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ABSTRACT
The 2009 discovery of Perla field in the Gulf of Venezuela (GOV), a 17 TCF of
thermogenic gas giant - hosted in a 300-m-thick, carbonate (red algae) reservoir stimulated reevaluation of potential hydrocarbon reservoirs in Cenozoic carbonate rocks in
northwestern South America. I use regional gravity and magnetic data integrated with a
basin-scale database of 1100 km2 of 3D seismic data and 52 wells from the Venezuelan
national oil company (PDVSA) to assess carbonate reservoirs of the La Vela Basin (LVB).
The LVB produced small quantities of oil and gas from carbonate reservoirs of early
Miocene age since the 1970’s and is located 100 km east of the La Perla
discovery. Regional gravimetric and magnetic data, integrated with four modeled gravity
profiles was used to determine the location of the suture between Precambrian and
Paleozoic continental crust of South America and the accreted Caribbean arc along
the Adícora-Pueblo Nuevo strike-slip fault system bounding the northern edge of the LVB.
Basement in the LVB consists of three types of allochtonous, metamorphosed, basement
of Neoproterozoic, Permian, and Cretaceous age. The differences between the carbonates
that develop in the LVB, Falcón onshore and GOV seem to be driven by ecological, and
tectonic conditions, with areas that favored the development of the red algae ramps, better
reservoirs than the carbonate facies found in LVB (corals). In the reservoir-scale study of
the carbonate and basement in LVB, application of the sparse layer inversion seismic
method resulted an enhanced bandwidth and an improved structural interpretation of the
3D volume. Use of the sparse layer inversion volume for multiattribute analysis and
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prediction of acoustic impedance, density, and effective porosity yielded smaller errors and
better correlation coefficients that the original 3D volume. Based on results from gravity,
3D seismic interpretation, and sparse layer inversion, I propose that the heavily, fractured
area of basement and carbonate rocks north of the Adícora-Pueblo Nuevo strike-slip fault
system is the most promising area for exploration in the LVB.
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CHAPTER I: INTRODUCTION

1.1 INTRODUCTION TO THE DISSERTATION
In 1998 as a high school student in Maracaibo, Venezuela, I was a member of a
geosciences team representing my state in the First Annual Venezuelan Petroleum
Olympics, where our team finished in third place. During this formative experience, I was
exposed to the Venezuelan oil and gas industry and the different roles that geoscientists
can play in the industry. From this point on, I dedicated myself to a career in studying
applications of geology and geophysics to petroleum exploration.
I completed my five-year, BS degree in Geophysical Engineering in March, 2008,
at the Universidad Simón Bolívar in Caracas, Venezuela. My undergraduate thesis topic
used magnetic and dielectric methods to characterize outcrop and core samples from
western Venezuela, and associated their magnetic and dielectric responses with the
presence of hydrocarbons. I completed my master’s degree in petroleum geosciences in
December, 2012, also at the Universidad Simón Bolívar with my MS thesis topic on using
seismic attributes to characterize a naturally-fractured reservoir in the Guaduas oil field,
Colombia. During 2011-2012, I worked as a geophysics course instructor at the
Department of Earth Sciences at Universidad Simón Bolívar, where I am currently
affiliated during an unpaid leave of absence for the duration of this doctoral study at the
University of Houston.
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By December, 2012, I decided I wanted to pursue a PhD degree in geophysics
abroad, not only to improve my knowledge in geology and geophysics, but also to have a
multi-cultural experience outside of Venezuela. I was accepted into the Geophysics PhD
program at the University of Houston in January, 2013, under the supervision of Dr. Paul
Mann where I was supported as a graduate research assistant through the spring of 2016.
In addition to working on my research project, I assisted Dr. Mann with his graduate-level
basin analysis course for two years. In August, 2016, I became a teaching assistant
supported by the Department of Earth and Atmospheric Sciences. As a teaching assistant,
I worked with several petroleum geology-related courses at both the undergraduate and
graduate levels.
For my PhD dissertation at the University of Houston, I wanted to work on a multiscale level that incorporated a regional approach that I had not been exposed to as part of
my previous research experiences at the Universidad Simón Bolívar. At the start of
graduate school, I requested a 3D dataset from PDVSA and received the La Vela 3D
seismic and well dataset that is described in this dissertation. During the course of the work
over the past five years, I have presented results at the following meetings: national AAPGACE meeting in 2013 and 2014, and fall meeting of AGU in 2015.
This study has been supervised by a dissertation committee composed of Drs. Paul
Mann (chair), John Castagna, and Michael Murphy (all professors at the Department of
Earth University of Houston), and Dr. María Verónica Castillo (an expert on the La Perla
giant gas field and the stratigraphy of western Venezuela who works at Repsol USA, in
The Woodlands, Texas).
2

1.1.1 Background on dissertation study area of the La Vela de Coro field, offshore
Venezuela
La Vela de Coro offshore field, is located east of Falcón state, Venezuela, in a shelfslope, offshore area covering an area of 4406 km2 in La Vela Bay. For simplicity in this
dissertation, I will refer to La Vela Basin (LVB) and La Vela field rather than the La Vela
de Coro Basin and field.
The La Vela field is located east of Paraguaná Peninsula with a boundary to the
north with the international waters of the Leeward Antilles (Aruba-Bonaire-Curacao). LVB
has been subjected to two exploration campaigns, first by Corporación Venezolana de
Petróleo (CVP) in 1972-1980 and a second one by Phillips Petroleum in 1998-2000 to
develop the La Vela de Coro offshore field.
During the first exploration campaign, 27 wells were drilled in the LVB. 24 wells
were offshore and targeted reservoirs in the basement and Castillo, Agua Clara, and
Socorro Formations and resulted in 14 producing wells with oil and/or gas, and 10 dry
wells (Girón et al., 2009). The second exploration stage by Phillips Petroleum acquired
marine seismic reflection data that defined 5 exploration prospects of which two were
drilled. Phillips Petroleum decided to leave the area because of its high geologic risk
(Phillips Petroleum Corporation Venezuela, 2000).
In 2009, a reserves study by a joint team of geoscientists from PDVSA and Beicip
Franlab was carried out. The team built a static model of la Vela field to determine
prospective areas and to estimate hydrocarbon reserves. The study concluded the field was
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in an area of high geologic and structural complexity and contained only small volumes of
in-situ hydrocarbons (Girón et al., 2009).
In 2012, the seismic and well data from the LVB was released to me by PDVSA to
be used in the following University of Houston dissertation study. The release of the data
by Petróleos de Venezuela S.A (PDVSA) was motivated by the 2009 discovery of the 17
TCF Perla gas field located in the Gulf of Venezuela (GOV) in a reservoir hosted within a
carbonate bank of Chattian-Aquitanian age 100 km east of the La Vela field.
1.1.2 Objectives of this dissertation
The main purpose of this dissertation is to: 1) define the type and affinity of the
basement rocks underlying the LVB, Falcón Basin (FB), and GOV; 2) provide a structural
and stratigraphic interpretation of carbonate reservoirs within the LVB with an explanation
of how structure, stratigraphy and paleogeography affected the LVB and the surrounding
carbonate reservoirs in the region; and 3) to perform a quantitative geophysical analysis of
the early Miocene carbonate of Cauderalito Member and the basement, main reservoirs
with known hydrocarbon occurrences in the LVB. The dataset used for this study area
consists of 1100 km2 of 3D post-stack seismic data, four 2D seismic reflection data lines,
21 wells with well logs, formational tops and time-depth relationships.
1.3 ORGANIZATION OF THIS DISSERTATION
This dissertation is organized to move from: 1) a mega-regional scale in northwestern
South America using gravity and magnetic data; to 2) a basinal scale in the LVB of western
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Venezuela using 3D seismic and well data; and to 3) a reservoir scale within the LVB using
seismic attributes and well logs:
•

Chapter 2 presents a mega-regional scale, magnetic and gravimetric
characterization of northwest Venezuela and northeastern Colombia, using 2D
gravity modeling along seismic transects to define a suture zone in the area. In
2015, this work was published as “Location of the Suture Zone Separating the
Great Arc of the Caribbean from Continental Crust of Northwestern South America
Inferred from Regional Gravity and Magnetic Data” in AAPG Memoir 108,
Petroleum Geology and Potential of the Colombian Caribbean Margin that was
edited by Dr. Claudio Bartolini and Dr. Paul Mann. The paper was completed in
December, 2015, and was used to fulfill the requirements stated by the University
of Houston for the Ph.D. candidacy. Coauthors on this chapter included Dr. Mann,
who proposed the study and assisted with map making and writing, and Luan
Nguyen, a UH MS student who assisted with gravity modeling.

•

Chapter 3 describes the basin-wide, subsurface, structure and stratigraphy of the
LVB using seismic and well data. These data are integrated with dated, core
samples from previous workers for the LVB, along with seismic reflection and well
observations of the geometry and composition of the overlying carbonate reservoir
of Early Miocene age. Regional comparisons are made between these LVB
carbonate reservoirs and the carbonate reservoirs of the La Perla field in the GOV
along with several producing fields in the FB.
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•

Chapter 4 focuses on the reservoir scale of producing areas of the LVB with a
quantitative, seismic interpretation of the carbonate and basement reservoirs of
LVB. This chapter uses 3D seismic data, and well log information to calculate
seismic attributes that allow: 1) enhancement of the seismic resolution of the thin,
reservoir units; 2) to predict rock properties such as effective porosity, acoustic
impedance and density; and 3) analyze seismic amplitude variations within the
reservoir unit. The overall goal is to locate hydrocarbon sweet spots in the carbonate
reservoirs that can lower drilling risk and enhance production.
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CHAPTER II: LOCATION OF THE SUTURE ZONE
SEPARATING THE GREAT ARC OF THE CARIBBEAN FROM
CONTINENTAL CRUST OF NORTHWESTERN SOUTH
AMERICA INFERRED FROM REGIONAL GRAVITY AND
MAGNETIC DATA
The content of this chapter has been taken from the article of Blanco et al., (2015). The
content has been licensed from the American Association of Petroleum Geologists on
January 21, 2016. Modifications and additional figures have been added to this chapter
so its content is not identical to this earlier publication.

2.1 INTRODUCTION
The plate tectonic origin and evolution of the Caribbean plate has been widely
studied for over 50 years yet has remained a continuing topic of controversy within the
scientific community. The Caribbean plate is bounded by the North American, South
American, Cocos, and Nazca plates, with the present-day motion relative to South America
measured at approximately 20 mm/yr in an eastwardly direction (Perez et al., 2001).
According to Beets et al. (1984), Burke (1988), Pindell (1994), and Kroehler et al. (2011),
the Greater Antilles, Aves ridge, and Leeward Antilles constitute a continuous, east-facing
Great Arc of the Caribbean (GAC) that formed in the early Cretaceous in the eastern Pacific
Ocean and entered the gap produced by Late Jurassic separation of North and South
America (Figure 2.1).

The segments of the GAC along the northern and southern

Caribbean collided with North and South America during the Cenozoic and are now
inactive. Only the easternmost segment of the GAC in the Lesser Antilles remains active
(Figure 2.1).
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Figure 2.1 Satellite free-air gravity map from compilation by Decade of North American Geology (DNAG, 1988) showing the inferred position of the leading edge of the Great Arc of the Caribbean (GAC) from the Late Cretaceous to (1)
Paleocene, (2) Eocene, (3) Oligocene, (4) Miocene, (5) Pliocene, (6) to Recent (7) are east of this map area (map is modified from Escalona and Mann, 2011). Arrows indicate foreland basins formed during the collision of the GAC with
continental areas of North and South America. Blue, yellow, and gray boxes mark the location of figures 2.2–2.9.

Regional gravity maps show the regional continuity of the GAC as a linear, gravity
high especially in the area of the Lesser Antilles and Leeward Antilles where later rightlateral strike-slip disruption of the GAC has been minimal. The progressive changes in the
position of the leading edge of the GAC from the Late Cretaceous to recent time, shown in
Figure 2.1, are known from the pattern of west to east subsidence observed in circumCaribbean foreland basins (Escalona and Mann, 2011). The northeastward and eastward
movement of the GAC into the Caribbean region, its collision and suturing with South
America younging from west to east, and its subduction polarity reversal to form the
present-day southeastward and southward-dipping subduction of the Caribbean beneath
northern South America have been discussed in detail by Kroehler et al. (2011) and
Escalona and Mann (2011).
My study region along the South American–Caribbean plate boundary in western
Venezuela has experienced a complex sequence of Mesozoic to recent tectonic events that
includes: 1) formation of a Cretaceous–Paleocene passive margin above a Late Jurassic
rifted margin; 2) a Paleocene–Eocene GAC–South American continent collisional event
with the formation of southward-verging thrust sheets and formation of a foreland basin
above the old passive margin; 3) an Oligocene rifting and magmatic event that has been
attributed to both early right-lateral strike-slip motion with pull-apart basin formation and
breakoff of the former north-dipping slab and consequent extension; and 4) late Miocene
to recent inversion of previously formed Oligocene normal faults attributed to regional
north–south convergence related to northward displacement of the Maracaibo Block and
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continued east–west motion along right-lateral, strike-slip faults (Macellari, 1995; Gorney
et al., 2007; Escalona and Mann, 2011) (Figure 2.1).
The most important, right-lateral strike-slip fault in western Venezuela is the Oca–
Ancón fault system, which extends eastward for 650 km from the Colombian Caribbean
coast to the Falcón area of western Venezuela south of my study area of the LVB. Rightlateral, offset estimates range from 15 to 100 km and are discussed in detail below. On the
western coastal plains of Falcón State and east of Lake Maracaibo, the Oca fault system is
composed of two, parallel fault strands as opposed to a single trace present in the
westernmost part of Venezuela (Audemard, 1996).
2.1.1 Locating the suture zone between the GAC and the South American continent
The question of the exact location of the GAC–South American suture is significant
for hydrocarbon exploration because several authors have noted that the richest Late
Cretaceous source rocks and the most prolific hydrocarbon basins in northern South
America overlie South American continental crust, whereas less-prolific hydrocarbon
basins overlie crust of the GAC in Venezuelan coastal areas or in the offshore islands
(Gorney et al., 2007; Escalona and Mann, 2011). Hydrocarbon volumes vary significantly
between the supergiant Maracaibo Basin on South American continental crust to the
southwest and less productive areas overlying the GAC or suture area of the Falcón Basin
(FB), Gulf of Venezuela (GOV), LVB, and the Leeward Antilles (Figure 2.1). Exact
location of the suture zone therefore has a large, practical application to petroleum
exploration in northern South America.
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2.1.2 Objectives of this chapter
To accomplish the goal of better defining the GAC- South American suture, I
integrate results from different methods including surface geologic maps; seismic
refraction and reflection data; well data; radiometric dating of volcanic, plutonic, and
metamorphic rocks; and potential field data, that includes modeling along four regional
gravity profiles.
2.2 PREVIOUS STUDIES OF THE GAC–SOUTH AMERICAN SUTURE ZONE
2.2.1 Previous wave-propagation methods
The Broadband Ocean-Land Investigations of Venezuela and the Antilles Arc
region (BOLIVAR) project was a multi-disciplinary and multi-institution research program
funded by the U.S. National Science Foundation in 2001 to study the tectonic interactions
between the Caribbean and South American plates with special emphasis on the processes
of continental growth that accompany oblique arc collision (Aitken at al., 2011). I compile
information from two BOLIVAR publications that determined Moho depth and crustal
structure in my study area of the LVB using seismic tomography and gravity modeling
(Schmitz et al., 2008; Bezada et al., 2010), and a GIAME publication from Mazuera et al.,
(2016).
2.2.2 Previous integration of seismic reflection, well data, gravity, magnetics, and
radiometric ages
Vence (2008) integrated data from dated basement rocks in the Guajira Peninsula
of Colombia with regional gravity, bathymetric, and seismic interpretations. Using this
11

information, she proposed a 280-km-long western extension of the GAC along the
continental margin of Colombia. Her interpretation of seismic data revealed a 80 to 100km-wide domal-shaped basement high lacking seismic reflectivity and mappable as an
elongate, continuation of the more obvious GAC along the Leeward Antilles north of
Venezuela (Figure 2.2). The western extension of the GAC in Colombia and western
Venezuela is buried by 700 to 3000 m of continental margin sediments because this
segment of the GAC collided earlier with the South American continent than its subaerially exposed eastern part of the GAC along the Leeward Antilles ridge (Escalona and
Mann, 2011) (Figure 2.2A). Compilation of radiometric age dates and geologic information
from the entire GAC shows that GAC magmatism occurred from 128 Ma to 74 Ma with a
general pattern of younging from west to east (Beardsley and Ave Lallemant, 2007;
Baquero, 2015 and 2017) (Figure 2.3). In Figure 2.2A the location of seismic lines A–F is
shown, as well as Vence’s 2008 interpretation that interprets the domal-shaped feature as
the GAC. Based on Vence’s lines, I mapped our interpreted northern and southern limits
of the proposed GAC (Figure 2.2B).
Londoño et al. (2015) identified different types of crustal fabric in the Guajira
offshore area using gravity and magnetics and analyzed the evolution of the Guajira
offshore Basin based on the distribution of these basement types. Based on these
observations, they propose that the western limit of the GAC is located north of their
proposed Chimare suture, a right-lateral strike-slip fault with a strong vertical component
(Figure 2.2B).
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2.2.3 Previous integration of seismic reflection and well data
Gorney et al. (2007) combined geologic and geophysical datasets from the
BOLIVAR group to establish the chronology of Late Cretaceous–Cenozoic tectonic events
in western Venezuela and the Leeward Antilles. They explained the large regional
variations in hydrocarbon accumulation volumes in northern South American basins in
terms of thicker, more prolific hydrocarbon basins overlying continental crust, and thinner,
less prolific hydrocarbon basins overlying the island arc crust of the GAC.
In the interpretation of Gorney et al. (2007), the marginally-productive La Vela
Basin (LVB), the eastern part of the GOV, and the FB all overlie the same Cretaceous
metamorphic basement province with a 2-3-km-thick or absent Tertiary sediment cover. In
comparison, the supergiant Maracaibo Basin to the south is entirely located on the
continental crust of South America and contains a 5-10-km-thick section of both
Cretaceous and Tertiary source, reservoir, and overburden rocks (Escalona and Mann,
2011). One concern with the basement compilation map of Gorney et al. (2007) is that it is
not clear if the large areas of Cretaceous metamorphic basement and Cretaceous Caribbean
basement are part of the GAC or if they are continental basement of northern South
America that was exhumed within the collisional and later strike-slip zone. Baquero et al.
(2009 and 2013) based on U-Pb dating in zircons, identified in Paraguaná Peninsula three
types of allochtonous basement of Neoproterozoic, Permian and Cretaceous ages, with the
first two of continental affinity, while the Cretaceous basement corresponds to the
Caribbean Igneous Province (CLIP).
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2.2.4 Previous radiometric dating of basement rocks
Basement lithologies forming the GAC and adjacent South American continent
have been previously studied using radiometric dating, structural mapping, and
geochemical studies in order to better locate the GAC–South American suture zone. A map
compiling these ages and the methods used is shown in Figure 2.3A. A key task is to
distinguish areas of the South American continental crust from the areas of sutured GAC
crust based on their respective crystallization ages: the South American continental crust
is generally Precambrian to Paleozoic in age, whereas the GAC crust is Late Cretaceous to
early Cenozoic in age (Burke, 1988). For the purposes of this figure we are not including
ages younger than 70 Ma, the time when most previous reconstructions show that the
Caribbean plate started its migration from the eastern Pacific Ocean into the Caribbean
region (Escalona and Mann, 2011). This editing of ages was done in order to eliminate
volcanic ages of the GAC that were produced by later episodes of subduction once the
GAC had entered the Caribbean region.
My compilation of radiometric ages is shown in Figure 2.3A. The Leeward Antilles,
overlying the elongate gravity high inferred to be the GAC in Figure 2.1 and a sample in
Cordillera de la Costa from the northernmost Villa de Cura Group near the San Sebastián
strike-slip fault along the northern margin of the Cordillera de la Costa, exhibit the
youngest plutonic and volcanic rocks in the region with ages in a narrow range from 85-84
Ma (Beardsley and Ave Lallemant, 2007; Baquero et al., 2015 and 2017). The only dates
shown on the age distribution plot are those derived from U-Pb dating of zircons as this
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method insures that the dates reflect only primary, igneous crystallization events (Davis et
al., 2003).
In the Santa Marta area of Colombia and the Paraguaná Peninsula of Venezuela,
my age compilation shows a more complex mix of younger Tertiary ages and older
Mesozoic and Paleozoic ages (Figure 2.3A). In the Santa Marta massif, U/Pb zircon ages
range from 265 Ma to 1300 Ma with abundant Jurassic plutonic and volcanoclastic rocks
(Tschanz et al., 1974). U/Pb zircon reported ages in Guajira range from 70 Ma to 1550 Ma,
with a Neoproterozoic–Grenvillian event documented north of the Venezuelan border
(Ayala et al., 2012; Londoño et al., 2015). For the Maracaibo Basin, U/Pb zircon ages are
as old as 385 Ma (Ysaccis, 1997; Ayala et al., 2012; Baquero, 2013). In the Paraguaná
Peninsula, there is a population of U/Pb ages around 250 Ma. while U/Pb zircon ages from
basement rocks in onshore Falcón and from cores in the basement of the offshore LVB
range from 981 Ma to 1034 Ma (Baquero, 2013; Baquero et al., 2013a–c). These older,
Precambian and Paleozoic ages show that the earlier basement interpretation map of
Gorney et al. (2007) was incorrect in its assumption that the entire coastal area of
Venezuela including the LVB and the FB was underlain by Cretaceous-age metamorphic
basement. This pushes the permissible area of the GAC to the north and expands the area
of continental South America.
In Figure 2.3B, I have plotted the distribution of ages in millions of years (Ma)
based on their geographic and geologic provinces. The age shows that the offshore area of
the GAC has younger late Cretaceous and early Tertiary ages in comparison to older,
Precambrian to Paleozoic continental basement of South America and therefore provides
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additional constraints for precisely locating the suture zone between continental and GAC
rocks. The plot also reveals that the Paraguaná Peninsula, and northernmost Cordillera de
la Costa exhibit a mix of Cretaceous and much older Paleozoic and Precambian ages
indicating their proximity to the arc-continent suture zone (Figure 2.3B).
2.2.5 Previous studies using regional gravity and magnetism
Ughi et al. (2013) used a satellite gravity database of northern Venezuela to infer
areas of oceanic, transitional, and continental crust in the offshore and onshore areas. Using
these observations, they proposed that the San Sebastián–El Pilar right-lateral, strike-slip
fault system forms a major, suture zone between the GAC and continental South America.
Bosch and Rodriguez (1992) modeled three long, north–south gravity profiles in
northern Venezuela and southern Caribbean areas to study variations in crustal thickness.
They used geologic and geophysical data combined with earthquake data to better constrain
their gravimetric and magnetic model. Resulting depths to Moho range from 38 km beneath
the South American continent to 14 km beneath the Caribbean Sea. A similar result was
obtained by Magnani et al. (2009) using refraction data from the BOLIVAR project. Their
data showed that the San Sebastián-El Pilar fault corresponded with a prominent step
between 40-50-km-thick, continental crust of the South American continent to the south
and 20-25-km-thick crust of the GAC to the north.
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2.3 DATA AND METHODS
2.3.1 Gravity and magnetic datasets
Garcia (2009) generated gravimetric anomaly maps and total magnetic field maps
for Venezuela using low-orbit satellite gravity and magnetic data from the CHAMP and
Grace Satellite missions. These data have been included in the Bouguer Anomaly Satellite
Database of Venezuela, which was kindly provided to me for the purpose of this study by
Dr. Crelia Padrón of Simón Bolívar University in Caracas, Venezuela.
The geopotential model used was a combination of EGM2008 for gravity and
EMAG2 for magnetism, based on the previous works of Pavlis et al. (2008) and Maus et
al. (2009), respectively. The datum used was WGS84. A gravity anomaly reduction was
performed at the mean sea level, while the magnetic anomaly was projected to be 4 km
high (Garcia, 2009). Spatial resolution is 3.7 km, and the density used for Bouguer
correction was 2.7 g/cm3. The magnetic data were used from the Earth Magnetic Anomaly
Grid (EMAG2) with a resolution of 2 arc minutes. These data have been compiled from
satellite, ship, and airborne magnetic measurements (Linares, 2013).
2.3.2 Processing of gravity data
The gravity data were pre-processed using a topographic model extraction followed
by verification of the model. The processing sequence included free-air correction,
Bouguer correction, theoretical gravity calculation, and Bouguer anomaly calculation
(Garcia, 2009).
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2.3.3 Filters and enhancements
Enhancement techniques are a category of potential field methods frequently used
to overcome the difficulty of interpreting the data and to facilitate qualitative geologic
interpretations of the anomalies in terms of their causative sources (Ferreira et al., 2013).
Filters and enhancements were applied to both the Bouguer gravity and magnetic anomaly
data. Processing included regional and residual calculations, total horizontal gradient, tilt
derivatives, and reduction to the equator for the magnetic data. Total horizontal gradient
and tilt derivatives were calculated because of their effectiveness for detecting edges
formed by faults, suture zones, and other crustal discontinuities (Ferreira et al., 2013),
I applied upward continuation filtering to both gravity and magnetic datasets using
differing crustal depths. I found that at a crustal depth of 20 km the results show an
improved definition of basement topography and calculated residuals. Figure 2.4
summarizes the original data (observed gravity, Bouguer gravity anomaly, and magnetic
anomaly) and the calculations performed on the gravity data (total horizontal gradient, tilt
derivative, and residual after upward continuation—20 km). Results of this work will be
discussed in section 2.4. Faults displayed in maps of Figure 2.4 were taken from the Map
and database of Quaternary faults in Venezuela, by Audemard et al., (2000).
2.3.4 Restorations of strike-slip offsets using magnetic data
To assess the extent of post-GAC-South America suturing including the amount of
post-collisional, right-lateral offset along the Oca-Ancón strike-slip fault system, I made
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Figure 2.4 A. Observed gravity map from the Bouguer Anomaly Satellite Database of
Venezuela (Garcia, 2009); B. Bouguer gravity anomaly map for onshore and offshore
areas from the Bouguer Anomaly Satellite Database of Venezuela (Garcia, 2009); C.
Residual after upward continuation filter (20 km) of the Bouguer gravity anomaly map for
onshore and offshore areas; D. Total horizontal gradient of the Bouguer gravity anomaly
map for onshore and offshore areas; E. Tilt derivative of the Bouguer gravity anomaly map
for onshore and offshore areas; and F. Magnetic anomaly map from EMAG2 (Garcia,
2009).
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structural restorations using the regional maps of magnetic data (Figure 2.5). Even though
there were several active faults in the area as seen in the figure, I focused on restorations
of the largest offset, strike-slip faults of the Oca-Ancón fault system that affected a
northeast-southwest-trending magnetic low shown on the magnetic map in Figure 2.5. Note
that I have drawn a white line parallel to the main axis of this magnetic low to show its
overall trend and length before and after offset along the Oca-Ancón fault system and a
parallel, right-lateral, strike-slip fault to the north with lesser, strike-slip offset, the Cuisa
fault zone.
Table 2.1 summarizes the range of right-lateral offsets made by previous workers
on both faults based on offsets from surficial geologic features or from subsurface features
based on oil well information. For the Oca-Ancón fault, Feo-Codecido (1972) and Tschanz
et al. (1974) worked with oil well correlations with outcrop information from the Santa
Marta massif, while Kellogg (1984) restored Oligocene isopachs as summarized by
Benkovics and Asensio (2015). For the Cuisa fault zone, Gomez (2001) used offshore
seismic data to infer its offset, while Alberding (1957) showed displacements of rock units
in map view. Alvarez (1967, 1971) calculated his offsets for regional structural trends in
eastern Colombia (1967, 1971).
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Figure 2.5 A. Magnetic anomaly map after reduction to the equator and restoration of the low anomaly body of the present
Guajira–Perijá area, showing approximately 48 km of right-lateral strike-slip offset and B. Upward continued magnetic
anomaly map and restoration of the low anomaly body of the present Guajira–Perijá area, showing approximately 70 km
of right-lateral strike-slip offset. Both maps include hydrocarbon occurrences with potential disruption of once contiguous
oil areas by right-lateral strike-slip faulting.

Table 2.1 Compilation of right-lateral displacements for the Oca-Ancón and Cuisa faults
in northern Colombia.

The first structural reconstruction I show in Figure 2.5A used reduction to the
equator and the second restoration shown in Figure 2.5B used an upper continued magnetic
anomaly at 20 km. For the restorations, the movement along both faults was assumed to
occur as pure right-lateral slip, without significant oblique slip. The anomaly low to be
restored showed by the white lines in Figure 2.5A and 2.5B corresponds to an area of thick
sedimentary and metasedimentary rocks of the Santa Marta Massif and part of the Perijá
range with ages ranging from the Jurassic to the Neoproterozoic that was uplifted during
the Andean orogeny. The rocks causing the low magnetic anomaly areas therefore existed
prior to Miocene when the Oca–Ancón strike-slip fault system became active (Audemard,
1996). The Perijá range is underlain by thick, Cretaceous and Paleozoic sedimentary rocks,
and Mesozoic volcano-sedimentary rocks (Cardona et al., 2009), while the Santa Marta
Massif, in addition to sedimentary rocks includes Paleogene to Paleozoic intrusive and
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metamorphic rocks (Cardona et al., 2009). The Cesar Rancheria Basin separates the Sierra
de Perijá and Santa Marta Massif (Figure 2.5).
The maps were displaced until the low magnetic anomaly areas (between −50 nT
and −90 nT for reduction to the equator in Figure 2.5A and between −40 nT and −60 nT
for the upper continued map in Figure 2.5B) were brought into realignment. Right-lateral
displacement was calculated to be 13 km for Cuisa fault, and 48 km for Oca-Ancón fault
in the reduction to the Equator map, and 15 km and 70 km in the upward continued map,
respectively. Both the present-day map and the restored early–middle Miocene are shown
on Figure 2.5A and 2.5B and are discussed in more detail in the section 2.4.2. Towards the
east-central area of figure 2.5B, the restoration of faults affecting the anomaly low create
shortening structures over the area of the magnetic high.
2.3.5 Gravity modeling along four regional profiles
The location of four regional gravity profiles is shown in Figure 2.6. The resulting
models as presented in figures 2.7 and 2.8: Profile 1A and 1B are two models along the
same transect line (580 km long, N35° W strike); Profile 2 (300 km long, N5° W strike);
Profile 3 (320 km long, N20° E strike); and Profile 4 (415 km long and N4° E strike).
Because gravity interpretation alone never is capable of providing a unique solution, I
integrated subsurface constraints from drilling, geology, geophysical, and other
observations to help improve ambiguities inherent in gravity interpretations; however,
these ambiguities can never be eliminated entirely (Hinze et al., 2013).
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The first stage of the gravity modeling process consisted of compiling geologic and
geophysical information to help constrain the gravity model. Topographic data came from
the topography SRTM30 Plus dataset compiled by Becker et al. (2009). Refraction control
points for crustal thickness were compiled from Edgar et al. (1971), Ewing et al. (1960),
and Schmitz et al. (2008). A regional grid and depth to Moho was also compiled from
Schmitz et al. (2008). Seismic reflection lines near Profile 1 were taken from Ceron-Abril
(2008). For all other areas, the BOLIVAR project lines from Gorney et al. (2007) were
used. Well data from Vence (2008) and Macellari (1995) were also used to constrain Profile
1A and 1B. A well and seismic reflection dataset was provided by PDVSA covering areas
of the GOV, LVB, and other areas onshore and offshore FB was used to constrain Profiles
2 and 3 (Figure 2.6).
Along Profiles 1–4, both offshore and onshore gravity data are free-air corrected.
Offshore data are taken from Decade of North American Geology (DNAG) gravity
(Hittelman et al., 1994), whereas the onshore data are taken from Garcia (2009). Density
of sediments is approximated from seismic velocity obtained from refraction control data,
using the Nafe–Drake relationship (Ludwig et al., 1970). Crystalline crust was divided into
upper and lower crusts (White et al., 1992; Christensen and Mooney, 1995), with an upper
continental crust that is less dense than that of the oceanic crust. The density of the mantle
is assigned as 3.3 g/cc, as proposed by Birch (1964).
To initially address the possibility that multiple gravity models can fit the data along
the selected profiles, I modeled two scenarios for Profile 4: one with the presence of the
GAC and another without the GAC. I used the same procedure for Profile 1 to contrast my
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new modeling results with the observations from previous workers (Vence, 2008; Londoño
et al., 2015), which have either supported or excluded the presence of the GAC in the
Guajira area.
Modeling began by defining horizontal layers as sedimentary rocks with densities
of 1.8–2.0 g/cm3, 2.1–2.3 g/cm3, and 2.5–2.55 g/cm3. Densities for the mantle, upper
Caribbean crust, upper oceanic crust, and upper continental crust are 3.3 g/cm3, 2.9–2.95
g/cm3, 2.8 g/cm3, and 2.70–2.74 g/cm3, respectively. Densities for the lower Caribbean
crust and lower crust are 2.90–2.95 g/cm3 and 2.9 g/cm3, respectively. Water density used
was 1.03 g/cm3. Gravity models are shown in Figure 2.8 and discussed in section 2.4.3.
Figure 2.8 shows and updated gravity model considering a new slab geometry from
tomography studies of the recent GIAME project (Mazuera et al., 2016), showing an angle
of subduction for the southward-subducted Caribbean slab that is greater than 12° in the
southern portion of Profile 1, that gets steeper (18°) and later flattens in the southeast
direction (not seen in Profile 1).
2.4 RESULTS OF GRAVITY AND MAGNETIC FILTERING AND MODELING
2.4.1 Anomalies, filters, and enhancements
This section examines the main characteristics of the GAC and its environs as
shown on each of the six filtered gravity and magnetic maps shown in Figure 2.4.
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2.4.1.1 Observed gravity map
Using observed gravity, the islands of Aruba, Curacao, Bonaire, Las Aves, Los
Roques, and La Orchila present maxima of observed gravity with a strong lateral, eastwest-trending continuity. Margarita, La Tortuga, and Los Testigos present the same
response as the Leeward Antilles and appear to represent a southward extension of the
GAC (Garcia, 2009). Between La Tortuga, La Orchila, and Los Roques (blue dashed lines
in Figure 2.4A), there is another area of minimum in observed gravity. Guajira and
Paraguaná are also areas of maxima gravity that are continuous with the prominent GAC
gravity trends seen to the east. Cordillera de la Costa, the Ávila Mountain, and the
Venezuelan Andes and Perijá all show low gravity values, with the observed minima
corresponding to the Venezuelan Andes at the southern limit of the study area. Valencia
lake, a pull-apart basin along right-lateral, strike-slip faults, is also expressed as a gravity
minimum (Garcia, 2009). North-easterly, fault-controlled, breaks in the continuity of the
gravimetric response of the linear GAC trend are observed north of Guajira, west of Aruba,
and west of La Orchila (Figure 2.4).
2.4.1.2 Bouguer gravity anomaly map
The GAC presents a positive anomaly (57–269 mGal) in Figure 2.4B, showing that
this feature has a continuous crustal root underlying the islands of Curacao, Las Aves, Los
Roques, La Blanquilla, and La Orchila (dashed blue line in Figure 2.4B). According to this
map, Margarita Island and Los Testigos exhibit the same Bouguer response as the Leeward
Antilles and are similar to the response to the observed gravity map in Figure 2.4A (Garcia,
2009). A negative anomaly north of Guajira (−26 mGal) constitutes a (N45°W) lineament
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that follows the orientation of the mapped surface faults in the area (Mendi and Rodriguez,
2005).
The area of the GOV and the Urumaco trough, a sub-basin within its eastern area
present gravity minima. El Ávila Mountain is a positive anomaly, while Valencia Lake is
a minimum (−70 to −79 mGal), within the overall, positive anomaly of the Venezuelan
Andes.
2.4.1.3 Residual after upward continuation map (20 km)
The residual map shows a maximum for GAC, separated by lows with the same
orientation (approximately N45° W) as mapped surface faults in the area (Gorney et al.,
2007). The areas of Guajira, Paraguaná Peninsula, and eastern Falcón also present high
positive values similar in appearance to those seen on maps A and B. To the west, the Perijá
Range forms another high, while Valencia lake is a low (Figure 2.4C).
2.4.1.4 Total horizontal gradient map
On the total horizontal gradient map (Figure 2.5D), two zones are distinguished:
the mountain chains of Cordillera de la Costa, the Venezuelan Andes, and Perijá–Santa
Marta correspond to higher values, while the GAC area including Paraguaná and north of
Guajira constitutes another zone of highs. The two areas are separated by a low total
horizontal gradient zone.
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2.4.1.5 Tilt derivative map
In Figure 2.4E, the appearance of the data onshore is very similar to the data
offshore: both areas show internal zones of property minima bounded by surface faults.
However, between the two zones, there is a discontinuous minima area that follows the San
Sebastián–El Pilar fault zone system trace, extends to the east to the coastline of Falcón,
and merges with the Oca–Ancón fault in the westernmost part of the study area.
2.4.1.6 Magnetic anomaly map
The magnetic anomaly responds to the sum of magnetic fields associated with
different crustal sources. For this map, because of the distance, I was able to see only long
wavelengths since short wavelengths associated to shallower sources and residuals are not
visible at 4000 m (13,123.4 ft.) above mean sea level (Garcia, 2009).
The GAC shows anomalous highs to the southeast of the Lesser Antilles Arc and
lows to the north of the continental platform. Another low is located north of the islands of
Los Roques and Las Aves (see dashed blue line in Figure 2.4F). A low near the Paraguaná
Peninsula is located near the east limit of the Urumaco trough and follows the trace of the
right-lateral, Adícora–Pueblo Nuevo fault (Gorney et al., 2007). The figure also shows a
low in the Cordillera de la Costa because of right-lateral strike-slip movement zone along
the San Sebastián–El Pilar fault system (Garcia, 2009).
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2.4.2 Restorations of right-lateral strike-slip offsets measured from gravity and
magnetic data
I measured a right-lateral displacement of 13 km for Cuisa fault, and 48 km for the
Oca-Ancón fault zone from the reduction to the Equator map (Figure 2.5A) and an offset
of 15 km for Cuisa fault and 70 km for the Oca-Ancón fault from the upper continued map
(Figure 2.5B). Both offset values agree fall within the range of right-lateral displacement
of the faults from previous workers that are summarized in Table 2.1, however, the ranges
of offset for the Cuisa fault are more limited in number that the proposed offset estimates
for the Oca-Ancón. The restorations in Figure 2.5 realign hydrocarbon trends of producing
areas and oil seeps in the western FB (reduction to the equator, Figure 2.5A) and also
realign the oil-production area in the eastern Maracaibo Basin (upper continuation, 20 km,
Figure 2.5B).
For both reconstructions in Figure 2.5, I have estimated the strike of the geological
feature to be restored. For Reduction to the equator, in the Middle Miocene this geological
feature has a strike direction of N53E, compared to N63E in the present-day. For the
upward continuation map at 20 km, in the Middle Miocene this feature has a strike direction
of N51E, compared to N67E in the present-day. The angular difference between these two
directions can be used to calculate shear strain, obtaining a value of 0.176 for reduction to
the Equator, and a value of 0.287 for the upward continuation map.
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2.4.3 Gravity modeling of crustal structure
Observed gravity lows for each of the modeled profiles are associated with the
South Caribbean deformed belt, a thick accretionary prism formed as the Caribbean plate
subducts southward beneath the GAC and South American continent (Kroehler et al., 2011)
(Figure 2.7). The models are constrained using the thickness of the continental crust,
thickness of the Caribbean crust, subduction angle, Moho depth, and slab length. Upper
continental crust ranges from approximately 9 km at Profile 1A and 1B (case modeled with
the GAC) to about 16 km at Profile 4 (case modeled with the GAC), while the total
thickness of the continental crust varies from 18 km to 36 km.
According to the models, the thickness of the subducting Caribbean plate for
Profiles 1A and B and 2 is much higher (14–15 km) than that for Profiles 3 and 4 (7 km),
except for the second case of Profile 4 (without the GAC). The angle of subduction ranges
between 10° (Profile 4, without the GAC) and 25° (Profile 4, with the GAC). The extent
of the Caribbean subducting slab is the least-constrained parameter, because the level of
intermediate to deep seismicity is present in the area but does not define a continuous
subducted Caribbean slab. The subducted Caribbean plate extends about 200 km to the
south in Profiles 1A and 1B (modeled with the GAC), 60 km in Profile 4 (modeled with
the GAC), 45 km in Profile 3, and approximately 100 km for the rest of the models. Profile
1B in Figure 2.8 provides improved control on the slab beneath my study area, although
Mazuera et al. (2016) state that there is no certainty that the Caribbean slab extends south
of the Mérida Andes.
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In the previous section 2.3.5, two gravity models were used to interpret the
gravimetric signature along Profile 4: one profile was calculated with the GAC while the
other profile was calculated without it. My purpose was to illustrate that opposite models
can fit the data equally well and that in order to choose one model, information from the
alternative methods must be taken into account. In the case of Profile 4, the model without
the GAC seems incompatible with the geometry and configuration of the crust based on
previous tomographic studies including Schmitz et al. (2008) and Magnani et al. (2009),
and therefore I reject the model for Profile 4 that lacks the GAC. Modeled profiles based
on Magnani et al., (2009) propose based on a step in the depth to the Moho that the suture
between the South American continent and the GAC is aligned with the San Sebastián-El
Pilar fault system along the northern edge of the Cordillera de la Costa. However, because
there is also evidence that the suture could be located further onshore within the Villa de
Cura Belt of the Cordillera de la Costa where Beetes (1984) proposed that volcanic rocks
of the Villa de Cura Group are similar in age and characteristics to the rocks in Bonaire
that form part of the GAC.
On Profiles 1 and 2, located closer to the Colombian Basin, the thickness of the
Caribbean plate (14 km) is well documented from regional refraction studies in the
Caribbean (Ewing et al., 1960; Edgar et al., 1971) (Figure 2.7). I propose that for this
western area of thicker Caribbean crust that there is less flexure beneath the South
Caribbean deformed belt than seen on Profiles 3 and 4 to the east with thinner Caribbean
crust. Regarding the extent of the subducting slab, I relate the greater amount of subduction
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in the western area to a greater amount of plate convergence than in the more strike-slip
eastern part of the study area (Figure 2.7).
The GAC is expressed by a present continuous belt of gravity highs in map view,
which correspond to basement plutonic highs mapped from the surface geology (Figure
2.4). The GAC is interpreted as an intra-oceanic island arc that is denser than the adjacent
continent (Christensen and Mooney., 1995). The GAC is distinguished from the South
American continent on these profiles by its thickness of 20 km to 25 km, which is thinner
than normal continental crust and thicker than typical oceanic crust. The models show a
step in depth between the GAC and continental area to the south as observed on several
BOLIVAR lines to the east (Clark et al., 2008; Magnani et al., 2009). Most workers now
agree that the suture between the GAC and the South American continent is marked by the
abrupt change in thickness of the upper crust that also coincides with the step in the Moho
along the San Sebastián-El Pilar fault zone (Figure 2.7). This step also corresponds to the
break between older Paleozoic-Precambrian ages to the south and younger, Cretaceous to
the ages of the GAC to the north (Figure 2.3)
2.5 DISCUSSION
For Profiles 2–4, I show my proposed revised location of the GAC–South American
suture based on the modeled profiles and integration of the magnetic anomaly map and
radiometric age compilation (Figure 2.3A). The location of the proposed suture line closely
follows an alignment of highs on the magnetic anomaly, and is consistent with previous
work in the area. However, the westernmost Profile 1, located in the Guajira area, is more
complicated to interpret and requires further description.
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For Profile 1A, case 1 was modeled based on constraints provided by Weber et al.
(2009, 2010) who interpreted scarce island arc crust in this area in comparison to the larger
amounts of island arc crust that he proposed to the east along Profiles 2–4. According to
lithological and age information in Guajira Peninsula (Londoño et al., 2015), continental
rocks extend approximately 20 km northeast of Cabo de la Vela (figures 2.7 and 2.8).
However, I was unable to model the gravity data on Profile 1 with continental crust
underlying that location and instead show the northern limit of continental crust to be 100
km south of the 223 Ma age date northeast of Cabo de la Vela (Figure 2.3A). The location
of the suture according to case 1 matches an area of magnetic lows with the nearest
magnetic anomaly high located roughly 40 km north of Cabo de la Vela (Figure 2.9), which
is not consistent with the interpretation made for Profiles 2–4.
The second case for Profile 1A was modeled without the presence of the GAC, and
its interpretation is consistent with the age constraints available for the area. Previous work
by Londoño et al. (2015) supports the hypothesis for the non-existence of the GAC in the
Guajira area. However, even though along Profile 1A, the model without the GAC offers
a more consistent explanation with the geologic data; the work of Villagomez and Spikings
(2012) at a regional scale and the work of Vence (2008) (Figure 2.2A) support the existence
of the GAC, west of Profile 1, which could mean that the GAC is a discontinuous feature
in the western Venezuela–Colombian Guajira area perhaps as the result of greater syn or
post-suturing faulting and deformation.
Profile 1B, shown in Figure 2.8, shows the differences related to variations in the
length of the subducted, Caribbean slab (approximately 100 km long near the southern
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limit of the profile and extending as far south as the Merida Andes (Mazuera et al., 2016)
(Figure 2.8).
For Profile 2, I propose that the GAC–South American suture coincides with the
Adícora–Pueblo Nuevo normal, right-lateral, strike-slip fault (Gorney et al., 2007). The
location of the suture is consistent with the interpretation of Baquero (2013 and 2015) that
concludes that the basement of Paraguaná consists of high metamorphic grade rocks of
continental nature formed during the Precambrian Putumayo/Grenvillian orogeny, which
would make these rocks unrelated to the GAC–South America collisional event. This view
is supported by petrographic studies by Mendi et al. (2013) and Grande and Urbani (2009).
Magnetic maps are frequently used to delineate faults and geologic contacts
(Heinze et al., 2013). For this reason, I use the underlying magnetic anomaly map in Figure
2.9 to delineate the outlines of the GAC. Besides the magnetic anomaly high area that I am
relating with the presence of the GAC, there is another area of positive magnetic intensity
in the Falcón area. This anomaly is also present as a gravity high, and it is discussed by
Bezada et al. (2008) and was attributed by them to thinning of the crust beneath FB.
Finally, my proposed suture zone in map view is located between 50 km and 100
km north of the continental edge of South America, proposed by Escalona and Mann
(2011), and approximately 80 km (Profile 4) from the continental edge proposed by Ughi
et al. (2013).
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2.6 CONCLUSIONS
1. The GAC exhibits a distinctive appearance in map view on regional gravimetric
and magnetic data (Figure 2.4). This distinctive appearance allows an improved and
more detailed mapping of the boundaries of the GAC and the suture zone along its
southern edge with the South American continent, especially in the area of the
offshore islands (Aruba-Bonaire-Curacao), Paraguaná Peninsula, and eastern FB
(Figure 2.9).
2. An approximate, post-Miocene right-lateral displacement between 50 and 78m was
obtained by restoring offsets of magnetic features displaced by the Oca-Ancón
strike-slip fault (Figure 2.5). The observed right-lateral offsets agree with offset
amounts reported by previous authors as compiled in Table 2.1 based on their
surface geologic mapping. These post-suturing, east–west, right-lateral, strike-slip
faults disrupt and obscure the linear trend of the GAC in westernmost Venezuela
and Colombia (Figure 2.5).
3. In four modeled profiles, observed gravity lows are associated with the South
Caribbean deformed belt, a mainly sedimentary accretionary prism formed by the
subduction of the Caribbean crust beneath the GAC and South American continent
(figures 2.7 and 2.8). The GAC is expressed by a zone of sub-circular gravity and
magnetic highs in map view and is underlain by rocks of arc affinity that have been
studied in outcrops along the Leeward Antilles islands (Figure 2.4).
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4. I propose an improved location of the GAC– South American suture zone based on
the four modeled gravity profiles (figures 2.8 and 2.9). Our proposed suture location
closely follows a series of aligned highs on the magnetic anomaly map of three of
the profiles (Figure 2.9).
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CHAPTER III: SUBSURFACE GEOLOGY OF LA VELA BASIN,
OFFSHORE VENEZUELA: EXAMPLES OF BASEMENT AND
CARBONATE-HOSTED, LIQUID AND GAS HYDROCARBON
RESERVOIRS
3.1 INTRODUCTION
The most important hydrocarbon reservoirs discovered in Venezuela over the last
century have been hosted in clastic rocks such as those known hosting mainly oil in the
Maracaibo (Mann et al., 2003) and Eastern Venezuelan foreland basins (Parnaud et al.,
1995) (Figure 3.1). Carbonate-hosted reservoirs in these large, dominately clastic foreland
basins account for only a fraction of a percent of the total, historical production of
Venezuela (Reijers and Bartok, 1985).
The 2009 discovery of Perla field in the Gulf of Venezuela (GOV), a 17 trillion
cubic feet (TCF)-sized, thermogenic gas giant - hosted in a 787 feet-thick (240 m), early
Miocene, shallow-water, carbonate reservoir (787 ft. or 240 m.) - triggered a new
exploration cycle in northwestern South America by proving a previously unknown,
carbonate-hosted, Cenozoic petroleum system in the offshore Caribbean island arc
province north of the traditional, continental foreland basin setttings of the Maracaibo and
Eastern Venezuelan basins (Castillo et al., 2017). The Perla discovery initiated a more
intensive exploration and reappraisal of potential carbonate reservoirs within the east-westtrending, northern coastal zone of Colombia, Venezuela and Trinidad in the hope of
expanding a carbonate-hosted gas trend (Figure 3.1).
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The northwest-trending, fault-bounded, La Vela Basin (LVB) is located 100 km
east of the La Perla discovery in the coastal zone of northwestern coastal zone of Venezuela
and is a known area of carbonate-hosted liquid and gas hydrocarbons that have been
produced in small quantities since the 1970’s (Figure 3.1). In 2013, the Venezuelan state
oil company, PDSVA, provided me a 1100 km2, 3D seismic volume and set of 52 wells
that cover much of the area of the offshore LVB in order to reevaluate its OligoceneMiocene carbonate reservoirs in the light of information that was coming available from
the La Perla discovery (Pinto et al., 2011; Castillo et al., 2017) (Figure 3.1).
In this chapter focussed on the LVB of northwestern Venezuela, I summarize the
results of my study of the PDVSA seismic and well information from the LVB integrated
with more regional geologic, geophysical, and paleogeographic data including new
subsurface, age, biostratigraphic and seismic information now available from the La Perla
carbonate reservoir discovery. The goals of this chapter are: 1) to use the 3D seismic data
and wells to understand the geometry and evolution of the LVB within the context of the
Great Arc of the Caribbean and the Cretaceous passive margin overlying the PrecambrianPaleozoic continental of northwestern South America; 2) to identify the types of
Precambrian, crystalline basement underlying LVB by correlating dated, basement cores
from the LVB to dated, onshore outcrops in the adjacent Paraguaná Peninsula (Baquero et
al., 2013, 2015, and 2017); 3) to identify the thickness, geometry, continuity of reservoirs,
and hydrocarbon potential of the LVB using 3D seismic and well data; and 4) to compare
lithologic and paleogeographic information from the carbonate reservoirs of LVB with
reservoirs from the giant Perla field, as well as carbonate reservoirs and outcrops of the
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San Luis and Churuguara formations in the onshore Falcón Basin (FB) south of the LVB
(Figure 3.1).
3.2 TECTONIC HISTORY OF NORTHWESTERN VENEZUELA
The current complexities and individualized structural character of LVB, GOV, and
FB are a consequence of the protracted tectonic evolution of northwestern Venezuela that
straddles the currently-active, South American‐Caribbean plate boundary as previously
summarized by Gorney et al. (2007) and Escalona and Mann (2011). Based on these
previous studies along with the others listed below, major events in the plate tectonic
evolution of the LVB area include the following:
1) The existence of a pre-collisional, north‐facing Cretaceous‐Paleocene passive
margin (Gorney et al., 2007). In my study area of the LVB these rocks are now either
eroded or deeply buried and highly deformed and therefore were not part of my study of
the LVB.
2) A west-to-east-younging, Eocene-Oligocene arc‐continent collisional event that
occurred when the south‐facing Great Arc of the Caribbean collided with the north‐facing
passive margin; this highly oblique, arc-continent collisional event led to the development
of southward‐verging thrust sheets of Eocene age in the area south and southeast of the FB
(Figure 3.1). The earliest collision‐related convergence occurred along the northwestern
corner of South America in Colombia in the late Cretaceous and progressed eastward
eastward throughout the Paleogene with initial deformation of the FB area by the late
Eocene (Escalona and Mann, 2011). Oligocene depositional environments in the Falcón
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and Bonaire basins indicate that deep‐marine settings of the central FB, or “Falconian
Channel” (Gonzalez de Juana et al., 1980), became progressively shallower toward the
flanks of the FB during the latest stage of this collision (Macellari, 1995; Villanueva.,
2016).
3) Eocene-Oligocene arc collision along the length of the collision zone extending
from Colombia to Trinidad eventually led to eventual subduction polarity reversal and the
initiation of highly oblique, subduction of the interior of the Caribbean plate beneath the
South Caribbean deformed belt along the subduction margin of Colombia and Venezuela
(Kroehler et al., 2011).
4) An Oligocene rifting and magmatic event in the FB area has been attributed to
both to early right‐lateral, strike-slip motion (Macellari, 1985) and/or slab breakoff during
the final stages of arc collision (Escalona and Mann, 2011).
5) By the end of the Oligocene, the Caribbean–South American plate boundary in
western Venezuela had transitioned from an arc-continental collision boundary to rightlateral, strike-slip boundary with oblique subduction occurring along the South Caribbean
deformed belt (Kroehler et al., 2011; Escalona and Mann, 2011).
6) Late Miocene to recent inversion of previously formed Oligocene normal faults
bounding the FB is attributed by most previous workers to regional north‐south
convergence related to the northward displacement of the Maracaibo block (Audemard,
2001; Hippolyte and Mann, 2011).
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7) The onset of compressionally-related structural inversion of the Oligocene
normal faults bounding the Falcón rift Basin began in the middle Miocene (Macellari,
1995). A late Miocene–Pliocene date for the onset of movement on the Boconó fault
(Audemard, 2008) – a date that is accepted by most workers - shows that this younger event
postdates the earlier, middle Miocene Falcón inversion event. As the inversion of Falcón
progressed during the late early–middle Miocene, the eastern FB and the rest of offshore
northwestern Venezuela remained sites of rapid clastic deposition (Audemard, 2000).
8) For the present stage, FB inversion and the creation of proximal source areas for
the offshore EVB is reflected by a shift in sedimentation styles from thin and uniform deep‐
water deposition to strongly prograding, clastic wedges from the uplifted area of the
inverted FB (Figure 3.1).
3.3 ACTIVE DEFORMATION IN WESTERN VENEZUELA
Active deformation in northwestern South America includes a broad zone shallow
and deep seismicity with shallower, crustal events focussed on the large-strike-slip faults
that GPS studies show are accommodating most of the present-day displacement between
the South American and Caribbean plates. The Bocono right-lateral fault system forms the
eastern edge of the Maracaibo block and has a northeast strike while the Oca-San
Sebastián-El Pilar fault right-lateral fault system parallels the coastline of Colombia and
Venezuela (Figure 3.2). To the north subduction beneath the South Coast deformed belt
creates as belt of intermedidate depth earthquakes with depths greater than 40 km that mark
the Caribbean subducted slab that extends as far south as the Maracaibo Basin (Bezada et
al. 2010) (Figure 3.2).
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plate. Focal mechanisms from Audemard (1996) and the Harvard
Moment Tensor database (2000). Abbreviations: AB = Aruba
Basin, APNF = Adícora - Pueblo Nuevo fault, ECB = Eastern
Curacao Basin, GP: Guajira Peninsula, LVB: La Vela Basin,
LVTB: La Vela thrust belt, PP: Paraguaná Peninsula, UT: Urumaco
through, WCB = Western Curacao Basin.

Bathymetric, gravity, and magnetic anomaly maps of western Venezuela show that
the east-west basement, gravity high of the Cretaceous Great Arc of the Caribbean in the
Leeward Antilles islands is crosscut by an en echelon series of dextrally-sheared rift basins
that extend as far west as the Urumaco trough or rift basin adjacent to the Perla discovery
in the GOV (Figure 3.1) These rift basins form deep, bathymetric channels separating the
larger islands of the Leeward Antilles and are apparent as northwest-trending, elongate
gravity lows on the gravity map in Figure 3.1 (Audemard, 1999; Escalona and Mann,
2011). These northwest-striking, dextral-oblique fault families have been described
offshore Guajira (Benkovics, and Asensio, 2015), Urumaco Trough (Audemard, 1999),
LVB (this chapter), and FB (Audemard, 2001) and the Leeward Antilles islands (Escalona
and Mann, 2011; Hippolyte and Mann, 2011) (Figure 3.2). Shallow earthquakes are also
associated with the prominent set of northwest-striking, right-lateral-normal faults located
between the South Caribbean deformed belt and the Oca-San Sebastián-El Pilar fault rightlateral fault system (Figure 3.2). These northwest faults are the main fault family deforming
the Urumaco trough near the Perla gas discovery and the LVB that is the main topic of this
chapter. Thrust faults corresponding to the La Vela thrust belt are located offshore eastern
Falcón near the eastern limit of the seismic survey used for this study (Gorney et al., 2007;
Porras, 2000). Fault motions can be corroborated with the focal mechanisms shown in
Figure 3.2.
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3.4 GEOLOGIC SETTING AND PETROLEUM GEOLOGY OF LA VELA BASIN AND
OTHER HYDROCARBON BASINS OF NORTHWESTERN VENEZUELA
3. 4. 1 La Vela Basin and its producing hydrocarbon fields
3.4.1.1 Geologic setting
LVB is an offshore basin located north of the east‐west‐trending onshore FB of
northwestern Venezuela (Villanueva, 2016) (Figure 3.1). The LVB underlies a broad,
gently-sloping shelf area along the Venezuelan Caribbean coast with an average water
depth of 18-32 m (60-106 ft.). Macellari (1995), Gorney et al. (2007), and Baquero et al.
(2009) have previously shown that the LVB forms the much less, structurally-deformed
flank of the inverted and more folded and thrusted FB that forms a highlands and clastic
source area to the south of the LVB (Villanueva, et al., 2016) (Figure 3.1). The top
basement surface and overlying strata of the LVB in the 3D seismic volume displays a
regional tilt to the south and southeast, where deposition of more than 4500 m of Cenozoic
clastic and carbonate rocks were controlled by displacements on eastward‐dipping growth
faults (Macellari, 1995; Audemard, 2001) The Los Médanos fault, a northwest-striking,
inferred oblique-slip fault forms the western limit of LVB (Macellari, 1995). Thrust faults
and folds are present in the deepwater area of the Bonaire Basin northeast of the LVB and
it is not clear if these are gravity-driven structures or are thick-skinned, structures related
to crustal shortening in this area (Gorney et al., 2007).
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3.4.1.2 Petroleum geology of the La Vela Basin
Corporacion Venezolana del Petróleo (CVP) began an exploration campaign in
offshore LVB in 1970. The company acquired 4000 km of seismic lines and drilled 26
wells that resulted in the discovery of an additional 200 million barrels of oil in place
(Phillips Petroleum International, 2000). The discovery of this commercial amount of
hydrocarbons in the LVB was only the second discovery made in offshore areas of
Venezuela since the discovery of fields in the Venezuelan part of the Gulf of Paria in 1958.
The 1970 LVB discovery led to improved subsurface mapping and a better understanding
of the hydrocarbon habitat of the LVB and its relationship to the adjacent, exposed FB
(Boesi and Goddard, 1991; Villanueva, 2016).
Reports from Girón et al., (2009) affirmed that LVB is geologically complex with
low volumes of HC in place, mainly due to low basement porosities and abrupt lateral
facies and thicknesses changes in the formations containing the main stratigraphic traps.
Reserve studies from Girón et al., 2009, estimate a volume of Original Oil in Place (OOIP)
of 47.1 million barrels (MMBLS), and a volume of Original Gas in Place (OGIP) of 169.6
million of normal cubic feet (MMNCF).
3.4.2 Gulf of Venezuela and its 2009 Perla giant gas discovery
The Gulf of Venezuela (GOV) forms a protected, marine embayment shared
between Colombia and Venezuela and covers an area of 20,000 km2 with water depths
ranging from 15-60 m, or 50-200 ft. (Castillo, et al., 2017). While the GOV is adjacent to
the Maracaibo supergiant petroleum basin to the south (Mann et al., 2006), its underlying
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basin of late Cretaceous to recent age remained a hydrocarbon‐poor basin until the 2009
discovery of the Perla gas field in a shallowly buried, late Oligocene (Chattian) to early
Miocene (Aquitanian) age carbonate succession (Pinto et al. 2011; Castillo et al., 2017).
According to Tardáguila (2013), episodes of transgression and marine shale deposition
followed by regression episodes allowed the carbonates of this age range of the GOV to be
discontinuous.
Early studies by Coronel (1967) shows that the structural history of the GOV differs
from that of the Maracaibo Basin to the south with a relatively stable, western block near
Colombia and an eastern, more rapidly subsiding area with thicker Tertiary clastic
sedimentary fill (Urumaco Trough) (Figure 3.1). The present-day configuration of the basin
is classified as the Dabajuro platform, the relatively stable area to the west, and the
Urumaco Trough, or major depocenter to the east (Castillo et al., 2017). The structural
evolution of the GOV was diachronous from west to east during the Paleogene as a
consequence of the time-transgressive collision of the collision between the GAC and the
South American continent, and from south to north after the Paleogene collision had ended
(Castillo et al., 2017).
3.4.2.1 Petroleum geology of the Gulf of Venezuela
Perla Field is a massive 17 TCF gas accumulation found in a carbonate combination
structural/stratigraphic trap in offshore GOV 30 km west to the Paraguaná Peninsula
(Castillo et al., 2017). Geochemical studies indicate that hydrocarbons are thermogenic in
origin (Pinto, et al., 2011; Borromeo, et al., 2011; Fioretta et al., 2011; Castillo et al., 2017).
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3.4.3 Onshore Falcón Basin and its producing hydrocarbon fields
The FB is an ENE‐WSW inverted rift basin with an exposed core of older
Oligocene strata and alkaline basaltic intrusions of Oligocene–Miocene age that are
overlain to the north by progressively younger Cenozoic strata (Macellari, 1995; Baquero
et al., 2009; Albert-Villanueva, et al., 2017). According to Wheeler (1963), the Oligocene
to Oligo‐Miocene rocks in the basin were deposited during a marine transgression with the
deepest part of the basin now in the most topographically uplifted and inverted central part
of the basin. The total thickness of the exposed section reaches more than 2 km in some
areas. Gas and oil shows have mainly been found around the less deformed periphery of
the basin presumably because hydrocarbons haven lost in the deeply exhumed, central part
of the basin. Audemard (2000) reported that Falcón inversion started 17 Ma ago and
continues to the present-day and that the stresses tensors in Falcón from earthquakes and
fault striation studies indicate maximum horizontal stress in the NNW-SSE to N-S and
minimum horizontal stress in the ENE-WSW direction. Previous studies by Macellari
(1995) show that LVB and FB exhibit a similar stratigraphy of Eocene to Miocene
stratigraphic units.
Cumarebo oil field is located in the onshore and northern part of the FB adjacent to
the offshore LVB (Figure 3.1). The discovery well drilled in 1921 near a natural oil seep.
This well initially produced 300 Bbl/D (49° API) on a sandstone from the Caujarao
Formation. The trap is an anticline bounded by thrust faults striking to the northeast. From
1931 to 1969, the well produced 57.4 MMBLS (Macellari, 1995). Cumarebo field is a more
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mature field than LVB, with type III kerogen, of marine organic matter in reducing
conditions (Girón et al., 2009).
Mene de Acosta field is an offshore field of the eastern FB located 150 km southeast
of the city of Coro in the Golfo Triste. The field had a cumulative production during the
1930’s of 759,070 Bbl., between 31° and 45°API (Macellari, 1995) (Figure 3.1).
The Tiguaje field is located along the northern edge of the FB (Figure 3.1). Nearby
fields include the Hombre Pintado and Mene de Mauroa fields. The southern edge of the
field is bounded by a mountainous area with elevations up to 790 m (2600 ft.). Estimated
recovery of the Tiguaje field is 10.18 MMBLS of oil (Molina, 1993).
3.4.4 Contrasts between the petroleum geology of the Falcón and Maracaibo basins
Hydrocarbon accumulation volumes vary significantly between Maracaibo Basin
to the southwest and the study areas of the FB, GOV, and EVB. Gorney et al. (2007)
explained these fundamental differences in hydrocarbon volumes in terms of their differing
basement provinces and the richness of source rocks overlying the different basement
types: LVB, and the eastern part of the GOV and FB correspond to the same Cretaceous
metamorphic basement province with a thin or absent sediment cover in contrast to
Maracaibo which is classified as a Paleozoic basement province with a thicker, overlying
sedimentary section with abundant source and reservoir rocks. Baquero et al. (2009, and
2013) has shown from radiometric dating of Precambrian to Paleozoic basement samples
that the area of Cretaceous basement indicated by Gorney et al. (2007) is much smaller
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than they proposed with only the northernmost part of the Paraguaná Peninsula thought to
be underlain by the Cretaceous metamorphic basement of the GAC.
In Chapter 2 of this dissertation I compare petroleum exploration in the FB, GOV,
LVB, and the Leeward Antilles with respect to my revised location for the GAC-South
America suture zone. According to my results in Chapter 2, the Perla giant field, would be
located in an arc crustal province which would be predicted by Gorney et al. (2007) to have
little hydrocarbon potential (Figure 3.1).
3.5.

DESCRIPTION

OF

CRYSTALLINE

BASEMENT

AND

OVERLYING

SEDIMENTARY SUCCESSION OF THE LA VELA BASIN
The sedimentary succession of the LVB overlies three, basement blocks which have
been dates from well cores from the LVB as Neo-Proterozoic, Guadalupian, and
Cenomanian (Baquero, 2015; Baquero et al., 2009, 2015, and 2017). Basement and the
overlying stratigraphic units are described below and summarized as a stratigraphic column
on Figure 3.3.
3.5.1 Crystalline basement underlying the La Vela Basin
The LVB crystalline basement is a fractured, igneous-metamorphic rock of mainly
Precambrian age. Lithologies known from cores vary from chloritic gneiss of meta-igneous
origin to quartzites and marbles (Giron et al. 2009). Reservoir properties vary depending
on the degree of fracturing and porosities and are related to local weathering. Core studies
also reveal inconsistent and sporadic areas of basement weathering (Girón et al., 2009).
Many fractures are cemented, impermeable, or closed. Open fractures are present but rare

56

QUATERNARY Plio-Pleistocene

Formation

(Ma)

Epoch

Age

Period

Petroleum
System

Lithology Thickness
(m)/(ft)

HC

(107-915)/
(350-3000)

2.6

Pliocene
La Vela

(250-1160)/
(820-3800)

Caujarao

(107-366)/
(350-1200)

S

Socorro

(762-1737)/
(2500-5700)

R

Miocene

NEOGENE

Upper

5.3

Gas/oil

23.0

CRETACEOUS

Cenomanian

PERMIAN

Guadalupian

Santiago Mbr.

Cauderalito
Mbr.

S

(0.3-122)/
(1-400)

R

Castillo unit
Castillo

Oligocene

PALEOGENE

Lower

Agua Clara

S

(265-670)/
(870-2200)

Guarabal unit
Red Beds unit
Basal Conglomerate

(457-1524)/
(1500-5000)

S

R

Type III
kerogen
Oil, minor
gas (~30°API)
Type III
Type I
kerogen
Oil/gas

33.9
93.9
89.0
260
262.4

Basement

R

Oil/gas

541

PROTEROZOIC Neo-Proterozoic

996.9

KEY
Lithology

Petroleum System

Sandstone

S

Seal

Conglomeratic sandstone

R

Reservoir

Shale

S

Source

U-Pb zircon geochronology
Tectonic contact

Limestone

Meta-igneous rock
Medium-to high-grade metamorphic rock

Figure 3.3 Lithostratigraphic column of La Vela Basin modified from Girón et al. (2009)
summarizing the ages of the main rock units including the sutured, basement blocks of
various pre-Oligocene ages that underlie the Oligocene‐Quaternary sedimentary section
of La Vela Basin. A generalized, lithologic column is shown with reported, formation
thicknesses along with the petroleum system elements, kerogen types, and oil or gas types
(Girón et al., 2009). Dating of basement rocks is based on U/Pb analyses on zircon from
basement samples dated in wells is compiled from Baquero et al. (2009, 2013, and 2017).
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and lack any recognizable pattern (Phillips Petroleum International, 2000). Meteorization
of fractures is also observed (Girón et al., 2009).
3.5.2 Castillo Formation/clastic wedge (Oligocene)
This Oligocene unit present in some areas as a 200 m-thick, clastic wedge overlying
the top of the basement. This clastic wedge is commonly not observed on structural highs
because of erosion or non‐deposition but thickens towards the flanks and deeper parts of
the LVB (Phillips Petroleum International, 2000). The lithology of the clastic wedge
consists of sandstone and poorly consolidated conglomerate, red beds, and shale units.
Castillo Formation was deposited in a semi-circular area. According to the III Venezuelan
Stratigraphic Lexicon (1998), an angular unconformity separates the Castillo from its
overlying Agua Clara Formation. This unconformity is reported to be diachronous in age
towards the south margin of the LVB with the unconformity becoming progressively
younger with the erosion of the Agua Clara Formation (Girón et al., 2009).
3.5.3 Agua Clara Formation (Early Miocene)
This unit is composed of two members; a lower carbonate of the Cauderalito
Member and massive, overlying shales of the Santiago Formation (Figure 3.3).
3.5.3.1 Cauderalito Member (Lower Miocene)
This unit is a limestone with sandy and shaly interbedded facies and represents the
lower member of a limestone‐shale unit (Agua Clara Formation). Thicknesses ranges from
0‐122 m (1–400 ft.). In wells 23MIRANDA2X and 23MIRANDA24X there is evidence of
porosity increase due to karstification (Phillips Petroleum International, 2000). The
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Cauderalito Member lies discordantly on top of three different rock types: coastal
sandstones of Oligocene age (Castillo Formation), red beds of Oligocene age (Castillo
Formation), or crystalline basement of Precambrian age. In structural lows the limestone is
thinner, with thicker shale intercalations, while on structural highs limestones are more
massive but thinner. Porosity is controlled by local relief and ranges from 3-15% (effective
porosity).
3.5.3.2 Santiago Member (Lower Miocene)
This unit overlies the Cauderalito Member and consists of marine shale that acts as
a regional seal for all known reservoirs in the Cauderalito Member, the clastic wedge unit,
and basement. Thicknesses range from 265‐670 m (870‐2200 ft.). This unit is considered
as a secondary hydrocarbon source rock in the deeper basin areas (Phillips Petroleum
International, 2000).
3.5.4 Socorro Formation (Middle Miocene)
This unit overlies the Agua Clara Formation sandstone and interbedded deltaic
shale. The top of the formation locally consists of carbonate facies. Sandstone units thin to
the north and northeast with reservoirs within the section showing promising stratigraphic
traps (Phillips Petroleum International, 2000).
3.6 MAIN ELEMENTS OF THE PETROLEUM SYSTEM IN LA VELA BASIN
Source rocks in LVB are the Oligocene shales from the Guarabal unit of the Castillo
Formation (Girón et al., 2009) (Figure 3.3). The Agua Clara and Socorro formations are a
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potential secondary source rocks for hydrocarbons in the deeper areas of the basin (Boesi,
1985). Gas from these source rocks have a thermogenic origin (Boesi, 1985).
Reservoir rocks in LVB include: 1) fractured igneous-metamorphic basement; 2)
the Oligocene basal conglomerate unit of the Castillo Formation; 3) limestone of the Lower
Miocene Cauderalito Member of the Agua Clara Formation; and 4) sandstone units of the
Socorro Formation of Late Miocene age. The Cauderalito and the basement reservoirs are
considered by Giron et al. (2009) to have the best prospectivity. In LVB the reservoirs
produce oil, gas or a combination of both.
In LVB the shales of Agua Clara Formation (which is also a source rock) act as a
regional seal for the underlying reservoirs. The main, hydrocarbon traps in the LVB are a
combination of structural and stratigraphic traps that include anticlinal closures, faulting in
the Cauderalito Member, fractured basement horst blocks, and stratigraphic pinchouts to
the north (Girón et al., 2009).
3.7 SOURCE ROCK DISTRIBUTION AND TIMING OF HYDROCARBON
GENERATION IN THE LA VELA BASIN
Late Oligocene-Early Miocene source rocks of the Guarabal and Agua Clara
formations are widespread across the LVB (Figure 3.4). During this period, the marine
Falconian Channel developed as a result of right-lateral movement along right-lateral,
strike-slip faults such as the Oca-Ancón fault (Gonzalez de Juana at al., 1980; Macellari,
1995) (Chapter 2, this dissertation).
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According to Hawkins (1983), shaley source rocks of the Oligocene Guarabal
Formation both onshore in the FB and offshore in the LVB reached maturity during the
Middle-Late Miocene. Hydrocarbons migrated from the basin centers towards the basin
flanks and were subsequently trapped in the sandstone and limestone of San Luis and
Churuguara formations (Macellari, 1995). Source rocks of the Agua Clara Formation have
been correlated by Del Ollo et al., (1994) to the Cumarebo field of the onshore FB (Figure
3.1).
Findlay (1985) reported oil-generating, source intervals within the Guarabal and
Agua Clara formations, with a poor generation potential for the high TOC Agua Clara
Formation because of its over-maturity. Cabrera (1985) proposed that structural traps
originated in the Pliocene with a mismatch between generation and trap formation, causing
the FB to be poor in hydrocarbons. An initial phase of generation in the Lower Miocene
lacked trapping mechanisms, and was followed by a subsequent phase of late Miocene
trapping 11 million years ago.
3.8 DATA SET AND METHODS USED FOR STUDY OF THE LA VELA BASIN
In this study, I used a 3D seismic reflection survey that covers an area of 1100 km2
(425 mi2) and that encompasses most of the offshore LVB (Figure 3.1). The post-stack,
time-migrated 3D seismic survey was acquired by PDVSA during 1998–1999 and was
reprocessed post-2000.
The scale in the seismic cross sections shows a downward increase in acoustic
impedance as hard and a downward decrease in acoustic impedance as low. The surveys

62

have a record length of 6000 milliseconds two-way travel time (ms TWT), but the data is
displayed to 4000 milliseconds on all seismic sections, with the exception of the section
shown in Figure 3.15. Both north-south-trending crosslines and east–west-trending inlines
are spaced at 25 m (82 ft.).
Based on a dominant seismic frequency of 14.6 Hz and an interval velocity of 2500
m/s (8202 ft/s); obtained from check-shot data in boreholes, I calculated that the vertical
resolution within the Cauderalito Member is approximately 42.6 m (140 ft.) A timemigrated 2-D seismic survey was used to provide a regional framework for the analysis
presented in this chapter (Figure 3.7). During the processing of 2D lines, the record quality
varied from fair to poor.
I integrated my seismic reflection data with data from wells in the area using the
original well reports and lithological descriptions that accompanied the dataset (Figure
3.4). There were 21 wells within the limits of the 3D seismic data survey area, 7 of which
were selected to perform seismic-well ties based on the availability of the conventional
wire-line-log suites (e.g., gamma-ray, resistivity, neutron, density, and sonic logs). One of
the limitations of the data is a high level of uncertainty considering a reservoir target such
as Cauderalito Member, whose average thickness in the area is 50 m, close to the vertical
seismic resolution.
3.9 DATA CALIBRATION IN THE LA VELA BASIN
For seven selected wells inside the 3D seismic survey area, a time‐depth function
was computed to build a velocity model for the area that incorporated the depths of
formational tops from the available wells. The computed 1D velocity functions from seven
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wells allowed the creation of a simplified 3D velocity model along a northwest-southeastoriented transect (Figure 3.5A). The simplified, velocity model used four interpreted
surfaces from the 3D seismic area that included the tops of the Agua Clara Formation, the
Cauderalito Member, the clastic wedge (or Castillo Formation -where it was identified),
and the top basement. These surfaces allowed a lateral extrapolation of the 1D velocity
functions. The 3D velocity model with wells ties and horizons was then used to convert all
the time‐interpreted seismic data to depth. Figure 3.5B integrates the velocity information
with the lithostratigraphy and petroleum system information from figures 3.3 and 3.4 and
showing the seismic expression of those individual lithologic units along an arbitrary
seismic line in the northwest-southeast direction.
3.10 SUBSURFACE INTERPRETATION OF LA VELA BASIN
Figure 3.6 illustrates the representative faulting styles and families interpreted
using both time slice and 2D seismic sections. The locations of the selected seismic sections
are shown in Figure 3.6A. In the time slice view of Figure 3.6B the main strike-directions
of faulting are observed with a predominance of northwest-southeast-striking faults,
followed by north-south, northeast-southwest, and east-west-striking faults.
Fault interpretation in the 3D seismic volume in LVB and the use of seismic
attributes allow us to identify en echelon normal faults with a NW-SE strike direction
supportive of right-lateral-oblique shear as proposed by Audemard (2001) based on outcrop
studies in the FB and seen on earthquake focal mechanisms compiled on Figure 3.2.
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Similarly, there are has been proposed, east-west-trending, right-lateral, strike-slip
fault movements by Benkovics and Asensio (2015) in the neighboring GOV Basin and
Paraguaná Peninsula based on the same indicators of en echelon normal faults along rightlateral faults that I observe in the LVB. The two east-west normal fault with oblique
movement, located to the north (Adícora-Pueblo Nuevo fault) and south of the seismic
volume, define the boundaries of LVB.
Figure 3.5 introduces the main sedimentary packages on a 2D regional profile that
will be used for the interpretation in LVB that include the basement blocks and the
overlying Oligocene, Early Miocene, Late Miocene and Plio-Pleistocene successions.
More importantly, Figure 3.6 shows faults that penetrate the Oligocene-basement
succession and include planar, dip-slip faults dipping in different directions and forming
horsts and grabens.
The right-lateral Adícora fault forms the crustal boundary along the northern edge
of the LVB that separates Permian basement to the south from Caribbean crust to the north.
This fault has an oblique, right-lateral component (Gorney et al., 2007) similar to faults
striking parallel to it that are located on the west side of the Paraguaná Peninsula
(Benkovics and Asensio, 2015) and in outcrops mapped on the Paraguaná Peninsula itself
(Audemard, 2001). An E-W normal fault with similar characteristics marks the southern
boundary of LVB, and both sets of faults show fault planes either breaking the seafloor or
are shallowly buried by young, seafloor sediments.
In order to understand the regional framework of LVB, I show an east-west seismic
transect that crosses Paraguaná Peninsula, the LVB, and the eastern FB (Figure 3.7). The
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interpreted seismic line shows a shallow basement that deepens towards the east, and a
sedimentary succession that increases its thickness eastwards, along synsedimentary,
bounding oblique-slip normal faults with a northwesterly strikes. In addition to the faulting
styles described in Figure 3.7, I recognize inverted, normal listric faults in the Miocene
succession (Figure 3.7B) as well as additional evidence for deformation associated with
normal fault inversion in the eastern FB (Villanueva, 2016) (Figure 3.7B).
3.11 PRECAMBRIAN-MESOZOIC BASEMENT AGES AND CRUSTAL TYPES
UNDERLYING LA VELA BASIN
Several U-Pb zircon geochronologic studies were performed on basement cores
from the LVB, Paraguaná Peninsula and GOV by Baquero (2015) and Baquero et al. (2009,
2013, and 2017). These U-Pb zircon ages were integrated with other studies in basement
samples and the available seismic data to provide a regional geologic interpretation (Figure
3.8).
Grande (2012) classified basement rocks from 12 wells located in LVB as metaigneous or meta-sedimentary. Wells with basement cores were located within the
boundaries of the 3D survey area. After an initial inspection of the seismic character related
to the classification from Grande (2012), I observe a highly deformed meta-sedimentary
basement compared to the meta-igneous basement.
The meta-igneous and meta-sedimentary classification of well basement well cores
from the LVB from Grande (2012) was extrapolated across the entire 3D seismic data
survey area based on the 3D seismic character and other, available well information (Figure

68

A.
A. 0

14 Km

Paraguaná Peninsula

TWT (seconds)

2

3

Hard

B.
B.

5

1

1

0

4

Line 1

Soft

Paraguaná Peninsula

0

Soft

0

10 Km

4

Line 2

TWT (seconds)
Hard

Soft

5

2

0

Line 1

SE

Near-coastal Falcón Basin

water-botto
m mu

ltiple

2

3

10 Km

4

10 km

Line33

1

3
0

Soft

0

1

3

Hard

5

28 km

La Vela Basin

0

2

4

Hard

5

14 km

W

2

3

10 km

1

TWT (seconds)

0

3
0

4

0

2

SE

Near-coastal Falcón Basin

TW T (seconds)

TWT (seconds)

1

28 Km

La Vela Basin

TWT (seconds)

W

Hard

5

Soft

10 Km

Line 2

0

4

Hard

Soft

5

10 km

Line 3

KEY

C.

C.

70°W

±

Aruba

Plio-Pleistocene

Oligocene

Late Miocene

Figure 3.7 A.
Allochthonous basement (Neoproterozoic)

Early Miocene

(Neoproterozoic)

Curacao

12°N

Lap-terminations

Perla Field

La Vela Basin
Normal fault

Gulf of
Venezuela

Line 1

Line 2

Reverse fault

Line 3
Normal inverted fault

0

50

100 Km
Oblique-slip normal fault

69

Uninterpreted, regional seismic transect extending from Paraguaná Peninsula in the west (line 1) through the southern La Vela Basin (line 2) to the near coastal
Falcón Basin in the southeast (line 3). B. Interpreted regional seismic transect showing a
shallower basement and thinner sedimentary succession along line 1 in the west (onshore
Paraguaná Peninsula) that deepens as a result of crossing down-to-the-east, oblique-slip
normal faults along lines 2 and 3 to the east. The Miocene increases in thickness from
west to east and reaches its thickest point about 15 km from the western end of Line 3.
The largest displacement, oblique-slip fault shows its main period of activity in the early
to late Miocene. C. Basemap of the La Vela Basin area showing the location of the three
individual lines making up the east-west, regional seismic transect.

3.8A). The LVB basement map was also correlated with the basement surface geology of
the adjacent Paraguaná Península using the geologic domains identified by Baquero et al.
(2009).
From south to north in the LVB, I define three geologic, basement domains: 1) a
Neoproterozoic allochthonous basement, associated with the Putumayo domain 2) a
Permian allochthonous basement associated with the Ouachita-Alleghenian domain, and
3) Caribbean large igneous province (CLIP) basement associated with the northernmost
Caribbean domain (Chapter 2, this dissertation) (Figure 3.8).
Figure 3.8B shows an interpreted, arbitrary line through the wells studied by
Grande (2012), with the interpreted basement types and the inferred faults that separate the
different basement types. Note that some basement types are repeated because of the zigzag
orientation of the arbitrary line as shown on the location map in Figure 3.8A.
The structure of the basement underlying the LVB is apparent from the structural
map in depth on Figure 3.9A and on the interpreted seismic lines shown in Figure 3.9B-E.
The seismic character of the top of the basement is marked as a positive reflection
coefficient. The structural map of the basement shows a northwest-southeast-trending
monoclinal axis with bounding northwest-southeast, oblique-slip normal faults.
Depocenters are located along the flanks of the monocline are up to 4270 m (14000 ft.) in
thickness and are also found along the uplifted footwall block of the Adícora strike-slip
fault.
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The north-south-oriented seismic line of Figure 3.9B shows three basement types
which are older to younger in the south-to-north direction: Neoproterozoic, Permian, and
Cretaceous Caribbean large igneous basements that was accreted during the collision
between the Great Arc of the Caribbean and the Precambrian margin of South America.
The east-west-trending interpreted lines of Figure 3.8C-E, show the basement
configuration and overlying sedimentary succession that becomes more deformed towards
the east and becomes thicker to the east due to the deformation of oblique-slip growth faults
(Macellari, 1995).
3.12. STRUCTURAL AND STRATIGRAPHIC FRAMEWORK OF THE LA VELA
BASIN
The present-day structural and stratigraphic framework in the area is shown by
structural (Figure 3.10) and thickness (Figure 3.11) maps based on the interpretation of the
3D seismic volume.
3.12.1 Oligocene sequence
The seismic character of the top of the sequence is marked as a negative reflection
coefficient. The structural map shows that the wedge increases in depth towards the south
and forms an elongated body. The clastic wedge can be identified in six of the seven wells
used for the seismic-well ties, with two producing wells targeting the wedge in the southern
area. The clastic wedge ends unconformably against the basement at the flanks of the
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basement structure. (Figure 3.10E). The main fault family deforming the wedge are NWSE striking, oblique-slip, normal faults. The thickness map shows that the main depocenter
is located toward the south-southeast edge of the study area (Figure 3.11E).
3.12.2 Cauderalito Member
The seismic character of the top of the sequence is marked as a positive reflection
coefficient. The structural map shows a similar structure to the basement, with greater
basement depths towards the south, and parallel to the upthrown footwall of the Adícora
right-lateral oblique-slip fault along the northern edge of the LVB. The Cauderalito
Member can be identified in all the wells used for the seismic-well ties (Girón et al., 2009)
(Figure 3.10D).
The main fault families involved in the deformation of the Cauderalito Member are
oblique-slip northwest and east-west-striking and north-south faults. The thickness map of
the LVB shows that the main depocenter is located toward the south of the 3D area (Figure
3.11D). Difficulties in detecting and resolving the carbonate unit, prevents the location and
mapping of the carbonate facies associated with hydrocarbon accumulations.
3.12.3 Lower Miocene sequence
The seismic character of the top of the sequence is marked as a negative reflection
coefficient. The structural map shows less abrupt contours with slightly greater depths
towards the south. The Agua Clara Formation is a thicker unit that can be identified in all
the wells used for the seismic-well ties (Figure 3.10C). The main faults strike northwest,
north and east. The thickness map shows that the main depocenter is located toward the
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south, and to the north at the footwall of the Adícora oblique-slip fault bounding the
northern edge of the basin (Figure 3.11C).
3.12.4 Upper Miocene sequence
The seismic character of the top of the sequence is marked as a positive reflection
coefficient. The structural map shows a smoother transition from shallow basement to the
southwest and deeper basement to the north. The Upper Miocene sequence can be
identified in all the wells used for the seismic-well ties (Figure 3.10B). The main faults
northeast, north and east. The thickness map shows that the main depocenter is located
toward the south (Figure 3.11B).
3.12.5 Plio-Pleistocene sequence
The seismic character of the top of the sequence is marked as a positive reflection
coefficient. The structural map shows a smoother transition from shallow basement in the
southwest to deeper basement in the northeast. The Plio-Pleistocene sequence can be
identified in all the wells used for the seismic-well ties (Figure 3.10A). The thickness map
shows that the main depocenter is located toward the northeast (Figure 3.11A).
3. 13. EVALUATING PREVIOUS, DEFORMATIONAL MODELS FOR THE LA VELA
BASIN AND GULF OF VENEZUELA
There are two previous and competing tectonic models to explain the
tectonostratigraphic evolution of the LVB, FB, and neighboring basins as well as the origin
of the prominent set of northwest-trending, oblique-slip faults present in the region (Figure
3.1).
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1) Pull-apart basin model (Muessig, 1978 and 1984; Boesi and Goddard, 1991;
and Macellari, 1995) all propose that - during the later stages of the Late CretaceousEocene collisional event - east-west-striking, right-lateral, strike-slip faults formed to the
north along the South Caribbean deformed belt and to the south along the Oca-Ancón
strike-slip fault to form a large pull-apart basin with extension in the northeast-southwest
direction. A later stage during the Late Miocene – present deformed the pull-apart by
folding and thrusting.
2) Back-arc basin model. Regional gravity maps show that the Bonaire-FB is the
western extension of an elongate, gravity low that can be traced as a continuous feature
from the Grenada back-arc Basin in the Lesser Antilles through the Bonaire Basin in the
area between the north coast of Venezuela and the Leeward Antilles (Figure 3.1) (Chapter
2, this dissertation).
Structural data from my area is largely based on the deformation of Miocene rocks
that post-dates the opening of the Bonaire-FB as either a pull-apart basin or backarc basin
in either the Paleogene or Oligocene. The Miocene to recent faulting observed across my
3D seismic volume as summarized on Figure 3.12B can be explained by the schematic,
structural diagram shown in Figure 3.12C.
Shallow subduction of the Caribbean plate along the South Caribbean deformed
belt marked by a belt of intermediate depth earthquakes (Figure 3.2) has been invoked by
previous authors to explain the radiating pattern of compressive stresses observed over
northwestern South America which in the area of the LVB trend northwest-southeast
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Figure 3.12 A. Map of active faults in western Venezuela from Audemard (2000). B. Zoom of the boxed area in A showing
active faults from the -1500 ms. time slice from the La Vela 3D seismic volume (this dissertation), a variance cube extraction
of Plio-Pleistocene sands showing a right-lateral strike-slip fault and associated en-echelon faults, and right-lateral displacement of faults located in the northern portion of Paraguaná Peninsula (from Benkovics and Asensio, 2015). C. Structural
model for accommodating oblique compression across the plate boundary by partitioning into panels of EW strike-slip faults
separated by panels of NW-SW, right-lateral, oblique-slip, normal faults.

(Audemard, 2001; Colmenares and Zoback, 2003). In the proposed model this oblique
direction of shortening is partitioned into east-west, right-lateral strike-slip faults like the
Adícora, unnamed faults in the northern GOV (Benkovics and Asensio, 2015) and OcaSan Sebastián-El Pilar faults and the northwest-southeast, right-lateral, oblique slip faults
associated with en echelon, normal faults. These northwest faults post-date the formation
of the Bonaire-Falcón rift and are not necessarily reflective of its tectonic origin as
proposed in the pull-apart model. These northwest faults - which appear seismogenic
(Figure 3.2) - are also not clearly related to the pull-apart model but are related to the overall
closure and inversion of the east-west Falcón rift south of the LVB (Figure 3.2).
3.14 REGIONAL CORRELATION OF CARBONATE RESERVOIR ROCKS OF THE
LA VELA, FALCÓN, AND GULF OF VENEZUELA BASINS
In this section, I correlate the carbonate units using stratigraphic cross sections,
seismic sections, and paleogeographic maps. Schematic stratigraphic cross-section across
LVB and the GOV are shown in figures 3.13B and 3.14B. Stratigraphic cross-sections use
a datum (or a reference horizontal plane) with no original depositional slope to assess the
thickness variations of the units directly above or below it, since they can be interpreted
from the cross section (Slatt et al., 1993). In the case of the target Cauderalito Member, for
figures 3.13 and 3.14, I selected the top basement as a datum since my goal is to show the
thickness variations of the carbonate unit that overlies the top of basement.
In the cross-section located in the LVB (Figure 3.13A), the Cauderalito Member
ranges from 33-144 m (109-472 ft.) with its greater thickness in well 23MIR4X located in
the southwest portion of LVB. The Castillo Formation (clastic wedge unit) is present in
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the wells located towards the south, and well 23MIR17X, in the center of the 3D survey
area.
The cross section from Figure 3.14A shows a northeast-southwest, cross-section
that originates in Perla Field in the GOV. The carbonate host of the hydrocarbon
accumulations in the area thins in the northeast direction from 255 m (835 ft.) in well
PERLA3X to zero in the CHUCHUBI1 well. The carbonate unit of PERLA3X lies directly
on top of the basement, while the Castillo Formation (clastic wedge unit) is present in the
neighboring PERLA1X well.
A seismic-based view of the basement and sedimentary succession in GOV, and
LVB, in a northeast-southwest direction is shown in figures 3.15A and 3.15B, respectively.
In Figure 3.15A, the GOV line is interpreted from Castillo at al. (2017) and Malavé and
Contreras (2013) to show the Dabajuro Platform and Urumaco trough, as well as an area
to the northeast that is structurally similar to the LVB as seen on the seismic line shown in
Figure 3.13B. The basement types across the southwest to northeast seismic line in GOV
include: 1) autochthonous Jurassic basement; 2) allochtonous Neoproterozoic basement,
and; 3) allochtonous Permian basement. These two allochtonous basements are also
observed in LVB as discussed in section 3.11. The basement of figure 3.15B also shows
the Caribbean type of Cretaceous basement that is not seen on the line in Figure 3.15A.
Faulting styles are similar on the lines of figures 3.15A and 3.15B with the main differences
being the thickness of the carbonate unit, the clastic wedge that is thicker in the GOV than
the LVB; and the presence of Eocene sediments preserved in the Urumaco Trough (Castillo
et al., 2017)
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3.14.1 Relationship of the carbonate of Cauderalito Member (La Vela Basin) with
carbonates in the Gulf of Venezuela and the Churuguara and San Luis formations in the
Falcón Basin
Figure 3.16 summarizes the main characteristics and appearance on a 2D seismic
section of the carbonate units of LVB (Cauderalito Member), GOV, and FB (San Luis and
Churuguara carbonate formations). From the four carbonate reservoirs present in these
different areas, only the carbonates of GOV are massive, while the other three are
composed of interbedded shale and sandstone units. Differences in thicknesses are also
large and range from the thicker, San Luis carbonate with a thickness greater than 800 m
(2625 ft.), to the thinner Churuguara Formation (30 m, or 98 ft.)
Another important difference between the GOV carbonate body and the other three,
carbonate localities is the type of organism forming the carbonate body. According to
Albert-Villanueva (2016), the oceans cooled during the Lower Oligocene to produce a
diversification of corals and red algae. During the Upper Oligocene, a warming period
occurred and reduced the number of coral populations with a large number of terminal
coral extinctions near the Oligocene-Miocene boundary. Because of these changes, larger
foraminifera (red algae) dominated the production of carbonate in tropical and sub-tropical
seas. During the Upper Miocene, Pleistocene corals colonized the shallow water zone and
became the main carbonate producer.
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Figure 3.16 A. Location map with the main Oligocene-Miocene carbonate reservoirs in
western Venezuela. B. Schematic section showing the geometry and configuration of the
carbonate reservoirs of western Venezuela: 1. Perla in the Gulf of Venezuela (Villanueva,
2016; and Castillo et al., 2017), 2. San Luis in the exposed, northern Falcón Basin
(Villanueva, 2016), 3. Churuguara in the onland Falcón Basin (Villanueva. 2016), and 4.
La Vela Basin (this chapter). C. Comparative table of the carbonates successions in La Vela
Basin, Gulf of Venezuela, and Falcón Basin modified from Villanueva (2016).
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Figure 3.17 shows paleogeographic maps for the periods of the Late Oligocene to
Early Miocene and the Middle to Late Miocene. According to Castillo et al. (2017), the
GOV during the first stage shown was a shallow marine setting with the carbonate reservoir
unit deposited on top of a basement high with the carbonate body assuming the shape of
an underlying, northwest-southeast-trending, faulted anticline. This unusual basement
structure is a critical control on the geometry and distribution of facies of the overlying,
carbonate reservoir that hosts the Perla gas discovery (Castillo et al., 2017).
During the Middle to Late Miocene (Figure 3.17B), the GOV water depth increased
and made it difficult for carbonates to develop, while in adjacent LVB, the carbonate facies
transitioned into deeper-water, massive shales. According to Girón et al., (2009), the
Cauderalito Member includes a distinctive clastic facies to the south, characterized by sand;
and a distinctive, limestone facies to the north associated with the inner platform and
characterized by packstone, interbedded with shales, and calcarenites containing
wackestone and mudstone texture. A third mixed clastic facies has moderate porosities and
was influenced by waves and continental rivers, and deltaic input.
3.15 DISCUSSION AND CONCLUSIONS
Figure 3.16C summarizes the key similarities and differences between the
carbonates of LVB (Cauderalito Member), and the carbonates in the FB and GOV. From
the table, the presence of corals and bryozoans as main carbonate forming organisms is a
key element that differentiates LVB from the rest of the studied areas where red algae and
big foraminifera prevail, suggesting that during the Early Miocene there were different,

87

A.

A.

72°W

71°W

69°W

70°W

±

Late Oligocene - Early Miocene

12°N

La Vela Basin

carbonate

Ur
h
ug
ro
oT
ac
um

Cauderalito Mbr.

Cumarebo

Ca
ri

bb

Dabajuro
Platform

ean

Sea

San Luis

Falconian Channel

11°N

Churuguara

Maracaibo

0

B.

B.

25

50
km

72°W

71°W

69°W

70°W

±

Middle-Late Miocene

12°N

La Vela Basin

carbonate

h
ug
ro
oT
ac

um

Ur
Cauderalito Mbr.

Cumarebo

Ca
ri

Dabajuro
Platform

bb

ean

Sea

San Luis

Falconian Channel

11°N

Churuguara

Maracaibo

0

25

50
km

KEY
Continental sandstone and shale

Outer shelf to deep-marine

Corals, bryozoa

Inner shelf clastic and carbonate

Eroded or non deposited

Red algae, foraminifera

Middle to outer shelf carbonate

Figure 3.17 A. Paleogeography of the Late Oligocene-Early Miocene modified from
Macellari (1995), and Castillo et al., (2017). According to their interpretations and the
result of this chapter, Perla carbonate were deposited in a middle to outer shelf carbonate
environment, while Cauderalito Member in La Vela Basin was deposited mostly in an
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carbonate deposition on the Paraguaná Peninsula, and in part of the Urumaco Trough, and
in middle to outer shelf carbonate towards Churuguara (Falcón) and Guajira (Colombia)
during the Oligocene-Early Miocene.
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environmental conditions that were controlling the deposition of these varying types of
carbonates.
During the Late Oligocene (Figure 3.17A), the southern portion of FB was uplifted
as the original rift basin was inverted by compression. The later development of the
Urumaco Trough and Falconian Channel (Figure 3.17A), allowed the development of
marginal marine sedimentation with terrigenous influences along the edges of the channel
in a stable but subsiding setting (Gonzalez de Juana, 1980). At the time, carbonates
developed in a saddle between basement highs similar to the one where Perla Field is
located (Pomar et al., 2015).
Perla carbonates developed in the deeper areas of the map in Figure 17A, during
the early Miocene, where red algae could thrive since red algae can flourish in
environments under poor to good light conditions and temperatures, and even with colder,
water temperatures (Pomar, 2015). Another contributing factor to the growth of Perla
carbonates is the continuous increase in the accommodation space related to the tectonic
subsidence of the Urumaco trough (Castillo et al., 2017).
In the case of La Vela, corals are constrained to warm and shallow (18-30 m) water
depths and for this reason could not flourish under conditions such as in the GOV (Pomar,
2015). In terms of nutrients, according to Hallock and Schlager (1986) corals are adapted
to the nutrient-deficient waters of tropical and subtropical shallow shelves and oceanic
islands. When the amount of nutrients in water increases, the water turns less transparent,
altering the coral community and causing lower rates of production and greater erosion
(Hallock and Schlager, 1986). According to Lukasik et al. (2000) red algae have lower
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maintenance requirements, making them more competitive in situations of changing
nutrient supply.
During the Middle Miocene (Figure 3.17B) the Falconian Channel disappeared due
to receding of the sea towards the north-northeast and contained more restricted marine
environments as also seen in the LVB.
Based on the available seismic and well data, carbonate in the Perla area whose
dominant facies is red algae are thicker than the ones in LVB. Favorable conditions for red
algae development are easier to achieve, than for reefal carbonate. Moreover, the
conditions that favored the development of Cauderalito Member were shorter lived as
compared to the carbonate of Perla, as both areas were controlled by Miocene local
tectonics.
In my study area, there is a clear difference between the carbonates that develop in
the LVB, Falcón onshore and GOV. Those differences seems to be driven by ecological,
and tectonic conditions. Based on this interpretation, the best way to extend this carbonate
play in the offshore nearby areas would be to reconstruct the basement structure at the
Early Miocene time and integrate it with existing paleogeographic maps to define the
potential areas that favored the development of the red algae ramps, which provide the best
reservoirs than the carbonate facies found in LVB (corals).
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CHAPTER
IV:
PROSPECTING
HYDROCARBON
RESERVOIRS IN THE OFFSHORE LA VELA BASIN,
VENEZUELA, USING SEISMIC ATTRIBUTE ANALYSIS
4.1 INTRODUCTION
4.1.1 La Vela Basin study area, western Venezuela
The offshore La Vela Basin (LVB) is a hydrocarbon-bearing Oligocene to recent shelf
and slope basin north of the onshore FB and east of the Paraguaná Peninsula in western
Venezuela (Figure 4.1). The LVB forms the less deformed, seaward and northern flank of
the inverted and more intensively folded-and-thrusted, onshore FB (Macellari, 1995;
Gorney et al., 2007; Baquero et al., 2009;Villanueva, 2016) (Chapter 3 of this dissertation)
(Figure 4.1).
LVB is an oil and gas-bearing basin with several oil and combined fields in the
vicinity of the 3D seismic volume used for this study (Figure 4.1). In the area underlying
LVB, the volume of light oil and wet/condensate gas is estimated by (Girón et al., 2009)
as 318.8 MMBBL of oil in place and 642.9 BCF of gas in place. Producing fields are
unevenly distributed across the basin without any discernable linear trends (Girón et al.,
2009).
La Vela field was initially explored and developed in the 1970’s and 1980’s using
2D reflection seismic data tied to limited well data (Girón, et al., 2009). La Vela field was
abandoned in the 1980’s because of difficulties with offshore operations and the lack of
understanding about the reservoirs and structural complexities that resulted in several dry
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wells in the area. The 3D seismic data used for this chapter was acquired by PDVSA in
1999-2000 and the LVB remains one of the least developed, carbonate reservoir areas of
offshore Venezuela.
In 2009, the 17 TCF Perla gas field was discovered in the Gulf of Venezuela (GOV)
in an Chattian-Aquitanian carbonate bank 100 km west of the LVB and is the largest gas
discovery in the last decade worldwide (Castillo et al., 2017). The La Perla field more
recent, east-west trend of offshore gas fields in carbonate reservoirs in Venezuela and
Colombia that overlie the basement rocks of the Great Arc of the Caribbean (Chapter 2 of
this dissertation). Following the discovery of the gas giant Perla field, there was a renewed
interest by the petroleum industry in LVB because of the strong stratigraphic similarities
between both the La Perla and LVB reservoirs with Oligocene to Miocene carbonate rocks
deposited either directly on top of Precambrian, Paleozoic or Mesozoic basement or above
a mounded, mixed clastic unit of Oligocene age (Castillo Formation) (Figure 4.2). In the
LVB, basement provides the second most important reservoir and produces from naturallyfractured rock areas (Girón et al., 2009).
4.1.2

Research problems addressed in this chapter

The variable thicknesses from 0 to 143 m (1 to 470 ft.) of the Early Miocene
Cauderalito Member., are well below or near the limit of vertical seismic resolution,
making this important reservoir of LVB difficult to image and map from the available 2D
and 3D seismic data. Many of the exploratory wells that targeted the carbonate were dry
holes explained as lateral and vertical facies variations, porosity variations, and the
structural variations related to faulting in the area. Petrophysical and core analyses have
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been performed in well logs and samples from LVB (Girón et al. 2009), however it has
been difficult to extrapolate the observations at well and core scale to the area, using
reflection seismic data. The main research problem of the LVB is to resolve and improve
the mapping of the Cauderalito Member carbonate top, the underlying Castillo Formation
(clastic wedge), and the basement units would provide a better understanding of the
reservoirs in LVB, resulting in a more accurate reservoir characterization that may lead to
new hydrocarbon plays in the region.
4.1.3

Objectives of this chapter

The main goal of this study is to improve the seismic resolution in order locate and
map the carbonate unit of Cauderalito Member and to use multiattribute analysis on the 3D
seismic volume, to predict rock properties including effective porosity, density, and
acoustic impedance for facies discrimination, both at the carbonate and basement level. In
specific I aim to infer lateral and vertical changes in the carbonate reservoir, identify sweet
spots at both levels, and fractured areas in the basement. For the basement to recent
stratigraphy of the LVB please refer to section 3.5 of this dissertation.
4.2 DATA SET USED IN THIS CHAPTER
In this chapter, I used a 3-D seismic reflection survey provided to me for this study
by PDVSA that covers a total area of 1100 km2 and that encompasses the central LVB
lying north of the onshore FB (Figure 4.1). The post-stack, time-migrated 3D seismic
survey was acquired during 1998–1999 and reprocessed post-2000. The scale in the seismic
cross sections. shows a downward increase in acoustic impedance as “positive” and a

95

downward decrease in acoustic impedance as “negative”. The sampling interval is 4 ms.
The surveys have a record length of 6000 milliseconds two-way travel time (ms TWT), but
were reduced to the target area from 1000-4000 ms for the purposes of this study. Both
north-south-trending crosslines and east–west-trending inlines are spaced at 25 m (82 ft.).
From the purposes of this study, I will refer to this seismic volume as the “original seismic”.
A sparse layer inversion seismic volume was also calculated by a contractor and
provided for this study as a seismic attribute. The surveys have a record length of 10004000 milliseconds two-way travel time. The sampling interval is 2 ms. Well data in the
LVB include original well reports and lithological descriptions when available that are
discussed in greater detail in Chapter 3 of this dissertation. For this chapter, there were 21
wells within the limits of the 3D seismic data survey area, seven of which were selected to
perform seismic-well ties based on the availability of the conventional wire-line-log suites
(e.g., gamma-ray, resistivity, neutron, density, and sonic logs), and the quality of the logs.
All wells used in this chapter are listed in Figure 4.1. An additional nine wells with initial
production data were used to establish inferences about the observed properties and the
hydrocarbon history of the area. These wells also contain formational tops information.
Figure 4.3 shows a set of logs for Wells 23MIR11A and 23MIR17X (see Figure
4.1 for location for both well locations). VCLAY, effective porosity, and water saturation
(SW) were calculated, while the other displayed well logs were given as data. VCLAY was
calculated from Gamma Ray, effective porosity was calculated from neutron and density
porosity, corrected by VCLAY, and water saturation logs were calculated using Archie’s
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Figure 4.3 Logs from well 23MIR11X from the La Vela Basin that include from left to
right: Caliper, Gamma Ray (GR), Self-Potential (SP), resistivity, neutron porosity, density,
VCLAY, effective porosity, and water saturation. VCLAY follows the separation trend
between neutron porosity and density: the greater the separation, the clay volume is higher.
23MIR1X is an example of a non-producing well in the area, with water as the pore-filling
fluid. B. Logs from well 23MIR17X from the La Vela Basin that are the same as shown in
A. Well 23MIR17X has the hydrocarbon production intervals in purple, at the carbonate of
Cauderalito Member and clastic of Castillo Formation.
97

equations, with values for the saturation and cementation exponents derived from
laboratory measurements on core samples (Girón et al., 2009). After identifying permeable
and impermeable zones using the SP log, and integrating the information from the other
displayed logs, I highlight the hydrocarbon zones of well 23MIR17. In well 23MIR11 I
find a permeable bed, with relatively low VCLAY content and good porosity, but this
permeable bed is fully saturated with water. Both observations on clay content and porosity
are corroborated by well reports and initial production data (Girón et al., 2009).
4.3 METHODS USED IN THIS CHAPTER
A quantitative seismic interpretation allows the establishment of quantitative
relationships between seismic data and rock physics through the application of seismic
attribute methods (Mukerji and Mavko, 2005). For this study, I use a seismic volume
resulting from the application of sparse seismic inversion methods and given to me as a
seismic attribute to analyze and compare with the original seismic in terms of recovered
frequency content on the seismic data and improved seismic resolution.
I also calculate different seismic attributes in both the original and sparse layer
inversion seismic volumes (Table 4.1) that will be selected using: 1) a forward stepwise
regression from a multiattribute transform; and 2) a Probabilistic Neural Network (PNN)
for rock properties prediction (Hampson et al., 2001).
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4.3.1 Sparse Layer Inversion
In this case study of the LVB, sparse layer inversion was applied to the 3D seismic
data. The workflow to be used with the sparse layer inversion seismic is summarized in
Figure 4.4.

Table 4.1. List of external attributes calculated for the original seismic (left column), and
the spare layer inversion seismic (right column). These external attributes were used as
input to create multiattribute lists used for property prediction.

Sparse seismic inversion methods can result in an output reflectivity that includes
frequency contents that are outside of the original signal without magnifying noise at those
frequencies (Riel and Berkhout, 1985; Zhang and Castagna, 2011). The greater the
sparseness means fewer numbers of layers. Sparseness results in the increased layering
details and better interface discrimination.
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Figure 4.4 Workflow of the processes to be performed with the sparse layer inversion
seismic volume as input to evaluate frequency content extension and seismic resolution.

Commonly used sparse-spike inversion suffers in its performance when dealing
with thin layers since it uses the L1 norm of the total trace reflectivity to solve for a
minimum number of non-zero reflection coefficients (Mann et al., 2014). General seismic
reflectivity series can be decomposed into a summation of even and odd impulse pairs –
each pair representing reflection coefficients at the top and base of a given layer (Figure
4.5A). Sparse-layer inversion produces reflection coefficients through the incorporation of
spectral decomposition and a priori information in the time domain. The inversion is
performed by building a dictionary of functions representing reflectivity patterns, and
reconstructing the traces by the superposition of the pattern (Zhang and Castagna, 2011).
The functions describe wavelet-bandlimited even and odd dipoles as their time separation
changes (Figure 4.5B). Sparse layer inversion does not use the well logs as a starting model
and is a trace-by-trace operation without spatial constraints.
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Original reflection
coefficient pair

A.
A.

Even pair

Odd pair

B.

B.

Odd

Even

Figure 4.5 A. Any arbitrary pair of reflection coefficients r1 and r2 can be represented as
the sum of even and odd components (from Zhang and Castagna, 2011). The even pair has
the same magnitude and sign and the odd pair has the same magnitude and opposite sign;
B. The basis pursuit inversion dictionary elements for a wedge model seismic responses
using a 30 Hz Ricker wavelet (from Zhang and Castagna, 2011). These ideas formed the
conceptual basis for the Sparse Layer inversion used in this study.
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4.3.2 Multiattribute Analysis
According to Russell et al. (1997), multiattribute seismic analysis is a term that
covers all geostatistical methods that use more than one attribute to predict some physical
property of the earth. The method consists of a set of to-be predicted target logs that are
tied to the seismic data. Trace by trace, the seismic data is used to calculate sets of seismic
attributes to produce a transform (or relationship) between the seismic attributes and the
target log. This relationship can be linear in the case of a forward stepwise regression, or
non-linear, such as neural networks (Hampson et al., 2001). The workflow to achieve well
log predictions using seismic data is summarized in Figure 4.6.

Figure 4.6 Workflow of the processes to be performed for the multiattribute analysis using
the original and sparse layer inversion seismic volumes and well log data as inputs.
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4.3.2.1 Stepwise regression
Stepwise regression is a lineal method used for selecting the optimal operator for a
set of attributes (Draper and Smith, 1966). It assumes that if the best combination of M
attributes is already known, then the best combination of M +1 attributes includes the
previous M attributes as members. For this method the transform consists of a series of
weights derived by least-squares minimization (Hampson et al., 2001).
The process is summarized in detail by Hampson et al. (2001). The first step
consists of finding the best attribute among all (lowest prediction error), then to find the
best pair of attributes, assuming that the first member is the best one previously found. The
second step is to combine the best attribute on the list with all the other attributes until the
lowest prediction error for a pair is found. The same process is continued to find the best
three attributes and can continue for as long as desired.
Each additional attribute found has a prediction error less than or equal to the
previous smaller combination. The method automatically chooses the next attribute whose
contribution in a direction orthogonal to the previous attributes is greatest, so the method
does not choose linearly-dependent attributes (Hampson et al., 2001).
4.3.2.2 Probabilistic Neural Network (PNN)
For a non-linear transform, a neural network can be trained by using the selected
attributes as inputs. For this study I use the probabilistic neural network (PNN) (Specht,
1990, 1991; Masters, 1995) which is a mathematical interpolation scheme which relies on
a neural network architecture for its implementation. Prediction errors from neural
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networks are expected to be less than errors obtained using stepwise regression (Hampson
et al., 2001).
Regardless of the multiattribute transform used, the next step of the process is to
determine the reliability of it through cross validation. For that the entire training data is
divided into the training data set and the validation data set. The validation process used
the training results data set to quantify the final prediction error and therefore validate the
applied transform (Hampson et al., 2001).
After training and validation, the multiattribute transform is applied to produce a
seismic volume whose Z value is the predicted property at the target interval (Russell,
2016). The volume can be visualized in 2D lines, timeslices, as well as horizon slices. For
this study, I created horizon slices at each one of the target levels, in a 10 ms window from
the formational top.
4.4 DATA CALIBRATION OF 3D SEISMIC AND WELL DATA
In order to integrate the seismic data with well logs for seismic interpretation, I
calibrated the data by performing a seismic well-tie (i.e finding a velocity function that
successfully allow me to go from the depth domain (logs) to the time domain (seismic) and
vice versa). Synthetic seismograms were calculated for seven wells using the Hampson‐
Russell suite (Figure 4.1, wells A to G). The seven selected wells have the better-quality
logs determined by an initial quality control. Synthetic seismograms using extracted
wavelets from the seismic resulted in correlation coefficients below 30%. The best
correlation obtained was 61.7% for well 23MIR17X, using a theoretical Ricker wavelet
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with a peak frequency of 30 Hz (Figure 4.7A). In Figure 4.7A, the filtered P-impedance
log is displayed with a bandpass filter (5-10-100-150 Hz), and is inserted in between the 90° phase shift of the original seismic data (left side of the image). Figure 4.7B will be
explained as an example of validating the sparse layer inversion results in section 4.5.1.
For the previously mentioned seven selected wells inside the 3D seismic survey
area, a time‐depth function was computed to build a velocity model for the area that was
constrained using the formational tops information available from the wells. The computed
1D velocity functions from 7 wells, allowed the creation of a simplified 3D velocity model
using 4 interpreted surfaced in the targeted area of the three main reservoir units (tops of
Agua Clara Formation, Cauderalito Member, Castillo Formation (where available), and the
basement). These surfaces can then be used to constrain and laterally extrapolate the 1D
velocity functions. The 3D velocity model with wells ties and horizons was used to convert
all the time‐interpreted seismic data to depth.
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Figure 4.7 A. Five well logs from well 23MIR17X in the La Vela
Basin (location of well shown on Figure 1. B. Well-seismic tie using
input seismic data at Well 23MIR17X. C. Seismic tie to well
23MIR17X using the sparse layer inversion data that improves
detection of two thin reservoir beds shown by two yellow arrows
that are not visible on the original seismic data. D. Amplitude and
phase spectrum of the theoretical Ricker wavelet (30 Hz) for which
the best correlation coefficient was found. Horizontal dashed line
indicates phase response.

4.5 RESULTS OF THIS STUDY
4.5.1 Results from Sparse Layer Inversion
Based on a dominant seismic frequency of 14.6 Hz and an interval velocity of 2500
ms−1 (8202 ft s−1; obtained from check-shot data in boreholes), I calculate that the vertical
resolution within the Cauderalito Member on the original seismic is approximately 42.6
m (140 ft.). Sparse-layer reflectivity inversion results at LVB are shown in Figure 4.8.
Inversion increased the bandwidth of the input seismic data from 6 to 64 Hz to 2 to 102
Hz, which translates into an increased detail and resolution of the inverted seismic data, as
illustrated in the seismic sections on the left portion of Figure 4.8.
To validate the qualitative improvement observed in the inverted data, I show an
example of a validation of the sparse layer inversion results with one of the available wells
in the survey (Figure 4.7B). The correlation coefficients for Well 23MIR17X, the one used
for the Figure 4.7, are 61.7% for the -90º shift of the original seismic, and 62.3% for the 90º shift of the inversion seismic. On Figure 7B, I observe that the extended bandwidth
seismic data shows two layers that are resolved by the sparse layer inversion (yellow
arrows), correspond to the inserted filtered P-impedance log, and were not resolved by the
original seismic.
A comparison between northwest-southeast-oriented seismic sections through
wells 23MIR24, and 23MIR17X, are shown in Figure 4.9. The figure illustrates two
different stratigraphic scenarios in LVB: 1) Cauderalito Member directly overlying the
basement (no Castillo Formation) (Figure 4.9A, and 2) Cauderalito Member directly
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overlying the Castillo Formation (Figure 4.9B). For each case, the original seismic, the
inverted seismic, the -90° phase shift of the original seismic, and the -90° phase shift of the
inverted seismic are compared. The displayed interpretation on the seismic sections
corresponds to the inverted seismic volume.
Figure 4.9A shows how thicknesses change laterally and its implications to the
lateral ability to detect/resolve these units in the area. In the original seismic, the units can
be detected towards the southeast of the figure, in opposition to the northwest where they
cannot be detected or resolved. In Figure 4.9B, the top of Cauderalito Member can be
detected in the original seismic, while the clastic wedge and the basement cannot be
resolved. For this example, if the interpretation of the clastic wedge is performed using the
original seismic, the interpreted reflector would have crossed polarities several times.
For the given examples even though the formational tops and well logs show the
units, the original/conventional seismic data was not able to resolve any of these individual
units. By contrast, the sparse layer inversion seismic data could resolve the units, greatly
improving the interpretation, especially the -90° phase shift of the inverted seismic data.
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Figure 4.8 A. Original seismic data and associated amplitude spectrum to the right from the La Vela Basin. B. Sparse layer
inversion results applied to the same line shown in A with resulting greater bandwidth and associated amplitude spectrum
shown to the right.
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Figure 4.9 A. For well 23MIR24 whose location is shown in Figure 4.1, 2D seismic sections
are shown for four different seismic volumes from the La Vela Basin: 1) the original seismic
volume with two reservoir horizons shown (top basement in green and top Cauderalito Member
in blue; 2) the sparse layer inversion seismic volume with same two horizons shown; 3) the
-90° phase shift of the original seismic volume with same two horizons shown; and 4) -90°
phase shift of the sparse layer inversion seismic with same two horizons shown. B. For well
23MIR17X whose location is shown in Figure 4.1, 2D seismic sections are shown for four
different seismic volumes from the La Vela Basin: 1) the original seismic volume with three
reservoir horizons shown (top basement in green; top of Castillo Formation/clastic wedge
shown in yellow; and top of Cauderalito Member in blue; 2) the sparse layer inversion seismic
volume with same three horizons shown; 3) the -90° phase shift of the original seismic volume
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4.5.1.1 Structural maps after reinterpretation using the sparse layer
inversion seismic volume
Horizons were re-interpreted using the sparse layer inversion seismic in order to
obtain the structural maps in depth for the reservoir units listed below and shown in Figure
4.10. The horizons were interpreted using the Petrel E&P software platform from
Schlumberger.
4.5.1.1.1 Fractured basement
The seismic character of the top of the basement is marked as a positive reflection
coefficient (Figure 4.2). The structural map of the basement shows a northwest-southeasttrending, faulted monocline bounded on its edges by NW-SE-striking, oblique-slip normal
faults discussed in detail in Chapter 3 of this dissertation (Figure 4.10A).
4.5.1.1.2 Castillo Formation (Clastic wedge) of Oligocene age
The seismic character of the top of this, mounded, mixed-clastic unit is marked as
a negative reflection coefficient (Figure 4.2). The structural map shows a wedge that
increases in depth towards the south as an elongated body. The clastic wedge can be
identified in 6 of the 7 wells used for the seismic-well ties, with two producing wells
targeting the sequence in the south (Figure 4.10B).
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this dissertation, and D. Structural map in depth (ft.) of the top of the Agua Clara Formation
including mapped faults on this surface from Chapter 3 of this dissertation. The interpretation used to create this map was based on the sparse layer inversion seismic, which yielded
higher resolution surfaces.
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4.5.1.1.3 Cauderalito Member of Early Miocene
The seismic character of the top of the carbonate unit a positive reflection
coefficient (Figure 4.2). The structural map shows a similar structure to the basement, with
greater depths towards the south, and at the north (Figure 4.10C).
4.5.1.1.4 Agua Clara Formation of Early Miocene
The seismic character of the top of Agua Clara is marked as a negative reflection
coefficient (Figure 4.2). The structural map shows less abrupt contours with slightly greater
depths towards the south (Figure 4.10D).
4.5.2

Dry well analysis

For the dry-well analysis at the top of both target levels I first present amplitude
anomalies in an attribute blend of RMS amplitude, sweetness (for sweet spots), and ant
tracking (faults and fractures). All these attributes were calculated using the sparse seismic
inversion volume (part A of Figure 4.11 and 4.12). The inverted volume was chosen
because amplitudes are affected by tuning effect so better predictions are expected using
the sparse layer inversion seismic. Part B of figures 4.11 and 4.12 presents a table of initial
production data including, if available, reported reasons for dry wells (CORPOVEN 1974,
1975, 1979 and 1980).
4.5.2.1 Top of the Cauderalito Member
Figure 4.11A show positive amplitude anomalies for all wells except
23MIRANDA2X, whose filling pore fluid is gas. The brighter amplitude corresponds to
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Top of the Cauderalito Member (carbonate reservoir)
A. Attribute blend (sparse layer inversion seismic)

23MIRANDA11A

23MIRANDA24
23MIRANDA2X
23MIRANDA18X
23MIRANDA17
Max

23MIRANDA7
Min

23MIRANDA4X

RMS Amplitude
Sweetness
Ant tracking

Producing well
Dry well

5km

B. Initial production data

Figure 4.11 A. Blend of seismic attributes calculated on the sparse layer inversion seismic
and displayed on the top of Cauderalito Member. The attributes used are: ant-tracking,
sweetness, and RMS amplitude. B. List of seven wells that targeted the carbonate reservoir
with initial production information.
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Top of the basement
A. Attribute blend (sparse layer inversion seismic)

23MIRANDA18X

Max

23MIRANDA9
23MIRANDA5X

23MIRANDA8A
23MIRANDA13
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Min

23MIRANDA12

RMS Amplitude
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Ant tracking

Producing well
Dry well
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B. Initial production data

Figure 4.12 A. Blend of seismic attributes calculated on the sparse layer inversion seismic
and displayed on the top of the basement. The attributes used are: ant-tracking, sweetness,
and RMS amplitude. B. List of seven wells that targeted the basement with initial
production information.
115

well 23MIRANDA18X, an oil producer, and 23MIRANDA17, an oil and gas producer.
23MIRANDA4X, an oil producer, shows the carbonate unit on top of more than 820 ft. of
the Castillo Formation when drilling stopped. Well 23MIRANDA7X, located 4 km apart
from well 23MIRANDA4X, was dry. In the well, Castillo Formation reached 2400 ft. when
the drilling stopped without reaching the basement. It was not expected to find the Castillo
Formation in the sequence, but the carbonate directly on top of the basement
(CORPOVEN, 1974). Well 23MIRANDA11A is in the northern limit of the data, no
further information was provided on found on reasons of the dry well. Well
23MIRANDA18X is missing a trap, and it was recommended not to drill again in that
structure (CORPOVEN, 1979).
4.5.2.2 Top of the basement
Figure 4.12A shows that wells drilled in LVB targeting the basement level were
following fracture patterns controlled more by the monoclinic structure rather than by the
amplitude anomalies, since the basement only produces through open fractures (Giron et
al., 2009). The brighter amplitude anomalies are located towards the northern limit of the
3D seismic survey area. As shown on Figure 4.12B, two of the dry wells the basement were
not fractured (23MIRANDA8A, and 23MIRANDA12). The latter well is located near the
southern limit of the seismic data volume. Well 23MIRANDA9 found a less fractured
basement cemented by calcite. Finally, well 23MIRANDA19X found red beds directly
above the basement, associating the high clay content of the red beds with a permeability
barrier that didn’t allow the hydrocarbon to migrate towards the basement (CORPOVEN,
1980).
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4.5.3 Results from the Multiattribute analysis
For computing the multiattribute transforms I used the module EMERGE from
Hampson‐Russell suite, v. 10.2. The software calculated 17 internal attributes and 9
additional were calculated externally for each one of the seismic volumes used: the original
post-stack volume and the sparse layer inversion volume. Table 4.1 presents a list of
external attributes used as input for the analysis. The external attributes were calculated
using Petrel E&P software platform, and the OpenDtect software from dGB Earth
Sciences.
The logs were smoothed to the frequency of the seismic using the maximum
frequency option in the smooth log panel. Initially, I found the operator length and
attributes that obtained the smaller prediction error, then I trained and validated a step wise
regression operator to finalize applying the obtained transform to a seismic volume to
generate a similar one with the desired predicted property. Out of the seven available wells,
23MIR15X did not reach the lower limit of the target window (basement), generating
errors, and it had to be excluded. The well 23MIR1X could not be used for effective
porosity prediction since it didn´t have the necessary logs to compute it.
4.5.3.1 Acoustic Impedance prediction
For acoustic impedance prediction on the original seismic I use four attributes and
a three-point operator to achieve a 5988.702059 (ft/s*gr/cc) validation error. The selected
attributes are displayed in Figure 4.13A. Figure 4.13B shows the original acoustic
impedance in black and; the predicted log in red and the errors obtained during training.
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The normalized correlation coefficient for six wells is 77.8%. Figure 4.13C shows the
prediction and errors obtained during validation. The normalized correlation coefficient for
six wells is 59.50%. The transform was applied, and examples of its application are shown
in figures 4.14A, 4.15A, and 4.16A with a seismic section and map view at Cauderalito
Member and basement, respectively.
For acoustic impedance prediction on the inverted seismic I use five attributes and
a five-point operator to achieve a 3936.041551(ft/s*gr/cc) validation error. The selected
attributes are displayed in Figure 4.13D. Figure 4.13E shows the original acoustic
impedance in black, the predicted log in red and the errors obtained during training. The
normalized correlation coefficient for five wells is 95.69%. Figure 4.13F shows the
prediction and errors obtained during validation. The normalized correlation coefficient for
five wells is 91.51%. The transform was applied, and examples of its application are shown
in figures 4.14B, 4.15B, and 4.16B with a seismic section, and map view at Cauderalito
Member and the basement, respectively.
Seismic section views on figures 4.14A and 4.14B show a good lateral continuity
of reflections, however in the prediction from the seismic inverted volume I observe bull’s
eyes with anomalous maxima of impedance in the local scale (see red circle, figure 4.14B).
The well log plotted for both seismic sections is the original calculated acoustic impedance.
Predicted acoustic impedance maps at the carbonate and basement levels (figures 4.15 and
4.16) show different property scales between the original and inverted seismic predictions
but a general agreement in the comparative relationship between wells, with higher
impedances at the basement level compared to the overlying carbonate. In the prediction
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Stepwise regression for Acoustic Impedance prediction
1. Original seismic
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Figure 4.13 Workflow and comparison of parameters, training and validation errors, and correlation coefficients used to perform stepwise regression to predict acoustic impedance on the original seismic and the sparse
layer inversion seismic. A. Multiattribute list panel containing the plot of prediction error against number of attributes used in the transform, the length of the operator, and the attributes that compose that lowest average
error list for the original seismic. B. Training panel for the original seismic showing the original vs. modeled logs after training with its corresponding errors (left). The right panel contains a zoom of the log curves to
better appreciate how they match. C. Validation panel for the original seismic showing the original vs. modeled logs after validation with its corresponding errors (left). The right panel contains a zoom of the log curves
to better appreciate how they match. D. Multiattribute list panel containing the plot of prediction error against number of attributes used in the transform, the length of the operator, and the attributes that compose that
lowest average error list for the sparse layer inversion seismic. E. Training panel for the sparse layer inversion seismic showing the original vs. modeled logs after training with its corresponding errors (left). The right
panel contains a zoom of the log curves to better appreciate how they match. F. Validation panel for the sparse layer inversion seismic showing the original vs. modeled logs after validation with its corresponding errors
(left). The right panel contains a zoom of the log curves to better appreciate how they match. For acoustic impedance prediction, multiattribute analysis on the sparse layer inversion seismic yields the best correlation
between the original log data and the prediction.
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A. Predicted Acoustic Impedance (original seismic)
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B. Predicted Acoustic Impedance (sparse layer inversion seismic)
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Figure 4.14 A. A single line across the well 23MIR17X in the N-S direction showing the
multiattribute prediction of acoustic impedance on the original seismic. B. A single line
across the well 23MIR17X in the N-S direction showing the multiattribute prediction of
acoustic impedance on the sparse inversion seismic. The red circle encloses a zone of
anomalous values C. A single line across the well 23MIR17X in the N-S direction showing
the multiattribute prediction of density on the original seismic. D. A single line across the
well 23MIR17X in the N-S direction showing the multiattribute prediction of density on
the sparse inversion seismic. E. A single line across the well 23MIR17X in the N-S
direction showing the multiattribute prediction of effective porosity on the original
seismic. F. A single line across the well 23MIR17X in the N-S direction showing the
multiattribute prediction of effective porosity on the sparse inversion seismic.
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Top of the Cauderalito Member (carbonate reservoir)
A. Predicted Acoustic Impedance (original seismic)

B. Predicted Acoustic Impedance (sparse layer inversion seismic)
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Figure 4.15 A. Predicted acoustic impedance map of Cauderalito Member, obtained by performing step wise regression on the
original seismic volume, as detailed in Figure 13A-C. B. Predicted acoustic impedance map of Cauderalito Member, obtained by
performing stepwise regression on the sparse layer inversion seismic, as detailed in Figure 13D-F. The white dotted line show
areas of low impedance at the crest of the structure.

Top of the basement
A. Predicted Acoustic Impedance (original seismic)

B. Predicted Acoustic Impedance (sparse layer inversion seismic)
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Figure 4.16 A. Predicted acoustic impedance map of the basement, obtained by performing step wise regression on the original
seismic volume, as detailed in Figure 4.13A-C. B. Predicted acoustic impedance map of the basement, obtained by performing
stepwise regression on the sparse layer inversion seismic, as detailed in Figure 4.13D-F. The white dotted line enclose an area of
low impedances at the crest of the structure.

from the sparse layer inversion, the maximum impedance values expected from the log
information are around (67000 ft/s*gr/cc), however the scale reaches a maxima of 88500
ft/s*gr/cc, which coincides with the eye-shaped features in the seismic section on figure
4.14B. In figures 4.15B and 4.16B, corresponding to the predicted acoustic impedance on
the inverted volume at the carbonate and basement level, respectively, I observe a NW-SE
trend of lower impedances in cold colors, west of the crest of the structure.
4.5.6 Density prediction
For density prediction on the original seismic I use four attributes and a four-point
operator to achieve a 0.069140 (gr/cc) validation error. The selected attributes are
displayed in Figure 4.17A. Figure 4.17B shows the original density in black and; the
predicted log in red and the errors obtained during training. The normalized correlation
coefficient for six wells is 90%. Figure 4.17C shows the prediction and errors obtained
during validation. The normalized correlation coefficient for five wells is 77.78%. The
transform was applied, and examples of its application are shown in figures 4.14C, 4.18A,
and 4.19A with a seismic section and map view at Cauderalito Member and the basement,
respectively.
For density prediction on the inverted seismic I use five attributes and a five-point
operator to achieve a 0.083942 (gr/cc) validation error. The selected attributes are
displayed in Figure 17D. Figure 17E shows the original density in black, the predicted log
in red and the errors obtained during training. The normalized correlation coefficient for
five wells is 84.74%. Figure 17F shows the prediction and errors obtained during
validation. The normalized correlation coefficient for five wells is 72.26%. The transform
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was applied, and examples of its application are shown in figures 4.14D, 4.18B, and 4.19B
with a seismic section and map view at Cauderalito Member and the basement,
respectively.
Density predictions both at the top of the Cauderalito and the basement shows lower
density values than expected for the units. The minimum density value reported at the
interest level is 2.3 gr/cc, while the lower limit of the predicted densities are between 2.082.16 gr/cc, which do not correspond to the expected densities for such lithologies. The
predictions show a general agreement between the original seismic (Figure 4.18A) and the
inverted one (Figure 4.18B), with similar property trends. For the top of the basement,
however, densities for the inverted seismic property prediction (Figure 4.19B) shows
higher densities towards the north of LVB and lover densities to the south. Both predictions
(Figure 4.19) show lower densities at the flanks of the crest. I observe greater densities for
the basement level compared to the Cauderalito unit, with corresponds to the lithologies
described in Figure 4.2 of this chapter.
4.5.7 Porosity prediction
For effective porosity prediction using a PNN on the original seismic I use four
attributes and a one-point operator to achieve a 0.029982 (P.U) validation error. The
selected attributes are displayed in Figure 4.20A. Figure 4.20B shows the original effective
porosity in black and; the predicted log in red and the errors obtained during training. The
normalized correlation coefficient for four wells is 94.4%. Figure 4.20C shows the
prediction and errors obtained during validation. The normalized correlation coefficient for
four wells is 92.11%. Figure 4.20D shows the error per well after applying the transform,
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Stepwise regression for Density prediction
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Figure 4.17 Workflow and comparison of parameters, training and validation errors, and correlation coefficients used to perform stepwise regression to predict density on the original seismic and the sparse layer
inversion seismic. A. Multiattribute list panel containing the plot of prediction error against number of attributes used in the transform, the length of the operator, and the attributes that compose that lowest average
error list for the original seismic. B. Training panel for the original seismic showing the original vs. modeled logs after training with its corresponding errors (left). The right panel contains a zoom of the log curves to
better appreciate how they match. C. Validation panel for the original seismic showing the original vs. modeled logs after validation with its corresponding errors (left). The right panel contains a zoom of the log curves
to better appreciate how they match. D. Multiattribute list panel containing the plot of prediction error against number of attributes used in the transform, the length of the operator, and the attributes that compose that
lowest average error list for the sparse layer inversion seismic. E. Training panel for the sparse layer inversion seismic showing the original vs. modeled logs after training with its corresponding errors (left). The right
panel contains a zoom of the log curves to better appreciate how they match. F. Validation panel for the sparse layer inversion seismic showing the original vs. modeled logs after validation with its corresponding errors
(left). The right panel contains a zoom of the log curves to better appreciate how they match. For density prediction, multiattribute analysis on the original seismic yields the best correlation between the original log
data and the prediction.
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Top of the Cauderalito Member (carbonate reservoir)
A. Predicted Density (original seismic)

B. Predicted Density (sparse layer inversion seismic)
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Figure 4.18 A. Predicted density map of Cauderalito Member, obtained by performing stepwise regression on the original seismic
volume, as detailed in Figure 17A-C. B. Predicted density map of Cauderalito Member, obtained by performing stepwise regression on the sparse layer inversion seismic, as detailed in Figure 17D-F. The white dotted line show areas of low density at the crest
of the structure in the original seismic.

Top of the basement
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B. Predicted Density (sparse layer inversion seismic)
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23MIRANDA13
23MIRANDA19X

23MIRANDA12
2.14 gr/cc

Producing well
5km

Dry well

Figure 4.19 A. Predicted density map of the basement, obtained by performing stepwise regression on the original seismic
volume, as detailed in Figure 17A-C. B. Predicted density map of the basement, obtained by performing stepwise regression on
the sparse layer inversion seismic, as detailed in Figure 17D-F. The blue line marks the limit between Neoproterozoic and Permian
basement in chapter 3 of this dissertation.

and the crossplot of actual effective porosity vs predicted porosity, with a cross-correlation
of 96.35%. The transform was applied, and examples of its application are shown in figures
4.14E, 4.21A, and 4.22A, with a seismic section and map view at Cauderalito Member and
the basement, respectively.
For effective porosity prediction on the inverted seismic I use three attributes and a
one-point operator to achieve a 0.08569 (P.U) validation error. The selected attributes are
displayed in Figure 4.17E. Figure 4.17F shows the original porosity in black, the predicted
log in red, and the errors obtained during training. The normalized correlation coefficient
for four wells is 98.14%. Figure 4.17G shows the prediction and errors obtained during
validation. The normalized correlation coefficient for four wells is 96.81%. Figure 4.17H
shows the error per well after applying the transform, and the crossplot of actual effective
porosity vs predicted porosity, with a cross-correlation of 99.52%. The transform was
applied, and examples of its application are shown in figures 4.14F, 4.21B and 4.22B, with
a seismic section and map view at Cauderalito Member, respectively.
Seismic section views show a good lateral continuity on the inverted seismic
(Figure 4.14F) with respect to the original seismic (Figure 4.14E). The range of porosities
for the effective porosity prediction using the sparse layer inversion seismic is lower than
the prediction using the original seismic. The effective porosity prediction using the
inverted volume slightly underestimates the porosities in the area, while the prediction
using the original seismic overestimates them.
The horizon slices of effective porosity prediction look noisier that acoustic
impedance and density slices. The reason could be that for effective porosity included only
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1. Original seismic
A. MULTI-ATTRIBUTE LIST

2. Sparse layer inversion seismic
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Black dot: Analysis using all wells
Red dot: Analysis leaving out target well
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Figure 4.20 Workflow and comparison of parameters, training and validation errors, correlation coefficients, and cross-correlation results used to apply a PNN to predict effective porosity on the original seismic and the
sparse layer inversion seismic. A. Multiattribute list panel containing the plot of prediction error against number of attributes used in the transform, the length of the operator, and the attributes that compose that lowest
average error list for the original seismic. B. Training panel for the original seismic showing the original vs. modeled logs after training with its corresponding errors (left). The right panel contains a zoom of the log
curves to better appreciate how they match. C. Validation panel for the original seismic showing the original vs. modeled logs after validation with its corresponding errors (left). The right panel contains a zoom of the
log curves to better appreciate how they match. D. Validation errors per well, and a crossplot of predicted effective porosity vs actual effective porosity with its respective cross-correlation percentage and error for the
original seismic. E. Multiattribute list panel containing the plot of prediction error against number of attributes used in the transform, the length of the operator, and the attributes that compose that lowest average error
list for the sparse layer inversion seismic. F. Training panel for the sparse layer inversion seismic showing the original vs. modeled logs after training with its corresponding errors (left). The right panel contains a zoom
of the log curves to better appreciate how they match. G. Validation panel for the sparse layer inversion seismic showing the original vs. modeled logs after validation with its corresponding errors (left). The right panel
contains a zoom of the log curves to better appreciate how they match. H. For effective porosity prediction, multiattribute analysis on the sparse layer inversion seismic yields the best correlation between the original log
data and the prediction.
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Top of the Cauderalito Member (carbonate reservoir)
A. Predicted Effective Porosity (original seismic)

23MIRANDA11A

B. Predicted Effective Porosity (sparse layer inversion seismic)
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23.2%

23MIRANDA17

12.2%
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23MIRANDA7

23MIRANDA7

23MIRANDA4X

5.3%

23MIRANDA24
23MIRANDA2X
23MIRANDA18

23MIRANDA4X

0.8%

Producing well
5km

Dry well

Figure 4.21 A. Predicted effective porosity map of Cauderalito Member, obtained by performing PNN on the original seismic
volume, as detailed in Figure 20A-D. B. Predicted effective porosity map of Cauderalito Member, obtained by performing PNN
on the sparse layer inversion seismic, as detailed in Figure 20E-H.

Top of the basement
A. Predicted Effective Porosity (original seismic)

B. Predicted Effective Porosity (sparse layer inversion seismic)
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23MIRANDA9
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23MIRANDA5X
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12%

23MIRANDA13

23MIRANDA9

23MIRANDA19X
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23MIRANDA12

23MIRANDA12

5.2%

23MIRANDA8A

0.8%

Producing well
5km

Non-producing well

Figure 4.22 A. Predicted effective porosity map of the basement, obtained by performing PNN on the original seismic volume, as
detailed in Figure 20A-D. B. Predicted effective porosity map of the basement, obtained by performing PNN on the sparse layer
inversion seismic, as detailed in Figure 20E-H. The white dotted line limits an area of higher porosities in the original seismic,
prospective at the basement level. An area of interest is located at the nothern limit of LVB.

four wells during training, since Well 23MIRANDA1X didn´t have the logs needed for the
calculation of the effective porosity log.
4.6

DISCUSSION AND CONCLUSIONS
Application of the method of sparse-layer inversion for a 3D seismic volume of

covering 1100 km2 of the LVB of western Venezuela provides two main benefits for
exploration of the basin: 1) increases the effective bandwidth of seismic data and allows
separation of units of widely varying thicknesses that are largely below the limit of
conventional seismic resolution in LVB; and 2) provides help in the search for a better
mapping and understanding of the three, known, hydrocarbon reservoirs in the area; the
Cauderalito Member of Early Miocene age., the Castillo Formation (or Clastic Wedge) of
Oligocene age, and fractured, crystalline basement (Figure 4.2 – stratigraphic column). The
method of sparse-layer inversion does not use well data as an input, and therefore is a useful
approach for areas like the LVB where the numbers of available well logs are limited.
Multiattribute analysis methods are equally as dependent on the number and the
distribution of the wells used for the study as the methods are dependent on the precise
correlation of the 3D seismic and well data (Hampson et al., 2001). For this study of the
LVB in western Venezuela, I used a relatively small population of 4 to 6 wells unevenly
distributed in the offshore area, which cannot provide highly precise correlations between
the 3D seismic grid and the wells (Figure 4.1, location map showing wells). Therefore,
even with high validation results as obtained for acoustic impedance and porosity, results
can only be interpreted qualitatively since they lack statistical significance. However, for
establishing comparisons between maps of predicted properties, I extracted the property
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values at each one of the wells, visualization can be confusing, considering the different
scales.
Another important aspect to discuss is why, in spite of having better correlation
coefficients, at the horizon slice level it is more difficult to visualize trends on the sparse
layer inversion than in the original seismic. The sparse layer inversion seismic has an
increased frequency content which translates into more detail compared to the original
volume, which will present a smoother view where trend are easier to follow. Another
factor to be considered is what is the horizon slice cutting, and the quality of the horizon
picking.
For this study, the horizon slice was created at in a window of 10 ms that had begun
at the top, but the producing carbonate facies within Cauderalito Member are not
necessarily at the top, since the unit presents interbedded clastic and carbonate, in contrast
with other massive carbonate in the area such as Perla field (Chapter 3, this dissertation),
which means that the slice could be cutting different facies and therefore it is difficult to
see trends and make interpretations based on it. Cauderalito Member is a thin bed with not
enough vertical resolution to be able to pick another reflection within it. In the case of the
basement the logs ended shortly after reaching the top of the unit, which makes it difficult
to center our window in the targeted facies.
In the case of acoustic impedance and effective porosity prediction, the smallest
model correlation errors of 91.51% and 96.81% respectively were obtained when the
transform was applied to seismic data generated using the sparse layer inversion method
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(figures 4.13E, and 4.20E) and the largest errors were obtained for density prediction
(Figure 4.14E).
For porosity prediction, an initial attempt was made using stepwise regression but
resulted in a poor correlation. The correlation greatly improved when I applied a
probabilistic neural network, as expected from the literature (Hampson et al., 2011) as
shown in Figure 4.20.
4.6.1 Geological implications of this chapter
I will separate the discussion onto three main topics at the carbonate unit and
basement levels: pore fluid discrimination, identification of fractured areas, and
identification of basement types using the predicted properties of acoustic impedance,
density and effective porosity.
4.6.1.1 Oil bearing vs. gas bearing rocks
P-wave velocity decreases with decreasing fluid saturation. As gas in pores
increases, the bulk modulus decreases and therefore velocity decreases (Morrison and
Gasperikova, 2016). For the wells targeting the carbonate, 23MIRANDA2X,
23MIRANDA24, and 23MIRANDA17 that produce, oil, gas, and a both, respectively,
impedance values are lower for well 23MIRANDA24 compared to 23MIRANDA2X, and
23MIRANDA17. Since the rock is gas saturated at 23MIRANDA24, the impedance is
lowered (Figure 4.15) by both density (Figure 4.18) and velocity decreases. Therefore the
most important parameters for fluid discrimination using property predictions at the top of
Cauderalito Member are density an impedance.
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4.6.1.2 Filled or no fractures vs. fractured basement
Lithification or cementation affects the rock moduli. At the basement level in LVB
pore space in Well 23MIRANDA9 is being filled with minerals of higher density (calcite)
than the fluid it replaced causing the density to increase (Figure 4.19). I also see a reduction
in porosity due to filling pore space with cement (Figure 4.22) Since this reduction of
porosity causes an increase increases the velocity (Morrison and Gasperikova, 2016), an
increase in density and velocity results in a higher acoustic impedance as seen in Figure
4.16. In the case of a discrimination between fractured vs unfractured basement, the study
of the predicted properties is inconclusive, since out of the wells that are reported as not
fractured, well 23MIRANDA12 is at the limit of the data area, and well 23MIRANDA8A
has a low to intermediate effective-porosity prediction using the original and inverted
seismic volumes.
4.6.1.3 Identification of basement types described in Chapter 3 (this
dissertation)
The blue line in the density prediction for the inverted seismic (Figure 4.19B)
shows the interpreted contact between the allochtonous Neoproterozoic and the
allochtonous Permian basement (Chapter 3, this dissertation) coinciding with a density
change in the predicted property, from lower densities south of the contact (Neoproterozoic
basement) to higher densities to the north (Permian basement) of it. It is difficult to
associate rock densities with a mix of igneous-metamorphic rocks of such diverse
photoliths but, as a general guideline, rocks under high metamorphism such as the
Neoproterozoic basement in LVB, are expected to have increased densities due to an
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increased pressure, which is the opposite behavior as the one observed. However, if the
presence of higher density oceanic rocks with a proto-Caribbean affinity in Paraguaná
(Baquero, 2015) can also be inferred in LVB, that would cause the densities to increase,
generating the observed contrast.
4.6.2 Proposed areas for future exploration in the La Vela Basin based on this study
At the basement level a new area of interest in the heavily-fractured area north of
the Adícora-Pueblo Nuevo fault, at the northern limit of the data volume. Since the faulting
was syndepositional, greater depths and thicknesses are expected within that footwall. With
the appropriate data I would carefully examine fractured areas with higher densities and
impedances than the surrounding areas, as an indicator of cementation.
There are areas of lower impedance and density towards the north of LVB for gas
prospection, at the Cauderalito Member level but since they are located in the northern part
of the seismic survey there are two main concerns, the Cauderalito unit thinning towards
the north and the presence of effective traps. In the area there is a minority of stratigraphic
traps, but their interpretation requires seismic data with enough vertical resolution to map
the carbonate unit of Cauderalito Member. Finally, since P-wave is most sensitive to fluid
content I would recommend the acquisition of S-wave seismic since Vs is less sensitive to
fluid in pores.
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