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RESUMEN

La subcuenca de Ranchería es una cuenca inexplorada que 
brinda una valiosa oportunidad para buscar nuevas pers-
pectivas sobre el potencial de acumulación de hidrocarburos 
en Colombia. Las facies arenosas de la Formación Cerrejón 
del Paleoceno cumplen con las características dentro del 
sistema petrolífero para ser consideradas como potenciales 
rocas reservorio. Este trabajo tiene como objetivo evaluar 
la calidad como roca reservorio de la Formación Cerrejón 
utilizando tres pozos perforados, mediante la integración de 
registros de pozos, descripciones sedimentológicas de núcleos, 
datos de laboratorio de porosidad y permeabilidad y análisis 
de secciones delgadas. Utilizando patrones de registros GR y 
ciclos sedimentarios se definieron cuatro asociaciones de facies 
(A, B, C, D) asociadas a un ambiente de planicie deltaica. 
La correlación de pozos se realizó utilizando la metodología 
de ciclos sedimentarios. Se identificaron cinco tipos de rocas 
petrofísicas (lodolita (M), carbón (P), lodolita arenosa 
(sM), arenisca lodosa (mS) y arenisca (S)), de acuerdo 
con las características texturales y litológicas de los núcleos, 
ajustadas con análisis de registros de pozos y relación NTG. 
Se generó un modelo de redes neuronales supervisada de 
electrofacies con la combinación de registros GR, RHOB, 
NPHI y DT, utilizando como curvas de entrenamiento los 
pozos B y C. La validación del modelo se ejecutó en el pozo 
C con un 82% de correlación. Se realizó una evaluación 
petrofísica calculando volumen de arcilla, porosidad efectiva, 
permeabilidad y saturación de agua. Las propiedades de la 
roca reservorio son de regulares a moderadas con porosidades 
entre 0.3-22.9% y valores de permeabilidad que oscilan 
entre 0.02mD y 47mD. Las saturaciones de agua prome-
dio de los intervalos de interés varían entre 0.3 y 0.5. Se 
estimaron cuatro unidades hidráulicas de flujo a partir de 
la porosidad y permeabilidad del núcleo con el método R35 
de Winland donde se evalúa la calidad del reservorio. No 
existe una relación clara entre las asociaciones de facies y las 
unidades hidraúlicas de flujo para la Formación Cerrejón, 
sin embargo, el F.A. B comprende las HFU con las mejores 
propiedades petrofísicas. La calidad como roca reservorio de 
la Formación Cerrejón es controlada más por procesos com-
posicionales y diagenéticos que los relacionados al ambiente 
de depósito, ya que no existe una relación clara entre el 
ambiente deposicional y las unidades hidráulicas de flujo. 
Los controles diagenéticos en las propiedades del reservorio 
son la cementación de calcita, el sobrecrecimiento de cuarzo, 
la presencia de pseudomatriz y la disolución de feldespato 
y cemento calcáreo. Este estudio integrado proporciona una 
buena aproximación al entendimiento de la Formación 
Cerrejón y evidencian una calidad de reservorio moderada.

Palabras clave: Subcuenca Ranchería, 
electrofacies, evaluación petrofísica, regis-
tros eléctricos, calidad de roca reservorio, 
Formación Cerrejón.

ABSTRACT

The Ranchería sub-basin is an unexplored basin 
which gives a valuable opportunity to find new 
perspectives about the hydrocarbon potential in 
Colombia. The sandy facies of  the Paleocene 
Cerrejón Formation accomplish with the character-
istics within the petroleum system, to be considered 
as a potential reservoir rock. This work aims to eval-
uate the reservoir quality of  the Cerrejón Formation 
using three cored wells, through the integration of  
well logs, core sedimentological descriptions, poros-
ity and permeability lab data, and thin-sections 
analysis. Using GR log patterns and sedimentary 
cycles, four facies associations (A,B,C,D) were 
defined associated to an environment of  a deltaic 
plain complex. The well correlation was performed 
using the sedimentary cycles methodology. Five 
petrophysical rock-types (mudstone (M), coal (P), 
sandy mudstone (sM), muddy sandstone (mS), and 
sandstone (S)) were identified, according to textural 
and lithological features from the core descriptions, 
adjusted with well logs analysis and NTG ratio. A 
supervised neural network model of  electrofacies 
was generated with the GR, RHOB, NPHI, and 
DT logs combination, using as training curves the 
wells B and C. The blind test validation was exe-
cuted in the well C with an 82% of  correlation. 
Petrophysical evaluation was performed calculating 
shale volume, effective porosity, permeability and 
water saturation. Reservoir rock properties are fair 
to moderate with porosities between 0.3-22.9 %, 
and permeability values that range from 0.02mD 
to 47mD. The interest intervals average water sat-
urations vary between 0.3 and 0.5. Four hydraulic 
flow units were estimated with the Winland’s R35 
method for the assessment of  reservoir quality. 
There is not a clear relationship between F.A. and 
HFUs for the Cerrejón Formation, however, the 
F.A. B comprises the HFUs with the best petrophys-
ical properties. The reservoir quality of  Cerrejón 
Formation is controlled mainly for diagenetic and 
compositional processes than related to primary 
deposition. The diagenetic controls in reservoir 
properties are the calcite cementation, quartz over-
growth, pseudomatrix presence, and feldspar and 
calcite dissolution. This integrated study provides 
a good approximation to the understanding of  the 
Cerrejón Formation and the evidence of  a moder-
ate reservoir quality.

Keywords: Ranchería sub-basin, electro-
facies, petrophysical evaluation, well logs, 
reservoir quality, Cerrejón Formation.
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1. Introduction

Well logs are used to correlate zones of  interest 
with hydrocarbon accumulation, to identify 
hydrocarbon reserves and productive zones, to 
determine fluids content and reservoir thicknesses; 
and to estimate porosity, permeability, net to gross, 
geomechanics, mineralogy, lithology, cyclicity, and 
geological features; well logs are usually applied 
for oil and gas industry (Asquith and Krygowski, 
2004; Rider and Kennedy, 2011; Richardson, 
2013). Petrophysical model generation requires 
rock-fluid properties knowledge, like porosity and 
permeability, added to well logs interpretation, 
which are essential for understanding the storage 
and transmission of  fluids in the reservoir (Basan 
et al. 1997; Gunter et al., 1997a; Ellis and Singer, 
2007; Wu and Grana, 2017).Reservoir quality, 
which is controlled by depositional facies and 
diagenetic processes, is one of  the key controls on 
prospectivity during petroleum exploration (Gier 
et al., 2008; Mansurberg et al., 2008). In this war, 
it should be supplemented with a correct petro-
physical characterization and a key petrophysical 
parameters calculation such as the shale volume, 
total and effective porosities, permeability, and 
water saturation (Islam, 2010). On the other hand, 
a reservoir quality evaluation must be linked with 
petrographic and sedimentological information, 
that helps to support the petrophysical findings 
thus knowing what controls reservoir quality. 
Finally, this contributes to assist with the appraisal 
of  the economic viability of  petroleum discoveries 
in a frontier basin.
 The exploratory character of  the Ranchería 
sub-basin, genetically related with the Maracaibo 
basin in Venezuela in the Paleocene (Bayona et al., 
2011; Mesa and Rengifo, 2011), gives a valuable 
opportunity to find new perspectives about the 
hydrocarbon potential of  this sub-basin. This 
work aims to evaluate the reservoir quality, using 
a multi-technique analysis including petrophysical 
characterization, hydraulic flow units definition, 
an electrofacies model, and a diagenetic processes 
petrographic identification evidenced in the Cer-
rejón Formation sandstones in the Ranchería 

sub-basin. This study would be the first petro-
physical properties calculation in the Ranchería 
sub-basin (García et al., 2008; Sánchez and Mann, 
2015; Cruz-Ceballos et al., 2020), and it provides a 
better understanding of  the hydrocarbon accumu-
lation potential of  the Cerrejón Formation, while 
affording an important input for subsequent geo-
logical modeling of  these reservoir facies in future 
explorations.

2. Geological setting

The Ranchería sub-basin is a hinterland basin in 
the northwestern part of  Colombia. It is limited 
to the north by the right-lateral Oca fault and the 
Guajira basin, to the south by the Verdesia high 
which separates the Ranchería Sub-basin from 
the Cesar sub-basin (Ayala et al., 2009; Bayona et 
al., 2011; Sánchez and Mann, 2015) (Figure 1). 
The eastern limit of  the basin is the Perija Range, 
where sedimentary, igneous, and metamorphic 
rocks from Paleozoic, Jurassic, and Cretaceous 
are outcropping (Maze, 1984; Bayona et al., 2007). 
The western limit of  the basin is the Santa Marta 
Massif, composed by Proterozoic and Paleozoic 
metamorphic rocks, and Mesozoic and Paleogene 
plutonic and volcanic rocks (Tschanz et al., 1974; 
Cordani et al., 2005; Cardona et al., 2011; Quandt 
et al., 2018).  Structurally, the basin is defined 
by a monocline that dips gently to the southeast 
maintaining a structural continuity with the Santa 
Marta Massif  to the northwest, yet limited to the 
southeast with the Cerrejón thrust fault (Montes 
et al.,2010; Sánchez and Mann, 2015). Figure 1 
shows the location of  the three wells studied in the 
central part of  the Ranchería sub-basin, aligned 
in an N-S transect following the regional structure 
strike. 
 The sedimentary sequence of  the Ranchería 
sub-basin starts from bottom to top with reddish 
continental sandstones and conglomerates of  the 
Jurassic La Quinta Formation (Maze, 1984), which 
are in disconformity with the marine sandstones 
of  the Lower Cretaceous Rio Negro Formation 
(Mesa and Rengifo, 2011) (Figure 2). Since Aptian 
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until Maastrichtian, it was recorded marine units 
associated with a subsiding basin or a passive mar-
gin such as the fossiliferous limestones and calcare-
ous mudstones of  Lagunitas Formation and Aguas 
Blancas Formation, chert-rich and phosphate 
calcareous mudstone of  the La Luna Formation, 
and shales from the Molino Formation (Cáceres et 
al., 1980; Bayona et al., 2011; Mesa and Rengifo, 
2011) (Figure 2). In unconformity with Molino 
Formation are the shallow marine fossiliferous 
limestones and sandstones from Lower Paleocene 
Hato Nuevo and Manantial Formations (Mesa 
and Rengifo, 2011) (Figure 2).

The sedimentation during Upper Paleocene 
records mudstones and sandstones with high coal 
contents from transitional environments from the 
Cerrejón Formation (Bayona et al., 2011; Mesa 
and Rengifo, 2011). Overlaying this unit, there are 
the sandstones from the Upper Paleocene - Lower 
Eocene Tabaco Formation and the shales from 
the Lower Eocene Palmito Formation (Bayona et 
al., 2011; Mesa and Rengifo, 2011) (Figure 2). In 
unconformity with the Eocene formations, it is 
reported the presence of  reddish fluvial conglom-
eratic sandstones and shales from the Middle to 
Upper Eocene Aguas Nuevas Formation (Mesa 

Figure 1   Regional map of the Ranchería sub-basin showing the location of the three wells. Color code based on Servicio Geológico 

Colombiano (2015). RB = Ranchería sub-basin. CB = Cesar sub-basin. MB = Maracaibo basin. LMB = Lower Magdalena basin.  GB = Guajira 

basin. CF = Cerrejón Fault. SMF = Santa Marta Fault. AF = Algarrobo Fault. BF = Bucaramanga Fault. TF = El Tigre Fault. CF = Cuisa Fault. 

RF = Romeral Fault. OF = Oca Fault. SM = Santa Marta Massif. PR = Perija Range. MR = Merida Range. SM = Santander Massif. SLR = San 

Lucas Range.
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Figure 2   Stratigraphic sequence and petroleum system elements of Ranchería sub-basin. The Paleocene Cerrejón Formation is the 

reservoir target unit. Modified from Mesa and Rengifo (2011).
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and Rengifo, 2011) (Figure 2). Overlaying this 
unit, in disconformity, it is recorded a calcareous 
level informally named as Conjunto calcáreo de 
la Guajira possibly from the Oligocene (Mesa 
and Rengifo, 2011). At the top of  the sequence, 
it is reported an informal unit called Conjunto 
Conglomerático that can be correlated with the 
Middle Miocene-Pliocene Cuesta Formation from 
the Cesar Sub-basin (Mesa and Rengifo, 2011)
(Figure 2).
 The effective petroleum system in the 
Ranchería Sub-basin was defined by some 
authors (García et al., 2008; Mesa and Rengifo, 
2011; Sánchez and Mann, 2015; Cruz-Ceballos et 
al., 2020), sharing an interesting correspondence 
with the most important oil-producing basins in 
Colombia and Venezuela, which are Maracaibo 
Basin and Middle Magdalena Basin (Mesa and 
Rengifo, 2011). 
 The oil source rocks are the Cretaceous 
Cogollo Group and La Luna Formation (García 
et al., 2008; Cruz-Ceballos et al., 2020). The coal 
bed methane source rock would be the Paleocene 
Cerrejón Formation (García et al., 2008). The oil 
migration and hydrocarbon trapping could occur 
during transpressive episodes since Eocene-Oligo-
cene, associated with fault systems (Sánchez and 
Mann, 2015). The best reservoirs are the fractured 
limestones of  Hato Nuevo and Manantial forma-
tions, even though, the sandstone reservoir rocks 
correspond to thin layers in Cerrejón Formation 
(García et al., 2008). The seal rock in the system is 
the shaly Molino Formation and intraformational 
coal layers in the Cerrejón Formation (García et 
al., 2008). The stratigraphic traps are related to 
unconformities in the stratigraphic record and are 
the main exploration target (Mesa and Rengifo, 
2011).
 All these elements compose the petroleum sys-
tem of  Ranchería sub-basin and provide ground 
to assume the possibility of  a high potential to 
accumulate hydrocarbons despite the scarce of  
studies realized in this unexplored basin (García et 
al., 2008; Sánchez and Mann, 2015; Cruz-Cebal-
los et al., 2020) (Figure 2).

3. Materials and methods

This project was framed in the Universidad Indus-
trial de Santander (UIS) and Agencia Nacional de 
Hidrocarburos (ANH) agreement which provided 
the information of  three slim-hole wells drilled 
in the Cesar-Ranchería basin. The information 
used to develop the project included well logs like 
gamma-ray (GR), spontaneous potential (SP), 
neutron porosity (NPHI), density (RHOB), deep 
resistivity (RT), photoelectric factor (PEF) and 
sonic compressional (DT) logs, 345 porosity and 
air permeability core laboratory data, and 774 m 
of  sedimentological core descriptions from Cerre-
jón Formation (153 m of  Well A, 518 m of  Well 
B, and 103 m of  Well C).Well logs were provided 
with borehole diameter and mud filtrate environ-
mental corrections. The RHOB, BPHI and SP 
curves were edited in erratic measurements. SP 
log curves in the three wells were normalized and 
adjusted using the well B reference curve which 
had a coherent lithologic behavior with the GR 
log curve. The baseline shift is applied to the SP 
curve with a shale baseline set to 0 mV. Porosity 
and air permeability properties were calculated in 
a CMS-300 core measurement system, integrated, 
automated permeameter and porosimeter from 
Core Laboratories. 
 The interpretation of  GR logs patterns and 
the analysis of  sedimentary cycles provide infor-
mation about the deposition environments of  the 
sedimentary successions (Ramón and Cross, 1997; 
Habib and Islam, 2014). The sedimentary cycle 
methodology assumes that the sediment accumu-
lation occurs during stratigraphic base-level cycles 
of  unidirectionally increasing A/S conditions, 
followed by unidirectionally decreasing A/S con-
ditions (Ramón and Cross, 1997). These trends 
of  increasing and decreasing A/S conditions 
are concomitant with fining-upward and coars-
ening-upward gradient movements of  laterally 
linked environments (Ramón and Cross, 1997). 
On the other hand, the GR patterns allow the 
identification of  major and minor sedimentation 
cycles and are indicative of  different sedimentary 
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facies (Khanam et al., 2017); likewise, they could be 
interpreted as a trend of  grain size, where higher 
GR values indicate an increase in the clay content 
(Mondal et al., 2009; Khanam et al., 2017). 
 For the rock-types classification , well logs infor-
mation was linked with the sedimentological core 
descriptions of  the Cerrejón Formation for the 
studied wells, considering lithology, net to gross 
(NTG) ratio, porosity and permeability data, and 
other properties recognizable in logs (Krueger, 
1968).  The rock-types were defined using a 
cluster analysis through a scatter plot matrix in 
function of  GR, RHOB, NPHI, and DT logs, 
with the sedimentological core descriptions as a 
discrete log. SP, RT and PEF logs did not have 
an adequate discretization of  the rock types and 
they were not used. A supervised learning neural 
network (The Kohonen algorithm) using a linear 
quantitative classification method was employed 
to develop the electrofacies model, because of  
the previous cluster definition based on the sedi-
mentological core descriptions as an index for the 
classification. The rock-type curve from the wells 
B and C acted as a training curve. Once a model 
linking well logs and electrofacies learned, it was 
applied to the well A in a blind test to prove their 
efficiency.
 For the petrophysical evaluation, the combi-
nation of  GR and SP logs was used to calculate 
the merged shale volume (Vsh) using the minimum 
method (Equation 1 and 2) (Tiab and Donaldson, 
2015). GRlog is the GR log value, SPlog is the SP 
value, GRmin and GRmax are the minimum and 
maximum GR values respectively, as well SPmin 
and SPmax using SP values, in both cases obtained 
through a histogram of  the two properties.

aldson, 2015), where ρma is the matrix density log 
(sandstone density, 2.65 g/cm3), ρlog is the RHOB 
log value , and ρf is the fluid density (fresh water, 
1 g/cm3). The effective porosity (ϕE) excludes all 
the bound water related to clays but involves all 
the connected pores that contribute to flow (Tiab 
and Donaldson, 2015). It was determined from 
the RHOB log derived from ϕT, where ρsh is the 
shale density (2,5 g/cm3) (Equation 4).

                   (1) 𝑉𝑉𝑉𝑉ℎ = 𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
𝐺𝐺𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚 − 𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖 

                                                    (2) 𝑉𝑉𝑉𝑉ℎ = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 

The total porosity (ϕT) was calculated using the 
RHOB log method (Equation 3) (Tiab and Don-

                                                      (3) 

  

 

∅𝑇𝑇 = 𝜌𝜌𝜌𝜌𝜌𝜌 − 𝜌𝜌𝑙𝑙𝑙𝑙𝑙𝑙
𝜌𝜌𝜌𝜌𝜌𝜌 − 𝜌𝜌𝜌𝜌  

                     (4) ∅𝐸𝐸 = ∅𝑇𝑇 – (
𝜌𝜌𝜌𝜌𝜌𝜌−𝜌𝜌𝜌𝜌ℎ
𝜌𝜌𝜌𝜌𝜌𝜌−𝜌𝜌𝜌𝜌 * Vsh) 

The permeability (K) model was calculated using 
Coates equation (Equation 5), based on laborato-
ry-measured data and looking for a relationship 
with the total porosity (ϕT). With the lack of  spe-
cial core analysis, a porosity-related permeability 
method was employed, in this case, Coates curve 
fitted better with core permeability data than 
Timur or Wyllie Rose methods. In this equation, 
Swirr is the irreducible water saturation, calcu-
lated using the Buckles number from log analysis 
(Crain, 2006). Buckles number is the product 
between ∅E and Sw in clean pay zones.

                                                  (5) 𝐾𝐾1/2 = 100 
∅𝑇𝑇2(1 −𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆   

The water formation resistivity (Rw) is obtained 
from the equivalent water resistivity (Rwe), using 
the SP-2 log interpretation chart from Schlum-
berger (2000). The Rwe was calculated through 
the equation 6, from the maximum SP value in 
a clean aquifer zone (Schlumberger, 2000; Crain, 
2006). ESSP corresponds to static spontaneous 
potential, k is a constant dependent of  tempera-
ture and water formation salinity, and Rmfe is the 
equivalent mud filtrate resistivity determined by 
SP-1 log interpretation chart (Schlumberger, 
2000).

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 =  −𝑘𝑘 log 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅                (6) 
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The water saturation (Sw) was calculated depend-
ing on the shale volume values. Archie´s equation 
(Archie, 1942) was used with Vsh values less than 
0.05 (Equation 7), this is useful in clean sandstones, 
where a is the tortuosity factor, m is the cementa-
tion exponent, and n is the saturation exponent. 
Due to the lack of  laboratory measurements, the-
oretical values were considered for the parameters 
a=1, n=2, and m=2 (Tiab and Donaldson, 2015).

A stratigraphic modified Lorenz plot (SMLP) was 
built using cumulative flow capacity (KH%) and 
cumulative storage capacity (ФH%), to validate 
the HFU calculated. The flow capacity (KH) 
and storage capacity (ФH) are functions of  core 
porosity and permeability values with a reservoir 
interval thickness (sampling depths) (Momta et al., 
2015). The KH, ФH, KH%, and ФH% values were 
determined through Equation 10, 11, 12, and 13 
(Gunter et al., 1997b), where K is permeability, h is 
sample depth, and Ф is fractional porosity.

                       (7) 
𝑆𝑆𝑆𝑆 = √ 𝑎𝑎 ∗ 𝑅𝑅𝑆𝑆

𝑅𝑅𝑇𝑇 ∗ ∅𝐸𝐸𝑚𝑚
𝑛𝑛

 

On the other hand, Simandoux equation (Siman-
doux, 1963) is used with Vsh values higher than 
0.05 (Equation 8), where Rsh is the resistivity in the 
shale zone (5 ohm-m). In muddy rocks, the Archie 
equation overestimates the water saturation, so the 
Simandoux model considers the shale volume in 
the matrix providing a more confident water satu-
ration estimation.

                                                                    (8) 𝑆𝑆𝑆𝑆 = 0.4𝑅𝑅𝑅𝑅
∅𝐸𝐸2  * √ 5∅𝐸𝐸2

𝑅𝑅𝑆𝑆∗𝑅𝑅𝑇𝑇 −
𝑉𝑉𝑉𝑉ℎ
𝑅𝑅𝑉𝑉ℎ + (𝑉𝑉𝑉𝑉ℎ𝑅𝑅𝑉𝑉ℎ)

2
  

Hydraulic flow units (HFU) were calculated by the 
Winland R35 method (Windland, 1972; Gunter 
et al., 2014) (Equation 9), because of  it was found 
that using R35 values provides excellent results in 
to correlate porosity and permeability data (Ampo-
mah et al., 2016; Ross-Coss et al., 2016). On the 
other hand, HFU modelling with air permeability 
data is recommended do it with Winland’s method 
than other concepts like a RQI vs FZI approach, 
in which it is preferable to employ Klinkenberg 
corrected permeability data. The R35 factor refers 
to the radius of  the poral throat in which the poral 
networks are interconnected and form a pattern 
of  continuous flow, when the core samples are 
35% saturated during the mercury porosimeter 
test (Hartmann and Coalson, 1990). R35 value is 
calculated using the Equation 9, where Kc is the 
average air permeability, and ϕc is the core mea-
sured porosity.

𝐾𝐾𝐾𝐾 = 𝐾𝐾1(ℎ1 − ℎ0), 𝐾𝐾2(ℎ2 − ℎ1),… , 𝐾𝐾𝐾𝐾(ℎ𝐾𝐾 − ℎ𝐾𝐾 − 1) (10) 

Ф𝐻𝐻 = Ф1(ℎ1 − ℎ0),Ф2(ℎ2 − ℎ1),… ,Ф𝑛𝑛(ℎ𝑛𝑛 − ℎ𝑛𝑛 − 1) (11) 

𝐾𝐾𝐾𝐾% = 100 ∗ 𝐾𝐾𝐾𝐾
∑𝐾𝐾𝐾𝐾  (12) 

Ф𝐻𝐻% = 100 ∗ Ф𝐻𝐻
∑Ф𝐻𝐻  (13) 

Mineral composition and porosity were deter-
mined for 60 samples by standard point-count (300 
points) analysis using blue epoxy resin impregna-
tion. Grain sizes were measured using the sieving 
technique as well as the sorting technique. Vari-
ables such as total porosity, mean grain size, and 
cementing contents were measured to estimate the 
reservoir quality. 

4. Results

4.1. STRATIGRAPHIC CYCLES AND SEDIMENTARY 
ENVIRONMENTS

The interpretation of  GR logs patterns is linked 
to the deposition environments of  the sedimentary 
successions (Habib and Islam, 2014; Khanam et 
al., 2017). Four different log patterns are identified 

              (9) 

 

𝐿𝐿𝐿𝐿𝐿𝐿 𝑅𝑅35 = 0.732 + 0.588 log𝐾𝐾𝐾𝐾 − 0.864 log ∅𝐾𝐾  
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for the Cerrejón Formation in the wells studied: 
funnel, bell, bow, and linear shape (Figure 3). The 
names and interpretations were based and modi-
fied from Habib and Islam (2014) and Khanam et 
al. (2017). The funnel pattern indicates a coarsen-
ing-upward sequence related to an increase in the 
hydrodynamic conditions towards the top at the 
time of  deposit.(Figure 3) (Khanam et al., 2017).
 The bell pattern reflects a fining-upward 
sequence and indicates a decreasing in the hydro-
dynamic regime towards the top (Figure 3) (Kha-
nam et al., 2017). Serrated funnel or bell patterns 
are interpreted as an indicator of  heterogeneity 
or cyclicity in the deposition (Figure 3). The 
linear pattern denotes a uniform depositional 
fine-grained sequence (Figure 3) (Khanam et al., 
2017). The bow-shaped curve indicates small 
cycles of  fining-upward and coarsening-upward 
sequences. It is interpreted as subtle changes in 
progradational successions (Figure 3) (Khanam et 
al., 2017).
 Based on the definition of  third and fourth-or-
der stratigraphic cycles that reflect the changes of  

base-level (Ramón and Cross, 1997; Catuneanu, 
2019) (Figure 4), linked to the analysis of  GR log 
shapes, four facies associations (F.A.) were defined 
for the Cerrejón Formation (Figure 4):
 F.A. A: This F.A includes aggradational 
sequences expressed for linear and bow log shapes. 
A balance between fining-upward and coarsen-
ing-upward cycles is typical for this association. 
(Figure 4). Thick sequences of  coal, mudstones, 
and some funnel-shaped muddy-sandstones beds 
were interpreted as lagoons, swamps or paralic 
floodplains of  a deltaic plain. Tidal flats product 
of  the sheet flow effect during the main flood 
stages, are also interpreted (Figure 5) (Bayona et 
al., 2011; Wróblewska and Kozlowska, 2019).
 F.A. B: This F.A. corresponds to fining upward 
sequences expressed for bell shapes. Fining-up-
ward sandstones with some levels of  shales are 
characteristic of  this association (Figure 4). Ret-
rogradational tidal and interdistributary sandy 
channels formed during the main flood phases 
were interpreted for this F.A (Figure 4) (Nichols, 
2009; Wróblewska and Kozlowska, 2019).

Figure 3   GR logs patterns (bell, serrated bell, funnel, serrated funnel, linear, and bow) present in the Cerrejón Formation in the Well B. 
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Figure 4   Relationship between core description, GR pattern, stratigraphic cycles, facies association,  and depositional environments 

for the Cerrejón Formation in the well B. 
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 F.A. C: This F.A. consists of  coarsening upward 
sequences expressed principally in funnel patterns 
with aggradational levels. Coarsening-upward 
successions of  mudstones and sandstones cor-
respond to this F.A. (Figure 4). The sedimentary 
environment is interpreted as lake delta deposits 
in a deltaic plain system (Figure 5) (Dabrio and 
Arche, 2010; Bayona et al., 2011; Waksmundzka, 
2013).
 F.A. D: This F.A. includes aggradational 
sequences characterized by bow, linear, and fun-
nel shapes. Small and cyclic grain size variations 
slightly coarsening-upward are typical of  this asso-
ciation (Figure 4). The dominance of  sandstones 
levels differentiates this facies association from 
F.A. A, which involves mostly fine-grained facies. 
The sedimentary environment is interpreted as 
intertidal sands, interpreted locally as flow delta 
sands when coarsening-upward sandstones are 
abundant (Figure 5) (Morón et al., 2007; Dabrio 
and Arche, 2010).

The well correlation is carried out by considering 
changes in stratigraphic cycles and core sedimen-
tological descriptions (Ramon and Cross, 1997). 
The Cerrejón Formation appears in the three 
wells worked but not complete (Figure 6).In this 
way, The Cerrejón Formation was subdivided in 
three intervals: Lower Cerrejón, present in the 
wells C and B; Middle Cerrejón, in the wells A 
and B, and lower members of  Upper Cerrejón, 
evidenced merely in the well B (Figure 6). 

4.2. ELECTROFACIES ANALYSIS

The electrofacies model was generated consider-
ing a cluster analysis through a scatter plot matrix 
including RHOB, NPHI, GR, DT logs, and the 
sedimentological core descriptions from the Cer-
rejón Formation (Figure 7).
 Textural classification and lithology were the 
main criteria to define the rock-types. Five rock 
types were defined for the Cerrejón Formation: (1) 

Figure 5   Schematic deltaic plain complex for the Cerrejón Formation.
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mudstone, (2) coal, (3) sandy mudstone, (4) muddy 
sandstone, and (5) sandstone (Figure 7). The facies 
code corresponds to Farrell et al. (2012). The net to 
gross ratio adjusted the clean sandstones intervals. 
GR.
 1. Mudstone (M):  This petrophysical rock-type 
is characterized by an average NPHI (0.4 v/v), 
high GR (105 gAPI), average RHOB (2.55 g/
cm3), and high DT log (105 μsec/ft) values (Figure 
7). The highest GR values differentiate this rock-
type from the others facies (Figure 7).
 2. Coal (P): For the narrow range of  petrophys-
ical properties, this rock-type defines a distinct 
cluster easily differentiated from other electrofa-

cies using GR,RHOB, and NPHI values (Figure 
7). It is characterized by a high NPHI (0.5 v/v), 
very low GR (28 gAPI), low RHOB (2.05 g/cm3), 
and high DT log (155 μsec/ft) values (Figure 7).
 3. Sandy mudstone (sM): Despite the wide 
range of  petrophysical properties, this petrophys-
ical rock-type allows their identification using 
NPHI and GR logs to differentiate from muddy 
sandstone rock-type (Figure 7). It is characterized 
by an average NPHI (0.35 v/v), average GR (88 
gAPI), average RHOB (2.62 g/cm3), and average 
DT log (105 μsec/ft) values (Figure 7). This rock-
type shares similarity with shale rock-type but it 
has less GR and DT log vales. 

Figure 6   Correlation panel between the three different wells using third order stratigraphic cycles. The dark blue lines indicate a 

formational contact (Manantial and Cerrejón Fm) or an intraformational (between members) contact (Upper, Middle and Lower Cerrejón). 

The red lines are intraformational tops to adjust the correlation between the three wells through the stratigraphic cycles methodology. 

The exhibited intervals represent the cored thickness in each well, where the upper missing segment corresponds to recent alluvial 

deposits.
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 4. Muddy sandstone (mS): This petrophysical 
rock-type could be separated from the sandy mud-
stone rock-type for having lower values of  GR and 
RHOB logs (Figure 7). It is characterized by an 
average NPHI (0.37 v/v), low GR (72 gAPI), low 
RHOB (2.5 g/cm3) and average DT log (95 μsec/
ft) values (Figure 7). NTG ratio corresponds to 
0.13.
 5. Sandstone (S): This petrophysical rock-type 
corresponds to clean sandstones, provide them dif-
ferentiating for the muddy sandstones rock-type, 
using GR, DT, and NPHI values. It is character-
ized by a low NPHI (0.27 v/v), low GR (51 gAPI), 
average RHOB (2.65 g/cm3) and low DT log (80 
μsec/ft) values (Figure 7). The NTG ratio calcu-
lated is 0.58.

A supervised neural network with a linear quanti-
tative classification method was used to develop the 
electrofacies model. Based on the cluster analysis 
(Figure 7), GR log showed a better discretization 
of  the rock-types whence was the parameter with 
more weight to assign priorities for the learning 
model. Likewise, NPHI and RHOB logs has a 
lower weight than GR, and the DT log has the 
lowest weight. As training curves were employed 
the wells B and C rock-type curve based on sed-
imentological description yet adjusted with well 
logs and the core petrophysical data. Once the 
model had learned, it was applied to the southern 
well C evidencing a correlation of  82%, using the 
Cramer’s V coefficient, with the rock-types curve 
(Figure 8).

Figure 7   Cluster analysis showing the distribution of the five rock types, using a scatter plot matrix (SPLOM) between NPHI, GR, 

RHOB and DT logs. Notice the GR log is the main factor to differentiate the five rock types. NPHI, RHOB and DT logs provide a better 

discretization in coal and sandstone rock types, where low GR values are overlapped.
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4.3. PETROPHYSICAL CHARACTERIZATION

The petrophysical characterization involves the 
integration of  laboratory data, well logs, and 
core sedimentological information, which are an 
input to the reservoir quality evaluation in static 
conditions. The well log data was evaluated using 
conventional well log analysis. The reservoir 
quality in the Cerrejón Formation sandstones 
was evaluated calculating shale volume, porosity, 
permeability, and water saturation in the three 
wells studied. The shale volume was calculated 
using the minimum method of  GR and SP logs 
linear combination (Figure 10). GR log was used 
because of  the influence in the rock-types discret-
ization specially between mudstones and sand-
stones, likewise, SP log showed an adequate clean 
and muddy sandstones differentiation. The shale 
volume in mudstones ranges between 0.6 and 0.9. 
The sandstones values are less than 0.4 in muddy 
sandstones, and less than 0.2 in clean sandstones 
(Figure 10). The core porosity values ranges from 

0.3% to 22.9% for the Cerrejón Formation in the 
three wells (Figure 9). An average porosity value 
of  14.7% was recorded on the histogram plot 
with a standard deviation value of  6% (Figure 9). 
The low porosity values (0.3-2%) were observed 
primarily in the well C, which corresponds to the 
base of  the Cerrejón Formation (Figure 6), and are 
related to mudstones and sandy mudstones. The 
higher porosity values (15-22.9%) were evidenced 
in wells A and B, which comprises to the middle 
and top of  the Cerrejón Formation (Figure 6), and 
are linked to muddy sandstones and sandstones. 
The effective porosity model was defined using 
the RHOB log method, which fits in a consistent 
way with the core porosity, with a relative error 
of  0.13 on average for the three wells (Figure 10). 
The discrepancies between the core data and the 
log-derived curve may be as a result of  different 
measurements scales or lithological factors.
 The air permeability values ranges from 
0.02mD to 47mD for the Cerrejón Formation in 
the three wells (Figure 9). An average permeability 

Figure 8   Composite log illustrating the electrofacies model test in the well C with an 82% of correlation. Log curves including the GR, 

RHOB and NPHI logs (Track 2 and 3). The training curves for the model corresponded to core sedimentological descriptions (Track 4) for 

the wells B and C. The track 5 refers to the electrofacies model generated through the supervised method. The lithology color legend 

is found in the Figure 4.
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value of  0.69mD was recorded on the histogram 
plot with a standard deviation value of  7.8% 
(Figure 9). The very low permeability values (0.02-
0.1mD) were observed commonly in the well C, 
and are associated to muddy fine-grained sand-
stones, probably because of  carbonate cement 
occluding flow pathways or diagenetic processes 
related. Fair to moderate permeability values 
(1-47mD%) were evidenced mainly in wells A and 

B, attributed to muddy sandstones and sandstones 
reservoir quality targets. The permeability model 
was calculated through the porosity-based Coates 
method, which was the best approximation with 
the laboratory data, with a relative error of  1.79 
(Figure 10). The dissimilarities may be explicated 
because of  very low permeabilities rocks which 
are affected by increasing-porosity diagenetic pro-
cesses like feldspar or carbonate dissolution.

Figure 9   a) Core porosity histogram showing a distribution in a range between 0.3-22.9% in the three wells. b) Core permeability 

histogram evidencing an irregular grouping in an interval between 0.02 to 47 mD in the three wells.
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Figure 10   An integrated template showing the relation between core descriptions (Track 2) and electrofacies model (Track 3) from a 

section (465-645m) of Cerrejón Formation in well B. The lithology color legend is found in the Figure 4. It also includes the petrophysical 

characterization evidencing Caliper (Track 1), GR (Track 3), SP (Track 3), RHOB (Track 4), NPHI (Track 4), DT (Track 5) and Rt  (Track 6) 

logs, shale volume obtained with GR and SP logs (Track 7), effective porosity curve calculated with density log with the lab data (Track 

8), permeability curve with the core samples (Track 9),water saturation curve with a 0.5 gray-colored cutoff (Track 10), and net pay flag 

intervals (Track 11).
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The Rw value was obtained using the SP-2 inter-
pretation chart (Schlumberger, 2000), based on 
the Rwe calculation. An average water resistivity 
of  0.68 was estimated for the Cerrejón Formation 
in the three wells. The water saturation model was 
estimated depending on the Vsh values, where the 
Archie’s equation was employed with Vsh values 
<0.05, and the Simandoux equation was used in 
higher Vsh values, considering a shaly/sand res-
ervoir (Figure 10). The interest intervals definition 
was defined through the net pay calculation, using 
Vsh, ϕ, and Sw cutoffs in the reservoir properties. 
The cutoff values corresponds to: Vshmax=0.4, 
ϕmin=0.1, and Swmax=0.5. The water saturation 
in the Cerrejón Formation interest intervals ranges 
between 0.3 to 0.5 (Figure 10). The lowest Sw val-
ues (>0.2) corresponds to coal layers which have 
a high resistivity values not considered as interest 
intervals (Figure 10).

4.4. HYDRAULIC FLOW UNITS (HFUS)

The HFU concept is different than lithofacies 
as it aims to cluster similar fluid pathways in the 
reservoir rather than based on the distribution of  

geological and physical parameters at pore scale 
(Ebanks et al., 1992; Lee et al., 2002; Perez et al., 
2005). The HFU identification and classification 
were based on the Winland’s R35 methodology 
(Gunter et al., 2014; Ross-Coss et al., 2016), where 
R35 is related to the pore throat size. Using a 
log-linear relationship of  Permeability (mD) vs 
Porosity (v/v), filtering them by the value of  R35, 
four flow units were identified for the Cerrejón 
Formation whose factor of  R squared was greater 
than 0.65 (Figure 11a). The flow units are ordered 
depending on their reservoir quality properties, 
being HFU 4 the rocks with the best porosity/
permeability attributes and HFU 1 with the worst. 
 A stratigraphic modified Lorenz plot (SMLP) 
illustrates the cumulative flow capacity (%Kh) 
versus the cumulative storage capacity (ФH%) 
ordered in the stratigraphic sequence of  the res-
ervoir (Figure 12). The inflection points or slope 
changes in the SMLP, indicate variations in flow 
or storage capacity, allowing for the reservoir flow 
evaluation (Mahjour et al., 2016). Steeper slopes 
indicate faster flow rates and sub horizontal trends 
which suggest little flow (Mahjour et al., 2016). 
Thus, the SMLP validates the HFUs definition 

Figure 11   a) Core permeability vs core porosity crossplot showing the hydraulic flow units determination by the Winland’s method 

for the three wells. b) Core permeability vs core porosity crossplot showing four facies associations defined for the three cored wells.
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Figure 12   Stratigraphic modified Lorenz plot (SMLP) for the well B, evidencing the Winland’s flow units interpretation with straight lines 

segments on the graphic. Notice that higher slopes correspond to upper HFUs.

showing a correlation between high slopes with 
HFU 4 and 3 (Figure 12), and flat trends with 
HFU 1 and 2 (Figure 12).
 The porosity and permeability relationship with 
facies associations comprehend an understanding 
of  mechanical processes during transportation, 
deposition, and diagenesis, likewise, it provides 
the accuracy of  evaluating reservoir parameters 
inside of  a depositional model (Figure 11b). Ana-
lyzing if  the depositional settings associated with 
F.A. influence the reservoir quality properties, a 
composed bar chart with its complementary pie 
charts examine the hydraulic flow units occur-
rence in each F.A (Figure 13). The interdistribu-
tary channels (F.A B) have the highest population 
of  core samples showing a prevalence of  HFU 1 
(62%), but the presence of  HFU 3 and HFU 4 in 
a 16% indicates that most of  the rocks with the 
best reservoir quality properties in these wells is 
present in this facies association (Figure 13). On 
the other hand, it should be noted that despite the 
sandstones between coal layers in a paralic flood-
plain deposit (F.A A) it as a very low occurrence 

in core samples, HFU 3 and 4 represent a 19% 
(Figure 13). This can be interpreted as small chan-
nels cutting these floodplains which do not have 
enough vertical resolution to be considered in the 
GR patterns analysis. In general terms, there is a 
similar percentual relationship between the differ-
ent facies association with the hydraulic flow units 
no evidencing a link among them, excepting the 
F.A B which accumulates best thicknesses in the 
sequence with the HFUs with the best reservoir 
quality properties (Figure 13).

4.5. PETROGRAPHIC EVIDENCE

The samples used from the Cerrejón Formation 
are classified as lithic arkose to feldspathic lithar-
enite (Figure 14). The presence of  monocrystalline 
quartz grains is dominant compared to polycrys-
talline grains. Feldspars have a similar proportion 
between alkaline feldspars (orthoclase/microcline) 
and plagioclase. The low percent of  Kfs in the 
samples explains the lower GR values associated 
with scarce clay content in sandstones. 
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Rock fragments have also been found as an 
important constituent, where metamorphic rocks 
fragments have a higher percentage compared 
with igneous and sedimentary fragments. Duc-
tile grains such as muscovite are present in small 
proportions. The sandstones of  the Cerrejón For-
mation also carry some clay minerals and spar as 
pore-filling materials (Figure 15a). Calcite, quartz, 
and iron oxides were observed as major cement-
ing materials. Quartz cementations mainly occur 
as syntaxial overgrowths (Figure 15b,c). Siderite, 
calcite, and iron oxides occur as authigenic grains.
 The visual porosity of  the studied sandstones 
observed by thin sections ranges from 2% to 25%, 
with an average value of  13%, being quite simi-
lar with the core lab data and log-porosity curve 
(Figure 9,10). Both primary (intergranular) (Figure 
15d) and secondary (intragranular) porosities 
(Figure 15e) were observed in the studied samples. 
Primary porosity is found on average in 4%, and 
secondary porosity in 9% on average. In this way, 
increasing-porosity diagenetic factors are enhanc-
ing the reservoir quality. The diagenetic processes 

of  calcite cementation and quartz overgrowth are 
the major factors that reduced porosity and per-
meability in the studied sandstones, as well as the 
mechanic compaction process of  the ductile grains 
presenting pseudomatrix (Figure 15f). On the 
other hand, a solution-related porosity (secondary 
porosity), created by the dissolution of  the feldspar 
grains and calcite cement, is frequently observed 
and led to an increase in porosity in sandstones.

5. Discussion

The relationships of  stratigraphic cycles com-
pared with sequence models presented for the 
Cerrejón Formation (Morón et al., 2007), and 
detailed descriptions of  its members (Bayona et al., 
2011), allow to relate coastal environments, mainly 
intertidal plains, with fluvial channels in deltaic 
plains (Figure 5). The sequences described in this 
work provide detail regarding how the cyclicity in 
the unit remains unchanged, in genetically related 
facies in transitional-coastal environments such as 

Figure 13   Bar chart and pie charts showing the relationship between facies association and hydraulic flow units in the three cored 

wells. Color code corresponds to HFU legend in both diagrams.
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Figure 14   Folk diagram classification of the Cerrejón Formation sandstones. Q = Quartz. F = Feldspar. R = Rock fragments.

lagoons, paralic environments, intertidal deposits, 
and distributary channels cutting floodplains, for 
the three wells in the Cerrejón Formation (Figure 
4, Figure 6). The environmental interpretation 
agrees with studies carried out by Morón et al. 
(2007) and Bayona et al. (2011), in outlying areas 
from the studied wells, this allows us to suggest a 
cyclostratigraphic continuity for the Cerrejón For-
mation throughout the basin.
 The electrofacies analysis using supervised neu-
ral networks combines sedimentological informa-
tion with well logs analysis to identify rock types 
with a geological support, and it can extrapolate it 
to places where there are no cores. The presented 
model calibrated with the core information sug-
gests an optimal correlation that permits to intro-
duce a strong input for future works that include 
analysis of  seismic lines to examine the areal 
distribution of  reservoir properties (Figure 8). For 
the Cerrejón Formation, the inputs presented in 

this work can be easily extrapolated to other areas 
of  the basin, due to the presence of  coals with 
very evident petrophysical signatures that facilitate 
their correlation. Other electrofacies models have 
petrographic support with which they were able to 
validate the lithological differences between facies 
in a more efficient way, however, they did not 
find that same relationship with the electrofacies, 
having an uncertainty margin with genetically dif-
ferent facies, but with similar physical properties 
(Prelat et al., 2015). For this reason, to generate 
models in unexplored basins as a first approach, 
it is easier to work with simpler models where the 
differences between the physical properties of  the 
rock prevail over the genetic origin of  it.
 The relationship between hydraulic flow units 
with the reservoir quality is common in the lit-
erature and provides an optimal porosities and 
permeabilities grouping methodology (Pérez et al., 
2005; Orodu et al., 2016; Ampomah et al., 2016). 
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Associating the HFUs with their environmental 
response, there is no clear relationship between 
best petrophysical properties  with the facies 
associations for the Cerrejón Formation in these 
wells. Nonetheless, the distributary channels (F.A 
B) encompass a high part of  intervals with HFU 
3 and HFU 4, which have a high porosity and 
permeability relationship. This can be explained 
for the higher sandstone thicknesses of  this facies 
association, the lower clay matrix and muscovite 
content, the high flow velocity and intense ero-
sion of  these distributary channels expressing 
a higher primary porosity, being a depositional 
process which controls the hydraulic flow units 
occurrence in this formation (Liu et al., 2015; Fan 
et al., 2019). On the other hand, the secondary 

porosity estimated by petrography indicates that 
diagenetic factors are conditioning the flow units 
distribution, in this case decreasing the porosity 
and permeability evidenced in the high presence 
of  HFU 1 and 2.
 The reservoir quality evaluation of  Cerrejón 
Formation in these wells shows a pattern of  good 
petrophysical properties for the HFU3 and HFU4 
and clean sandstones and muddy sandstones 
electrofacies, having average values of  porosity 
of  10-15% and permeability of  1-10 mD (Figure 
9). Figure 16 evidences a heterogeneous distri-
bution of  HFU for clean and muddy sandstones 
in a narrow thickness interval, which can be 
explained for differences in textural parameters 
such as grain size or sorting, having effects in the 

Figure 15   a) Pore-filling spar cement, b) syntaxial quartz overgrowth decreasing porosity, c) crossed-polarized light showing quartz 

overgrowth and spar cement filling pores decreasing porosity, d) primary porosity, e) secondary porosity for calcite cement and 

feldspar grains dissolution, f) clay and organic matter pseudomatrix evidencing mechanical compaction. Qz = Quartz. Kfs = Alkaline 

feldspar. Sspar = Spar cement. og = over growth. Φ1 = Primary porosity. Φ2 = Secondary porosity. Mx = Clay matrix. Pmx = Pseudomatrix.
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Figure 16   An integrated template showing the relationship between core description (Track 1), electrofacies (Track 2), porosity curve 

fitting with the lab data (Track 3), permeability curve with the core samples (Track 4), hydraulic flow units (Track 5), and a petrographic 

evidence of the differences in porosity and permeability values in well B. The lithology color legend is found in the Figure 4, and the 

HFU legend in the Figure 9.
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porosity and permeability of  the reservoir facies. 
Both calcite cementation and quartz overgrowth 
play an important role in reducing porosity and 
permeability in HFU1 (Walderhaug, 1996; Tay-
lor et al., 2015) (Figure 16). Deformation of  the 
ductile grains instigated by the adjacent rigid 
grains reduced the primary porosity in the pro-
cess of  mechanical compaction, playing a role in 
reducing the primary porosity and permeability 
of  the sandstones in HFU 2 (Tada and Siever, 
1989; Bjorkum. 1994) (Figure 16).  The later stage 
of  dissolution of  the feldspar grains and calcite 
cement led to a significant increase in secondary 
porosity in HFU 4, more than in HFU 3, which 
has only the influence of  primary porosity (Tay-
lor, 1990; Wróblewska and Kozlowska, 2019) 
(Figure 16). The petrographic evidence confirms 
the range of  values of  porosity measured in the 
laboratory and calculated by well logs, indicating 
that Cerrejón Formation as first insights presents 
good properties as a reservoir rock in some inter-
vals, which controlled more for diagenetic and 
compositional processes. This is consistent with 
García et al. (2008) and Mesa and Rengifo (2011), 
where they slightly mention that the Cerrejón 
Formation has potential as a sandstone reservoir 
rock in the basin (Figure 10). However, the lateral 
continuity uncertainties, and the impossibility of  
defining entrapments due to the lack of  seismic 
lines available, leave an uncertain picture about its 
areal distribution as a reservoir rock. It should be 
noticed that facies association genetically related 
to their sedimentation environment is found in the 
three wells, supplying an idea about the homoge-
neity of  the reservoir throughout the basin, and 
allowing for the definition of  intervals of  interest 
that could be found in other areas of  occurrence 
of  the formation. 

6. Conclusions

This work focused on evaluating the reservoir 
quality of  the Cerrejón Formation using three 
cored wells, through the integration of  results 
from well logs, core sedimentological descriptions, 

porosity and permeability lab data, and petro-
graphic analysis.
 Using GR log patterns and third and fourth 
order sedimentary cycles, four facies associations 
were defined associated to a deltaic plain complex 
for the Cerrejón Formation. F.A A corresponds to 
lagoon and paralic floodplains, F.A. B is interpreted 
as distributary channels, F.A C as lake delta depos-
its, and F.A. D was related with intertidal sands.
 Supervised neural networks were utilized to 
generate the electrofacies model, where five pet-
rophysical rock types: mudstone (M), coal (P), 
sandy mudstone (sM), muddy sandstone (mS), and 
sandstone (S), were identified in the Cerrejón For-
mation. The well B and C lithology curves were 
employed as training curves for the model. The 
blind test validation in the well C obtained an 82% 
of  correlation. 
 A petrophysical evaluation of  the Cerrejón 
Formation has been performed. Reservoir rock 
properties are fair to moderate with porosities 
that ranges between 0.3-22.9 %, and permeability 
values between 0.02mD to 47mD. The interest 
intervals average water saturations vary between 
0.3 and 0.5. 
 Four hydraulic flow units were estimated from 
core porosity and permeability with the Winland’s 
R35 method for the assessment of  reservoir quality. 
There is not a clear relationship between F.A and 
HFUs for the Cerrejón Formation, however, the 
F.A. B comprises the HFUs with the best petro-
physical properties.
 The reservoir quality of  Cerrejón Formation is 
controlled mainly for diagenetic and compositional 
processes than related to primary deposition depo-
sitional since there is no clear relationship between 
depositional environment and hydraulic flow units. 
The diagenetic controls in the reservoir properties 
are the calcite cementation, quartz overgrowth, and 
pseudomatrix presence, which indicate decreasing 
in porosity and permeability. Felspar grains and 
calcite cement dissolution generate secondary 
porosity improving the reservoir rock properties in 
the sandstones.
 This integrated study of  environmental 
interpretation, hydraulic flow units, electrofacies 
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diagenetic process identification, provides a good 
approximation to the understanding of  the Cer-
rejón Formation and the evidence of  a moderate 
reservoir quality.
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