexico basin being filled with up to 15 km of sedimentocks that
range in age from Late Triassic to Holocene (Ewing, 1991). Tineee stratigraphic-
structural provinces in existence during the Mesozoic that weiseeped during the
Cenozoic around the center of the Gulf of Mexico basin are now\clemognized
(Salvador, 1991; Galloway, et al., 1991):

a) A carbonate-evaporite province of the Florida and Yucatan platforine &ast and
southeast;

b) A province to the west and southwest predominantly composed of carbonates and
fine-grained clastic sediments, i.e. a "Laramide-modified" province;

c) A province to the north and northwest characterized by dominantly terrigenous
clastic sedimentation and basinward progradation.

Major regional unconformities or hiatuses have also been identified which have
been related to worldwide sea-level changes in the preparatioongfosite charts
outlining the chronostratigraphy and eustatic cycles of the Mes@rulcCenozoic
(Haq, et al., 1988). The central part of the Gulf of Mexico ramgi under deep
waters, is usually considered as a fourth stratigraphic-structural peovinc

From the tectonic point of view, three distinct types of margias be
regionally distinguished in the basin: a stable margin to tis¢ aad southeast,
corresponding to the carbonate-evaporite province of the Florida andtaMuca
platforms; a compressional margin to the west extendingehgti of the Sierra

Madre Oriental of Mexico (the "Laramide-modified" provincejidaa northwestern
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and northern margin characterized by sustained subsidence and segimenta
progradation.

Regarding the hypothesis on the origin and development of the Quiéxato
basin, Salvador (1991b), details how for more than 100 years scieypestalated
about the initial steps of the formation of the present basin.aNays, reasonable
interpretations of the origin and development of the basin have legetoded based
largely on oil industry exploratory drilling and geophysical surveys.

The plate tectonics framework together with new and more predaenation
on the distribution and tectonic behavior of the salt deposits suppom®tiba that
the Gulf of Mexico basin originated with rifting during the &asic-Jurassic as North
America began to separate from Africa-South America. The realy have been
formed during Middle-Late Jurassic time either in: a) alsimgaporitic basin, which
was later spread apart by the formation of new oceanic iortisé central part of the
Gulf of Mexico, together with the southward movement of the Yuchlack to its
present position, or b) by the break-up of the Gulf area into assefi separate
subsiding basins, some of which contained thick salt deposited in shakoine
environments. A drift and subsidence phase began in Late JurassjoMith major
rifting of the central Gulf and formation of new ocean crust (Xnd &alloway,
1990). This concept has been incorporated in one way or another intmddm
interpretations of the origin of the Gulf of Mexico basin.

There are, however, still many unanswered questions and poorly understood
stratigraphic, structural and tectonic problems regarding devetldpofig¢he Gulf of

Mexico basin. One of these localities in Mexico is the subject of thisrdisea.
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2.3 The Mexican portion of The Gulf of Mexico Basin

The Gulf of Mexico is considered one of the largest and succgssthaleum
basins in the world. As shown in Figure 2.4, the northernmost part of e isa
located in the U.S., whereas its southern part lies in Mexico. frerpetroleum E&P
point of view, the smaller U.S. northern portion has been highly explorepatechto
the larger and less explored part of the basin that lies in Mexico.

The Mexican part of the Gulf of Mexico (MGOM) is limited dmetnorth by
the maritime United States—Mexico border (roughly following 216° parallel); on the
west and south by the states of Tamaulipas, Veracruz, and Tabadam the east by
the states of Campeche and Yucatan as well as by the maritime Cubee-blaxier.

Geologically, the MGOM extends onshore into several producing basins.
Guzman and Marquez (2001) describe how the area onshore, and offskd@0m
water depths, has been subdivided into several basins and provinces irtoorder
improve the geological knowledge and to evaluate the hydrocarbon plotentia
(counterclockwise from north to south): Burgos on the northwest; TarMigamntla
on the west; and Veracruz and Southeast Basins on the south (figure 2.5).

The SoutheadBasins include three Tertiary provinces (the so called —Cuencas
del Sureste-) formed within the Mesozoic basin as Tertiary dafgrse a) Salina del
Istmo; b) Comalcalco (which includes the Mesozoic Chiapas-Tabagbo-oll
province), and c) Macuspana. To the north, the Southeast Basins have tvoweoffs
Mesozoic provinces: Litoral de Tabasco and Campeche Sound (Sonda de lI@&gmpec
On the east, the MGOM includes the non-producing Yucatan Platforiteditmy the

Caribbean (Figure 2.6).
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The Mexican deep-water Gulf of Mexico (>200m in depth) covers an @re
approximately 530,000k It has been subdivided into eight petroleum provinces
based mostly on their tectonic characteristics: Franja DigstgriBelta del Rio Bravo,
Franja de Sal Aloctona, Cinturon Plegado de Perdido, Cordillerasceas, Cafon
de Veracruz, Salina del Golfo Profundo, and Planicie Abisal (GuzmaMarglez-
Dominguez, 2001).

The MGOM has been producing oil and gas since the beginning of the
twentieth century. All these hydrocarbons have been extracadtfre onshore and
shallow offshore parts of the basin (<200m water depth). Actudihgst the entire
Mexican oil and gas production comes from the onshore and shalldvwoEfSulf of
Mexico.

Southeast Basins including Campeche Sound has been the most prolific
Mexican oil producing province since the middle 1970°s when the Mesozoic enshor
light oil from the Chiapas-Tabasco subprovince was discovered (Guzand
Marquez-Dominguez, 2001). The main oil reservoirs in Campeche Sound include
Abkatun Field, Ku-Maloob-Zaap Complex, and the super giant Cantaedtl, the
latter of which has produced approximately 7000 million barrelsiladuring almost
20 years of production and development. However, the oil production frogiahte
Cantarell is nowadays declining and the strategies for futiineroduction have to
focus on deep-water provinces (holding what seems to be largeavetied reserves
that, although not yet tested, are likely to be a future profitpabteoleum province

based on recent exploration campaigns in the MGOM and the wildcdte iUS
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portion), non-traditional provinces including Chicontepec, the shallow offsdreses
outside Campeche, and others).

On the other hand, most gas production in Mexico is associated and eve
though the country is one of the biggest oil exporters worldwide,stilisa net gas
importer. Main non-associated gas provinces in the MGOM includeotisbore
Burgos, Veracruz and Macuspana basins (figure 2.5). The additionalcedas to
come from boosting internal gas production, discovering new non-assbaas
provinces, and/or by developing non-conventional reservoirs. Beyond onshore
prospecting for gas, recent discoveries in the Mexican part oGti of Mexico
platform have shown new opportunities for gas in this typical oil proviGce of

these recent discoveries is the subject of this dissertation.

2.4 Regional Geological Framework of Campeche Sound

Campeche Sound is a Mesozoic offshore province located on the Klexica
continental platform of the Gulf of Mexico that belongs to the petrol Southeast
Basins of Mexico. The province covers approximately 15,060Kfrom the
approximately 60,000 kfrwhich are covered by the Southeast Basins), offshore the
states of Yucatan, Campeche and Tabasco, in a strip encompasbatfs from 20m
to 200m deep (figure 2.7).

The Chiapas-Tabasco (onshore) and Campeche Sound (offshore) areas are
adjacent to each other and are similar both geologically and emvo#s behavior
(Santiago and Baro, 1992; Angeles-Aquino, 2004). Actually, the offshoeasean of

the Mesozoic Chiapas-Tabasco province is the Litoral de Taba®@0 and the
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Campeche Sound. For this reason, these provinces are sometimedereonsi
analogous from both geologic and petroleum points of view, even though ate
local important differences between them.

The Mesozoic section in Campeche Sound includes Callovian salt deposits,
Upper Jurassic sandstones, anhydrites, limestones and shales. r@taeedlis
comprises limestones, dolomites, shales and carbonate brecciasasviiner Cenozoic
section includes calcarenites and interlayered clastic, carbandtanixed clastic-
carbonate units.

Campeche Sound has been affected by at least three episodesrofatieh
which produced the trap-forming structures: first, extension&briesn related to the
opening of the Gulf of Mexico, then Miocen compressional mechanisrdsfireally
Pliocene to Recent extensional tectonism.

Tithonian shales and shaly limestones are the source rocks in Garfpeund.
Oolite bars, slope and shelf carbonates and breccias, calcaserdt@®rtiary clastics

are the main reservoirs. Evaporites and shales are the regional seals.

2.4.1 Stratigraphy

The stratigraphic column of the Southeast Basins, which includes the
Campeche Sound, comprises a thick sedimentary section rangirge ifroan the
Middle Jurassic to the Holocene (figure 2.8). Even though theme éstablished and
accepted lithostratigraphic column with formational hames footisghore Southeast
basins, lithostratigraphic names for Campeche Sound are inforaati$co Angeles-

Aquino, a highly respected Mexican petroleum explorer, has carriezktarisive and
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intensive work describing the tectonic and stratigraphic evolutioranfgéche Sound.
Some of his works have been published by the Mexican Association rolelRet
Engineers (Angeles-Aquino, 2003 and 2004).

Particularly, magnetic interpretations (Angeles-Aquino et ¥894) indicate
that magnetic basement in central Campeche Sound reaches ael2i300m. Even
though no well has cut the basement rocks in this province, the sediynesitann
studied in Campeche Sound is thought to rest on basement rocks which could be
granitic and metamorphic, similar in composition to the igneous mepduearomplex
drilled by Pemex at the bottom of three exploratory wells invibeatan platform and
to rocks exposed in the Chiapas and Mixtequita Massifs whose isatppibas been
dated as Late Silurian to Permian (Santiago and Baro, 1992jesn8quino et al.,
1994). Recent studies reported by Padilla y Sanchez (2007), refer premise
isotopic ages of 250 My for rocks sampled from the Chiapas Massif, which has been
dated as Pennsylvanian (Upper Carboniferous) (figure 2.9).

This investigated igneous-metamorphic composition of the basement in
Campeche Sound has been interpreted by Sawyer et al. (1991), aporwhgs to
thin transitional crust formed during the opening of the Gulf of Mexite basement
dips in this area from the northeast to southwest and forms avhaic is deepest in
the southwest. The same authors establish that the boundary betweeangitional
crust and thick transitional crust is located toward the nortlheastdary of Cantarell
Complex, while the boundary between transitional crust and continentstl les

toward the southwest where granites are exposed in the Mixtequita Massif.
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The most important red-bed and salt sequences in Mexico arsidwaad are
located in eastern Mexico in or around the Gulf of Mexico (Ruedaetaa2003). In
the study area, the basal units include evaporites, carbonatesteraiggnous
sandstones and siltstones of Callovian—Oxfordian age.

During the Late Triassic—Lower Jurassic (the rift phas®aated with the
opening of the Gulf of Mexico), deposition of these Callovian saltdspdilentified as
Isthmian salt, covered the entire Campeche Sound with thicknemsgisig from
3,000m in the southwest to 160m in the northeast (Salvador, 1991; Angeles-Aquino et
al., 1994). Salt tectonics resulted in the later formation of siraicand stratigraphic
traps both in the Chiapas-Tabasco and Campeche areas for theeGust and the
Miocene.

Early Jurassic salt is overlain almost always by evap@@guences that mark
the beginning of the Middle Jurassic transgressive sequencegDoerCallovian and
the beginning of the Upper Jurassic, marine conditions extended ovef #ie
Southeast basins. In particular, the Oxfordian in the Campechesaaesedimentary
sequence of shallow-marine clastics, evaporites, and shallow orgdnicarbonates
(Guzman-Vega and Mello, 1999). One of the best oil reservoirs @ahgeche shelf,
the Ek-Balam Field, produces from the sandy member of this gAngeles-Aquino
and Cantu-Chapa, 2001).

The marine transgression increased in the Southeast Basins dheng t
Kimmeridgian. The Kimmeridgian units consist of a lower seatibahaly sediments

and an upper section of oolites and partially dolomitized limestonesseThe
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Kimmeridgian oolitic bank deposits constitute important petroleurarvess in this
province.

Maximum flooding occurred during the Tithonian. As a consequenceniorga
rich shaly limestones and black shales containing mainly typkerbgen were
deposited. These rocks are considered the most likely important sogkcen the
Southeast Basins (Guzman-Vega and Mello, 1999).

The Lower and middle Cretaceous in Campeche area consist of adand
shaly limestones whereas this section in the Chiapas-Tabasaasaoccupied by
carbonate-evaporitic deposits. Oil accumulations are assogvitethese sections in
both areas.

Upper Cretaceous deposits are represented in the Campechyg dodanintes,
shaly limestones, and chert. Paleogeographic conditions at the Upgp@cedus
locally overlapped the beginning of the Paleocene (Santiago and1Bag&), and there
was a predominance of dolomitized limestone breccia covering the Upper
Cretaceous/early Paleocene section which extends southward wf pize states of
Chiapas and Tabasco. Dolomitized breccias are the main reseragirirplthe
Campeche area. The origin of these breccia deposits ismsidttar of discussion; they
are variously attributed to the Chicxulub meteoritic impact, flaviscalcareous
detritus coming from the Yucatan shelf (Santiago and Baro, 1992)epmbay have
been of an uplift/karstic nature. The breccia forms part of reesseof unusual
stratigraphic, structural, sedimentological and diagenetic evéong dhe western

margin of the Gulf of Mexico (Horbury et al., 2003).
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The breccia is transitionally covered by argillaceous liorest and marls,
which, in turn, grade upward to fine-grained terrigenous sedimentdesshad
bentonitic shales of middle and late Paleocene age which provide dhagse
conditions for the breccia reservoirs.

The overlying Eocene is composed of bentonitic, greenish-gratycpshiales.

In the northeastern part of the Gulf of Campeche the presencalcafrenite facies
deposited as turbidity currents flowing from the western margirthef Yucatan
platform have been reported in the middle Eocene (Pemex intepults)e These
Eocene calcarenites constitute a secondary reservoir in the Canjoecite

In a general sense, the beginning of the Cenozoic, in both the Senda
Campeche and Chiapas-Tabasco areas, is generally chardcteriziee contrast in
sedimentation between carbonate rocks from the Upper Cretacedyus?Biocene
period and the siliciclastic rock formations from the middle aaie IPaleocene-
Pleistocene. Seismically, the Mesozoic-Paleocene sectidmiaaterized by a high-
seismic velocity, carbonate-prone interval, that underlies arlgalecity siliciclastic
interval.

The Oligocene is predominantly composed of shales, some of which are
bentonitic (Galloway et al., 1991). During the Oligocene, there were marked periods of
erosion that formed a regional unconformity in some areas; allochthealbw@so has
been observed as sills between the upper Oligocene and lower Menahetween
different stratigraphic levels (Santiago and Baro, 1992).

The Miocene and younger units consist of interlayered clasticcarbonate

rocks. In the Southeast Basins, Miocene sediments mainly inclodessand
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bentonitic shales, with sandstones and limestone inclusions closettoddian shelf.
Middle Miocene sediments comprise outer-middle-shelf sedimentsthby late
Miocene the deposition was of delta front/lagoonal or inner-misloédf mixed
carbonate/clastic facies sourced from the Yucatan margin andthexaal rivers.
Several wells drilled at Cantarell, Abkatun and Pol fields haperted numerous gas
shows in Miocene sediments of Campeche Sound. They have beeonegitgood
oil and gas reservoirs in Chiapas-Tabasco area (Santiago and Baro, 1992).

At the end of the Miocene the sea began to withdraw, increasing sand
deposition during the Pliocene and Pleistocene. From the earlyeidiom the
Holocene, inner-shelf and fluvial environments became establishesucdhs coarse
siliciclastic slope to deltaic and coastal plain systemsresht¢he Reforma-Akal
subbasin for the first time (Angeles et al., 1994). Deposition acaempanied by
continued development of listric normal faults; in the Southeast 8atiese are
middle—late Miocene in age (Angeles et al., 1994) and flatten aboviedualdle
Miocene shales. Pliocene facies will be the topic of a momalel@tanalysis for the
study area in the following chapters.

Throughout the late Cenozoic the basin filled with a thick prograskagence

of shale and sandstone, building the shelf edge out to its present position.

2.4.2 Regional Tectonic and Structural Framework
The current regional tectonic configuration in which Mexico is gdats a
consequence of the interaction of the North American, Cocos, Eastgfic Bad the

Caribbean plates (figure 2.10). In particular, crustal deformationuthsast Mexico
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and Central America is due to the relative motion of the Cocofhlfean and North
American plates (Lyon-Caen et al.,, 2006) (figures 2.10 and 2.11). The boundary
between Caribean and North American plates is marked by the exonefi-lateral
Polochic-Motagua Fault System (figure 2.12).

The Gulf of Mexico Basin has been largely considered a passiugimbasin
in which most of the basement subsidence related to plate tect@mucseased by
Tertiary times (Horbury et al., 2003), leaving a deep marine envenhaver much of
the area. Much of the rapidly deposited late Cenozoic fill occuraninoverall
progradational pattern, which was accommodated in this bathymetric deep.

On the other hand, recent studies (Horbury et al., 2003), show that tigis ma
could not be strictly considered a passive margin, as most mioakastraditionally
implied. Actually, the structural and stratigraphic history in fueitheast part of
Mexico has been enormously influenced by the Pacific actate-phargin realm. The
Middle Eocene compression which resulted in formation of the SieadrévOriental
fold and thrust belt, and the Early Miocene compression which resulted in ifmmroat
the Chiapas-Campeche fold and thrust belt, where both a result &fattifgc active-
plate margin realm. Nowadays, compression continues with thetseffé the active
Motagua-Polochic plate boundary to the south. These Pacific tedtdhiences,
combined with the passive margin salt and shale tectonics antyggstems such as
the Perdido and Mexican Ridges fold belts, have made the westerofGQu#xico
Basin a very complex passive margin.

Locally, the tectonic framework in the Southeast Basins is dkfine the

Chiapas Massif to the south-southeast, the Comalcalco Basin, thespana Basin,
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the named Reforma-Akal folded strip where the main fields ofggghe Sound are
located, and the Yucatan platform (figures 2.6 and 2.13). Accordingutdldv&
Figueroa (2004), the Yucatan Platform, which is a stableori@&ctelement since
Triassic times and the Miocene compressive stress direcedheaelements that gave
rise to the tectonic structure of the study area and explainthewnain regional
tectonic elements as the Macuspana and Comalcalco basins, @s wedl Reforma-
Akal high, were formed.

Another important piece of the Southeast Basins local tectonieiark is
the Motagua-Polochic strike-slip fault system that crossefémpiblic of Guatemala
and the Chiapas state of Mexico, which marks the on-land plate boletagen the
North American and the Caribbean plates (figures 2.3, 2.11, 2.12 and 2.13)ofMost
the North America-Caribbean plate boundary is a left-latemakform boundary. The
Motagua-Polochic fault system extends along ~ 400 km from thélsg@am Sea to the
Pacific Coast (Lyon-Caen, 2006). Relative motion between the twespiakes place
along several faults of this system and range from 9 to 34 n{@lzman-Speziale,

2001).

The complex nature of the plate boundary is particularly notieeabhg its
western end in northern Central America, where it approachkei speculative triple
junction with the Cocos Plate. The plate boundary offshore, the Swarudsfault
zone, becomes the Motagua and Polochic faults inland, but their trace is lost in western

Guatemala and Chiapas where the system becomes a broad zone roati@iormTo
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the north of Motagua-Polochic, the deformation zone includes the dipkieuglts of

Southeastern Mexico tectonic province (Guzman-Speziale, 2001).

Just south of the Motagua-Polochic fault system and north of themolaa
associated with the Cocos-Caribean subduction, a broad zone ofadigseast-west
extension is expressed along a series of north-south trending gréBensan-
Speziale, 2001; Lyon-Caen, 2006). On the other hand, the fault systepoastitutes
the southwestern border of the Chiapas Granitic Massif where easeotks are
exposed. These basement rocks are thought to be similar to thevenashich the
sedimentary column of Campeche Sound rests. The Motagua-PolochicSksiigin
and the Chortis Block (figure 2.12) interacted in the most impodfiaormation event
that led to the trap-forming mechanisms of the Chiapas-TabasgcGampeche Sound

provinces during Miocene times.

In fact, the structural framework of the Cenozoic southeastesmsaf
Mexico, east of the Isthmus of Tehuantepec, contrasts markedlythathof the
Tampico-Misantla and Veracruz basins northward (figures 2.2 and 2lble Wese
two basins are bounded to the west by the compressive eastermffribvet Sierra
Madre Oriental, which reflects the effects of the Laramidegeny during Late
Cretaceous, this compressive front was not prolonged across the |stimduthe
tectonic activity of the Laramide orogeny in southeastern Mexsc not clearly
recognized (Salvador, 1991(b)).

Santiago and Baro (1992), explain that there were at least ffieredi

deformation episodes recorded in the stratigraphic column whicheaffded Chiapas-
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Tabasco and Sonda de Campeche areas. Shankar Mitra and colleguasa(di
Duran, 2005; Mitra et al., 2005; Garcia et al., 2005, Mitra et al., 200&), hvave
extensively worked in the three-dimensional restoration of key Nésoand
Cenozoic units of some producing fields in the Campeche Sound, explaiothdhe
five episodes cited by Santiago and Baro, the three most imptataoic events that
controlled the formation of the trap-forming structures in the re@oa, (1) Jurassic
to Early Cretaceous extension, resulting in the formation of nofaats that
displaced Tithonian, Kimmeridgian, and Lower Cretaceous units; (2) evieoc
compression, during which the Cantarell-Sihil thrust system faased; and (3)
Pliocene to Holocene extension, during which several of the pregxidtirassic
normal faults were reactivated (figure 2.14).

The Early Jurassic to Early Cretaceous extension took plaaegemerally E-W
direction which resulted in the N-S orientation of the Mesozoid &gtem although,
due to the kinematics of the plates, some faults rotated during dateods of
deformation to more NW-SE trends. Some of these faults exhibit igometries and
detach in Oxfordian units with possible reactivation during the Ter{iditra et al,
2005). Recent studies (Chernikoff et al., 2006) confirm that the Mesexi@nsional
fault systems exhibit low-angle, listric geometry, witrowth from Oxfordian to
Lower Cretaceous time in contrast to older interpretations wih-&ingle planar
geometry. This Mesozoic normal faulting has generally not beattddtin areas of
high structural complexity due to low frequency seismic data.

Regional tectonic stability characterized the period betweemethainder of

the Cretaceous and the Lower Miocene. Laramide orogeny affeetgern Mexico
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during Late Mesozoic-Early Cenozoic time, but its effectsateclearly recognized in
Campeche Sound (Salvador, 1991(b)). In fact, Murillo and Figueroa (2004),0wbi
that the Laramidic effects were not relevant in the sedimerpatterns of the
Campeche oil entrapments which were deformed by a later tectonic event.

The second and most important stage of deformation occurred during the
Middle to Late Miocene compressive episode resulting in the favmafi most of the
major thrust-related structural traps in Campeche Sound. According to Satilthez
(2007), this major event started in the Middle Miocene, during the&dian, when
both compressive stresses resulting from the lateral movemdéme &@hortis Block,
and the subduction of the Cocos Plate against the southern end of the ieribhaf
Plate, took place together (figure 2.12). Offset of the Chortiki#lad occurred along
the Motagua-Polochic strike-slip fault system that is considehe present-day
northern boundary of this tectonic block (Mann and Rogers, 2005; Mar2balr).
The compressional component of the movement had formed the folds andfaés
Chiapas-Reforma-Akal belt over a detachment zone localized tuthssic salt layer
(Garcia et al., 2005). Padilla-Sanchez (2007) also points out tegttlsse structures
were tilted to the north-northwest when the salt was mobilizethwartl. The change
of location of this mass of salt caused new depocenters and musibesntrolled by
faults with a vergence toward the deepest parts of the GMEegrico, and by regional
antithetic faults, which limit the Southeast Basins. The grawital movement of the
Cenozoic deposits finally caused tectonic inversion in the Neogene,fesmsvhich
the most evident is the Macuspana Basin. As a result of the cesigoral tectonics,

large structures were created in the easternmost part s ttedled Akal horst, where
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the Campeche Sound is located. Very prolific fields such as the @antarell, Sihil,
Ku-Maloob-Zaap, Abkatun, Taratunich, and Bacab are among those staftigures
2.6, 2.7 and 2.15). In patrticular, the Sihil fault originates in an Oxfor@ellovian
detachment, ramps up through the Jurassic-Cretaceous units, ats flatbn upper
detachment in the lower Tertiary section (Mitra et al., 2005). Mwmre of the
allochthonous block over this ramp resulted in the formation of the Chustaneture
which was additionally folded by the Sihil structure related to the sub-Sibdttfault.
The last episode of deformation is the Pliocene to Holocene enttehghase,
which immediately followed the compressive deformation, resulting)iformation
of listric normal faults in the Neogene section that haveiddM Miocene shaly
interval as the main detachment surface, and b) reactivation o pogrexisting
Jurassic—Cretaceous normal faults. Since the Jurassic sdltalsseworked as a
detachment zone during the Miocene compressional phase, the whole nmeatamis

be considered to be a “negative tectonic inversion” (Garcia et al., 2005).

2.4.3 Petroleum Geology

The Southeast Basins, which covers approximately 60,060ckishore and
offshore southeast Mexico (Figure 2.6), have been traditionally the pneducing
area of Mexico. Exploration for hydrocarbons in the Southeast Bagias lrethe late
1920’s, but the main discoveries were made in the 1950s for the Isadinathe mid-
1970’s, when the Mesozoic Chiapas-Tabasco onshore light-oil provinse wa
discovered, and in the late 1970°s for the extremely prolific M@gsoZampeche

Sound province (Acevedo and Mejia-Dautt, 1980; Guzman and Marquez, 2001). With
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the exception of the Macuspana basin, which is mainly gas proneeg &dlasins are oll
prone. The petroleum resources of these basins are concentrdted @ampeche
Sound area, which has more than 95% of the total Mexican reserves and production.

The Campeche Sound, producer of heavy oil in its northeastern seetens co
15,000kn7 in waters less than 100m deep. Since its discovery in 1976, 24 fiehds f
which 18 are still producing -including the prolific giant Canfatéle subthrust Sihil
structure, Ku-Maloob-Zaap Complex, Abkatun, Taratunich, and Bacab- hae be
discovered (figures 2.7 and 2.15) with a cumulative production of ~12,000mblbl
of oil and ~7 tcf of associated gas. Reserves are estimat@®,000 million bbl of oil
and ~11 tcf of associated gas.

Particularly, Cantarell field, over which the study areatlics dissertation was
defined, was discovered in 1976 and constitutes one of the giants in thdustiry
worldwide. Until 2005, average production in Cantarell field exceededll®n b/d
with cumulative production above 10 billion (10 thousand million) barrels dioil
over 25 years of production and exploitation (Garcia et al., 2005). Pradwcimes
from more than 200 wells using primary and secondary recovery metads.
produced from this field has an APl of 20-24°. Cantarell field istkmt 80 km
northwest of Ciudad del Carmen in the Campeche Sound and consistisradida
nortwest-southeast trending, faulted anticline, which is made up oblocks: Akal,
Nohoch, Chac, and Kutz (Figures 2.16 and 2.17). The main field is located lin Aka
structure, containing more than 90% of the oil reserves.

During the exploitation of Cantarell field, evidence from somehef wells

implied the presence of thrusted structures in this area. Durend¢ate 1990°s, and
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after integration of new seismic information with reprosegs®f older seismic, new
detailed geologic studies, and application of advanced deviatediniiatlg and well
termination techniques, the repeated section below CantaldlMias confirmed. The
hypothesis for a subthrust Sihil structure was finally suppdideda new, totally
independent reservoir with lighter oil (28° versus 24° API in the upthitdack), and
total reserves of 1300 million bbl of oil (figure 2.14) (Aquino et 001). The
Cantarell-Sihil complex contains the largest producing hydrocarbsarves in
Mexico at the present time (Guzman and Marquez-Dominguez, 2001).

Structurally, Cantarell (Figure 2.14) is limited in its eastportion by what
was interpreted as a right lateral strike slip fault (Aqu2001) and in the north and
east directions by a reverse fault. Both the hanging-wall Kobwn as Akal, and the
footwall fold known as Sihil, have a regional west/northwest-easkisast
orientation, the last one following the overhanging block trend.

Mitra and colleagues (Mitra and Duran, 2005; Mitra et al., (2005), dewklope
three-dimensional models for Cantarell and Sihil structures byrating 3-D seismic
interpretation, well markers and dipmeter data. They concludéhihngeometry of the
Cantarell-Sihil structure varies considerably along trend frasrmgle fault-related
structure in the south to a duplex, consisting of the Cantarell anductures in the
central part, to a more complex system consisting of compeekkicks separated by
Tertiary normal faults in the north (figure 2.14). As a parttlms complexity
northward, the western Kutz block is separated from the main Akek iy a major
Tertiary normal fault against which the Utan structure, sulgiethis dissertation, was

formed. The main field in the allochthonous block is the Akal fieldciviiias been
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faulted by numerous Jurassic and Tertiary normal faults. Secofigédy include

Kutz and Nohoch.

The elements of the petroleum system of Campeche Sound are briefly

summarized as follows (figure 2.8):

The main source rocks in Campeche Sound are the Tithonian marinesiddek
and shaly limestones which are rich in type Il organic mattecoAling to
Guzman-Vega et al., (2001), the Tithonian generative subsystem ddhsced
more than 80% of all oil reserves from the Mexican Gulf CBasin. Oxfordian
shaly limestones represent another minor source of oils in the Chenpeea.
Specific oil gravity for oils in Campeche Sound ranges from 20° iAPthe
northeast to 35° API in the southeast.

Reservoir rocks are widely distributed through the Mesozoic and Gienoz
column. Oolite bars, slope and shelf carbonates and breccias, caésaraml
Tertiary clastics are the main reservoir rocks. Accaydia Angeles-Aquino
(1994), the high reservoir quality present in Campeche Sound reflecnhot
reservoir-quality depositional facies (e.g. oolite bars in thenk@ndgian) but
also dolomitization and fracturing of the carbonate section. The prosfic
reservoir rocks are the Upper Cretaceous-Paleocene dolomitizethlaeposited
in a slope environment. The reservoirs in the middle and Lower @oetsc
consist of dolomitized and fractured shaly limestones. Other segopdtntial

reservoirs in this petroleum system include Oxfordian sandstonespd€idgian
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oolite bars, Upper Paleocene- Eocene calcarenites, as weltasylsiliciclastics
and mixed siliciclastic-carbonate rocks.

The Tertiary shaly section is the regional seal. Locafllierbedded Cretaceous
and Jurassic shales, as well as Jurassic evaporites provide sealing candition
Angeles-Aquino (1994), explains that the tectonism in Campeche Sound produced
three types of traps: a) faulted blocks during the drifting stapdjapirs during
the phase of crustal cooling; c) faulted anticlines during the Middiocene
compressive stage. The main overthrust and subthrust Cantarell st&ibilres
constitute the largest traps in this petroleum system and prqduncarily out of
carbonate reservoirs in the Upper Cretaceous to Paleocene laret@arbonates
and the middle and Lower Cretaceous (Acevedo, 1980). Even though tkere ha
been little exploration focused on the Tertiary, stratigraplapstrand rollover
anticlines are currently being tested to prove their capadtyraps from the
middle Miocene until the Recent. One of these systems is theeRé Utan
section, the subject of this dissertation.

Expulsion and migration of oil and gas occurred during Tertiary banmal
culminated in the Miocene. The presence of multiple, verticalbkethpetroleum
reservoirs from Kimmeridgian to Pleistocene in marine-slhsitic and carbonate
reservoirs containing the same genetic type of oil suggesvdinatal pathways
are an important secondary migration mechanism including a msionian,
vertically-drained petroleum system (Guzman et al. (1991), and Gu¥egm

and Melo (1999)).
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2.5 Utan Field

In 2002, the exploratory drilling location Utan #1, located 67km offshore
northwestward of Ciudad del Carmen, Campeche, MEXICO, in wé@ensdeep, was
proposed to investigate the gas production potential of the latarfjeséquence at the
west side of the Akal block overlying Cantarell field (fig@48, same as figure 1.1
and repeated for reference purposes). The well was drilled anaetethin a rollover
anticline structure in 2003, providing successful results in a Pliocaned
siliciclastic-carbonate section for two of the three testgdrvals as well as good
expectations for a probable future gas development of this tradiyianbproducing
province.

Geologically, Utan field is located in a minibasin formed by ghownhd
antithetic faulting. The field has two reservoirs comprising thilmcBne mixed
sandstone-carbonate sediments. The producing facies in Utan fieldnaaJeeen
studied in detail by integrated approaches and a comprehensive undiagsiaf the
spatial and temporal variations as well as controls on theseal rmequences has not
been well established, thus providing a favorable environment fonsytsteresearch,
one of the goals of this dissertation.

The trap mechanism is a rollover closure against a singler rfaajlt, namely
the Kutz fault. This listric growth fault defines the structuh@mework of the
reservoir where a derived hanging-wall, rollover anticline és@nt; the hanging wall
rotates into the growth fault at the west side of the faulufé 2.19). The fault
separation decreases from north to south. The faulted rolloveiratiather than the

fault itself, forms the trap. An antithetic fault forms thenibasin in which the
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reservoir structure is located and a number of secondary faults oraptalize the
structure and reservoir intervals. The reservoir is essentaltiiree-way closure

against the major fault.

Three Pliocene intervals were tested at the Utan-1 discovery well:

« INTERVAL Ill (Upper): 1075 — 1085 m- RESERVOIR 2
« INTERVAL Il (Middle): 1220 - 1228 m

* INTERVAL I: (Lower): 1317 — 1322 mRESERVOIR 1

Gas presence was proven for two of the three tested intervalsh@hewer
and the deeper intervals tested flow rates of 7.46MMcfd (1075 — 1085m) and
4.13MMcfd (1317 — 1322m) respectively. The middle interval (1220 — 1228mJl teste

as non producer (figure 2.20).

Three intervals were cored in Utan well. Unfortunately, noballhem were

properly recovered nor did they sample more than one meter of the tested intervals

o CORE 1: 1084-1093m, recovery: 9m (100%), only the lowermost meter of

Reservoir Il was cored
. CORE 2:1225-1232m, recovery: 7.2m (80%)

o CORE 3: 1321-1324m, recovery: 3.75m (42%), only the lowermost meter of

Reservoir | was cored
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Several conventional core analyses were completed on these lopres
CoreLaB™ and provided for this dissertation, including: measurement of spectra
gamma radiation, X-ray diffraction, porosity, gas permeability) @&=d Klinkenberg-
corrected permeability at various confining stresses, relativemgadility,
minipermeameter measurements, grain density, petrographic alchestlogic
analyses, capillary pressure and others. Accurate placememriclofcered section
within the well bore was possible with the spectral gammadagymeasured in the

laboratory.

Figure 2.21 shows the location of the study area and the position of the
discovery well and some of the nearby wells and drilling lonaton the seismic
dataset which were used for the analysis. In the same figaegions of inline 2781
and cross-line 21516 are shown. These two lines intersect at the BTAdtation

and, therefore, they are repeatedly used in the discussion in this dissertation.
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Figure 2.6: Southeast Basin provinces (Guzman and dguez-Dominguez, 2001).

Figure 2.7: Campeche Sound province and some of tineain oil fields (Guzman and Marquez-
Dominguez, 2001).
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Figure 2.12: Tectonic map of Central America, showig the regional geometry of tectonic plates

and basement blocks. Plate names are in white box@sorth American, Caribbean,
Cocos, Nazca, and Panama). Large arrows show plateotions relative to Caribbean
plate. Active plate boundaries are shown as solidnes (with teeth on upper plate of
convergent margins, and opposing arrows indicatingransform motion). Shaded
areas show basement blocks (Maya, Chortis, Chorotagand Chocé). Dashed lines
mark major bathymetric features. EPR: East Pacific Rise; GSC: Galapagos
Spreading Center; PFZ: Panama Fracture Zone; CCRDB:Central Costa Rica
deformed belt; NPDB: North Panama deformed belt; SBB: South Panama
deformed belt; EPDB: East Panama deformed belt. Théigure shows the Motagua-
Polochic Fault System as the boundary between thea@Bbbean and North American
plates (Marshall, 2007).
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Figure 2.13: Local tectonic map of southeast MexicoCHA: Chicomuelo Anticlinoreum; SH;:
Sierra Homocline; RF: Reverse Fault Province; S-SFStrike-Slip Fault Province;
ISB: Isthmian Saline Basin; CB: Comalcalco Basin; MB: Macuspana basin; VU:
Villahermosa Uplift; CS: Campeche Sound; YP: Yucata Platform; CHM: Chiapas
Massif; MM: Mixtequita Massif; SA: San Andres Tuxtl a Massif; IG: Ixtapa Graben
(Angeles-Aquino, 1994).
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Recent extension

Figure 2.14a: Main tectonic episodes that playednaimportant role in the current deformation
styles and the development of the basin structureés the Campeche Sound, shown
through the structural evolution of the Cantarell-Shil complex: (a) Jurassic-
Cretaceous extension, (b) and (c) represent the Gipaneca episode in two phases,
corresponding the first one to the initial compres®n during the Lower-Middle
Miocene to produce a verging overthrust, and a sead phase which produces the
duplex overriding; d) Plio-Pleistocene listric negtive inversion; such a extension
produced the rollover anticline where the Utan welis located (Garcia et al., 2005).
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Figure 2.14b: Cross-section showing the three maistructural events in Cantarell: (1) Mesozoic
extension represented by the normal “half graben” ype features (black fault); (2)
Miocene compression represented by low angle thrust(red and purple faults);
and (3) the Plio-Pleistocene extension (blue faulafter Garcia et al., 2005).
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Figure 2.14c: Three-dimensional seismic cube shavg the seismic expression of the structural
geometry in the northern part of the Cantarell-Sihl structures. Normal faults are
shown in green, and thrust faults are shown in redThe Tertiary normal faults
have an approximate north-south trend, whereas theompressive structures trend
approximately northwest-southeast or parallel to tke sides of the cube. KuBr = top
of Upper Cretaceous breccia; Jt = top of Jurassic ithonian (Mitra et al., 2005).
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Figure 2.15: Composite figure: (upper) Cenozoic siictures in the southeastern Mexico showing
Miocenic compressive folding and faulting alignmerg and Plio-Pleistocenic
transversal extensional faulting, and (lower) correponding main oil fields of the
Campeche Sound province (after Padilla y Sanchez0@7; Pacheco, 2002).
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Figure 2.16: The Cantarell complex consists of arbad NW-SE trending, faulted anticline. The

structure has been divided into several blocks. Netthe NS-trending normal faults,
on the broad anticline.

Figure 2.17: Three-dimensional depth model for theop of the Cretaceous breccia showing the
Akal, Kutz, and Nohoch fields (after Mitra et al., 2005).
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Figure 2.18: Blocks of the Cantarell Complex anthe Utan-1 well location (non-published Pemex
internal reports).

Figure 2.19: Composite figure showing structural famework for Utan well locality (Garcia-
Hernandez et al., 2005 and non-published Pemex imtal reports).
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Figure 2.21: Location of the Utan-1 well relatedd the seismic cube. Intersection seismic lines
over this well (in-line 2781 and cross-line 2151&ye also shown.
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Chapter 3

BASIC CONCEPTS IN SEQUENCE STRATIGRAPHY

2.2 Introduction

Little is known about the late Tertiary depositional systehnsiy time/spatial
distributions and the proper location of gas producing facies in Uskh fihis fact
provides unique challenges that require new concepts and thinking and pravide

favorable environment for systematic and multidisciplinary research stuldg area.

This chapter includes basic definitions and concepts useful to undernseand t
importance of a sequence stratigraphic framework in the developmeiitisof
dissertation. Such concepts were applied to understand the high-frequencyateposit

setting, facies and rock quality distribution in a methodic and predictable manner.

3.2 Basic definitions and concepts in Sequence Stratigraphy

The growth of applied stratigraphy in the™0entury has been unprecedented.
Modern stratigraphy has evolved rapidly because of the growing foeechore
accurate chronostratigraphic techniques for subsurface correldfius. section
contains basic definitions and concepts useful to understand the impoofamce
sequence stratigraphic framework in the development of this t@isserand how such

concepts will be later applied to understand the facies and rodkydlisiribution in a
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methodic and predictable manner. Sequence stratigraphy as asuiglidary tool for
basin analysis is a very extensive topic and the following overisefar from an

exhaustive treatment.

3.2.1 Early developments

Stratigraphy, from the Latistratumand the Greelgraphia is the study of
rock successions and the correlation of geological events and procesises and
space (Koutsoukos, 2005). It is a fundamental science of all geoljicdies,
allowing reconstruction of the sequence of events of Earth histargvolution of life
on Earth and speculations on the nature of Earth’s structure and psofesaaatural
science, stratigraphy is a science as old as philosofy which was originated with
the early observations of Earth’s natural phenomena allowingmvigls to establish
the foundations of the scientific methods of investigation by caoéflsgrvation of the

physical world.

Stratigraphy as a science evolutes from the Ancient Gree#lsRomans
through the Middle Ages and Renaissance, the Eighteenth and NineBssrithies
until the Twentieth Century, the latter known as the Age of AppBedtigraphy.
Particularly, the history of stratigraphy during the Twent{@éntury is referred to the
history of the individual branches which contributed to the developmentodern
stratigraphy. Plate Tectonics, Geochronology (Radiometric i§@aphy),
Magnetostratigraphy, Stratigraphic Classifications, Factesti§aphy, and Seismic

and Sequence Stratigraphy have together contributed to refine rdtgraphic
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resolution and basin modeling studies for both scientific and comrmapghcations.
The latest advance is the young field of Seismic Geomorpholegglaped by

Posamentier about 2003 (Roger Slatt, personal communication).

Modern stratigraphy had its major advances by the mifti@éntury, with the
increase of petroleum exploration activities and the development iefmise
exploration techniques. In 1949, L.L. Sloss and coworkers establibeeterm —
sequence- as an unconformity-bounded stratal unit (Van Wagoner £920). The
concept received further support with the works of H.E. Wheeler inatbelB50°s,
who introduced the concept of the chrono-lithostratigraphic chart, and, $essn
1963, consolidated the term —stratigraphic sequence- and its empboyegional
chronostratigraphic correlations (Koutsoukos, 2005). A passage from &ligasally
written in 1963, and cited by Van Wagoner (1990), points out “The sequencept
is not new and was already old when it was enunciated by the writer andéégaes
in 1948. The concept and practice is as old as organized stratigraplsyite of this
fact, Sloss has received the credit for being the scientist edh@loped the

unconformity-bounded sequence as a genetic stratigraphic tool.

On the other hand, the seismic reflection method has been an effiagno
sample the subsurface at the interwell scale through the7(asgears. Seismic
applications have been extensively employed in the petroleum indunstryuccessful

in reservoir delineation, characterization and even fluid monitoring.gtecisely the

improvements in seismic sampling and resolution which contributed to the

development of seismic stratigraphy and then to sequence stratigraphy.
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In a series of publications starting in the late 1970’s, R&tiérand his Exxon
colleagues presented a revolutionary stratigraphic method @f baalysis which
became known as “Sequence Stratigraphy” (AAPG Memoir 26, editeBalgtion,
1977), which focused on the analysis of geometric patterns of saisfi@ctions to
infer depositional systems and sequences. As a result of Memoim@6new
improvements in seismic reflection technology, the sequence asadical,
unconformity-bounded unit for stratigraphic analysis provided a quantumndesin
analysis. In the beginning, seismic stratigraphy concepts weted to basin analysis
at the scale of seismic data with a lack of enough precisi@nalyze sedimentary
strata at the reservoir scale. Thus, seismic stratigrgpbgeded the discipline of

sequence stratigraphy (Slatt, 2006).

Sediments can only accumulate where there is space for theendeposited
and preserved. This important concept commonly referred as “acatatiorospace”
was first developed by Jervey (1988) in the volume published by Thetpari
Economic Paleontologists and Mineralogists (SEPM), titled ‘1S»e! Changes: An
integrated approach”. That volume introduced many of the modern csnoépt

sequence stratigraphy.

In 1989, Galloway proposed the term “genetic stratigraphic sequdocel
model of a genetic sequence or depositional episode bounded by maxmodng
surfaces. The concept implied a certain discrepancy with the Eagqamoach of the
unconformity bounded depositional sequence. The reason is simple, becanose Exx

uses seismic data, such an approach is a stratigraphyle€t(om) surfaces however,

70



Galloway’s approach rests more on sedimentological interpretatfacies
relationships and geometries. The Exxon scheme however, is bhefandst widely
used because the widespread erosion surface at the sequence bouoiti@nynsre
easily recognized than the maximum flooding surface. Gall®vapproach is
particularly useful in those areas where there is littl@mmavailable seismic data to
properly identify sequence boundaries and where flooding surfaces axichum

flooding surfaces are in these cases easier to identify (Koutsoukos, 2005).

Some other lines of research have been developed by several authating
the study of high-frequency sequences with details on how sequeatigraphic
concepts are applicable at the scale of wells, cores, and out®iampd\agoner et al.

(1990); Mitchum and Van Wagoner (1991)).

Further developments in cyclostratigraphy, chemostratigraphy isstdpe
stratigraphy have been also developed during the last decadiermMstratigraphy is
multidisciplinary in nature and future developments of this scienicde expected in
fields as fractal geometry, complexity theory and computizehi sequence
stratigraphic interpretation. New technology will be useful in rmodesuccessively
more complex depositional systems and improving our capabilitieade hew
scientific problems and understand how to explore and exploit natucailrces in a
sane and sustainable development of the human community whilevprgdearth’s

ecosystems diversity.
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For those interested in knowing more about the development of the stratigraphy
concepts and the corresponding schools of knowledge, an excellent saurbe ca

found in Koutsoukos (2005).

3.2.2 The basic depositional sequence

Sequence stratigraphy is the study of sedimentary rock relaifpsnwithin a
chronostratigraphic or geologic-time framework (Slatt, 2006). Sequeraigraphy
combines well logs with biostratigraphy and seismic patternsinierstand the
relationships among rock layers, their seismic expression and tiepalsi
environments for a more accurate prediction of reservoir settingssesrocks and

seals.

Sequence stratigraphy establishes criteria to define a fwedimodel, in
which a series of systems tracts within a depositional sequeringerpreted to be
deposited in a cycle of fall and rise of sea level relatethéoconcept of globally
synchronous eustatic changes. Sedimentary patterns along contiman¢ahs are
controlled by sediment supply, rate of subsidence and sea-levelkeciHdmegcombined
effects of regional tectonics and eustasy determine the acodation potential for
the sediments and the distribution of facies within the gensticalhted packages

(Haqg et al, 1988).

A sequence is defined as a stratigraphic unit composed of aveklat

conformable genetically-related succession of strata thdicaneded (at their top and
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base) by unconformities or their correlative conformitiest{SP006). It represents a
period of deposition between two episodes of significant sea levelUsihg the
sequence stratigraphy approach, depositional sequences are thg preaas of sub-
dividing a basin fill succession. If the relative changes inleeal are basin-wide
events, the sequence boundaries may be recognized in differecalveettions and
used as a means of correlation provided that the same sequence baamdéey

confidently recognized in different places.

The space-temporal distribution of sequences is defined by accommwmoda
space, which is in turn dictated by eustasy and tectonism. dheesd supply will fill
the space created. If the rate of sediment supply is gréhtn at which
accommodation space is created at a given point, facies bédltaigiate toward the
basin centre and water depth will decrease. This process isd narogradation
Conversely, if the rate of sediment supply is less than the acodation space
created at a given point, facies belts will migrate towhedbasin margin and water
depth will increase. This process is named retrogradafonthe other hand, if the
rates of sediment supply and creation of accommodation space aedaiive
equilibrium, i.e. as the rate of sea level rise decreasegatiee of creation of
accommodation space becomes balanced by the sediment supply, beltge will

stack vertically in a process termed aggradaffigure 3.1).

In sequence stratigraphy, stratal surfaces and rock bodiesdrethe surfaces
are defined on the basis of stratigraphic intervals thatime=synchronous, laterally

continuous and regionally correlative (e.g., bentonites or condensed Sectbimesr
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than on the basis of the lithologic character of the rocks hedt stratigraphic
relations. Thus, sequence stratigraphy differs fundamentally tbwstratigraphy,
and chronostratigraphic horizons that often crosscut lithostratigraphiaons (Figure
3.2). Therefore, well-log correlations differ substantially betwehese disciplines

(Slatt, 2006).

3.2.3 Systems tracts and key surfaces

A sequence can be internally subdivided into a succession of systats
interpreted to be deposited between eustatic-fall inflection pddasafmentier et al.,
1988). A systems tract is defined as a linkage of contemporaneous idepbsit
systems (e.g. alluvial-fluvial-deltaic-coastal-shelfal-bathy Each is defined
objectively by stratal geometries at bounding surfaces, positittin the sequence,
internal parasequence patterns and interpreted to be associftedspécific segment
of the eustatic curve. The chief types are the lowstand systemt (LST), the

transgressive systems tract (TST) and the highstand systems tragt (HS

Mitchum et al. (1993), point out that the general sequence-stratignayaiuel
consists of a depositional sequence with a lowstand systemsdregsting of basin
floor fan, slope fan complex, and prograding complex; a transgresgitems tract;
and a highstand systems tract. They emphasize that each sysienmsdeposited at a
predictable position in an interpreted base level cycle causesu$tasy, and has
recognizable signatures in well logs and seismic data. Agnaequence, reservoir

sand distribution is characteristic for each systems tract.
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In outcrop sections, well logs and seismic data the systeants tcan be

identified and correlated between three prominent depositional surfaces:

1. The LST and the TST are separated by the transgressivees(ffd) which is
defined as the first significant marine flooding surface withsequence, marking
the beginning of the more rapid sea-level advance over the Slagjfet al., 1988).
This surface is usually marked by a contrast in lithology finingiard. The
lowstand deposits below this surface belong to the most regregsage of the
sequence. However, when lowstand deposits are lacking, the transgsface
may coincide with the underlying unconformable portion of the sequence boundary.
The transgressive systems tracts, formed during the period ofapadtise in sea
level, will be characterized by a general landward shift inefabelts, that is,
shallow water facies are overlain by deeper water depositsaiéef creation of
accommodation space will be greater than the supply of sedimewatugardshelf
deeper water mudstones will overlie inner shelf shallower maanestones, for

instance.

2. The TST and the HST are separated by the maximum floodifigceufMFS),
which is defined as the surface corresponding to the time of maxitwoding of
the shelf. This surface is seismically interpreted as a “dapvrdurface”. A
physically condensed section occurs at the MFS and forms pastialin the
transgressive- and partly within the highstand systems tratie afequence (Haq
et al., 1988). “Condensed section” is defined as a thin marine stigrunit

consisting of pelagic to hemipelagic sediments characterizedveoy low
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sedimentation rates. Because of the lack of terrigenous inputcat@ensed
section may contain a high pelagic-fossil concentration, ricducginitic or
phosphatic layers, or a hardground caused by marine lithificationcdrdensed
sections are most areally extensive at the time of maxinegional transgression

and this extension increases basinward. The downlap surface eseghmailST

from the HST. Because of the abundant and diverse planktonic and benthonic
microfossil assemblages that the condensed section contains,nitescellent
correlation surface with the open oceans and for calibration aghmsglobal
standard biostratigraphic zonation schemes. As such, this surface prihgdeey
chronostratigraphic and correlative framework for sequence amabysil in

delineating systems tracts (Wynn, 1996).

. The third surface is the sequence boundary. A relative sea #velilf have a
dramatic effect on the shallow marine environment. Rivers mspgond to the fall
in base level by cutting down into their floodplain and also into tiadynexposed
shelf area in the process of adjusting to a new equilibrium prdiile. exposed
beach will be subject to erosion on the coastal plain. This erosiidoenwpreserved
as an unconformity surface in the stratigraphic record. Furthenveasls, the
relative sea level fall may not have exposed the outer pattte shelf to create an
erosion surface, but shallow water deposits of the beach and shavéfanesrlie
outer shelf deeper water facies. In this case, upward shafjofacies will be
preserved in the stratigraphic record. If the sea level fal igreat as the depth of

water at the shelf edge, an unconformity may develop over the whele &
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sequence stratigraphic terminology this surface created bgethdevel fall is

called a sequence boundary- A sequence boundary normally consists of an
unconformity and itscorrelative conformity-, the equivalent surface in the outer
shelf where there was no erosion (Nichols, 1999). As such, thereegeundary

is expressed as the downward (basinward) shift of the ¢taexdég pattern, or by
truncation on seismic profiles depending on the position of the section thieng

shelf to basin profile and the rate of sea level fall. For mtgtaif the position of a
section is proximal (landward) on the shelf, the probability of lamdgtdeposition

in the area is reduced and restricted to transgressive andahigjigeposition. In

these cases, the sequence boundary may be an unconformity that coincides with the

position of the transgressive surface.

3.2.4 Cyclicity in changes in sea level

Figure 3.3, shows a relative-sea-level curve, comprising one etengycle
from one highstand to the next highstand (Slatt, 2006). As a figstrsi@n idealized
model of sea level fluctuations, the cycle is assumed witmplsisinusoidal curve to
describe the rise and fall, and constant sediment supply (Nichols, 1988)falling
limb of the curve reflects a falling stage of relative megel, and the rising limb
reflects a rising stage of relative sea level over aervat of time. In this sense,
eustatic change is a curvilinear function punctuated by inflexiontgorhese are

points on the curve where absolute slope or rate of change isstji@samentier et
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al., 1988). The different components of the lowstand, transgressive gimstamid

systems tracts deposited in relation to the position of relative sea lead@shown.

Patterns of changes in sea level through the Phanerozoic daddo®gnized
for many years but the biggest impact on sedimentology and saptigresulted from
the publication of the AAPG Memoir 26 in 1977 by Vail and co-workessifExxon
oil company. In the 1977 work and a later paper in 1988 (Haq et.al. 198&ytbe
group presented a global sea level curve for parts of the Phaitewdrch indicated
several orders of cyclicity superimposed upon each other. Imwé#yisthe chronology
of sea-level fluctuations in the Cenozoic, Cretaceous, Jurassiclrdamsbic were
published in a composite fashion where the cycle charts combinediae fime scale
(in  My) with magneto-chronostratigraphy, standard-chronostraiiyra bio-
chronostratigraphy, and sequence-chronostratigraphy (Haq et.al. 198&)ul&adyti
on the Cenozoic-cycle chart the bio-chronostratigraphic data inclualgtphic
foraminiferal zones, calcareous nannofossil zones, radiolarian zamesgiatom

Zones.

No general agreement exists on the tectono-eustatic meclksawnisich may
cause sea level fluctuations of eithest-order cycles, which show a duration of
hundreds of millions of years, second-order cycleshowing a pattern of rises and

falls with duration of ten millions of years (Nichols, 1999).

Rises and falls of sea level with a magnitude of severaldenseters and a
periodicity of 1-2 million years are recognized throughout the Pbaaoer

stratigraphic record and identified @srd-order cycles. The fundamental third-order
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cycle has an average frequency of 1-2 m.y. duration, with a rah@5-5 m.y.
(Mitchum and Van Wagoner, 1991). Shallow marine sediments are @esjytige to
changes in sea level of this magnitude and display shifts iesfaghich reflect
changing water depth. Close inspection of strata deposited eehggonments from

many parts of the world and different ages reveal that suclegebhchanges are
common features (Nichols, 1999). Based on these assumptions and using a
combination of subsurface and outcrop data the Exxon group constructeartbe c
which documents fluctuations every few million years which theyidersd to be

synchronous global sea level changes.

Once again, there is no general agreement on the mechanisms whicausa
sea level fluctuations at this third order of cyclicity. Howewlee Haqg (Exxon) model
assumes that third-order cyclicity is essentially ghaeistatically controlled and that
the tectonism does not override the eustatic signal. Even thoughbééagjuestioned
by a number of authors (Weimer and Posamentier, 1993; Wynn, 1996), thatgegner
curves showing variations of sea level through time, enhance thetpreditility of

the sequence stratigraphic model.

Haq et al. (1988) also produced a conceptual two-dimensional model of the
development of second and third order Vailian sequences in relatiosseatially
glacio-eustatic changes in sea-level. The figures 3.4 and &énpnemore descriptive
diagrams showing the so-called “sea-slug” model and its gameling systems tracts,

first presented by Vail (1987).
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3.2.5 High-frequency sequences. The parasequence model

In addition to the previously referred orders of cyclicity, sfrererm changes
in sea level have also been recognized as being superimposed uporidongsyeles.
These ardourth-order cycles which show a duration of 100,000-200,000 years, and
fifth-order cycles lasting 10,000- 20,000 years (figures 3.6 and 3.7). According to the
Exxon models, the magnitude of sea level change in these cyctesriiom a few
meters to 10-20m, although short-term sea level changes and highidapbsites in
the Quaternary have much higher magnitudes (Nichols, 1999). Thisityylbhs been
related to climatic changes caused by Milankovitch effectsictware cycles of
planetary orbital irregularities, such as eccentricity, ohtygamnd precession (Mitchum
and Van Wagoner, 1991). Evidence for frequent relative changea leva of about
10m has been found in successions throughout the stratigraphic recoequémce

stratigraphy terminology these are referred tpaasequences

The parasequence is one of the fundamental stratal units in sequence
stratigraphy. A parasequence is defined as a relatively coalide, genetically related
succession of beds or bedsets bounded by marine-flooding surfaces oortteative
surfaces (Slatt, 2006). The parasequence boundary is a marine-fleadexge, which
represents a relative rise in sea level (unlike the sequence boundary, whisantspae
relative fall in sea level) (Mulholland J.M., 1998). In special posgi within the
sequence, parasequences may be bounded either above or below éycesequ

boundaries (Mitchum and Van Wagoner, 1991).
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Most siliciclastic parasequences are progradational in nateselting in an
upward-shoaling (upward-coarsening and -cleaning) association bdvshaarine
lithofacies. If the rate of sediment supply to a shoreline exeaeds the rate of water
deepening as a result of subsidence and/or sea level rise, theergsduvill prograde
in the basinward direction (figure 3.8, Stage 1). If water deptleasers more rapidly
than sediment can be supplied, then marine waters will flood landexsed the
preceding parasequence, forming a condensed section/marine floodiace sinat
marks the base of a new parasequence (figure 3.8, Stage 2). If thesedexa@ntation
then exceeds that of relative sea level rise, another progmaalaparasequence will
form, giving rise to two progradational parasequences bounded byyacehdensed
section (which can vertically isolate the two sandstone inte(figlse 3.8, Stage 3)

(Slatt, 2006).

In the scope of observations regarding the parasequence concept, Magatium
Van Wagoner (1991) indicate that parasequences have been identdmabktal plain,
deltaic, beach, tidal, estuarine, and shelf environments where thewshatrine
sediments are very sensitive to changes in sea level, and corregpsiméimin facies
(figure 3.9). They point out that it is difficult to identify pargsences in fluvial
sections where marine or marginal-marine rocks are absentn aidpe or basinal
sections, which are deposited too far below sea level to be inflddrycan increase in

water depth.

Sequences and their boundaries are interpreted to form as a resjpiaiatve

fall and rise of sea level. Jervey (1988) and Posamentier €988) presented an
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analysis of the interaction between eustasy and basin subsitiahd interpreted to
form sequence boundaries (see figure 7, Posamentier and Vail, 1988gqRarees
and their boundaries also can be interpreted as responses to heeraicbycles of
relative fall and rise of sea level. The relationship amonghigisarchy of eustatic
cycles, subsidence, and the deposition of sequences and parasequéosgatisd in

Figure 3.10. The curve of sea level fluctuation during the deposfi@nsequence
therefore consists of a high-frequency oscillation superimposed dorger-period

sinusoidal wave (figures 3.6, 3.7 and 3.10). These curves may be germrdted
combination of different orders of sea level fluctuation (third- fmdth- order sea

level variations, for instance).

A parasequence set is defined as a sucession of genetieddliedr
parasequences that form a distinctive stacking pattern, bounded in cases by
major marine-flooding surfaces (Mitchum and Van Wagoner, 1991). Bathnss
tract is therefore likely to be composed of a set of parasegaeln most cases each
parasequence represents an upward shallowing of the depositiomaherent. The
trends through a set of parasequences are recognized by cogsidernelative shift
in the position of the shoreline when going stratigraphically frompamasequence to
another. Figure 3.11 illustrates the variation in stratigraphy ¢hat result by the
variation of rate of deposition versus rate of accommodation to pratitfeeent
parasequence sets. These are the same trends of progradatamradatron and

aggradation described above for the systems tracts of depositional sequences.
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High-order cyclicity depends on seismic resolution to extend thHe lag

interpretation at the interwell space through basic seismic inteipreta

3.2.6 Practical sequence stratigraphy

Several considerations have to be taken in order to develop anseque
stratigraphic framework (Vail, 1987; Homewood, 2001; Koutsoukos, 2005; Slatt,
2006). Firstly, it has to be reminded that sequence stratigiaphultidisciplinary in
nature (Slatt, 2006). Therefore, a comprehensive dataset of semiitogs, cores,
biostratigraphic and geochemical data has to be joined and consideratief

interpretation. A reasonable dataset should include:
e A grid of good-quality 2D/3D seismic reflection data

e A reasonable number of wells on or near the seismic sections awith
comprehensive dataset of cores, detailed core analyses, higltioesol

biostratigraphy, paleobathymetric information, and well log data

e Velocity data in the form of VSP, checkshots and/or sonic logsalce synthetic

seismograms, time to depth conversion, and tie wells to seismic data
e Engineering data

Once the dataset has been screened for quality control, seukssland

considerations have to be taken into account for the interpretation:

e Review of previous related works in the study area
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Preliminary analysis of well and seismic data: Seismiditguand resolution

analysis. Well log edition, corrections and compensation if they are needed.

Preliminary basin, structural and stratigraphic setting froismge and well data.

Screen the data for seismic terminations and structural interpretation.
Petrophysical work on key wells

Annotate biostratigraphic and paleobathymetric information in vwwgh showing

faunal distribution. Identification of paleoenvironments.

Interpret log patterns and selection of first candidates foiomaf markers,
sequence boundaries, and maximum flooding surfaces. Assign of ageg to ke

surfaces for a preliminary sequence stratigraphic framework

Regional third-order sequence stratigraphic analysis on key. \Bedlstratigraphy
and paleobathymetric analysis, confirmation of key surfacessgsigm tracts
definition, correlation with sea level charts. Higher-ordeusace identification
might be feasible on key wells, however their identification oansiei data will

depend on the seismic resolution of the dataset

Extrapolation of well log signatures of key surfaces to the geadils through

well log cross section correlations.

Selection of key seismic sections and construction of synthesmegrams for
well to seismic tie. Once the key surfaces for stratigragaaelation are
identified, they have to be transferred to seismic data fomseistratigraphic

interpretation and correlation. Sequence boundaries are defined from the
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geometric relationship of the reflections. Several loops betwaemis and well

log data have to be performed to assure agreement of interpretations.
e Construction of contour time and depth maps of key surfaces

Once the sequence stratigraphic framework has been defined,bewable to
be applied to the purpose for which the study is being made. Applisatf sequence
stratigraphy for petroleum exploration include regional cormatiof stratal units and
prediction of seal, source, trap, and reservoir rocks and their logatibath time
(geologic and seismic) and space (within a basin) (Slatt, 2006), pooper basin
analysis, petroleum systems and reserve evaluations, prospecttipnsdiand
recommendations for future G&G prospectivity work in the study.dfeareservoir
analysis, the applications vary from analysis of reservoir gualtitl extrapolation of
reservoir properties as well as more detailed reservoir guafion,
compartmentalization analysis and prediction of new sites for deiiomfanfill and to

delineate improved enhanced oil and gas recovery strategies.

3.2.7 Misunderstandings in sequence stratigraphy

From the development of early works on sequence stratigrapleylthee been
several controversies to the acceptance of this tool by theggesdlocommunity. Some
of them are described by Weimer and Posamentier (1993), Welfé8)( and

Mendez and Acuiia (1999), and are cited below:
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The “sea-slug” model (Vail, 1987) is a generalized diagram which begn
drawn to integrate the common characteristics of many differetiimentary
basins in the world under the sequence stratigraphic concepts. Hostest,
patterns that look entirely like the “sea-slug” model have never bleserved in
a sedimentary basin in the world. Even though, certain portions oy basins
have similarities with this model this is not a rigid templaieapply to all
sedimentary basins. For instance, the thick TST seen in the model is faiily rare

siliciclastic settings, although they are more common in carbonate settings.

The eustatic curves currently published are not really “gldieits’. They have
been developed from observations from a number of sedimentary basins around
the world. Some critics maintain, for instance, that there iscoaclusive
evidence about the cause of third order sea level cycles. Regaaflehe
validity of the sea-level curves, the sequence stratigraphiceptscan be
applied to any sedimentary basin to enhance understanding of basin fill evolution.
Also, this debate does not affect a major aspect of sequentigrapiay:
lithology prediction for reservoir rocks, source and seals. Clahrg to the
relative imprecision of most geochronologic tools, one must be cavéfuthe
correlation of stratigraphic packages from different basins, thg that
sequences should be defined in a aparticular setting, the scaldschtthe
sequence concepts are applicable and the importance of local gectionihe

eustatic curves to be employed.
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The models presented by Jervey (1988) are conceptual and use a set of
simplifying assumptions for a specific kind of Atlantic basin. ldoer, these
models have been used in the evolution of newer concepts. The treatime
eustacy, subsidence and sediment influx, as independent variables,tctallype
unrealistic. Therefore, the effects of local factors such lapeschanges,
sediment supply and tectonics must be incorporated together into thangodel

for a particular basin

Seismic expression was only represented qualitatively in Jermaydels. In fact,
there has been little incorporation of seismic synthetic modébs Sequence
stratigraphic analysis. Geological modeling should be combined wittafd
seismic modeling (ray tracing) to obtain a real “seismmression”, showing the
effects of frequency bandwidth on them. For instance, Anselntedti €1997)
show how 60 Hz onlaps in a seismic section can be converted to 20 Bastopl
making it relatively difficult to recognize a third order segoe boundary

(figure 3.12).

It is believed that sequence stratigraphy concepts can be applieth qagsive
margins. That controversy is false and once the general neodeddified to
different physiography and tectonic regimes, the sequence concaptbe

applied successfully.
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Figure 3.1: Depositional architecture as defined bgediment influx, subsidence, and sea level (i.e.,
accommodation). Progradational patterns form when lie rate of deposition exceeds
the rate at which accommodation increases. Aggradanal patterns form when the
rate of deposition is approximately equivalent to he rate of increase in
accommodation. Retrogradational patterns form whenthe rate of deposition is less
than the rate at which accommodation increases (3ta2006).
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Figure 3.2: Comparison of well log cross sections correlated onthe basis of (A)
chronostratigraphy and (B) lithostratigraphy. The datum for the
chronostratigraphic correlation is a parasequence dundary. The datum for the
lithostratigraphic correlation is a formation top. The chronostratigraphic
correlation indicates deposition of four parasequeces, with each subsequently
younger parasequence stepping progressively towairthe left (landward) and the
total defining a retrogradational parasequence set. Based on the
chronostratigraphic correlation, sands 1-4 are notconnected, which they are
according to the lithostratigraphic correlation in (B) (Slatt, 2006).

89



TIME

HIGH

Slumpsfmlass
Transport complex

|
Highstand
Systemg tract
|
Transgresdwe systems
tract/conddnsed section
|
|

Prograding cbmp!ex.f
Late lowstantl wedge

and levee

Chanyel fill/slope fagl'early

lowst

I

I

|

I

I

I

I
Lowstand Ians.fsheetsflobes

I

I

I

Low

I

I

|
FALLING LIMB RISING LIMB

One complete sea level cycle

Figure 3.3: Relative-sea-level curve, comprising @complete cycle from one highstand to the next
highstand. The falling limb of the curve reflects &alling stage of relative sea level, and
the rising limb reflects a rising stage of relativesea level over an interval of time. Red
indicates times during which components of the lowand systems tract were
deposited, in relation to the position of relativesea level. Transgressive and highstand
systems tracts are shown in green (Slatt, 2006).
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Figure 3.5: Schematic cross section across one &ieed third-order depositional sequence for
siliciclastic strata (“sea slug diagram”). (A) illustrates the distribution of sediment
and systems tracts in depth and space; (B) showset distribution in time (vertical
axis) and space. Blank areas on diagram (B) recortthe lack of deposition and/or the
erosion that would occur in different areas at a sgcific time interval. Colored areas
record deposition of strata in different areas at aspecific time interval. Pgc =
prograding complex; Bf = basin floor fan; fl = fan lobe; fc = fan channel, sf = slope
fan, tbsf = top basin floor fan surface; tsfs = topslope fan surface; Isw = lowstand
wedge; TS = transgressive surface; ivf = incised Wlay; SB1 = Type 1 sequence
boundary; SB2 = Type 2 sequence boundary; TST = tresgressive systems tract; mfs
= maximum flooding surface; HST = highstand systemgact; smst = shelf margin
systems tract; pgc = prograding complex (Slatt, 21B).
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Figure 3.8: Schematic illustration of the formation of two parasequences. Stage one shows the
progradation of Parasequence A at a time when theate of deposition exceeds the
rate of increase in water depth. Stage two showsrapid water-depth increase, which
floods the top of parasequence A, creating a transgssive surface of erosion or non-
deposition with respect to siliciclastic sediment ith chemically precipitated
minerals, volcanic ash beds (glauconite), and/or latively coarse inorganic or
organic grains concentrated on the surface. Stagéree shows deposition of marine
shale upon the transgressive surface of erosion,lifiwed by progradation of a
second parasequence when the rate of deposition aga&xceeds the rate of water-
depth increase. Bedsets in parasequence B downlapto the transgressive surface of
erosion. After Slatt (2006).
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muddy, tide-dominated shoreline (Van Wagoner et al1990).
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Figure 3.10: Interaction of eustacy and subsidena® produce parasequences and high-frequency
sequences. Lower diagram shows superposition of # eustatic curves with
different frequencies into a composite eustatic cwe. Addition of a constant basinal
subsidence (middle diagram) produces a relative cue of sea-level change. During
periods of overall eustatic third-order fall, high frequency falls are exaggerated to
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high-frequency parasequences or Type Il sequenceggnWagoneer et al., 1990).
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Figure 3.11: Schematic figure showing four paraseqnces (prsq’s) stacked to form prsq sets, and
their well log patterns. For the progradational cag, each prsq progrades seaward to
a greater extent than did the preceding, giving rig to a coarsening- and thickening-
upward well log pattern. Such a prsq set forms wheithe rate of deposition exceeds
the rate of accommodation. The overall progradatioris punctuated periodically by a
rise in relative sea level, which results in a flating surface upon which the next
younger prsq is deposited. For the retrogradationalcase, each prsq progrades
seaward to a lesser extent than did the precedingsm, giving rise to a fining- and
thinning-upward well log pattern. For the aggradational case, each prsq progrades
seaward the same distance as did the preceding prsgjving rise to a uniform well
log pattern for the four prsgs. (Slatt, 2006).
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Seismic forward modeling of a carborta platform margin showing the effect of

reducing the frequency content on a stratigraphic nterpretation of seismic

terminations. Left side: impedance model with six dpositional sequences and their
corresponding seismic terminations; Right side: semic synthetic traces.

Particularly, note how properly modeled 60 Hz onlag (bottom sections) become
toplaps when the medium frequency is reduced to 208z (top sections), which could
cause misconception of a sequence boundary (aftengelmetti et al., 1997).
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Chapter 4

FORMATION EVALUATION AND PETROPHYSICS

4.1 Introduction

Most of the wells available in the study area were drilledPfaleocene-Upper
Cretaceous targets. In consequence, many wells had logging toolgust for
stratigraphic sections deeper than the Neogene reservoirs. r@duired detailed
inventory of all log runs to identify not just the availability o for the shallow

section, but also to evaluate log quality.

After screening, a formation evaluation and petrophysical workfioas
developed for the Miocene-Pliocene section which consisted of igitadity control,
well log editing, petrophysical analysis, pseudo shear velocity qbicdi
invasion/dispersion corrections and fluid substitution analysis. The workitow

described in detailed below.

This workflow resulted in reliable well logs for well corrédat, depositional
system and sequence stratigraphic analysis, as well agnfortd depth conversion,
synthetic seismograms, fluid substitution, well-tie to stacked, daismic attribute

analysis and well-seismic integrated interpretation.
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4.2 Well data inventory and initial QC

The first step in the well log analysis was to identify dtieer wells that had
the best logs suitable for comprehensive petrophysical analysis. immediate

disadvantages emerged from most of the wells available for this fesearc

1- Many wells have some logging tools run only for the deepetigstiphic
section. On the other hand, some runs for the shallow section warergsd.
This required detailed inventory of all log runs to identify not jtrst

availability of logs for the shallow Neogene section, but also the log quality.

2- The hole condition, and consequently log quality, is bad for the shalkdierse
due to drilling practices. In particular, interpreting thin bedslicigdastic
sequences requires a good borehole where shales do not wash out and
acquisition of high-quality data is likely. Drilling mud, loggingeged and
borehole size can make a difference in log quality. For instagpeally,
logging tools that make direct contact with the borehole walbasggned for
optimal contact in 21.6 cm (8.5 in) diameter wellbores. The fixedatures of
the contact pads may cause some loss of contact in larger ltardmeeholes.
Nowadays, most high-resolution log measurements are made with thes

contact-type tools (Passey et al., 2006).

Out of the dozens of available wells in Cantarell field, over 43sweére
checked for well logs availability and screened under therier of having a suitable
suite of well logs for correlation and application of sequencégtahic concepts as

well as for petrophysical work. As a part of the process, LAS fvere available for

100



11 of these wells. These LAS files were loaded and plotted forl\aswadity control.
Some wells had many files for different log runs, which had tedreed out. Some

runs had different sampling rates, and had to be re-sampled for consistency.

Because Pliocene facies in the study area were developeutixed platform
environment, a multi-mineral analysis was required as an intqgadl of the
petrophysical analysis. The data needed for reliable mutierai analysis includes:
gamma ray, density, neutron, sonic, and Pe logs. After detailed invehtwas found
that these logs were available, although incomplete in some, cémesthe
Miocene/Pliocene section in only four wells, which were identified as thevik#s for
this process:Utan-1, C-429, C-3068, and C-468A complete multi-mineral
petrophysical analysis and modeling study was performed fee #hevells. It was not
feasible to include additional wells in this process because dlo&yskveral or all of
the required logs for the analysis. Figures 4.1 to 4.4 show exaofples plotted logs
including wells where there is a suitable suite of welkltmg petrophysical work and
where data needed for multi-mineral analysis are not complete tlie

Miocene/Pliocene section.
The following are key conclusions from the data screening and inventory:

e In the study area, only the Utan-1 well was drilled for Pliocebgctives,
maintaining an average 8.5 in. diameter hole at target levels. \dowe
environmental problems remained. Majority of the remaining welliedirfor
deeper parts of the stratigraphic section, had bad borehole condiiche

shallow section as indicated by both caliper and deltha-rho (drho) logs.
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e The data needed for reliable multi-mineral analysis includesnga ray, density,
neutron, sonic, and Pe logs. These logs were available for onlyvédis in the
Miocene/Pliocene sectio@-429, Utan-1, C-3068, and C-468Yet some logs in
some parts of these four wells were either absent or nabkeldue to bad hole

conditions.

4.3 Well log editing

Considering the limited logging suites at shallow levels and tbsepce of
older well data, editing of well logs was a critical stegha petrophysical analysis.
This process was especially important because the producing istareavery thin,
and clear resolution of these intervals on well logs is ckitkdditionally, continous
and consistent well log curves are always needed to make goodtisys¢imograms

and for multi-mineral analysis.

All logs used in the analysis were edited to correct for spidygde skipping,
bad data due to environmental effects as well as by mergifegedtif runs, and filling

small data gaps or null values.

A set of criteria by which to define a “bad hole flag”, wasdwexl. For instance,
the depth of investigation of the neutron and density tools is differeatd@nsity log
“sees” only about five to ten centimeters (two to four inches) into the famatithin
the so-called “flushed zone”, whereas the neutron tool “sde®itahirty centimeters
(a foot) into porous rocks and less in less porous rocks. Commonly liher,can

combination with the delta-rho (drho, from the density) log, are usdthg hole
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conditons. An algorithm for the nuclear porosity logs used by Hualey Peeters

(1998) is:
“If caliper > (an amount defined by the analyst) or a delta-mi0.10 or 0.15
....then ignore porosity readings”

In particular, bad hole conditions caused by sloughing or collaplserehole
walls, as indicated by caliper log and the drho curve, would requine diting for

the multimineral analysis.

The final edited log curves for the four Utan wells were given® &D”
extension. If the original sonic was labeled “DT", then the edstmuic was labeled
“DT_ED”. These curves were formatted in LAS files for eaetl. Figure 4.5 show

some results of wireline log editing.

In addition to the C-429, Utan-1, C-3068, and C-468 logs, the sonic and density
logs for some other wells were edited to create synthesmsgrams for later seismic

ties.

Editing also included generating pseudo logs to fill missing dates or to
replace bad data that was not consistent with other logs. Md#rl regression was
utilized to create log relationships to reconstruct relativalgd log segments. These
log segments have missing and/or bad data values caused by bocetfttifien or log
run changes. The following equation is an example of log relationshig multi-

linear regression to reconstruct the PEF log in the C-3068 well (Figure 4.6):
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PEF_ED=-0.1539+2.53325*RHOB_ED- 0.0095*DT_ED- 0.0042*GR_ED

4.4 Formation evaluation and petrophysical analysis

One of the most common problems of traditional log analysis istabléesh the
composition of the logged rocks in terms of the volumes of fluids ares gasmtained
within the pore space and, secondarily, to determine their mioenént (Doveton,
1994). For rocks with simple binary and even ternary compositions theofuse
litho/porosity crossplots with two or three porosity tools allowowagh volumetric
estimation of mineral and fluid proportions as well as sufficiemtiyurate estimates of
porosity for routine reservoir analysis. For more complex rock typ@®positional
analysis by traditional crossplots is more challenging and/@mablutions instead of
graphical ones are preferred because of the increased number of cotsploaemust
be incorporated. According to Bassiouni (1994), the true advantagegrHphical
solution over an analytical one is that the graphical solution md&tscting the
presence of gas, shale or secondary porosity easier by shiféngosition of the

points with respect to their true lithologies.

Well log analysis was developed for the Miocene-Plioceneiogeand
emphasized on the Utan-1 well, which contained the best suite ebf logs,
paleontology reports, cored intervals and other useful analydiseatarget level.
According to drilling fluid characteristics (extracted froralBnberger records) and
the well logging tools available in each interval, the Utan-IL was divided into three

parts (check casing variations on the caliper curve behavior in figure 4.1):
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. Upper interval (200-600m): Bentonite/polymer water-based drilling mud,
density: 1.06 gr/cc, Tf = 38° C, Bs =12.5", Rm = 1.9 ohm-m @ 32° C, Rmf =

1.1 ohm-m @ 32° C, Rmc = 3.1 ohm-m @ 32° C, water = 98%, solids = 2%

o Middle interval (600-1035m): Bentonite/polymer water-based drilimgd,
density: 1.06 gr/cc, Tf = 43° C, Bs =12.25”, Rm = 1.8 ohm-m @ 32° C, Rmf =

1.6 ohm-m @ 32° C, Rmc = 2.8 ohm-m @ 32° C, water = 97%, solids = 3%

. Lower interval (1035-1452m): Inhibited water-based drilling mud, density
1.52 gr/cc, Tf = 66° C, B s= 8.5”, Rm = 0.65 ohm-m @ 25° C, Rmf = 0.37
ohm-m @ 24° C, Rmc = 0.8 ohm-m @ 27° C, solids = 19% (barite as a

weighting agent)

Water salinity can be determined by direct analysis whetlerveamples are
available. In the absence of water samples, salinity isnasd in terms of the
electrical conductivity using conventional well logging interpietatechniques. Rw
is first calculated from the SP log. The salinity is thenamlgtd using available

correlations.

To determine water salinity at the Utan-1 well, four wamnples were taken
at the interval 1317-1322m. Initially, the salinity resulted in d&fife values for each
water sample, which was considered an effect of possible contaminaherefore,
Schlumberger’s lonic Balance Method was used to select the sé&npdalinity
estimation with both the lower ionic balance and the lower asedcetor in the

procedure.
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Salinity refers to the total dissolved ionic solids in wateilormds in salts are
held together by ionic bonds (e.g. NaCl), which are easily brokepolar water
molecules. Assuming that most of the dissolved substances in thatitorrwater are
just salts, then simple ionic compounds typically disassociate etehpinto positive

and negative ions in water.

Theoretically, the sum of the anions in a water sample, expresse
milliequivalents per litre, should exactly equal the sum of themaexpressed in the
same manner (UN GEMS/Water, 2004). The following are some conasgisl in
understanding this process (Gore, 2005; Moore, 2008):

e pH=-log10[H+]

e For pure water [H+]=[OH-]=10, so pH=7.

e As [H+] increases, pH decreases: more acidic

e As [H+] decreases, pH increases: more alkaline

e Sea water is slightly alkaline and remains relatively constantagegH ~7.8

e Ocean salinity is 35 parts per thousand (ppt) and varies between 32 and 37 ppt

e Fresh water salinity is less than 0.5ppt

Table 4.1 shows the results obtained from the experiment assitbi galinity
value obtained through this process for an ionic balance of 0.39%. Tieethto
salinity value chosen for the initial petrophysical analysis ®2200ppm (32.2ppt).
An ionic balance is regarded as correct if the difference dstvanions and cations
relative to the sum of the ions is less than 2%; a greatierafice is usually an

indication either of the presence in the sample of one or more iciespleat have not
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been taken into consideration for the calculation, or of analicats concerning one

or more of the major ion species taken for the calculation (UN GEMS/Water, 2004)

Day 23-01-2004 | 25—-01—-2004 | 25 -01 — 2004 | 26 — 01 — 2004
Hour 9 am 11 am 7 am
Salinity 21875 17985 32211 40468

Rw 0.275 0.327 0.193 0.158

PH 8.00 6.80 7.70 7.00
Density 1.01 1.01 1.02 1.03
lonic Balance 0.61 3.54 0.39 1.60
Error 0.08 0.57 0.03 0.11

Table 4.1: Salinity analysis from water samples at surface

The effects of formation-water salinity and temperature ok resistivity has
been pointed out by Bassiouni (1994), who refers how for some saltsritiectivity
increases as concentration increases and presents a nomograopetEviebm
experimental data, which shows the resistivity of NaCl solutien& dunction of
concentration and temperature. The importance of accurate saihigs comes from
the fact that overestimation of n, Rw, and m causes overestimati&n ahd that the
sensitivity of Archie’s equation to errors in these intergicetgparameters increases as

water saturation increases.

X-ray diffraction work was essentially important in the studgagfor complete
analysis of bulk rock composition and clay characterization that céenpérformed
using thin section petrography or scanning electron microscopy alonautomated
X-ray diffractometer and specialized software was utilizgdCorelab laboratories to

provide the results shown in Table 4.2 for the cored intervals in the Utan-1 well.
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Rock Composition Clay Relative Abundance Grain
corel pepTH . (weigth%). . _ : l(NormaIizeld tolOQ%) . density
Quartz| K |Plagioc | Calcite | Dolomite and |Aragonite | Pirite | Total |Ilite/Esm | llite & | Kaolin | Clorite | % Esmectite | (glcc)
Feldspar | lase Fe-dolomite clays | ectite* | mica inl/E

1 | 108485] 23 7 8 35 18 1 3 5 44 32 0 24 80-90 2711
1 [108690] 8 1 3 54 11 11 3 9 59 26 0 15 80-90 2717
1 [109244] 8 1 4 55 15 8 1 8 63 22 0 15 80-90 2.714
2 | 122509] 7 1 4 67 12 2 1 6 65 18 0 17 80-90 2.705
2 | 1227196 ] 9 1 4 65 10 4 1 6 68 20 0 12 80-90 2.713
2 | 123039 ] 12 2 6 33 17 13 3 14 71 19 0 10 80-90 2.724
3 | 132156 ] 8 1 3 56 26 0 1 5 55 25 0 20 80-90 2.731
3 | 132270 4 1 1 74 14 0 1 5 51 31 0 18 80-90 2.718
3 [ 132421 ] 4 1 2 64 21 1 1 6 47 31 0 22 80-90 2.721

AVERAGE:[ 9 2 4 56 16 6 2 7 58 25 0 17

MIN:|| 4 1 1 33 10 1 1 5 44 18 0 10

MAX:( 23 7 8 74 26 13 3 14 71 32 0 24

Table 4.2: X-ray diffraction analysis on samples of cored intervalin Utan well
(adapted from non-published Pemex internal reports)

From these results it can be interpreted that the sampled isteepaesent a
carbonate rock with an average composition: calcite (56%), dolof68#)( quartz
(9%), aragonite and pyrite (8%), feldspar and plagioclase (&8@),clay (7%). The
same Table 4.2 shows the normalized clay characterization anddgresity values,
the latter of which varies slightly about 2.71, which also corresponcirb@nates. It
has to be noticed that at the sampled reservoir intervalsgéinsple of cores labeled

as 1 and 3) the percentage of quartz increases while the carbonate contergslecreas

A major application of this analysis was the estimation of stahent, which

is on average below 10%, and 5% for the reservoir intervals.

Pliocene facies in the study area were deposited in a miatfiorm
environment. This fact is supported by the petrographic descriptidre dhtee cored
intervals (Chapter 6 of this dissertation), which show light gcaybonate -

siliciclastic mixed mudstones, as well as the X-ray diffeacanalysis (Table 4.2) at
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the discovery well. Without continuous core present throughout the ertéreal that
is being analyzed, it is only possible to approximate the mattposition using

petrophysical techniques tied to the core analysis.

Sonic-neutron, density-neutron, and density-sonic crossplots were tineita
analyzed for the discovery well at reservoir levels (figdré). The dispersion and
movement of the center of the crossplotted points indicating thenpeesé different
lithologies also reinforce a multimineral composition (the plotgyesigdolomite in
one case and a mixed limestone-sandstone in the other case). Havevéise
indication of lithology could be associated with a combined effect gfiban porosity
(which affects sonic log readings), and washed out zones (HamigyPeters, 1998;
Asquith and Krygowski, 2004). In particular, all lithology plots that reqaisenic log
may be unreliable if there is a large amount of vuggy porositgudi cases, sonic
readings underestimate porosity. In the end-member casestosesdsormally have
only matrix or intergranular porosity whereas carbonates often dibtleree porosity

types: matrix, fracture and vugular (Johnson and Pile, 2006).

In making multimineral analyses, if the response of tools other the
porosity logs can be expressed in terms of volume fraction of dhmafion
constituents, then more than four simultaneous equations can be widtsoleed for
more than three unknowns. This kind of analytical approach can bevheedmore
than three minerals are present (Bassiouni, 1994). They correspondstatisigcal

approaches which derive from the so-called “global” methods (Worthington, 2003).
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The photoelectric index (Pe) is the latest generation of delogjgyng tools,
which is usually included with other lithology-porosity tools in mmaitieral analysis.
The Pe index records the absorption of low-energy gamma rays kgrthation,
which is a direct function of the aggregate atomic number of ldm@ents in the
formation, thus is an excellent indicator of mineralogy. The inslexaled on a range
between 0 and 10, in units of barns per electron. Basic mineeatmegs are: quartz

1.81; dolomite 3.14; calcite 5.08 barns/electron.

Multimineral analysis was performed on the Miocene/Pliocengoseof the
Utan-1, C-429, C-3068, and C-468 wells using available log data (gamma ray, Pe, bulk
density, neutron, and sonic logs), and FuSiproprietary software. In order to set up
the simultaneous equation system following the global approaalasitnecessary to
assume the mineral components of the selected interval (Worthingta®), Zor the
analyzed mixed platform environment, a rock composition might has/éottowing
components: calcite, quartz, dolomite, clay and even anhydrite. #ablbésts the

matrix parameters used for each lithology in the multimineral analysis.

The statistical method assumes an effective porosity systemmeans a
computed Vsh value at every digital sampling level and is basedemy ieput log.
Therefore, the petrophysical results included the calculatbnthe following
properties: Volumes of shale, calcite, dolomite, anhydrite, qudfectige porosity,
water and hydrocarbon (gas) saturations. In addition, formation tetumgerf@rmation
water resistivity corrected for formation temperature, ande ppressure were

calculated based on the following information: bottom hole temperdtraation
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water resistivity from water sample, and mud densities ragpbctThe petrophysical

results for all the four wells at which the multimineral asalywas applied are

presented in Figures 4.8 to 4.11.

Lithology Gamma ray Neutron Density Sonic Pe
(API) (fraction) (gm/cc) (useclft) (b/e)
Quartz 20 -.05 2.65 52 1.8
Dolomite 15 0.065 2.87 43.5 3.12
Calcite 15 0.0 2.71 47.5 5.08
Shale 80-85 0.4-0.55 2.0-2.2 85-110 35
Anhydrite 5 -.002 2.98 50 5.04

Table 4.3: The log parameters for each lithology in the multimineral analysis

The lithological components and porosity resulting from the petroglysic

analysis were calibrated to the available core data of the Utan-{figpetke 4.8).

The Miocene/Pliocene stratigraphic section in the wells is mmaoposed of
muddy carbonates with some quartz. The lithology at the Utan-IL resgrvoirs
becomes cleaner upward from a Miocene shaly carbonate intergalsamainly
composed of calcite with some dolomite and quartz, with porositygis ds 23%.
Porosities of 30-45% occur within the upper 1000 meters in the well® deir non-
consolidated nature. Yet, the data quality at these shallow deithd &nd the results

are out of the context of this dissertation.
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The presence of shale or clay minerals in a reservoir caaseeeous values
for water saturation and porosity derived from logs. Thesetsffee not limited to

sandstones, but also occur in carbonates (Asquith and Krygowski, 2004).

Asquith and Krygowski (2004) based on Hilchie (1978), mention that the most
significant effect of shale in a formation is to reduce the resistiaityrast between oll
or gas, and water. Clays commonly contain bound-water, thus theyeaesally
conductive of electricity. In this sense, if the formation islysh@archie’s saturation
equation fails because it implies that the formation is cleamelatively clean
(Bassiouni, 1994), and that only the formation fluids can conduct electriis a
result, conventional approaches provide higher water saturation valueshdtyr

formations, thus complicating interpretation if a zone is productive.

Hurley and Peeters (1998), and Asquith and Krygowski (2004) conclude that
for shale to significantly affect log-derived water satarati shale content must be
greater than 10 to 15%. In this case the formation can be considesiealyaand Vaie
methods have to be utilized to correct porosity for clay content andldalate the

bound-water saturation.

Consequently, the shale content, which resulted in average 7% and 5% for the
reservoir intervals in Utan field, is below the cutoff valuedbaly formations, which
avoids making the shale correction to well log curves. Above and beloRlitoene
intervals the formation becomes dramatically shalier and futtegpretations have to

consider such intervals as shale-prone.
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In the studied wells, zones that have considerable gas have telaiasl
porosity and high resistivity. Different models for estimatingdflsaturations were
applied. It was found that both Archie and Simandoux equations were theoiost
(e.g., did not generate spikes) and consistent with production testgdata the
closest results, so their average was used. It can be intdrphettethe low shale
content in the Pliocene intervals provided or caused such sinslalisieThe Utan-1
well has the highest hydrocarbon (gas) potential followed by {B@68 well (Figures

4.8 and 4.9). Both the C-429 and C-468 wells are mainly wet (Figures 4.10 and 4.11).

The best reservoir in the studied wells is at a depth of 1075-108%m witan-
1 well. In-situ gas saturation in this reservoir does not exé@&d This indicates very
small grain size or shaly content (Dr. James Forgotson, The Sityvef Oklahoma,
personal communication). There will always be an irreducible rwedetion which
avoids having fully gas saturated rock. Gas does not displace ttwegwetase of the

rock (water) due to capillary pressure. Gas is always considered the rimmy\pbase.

Potential reservoirs in the study area have lower volumes of ahdlare
mainly composed of calcite with some dolomite and quartz, with porasityigh as
23%. Increase in the amount of quartz indicates higher-energy depdsitiona

environment, which may enhance development of porous zones (Bahamon, 2006).

Changes in carbonate content result in large changes in permyeabili
According to the EMI log, at reservoir levels in the Utan-&llwhere is high-
frequency scale interbedding, which is beyond the resolution of visvalanalysis

and standard logging tools. It represents high cyclicity in depoaitienergy to
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produce alternate sand-shale interbeds which may indicate adaitrab subtidal-

dominated mixed carbonate-siliciclastic depositional environment (Bahamon, 2006).

4.5 Pseudo shear velocity prediction, invasion/dispersion corrections, arldiél

substitution

Drilling activities can profoundly affect the characteristi¢sa formation. The
drillbit changes the rock somewhat, but the main alterationsaarged by the drilling
mud. After drilling, well log measurements are made in a bordhige with drilling
fluids (mud) and frequently the radius of investigation does not @eedieyond that
part of formation that is invaded to some extent with these flgiigisre 4.12). The
sonic and density measurements are among the most adversebgdifaind can be

particularly pronounced in gas bearing rocks.

Measurement of true resistivity of formation is one of the gewls of
resistivity logging. Unfortunately no single device has been ableompletely
eliminate the effects of invaded zone and a common practiced solutionmeasure
the resistivity with several arrays having different demh&vasion. Because water
saturations are typically computed from a deep resistivity déwheh looks several
feet into the formation), calculated Ssalues most likely do not reflect the saturation
seen by the sonic and density logs, which have much shallower deptlissiigation
(Smith et al., 2003). Consequently, invasion correction sometimes may be needed prior
to utilizing sonic and density logs for seismic applicationsifgn2003; Chi et al.,

2004; Mahob and Castagna, 2000).
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Mahob and Castagna (2000) consider that when utilizing sonic logs, the
frequency dependence of P-wave velocity should be evaluated, pomiinthat
velocities are dispersive, particularly in partially fluid sated rocks. Velocity
dispersion from seismic to ultrasonic frequencies mainly occues \ghs exists in the
reservoir, which leads to velocity variation at different gas aatuns (figure 4.13). In
this sense, it is commonly assumed that sonic logs are acquireduncies that may
be considered in the low frequency range, thereby justifyinguseeof Gassmann's
equations. However, Peeters (1998), Hofmann (2000), and Mahob and Castagna
(2000), report that dispersion in the low frequency band can et®iween seismic
and sonic log frequencies particularly in hydrocarbon bearing rocks, which has

strong implications on seismic attribute analysis.

On the other hand, a prior knowledge of the shear-wave velocity is doire
AVO analysis and for pore fluid identification from seismicadaiowever, when
shear-wave logs are not available, S-wave velocities (VSg¢sammated from P-wave
velocities (VP) using statistical empirical relationshi@sastagna et al., 1993; Mahob
and Castagna, 2000). In the Utan-1 well, the results of the petrophgsalysis were
used for prediction of pseudo-shear velocity using Fusion proprietawyasef Since
the Utan-1 well has a shear sonic log, the shear velocityctimdivas performed for

the Miocene/Pliocene stratigraphic section in the three remaining Wigllgé 4.14).

Along the same line, one of the most important problems in the rodicghy

analysis of logs, cores and seismic data is the prediandncomparison of seismic
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velocities in: (a) rocks saturated with one fluid from rocks stdravith a second

fluid; (b) equivalently, saturated rock velocities from dry rock velocities.

Fluid substitution is the rock physics problem of understanding andcpnedi
how seismic velocity and impedance depend on pore fluids (Avseth, &085).
Mahob and Castagna (2000) refer to this process as the mecHaniaimich new
acoustic parameters (i.e., moduli, densities, and velocitieghaoretically calculated
when the pore fluids are changed from a known saturation to a neatsatugSuch a
need arises during seismic modeling and amplitude variation wittetofAVO)
analysis where such fluid substitution provides a valuable tool for Imgdearious

fluid scenarios which might explain an AVO anomaly (Smith et al., 2003).

The equations generally used for fluid substitution are those frossntzenn
(developed in 1951), which predict how the rock modulus changes with a obfange
pore fluids, and Biot (developed in 1956). The combined formulation is the Biot-

Gassmann theory.

The most widely accepted theoretical approach for fluid substigsigmploys
the low-frequency Gassmann theory. Gassmann’s equation ridatsaturated bulk
modulus of the rock to its porosity, the bulk modulus of the porous rock ,fridn@e
bulk modulus of the mineral matrix, and the bulk modulus of the pore-fiflngs
(Smith et al., 2003). The bulk modulus or incompressibility (the inveriee vaf

compressibility), is defined as the ratio of hydrostatic stress to voligregtiin:
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Kt = the saturated bulk modulus (undrained of pore fluids)
Ko, = the bulk modulus of the mineral matrix
Kq = the bulk modulus of the pore fluid
K* = the bulk modulus of the porous rock frame, (drained of any pore-filling fluid)
@ = porosity.
Along the process it is important to recognize that the shemtulns (a

measure of the ratio of shear stress to shear strain), is insensitive tiipotaat is:
Gﬁt — Gdry

Gqy = effective shear modulus of dry rock
Gs = effective shear modulus of rock with pore fluid

Additional relationships necessary to perform the process of fluiditstios

are (Smith, 2003):

4
K= .I‘:'E(F:E - :'T"f)-

o

which relates the bulk modulus of a rodksat, to its compressional velocity, shear

velocity, and bulk density.

G = pgV7.
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A fourth equation expresses the relationship between the fluid dé€psgity

porosity @), grain density of the rock matripg), and the rock bulk densitpf), as

follows:

e = pell — P) 4 pad.

Several assumptions are considered in applying Gassman’s equatiens. T
model assumes an isotropic and homogeneous medium with interconnectety poros
(note that Gassmann makes no implications statements about potersjr the pores
are filled with a frictionless fluid (liquid, gas or mixture) &\, 2001). It is assumed
that all fluid phases are immiscible and homogeneously distribwietation =
“patchy” saturation). The model is valid only at low frequengesh that pore
pressures are equalized over a length scale much greater plose@ dimension and

much less than the wavelength of the passing seismic wave (Smith, 2003).

A lot has been written about Gassman’s equations, its benefilisngtations.
For those interested in a deeper knowledge and practical aspehis tfeory, see:
Castagna et al. (1993); Mavko et al. (1998); Wang (2001); Smith(@08al3); Avseth

et al. (2005).

In addition to the petrophysical analysis results mentioned inptaeious
section, the following parameters were included in the computingygro (Fusion’s
SVlog software) for the application of invasion and dispersion cooreetnd fluid

substitution based on Gassman’s equation: temperature gradient tetifram
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bottom hole temperatures, and pressure gradient based on mud densitiessunggr
Also, the input fluid parameters in Utan were: gas gravity=0.60, QO&>; and brine

salinity=32,200 ppm (Table 4.1).

Invasion and dispersion corrections as well as fluid substitution were
performed in the same intervals for selected potential resgnvoall four wells. The
following criteria were employed for zones selection: mleack (low volume of
shale), high resistivity, good porosity, good hole condition, and/or haguimgas

saturation.

Invasion correction was performed to obtain the in-situ condition fosahe
and bulk density log measurements by substituting the flushed (ohvadee fluid
saturations with virgin (non-invaded) formation fluid saturations. Niet,invasion-
corrected (in-situ) P- and S-velocities are used to coroedi$persion between sonic
and seismic frequencies using formation saturations by substittii@gsonic
frequency effective fluid modulus with the low frequency fluid moduhesording to
Mahob and Castagna (2000). Maximum dispersion correction for measuoedyve
logs resulted for porous zones that have the lowest gas sataratit are not fully
water-saturated. It agrees with what was observed by MahoBGastdgna (2000), for
a negligible dispersion correction for clean gas sands, whereaoiiextion was

maximum (6%) for partially saturated shaly gas sands.

After invasion and dispersion corrections, fluid substitution was pegidrm
either to generate the brine case from the in-situ gas, dulthgas case from the in-

situ brine, i.e. 100% brine saturation, in-situ saturation, and fullBydk.density, P-
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and S-velocities, and Poisson’s ratio curves were derived from abegs: Examples
are shown in Figures (4.15 and 4.16). Full gas saturation (1-Swmod) rtieans
potential reservoir interval was assumed to be filled with gasreducible water
saturation (Swmod). The effects of fluid substitution on Vp, bulk densibd
Poisson’s ratio increase at higher rock porosity (Figure 4.15). Shdue to the
decrease in rock stiffness as the porosity increases. A riddceHiect occurs when
gas is introduced in the Miocene/Pliocene rocks in the project\aheeh is indicated
by the difference between the full-gas-saturated case anditieechse (Figure 4.16).
Results of AVO and spectral modeling for fluid substitution inlhan area will be

later analyzed in Chapter 7 of this dissertation.
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Figure 4.1:

R
18729 0.1 To10000 04 To 10000

15 40To160

dprermmeneedp- Utz fault

Display showing available logs and gé¢h of the runs for the Utan-1 well. The studied
Pliocene section and the Kutz fault are outlined. Mjor bad data zones within this
section are squared. Data needed for multi-mineralanalysis exists for the
Miocene/Pliocene section in this well.
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Figure 4.2: Display showing available logs and déip of the runs for the C-3068 well. The Kutz
fault position is outlined. A bad data zone withinthis section is squared. Data needed
for multi-mineral analysis exist for the Pliocene sction in this well, above the Kutz

fault.
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Figure 4.3: Display showing available logs and déip of the runs for the C-2295 well. The Kutz
fault position is outlined. A bad data zone withinthis section is squared. Data needed
for multi-mineral analysis are not enough for the Mocene/Pliocene section in this

well.
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Figure 4.4: Display showing available logs and g¢h of the runs for the C-219 well. The base of
the Pliocene section is outlined (Miocene top). The are no data available for multi-
mineral analysis at the Miocene/Pliocene section this well.
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Figure 4.5: Editing example (merging, gap fillingand despiking) for the bulk density log in the
C-3068 well. Composite density log in this well (&t panel on left) was the result of
merging the 9 runs of the remaining panels. Then # composite log was edited for

spikes and data gaps. Final edited log ends with DEsuffix.
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Figure 4.7a: Dual mineral crossplots for the interal 1076-1450m in the Utan well: (a) density -
neutron (non-published Pemex internal reports).
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Figure 4.8: Lithologies, porosity, and fluid saturdion distribution from the multimineral analysis
in the Utan-1 well. Orange symbols show calibratiorpoints with X-ray diffraction of
core samples at the base of producing intervals. Ehcalibration results acceptable for
the carbonate-quartz-shale content. The Pliocene &#n becomes cleaner than the
shalier Miocene section (below 1340m), and the reseir intervals are mainly
composed of calcite with increased quartz presen@nd higher effective porosity. The
reservoir intervals correlate with high resistivities and good gamma ray response. The
upper tested interval was the best tested intervalkeaching porosities as high as 23%
from the multimineral analysis. The higher porosities shown at the first 700m could be
indicative of non-compacted rocks and due to the lhquality of the log data they have
to be carefully considered for future analyses (figre 4.1).
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Figure 4.9: Lithologies, porosity, and fluid saturdion distribution in the C-3068 well. This well is
located northward of the Utan-1 well (figure 2.21). After the high potential
hydrocarbon content of the Utan intervals, this wdlexhibited the better hydrocarbon
potential in some intervals between depths of 1200emd 1500m. These intervals show
high resistivity response, increased quartz conterdind high effective porosity. There
were no calibration points due to the lack of coredntervals, however as it happened
with the Utan-1 well, the Pliocene section becometeaner than the shalier Miocene
section (in this case below the Kutz fault at 1790mapproximately). Bad hole
conditions (figure 4.2), avoided reliable petrophyisal results above 820m,
approximately.
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Figure 4.10: Lithologies, porosity, and fluid satuation distribution in the C-429 well. Pliocene
levels are located at upper structural levels on # eastern side of the Kutz fault and
not easily correlated to Utan tested intervals. Thevell was wet.
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Figure 4.11: Lithologies, porosity, and fluid satuation distribution in the C-468 well. Pliocene
levels are located at upper structural levels on # eastern side of the Kutz fault and
poorly correlated. The well was mainly wet.
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Figure 4.13: Velocity dispersion from seismic to titasonic frequencies occurs when gas exists in
the reservoir which leads to velocity variation atdifferent gas saturations (Hofmann
et al., 2000).
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Figure 4.14: Example of shear velocity prediction erformed for the studied stratigraphic section
in the C-3068 well. Input data included lithologich composition and measured

compressional velocity. The seventh panel (secondoi the end), shows the
predicted shear velocity function.
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Figure 4.15:

Fluid substitution was performed to dtain the bulk density, s-velocity, and p-
velocity, Poisson’s ratio curves (displayed from féto right) for the following cases:
100% brine saturation (blue line), in-situ saturation (green line), and full gas (red
line). Measured/reconstructed curves are in blackFigure is for zone at depth
range 1070-1100m, which includes the upper reservan the Utan-1 well.
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Figure 4.16: Fluid substitution was performed on dected zones to show the effect of introducing
gas in wet zones. The effect is noticeable as shoimnthis example from the C-429
well, which resulted wet (gas effect is shown in .
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Chapter 5

SEISMIC DATA ANALYSIS

5.1Introduction

Cantarell Field is located in a complex system of compress$iuetures that
has always constituted a great challenge for seismic velaodlysis and structural
interpretation. Three different seismic surveys were aadjuineer this field using
different field designs and acquisition approaches to enable befieitiole of this
structural complexity at the Upper Cretaceous-Paleocene l&seh consequence,
seismic data have limited use for interpreting the shall@mer mostly stratigraphic

targets, which are the focus of this research.

Therefore, a first step in the seismic analysis was touatalthe seismic
dataset and attempt to enhance data quality at shallow levdiadimr interpretation
and the later application of sequence stratigraphic concepts amicsaigibutes. The
seismic database provided for this research is a 3D seisoganOBottom Cable
(OBC) survey acquired in 1996, which was reprocessed in 2003 to improvgrtake s

to noise ratio at Cantarell-Sihil reservoir depths.
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5.2 OBC Data Acquisition and Processing Parameters

The study area was defined by the limits of seismic antdaé&h provided by
Pemex, and encompassed an area of approximately 300 kengeophysical database
included seismic PSTM-CDP gathers and stacked data from theei8ic survey
over Cantarell Field. Figure 2.21 showed the location of the discoveltyow the
seismic base map, which was used for the analysis. In the ggume focations of
inline 2781 and cross-line 21516 were shown. These two lines intersketldtan #1

location and, therefore, they are repeatedly used in the following analysis.

The Cantarell 3D OBC original seismic dataset consistegmbaimately 620
km? of 60 fold data acquired in water depths ranging from 20 to 70m slreemrded
by Western Geophysical, from July to November 1996, using CompasteSEource
and an OBC receiver spread. Recording time was of 6.144 secan@snaitlisecond

sample interval.

The Cantarell OBC survey was the second of three 3D seismeys
acquired in the Cantarell area. The first of them was theabed Campeche Sound
Block “A”, which was acquired by GSI in 1978 utilizing a conventiosegle-
streamer. This survey represented the first 3D seismic saw@yired in Mexico,
providing valuable information to interpret the structural configarabf Cantarell

field although the resolution was not adequate for stratigraphic purposes.

A third 3D seismic survey was the Sihil node 3D/4C survey, overgpibie
previous two 3D surveys in approximately 220%ofi106 fold data. The objectives of

this survey were to delineate the Cantarell-Sihil boundary andaioate converted
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wave technology for planning better development strategies. dtreeorded by
SeaBed Geophysical from November 2003 to March 2004 using an afisggource
and a set of 4C autonomous nodes. Such a multicomponent seismic dasaseinga

processed during the course of this research, thus is not available for fveiatmon.

In particular, the OBC survey provided for this dissertation veaser out to
increase seismic resolution for structural purposes at Cantardll Sihil depths.
Therefore, the survey design was focused on Paleocene amtditeintervals using

the following parameters (figure 5.2):

Field Parameters

Survey

Location

Survey carried out by
Date

Type of survey

Total number of swaths

Total number of source points

: 3D Cantarell OBC

: Campeche Sound, Mexican Gulf of Mexico
: Western Atlas International

. July-November, 1996

OBC (Ocean Bottom Cable) “Dual Sensor”

: 18

320,008

Bin size : 25 x 12.5 meters
Total number of bins : 1984000
Nominal fold : 50

Maximum offset
Type of operation

Energy source

Type of energy source

: 6000 meters
. single vessel operation

. Airguns-Compact Sleeve Source (CSS)

Shot point interval . 25 meters
Source line spacing : 200 meters
Number of sources : 32

Source array
Volume source
Air pressure
Source depth

. 4 sub-arrays (750 cubic inches/array)
: 3000 cubic inches (750 x 4)

: 1800 psi

: 6 meters
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Cables and Receivers

Type of receivers
Type of cables

Dual sensor “Hydro-geophone”: HGS 2
: OBC (Ocean Bottom Cable)

Cable depth Sea floor depth
Number of cables D 2
Nominal cable interval : 650 meters

Active cable length : 12,000 meters (2 cables of 6000m each)
Seismic channels per cable : 240 (2 cables of 120 each)

Group interval : 50 meters

Number of phones (channels) : 2 (1 hydrophone and 1 geophone)

per group

Instruments
System - WG-24A S/N 016 SYNTRON, Syntrak 480
Tape format - SEG-D 8015
Filters
e Low cut : 3 Hz, 6 dB/oct
e High cut : 218 Hz, 484 dB/oct

Record length
Sample interval
Channels
Recording delay
Recording format

: 6.144 seconds

: 2 milliseconds

: 240 per active cable
: 32 milliseconds

: SEG “D” 8015

¢ Polarity: for minimum phase data, « normal polarity » is defined as :
Compression = Negative number = Onset of white trough.

Positioning
Reference datum - WGS - 84
Ellipsoid name : WGS - 84
Projection . Universal Transverse Mercator (UTM)
Zone 15 UTM
Central Meridian : 93° West
Scale factor of Central : 0.9996
Meridian
False Northing (m) : 0.0
False Easting (m) : 500000.00
Latitude of origin : 0°00 North
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The raw Cantarell 3D OBC dataset was originally processedVegtern
Geophysical using the Omega System1996-1997 as a part of the same acquisition-
processing service agreement. This dataset has been repicness®nditioned more
than once for different applications. In particular, the datasetinsiis dissertation
was reprocessed by Veritas DGC in 2003. The main goals afeftriscessing work
were to improve the signal to noise ratio, to increase the fregusenedwidth at
Cantarell-Sihil depths (which was demonstrated to have a domirenteficy of 8
Hz), and therefore to improve the structural image and faultingerSthil structure
below Cantarell field. A Kirchoff Prestack Time Migration§[PM) algorithm was
added to address these purposes on an amplitude preservation baswloWiegf
processing sequence and parameters were used by Veritas mmoghetary Tango

System®:

Data Processing Parameters

Processing length . 6 seconds

Processing sample rate . 4 milliseconds

Resampling : 2 milliseconds to 4 milliseconds
Nominal stacking fold : 56

Datum plane : Mean sea level

OBC Reprocessing Sequence (Amplitude and Phase Preservation)

RAW DATA LOADING (Reformatting from SEG “D ” TO ANGO® INTERNAL FORMAT)
NAVIGATION DATA LOADING (FORMAT P1-90)

SOURCE DESIGNATURE (MINIMUM PHASE CONVERSION)

RESAMPLING (2 msec to 4 msec)

SPHERICAL DIVERGENCE CORRECTIONG(t) = t*

RECEIVERS AND SOURCES REPOSITIONING

RMS AMPLITUDE EDITION (ON STACKS OF COMMON SOURCESND RECEIVERS)

N o g s~ bR
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. PRELIMINAR VELOCITY ANALYSIS (ON A GRID OF 650 m X650 m)

9. FAST-TRACK POST-STACK MIGRATION (hydrophone and theydrophone-geophone

10.
11.
12.
13.

14.
15.
16.
17.
18.
19.

summation independently). Both cubes were usedfqugpreliminary interpretation purposes

and for making decisions on the benefits of ushegsummation for ghost removal

ADAPTIVE FILTERING FOR PLATFORM NOISE REMOVAL

ADAPTIVE FILTERING FOR PIPES NOISE REMOVAL

HYDROPHONE AND GEOPHONE SUMMATION

PREDICTIVE SURFACE CONSISTENT DECONVOLUTION (Soesand receivers terms

designed separately for velocity and pressure fmwramon minimum phase output and design

of a predictive filter)

RANDOM NOISE ATTENUATION

3D CDP BINNING

TIME VARIANT FILTERING (high-cut for high-frequencremotion)

PSTM Velocity model construction

KIRCHHOFF 3D PRE-STACK TIME MIGRATION WITH AMPLITUWDE PRESERVATION

DATA PROCESSING AFTER PSTM AND STACKING

¢ Residual Velocity Analysi§650m x 650m)

¢ REVERSE NMO (using PSTM velocity field to removéstkielocity field)

e NMO (using residual velocity field)

e MUTE (30 degrees, calculated with the PSTM velofigid)

e STACK

o FXY DECONVOLUTION

o FK FILTERING (0 — 800 ms)

e TRACE INTERPOLATION FOR FINAL CUBE PREPARATION (fra a 25x12.5m grid to a
12.5x12.5m grid)

e TIME VARIANT BANDPASS FILTERING

o AGC (window: 1000ms)

e TIME SHIFT TO SAME REFERENCE LEVEL AS THE ORIGINACUBE (-60 ms)

Figure 5.3 shows the fold coverage obtained after reprocessihg gkismic

OBC survey over Cantarell field, whereas figure 5.4 shows a agtsopabetween a
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seismic line extracted from the reprocessed cube and thelisenderived from the

original dataset processed in 2003.

Additional comments regarding the seismic data quality and datatioounatj

are provided in the following sections.

5.3 Preliminary Seismic Data Evaluation

Cantarell Field is an operating field and ambient noise leveds high.
Therefore, the first step in the seismic workflow of this efiggion was to evaluate the
seismic data provided and attempt to enhance data quality at shellels where
ambient noise and the seismic acquisition footprint disrupts theisesignal, making
the basic interpretation difficult. An extra objective was tedrine the feasibility of
conducting modeling and AVO analysis to help in the delineation aedsah of the

Utan #1 reservoirs and for further exploration of surrounding areas.

As a part of a larger collaborative project among Pemex-Theetsity of
Oklahoma-Fusion Geophysical, this research included seismic datdticning,
seismic-well tie and seismic attribute extraction adésitied by the author of this
dissertation and carried out at Fusion Geophysical offices in &lgr@klahoma, and
Houston, Texas, with the use of MicroSeismic Technology Kingdaite.SMany of
the seismic analyses conducted as part of this dissertatiam degre using this

platform. Some other complementary seismic analyses aiiltltdtextractions were
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carried out with Hampson&Russell and Fusion proprietary sodtwaeth participation

of Fusion’s geoscientists.

The seismic OBC dataset reprocessed by Veritas gave stigiactary results
according to the objectives; nevertheless the complex Cantériéllsystem of
compressive structures has always constituted a great chaftangeismic velocity
analysis and structural interpretation even after the threeniseisurveys were
acquired. A basic seismic frequency analysis on the extrattbcube (figure 5.1)
shows that the reprocessed PSTM volume has a fairly good freqoement for the
first two seconds (Figure 5.5) with a bandwidth of 5-48 Hz and a donfreautency

of about 22 Hz.

Seismic resolution is a measure of how large an object needsroler to
be seen on seismic data. The key parameter for extrattatgaphic details from
seismic data is the vertical and horizontal resolution. Thicaeresolution refers to
the ability to distinguish two close seismic events corresponingjfferent depth
levels, and the horizontal or spatial resolution is concerned with liligy ao
distinguish and recognize two laterally displaced featuresvasdistinct, adjacent

events (Chopra et. al., 2006).

Broad frequency bandwidths, higher frequencies and short wavelengths provide
better vertical and lateral resolution. These parameterharmain focus of seismic
contractors specializing in acquisition designs, processing ithig®;, seismic
attributes and other applications of seismic interpretation. Incpkatj after seismic

data have been acquired, data processing can greatly aféettitien: a proper
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deconvolution can improve vertical resolution by producing a broad bandwitith w
high frequencies and a relatively compressed wavelet, whergaation techniques

can improve lateral resolution by reducing the size of the Fresnel zone.

While both aspects are important for interpreting small featore seismic
data, migration procedures have their own niche in collapsing theeFrssmes to
enhance spatial resolution whereas the way to improve the veesodlition has still

many variants in the market.

The vertical resolution is derived from the predominant wavelengttheof
seismic signal. A commonly used measure of vertical resolution inherentdeishac
data is referred to as the one fourth of a wavelengih, (hich is referred to as the
tuning wavelength (Brown, 1996). With increasing depth the frequentyeasignal
will decrease while the velocity and wavelength normally ineeassuming the
sediments are gradually more compacted with depth. This meatnsith increasing
depth the seismic resolution will be diminishing. The high freqesnare reflected
from relatively shallow reflectors and the lower frequenqesetrate to greater

depths.

The dominat frequency is normally used when calculating seisgaaution.
This may lead to an underestimate, as high frequencies in thhendg improve the
resolution (Rafaelsen, 2003). Yilmaz (1987) indicates that not only thk hi
frequencies resolve thin beds, but he shows examples of the impatamesidering

both low and high frequencies in a broad bandwidth for better time resolution.

The seismic wavelength is calculated by:
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A= V/f

where:

A = wavelength
f = seismic frequency
Vv = seismic velocity

Therefore, for the study area the average spectrum ofethmnis wavelet at
reservoir levels is centered aroung,#22Hz, whereas the velocity transmission is v=
2200m/s, s@. = 100, and the vertical seismic resolution is calculated/y= 25m. It
means that reservoirs having a thickness less than 25m may not hatapthad base
resolved. Reservoirs at the study area are below this Veréisalution, thus are

considered as thin beds from the seismic point of view.

Seismic velocity control was supplied in the form of a checkshwegudor the
Utan-1 well (Figure 5.6); these time/depth pairs were usedtiallyitie the wells to
the seismic data, thus the top of the upper pay zone was lodagedlM&/T of
approximately 0.979 seconds, the middle non-producer interval at 1.079 seconds, and
the lower pay zone located at 1.146 seconds. Synthetic seismdgtansovided the
final ties. Very little lateral velocity variation wasen between wells in the shallow
section. Therefore, the single Utan time-depth relation was wsethé remaining

selected wells in the study area.
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5.4 Seismic Data Conditioning and Preparation for Attribute Extraction

After a quick-look review of the provided final stacks and unstackduegat
and having recognized the presence of noise and acquisition footprihis seismic
signal, pre- and post-stack analyses were performed to vergyniseiquality at
Tertiary levels and to evaluate the type of conditioning requireshib@nce the signal
to noise ratio prior to basic seismic interpretation and attrigxttaction. The process
included determining if AVO studies would be feasible in the stueba.aAfter
evaluation of processing tests, it was determined that data conitisimould include
proper amplitude balancing, noise suppression on seismic gathers application
of an adaptive filter. As a result of this procedure, ambient reiels and the
acquisition footprint effects were reduced, and more continuous refiectvere

finally obtained, even though the fold coverage was low at reservoir levels.

5.4.1 Seismic Prestack conditioning and AVO feasibility analysis

Tests were performed on CDP gathers to determine the bestatiopls for
noise reduction without affecting amplitude preservation. Bandpasenf, Radon
transform in the mode for noise suppression, and FX deconvolution (prgpoatid

stack) to reduce random noise levels were applied to the data.

Additional tests were also taken into account to evaluate whetudr gtiality
could be improved by eliminating the traces present at angles 8balegrees, since

these did not appear to contribute to the signal.
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Based on evaluation of these and other results, it was decidedttictrthe
data in the final stack to 35 degrees. On the other hand, itde@ded that FX
Deconvolution should not be applied before stacking. Additional parametecsesel
for pre-stack seismic conditioning were:

e Bandpass Filtering (ormsby filter) with frequency bandwiolth 4-12-60-72
Hz

e Various noise reduction techniques on the gathers were evaluated. Radon

filtering was selected using the next parameterse windows: £100 ms in the
interval of interest; maximum number of values in the intervalfigtjuency

bandwidth allowed: 6-60 Hz under parabolic modeling

Figure 5.7 shows a group of original gathers taken from the spreggssed
by Veritas without any other process applied, and the correspocalirected gathers
after conditioning. Ambient noise levels were effectively reducednaore continuous
reflections were obtained even though the low fold coverage was |d®ioaene
reservoir levels, indicating that reliable AVO analysis would betfeasible. As a
matter of fact, figure 5.8 presents a closed caption of the same gatheirsgsthe low
number of traces available for shallow intervals, which correspémdhe fold
coverage analysis presented in table 5.1. This low coverage candidered a result
of the original seismic design and acquisition geometry, which wesggned for

deeper targets.
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FOLD COVERAGE
TWT (ms) 400 | 600| 800§ 100Q 1400
Number of traces 2 4 5 6 9

Table 5.1: Fold coverage analysis for shallow intervals

5.4.2 Seismic Poststack conditioning

Once it was decided to restrict the data in the final stac¥tdegrees, new
stacks for the survey were prepared. After post-stack anabeigre acquisition
footprint effects were noticed (figure 5.9). To enhance data quaityFusion
proprietary data-adaptive noise-reduction filter (GradMAN®) waspliad to the
seismic data. The program performs a 3D adaptive gradientnfijtérased on a
principal component analysis to remove components with undesirableal spati
characteristics. The filter improves the lateral continuittheut affecting the gradient
to preserve the structural component of the data. For the applicatibis pirocess a
parameter setting the number of points to filter along the gradi@xn) has to be
defined by the user. The larger the number of points the smoothéitdhedd signal
and the better the noise suppression. However, much care hasakebetd avoid

losing the small details of the signal that may be related to stratigifejphires.

Several filter sizes were tested for a better preservaf stratigraphic features
(3x3, 5x5, and 7x7). The 3D adaptive filter with a 3x3 size gaveatiafactory
improvement to the output signal. As a result of this procedure, sterall continuity
and amplitude balance were obtained without affecting the sntallsdef the signal.

As a consequence, the acquisition footprint effects were much cedtidbe target
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level, although shallow footprints remain strong. Figure 5.10 shows a dsorpa
between final pre- and post-stack conditioning on a seismic limacéadl from the
filtered seismic cube. The improvement in both continuity and signabise ratio is

clearly seen after conditioning.

5.4.3 Synthetics and Phase tie

Zero-phase seismic data is an issue when thin layers are idwatireservoir
level. Also, since spectral decomposition and seismic inversionffectreity require
zero-phase data, an important part of this study was to perfqiase tie, between
synthetic seismograms generated at control wells, including the discoekrand the
3D seismic data. Figure 5.11 shows the base map with the wellsl@@asfor the

seismic-well tie.

As a part of this process, the wavelet was extracted fnenseismic using the
adjacent traces in a subvolume surrounding the discovery well imeavwindow
defined around the reservoir. The resulting wavelet gives a goadaéstiof the
assumed zero-phase wavelet embedded in the seismic data. Afteavaynthetic
trace was generated using the extracted wavelet and the dansitysonic log
information. The resulting trace was compared to the seisnsiestia the data volume
at the well location. Using a zero phase wavelet a very pooglabon was obtained,
which indicates that either the original seismic data iszeob-phase or the logs are
unreliable. It was assumed that after the petrophysical anéysapter 4) the well log

data was reasonably acceptable so it was assumed that tinéc stasa should be
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rotated to achieve the zero-phase requirements. A phase rotasappléed until the
best tie between the synthetic and data traces was achiemally,Fa +70 degrees
phase rotation was applied to the seismic data in order to achevsest regional

correlation through the zero-phase requirement.

Synthetic seismograms were calculated by using a 25Hz Rickezlet, which
proved to be a good representation of the “regional” waveletcamdlated for 5 of
the control wells in the study area (figure 5.11). Good ties olataned for the Utan-
1, C-3068 and C-429 wells (figures 5.12 to 5.14), whereas poor correlations were
obtained for the C-2295 and C-468 wells, which reached the Pliocenes targgtper
structural levels on the other side of the Kutz fault wherefardiit seismic character,
both lower signal to noise ratio and frequency content, are obseeskquently a
different wavelet behavior could be expected. Both lower wellgieglity and low
seismic signal to noise ratio might explain the poor tie for the C-2295 welleFsglb

shows a random seismic line crossing all the control wells wsadd well-seismic tie.

The tie between the synthetic seismogram for the discovetyanelthe +70
degrees rotated seismic data is shown in Figure 5.12. A reastiratada be observed.
The same figure illustrates the final time tie of the diaga to the seismic data for the
three tested intervals in the Utan-1 well: the upper pay zoker\al Ill) ties to a low-
amplitude peak at approximately 0.940s, the lower pay zone (Ihtgties to a low-
amplitude peak at approximately 1.100s, whereas the middle tedésdal ties at

1.035s.
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The rotated data were then used for the following processesnanhgia. A
critical step to compare effectiveness of various attributesthe study area,
particularly the spectral decomposition and the seismic inversiorefiectivity, was

the good tie achieved between the wells and seismic data after this process.

5.5 Some basic concepts on the seismic attributes used in this reskarc

Chopra and Marfurt (2005), define a seismic attribute as “a quamita
measure of a seismic characteristic of interest”. Nowadtnes seismic industry
accounts for dozens of attributes applied to the interpretation ofgjedatiucture,

stratigraphic features, and rock/pore fluid properties.

Basic and advanced attributes were applied to the seismicdagstudy area
in order to enhance subtle or hidden features for stratigraphelatoon as well as for

fluid detection and discrimination, with the intent to better interpret the metiata.

5.5.1 Basic seismic attributes

Some basic attributes were extracted from the seismicl digrthe use of the
PetrelV software and attribute library. The library includes basidbates divided
into the system according to specific tasks: complex trdtréoudes, structural
attributes and stratigraphic attributes. Among them, the followitrgoates were
selected to be applied to key sections of the seismic datateséoushis dissertation.
Due to the nature of these basic attributes, no input parametersegeired in all of

the cases.

151



Instantaneous Phase(complex-trace attribute)

When a seismic trace is considered as an “analytical Isgft)a it can be
expressed as a complex function g(t)=f(t) — i H[f(t)]. Complaxcé analysis treats the
seismic trace amplitude as the real part of the (compleaytical signal while the
imaginary part of the signal is computed by taking its Hildeshsform. Hilbert
transform can be seen as a type of filter which changes tise pha+90° without

affecting the amplitude of the spectral components (Larner, 1998).

The above argument is the base for the well known singleerac
“instantaneous attributes”. instantaneous envelope, instantaneous phase and
instantaneous frequency, as well as other seismic attributegedieiiom them
including the cosine of phase. Complex-trace analysis numericadlytifjas subtle

changes in envelope, amplitude and phase (Chopra and Marfurt, 2005).

Instantaneous phase is the phase of the analytic signal deowedhe Hilbert
transform. The attribute is calculated on a sample by sampie W#lsout regard to
the waveform. The attribute provides an amplitude independent disgiaph ws
especially useful for tracking reflector continuity which varyadgisein their amplitude.
The attribute appears as discontinuous at trough locations (180 {edrbes
instantaneous phase emphasizes spatial continuity/discontinuity letticefs by
providing a way for weak and strong events to appear with equalgttrenhe
attribute tends in this way to enhance weak events, detect uncdrdsrnaind to

distinguish small faults and dipping events but also enhances nas®icSgequence
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boundaries, sedimentary layer patterns and regions of onlap/offlagrngatften

exhibit extra clarity when used together with Cosine of Instantaneous Phase.

Cosine of Instantaneous Phas@gomplex trace attribute)

Also derived from the Hilbert’s transform, this attribute, also knoas
“Normalized Amplitude”, is the cosine of the instantaneous phasas lthe same uses
as Instantaneous Phase with one additional benefit: it is conyiramadioth. It is -1.0
for both 180 degrees and -180 degrees, avoiding the =+ 180 degrees disgothtaiuit
occurs with instantaneous phase, thus many times more prefgrtbd mterpreters.
Amplitude peaks and throughs retain their position, but with strong and eveaks

now exhibiting equal strength.

It may help to enhance the definition of structural delineations teatigsaphic
features, providing better continuity to the seismic signal wisad together with

Instantaneous Phase for comparison. No inputs parameters are required.

Gradient Magnitude (structural attribute)

This attribute is the magnitude of the instantaneous gradiestt d@rivative)
computed in three-dimensions of the sample neighborhood. No input pasaareter

required.

Relative Acoustic Impedancgstratigraphic attribute)

This attribute is a running sum of regularly sampled amplitude saltas
calculated by integrating the seismic trace, and passings$idt through a high-pass

Butterworth filter, with a hard-coded cut-off at (10*sampleeydtiz. This is not a
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seismic inversion for impedance process but a type of fast-ttaddute which does

not require input parameters.

Figures 5.16 and 5.17 show the application of the above attributes to the
seismic lines crossing the Utan-1 well in both in-line andscliog directions. These
basic attributes do not require any parameter input so they araau®-based and
have to be used only as a first approach in initial seismic ietatpns. In the study
area, the most useful basic attributes for enhancing and pickyngdkezons in low
signal to noise regions were Instantaneous Phase and Cosine of tdmtaeous

Phase.

5.5.2 Advanced seismic attributes

Advanced seismic attributes such as spectral decompositionjcsaisersion
for reflectivity, seismic inversion for impedance, and amplitudesug offset were
considered at the planning phase of this dissertation to validate holwthey could
enhance some stratigraphic features, or how sensitive they iméghdo quantify
rock/pore fluid properties in this type of mixed siliciclastarbonate settingThe
accuracy of predicting a reservoir property from seismic dafaoves when those
attributes that statistically are different, but presengaifstant correlation to certain

physical properties, are properly combined for the interpretation.
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Spectral Decomposition

Broadly speaking, we apply the principles of spectral decompositigrtime
we extract a wavelet or look at a spectrum (Hall, 2006). Whidense processors have
long used spectral decomposition, over the last seven years or soralspect
decomposition has become a more powerful seismic interpretatioasproRecent
gualitative applications include seismic geomorphologic analysgs, (Ehopra and
Marfurt, 2006), and quantitative schemes to compute variability opdesh bed
thickness (as described by Partyka et al., 1999). It has alsodppdied to direct
hydrocarbon detection (e.g. Burnett et al., 2003). Particularly, theerast years
spectral decomposition applications have been more widely used fortdotiate of
gas in conventional and unconventional reservoirs (e.g. Mendez et al. 2003, Decke

2004).

Spectral decomposition analysis is conceptually analogous to AVI@sena
because a conventional stacked trace is made up of data fromnditifieets each of
which can be analyzed independently, a conventional stacked trace isaas up of
data from different frequencies each of which can be anaiymeghendently (figure
5.18). The range of frequencies and dominant frequency presengisnmacsdata set
and the corresponding amplitude spectrum at any given subsurface point dapend
several factors, including seismic field acquisition paramepeogessing flow and the

earth filtering effects. Therefore, a conventional stackeceti@ volume contains
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information from a range of frequencies and when conventional ampénalgsis is

performed, it is effectively based on the dominant frequency of the seismic data

Traditionally, spectral decomposition techniques have used methods that
require the use of a time window (windowing methods) including Fouaesforms
and maximum entropy to decompose the seismic trace into itstaensfrequencies.
These windows produce serious distortion of true spectra and/or selmamiglyhe
vertical resolution, introducing unwanted artifacts into the datardowg to the
selected time window size. Discrete spectral energy fratividual reflection events
that fall inside the window are mixed together, and when the winidéogth is
shortened to minimize this problem, frequency discrimination is compeainiThe
windowed techniques do not preserve the individual reflection events@iaduce

distortions and artifacts. (Burnett et al, 2003; Hall, 2006).

In order to avoid windowing effects, different methods have been tested
Continuous wavelet methods (CWT) and Matching Pursuit Decompositio)MP

have been two of the most commonly applied methods.

The CWT has a great disadvantage in that the waveletsedtilizust be
orthogonal (Castagna and Sun, 2006). On the other hand, MPD is a more
computationally intensive process which involves cross-correlatiorm afavelet
dictionary against the seismic trace. Castagna and Sun (2006)ibeette MPD

process as:

The projection of the best correlating wavelet on the seismic isace
then subtracted from that trace. The wavelet dictionary is then -cross
correlated against the residual, and again the best correlating wavelet
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projection is subtracted. The process is repeated iteratively thmdil
energy left in the residual falls below some acceptable thresholdngs

as the wavelet dictionary meets simple admissibility conditions, the
process will converge. Most importantly, the wavelets need not be
orthogonal. The output of the process is a list of wavelets with their
respective arrival times and amplitudes for each seismic trace.

Mathematically speaking, MPD provides a good estimation of aetyl
Physically speaking, MPD is based on certain assumptionsnatiagyalgorithms do.
The decomposition of a signal emulates an atomic decomposition vieesgyhal is
made over elements (atoms) from some selected set (dicliasfanpiquely defined
elements. The matching pursuit algorithm consists of subtractiontfreislecomposed
signal that atom, which one has, at the given iteration, the greatesrence with the
signal, which is left out after the previous subtractions (Kouzoub adjRlo-
Jarillo, 2002). In any case, the selection of base atom (protdiypégyout of the
dictionary results is of primer importance in the process. The ppatotetrieved from
the seismic section itsethidapted dictionary and an analytical basic wavelet based on
the second (or higher) derivative of the function of probability of &awe¢ adapted

dictionary are two options explored by Kouzoub and Ronquillo-Jarillo (2002).

The wavelet transform time-frequency spectral analysis basedVIPD
eliminates windowing and consequently has higher temporal resolution rayoidi
distortions (Shengjie and Castagna, 2002). Nowadays, according toaCaongr
Marfurt (2005):most workers prefer the wavelet transform-based approach introduced
by Castagna et al. (2003) over the original discrete Fourier transf@@astagna’s

technique is a high-resolution spectral analysis that utiiaeselet transforms and a
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derivation of MPD, the Exponential Matching Pursuit Decomposition (ER®)

eliminate windowing problems.

By using the technique of instantaneous spectral decomposition, itsiblpos
to generate multiple seismic volumes for each frequency, providifiggguency
spectrum for each time sample of each seismic trace thlatequire subsequent
analysis of particular sub-attributes like peak amplitude and pegkency (figure
5.19). Spectral decomposition provides this by generating a s€gestions, maps or

cubes.

Spectral decomposition analysis is conceptually analogous to ANAlysss.
Individual “events” on a frequency gather can be picked and their tadgsi plotted,
thereby showing the variation of amplitude of that subsurface potht ahianging
frequency. The data resulting from spectral decomposition can betuggepare a
range of displays or volumes that observe the response of theoreserdifferent
frequencies. These are then animated allowing the interpretgx'so catch subtle
changes in the reservoir, tuning frequencies and peak frequenciediffidrent

products include (figure 5.20):

e A frequency gather corresponding to a single seismic trace
e A single frequency vertical section, time slice or 3D cube

e Single frequency maps for a given horizon (showing lateral vamiat
amplitude for that frequency)

o Peak frequency vertical displays, 3D volumes or maps

e Peak amplitude vertical displays, 3D volumes of maps
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Typical applications of the spectral decomposition data have included:
e direct detection of hydrocarbons through a distinctive spectiabmnes
or attenuation/low frequency shadows beneath reservoirs
e Dbed thickness estimation
e reservoir quality prediction
The spectral decomposition attributes have been particularly stdces
delineating stratigraphic traps and identifying subtle frequenciatians caused by
hydrocarbons (Portniaguine and Castagna, 2004). For instance, spectral
decomposition, using wavelet transforms, has been successfully apjtiedhese
purposes by the author of this dissertation in all the gasiferoussbaisMexico, i.e.
Burgos and Macuspana basins (Mendez, 2003; Mendez et al, 2003; Buralett e
2003) (figure 5.21), as well as in Veracruz and Lankahuasa basins theipgst few
years. Therefore, the attribute was selected to be testieel Rliocene gas plays of the

Utan area.

Thin bed seismic spectral inversion for reflectivity

As reviewed in Chapter five, seismic resolution involves two aspeetscal
resolution and horizontal resolution. They are the key for extrastiaggraphic detail
from seismic data. From them, seismic industry has paid @ibeation on how to
enhance vertical resolution assuming that, independently of acquisitiarefiait,
migration techniques in data processing are the best way tpsoRFaesnel zones and

improve horizontal resolution. It is also well known that verticabhgtion is driven
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by the wavelength of the seismic data, which in turn is clasédyed to the frequency

content of the seismic signal.

Seismic inversion has been a largely used process to extrast m
comprehensive information from seismic data and a way to impratieateesolution.
Conventional seismic inversion for impedance, i.e. acoustic inversion, isvpbst-
stack inversion techniques, which provide an acoustic impedance model with increased
bandwidth through the inclusion of a low frequency component. On the other hand,
spectral inversion is a post-stack inversion technique, which opeérates frequency
domain removing the seismic wavelet and extracting reflectwitijout blowing up
noise at high frequencies, with corresponding improvement in seissaalution
(Chopra et al., 2006). The result ia a novel way of extractingctefite detail and

stratigraphic features from seismic data.

Spectral inversion is a last generation technique whose princighes out to
the seismic industry in 2004 (Portniaguine and Castagna, 2004), beiegl nef 2005
(Portniaguine and Castagna, 2005), and recognized by the industry fwildleng
years (Chopra et al., 2006; Mendez et al., 2006; Dwan et al., 2007; Chagra e
2008). Commercial application is the algorithm known as ThirflthaAccording to
Chopra et al. (2006), the benefits of this technology in deconvolving the eompl
seismic interference patterns from seismic data are cigtige conventional mind set

of interpreters and yield interpretable stratigraphic patterns withrkaila detail.

Inverse spectral decomposition is a method which spectrally decosnpose

seismic trace by solving an inverse problem. Portniaguine anthdbas (2004)
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postulate the principle that the reverse wavelet transform wiilbrary of complex
wavelets could serve as a forward operator in the inverse sppottaem. The
inversion reconstructs the wavelet coefficients that repteshe seismic trace
satisfying an additional constraint needed to reduce the non-uagguehthe inverse
solution. After testing, the authors conclude that the sparse-spilstraint produces
solutions with better time and frequency resolution than the minibclimorm, and
the minimum L2 norm. The choice of the wavelet library (and heneeliloice of
forward operator) is a critical factor in determining the itytilof the spectral

decomposition. These were the basis of the named “spiky spectral decomposition”.

After the above reasoning developed in 2004, spectral inversion was later
refined as a form of sparse-spike inversion in that it outputaraespeflectivity series
(Portniaguine and Castagna, 2005). However, the spectral inverdien ttzn being
driven to achieve maximum sparseness, computationally reliespacta of the local
frequency spectrum obtained using spectral decomposition. Therefun bed
inversion resulted in a trace-by-trace operation which takesimgée stacked seismic
trace, applies spectral decomposition and produces high-resolutiectiveély model
trace as an output. Details of the process are still proprietarthe method essentially

consists of following steps (Chopra 2008):

1. Making accurate estimation of a time and space varying set of
wavelets from the data. For this purpose having some well
control is desirable. In the absence of any well control, a
statistical method of wavelet estimation is adopted.

2. Wavelets estimated in step 1 are removed from the data using
seismic inversion with spectral constraints that have their roots
in spectral decomposition procedures. It is important to note that
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no starting earth model or interpretation is used in the inversion
procedure. The trace-by-trace procedure requires no starting
model and has no lateral continuity constraints.

Under the spectral inversion assumptions, the spectrum of a losatisei
response is taken to be a superposition of sinusoidal transfer furasgr@ated with
reflection coefficient pairs. Thus, the output time domain refldgtigeries is a
superposition of odd and even impulse functions; spectral inversion, by apiglgpria
weighting odd and even components of reflection coefficient pairsthesnachieve
the best possible combination of resolution and robustness to noise (Dvehn e
2007). As it happens with all sparse-spike type inversion techniqudsethency

bandwidth of the output reflectivity series is broader than the input seismic data

The inverted reflectivity as a series of impulses can therntegrated to
produce a band limited impedance estimate that is unbiased byngexigell
information. While the impedance estimate will show lower appakamtical
resolution than the reflectivity, it is especially useful feasgraphic differentiation of
the strata themselves rather than the stratal boundariesi@@arhe and Castagna,

2005)

Chopra (2006), making reference to Tirado (20@&rid thickness estimation
using spectral decompositionMS Thesis, University of Oklahoma), points out a
strong dependence of peak frequency extracted from spect@hpesition on bed
thickness (Figure 5.22). A particular simulated case is remexsdy Chopra et al.
(2006) as a 2-point reflectivity sequence shown at the top of figues.

Mathematically, the model can be represented as the sum of an bddrnssting of a
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pair of equal and opposite reflection coefficients (Widess mode);tgmel an even
part composed of two reflection coefficients of the same pwlafihe odd part
resulted in this particular case with stronger reflectioparse than the even part.
After modeling on these two components, for the odd component thetuepfirst
increases (tuning) and then decreases as the thickness graddadtigs. For the even

part this variation is just the opposite (base of figure 5.23).

The above was a particular case of thin bed reflectivity, howewst real
situations would require both of these contributions, depending on the relative
magnitude of the reflection coefficients in the two additive compisne provide
more possible contribution from one component with respect to the otheevéhe
part may be relatively weak as in the case of bright spotsiose rather than the
dominant frequency, would control the fundamental limit of resolufRmrtniaguine

and Castagna, 2005)

Figure 5.24 shows the peak amplitude and peak frequency variation
respectively with thickness for the same case of figure 5.23, wheredd part is
significantly stronger than the even part. Notice that the pstak frequency (sum of
the contributions from the odd and even components) shows a variation. When the
reflection coefficients at the top and the base of a thin bedarexactly equal and
opposite, a more general behavior is observed, where the peak fregeensases as
thickness decreases below about half of the tuning frequency. Exactiyhat

thickness this rollover occurs depends on the relative magnitudesiofamd odd
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reflection coefficients. Contrary to the Widess model, below tlisver there is a

strong dependence of peak frequency on thickness.

The importance of the even component in the final resolution of the output time
domain reflectivity series, considered as a superposition of odd amd ienpulse

functions, is illustrated by Dwan et al. (2207), when punctuate that:

a) Odd impulse functions (as Widess model) shows have a resolutionofimit
about 1/&, below which the response is approximately the derivative of the
seismic wavelet, irrespective of layer thickness. As an ogdlse pair thins
below this limit, the peak frequency of the response remainsvedjatonstant
while the amplitude decreases almost linearly with thicknessording to this
model, for layer thickness below 1/8&ne cannot separate differences in
reflection coefficient magnitude from changes in layer thickrfessn in the
absence of noise), so this value is generally considered the tbaloligtit of
seismic resolution (it was shown before that due to noise preseteeaaelet

imperfections this value could be taken as\1/4

b) For even impulse pairs, response frequency varies continuously wéh la
thickness and, in the absence of noise, layer thickness andioeflentfficient
magnitude can both be precisely determined. Thus, for an isolated layer with an
even component of reflectivity, resolution is nearly perfecthan dbsence of

noise.

Spectral inversion, by appropriately weighting odd and even components of

reflection coefficient pairs, can thus achieve the best possibigbication of
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resolution and robustness to noise. As is the case with all sjpéksetsversion
methods, the output reflectivity series contains frequency componesideotite band
of the original seismic data. This suggests that the serg®poNse is more sensitive
to thin beds than generally thought previously. From this analysis Cabpla(2006)
conclude that the Widess model for a thin bed is a very spasalof a more accurate
combination of reflection coefficients and that the behavior predibiedVidess

becomes more atypical as thickness approaches zero.

As the seismic amplitude and frequency vary continuously far béhawv
conventional view of the limit of seismic resolution, it is polesito infer thickness
below the seismic sample rate. This implies that frequency beyendeismic data
bandwidth can be recovered and thicknesses far below tuning carobededs the
spectra of impulse pairs are sinusoids with infinite frequencyengnn the absence of
noise, all frequencies out to Nyquist can theoretically be recoveveah et al. (2007)
mention that filtering back to the original bandwidth of the defaaduces original

data — the process is thus amplitude preserving and does not introduce “false” events.

Chopra et al. (2008) emphasize that this method is driven by geslogiber
than mathematical assumptions and keys on aspects of local fregsecyum
obtained by using spectral decomposition. In this row, Dwan et al. (28f&F)that if
one uses the a priori knowledge that sedimentary rocks are denayated, and if
one assumes that only layers of significant thickness are of tamger, then the broad-

band spectrum is simply a superposition of sinusoids.
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Recapitulating, the increased resolution to resolve thin layéos libe tuning
thickness of the spectral inversion process, can be achieved by thbutmm of the
even part of the seismic waveform by appropriately weighting add even
components of reflection coefficient pairs, thus achieving the Ipesisible
combination of resolution and robustness to noise as well as by the hnopdedge
of the wavelet. Also, the broader the bandwidth of the original tsamore robust

the process is against noise.

Resolution deteriorates as the even part is weaker (espeniddhght spots,
where noise rather than dominant frequency will control the lelvedsolution), the
noise level increases and imperfections in the wavelet égimare present. If wrong
parameters are selected, non-geological artifacts mayt,résug Dwan et al. (2007)
remark that some quality control displays including inversion resuielpaas a

function of stabilization and wavelet parameters are imperative duringdbess.

Dwan et al. (2007) conclude that if the original bandwidth is broad énoig
signal-to noise ratio is high enough, there is sufficient everpoaent to the signal,
and the assumptions about layering are valid, experience indibatesseful results
that tie well control can be obtained out to 2 or 3 times the oligaradwidth. This
broadband sparse reflectivity spectral inversion, i.e. thin-bed inversigiputs a

reflectivity series and its apparent resolution is far superior to the iejsatis.

Common applications of this technology include precise mapping of tops and
bases of thin layers, layer thickness determination, stratigrajsuialization and DHI

analysis of thin reservoirs. The algorithm has been applied stidbess Mexican
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basins as Veracruz, Lankahuasa, and Tampico-Misantla (figure). 5Current
applications include a project led by the author of this disgmrtat the onshore

Chicontepec basin of Mexico (figure 5.26).
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Figure 5.1: Seismic base map of the entire CantdteOBC 3D volume area showing survey
orientation and the extracted study area.
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Figure 5.2: Acquisition geometry layout for the ® seismic Ocean Bottom Cable (OBC) survey,
acquired in 1996 over Cantarell Field.
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Figure 5.3: Fold coverage for the entire 3D seismi®BC-PSTM survey reprocessed by Veritas in
2003 (non-published Pemex internal reports).

Figure 5.4: Comparison between a line extracteddm: (a) the seismic OBC dataset reprocessed
in 2003 (wider frequency bandwidth for structural dbjectives), and (b) the original
seismic data set processed in 1997 (non-publishedrRex internal reports).

169



waves - wavelet amplitude and phase
response =
Amplitude Phase (degrees) 3 J

1.00 4 200 o

1 @

1 =

4 =4

4 o
0.75 100 Gl

E =

] I
0.50 0 g

] ==
0.25 - -100

1 po |

1
100
Frequency (Hz)
Legend
’7 Amplitude Phase (avg: 0

Wavelet Historw

ravelet Histary

Peak = Incresse in Acoustic Impedance (RORRALY

Input  Seismic Wolume:

ChDocuments and SettinosPetrelDeskiopEfraininline_27S2Unline _2752
Time From: &0 To: 000 ms

Offset From: o Tex S0 teters
<DP From: 450 Tex S50

wavelet Parameters:

wiavelet Mame: aAveZ

wiavelet Length: 200 m=s

Taper Length: =5 m=s

Sample Rete: 4 ms

Fhase Rotation: 0 degress

Fhase Type: Constant Phase

The number of traces used for wavelst sxtraction : 101
The number of data poirts processed : 49056

Figure 5.5: Frequency spectrum of Cantarell OBC PEM volume. Note dominant frequency of
about 22 Hz. The history of the statistical wavelegxtraction is also shown.

Utan Time-Depth Relation

1400 y = 0.000000155x" - 0.000536853x° + 1.308639199x

R® = 0.999870203 o

1200

1000 /
800 /

600 /

400 /

200 -/

0 T T T T T T T
0 200 400 600 800 1000 1200 1400 1600

Depth (meters)

TWT (msec)

Figure 5.6: Check shot data for the Utan-1 well. Ahird-order polynomial fits the points very well.
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Figure 5.7: Seismic pre-stacked time migrated CDRjathers a) pre-, and b) post-conditioning.
After conditioning, ambient noise levels were redued and more continuous
reflections were obtained.
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Figure 5.9: Time-slice extracted from the Cantarellseismic OBC volume showing effects of
acquisition footprint on shallow level amplitudes $trips northwest-southeast
oriented).
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Figure 5.10: Post-stack seismic data a) pre-, and) post-conditioning. Ambient noise and the
acquisition footprint effects were favorably reduce after conditioning to obtain
more continuous reflections.
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Figure 5.11: Base map of the Cantarell OBC 3D volumarea. Also displayed are the well locations
used as control and the time structure of the uppereservoir.
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Figure 5.15: Random line crossing the control wellsitilized for the seismic-well tie and phase

rotation. The Kutz fault cut the continuity of the lower intervals affecting the well to
well correlation.
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Basic attributes applied to In-line2782. Original seismic data and corresponding
picked marker horizons are shown as reference. Thesattributes do not require
any parameter input. Therefore, they were only usedo provide better continuity
to the seismic signal in order to enhance the defifon of structural delineations
and some stratigraphic features. Cosine of Phase dnnstantaneous Phase were the
most helpful in this sense.
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Figure 5.17: Basic attributes applied to Cross-lin21514. Original seismic data and corresponding
picked marker horizons are shown as reference. As ivas explained in figure 5.16
these basic attributes do not require any parameteinput. Therefore, they were only
used to provide better continuity to the seismic ghal in order to enhance the
definition of structural delineations and some strégraphic features.
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Figure 5.18: Spectral-decomposition is a continugutime-frequency analysis of a seismic trace

providing a frequency spectrum at each time sample.
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Figure 5.19: Useful Spectral-Decomposition paramets on a frequency gather.
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Figure 5.20: Spectral-Decomposition products includ: single frequency volumes for each
frequency, frequency gathers corresponding to singl seismic traces, and single
frequency vertical section and maps.
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Hz in Cobo Field, Macuspana Basin, Mexico. Higher mplitudes at 50 Hz (red)
correspond to a compartmentalized producing intervh Note that well #1 has no
anomaly and no production (Mendez et al., 2003).
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Figure 5.22: Variation of peak frequency with bedthickness. There is a gradual increase in
frequency as the thickness of the bed decreases abdyond some fraction of the
tuning frequency it rolls off (Chopra et al., 2006)

181



Even and Odd Reflectivity

Mixed Odd

Even

EVEN PART (1,1)

ODDPART(1-1)

thickness®

Figure: 5.23: A practical thin bed subsurface sitation represented with a two point reflectivity
sequence corresponding to the top and bottom of ayer. This series may be shown
as the sum of a pair of sequences, an odd part Wit pair of equal and opposite
reflection coefficients (like in the Widess model)and an even part made up of two
reflection coefficients of the same polarity. Aftermodeling, for the odd component
the amplitude first increases (tuning) and then deeases as the thickness gradually
reduces. For the even part this variation is justhe opposite (after Chopra et al.,

thickness

2006 and non-published Fusiol" technical literature).
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Figure 5.24: Top: Peak frequency variation as a fuetion of time thickness of the beds; Base: Peak
amplitude variation as a function of time thicknessof the beds. Both figures show the
contributions from the odd and the even componentshown in figure 7.15 as well as
their sum (after Chopra et al., 2006 and non-publised Fusiod™ technical
literature).
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Figure 5.25: Spectral inversion in Tampico Basin, Mxico. A) original seismic section; B) spectral
inverted section (non-published Pemex internal reps).
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Figure 5.26: Composite figure showing spectral deegposition products in Chicontepec Basin,
Mexico. A) Original seismic section; B) spectral imerted section; C) relative
impedance derived from spectral inverted section; Dspectral decomposition section
at 35Hz (non-published Pemex internal reports).
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Chapter 6

SEQUENCE STRATIGRAPHIC FRAMEWORK AND
INTEGRATED ANALYSIS (1)

6.1 Introduction

Sequence stratigraphic tools were utilized as a frameworkh&iintegrated
interpretation in the study area. The benefits of establishiregj@eace stratigraphy
framework were fundamental for the correlation of strata anth@we accurate facies

interpretation, allowing predictive models for more reliable resereck mapping.

An important aspect of defining a sequence stratigraphic frameisottke
depositional model and its corresponding lithofacies used during thereteion.
Therefore, a depositional model which supported the evidence provided by the
integrated interpretation of cuttings, cores, well log and biogtegthical data was
corroboratedat the discovery well, which contains the most comprehensive databas
for the late Tertiary stratigraphic intervals. The currehapter describes the
establishment of the depositional model in the study area andset0$ the basis for
the construction of the sequence stratigraphic framework which igsdist in the

following chapter.
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6.2 Depositional Model

Interpretation of lithology and depositional environments is a ftsp in
defining a sequence stratigraphic framework. Before stattisgrésearch in 2005, a
depositional model for the Pliocene Utan facies, including an unddmstpof their
spatial and temporal variations, had not been well established. Prewipuklished
basic interpretations identified these facies as correspondimgther outer neritic
environments of a mixed carbonate-siliciclastic platform or deégwbasin floor fan
deposits. On the other hand, the lack of a widely accepted and systerag of
classifying mixed litologies and environments has contributed todh&oversy over

the Pliocene sediments present in the Utan area.

Sediments are normally either siliciclastics or carboretesclassifications are
based on simple fabric and mineralogical criteria of theseneembers, ignoring the
spectrum of ‘mixed’ sediments and depositional environments. Accotdifdount
(1985), this stems, in part, from the limited abundance of mixedckibtic and
carbonate sediments, and the belief that, due to the inhibitingseffettsiliciclastics

have on carbonate-secreting organisms, the two sediments should not occur together.

The integrated analysis developed in this work diminishes such
misunderstandings by proposing a depositional model following the workflow
described in figure 3.1 of this dissertation and based on cuttingspliess, core
analyses, well log analysis including borehole image logs, and diigsaiphic data.

The following analysis complements those developed by Bahamon (2006) and Mendez

et al. (2006).
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6.2.1 Lithology in the discovery well

Pliocene facies in the study area were deposited in a mpkaifiorm
environment. This fact was supported initially by the basic maeopis description as
well as by both the petrographic and the X-ray diffraction aesly(Table 4.2)
completed on the three cores in the discovery well. Based on ihasel oints and
without any other core throughout the entire drilled interval nor inbyeaells, the
matrix composition was estimated by consulting the cutting igieers from the well
site mud logger report, as well as by the use of detailed ¢oiioa petrographic and

petrophysical analysis (Chapter 4 of this dissertation).
6.2.1.1 Well cuttings

Lithology analysis begins at the well site where the mud loggdiects
representative samples of drill cuttings from the shale shalkdmneh have to be
prepared for lithological interpretation and hydrocarbon show evalu#tidhis stage,
it is important to remove the coarseavings (formation fragments which originate
from the sides not from the bottom of the borehole), which could produmeeertrs

interpretations of the depth of stratigraphic horizons.

Based upon the mud logging report of the Utan well, the intetpigb®logy
of the recovered cuttings in the drilled interval (200-1450m) (figut¢, was divided

as follows, from base to top:
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1450-1364m: Shale-prone. Dominantly light gray to light green, calcareous
mudstone. Shales are light green with a plastic texture; theytigit. A few

intercalated thin limestone layers are also present.

1364-455m: Dominantly light gray, shelly calcareous mudstone interbedded
with light green to white, fine-grained calcareous sandstone normgaangular to
subangular quartz grains. A 68m interval of mudstone at 724-792m is prElserd

cores and the three tested intervals are located in this interval.

455-210m: Sand-prone. Dominantly light green, unconsolidated, shelly,

calcareous sands at the base of the interval and shelly sands upward.

210-200m: Shale-prone. The logger’s description is inferred to be shelly

unconsolidated shale. This interval is not shown in Figure 6.1.

The cuttings description from the mud logger established an alpuost
siliciclastic description in which the carbonate component ofixed sequence was
not referred to, even though the ditch samples as well as the cEaes to
hydrochloride acid. This fact resulted in a false conceptualefnark of the drilled
interval, even though the sandier composition of the three testedalst was
reported. The non-reported high carbonate content was later reveateddth the

macroscopic and the microscopic core analyses.
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6.2.1.2 Core data analysis

Examination and analysis of cores are probably the most impdrtesit
technique available to the petroleum industry for obtaining optimum regcavehe

exploitation of reserves (Monicard, 1980).

As a wildcat exploration well, once the potential productive intervedre
determined, programs for coring and testing were completethdddtan well. Three
intervals associated with three tested intervase cored (figure 6.2 and Table 6.1).
Two of the three, the upper and the lowermost, were reported as @mduc
Unfortunately, the cores were taken mainly from below the testetals; only about

one meter of the tested intervals were recovered.

During the development of this research, the Core Storage Departrhent
Pemex Marine Region was visited by Dr. Roger Slatt, C&&wmon, and the author
(figure 6.3) to perform comprehensive visual analyses of the,dacdsding detailed
non-destructive description of sedimentology and sedimentarywggacimineralogy,
and biological components as well as whole-core and close-up plaitggrEhese
data provided information about depositional environments, and vertiaagistphic
changes, which were later correlated with the microscopitalyses, the borehole

image logs, and the biostratigraphic data.

After these analyses, it was concluded that all three catebited a general
dominant lithology composed of very fine to fine-grained, light gray, lbhated,

mixed calcareous-siliciclastic mudston@sgure 6.4). Some wavy laminations and

lenticular cross-bedding were present, as well as shell é&atgnof molluscs. Some
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ichnofossils, vertical open fractures and bioturbated zones are atnprFine-scale
stratification visible on the image log was not readily visibl¢hie core until the core
was washed with water, which revealed wavy laminations amtdar bedding. The
white shell fragments, ichnofossils and organic matter presebiaes specks of coal
(figure 6.5) all indicate a shallow (inner neritic) environmend@pbosition rather than
a deep marine environmeiit.has to be emphasized that none of the three cores were

fully representative of the tested intervals.

CORE DEPTH RECOVERY COMMENTS
(meters)
1 1084-1092.5 9m (100%) | Only the lowermost meter of Reservoir|Il
was cored
2 1225-1232 7.2m (80%)
3 1321-1324.4| 3.75m (42%) Only the lowermost meter of Reservoif |
was cored

Table 6.1: Core intervals recovered in the Utan well

Reports of conventional analyses conducted on these cores by Cardlab a
Schlumberger, and provided for this research included: core photograpls, cor
descriptions, thin section sedimentologic and petrographic analyaimisg electron
microscopy (SEM), X-ray diffraction (XRD), and other analysBisree samples per
each core, for a total of nine samples (Table 6.2), were selected by fenseientists
for thin-section preparation and used for detailed thin section analydifor the XRD
and SEM studies. Only samples 1M and 7M are representative of taeamplower

reservoirs, respectively.
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From the detailed core characterization the main composition tfirde cores
was found to be similar, consisting of well-cemented, lighy grad medium brown
shaly and calcareous siltstone. Some laminations exhibit thih fshgments and
bioturbation. Ichnofossils include clay-filled tunnels produced by thavetion of

echinoderms and molluscs.

Cores 1 and 3, which did not sample more than one meter of the producing
intervals exhibit a few 5-10cm thick beds of very fine-graishdly and calcareous
sandstones with vertical and wavy stratification and open fracttivesniddle core
does not exhibit such features. Irregularly distributed patchy dbkation is also
present in cores 1 and 3. Accurate placement of each corémhseithin the well

bore was possible with the spectral core gamma scan measured in theigborat

Sample Depth Thin
Core SEM DRX
number (meters) section
1 1M 1084.85 X X X
1 2M 1086.90 X X X
1 3M 1092.44 X X X
2 4M 1225.09 X X X
2 5M 1227.96 X X X
2 6M 1230.39 X X X
3 ™ 1321.56 X X X
3 8M 1322.70 X X X
3 o9M 1324.21 X X X

Table 6.2: Core samples selected for detailed thin sectiamalysis, XRD and SEM
in the Utan well. Only the samples 1M and 7M (shaded) were
representative of the upper and lower reservoirs, respectively
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Corelab’s procedures for preparing samples for detailed goapinic thin
section analysis include cleaning and impregnating with an epmuiian to ensure
the cohesion of the sample and to prevent loss of material duringrithging
procedure. A blue dye is added to the epoxy solution to highlight indightthe pore
spaces. Each of the samples is mounted on a frosted glass slidleeancut and
ground in water to a thickness of approximately 30 microns. To rnakeonate
cement identification easier, the cut samples are impregimagdolution composed
of red alizarin and potassium ferricyanide which highlights @algit pink, ferric
dolomite in dark blue and ferric calcite in purple. An extra soluttbnsodium

cobaltnitrite highlights potassium feldspars in yellow.

Corelab reports included sedimentologic, petrographic, XRD and SEM

analyses. The following conclusions were reached:

The analyzed samples could not be easily classified asiceclagtic or

carbonate rock.

Corelab classified the rocks as calcareous sands and siltspndicated that
“the depositional environment does not seem to be an active carboattenpl

system”.

Quantitative petrographic analysis by point counting revealed a bighrt of
calcite minerals (Table 6.3), resulting from the recryztation of detrital carbonates
and from dissolution of other calcium, iron, and magnesium mineratfididi 1999).

Aragonite, is present in minor amounts in the Utan samples.
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SAMPLE M 2M 3m 4M 5M 6M ™ 8M oM
Depth (m): 1084.85 |1086.90 |1092.44 |1225.09 |1227.96 |1230.39 | 1321.56| 1322.70 | 1324.21
Texture

Average size (mm): 0.11 0.05 0.04 0.04 0.05 0.06 0.06 0.06 0.05
Grains

Monocrystalline quartz 14.8 7.6 4 6 6 8.4 9.2 7.2 7.6
Policrystalline quartz 0.8 0.4 0 0 0 0 0 0 0
Potassium feldspar 2 12 0.4 0.4 0 1.2 0.8 0.4 0.8
Plagioclase 2.8 2.8 0.8 3.6 1.2 2.4 2 1.6 2.4
Total - igneous fragments 0.8 0.4 0 0 0 0 0 0.4 0
Total - metamorphic fragments 0 0 0 0 0 0 0 0 0
Total - carbonated fragments 3.6 3.2 6.8 3.6 3.6 2 2 0.4 0
Total - siliciclastic fragments 0.4 0 0 0 0 0.4 1.2 0.4 0
Total - lithic fragments 4.8 3.6 6.8 3.6 3.6 24 3.2 1.2 0
Total - micas 1.2 0 0.4 0 0 0 0.4 0.8 0
Total - heavy minerals 0 0 0 0 0 0 0 0 0
Total - foraminiferal-planktonic 1.6 4 2 0.8 3.2 1.6 2.8 4.4 4
Total - foraminiferal-benthic 0 0 0 0 0 0 0 0 0
Total - skeletal grains 10.4 23.2 19.6 18.8 12.8 12.4 14.4 25.6 16.8
Total - non-skeletal grains 0 0 0 0 0 0 0 5.2 4
Total - other grains 0 0 1.2 0 0 0.8 0 0 0
Total Grains 36.8 38.8 33.2 324 23.6 27.6 30 42 31.6
Replacement grains

Total- replacement grains 0 0 0 0 0 0 0 0 0
Detrital matrix

Total-detrital matrix 3.2 9.2 12 8.8 10.8 16.8 14.4 23.2 42
Authigenic minerals

Total-authigenic clays 0 0 0 0 0 0 0 0 0
Total-authigenic quartz 1.2 0.4 0 0.4 0.4 0 0 0 0
Total-authigenic feldspars 0 0 0 0 0 0 0 0 0
Total-authigenic carbonates 43.6 46 52 54.8 62.8 52.4 48.4 30.8 25.6
Total-sulfates 0 0 0 0 0 0 0 0 0
Total-sulfurs 0 3.2 1.6 0.4 1.2 2.8 2 3.2 0.8
Total-zeolites 0 0 0 0 0 0 0 0 0
Total other authigenic minerals 0.8 0.4 0.8 0 0 0 0 0 0
Total-no shaly cements 45.6 50 54.4 55.6 64.4 55.2 50.4 34 26.4
Total-cements 45.6 50 54.4 55.6 64.4 55.2 50.4 34 26.4
Porosity

Total-primary porosity 12.4 2 0.4 3.2 1.2 0.4 5.2 0.4 0
Total-secundary porosity 2 0 0 0 0 0 0 0.4 0
Porosity- Others 0 0 0 0 0 0 0 0 0
Total-porosity 14.4 2 0.4 32 1.2 0.4 5.2 0.8 0
TOTAL (%) 100 100 100 100 100 100 100 100 100

Table 6.3: Quantitative petrographic results from point-countig analysis
practiced to the 9 core samples of Utan well. Only the samgldM
and 7M (highlighted in yellow) were representative of theupper
and lower reservoirs, respectively (adapted from non-publiskd
PEMEX’s internal technical reports)

The samples labeled in Table 6.3 as 1M and 7M, are from the bimeugdper
and lower reservoirs respectively. An increase in both grain amethe amount of

guartz grains and porosity as well as a reduction in calcitereiiffiate these samples
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from the remaining ones. The abundance of detrital quartz and the guairt size
diminish beneath the cored reservoir intervals and skeleton grains ebwhate

cement increase in abundance.

Figure 6.6 shows the results of the point counting analysis fongpermost
core and its samples 1M, 2M and 3M. The top sample 1M was the onlpcated
within the reservoir. Pie diagrams illustrate how the quartzeobnhcreases and the
carbonate content decreases beneath the reservoir interval. Phogoaphs
accompany this petrographic analysis of reservoir quality centidie same trend

occurs for the lower reservoir.

A high percentage of carbonate cement is common in all the comgesam

reaching 45-55% of the average total volume of the rock.

A digital color spectrophotometer was used by Corelab for higbluton
color profiles of each core sample. Two color photomicrographs a&retitf scales
were included in the reports. The very high magnification scanningraiec
microscopy images (SEM) provided additional information on the pore rietand
the effects of cements, matrix, and authigenic clays on resguality. For instance,
the SEM image in figure 6.5 shows that the carbonate cemeritlislgpen fractures
in deeper intervals. Analysis of the individual clay crystal morpholeg Corelab

suggested that no authigenic clays are present; all are detrital in origin.

X-ray diffraction analysis performed by Corelab provided the teig

percentages of quartz, feldspars, carbonates and specifimiclasals (e.g., kaolinite,
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chlorite, illite, smectite, and mixed-layer illite/sméee}i Results for the sampled

intervals were previously listed in Table 4.2 of this dissertation.

The X-ray bulk rock composition indicated the sampled intervals arpased
on average of calcite (including Fe-calcite) (56%), dolomite (1636artz (9%),
aragonite and pyrite (8%), feldspar and plagioclase (6%), and &tlaly minerals)

(7%).

The quartz content is highest within the reservoir intervals. Clagrals are:
illite/smectite (80-90% of smectite), illite and chloritdhelmatrix in all of the samples
varies heterogeneously as a mixture of carbonate mud otenjgaiticles of detritical
clay, organic material, particles of quartz and clay-siztspars. This fine carbonate
mud is commonly found in many carbonate-forming environments. Accotaing
Nichols (1999), the small size of the particles usually makegpibssible to determine
their origin, which may be the result of chemical precipitatiomfivater saturated in
calcium carbonate, or of the breakdown of skeletal fragments, lnave an algal or

bacterial origin.

Visual examination of cores from five additional wells, revealedimilar

mixed composition.

6.2.1.3 Borehole Image log

An EMI™ log acquired over the interval 1070m-1450m in Utan well was

available for the interpretation. TieMI ™ (Electrical Micro-Imaging tool, a mark of
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Halliburton) belongs to the electrical micro-imaging tools dtewed over the past two

decades, for water-based muds, capable of producing wellbore images.

The imaging tools contain microresistivity electrodes which becamanged
around the wellbore by pads that are pressed against the boreltol&laarical
current is forced to flow into the rock through the electrodad, r@mote sensors
measure the current after it interacts with the formation, disgaying an image of
the borehole wall (Hurley, 2004). Passey et al. (2006) providedsdefaborehole

image logs.

Initially, the EMI™ images were interpreted for dipmeter infation in the
Utan-1 well. The resulting structural interpretation establishatithe bed dips are not
significant and that the structural dip is not greater than 1¥edegn most of the
recorded interval. A preferential dip orientation is toward SS\M/ @W. There were
only two intervals where bed dips are higher than 15 degrees, re&bibg 60
degrees at 1270 and 1350m, indicating normal faults. The deeper fthét nsaster

Kutz fault against which the Utan rollover structure was formed (Figuje 6.7

Electrical borehole images represent variations in éattrconductivity
related to lithology, fluid type, hole rugosity, speed correction €i@ad other factors
(Passey et al.,, 2006). The image log in the Utan-1 well raydalely-stratified,
conductive, and resistive intervals of shales and sandstones, inedpeghich were

not easily visible in the core.

Bahamon (2006), interpreted the borehole images to identify sediment

structures in the Utan-1 well, including wavy and planar laminatiopples, cross
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stratification, and hummocky cross stratification (figure 6.8hadaon indicated these
features were intercalated with several thick high resistinigrvals (from 1 to 9m
thick, with a mean value of 3m), associated with an increaserorwae content

making them more resistive.

6.2.2 Biostratigraphic data

Fossils are essential for establishing a detailed st@atigr and correlation
scheme in sedimentary rocks. The level of detail achieved in eaehix determined
by the nature of the depositional environments and the way in whiaredhitftaxa

lived and evolved.

According to Nichols (1999), the ideal fossil for stratigraphic purpaseuld
be “an organism which lived in depositional environments all over thedvaoid was
abundant; it would have easily preserved hard parts and would be part of a
evolutionary lineage which frequently developed new, distinct species”. Unftatyna
no such ideal fossil taxon has ever existed, however many plangendls occupy
ecological niches which are defined by such factors as vdseth, temperature,

nutrient supply, nature of substrate and so on.

Shelves are areas of oxygenated waters rich in life ane&entgtriThey provide
enough organisms to interpret their remains in terms of chrongstfdty. In open

ocean areas all organisms either float (planktonic), arests@@ming (nektonic) or
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live on the surface or within the upper column of sea floor sedifbemthonic or

benthic).

Algae, which areat the base of the food chain, belong to the group
Chrysophyta and include coccoliths which have spherical bodies airoatarbonate
a few tens of micrometers across; planktonic algae organisnihiofsize are
commonly referred to asannoplankton. Slightly larger arédoraminifera, a group of
single-celled animals which includes planktonic forms with aacattus shell about a
millimeter or a fraction of a millimeter across. Theseanigms have lived in warm
seas since the Mesozoic and their remains contribute to sadreals muds on the
sea floor, nannoplankton ooze or foraminiferal ooze. Both regional and-wiokd
zonation schemes using forams for correlation in the Mesozoic andz@le are
widely used in the hydrocarbon industry because microfossilseadkly recovered

from boreholes (Nichols, 1999).

To preserve the chronostratigraphic record, a variety of scheamesrmamonly

used inbiostratigraphy, including assemblages of taka& zonation schemedf the

ecological niche of a fossil organism can be determined, thipravide an excellent
indication of the depositional environment. McGowran (2005) points out that a good
index fossil marks a well-tested and narrow interval of time. Usuallyntie types of
zones are defined on the first appearance (evolution) and lastappegextinction)
ranges or concurrent ranges or acmes of selected marker spadiesld?ly, in the oll

industry, the main type of zone is defined as the last appearaatem (LAD),
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colloquially known as “tops”, due to the fact that the first appeasafibases”), are

impossible to locate accurately using drilled cutting samples (Wynn, 1996).

Considerable information has been published for integrated bio- aneineequ
stratigraphic schemes for the Plio-Pleistocene of the GulMekico, including
Armentrout (1987); Bowen and Shaffer (1987); Hag et al. (1988); Allah €t1991);
Armentrout and Clement (1991); Coterill et al. (1991); Galloway let(1991);
Clement and Thompson (2005). Currently, the groups of planktonic organisms used
for biostratigraphic analysis of shelf and slope Cenozoic stratae Gulf of Mexico

are planktonic foraminifera and calcareous nannoplankton (Wynn, 1996).

Hydrocarbon exploration activities in Tertiary sediments froendoutheastern
Gulf of Mexico have highlighted the importance of biostratigraphidies in defining
the geological setting of this relatively poorly known sectiothefMexican geology.
During the last few years the number of contributions to the Tepaleontology in
Mexico has increased considerably through high-resolution bios#altigr studies for
petroleum exploration applications. In particular, marginal, shalod/ deep-marine
environments can be differentiated on the basis of benthonic foranitifefacies or
the ratio of planktonic to benthonic foraminifera. Biozones and LAD hawn be
established by Pemex for the Cenozoic chronostratigraphy footitleesistern Gulf of

Mexico.

Particularly, planktonic foraminifera and calcareous nannoplankton d@ta de
the chronostratigraphy of the Pliocene intervals examined in e &tea. Figure 6.9

shows the recently adjusted (August 2005) chronostratigraphic distnibutf
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planktonic foraminifera in the Neogene of the Southeastern Basins. Tme ne
adjustments included a new chronostratigraphic positiosfoberigerina nepenthes
from the Upper Miocene to Lower Pliocene. This fact favorably sugpothe
sequence stratigraphic interpretation developed by Bahamon aralttihar of this

dissertation for the study area (Bahamon, 2006, Mendez et. al., 2006).

The LAD ages of the index planktonic foraminifera used in thidystlosely
agrees with published tables for the -Late Miocene—Pleistocene Sequenc
Chronostratigraphy for the Gulf of Mexico- (figure 6.10), developed bgrdAStrat
Inc. (Wornardt et.al., 2002). This chart is also employed as eeneke chart in the

sequence stratigraphic work to be developed later in this dissertation.

Internal paleontologic reports from Pemex for the Utan-1 welle provided
and reviewed for this dissertation (one of these reports is shofiguia 6.11). It was
first noticed that planktonic foraminifera comprise ages betweewet (Early)
Pliocene Globerigerina nepenthegl.18my) (at ~1452m) to Recent sandy sea floor
sediments. Beneath this depth, LAD’s of index Pliocene planktonic foifarai were

correlated to the table for the Southeastern Basins (figure 6.9).

Based on this biostratigraphy, the interval 1390-1452, was considered as Lowe
Pliocene (N-19) due to the presenceGdbborotalia margaritaeand Globoquadrina
altispira altispira, as well as the LAD o&lobigerina nepenthed AD of Globorotalia
margaritaemarks the Middle Pliocene-Lower Pliocene boundary (N19-N20). Middle
Pliocene is marked as a biozone@gborotalia miocenicaand the LAD of this index

fossil marks the Middle Pliocene-Upper Pliocene boundary
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Figure 6.12 schematically shows the stratigraphic distributimhzanation of
the selected planktonic foraminifera which were analyzed for Uhan well.
Additionally, calcareous nannoplankton biozone tops were considered as a second

level of importance for the correlation work.

Summarizing, from the planktonic foraminifera analysis in the Qtamell,

three major biozones were identified at the following depths:

e 210m — 800mGloborotalia truncatulinoides truncatulinoides

e 830m — 1390mGloborotalia miocenica,

e 1390m — 1452mGloborotalia margaritae.

Last appearance datumksAD) were also determined from the planktonic
foraminifera. Additionally, ages were taken from the tabletier Southeastern Basins

developed by Pemex (figure 6.9) and from Wornardt et al. (2002):

e 660m: Globigerinoidestrilobus cf. Fistulosus (1.7my)

e 830m: Globorotalia miocenica (2.3my)

e 900m: Globorotalia obliquus extremus (2.4my)

e 1100m:Globoquadrina altispira s.l. (3.09my)
Globoquadrina altispira conica

e 1380m:Globorotalia margaritae margaritae (3.58my)
Globoquadrina altispira altispira

e 1400m:Globoritalia nepenthes (4.18my)
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Establishing the water depths at the time of deposition is prakieimeyond
certain upper and lower limits. The effects of waves, tidessamon currents can
usually be recognized in sediments deposited on the shelf and ant labow 200m
water depth (Nichols, 1999). Some authigenic minerals, such as gla,caret

indicative of shelf environments.

INTERVAL (m) BATHYMETRY

200 - 210 TRANSITIONAL

260 - 270 TRANSITIONAL

270 - 280 TRANSITIONAL- INNER NERITIC
380 - 390 TRANSITIONAL- INNER NERITIC
390 - 400 INNER NERITIC

400 - 410 INNER NERITIC

410 - 420 INNER NERITIC - MIDDLE NERITIC
450 - 460 INNER NERITIC - MIDDLE NERITIC
460 - 470 INNER NERITIC

840 - 850 INNER NERITIC

850 - 860 INNER NERITIC - MIDDLE NERITIC
890 - 900 INNER NERITIC - MIDDLE NERITIC
900-910 INNER NERITIC

940 - 950 INNER NERITIC

950 - 960 INNER NERITIC - MIDDLE NERITIC
970 - 980 INNER NERITIC - MIDDLE NERITIC
980 - 990 INNER NERITIC

1000 - 1010 INNER NERITIC

1010 - 1020 INNER NERITIC - MIDDLE NERITIC |
1030 - 1040 INNER NERITIC - MIDDLE NERITIC
1040 - 1050 INNER NERITIC

1200- 1210 INNER NERITIC

1210 - 1220 INNER NERITIC - MIDDLE NERITIC |
1290- 1305 INNER NERITIC - MIDDLE NERITIC
1305 - 1310 INNER NERITIC

1340 - 1350 INNER NERITIC

1350 - 1360 MIDDLE NERITIC

1400 - 1410 MIDDLE NERITIC

1410 - 1420 OUTER NERITIC - MIDDLE NERITIC
1450 - 1450 OUTER NERITIC - MIDDLE NERITIC

Table 6.4: Interpreted bathymetric configuration derived from benthonic
foraminifera and the ratio planktonic vs benthonic foraminifera
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In particular, the abundance of benthic organisms decreades asiter depth
increases in the same way that planktonic forms are likelyet more abundant in
deeper water. Therefore, the ratio of planktonic to benthonic foransing@ommonly
used as a relative depth indicator and provides a crude meastee distance from

the paleo-shoreline.

A benthonic foraminiferal bathymetric range chart of the Soutbeagasins
of Mexico (adapted from non-published Pemex internal repisrtgjovided in figure
6.13. Benthonic foraminifera abundance and the ratio of planktonic vs benthonic
foraminifera indicated (Table 6.4) that inner neritic environmentsiepths from 0-
30m, prevailed during deposition of the producing facies in Utan-1 wiéll an

oscillating sea during deposition of most of the stratigraphic interval.

6.2.3 Interpretation of the Depositional Environment

A number of different sets of terms can be used to describe tteegbahe
marine realm (figure 6.14). The marine environment can be rougtdgivsded
according to its morphology into the shelf, slope, and deep ocean Wastier depths
define neritic, bathyal and abyssal zones. Shallow marine enwrdsncan be also

subdivided into inner-middle-outer shelf or inner-middle-outer neritic.

The neritic (shelf) environments are the most complex of adrima

environments because of the diversity of processes and bathynetrys (and
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McConchie, 1994). The shelf encompasses the shallow-water &rtb@sazean lying

shoreward of the shelf break where usually the depth of water varies from 0 to ~200m.

The evidences provided by well cuttings, core analyses, higsaighy, and
well log data, including the EMI log from the Utan-1 well, irade that the
depositional environment where the drilled facies were depositedan@mposite
inner neritic (shelf) environment, consisting of shoreface, batagoon, marsh, and
tidal flat subenvironments (Fig. 6.14). The inner neritic environment, @dm 30m

depth, was determined by the benthonic/planktonic foraminifera analysis.

The inner neritic environment is often dominated by tidal, wind-driaea,
storm-wave processes (Boggs, 1995). The supply of sediments tesshsl a
fundamental control on shallow marine environments and depositional fNoésls,

1999). The shallow depths also provide the proper conditions where carbonate and

siliciclastics can provide the mixed lithology found in Utan facies.

In particular, for the Middle Pliocene strata which contain thesrves
intervals in the Utan-1 well, the model that best fits the evelenthe shoreface-tidal
flat environment, considered to be potential reservoir facies ity distance lateral
continuity. This interpretation has previously been proposed by Bahamon,(2606)

Mendez et al. (2006).

Tidal flat deposition is dictated by the pattern followed by talatents, which
regularly change direction from: a) tHeod tidecurrent, which moves water onshore
between the low and high tide, and b) &t tidecurrent which flows in the opposite

direction as the water level returns to low tide (Nichols, 1999) (figure 6.15).
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Tidal flats are subdivided into the supratidal subenvironment above mgdan
water, the intertidal subenvironment, the region lying between theard low tide
range which is alternatively covered and uncovered by the sea,handubtidal
subenvironment, which is the region normally covered by water (figur8). The
tidal range is the vertical amplitude between low and highlédels. Because of the
normal variation in tidal range and the effect of storms, the bowsdaetween these

tidal zones are transitional rather than sharp (Hardie, 1986a).

The importance of tides in sedimentary processes is that thewentod
movement of water at patterns and velocities that are capéii®ving sediments.
Particle transport is vigorous and rapid, making the tide an effestidenentation

agent (Biju-Duval, 2002).

Tidal flats are low-relief environments which contain unconsoldized
unvegetated sediments that accumulate within the intertidal rangeding the
supratidal zone (Davis, 1983). Tidal flats can occupy a broad or ndven,
depending on the gradient of the coast and on the tidal range (LewG&idhie,

(1994); Middleton (1991).

The most characteristic feature of tides is their cyglighdicating flood-ebb
bipolar currents showing opposite directions. One of the currents mawyulch
stronger and dominant that the other. In consequence, the tide creategida
spectrum of erosion and cross-stratification patterns superimposad arnpther

(Davis, 1983).
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As a response to such cyclicity, the main sedimentary stescgenerated by
the tidal currents, useful as criteria for recognition of arictedal sediments are
(Middleton, 1991; Nio and Yang, 1991; Nichols, 1999): ripples; tidal bundles and
evidence for other neap-spring rhytms; the interbedding of thita séfarippled sand
and mud forming structures called flaser, wavy and lenticulddibg particularly
when present in fining-upward cycles with evidence for deposition ongutiogy tidal
flats; crossbedding with evidence for current reversals, sucp@ssed cross-strata,

regularly spaced reactivation surfaces, and mud drapes.

Tide-dominated shoreline-shelf systems pass laterally inbargss and deltas,
and landward into tidal flats. Subtidal flats and the lower portionsteftidal flats
tend to be sandy, and to pass landward into muddy and then vegetatedalraedi
supratidal flats (Emery and Myers, 1996). In consequence, tatallkually generate
fining upward successions (figure 6.16). The wide varieties of bedf@aommonly
contain many organisms and bioturbation may be present throughout thdatidal
sediments, but is more likely in the upper portion where the engengfatively low

(Davis, 1983).

The tidal flat environment includes both the true tidal flats andhtbkeer-
energy tidal channels that cut across them. The role of tltminels is of great
importance if it is considered that they form dendritic pagefrom numerous but
small channels near mean upper tide level to fewer but deeper dadames below

mean lower tide level; the smaller channels slowly shifir thesition, reworking the
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tidal flat sediments and introducing coarser sediments into ttiesfdLewis and

McConchie, 1994) (figure 6.17).

The evidences discussed in this chapter strongly suggest thatotled that

best fits the prevalent depositional environment for the Middle Plioceservoir

intervals located in the Utan-1 well is a tidal flat sgst@ the inner neritic shoreface

environment, considered to be potential reservoir facies with lorigndes lateral

continuity. This fact agrees with the interpretation of Bahamon (2008)Meendez et

al. (2006). Summarizing this series of facts:

a)

b)

d)

The bathymetric configuration from the benthonic/planktonic foranrmife
analysis reports an inner neritic environment (0 to 30m depth) for ¢taiging

facies. Some oscillations between inner-middle neritic depths are pétsteds
Broken fossils indicate current action in shallow water;
Bioturbated zones indicate oxygenated, shallow water;

Laminated strata and sedimentary structures such as wavygulantiand
hummocky cross-stratification, indicative of cyclicity, were ated in core and

the EMI log images;

Stratigraphic cyclicity observed in core and EMI imagesiatexpreted as finely
laminated successions of sandy-shaly carbonate bodies that defystematic

stacking pattern indicative of shoreface oscillations;
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f) Shallow waters promoted the carbonate-siliciclastic mixtwsuming that the
reservoir rocks are highly detrital with some quartz grainstgbuted by the

tidal and current actions;

g) Preliminary seismic interpretation demonstrated that the Utaarvoirs have

broad continuity in the mini basin where the rollover structure was formed,;

Section 6.3 of this dissertation demonstrates how climatic gffdaring the
Middle Pliocene promoted the increase in water depths and tramggrseas, thus

providing broader intertidal environments.

Previous interpretations developed in the study area (non-published Pemex
reports) indicated that the Utan producing facies were degdasstéans in outer shelf
and deep water environmets. Other models were related only vaitér wlepths
without establishing the related subenvironment. The proposed model agriebs
with interpretations from Bahamon (2006) and Mendez et al. (2006), defimesea
logical sequence of features indicative of shallower innetionemvironments. This
new model provides reliability for the sequence stratigraphiceivark established in

the following chapter of this dissertation.

6.2.4 Provenance of sediments

Regarding the Utan sediment provenance, the mixed mineralggess at

least two end-member sediment supply sources.
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For Pliocene times, the Utan area was bordered in its eagigheastern part
by the Campeche escarpment, which is the western border of taaviushelf or
platform (the Yucatan peninsula is the surface exposed portidre datger Yucatan
platform). The escarpments separated the western side of théakyatatform, as an
area of submarine high ground, from the Pilar de Akal, formethglihe Miocene
tectonic compression, of lower ground where the Utan area wasedodairing
Pliocene to Recent times (figure 6.18). Therefore, the Yucasdfoqh, considered an
example of unrimmed shelve or carbonate ramp (Boggs, 1995), whichekasa
stable tectonic element since Triassic times, was the soairte of carbonate detritus

to the Utan area.

On the other hand, the main source of siliciclastics during the MRIdieene
was the Chiapas foldbelt (Sierra de Chiapas), located onshore eatlibast of the
Utan area. This element provided terrigeneous and volcanic sowieesluvial
systems, to the marine basin. Even though delta systemsavexedy from the study
area, current action and intertidal processes were capabldisifibeiting terrigeneous

sediment to the study area during marine transgressions (figure 6.19).

Some controversy concerning the interaction of carbonates and adiislin
the inner neritic environment is clarified by noting that thebaaates accumulate

more rapidly in shallow water and more slowly as the water depth increases.

Section 6.3 will illustrate how changes in climatic effects ryithe Middle

Pliocene favor the proposed model.
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6.2.5 Sediment accumulation rates

Paleonvironmental reconstructions require knowledge of the rate of teposi
through time (Bruns and Hans, 1999). Nichols (1999) indicates thatitkaess of a
biostratigraphic unit at any place is determined by theafsediment accumulation

during the time period represented by the biozone.

To calculate sediment accumulation rates several considerdiavesto be
taken into consideration: 1) A core section or a stratigraphic ssioce with
biostratigraphic analysis is selected which is assumed tes@ptra site of continuous,
steady sedimentation; b) the positions of biozone markers (FAD ADMDE taxa) and
corresponding depths are marked on the core or section; c) the thibkh&ssn each
FAD and LAD is obtained, then is divided by the age differenddeindex fossil to

obtain the sedimentation rate.

The sedimentation rates have to be compared with another coretiocalver
succession of strata containing the same biozone in order to idateifgl changes in

rates of sedimentation and hiatuses (Nichols, 1999).

Sedimentation rates have always a relative degree of cordgidmuause they
do not necessarily represent the true sedimentation effect. dmggeost-depositional
burial depth means increased compaction, thus the measured sationerdtes
naturally decrease with depth although the true sedimentatiomegtérave remained

constant through time. On the other side, deposition may not be coarstiagtadual,
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and the reference index fossils may not be sufficiently closeénto reflect small

changes in sedimentation ranges during the calculation.

Bruns and Hans (1999), indicate that this approach defines the sediomenta
rates correctly only if the dating method is reliable and cotigrabetween the two
reference levels remained constant. The same authors point outoffest the
assumption of constant sedimentation rates between datum levels doemns the
most important but sometimes least certain basic assumptionsfuftrer

interpretations”.

Nichols (1999) claimed that biostratigraphy can provide a fine sohle
resolution only in circumstances where the rate of sedimentatsnrelatively slow
and the frequency of speciation events in the zone’'s taxaeldwely high. If a
biozone is estimated to have lasted a million years the cargdee is more likely to
be represented in a single exposure of sediments of a deepensatiing where
sedimentation rates are slow (a few millimeters per thouseads)than in shallow
marine environments where rates are likely to have been hidd@meters to meters

per thousand years).

Utan structure was formed by a rollover anticline which rotaigaingt a
growth fault. Usually, fault movement generates enormous thiskohanges in
equivalent sediments, however from the structural interpretation &\théog (figure
6.7) it was noticed that the well was located on a limb of tletsire where the layers

are still horizontal, thus at least most of the drilled intergsahot affected by the
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possible false thickness produced by the growth fault. In tkis, caly the deeper part

of the well shows variability of dips.

Sediment accumulation rates were calculated for the Utan-1(figelie 6.20)
showing values from 28-70 cm per thousand years (28-70 cm/Kyr) andjawxedaes
for the Middle Pliocene, where the two Utan reservoirs are ldcae52 cm/Kyr,
which is similar to values found for shallow Plio-Pleistocergénsents in the northern
Gulf of Mexico, of 69-113 cm/Kyr (Armentrout and Clement, 1991). Becdlse
variability in accumulation rates depend more on the time gspavhich the rate is
calculated than on the depositional environment, calculated resudts ésea could be
misleading. Therefore, it is recommended for the Utan areantlomé detailed
biostratigraphy and additional controls are obtained from futureswvielhe same
approach is going to be employed, otherwise further approaclies@bed by Bruns

and Hass (1999), are recommended.

Bahamon (2006) determined sediment accumulation rates for thrég wel
including the Utan-1 discovery well. Values for the wells inwlestern downthrown
side of the Kutz fault where the Utan structure is located, andrloates on the
opposite side of the fault indicate the structure remained high sa#tern side during

Pliocene deposition.

6.2.6 An analog model

Ciudad del Carmen Island, Campeche state, Mexico, is located 67Kmeasiut

of the Utan-1 well. It represents a good present day analadgbflat sequences with
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intertidal and supratidal subenvironments in a mixed siliciclastibonate platform,
which maintains two end member sediment supply sources, thelagdie source
from the continent and the carbonate influence from the Yucatan piatfor

northeastward of the island (figure 6.21).

The island represents a barrier island separated from theaaniiy a lagoon.
Several shoreface subenvironments are clearly noticed includinghiaanels, tidal
deltas, intertidal deposits and ripple structures as well aatglgirenvironments. The
sediment provenance and type of sedimentation maintain the bipdlienicd varying
in percentage along foreshore subenvironments with an almost ilieiglastic
influence in the west side, where a tidal channel promotes erasi@achannels and
sediment redeposition, to a mixed or transitional environment amitidle of the
island to an almost net carbonate influence eastward, more praxirtta¢ Yucatan

platform (figures 6.22 to 6.24).

6.3 The Pliocene: Time of change

At time scales of tens and hundreds of thousand of years, globaticlim
changes astronomically forced climate changes, and theirncBugoon accumulation
rates have to be considered in the analysis. Climate waimiexpected to result in
rising sea level and the Middle Pliocene was the warmeswabtef the Neogene,

punctuated by cool intervals (figure 6.25).

213



In this context, the global climatic effects that occurred dutimg Mid
Pliocene must be understood to complement the understanding of the types of

depositional environments in which the Utan reservoirs were developed.

In 1993, the American Association of Stratigraphic PalynologfAsS@) held
the symposium “Palynology, Climate and Sequence StratigraphiieoPliocene”,
whose main contributions were printed by the AASP in the volume Flioeene:
Time of Change”, in 1999. The key purposes were to understand the chronblogy
Pliocene geological, biostratigraphical, sea level and climawents, and their
potential use as analogs for future climate change (Leroy, 1899.result, regional
event charts were published comparing geologic, biostratigrapmtatid, and sea
level events that occurred during the Pliocene in widely sepaaetad sharing analog
climatic background (Wrenn, 1999). The charts show a consistent $tatryist
significant on a global scale, discarding an exclusivelyorediinfluence. Additional
contributions included the refining of the absolute Pliocene chronolgggribital
tuning on oxygen isotopic records, cyclostratigraphy and astrononaidatations as
well as discussions on the controversial mid-Pliocene warmimgn$tance: Wrenn,

1999; Leroy, 1999; Cita, 1999).

The high quality of the climatic reconstructions showed that numeioatic
fluctuations characterized the Pliocene, giving veracity to tdreegsponding saying

“...atime of change”.

The most widely used organisms for oxygen isotopic analysesthare

foraminifera, both benthic and planktonic. As forams live and die and sink to the ocean
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floor, they preserve a vertical record of the isotopic compositiopafater over time,
and thus oceanic temperature. The variations in isotopic compositisesliafents or
fossils have allowed geochemists to construct long oxygen isotopic ciiopos
curves that have been also used as stratigraphic markers felatonr purposes.
Under isotope records and cyclostratigraphy reconstructions, it hasfdsesable to
distinguish between successive isotopic cycles for the recogritiglobal signatures,

which shows (Leroy, 1999; Cita, 1999) (Figure 6.25):

The base of the Zanclean (boundary Miocene/Pliocene) has beed atatte

base of the Italian Trubi Formation at 5.32My

. The first Pliocene cooling event has been dated at 4.5My. Warmditioos
remain for the rest of the lower Pliocene. Oxygen isotope valsessaggest a

possible deglaciation event between 4.9 to 4.3My

. The base of the Piacenzian coincides with the Gilbert-Gauss bowarttatg an
assigned astronomical age of 3.6My (3.58 in this dissertation whiclcides

with LAD of Globorotalia margaritag

. Just below the Zanclean/Piacenzian boundary (at 3.6Ma) the teurpsrbégan

to decrease culminating in cold stages at 3.35-3.3My

. This was followed by a well documented warming about 3.3-3.15My: flde M

Pliocene warm perigdwhich spans the transition from relatively warm global

climates of the Early Pliocene, when glaciers were greatiuced in the

Northern Hemisphere, to the global cooling trend toward the geneadier
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climates of the Pleistocene, with expanded Northern Hemispresheets and

prominent glacial and interglacial cycles.

) The cooling trend toward the late Pliocene glaciations staBd &My and lasts
approximately 0.5My to culminate by the earliest northern hemispdiacial-
interglacial cycles, which began at 2.6My. This was followed byGbk&sian
just above the Gauss/Matuyama boundary (2.589My) (this boundary does not
coincides with the Mid-Upper Pliocene boundary of the Pemex Southeaster
Basins chronologic chart of figure 6.9). This was the most impodanatic
change of the Pliocene and seems to be diachronous at a gldieawgba

strongly developed glacial events between 2.6 and 1.8My

o The end of the Gelasian, thus the Pliocene has been placed at 1.795My

The long, stable and well-documented warmest interval during tlie M
Pliocene, which resulted in warmer climate than the presestbéen selected as an
analog of current climate changes providing a potential guigeettict future global
trends and the predicted strong green-house warming during the etaded. For
these reasons, the mid-Pliocene has been an attractive targexténsive study
including climate modeling and simulation studies by internationghrozations

(NASA GISS, 2008; Leroy, 1999).

The ancient distribution of warm-climate ocean plankton, and of aranhl

plant fossils on land, also indicate that mean annual temperatuttes mid-latitudes
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were often several degrees higher than present (Adams, 1998). Tibd pér
maximum Neogene warmth and high sea level from 4.0-3.0 My was puattctogat

cool intervals.

The causes of these generally warmer climates of the Pliacerstill a matter
of discussion. Higher levels of heat transfer through ocean afi@ulpatterns is the
most accepted mechanism although higher concentrations of greenhsasergthe

atmosphere is another unproven possibility (Leroy, 1999; Adams, 1998).

Because there was less ice volume near the poles, sea |leyelawe been as
much as 30m higher than at present during the warmest intervaly. (L&99) reports
high eustatic sea level estimates from the passive contineatgin of the eastern
United States, derived from oxygen isotopes and Mg/Ca ratiothdoperiod 3.2 to

2.8My, close to the 25 to 40m.

Leroy (1999) refers how the astronomical forcing theory, which been
confirmed in recent years by biostratigraphic and radiometritysesof long ocean
cores, explains the cause of individual glacial-interglacialllasons (after 2.6My)
and warm-cold stages (before 2.6My), being tied to “Milankovitch &jcli.e.
variations of the Earth’s position in its orbit around the sun. LEr@§9), also points
out an attempt to correlate the time series of successive dplqinima and the third
order eustatic sea level cycles of Haq (Haq et al., 1988), ttiee ¢d which average
1.3My, corroborate that the third-order eustatic cycles arby likebe related to glacial

episodes, thus are glacio-eustatically controlled.
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The “Milankovitch Cycles”, would be also responsible for produciigh-h
frequency cyclicity in stratigraphic patterns, as explainedhapter 3. Long sediment
cores show that even relatively short subdivisions of the Pliocene eharacterized
by almost continuous flux and oscillation in aridity and temperatgeyrring on the
timescale of several thousand years (often with a detegbabiedicity of 19,000-
21,000 years) (Adams, 1998). Leroy (1999), refers that Mid-Pliocen@ing may
have been of shorter duration according to new data which detaildtigis around

3.2My.

It is probable that many other abrupt and shorter timescale Réiceeents
remain “hidden” because of the lack of resolution of the long palagoenwntal
records. In this sense, Adams (1998) recommends summarizing Plidicestes and
their extension to the Quaternary Period in a statistical Sensgms of averages,
mean variance, period of oscillation etc. as they appear iretioed: These statistical
characteristics themselves shift throughout the period of thefdasmillion years
going into the Quaternary, with a decline in mean temperature drehd towards

increased aridity, and broader oscillations in both temperature and aridity.
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E Claystone E Sand [Z{ Sandstone [ Limestone
N Coredinterval D Tested interval

Figure 6.1: Interpreted lithology from cuttings of the Utan well as extracted from the mud log
report. The drilled interval can be divided into three broad lithologic groups (A, B;
and C). The three tested intervals are shown in ref, 1l and III).
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1075m

Tested interval 3 Reservoir 2
1084m
1084.85m —— 1085m
1086.90m ——
1092.94m — 1092.5m
1220m
Tested interval 2
1225m
1225.09m —— 1228m
1227.96m ——
1230.39m —— 1232m
1317m
Tested interval 1 .
1321m  Reservoir 1
1321.56m —
1322.70m —] 1322m
D Tested interval I Cored interval @ Core samples

Figure 6.2: Schematic sketch showing tested interlg reservoirs, cored intervals and core
samples in Utan well, which will be later referredin this dissertation.

Figure 6.3: The Core Storage Department of Pemex Mie Region was visited in repeated times
for comprehensive visual analyses of the recoveretres available for this work
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Figure 6.4: After the comprehensive detailed visuahnalysis, it was concluded that all three cores
of the Utan well exhibited similarities and a genal mixed calcareous-siliciclastic
lithology. (Upper) Core 3 (1084-1092.5m); (Middle)Core 2 (1225-1232m); (Lower)
(1321-1324.4).
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CINTIFFSWHANCYNWUTAL3ZZL.TIF 13ZZ.78 »
Log: 482339 Mag=100 FOV=186Z.1@5225 20.0KV 4-23-Z084

Figure 6.5: Different scales of core analysis. Uppdigure: Core sample at 1088m. Left: white shell

fragments. Right: organic matter as black dots of cal; Middle figure:
Photomicrograph of sample 1 (core 3) showing quartgrains as the dominant element
and plagioclase (PL) in minor amounts. Carbonate detal grains mainly include
undetermined fossils (Ff). Carbonate cement is prest as ferric calcite (Fe cal). The
porosity system is mainly composed by primary integrain pores which are locally
interconnected (PIl), and intragrain pores (Intra); Lower figure: SEM image of sample
8 (core 3) showing how carbonate cement is also pent filling open fractures (Cal-fr).
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located into the reservoir 3. An increase of porosi is closely related to an upward
progressive increase in quartz content and a decrsa of calcareous cement

Figure 6.6: Quantitative petrographic analysis inorporating the use of point counting for the
(modified from Bahamon, 2006).
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Figure 6.8: Borehole image log of the two reservoimtervals. Left hand picture is the deepest
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sequences of conductive and resistive images asatmil with intercalations of shale
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STRATIGRAPHIC DISTRIBUTION OF PLANKTONIC FORAMINIFERA
(EXTINCTION-LAST APPEARANCE EVENTS) [N THE NEOGENE OF . Og%ﬁcfﬁ
THE SOUTHEASTERN BASINS, MEXICO TR )
(updated: August, 2005)
PLEISTOCENE [qGlaborotala tosasansis (1.55) 1
156
P 1.77ma Tas | Globigerinoides fistulosus 1.7 ggs
L ohorotalia miocenica (2.3
LATE . i
I Middle Giob. obliggas axtromus (2,4) 321
g 358ma oborotalia margaritze (3,58)G. obliquas obliquus 404
¥ EARLY Batly oo el alispira aftspie 4
N ¥ obigering nepewthes (4.15) Globigering picasiaud
£ 53Ima Globorotaloidtes variadifis (5.32)
Sphaeroidinelfopsis disfumcta 573
Globorolalia Fenguaensis (9.4)
M LATE Globorotaliz juanai (6.0) 698
Globoqaadiing, alispira globosa 928
I 112ma —
0 Globorotalia mayer (11,4} 117
Globorotalia fohsi robusta 11.9 117
C MIDDLE Globorotalia foksi lobata 121 136
obootakia foltsi folisi12.5 148
F ariplieroacits praefohsi
oborotalia fohsi peripheroronda (14.6)
N 164ma eorﬂu.l‘f:.'m g._fomerosa Qlomerosd (14.8)p 164
eorbuling sicand-P. gioterosa civa -
Glodigerinoides bisphaericus 16.4) 173
E EARLY psydrax dissimilis (17.3) 187
10.5
238ma g%g:
Globigering cip. cipetosnsis (23,9) LhE
Bioevents hased on: Stainforth et al. 1975;
Cenozoic Cronostratigraphy: Gradstein et.al. 1905 Bolli et al 1985 and Bergren et al. 1995;

Paleodata,Jan Hardenhol et.al 1998, |

Figure 6.9: Chronostratigraphic distribution of planktonic foraminifera in the Neogene of the
Southeastern Basins of Mexico (adapted from non-plished Pemex internal
reports).
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(Wornardt et al., 2002).

Figure 6.10: Late Miocene — Pleistocene Sequenchr8nostratigraphy Chart for Gulf of Mexico
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Figure 6.11: Chart of Stratigraphic distribution and zonation of the selected planktonic and
benthonic foraminifera for the Utan-1 well (for schematic purposes, non-published
Pemex internal reports).
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Charophytes
Osiracods
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Outer
Neritic

Upper
Bathyal

Middle
Bathyal

Figure 6.13: Paleobathymetric distribution of somebenthonic foraminifera index fossils for the
Southeastern Basins of Mexico (adapted from non-plished Pemex internal
reports).
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I_ Continental _I_ Continental _|_ Deep ocean basin

shelf slope
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Land
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Sheif breake }> ~200m
Figure 6.14: Common terminology for marine enviromments.
Supratidal }— Intertidal —+}  subtida
High tide level
[1 [[] [Fiow offshore as ﬂdeﬂ‘s\/- T
£bb tide current tidal
3 range
@:onshom as tide rises| [ ] [
Flood tide current l

Hightide ~ Hightide Low tide 1evel

water level

Co kawnde o
Twice datly tidal cycle

time

Figure 6.15: Tidal domain and changes in directiorand velocity of flow during a tidal cycle (after
Nichols, 1999).
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Figure 6.16: Stratal characteristics of two upwardfining parasequences. These types of
parasequences are interpreted to form in a tidal it to subtidal environment on a
muddy, tide-dominated shoreline (VanWagoner et al.1990).
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Figure 6.17: Domain and types of sediments in tht&dal zone. Top figure (Dairymple, 1992); base
figure (Biju-Duval, 2002).
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Figure 6.18: Composite image of major structural fatures and tectonic provinces of the
Campeche Sound. Top figure: areal view; base figurésometric view (“Zona de
talud” menas Campeche escarpment), (Angeles-Aquin@006).
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Figure 6.19: Paleogeographic map for Southeatern Giuof Mexico in Pliocene times. Sediment
Platform and the Chiapas foldbelt (non-published Pmex internal reports).
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Figure 6.20: Sedimentation rates in the strata diled in the Utan well.
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Figure 6.21: Location of Ciudad del Carmen Island, Campeche State, Mexico, 67km
southeastward of the Utan-1 well. Base figure showike location of subareas A, B,
and C of terrigeneous, mixed and carbonate-prone damentation, respectively
(Angeles-Aquino, 2004b).
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Figure 6.22: Zone A of figure 6.22 showing Ciudad @l Carmen as a barrier island with erosion,
tidal channels, tidal deltas and supratidal and inértidal subenvironments with
mostly terrigeneous sedimentation (Angeles-Aquin@004).

238



Figure 6.23: Zone B of figure 6.22 showing deposithal environments with a mixed siliciclastic-
carbonate influence. Banks, shoreface and intertidasubenvironments look different
from the purely siliciclastic influence shown in zae A (figure 6.23) (Angeles-Aquino.
2004b).
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Figure 6.24: Zone C of figure 6.22 showing deposithal environments with a mostly carbonate
influence due to the proximity to the Yucatan platbrm. Banks, shoreface and
intertidal subenvironments look more compacted thanthe purely siliciclastic
influence shown in zone A (figure 6.23) (Angeles-Ano. 2004b).
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Name introduced by Lyell (1833)

Type of the series: Defined in
the  Mediterranean  marine
stratigraphic record

Age: 5.3-1.8 Ma

GELASIAN
MTUW’.I'@A .

Chronology refined in 1993

PIACEN ZIAN

UTAN
reservoirs

Climate wvariations tied to
Milankovitch variations in the
Earth’s orbit around the Sun

PLICCENE

3rd. Order eustatic cycles were
glacio-eustatically controlled

Book published in 1999, including papers from “The

[ Palinology, Climate and Sequence Stratigraphy of The
i - - Pliocene”, Symposium, held by the American
MIOCENE | ' Association of Stratigraphic Palynologists, Inc., Baton

R ——— Rouge, Louisiana, 1993
fpeovieni, 1934). GPTS: Giobal polanty hamscals.

Figure 6.25: Cyclostratigraphy, climatic events deved from Oxygen isotope records, and some
other references of the Pliocene epoch. GPTS: Globaolarity timescale (after
Leroy et al., 1999).
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Chapter 7

SEQUENCE STRATIGRAPHIC FRAMEWORK AND
INTEGRATED ANALYSIS (Il)

7.1Introduction

Sequence stratigraphy provides a deterministic framework forrstadeing
the relationships in time and space between rock layers, deposé@rmanments and
facies in terms of relative sea level changes, and a stdctcheme to define

reservoir architecture and reservoir quality.

As a follow-up to the depositional model established in Chapter Gddaties
deposited in the Utan area, and based on the same database, aesstjagg@phic
framework was first established for the Utan-1 discovery.Wdlis well contains the
most comprehensive well database for the analyzed late Testratigraphic targets,
thus it was the reference well to build a well log sequstregigraphic framework and

then to extend it to the remaining area for the integrated interpretation.

Once the key surfaces for stratigraphic correlation wagstified, the well log
signatures were extrapolated to the nearby wells through lagllcross section
correlations. Finally, the well log data and key surfaces wedetd the seismic data
for seismic stratigraphic correlation and interpretation. Sel@sps between seismic

and well log data were performed to assure agreement of interpretations.
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After the preliminary framework was established, seismic sexgue
interpretation and seismic attributes were employed to morgadety delineate the
reservoir intervals. This analysis formed the basis for iden¢jfgew opportunities in

the study area and to plan a development strategy for Pemex.

Establishment of the sequence stratigraphic framework and the aitetggr
interpretation for the Utan area were based on the workflow deim€thapter 1 and

according to the concepts established in Chapters 3 and 6.

7.2 Review of the structural framework

Once a reliable depositional model was established for thesfdeposited in
the Utan area (Chapter 6), a review of the local structural Imeaemade in order to
decide whether to segment the study area prior to developing the sequenc

stratigraphic framework.

As stated in Chapter 2, the Cantarell complex consists of a brotuvest-
southeast trending, faulted anticline in the Campeche Sound (figure ®@Hi6h has
been divided into three separate main fault-bounded allochthonous blocks: Akal

Nohoch, and Kutz.

The study area is a linear north-south—trending structurestisaparated from
the Akal structure by a major north-south—trending Tertiarydisiormal fault, i.e. the

Kutz fault (figures 2.16 and 2.17). The fault separation decreases from north to south.
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Utan field is located in a minibasin formed by growth and antiHatilting in

the southern part of the Kutz block (figures 2.18 and 2.19).

Locally, the Kutz fault divides the study area into two parigu(es 2.16 to

2.19):

1. The hanging-wall to the west of the fault contains the Utan rallemécline.
The hanging-wall rotates into the growth fault as a resultheflistric fault
geometry and differential loading of the Plio-Pleistocenensexlis, above a
ductile shaly Miocene surface. The beds within this half-grabertilsed and
thicken into the fault. The main trap mechanism is not the fadtf ibut the

rollover closure against the master major listric fault.

2. The foot-wall east of the fault remained as a relative siralchigh during the

rollover process.

Five secondary faults compartmentalize the structure and pondisg
reservoirs. Bahamon (2006) reconstructed the structural model ciross-section
displaying the structural style in the study area (figure Ba3ic preliminary seismic
interpretation developed in Chapter 5 of this dissertation showedtlmvgeismic
character changes across the listric fault (figure 7.2)nabigo noise ratio and
frequency content of the seismic data are lower on the eastosidiee fault,
consequently a different wavelet behavior could be expected, whighrdwsced poor

well to seismic ties on that side of the fault.
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7.3 Well log sequence stratigraphy in the Utan-1 well

Well logs allow the identification of key surfaces for sequestcatigraphic
interpretation and for correlation of these surfaces betweeneatjaells. Well log
sequence stratigraphic analysis provides a first understandirnige orelationships
between the depositional environment and how it was affected bgveta&hanges. In
this step, preliminary estimates of sequences and systacis &re proposed from the
interpreted lithofacies, biostratigraphy, and correlation with dgloypee charts. In this
stage, changes in accommodation space are determined frasequagnce stacking

patterns.

According to the Utan-1 well position in the structural framéwafrthe study
area, and based on the seismic data quality, it was decidedrategysto set up the
sequence stratigraphic framework for the Utan-1 discovery wadind the Utan well
log-seismic interpretation to the nearby wells on the westank fof the Kutz fault,

then to attempt to transfer the interpretation across and to the east of the fault

Gamma ray and resistivity curves were used to identify log patterre guidk
look was carried out on seismic data to delineate candidatdsejosurfaces, i.e.

sequence boundaries, maximum flooding surfaces and other regional marker horizons.

Biostratigraphy and well log data were required for assignmeag@e$ and to
identify key chronostratigraphic surfaces. Extinction datums anaihész determined
from the biostratigraphic analysis (see-Chapter 6 and figure &drB annotated in

the well log curves. Parallel to this process the interpreteddssiis and ages were
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tied to the eustasy curve published for the Gulf of Mexico (modffieth Wornardt

and Vail in 2002) (figures 6.10 and 7.3).

As a result, two sequence boundaries marking major discontinuitiesren

maximum flooding surface were identified:

) Sequence Boundary #1I1t occurs at 1100m, just below the upper reservoir,
through the LAD of the index fossilakispira- (3.09ma) corresponding to a

sharp drop of sea level according to the eustasy curve.

. Maximum flooding surface (MFS): It is at 830m and is associated with a rise
of relative sea level indicated by the eustasy curve, the apptexextinction
age ofGloborotalia miocenicasome faunal peaks in the paleontological reports,
and the top of a 30m high-gamma ray/low resistivity shale inteired
corresponding condensed section). The Gulf of Mexico coastal onlap chart

(Wornardt et al, 2002) also reports this MFS.

. Sequence Boundary #2:It is at 660m and corresponds to the LAD of
Globigerinoides trilobus cf. Fistulos4.7my) (figure 6.11), a sharp drop of sea
level reported in the eustasy curve, a low gamma-ray/hightixesi response,
and a higher rate of drilling penetration and loss of mud fluid regdsy the

mud logger.
Two additional key surfaces were identified:

o A third SB was inferred by a sharp gamma ray change belowddleper

reservoir whose base is at a depth of 1322m, and above the Kutz faielt lata
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1340m. It is interpreted to occur between the top of a coarsening upatéech
(HST?) and a sand interval above. In practice, the boundaries aremags al
precise and the proximity of the Kutz fault could favor the presaica
sequence boundary slightly above the fault, but it could also ocouarbaineath
the fault (Mendez et al., 2006). Unfortunately, the Kutz fault hasemted a

more definitive interpretation of this possible sequence boundary.

. A shale interval located at 605m, which will be later used asv#&r well log

stratigraphic correlation.

According to the interpretation of key surfaces on the Utan-1, wedl time
interval spanned between the SB3 and SB1, as well as betweeBXhan8 SB2
boundaries correspond to Vail's third-order depositional sequences.ti@dsterval
is interpreted as a transgressive systems tract (TSThadmdhstand systems tract
(HST), separated by a maximum flooding surface (MFS) betvii and SB-2.
Another highstand systems tract (HST) is interpreted to oc¢weba SB-3and SB-1
(fig. 7.4). According to the depositional environment proposed for thisy siteh,
shallow waters would imply platform exposure, erosion and the lagkesferved

lowstand deposits, which agrees with the proposed interpretation.

Stacking patterns and internal configuration into systemsstisaggest the
additional presence of higher-order sequences, i.e. parasequeacedV@goneer et
al., 1990). According to Mulholland (1998b), parasequences have been idantified

coastal plain, deltaic, beach, estuarine and shelf environmenteashthey have not
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been identified in fluvial sections without marine influence or in peeater

environments where water depth is not an influence.

Eight low gamma-ray, sandy intervals occur between SBeBSB-1(fig. 7.5),
which are interpreted as parasequences (Mendez et al., 2006pwEnmost, labeled
PS1, which sits upon SB-3, and which comprises Reservoir Intergadggradational
to retrogradational based upon the fining-upward log shape. @82 PS3are
aggradational; PS4, PS5, PS6, and Bf/progradational; and P$3aggradational.
Reservoir Interval 1l sits atop SB-1; termed PS9, it is elsarly retrogradational (fig.
7.5). Above this parasequence, to SB-2, there are a number of mainlgdatogmnal

parasequences (figure 7.4).

Variations in the type of parasequence within the well aresaltr of high
frequency variations in rate of sediment supply, eustacy, and subsidkiring
different geologic time intervals (Mendez et al., 200Bligh-order sequence
identification might be feasible on key wells, however their ifieation on seismic
data will depend on the seismic resolution of the dataset used irregesrch.
Mulholland (1998b), points out that parasequences and their boundaries (marine
flooding surfaces), are easily identified in cores, outcrops, afdogsl however they
are too thin to be identified seismically. On the other hand, the 84uiteolland
(1998c) clarifies that although individual parasequences are geneetdly seismic
resolution, sets of stacked parasequences (termed parasequdsie arse

distinguishable by their characteristic stratal patterns.
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Only the two retrogradational parasequences between SB1 andai®B3
reservoirs. Lowstand erosion, followed by early transgression, protigtesnergy at
the migrating shoreline, thus concentrating quartz-rich sedinoentkis surface. The
observed increase in porosity caused by the increase in quartz dugearisulted in
reservoir quality sand occurring as retrogradational paraseegiesitting on the
sequence boundaries. This analysis has provided a new play conceptthusder
stratigraphic framework. In other words, the delineation of regisejuence
boundaries using seismic or well log data should reveal rettatpaal parasequences
which might be reservoir-prone. Mulholland (1998c) refers to the fthat
parasequences stack in orderly and predictable patterns controlieldtye sea level,
so that enhanced prediction of depositional environments and subsurface

chronostratigraphic correlations can be more reliable.

On this basis, the interval which lies upon SB2 is a retrogradational
parasequence (figure 7.4) that was never tested. In this tbaseverlying 20-30m

condensed section might be a regional seal in the study area.

Mulholland (1998c), has pointed to the widely accepted concept that
transgressive shoreline sands are deposited along the shoreline@stés landward
with the transgressive sea. Such sand bodies are really thegradttional

parasequence sets that comprise the transgressive systems tract.
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7.4 Well log cross section correlations

The sequence stratigraphic framework developed for UtaniWaslextended
to six additional nearby wells taking into account the gammapadterns of the key
surfaces and the previously mentioned shale marker as datum.ribtassible to tie
biostratigraphic ages due to either the lack or the reliability of biostraligranalyses
in the remaining wells. Therefore, the Utan-1 stratigraphtierpretation was tied to
seismic lines that crosses other wells in the area, anddisenic then provided

correlations from well to well (figure 7.6):

. Section A: North-south oriented, includes wells C-3068, C-219 and Utan-1.
Good lateral continuity of the two Utan reservoirs is observekisncbrrelation.
Picked horizons indicate key surfaces from the well log sequenbtesiana the
Utan-1 well. The structural complexity is clearly noticed aoatrolled by
normal faults that separate these three wells. The faultsodir-north north of
the Utan-1 well, and north-south south of this well (figure 7.7hdéé faults are

sealing, then the reservoir intervals may be compartmentalized.

J Section B: North-south oriented, includes wells C-418D/C-429, Utan-1, C-
283/267 and C-2275. This section shows that the two Utan reservoirs are not
continuous due to compartmentalization by the Kutz fault system. Athesg
wells, the main Kutzfault occurs at different seismic time intervals, and is
difficult to map (figure 7.8). Both SB-4nd SB-3are truncated by the fault itself,
but the MFSand SB-2can be traced above the fault plane and provide some

measure of correlation.
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o Section C: northeast-southwest oriented, includes wells Utan2B3(267 and
C-468. This section, plus pressure tests indicate that the Uesei/oirs are not
hydraulically connected. The C-468 well was not correlated due to the low signa

to noise ratio on the eastern side of the Kutz fault.

These correlations offer an understanding of the laterahexte Reservoir
Intervals | and Il. Reservoir Interval | (deeper) sits atop3Shd closer to the Kutz
fault, so is more areally restricted than reservoir Il. It adyld be identified in wells
C-219 and C-3068. Reservoir Interval 1l (shallower) sits &&p1, which can be
traced from the Utan-1 well across to wells C-267, and C-2275, thessaorwells C-
219 and C-3068 (figure 7.8). In all cases, this correlative, potentalosexhibits a

retrogradational stacking pattern, as in the Utan-1 well (Mendez 20856).

7.5 Seismic-stratigraphic analysis

Because reliable age dates are not available for other inelle area, and
because there are so many individual parasequences that appéar s log
character, correlation of seismic reflections from well ttd was deemed necessary to

extend the geologic interpretation away from Utan-1 to other, nearby wells

Chapter 5 of this dissertation dealt with initial evaluation of $leesmic
database provided for this research. As a result of the salsmgitostics, several pre-
and post-stack applications were applied to the data to enhance ddtaaqsddallow

levels. To maximize the potential for correlations using seigefiections, it was
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necessary to perform a phase tie between synthetic semmogyenerated at the
control wells (wells chosen on the basis of good quality and a etenlgg suite),
including Utan-1, and the 3D seismic volume. Additionally, because zes®pha
seismic data is a concern when thin layers are involved aedieevoir level, well-
seismic tie analysis indicated that the seismic data shoutdthed 70 degrees to
achieve the zero-phase requirements. The zero-phase assumptiolseas
requirement for the later application of sequence stratigraphieptsnand advanced

seismic attributes.

Vertical resolution was calculated considering an average spedfutine
seismic wavelet at reservoir levels centered aroupgg=22Hz, velocity transmission
of v= 2200m/s, for a wavelength &f= 100m, and vertical resolution &f4 = 25m.
Thus, reservoir intervals having a thickness less than 25m may nothegiviop and

base resolved.

Once the key surfaces for stratigraphic correlation wereifeeh{Chapter 6),
they had to be transferred to seismic data for seismidgs#alhic interpretation and
correlation. The following are the seismic markers which viestly identified and
correlated from well log information and tied to seismic ddten tpicked in the west

side of the Kutz fault, then picks were attempted on the east side of the fault:

e Shale marker4 02): Seismic reflector with strong impedance contrast and
regional distribution. This marker was used as a datum for the legl

stratigraphic correlation and as a guide for seismic interpretation.
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e Sequence boundary 1 (SB($B1_02_15): Key surface correlated in wells.

Seismic evidences are geometric relations of reflectorsistghis surface, i.e.
seismic terminations (Mitchum, et al., 1977), recognized both in conventional
seismic and Thinman-processed lines. This surface has atesstragional

distribution due to its proximity to the Kutz fault.

e Maximum Flooding Surface (MESIMFS_4 02): Key surface correlated in

wells. Seismically detected as a strong impedance contrast reflector

e Sequence boundary 2 (SB2)SB2 4 02): Second sequence boundary

recognized and correlated in wells with broad regional distributiaams=ally

recognized by seismic onlap and downlap terminations against this surface.

e Deep shalgDeepShale _utan_26.01): Additional seismic marker with strong
impedance contrast whose stratigraphic position facilitated pasigioand

mapping the upper and lower reservoirs in the Utan-1 well.

Third order sequence boundaries were identified on seismic sec®ns
truncations or as a result of lowstand erosional surfaces, and tfre geometric
relationship of the reflections including onlap and downlap terminatitigber order
sequences were restricted by the resolution of the seismaicRkveral loops between

seismic and well log data had to be performed to assure agreement of irtiergeta

Some other seismic marker horizons not related to any interpreted gptaitigra

surface were picked during the development of this work as an aid to éasnicsand
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stratigraphic interpretation, as phantom horizons or to delins@tee windows for

seismic attribute extraction.

Thinman sections were useful to guide the interpretations in zon&swvof
signal to noise ratio, in smoothing zones of spiky picked horizons, andirte tiee
stratigraphic interpretation. Figure 7.9 shows the help provided by &hisections in
the picking process. The picked horizon is a MFS, which is interpretedparate a
TST below from a HST above. The higher resolution provided by the Emirs@ction
allows interpreting this surface as a downlap surface omdsiadownlap terminations
(prograding complex), which help to verify the MFS interpretesnfrthe well log
sequence analysis. Figure 7.10 shows how spectral inversion also leipedtify
and guide the interpretation of the sequence boundaries identified dueinvell log
sequence interpretation. Figure 7.11 graphically shows the interfesteslirfaces on
seismic data. Basic attributes such as instantaneous phase and obsthe
instantaneous phase were also employed during the process to makevenise

stronger in areas with low signal to noise ratio (figures 5.16 and 5.17).

Once the key horizons and markers were identified and placed on thegvel
sequence stratigraphic framework, tied to seismic data atswed, and seismically
extended to the entire study area, seismic time contour mapscasstructed for all
the interpreted key seismic surfaces (figure 7.12). The minilbasned by listric and
antithetic faulting in which the Utan structure formed is wieffined by the contour
maps. Even though the foot-wall east of the fault remainedelatave structural high

during the rollover process, there is an additional structural higieieastern side of
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the fault, which presumably should have affected the depositional sgrocethe
eastern block. This is a possible explanation for the differencgsigmic appearance
from block to block which additionally limited transferring the seqeestcatigraphic
interpretation from the Utan block to the other side of the faudtire biostratigraphic
data at Neogene ages and a new sequence stratigraphic drkmieswe to be
postulated at the other side of the fault in order to constrain the intexqmdtatifuture
correlation attempts at tying key stratigraphic surfaces ftook to block across the

Kutz fault.

7.6 Advanced attribute analysis

Both AVO and spectral frequency models were created frometiepghysical
multi-mineral analysis and fluid substitution referred to in Chagtef this research.
For the AVO modeling, the P-wave velocity, shear-wave velaamity density logs
resulting from the petrophysical analysis were used as inptes.modeling was
conducted using Hampson Russell's AVO software, and Fusion’s proprietargreoftw
to predict the seismic response at a user-selected rangésefs. The Zoeppritz
modeling option was selected. Synthetic gathers resulting fromAYW@ forward

modeling were spectrally decomposed to create spectral gathers.

Modeling was performed for the Utan-1 well as an aid to idettidgyattribute
response in-situ, and to differentiate its response in other fuditoons (figures 7.13
to 7.16). Modeled AVO and frequency gathers showed effects of fluiditstibos

from wet to dry gas indicating that fluid presence is seidiyicaticeable and may
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indicate detection in AVO and frequency analysis. The same sg&exeais repeated for
wells C-3068, C-429 and C-468 and compared to the results on the brineisymthet

situ and commercial gas synthetic.

Modeling indicated that fluid identification is feasible and thatCAVype Il to
I, and an amplitude decrease of the spectral response could be wedmatyas
presence in the reservoir intervals. Therefore, fluid content and pbtgasi reservoirs

could be identified through lateral variations of these parameters

Lateral variations of these parameters could be used to magl legservoir
extension and could also be helpful in identifying potential gas resenmvoginalog
sites of the study area within the retrogradational paraseciemcieh sit upon
sequence boundaries, according to the sequence stratigraphic framevebopelt in

this research.

Even though pre-stack seismic data after conditioning shows botér bett
continuity and signal/noise ratio, low fold coverage at the regeleels prevented

conducting a regional AVGtudy.

Instantaneous spectral analysis, i.e. spectral decomposition awigsl ©ut on
the conditioned 3D seismic volume provided for this research. Theegatiimg from
this process was used to prepare a range of displays or wlhatedocument the
response of the reservoir to different frequencies. These Were @nimated as
progressive increase of frequency values to catch subtle changes in tharassng
frequencies and peak frequencies. Other products included siaglesficy sections

that intersected the Utan-1 discovery well and other key ieehtions. Single
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frequency maps were also extracted to identify and correlateslkdaces for the

stratigraphic interpretation and reservoir analysis.

Frequency gathers showed that the majority of the signal’sgstreor the
reservoir reflections was confined to a narrow band of frequener@sred around 22
Hz. Consequently, single sections and maps were carried out incthigy of this
peak frequency for the analysis. The apparent dim amplitude oédkevoir intervals
following structural contours allowed defining the extension of the ugservoir and
inferring additional attractive analog areas for new drillinggseldlaon the following
criteria (figure 7.17): For the main reservoir interval therbgarbon signature is a
dim spot and mainly Class | AVO. Areas with presumed thin or ngsteat reservoir
are also dim. Bright amplitudes are indicative of relatiibigk or sandy reservoir

intervals.

Future exploration strategies following this seismic attrilboderporation into
the sequence stratigraphic framework should take into consideragofoltowing

points:

(1) Identify retrogradational inner neritic sand sheets whiclugdn third

order sequence boundaries.
(2) Within those sand fairways, find possible structural trapping locations.

(3) Confirm the probability of hydrocarbons in potential trapping locations
within sand fairways by the presence of dim spots imagedpegtral

decomposition.
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(4)

(5)

The greatest risk for such prospects is dimming due to redasedvoir
quality. Thus, if fold and S/N ratio permit, perform AVO anay®
confirm both the presence of hydrocarbons and good reservoir quélity. |
AVO cannot be relied upon, reservoir risk is still significant ewren
structurally high locations which exhibit dim spots. Relative Atous
Impedance derived from rotated ThinnfArata is another alternative to

be tested if AVO analysis is not feasible.

An overall conclusion is that spectral decomposition provides valuable
information not available through other methods of seismic analysis.
can be reliably used as an indicator of gas presence and extension of
known reservoirs in the absence of other geological information.
However, it does not show promise as a good indicator of reservoir
quality in this area and other attribute tools have to be used to support any

such interpretation.

7.7 Geologic controls on hydrocarbon entrapment and reservoir quality

The accurate prediction of geologic controls on entrapment bdfdlieg a

discovery well and on reservoir quality after drilling is a lidmge in petroleum
exploration and development and has to be analyzed from different soades
perspectives. This is particularly true if, after drilling adedt well and due to the lack
of infrastructure, it becomes necessary to determine whethescavdry well is

commercial before proceeding with its development (Dickey, 1986).
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At the macroscopic scale, Utan reservoirs contain both structuradl a
stratigraphic trapping components. Structurally, the reservoirsarained within a
rollover anticline where the deeper reservoir is restrictediza by the Kutz fault.
From the sequence stratigraphic point of view, the two reservaérvais are
retrogradational shoreface parasequences sitting atop thirdsargieence boundaries

(lowstand/transgressive surfaces of erosion).

Limited X-ray diffraction analysis (Table 4.2) and quantitativerqugphic
analysis (Table 6.3) of Utan-1 core samples provided a basic warkrgf of the
mineralogy and reservoir quality of the field; this was paldidy important
considering that poor borehole conditions affected the well log qu@ldse analyses
indicated that the bulk rock composition of the Pliocene stratigraphtma averages
(with very few samples): calcite (56%), dolomite (16%), quartz)(®r@gonite and
pyrite (8%), feldspar and plagioclase (6%), and clay minerals (6%)r#esatervals
have cleaner lithology (lower volume of shale) than other intewhlsh are mainly
composed of calcite, with some dolomite and quartz and with thifesggorosity
values as high as 14%. Increase in the amount of quartz indichighea-energy
depositional environment, which enhances development of relativelseca@aain size
and more porous zones. Therefore, reservoir quality is mineralggdallen by
guartz content in a carbonate rock. As the quartz content incraaddle carbonate

content decreases the porosity also increases (figure 6.6).
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The porosity system at reservoir intervals is composed of prim&argranular
pores which are irregularly interconnected locally (middle figatfg, microporosity

and isolated intraskeleton secondary pores.

Porosity and permeability measurements were completed byaBarel cored
intervals in the Utan-1 well. Twelve, eight and seven measurenm&n800 and
1200psi of confining pressure were applied to the upper, middle and lower core
respectively. Porosities and permeabilities to air at 800psiiwdhe same proportion:
from 5.7% and 0.0021md in the lower core to 17.9% and 1.46md at the top of the
upper cored interval. In a general sense, permeabilitieslvest at the base of the top
reservoir at 1084.05m (1.46md and porosity of 17.9%). Out of this value,
permeabilities are less than 0.1md (figure 7.18). The top of the lwoved interval,
which corresponds to the base of the lower reservoir, registerambitgoand

permeability values of 10% and 0.034md, respectively.

By considering that the core samples were not totally remiases of the
tested intervals and after reviewing the porosity-permeabitityes described above,
minipermeameter measurements were required on the top one nigkeupper core,
which corresponds to the base of the upper tested interval. Red c@hdeing the
locations of the minipermeameter measurements are shownure fig1l9. Two
measurements were made at each sample point in order to evajpitducibility at
each stratigraphic level measured. Average grain size vgasestimated at each
measurement location using a grain size comparator chatheFwexplanations on

minipermemeter measurements can be found in Selley (1998) and Slatt (2006).
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Minipermeameter measurements exhibited higher permeabilitysviiae the
core plug measurements, with a high of 40md at 1084.1m. Since the @&srenly
taken through the lowermost part of the reservoir interval (figut®), it can only be
inferred that porosity and permeability values for the uppeedesterval are higher,
particularly since the reservoir intervals are fining-upwaretrogradational

parasequences.

In a general sense, reservoir quality can be classified as atederpoor. The
low permeabilities correspond to gas reservoirs rather thar teseirvoirs. The best
Pliocene reservoir in the studied wells is at depths between 1065-108benUtan-1

well. In-situ gas saturation in this reservoir does not exceed 60%.

The best reservoir quality in the cored intervals is assdcvaité intratidal and
retrogradational facies. The sequence stratigraphic framewevieloped in this
research predicted the non-reservoir middle tested interval etoa bhighstand

progradational parasequence.

There is reservoir heterogeneity beneath the standard logmitsgresolution,
as indicated from the EMI log for the Utan-1 well. Such &rglevels of heterogeneity
may provide additional reservoir-seal relationships. Low depositioradg thin beds

alternate with higher depositional energy beds that have much better regaaliby:.

Advanced seismic attributes indicate that there are potentiallyasiragervoirs
northward from the Utan-1 well (figure 7.28). Gas-water contact is peddyrdefined
by the boundary between the dim and the bright amplitude respo2@e€28Hz of the

spectral decomposition single frequency map.
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According to non-published Pemex reports, gas composition is mostiamnee
(95 to 98%). Selley (1998) infers that biogenic methane is commonleébimthe
shallow subsurface by the bacterial decay of organic-rich sedénas the burial
depth and temperature increase, this process diminishes and théabacten is
extinguished. Thus thermal maturation of organic matter is the faetior in methane

encountered in deep reservoirs.

The mostly methane gas composition and the shallow depth of the Utan
reservoirs point out a possible biogenic origin, even though a small acmuldtbe
thermogenic in nature, assuming the generation associated with ¢per deil
reservoirs of Cantarell field connecting through the Kutz fault, allmlving gas
migration to shallower Tertiary depths. Bahamon (2006) also agrigeshe mostly

biogenic origin of the gas contained in Utan reservoirs.

The biogenic nature of the methane, the thin sheet reservoir geomeididise a
lack of infrastructure for gas transportation make together, nowadasttractive the
commercial exploitation and transportation of this resource. Hawelre current
declining phase in which Cantarell field is positioned, makeslfeaa future Pliocene

gas reinjection to Mesozoic levels to improve the recovery efficiencyedjitint field.
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Figure 7.1: Structural reconstruction of the Utan mllover structure (Bahamon, 2006).
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Figure 7.3: Late Miocene —

with extinction dates for key fossils, and recognibn of key surfaces and depositional

sequences for the Utan area (Wornardt et al., 2002).
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Figure 7.6: Base map with the location of wells irolved in the stratigraphic well log correlation.
Cross sections A, B and C are also shown.
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CONCLUSIONS AND RECOMMENDATIONS

The information contained in the preceding chapters of this dissartiarly
demonstrates the importance of building a sequence stratigrapmework for an
improved understanding of the depositional model and physical distribution of

reservoir properties in the recently discovered Utan gas field ofddexi

Due to the lack of enough comprehensive well data at Neogeaxigrstphic
levels in the study area, the Utan-1 well provided the base tfi@pekating geological
and geophysical conditions away from the well site. Key surfémestratigraphic
interpretation were age-dated with planktonic foraminiferal biogtegihy of the

Lower-Middle Pliocene section.

Three planktonic foraminiferal biozones were recognized: the KEhoyer)
Pliocene Globorotalia margaritae margaritgethe Middle PlioceneGloborotalia
miocenica and the Late Pliocen&loborotalia truncalinoides truncalinoidesThree
third order sequence boundaries which bracket two third order deposssmpednces,
as well as one maximum flooding surface, were interpreted frenwell sequence
stratigraphy and extrapolated to nearby wells through well dogelation and seismic

correlation.

Recognition of the two gas reservoir intervals as retrogradational

parasequences sitting atop major sequence boundaries that areblmalppth
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seismically and from well logs provides an important new play gunoethe Utan

area.

Reservoir facies were deposited in shallow inner neritic envirorsment
Mineralogically, reservoir quality is driven by the amount of tuarains within
carbonate matrix. As the quartz content increases and the carbonggst decreases

the porosity and permeability increase.

Major climatic effects, which could be associated with MilanlaviCycles
during the Middle Pliocene (the warmest climate during the Neogenehawayled to
the increase in water depths by transgression. Trangresasva@®ss a shallow shelf
would have provided broader intertidal environments where Utan restavigis were

deposited.

Seismic data was designed for structurally deeper objectives, Teuslata
had to be conditioned for diminishing shallow noise and acquisition footfiiectsein
order to leave the seismic database suitable for seismiprigti@tion and attribute
extraction at the Utan stratigraphic level. Vertical seismic uéisol was determined to
be 25m. In order to accomplish zero-phase requirements for a be#Bgraphic

interpretation and the later attribute extraction, the seisntécvdas rotated 70 degrees.

AVO and spectral decomposition provided good indicators of gas pregence.
Type-l AVO response and dimmed spectral decomposition amplitudes ifaglow
structural contours were indicative of gas presence and can be usitineate
reservoirs under the established sequence stratigraphic framevemrkbodd in this

dissertation.
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Gas composition is mostly biogenic methane. This fact, plus theskdat
reservoir geometries and the lack of infrastructure fortgassportation make the
commercial exploitation and transportation of this resource econdynicelttractive.
However, it is feasible to reinject the Pliocene gas at Mesdewels to improve the

recovery efficiency of Cantarell field.

The geological model established here, as well as the natur@hgsdal
distribution of reservoir properties, was based on the sparse itionnavailable at
the time this research was initiated. Therefore, new knowldugéddsbe included and
the model has to be regularly updated as new wells are daillédhew G&G data is

acquired for Tertiary objectives in this area.

In particular, it is strongly recommended that the design of dus@ismic
surveys in this province take into consideration: (1) the recovery ofoffisat signals
for proper AVO analysis at shallow levels; (2) adequate figtduts for diminishing
acquisition footprint effects which affect signal quality; (35ida of a proper source
pattern to increase the vertical resolution through the recovdrigleer frequencies,
and (4) a wider frequency bandwidth for proper visualization of trsegsle

stratigraphic traps at shallow levels.

Most of the wells utilized for this research were drilled deeper objectives.
Therefore, most of the well logs required editing due to bad badifdcts. Special
planning will require future drilling for shallow targets to maintagood hole

conditions. This will increase the level of accuracy in log messents and
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consequently in the derived well log analysis, especially whelindewith gas

reservoirs, thin beds and multimineralogic lithologies, as is the caselihahdield.

The knowledge gained from this research is an important contribiatitime
petroleum geology of Mexico and the Gulf of Mexico basin, which owmsfithe
petroleum system for this Pliocene play, defines a new play phnegtablishes an
integrated workflow for reservoir characterization if analogonagects are undertaken

in the future, and defines the basis for further research in the study area.
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