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Abstract: An hydrocarbon reservoir was characterized via a
detailed geologic model, which allowed estimation of the original
oil in place. The study characterizes a hydrocarbon reservoir of
two fields of unit C7 of the Carbonera Formation within the
Llanos Orientales basin of Colombia. This was done using well
logs, the structural surface of the regional datum of the area,
segments of the Yuca fault and a local fault of the reservoir, the
permeability equation, and J functions of the reservoir provided
by the operating company. With this information, a two-fault
model and a grid with 3D cells was created. Each cell was
assigned with a value of facies and petrophysical properties:
porosity, permeability, and water saturation, to obtain a 3D
model of facies and petrophysical properties. Subsequently, we
used the constructed models and oil-water contacts to calculate
the original oil in place for each field. Field 1 has a volume of six
million barrels of oil and field 2 has 9 million barrels.

Keywords: geologic characterization, geologic modeling, well
logs, original oil in place, petrophysics.

Resumen: El modelamiento geoldgico de un yacimiento
de hidrocarburos permite la caracterizacién detallada y una
estimacion del aceite original en sitio acumulado en la trampa.
Para este estudio, se realizo# un modelamiento geoldgico de
dos campos ubicados en la cuenca de los Llanos Orientales
de Colombia, pertenecientes a un yacimiento de la unidad
operacional M1 que hace parte de la unidad C7 de la Formacién
Carbonera, con el objetivo de realizar la caracterizacién geolégica
del yacimiento y obtener el volumen de aceite original en
sitio. Asimismo, se emplearon registros eléctricos, la superficie
estructural del datum regional del drea de estudio, segmentos
de la falla La Yuca, segmentos de la falla local del yacimiento,
funciones J de Leverett, y la ecuacién de permeabilidad del
yacimiento, proporcionada por la empresa operadora. A partir
de la informacién suministrada, se generd un modelo con dos
fallas y una cuadricula con celdas en forma de prisma rectangular.
Cada celda fue poblada con un valor de facies y propiedades
petrofisicas: porosidad, permeabilidad, y modelo de saturacién
de agua por funciones J, para obtener asi un modelo 3D de
facies junto con las propiedades petrofisicas. Posteriormente, se
emplearon los modelos generados y los contactos agua- petrdleo,
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para calcular el volumen de aceite original en sitio de cada campo,
dando un total de 6 millones de barriles para el Campo 1y 9
millones para el Campo 2.

Palabras clave: caracterizaciéon geoldgica, registros de pozo,
modelamiento geoldgico, aceite original en sitio, petrofisica.

1. INTRODUCTION

We thank the Department of Geosciences at the Universidad de los Andes, Colombia, and the operating
company for authorization to use the data. We also thank the editorial group of the Boletin Geoldgico, and
the anonymous reviewers who helped improve the manuscript with their valuable comments.

The Llanos Orientales is one of the most important oil basins in Colombia. The production of
hydrocarbons and economic profitability of the development of fields in this basin have contributed to
the country’s energy supply. For this reason, it is essential for the oil industry to determine the volume of
hydrocarbons in a reservoir. This is done through geologic modeling of the reservoir, with which geological
and petrophysical aspects are determined and the volume of hydrocarbons in place is calculated.

During the drilling of a well, information is acquired to determine the geological and petrophysical
properties of the subsoil by direct and indirect methods. Direct methods consist of core sampling and drill
cuttings, corresponding to the extracted rock. These samples are studied to determine the lithology of the
drilled formation and the cores are subjected to laboratory tests for direct measurement of the petrophysical
properties of the formation, such as porosity and permeability.

Indirect methods consist of quantitative measurements of formation properties. These include electric
well logs of gamma rays, density, and resistivity, using a sensor and receiver. These records provide indirect
values of fluid saturation in the rock and serve as indicators of the lithology.

The main objective of the present work was to calculate the original oil in place (OOIP) from the geological
modeling of a reservoir in two fields, with interest in unit C7 of the Carbonera Formation in the Llanos
Orientales basin. The specific objectives were as follows: to conduct stratigraphic correlation of the major
units of interest and a structural framework from the regional datum; to study the electric well logs for
petrophysical evaluation; to analyze the results of that evaluation to characterize the operational units of the
reservoir used in the modeling and perform the volumetric calculation of the OOIP in the area of interest.

To do the above, electric well logs and structural surfaces were used to generate a 3D model of the reservoir.
This permitted the calculation of the volume of hydrocarbons via the Petrel software. For the work, data
from seven wells were used, which were provided by the operating company. Five wells correspond to Field
1 and two wells to Field 2.

2. GEOLOGICAL SETTING

The study area is in the northeastern Llanos Orientales basin of eastern Colombia, in the department of
Arauca, near the municipality of Arauquita (Figure 1). Llanos Orientales is classified as an asymmetric
foreland basin, defined as an elongated region formed between the orogenic belt of the Eastern Cordillera
and the Guiana shield (Duarte et al., 2017).

The source rocks, deposited during the Cretaceous, are of marine origin and were buried during multiple
orogeny events, which favored the formation of structural and stratigraphic traps (Campos and Mann,
2015). Source rocks of the Lower Cretaceous produced hydrocarbons over time, supporting substantial
accumulations in Llanos Orientales basin (Mora, 2015).
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The structural geology of the study fields corresponds to an anticline elongated in the northeast direction
with closure in three directions, limited to the east by the La Yuca regional fault, which presents a strike-slip.
The two fields of study are limited by a normal and local fault that is perpendicular to the main La Yuca fault.

Carbonera Formation. The Carbonera Formation dates from the Miocene at the top and early Eocene
at the bottom. In the study area, at the northeast of the basin, this formation has an average thickness of
7053 feet, and is composed of sandstone and shale intercalations that permit division of the formation into
eight units. Among these, the even numbers correspond to clay lithologies and the odd ones mainly to sands
(Table 1). The formation was deposited in continental-type environments to the east and southeast of the
Llanos Orientales basin, and in transitional environments to its west and northwest (Dominguez, 2014).

20 00

e

FIGURE 1.
Location of study area

a) Red polygon demarcates Llanos Orientales basin and green dot the location
of the study area; b) Location of Llanos Orientales basin within Colombia.
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Era Period Epoch Formation

Pliocene

Neogene .
Miocene
Upper Carbonera
C4
Cenozoic E
M1
Paleogene
L Lower Carbonera c7 %
M3
Paleocene ' BrVC
TABLE 1.

Study area column

Lower Carbonera. During the early Oligocene, regional sandstone deposition was caused by an increase in
the supply of sediments, which facilitated the deposit of Unit C7 of the Carbonera Formation (Dela Parra et
al., 2015). This was integrated in only one unit called the lower Carbonera, composed of fine-grained facies,
caused by a prograding wedge of braided fluvial deposits (Reyes-Harker et al., 2015) and facies of medium
grain.

In the study area, the C7 unit has a thickness of 100-300 feet and the companies divide it into the
operational units M1, M2 and M3, which consist of massive sandstone bodies separated by a regional shale
called guafita, with intercalations of sandstones-siltstones. The sandstone deposits correspond to a fluvial-
deltaic environment that accumulates hydrocarbons in the operational production unit M1.

The marker of the area of interest is the guafita shale, which corresponds to the maximum flooding surface
that is homogeneously distributed in the northeastern basin. This marker was used as a regional datum
because it was identified in all study wells.

3. METHOD

We used information from seven wells, five in Field 1 and two in Field 2, that have directional files, electric
well logs of gamma ray (GR), resistivity (RT), and density (RHOB). Likewise, we took as reference the
regional datum and its structural surface, the faults in the two fields of study, the permeability equation as
a function of effective porosity found from data of tests on rock core plugs, and the J functions determined
from reservoir capillary pressure curves. The cores were not available for facies analysis. In the following, we
describe and explain the steps in the study.

3.1. Stratigraphic model
We conducted a stratigraphic correlation based on the regional datum of the study area. The datum was

located at each well and the well tops of the operational units that belonged to the C7 unit of the Carbonera
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Formation were defined as: M1, M2_1, M2_2, and M3. These were identified based on the response of the
GRlog.

In the analysis of electrofacies, we identified the facies of the depositional environment of the studied
intervals according to patterns of electric well logs established and accepted in the geological literature.

To determine the facies, we analyzed forms of the GR log, which indicated a relative variation of grain size
related to the depositional environment. The large values of the log indicate the presence of clays and small
values the presence of sands. The main forms of the log responses are divided into cylinder, funnel, and bell.
Each form can be associated with more than one depositional environment.

3.2. Structural model

The structural surfaces of operational units M1, M2_1, M2_2, and M3, were generated from the structural
surface to the top of the guafita regional datum and isopachous maps of each unit that were obtained from
the correlation between wells. We created fitted surfaces to the well tops of the units by adding or subtracting
the average thickness of each surface. This operation implies an addition of thicknesses if the unit is above
the guafita surface, or a subtraction if it is below.

3.3. Fault model

We used fault segments supplied by the operator company as a result of seismic interpretation, which
correspond to deep fault lines of the reservoir. By interpolating these segments, we obtained the plane of
the fault in depth. The segments become fault pillars, a set of lines with upper, middle, and lower nodes that
define the shape and location of the fault surfaces in the model.

3.4. Petrophysical model

The petrophysical properties used for modeling the reservoir were effective porosity, permeability, and water
saturation. For the porosity model of units M1, M2_1, M2_2 and M3, we used effective porosity (¢e)
furnished by the operating company, which is calculated from the total porosity (¢T) based on the density
log and corrected by the clay volume (Vsh). This model is related to the reservoir facies. The permeability
model (k) is based on an equation that relates porosity:

¢'.- = ﬁb}' = (V.J, x ﬁb,:,) ( l}

Log,ck=m¢, +c (2)

Here, m is the slope and ¢ a constant that indicates the cutoff point with the permeability, when porosity
has a value of zero (Satter et al., 2008). This equation is established from core samples in the laboratory. Then,
based on the permeability equation, the modified Lorenz method was applied (Craig, 1972) to determine
the various rock types in the reservoir.

Rock typing consists of grouping rocks that have similar petrophysical properties of the different flow units
comprising the reservoir (Guo et al., 2005). For this, we used the modified Lorenz method, which normalizes
and graphs values of the effective porosity and permeability. Each slope on the graph indicates a type of rock.
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Thereafter, we grouped the rock types of the formation using the flow zone indicator (FZI) method, which
uses the fraction of effective porosity ¢z and the rock quality index RQI, based on the relationship between
permeability and porosity (Lis-Sledziona, 2019).

RQI=00314x | (3)

N

Fzl = 2 (4)

The values from Equation (4) are grouped to classify and graph the effective porosity and permeability
ranges for each rock type. The trend equation is a mathematical expression of permeability as a function of
porosity. A permeability function was established for each rock type via a permeability vs. porosity graph,
and using a software calculator, the functions were applied to generate the permeability model.

The water saturation model starts from the rock types and water-oil contact, related to the capillary
pressure curves and functions J(Sw) provided by the company. These functions were determined from the
capillary pressure curves of the cores, which were averaged to obtain a representative curve for the area of
interest, called the J function. This is a dimensionless function that correlates the capillary pressure to the
reservoir pore structure in terms of porosity and permeability (Donnez, 2007). The functions are specific to
each rock type and are implemented in the software to generate the water saturation model of each field.

= - (.' pL I|I j\- b
I \l} ~ ocos® \I'I &, (")

Here, J(Sw) is the J function, Pc the capillary pressure, k the permeability, ge the effective porosity, 3 the
contact angle, and o the interfacial tension.

3.5. Construction of 3D geologic model

Using the previous models, we constructed the geologic model with standardized and normalized data. This
model includes the construction of a cell grid with dimensions X, Y and Z, limited by the structural surfaces
at the top of each unit (M1, M2_1, M2_2, and M3) and by the fault surfaces.

We constructed the model grid using the fault surfaces as the framework. This grid was divided into three
skeletons, upper, middle and lower, related to the nodes of the fault columns. The grid is composed of cells
with a rectangular prism shape that the software defined in the I, J and K directions, corresponding to the
directions X and Y (I and J) with depth K, equivalent to Z, with sizes defined on each axis. The grid has 337
cells in direction I, 334 in direction ], and 178 layers in direction Z. This results in a total of 20 035 324 cells,
corresponding to a geocellular model of high resolution.

Horizons and layers were created by incorporating structural surfaces to the top of each unit (M1, M2_1,
M2_2 and M3) in the 3D grid, and vertically subdividing each unit limited by surfaces by a determined
number of layers. The number of vertical layers of each unit was determined from the minimum thickness to
preserve geological bodies of minimal thickness, which corresponds to the vertical resolution of the model.

After determining the facies, we did the upscaling, which consists of taking information from the scale
of well logs to that of the geologic model. These scaled cells were the main input to the 3D modeling. Each
cell traversed by a well corresponds to only one value of the scaled property of the wells, either discrete or
continuous. For facies, these are discrete quantities because there can only be an integer value associated
with a facies. Petrophysical properties are continuous variables that take on decimal values within a specific
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range. The scaled properties in this case are the facies and effective porosity. For the permeability and water
saturation, we used equations implemented in the software calculator, which are a function of the previously
established properties.

After scaling the facies in each well, we used a geostatistical analysis module, which was applied to the
discrete values of the facies in order to spatially populate the cells. This module is based on the deterministic
or stochastic modeling algorithms — sequential indicator simulator (SIS) and object modeling. The SIS
algorithm generates a pixel model of the facies distribution, following the probability tendencies of these
and extrapolation using variograms obtained for each facies of each unit. Object modeling represents the
geometry of geological bodies such as channels, bars and fans, in order to reliably represent the distribution
of those bodies. This information is acquired via an analysis of seismic interpretation (seismic attributes),
data of outcrops and/or known analogue fields, which facilitate acquisition of the directions and dimensions
of modeled bodies.

After modeling the facies, we modeled the petrophysical properties. For the porosity model, we used the
scaled log and conducted a geostatistical analysis, generating variograms for the porosity of each facies of
each unit. The permeability was modeled using an equation related to the reservoir porosity, from which was
determined the rock types. Each type had its range of permeability and porosity. Then we found a function
for each rock type and extrapolated to the model by applying this equation in the software calculator. The J
functions of unit M1 were used to obtain the water saturation model, which is based on the identified rock
types and permeability model.

3.6. Contacts and volumetric computations

For each field, we determined the water-oil contact through the resistivity log and tests of well production.
We used the volume calculation module for the OOIP and selected the oil-water contact, water saturation
model, porosity model, facies model, and oil volumetric factor. From the above models, the software

calculated the OOIP of each field.
4. RESULTS AND DISCUSSION
4.1. Facies model

The study interval corresponds to the operational units M1, M2 and M3, among which M1 is the unit of
interest. A stratigraphic correlation was carried out at the level of these units, taking as a starting point
the regional datum of the study area. Figures 2 and 4 show this correlation, wherein the tops M1, M2_1,
M2_2 and M3 are identified based on the response of the GR and density logs. Unit M2 corresponds to thin
intercalations of sands and shales. Unit M2_1 consists of clean sands, according to smaller GR values. Unit
M2_2 had larger values in this log, owing to the clay content in the sands. Units M1 and M3 are relatively
homogeneous and correspond to packets of sandstone with intercalations of shales. We are only interested
in the top of unit M3, so it was assigned a lower limit corresponding to the base of the model.

Based on regional studies and those of the cores of neighboring fields of the operating company and of
similar fields, it was established that the studied reservoir was deposited in
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Stratigraphic correlation of the seven wells
Field 1: P1, P2, P3, P4, PS; Field 2: PG, P7

a fluvial-deltaic environment. Four main facies were determined, channel, deltaic front, overflow fan, and
floodplain. Figure 3 shows the facies model.

The channel facies correspond to massive sand bodies of units M1 and M3, and smaller sand packets for
the channels of M2_1. The signature of clean sand channels in the GR log were identified with cylinder
shape, indicating small GR values and uniform lithology. These facies are the most important of the study
because they have greater flow and storage capacity, owing to their petrophysical properties of porosity and
permeability.

Floodplains are flat areas adjacent to the round of a river, or long-range areas composed of fine sediment
lithologies. The floodplain facies are identified by large values in the GR log, which correspond to areas of
fine-grained lithology such as shales and are local seals of the reservoir. These facies are present in operational
units M1, M2_1and M2_2, and to a lesser extent in M3.

An overflow fan is generated when a river breaks its barrier and pulses of sand are released, creating
fan-shaped sedimentary bodies. These bodies are recognized in the logs by a sawn-off funnel shape with a
coarsening-upward sequence. This is because they have fine-grained deposits at the base and, as the river
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defined from seven wells, based on the response of well logs
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releases sands, they increase toward the top. These facies are present in the upper part of unit M1 and are
in a fluvial environment.

The deltaic front facies mark a transition zone between a continental and marine environment. The deltaic
front corresponds to the shallow part of a delta receiving sediment from river channels and, for this reason,
in the log analysis there was a coarsening-upward response in the shape of a non-sawed-off funnel. It was also
identified that they are heterogeneous bodies that are interspersed with channels due to the channel-front
interaction of waves and sediment redeposition. These intercalations are evident in unit M2_1.

4.2. Structural model

The structural model of the fields corresponds to an anticline elongated in the northeast direction with
closure in three directions. It was obtained from the structural surface in depth at the top of the guafita
marker and the faults affecting it. The top surfaces of each unit were created using isopachous thicknesses.
Figure 5 shows a 3D view of the structural surface at the top of the producer unit M1.

4.3. Petrophysical model

The modeled porosity is discriminated by the facies of each unit. Figure 6 shows a plan view of this variable,
where it is seen that the model adequately represented the porosities of the facies. The channel facies has high
porosity values of 22%—27%, the delta front facies 18%-22%, and the facies floodplain < 5%.

To find the model permeability (K), we used the data on reservoir permeability furnished by the operating
company.

K = 0.0698 x e3> ¢ (6)
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We determined the rock types of the reservoir with the modified Lorenz method. Figure 7 shows three
different slopes, corresponding to rock types categorized in ascending order of porosity: Rock 0, related to
floodplain facies; Rock 1, related to channel facies; Rock 2, related to deltaic front facies.

We obtained an FZI range for the Rock 2 type at 0-1.65, for Rock 1, 1.66-11, and for Rock 0, 12-8312.
For the permeability model, equations were established for each rock type using a graph of permeability vs.
effective porosity.

Z-axis

Well top M1 Z-2is

Elevation depth (ft)

L Eid
= =TE00.00

=8100.00
-820000
-830000
-840000
~B8500.00

FIGURE 5
Structural surface to the top of producer unit M1.
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FIGURE 6.
Plan view of porosity modeling, layer 1
Ky = 23006 x (Porosity Model) — 42.561 (7)
K, = 0.0698 x (£ x (Porosity model)) (8)
K,, = 67.916 x (Porosity Model) — 3.7608 (9)
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A permeability model discriminated by rock type and effective porosity was constructed. Figure 8 shows
a plan view of the modeled permeability, where it is seen that the facies model and rock types are coherent.
The high permeabilities (> 100 mD) correspond to rock types 1 and 2, which are related to the channel and
deltaic front facies.

The following table shows average porosity and permeability values for each facies present in each unit.

The water saturation model has as input the permeability model by rock type, executing the J functions for
operational unit M 1. Based on information of pressure, logs and production tests, we determined the water-
oil contact at Field 1 at a true vertical depth subsea depth of —7848 feet. At Field 2, this was —=7777 feet.

TABLE 2.
Average values of porosity and permeability models for each facies in each unit
Unit Facies Paorosity (%) Permeability (md)
Channel 2177 955.87

M1 Overflow fan 16.31 81.45
Floodplain 2.69 0.18
Channel 21.97 458.96
Deltaic Front 18.88 94.98
Floodplain 2.24 0.23
Deltaic Front 11.9 31.59
Floodplain 1.28 0.15
Channel 18.58 351

M
R Floodplain 2.85 0.27

J functions were run for each field in the software calculator. Figures 9and 10 depict the water saturation
model for unit M1 of the two fields studied. The area of interest corresponds to saturations from 20% to 30%
in the structurally higher part of the reservoir, corresponding to channel facies.
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4.4. Calculating OOIP volume

The software included the previous models to do the volume calculation of the OOIP of unit M1 of each
field. An oil volume factor of 1.06 was used for both calculations. For Field 1, we obtained a value of six
million barrels of OOIP, and 9 million barrels for Field 2. Figures 11and 12 show OOIP maps, indicating
the area of oil accumulation.

The values obtained were used to calculate the current recovery factor, based on August 2019 production
data. For this we divided the accumulated production of each field by the calculated OOIP. Field 1 has a
current recovery factor of 1.5% and Field 2 has 22%.

5. CONCLUSIONS

From the stratigraphic correlation of the wells, we identified four units of the lower Carbonera Formation,
M1,M2_1,M2_1,and M3. The unit of interest was M 1, because in it lie clean sands that store hydrocarbons.

The deposit environment of the reservoir is fluvial-deltaic and the most important facies is that of the
channel in operational unit M1. There, clean sands predominate, which are identified as the main pool of
the reservoir. The floodplain facies are hallmarks of the reservoir that are present mainly in units M2_1 and
M2 _2. Facies of the deltaic front reservoir and overflow fan are lower quality reservoirs in comparison with
the channel facies.

Permeability modeling
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FIGURE 8.
Plan view of layer 1 permeability modeling
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Water saturation model:
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FIGURE 9.
Layer 1 of water saturation modeling for unit M1 of Field 1

Water saturation model:
Field 2
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FIGURE 10.
Layer 1 of water saturation modeling for unit M1 of Field 2
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FIGURE 11.
Field 1 OOIP Map
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FIGURE 12.
Field 2 OOIP Map

Petrophysical properties such as effective porosity indicate that unit M1 is the most prone to accumulate
hydrocarbons, as it has the greatest porosities in the channel facies (22%-27%). We integrated the
stratigraphic, structural, petrophysical models through 3D geological modeling, from which the OOIP was
calculated in each field.

Field 1 has 1.5% recovery factor. This indicates that the sands of unit M1 can produce oil with recovery
factors up to that of Field 2, which is 22%.
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