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Abstract 

 
Currently, a large proportion of conventional oil reserves are contained within 

hydrocarbon systems primarily composed of naturally fractured carbonate reservoirs. 

Natural fractures result from the complex interaction between multiple geological factors 

and may enhance reservoir permeability by facilitating oil and gas flow. The Southern 

Gulf of Mexico is an area with important naturally fractured Mesozoic carbonate 

reservoirs as well as new prospective areas that need to be assessed in order to 

maximize hydrocarbon exploration. A key limitation is how to predict more accurately 

fracture orientation and density in undrilled areas. 

 

This study proposes a multidisciplinary methodology intended to predict natural 

fracturing in carbonate reservoirs that can be applied at early stages of the hydrocarbon 

exploration process. This methodology combines geological and geophysical tools and 

techniques such as seismic interpretation, 2D structural restoration, geometrical seismic 

attribute analysis, well data analysis and numerical modelling (fracture modelling). 

 

Orientations of modelled fractures show a good correlation with orientations of 

lineaments observed in mapped surfaces and depth slices where ant-tracking attribute 

was applied as well as with orientations measured in FMI and core samples. Regarding 

to fracture intensity, a good degree of correlation is observed between Maximum 

Coulomb Shear Stress (MCSS) and modelled strain distribution, which are two 

parameters used as a proxy for fracture intensity. Likewise, there is a moderate to good 

degree of correlation between MCSS and fracture intensity obtained from borehole data. 

 

These results indicate that a combination of fracture modelling, structural seismic 

attributes and geomechanical modelling has a good potential to estimate location, 

orientation and intensity of medium-scale fracture sets in areas where borehole data is 

scarce or null. Reliability of these estimations depends mainly on the amount and quality 

of borehole data, quality of seismic data as well as complexity of structural geology; in 

the case of fracture orientation, the estimation is of quantitative nature whereas for 

fracture intensity, the estimation is rather qualitative.   
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Chapter 1                                                      

Introduction 

1.1 Rationale 

Significant volumes of hydrocarbon production in the world come from carbonate 

reservoirs (Nelson, 2001; Akbar et al., 2001). Since most carbonate host rocks have low 

to very low matrix permeabilities (<0.1 mD, Rashid et al., 2001; Nelson, 2001), the 

majority of the hydrocarbon volume is contained within fractures sets (Bourbiaux, 2010; 

Ahr, 2008); therefore, characterization of fracture sets (location, orientation, density and, 

most importantly, apertures) is critical to reservoir evaluation and production. 

Traditionally, rock mechanical properties and fracture prediction have been focused on 

reservoir characterization stages, where abundant information from well logs and core 

sampling exist (Jenkins et al., 2009; Ameen et al., 2009; Sagi et al., 2013). However, this 

results in significant uncertainty at early stages of the exploration process where such 

information is absent or is sparse. Estimation of reservoir rockôs quality at this phase 

remains a challenging task and is the focus of this study. 

 

Fractures are discontinuities in rock formed as a combination of both a brittle response 

to applied stress and diagenetic processes during burial history that exert a significant 

effect on fluid flow by enhancing reservoirôs permeability and thus representing 

prospective targets in hydrocarbon exploration (Nelson, 2001; Ahr, 2008). Estimation of 

intensity and orientation of fracturing in carbonate rocks at subsurface in exploratory 

areas represents a highly complex problem due to the fact that most fractures and faults 

that increase fluid flow or compartmentalize a reservoir are below seismic resolution 

(Lohr et al., 2008; Endres et al., 2008), whereas core samples and well logs provide 

punctual information at a much smaller scale than that provided by seismic information 

(Ameen et al., 2009; Sagi et al., 2013). Moreover, carbonate fracturing is controlled by 

the interplay of multiple factors (lithology, texture, porosity, bed thickness) that usually 

show strong vertical and lateral variability (Wennberg et al., 2016; Nelson, 2001; Hunt et 

al., 2009) and therefore makes difficult to estimate fracturing in inter-well areas where 

little or no well data are available (Lohr et al., 2008; Endres et al., 2008; Jenkins et al., 

2009).  
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As a consequence of the uncertainty outlined above, it is necessary to develop a 

multidisciplinary approach by combining geological and geophysical tools and 

techniques such as seismic interpretation, 2D/3D structural restoration, seismic attribute 

analysis, well data analysis and fracture modelling in order to investigate the relationship 

between large-scale features observed in seismic date (major faults and folds), medium-

scale features (seismically resolvable attributes) and sub-seismic observations (well logs 

and core data). This project proposes a methodology for fracture prediction based on 

this approach, with direct applicability at the early stages of hydrocarbon exploration by 

defining location, orientation and relative intensity of sub-seismic scale fractures, which 

are fundamental parameters in both reservoir rock quality assessment and adequate 

drilling program for oil wells.  

 

1.2 Aim and objectives 

The overall aims of the project are to develop a multidisciplinary methodology for 

prediction of natural fractures in carbonate reservoirs that can be applied at early stages 

of the hydrocarbon exploration process and to propose an improved methodology for a 

more detailed assessment of the reservoir rock during the estimation of the probability 

of geological success (PoS) of exploratory prospects. To achieve these aims, specific 

objectives are posed, which are framed by the following research questions: 

 

1. What is the influence of structural evolution on natural fracturing of carbonate 
rocks?  

 
Deformational events play an important role in fracture development by applying tectonic 

stresses to subsurface rocks. At the same time, structural position within a geological 

structure influences intensity and distribution of natural fractures; moreover, fracture sets 

show predictable symmetric orientations with respect to the fold geometry if strata are 

not fractured prior to folding. Analysis of the tectonic evolution of individual structural 

traps indicates how likely is to find natural fracturing, its relative intensity according to 

the structural position as well as probable orientations of fractures. 

 
2. What are the geological factors that control natural fracturing within the study 
area? 

 
Existing knowledge of the individual effects of different geological factors, such as 

lithology, texture, porosity, structural position and bed thickness on natural fracturing has 

been provided by extensive fieldwork and laboratory experiments, from which some 

general assumptions have been made. For this work, these effects are defined through 
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the analysis of well data (core samples and FMI logs) although the results may be limited 

by restrictions inherent to subsurface sampling. 

 
3. How can geological and geophysical data be integrated for fracture prediction?  
 
Natural fracturing is the result of a complex interaction between multiple geological 

factors through time, which may also have strong spatial variations. Moreover, fracturing 

occurs at different scales of observation, from micro-fractures not visible to naked eye to 

major faults recognizable on seismic data, which may or not show geometric 

relationships. Due to this, prediction of location, orientation and intensity of natural 

fracturing at subsurface can be achieved by integrating different analysis that encompass 

different scales of observation. Borehole data provides information from small-scale (thin 

sections and hand samples) and medium-scale (FMI logs) fractures, whereas seismic 

derived analyses (mapping of amplitude volume and structural seismic attributes) 

provide information form large-scale faults and fractured zones. Finally, geomechanical 

and fracture modelling provide proxys for relative fracture intensity (strain and maximum 

Coulomb shear stress, respectively), as well as orientation of predicted fracture sets. 

 

1.3 Location of the study area 

The study area is located in the south-western portion of the Akal-Reforma Block which, 

in turn, is one of the major tectonic elements that comprise the South-eastern Basins 

(SEB) oil province (Figure 1.1). This province is the most prolific and important 

hydrocarbon province in Mexico, with most of the production coming from Mesozoic 

carbonate reservoirs, and extensive hydrocarbon exploration in the Southern Gulf of 

Mexico has taken place through the analysis of several 2D/3D seismic surveys and 

information from hundreds of boreholes. Structural traps are predominant and their 

geometries may vary from simple to very complex as a result of a complex tectonic 

evolution with multiple deformational events where salt tectonics has had a great 

influence and implication on the different elements of the existing petroleum systems. 
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Figure 1.1. Tectonic map of Southern Gulf of Mexico showing the location of the study 
area in the south-western portion of the Akal-Reforma Block (in blue). Modified from 
PEMEX (2008) and CNH (2014). 

 

1.4 Layout of thesis 

This thesis comprises nine chapters (Table 1.1). Chapter 1 provides a general overview 

of the project by mentioning the rationale, aims and objectives; Chapter 2 includes a 

review of relevant literature about previous studies on geological controls on natural 

fracturing and detection of subsurface fractures; Chapter 3 presents a review of literature 

about the tectonic evolution of Southern Gulf of Mexico and its implications in the 

formation of hydrocarbon traps in the study area; Chapter 4 describes the evolution of 

the salt-cored structural traps within the study area defined by 2D restoration and the 

implications for natural fracture development; Chapter 5 describes the relationship 

between lithology, texture, bed thickness and faulting with fracture intensity obtained 

from the analysis of borehole data; Chapter 6 investigates the influence of structural 

position on the development of natural fracture systems in the study area by integrating 

structural seismic attributes and geomechanical modelling; Chapter 7 describes the 

integration of Fracture Modelling, seismic attributes and strain maps for fracture 

prediction and compare their different results with borehole data in order to assess their 

potential as a predictive tool; Chapter 8 presents a study case where the proposed 

methodology for fracture prediction is applied in the study area along with an improved 

assessment of the presence and quality of reservoir rock for a proposed exploratory 

prospect. Finally, Chapter 9 summarizes the main conclusions obtained from this 

research and suggests further research options in order to complement this work. 
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Chapter Content 

Chapter 1 Introduction; overview and aims of the study. 

Chapter 2 Literature review from previous studies on geological 

controls of natural fracturing and fracture prediction. 

Chapter 3 Geological Setting of Southern Gulf of Mexico and its 

implications on the formation of structural traps. 

Chapter 4 Seismic interpretation and the evolution of salt-related 

structural traps. 

Chapter 5 Influence of geological controls on natural fracturing 

from analysis of borehole data. 

Chapter 6 Integration of strain maps and structural seismic 

attributes with borehole data for fracture interpretation. 

Chapter 7 Comparison between modelled fractures, seismic 

attributes and borehole data. 

Chapter 8 Testing the proposed methodology for fracture 

prediction 

Chapter 9 Conclusions and further work 

Table 1.1. Thesis layout. 
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Chapter 2  

Fundamentals of Rock Fractures 

2.1 Natural rock fractures 

A natural fracture is defined by Nelson (2001) as ña naturally macroscopic planar 

discontinuity in rock due to deformation or physical diagenesisò. Fossen (2004) defines 

fractures as sub-planar discontinuity surfaces that have formed within a rock as a result 

of external and/or internal stresses applied. More specifically, a fracture forms when 

applied stress reaches a certain limit, named rock strength, involving loss of cohesion of 

the rock body across the fracture plane (Gudmundsson, 2011). The study of rock 

fractures is crucial in several fields within earth sciences such as structural geology, 

tectonics, hydrogeology, and seismology, among others. Practical applications of rock 

fractures studies in industry include civil engineering, and natural resources exploration 

(hydrocarbon, geothermal, underground water). 

 

Several factors that are important in exerting a control on the orientation and density of 

fracturing within a rock mass in the subsurface are shown in Table 2.1. These factors 

include applied stresses, pore pressure, rock properties (lithology, texture, porosity, 

Young´s modulus and Poisson´s ratio), bed thickness and structural position (Nelson, 

2001). An analysis of the way each one of these factors influence rock fracturing is 

fundamental to the analysis and understanding of natural fracturing at subsurface 

(Gillam, 2004). 

 

Table 2.1: Main factors controlling fracturing (modified from Hunt et al., 2009). 
 
 
 
 

Type Parameter Direction of correlation 

 

 

Material 

Property 

 

Rock brittleness 

Young´s 

modulus 

 

Positive 

Poisson´s ratio 

 

Rock strength 

Grain size Negative 

Porosity Negative 

Bed Thickness Negative 

 

In-Situ 

Depth Variable Effect 

Pore Pressure May hold fractures open 

Strain Structural Position Positive with strain 
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2.2 Stress and deformation definitions 

Stress is a vectoral (has magnitude and direction) quantity defined as force (F) per unit 

area (A). The unit of measure of stress is Pascals, where 1 Pa= 1 N / m2. Stresses in the 

crust are sufficiently high that they are preferably expressed in MegaPascals (106 Pa) or 

GigaPascals (109 Pa). When acting on a plane, stress can be subdivided into two 

components (Figure 2.1: Components of stress acting on a plane.): 1) Normal stress 

perpendicular to the plane (ůn); and 2) Shear stress parallel to the plane, (Ị). Since any 

given point in the subsurface experiences stresses from all directions, a stress field or 

state of stress can be represented mathematically as a stress tensor and geometrically 

as shown in Figure 2.2: Geometric representation of a state of stress at a point 

(Gudmundsson, 2011).  

 

Figure 1 

Figure 2.1: Components of stress acting on a plane. 
 

 

 

Figure 2.2: Geometric representation of a state of stress at a point (Gudmundsson, 
2011). 

 

In this case, all stresses acting on the cube are equal and, therefore, the cube is in 

equilibrium, so it is not moving or rotating (remains undeformed). However, as is clearly 

observed in both outcrop and subsurface examples, rocks can be deformed (fractured, 
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folded or both) in a brittle and/or ductile manner, which implies that stresses have 

different magnitudes acting in different directions at a given point (differential stress). 

 

Deformation is defined by Van Der Pluijm (2004) as ñchanges in shape, position, or 

orientation of a body resulting from the application of a differential stress (i.e., a state in 

which the magnitude of stress is not the same in all directions)ò, and has three 

components (Figure 2.3): 1) rigid body rotation, which is the pivoting of a body around a 

fixed axis; 2) rigid body translation, which is a change in the position of a body, and; 3) 

strain, which is a distortion or change in shape of a body related to the displacement of 

inner particles from their original position to a new position (Gudmundsson, 2011). 

Deformation can be brittle or ductile according to the way solid materials change 

permanently after a state of stress has been applied, which depends on the elastic 

properties of the rock defined by Youngôs modulus and Poissonôs ratio. Brittle 

deformation occurs due to the growth of fractures and only occurs when stresses exceed 

a critical value after a rock has already undergone some elastic and/or plastic behaviour 

(Van der Pluijm, 2004). In the other hand, ductile deformation occurs when there is a 

substantial change of shape in a rock without gross fracturing (Gudmundsson, 2011) and 

involves processes such as cataclastic flow, diffusional flow and crystal plasticity.  The 

main differences between brittle and ductile deformation are:  1) ductile strain is uniformly 

distributed within the rock, whereas brittle strain is mostly localized around and inside 

fractures (Gudmundsson, 2011), and; 2) Ductile deformation is strongly temperature and 

time dependant, while brittle deformation depends mostly on applied stress (Suppe, 

1985). 

 

Figure 2.3:The three components of deformation: Rigid body rotation and translation 
and strain (Van Der Pluijm, 2004). 
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2.2.1 Principal stresses 

The normal stresses acting on the three mutually perpendicular principal planes of 

stresses at any point are known as principal stresses (Gudmundsson, 2011). Principal 

stresses are denoted by ů1, ů2 and ů3 and are arranged so they correspond to the 

maximum, intermediate and minimum principal compressive stresses, respectively. Any 

state of stress at a point in a rock body can be represented by the stress ellipsoid (Figure 

2.4). 

 

Figure 2.4: Orientation of principal stresses in the stress ellipsoid (Fossen, 2004). 

 
 

According to Anderson (1951), the configuration of the principal stresses is directly 

related to the type of faults originated as shown in Figure 2.5. This model assumes that 

all principal stresses are compressive and that ů1> ů2 > ů3. Moreover, it allows us to 

infer (or predict) the orientations of the principal stresses based upon geological features 

observed in field and subsurface data. Conversely, if the relative magnitude and 

orientation of the principal stresses are known; the orientation and type of faults and folds 

can be inferred or even predicted. 

 

Figure 2.5: Relationship between principal stresses and faulting (After Anderson, 
1951). 
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2.3 Rock failure 

Gudmundsson (2011) defines failure as ñthe stress condition at which a solid starts to 

flow or breakò, and it is related to the maximum stress or stress difference that the solid 

can sustain. A failure criterion is a mathematical model that explains and predicts rock 

failure and describes the stress conditions of permanent deformation in brittle, quasi-

brittle and ductile solids. For the brittle field, the Griffith criterion is used primarily for the 

tensile regime, while the Mohr-Coloumb and Hoek-Brown criteria are used mainly for the 

compressive regime. Von Mises and Tresca criteria are used to describe plastic 

deformation. Figure 2.6 represents a combined rock-failure criterion to explain the 

differences in rock failure as a function of normal stress or depth. 

 

Figure 2.6: Combined rock-failure criterion as a function of normal stress 
(Gudmundsson, 2011). As differential stress (ů1-ů3) increases, deformation changes 
from brittle to ductile, so different failure criterion is needed to describe the stress 
conditions at each case. 

 
 

2.3.1 Fracture initiation and propagation 

Griffith (1920, 1924) suggested that fracture initiation in a brittle material occurs from 

points of high tensile stress concentrations around the tips of suitably oriented flaws 

(Griffith cracks). In sedimentary rocks, these flaws can be fossils or vugs, and within 

brittle units, the largest flaws often occur at bedding planes (Pollard and Aydin, 1988). 

Griffithôs theory deals only with the initiation of tensile failure and it cannot be extended 

to deal with failure propagation and eventual shear failure in compression. However, 

under certain conditions when tensile stresses exceed the tensile strength, tensile failure 

initiation can lead to crack propagation. In these cases the tensile cracks propagate 

along the major principal stress (ů1) trajectory as shown in Figure 2.7. Moreover, the 
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location of fracture initiation depends not only on the distribution of the largest flaws 

(Gross, 1993; Renshaw et al., 2003) but also on the tensile strength of the rock. For 

practical purposes, the model of isolated Griffith cracks is inadequate because it does 

not match the grain boundary network in which tensile failure originates and propagates 

in intact rock; therefore, the tensile crack path would follow a path dictated by grain 

boundaries with only isolated cracks running across intact grains (Hoek and Martin, 

2014). 

 

 

Figure 2.7: Fracture propagation from a Griffith crack in a compressive stress field 
(Hoek and Martin, 2014). 

 

2.3.2 Fracture termination 

When a propagating fracture meets an interface or discontinuity (a contact, an existing 

fracture), one of the following will occur: 1) it will become arrested (stops propagating); 

2) penetrate the contact; or, 3) deflect in one or two directions along the contact 

(Gudmundsson, 2011). A layer or rock unit where local stress does not allow a fracture 

to propagate is known as a stress barrier. Figure 2.8 illustrates the most common 

mechanisms of fracture termination, which control the development of fracture networks 

and, therefore, the fluid flow paths through the rock mass. These potential barriers 

comprise: 

 

1) Compressive stresses generated by earlier fractures (Figure 2.8a) 

2) Rotation of the principal stresses at the contact from favourable to unfavourable 

propagation (Figure 2.8b). 

3) Opening of a weak contact (discontinuity) in front of a propagating fracture (Figure 

2.8c). 

4) Material toughness mechanism, namely differences in material toughness at the 

contacts in adjacent layers, can control fracture arrest, penetration or 

single/double deflection (Figure 2.8d). 
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The predominance of one or another of these mechanisms is dictated by the 

sedimentology of the rock succession. In an interbedded sequence of brittle and 

ductile strata, such as chalk and marl, fractures develop within the brittle layer, and 

may terminate at the bounding ductile layer (e.g. Friedman et al., 1994; Rijken and 

Cooke, 2001). In more homogeneous strata, such as thick carbonate deposits without 

marl layers, fracture termination can occur at weak bedding planes in the stratigraphic 

sequence (e.g.,Underwood et al., 2003). 

 

 

Figure 2.8: Mechanisms for fracture termination (Modified from Gudmundsson, 2012). 

 

2.4 Classification of fractures 

Fractures, being geologic features, can be described in terms of their shape, form and 

distribution and, therefore, different classification schemes can be used to organize their 

description (Van der Pluijm, 2004). As a result, many different fracture classifications 

may exist in scientific literature depending on the authorôs interest to describe a specific 

characteristic of fracture, thus leading to a wide terminology. However, a general 

consensus exists regarding to descriptive and genetic classification criteria. 

 

¶ Generic classification: It is based on the relative displacement across the fracture 

plane (Nelson, 2001; Gudmundsson, 2011), so every fracture in rock can be either an 

extension fracture (the sense of displacement is perpendicular to, and away from, the 

fracture plane) or a shear fracture (the sense of displacement is parallel to the fracture 

plane) (Figure 2.9). Extension fractures include joints, veins, dykes, sills and artificial 
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hydraulic fractures, whereas the most common shear fractures are the principal types 

of fault (normal, reverse and strike-slip). 

 

Figure 2.9: Relationship between principal stresses and types of fractures (Fossen, 
2004). 

 
 

¶ Genetic classification: It is based on the origin of loads that cause fracturing in rocks. 

Nelson (2001), identifies the following types of fractures according to their origin: 

 

¶ Tectonic fractures: associated with tectonic events and form in networks with 

specific spatial relationships to faults and folds. Tectonic fractures are important 

in hydrocarbon industry due to the fact that they contribute to permeability in low-

porosity matrix naturally fractured reservoirs. 

¶ Regional fractures: developed over large areas of the earthôs crust with little 

change in orientation, show no evidence of offset across the fracture plane, and 

are perpendicular to bedding plane. Their origin is suggested to be associated 

with large-scale vertical movements in earthôs crust. 

¶ Contractional fractures: associated with a bulk volume reduction of the rock and 

are the result of processes such as dessication, syneresis, pressure-solution, 

thermal gradients and mineral phase changes. Under very specific depositional 

and diagenetic circumstances, these fractures can be important in hydrocarbon 

production. 

¶ Surface-related fractures: are created by unloading, release of stored stress and 

strain and weathering. They are related to hydrocarbon production only in the 

case of karstificacion. 
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Fractures can also be classified according to their displacement mode into three ideal 

types (Gudmundsson, 2011): Mode I (pure extension) where the wall cracks move apart; 

Mode II, where fracture walls slide over one another in a direction perpendicular to the 

leading tip of the crack, and: Mode III, where fracture walls move relative to one another 

in a direction parallel to the leading tip of the crack. A fourth type, Mode IV, is considered 

(Fossen, 2004), in which fracture walls tend to close one against the other as is the case 

of stylolites (Figure 2.10). 

 

 

Figure 2.10: Modes of fractures (Fossen, 2004). 
 
Nelson (2001) classified fractures according to the morphology of fracture planes in four 

basic types: 1) Open fractures (with no filling material between the walls); 2) Deformed 

fractures (physically altered by later tectonic shear motions); 3) Mineral-filled fractures 

(filled by secondary or diagenetic mineralization) and; 4) Vuggy fractures (result from the 

matrix alteration surrounding the fracture). 

Fractures can also be classified according to their timing of formation relative to a specific 

geological event into: Pre, syn, and post-formational fractures, thus establishing a 

chronology of the fractures and their relationship to major tectonic episodes (Casini et. 

al, 2011). 

 

2.5 Geological controls in fractured carbonates 

Fractures are present in virtually every rock as macroscopic scale features (visible at 

naked eye), microscopic scale features (visible only at microscope) or both. Fracture 

intensity within a subsurface rock unit is directly associated to rock strength (amount of 

load a material can bear before it deforms) and Youngôs modulus, which is a measure of 

stiffness (inverse to flexibility) and is also related to brittleness (material rupture without 

any deformation), which in turn is controlled by the occurrence and interaction of different 
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geological factors, such as lithology, grain size (texture), porosity, bed thickness and 

structural position (Hugman and Friedman, 1979; Nelson, 2001). Diagenetic processes 

(compaction, dolomitization,) play an important role since they directly affect lithology, 

texture and porosity thus modifying the rocksô mechanical properties and, therefore, 

fracture intensity. Finally, the number and intensity of deformational events during a 

basinôs geological history, associated either directly to plate tectonics (rifting, orogenic-

related folding and thrusting, and strike-slip) or to gravitational-related tectonics in 

passive margins, plays a role in subsurface rock fracturing. Extensive fieldwork and 

laboratory experiments have provided most of the knowledge about the relationships 

between the geological factors mentioned above and development of fractures. This 

study aims to identify these relationships at subsurface through the integration of 

different analysis of seismic and borehole information. 

 

2.5.1 Lithology 

In general, and assuming all other geological controls to be equal, rocks with a high 

percentage of brittle particles (quartz, feldspar, dolomite) will have a higher fracture 

density (Nelson, 2001, Figure 2.11). In carbonate rocks, Schmoker et al. (1985) suggest 

that dolomitic reservoirs are characterized by more effective fracture networks, 

supported by laboratory experiments and field observations that show that, under similar 

conditions, dolomite is more pervasively fractured than limestone (Stearns and 

Friedman, 1972; Hugman and Friedman, 1979; Sinclair, 1980). Ortega et al. (2010), 

demonstrated that dolomite content, rather than bed thickness, is the dominant control 

on fracture intensity in outcrops of Cupido and Tamaulipas Formations (Mexico, Figure 

2.12), thus highlighting the potential importance of diagenetic and mechanical-property 

history in governing fracture patterns (Laubach et al., 2009). Offshore well data from the 

south-eastern Gulf of Mexico has also shown that dolomites exhibit higher fracture 

densities than limestones. Conversely, Wennberg et al. (2006) suggest that the degree 

of dolomitization in platform carbonate rocks from Asmari Formation in Iran does not 

have a significant effect on fracture density. These contradictory results may indicate 

that other parameters (rock texture, bed thickness and structural position), also exert a 

role in porosity/permeability and fracture development (Giorgioni et al., 2016). Therefore, 

the potential impact of dolomitization should not be simplified to general rules.  
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Figure 2.11: Fracture intensity as a function of lithology and grain size (Nelson, 2001). 
 

 

 

Figure 2.12: Fracture intensity is controlled mainly by lithology (b) rather than bed 
thickness (a) (Ortega et al., 2010). 

 

2.5.2 Texture 

Texture can be defined as the size, shape, and arrangement (packing and orientation) 

of the discrete grains or particles within a rock. For sedimentary rocks, these grains are 

subdivided into clastic (or fragmental) and non-clastic (essentially crystalline). Grain size 

is related to rock strength in a linear relationship, where a rock with lower size grain has 

a higher strength (Hughman and Friedman, 1979) or brittleness. As a result, rocks that 

are more brittle tend to have higher fracture intensities (Nelson, 2001). As facies 
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distribution, including texture, is controlled by the depositional environment, this too may 

be considered to strongly influence the likely fracture density. Wennberg et al. (2006) 

found that Mud-supported textures (mudstone-wackestone), according to the Dunham 

(1962) classification, have a higher fracture intensity than grain-supported textures 

(packstone-grainstone; Figure 2.13). Nelson and Ward (1993) observed a slight increase 

in fracture intensity with decreasing in grain size. Di Naccio et al. (2005) observed a 

systematic decrease in fracture density moving from subtidal (mud-supported textures) 

to intertidal to inter-supratidal and tepee facies (grain-supported textures), suggesting 

that mud content may influence fracture intensity, although in the same study it was also 

observed that extent and degree of early diagenesis had major influence on fracture 

development. However, fracture density within intertidal or subtidal intervals also 

depends on the degree and extent of early diagenesis across the sedimentary cycle. 

Giorgioni et al. (2016) found that intensity of top-bounded fractures (fractures smaller 

than bed thickness) is distinctly lower in coarse-crystalline dolomites than in fine-

crystalline dolomites and limestones, both at the macro- and the micro-scale (Figure 

2.14). The same relationship has been found for similar dolomitized carbonates in 

borehole cores of the deeply buried reservoir of the Basilicata oilfield, this indicating that 

rock texture (crystal/grain size) is more important than lithology (dolomite vs. limestone) 

in regulating the fracture pattern. 

 

 

 

Figure 2.13: Fracture intensity as a function of rock texture and bed thickness. 
(Wennberg, 2006). 
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Figure 2.14: Fracture intensity as a function of crystal size in dolomites. (Giorgioni et al., 
2016). 

 

2.5.3 Porosity 

The porosity of a rock is the proportion of its volume filled with a gas or liquid (Nichols, 

2009). According to Sinclair (1980) and Nelson (2001), fracture intensity is generally 

related to the rock strength and brittleness, both of which decrease with increasing 

porosity for rocks of similar composition and fabric. Nelson and Ward (1993) observed 

that fracture density increases with decreasing porosity in Lower Palaeozoic dolomites 

from the Sawtooth Mountains, Montana, USA. Porosity within a rock mass varies with 

time due to diagenetic processes, which either reduce pore size by cementation and 

compaction, or increase it by dissolution, recrystallization or replacement (Ahr, 2008). 

Moreover, the proportion of cementation can change the mechanical properties of rocks 

such as the tensile strength, elasticity and brittleness (Rijken, 2005). Indeed, the early 

cementation of grainstones and packstones produces a greater competency and a 

different response to fracturing than the sucrosic dolomite (Barbier et al., 2011), where 

dolomite crystals are just in contact without too much cohesion. Amthor et al. (1994) 

concluded that dolostones undergo less porosity loss with depth than limestones as they 

are more resistant to chemical and mechanical compaction. Barbier et al. (2012) found 

that fracture intensities are higher in porous dolostones than in the well-cemented 

limestones and observe a positive correlation between porosity and fracture intensity in 

these two lithologies (Figure 2.15). These apparently contradictory findings are the result 

of diagenesis acting as a primary factor controlling fracturing rather than porosity. 
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Figure 2.15: Fracture intensity as a function of porosity for limestone and dolomite facies. 
(Barbier et al., 2012). 

 
 

2.5.4 Pore pressure  

Fluid pressures in a deep basin are generated by several mechanisms related to burial 

(sedimentary loading, compaction), tectonic (tectonic loading) and thermogenic 

(hydrocarbon generation, hydrothermal fluids, etc.) origins (Kopf, 2002), and are 

summarized in Table 2.2: Causes for overpressure (Kopf, 2002). During sedimentation, 

seawater is commonly trapped into the pore space, which is a function of grain size and 

sedimentation rate. Overpressure occurs when rapid sedimentation rates overcomes 

pore fluid dissipation and, therefore, pore pressure exceeds hydrostatic pressure 

(Maltman, 1994). 

 

Fluid pressure in the pores of a rock can have a large effect on the failure conditions 

(Gudmundsson, 2011). Sedimentary rocks contain a significant fluid component that will 

affect their mechanical behaviour under stress (Van der Plujm, 2014). Pore pressure (Pf) 

operates equally in all directions and reduces the effective normal stress (confining 

pressure, Pc) in the rocks, resulting in an effective pressure Pe = Pc ï Pf. As a result, 

there is a decrease in rockôs strength and ductility, and the Mohrôs circles are shifted to 

the left (Figure 2.16). In other words, rocks are weaker when the pore-fluid pressure is 

high. Under a very low differential stress (ů1 almost equal to ů3) regime, increasing pore 

pressure may shift the Mohrôs circle to the tensile part of the diagram, resulting in the 

formation of extension fractures (hydrofractures) when -ů3=T0, the tensile strength of the 

rock (Gudmundsson, 2011). 
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Table 2.2: Causes for overpressure (Kopf, 2002). 

 
 
 

 

Figure 2.16: Effect of pore-fluid pressure in rock failure (Gudmundsson, 2011). Circles 
A (gray coloured)and B are shifted to the left due to the presence of pore pressure, which 
reduces rockôs strength. Consequently, they will touch the enveloping Coulomb line, and 
rock will fail in a brittle way, producing shear fractures (great circle B) or tensile fractures 
(small circle B). 

 

2.5.5 Bed thickness 

Thinner beds will have a higher fracture density than thicker beds, if all other parameters 

and loading conditions are equal (Nelson, 2001). This relationship has been widely 

recognized by several authors. Ding et al. (2012) showed that fractures are more 

developed in thin beds (>10-20 cm) than in thicker beds. Giorgioni et al. (2016) 

concluded that spacing (density) of perfect bed-bounded fractures is mainly controlled 

by fracture bed thickness, with no significant effect of lithology and dolomite texture 

(Figure 2.17: Effect of layer thickness in fracture spacing (Giorgioni et al., 2016).). Awdal 
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et al. (2016) similarly propose that bed thickness, rather than lithology, exerts a primary 

control on fracture intensity, being three times higher in thin bedded limestones than in 

massive bedded dolostones (Figure 2.18). Cooke et al. (2006) also found in their study 

that the mechanical unit thickness, or spacing of mechanical interfaces, controls fracture 

height length and spacing. One explanation for this observed field relationship relies on 

the concept of a stress shadow; a stress shadow is a zone of decreased stress adjacent 

to an open fracture that inhibits new fracture growth (Pollard and Segall, 1987). The size 

of the stress shadow, and therefore the spacing of fractures, is directly proportional to 

the height of the fracture (Pollard and Segall, 1987; Gross, 1993). Thus, thicker 

mechanical units (i.e., those with more widely spaced mechanical interfaces) will have 

longer and more widely spaced fractures than thinner units. In the other hand, Di Naccio 

et al. (2005) explained that the lack of correlation between facies thickness within each 

sedimentary cycle (subtidal to intertidal to inter- supratidal and tepee facies) and fracture 

density is probably due to the fact that the interface between each interval is not as sharp 

as the diagenetic discontinuity delimiting cycles (bedding). The lack of such a sharp 

discontinuity might impede the mechanical decoupling between petrofacies-controlled 

layers during stress transfer. 

 

 

Figure 2.17: Effect of layer thickness in fracture spacing (Giorgioni et al., 2016). 
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Figure 2.18: Fracture intensity is controlled by bed thickness rather than lithology (Awdal 
et al., 2015). 

 

2.5.6 Effects of structural position  

Rocks with a brittle behaviour have higher fracture density with increasing strain (Price, 

1966; Nelson, 2001). This approach is useful to predict fracture intensity related to 

structural position, since it assumes that flexure-related fracturing will have maximum 

density where the rate of change of dip (curvature) is also maximum (Murray, 1968; 

McCaleb and Wayhan, 1969; Watkins et al., 2015). Ghosh and Mitra (2009) found that 

structural positions control fracture density and length and these are higher on the 

multiple hinges than on the limbs. Watkins et al. (2015) and Hanks et al. (1997) suggest 

that in deformed regions such as folds, lithology may still influence fracture intensity but 

that the structural position becomes increasingly important as strain increases (Figure 

2.19: Fracture intensity is higher in the forelimb of the anticlinal than in the backlimb 

(Watkins et al., 2015).). Moreover, regional and local structural position may influence 

the development of fractures. For example, Lisburne Group carbonates in Alaska, USA 

deformed into tight, upright detachment folds in regional synclinoria are more likely to 

have dissolution fabrics related to folding instead of extension fractures, despite having 

greater degrees of curvature than detachment folds developed above the crests of 

anticlinoria (Hanks et al., 1997). As a result, fracture density can vary abruptly even 

across an individual structure such that rock types less prone to fracturing in the less 

deformed sections, may experience a higher relative increase in fracture intensity as 

deformation increases. 
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Figure 2.19: Fracture intensity is higher in the forelimb of the anticlinal than in the 
backlimb (Watkins et al., 2015). 

 

2.5.7 Deformation mechanism 

The mechanism of folding is also a critical controlling factor for fracture development. 

Xiubin et al. (2010) proposed conceptual models of fracturing related to fault-related 

folding (fault-bend folds, propagation folds and break-forward imbricates) where higher 

fracture densities can be localized either in the crest, backlimbs or forelimbs depending 

on the folding mechanism and the step-up angle of the fault (Figure 2.20). However, 

these models do not take into account other factors such as lithology or contrasts in 

mechanical properties of rocks. Eckert et al. (2014) proposed that fracture development 

in buckle folding depends on the mechanical properties of rocks and a foldôs strain 

history. Also, fracture sets develop due to pure bending in subsiding minibasins around 

salt diapirs during passive diapirism and in a diapirôs roof due to upward pushing during 

active salt diapirism (Alsop et al., 2016). 

 

Figure 2.20: Effect of structural position on fracturing in fault-related folds (Xiubin et al., 
2010). 
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2.6 Fractured reservoirs  

Currently, approximately 60% of hydrocarbon reservoirs in the world correspond to 

carbonate of which around 85% are naturally fractured reservoirs (Lamarche et al., 

2012). Nelson (2001) defines fractured reservoirs as ñreservoirs in which natural 

fractures have, or are predicted to have,  flow either in the form of increased reservoir 

permeability and/or reserves or increased anisotropyò. According to this definition, 

reservoir permeability and/or anisotropy depend on fracture attributes such as length, 

size, aperture, spacing and orientation and their distribution within the rock unit. In 

particular, fractured carbonate reservoirs are extremely complex because they are 

strongly heterogeneous at all scales from micro-scale to full field in terms of origin, 

nature, evolution and geometry (Wennberg et al., 2006; Lamarche et al., 2012). 

Moreover, reservoir and mechanical properties highly depend on the gain or loss of 

porosity during diagenesis and deformation. Fractures control the permeability and 

sometimes the porosity, thus enhancing or impeding the oil recovery; additionally, they 

may drain the fluids (injected or not) or may constitute barriers and therefore perturb the 

fluid flow (Larsen et al., 2010), thus varying dramatically well performance even between 

nearby wells (Wennberg et al., 2006). 

 

Fractured reservoirs can be classified according to the positive effects on reservoir 

quality the fracture system exerts, which is determined during the reservoir development 

stages, when flow interaction between rock matrix and fractures is investigated (Nelson, 

2001). Thus, reservoirs can be classified in four types (Figure 2.21): 

 

I: Fractures provide essential reservoir porosity and permeability 

II: Fractures provide essential reservoir permeability 

III: Fractures assist permeability in an already producible reservoir 

IV: Fractures create significant reservoir anisotropy (flow barriers). 

 

Figure 2.21: Classification of fractured reservoirs (Nelson, 2001). 



25 
 

2.6.1 Mechanical and fracture Stratigraphy  

The limits of a fractured carbonate reservoir are determined primarily by lateral and 

vertical variations of the rock mechanical properties, which in turn, are controlled by 

geological factors such as lithology, porosity and texture that also control fracture 

spacing (Wennberg et al., 2006). Lateral limits can be defined by either sealing faults 

acting as flow barriers or lateral facies changes, whereas vertical limits are defined by 

mechanical stratigraphy and/or fracture stratigraphy associated to gradational changes 

in sedimentation with time, unconformities, overlapping of rock units by thrusting, etc.  

 

Mechanical stratigraphy refers to the mechanical properties of the different rock layers 

within a sequence, where a mechanical layer represents one or more stratigraphic units 

that fracture independently of other units (Underwood et al., 2003), meanwhile fracture 

stratigraphy refers to the mechanical response of the different rock layers to an applied 

force (Laubach et al., 2009). Commonly, these two terms coincide; however, a mismatch 

between fracture stratigraphy and mechanical stratigraphy indicates that complex and 

progressive diagenesis may alter the rock such that mechanical properties no longer 

match those that governed the growth of earlier fracture patterns (Marin et al., 1993; 

Shackleton et al., 2005; Lavenu et al., 2013), which formed in a different rock diagenetic 

state than more recent ones, and present-day properties may only explain the attributes 

of recently formed fractures. 

2.6.2 Fracture occurrence 

Tectonic fractures tend to form in networks with specific, and predictable, orientations 

with respect to faults and folds (Nelson, 2001), which makes it possible to determine the 

direction of principal stresses at the time of their formation. 

2.6.2.1 Fault-related fractures 

Faults (conceptualized as macro-scale features) and their associated fractures (meso 

and micro-scale features) result from the same stress field and, therefore, there is a 

spatial relationship between them on all scales (Nelson, 2001). A careful analysis of fault-

related fractures makes possible to determine the orientation of principal paleo-stresses 

as well as the sense of fault movement. Fractures developed close to a fault are not only 

shear fractures (which are orientated parallel and conjugate to the fault) but also 

extension fractures may occur bisecting the acute angle between the shear fractures 

(Figure 2.22). Gudmundsson et al. (2002) observed that 80% of fractures in a damage 

zone of a fault in North Iceland correspond to extension fractures and the 20% remaining 

being shear fractures. 
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Figure 2.22: Extension fractures (EF) and shear fractures (ShF) in the Husavik-Flatey 
Fault zone (Modified from Gudmundsson et al., 2002). 

 

According to Caine et al. (1996), natural fault zones comprise three structural units 

(Figure 2.23): 1) Fault core, where most of the displacement is accommodated and 

consists mostly of breccia and gouge; 2) Damage zone, where rocks are also brecciated 

but fractures are the predominant features, whose intensity increases irregularly towards 

the fault core (Gudmundsson, 2009). Reyer et al. (2012) reported that fracture orientation 

within the damage zone is predominantly sub-parallel to major faults. These authors also 

found that damage zone widths in carbonate rocks are usually higher than in clastic 

rocks, and that significantly thicker in the hanging-walls compared with the footwalls; 3) 

Protolith, or host rock, which surrounds the core and damage zones, where the effects 

of fault-related deformation are minor or absent. Fault zones are of great economic 

interest because of their ability to increase permeability and, therefore, allow fluids flow. 

For example, fractures in the damage zone control fluid flow during a period of 

quiescence on a fault, while. it is the contact between core and damage zones where 

permeability may increase by many orders of magnitude during fault activity 

(Gudmundsson, 2011). 

 

 

Figure 2.23: Internal structure of a fault zone (Modified from Gudmundsson, 2011). 
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2.6.2.2 Fold-related fractures  

The relationship between natural fracture development and folding has been extensively 

studied, and conceptual models have been proposed (Figure 2.24) by several authors 

(Price, 1966; Stearns, 1968; Price and Cosgrove, 1990; Bergbauer and Pollard, 2004; 

Liu et al., 2016), where fracture sets show predictable symmetric orientations with 

respect to the fold geometry. These models, however, assume that strata are not 

fractured prior to folding. During fold evolution, fracture development depends on 

parameters such as layer thickness, lithology, rheology, elastic property contrasts, state 

of stress (Stearns, 1968), interlayer slip, the deformation mechanism (Xiubin et al., 2010; 

Eckert et al., 2014) and position in the fold. Since folds of sedimentary strata are common 

traps for hydrocarbons, and fractures can play an important role in hydrocarbon migration 

and production by increasing the quality of reservoir rock, it becomes critical to predict 

the location, type, extent, and orientation of these fold-related fractures. However, this 

may present a complex task, since a distinction has to be made between pre, syn and 

post-folding fractures due to the fact that pre-folding fractures alter the stress field in their 

vicinity such that nearby fractures would form in a perturbed stress field (Bergbauer and 

Pollard, 2004). Specifically, pre-folding fractures might not be symmetrically oriented with 

respect to the geometry of the evolving fold (Price and Cosgrove, 1990) and might 

change the stress field in which later syn-folding fractures form. Liu et al. (2016) 

proposed that the different fracture sets observed in various types of folds can be 

categorized into three main groups (Figure 2.24): 

 

¶ Group I: Fractures directly related to stress conditions during buckling and likely 

initiated during folding (Sets 1, 4, 5, 6 and 11). 

 

¶ Group II: fractures that are thought to represent pre-folding features and, therefore, 

unlikely to be initiated during folding (Sets 3, 7, 8 and 9). 

 

¶ Group III: Fractures that are unlikely to be initiated during folding and thought to be 

caused by erosional unloading processes (Sets 2 and 10). 
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Figure 2.24: Sets of fold-related fractures and inferred principal stresses. a) Tensile 
fractures, b) and c) Conjugate shear fractures (Liu et al., 2016). 

 

2.7 Salt tectonics and fracture development 

The presence of evaporitic sediments strongly influences the style of deformation in a 

basin. Moreover, salt movement in the subsurface may control the distribution of 

fractured zones (Tuncay et al., 2003). Diapirism commonly involves near-salt 

deformation where adjacent, underlying strata and the overburden are folded and faulted 

in most cases (Rowan et al., 2003). Active diapirism can fold and generate several 

interconnected sets of mostly extensional faults and fractures in the overburden and, to 

a lesser extent, around the diapir due to saltôs upward pushing forces. These fractures 

maintain high angles (>700) with respect to the bedding (Davison et al., 2000; Alsop et 

al., 2016) and are typically arranged in radial patterns in plan view (Figure 2.25). 

 

During passive diapirism, near-diapir flank folding is caused by draping of beds as 

bathymetric relief increases due to two main factors: 1) changing rates of salt 

inflation/deflation, and 2) high-frequency variations in sedimentation rate as illustrated in 

Figure 2.26 (Rowan et al., 2003). As a result, radial faulting in plan view can develop 

adjacent to the diapir. Moreover, these authors also found that the amount of faulting, 

which is small-scaled and related to passive diapirism, is proportional to the amount of 

bed rotation and the plan-view geometry of the salt body, so faulting is more intense with 

a higher degree of upturn of beds and can extend farther from the diapir. However, it has 



29 
 

been observed that near-diapir deformation can vary from severe overturn and thinning 

of beds to undeformed, constant-thickness strata. Also, fracture sets may develop due 

to pure bending (Figure 2.27) in subsiding minibasins around salt diapirs during passive 

diapirism (Alsop et al., 2016). 

 

 

Figure 2.25: a) Pattern of radial faults in plan view around a salt diapir in Southern Gulf 
of Mexico (Rodriguez del Angel, 2012). Faulted roof above an active salt diapir (Alsop et 
al., 2016). 

 
Fractures can also form adjacent to vertical welds, which result from squeezing of a salt 

wall due to compressional stresses. Rowan et al. (2012) relate fracture density variations 

along-strike to factors such as the presence of evaporitic residues, original width and 

shape of the salt wall, intensity of shortening and its orientation respect to the weld, and 

post-welding weld-parallel slip due to oblique shortening. 

 
 

 

Figure 2.26: Kinematic model of diapir-flank folding (Rowan et al., 2003). 
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Figure 2.27: Folding and faulting in minibasins around passive diapirs (Alsop et al., 
2016). 
 

2.8 Fracture detection in subsurface 

Fractures are geological features that may allow fluid-flow in the subsurface and, 

therefore, are closely related to important economic resources (Ortega-Marrett, 2000). 

In the hydrocarbon industry, the presence of open fractures is especially important as: 

1) open fracture networks increase the quality of reservoir rocks by enhancing original 

low-matrix permeability allowing hydrocarbon accumulation and effective reservoir 

performance; 2) fractures can also act as a barrier for fluids, thus acting as a seal and 

promoting reservoir compartmentalization; 3) fractures can affect integrity of traps by 

breaching seal rocks, thus promoting hydrocarbon migration and leaking reservoirs. 

 

The presence of fractures in the subsurface can be detected by direct and indirect 

methods. Among the former, core and cutting samples from wellbores provide direct 

evidence of subsurface fractures. Core material in particular provides information not 

only about fracture characteristics such as dip, density, aperture and even orientation 

but also data on rock-strength, lithology, porosity and permeability (Nelson, 2001). 

However, the volume of rock obtained in core sampling it is too small to confidently 

identify and characterize large fractures, which commonly are greater and with a wider 

spacing than the coreôs diameter (Laubach, 1988). As a result, well data provide details 

of small-scale fracture density and orientation, but carry very little information about the 

extent of the fractures and their connectivity (Casini et al., 2011). While drilling a 

borehole, the mud and drilling logs may also indicate the presence of natural fractures 

(Norbeck, 2011) by measuring parameters such as variations of mud volumes, sudden 

changes in penetration rates and gas peaks. Poor core recovery may also indicate the 

presence of fractures. Other indirect methods used at boreholes include flow test 

evaluations and analysis of reservoir rock data (Nelson, 2001). 
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Indirect methods for natural fracture detection comprise seismic data and well logs. Well 

logs are mainly used to detect highly fractured zones rather than determine fracture 

spacing due to sampling limitations (Nelson, 2001). A combination of the response of 

several tools are commonly used to detect fractures, the most important being: Sonic 

logs, caliper log, imaging logs, resistivity logs. Fracture parameters such as density, 

aperture, size, length and fluid content may produce anomalous response in well logs 

that may be considered as fractured zones. Well log analysis must be complemented 

with data from core analysis, seismic information and geological knowledge (Gartner and 

Suau, 1980).  

 

Seismic methods have been successfully employed to detect natural fractures, and have 

been used extensively for reservoir development purposes by characterizing spatial 

variability of fracture density. Methods based on post-stack attributes such as coherence, 

ant tracking, and curvature have been used to predict fracture properties from narrow- 

and wide-azimuth seismic data; however, such methods are unable to distinguish 

between open and closed fractures (Narhari et al., 2015). Curvature analysis is based 

on the general assumption that fracture density may be directly related to the degree of 

curvature of the fold (Lisle, 1992). However, fracture density may be relatively high in flat 

areas due to stress differences related to material heterogeneities or changing pore 

pressure (Smart et al., 2009). Analysis of shear-wave data, vertical seismic profiling, 

compressional and shear wave anisotropy and waveform scattering studies may be used 

to locate subtle structural features that control fracture distribution within a reservoir (Arre 

et al., 2012). State of the art techniques used to detect subtle faults and fractures that 

cannot be interpreted in a standard amplitude volume include AVAZ (amplitude versus 

incident and azimuthal angle), which uses amplitude variations that varies with azimuth 

and dip in the long shot/receiver offsets of P-wave seismic data to determine the intensity 

and orientation of fractures (Gray et al., 2003; Narhari et al., 2015).  However, this 

technique assumes only a single set of parallel and nearly vertical fractures and the 

background rock mass is isotropic, which represents a limited approach given the 

observed heterogeneity and anisotropy in rocks. 

 

2.9 Fracture prediction 

There are few studies that have integrated geological and geophysical data in order to 

predict subsurface fracturing in inter-well areas. Lohr (2008) integrated 3D seismic data, 

3D retro-deformation, coherency analysis, geostatistics and well data in order to predict 

the relative density of small-scale fractures in areas without well data; however, this 

methodology is limited by not considering heterogeneous sedimentology, variable 
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diagenetic processes and multiple deformational events. Endres et al., (2008) quantified 

subsurface fracturing by combining coherency attributes, borehole images and 

geostatistical analysis, showing a good correlation between different scales of fracturing. 

Ding et al. (2012) predicted fracturing in carbonates by simulating the effects of faults on 

fracture formation with 3D FEM analysis of paleotectonic stress based on geological, 

geomechanical and numerical models. They suggest a positive correlation between 

intensity of tensile stress and fracture density. However, even when their results from 

simulation match with FMI data, they considered that fractures in the interval studied 

were formed at a single deformational event only and ignore the effects of additional 

events.  

 

Jenkins et al. (2009) describe the Continuous Fracture Modelling (CFM) technique, 

based on the neural network methodology described by Ouenes, H. (2000), which 

establishes a relationship between fracture drivers (lithology, log data, structural 

curvature, proximity to faults, different seismic attributes, impedance from seismic 

inversions, among others) and fracture indicators (fracture count from image logs and 

cores, drilling losses, well-test permeabilities) in order to predict location fractures in the 

reservoir. To achieve this, the first step is to rank each fracture driver according to its 

effect on the final output (Fracture Intensity). Then, stochastic models are created to 

quantify the relationship between fracture drivers and fracture intensity. Finally, an 

uncertainty analysis is carried out by examining the results from the stochastic models, 

and a map of probability is created for a study area. Since predictive capability of CFM 

relies strongly on the amount and quality of available data, the absence or use of little 

and/or poor-quality seismic attributes, poor-quality seismic data, and well data will result 

in the generation of inaccurate fracture indicators and, consequently, will reduce the 

reliability of fracture prediction. 

 

2.10  Summary 

Natural rock fractures are geological features that can enhance fluid flow in the 

subsurface, and have a great impact when those fluids are of economic importance 

(groundwater, hydrocarbons). Fracture intensity is controlled by a complex interaction of 

several factors such as lithology, porosity, texture, structural position, bed thickness, 

deformation mechanism and pore pressure through time. Extensive laboratory and 

fieldwork-based research about the particular relationship of each factor to fracture 

intensity has been undertaken by many authors, which has led to the establishment of a 

suite of generally accepted assumptions; however, contradictory results from these 
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studies also indicate that it can be difficult to estimate the contribution of individual 

factors, or their relative importance to fracture density.  

 

Fracture prediction in the subsurface presents a challenging, complex task requiring a 

multidisciplinary approach: combining geological and geophysical disciplines such as 

seismic interpretation, structural geology, petrophysics and petrography. Several 

attempts have been undertaken and one of the key take-home messages has been that 

the reliability of the results fundamentally depends on the amount and quality of data 

available, which usually consists of indirect but spatially extended information (seismic 

data) or direct but very spatially restricted, fragmentary information (cutting and core 

samples, well data). 

 

This project aims to estimate the fracture orientation and intensity in areas where there 

is little or no well data available to support analysis derived from seismic data. 

Information available consists of a Pre-Stack Depth Migrated (PSDM) seismic survey 

and information from three vertical boreholes (reports, well data and lithological 

samples). The approach will be to combine standard seismic interpretation with 2D 

restoration, structural seismic attributes (curvature and coherence), image logs, core 

samples into a single model intended to estimate fracture intensity in Mesozoic 

carbonate rocks, which are targets for hydrocarbon exploration. The results from this 

work will complement existing studies on fracture density, and can be used to improve 

our understanding of some of the geologic controls of natural fracturing (mainly tectonic 

history, structural position and lithologic facies); how relative fracture intensity can be 

estimated from different independent analysis; and, most importantly, what are the 

implications for hydrocarbon exploration. 
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Chapter 3                                                                     

Geological Setting of Southern Gulf of Mexico 

 

3.1 Overview 

 
The Gulf of Mexico (GOM) basin is located at the south-eastern continental margin of 

the North American Plate, it covers an area of approximately 1,600,000 km2 (Stern and 

Wilkinson, 2010) and its limits correspond mostly to structural features (Figure 3.1). To 

the north, from west to east, it is bounded by the flanks of the Marathon uplift, Ouachita 

orogenic belt and mountains, Central Mississippi belt and southern Appalachian 

Mountains; the western limit corresponds to the Coahuila platform, the Sierra Madre 

Oriental and the Chiapas Massif; the southern and eastern limits correspond to the 

Yucatan and Florida carbonate platforms respectively (Salvador, 1991a). The GOM 

encompasses several smaller sub-basins and is filled with up to 18 km of sedimentary 

strata ranging in age from Late Triassic to Recent in its northern portion (Peel et. al, 

1995), with water depths of up to 4,350 m on the Sigsbee abyssal plain. 

 

South-eastern Basins (SEB) oil province is located within the GOM South Coastal Plain 

and South Eastern GOM Continental Shelf physiographic provinces, and comprises both 

onshore and offshore portions. It is limited to the north by the 500 m isobath; to the south 

by the Chiapas Fold Belt; to the west by the Veracruz Basin and to the East by the 

Yucatan Platform (inset Figure 3.2). From NW to SE, it comprises the following major 

tectonic elements: 1) Isthmian Salt Basin; 2) Comalcalco Basin; 3) Reforma-Akal Block 

(where the study area is located); 4) Macuspana Basin (Figure 3.2). 
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Figure 3.1. Outline of the Gulf of Mexico. Second-order structural features within the 
basin: 1) Macuspana Basin, 2) Akal-Reforma Block, 3) Comalcalco Basin, 4) Cordoba 
Platform, 5) Santa Ana Massif, 6) Tuxpan Platform, 7) Valles-San Luis Platform, 8) 
Coahuila Platform, 9) Marathon Uplift, 10) Llano Uplift, 11) Sabine Uplift, 12) Central 
Mississippi Deformed Belt. Modified from Salvador (1991). 

 
 

 

Figure 3.2: Tectonic map of Southern Gulf of Mexico. The study area is located in the 
south-western portion of the Akal-Reforma Block (in blue), which is a mega-raft block 
formed during Late Miocene-Pleistocene times and bounded by Comalcalco and 
Macuspana Basins (in yellow) (Modified from PEMEX, 2008 and CNH, 2014). 
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The SEB is the most prolific and important hydrocarbon province in Mexico, with most of 

the production coming from Mesozoic carbonate reservoirs and, to a lesser extent, from 

Tertiary siliciclastic reservoirs. The first offshore discovery occurred in 1976 with the 

Chac-1 well as a result of several geophysical studies carried out since 1972. Since then, 

several important oilfields have been discovered (Cantarell, Ku, Maloob, Zaap, Ek-

Balaam, etc.) and have contributed an elevated percentage of Mexicoôs daily production. 

Extensive hydrocarbon exploration in the Southern GOM since the 1970ôs has made 

possible a better understanding of basinôs structural evolution through the analysis of 

several 3D seismic surveys and data information from hundreds of wells drilled since 

then. Despite this, relatively little information about its tectono-stratigraphic evolution has 

been published due mainly to confidential policies from PEMEX E&P. Comprehensive 

overviews about regional geological framework have been published by Angeles-Aquino 

et al. (1994), Angeles-Aquino and Cantu-Chapa (2001), Angeles-Aquino (2006), and 

Padilla y Sanchez (2007). Peterson et al. (2013) proposed a model of the structural 

evolution in the southwestern offshore portion of the SEB. Additionally, Petroleum 

Geological Synthesis from both offshore shallow and deep water areas was released 

online by Mexicoôs Hydrocarbons National Committee (CNH) in 2014. 

 

Structural traps are predominant and their geometries may vary from simple to very 

complex. Mitra et al. (2005, 2006, 2007) proposed models of the structural evolution of 

the Cantarell, Ku, Zaap, Maloob and Ek-Balam oilfields, which are located in the 

northeastern portion of the SEB. These models propose three main episodes of 

deformation: Early Mesozoic extension, Miocene contraction and Pliocene-Holocene 

extension. The presence of evaporitic sediments (mainly halite) has greatly influenced 

the style of deformation and added complexity to the analysis of the structural evolution 

and the associated fracture development of prospective hydrocarbon traps (Sanchez 

Rivera et al., 2011; Cruz-Mercado et al., 2011). Furthermore, evaporites also have 

implications as a seal rock, as well as in the distribution of reservoir facies and thermal 

maturity of the source rock. Table 3.1 summarizes the characteristics of the petroleum 

systems present in the SEB. A review of geochemical interpretation of source rocks in 

SEB is available on Valdes et al. (2009), Santamaria Orozco (2008) and Guzman et al. 

(2001).  
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Table 3.1. Summary of the elements of Petroleum systems present in South Eastern 
Basins (Adapted from CNH, 2014). 

 

3.2 Stratigraphy 

Due to the fact that the study area corresponds to an offshore oilfield, knowledge of local 

stratigraphy comes from wellôs cores and cutting samples. Ages were determined, when 

possible, by foraminifera faunal associations combined with lithologic changes, and/or 

by electric logs correlation with nearby wells. The stratigraphic description below follows 

the depositional order and is illustrated in Figure 3.3. 

 

¶ Pre-Callovian: These sediments have not been drilled in Southern GOM and 

therefore remain unknown to date, although correlations with continental red beds 

outcropping in Chiapas have been made (CNH, 2014).  

 

Callovian: Evaporites (salt/anhydrite) are the oldest sediments drilled and correlate 

with Louann salt of Northern GOM and, therefore, are considered Callovian in age 
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(Salvador, 1991). Although these sediments have not been drilled in the study area, 

their presence can be deduced from seismic interpretation. 

 

¶ Oxfordian: In early Late Jurassic, shallow marine conditions (inner ramp) were 

established in what is now the Southern GOM. From base to top, it consists of a 

gradational succession of shallow marine sandstones, sabkha evaporites, dolomites 

and supratidal siltstones and organic matter-rich carbonates, which are transitional 

with the base of Kimmeridgian-age sediments. Factors such as dolomitization, scarce 

index microfossils and lack of correlation with nearby wells, makes very difficult to 

define the top of this interval; however, presence of Oxfordian algae without any other 

accompanying Kimmeridgian algae at the base of the column, could date these 

sediments as Oxfordian in age. 

 

¶ Kimmeridgian: Outer platform conditions prevailed during this time, and relief 

associated to salt diapirism controlled the location of oolitic banks. Sedimentation is 

carbonate and the base of the sequence consists of supratidal shaley mudstone-

wackestone that gradates upwards into packstone-grainstone of ooids deposited 

locally under intertidal conditions in an inner platform setting. 

 

¶ Tithonian: Thermal subsidence caused a deepening of the basin. As a result, during 

this time, deposition took place under deep marine conditions and consists of 

alternating shaley limestone and calcareous, bituminous, organic matter-rich shales. 

 

¶ Cretaceous: Tectonic stability, climatic conditions and lack of terrigenous supply 

allowed the development of an extended carbonate platform during Late Jurassic and 

Cretaceous times in the Southern GOM. As a result, thick sequences of mudstone-

wackestone were deposited from Early to lower Late Cretaceous (Turonian). During 

the Campanian-Maastrichtian, sedimentation graded from carbonate to terrigenous 

as a response to increasing terrigenous supply, resulting in the deposition of an 

alternating sequence of marls, shales and mudstone. 

 

¶ Cenozoic: The change of sedimentary regime from carbonate to siliciclastic, as a 

response of regional tectonic events, led to the deposition of up to 6 km of terrigenous 

sediments in some areas of SEB during the Cenozoic. The depositional environment 

varied from bathyal (Paleocene-Miocene) to neritic (Pliocene-Pleistocene). 
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Figure 3.3. Stratigraphy of Southern GOM, where SW portion corresponds to the study 
area Modified from PEMEX, 2014. 
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3.3 Tectonic Evolution of South-eastern Mexico 

Extensive literature regarding the tectono-stratigraphic evolution of the GOM has been 

published (Salvador, 1987, 1991; Winker and Buffler, 1988; Marton and Buffler, 1994; 

Pindell and Kennan, 2001, 2006, 2009; Bird, et al., 2005; Hudec et al., 2013, etc.) and it 

is based mainly on data from its Northern portion consisting of thousands of wells, a large 

amount of 2D and 3D seismic surveys and potential methods. In spite of this, some 

aspects of its geological evolution are still speculative and open to debate, due mainly to 

poor seismic imaging caused by the presence of salt sediments (Hudec et al., 2013) and 

lack of lithological information of the pre-salt stratigraphy from wellbores. However, 

recent improvements in seismic imaging and availability of information from the Southern 

GOM have made possible more constrained interpretations. This section aims to 

summarize the knowledge about GOMôs evolution within plate tectonics context. 

 

Geological events prior to Upper Triassic rocks in the GOM are very difficult to determine 

due to the very limited information available, which consists mainly of few Paleozoic 

rocks outcrops surrounding the basin, with a reduced exposed area and separated from 

each other by great distances (Salvador, 1991b). In contrast, geological events from Late 

Triassic that led to the formation of GOM can be reconstructed based on much more 

abundant and reliable information. Several authors (Dickinson and Lawton, 2001; Bird et 

al., 2005; Pindell and Kennan, 2009) agree on plate reconstructions where most of the 

Paleozoic and Precambrian rocks that presently constitute the backbone of Mexico were 

located along the North America-South America nascent plate boundary during the 

earliest Mesozoic (Figure 3.4). In a general way, the GOM evolution can be subdivided 

into three major tectono-stratigraphic stages:  

 

3 Rift basin during GOM opening in Late Triassic to Upper Jurassic as a part of 

Pangeaôs breakup. 

 

4 A passive margin stage with the development of an extended platform with 

carbonate sedimentation during sea-floor spreading (Late Jurassic to Early 

Cretaceous). 

 

5 A foreland basin with mainly siliciclastic sedimentation since Late Cretaceous/Early 

Palaeocene to Present day associated with plate tectonics 

compression/transpression activity. 
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Figure 3.4. Early Triassic reconstruction of western equatorial Pangea (Martini et al., 
2016). 

 

 

Two main hypothesis have been proposed to explain the origin of Gulf of Mexico Basin: 

1) it developed as an intracontinental rift basin (Salvador 1991; Pindell and Kennan, 

2009) associated with the breakup of the supercontinent Pangaea and the opening of 

Central Atlantic, and; 2) it developed as a back-arc basin located behind the Jurassic 

Nazas arc, which was associated with an east-dipping subduction zone of oceanic crust 

beneath westernmost Pangea (and its fragments) in the region now occupied by Mexico, 

(Stern and Dickinson, 2010; Figure 3.5). Moreover, this second hypothesis also 

considers the possibility that GOM opening occurred partially as a response from 

Pangeaôs breakup, which is in agreement with Martini et al. (2016) who suggest that the 

North America-South America plate boundary was developed, at least in an initial phase, 

under the combined influence of the Atlantic and Pacific processes until Late Jurassic. 
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Figure 3.5. Early Triassic reconstruction of western equatorial Pangea (Stern and 
Dickinson, 2010). 

 

3.3.1 Gulf of Mexico Opening Phase (210-137 Ma). 

A general consensus exists regarding the plate kinematic history and the main stages of 

the tectonic evolution of the GOM (Salvador, 1987, 1991; Winker and Buffler, 1988; 

Marton and Buffler, 1994; Pindell and Kennan, 2002, 2009; Bird, et al., 2005; Hudec et 

al., 2013); however, some discrepancies regarding the exact kinematics and timing of 

Mesozoic rifting, as well as the formation and crustal structure of GOM result from the 

difficulty in imaging the deeper structures beneath its thick sedimentary cover and the 

presence of evaporites. As more and better quality information is available, more 

constrained interpretations will improve the knowledge of the GOM basin (Eddy et al., 

2014; Sandwell et al., 2014; Nguyen and Mann, 2016). Hudec et al. (2013) propose the 

following main stages of the opening of Gulf of Mexico (Figure 3.6): 

 

1) Rift Stage (210-163 Ma): The Gulf of Mexico began to open as a rift basin during 

the Late Triassic as part of the breakup of the supercontinent Pangea whereas the 

Yucatan microplate began to move south-eastward away from North America with a total 

counter-clockwise rotation of 10-15°(Pindell et al., 2006, Figure 3.6A-B). This rotation 

occurred along two transform systems. The western consists of a linear, north-south 

trending, right-lateral transform fault zone, the Tamaulipas-Golden Lane-Chiapas fault 

zone (Pindell, 1985) or Western Main Transform fault (Marton and Buffler, 1994), which 

also represents a crustal boundary between oceanic crust in western GOM and 

continental crust of Eastern Mexico (Figure 3.7). 
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2) Salt Deposition (163-161 Ma): Timing of salt deposition in GOM is poorly 

constrained and age is based on correlations with evaporites in the upper Bathonian or 

lower Callovian Huehuetepec Formation and calcarenites in the Callovian Tepexic 

Formation of Central Mexico (Salvador 1991b). It is also consistent with the volcanic 

xenoliths in Louisiana salt diapirs, dated at 158 to 160 Ma (Stern et al., 2011). However, 

anhydrite outcrops in Galeana, Mexico, along with gypsum from Minas Viejas Sierras 

and salt in the La Popa Basin have all been dated as Oxfordian in age based on its 

stratigraphic position (Padilla y Sánchez, 1986; Díaz et al., 1959; Lawton et al., 2001), 

suggesting that salt deposition was diachronous, with the youngest sediments 

deposited towards the edge of the basin. Analysis of better-dated salt basins suggest 

that an estimated thickness of 3 to 4 km of depositional salt in the thickest parts of the 

central Louann salt basin, which could have been deposited in a conservative time 

period ranging from less than 1 Myr. up to 2 Myr. (Hudec et al., 2013). 

 

3) Post-salt Crustal Stretching (161 to 154ï149 Ma): Continental rifting continued 

for 7 to 12 Myr. after salt deposition (Hudec et al., 2013). During this stage, most of the 

salt basin widened from 100 to 250 km, and extension tapered to zero at the edges of 

the basin (Figure 3.6C-F). The Yucatan Block continued its rotation along the 

Tamaulipas-Golden Lane-Chiapas fault zone. 

 

4) Sea-Floor Spreading (154ï149 to 137 Ma): Sea-floor spreading is considered to 

have begun prior to the end of the Jurassic, since the oldest sediments deposited on 

oceanic crust are identified as Tithonian in age; therefore, significantly after salt 

deposition. Assymetry of the limits of oceanic crust on the northern and southern sides 

of GOM suggest that this continental separation must have been diachronous, beginning 

in the Kimmeridgian in the eastern and western GOM, but not until the early Tithonian in 

the central GOM. The counter-clockwise rotational phase of seafloor spreading, 

including the Yucatan Block, continued in the Gulf of Mexico until the early Cretaceous 

(Neocomian), when it fixed to its current position, thus giving the present tectonic 

configuration of GOM. Rotation during this stage was around 30-35° (Pindell et al., 2006). 

 

3.3.2 Cretaceous Post-Sea floor spreading (137 ï 84 Ma). 

Tectonic stability in GOM prevailed during the Early and most of Late Cretaceous after 

sea-floor spreading ceased (Salvador, 1991) and a passive margin regime was 

established in both northern and southern portions of the basin. Subsidence continued 

throughout the basin, which caused continuous thin-skinned deformation of sedimentary 

cover detaching on Jurassic autochthonous salt. This salt-related deformation developed 

as a gravitational linked system with updip extension and downdip contraction (Sanchez 
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Rivera et al., 2011; Cruz Mercado et al., 2011). However, during Late Cretaceous (Intra-

Cenomanian), a regional unconformity, recognized in most of the GOM periphery, 

developed as a consequence of major sea-level fall in the region and other factors such 

as local igneous intrusions and volcanism (Salvador, 1991). 

 

 

 

Figure 3.6. Sequential restoration of GOM opening (Hudec et. al, 2013). 
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Figure 3.7. (a) Uninterpreted and (b) interpreted tilt derivative of the residual gravity from 
Sadwell et al. (2014) showing a close correspondence between the pattern of gravity 
high and lows to ridges and fracture zones (Nguyen and Mann, 2016). 

 

3.3.3 Late Cretaceous - Middle Eocene (84 to 41 Ma) 

From Late Cretaceous to Middle Eocene, the Laramide Orogeny progressively affected 

the Gulf of Mexico Basin from west to east drastically modifying the paleogeography, by 

uplifting of the Sierra Madre Oriental and switching sedimentation from carbonate to 

terrigenous due to drowning of the pre-existent carbonate platforms (Salvador, 1991; 

Moran-Zenteno et al., 2007). This event is the result of subduction of Farallon Plate under 

North American Plate at a low angle (Figure 3.8) due to the increase in the rate of 

convergence between the two plates (Moran-Zenteno, 2007 and references therein) 

which caused long-distance deformation from the trench zone and uplift of the meridional 

portion of North American Plate (Padilla y Sanchez, 2007). A peak of deformation during 

Eocene has been recognized for the orogenic front of the Sierra Madre Oriental by 

Eguiluz de Antunano et al. (2000). Subsidence continued through this period, as a result 

of loading of the crust by thick wedges of Cenozoic sediments in the foreland regions 

adjacent to uplifted fold and thrust belts (Salvador, 1991; Padilla, 2007) during 

Paleogene times. 
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Figure 3.8. Plate Tectonic reconstruction at Eocene times (46 Ma). Modified from Pindell 
and Kennan, (2009). 

 

3.3.4 Oligocene ï Late Miocene (33 to 5.3 Ma) 

During Middle to Late Miocene, a transpressional regime, the Chiapaneco Event 

(Sánchez Montes de Oca,1980), formed the Chiapas-Tabasco-Campeche fold-thrust 

belt in South Mexico during a restricted time interval (c. 2.5 Myr) and a restricted size 

(Mandujano and Keppie, 2009). Figure 3.9 illustrates this fold belt extending towards the 

NE into the Campeche marine zone constituting the Reforma-Akal structural high. 

Traditionally, the Chiapas Belt origin is associated to the left-lateral eastward movement 

of the Chortis Block along the Motagua-Polochic fault zone (Pindell et al., 1988) since 

Eocene times (Figure 3.10). However, the duration of both events (2.5 Myr of 

Chiapaneco Event vs 45 Myr for Chortis Block movement) is incompatible with this 

model.  Alternatively, Keppie and Moran-Zenteno (2005) proposed another model where 

the fold-thrust belt resulted from the collision of the Tehuantepec Ridge with the Middle 

America Trench, whose intersection migrated westwards along the Chortis Block and 

Chiapas margins from 15ï12 Ma to 12ï0 Ma (Figure 3.11), respectively. Moreover, these 

authors suggest that topography of the subducting plate played an important role for the 

short-lived formation of the fold belt in the overriding plate (Mandujano and Keppie, 2009; 

Figure 3.12).  
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Figure 3.9. Map of Southeastern Mexico showing the Chiapas foldbelt and other tectonic 
elements (Mandujano and Keppie, 2009). 

 
 

 

Figure 3.10.: Plate tectonic reconstruction at Miocene times (10 Ma). Modiffied from 
Pindell and Kennan, (2009). 
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Figure 3.11.: Reconstruction at 13-0 Ma showing the proposed migration westward of 
the Tehuantepec Transform/ Middle America Trench intersection, (Mandujano and 
Keppie, 2009). 

 
 

 

 

Figure 3.12. Schematic section showing the tectonic conditions during development of 
Chiapas fold-and-thrust belt c.13-10 Ma. (Mandujano and Keppie, 2009). 
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3.3.5 Late Miocene - Present day (5.3 to 0 Ma) 

By Late Miocene, after the Chiapaneco Event ceased, the Chiapas fold belt tilted towards 

the NNW as a response to withdrawal of Callovian authochthonous salt (Padilla y 

Sanchez, 2007) and subsidence caused by deposition of several kilometres of 

syntectonic terrigenous sediments. Consequently, a gravitational linked system of updip 

extensionïdowndip contraction detaching on authochtonus salt developed and 

controlled deformation. High rates of prograding sedimentation and extension detaching 

on the salt layer resulted in the formation of a mega-raft block, the Reforma-Akal Block, 

which is limited to the southeast and northwest by two large extensional basins of Late 

MioceneïPliocene (Macuspana) and Pliocene-Pleistocene (Comalcalco) age, which in 

turn are bounded by large regional and counter-regional normal faults (Sanchez Rivera 

et al., 2011) and oriented perpendicular to the axis of the fold belt (Figure 3.13).  

 

Figure 3.13: Map showing major tectonic elements in Southern Gulf of Mexico (above). 
Cross-section illustrating the Akal Block and its bounding basins (below). CNH, 2014. 
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3.4 Deformational events in Southern Gulf of Mexico 

 
The complex tectonic evolution of Southern Gulf of Mexico has had a major influence on 

the economic importance of the South-Eastern Basins by having an impact on the 

different elements of existing Petroleum systems such as hydrocarbon generation and 

migration, as well as formation and re-deformation of structural and stratigraphic traps.  

 

Significant hydrocarbon accumulations in Southern Gulf of Mexico have led to an 

extensive exploration since the 1970ôs with extensive coverage of 2D and 3D seismic 

surveys. The analysis of this massive amount of information has led to a continuously 

evolving understanding of the basins to correctly assess the economic potential of 

exploratory areas located onshore and offshore (Angeles-Aquino et al., 1994; Padilla y 

Sanchez, 2007; Sanchez Rivera et al., 2011; Cruz-Mercado et al., 2011; Peterson 

Rodriguez et al., 2013). As a result, four deformational events have been recognised and 

summarised with their respective nomenclature (PEMEX internal reports, 2009; 2013, 

2017) by PEMEXôs geoscientists (Figure 3.14). Such events are described below within 

the regional context of Southern Gulf of Mexico evolution explained above, as well as 

their implications in hydrocarbon trap formation: 

 

3.4.1 D1 (Late Jurassic- Late Cretaceous): 

This event is related to the Gulf of Mexico opening, where thermal subsidence originated 

a gravitational linked system with up-dip (South) extension and down-dip (North) 

contraction detaching on salt. As a result, a wide range of structures developed and their 

geometries varied depending on their particular positions across the basin. Extension on 

the periphery of the Yucatan Platform generated normal faulting and half graben 

structures and salt rollers developed. On the other hand, in response to extension, the 

transitional and contractional counterparts of the system is represented by salt 

pillows/anticlines, folded structures, and passive and reactive diapirs located toward the 

centre and northern parts of the basin. These structures are frequently associated with 

structural traps for hydrocarbons (Figure 3.15). 

 

 

 



51 
 

 

Figure 3.14: Tectonostratigraphic chart of Southern GOM (Modified from PEMEX, 2013) showing Mesozoic Petroleum Plays. TE: Tectonic Extension; 
GE: Gravitational Extension; GC: Gravitational Contraction; TC: Tectonic Contraction; ES: Extensional System; AS: Allochtonous System; CS: 
Contractional System. 
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Figure 3.15: Normal listric faults and salt diapirs developed during D1 event. (CNH, 
2014). Red arrow indicates direction of down-dip salt flow. 
 

3.4.2 D2 (Late Eocene-Oligocene): 

This compressional event is believed to be associated to the the Laramide orogeny 

according to its age and deformation style (Moran-Zenteno et al., 2007). Altough the age 

of D2 event is constrained to Late Eocene-Oligocene in the offshore portion of the basin, 

reported evidence further from the south suggest that this event could have an earlier 

onset at Palaeocene times (personal communication from PEMEX personnel, 2014). 

Sediment loading during this time also contributed to subsidence, so sedimentation 

switched gradually from platform carbonates to deep marine (bathyal) environments. 

This event is difficult to recognize in the seismic data because it is masked and 

superimposed by the further D3 event, which has a contractional origin as well and 

generated similar structures to those formed by the D2 event ( 

Figure 3.16). However, interpreted syn-kinematic sequences suggest that the intensity 

of deformation was relatively low (Peterson et al., 2017). D2 event represents the first 

episode of redeformation of preexistent structures generated during D1. 

 

At the same time, salt mobilization and withdrawal continued due to high rates of 

sediment loading, which originated salt welds and salt emplacement at allochthonous 

levels forming canopies. Also, some diapirs developed during D1 continued their growth 

as passive diapirs whereas other diapirs may switched from passive to active mechanism 

in response to compressional tectonic forces. 
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Figure 3.16: Salt canopies emplaced along with folding during D2 event. (CNH, 2014). 
 

3.4.3 D3 (Middle-Late Miocene): 

This event is associated to the Chiapaneco Event (Sánchez Montes de Oca, 1980), 

which originated the Sierra de Chiapas fold belt that extends into the Campeche marine 

zone constituting the Reforma-Akal structural high (PEMEX, 2005). Furthermore, 

extensive folding and thrusting of both new and pre-existent structures originated many 

of the structural hydrocarbon traps from the main oilfields in Southern GOM basins. 

These traps are associated to different types of folds, fault-related folds and folded salt 

bodies. Analysis of syn-kinematic sequences show that the strongest deformation pulse 

has an age of Middle Miocene in the west, whereas in the East the same pulse has been 

dated as Middle to Late Miocene, suggesting a diachronic migration (Peterson et al., 

2017). Giant oilfield Cantarell is an example of a structural trap formed during this event 

(Figure 3.17). 

 

Figure 3.17: Cantarell anticline is a representative structure from D3 event. (Mitra et al., 
2005) 
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Siliciclastic sedimentation remained constant and was deposited in depocenters 

generated by salt withdrawal (PEMEX, 2009). By Late Miocene, the uplifting generated 

by compression originated huge amounts of sediments that were distributed into the 

basin as submarine fans and as a result, the basin is tilted to the north and salt is 

withdrawn towards the same direction. 

 

3.4.4 D4 (Late Miocene-Present day): 

These event is associated to the deformation process that formed the Reforma-Akal 

Block. Up-dip extension was accommodated by intense normal faulting over a 

detachment level of Tertiary age (Oligocene) which, depending on the location in the 

basin, lithologically consists of either shale or allochthonous salt. These faults, which 

may or not have a strike-slip component, often act as lateral boundaries for hydrocarbon 

stratigraphic traps in Neogene plays. Down-dip contractional domain associated to this 

linked system is located towards the deeper north-western portion of the basin and 

deformational features include folds, fault-related folds, allochthonous salt bodies and 

contracted pre-existent diapirs (Figure 3.18). 

 

 

Figure 3.18: Depocenter originated by gravitational extension during D4 event. (CNH, 
2014). 
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3.5 Summary 

South Eastern Basins is the most prolific and important hydrocarbon province in 

Southern Gulf of Mexico, with most of the production coming from Mesozoic carbonate 

reservoirs, and to a lesser extent, from Tertiary siliciclastic reservoirs. The economic 

importance of this province has led to extensive exploration since the 1970ôs, resulting 

in a continuously increasing understanding of its complex structural evolution within the 

context of the evolution of the Gulf of Mexico and its implications for hydrocarbon 

exploration. This evolution which can be divided into three major tectono-stratigraphic 

stages:  

 

1) Rift basin during Gulf of Mexico opening in Late Triassic to Late Jurassic as a part of 

Pangeaôs breakup;  

 

2) A passive margin stage with the development of an extended platform with carbonate 

sedimentation during sea-floor spreading (Late Jurassic to Late Cretaceous); and,  

 

3) A foreland basin with mainly siliciclastic sedimentation since Late Cretaceous/Early 

Palaeocene to Present day associated with plate tectonics compression/transpression 

activity. 
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Chapter 4  

Structural evolution of salt-related traps in Southern 

Gulf of Mexico 

 

4.1 Introduction 

 
South-Eastern Basins contain prolific hydrocarbon reservoirs in Mesozoic carbonate 

reservoirs and, therefore, they are recognized as highly prospective targets for 

hydrocarbon exploration due to the strong influence of salt in the different elements of 

Petroleum Systems. Salt-related deformation is present in different tectonic settings 

(extensional, compressional and strike-slip) and typically results in a great variety of salt 

structures (Figure 4.1) which, in turn, are directly associated to many different styles of 

structural, stratigraphic and combined traps (Montgomery et al., 1999; Mount et al., 

2007). These traps can develop in either allochthonous or autochthonous salt bodies. 

 

 

 

Figure 4.1. Diagram showing the great variety of salt structures associated to line 
sources (a) and point sources (b). Hudec and Jackson (2007). 
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Brittle deformation of Mesozoic age carbonate rocks during deformational events 

resulted in the formation of naturally fractured reservoirs, whose quality is directly related 

to parameters such as porosity, permeability and anisotropy which depend, in turn, on 

the orientation and intensity of open fracture sets. The relationship between fracture 

orientation and intensity with structural position in a fold has been widely recognized by 

several authors (Price, 1966; Stearns, 1968; Nelson, 2001; Ghosh and Mitra, 2009), 

where syn-folding fracture sets show predictable symmetric orientations with respect to 

the fold geometry (Figure 4.2). However, pre-folding fractures might change the stress 

field in which later syn-folding fractures form (Price and Cosgrove, 1990), and therefore, 

their orientations may deviate from traditional conceptual models. Moreover, the complex 

interplay of another factors such as lithology, texture, porosity, bed thickness and pore 

pressure can also influence the occurrence of fractures (Nelson, 2001; Giorgioni et al., 

2016; Barbier et al., 2012; Awdal et al., 2016; Gudmundsson, 2011) thus complicating a 

more accurate fracture prediction. In spite of this, traditional conceptual models are 

useful as a preliminary estimation of possible fracture orientations in prospective 

structural traps, where little or no borehole information is available. These orientations 

need to be compared with information obtained from structural seismic attributes and 

integrated to borehole information, if available, in order to produce a more robust 

estimation of fracture orientations. 

 

Extensive hydrocarbon exploration in Southern Gulf of Mexico since the 1970ôs has 

made possible a better understanding of basinôs structural evolution through the analysis 

of several 3D seismic surveys and data information from hundreds of wells drilled since 

then; however, relatively little information about its tectono-stratigraphic evolution has 

been published due mainly to confidential policies from PEMEX E&P. Comprehensive 

overviews about regional geological framework have been published by Angeles-Aquino 

et al. (1994), Angeles-Aquino and Cantu-Chapa (2001), Angeles-Aquino (2006), and 

Padilla y Sanchez (2007). Peterson et al. (2013) proposed a model of structural evolution 

in the southwestern offshore portion of the SEB. 
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Figure 4.2. Different fracture sets identified within folded structures. a) Tensile, b) and 
c) Shear fractures associated to buckle folds (Liu et al., 2016). 
 

 

The aim of this chapter is to propose a model for the formation and evolution of salt-

cored structures in a passive margin setting and their implications as prospective 

hydrocarbon traps as well as their influence for fracture development in Mesozoic low-

matrix porosity carbonate rocks located at different Mesozoic stratigraphic levels. 

Detailed seismic interpretation of the available 3D volume was undertaken from which 

structural and isopach maps were generated. These maps, in turn, were used as the 

basis of 2D restoration in order to define the structural evolution. Moreover, these results 

were used as inputs for further Strain analysis and Fracture Modelling Analysis, which 

represent a valuable guide to assess the presence and quality of reservoir rock in 

exploratory prospects and will be discussed in subsequent chapters. 
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4.1.1 Salt-related hydrocarbon traps 

Presence of salt in sedimentary basins impacts on every element of Petroleum systems. 

Salt can act as a seal and its thermal conductivity may retard or accelerate hydrocarbon 

maturation. Diapirs can create topographic relief, which can control sediment distribution 

(reservoir facies). Also, salt-related deformation is associated with most of hydrocarbon 

traps in salt basins. 

Since early 20th century, hydrocarbon production from cap rocks associated to salt 

domes triggered the interest for salt tectonics and the relationship between salt bodies 

and hydrocarbon occurrence (Jackson, 1995). An ongoing increase in the quantity of 

acquisition of seismic data as well as the improvement in processing techniques have 

provided the main source of information for the study of salt bodies in the subsurface. As 

a result, it has been recognized the influence of salt on the formation of hydrocarbon 

traps (structural, stratigraphic and combined), encompassing several deformation styles 

in different tectonic settings. 

Traditionally, hydrocarbon accumulations are associated to salt diapirs (Halbouty 1979; 

Selley, 1998), which are related in turn with several trap styles (Figure 4.3). However, 

another salt bodies also influence the formation of traps such as salt rollers, which 

develop in extensional domains and are related to distinctive geological structures and 

their corresponding trap geometries (Krezsek et al., 2007). Contractional domains can 

generate structures such as salt anticline/pillows, squeezed diapirs and allochthonous 

salt bodies, all of which can be associated to three-way and/or four-way closure 

hydrocarbon traps (Pilcher et al., 2011; Mount et al., 2007, (Figure 4.4). In the case where 

carbonate sediments comprise the immediate suprasalt stratigraphy (Montgomery et al., 

1999), as in the study area, traps may be associated to salt rollers and pillows of different 

amplitudes (Figure 4.5). 

 

Figure 4.3. Diapir-related hydrocarbon traps. (A) domal trap, (B-C) fault traps, (D) pinch-
out trap, (E) turtle-back or sedimentary anticline trap, and (F) truncation trap (Selley, 
1998). 
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Figure 4.4. Hydrocarbon traps associated to contractional domains (Mount et al., 2007). 

 
 

 

 

Figure 4.5. Trap styles associated to early post-salt carbonate section. East Texas Salt 
Basin (Montgomery et al., 1999). 
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4.1.2 Regional Structural Setting 

The analysis of the massive amount of seismic and borehole information acquired in the 

last decades in Southern Gulf of Mexico has led to a continuous process of 

understanding the basinôs tectonic evolution in order to correctly assess the economic 

potential of exploratory areas located onshore and offshore (Angeles-Aquino et al., 1994; 

Padilla y Sanchez, 2007; Sanchez Rivera et al., 2011; Cruz-Mercado et al., 2011; 

Peterson Rodriguez et al., 2013). As a result, deformational events D1-D4 (previously 

described in more detail on Chapter B) have been recognised by PEMEXôs geoscientists 

(PEMEX internal reports, 2009; 2013, 2017). 

 

In order to get a better understanding of the tectonic setting of the study area and 

conceptualize its structural style, three regional seismic cross-sections crossing through 

the study area were selected from available literature and analysed. Deformational 

events D1 to D4 can be identified by analysing growth strata and the relationships 

between structural elements.  Figure 4.6 shows the location of the three lines, which are 

described below:  

 

 

Figure 4.6. Map showing three regional sections crossing the study area. 

 
 

 



62 
 

 

 

Line A-Aô: This line has a length of approximately 370 kms, it is oriented NW-SE and 

illustrates the development of a linked system with up-dip extension in the SE and down-

dip contraction to the NW detaching on Callovian-age autochthonous salt in Southern 

Gulf of Mexico (Figure 4.7). From SE to NW, different tectonic elements and their 

particular styles of deformation, are recognizable. These are: Yucatan Platform, 

Macuspana Basin, Akal-Reforma Block, Comalcalco Basin and Isthmian Salt Basin. 

 

The projectôs study area is located in the southern portion of the Akal-Reforma Block 

(center of the section), which is a mega-raft block developed during Late Miocene-

Pleistocene as a result of a gravitational-related extensional event detaching on 

autochthonous salt (Sanchez-Rivera et al., 2011). Deformation within the Akal-Reforma 

Block is mostly salt-related, and it is associated to both pre-raft deformational events 

(early salt movement, tectonic contraction, allochthonous salt emplacement) and syn-

raft events (trans-tension). Analysis of the extensive coverage of 2D and 3D seismic 

during hydrocarbon exploration in Southern Gulf of Mexico suggests that salt-related 

deformation is considered thin-skinned, since there is no strong evidence of basement 

controlling the location and distribution of salt structures (diapirs, anticlines, pillows, etc). 

Moreover, most deformation is related to gravitational processes, which is typical in 

passive margin settings (Marton et al., 2000; Fort et al., 2004) by a combination of gravity 

gliding and gravity spreading (Rowan et al., 2004).  
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Figure 4.7. Regional cross-section A-Aô. Dashed rectangle shows the location of the study area. (Modified from Sanchez-Rivera et al., 2011).
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Linea B-Bô: This line has a length of 122 km, it is oriented NW-SE and the interpretation 

is well constrained by several boreholes. Also, this section crosses through the Akal-

Reforma Block and a portion of Comalcalco Basin (Figure 4.8). The study area is located 

towards the SW end of the section, inside the Akal-Reforma Block, where deformation 

in the Mesozoic section was directly controlled by salt movement very soon after its 

deposition (D1 event). Also, allochthonous salt was emplaced during Palaeogene times 

(D2) and re-deformed in Neogene times (D3). Finally, trans-tension during Pliocene 

times (D4) resulted in intense normal faulting of the Neogene section with a strike-slip 

component; however, this faulting is not always restricted to Neogene section, but 

occasionally cuts down to the Mesozoic section perhaps retaking pre-existent normal 

faults, as is the case of the major normal fault bounding the salt diapir which is interpreted 

to have this origin. The graben at the centre of the section corresponds to Comalcalco 

Basin and it is interpreted to have developed from a salt diapir that collapsed by 

gravitational extension during Neogene times (D4 event). Supporting evidence includes 

the thickness of Pliocene sediments, which in this graben reach up to 8 km. Comalcalco 

Basin is bounded by major regional and counter-regional normal faults which also show 

some strike-slip component. To the NE, the section cuts parallel to the regional strike of 

the Akal-Reforma Block, which close to Comalcalco Basin is affected by diapirism and 

salt canopies, whereas to the NE end of the section salt is restricted to core relatively 

low-relief pillows/anticlines. Salt diapirs also seemed to have been affected by 

contractional deformation (D2 and D3) during Cenozoic times, according to the analysis 

of growth strata. 
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Figure 4.8. Regional cross-section B-Bô. Dashed rectangle shows the location of the study area (PEMEX, 2013). 
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Line C-Cô: This line has a length of 122 kms, it is oriented WSW-NE and runs through 

the southern portion of the Akal-Reforma Block (Figure 4.9). The study area is located 

at the center of the section where the Mesozoic section is gently folded and the Tertiary 

column is affected by late normal faulting (D4 event). In this section, it is clear the 

presence of two detachment levels: the lower at the autochthonous salt; and the upper, 

in Tertiary section, which in some places coincides with the top of allochthonous salt and 

where most of later Neogene normal faults sole. Regional deformation events are 

identified and labelled in this section. Event D1 resulted in development of passive salt 

diapirs, pillows and anticlines, which core prospective structures. Allochthonous salt 

emplacement and development of salt canopies took place between Palaeocene-

Oligocene and seemed to be related to D2 event, which is also related with re-

deformation of pre-existent salt bodies (Peterson Rodriguez et al., 2013). Pinching of salt 

diapirs feeders along with active diapirism were triggered by D3 contractional event 

during Middle-to-Late Miocene. Finally, gravitational extension associated to D4 event 

produced not only extensive normal faulting but also transtensional faulting. This was 

likely to be the result of the differences in velocity of displacement between individual 

blocks, thus creating lateral ramps that accommodated this differential displacement. 

The location of these ramps seems to be controlled by pre-existent salt structures. 

Although deformation related to D4 event is mostly restricted to the stratigraphy above 

the upper detachment, in some areas faulting cuts down to the Mesozoic section. 
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Figure 4.9. Regional cross-section C-Cô. Dashed rectangle shows the location of the study area (modified from CNH, 2014).
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In summary, analysis of regional cross-sections suggest that salt tectonics has played a 

fundamental role in structural evolution of Southern Gulf of Mexico and also on the 

structural style of its different tectonic elements. Four main deformational events (D1 to 

D4) can be identified and associated to the development of prospective structural and 

stratigraphic hydrocarbon traps. In the study area, specifically, structural traps for 

Mesozoic targets are associated with salt-cored anticlines and diapirs, which may 

indicate a transitional domain between up-dip extensional domain and down-dip 

contractional domain during the main stage of trap development in Mesozoic times (D1). 

These traps seemed to have formed simultaneously to the development of salt structures 

(anticlines, pillows and diapirs) during Mesozoic times (D1) and subsequently re-

deformed during Cenozoic times (D2/D3).Trap preservation is conditioned by different 

factors such as closeness to active faults and/or squeezed diapirs, and most of Mesozoic 

structures are not affected by late Neogene extensional event (D4), which indicates a 

good potential for hydrocarbon exploration. This chapter takes advantage of using high-

quality 3D seismic data, which may help to refine the structural model of the study area 

as well as to increase the understanding of the influence of salt in trap development. 

 

4.2 Dataset and Methods 

4.2.1 Seismic Data 

The available seismic dataset consists of a 3D OBC multicomponent onshore-offshore 

survey, Tsimin-Tojual 3DTZ, which covers an area of 3,990 km2, including the study area 

which has an area of 220 km2 (Figure 4.10). A summary of acquisition and processing 

parameters is shown in Table 4. 1. The version available for this project is a pre-stack 

depth-migrated (PSDM) using the RTM algorithm and a TTI anisotropic model. Tilted 

Transverse Isotropy (TTI) is a velocity model that characterizes anisotropy in the 

subsurface around an arbitrary tilted axis instead of a vertical one like in Vertical 

Transverse Isotropy (VTI) model (Audebert and Pettenati, 2006) or Horizontal 

Transverse Isotropy (Figure 4.11), which are associated mainly to horizontal bedding 

and vertical fractures respectively. As a result, TTI models provide better imaging of the 

subsurface in structurally complex areas, like those involving salt-related deformation 

(Figure 4.13). The aims of this survey were: 1) to confirm the extension of Mesozoic 

oilfields and, 2) support the assessment of petroleum potential of Kimmeridgian and 

Cretaceous Plays in the south and south-eastern portions of South Eastern Basins. 
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Figure 4.10. Location map of the 3D seismic survey and the study area. 
 

 
 

 

Figure 4.11. Schematic illustration of differences in subsurface velocities in Vertical, 
Tilted and Horizontal Transverse Isotropy models respect to bedding orientation 
(horizontal, tilted and vertical, respectively) (Hall, 2015).   

 
 
 

Figure 4.12 shows a cross-section displaying the velocity model used for depth migration 

superimposed on the conventional amplitude section. For Tertiary section, vertical and 

lateral variations are more abrupt and range from 2000 m/s in the shallowest portion to 

4000 m/s at 5-6 km depth, whereas for Mesozoic section velocities are fairly constant 

and ranging between 4500 and 550 m/s, characteristic of carbonate rocks. For salt 

sediments, a constant velocity of 4500 m/s was used. 
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Figure 4.12. Random cross-section showing the distribution of velocities used for depth migration. No vertical exaggeration. 
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Figure 4.13 shows a comparison between a PSTM seismic dataset previously used for 

interpretation in the study area and the most recent PSDM survey, used for this study. 

The latter offers many advantages in terms of imaging quality and definition of structural 

features: A) Significant improvement in signal-to-noise ratio with important reduction of 

coherent noise (migration smiles); B) better definition of Mesozoic seismic stratigraphy; 

C) Enhancement in definition of top and base of autochthonous salt and geometry of salt 

bodies; D) Improved imaging of Tertiary-aged sequence known as chaotic, which 

represents possible mass-transport sediments; E) Better definition of the Pliocene trans-

tensional fault system. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4. 1. Summary of acquisition and processing parameters of Tsimin-Tojual 3DTZ 
seismic survey. 

 

 

 

 

 

 

Seismic Survey Tsimin-Tojual 3DTZ 

Interpreted seismic version MIGPSDMRTM_M35_2017 

Acquisition Parameters 

Company Geokinetics 

Area 3,990m km2 

Recording length 10 s 

Offset Length 11 km 

Type of acquisition Ocean Bottom Cable (OBC) 

Bin size 50 m 

Year 2011-2013 

Type of source Air Guns 

Processing Parameters 

Company ION GX Technology 

Area 1000 km2 

Type of Processing RTM TTI 

Bin size 25 x 15 m 

Year 2015 

Visual Quality Control 

Tertiary Good 

Mesozoic Regular to Good 

Allochthonous salt bodies Good 

Autochthonous salt Good 
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Figure 4.13. Visual comparison between (a) PSTM and (b) PSDM seismic datasets in 
the study area. Imaging quality improves significantly with the PSDM dataset, resulting 
in a more reliable interpretation. Purple dashed line in PSDM section represents the 
interpreted top and base of autochthonous salt. Horizontal red line at 6 km is the regional 
of Top Cretaceous in the study area. Double head arrows show the vertical difference 
between the regional and Top Cretaceous. No vertical exaggeration.  
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4.2.2 Well Data 

 
Information from three productive wells drilled in the study area includes final reports, 

petrographic descriptions of cores and cutting samples, and complete sets of well logs 

(Table 4. 2). Final reports consist of geological background, description of stratigraphy, 

mud logging information, analysis of tested intervals and a resume of drilling and 

termination operations. These wells, along with others wells outside of the study area, 

were used to create the velocity model for depth migration of the seismic survey used 

for this project. The location of the wells is shown in 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4.10. The three wells found hydrocarbon accumulations in Mesozoic targets at 

different stratigraphic levels (Late Cretaceous and Kimmeridgian) with an oil density of 

32-33o API. Table 4. 3 summarizes the stratigraphy found in the wells, which ranges from 

Late Jurassic Kimmeridgian to Pleistocene. 
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Table 4. 2. Inventory of borehole information used for this study. 
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Table 4. 3. Summary of results of production tests in the boreholes within the study area. 
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4.2.3 Methodology 

Figure 4.14 illustrates the methodology developed in order to define a structural evolution 

model and its implications for fracture development in Mesozoic rocks. First, a review of 

existing literature and previous studies in order to understand the regional geological 

setting was carried out. Secondly, 3D seismic interpretation provided structural and 

thickness maps as well as cross-sections, whose combined study constitute the 

framework for a structural analysis. Third, 2D structural restoration was performed using 

properly orientated cross-sections in order to define the timing of deformational events 

that affected the analysed structures. Finally, all this information was integrated in order 

to define the structural style of deformation, propose an evolutionary model of the study 

area, understand the salt-overburden interaction through time and, finally, define its 

implications as hydrocarbon traps. 

 

 

Figure 4.14. Methodology workflow. 
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4.2.3.1 Seismic Interpretation 

First, an extensive literature review was done in order to understand the tectono-

stratigraphic setting of the study area. Also, a visual inspection of the PSDM seismic 

survey was carried out in order to assess imaging quality and the corresponding 

uncertainty in interpretation as well as recognize the structural style of the study area. A 

qualitative analysis of certainty and confidence on interpretation of the Mesozoic section 

was carried out, based on criteria such as: imaging quality, difficulty to identify structural 

and stratigraphic features and lack of correlation with nearby wells (Figure 4.15). For 

Tertiary section, confidence is high in almost all of the area, whereas in the Mesozoic 

section confidence is medium to low in the central portion of the area due mainly to low 

seismic resolution, imaging issues (low signal-to-noise ratio in specific areas, migration 

smiles) in spite of the state-of-the-art imaging techniques applied during processing as 

well as lack of boreholes in the central area that difficult horizon correlation. Moreover, 

depth of Mesozoic column (at least 6 km) influences directly in loss of resolution, thus 

affecting negatively the imaging quality and adding difficulty to interpretation (Figure 

4.16). Additionally to the previously analysed regional sections contained in PEMEXôs 

technical reports, local sections across the study area were constructed in order to 

identify the structural deformation style and characterize the structural traps. 

 

 

Figure 4.15. Confidence map on seismic interpretation for Mesozoic section. Left panel: 
Tertiary; Right panel: Mesozoic. 
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Figure 4.16. Seismic cross-section showing the differences in quality image in the Mesozoic section between the central portion, where image is not 
very good and confidence in interpretation is low, and the northern and southern, where image is better as well as the confidence in interpretation. 
Green horizon corresponds to Top Cretaceous. No vertical exaggeration. 
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Well-to-depth seismic calibration 
 
Information from the boreholes within the study area was used to build and calibrate the 

velocity model for depth migration; however, in order to corroborate the well tie as well 

as to have a better certainty of the seismic interpretation, synthetic seismograms for each 

well were created before carrying out seismic interpretation. Sonic (DTCO) and Density 

(RHOB) logs from each borehole were used as input in order to generate synthetic 

seismograms as well as a Ricker wavelet, whose central frequency was determined by 

the following procedure: 

1.  The wave number (k) was obtained from an analysis window of 640 m (32 samples) 

directly picked from the corresponding seismic section, and then graphed to obtain a 

more precise value. 

2. With the value k already known, wavelength value (l) was obtained substituting k in 

the formula l=2ˊ/k. 

3. Finally, frequency (f) was obtained with the formula f= V/l, where V is the seismic 

velocity of carbonate rocks (4500-5500 m/s).  

Table 4. 4 summarizes the values obtained for each borehole. Vertical resolution is very 

low, ranging between 157 and 262 m due to the very low frequencies predominant at 

Mesozoic depths, which range between 5 and 7 km. Figure 4.17-4.19 illustrate the results 

of the synthetic seismograms and the degree of correlation with PSDM seismic. In all 

cases, Top Cretaceous shows a very good match between synthetic and PSDM seismic, 

both coinciding with a positive peak. It should be noted that Top Cretaceous is an often 

good controlled pick associated with the top of the carbonate column, and is usually used 

as the top for migration of carbonate sediments during PSDM processing. In the other 

hand, for Top Tithonian and Top Kimmeridgian matching is low, even showing opposite 

polarities. This is due possibly to very low seismic resolution, and a non-detailed velocity 

model used for PSDM migration, which may influence on the positioning of seismic 

reflectors. 

 

Table 4. 4. Parameters used to calculate the dominant frequency (f) in the seismic data 
for each borehole in the study area. 
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Figure 4.17. Synthetic seismogram from W-1 and correlation along a seismic line 
crossing the borehole. Correlation for Top Cretaceous is good (positive peak), although 
matching accuracy decreases for Top Tithonian and Kimmeridgian. 

 

 

Figure 4.18. Synthetic seismogram from W-2 and correlation along a seismic line 
crossing the borehole. 
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Figure 4.19. Synthetic seismogram from W-3 and correlation along a seismic line 
crossing the borehole. Although the presence of a normal fault (dashed red line) difficults 
correlation, this is good for Top Cretaceous. 

Horizons and Fault Mapping 

The first step in seismic interpretation consisted of regular grids where inlines and 

crosslines were interpreted at equidistant intervals intersecting boreholes all over the 

study area (220 km2). Additionally, random lines and depth slices were used in order to 

constrain the interpretation of grids. For each surface, two horizons were merged: one 

well-constrained with the suffix ñobservationò, which extended over an area with high 

confidence in correlation and interpreted using auto-pick where possible. The second 

horizon was no well-constrained with the suffix ñinterpretationò, which was picked over 

an area with low confidence in correlation due to low image quality, no wells, or structural 

complexity and was interpreted mostly manually. For this project, a total of 16 horizons 

were interpreted; 7 correspond to Neogene and 2 to Paleogene, which were interpreted 

in grids of 40 x 40 lines (1.2 km x 1.2 km). The remaining 6 horizons correspond to 

Mesozoic and were interpreted in more closely spaced grids of 20 x 20 lines (600 m x 

600 m). Figure 4.20. 

 

The American SEG Convention was used for horizon interpretation. Reflections 

corresponding to an increase in acoustic impedance are considered positive and 

displayed as a peak (black), whereas reflections corresponding to decrease in acoustic 

impedance are considered negative and displayed as a through (white). Figure 4.21 










































































































































































































































































































































































































































