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ABSTRACT

The La Luna Formation, part of the South American upper Cretaceous
sequence, has been recognized as one of the most important hydrocarbon source rocks
in Colombian and Venezuelan basins. This formation is described as calcareous shale
and limestone, black in color, with high foraminifera (Globigerina) content and
calcareous and phosphate concretions. Outcrop studies were conducted in the southern
part (OUTCROP A) and central part (OUTCROP B) of the Middle Magdalena Valley

basin (MMVB) to assess the shale gas potential.

La Luna Formation has been previously sub-divided into three members:
upper, middle and lower, recognized respectively as Galembo (calcareous shales with
limestone layers and nodules), Pujamana (claystone, mudstone, gray shale and cherts)
and Salada (black shales, black mudstones, black calcareous claystone, black limestone
layers and concretions with pyrite). Two major stratigraphic sections were measured,
one in the OUTCROP B area with a total thickness of 1000 ft., and the other one in the

south area of the basin at OUTCROP A 1200 ft. thick.

Based upon 66 samples analyzed, total organic carbon (TOC) values range for
the Galembo from 1.09% to 11.90% and for the Salada member from 2.15% to 11.90,
Rock Eval pyrolysis data show the La Luna Formation is dominated by Type IIS
kerogen, indicating oil and gas prone marine organic matter; thus, these members are
excellent source rocks for hydrocarbons. The maturity of this formation increases
towards the southeast. Liquid hydrocarbons will be more related to the northern and

central part of MMVB and condensates and dry/wet gases will be more related to the
Xiv



southern MMVB areas. Biomarker analyses reveal variations in redox conditions and a
predominant marine organic matter input with anoxic and hypersaline conditions for the

Galembo and Salada members.

The SEM analysis identified two major microfabric types in the Salada and
Galembo member: 1) organic hash: most of the samples contain common organic
matter and the mineral edges are very diffuse; and 2) organic clayey with sharp mineral
edges and abundant calcite minerals. The porosity types associated with the Salada and
Galembo member are porous floccules, intraparticle porosity, fecal pellet porosity and
microchannel porosity. For the Galembo member the average total porosity is 8.5% and

for the Salada member average total porosity is 8.11% for the samples analyzed.

The observed facies association and biomarker analysis identified the
depositional environment as shallow marine, middle shelf, in a transgressing sea. Four
major third order stratigaphic cycles corresponding to the three La Luna Formation
members deposition events are proposed. The the lower Salada member is characterized
by a major transgression with a maximum flooding surface at Salada member top and a
transgressive surface of erosion (TSE) towards the Salada - Pujamana members’
boundary. The Pujamana member deposition was interpreted as a HST-TST regional
regression, where the observed Pujamana — Galembo boundary corresponds to a third
TSE and the Galembo member is mainly a transgression with fluctuations, which
indicates that deposition of the Galembo member occurred during a sea level rise

towards the La Luna Formation top progradational deposits.
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This primary assessment of the La Luna Formation indicates a good potential
for a shale gas system, where good organic matter content is present, the formation has
reached maturity levels for hydrocarbon generation and has relatively high porosity for
oil and/or gas storage. The Salada and Galembo members are good candidates for an
unconventional shale gas play, therefore these can be considered as separate operational
units, with thicknesses in outcrop from 180-720 ft. for the Galembo member, for the
Salada member thickness from 300-400 ft., and approximately 500 ft. of thickness for
the transitional Pujamana member, which is very likely to be a possible lithological

barrier between the upper and lower La Luna members.
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CHAPTER 1

1. INTRODUCTION

Over the last decade, unconventional gas resources (coalbed methane, tight gas,
shale gas, shale oil, gas hydrates, and deep-basin gas systems) have become significant
providers of natural gas and oil in the United States basins (Figure 1). Developed and
tested exploratory concepts have been transferred overseas towards new and leading-

edge technologies, creating an exploratory boom for these resources.

Unconventional gas/oil shale resources consist of regional and continuous
accumulations of light hydrocarbons where migration is not controlled by a buoyancy-
driven mechanism. Different than conventional reservoirs, these accumulations are not
influenced by hydrodynamic processes. In addition, these reservoirs are not usually
related to structural and/or stratigraphic traps and do not show evident traps and seals.
Unconventional resources do not have well-defined gas-water and oil-water contacts,
and usually show abnormal pressures (high or low). In these plays, natural fractures
may be very common and contain high amounts of gas/oil-in-place, with accumulations
found adjacent to, or within source rocks (Schmoker et al., 1996; Schmoker, 2002; Law
and Curtis, 2002; Schenk, 2005; Jarvie et al., 2005, 2007; Philp, 2007; Pollastro et al.,
2007). However, unconventional resources exhibit very low matrix permeability, a low
recovery factor with low production of free water, and lower estimated ultimate
recovery (EUR) compared to conventional resources (Schmoker et al., 1996; Law and

Curtis, 2002; Schenk, 2005).
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Figure 1. U.S. shale gas plays lower 48 states (EIA, May 9, 2011). Source: Energy
Information Administration, 2012.

It has been very common to consider shales as uniform stratigraphic sequences
in terms of physical and chemical properties. However, it has been demonstrated that a
more detailed analysis of these source/reservoir rocks can provide greater insight about
variations in the depositional and environmental factors that influenced source rock

deposition and fluids storage (Singh, 2008; Comer, 2009; Slatt et al., 2010, 2012).

The key industry-academia accepted parameters for a shale gas/oil
characterization are the primarily identification of lithofacies (shale type), organic
content, porosity, permeability, maturity, fracturability, gas content, reservoir thickness,

and volumetrics. The integration of these parameters has been established with the aim
2



of defining “sweet spots”, gas/oil fairways, or producible areas of economic potential
(Schmoker, 2002; Jarvie et al., 2005, 2007; Pollastro, 2007). Organic geochemistry tied
with sequence stratigraphy framework has played an important role in shale gas/oil
evaluation (Slatt and Rodriguez, 2012). Different approaches and techniques have been
used to determine maturity and organic content of shales: organic matter type, quantity
and provenance; thermal maturity; type of hydrocarbons generated; the role of clay
minerals in concentrating organic matter within the reservoirs; and establishing
depositional settings. This information has been integrated with information from
disciplines such as geology, geophysics, and reservoir/petroleum engineering to
determine shale oil/gas potential and attempt to define petroleum systems for these
types of plays (Curtis, 2002; Jarvie et al., 2007; Hill et al., 2007a, 2007b; Philp, 2007;

Pollastro et al., 2007; Zhao et al., 2007; Kinley et al., 2008).

The present study is focused on the organic geochemistry and reservoir rock
characterization of the La Luna Formation in part of the Middle Magdalena Valley
Basin (MMVB), Colombia. Two major stratigraphic sections were measured in
outcrops of the Eastern Cordillera west flank. The section measured in the southeast
area of the MMVRB is referred in this study as OUTCROP A, and the second section,

measured in the central zone of the basin is referred as OUTCROP B.

The La Luna Formation has been considered to be the main hydrocarbon source
rock in the MMVB by Zumberge (1984) and Rangel et al. (1996 and 2000), as well as
in other important basins such as the Maracaibo Basin (Talukdar et al., 1986). The

existing knowledge about depositional processes controlling the Upper Cretaceous La
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Luna Formation deposit in the MMVB is minimal and there are few integrated
stratigraphic and geochemical studies on this formation, nor is there any published
assessment of this formation as a reservoir. Zumberge (1984) addressed the
hydrocarbon potential of the La Luna Formation in the La Sorda Creek, central area
MMVB, as the most complete stratigraphic outcrop section of this formation. Rangel et
al. (1996 and 2000) identified four oil families in the same location using oils from
conventional producing reservoirs and La Luna outcrop extracts. Based on oil
characteristics, Rangel et al. (1996 and 2000) suggested that two of the oil families in
the conventional reservoirs are possibly derived from the La Luna Formation. Ramon
and Dzou (1999) used oil-derived parameters to discuss some geochemical processes in
the MMVB of the La Luna Formation and associated organic facies, to conclude that La
Luna is an effective source rock and makes an oil and gas contribution to Tertiary
reservoirs along the basin. There is no study of the storage capacity of this formation as

a reservoir.

Sixty-six samples of La Luna Formation outcrop were collected in the field,
thirty four from the central MMVB and thirty two from the southeast MMVB. These
samples are the main data set of this study, and were analyzed in order to determine the
type and quantity of organic matter, maturity, paleoenvironmental conditions,
lithological facies, mineral content and porosity. This information has been integrated
with published geological data to provide insights regarding source rock depositional
history, characteristics and type of hydrocarbons that may be generated from these
source rock intervals and storage in the reservoir intervals. The relationship of

geochemical parameters to local depositional processes and stratigraphic cycles
4



recognized in the basin would help to identify the best source rock intervals and provide

a better understanding of the spatial relationship and distribution of the La Luna

Formation in the MMVB.

During the past two years, the Colombian Government has considered encouraging
the exploration for unconventional oil and gas in Colombia. This is another reason to
make this assessment of the La Luna Formation, since it might be an emerging shale
play in South America. The Colombian Exploration Blocks offered for the MMVB in

the 2012 bidding round are illustrated on Figure 2.

1.1.Background of thesis topic.

In order to assess hydrocarbon prospects, geochemical data, one critical for risk
evaluation and petroleum system definition based on oil/gas source rock correlations. In
the case of shale gas plays, geochemistry is a very useful tool for establishing potential
commercial gas accumulations in terms of origin and characteristics of existing
hydrocarbons, source rock thermal maturity, hydrocarbon yield, and burial history

modeling.
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Figure 2. Geographic map of Colombia, showing the 2012 Open bid leasing blocks (Dark
blue polygons). Source: ANH 2012.



15 [ 1 Thesis Scientific Problem

The scope of this project involves the assessment of the unconventional shale gas
potential in the Middle Magdalena Basin, focusing on the La Luna Formation, which is
known for its hydrocarbon source rock. Until recently, the La Luna members have not
been studied as a potential unconventional gas (or liquids) reservoir resource. This
study relies on outcrop information to establish the sedimentology, stratigraphy, and
geochemistry of the La Luna Formation for shale gas potential. The field work phase
consisted of acquiring rock samples and describing the sedimentology and sequence

stratigraphic properties through measurements of key outcrop stratigraphic sections.

The laboratory phase has been focused on quantification of the organic
geochemistry properties, biomarkers with gas chromatography and mass spectrometry
for establishing organic matter and depositional environment properties, organic-rich
anoxic intervals; and the gas shale reservoir attributes of the La Luna Formation by
analyzing the organic geochemistry, lithologies, porosity, permeability, fluid

distributions and mineral contents.

1.1:2; Regional Framework

The La Luna Formation, part of the South American upper Cretaceous sequence,
has been recognized as one of the most important hydrocarbon source rocks in
Colombian basins. This formation has been interpreted as calcareous shale and
limestone, black in color, with high foraminifera content and limestone concretions
(Garner, 1926; Hubach, 1957; Morales, 1958; Julivert, 1968; Ingeominas, 2002). The

continuity of this formation has been recognized and extends from the central part of




Colombia towards the Maracaibo Basin, northwest Venezuela (Garner, 1926; Hedberg
and Sass, 1937; Renz, 1959; Talukdar et al., 1985; Macellari and DeVries 1987; Perez-

Infante et al., 1996; Mann and Stein, 1997; Villamil et al., 1999).

This research focuses on outcrop studies that were made by the author in the
southern and middle parts of the Middle Magdalena Valley Basin to assess the shale gas
potential of the La Luna Formation. This formation has been sub-divided by previous
authors (Garner, 1926; Hedberg and Sass, 1937; Hubach, 1957; Morales, 1958) into
upper, middle and lower members, named respectively as Galembo (calcareous shales
with limestone layers and nodules), Pujamana (claystone, mudstone, gray shale and
cherts) and Salada (black shales, black mudstones, black calcareous claystone, black
limestone layers and concretions with pyrite). The field surveys conducted to date
involved measuring stratigraphic columns and collecting samples from the three

members to preliminarily assess the entire formation’s unconventional potential.
1.2.Geologic Framework

1.2 Regional Basin Geology

The Middle Magdalena Valley Basin is located in the central area of Colombia, in
the northwest corner of South America (Figure 3 and 4). The basin extends along the
central reaches of the Magdalena River Valley between the Central and Eastern
Cordilleras of the Colombian Andes. This basin has been recognized by ANH (2008) as
a Poly-historic, from Rift to Broken Foreland and its area is Area 34,000 km? /

7,900,000 acres. The exploratory process has been oriented mainly towards the




identification of structural traps in the Paleogene sequences (ANH, 2008). The
sediments that filled the basin are a succession of Jurassic continental deposits overlain
by Cretaceous calcareous and siliciclastics sediments that are of transitional to marine
origin (ANH, 2008). The Paleogene sequence is made up of siliciclastic rocks deposited

mainly under continental conditions with some marine deposition.

1.2:2; Basin Boundaries (ANH, 2008).

The Middle Magdalena Valley Basin (MMVB) boundaries are illustrated in Figure

4, and are the following:

e Southeast: Bituima and La Salina fault systems (B.S.F.S.)

e North: Espiriti Santo fault system (E.S.F.S)

e West: Onlap of Neogene sediments over the “Serrania de San Lucas” (SL) and
Central Cordillera (CC) basement

e South: Girardot fold belt (GFB)

e Northeast: Bucaramanga-Santa Marta fault system (B.S.M.F.)

In 2008, the Colombian government hydrocarbon management agency, ANH,

published the following MMVB factors:

o Wildcat wells 296; Qil field discoveries 41
e Discovered oil reserves 1,900 million barrels of oil (MMBO).

e Discovered gas reserves 2.5 billion cubic feet of gas (BCFG)




VENEZUELA

PACIFIC

Qutoe
BRAZIL

K& ECUADOR

SOUTH
AMERICA

Figure 3. Map of Colombia with its main tectonic domains. 1) Eastern Region; 2)
Central Region; 3) Western Region. In red: regional faults. Gray and shadow areas: Main
mountain ranges. Figure notations: R.F.S. Romeral fault system; S.N.S.M. Sierra Nevada
de Santa Marta. Note the Magdalena Valley above the area number 2 . Illustration from
ANH (2008).

Figure 4. Location of the Middle Magdalena Valley Basin, Colombia. Figure notations:
the Bituima and La Salina fault systems (B.S.F.S.); the Espiritu Santo fault system
(E.S.F.S); the Serrania de San Lucas (SL); the Central Cordillera (CC); the Girardot fold
belt (GFB); the Bucaramanga-Santa Marta fault system (B.S.M.F.). Note that the Yellow
polygon corresponds to the MM VB. Figure from ANH, 2008.

10



1.2.3. Basin Development and Petroleum System

The Middle Magdalena Valley Basin (MMVB) has been affected by several
tectonic events linked to the development of the western margin of Colombia. Some
authors propose that the sediments were deposited initially by the lithospheric extension
that started in the Early Triassic, creating tight grabens delimited by normal faults

(Fabre, 1983 and 1985; Hebrard, 1985).

Some published studies, Pindell and Barret (1990) and Pindell (1993) among
others, have considered that the north of South America was part of the super continent
of Pangaea at the beginning of the Mesozoic and then was broken as the product of two
possible processes: The first process, proposed by Pindell and Dewey (1982), was an
intra-cratonic rift during the Triassic and early Jurassic; it can be applied to the north of
Colombia and Venezuela (Sarmiento, 2001) and explains the separation of North
America and the proto Caribbean opening. The second process proposed by Tussaint
(1995), explains the extension as the product of a back arc rift, which agrees with the
existence of volcanic deposits in the south of the basin (Bayona et al., 1994). In the
MMVB the development of this type of basin during the Triassic and Jurassic favored
the accumulation of fluvial and littoral clastic rocks with subsidence rates of 150 m/My

and thermal gradients of 40°C/Km (Fabre, 1981).

All the Cretaceous deposits in the MMVB correspond to a regional mega
sequence (Cediel, 1968) with a regional maximum flooding surface at the boundary of
the Cenomanian —Turonian (Villamil, 1998). The marine transgression advanced until

the Aptian as a product of thermal subsidence and relative increase of base level, until
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the basin reached the maximum flooding stage. From the Barremian and during the rest
of the Cretaceous, the basin was controlled by thermal subsidence (Fabre, 1981; Dengo
and Covey, 1993), the deposits were controlled by eustatic changes and by the
transgressions during the Turonian which formed the La Luna formation (Villamil,
1998). Macellari (1988) proposed that during this tectonic phase, the MMVB was a
foreland basin and the sediment deposition was also affected by stages of the Santonian

and younger Central Colombian Andes cordillera uplift.

According to Pindell and Dewey (1992) and Pindell and Erikson (1993), at the
end of the Cretaceous and until the Oligocene, the north of South America was under
the tectonic influence of the movement towards the east of the Caribbean plate, the
subduction of the Farallon plate in the southeast of Colombia, and the late oblique
convergence of the Nazca plate. During the Paleocene, the relative plate movements
created the accretion of oceanic crust in the east of the basin (Cooper et al., 1995;
Gomez, 2001) initiating the foreland tectonic setting, including the Eastern Cordillera
basin and the Llanos basin in Colombia. During the Eocene, the plate convergence rate
was higher, and at the west of the MMVB the Central Cordillera was uplifted, creating
inversion of ancient normal faults, horsts and folds of the Cretaceous sequence and the
development of a regional discordance upon which the clastic Tertiary formations were
deposited (Gomez, 2001; Sarmiento, 2001). For the Oligocene and Middle Miocene, the
fluvial and lacustrine clastics were deposited in the basin and constitute the principal

conventional reservoir targets.
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1.2.4. Petroleum System Elements of MMVB
 Hydrocarbon evidences
According to ANH (2008), over a century of exploration history in the basin has
led to the discovery of about 1,900 MMBO, 2.5 trillion cubic feet of gas (TCF) and a

total of 41 fields, including the first giant in Colombia, La Cira-Infantas field.
* Source Rock

The proposed source rocks are the cretaceous limestones and shales of the La
Luna and Tablazo formations are the main source rocks in the basin. TOC values are
high (1-12%) and organic matter is essentially Type II, with Ro values reaching 0.6 -3.0
%. (ANH, 2008). According to ANH (2008) these main source rocks were deposited in
the basin during two worldwide anoxic events, one at the Early Cretaceous Hauterivian-

Barremian and the other at Late Cretaceous Turonian-Santonian.

* Reservoirs

As illustrated in Figure 5, conventional reservoirs in the basin are continental
Paleogene sandstones (Paleocene-Miocene) of the Lisama, Esmeraldas-La Paz, and
Colorado-Mugrosa formations. They have average porosities 15-20% and average
permeabilities of 20-600 md. Lightly explored reservoirs are fractured systems of the

Cretaceous limestones, Basal Limestone Group and La Luna Formation (ANH, 2008).
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1.2.5. La Luna Formation. Previous geological description studies.

The La Luna Formation was described by Garner (in Julivert et al., 1968, 1970).
Its name comes from “La Luna Creek” at the northwest of the Perija Mountains in
Zulia, Venezuela. In Colombia, La Luna Formation was introduced by the
geologists of the Caribbean Petroleum Company in the 1920’s. This formation in
the MMVB is composed of dark gray limestones, gray and black shales, calcareous
shales with intercalations of clay rich limestones, limestone concretions up to two
meters in diameter with fossils and black chert layers and phosphatic beds at the top.
In the MMVB, previous authors (Garner, 1926; Hubach, 1957; Morales, 1958) have
divided the La Luna Formation into three members: upper, middle and lower
members, named respectively as Galembo (calcareous shales with limestone layers
and nodules), Pujamana (claystone, mudstone, gray shale and cherts) and Salada
(black shales, black mudstones, black calcareous claystone, black limestone layers
and concretions with pyrite). The depositional environment that has been proposed
for this formation by Morales (1958) is shallow marine with bottom water
circulation. The thickness of this formation varies from 400 ft. up to 2200 ft. The
contact between La Luna Formation and the coaly Umir Formation stratigraphically
above is a regional stratigraphic discontinuity and easily distinguished on outcrops.
Morales (1958) in the MMVB assigned age of the La Luna as Turonian to
Santonian, and correlated this formation towards the Catatumbo-Maracaibo basins

in Venezuela.
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Zumberge (1984) described, in general, the formation in the central MMVB as
lithologically ~consisting of dark-gray to black calcareous shales with varying
amounts of interbedded limestones and some thin chert beds. In thin section, La
Luna samples from the Pujamana and Salada Members contain abundant calcareous
planktonic foraminifera and other pelagic organisms, suggesting deposition in
moderately deep water with restricted bottom circulation. He observed a textural
relationship between the organic matter and inorganic minerals (especially the
calcite filled Globigerina foraminifera) that can be observed within the formation.
Zumberge (1984) also mentioned that except for eolian-transported clays, little
evidence of land-derived material, such as detrital quartz, was found on

foraminiferal tests not filled with calcite, but commonly filled with oil.

1.3.Thesis Research Goal and Objectives

Goal

The main goal of this thesis is to evaluate the unconventional shale gas/shale oil
potential of the Colombian upper Cretaceous La Luna Formation in the Middle

Magdalena Basin.
Objectives

« Evaluate the organic richness of the La Luna Formation.
« Determine organic matter types.
*  Assess the hydrocarbon generation potential and thermal maturity across the

study area.
16



Determine variations in organic matter sources, maturity and depositional
environment through biomarker and stratigraphic analysis.

Address variations in redox conditions in terms of sea-level changes of the
depositional environment through linkage of geochemical and geological

parameters.

Characterize the stratigraphy, sedimentology and mineralogy of the La Luna
Formation in outcrop samples for determining their potential as shale gas
source-reservoir rocks.

Evaluate the reservoir attributes (porosity, permeability, fluid saturations) in
outcrop samples for ranking their shale gas potential.

Provide a general paleoenvironmental interpretation for deposition of the La
Luna Formation in the MMVB.

Define and correlate the depositional and sequence stratigraphy of the formation

for shale gas assessments from field work information.
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CHAPTER 11

2. METHODOLOGY

2.1. Study Areas and Sample Locations

Two key stratigraphic locations at the MMVB encompass the study area.
These sections are located at the central and southeastern MMVB geologic provinces;
one is the Eastern Cordillera west flank outcrops in the State of Santander; the other is
in the central part of MMVB, on the “La Sorda” Creek, which has a complete
stratigraphic column of La Luna Formation and presents its three members (Garner,
1926; Hubach, 1957; Morales, 1958; Zumberge, 1984; Rangel et al., 2000). The section
measured in the southeast is a new section that has not been reported before and
comprises the road between the Landazuri and Cimitarra townships, towards the
province “Plan de Armas”. A total of sixty-six outcrop samples for the three La Luna
members were collected from eight different locations along these roads and creeks,

(Figure 6, Tables 1 and 2).

21.1. South East MMVB Stratigraphic Section, OUTCROP A.

This section is located 7 km on the road from Landazuri to Cimitarra,
Santander, Colombia (Figure 2 and Figure 6). It is easy to identify the La Luna contact
with the overlying Umir Formation because in this area there is an intense exploitation
of the Umir coal beds near its contact with the La Luna Formation. The lithologies are

intercalations of claystone, very fine sandstone and coaly shale layers (Figures 7 and 8).

18




This section has 730 ft. of limestones and cherts (Figure 8) of the Galembo
member. The details of the measured Galembo stratigraphic column are illustrated on
Figure 12. The principal associated lithologies are in the top black shales intercalated
with claystones, limestones and calcareous concretions. In the middle part are tabular
black shales intercalated with claystones, cherts and calcareous concretions. At the
bottom there are intercalations of black shale with very fine sandstones and black
mudstones with wavy stratification. Also at the base are black shales with pyrite and
calcite concretions, intercalated with black limestones. The outcrop strikes N60°W and
dips 70S°W (Figure 9). The La Luna middle Pujamana member is covered by dense
vegetation. It is ~500ft thick and consists of claystone and chert interbeds in sharp

contact with the Galembo limestones (Figure 10).

The lowermost Salada member is also covered with dense vegetation, but
presents some better exposures than the Pujamana member. The principal lithologies are
black shales, black marlstones, limestones and cherts. The measured thickness of this
member is 480 ft. (Figure 11). Due to heavy rains in 2010 and 2011 in the MMVB,
these outcrops were fresh landslides and it was easier to identify the lithologies because

they were exposed.
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Figure 6.

Map showing the location of the Cretaceous outcrops in MMVB. La Luna formation outcrops are the dark green polygons.



212" Central MMVB Stratigraphic Section, OUTCROP B.

This section is located 7.5 Mi (12 Km) on the road from Lebrija to
Barrancabermeja, Santander, Colombia, over the La Renta area, in the detour pathway
to the “Uribe-Uribe” zone (Figure 2 and Figure 6). The elevation is 770-790 m. above
sea level. Above the La Luna contact, the Umir Formation is composed of intercalations
of claystone, very fine sandstone and coaly shale layers. The contact with La Luna is
erosive and unconformable (Figure 13). The basal Salada member occurs on the
Lebrija-Barrancabermeja road and is exposed 7.5 Mi (12 Km) from Lebrija town. The
outcrop has dense vegetation on the road, but there is a nice exposure over a quarry that
was being blasted for dam construction in the area (Figure 14). The measured thickness
is 328ft and part of this member was covered with vegetation. The lithologies associated
with this Salada member are compacted black calcareous shales, with planar lamination
at the top, and with intercalations of dark limestone beds. The middle part of the Salada
member contains intercalations of dark shales with siliceous cherts and claystone
lamina. Calcareous nodules around 0.5 in. of diameter are abundant. The bottom of the
Salada member contains intercalation of claystones and limestones with calcareous and
phosphatic nodules (Figure 19); the outcrop strikes N67°E and dips 27°SE. The

identified fracture orientation is N39°W and 71°SW.

The middle Pujamana member was described on the deviation road to the
“Uribe-Uribe” area. This outcrop is 1.25 Mi (2 Km) towards the northwest of the

Salada outcrop through a countrymen pathway. The measured thickness is 508 ft. The
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principal lithologies at the top are black, compacted, calcareous shales, with planar
laminae (Figure 15). The middle part is composed of intercalations of siliceous and
calcareous cherts, with both bitumen filled layers and fractures (Figure 16). Carbonate
and phosphatic concretions are randomly distributed. The bottom of the Pujamana
member contains calcareous limestone intercalations with gray shales and siliceous
claystone layers. The outcrop strikes N40°E and dips 88°SE and the identified filled

fracture orientation is N10°W and 88°SW.

The upper Galembo member occurs 2.5 Mi (4 Km) from the Salada outcrop, in
the same pathway as the Pujamana outcrop. This member was measured through “La
Azufrada” Creek (Figure 17). At the top, the associated lithologies are compacted black
calcareous shales with planar laminae and intercalated with dark packestones. The
middle part consists of dark shales with siliceous cherts and claystone laminae;
calcareous nodules around 2-3 ft. in diameter are abundant (Figure 18). The bottom of
the Galembo contains intercalations of micritic limestones and dark cherts. Along this
creek there used to be a phosphate mine which mined big phosphate concretions and
condensate beds from the Galembo member. The total measured thickness of this
member is 180.5 ft. The strike and dip are N35°E and 75°SE. Fractures are filled with
calcite. Clear calcite fossil shells characterize the limestones as micritic packestones

(Figure 19).
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Figure 7.

Figure 8.

Erosive contact of la Luna Fm top and Umir Fm base, OUTCROP A.

Contact of la Luna Fm top and Umir Fm basal coalbed, OUTCROP A.
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Figure 9.

~.

La Luna Fm Galembo member, OUTCROP A.
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4

Figure 10. Contact of Galembo and Pujamana members, OUTCROP A. Most of the Pujamana section is covered with vegetation.
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Salada member, OUTCROP A. Black shales and marlstones are the main lithologies. Most of this member is covered with

Figure 11.

vegetation.
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Black shale intercalations with
claystone,

and calcareous concretions.

Tabular Black shale
intercalations with claystone,
cherts and calcareous
concretions.

Tabular siliceous mudstone
intercalations with claystone
and sahels,
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Tabular siliceous shales and
mudstones.

Black shale intercalation with
very fine sandstone and black
mudstones with wavy stratifica-
tien.

tabular black shale finning
upward to black mudstones
pyrtte and calcite concretions.

Figure 12. Stratigraphic column of the Galembo member in OUTCROP A.
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Figure 13.

Figure 14.

La Luna Fm Salada outcrop in a quarry, OUTCROP B.
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Figure 15.  Pujamana member in OUTCROP B. More transitional lithofacies compose this
member. Cherts, siliceous mudstones and claystones are the principal lithologies, with
some light gray limestones towards the contact with the Galembo and Salada members.

Figure 16. Bitumen layers between cherts, claystone and siliceous mudstone beds of the
Pujamana member, in OUTCROP B.
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Figure 17. Galembo section at “La Azufrada” Creek, OUTCROP B. Section is covered by
dense vegetation, but the water flowing through the creek allows the exposure of this
member.

Figure 18. Galembo section, calcareous nodules at “La Azufrada” Creek. OUTCROP B.
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Lithology Thickness Description
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55mts limestones
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A

LaLuna
Galembo member

SANTONI
CONIACIA

Black Calcareous shale, compacted
planar lamnation

Althe middle intercalation with sili-
155mts ceous and calcareous cherts. Car-
508.53 ft bonate and phosphatic concretion
are present and distributed arbitrarily.

Atthe bottom calcareous limestones
sz R ELIS T intercalation with gray shales and sili
I T ceous claystone layers.

La Luna Pujamana member

Black Calcareous shale, compacted.
planar lamination

Al the top part, intercalation with dark
limestones

At the muddle intercalation of dark
shale with siiceous cherts and
100mts claystone lamina. Calcareous nod-
328.08 ft ules are abundant and sizes above
50cms diameter.

Al the bottom, intercalation with
claystones and abundance of calcar-
eous and phosphatic nodules.

TURONIAN

La Luna Salada member

LEGEND

Calcareous Shale
WSS Coaly Shale Lamina
B Calcareous Limestone
IR Chert

IR Siltstone

mmmmemE  Black siliceous Shale

Q Calcite Nodules

Figure 19. Measured stratigraphic column of La Luna Formation at OUTCROP B.
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2.2.Experimental

Sixty-six rock samples from eight different outcrop locations were analyzed in
this study. Rock Eval Pyrolysis was conducted for all of these samples as a screening
tool, and further cutoff values of Total Organic Carbon (TOC) higher than 2% and S2
higher than 20 mg HC/g rock were the discriminants for conducting biomarker analysis.
For thin section, X-Ray diffraction and SEM porosity analysis, samples were chosen
based on the pyrolysis results, combining organic rich and organic lean rocks. A list of
all the La Luna shale samples analyzed is presented in Table 1 for the Southeast
MMVB section (OUTCROP A) and in Table 2 for the Central MMVB section

(OUTCROP B).

2.3. Source Rock Characterization

A comprehensive series of geochemical analyses were performed on these
samples, including Rock Eval pyrolysis, Total Organic Carbon (TOC), and Vitrinite
Reflectance (%R,). Additionally, crushed rock extracts were subjected to gas
chromatography (GC) and gas chromatography-mass spectrometry (GCMS) for
biomarker analyses. Rock Eval pyrolysis and TOC determination were performed at
Geomark Geochemical Services in Humble, Texas. The other geochemical analyses

were performed at the University of Oklahoma Organic Geochemistry Laboratories.
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Table.1.

€€

List of the La Luna Formation, southeast MM VB, OUTCROP A samples analyzed in this study.

Lithology

- . Stratigraphic La Luna Fm
Sample Name Location recognized on Depth (ft) Member
field
Balastreara El 1 01/ 1040 W 73°47346°  Limestone 28 Galeiibo
Carmen
Borrascosa N 6°14.194> W 73°47.346’ Limestone 56 Galembo
Borrascosal N 6°14.194> W 73°47.346° Black Limestone 84 Galembo
El Balastro N 6°14.194> W 73°47.346° Marlstone 112 Galembo
El Carmen N 6°14.194° W 73°47.346° Limestone 140 Galembo
Balastrera Dia3 N 6°14.194° W 73°47.346’ Marlstone 168 Galembo
P1M2 N 6°14.686° W 73°51.777° Black Shale 196 Galembo
P1M4 N 6°14.686° W 73°51.777° Limestone 224 Galembo
P1M5 N 6°14.686° W 73°51.777° Limestone 252 Galembo
P2M1 N 6°14.686 W 73°51.777° Shale 280 Galembo
P2M1 N 6°14.686° W 73°51.777’ Limestone 308 Galembo
P2M2 N 6°14.686° W 73°51.777° Limestone 336 Galembo
P2M3 N 6°14.686> W 73°51.777° Limestone 364 Galembo
P2M3 N 6°14.686° W 73°51.777° Marlstone 392 Galembo
P2M4 N 6°14.686° W 73°51.777° Limestone 420 Galembo
P2MS5 N 6°14.686> W 73°51.777° Limestone 448 Galembo
P2M7 N 6°14.686° W 73°51.777° Limestone 476 Galembo
P3M1 N 6°13.426° W 73°49.657° Limestone 504 Galembo




Table 1. List of the La Luna Formation, southeast MMVB, OUTCROP A samples analyzed in this study. (cont.).

Sample Name Location re%;thn(;;ig(iyin Stratigraphic La Luna Fm
amp g Depth (ft) Member
field
P3 M2 N 6°13.426> W 73°49.657"’ Limestone 532 Galembo
P4M2 N 6°13.426" W 73°49.657° Limestone 560 Galembo
P4M3 N 6°13.426" W 73°49.657"  Black Shale 588 Galembo
P4M3 N 6°13.426° W 73°49.657’ Shale 616 Galembo
P4M4 N 6°13.426> W 73°49.657’ Shale 644 Galembo
w P5M1 N 6°13.162° W 73°49.343° Shale 672 Galembo
o PSM1 N 6°13.162° W 73°49.343° Marlstone 700 Galembo
P5M2 N 6°13.162° W 73°49.343° Limestone 728 Galembo
PUJAMANA MEMBER GAP ~ 500ft

P2M6 N 6°13.506° W 73°49.841° Shale 1228 Salada

P4M2 N 6°13.031° W 73°49.147°  Black Shale 1308 Salada

Top Salada N 6°13.031° W 73°49.147’ Shale 1388 Salada

Sa'af’r‘:) sha'e N 6°13.031° W 73°49.147° Black Shale 1468 Salada

Salada-1 N 6°13.031° W 73°49.147’ Cals‘:}?;fe"us 1548 Salada

Salada-2 N 6°13.031° W 73°49.147’ G s 1628 Salada

Shale




Table.2. List of the La Luna Formation, central MM VB, OUTCROP B samples analyzed in this study.

Lithology recognized Stratigraphic La Luna Fm

Sample Name Location in field Depth (ft) Member
QLS Umir 7°11'1.03"N 73°17'42.94"W Coaly Shale 0 Galembo
QLS Umir-2 7°11'1.03"N 73°17'42.94"W Asphaltite 17 Galembo
QLS M-1 7°11'1.03"N 73°17'42.94"W Marlstone 34 Galembo
QLS M-3 7°11'1.03"N 73°17'42.94"W Black Shale 51 Galembo
QLS M3-5 7°11'1.03"N 73°17'42.94"W Limestone 68 Galembo
QLS M-6 7°11'1.03"N 73°17'42.94"W Marlstone 85 Galembo
QLS M-7 7°11'1.03"N 73°17'42.94"W Black Shale 102 Galembo

e QLS M-7a 7°11'1.03"N 73°17'42.94"W Limestone 119 Galembo
QLS M-8 7°11'1.03"N 73°17'42.94"W Marlstone 136 Galembo
QLS M-10 7°11'1.03"N 73°17'42.94"W Shale 153 Galembo
QLS CHERT-BIT 7°11'1.03"N 73°17'42.94"W  Chert with bitumen 170 Galembo
CAN M-15 7°10'4.62"N 73°18'7.02"W Black Shale 221 Pujamana
CAN M-13 7°10'4.62"N 73°18'7.02"W Shale 272 Pujamana
CAN M-11 7°10'4.62"N 73°18'7.02"W Marlstone 323 Pujamana
CAN M-10 7°10'4.62"N 73°18'7.02"W Limestone 374 Pujamana
CAN M-8 7°10'4.62"N 73°18'7.02"W Shale 425 Pujamana
CAN M-7 7°10'4.62"N 73°18'7.02"W Claystone 476 Pujamana
CAN M-6 7°10'4.62"N 73°18'7.02"W  Chert with bitumen 527 Pujamana

CAN M-5 7°10'4.62"N 73°18'7.02"W  Calcareous mudstone 578 Pujamana




Table 2. List of the La Luna Formation, central MMVB, OUTCROP B samples analyzed in this study (cont.)

9¢

Lithology

. ’ . Stratigraphic La Luna Fm
Sample Name Location recognized in Depth (ft) Mexnhor
field

CAN M-1 7°10'4.62"N 73°18'7.02"W Chert 629 Pujamana

CAN M-IN 7°10'4.62"N 73°18'7.02"W Claystone 680 Pujamana
CAR M-14 7° 8'57.21"N 73°1822.96"W  Limestone 706 Salada
CAR M-13 7° 8'57.21"N 73°18'22.96"W Limestone 732 Salada
CAR M-12 7218157 .21 "N 73°18:22.96" W Claystone 758 Salada
CAR M-11 7° 8'57.21"N 73°18'22.96"W  Black Shale 784 Salada
CAR M-9 7° 8'57.21"N 73°18'22.96"W Limestone 810 Salada
CAR M-8 7° 8'57.21"N 73°18'22.96"W Limestone 836 Salada
CAR M-5 7° 8'57.21"N 73°1822.96"W Marlstone 862 Salada
CAR M-4a 7° 8'57.21"N 73°18'22.96"W Limestone 888 Salada
CAR M4 7° 8'57.21"N 73°18'22.96"W Marlstone 914 Salada
CARM-3N  7°8'57.21"N 73°18'22.96"W Claystone 940 Salada
CAR M-3 7° 8'57.21"N 73°18'22.96"W  Black Shale 966 Salada
CAR M-2 7° 8'57.21"N 73°18'22.96"W  Black Shale 992 Salada
CAR M-1 7° 8'57.21"N 73°18'22.96"W Claystone 1018 Salada




2.3.1. Preliminary Sample Treatment

All the samples were washed with hot water, distilled water and a 1:1 mixture
of dichloromethane (CH>Cl;) and methanol (CH3;OH) in order to remove any
contaminants (e.g. drilling mud, plastic wrap, and handling). After the samples were
completely dried, they were crushed with a porcelain mortar and pestle until a fine
powder was obtained for screening analysis (TOC and Rock Eval) and soxhlet
extraction.

2:3.2. Total Organic Carbon (TOC) and Rock Eval Pyrolysis

Sixty six crushed rock samples were sent to GEOMARK Geochemical
Services for TOC determination and Rock Eval pyrolysis. Approximately 2g of each

sample were needed to perform these analyses.

2.3.3. Vitrinite Reflectance

To establish the thermal maturity at both stratigraphic sections (OUTCROP A
and OUTCROP B), vitrinite reflectance (%R,) was measured for six samples, three
from OUTCROP A (samples: Salada Top, PAM2, P4M3, see Table 1), and two from
OUTCROP B (samples: CAR M2, QLS M-8 and UMIR2, see Table 2). These
measurements were conducted with the courtesy of Brian Cardott from the Oklahoma

Geological Survey.

The vitrinite reflectance values were obtained from pellets prepared at the
Oklahoma Geological Survey Organic Petrography Laboratory and measured at the

University of Oklahoma Organic Geochemistry Laboratories. The calculated vitrinite
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reflectance values from Rock Eval Pyrolysis data (calculated %R,) were provided by
GEOMARK Geochemical Services. These values are obtained from Rock Eval Tpy

data according to the Jarvie et. al., (2007) equation proposed:

Calculated % VR, =0.0180 x Trax— 7.16

2.3.4. Extraction and Fractionation

A soxhlet extraction device was pre-extracted for 24 hours using a 1:1 mixture
of dichloromethane (CH,Cl,) and methanol (CH;0H) in order to remove contaminants.
Samples (50g) were extracted with the same solvent mixture for 48 hours. The excess
solvent from the bitumen extract was evaporated using a rotary evaporator and the
residues were transferred to a glass centrifuge tube for asphaltenes precipitation. The
extract was separated into maltenes and asphaltenes by adding an excess of n-pentane.
The centrifuge tubes were placed in a freezer overnight to promote complete asphaltene

precipitation.

The maltene fractions were transferred to 250mL round bottom flasks to
evaporate the solvent and the concentrates were placed in vials, evaporated to dryness
and weighed. This fraction was then diluted in a ratio of 2mg sample per 50ul hexane
(Ce) for fractionation into saturates, aromatics, and NSO compounds (resins) by column
liquid chromatography using an alumina column. For determining the source rock
organic matter type and maturity, the saturate and aromatic fractions were diluted using

ImL of dichloromethane per 3mg of sample.
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The n-alkanes were removed from the saturate fraction through molecular
sieving. A Pasteur pipette was packed with approximately 2g of HI-SIV 3000 and three
bed volumes of pentane were added to remove impurities. The sample was added to the
column and it was allowed to stand for 2 minutes. Then, three additional bed volumes
of Cs were used to elute the sample. The n-alkanes were retained in the sieve while the
branched and cyclic (B/C) compounds eluted from the column. This fraction was also

diluted with ImL of dichloromethane per 3mg of sample.
2.3.5. Gas Chromatography (GC)

The instrument used for GC analyses was an Agilent 6890 series gas
chromatograph with a split/splitless capillary injection system equipped with a 100m x
0.25mm (i.d.) J&D Scientific DB-1 Petro 122-10A6 fused silica capillary column
coated with a 0.5pum liquid film. The temperature program for analyses started with an
initial temperature of 40°C with 1.5 minutes hold time. The temperature was increased
to 310°C at a rate of 4°C per minute followed by an isothermal period of 31 minutes for
a total run of 100 minutes. The injector and flame ionization detector (FID)
temperatures were set at 300°C and 310°C respectively. Samples were analyzed in
splitless mode injection using helium (He) as the carrier gas and a flow rate of

0.5mL/min.
2.3.6. Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS analyses were carried out with a Varian 3400 GC inlet system. For

biomarker analysis, selected ions were chosen to analyze samples in single ion
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monitoring (SIM) or multiple ion detection (MID) mode. The mass spectrometer ion
source operated in electron impact mode with energy of 70 eV. The GC used a 60m x
0.32mm (i.d.) J&D Scientific DB-5 fused silica capillary column coated with a 0.25um
liquid film. The temperature program for the analyses started at 40°C with 1.5 minutes
hold time and was later increased to 310°C at a rate of 4°C per minute and then held
isothermal for 31 minutes. The ion source temperature was 200°C, injector temperature
was 300°C and transfer line temperature was 310°C. A summary of the laboratory

workflow used in this project is illustrated in Figure 20.

Vitrinite Reflectance
analysis

e g TOC and Rock Eval
e analysis

Soxhlet extraction (24h)
CH,OH:CH,Cl,=1:1

Insoluble fraction

v

Asphaltenes Maltenes

HPLC Fractionation

l v |

Saturates ] Aromatics l NSO compounds l
Molecular

l GC, GCMS |

sieving

| Branched & Cyclics

Figure 20. Schematic workflow used in the laboratory analysis. Methodology from the OU
Organic Geochemistry Group (OG2). Diagram modified from Miceli-Romero (2010).
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2.317- Micro-Scale Sealed Vessel( MSSV).

To determine the hydrocarbon generation potential of La Luna formation, the
methodology Micro Scale Sealed Vessel Pyrolysis (MSSV-Py) was applied. This is an
artificial maturation technique that simulates petroleum generation from a source rock

in a closed system (Horsfield et al., 1989).

This method allows the generation of gas and “oil-like” pyrolysates issued from the
cracking of the kerogen (primary cracking) and of the generation of gas issued from the
cracking of oil and bitumen (secondary cracking). Furthermore, as the source rock is
matured in a closed cell, primary products may be recombined by
aromatization/condensation reactions into a gas-prone residue called pyrobitumen
(Horsfield et al., 1989; Erdmann and Horsfield, 2006). The cracking at high maturity of
pyrobitumen extends gas generation beyond the conventional secondary cracking

window and provides significant quantities of methane (Erdmann and Horsfield, 2006).

The calculation of source rock kinetic parameters of hydrocarbon generation from
kerogen were calculated following the mathematical model described by Burnham et al.
(1987) and Schaefer et al. (1990). This model analyses formation rate versus
temperature curves measured at three heating rates with first-order parallel reactions
with activation energies (Ea) regularly spaced between 35 and 80kcal/mol and a single
pre-exponential factor A (s-1). As fast heating rates are responsible for heat transfer
disturbances (Schenk and Dieckmann, 2004; Warren et al., 2012), the heating rates used
were low, namely 0.2, 0.7 and 5°C/min. The curves of hydrocarbon generation of

methane (C,), wet gas (C,-Cs), total gas (C;-Cs), and oil-like pyrolysate (C¢-C39, C6-C4,
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C15-Cso) were processed through the kinetic analysis software package of Schlumberger

Petromod 2012 and the results are part of Appendix I.

2.4. Reservoir Rock Characterization

The data obtained for reservoir quality analyses of the outcrop samples include
the two measured stratigraphic sections, lithostratigraphy, Scanning Electron
Microscopy (SEM) porosity analysis, thin section, X-Ray Diffraction (XRD) mineral
content analysis and integrated organic geochemistry (Total Organic Carbon -TOC- and

Relative Hydrocarbon Potential -RHP- profiles).

2.4.1. Scaning Electron Microscopy (SEM).

SEM analysis was conducted on seven samples with Dr. Neal O’Brien at the
State University of New York, SUNY Potsdam. The seven samples were selected
based on their total organic carbon (TOC) content, four for the central MMVB section
(OUTCROP B) and three for the south MMVB section (OUTCROP A). The sample
selection was made with the representation of each end of the visual properties
spectrum as well as samples which fell between the end members. The sample pieces
which were analyzed were oriented outcrop samples. Each sample was oriented so the
viewing surface would be perpendicular to bedding. The samples were then cut with a
diamond disc until they were approximately 3 mm thick. Each sample was then broken
by applying pressure from each end with a pair of vice grips (Figure 21). This
technique allows for the viewing of a freshly broken surface. After the samples had

been broken, they were mounted onto an aluminum stub with the freshly broken surface
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facing upward (Figure 22).  After the samples had been prepared, they were then
analyzed using an ISI — Topcon SEM. The samples were analyzed at 4,000 times

magnification +/— 100 times magnification.
2.4.2. Thin section analysis

Ten thin sections were constructed from the outcrop samples corresponding to
Galembo, Pujamana and Salada members. These ten samples provided a guide for
analysis of Rock Eval data and XRD data. Thin sections (30 micron thick), all were

stained for calcite and were accompanied with cover slips.

SEM SAMPLE

Figure 21. Diagram showing how the samples were prepared for viewing with the SEM.
Black lines in the sample represent bedding planes. Modified from O’Brien and Slatt,
(1990).

Figure 22. Diagram showing how the samples were mounted onto the aluminum stub.
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The thin sections were analyzed using a Zeiss Axio Imager Z1 polarizing
microscope with varying degrees of magnification (10 — 100x). Images were captured
with a Zeiss AxioCam MRc5 camera in conjunction with the polarizing microscope.

Detailed descriptions for each thin section can be found in Appendix II.

2.4.3. XRD

The XRD results are obtained commercially through the OU Institute of
Reservoir Characterization (IRC). The results include the amount of quartz, calcite,
siderite, pyrite, kaolinite, illite/mica and bulk grain density of the rock. Results were
calculated in both weight percentage and volume percentage including the TOC content

of the rock. The results were then graphically represented in Excel.

2.4.4. Organic Geochemistry TOC and RHP Profiling

The organic geochemistry Rock Eval Pyrolysis results include weight % TOC, S1,
S2, S3, Tmax, hydrogen index (HI), oxygen index (OI), and kerogen type. TOC results
were graphically represented in Excel software. The Relative Hydrocarbon Potential
(RHP) is an indicator of anoxic and oxic depositional environmental conditions (Fang et
al., 1993). Fluctuations in oxygenation conditions are reflected by variations in the

relative hydrocarbon potential ratio is calculated using the following equation:

S1mg HC/g+S2 mg HC/g

RHP =
TOC wt.%

Fang et al. (1993),

Fang et al. (1993), Miceli-Romero (2010), and Slatt and Rodriguez (2012), noted

stratigraphic variations in the RHP in the Barnett and Woodford shales respectively. In
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these cases, it was observed that changes in oxygen levels as indicated by the RHP
showed a good correlation with changes in relative sea levels fluctuations derived from
the stratigraphic interpretations for the Barnett Shale (Figure 23). Depths with
maximum RHP values (anoxic conditions) correspond with interpreted stratigraphic
flooding surfaces, while minimum RHP values (oxic conditions) correlate with

oxidizing conditions due to lowered sea level (Slatt and Rodriguez, 2012).

S Rich in gas ‘
1;0 15 o8y 2‘-5 source rock
o Relative sea level
§ Shallow Deep RHP
! 3> s 20 25
= : ]
i &=
o (=3
Bo D
v let
From oxic to anoxic &
» From anoxic to oxic
Relative hydrocarbon
potential
(RHP) =[(S,+S,)/TOC]
o scvs Nos Caltede
|-
|
‘ =
[

Rising sea level From oxic to anoxic
Falling sea level ¥ From anoxic to oxic

Figure 23. Comparison of relative sea level and RHP curves for the Barnett Shale.
Changes in oxic conditions as indicated by the RHP show a positive correlation with
fluctuations in relative sea level. Modified from Miceli-Romero (2010) and Slatt and
Rodriguez (2012).
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CHAPTER 111

3. RESULTS AND DISCUSSIONS
3.1.Source Rock Characterization

Source rock samples were screened on the basis of total organic carbon (TOC)
content and Rock Eval pyrolysis. These analyses permit determination of organic
richness and kerogen type. Measured and calculated vitrinite reflectance data and T gy
values assisted in establishing thermal maturity for the La Luna samples. Definitions of

the Rock Eval pyrolysis terms used in this discussion are presented in Table 3.

Previous organic geochemistry studies that include similar data to that
presented in this project, including TOC and HI values and biomarker data of steranes
and isoprenoids from the “La Sorda” creek section, have been previously published by
Zumberge (1984) and Rangel et al. (2000). This information is herein expanded using a
larger number of samples and additional biomarker data generated from the central
MMVB OUTCROP B section. Moreover, the data generated for the Southeast MMVB

OUTCROP A section are being published for the first time.

3.1.1.  Organic Richness

The TOC values reflect the amount of organic carbon, including kerogen and
bitumen, in a source rock (Peters and Cassa, 1994). The La Luna shale an‘d limestone
samples showed TOC values ranging from 1.41% to 11.90% for both OUTCROP A and
OUTCROP B sections, indicative of very good to excellent potential source rocks

(Peters, 1986; Peters and Cassa, 1994).
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Geochemical logs for the central and southeast sections were constructed in
order to illustrate the TOC variation with stratigraphic column depth (Figures 24 and
25). In the central section, OUTCROP B, TOC values range between 0.22% and 4.12%
for the Galembo member. The lower values are for the transitional deposits such as
cherts and siliceous mudstones, and the organic rich sediments are black shales. For the
Pujamana member, the TOC values range between 0.24% and 2.54%; the lowest values
are for cherts and claystones, and the highest values are for limestones at the contact
with the Galembo member. For the Salada member, the TOC values range between
0.25% and 11.90%, with similar characteristics to the Galembo member. The
transitional deposits present organic lean characteristics and the black shales being the

most organic rich lithologies.

In the south east section, OUTCROP A, TOC values range between 0.31% and
11.90% for the Galembo member; the lower values are for the transitional deposits such
as cherts and siliceous mudstones, and the organic rich sediments are for black shales.
The low TOC may also be attributed to the high maturity level (average Tmax of 511°C,
and RoCalc 2.04%) which transformed the organic matter and dead carbon left within
the rock matrix. For the Salada member, the TOC values range between 2.60% and
10.60%, with similar characteristics to the Galembo member. The transitional deposits
contain less organic matter, and the marine black shale deposits contain the most
organic rich samples. An interesting factor is that despite the high maturity level of the
lower member in this area (average Tmax of 540; RoCalc 2.57%), it still has high TOC
values, suggesting these values correspond to dead carbon in the rock, and indicating

that the original organic content in the rock was much higher.
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The breaks that occur in the TOC log for the OUTCROP A and OUTCROP B
sections can be attributed to changes in lithological or mineralogical characteristics of
the members. Differences between both sections can also be attributed to the dramatic
changes in maturity, from an oil window for the Central MMVB OUTCROP B section,
to a deep dry gas window for the Southeast MMVB OUTCROP A section. Weathering
is also present due to dense vegetation in the area and by fresh water washing by
tropical rain storms and streams that might enhance the outcrop organic matter

degradation.

The previous organic geochemistry studies by Rangel et al. (1996 and 2000)
established important facies changes across the stratigraphic column in the “La Sorda”
section, that were used also to recognize the upper-middle and middle-lower La Luna
Formation boundaries in the field. Zumberge (1984) and Rangel et al. (1996 and 2000),
mentioned that the La Luna Formation is a petroleum source rock with good to
excellent potential for oil. About 63% of the volume of this formation is composed of

phosphatic calcareous shales and laminated mudstones with abundant foraminifers.

Rangel et al. (1996 and 2000), identified three major stratigraphic cycles: (1) a
generalized base level fall during deposition of the Salada member; (2) a base level rise
or a deepening of the basin during sedimentation of the Pujamana member, and (3) a
second base level fall that permitted deposition of the calcareous and phosphatic
lithologies of the Galembo member. Zumberge (1984) and Rangel et al. (2000) also
recognized that during shallowing stages in carbonate shelves (Salada member and

Galembo member) TOC decreases towards the top, and in the siliciclastic shelf, during
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shallowing stages, (Pujamana-Salada Member), both TOC values decrease
continuously. Because these interpretations are consistent with the geochemical
variations observed on the samples from this study, it is proposed that this analysis
contains the three La Luna Formation members frequently described in the literature

(Garner, 1926; Hubach, 1957; Morales, 1958; Julivert, 1968 and 1970; Zumberge,

1984; Rangel et al., 2000).

Table.3. Parameters and terms derived from Rock Eval pyrolysis (modified from Peters
and Cassa, 1994; Jarvie et al., 2005, 2007).

TOC Total Organic Carbon wt.%
Free volatile hydrocarbons thermally flushed from a

o1 rock sample at 300°C (free oil content) e HIC e kgsls
Products that crack during standard Rock Eval

S, ? L : mg HC/g rock
pyrolysis temperatures (remaining potential)

S Organic carbon dioxide released from rock samples mg CO,/g rock

Prax Temperature at peak evolution of S, hydrocarbons (@

HI Hydrogen Index = S, x 100/TOC mg HC/g TOC

(0) | Oxygen Index = S; x 100/TOC mg CO,/g TOC

S{/TOC  Normalized Oil Content = S; x 100/TOC

Values from

S,/S; Describes type of hydrocarbons generated 0.00 to >5.00
PI Production Index = S,/(S; + S;) (or transformation Values from
ratio) 0.00 to 1.00
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Table.4. Total Organic Carbon (TOC) and Rock Eval data from La Luna southeast section, OUTCROP A samples used in this study.

Sample Name TOC S1 S2 S3 Tmax HI Ol S2/S3 S1/TOC PI
Balastreara El Carmen 0.82 0.01 0.07 0.12 n.d. 9 15 1 1.22 0.13
Borrascosa 0.15 0.05 0.02 0.08 n.d. 13 53 0.25 33.33 0.71
Borrascosal 0.86 0.01 0.08 0.12 n.d. 9 14 1 1.16 0.11
El Balastro 1.09 0.01 0.14 0.03 n.d. 13 3 5 0.92 0.07
El Carmen 1.21 0.03 0.15 0.03 n.d. i 2 5 2.48 QT
Balastrera Dia 3 0.97 0.01 0.04 0.11 n.d. 4 1] 0.36 1.03 0.20
o P1M2 0.48 0.01 0.13 0.11 n.d. 27 23 1 2.08 0.07
= P1M4 0.77 0.04 0.31 0.52 505 40 68 1 5.19 0.11
P1M5 1.33 0.03 0.27 0.03 486 20 2 9 2.26 0.10
P2M1 1.51 0.06 0.66 0.07 502 44 5 9.5 3.97 0.08
P2M1 1.14 0.01 0.06 0.31 n.d. 5 277 0.19 0.88 0.14
P2M2 0.68 0.01 0.01 0.07 n.d 1 10 0.14 1.47 0.50
P2M3 1.76 0.08 0.84 0.08 498 48 5 11 4.55 0.09
P2M3 1.47 0.03 0.11 0.12 nd. 7 8 1 2.04 0.21
P2M4 1.77 0.04 0.11 0.09 n.d. 6 5 .22 2.26 0.27
P2M5 0.61 0.01 0.01 0.18 n.d. 2, 30 0.06 1.64 0.50
P2M7 i35 0.02 0.05 0.18 n.d. 3 12 0.28 0.66 0.17
P3M1 0.36 0.03 0.03 0.09 n.d. 8 25 0.33 5.56 0.40




Table 4. Total Organic Carbon (TOC) and Rock Eval data from La Luna southeast section, OUCROP A samples used in this study (cont).

Sample Name TOC S1 S2 S3  Tmax HI (0| S2/S3 S1/TOC PI
P3 M2 0.31 0.02  0.03 0.51 nd 10 165 0.06 6.45 0.40
P4M2 0.64 0.04 0.0 0.10 nd 14 16 1 6.25 0.31
P4M3 11.60 0.02 2.65 0.07 537 23 1 38 0.17 0.01
P4M3 11.90 0.02 266  0.06 537 22 1 44 0.17 0.01
P4M4 0.64 0.03 0.07 035 nd 11 55 0.20 4.69 0.30
P5M1 0.36 0.01 002 0.12 nd 6 33 0.17 2.78 0.33
" P5M1 0.36 0.02 0.02 0.13 nd 6 36 0.15 5.56 0.50
P5SM2 0.45 0.01 0.01 0.01 n.d. 2 2 1 2.22 0.50

PUJAMANA MEMBER GAP ~ 500 ft.

P2M6 270 001 023 0.12 548 9 4 2 037 0.04
P4M2 1060 0.03 278 0.3 535 26 1 21.38 0.28 0.01
Top Salada 4.01 001 012 050 nd 3 12 0.24 0.25 0.08
Sa'”‘}‘;sha'e 449 002 021 135 nd 5 30 0.16 0.45 0.09
Salada-1 325 001 010 008 nd. 3 2 1.25 031 0.09

Salada-2 8.68 0.02 1.96 0.03 538 23 0 65.33 0.23 0.01




Table.5. Total Organic Carbon (TOC) and Rock Eval data from La Luna central MMVB section, OUTCROP B samples used in this study.

Sample Name TOC S1 S2 S3 Tmax HI OI 82/83 S1/TOC PI
QLS Umir 0.89 0.01 0.45 0.48 437 51 54 1 1 0.02
QLS Umir-2 3.10 1.60 20.83 0.53 418 672 17 39 52 0.07
QLS M-1 0.43 0.04 0.61 0.23 430 141 53 3 0 0.06
QLS M-3 4.09 3.74 17.39 0.28 440 425 7 62 91 0.18
QLS M3-5 3.18 1.44 10.32 049 434 325 15 21 45 0.18
QLS M-6 0.77 0.02 0.50 0.46 433 65 60 1 3 0.04
QLS M-7 1.41 0.06 1.77 0.53 432 126 38 3 4 0.03
QLS M-7a 3.94 3:39 16.14 037 435 410 < 4 84 0.17
2 QLS M-8 4.12 4.07 18.10 0.25 435 439 6 12 99 0.18
QLS M-10 0.40 0.06 0.77 0.08 434 193 20 10 15 0.07
QLS CHERT-BIT 0.22 0.02 0.21 0.05 435 97 23 4 2 0.09
CAN M-15 2.54 0.21 4.38 0.57 438 172 22 8 8 0.05
CAN M-13 1.37 0.01 0.47 0.60 437 34 44 1 1 0.02
CAN M-11 1.31 0.48 3.03 0.23 437 231 18 13 37 0.14
CAN M-10 117 0.01 0.84 0.77 436 12 66 1 1 0.01
CAN M-8 1.32 0.31 2.50 031 437 189 23 8 23 0.11
CAN M-7 0.98 0.05 1.60 0.26 437 163 26 6 5 0.03
CAN M-6 0.24 0.01 0.07 0.14 N.D. 30 59 1 B 0.13
CAN M-5 1.90 0.02 1.11 1.23 438 58 65 1 1 0.02




Table 5. Total Organic Carbon (TOC) and Rock Eval data from La Luna central MMVB section, OUTCROP B samples used in this study (cont.).

Sample Name TOC  S1 S2 S3 Tmax HI Ol S2/S3 SUTOC PI

CAN M-1 0.83 0.0l 030 041 440 36 50 1 1 0.03
CAN M-IN 097 0.1 148 027 435 152 28 5 14 0.09
CAR M-14 427 426 2461 030 432 576 7 79 100 0.15
CAR M-13 025 006 033 010 441 130 39 3 24 0.15
CAR M-12 041 007 078 009 436 188 22 9 17 0.08
CAR M-11 215 346 1191 026 431 554 12 46 161 023
» CAR M-9 198 224 803 021 437 406 11 38 113 022
CAR M-8 1,57 025 297 028 433 189 18 11 16 0.08
CAR M-5 520 518 2372 026 437 456 5 91 100 0.18
CAR M-4a 250 026 525 049 439 210 20 11 10 0.05
CAR M-4 558 581 2592 023 435 465 4 113 104  0.18
CAR M-3N 172 043 390 020 436 227 12 20 25 0.10
CAR M-3 1190 836 5454 024 436 458 2 227 70 0.13
CAR M-2 6.68 565 2931 024 437 439 4 122 85 0.16

CAR M-1 0.60 0.37 1.83 0.17 434 304 28 11 62 0.17
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Figure 24. Geochemical log showing TOC vs Depth for the OUTCROP A stratigraphic
section.
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3.1.2. Kerogen Type
Organic matter quality was determined through Rock Eval pyrolysis
parameters which provided additional information regarding hydrocarbon generative
potential for the La Luna Formation (Table 4 and Table 5).
The most commonly used parameters for determining kerogen type are the
Hydrogen Index (HI) and Oxygen Index (OI) which are plotted on a modified or Van

Krevelen-type diagram developed by Tissot et al. (1974).

3.1.2.4. OUTCROP A Kerogen Type.

The distribution of the La Luna samples in OUTCROP A section are shown in
Figure 26 and mainly plot along the thermal maturation pathways of the diagram (red
lines in Figure 26). The La Luna samples from OUTCROP A have low HI values (less
than 100 mgHC/g TOC). The samples from this section are apparently dominated by
Type III kerogen (terrestrial organic matter, gas prone). Samples from this section show
higher thermal maturity, it is very likely that their low HI values result from maturation
instead of a difference in the organic matter type. Therefore, this could account also for

the low TOC content and S2 values.

The overall high OI and S,/S; values (Table 4) indicate that in this part of the
MMVB, the La Luna members are apparently gas prone (Figure 26) according to the

guidelines proposed by Peters (1986) and Peters and Cassa (1994).
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A diagram of S, versus TOC constitutes another approach to determine
kerogen quality in source rock samples (Figure 27). According to Cornford et al. (1998)
this plot is more reliable for establishing organic matter type, especially for rocks with
high carbonate contents that tend to yield dubious OI values. In Figure 27 the slope of
the red dashed lines represents the HI and therefore they assist in dividing the different
kerogen type fields. From this diagram it can be observed that the OUTCROP A
samples are apparently dominated by Type IV kerogen, dry gas prone area. Given that
HI and S2 decreases with increasing maturity, the samples are interpreted to be affected

by thermal maturation as will be explained in the next section.

—

—— e .
. / p
1 TrpeiEit-pons 7 Type II - oil-prone i
£
/ -
9 / ~
=
= / -
¢ / e
8
) Vs 7 g
g / 7~ o T II/I111
® 7 ype -
E / 7 oil/gas-prone
b 7 Pl
. / - -
3 / d sl
c s L s B =
S ) o~ ”~ -
T Organic lean / - - -
2 4 7 =
s 1 |
(] ¥ 7~ -~
=] A -
c >4 -
2 9 = =
s i e e
£ 7 - Type III - gas-prone
& 4 —~
[ o -
z / 7 =" — -
A Laget S B N JUR——
s S N [—
1 i o =
// = s i 2 2 Dry - gas-prone
=l LT 20 _of ©o @ LY °

0.0 0.5 1.0 16 20 2.5 3.0

TOC (%) After Jones (1984

Figure 27. Rock Eval Remaining Hydrocarbon Potential (S;) vs. TOC plot for
determination of kerogen type and maturity of the OUTCROP A La Luna samples (plot
template modified from Geomark Geochemical Services).
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3.1.2.2. OUTCROP B Kerogen Type.

The distribution of the OUTCROP B samples are shown in Figure 28 and 29,
which mainly plot along the thermal maturation pathways of the diagram (red dashed
lines). The Galembo and Salada members have higher HI values (greater than 300 in
most cases). The samples from these members are dominated by Type I and Type II
kerogen (marine organic matter, oil and gas prone). The lower HI values are represented
by samples mainly from the Pujamana member, but also some Galembo member
samples have low values. Because previous studies (Zumberge 1984; Rangel et al.,
2000) reported that Pujamana member has a higher terrestrial input and the Galembo
member present siliciclastic inputs (also observed in the field), it is very likely that their
low HI values resul from a difference in the organic matter type. Therefore, this could
account for samples with low TOC content and S2 values. Since the samples are in the
oil window on basis of maturity and low level of conversion (Table 5) these are

virtually unaltered by temperature effects that could have lowered their organic content.

The overall high HI and S,/S; values (Table 5) indicate that the OUTCROP B
samples are mainly oil prone according to the guidelines proposed by Peters (1986) and
Peters and Cassa (1994). Plots of HI versus depth (Figure 30) show that in this MMVB
area the La Luna Formation source intervals are dominated by marine organic matter,
which correlates with a Type I/II kerogen and are oil and gas prone. The geochemical
logs show much variation with depth on breaks of each member, similar to the ones

observed on the TOC versus depth plot (Figure 25).
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3.1.3.  Thermal Maturity

The thermal maturity of the La Luna Formation was assessed through
measured and calculated vitrinite reflectance (%R,) values and Rock Eval pyrolysis.
According to Miceli-Romero (2010), Slatt et al. (2011a) and Dahl et al. (2012), in a
shale gas/shale oil exploration framework, %Ro values besides being useful for
determining source rock maturity, have also been used to help estimate and predict gas
flow rates. Jarvie et al. (2007) and Dahl et al. (2012) suggested %R, as a geochemical
parameter for locating high gas flow rates in the Barnett Shale and Woodford Shale.
These authors indicated that areas of low %R, (low maturity) usually exhibit low gas
flow rates probably due to low volumes of gas generated and/or because pores are
obstructed by residual liquid hydrocarbons. The areas of high %R, commonly show
high gas flow rates due to larger amounts of gas generated from cracking of kerogen
and bitumen in high-maturity source rocks. It is important to correlate %R, values with
other maturity parameters such as T, and transformation ratios in order to make a

more accurate estimation of organic matter conversion.

According to Peters and Cassa (1994) and Peters et al. (2005) since T, and
production index (PI) are dependent on organic matter type, they are used to make
rough estimates of thermal maturity and need to be correlated with more reliable
maturity parameters. In general, it is expected to observe an increase in PI with T,
where PI constitutes a measure for hydrocarbon retention (Peters, 1986; Cornford et al.,

1998, Peters et al. 2005). The La Luna OUTCROP A samples show PI values ranging
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from 0.01 to 0.71 and T values beyond 500°C indicating high maturity organic

matter beyond the dry gas window.

In a different scenario, the La Luna OUTCROP B samples show PI values
ranging from 0.05 to 0.23 and Tmax values between 418°C to 440°C indicating low
maturity organic matter entering the gas window. The S1 vs TOC plot was useful to
determine that the samples analyzed in this study were not contaminated or stained with

non-indigenous hydrocarbons (Figure 31 and 32 for OUTCROP A; Figure 35 and

Figure 36 for OUTCROP B).
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Figure 31. S1 vs. TOC plot for identifying the hydrocarbon staining and/or contamination
of La Luna OUTCROP A samples. Plot modified from Miceli-Romero (2010) and
Albaghdady (2013).

64



5850 — 51— — — —~ e
r
-
500 -
= Inert Carbon
Present Post-Mature ‘
|
r—— —t————a—_——-—y————
450 Mature f
PO =it Sty |
g’ |
< |
©
E
b
Hydrocarbon
400 Staining and/or -
Contamination
= GALEMBO
Immature 4+ SALADA
350
300 1
0 0.2 0.4 0.6 0.8 1

Production Index PI
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OUTCROP A samples. Plot modified from Miceli-Romero (2010) and Albaghdady (2013).

As proposed by Miceli-Romero (2010) for the Woodford Shale, and Lo
Monaco (2012) for the Barnett Shale, a plot of HI versus Tpax provides information
about the maturity of the samples if the type of organic matter is known or can indicate
the type of organic matter if maturity is the known parameter. Hydrocarbon generation,
as a consequence of thermal maturity, results in a decrease of HI, so the trends
represented by gray dotted lines in Figures 33 and 37 indicate the remaining

hydrocarbon potential of the rock (Cornford et al., 1998). In Figure 33 most of the
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OUTCROP A samples plot within the Type II/IIl kerogen field and along the maturity
line for vitrinite reflectance higher than 2.0 % Ro (dry gas window) indicating that these
samples reached high maturity levels. The interpretation of this yield of mixed organic
matter type between Types II/III kerogen could be due to a thermal maturation effect
where only solid bitumen is left in the rock, and HI, S1 and S2 are depleted. In Figure
37 most of the OUTCROP B samples plots within the Type II kerogen field and along
the maturity line for vitrinite reflectance 0.5%Ro (early oil window) indicating that
these samples are immature to marginally mature. The Galembo and Pujamana samples
which are mature contain a mixed organic matter type between Types II/IIl kerogen.
This mixing could be due to a thermal maturation effect where chemical structures
present in the kerogen rearrange and become more aromatized (Miceli-Romero, 2010)
or the supply of continental organic matter to these members is higher. The normalized
oil content values (Table 6 and 7) also indicate that in OUTCROP B the La Luna
Formation has low maturity and does not show much variation within the stratigraphic

depths (Figure 40).

Measured and calculated vitrinite reflectance (%R,) values for the La Luna
Formation OUTCROP A and OUTCROP B samples are presented in Table 6. Jarvie et
al. (2005) and Miceli-Romero (2010) proposed a maturity guideline of calculated %R,
values for the Barnett Shale and Woodford Shale obtained from cores and cuttings that

could be applied to similar shale gas plays (Table 7).
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Rangel et al. (2000) mentioned that due to the predominance of amorphous
organic matter, the samples in that study contained little vitrinite, and therefore the
vitrinite reflectance measurement are unreliable. The maturation levels in the Rangel et
al. (2000) study were determined using Rock Eval pyrolysis with reported Tmax values
on average 436°C, which suggests the section is early mature to mature. Average Tmax
and S1 value from Zumberge (1984) and Rangel et al. (2000) suggest that the section is
not greatly affected by oil migration and that geochemical variations can largely be
considered as indicative of depositional conditions and associated variations in the type
of organic matter, which is also recognized in this study. For OUTCROP A, a coal
sample from Umir Formation was collected and pelletized with the other samples
P4AM2, PAM3 and Salada Top. The average measured %Ro for Umir Formation is
2.23%, for Galembo member is 2.31% and for Salada member is 2.30%, all values
yielding on the deep dry gas window (Figure 39). The pellets prepared from La Luna
OUTCROP B section samples contain abundant bitumen and pyrobitumen that might be
confused with vitrinite macerals (Brian Cardott, personal communication 2012), so for
this reason homogeneous textured bitumen reflectance (%BRo) was measured on the
pellets The organic matter isolation (kerogen, soluble bitumen and pyrobitumen) was
conducted by removing of silicate, carbonate minerals for the OUTCROP B Salada
member sample CAR M-2. This was made with the idea of recognize the vitrinite
macerals.The values obtained ranged from 0.38% to 0.55%BRo allowed calculating a
vitrinite reflectance equivalent of 0.72% to 0.96%VRo. Vitrinite reflectance equivalent
(VRo) is calculated from an equation developed by Landis and Castano (1995):

VRo = (BRo + 0.41)/1.09
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This equation correlates vitrinite reflectance (%VR,) with “homogeneous”
solid hydrocarbon (bitumen) reflectance (YoSHR, or %BR,), a maturity indicator for
low-content vitrinite and/or mature source rocks (Landis and Castano, 1995). As a
result, the corrected %Ro measurements for the OUTCROP B section have higher
maturity levels than the ones that might be interpreted by confusing bitumen and
pyrobitumen with vitrinite macerals. In that situation an apparent %Ro of 0.38%
indicates an immature sample, whereas, the corrected value is 0.72% indicating oil

window maturity (Figure 40).

Table.6. Measured and calculated vitrinite reflectance (%R,) for La Luna samples used
in this study.
Sample # AVG Measured %R, Calculated %R,
OUTCROP A
Salada Top 2.33 N.D.
P4M2 2.27 2.47
P4M3 2.31 2.51
Umir Fm coal A 2.23% N.D.
OUTCROP B AVG Measured %BRo Corrected VRo%
CAR M-2 0.42 0.76
CAR M-2 ISOLATED 0.64 0.96
UMIR-2 0.38 0.72
QLS M-8 0.44 0.78

*Average calculated %R, values (see appendix I for complete list).

Table.7. Guidelines of calculated vitrinite reflectance values for cuttings and core
samples from the Barnett Shale (Jarvie et al., 2005) and Woodford Shale (Miceli-Romero,
2010).

R, Values (%) Maturity
<0.55 Immature
Cuttings and  0.55-1.15 Oil window (peak oil at 0.90%R,)
Cores 1.15-1.40 Condensate - Wet-gas window
>1.40 Dry-gas window
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Based on geothermal gradients calculated by Garcia and Parra (2003) for the
MMVB, present-day temperatures indicate it is very likely that the La Luna Formation
in the study area is generating hydrocarbons at this time starting 40 My ago. According
to Acosta (2003), the average basin geothermal gradient is 29°C/Km and the paleo-
temperature from the Maastrichtian to Paleocene was 20°C in the surface and 50°C at
the base of the sedimentary cover. These values are low for kerogen conversion to oil
and/or gas but the temperatures increased following burial of the Cretaceous rocks by
deposition of Tertiary fluvial and alluvial strata. The temperatures necessary for oil and
gas generation are approximately 50°C and 150°C respectively (Tissot and Welte,
1978). Garcia and Parra (2003) mentioned that the La Luna Formation reached 260°C
between 50 My to 16 My ago in the south of MMVB, which allowed this formation to
reach both the oil and dry gas windows. However, to accurately evaluate oil and gas
generation, thermal maturity determination should be accompanied with kinetic
calculations of organic matter conversion or through computation of transformation
ratios as recommended by Jarvie et al. (2005), and which is discussed in the Appendix I

MSSYV section.

The thermal maturity results for OUTCROP A and OUTCROP B are
compared with the regional %Ro map for the La Luna Formation in the MMVB and
eastern Cordillera proposed by Garcia and Parra (2003). Maturity increased from the
northwest to the southeast due to the permanent burial of Tertiary strata towards the
eastern Cordillera foothills (Figure 41) where the basin is deeper. OUTCROP A values

are 1.3-2.0 %Ro on the map (wet gas window) indicating that this section is in the dry
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gas window. With values higher than 2.2%. OUTCROP B is in the early to middle oil

generation window, which agrees with the corrected values of 0.72 VRo0%.
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Figure 41. Measured vitrinite reflectance (%R,) map for La Luna formation in MMVB
(Garcia and Parra, 2003).
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3.2. Biomarker Analysis

Biomarker analysis was completed through the use of GC and GC-MS
performed on the saturate and branched and cyclic (B/C) fractions of the source rock
extracts from La Luna Formation OUTCROP A samples with TOC higher than 2%,
HI>2 and S2>10 and for OUTCROP B samples with TOC higher than 2%, HI>400 and
$2>10. The biomarkers analyzed and the chromatograms/fragmentograms used for
interpretations are presented in Table 8. Sulfur was detected (~1%wt; Rangel et al.,
2000) and removed from all the samples.

Table.8. Biomarkers and chromatograms/fragmentograms used for La Luna Formation
OUTCROP A and OUTCROP B samples analysis.

Biomarker Chromatogram / Fragmentogram
n-alkanes Chromatogram , MSSV-GC
Pristane and Phytane Chromatogram, MSSV-GC
Regular Steranes m/z=217, 218
Tricyclic Terpanes m/z=191
Hopanes m/z =191
25-Norhopanes m/z=177

3.2.1. n-Alkanes

The n-alkane distributions are commonly obtained for crude oils and source rock
extracts by gas chromatography of the saturate fractions and are a very useful
correlation tool and organic matter source indicator (Waples, 1985; Peters et al., 2005).
Gas chromatography fingerprints for the saturate fractions of the La Luna Formation

OUTCROP A and OUTCROP B samples (Figures 44 to 47) do not show great presence
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of n-alkanes, indicating weathering and consequent depletion. The OUTCROP A and
OUTCROP B samples that were analyzed for biomarker distribution are shown in Table

95

Zumberge (1984) published data for the Salada member in the same location as the
OUTCROP B section, and showed phytane typically is more abundant than pristane
(Pr/Ph = 0.70). The n-alkane distribution indicates only a slight preference of odd over
even-numbered alkanes in the Cyg: region (average odd-even predominance, OEP =
1.09). Zumberge (1984) reported for the Salada member an even carbon preference in
the n-Cy to Cyg range (average OEP = 0.956). According to his conclusions, most of the
aliphatic fraction consists of branched and cyclic alkanes, as evidenced by a large
unresolved "hump" under the n-alkane peaks. The interpretation of Zumberge (1984)
Salada member chromatogram (Figure 42) suggests that the organic matter is derived
from marine plankton and microorganisms deposited in a reducing environment.
Phytoplankton, zooplankton and benthic algae are the main organisms contributing to

the marine organic matter as typified by the n-alkanes distributions.

The OUTCROP A and OUTCROP B samples do not show variation in the n-alkane
distributions along each stratigraphic section (Figures 44 to 47), which is a product of
the heavy biodegradation level that is recognized by the removal of n-alkanes and
isoprenoids (Wegner et al., 2002). To obtaining the n-alkane and isoprenoid
distributions that can be generated from the La Luna Formation, the MSSV-GC
experiment was conducted for Salada member sample CAR M-2. Artificial thermal

maturation of the present day kerogen, bitumen and pyrobitumen within the rock
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undergo primary and secondary cracking, and simulate generation by aromatization,
condensation and isomerization of new n-alkane and isoprenoid peaks (Figure 43 and

47). As observed by Zumberge (1984) phytane is more abundant than pristane.

Table.9. Samples for biomarker analysis in OUTCROP A and OUTCROP B.
Sample # Member TOC% Gt (I;I/}gT 0C) (mgH C?/?gRock)
OUTCROP A
P2M1 Galembo 151 44 0.66
P4M3 Galembo 11.90 23 2.65
P4 M2 Salada 10.60 26 2.78
OUTCROP B
QLS Umir-2 Galembo 3.10 672 20.83
QLS M-3 Galembo 4.09 425 17.39
QLS M-7a Galembo 3.94 410 16.14
QLS M-8 Galembo 4.12 439 18.10
CAN M-15 Pujamana 2.54 172 4.38
CAN M-8 Pujamana 1.32 189 2.50
CAN M-5 Pujamana 1.90 58 sl Ll
CAR M-14 Salada 4.27 576 24.61
CAR M-11 Salada 2.5 554 11.91
CAR M-4 Salada 5.58 465 2592
CAR M-3 Salada 11.90 458 54.54
CAR M-2 Salada 6.68 439 29.31
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Figure 42. Gas chromatogram of Zumberge (1984) showing the aliphatic-hydrocarbon
fraction of a Salada member sample from the La Luna Formation nearby OUTCROP B
location. Numbered peaks represent n-alkane carbon numbers; Pr and Ph represent pristane
and phytane, respectively.
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Figure 43.  Gas chromatogram showing the aliphatic-hydrocarbon fraction of OUTCROP
B Salada member sample CAR M-3 after MSSV Numbered peaks represent n-alkane
carbon number; Pr and Ph represent pristane and phytane, respectively.
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P2M1 GALEMBO SAT GC

| ] PAM2 SALADA SAT GC
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WHOLE EXTRACT GC

w o

Figure 44. Gas chromatograms of saturate fractions from bitumen extracts of the La Luna
Formation OUTCROP A Galembo and Salada members. Note the heavy biodegradation

level evidenced by big the humps and the removal of n-alkane and depletion of
isoprenoids.
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Figure 45. Gas chromatograms of saturate fractions from bitumen extracts of the La Luna Formation OUTCROP B Galembo member. Note
the high level of biodegradation as evidenced by the big humps and the removal of lighter n-alkane and depletion of isoprenoids.
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Figure 46.  Gas chromatograms of saturate fractions from bitumen extracts of the La Luna
Formation OUTCROP B Pujamana member. Note the high level of biodegradation as
evidenced by the big humps, the removal of lighter n-alkane and depletion of isoprenoids.
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Figure 47. Gas chromatograms of saturate fractions from bitumen extracts of the La Luna Formation OUTCROP B Salada member. Note the
heavy level of biodegradation as evidenced by the big humps and the removal of n-alkane and depletion of isoprenoids.
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Figure 48. Micro-scale Sealed Vessel analysis for the Salada member CAR M-3 sample.

A- Blackburn oil standard; B- Early oil scenario, heating range: 200-400°C, heating rate:
0,2 °C/min; C- Oil window scenario, heating range: 200-430°C, heating rate: 0,2 °C/min;
D- Mature Oil window scenario, heating range: 200-460°C, heating rate: 0,2 °C/min; E-
Condensate-gas window scenario, heating range: 200-490°C, heating rate: 0,2 °C/min; F-
Dry gas window scenario, heating range: 200-520°C, heating rate: 0,2 °C/min. Note
pristane and phytane on images B and C, recognized by the standard in image A.

3.2.2. Pristane and Phytane

Pristane (Pr) and phytane (Ph) were identified on the gas chromatograms for
the whole extract obtained from sample CAR M-2 which was conducted under MSSV
analysis. These compounds are two of the most extensively used biomarkers to evaluate
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redox conditions and for correlation studies, especially in low maturity samples
(Waples, 1985, Peters et al., 2005). These acyclic isoprenoids are mainly derived from
the phytol chain of chlorophyll, and formed during diagenesis by one of several
chemical pathways depending on the oxygen availability (Tissot and Welte, 1978:;
Goossens et al., 1984; Peters et al., 2005). However, an alternative origin of these
isoprenoids from methanogen-derived lipids has also been proposed (Rowland, 1990),
where pristane can be sourced from a-tocopherols (vitamin E) and phytane from

phytanyl ethers (Bechtel et al., 2007; Miceli-Romero, 2010).

When derived from the phytol chain under reducing conditions (low oxygen)
the formation of phytane is favored. Conversely, if oxygen is abundant, the phytol chain
will be subsequently converted to pristane (Tissot and Welte, 1978). Therefore, the ratio
of pristane/phytane (Pr/Ph) is very valuable for assessing conditions of the depositional
environment. Pr/Ph ratio is affected by increasing maturity, and the sample analyzed is
in the oil window, hence the values obtained are very reliable. Pr/Ph ratios for the La
Luna Salada member is <1, indicating variability in redox conditions of an anoxic
environments influenced by input of marine organic matter (Waples, 1985; Peters et al.,
2005). Consequently, this parameter can be related to sea-level fluctuations and when
combined with n-alkanes C;; and C,3 are very useful in evaluating the type of organic
matter, depositional environment, maturity, biodegradation and also as a correlation
parameter (Waples, 1985). For the other samples without MSSV analysis, neither
pristane nor phytane were recognized on the GC traces due to the heavy biodegradation

level.
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3.2.3. Steranes

Sterane distributions for the La Luna Formation samples were determined
through analysis of the saturate and B/C fractions by SIM/GCMS using the m/z 217 ion.
The resulting fragmentograms (Figures 49 to 54) show the C,7, Cps and Cy9 regular
steranes (peak identifications are presented in Table 10). This group of biomarkers is
mainly derived from sterols whose precursors are eukaryotic organisms, principally
algae and higher plants (Peters et al., 2005) but are rare or absent in prokaryotic
organisms (Volkman, 1986). Huang and Meinschein (1979) used C,7, Cas and Cyo sterol
distributions and plotted them on a ternary diagram to define ecosystems. Mo