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Abstract

In recent years, unconventional shale reservoirs have become very important
around the world for their high source of energy and for their high economic value. La
Luna Formation is of crucial importance in the petroleum geology of northern South
America, especially in Venezuela and Colombia. La Luna Formation has been
considered for a long time the main focus of study for conventional oil production,
since it is the most important source rock in the Maracaibo Basin and in Venezuela.
However, recent works on this Upper Cretaceous shale as a prospective exploration
target are very few; La Luna is now being considered an unconventional shale prospect
(PDVSA-2012).

This study encompasses stratigraphic and geochemical characterization of La Luna
Formation from five outcrops and a 345 foot long core along the North Andean flank
and the northwest of Lago de Maracaibo Basin, Venezuela. TOC content from the core
varies from 3.85 to 9.13 wt % (average 5.10 wt. %). Rock-Eval pyrolysis results
indicate Type I and Type II kerogen, a “Good-to-Excellent” oil potential generation and
a maturity indicator suggesting a greater likelihood of oil than gas in La Luna 1X core;
similar values are represented in La Luna stratotype (Lago de Maracaibo Basin) where
TOC content varies from 0.14 to 12.80 wt. % (average 3.60 wt. %). In the North
Andean Flank, TOC content is lower,varying from 0.46 to 5.64 wt% (average 2.37 wt.
%); kerogen is Type III, indicating a potential generation of dry gas instead of oil in the

subsurface near the outcrops.
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The Delta Log R method (Passey, 1990) of TOC estimation showed a good agreement

with geochemical Rock-Eval results in the core.

Eight lithofacies were defined in the La Luna core. From bottom to top they are: A)
Dark gray, laminated mudstone. B) Fossiliferous wackstone. C) Volcanic ash;
laminated mudstone with limestone concretions and packstone. D) Calcareous —
siliceous laminated mudstone interbedded with black chert filled with calcite veins. E)
Calcareous-siliceous mudstone interbedded with wackestone. F) Calcareous slightly
siliceous laminated black mudstone interbedded with calcareous fossiliferous
wackestone. G) Siliceous slightly calcareous green mudstone with authigenic glauconite

and pyrite. Planktonic foraminifera are present in the upper part of the interval.

Based upon petrography, geochemical analysis and facies characterization, the facies
comprise a third order sequence. Highstand and Transgressive Systems Tracts. A
Maximum Flooding Surface was correlated with the worldwide Cretaceous oceanic
anoxic event 2 and also with the volcanic ash found in La Luna Colombia,

Three target intervals were identified in La Luna 1X well. The first interval from
bottom to top has a thickness of 14.32 m. and a BI of 0.85. The second interval has a
thickness of 7.60m and has a BI of 0.99. The third interval has a thickness of 18 m and
has an average BI of 0.93. These results serve as a baseline for current and future study

of the La Luna Formation in Venezuela.
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1. Introduction

Every day the world demands more energy, requires more power for industries,
transport, and homes. Natural gas currently occupies third place as the most important
source of energy in the world (after oil and coal). Additionally, natural gas generates
about 45% less carbon dioxide (CO,) than production from coal and 20% less than from
fossil fuels. Also during combustion, non-toxic gases, ash and debris are generated.

Unconventional deposits are those that do not naturally produce economic flow
rates and that can't be produced profitably without the application of techniques such as
hydraulic fracturing or enhanced recovery. They usually occur in regional
accumulations and are independent of stratigraphic and structural traps; they are
characterized by having low permeability and porosity, therefore in their development
they require advanced technology.

According to Gomez (2010), unconventional reservoirs can be classified into
four types:

e (Gas Shale, whose sediments are clays or silts.

e Tight Gas Sand, whose permeability is so low that the gas would not flow
normally.

e Coalbed Methane (CBM) which is the gas coming from the micropores of coal
seams.

* Methane Hydrates; although representing another source that is not yet being
exploited, should be considered because of its importance for the future.

Gas Shale is considered as one of those unconventional reservoirs of dry gas in

shales characterized by a high content of organic matter and a certain degree of thermal



maturity with high retention of gas (both free and absorbed gas) in pores, fractures, and
in areas without traps or seals.

Resource shale exploration is currently a worldwide boom. Many countries are
increasing their gas reserves by the discovery of this new energy resource. United States
is the founder of this new line of technology and it has increased gas production
significantly. Many other countries around the world are investing capital in this
unconventional resource. The economic success of gas shale in the United States since
2000 (Hughes, J. 2013) has led to rapid development of gas shale in Canada (Newswire,
2012) and, more recently, has spurred interest in Europe (Schulz et al., 2010), Asia (Xu
etal., 2011) and Australia (Peter, C. 2013)

The School of Geology and Geophysics of the University of Oklahoma has been
working with unconventional deposits globally, including La Luna Formation. Torres,
(2013) conducted outcrop studies in the southern and middle parts of the Middle
Magdalena Basin (MMB) to assess the gas/oil — shale potential of La Luna formation in
Colombia. The Salada and Galembo members have reached the dry gas window for
hydrocarbon generation in this area of the MMB. Gomez (2014) conducted an
integrated geological characterization and distribution of the Salada Member in the
central area of the MMB; which suggested that the facies studied are good to very good
source rocks. TOC content varies from 0.5 to 8.15 wt% with an average of 3.62 wt%.

The La Luna Formation is a widespread rock unit that has different names
locally (Villamil, T. 2002), which creates confusion in regional understanding in
northern South America. La Luna extends from the central part of Ecuador where it is

known as the Chonta Formation, is widely distributed in Colombia where it is also



known as Villeta, Chipaque, Gacheta, La Luna, San Rafael and many more. It extends
to the west of Venezuela, where it is known as La Luna and Navay in Guanare and the
Barinas -Apure basin. It is widely distributed in eastern Venezuela and is known as
Querecual. La Luna, known as Naparima Hill, is present in Trinidad, Guyana, Suriname
and northern Brazil, but it does not produce much oil because it was not buried deeply
enough.

La Luna Formation is widely known for being the most important source rock in
Venezuela and has been considered for a long time the focus of study for conventional
oil production in the Maracaibo Basin. It plays a crucial role in petroleum geology of
northern South America, representing one of the largest generators of hydrocarbons on
earth. However, based on this new oil boom of unconventional energy, it seems that La
Luna is probably one of the best deposits suitable for gas shale reservoirs.

Venezuela has been dabbling in this new energy phenomenon. Petréleos de
Venezuela Sociedad Andénima (PDVSA, 2012) has begun to develop several projects in
conjunction with Universidad de los Andes (ULA) focusing on unconventional gas
shale in outcrops. Results of these preliminary studies have shown that the shales of La
Luna Formation in outcrop have good properties and good conditions for this
unconventional exploration study. However, La Luna Formation is a really heterogenic

and complex deposit that requires further study in a number of outcrop areas.



2. Geological Setting

2.1 Geology of study area

The study area is located in western Venezuela, (Figure 1). The Zulia State is
located to the south of the Gulf of Venezuela and the Caribbean Sea; it 1s northwest of
Meérida, Téchira and Trujillo states; to the west of Falcén and Lara states and to the east
of the Republic of Colombia on an oblique convergent margin of the three plates: the
oceanic crust (Nazca and Caribbean plates) and the continental crust (South America
Plate) (Gonzales de Juana et al., 1980)

This gives a triangular-shaped basin (Figure 2) bordering three larger faults:
Oca’s Fault located towards the north; Santa Marta-Bucaramanga’s fault towards the
west; and Bocono Fault towards the east and southeast of Zulia state (Audemard et al.,
2004) Inside the basin, the major faults are: Icotea; Urdaneta; La Paz —Mara; Pueblo
Viejo and Begote - Burro Negro (Gonzalez de Juana et al., 1980); these faults resulted
from the rotation of the blocks in a similar way to a bookcase, through a mechanism
called "bookshelf" produced by the relative movement of the limiting faults of the
triangular block (Audemard et al., 2004).

The Maracaibo Basin is located in the Zulia state, where the log of the well from
the northwest Maracaibo basin was made available for study. This log was correlated
with the outcrop natural gamma ray logs obtained in the North Andean Flank.

The North Andean Flank and center of the Venezuelan Andes are in the Tachira
Depression (Lobaterita-San Pedro Rivers) to the northwestern edge extending from the

border with Colombia and the vicinity of the Chama River, where the most



representative La Luna cross-section for this study is located in Chiguara area in Mérida
state.

The most important Cretaceous and Tertiary sequences in the central Andean
region are represented by sections located in Jaji- Mérida; Los Guaimaros-Mérida; Los
Guaimaros-El Vigia; La Azulita- Mérida; Zea- Mérida; La Tendida- T4chira and San

Pedro del Rio- Tachira.
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Figure 1 Locations and coordinates of the North Andean Flank- Northwestern
Venezuela (Taken from Google Earth, 2014).
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2.2 Regional Geology

The Maracaibo Basin is the most important petroliferous basin in Venezuela and
is one of the most prolific hydrocarbon basins in the world. Maracaibo Basin covers an
area of 50,000 kmz; the main source rock is the La Luna Formation of Late Cretaceous
age; its facies extend along all of western Venezuela and Colombia. The Andean
orogeny occurred in several phases, resulting in the generation, migration, and
accumulation of oil. For the purpose of this study I am going to synthesize the most
important events in the Maracaibo Basin, from the Triassic-Jurassic Period to the

Paleogene.

Figure 2 Structural geology of the northwest of Venezuela: Main faults on the
triangular Block of the Maracaibo Basin (Modified by Mann and Escalona, 2006).



No Triassic rocks have been found in Venezuela so far. The Lower Jurassic is
represented by Volcanicas de la Ge (Sierra de Perija) and Volcénicas de Guacamayas
(Macizo El Baul), which predated red bed sedimentation of La Quinta Formation and
the expansion process related to the Gulf of Mexico or Proto-Caribe opening.

The rifting of Pangea produced several structural features that later influenced
the evolution of the Venezuelan sedimentary basins (Acuna, et al., 1997). The Proto-
Caribe opening induced the development of northeast-oriented extension valleys or
grabens (Figure 2). Among these valleys are the Apure-Mantecal, Espino, Andes-Perija
and Maracaibo grabens. All these grabens were filled during the Jurassic Period by red
bed (continental) sediments, diverse volcanics, and occasional shallow-marine clastics

and limestone (Acuna ef al., 1997).
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Figure 3 Distribution of Jurassic rocks: 1) in Perija Range; 2) as part of the
economic basement of Maracaibo Basin; 3) in the Andes; 4) in Barinas-Apure and
eastern Venezuela Basins (Apure-Mantecal and Espino Graben). It is believed that
they are involved in deep thrusting within eastern Venezuela’s Interior Range
(after Bartok, 1993; Passalacqua et al., 1995; and Lugo and Mann, 1995). Cited
from Well Evaluation Conference Venezuela, 1997.

In western Venezuela, the Early Cretaceous was controlled initially by the

Jurassic graben faults systems. This is evidenced by the variable thicknesses of Rio



Negro Formation clastics, which range from more than 2 km near the south of
Machiques Trough, to only a few meters thick in some parts of the North-Andean
Flank. Later, subsidence stabilized and there was an extensive transgression of an open
sea over the western Venezuelan shelf causing carbonate sedimentation of the Cogollo
Group. The lateral clastic equivalent of these carbonates in the Craton or Guayana
Province Margins is the equivalent to the Aguardiente Formation, (Acuna ef al., 1997).

The paleo-environmental distribution and stratigraphic units during the Late
Cretaceous are shown in Figure 3 and 4 which encompasses the correlation for these
units in Venezuela. A marine invasion began at the end of the Lower Cretaceous,
moving from east to west and invading the south of Venezuela, which had been
emerged and undergoing erosion since late Jurassic and possibly Paleozoic times. This
marine invasion is related to the worldwide transgressive pulse of the late Cretaceous
developed in America and Europe through the sedimentation of organic-rich limestone,
shales and cherts; these rocks in Venezuela are known as the Querecual- San Antonio
(Guayuta Group), Mucaria, Navay and La Luna Formations.

The maximum transgression and lack of oxygen are believed to have occurred
between the Turonian and the Campanian (72 to 91 MA) (Acuna ef al., 1997).The late
Cretaceous in Venezuela ended in the Maastrichtian, with units that are regressive
related to the deeper environments of the source rock. In Perijad and the Maracaibo
Basin, La Luna Formation grades vertically to glauconitic limestone (Socuy Member).

Shales with thin sandstones are defined as the Colon and Mito Juan Formations.



In the North Andean Flank, the glauconitic phosphatic Tres Esquinas Member 1s
present, which is the possible equivalent of the Socuy Member, underlying the dark
shales of the Colén Formation. In the South-Andean Flank, the upper contact with the
source rock is gradationally erosive with the basal sandstones of the Burgiiita Formation

(Acuna et al., 1997).
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indicated. Taken from Well Evaluation Conference Venezuela, 1997.
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Figure S Correlation chart of the most important Late Cretaceous units of
Venezuela. Taken from Well Evaluation Conference Venezuela, 1997.

During the Paleocene- Eocene Epoch marine regression occurred due to the
collision of the Nazca Plate with western Colombia. The Orocué Group shows that the
sedimentation load was controlled by the deformation of these two plates. The Orocué
Group 1s composed of sandstones, siltstones, mudstones, carbonaceous shales and coal
seams which form Los Cuervos and Barco Formations. A deltaic environment,
interdigitated with fluvial-deltaic deposits, is characteristic of this Group.

Meandriform rivers and fluvial deposits are characteristic of the Eocene Epoch.
White fine-grained sandstones with medium thin layers of granules or pebbles of quartz
and abundant carbonaceous material form the Mirador Formation.

To the northeast of the South American plate, the oblique collision of the Lesser

Antilles Arc generated a series of sheets trending towards the south and southeast.

10



These control the turbidite sedimentation comprising the Trujillo and Moran
Formations. (Acuna ez al., 1997).

Figure 5 shows how the Colén Formation extends into the Campanian; the
Carbonera, Pauji, La Pascua, Roblecito and Los Jabillos Formations extend into the
Oligocene. The Guarico Formation may reach down to the top of the Maastrichtian

wherever the Garrapata Formation is absent (Acuna et al., 1997).
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Figure 6 Correlation chart for the Paleocene-Eocene of Venezuela. Taken from
Well Evaluation Conference Venezuela, 1997.

2.3 Local Geology
The Andean basement is composed of Precambrian and Paleozoic rocks. The

oldest rocks of the Venezuelan Andes are represented by the Precambrian Iglesias
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Complex (Gonzales de Juana et al., 1980), also known as Sierra Nevada Association
(Bellizia & Pimentel, 1994) which consists of igneous, metamorphic and / or
metasedimentary rocks.

According to Burkley (1975) the Venezuelan Andes must have existed during
the Precambrian Period (1400-600MA) providing a sedimentary environment that
allowed the deposition of the protolithic rocks of the Sierra Nevada Association that
were subsequently metamorphosed during the Caledonian Orogenia. It is believed that
during the late Precambrian (600MA-1400MA) a possible platform environment existed
that deposited the Sierra Nevada Association, which are the oldest rocks identified in
the study area. This unit was intruded 600 MA ago and subsequently was affected by
the Huronian Orogeny, which represents a period of fairly intense deformation which
caused the sedimentary rocks of the Venezuelan Andes to be metamorphosed to the
amphibolite facies.

The Andean Paleozoic rocks consist of various units related to the various
Paleozoic orogenic events, deposition, metamorphic and / or tectonic styles. The
Paleozoic Era included several major events, including the Hercynian Orogenesis (late
Permian and early Triassic) during which the Caparo and El Horno Formations were
deposited, followed by the Tostos, Mucuchachi and Cerro Azul associations and finally

the Sabaneta, Carache and Palmarito Formations.
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Table 1 Stratigraphic Chart of the North Andean Flank in Venezuela
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These events were influenced by granitic intrusions and regional tectonic
metamorphism. Table 1 shows a summary of the main depositional events in the study
area from the Mesozoic to the Cenozoic eras in the North Andean Flank of Venezuela:

Mesozoic sedimentation in the Central Venezuelan Andes was affected by
different tectonic events, the oldest of which was the intervention of the Permo-Triassic
Orogeny of compressional character with intrusive and extrusive igneous activity. The
latter was formed by a domain of extensional tectonics (= 200 MA) during the Triassic-
Jurassic, whose product was the accumulation of thick layers of red beds and lacustrine
strata interbedded with volcanic rocks. During the Cretaceous Period, Pangea continued
its expansion, and in the Early Cretaceous Period (= 135 MA) the plate boundaries
changed the tectonic styles and produced a marine transgression over the continental
margin of Venezuela.

The Andean region was invaded by the waters of an epicontinental sea of the
Eastern Cordillera of Colombia, which resulted in shallow marine sedimentation in the
Barremian which ended with deep marine sedimentation in the Santonian. In the Upper
Cretaceous Period the sedimentary regime became regressive with epiclastic
sedimentation dominating.

During the Cenozoic era different orogenic events occurred that affected the
sedimentation in this area. The first was a tectonic pulse at the end of the Eocene Epoch,
which produced a break in sedimentation and subsequent erosion, resulting in a well-
known discordance between the Misoa and La Rosa Formations which are of great
importance in the Maracaibo basin. In the middle of the Miocene Epoch, seas again

invaded the Lake Maracaibo area, depositing shallow marine and continental sediments
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which practically filled the whole basin. The Miocene Epoch began with uplift of the
Venezuelan Andean chain, generating two deep trenches towards the southwest and the
southeast, where thick intervals of coarse and considerable large conglomerates were
deposited. Finally the late Cenozoic Era is characterized by sedimentation of fluvial-

deltaic, fluvial, lacustrine, and glacial continental deposits.

15



3. Methodology

In order to achieve the objective of this thesis, three main geological techniques
were used:

3.1 Gathering and analyzing previous information:

This first stage included reading all previous works related to unconventional
shales in Venezuela and geological settings of the Maracaibo Basin and North Andean
Flank as well as the geological maps of the area.

3.2 Fieldwork:

This stage was accomplished by three weeks in the North Andean Flank and the
western area of the Maracaibo Basin in northwest Venezuela in July of 2014. It includes
the collection of samples taken in different outcrops where the La Luna Fm. is present,
including Mérida, Tachira and Zulia (Figure 7). It also includes the definition of facies
present in the La Luna Formation and the measurements of the GR Scintilometer in
order to develop an outcrop gamma ray log for the outcrops. The locations, including
the most representative outcrops are listed in Table 2.

Table 2 Name of the towns where the samples were taken in the north Andean
Flank and the western Lago de Maracaibo Basin, Venezuela

State Location Coordinates X,Y
(UTM)

Mérida La Azulita-Bachaquero (231537; 965696)

Zea (188909;930139)

Chiguara (222572;943942)

Tachira Las Hernandez (186413;927137)

San Pedro del Rio (199990:883675)

Zulia Flanco Perijanero (778064;1148259)
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Figure 7 Map of locations of La Luna Formation outcrops in the North Andean
Flank of Venezuela
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3.3 Description of the outcrops

The outcrops were described considering:

The location of the outcrops according to the geological maps from the
Ministerio de Energia y Minas (Ministry of Energy and Mines), scale 1:50.000
of the region “Tovar y Guaraque- Mesa Bolivar y Bailadores™” and “La Azulita”
and the topographic map from Nacional Cartography of 1972 for the region of
Chiguara. The Global Positioning System (GPS) Garmin, model Etrex X also
was used to find the coordinates of the maps.

Pictures of the outcrops with scale and lithological profile with descriptions of
the mineralogical composition of the different lithologies

Weathering percentage of the outcrops and alteration of the rocks

Nomenclature of the samples in order to easily identify them during the analysis
process; the nomenclature used was according to the Universidad de Los Andes
field work procedures: name of the location; age and name of the formation,
initials of the researcher and number of the sample. The code was the following:
LA (La Azulita town); KL (Cretaceous La Luna); AL (Andreina Liborius); 001
(Sample 001)

After a general observation of the outcrop, patterns such as lithology, major
textural changes, and degree of alteration of the outcrop were identified. Also,
samples collected were representative of the most important geological outcrops.
Collected samples were oriented along the magnetic north, indicating the same
position from the top and bottom of the sample at the time of the removal from

the outcrop.
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e Sampling was conducted in a fresh outcrop and different criteria were used for
sample collection, but, in general, included: rock type, lithological and textural
changes and type of analysis that were subsequently made on each of the
samples.

e In total, 40 samples were collected; in Table 3 samples are shown according to:
members, lithological changes and type of analysis for each sample. It is worth
mentioning that only some samples were subjected to petrographic and Rock

Eval analysis because macroscopic descriptions were similar.

Table 3 Number of samples used for geochemical and petrographical analysis

Unit | Lithology Location Number of | Geochemistry | Petrography
types samples (Rock Eval)
taken

La Shales and La Azulita 4 2 2
Luna chert Bachaquero,

Fm Mérida

La Shales and Ze3s, 4 5 2
Luna chert Mérida

Fm

La Shales and Chiguara, 8 6 3
Luna chert Mérida

Fm

La Shales and Las 10 5 4
Luna chert Hernandez,

Fm Tachira

La Shales and San Pedro 3 3 1
Luna chert del Rio,

Fm Tachira

La Shales and Flanco 10 7 6
Luna chert Perijanero,

Fm Zulia

La Shales and | La Luna 1X 40 20 12
Luna chert core

Fm

19




3.4 Laboratory analysis

A successful reservoir characterization is based on a variety of datasets which
provide information at different scales. The methodology proposed by Slatt et al. (2012)

(Figure 8) was applied to the geologic characterization of La Luna Formation samples

[ Characterization of unconventional gas shales }

Lithological Th|n XRD and
description from Section XRF
outcrops and core anaIyS|s analysis

Deflmtlon of
Iithofacies

l Logs _{ Clay H Carbonate L Toc
content content
Core to depth e
correctlon Rock Eval

[ Gamma L Sonic H Resistivity l
Ray Jrog
[ API ces | [ rﬁLothd }_I Definition of a sequence stratigraphic
b framework

Brittle-
Ductile
* couplets

Definition of the most prospective
intervals

Figure 8 Flow chart for integrated Characterization of unconventional gas shales
(Modified from Slatt et al., 2012, AAPG Memoir 97, p. 1-24.).
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4. Core description and facies analysis of La Luna IX core

In order to characterize the La Luna Fm in the Lago de Maracaibo basin, a 345
foot long core was provided by the Venezuelan national oil company, Petroleos de
Venezuela S.A (PDVSA) in Zulia state, Venezuela. This core was analyzed in the
summer of 2014 and was studied every 0.5 feet using Ozzie’s core logbook to compile
all the data and identify all the possible geological settings.

The main objective of the La Luna 1X core analysis was for sedimentological
and petrophysical characterization to get a detailed understanding of the lithology,
mineralogy, age, porosity, permeability, facies, and sedimentary environment of
deposition.

4.1 La Luna Core

This La Luna core contains the Albian Maraca Formation, the Cenomanian-
Santonian La Luna Formation, and the lowermost portion of the Campanian-
Maastrichtian Colén Formation.

The rocks were deposited near the northwestern margin of the Maracaibo
platform, where limited siliciclastic input from the Guyana Shield allowed concentrated
marine carbonate and organic matter to accumulate. (Davis & Pratt, 1999). This core is
very useful because it represents the stratigraphy of the western area of the Maracaibo
basin. The parameters that were used for the core description were based on the
lithology, sedimentological analysis, and core to well calibration. The type of lithology
was determined based on the color, grain size, mineral composition, organic content,
and type of cement. Sedimentological analyses were identified based on trace fossils,

macrofossils, stratification, accessory minerals, and contacts in order to define geologic
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facies and trends. Organic geochemical, XRF, and XRD analysis were conducted for
the La Luna core in order to characterize the core into different facies, which was based
on the change in TOC, trace and major elements.

4.1.1 Maraca Formation

The Maraca Formation is a laminated packstone that is becoming more
calcareous moving stratigraphically up section. It is made up of bioclastic shallow water
carbonates, which represent the latest stage in the development of the Maracaibo
Platform. Resting unconformably on top of the Maraca platform, carbonates are
laminated, fine-grained bituminous limestone of the La Luna Formation. Dissolution
and infilling at the top of the Maraca are reported from other parts of the Maracaibo
Basin, suggesting paleokarst development and subaerial exposure prior to deposition of
the La Luna (Trukowski et al., 1996). These features are also present in the Woodford
and Barnett shales (Slatt et al., 2015).

4.1.2 La Luna Formation:

La Luna sediments in the western Maracaibo region were deposited in a
hemipelagic to pelagic environment, with water depths of ~200-300 m (Perez-Infante et
al., 1996). The La Luna is overlain in the ALP- 6 core by a regionally recognized
phosphatic and glauconitic hardground marking the base of the Colén Formation (Tres
Esquinas Member). Martinez & Hernandez (1992) suggest that maximum water depths
of 600 m were reached during deposition of this hardground.

There is global evidence suggesting that the mid-Cretaceous (Aptian-Santonian)
was a major time interval of organic matter accumulation in marine sediments (e.g.,

Arthur et al., 1986). The Cenomanian-Santonian La Luna Formation and equivalent
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organic-rich shales accumulated in a wide area across the northern margin of South
America. These strata appear to constitute a significant fraction of worldwide organic
carbon accumulation during this time interval (David & Pratt, 1999).

The core has clay-sized grains and represents certain features which allow it to
be classified as Upper, Middle, and Lower members of La Luna Formation. When
moving stratigraphically from the base up, the La Luna Formation (which is in
unconformable contact with the Maraca Formation) changes from a laminated mudstone
to a mudstone with recrystallized calcite and micrite lenses (15610°-15574°).

There is also reworking of the La Luna Formation in certain areas because there
is a large presence of bioclasts probably coming from the Maraca Fm.

4.1.3 Colon Formation

The upper interval of the Colon formation is called the Socuy Member and
consists of approximate 35 meters of olive-gray, hemipelagic limestone. Alternation of
well-laminated layers with layers where bioturbation partially destroys lamination is a
common feature. Some cyclicity is present toward the top of the unit. There is a
presence of terrigenous clays, fine sand-sized quartz, feldspar, red siltstones, and
volcanic and plutonic fragments. Planktonic and benthicforaminifera are dominant.
Phosphates are present as well. Pyrite occurs in framboids and nodules, but glauconite

occurs as sand-size grains.

23



4.2 Facies classification present in the 1X WELL:
Eight facies were defined in the La Luna core from bottom to top.

1. Dark gray laminated mudstone:

(Interval 15581° — 15560”): The lower section of the La Luna in the 1X core starts at the
upper contact of the Maraca Formation with a series of conchiferous bivalves (Figure
9A). A dark gray, laminated mudstone filled with calcite veins is present in this interval.
High levels of organic matter are also shown by the presence of micro slumps. Micrite
lenses (Figure 9B) and recrystallization of benthic foraminifera, are visible with the
presence of minor reworking from the Maraca formation. This interval changes
gradually from calcareous-organic in character. There is a presence of erosion surfaces,
lag deposits and calcite-filled fractures almost perpendicular to bedding with slight
bioturbation towards the top (Figure 9C). This lithology reflects the depositional
sequence proposed by David & Pratt (1999) who named this interval the LLI1. It is
thought that during the earliest La Luna deposition in the western Maracaibo basin a
marine transgression decreased the supply of terrigenous alumino-silicate sediments to
the shelf with moderate marine productivity and deep waters that were depleted in
oxygen, creating reducing conditions in the benthic environment.

1. Fossiliferous wackstone facies

(Interval 15560° - 15552°): This is a light gray laminated shale displaying a high
content of organic matter and rhythmic calcite lenses towards the top with some
erosional surfaces (Figure 10A and B). There is a presence of foraminifera in a micrite
matrix and the upper part of this interval contains organic matter-filled fractures

containing dead oil (Figure 10C). This is probably related to the tectonic settings of the
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basin during the Cretaceous period. Cone-in —cone structures are also present

representing an area of overpressure during sedimentation (Cobbold et al., 2013).

|
—
<
=
(=)
off
=‘
=)

g

Figure 9 Facies I. Dark gray laminated mudstone: A) conchiferous bivalves, B)
micrite lenses C) Presence of calcite veins and fractures are almost perpendicular
to bedding D) Slight bioturbation occurs towards the top of the interval.

I11. Volcanic Ash

(Interval 15552°- 15548”): Two volcanic ash pulses were found in La Luna 1X core.
The base of this interval is represented by a laminar and fissile, yellowish colored bed
with coarse particles of volcanic ash (Figure 11). They look like grains of sand, but are
euhedral crystals that are locally called “coffee grains”. After this layer there is a gap in

the core (15548°- 15537") maybe due to its friable character. This interval was probably

thicker than the remaining strata described in the core. Towards the top of this interval
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the volcanic ash is intercalated with laminated black shale. This interval is correlated
with the LL2 interval (David & Pratt, 1999) where it is described as representing a
marked change in sedimentary input where Aluminum (Al) and other elements are
indicators of increased (volcanic + terrigenous) input. Towards the top of La Luna IX
core another pulse of volcanic ash but in small amount is also found. Ash horizons are
reported in the Cenomanian-Turonian strata in other areas of the Maracaibo basin. In
Colombia this layer has been found and it is believed that it originated from a volcanic
arc located on the western margin of northern South America (Parnaud et al., 1995 and
Gomez, A., 2014). Gomez also in her Master’s thesis documented a similar volcanic ash

layer in The Salada member (La Luna Formation, Colombia).

P —
Pozo ALP - 6 / Nucieo 11 / Caja 11

Pozo ALP - 6 / Nucieo 11 / Caje 14
Tope: 15550'3"

Figure 10 A) Light gray laminated shale displaying a high content of organic
matter, B) calcite lenses in a rhythmic deposition towards the top with some
erosional surfaces, C) Location of dead oil filled fractures.
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1V. Laminated mudstone with limestone concretions and packstone
(Interval 15537°- 15471°): The bottom of the interval consists of light gray mudstone
containing calcareous foraminifera that are spread out in some segments of this facies
(Figure 12A). There are calcareous lenses around the whole interval, as well (Figure
12B). The interval from 15523°-15522’ represents a weathered reddish color that may
be confused with red beds, but is just a weathering effect due to the time of exposure of
the core. Micro fractures and small bioclast fragments (less than 1 cm) are also present
at 15519’ (Figure 12C).

Towards the top there is a darker coloration corresponding to an increase in
organic matter and, in return, less carbonate. Foraminifera are dispersed along the
segment and calcite veins are also present at 15509°. Towards the top of this interval
limestone concretions are present with increasing size. There is an increase in plankton
and small nodules at 15485°. Fractures filled with organic matter or perhaps dead oil are

perpendicular to the bedding plane at 15489’ (Figure 12D).

V. Siliceous- calcareous laminated mudstone interbedded with black chert filled
with calcite veins
(Interval 15471°- 15458’): This interval represents a variation in lithology (Figure 13).
There are massive calcite nodules, bioclast fragments, and fractures that are filled with
dead oil or calcite. Both fracture types are perpendicular to the bedding plane. The
fractures in the concretion are bound within this brittle rock compared with surrounding

shale (Figure 14). Soft sediment deformation of calcite nodules has deformed the
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lamination. Beds occur rhythmically with alternations of black chert, laminated

mudstone, and big calcite concretions.

Pozo ALP - 6 / Nucieo 11 / Caja 20
Tope: 15548
L ]

Figure 11 Laminar and fissile yellowish color with coarse particles of volcanic ash.

V1. Siliceous- Calcareous mudstone interbedded with wackstone facies

(Interval 15458°- 15456°): This facies 1s a dark brown mudstone with very
small calcite intraclasts. The amount of organic matter is higher than in the lower
intervals (Figure 15). From 15456°-15382 the layers are related to facies V with a
distinct variation in black chert, laminated mudstone, (more organic matter than before)

and calcite concretions. The black chert layers and chert concretions increase towards
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the top of the interval. The increase in chert concretions is probably related to a
lowstand systems tract that caused the reduction in the productivity of calcareous
organisms and an increase in the productivity of siliceous organisms. These features
could be related to the LL4 facies of David & Pratt (1999). At 15382 facies VI appears
again, which transitions into a rhythmic alternating sequence from facies V to facies VI

up to 15311°.

Pozo ALP - 6 / Nucleo 10 /Cajal e S Pazo ALP -6 (Nuclkeo § ICaja |
Tope: 15531°3" - e Tope: 15508’

Figure 12 A) Intergrowth of calcareous foraminifera B) calcareous lenses C)
micro fractures, stylolite and small bioclast fragments (less than lcm) D)
Fractures, filled with calcite are perpendicular to the bedding plane (15489’
interval).
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Figure 13 Massive calcite nodules (yvellow circles); small filled fractures in chert
layers (yellow squares).
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Figure 14 Fractures filled with organic matter perpendicular to the bedding plane.
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fNucleo® /CajaT
15458

Figure 15 Dark brown mudstone with very small calcite intraclasts This core
contains a large increment of organic matter and strong petroleum odor in facies
VI.
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VII. Slightly siliceous- calcareous laminated black mudstone interbedded with

calcareous fossiliferous wackstone.

(I5311°- 15281°): The sedimentation trend becomes more organic rich in this interval
(Figure 16A). At 15311 there is marked bioturbation by Glossifungites that is an
ichnofacies characterized by domichnia (Glossifungites and Thalassinoides) and
sometimes plant root penetration structures (Figure 16B). These characteristics occur in
firm, but not lithified sediments, such as muds and silts in marine intertidal and shallow
subtidal zones. They are developed in shallow marine environments where erosion has
stripped off superficial, unconsolidated layers of sediment. This interval can be related
to one of the facies defined by Davis & Pratt (1999) where the levels of benthic oxygen
are inferred to be low, but an increase of oxygenation likely occurred in the upper
portion of the LLS interval. Above this interval there is a large increase in the content of
organic matter. There is a presence of dark gray, finely laminated, planktonic
foraminifera with occasional fish fragments towards the base. Interbedded nodules
disturb the bedding of shales. Occasional packstones with abundant foraminifera are

also present.

VIII. Siliceous green mudstone with authigenic glauconite and Pyrite
Interval (15281°- 15267"): In the interval from 15280 to 15275’ there is a succession of
fining upward sequences with brown/grey wackstone and fish remains at the base (5-
15¢cm). There are laminated shales with planktonic foraminifera and laminations at the
top (30-120 cm) exhibit erosive bases. At 15270° there is a presence of micrite

wackstone, phosphatic glauconite, and dolomite at the base. In some parts of this

33



interval, vertical burrows are present that extend from 7-10 cm in height. There 1s also
some calcite fill with a sinuous shape caused by compaction. Towards the top there 1s
gray to green wackstone — packstone that is altered to glauconite, phosphate, and pyrite.
Along this interval there are bioturbated Zoophycos, which occur between the abyssal
zone and the shallow continental shelf with normal background conditions of
sedimentation. There are also benthic and planktonic foraminifera along with amounts
of organic matter. Davis and Pratt (1999) associated this lithology with the lowermost
portion of the overlying Colon Formation, (Tres Esquinas Member) which is
characterized by high concentrations of Fe and S. This is expected for low marine
productivity and starved basin sedimentation, which is associated with the formation of

authigenic glauconite and pyrite under suboxic conditions (Davis and Pratt, 1999).

Figure 16 A) Change in the sedimentation pattern to a more organic-rich sediment
B) marked bioturbation that shows the presence of Glossifungites that are
Ichnofacies characterized by Domichnia.
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Figure 17 La Luna core in the Upper La Luna interval showing boundary of La
Luna Formation with the Socuy Member of the Colon Formation. The
characteristic green olive coloration of the glauconitic segments is present in the
Socuy Member; bioturbation is notorious in the segment of the core (highlighted
by yellow dashed lines).
4.3 Mineral composition

“An important aspect to understanding shale reservoirs is determining their mineralogy
and TOC (total organic carbon) content, since these will essentially control reservoir
quality” (Radcliffe et al., 2013). Typically, this is achieved using X-Ray diffraction
(XRD), X-ray fluorescence (XRF), and LECO TOC analysis, respectively. Eight
samples were taken for XRD analysis, 12 for XRF, and 20 were performed for the
LECO TOC analysis. The purpose of this was to tie all this information to the facies
developed in the core description in order to match the results obtained in these
samples. Table 3 shows the results of the XRF samples and their relationship with the

facies performed for the La Luna 1X core. Figures 18- 24 display the summary of the

XRD, core description and petrography that represents each interval.
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Table 4 Mineral percentage of the samples performed for XRD and Facies

associated in the 1X La Luna core.

Mineral percentage

Facies association in La Luna IX core

Sample/Depth | (%)
Ilite: 42.7%
Quartz: 25.8%
Fluorapatite: 10.9% VIII. Siliceous green
15267 Glauconite: 10.1% mudstone with authigenic glauconite
Pyrite: 6.5% and Pyrite
Gypsum: 3.2%
Calcite: 0.8%
Calcite: 95.9%
15300' Quartz: 4.1% VI. Calcareous slightly siliceous wackstone
Calcite: 92.3%
15334"' Quartz: 3.5% VII. Slightly siliceous calcareous laminated
Muscovite: 3.4% black mudstone interbedded with
Montmorillonite: 0.9% calcareous fossiliferous wackstone
Calcite: 58.8%
15357" Quartz: 35.8% VII. Siliceous calcareous laminated
Dolomite: 4.7% black mudstone interbedded with
Hematite: 0.7% calcareous fossiliferous wackstone
15376" Calcite: 95.9 % VII. Slightly siliceous calcareous laminated
Gypsum: 2.5% black mudstone interbedded with
Quartz: 1.6% calcareous fossiliferous wackstone
VII. Slightly siliceous calcareous laminated
15401' Calcite: 96.2% black mudstone interbedded with
Quartz: 3.8% calcareous fossiliferous wackstone
Calcite: 70.9%
V. Siliceous- calcareous laminated mudstone
Quartz: 16.1% interbedded with black chert filled with calcite
veins
15465' Muscovite: 9.7%
Gypsum: 1.4%
Ilite: 27.5%
Calcite: 25.4%
Quartz:21.8% IV. Laminated mudstone with limestone
15568' Albite:11.8% concretions and packstone
Pyrite: 8.5%
Gypsum: 3.1%

Glauconite: 2%
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Facies IV: Laminated mudstone with limestone concretions and packstone.
Interval 15568’

162504

153504

15450+

o Clay Clay 27.5wt. %
B Quartz Quartz 21.8wt. %
B Carbonate Carbonate | 25.4 wt. %
£l Pyrite Pyrite 8.5wt. %

28" W Others Others 16.8 wt. %

Figure 18 Summary of the XRD and petrography of the Facies IV. A) Log interval
where the sample was taken B) Picture of the interval of the core where the sample
was taken C) Photograph of thin section showing recrystallized forams and small
quartz grains in an organic matrix D) Mineralogical composition based on XRD

values.
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Facies V: Calcareous — siliceous laminated wackstone interbedded with black chert
filled with calcite veins. Interval 15465’

3
.

gl . % %

’ .

e L fo Ve
od %Y! .
> [« W T

e Aye
> g

oy
L a
R

e

100um

Clay 0 wt. %
[J Quartz Quartz 16.1 wt. %
B Carbonate Carbonate | 70.9 wt. %
B Pyrite Pyrite 1.9 wt. %
B Others Others 11.1 wt. %

D

Figure 19 Summary of the XRD and petrography of the Facies V A) Log interval
where the sample was taken B) Picture of the interval of the core where the sample
was taken C) Photograph of thin section showing recrystallized forams, spicules of
Echinoderms and small quartz grains in an organic matrix D) Mineralogical
composition based on XRD values.
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Facies VII: .Calcareous slightly siliceous laminated black mudstone interbedded with
calcareous fossiliferous wackstone. Interval 15401°

ozo ALP - 6 / Nucleo 7 / Caja 24
Tope: 15399

Clay owt. %
DQuartz
-Carbonatc Quartz 3.8wt. %
Carbonate | 96.2 wt. %
Pyrite Owt. %
Others owt. %

Figure 20 Summary of the XRD and petrography of the Facies V A) Log interval
where the sample was taken B) Picture of the interval of the core where the sample
was taken C) Photograph of thin section showing recrystallized forams of a larger
size, spicules of Echinoderms and small quartz grains in a carbonate matrix D)
Mineralogical composition based on XRD values.

39



Facies VII: Calcareous, slightly siliceous, laminated, black mudstone interbedded with
calcareous fossiliferous wackstone. Interval 15376

"woALP 6 INucleo & I Caja 7
Tope: 15374

|
|
|
i
|
|

[ ] Quartz
) Carbonate Clay owt. %
[ Others Quartz 1.6 wt. %
Carbonate | 95.9 wt. %
Pyrite owt. %
D Others 2.5wt. %

Figure 21 Summary of the XRD and petrography of the Facies V A) Log interval
where the sample was taken B) Picture of the interval of the core where the sample
was taken C) Photograph of thin section showing recrystallized forams, pellets and
small quartz grains in a carbonate matrix D) Mineralogical composition based on

XRD values.
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Facies VII: Calcareous, slightly siliceous, laminated black mudstone interbedded with
calcareous fossiliferous wackstone. Interval 15357’
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e Clay Clay 0 wt. %
Kvartz Quartz 35.8 wt. %
. Carbonate
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Pyrite 0 wt. %
Hematite 0.7 wt. %

Figure 22 Summary of the XRD and petrography of the Facies V. A) Log interval
where the sample was taken B) Picture of the interval of the core where the sample
was taken C) Photograph of thin section showing recrystallized forams and quartz
grains in a carbonate matrix D) Mineralogical composition based on XRD values.
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Facies VI: Calcareous- siliceous mudstone interbedded with wackstone facies.
Interval 15334°

WO |

B clay Clay 0.9 wt. %
] Quartz Quartz 35wt. %
B Carbonate Carbonate | 92.2 wt. %
B Others Pyrite 0wt. %
Others 3.4 wt. %

Figure 23 Summary of the XRD and petrography of the Facies V. A) Log interval
where the sample was taken B) Picture of the interval of the core where the sample
was taken C) Photograph of thin section showing recrystallized forams in an
organic matrix D) Mineralogical composition based on XRD values.
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Facies VI: Calcareous -laminated black mudstone interbedded with fossiliferous

wackstone. Interval 15300’

16250+
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D Quartz
. Carbonate

Clay 0Owt. %
Quartz 4.1wt. %
Carbonate | 95.9 wt. %

Figure 24 Summary of the XRD and petrography of the Facies V. A) Log interval
where the sample was taken B) Picture of the interval of the core where the sample
was taken. C) Photograph of thin section showing abundant parallel layers of
Globoratalia and small quartz grains in a carbonate matrix D) Mineralogical

composition based on XRD values.

43



Facies VIII: Siliceous, slightly calcareous, green mudstone with authigenic glauconite

and Pyrite. Interval 15267
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Figure 25 Summary of the XRD and Petrography of the Facies VIII.
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the sample was taken C) Mineralogical composition based on XRD average values.
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Figure 26 shows the total distribution of main minerals of the lithofacies
containing quartz, calcite, dolomite and clay. The mineral composition of La Luna 1X is
primarily carbonate (approximately 90%). This is due to the sedimentation of the thick
and lateral succession of mixed carbonates in Lago de Maracaibo basin during the
passive margin of northern South America (Davis & Pratt, 1999).

However, as is shown in figure 26, the lower and upper parts of the core display
some clay minerals in comparison to the rest of the samples that are mostly carbonates.
In the lower zone (15528’- 15469) there is 2 to 5 average % illite and in the upper zone
the clay content increases noticeably up to 42.7 %, representing facies VIII which
clearly represents the top of the La Luna Fm (Tres Esquinas Member). Table 6 displays
the XRF results and the facies association related to each interval.

“X-ray Fluorescence Spectroscopy (XRF) was used to determine the bulk
chemical composition of a sample. Elements from fluorine to uranium in the periodic
table can be analyzed with detection limits varying from 0.5 ppm for heavier elements
like Mo to 100 ppm for the lightest element F. Everything in the sample is analyzed to

enable accurate matrix corrections” (Loubser & Verryn, 2008).
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Figure 26 Representation of the dominant mineralogy of La Luna core 1X based on the samples performed with XRD



Table 5 Summary of elemental paleoenvironmental interpretation. Modified from
(Treanton et al., 2014).

Proxies Interpretation Limitations
Zr,Ti Terrestrial clastic

provenance
Detrital or biogenic Dual origin
provenance possible
Contained in clays and | Can be clastic
feldspars detrital in origin
Contained in clays Also present in
(1llite) feldspar
Contained in
Carbonates
Anoxic conditions Sequestration

! mechanism

| Suboxic to anoxic Potentially a

| conditions bionutrient

4.4 Inorganic Geochemical Parameters
In geology, the purpose of XRF analysis is to utilize a series of elemental
proxies to develop a sequence stratigraphic framework that can be used to correlate
fine-grain lithologies, allowing a greater confidence in locating landing zones for
production (Turner & Slatt, 2013). These proxies are related to different influx and
oxic/anoxic conditions and are extremely useful for paleo-environmental interpretation.
Table 5 shows a summary of elemental paleo-environmental interpretation for
common proxy elements. (Treanton et al., 2014). Figure 27 displays the variations in
proxies that are represented in five zones or intervals. It’s important to point out that

although there is a small number of samples, the variations can be determined based on

the trends of each proxy.
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Interval I is characterized by a slight increment of clastic detrital content
towards the top (Zr), the clastic input (Si/Al) is very low but when Si is compared with
Ti for the estimation of biogenic input, clastic content increases in the first stages and
then decreases to the top of interval I, Ti and Si increases when GR is Low. This
suggests relatively important changes with respect to sediment input and hence either
sea level and/or distance from sediment source. The clay influx represented by Al, and
K highly suggest that K and Al are dominantly associated with detrital feldspars and/or
illite. Carbonate content is high in the entire interval but Sr decreases in the uppermost
area. Mo and V are present in the middle zone; a high peak is related with anoxic
conditions because of a correlation with a high peak in the gamma ray response.

Interval II is characterized by a slight increase in Ti and Si; suggesting some
biogenic input and biogenic calcite since these rocks are mainly carbonate. When Si/Al
are compared, there is a small increase in the clastic input compared to interval I, but
it’s still low compared to the other intervals. The clay influx represented by Al, and K is
lower and correlates in trend with the Mo and V which has a large peak in the middle
that can be related with anoxic conditions correlating with the gamma ray response.

In interval III, elements like Ti and Zr that represent continental influx decrease
dramatically. Al, K and Si are very low as well. An increase in biogenic silica is
reflected in the Si/Al which undergoes a significant shift in base values. In contrast, the
carbonate content remains very high and the Mo, V present low peaks that can be

related with oxic conditions, showing a correlation with low peak responses in the

gamma ray log.
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Interval IV marks another change with all elemental base values shifting
significantly. The continental input given by the Zr and Ti increase dramatically. K and
Al also increase, which suggests a relative increase in the presence of detrital feldspars
or clay. The carbonate content remains high, but there is cyclicity in the Sr that starts to
decrease towards the top of Interval IV. The Mo and V increase again, indicating
relatively anoxic conditions.

Interval V represents the Upper La Luna Formation (Tres Esquinas Member);
the levels of Zr, Ti, P and specially K increase in a high rate. This suggests another
increment of continental input. Phosphates are common. In contrast, the Mo and V
decrease, suggesting oxic conditions. Figure 28 represents the mineralogy of La Luna
core 1X based on the samples performed with XRF; when compared with the XRD

(figure 26) the same trend is evident.
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Table 6 Elemental composition in parts per million in the samples performed for XRF and facies associated in the 1X La Luna

core
Depth |Zr (pp Ml«- Interpretted Si/Al (K (ppm) |Al (ppm0 P (ppm) Sr of Mo (ppmV (ppm) | Facies Association
15272| 20.61| 927.57|109192.80 29.43 8371.26 0.00] 223987.23| 831.66| 128340.53| 36.60| 420.78 Vil
15294 9.77| 390.81| 43711.22 24.97 1473.94| 1750.21 0.00| 429.48| 298026.66 5.92| 155.09 Vil
15303| 4.52| 333.13| 43492.41 112.80 1200.00f 385.56 0.00| 422.26( 290867.95 6.50| 144.21 R
15317| 22.58| 497.37|315427.62 41.53 1055.85| 7595.55| 1173.09| 351.42| 60216.80| 40.48( 711.11}
15343| 17.35| 724.95| 87423.88 14.04 2338.96 6225.97| 4334.18|1198.26| 223464.67| 29.97| 513.67
15365| 12.50(1121.55| 57474.62 2.52 1949.68| 22779.28 157.54| 583.10( 245539.53 8.31] 98.93 Vil
15382| 0.00| 327.34| 36907.75 28.19 1342.61 0.00] 10962.28(1091.19| 286774.76 0.81] 171.03
15395 0.00| 370.30| 38514.60 26.00 1205.35 0.00] 1500.57| 920.92( 303137.89| 57.95| 247.84
15422| 5.27| 369.84| 31410.17 24.51 1220.07| 1281.40 0.00| 460.98| 297075.85 6.16| 106.98
15444| 0.00| 528.09| 86728.12 15.44 1853.70( 5616.40( 1577.91|1129.43| 244961.87| 11.54| 277.79
15464 0.00| 566.51| 88671.90 8.69 2828.75|10199.49 538.23| 960.12| 228734.48| 104.95| 802.86
15491| 5.07| 405.09| 57839.90 13.65 1674.00| 4235.89 0.00| 711.97| 274040.53| 21.47| 261.49 v
15496| 11.02| 379.86| 38697.89 2.60 2012.77|14900.54 0.00| 253.53| 301131.27 6.17| 135.22
15554 4.67| 736.42| 55283.84 4.34 3524.19|12734.25 977.08| 628.11| 242378.10| 150.09| 806.96
15568 4.39| 498.43| 40837.94 20.48 1959.48 0.00] 9119.45| 760.84( 290020.21| 45.78| 383.14 |
15570| 8.67| 359.42| 29681.11 20.65 1078.85 0.00 0.00| 375.19| 313433.21| 10.88| 136.12
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Figure 28 Representation of the dominant elemental composition of The La Luna core 1X based on the samples performed
with XRF.



4.5 Organic Geochemical Parameters and analyses

In order to characterize a good source rock, certain screening tools can be used.
The techniques mostly used are Total Organic Carbon (TOC) and Rock Eval Pyrolysis.

In the laboratory Total Organic Carbon is a very important source rock-
screening tool. TOC values are obtained through oxidation of the organic material, then
measuring the CO; that is produced. Today, most TOC determinations are part of the
Rock Eval analyses (Philp, R.; personal communication. 2014).

The S1 peak contains the free oil content remaining in the rock vaporized at
300°C (mg HC/g R). The S2 peak contains the remaining potential to generate
hydrocarbons by cracking kerogen using programmed pyrolysis from 300-600°C,
usually at 25°C/min (mg HC/g R) and maximizes depending upon the structure of the
kerogen along with the maturity of the source rock. The S3 peak by definition is the
organic carbon dioxide evolved between 300-390°C (mg CO2/g R), generated during
the decomposition of the kerogen. The S4 peak is the residual carbon from oxidation of
dead carbon remaining after pyrolysis. These peaks are represented by a Pyrogram that
is obtained from the pyrolysis products of a material (Figure 29).

The organic matter distribution is divided into Live Carbon and Dead Carbon.
The former, is composed of gas/oil and organic matter (Kerogen) and is related to the
S1 and S2 peaks of a pyrogram plot. The latter is related to the S4 peak. If the Rock
Eval parameters are applicable to the analysis of the source rock characterization, good

results can come out of this screening tool.
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In the same manner, other parameters are linked to the S1, S2, S3, and S4 peaks.
The Tmax parameter is the temperature of maximum evolution of the S2 hydrocarbons
and an indication of thermal maturity (°C). Also, using these three parameters (S1, S2
and S3) together with the TOC content of the sample, two important parameters are
developed (Philp, 2014). The former is the hydrogen index; (HI) which is the S2 peak
normalized to the TOC and gives a measure of the amount of kerogen in the rock and
indirectly the hydrogen content. The latter is the oxygen index, (OI) which is the S3
peak normalized to the TOC and shows a measure of the organic oxygen content of the
kerogen. Lastly, the production index (PI) is the ratio of S1 to S1+S2.

S1 and PI increases with maturation and most reservoirs have very high
(anomalous) PI values. The TOC in the La Luna Formation samples were measured
using the Leco TOC, Rock-Eval-2, and Maturity Testing generated by Geomark
Research Laboratories. Twenty samples were taken at depths that show variance in
lithology and organic matter.

Rock-Eval "Pyrogram”
Sy

2 6007
Temperature trace
(nonisothermal
at 25°C/min)

300

Tmax

S '

Figure 29 Pyrogram that represents the distribution of Organic Matter in Rock.
From Philp, R. 2014.
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Table 7 Results of the Rock Eval Parameters from La Luna 1X core

Hydrogen Oxygen

Depth TOC Leco 51 S2 S3 Index Index
(%wt) (S2x100/TOC) | (S3x100/TOC)

15267 0.98 0.42 | 0.72 | 037 73.62 37.83
15274 4.74 2.82 |120.37| 062 429.75 13.08
15278 3.85 1.61 |15.13| o054 392.99 14.03
15280 4.4 1.9 [18.76| o0.63 426.36 14.32
15287 4.43 1.92 |17.18| o061 387.81 13.77
15300 0.88 0.22 | 2.1 | o025 238.91 28.44
15314 4.12 1.75 | 12.7 | oss5 308.25 13.35
15334 0.84 0.41 | 3.28 | 0.47 388.63 55.69
15342 0.75 0.67 | 2.13 | o054 284.00 72.00
15551 6.44 2.93 |21.04| o0.90 326.71 13.98
15357 9.13 5.4 |38.26| 1.06 419.06 11.61
15376 0.22 0.07 | 0.28 | o0.1s 125.56 67.26
15378 3.87 2.09 [19.88| o063 305.94 16.28
15401 6.12 1.99 |11.84| o084 324.84 13.73
15415 4.78 1.92 |12.02| o066 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>