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1
1.1 Rationale

The effect and importance of carbonate rocks is not well known to many, but can 
be noticed in the everyday-day-life of all of us. Since time immemorial people 
built houses to live in, and used tools from carbonate rocks to survive and used 
them to decorate floors and walls. Not only the strength of carbonate rocks but 
also the storage capacity is of major importance. Our energy demand since the in-
dustrial revolution forced us to extract hydrocarbons from the subsurface in which 
over fifty per cent lies within carbonate rocks. The complexity of carbonate rocks, 
however, makes it extremely difficult to predict the occurrence of hydrocarbons 
and hydrothermal water resources and the accompanying reservoir quality.

The main challenge is to understand the textural and spatial heterogeneity of 
carbonate and mixed carbonate rocks. Unlike the deposition of clastic sediments, 
which are primarily controlled by transportation of erosional products, carbonate 
producing or inducing processes are just as much depending on biological pro-
cesses. Carbonate producing processes are biotical controlled, biotical induced 
and abiotic (Schlager, 2005). These are described according to three carbonate 
producing factories: Cool-water factory, Tropical factory and Mud-mound factory. 
The type of carbonate producing factory is decisive for the platform morphology, 
type of biota and production rates with water depth (Schlager, 2005; Reijmer, 
2016). Also the possible influx of clastic material in carbonates depositional 
systems causes sediment intermingling, which results in more heterogeneity. On 
top of the complex primary depositional processes, carbonates can be heavily 
affected by secondary post-depositional modifications like diagenesis (chemical 
alteration) and fracturing (mechanical alteration). Both primary depositional and 
secondary chemical-mechanical effects can significantly impact the physical and 
textural properties of the sediments at multiple scales.

1.2 sCope

This thesis will focus on the mechanisms and spatial distribution of textural, 
physical and mechanical rock properties within different types of carbonate sys-
tems. Two field areas were investigated for this study.

The field area with a well-exposed carbonate ramp is the Ricla mixed siliciclas-
tic-carbonate sedimentary system, located 50km southwest of Zaragoza, Spain. 
This Kimmeridgian shallow low-angle ramp system developed in an epeiric sea 
covering the Iberian plate. The well-exposed outcrop stretches over 7km in length 
and shows a continuous proximal to distal transect. Over the last 25 years, this 
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outcrop has been intensively studied for its sedimentological, spatial and textural 
properties (e.g. Bádenas and Aurell, 2001)

The second field area characterized by flat-topped tropical carbonate platforms 
is the region between Sorbas and Almeria, Spain. These individual Miocene build-
ups developed on top of the Cabo de Gata volcanics, Tortonian turbidites and 
Paleozoic basement of the ancient sierras. The outcrops show clear progradational 
platform geometries covering the proximal and distal realms of this flat-topped 
system. The outcrops are, just as the Ricla ramp, intensively studied on their tex-
tural and sedimentological features (e.g. Braga and Martín, 1996; Franseen and 
Goldstein, 1996). These carbonate complexes are often used as an analogue for 
hydrocarbon producing Miocene carbonate reservoirs in the Chinese Sea.

The textural properties of the models were primarily based on existing studies 
and subsequently complemented by own observations. Since both field areas have 
been intensively studied over the last 25 years a lot of geological information 
is available, primarily concerning the facies distribution and sedimentological-
geological evolution. This existing information was used as a foundation to create 
a stratigraphic framework and facies model. Additional micro- and macro-scale 
information, derived from thin sections and field observations, was added to 
complement these models and prepare them for further modeling.

The mechanical properties of the sedimentary layers are quantified using Di-
giFract, a software package developed by Bertotti et al. (2007). The program’s 
output consists of numerous fracture properties such as density, spacing, height 
and direction. Based on these properties, mechanical signatures were generated 
on multiple scales, in such a way that these properties could be further used for 
comparison with the individual layers, facies and platform geometries. The grav-
ity driven fractures were primarily analyzed on their directions measured in the 
field and from LIDAR models.

The petrophysical properties were measured on plug samples derived from the 
outcrops. These samples were strategically selected based on the predetermined 
facies distribution, in such a way that every facies is sufficiently represented 
in the dataset. The petrophysical analyses consist of porosity, density, mineral 
composition, grain-size and acoustic velocities.

The spatial and petrophysical information is subsequently used for creating 
synthetic seismic models, which can be used as subsurface analogues.
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1
1.3 outline

This thesis is subdivided in six chapters, starting with an introduction (Chapter 1), 
which is followed by four chapters that are based on submitted and published ar-
ticles. Chapters 2 and 3 are dedicated to the Ricla ramp system of northeast Spain 
while Chapters 4 and 5 discuss to the Miocene flat-topped carbonate platforms of 
southeast Spain. The overall findings and conclusions are presented in Chapter 6. 
The reference list summarizes the literature cited in all foregoing chapters.

Chapter 1: The introduction provides the rationale and scope of this thesis and 
an overview of the chapters that are presented.

Chapter 2: In this chapter the physical properties of the mixed siliciclastic – 
carbonate Ricla ramp system is presented. The primarily focus lies on the impact 
of petrophyscial properties on the acoustic behavior of the sediments and their 
link to the facies distribution along the mixed ramp system. The analyzed rock 
properties are subsequently assigned to the sedimentological model in order to 
translate the rock properties to a synthetic seismic profile.

Chapter 3: This part of the thesis focuses on the fracture distribution along the 
mixed siliciclastic – carbonate Ricla ramp and the relation to the facies tracts. The 
analyzed elastic properties from Chapter 2 are subsequently used for comparison 
with the mechanical properties obtained from the fracture measurements.

Chapter 4: This chapter addresses the petrophysical properties of the Cerro de 
la Molata carbonate platform. The aim is to link carbonate-producing factories 
to rock properties. Based on the acoustic properties synthetic seismic profiles are 
created and subsequently compared to other studies and subsurface equivalents. 
In addition, the synthetic seismic profiles are linked to carbonate factory switcho-
vers.

Chapter 5: In Chapter 5 fracture orientations are related to the geometry of the 
Cariatiz reef complex. Gravity controlled processes that destabilize the steep-
sided carbonate platform are linked to the presence of fractures.

Chapter 6: In this summary chapter the textural, physical and mechanical prop-
erties of both case studies are compared and final conclusions and implications 
are presented.
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Chapter 2
Rock properties of a Jurassic 
siliciclastic-carbonate ramp
L.M. Kleipool
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B. Bádenas
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Chapter based on: (2015) Variations in petrophysical properties along 
a mixed siliciclastic carbonate ramp (Upper Jurassic, Ricla, NE Spain). 
Marine and Petroleum Geology 68, 158-177.
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2.1 abstRaCt

A multi-scale petrophysical study was performed on an Upper Jurassic siliciclas-
tic-carbonate ramp system near the village of Ricla (Spain). A combination of 
textural (field observations, thin section and grain-size analysis), chemical-min-
eralogical (thermogravimetric analysis) and physical (porosity, gamma ray and 
velocity measurements) properties was used to capture the heterogeneity of this 
mixed sedimentary system. Subsequently, synthetic seismic sections with varying 
resolution were created to show the characteristics of the internal ramp-structures. 
The translation from the measured petrophysical properties to a synthetic seismic 
section helps to better understand subsurface seismic images and guide seismic 
interpretation. Although upscaling problems are a recurring issue, the homogene-
ity of the samples and the continuity of the outcrop and facies reduce the number 
of uncertainties. Acoustic properties are generally controlled by the amount and 
type of pore spaces. Due to the low porosities (ϕ < 7.2%) of this mixed ramp 
system the influence on the acoustic properties is limited; therefore other con-
trolling parameters come into play. One of the primary controlling factors is the 
mineral composition, thus the presence of clay and the ratio between siliciclastic 
and carbonate components. A dominant presence of carbonate relates to relative 
high P- and lower S-wave velocities, a high percentage of quartz relates to relative 
lower P- and higher S-wave velocities, the presence of clay reduces the overall 
velocities even more. Carbonate infill of intergranular space (micrite or cement) 
slightly influences the acoustic properties. In general, the infill of microporous 
micrite shows lower velocities compared to the cemented samples. Finally micro-
cracks may significantly reduce the velocity, although these cannot be quantified, 
their presence can be estimated using elastic property models. The ramp geometry 
is characterized by an overall lateral homogeneity and vertical heterogeneity. 
Textural, sedimentological and stratigraphic transitions in the outcrop are related 
to the defined facies, each has its own unique mineralogical signature. Amplitude 
variations in the synthetic seismic profile are primarily caused by changes in 
mineral composition thus facies transitions.
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2.2 intRoduCtion

Understanding the distribution of sediments and their corresponding physical 
properties is of key importance in predicting the presence and potential of hydro-
carbon reservoirs in the subsurface. The lateral and vertical heterogeneity of the 
sediments related to the sedimentary system and relative sea-level fluctuations 
may result in the formation of source rocks, reservoirs rocks and sedimentological 
traps.

Primary interparticle porosity is the most common type of porosity in silici-
clastic rocks and unaltered carbonates. Diagenetic processes may cause pores in 
sediments to change; open or closed, increasing or decreasing the porosity and 
permeability (Fournier and Borgomano, 2007). Overburden and tectonic activity 
may result in compression of the sediments reducing the porosity (Ehrenberg 
and Nadeau, 2005), but may also result in the initiation and growth of fractures 
(Cooper et al., 2006) that can enhance the permeability (Nelson, 1985).

Studies on continuous field-exposures lead to a better understanding of complex 
geometries of sedimentary systems (Léonide et al., 2012; Reolid et al., 2014). 
The physical properties of samples obtained from field-studies help to create 
geophysical models that can be used to predict the characteristics of comparable 
sedimentary systems in the subsurface (Stafleu, 1994; Bracco Gartner, 2000; 
Schwab et al., 2007; Falivene et al., 2010). The elastic properties of sediments 
are a widely discussed topic. The variations of these properties in carbonate 
rocks are predominantly debated due the geometrical complexity of the pore and 
rock network and their susceptibility to chemical and mechanical processes at 
multiple scales (Anselmetti and Eberli, 1993; Eberli et al., 2003; Baechle et al., 
2008; Xu and Payne, 2009; Fournier et al., 2014; Soete et al., 2015). Siliciclastic 
systems, on the other hand, are more homogeneous and less affected by chemical 
and mechanical processes. These sedimentary systems are therefore more suitable 
for modeling, prediction and upscaling (Han et al., 1986; Vernik and Nur, 1992; 
Dvorkin and Nur, 1998).

Rocks of a mixed nature are characterized by a high spatial variability of li-
thologies and facies. The regional setting, climate changes, sea-level fluctuations 
and type of carbonate factories are decisive in the deposition of siliciclastic or 
carbonate sediments (Wilson, 1967; McNeill et al., 2004; Zeller et al., 2015). 
Sediments of a mixed nature cover a wide variability of rock properties; they 
include properties from siliciclastic and carbonate systems. On top of the textural 
complexity, a mineralogical effect is added, which significantly changes the rock 
properties (Braaksma et al., 2006; Kenter et al., 2007; Fournier and Borgomano, 
2009).
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This study is based on an Upper Jurassic mixed siliciclastic-carbonate ramp sys-
tem located in NE Spain, north of the village of Ricla (Fig. 2.1). The continuous 
fi eld-exposure stretches over ~6km in length and ~150m in height. The outcrop 
shows a cross-section (Z-Z’) of a prograding carbonate ramp system that covers 
multiple facies along a proximal to distal depositional setting (Fig. 2.2A). Over the 
last twenty years the Ricla outcrop was part of a large series of sedimentological 
and stratigraphic studies on the East Spanish Late Jurassic ramp-systems (Aurell, 
1991; Aurell and Melendez, 1993; Bádenas and Aurell, 2008). High-detailed 
facies models provided by these studies form the stratigraphic framework for 
the petrophysical analysis presented in this study (Bádenas, 1999; Bádenas and 
Aurell, 2001).
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on the map. The line Z - Z’ links to the cross-section in Fig. 2.2A.
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The aim of this study is (1) to defi ne petrophysical signatures for the Ricla mixed 
siliciclastic-carbonate ramp facies; (2) to determine what the key parameters are 
in the distribution of the acoustic properties of the sediments, along the inner-to 
outer-ramp transect. It targets to fi ll the knowledge gap in our understanding of 
the elastic properties in mixed, low-porous sedimentary systems.
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2.3 GeoloGiCal settinG

Series of Upper Jurassic outcrops are exposed in the northern Iberian Chain. This 
mountain belt formed after the collision between the Iberian and Eurasian plate 
during the Alpine Orogeny (Ziegler, 1988). This study focuses on one of the well-
preserved exposures, located north of the village of Ricla (Figs. 2.1 and 2.3).

During the late Palaeozoic, the Iberian plate was part of the Variscan Orogen. The 
subsequent Early Mesozoic rifting caused the Amorican plate to separate from the 
Iberian plate (Osete et al., 2011). This event was associated with the formation of 
several intracratonic extensional basins, hence the Iberian Basin. The rifting stage 
of the basins was controlled by changes in tectonic subsidence; the following 
post-rift stage was characterized by thermal subsidence (Salas and Casas, 1993). 
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fig. 2.3. Geological map of the northern Iberian Chain. The NW-SE oriented thrust faults and folding axes 
were formed as consequence of the Triassic-Early Jurassic extension and subsequent inversion during the 
Alpine orogeny. The Ricla field area is indicated in the black rectangle (Fig. 2.1). Modified after Instituto 
Geológico y Minero de España (http)//www.IGME.es, MAGNA 50, area 382).
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Local and eustatic sea-level fluctuations complemented basin development to the 
end of the Triassic (Aurell et al., 2003).

The Early and Middle Jurassic tectonic processes caused a gradual subsidence 
of the Iberian Basin, towards the Late Jurassic subsidence became more complex 
(Salas and Casas, 1993). Sediments of the Ricla ramp were deposited during the 
Kimmeridgian. At this time the Iberian Basin was bordered by the Ebro Mas-
sif in the northeast, the Iberian Massif in the southwest and the open Tethys in 
the southeast. The shallow open Soria Seaway separated the two massifs in the 
north connecting the Basque-Cantabrian Basin with the Iberian Basin (Fig. 2.4A). 
The marine setting of the Iberian Basin was characterized by the deposition of 
carbonates. Erosional products from the surrounding massifs intermingle with the 
shallow-water carbonate sediments with variable amounts of detrital sediments, 
e.g. quartz grains and clays. Towards the end of the Jurassic a long-term eustatic 
sea-level drop resulted in a basinward facies-belt migration exposing the former 
Soria Seaway (Figs. 2.4B and 2.4C; Aurell et al., 2003).

The Early Cretaceous is marked by a period of tectonic quiescence, followed by 
the turbulent Alpine orogeny starting at the end of the Late Cretaceous. Inver-
sion of the rift faults, previously forming the Iberian Basin, caused uplift of the 
older Mesozoic and Paleozoic sediments (Salas and Casas, 1993). This period of 
shortening was associated with thrusting and folding perpendicular to the plate 
movement. The Ricla outcrop became exposed due to the formation of a large 
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synclinal structure with a folding axes orientated in a NNW-SSE direction (San 
Román and Aurell, 1992). The eastward tilting western flank of this syncline gives 
an excellent view on the lateral and vertical development of the Kimmeridgian 
carbonate ramp sediments (Fig. 2.3).

2.4 sedimentoloGiCal settinG

During the Late Jurassic the epeiric, intracratonic sea covering the Iberian Basin 
was characterized by the development of low angle carbonate ramp systems 
(Fig. 2.4) propagating towards the Tethys in the southeast (Aurell et al., 2003). 
The Ricla outcrop is oriented in a north-south direction covering the distal and 
proximal part of such an Upper Jurassic carbonate ramp system. The individual 
beds can be traced over a ~6km distance, from the proximal north to the distal 
south (Bádenas and Aurell, 2001).

The carbonate ramp sediments outcropping in the Ricla exposure were depos-
ited during two transgressive-regressive sequences (Fig. 2.2A; Bádenas, 1999). 
Deep marine marls and siltstones characterize the transgressive phase of the first 
T-R sequence (Sequence 1). These sediments correspond to an outer ramp setting. 
The transgressive phase ends with a maximum flooding surface (mfs) marked by 
the presence of a fossil-rich condensed level. This transition is time-equivalent to 
the Lower-Upper Kimmeridgian boundary. The sediments deposited during the 
transgressive phase of Sequence 1 are assigned to the first Facies Tract (FT-1) 
(Fig. 2.2A). The subsequent regressive phase of Sequence 1 consists of a gradual 
transition from an outer ramp to upper ramp system. The corresponding rock 
types gradually shift from fine-grained marls and siltstones to coarse-grained sand 
and grainstones. A rapid progradation characterizes the latest stage of Sequence 
1; sediments corresponding to a shallow high-energy environment are deposited 
during this short period. The regressive cycle of Sequence 1 is subdivided into 
two facies tracts. The first Facies Tract (FT-2) of this regressive phase consists of 
alternating marls and sandy mud limestones, the following Facies Tract (FT-3) is 
characterized by the rapid prograding sand- and grainstones (Fig. 2.2A).

The overlying transgressive phase of Sequence 2 is characterized by a change in 
depositional system that is dominated by the formation of carbonates. Patch reefs 
form in the proximal part of the ramp and micritic mudstones infill the distal part 
(Fig. 2.2A). A small fraction of non-carbonate grains are deposited in the distal 
realm as eventites and internalites (Bádenas et al., 2012). The sediments related 
to the regressive phase of Sequence 2 are assigned to uppermost Facies Tract 
(FT-4) (Fig. 2.2A). The regressive phase of Sequence 2 is poorly exposed in the 
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Ricla outcrop; some bioclastic sandy limestones can be observed at the eastern 
boundary of the Ricla exposure (Bádenas and Aurell, 2001, 2008).

Previous studies on the Ricla outcrop provided high-detailed facies model 
(Bádenas, 1999; Bádenas and Aurell, 2001). This model is used as a stratigraphic 
framework for this study, by assigning the measured petrophysical values to the 
prior determined facies tracts (Fig. 2.2A).

2.5 methods

A series of sequences were logged and sampled along the Ricla outcrop. In total, 
109 samples were obtained for physical and geochemical laboratory analysis.

2.5.1 field methods

Logs
Three sections were logged measuring layer thicknesses and determining rock 
texture (Dunham, 1962). The first, most proximal section (S2) is located in the 
north of the Ricla outcrop, the second section (S4) is located in the middle part and 
the final southernmost section (S7) is located in the most distal part of this outcrop 
(Figs. 2.1 and 2.2). These three sections cover all proximal and distal facies types 
that are defined by Bádenas and Aurell (2001). Furthermore, 18 small frames 
(R01-R18) were selected for additional sampling. These frames range from 1 to 
4m in height and cover the areas between the larger sections (Figs. 2.1 and 2.2). 
The samples obtained from the selected sections and frames were used for further 
textural and petrophysical lab-analyses.

Gamma ray
During logging of the sections, 62 gamma ray analyses were carried out for repre-
sentative beds using a portable gamma ray spectrometer developed by enviSPEC 
(GR-320). The apparatus records the number of counts in the 40K, 238U, and 
232Th fields during a pre-selected counting period of 120s. The gamma ray detec-
tor was placed on a flat and clean surface parallel to the bedding, measuring the 
radiation of a half sphere with a radius equal to the radius of the detecting surface.
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2.5.2 optical analyses

Microfacies
The 109 samples obtained from the exposure were used for thin-section analysis. 
Impregnation with blue resin visualizes the pore-networks of the sample. Digital 
point-counting software, JMicroVision (Roduit, 2007), was used to determine the 
sediment composition of each thin-section using 300 points per sample. Composi-
tion ratios, porosity and the presence of certain biota (algae, corals, bivalves, 
ammonites, brachiopods) contribute to assign the correct rock and facies clas-
sification to each sample.

SEM
Microporosity in the sample material is visualized by using a JCM-6000 Neo-
Scope Benchtop Scanning Electron Microscope developed by JEOL. The sample 
material is polished with corundum powder 2000 to produce a flat surface. The 
polished surface is subsequently etched for 20s with 0.1M hydrochloric acid. The 
sample material is cleaned in distilled water to stop the etching process (Mun-
necke and Servais, 1996). Then, the processed sample is mounted in the SEM 
device with conductive tape.

2.5.3 physical analyses

Thermogravimetric analysis
Subsamples (~5g per specimen) of the 109 samples were ground in order to per-
form Thermogravimetric Analysis using the TGA701 developed by LECO. The 
machine measures weight-loss of the powder during a stepwise heating procedure 
from 25°C to 1000°C in four hours (1) Temperature rises from 25°C to 105°C in 
an air filled atmosphere in order to evaporate moisture present in the powdered 
sample. The residual dry mass is measured and used as a reference weight for 
all subsequent steps. (2) The temperature is raised to 330°C in a pure oxygen 
atmosphere to determine the mass fraction of readily oxidizing organic mate-
rial. The same step is repeated at a temperature of 550°C. (3) The temperature 
is quickly raised to 615 °C in a pure carbon dioxide atmosphere to detect the 
release of crystallization water or OH-groups present within the minerals of the 
sample material. (4) During the final step, temperature is raised to 1000°C in a 
pure carbon dioxide atmosphere to determine the total mass fraction of CaCO3. 
At every step the temperature is maintained constant until no weight-loss devia-
tions greater than 0.5% are detected. The output of this analysis is a percentage of 
the Total Organic Carbon (TOC), the carbonate content and the insoluble matter.



Rock properties of a Jurassic siliciclastic-carbonate ramp 29

2

Grain-size
A grain-size analysis was carried out on 58 samples to define the grain-size distri-
bution of the non-dissolved inorganic grains in the sediment. Preparation of mixed 
siliciclastic-carbonate sedimentary rocks starts by breaking the sample-material 
to mm-sized fragments using an arbor press. To avoid breakage of the individual 
grains only minor force was applied. The carbonates present in the broken rock-
fragments are dissolved using hydrochloric acid, by adding hydrogen peroxide 
the organic material is dissolved. The diluted samples are heated to accelerate 
the chemical process. When the chemical reaction has ended the treatment is 
terminated. The final preparation step is diluting the sample residue with water, 
letting it rest for 12 h and drain the redundant water. A laser diffraction apparatus 
developed by Sympatec (HELOS QUIXEL) was used to determine the grain-size 
distribution of the remaining sediment.

Porosity
All 109 samples were vertically drilled and cut into planar parallel cylindrical 
plugs of 1.5 inch in diameter. Water present in pores after drilling was vaporized 
by placing the plugs in an oven at 60°C for at least 72h. The volume and bulk 
density (ρbulk) of each plug was calculated by measuring the weight (mplug) and di-
mensions and of the cylinder (πr2h) using a caliper (Eq. 1). Subsequently the grain 
density (ρgrain) was measured using a gas displacement pycnometer developed by 
Micrometrics (AccuPyc 1330). The porosity is calculated using the bulk and grain 
density according to Eq. 2. A more detailed description of this procedure can be 
found in Kenter and Ivanov (1995).

Acoustic properties
The cylindrical plugs are tested on their acoustic velocities using a High Pressure 
Measurement System (HPMS) developed by Verde Geoscience. The machine 
consists of (1) a transducer bearing a receiver and source crystal emitting a P-wave 
(VP) and two orthogonal polarized S-waves (VS) at 1 MHz; (2) an oil reservoir 
connected to a pump allows to build the confining pressure up to 40 MPa; (3) an 
oscilloscope and computer translating the signal to digital data. The oven-dried 
cylindrical plugs are secured in impermeable rubber sleeves and subsequently 
placed in the transducer. The transducer is inserted in the oil reservoir and step-
wise pressurized to 40 Mpa. The corresponding travel times of the acoustic waves 
at each pressure step (2.5, 5, 10, 20 and 40 MPa) are measured. These measured 
travel times are subsequently used to calculate the acoustic velocities. An applica-
tion written in Lab- VIEW helps to find the corresponding velocities of a sample 
at a pre-defined pressure. The velocity of the plug is determined for the first arrival 
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at the point where the voltage threshold exceeds 3% of its maximum amplitude. 
For carbonate rocks with a porosity of less than 30%, the measurement error is 
1%. More details on the performance of the HPMS can be found in Braaksma et 
al. (2003), Verwer et al. (2008) and Fournier et al. (2014).

Rocks in the subsurface are in most settings saturated with brine. Modeled 
approaches on velocity plots generally use brinesaturated data. The dry measure-
ments obtained from this study are therefore further processed using the Gassmann 
equation for fluid substitution (Gassmann, 1951). A first step in determining the 
saturated P-wave velocity is calculating the bulk (K) and shear (μ) modulus (Eq. 
3 and Eq. 4) using the obtained measurements from the HPMS and AccuPyc. 
Subsequently, the obtained values can be filled in the Gassmann equation (Eq. 5) 
together with the mineral composition data obtained from the thermogravimetric 
analysis. A list of mineral standards is given in Table 2.1. The saturated P-wave 
value then can be converted from the saturated bulk modulus (Eq. 6 and Eq. 7). 
The Gassmann equation assumes that the rock’s shear modulus remains constant 
during substitution of a fluid. In carbonate sediments however, shear weakening 
or shear strengthening may occur when introducing a fluid (Baechle et al., 2005; 
Adam et al., 2006). The possible change in shear modulus of carbonate sedi-
ments makes the Gassmann equation less suitable for fluid substitution. The Ricla 
sediments are of a mixed nature and show a dominant granular texture. This type 
of texture could possibly show shear weakening and therefore may result in an 
overprediction of the Gassmann calculated velocity (Verwer et al., 2008). If the 
shear moduli, after Gassmann fluid substation, show an inconsistent behavior, 
the resulting acoustic velocities of are expected to plot below the actual saturated 
velocity values.

The P-wave and S-wave velocities increase with rising confining pressure. The 
pressure path used for this study continues up to 40 MPa to ensure that the terminal 
velocity of each sample is reached (Bourbié et al., 1987). To reduce the possibility 
of using data that did not reach their terminal velocity, further measurements and 

table 2.1. Mineral properties used for comparison and modeling. References from Mavko et al. (2009).

Mineral
Grain density 

(g/cc)
Bulk modulus 

(GPa)
Shear modulus 

(GPa)
Vp 

(km/s)
Vs 

(km/s) Poission’s ratio

Clacite 2,71 76,8 32,0 6,64 3,44 0,32

Quartz 2,65 37,0 44,0 6,05 4,09 0,08

Clay 2,55 25,0 9,0 3,81 1,88 0,34

Water 1,04 2,3 0,0 1,50 0,00 -
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cross plots are only used for the 40 MPa velocities. The synthetic seismic sections 
were created from acoustic impedance (Z) values calculated from the 40 MPa 
Gassmann saturated P-wave data and bulk densities (Eq. 8).

Synthetic seismic modeling
The spatial distribution of these calculated impedance values is based on the 
stratigraphy as defined in the sections and frames. These stratigraphic succes-
sions are matched and integrated in the facies model (Fig. 2.2A). The calculated 
acoustic impedances are subsequently assigned to the correlated intervals. Lateral 
and vertical variations of the acoustic impedances were taken into account for the 
final acoustic impedance profile. Non-exposed areas of the Ricla outcrop were 
filled with extrapolated values based on the facies model (Fig. 2.2A). Changes 
in impedance values (Eq. 9) are described by the reflection coefficient (R). Fi-
nally a 400 Hz and 100 Hz Ricker wavelet was used to convolute the reflection 
coefficients to synthetic seismic traces. The visualization of the synthetic seismic 
profiles was performed with SeisLab, an application written in MATLAB. 250 
seismic traces were equally distributed over the ~6km exposure; the spacing 
between two traces is ~24 m.

2.6 Results

2.6.1 stratigraphy

Logs
Previous work on the Ricla exposure (Bádenas, 1999; Bádenas and Aurell, 2001) 
consisted of detailed logging and facies descriptions based on eight sections 
(Figs. 2.1 and 2.2). The field data and corresponding interpretations obtained 
from these previous studies are used as a foundation for this study. During the 
performed fieldwork, sections S2, S4 and S7 were reinvestigated and combined 
with 18 additional frames (R01-R18), covering the entire exposure and all previ-
ously determined facies types.

Section S2
Section S2 (Fig. 2.2B) is the most proximal section of this study area. The section 
covers all the Kimmeridgian sequences. The base of the section is characterized 
by a 7m thick alternation of bioclastic lime-mudstones, marls and siltstones. The 
top of this unit shows a number of beds with high concentrations of solitary corals 
(maximum flooding surface (mfs); Aurell et al., 1995). This lowermost sequence 
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is assigned to Facies Tract 1 (FT-1) and is indicated in yellow (Fig. 2.2). Above 
these beds a 55m thick package of alternating sandy limestones and marls is pres-
ent. This part of the succession is characterized by four 10-15m thick cycles in 
which the carbonate content varies randomly. In addition, the top of this unit 
is coarser grained compared to its base. This second succession of sediments is 
assigned to Facies Tract 2 (FT-2) and is indicated in green (Fig. 2.2). Levels with 
slightly cross-bedded grain- and sandstones appear in the following 19m thick 
unit. The thickness of the individual cross-beds increases towards the top of the 
unit. In addition, the composition of the cross-beds changes from sandstones at 
the base to mixed oolitic sandstones in the middle to oolitic grainstones in the 
upper part of this unit. These sediments are related to Facies Tract 3 (FT-3) and 
correspond to the red color (Fig. 2.2). Above this cross-bedded unit a 1m thick 
level of oncoid rudstones is present, which shifts towards coralgal float- and 
boundstones continuing for 5m towards the top of the section. The top part of 
this sequence is assigned to Facies Tract 4 (FT-4), this unit is indicated in blue 
(Fig. 2.2).

Section 4
The middle section S4 (Fig. 2.2B) covers the entire stratigraphy of the Kimmer-
idgian sequences. The 5m thick base of the succession consists of alternating 
bioclastic lime-, mud- and siltstones followed by solitary coral levels (FT-1), 
which are significantly thinner compared to the ones present in section S2. The 
subsequent alternating sandy limestones and marls continue for 52m (FT-2). The 
following unit consists of cross-bedded oolitic-bioclastic sand- and grainstones 
and has a total thickness of 10m (FT-3). It is significantly thinner compared to 
sequence in section S2. The oncolitic level present in S2 is also observed in this 
section and has a thickness of 0.5 m. It is succeeded by coralgal float- and mud-
stones with millimeter-sized sand-layers that are more abundant towards the top 
of this section (FT-4).

Section 7
The most distal section S7 (Fig. 2.2B) does not completely enclose the entire 
Kimmeridgian sequences. The base of the section is characterized by a 34m thick 
package of alternating sandy limestones and marls (FT-2). The following cross-
bedded unit consists of oolitic-bioclastic sand- and grainstones and has a total 
thickness of 7m (FT-3). A 0.5m thick oncolitic level separates the cross-beds from 
mudstones alternating with millimeter-sized sand-layers (FT-4).
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fig. 2.5. Thin section photographs of all facies encountered. (A) Sample S4.1 within FT-1: Sand grains and 
bioclasts in a micritic matrix. (B) Sample S2.5 within FT-1: Part of a solitary coral, embedded in bioclast sup-
ported micrite. (C) Sample R4.2 within FT-2: Quartz grains embedded in a micritic matrix, matrix supported 
example. (D) Sample R5.2 within FT-2: Quartz grains embedded in a micritic matrix, grain supported ex-
ample. (E) Sample R1.6 within FT-3: Oolitic grainstone, nuclei consist of quartz grains. (F) Sample R6.2 within 
FT-3: Cemented bioclastic sandstone. (G) Sample S7.11 Within FT-4: Micrite mudstone with mm-sized even-
tites consisting of quartz grains. (H) Sample R11.3 within FT-4: Coralgal fl oatstone with a fragment of coral 
and quartz grains embedded in a micritic matrix.
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2.6.2 facies

Representative thin sections of each facies are displayed in Fig. 2.5. The outer 
ramp Sequence 1 sediments (Fig. 2.2) are characterized by fine-grained sand, silt 
and bioclasts embedded in a micritic matrix (FT-1) (Fig. 2.5A). The maximum 
flooding surface (mfs) at the end of the transgressive phase is characterized by 
multiple levels with numerous solitary corals (Fig. 2.5B). The sediments related to 
the subsequent regressive phase are marked by high concentrations of fine-grained 
siliciclastic sand and silt embedded in a micritic matrix (FT-2) (Fig. 2.5C and 
2.5D). Minor vertical variations in the silica-mud ratio of this mid-ramp succes-
sion can be observed in the exposure; more silica results in less weathered layers. 
The upper ramp sediments deposited at the end of Sequence 1 mainly consist of 
well-cemented oolites and coarse-grained sand and gravel (FT-3) (Fig. 2.5E and 
2.5F). The sequence boundary (sb) between Sequence 1 and Sequence 2 is marked 
by a meter thick oncolitic rudstone bed, followed by coralgal boundstone in the 
proximal part of the exposure (Fig. 2.5H) and micritic mudstones with eventites 
and internalites (Bádenas et al., 2012) in the distal part (FT-4) (Fig. 2.5G). The 
latter are mm-sized siliciclastic layers formed during storm events and internal 
waves.

Point counting data obtained from JMicroVision (Roduit, 2007) show the absence 
of macroporosity in the samples. Fracture porosity is generally the only type of 
porosity observed in the thinsections. Intergranular spaces are either filled with 

B

C

A

DC

D

fig. 2.6. SEM images of sample R4.1. (A) Thin section displaying the presence of aligned microfractures 
indicated with the white arrow. (B) Image of the polished and etched plug sample, quartz crystals are less 
affected by etching and therefore show relief with respect to the micritic matrix. (C) Zoomed in onto the 
micrite showing small holes defined as microporosity and flat polished quartz grains. (D) Zoomed in onto 
one specific micropore, showing the individual micrite grains and the pore area in between.
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cement or micrite; no dissolution of the individual grains is visible, making 
the rocks extremely tight. A fraction of the porosity consists of microfractures 
(Fig. 2.6A) or microporosity encapsulated in the micrite (Figs. 2.6B, 2.6C and 
2.6D). The SEM images show the presence of these types of porosity in the sedi-
ments.

2.6.3 physical properties

Thermogravimetric analysis
A wide range of carbonate contents is measured in the powdered specimen, vary-
ing from 15.4% in the sandstone shoals of FT-3 to 92.6% in the coralgal bound-
stones of FT-4. The amount of organic matter burned during the heating process 
ranges from 0.2% in FT-4 to 1.5% in FT-1. The residual is assigned as inorganic 
matter ranging from 7.0% in FT-4 to 84.2% in FT-3. Thin section analysis showed 
that the residual fraction is dominated by siliciclastic grains. The distribution of 
these grains is further subdivided in clay, silt and sand using a grain-size analysis 
(Tables 2.2 and 2.3).

table 2.2. Petrophysical properties of the samples obtained from the field. VP and VS data are measured at 
40 MPa. BD = Bulk Density GD = Grain Density G-R = Gamma ray GS = Median grain-size. This table contains 
all samples that were selected for a grain-size analysis.

Sample Facies 
Bulk 

density 
Grain 

density Porosity Vp Vs G-R CaCO3 Organic Clay Silt Total Sand GS

(#) (FT) (g/cc) (g/cc) (%) (km/s) (km/s) (API) (%) (%) (%) (%) (%) (micron)

R1.1 3 2,61 2,67 2,4 5,032 3,023 nd 41,3 0,4 1,5 4,0 52,8 320

R1.2 3 2,51 2,69 6,7 5,450 3,119 nd 58,8 0,4 2,3 4,5 33,9 250

R1.3 3 2,57 2,67 3,6 5,052 3,109 38,4 33,8 0,4 2,1 5,3 58,3 541

R1.4 3 2,62 2,67 2,0 5,396 3,367 21,6 36,3 0,3 1,4 2,6 59,4 857

R1.5 3 2,64 2,69 1,7 5,799 3,301 nd 63,5 0,3 1,8 5,3 29,1 311

R1.6 3 2,68 2,70 0,9 6,027 3,191 10,8 88,1 0,3 0,8 2,2 8,6 170

R2.1 4 2,67 2,70 1,3 5,918 3,132 nd 88,3 0,6 3,7 5,3 2,1 17

R2.2 4 2,68 2,70 0,9 5,993 3,160 nd 87,6 0,6 2,7 5,6 3,5 35

R3.1 4 2,64 2,70 2,1 5,680 3,055 nd 84,4 0,8 4,7 6,7 3,4 20

R3.2 4 2,66 2,70 1,8 5,852 3,108 nd 89,6 0,6 4,9 4,4 0,5 8

R3.3 4 2,66 2,70 1,8 5,848 3,114 nd 90,0 0,6 2,2 2,6 4,6 58

R4.1 2 2,59 2,69 3,7 5,273 3,058 54,4 65,1 0,8 10,8 14,4 8,8 18

R4.2 2 2,61 2,69 2,9 5,303 3,020 54,4 66,7 0,9 11,8 14,4 6,2 14

R5.1 2 2,62 2,68 2,3 5,600 3,260 nd 56,9 0,4 5,9 9,7 27,1 115

R5.2 2 2,64 2,69 1,6 5,809 3,325 nd 62,1 0,5 8,1 12,4 16,9 49

R5.3 2 2,65 2,69 1,5 5,817 3,270 nd 66,2 0,5 6,1 10,8 16,4 61

R6.1 3 2,64 2,68 1,5 5,755 3,379 nd 54,5 0,3 2,7 5,6 36,9 214

R6.2 3 2,58 2,68 3,8 5,380 3,187 nd 51,8 0,5 5,5 9,9 32,2 143

R6.3 3 2,64 2,69 1,8 5,725 3,254 nd 67,0 0,4 1,9 4,8 25,9 234
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table 2.2. Petrophysical properties of the samples obtained from the field. VP and VS data are measured 
at 40 MPa. BD = Bulk Density GD = Grain Density G-R = Gamma ray GS = Median grain-size. This table 
contains all samples that were selected for a grain-size analysis. (continued)

Sample Facies 
Bulk 

density 
Grain 

density Porosity Vp Vs G-R CaCO3 Organic Clay Silt Total Sand GS

R7.1 2 2,62 2,68 2,1 5,438 3,215 nd 51,1 0,6 8,9 12,7 26,7 81

R7.2 2 2,64 2,68 1,2 5,528 3,313 nd 47,6 0,4 5,7 10,3 36,0 146

R7.3 2 2,66 2,69 1,3 5,904 3,309 nd 68,5 0,5 4,6 7,7 18,7 97

R8.1 2 2,62 2,68 2,3 5,417 3,155 45,2 58,5 0,6 8,0 11,5 21,5 73

R8.2 2 2,64 2,69 2,1 5,637 3,163 nd 72,3 0,7 6,2 10,4 10,5 37

R8.3 2 2,62 2,69 2,8 5,436 3,135 nd 67,1 0,6 6,0 9,7 16,6 68

R9.1 2 2,65 2,68 1,1 5,939 3,375 nd 57,7 0,4 6,3 9,3 26,4 122

R9.2 2 2,62 2,69 2,3 5,701 3,268 nd 60,1 0,5 8,5 12,0 18,9 55

R9.3 2 2,65 2,69 1,4 5,841 3,312 nd 64,5 0,4 6,4 9,6 19,1 80

R10.1 1 2,51 2,67 6,1 4,156 2,627 110,8 35,9 1,3 15,0 32,1 15,8 29

R11.1 4 2,67 2,71 1,3 6,190 3,208 nd 92,6 0,4 1,1 2,3 3,7 69

R11.2 4 2,67 2,70 1,3 6,124 3,240 nd 85,8 0,5 3,1 6,4 4,2 29

R11.3 4 2,65 2,70 1,8 5,999 3,199 nd 86,0 0,5 2,7 5,6 5,1 40

R12.1 3 2,62 2,68 2,1 5,431 3,238 nd 46,2 0,3 2,6 6,7 44,1 207

R12.2 3 2,57 2,66 3,6 5,268 3,282 nd 23,1 0,5 2,9 5,6 67,9 757

R12.3 3 2,64 2,68 1,6 5,755 3,362 nd 50,0 0,3 2,1 5,0 42,6 244

R12.4 3 2,64 2,68 1,7 5,602 3,310 nd 53,8 0,3 1,9 4,5 39,5 237

R13.1 3 2,60 2,67 2,5 5,353 3,325 nd 31,4 0,4 2,6 6,2 59,4 434

R13.2 3 2,64 2,68 1,6 5,440 3,178 nd 53,9 0,5 1,7 3,7 40,3 253

R13.3 4 2,59 2,70 4,1 5,316 2,982 nd 77,6 0,9 9,3 9,7 2,4 11

R13.4 4 2,69 2,70 0,3 5,925 3,190 nd 82,3 0,6 6,0 8,0 3,0 17

R14.1 2 2,66 2,69 1,0 5,607 3,161 nd 66,3 0,7 8,7 12,5 11,8 28

R14.2 2 2,65 2,69 1,5 5,718 3,160 nd 73,6 0,6 7,2 9,5 9,1 27

R14.3 2 2,67 2,69 0,9 5,847 3,225 nd 72,5 0,5 6,7 8,8 11,5 39

R15.1 3 2,63 2,68 1,9 4,862 3,073 nd 44,4 0,3 4,2 12,4 38,7 110

R15.2 3 2,65 2,68 0,9 5,718 3,375 nd 47,4 0,3 3,1 7,2 41,9 191

R15.3 3 2,60 2,66 2,3 5,415 3,420 nd 22,1 0,3 1,8 3,9 71,9 961

R15.4 3 2,64 2,68 1,6 5,829 3,344 nd 57,0 0,3 2,8 7,7 32,2 199

R16.1 3 2,65 2,68 1,0 5,633 3,294 nd 51,7 0,3 2,0 5,1 40,9 203

R16.2 3 2,61 2,67 2,5 4,983 3,066 nd 37,7 0,3 2,5 5,1 54,5 341

R16.3 3 2,62 2,68 2,5 5,627 3,241 nd 58,0 0,3 1,2 3,6 36,9 326

R16.4 3 2,64 2,69 1,7 5,813 3,203 nd 64,7 0,4 1,8 4,6 28,5 319

R17.1 3 2,65 2,68 1,1 5,767 3,411 53,6 43,0 0,4 2,6 6,5 47,5 225

R17.2 3 2,65 2,68 0,9 5,834 3,388 32,4 49,2 0,3 2,0 4,7 43,8 208

R17.3a 3 2,66 2,70 1,4 5,941 3,192 24,4 80,1 0,4 1,4 4,2 13,8 177

R17.3b 3 2,66 2,69 1,1 5,898 3,258 24,4 65,5 0,4 2,5 5,9 25,7 185

R17.4 3 2,65 2,69 1,5 5,640 3,250 24,4 61,4 0,3 2,1 6,1 30,2 187

R17.5 3 2,63 2,67 1,8 5,519 3,275 25,2 38,9 0,4 2,6 6,1 52,0 418

S2.1 1 2,48 2,67 7,1 3,229 2,213 129,6 40,3 1,4 18,7 36,7 2,9 15
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table 2.3. Petrophysical properties of the samples obtained from the field. VP and VS data aremeasured at 
40 MPa. BD = Bulk Density GD = Grain Density G-R = Gamma ray. The samples displayed in this table were 
not selected for the grain-size analysis.

Sample Facies 
Bulk 

density 
Grain 

density Porosity Vp Vs 
Gamma 

Ray CaCO3 Organic Inorganic

(#) (FT) (g/cc) (g/cc) (%) (km/s) (km/s) (API) (%) (%) (%)

S2.2 1 2,67 2,70 0,9 5,850 3,173 56,8 80,3 0,9 18,8

S2.3 1 2,64 2,69 2,2 5,663 3,120 59,2 73,8 0,7 25,5

S2.4 1 2,62 2,70 2,8 6,061 3,241 35,2 83,3 0,4 16,4

S2.5 1 2,64 2,70 2,0 5,896 3,168 33,2 78,3 0,5 21,2

S2.6 2 2,65 2,69 1,4 5,775 3,281 43,2 61,1 0,5 38,4

S2.7 2 2,59 2,68 3,4 5,113 2,979 54 53,5 0,7 45,8

S2.8 2 2,64 2,69 1,8 5,737 3,224 32,4 62,7 0,5 36,8

S2.9 2 2,55 2,68 4,9 4,849 2,924 58,8 47,8 0,6 51,6

S2.10 2 2,64 2,69 1,7 5,798 3,224 nd 67,6 0,4 32,0

S2.11 2 2,63 2,68 1,8 5,549 3,288 38 43,6 0,3 56,1

S2.12 2 2,64 2,69 1,8 5,701 3,139 40,4 69,6 0,6 29,8

S2.13 2 2,53 2,68 5,6 4,905 2,924 60 49,4 0,6 50,0

S2.14 3 2,63 2,68 1,9 5,786 3,351 34,8 52,2 0,3 47,4

S2.15 3 2,65 2,69 1,4 5,836 3,489 19,6 60,9 0,4 38,7

S2.16 3 2,61 2,68 2,6 5,500 3,204 19,6 54,8 0,4 44,8

S2.17 3 2,64 2,69 1,8 5,736 3,267 12 59,9 0,4 39,7

S2.18 3 2,56 2,66 3,5 4,600 2,942 36 15,4 0,4 84,2

S2.19 3 2,65 2,69 1,6 5,867 3,262 23,2 68,8 0,3 30,9

S2.20 3 2,64 2,69 1,6 5,783 3,251 23,2 62,4 0,4 37,3

S2.21 4 2,65 2,70 2,1 5,917 3,155 10 87,3 0,3 12,4

S2.22 4 2,65 2,71 1,9 5,677 3,048 8,8 92,6 0,3 7,1

S2.23 4 2,67 2,71 1,4 6,083 3,197 20,8 91,9 0,2 7,9

S2.24 4 2,66 2,70 1,6 6,072 3,215 4,8 90,0 0,2 9,8

S4.1 1 2,63 2,70 2,5 5,608 3,044 64 78,2 1,2 20,7

S4.2 1 2,67 2,69 0,9 5,798 3,149 53,2 73,0 0,6 26,4

S4.3 1 2,68 2,70 0,7 5,900 3,149 45,6 81,1 0,4 18,4

S4.4 1 2,63 2,68 1,9 5,332 3,145 50,4 45,2 0,8 54,0

S4.5 2 2,61 2,69 2,7 5,640 3,215 49,6 63,6 0,5 35,8

S4.6 2 2,61 2,68 2,7 5,382 3,108 48 58,4 0,5 41,1

S4.7 2 2,63 2,68 1,9 5,323 3,127 67,6 54,3 0,8 44,9

S4.8 2 2,67 2,68 0,5 4,948 2,886 93,2 54,9 1,0 44,1

S4.9 2 2,59 2,67 3,1 5,026 3,096 45,2 39,1 0,7 60,2

S4.10 2 2,65 2,69 1,3 5,831 3,262 50,4 61,7 0,5 37,9

S4.11 2 2,62 2,69 2,7 5,552 3,185 38 64,8 0,7 34,5

S4.12 2 2,57 2,68 4,1 5,664 3,314 54,8 58,7 0,5 40,9

S4.13 2 2,62 2,69 2,6 5,463 3,134 34 67,5 0,6 31,9

S4.14 2 2,59 2,69 3,5 5,433 3,102 56,4 59,0 0,7 40,3
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Grain-size
The measured grain-size of the non-dissolved inorganic sample residue is catego-
rized in three groups: (1) clay-sized particles: < 3.9 μm (2) silt-sized particles: 
3.9-62.5 μm (3) sand-sized particles 62.5-2000 μm (Wentworth, 1922). The 
presence of clay is minor throughout all sections with exception of the samples 
obtained from the outer ramp facies (FT-1). In this facies the clay content reaches 
19% and the silt content 37%. For the entire dataset the median grain-size of the 
samples varies between 8 mm and 961 mm, the values are presented in Table 2.2.

Gamma ray
Gamma ray measurements were carried out over 62 sampled layers. The measured 
gamma ray data are displayed in API units (Ellis, 1987) ranging between 4.8 and 
129.6 (Fig. 2.2). The highest API values are measured in the outer ramp sediments 
(FT-1) and to a lesser extend in the middle ramp sediments (FT-2). These high 
values correspond to the same clay-rich and organic-rich sediments shown in the 
grain-size and TGA measurements. The measured beds at the top of Sequence 
1 (FT-3) show relative low gamma ray values, these are also observed in the 
Sequence 2 sediments (Tables 2.2 and 2.3).

table 2.3. Petrophysical properties of the samples obtained from the field. VP and VS data aremeasured at 
40 MPa. BD = Bulk Density GD = Grain Density G-R = Gamma ray. The samples displayed in this table were 
not selected for the grain-size analysis. (continued)

Sample Facies 
Bulk 

density 
Grain 

density Porosity Vp Vs 
Gamma 

Ray CaCO3 Organic Inorganic

S4.15 3 2,62 2,67 2,0 5,358 3,247 26,8 37,4 0,3 62,2

S4.16 3 2,48 2,67 6,8 4,811 2,991 41,6 29,6 0,5 69,9

S4.18 4 2,67 2,70 1,2 5,971 3,184 22,8 85,6 0,6 13,8

S7.1 2 2,59 2,69 3,4 5,009 2,918 58 59,5 1,0 39,5

S7.2 2 2,54 2,68 5,3 5,351 3,135 44 52,6 0,6 46,8

S7.3 2 2,63 2,69 2,2 5,823 3,278 29,6 67,1 0,5 32,4

S7.4 2 2,55 2,69 5,3 5,530 3,116 47,6 74,1 0,7 25,2

S7.5 2 2,62 2,68 2,3 5,257 3,146 56 49,5 0,4 50,1

S7.6 3 2,62 2,66 1,5 5,512 3,430 48,8 23,1 0,3 76,6

S7.7 3 2,63 2,68 2,0 5,532 3,237 33,6 54,6 0,4 45,0

S7.8 3 2,61 2,67 2,1 5,506 3,349 nd 33,7 0,3 66,0

S7.9 3 2,64 2,69 1,9 5,977 3,414 38,8 62,5 0,4 37,1

S7.10 3 2,62 2,68 2,1 5,452 3,215 31,2 48,0 0,3 51,7

S7.11 4 2,63 2,70 2,7 5,926 3,344 42 81,3 0,6 18,1
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Porosity
Microfacies analysis shows the lack of macroporosity of the individual specimen. 
Porosity measurements on the cylindrical plugs by volumetric calculations range 
between 0.3% and 7.2%. Grain density measurements obtained from the pyc-
nometer range between 2.60 g/cc and 2.73 g/cc. The upper limit of 2.73 g/cc cor-
responds to the mineral density of calcite (Table 2.1). Quartz has a mineral density 
of 2.65 g/cc (Table 2.1), but the presence of clays and organic matter may reduce 
the grain density. The induced helium during the pycnometer measurements might 
not always reach the entire pore network. The apparatus could therefore measure 
a part of the pore spaces as a rock volume, ending up with an underestimation of 
the average grain density. Water encapsulated in the clay mineral lattice could also 
lower the average grain density of a rock sample. In addition, the grain density 
was calculated using the mineralogical composition obtained from the TGA. The 
mineral densities (Table 2.1) are assigned to the percentage of this material in the 
specific rock-sample. Grain density values obtained from the TGA are used for 
the final porosity calculation (Tables 2.2 and 2.3).

Acoustic properties
The P-wave velocities show a horizontal leveling curvature (Fig. 2.7) with an 
increasing pressure (Bourbié et al., 1987). The velocity of samples with a high 
initial velocity hardly increases with an increasing pressure. Samples with a low 
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fig. 2.7. P-wave velocity development with respect to an increasing pressure. An increase in pressure re-
sults in a rising velocity. The critical velocity is generally reached between 10 MPa and 20 MPa. Samples 
with initial low velocities below 4.5 km/s do not appear to reach their critical velocity during these mea-
surements. The lines are color coded with their corresponding porosity values. Samples with the highest 
porosities have the lowest velocities and show the largest velocity increase during the pressure build-up.
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initial velocity show a significant rise in velocity. The terminal velocity is not 
always reached at 40 MPa (Fig. 2.7).

The dry P-wave velocities measured at 40 MPa range from 3.229 to 6.190 km/s 
and the S-wave velocities from 2.213 to 3.430 km/s (Tables 2.2 and 2.3). The 
P- and S-wave data points at 40 MPa show a relation with the measured porosities 
(Fig. 2.8A). An increasing porosity results in decreasing P- and S-wave velocities. 
The coefficient of determination (R2) for the porosity is 0.338 for the P-wave 
velocity and 0.229 for the S-wave velocity.
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fig. 2.8. Measured dry P-wave (circles) and S-wave (diamonds) velocities at 40 MPa plotted against poros-
ity, additional rock properties are color-coded. (A) Carbonate content shows a P-wave velocity increase with 
an increasing amount of carbonate for a given porosity, S-wave velocities show lower values for samples 
with a high carbonate content for a given porosity. (B) A clay content between 0 and 13% does not appear 
to influence the P-wave and S-wave velocities. Clay contents above 13% seem to lower the P-wave an S-
wave velocity. (C) The organic matter does not seem to affect the acoustic properties. Two samples with an 
organic matter content above 1.2% show lower P-wave and S-wave velocities with respect to the rest of the 
dataset. (D) Gamma ray measurements with API values above 100 show lower P-wave and S-wave veloci-
ties, below 100 API the effect is not clear.
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The acoustic properties are compared with the additional measured lab- and 
field-data (Fig. 2.8). The TGA data show a correlation between the carbonate 
content and the measured P-wave velocities (Fig. 2.8A). A high carbonate content 
corresponds to high P-wave velocities. The S-wave velocities become lower with 
an increasing fraction of carbonate.

A number of data points deviate significantly from the general trend line in the 
velocity-porosity transforms (Fig. 2.8A). An increase in clay content and organic 
matter show a deviation towards lower velocity values (Fig. 2.8B and 2.8C). The 
gamma ray measurements show high API values (Fig. 2.8D) for the same outliers 
that were observed in the clay content (Fig. 2.8B) and organic matter (Fig. 2.8C).

The clay content, organic matter and gamma ray data show clear mutual rela-
tions (Fig. 2.9). Samples with a high clay content relate to samples with a large 
amount of organic matter (Fig. 2.9A). Lithologies with high gamma ray values 
relate to these same samples with high clay contents (Fig. 2.9B) and large frac-
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42 Chapter 2

tions of organic matter (Fig. 2.9C). Low P- and S-wave velocities correspond to 
these high values of clay content, organic matter and gamma ray (Fig. 2.8).
The Gassmann fluid substitution (Eq. 5) is applied to all measured dry P-wave 
velocities at 40 MPa. The modeled saturated P-wave velocities range from 4.042 
to 6.241 km/s. The fluid substituted values are subsequently used for synthetic 
seismic modeling.

2.7 disCussion

2.7.1 Velocity-porosity transforms and rock composition

Velocity-porosity models are used to predict the porosity from seismic data with a 
known mineral composition and known porefluid. Vice versa, the acoustic proper-
ties of rocks can be estimated from porosity-data with a known mineral composi-
tion and porefluid. Wyllie et al. (1956) defined the Wyllie time-average (WTA) 
equation (Eq. 10) for sedimentary rocks. The porosity and known mineral and 
pore-fluid velocity (Table 2.1) are required to calculate the final velocity outcome 
of the sample (Fig. 2.10). Raymer et al. (1980) defined the Raymer-Hunt-Gartner 
(RHG) relation (Eq. 11); another approach to calculate the velocity from mineral, 
fluid and porosity data (Fig. 2.10).
The Ricla sediments have a mixed mineral composition that consists of quartz and 
carbonate and in a lesser extent clay and organic matter. Therefore the velocity-
porosity models are calculated for multiple carbonate-quartz ratios. The RHG 
equation overestimates the measured data for different mineral compositions. The 
velocity-porosity models obtained from the WTA provide a better approximation 
of the measured dataset, although the models are still overestimating the majority 
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of the data points. Overestimation of the models may be caused by a the presence 
of clay in the sediments (Tosaya and Nur, 1982; Han et al., 1986; Eberhart-Phillips 
et al., 1989; Guo et al., 2013). Another possible cause for the overestimation of 
the modeled lines is shear weakening that may occur during the actual measure-
ments but is not integrated when applying the Gassmann fluid substitution.

Additional non-linear velocity-porosity transform models for mixed carbonates 
(Eq. 12) were described by Kenter et al. (1997). The carbonate content (fc) and a 
corresponding porosity interval between 0% and 10% are combined with a num-
ber of constants (C1-C4) (Table 2.4) defined for a pressure of 40 MPa (Fournier 
and Borgomano, 2009).

The modeled data points are in line with the measured data but do show a sig-
nificant scatter (Fig. 2.11). A possible cause for this scatter in the lower velocity 
range is the absence of clay and fractures incorporated in this transform. The 
presence and quantity of clay and fractures may significantly reduce the acoustic 
velocity for samples with a given amount of porosity (Xu and White, 1995; Xu 
and Payne, 2009).

table 2.4. Input values used for the velocity-porosity transform model presented by Kenter et al. (1997). 
Constants are derived from Fournier and Borgomano (2009).

  Vp (40 MPa) Vs (40 MPa) Vp/Vs (40 MPa)

C1 5132 3373 1,540

C2 -12232 -8267 -0,092

C3 1294 -56 0,405

C4 -12613 -2066 -1,984
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Not only fractures, mineral composition and the amount of porosity play a role in 
the velocity-porosity transforms. Also the type (Choquette and Pray, 1970; Lucia, 
1983; Lønøy, 2006), shape and size of pores in sedimentary rocks are of major 
importance in this distribution (Eberli et al., 2003; Weger et al., 2009). The pore 
geometry can be quantified by the following parameters: pore perimeter over area 
(Weger et al., 2009), dominant pore size (Weger et al., 2009), pore roundness 
(Anselmetti et al., 1998) and the pore aspect ratio (Kuster and Toksöz, 1974; As-
sefa et al., 2003; Kumar and Han, 2005). Rocks containing spherical pores such as 
oomoldic grainstones have a pore aspect ratio near 0.8; samples dominated by the 
presence of interparticle pores are described by an aspect ratio of 0.15; the lower-
most aspect ratios around 0.02 are assigned to fractures (Xu and Payne, 2009). The 
aspect ratio describes the stiffness of the rock samples, a stiff framework relates 
to high velocities and vice versa (Kumar and Han, 2005; Xu and Payne, 2009; 
Weger et al., 2009; Fournier et al., 2014). Porosities measured on the samples 
obtained from the Ricla exposure are relative low (porosity < 7.2%). Thin-section 
analysis shows a lack of macroporosity in the sediments. The dominant type of 
porosity is therefore assigned to microporosity embedded in the micritic matrix. 
The presence of microporosity is supported by the velocity underestimation of 
this dataset compared to the WTA and RHG model (Fig. 2.10). The pore shape 
model of Xu and Payne (2009) was used to determine the pore types present in the 
rock samples (Fig. 2.12). The model implicates that micropores and cracks have 
the lowermost aspect ratio and relate to the lowest velocities for a given porosity. 
The middle line is the reference line based on the RHG, which solely describes 
interparticle and intercrystalline pores. The highest aspect ratios are related to 
moldic or vuggy porosity, these samples have a stiff rock framework that is related 
to relative high velocities. The dataset was subdivided in three groups based on 
their carbonate content 0-40% carbonate (Blue), 40-60% carbonate (Green) and 
60-100% carbonate (Red). The reference-line overestimates all the data points 
for interparticle and intercrystalline porosity. This implies a dominant presence 
of micropores and fractures in the plugs. Thin section analysis and SEM images 
confirm the lack of stiff pores and interparticle pores. On the other hand, fractures, 
microfractures and microporous micrite can be observed in the images.
Micrite, cement, fluids or gasses can fill intergranular space within sedimentary 
rocks. Fluids and gasses are excluded due to the generally low porosity. The 
dominant intergranular space within the samples is therefore assigned to micrite 
or cement. Data obtained from microfacies and pointcounting analysis show a 
correlation between the facies tracts and type of intergranular infill. The sedi-
ments corresponding to FT-1, FT-2 and FT-4 are characterized by the presence 
of micrite, while sediments related to FT-3 are cemented. The saturated P-wave 
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velocities measured at 40 MPa are plotted against the carbonate content. The 
samples with a micritic matrix (FT-1, FT-2 and FT-4) are indicated in green, the 
cemented sediments (FT-3) are colored in red (Fig. 2.13). Samples with clay 
contents above 12% were excluded in this transform because of their significant 
influence on the P-wave velocity. Despite some data scattering, which can be 
related to the presence of clay and porosity (Fig. 2.8), a distinction can be made 
between the two types of intergranular space infill with respect to the velocity 
carbonate-content transform. For sediments with a comparable mineral composi-
tion (e.g. 50% carbonate and 50% quartz), the cemented sediments have higher 
velocities with respect to the micritic sediments. The velocity difference between 
the trend lines is 0.156 km/s; this discrepancy remains the same with changing 
carbonate content. The presence of microporosity in the sediments with micritic 
pore fills may relate to a relative weak framework, thus low velocities. While ce-
mented sediments lacking in microporosity may have a stiff framework, thus high 
velocities (Janson and Lucia, 2014). This is in contrast to what has been measured 
by Vanorio and Mavko (2011), where micrite is considered as a stiff component, 
causing relative high P-wave velocities. The P-wave velocity of calcite is higher 
with respect to quartz (Table 2.1). Since the micritic samples contain more calcite 
compared to the cemented samples, their average velocity is higher (Fig. 2.13).
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Pointcounting data of the thin-sections show a correlation between the granular-
intergranular ratio and the carbonate content. Samples obtained from FT-1, FT-2 
and FT-4 are micrite-supported. The carbonate content of these sediments varies 
between 40% and 95%. These numbers dominantly correspond to the percentage 
of micrite fi lled interparticle space. Samples derived from FT-3, on the other hand, 
are grain-supported; these consist of stacked quartz, ooids and bioclastic grains, 
creating many grain-to-grain contacts. The interparticle space of these stacked 
grains is fi lled by cement. The carbonate content varies between 15% and 90%. 
This wide range of carbonate content is related to the type of grains. Samples that 
predominantly consist of ooids and bioclasts show high carbonate content values; 
samples containing predominantly quartz and gravel show low carbonate content 
values. The amount of grain-to-grain contacts and interparticle infi ll are both 
infl uencing the acoustic behavior of sedimentary rocks (Storvoll and Bjørlykke, 
2004). Touching-grains may improve the transmission of acoustic waves pass-
ing through a solid. A crystalline framework formed between the grains is rigid 
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and therefore better in transmitting acoustic signals compared to a more flexible 
micritic matrix (Janson and Lucia, 2014).

2.7.2 Vp-Vs relation

The ratio between the P-wave and S-wave velocity is a well-known approach in 
determining the lithological composition of seismic- and well log-data. Castagna 
(1993) describe the VP-VS relation for sediments consisting of one mineral type. 
The S-wave velocity can be expressed using the following equation (Eq. 13) and 
given parameters (ai0 - ai2) (Table 2.5).

Due to the mixed nature of the Ricla sediments not one single equation can 
be used to approach the VP-VS relation. The empirical relations for quartz and 
carbonate, determined by Castagna (1993), are combined for multiple ratios in 
order to compare with the entire dataset (Eq. 14). The measured velocity data and 
modeled lines are superimposed by the carbonate content ranging from 0 to 100% 
(Fig. 2.14).
The measured velocity and carbonate content data fit well on the modeled em-
pirical relations. The lines perpendicular to the VP-VS ratio are modeled lines for 
equal porosity (Wyllie et al., 1956; Castagna, 1993). Towards higher porosities 
the lines of equal mineral composition come closer together, it therefore makes 
velocity prediction more difficult on high-porous samples. Some outliers do not 
correspond with the modeled velocities. The carbonate content of these outliers 
would suggest them to have a higher S-wave velocity or lower P-wave velocity 
(Fig. 2.14A). A possible explanation for these unusual values may be the presence 
of other minerals, porosity or fractures in these samples causing a distortion in 
the VP-VS ratio, where shales and clays are approached by other equations (Han et 
al., 1986; Castagna, 1993). In Fig. 2.14B the porosity is color-coded. In contrast 
to the carbonate content, the data points do not match the modeled lines. For 
porosity prediction a dataset with a wider porosity domain and single mineralogy 
would be more suitable (Fournier et al., 2014).

The VP-VS ratio plotted against the carbonate content expresses the elastic be-
havior of this dataset with a determination coefficient of 0.89. Representative thin 
sections of each facies tract are indicated in Fig. 2.15 showing the end-members of 

table 2.5. Regression coefficients for pure mineralogies. After Castagna (1993).

Mineral ai2 ai1 ai0

Calcite -0,05508 1,10168 -1,03049

Quartz 0 0,80416 -0,07775
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the dataset. The thin sections related to FT-1 (yellow) display a part of the solitary 
coral interval (S2.4) and the fine-grained rich sand-to siltstone sequence below 
(S2.1). Thin sections of FT-2 show the variety in micrite versus quartz ratio, R8.2 
contains more micrite and less quartz grains than R8.1. The selected thin sections 
of FT-3 demonstrate the variety of carbonate in this part of the sequence. The 
oolitic grainstone (R1.6) has a significant higher amount of carbonate (88.1%) 
with respect to the sandstone sample (36.3%) (R1.4). The thin sections related 
to FT-4 all have a carbonate content of 75% or more. Thin sections S7.11 shows 
the individual sandy eventites in a micritic matrix, S2.24 displays the proximal 
coralgal facies.
Previous work on mixed siliciclastic-carbonate sediments (Wilkens et al., 1984; 
Braaksma et al., 2003; Fournier and Borgomano, 2009) shows similar petrophysi-
cal distributions as the data from this study (Fig. 2.16). The good correlation for 
the different studies is indicative for a primary control of porosity on the P-wave 
velocity. The mineral composition steers the deviations from this primary trend.

2.7.3 link to seismic and sedimentary system

The spatial development of the facies tracts observed in the sedimentary system 
is combined with the measured petrophysical properties of the samples obtained 
from the outcrop (Figs. 2.2 and 2.17B). A panorama photograph of the Ricla 
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exposure covering the proximal part of the section shows the development of the 
faciesbelts in the fi eld (Fig. 2.17A). The extent of the panorama photograph and 
the internally interpreted facies boundaries are indicated in the petrophysical and 
synthetic seismic sections (Fig. 2.17).

The calculated acoustic impedances at 40 MPa and carbonate content values are 
assigned to the distinguished facies (Bádenas and Aurell, 2001), taking spatial 
variations within the facies into account (Figs. 2.17C and 2.17D). In order to 
link the physical properties to subsurface seismic data of comparable sedimen-
tary systems, the acoustic impedance section is converted to synthetic seismic 
sections (Figs. 2.17E and 2.17F). These synthetic seismic sections were created 
using two Ricker wavelets, with a 400 Hz (Fig. 2.17E) and 100 Hz frequency 
(Fig. 2.17F). In both profi les the red colors represent softkicks and the blue colors 
hard-kicks. The seismic loops of the 400 Hz convolution have an approximate 
10-15m wavelength (l); the loops resulting from the 100 Hz convolution have a 
wavelength of 40-60m. The 400 Hz seismic profi le was used to indicate at which 
interfaces one fi nds the highest amplitude contrasts. Subsequently the 100 Hz 
seismic profi le shows how the seismic resolution changes by lowering the wavelet 
frequency. The latter are more commonly used in industry for shooting relative 
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shallow seismic lines (Eq. 15). The 400 Hz profile highlights which details of the 
sedimentary system are overlooked with respect to the 100 Hz profile. Wavelet 
frequencies below 100 Hz would result in a synthetic seismic profile consisting 
of two seismic loops or less. The boundary of the section and the lack of acoustic 
data below and above the exposure would lead to artefacts. This would not give a 
realistic synthetic profile of the outcrop.

The seismic profile based on a 400 Hz wavelet shows high detailed platform 
geometries, such as the pinch-out of FT-3 and the internal carbonate build-up 
structures within the proximal facies (Fig. 2.17F). The highest amplitudes in the 
seismic traces are observed in the proximal part of the ramp system where the 
coralgal facies of FT-4 are positioned on top of the cross-bedded sand and grain-
stones of FT-3. The transition from the outer-ramp (FT-1) to middle ramp (FT-2) 
shows the same high amplitudes. These high contrasts can be explained by the 
abrupt shifts in the mineral composition of the sediments. These abrupt shifts can 
be observed between two different facies tracts but also within a single facies 
tract. Within FT-3 the contrast in mineralogy can be significant, in FT-2 these 
change are subtler. The second profile (Fig. 2.17D) displays the spatial changes in 
carbonate content. The sediments related to the transition from outer ramp (FT-1) 
to middle ramp (FT-2) do not only show a shift in terms of carbonate content but 
also in the quantity of clay. These clays significantly reduce the acoustic velocities 
and are therefore causing an extra amplitude-contrast in the seismic traces.

The 100 Hz synthetic seismic profile does not show any detailed platform 
geometries due to the longer wavelength and therefore a lower resolution. The ob-
served reflectors correspond to the major transitions between outer ramp, middle 
ramp and inner ramp facies. Internal structures within these facies-belts are not 
visible. Minor lateral variations in amplitude strength can be related to shifts in 
mineral composition. For example; the seismic loops at the FT-2-FT-3 and FT-3-
FT-4 boundaries, within the outline of the interpreted panorama photograph, show 
higher amplitude contrasts compared to the same transitions south of the photo-
graph outline. This phenomenon can be related to the proximal carbonate-rich 
and stiff (thus high VP) coralgal build-ups above FT- 3 that enhance the acoustic 
contrast. These coral build-ups can only be found in the proximal part of the 
exposure. The same happens with the presence of pure oolitic shoals, which can 
only be found in the proximal part of the exposure. The oolitic limestone samples 
have higher velocities compared to the sandstones or mixed samples. Due to their 
spatial distribution they show higher internal amplitude contrasts in the proximal 
part compared to the distal part.



52 Chapter 2

2.8 ConClusions

A summarizing figure (Fig. 2.18) shows the impact of the textural and mineralogi-
cal properties with respect to the elastic behavior of this dataset.

(1) The mineral composition of the sediments appears to be a key function for 
this specific data set. Overall, the carbonate-silica ratio plays a key role in the 
distribution of the petrophysical properties. A high percentage of carbonate cor-
responds to high P-wave velocities (Figs. 2.18C and 2.18D), while a high percent-
age of quartz corresponds to low P-wave velocities. S-wave velocities remain 
fairly constant with a varying mineral composition (Fig. 2.18G and 2.18H). The 
P-wave - S-wave ratio shows a determination coefficient of 0.87 (Figs. 2.18K 
and 2.18L). A secondary role is given to the clay-content; because of the scarce 
occurrence of clay it does not significantly influence the bulk dataset. However, 
if more than ~12% of clay is present in the sediment it significantly decreases the 
corresponding P-wave and S-wave velocity (Figs. 2.18B, 2.18F and 2.18J).
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(2) The infill of interparticle space of the sediments plays a secondary role in 
the distribution of the petrophysical properties. Where cemented and therefore 
grain-supported sediments (FT- 3) have higher velocities compared to the micrite-
supported sediments (FT-1, FT-2 and FT-4). The rigidity of the FT-3 samples is 
formed by a combination of touching-grains and the stiff cement. The micrite-
supported sediments from FT-1, FT-2 and FT-4 appear to be less rigid. In addition, 
these sediments are lacking in grain-to-grain contact, which reduces the velocity. 
The trend lines show a ~150 m/s difference for micritic samples versus cemented 
samples (Figs. 2.13 and 2.18)

(3) The amount of porosity affects the acoustic properties, but the influence is 
less compared to datasets with wider porosity domains. In this dataset the P-wave 
and S-wave velocities show linear trends with porosity (Figs. 18A, 2.18E and 
2.18I). Although the corresponding determination coefficients for porosity are in 
many cases lower with respect to the mineralogical properties: Figs. 2.18C and 
2.18D for the P-wave velocity; Fig. 2.18F for the S-wave velocity; Figs. 2.18K 
and 2.18L for the P-wave - S-wave ratio.

(4) Thin sections and SEM images reveal the presence of microporosity and 
fracture porosity. The specimen plot near the lower boundary of the porosity-
velocity transforms of Xu and Payne (2009), indicating a dominant presence of 
fracture and microporosity.

(5) The combination of the WTA and the Castagna (1993) VP-VS transforms 
give an accurate approach of the acoustic properties of the dataset. It can there-
fore be very well used in predicting acoustic velocities of low-porous mixed 
siliciclastic-carbonate sediments in the subsurface. When using a combination 
of both transforms it is important to account for the percentage of clay in the 
samples, since clay-containing samples can plot far outside the model.

(6) Synthetic seismic sections of the Ricla exposure show how the carbonate 
content is the main trigger for shifts in amplitude strength and polarity of the 
seismic traces.
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3.1 abstRaCt

Understanding the distribution of natural fractures in sedimentary systems is of 
high relevance for the exploration and production of fluids in the subsurface. This 
study focuses on a Kimmeridgian mixed siliciclastic-carbonate ramp system, 
which is part of the Jurassic limestones outcropping in the northeastern Iberian 
Chain. The study area is located north of the Ricla village, fifty kilometers south-
west of Zaragoza. The outcrop stretches over six kilometers in length, it allows for 
recording detailed fracture patterns and facies variations. A GIS-based software-
package ‘DigiFract’ is used to measure and digitize fractures in vertical outcrops. 
Fracture orientation measurements obtained from vertical and horizontal outcrops 
are used to create a conceptual three-dimensional image of the fracture distribution 
of the mixed ramp system. The fracture data are processed by integrating outcrop 
logs and sample-data obtained from thin-sections and rock property analysis. The 
continuous facies belts of the shallow low angle ramp system show limited lateral 
variations. The studied sediments are subdivided in four main facies tracts (FT’s): 
(FT-1) Bioclastic siltstones, (FT-2) alternating sandy limestones and marls, (FT-3) 
cross-bedded and channelled oolitic-bioclastic sand- and grainstones and (FT-4) 
coralgal float-to mudstones with eventites. Measured fracture orientations of the 
vertical and horizontal outcrops are identical throughout the entire exposure. 
Two main fracture sets are identified, the first set (Set 1) has a N-S direction and 
the second set (Set 2) has a NE-SW direction. The lateral homogeneity of the 
sedimentary system, thus facies, layer thickness and slope angle, can be translated 
to the observed fracture patterns. Within one single facies belt, fractures tend to 
behave the same in the proximal, middle and distal part of the ramp system. How-
ever, vertical facies variations are an important factor for the measured vertical 
fracture-heterogeneity. Fine-grained mud-supported facies correspond to periods 
of a sea-level highstand; coarse-grained cemented facies on the other hand are 
related to a sea-level lowstand. The physical contrast of the sediments caused by 
sea-level fluctuations forces fractures to solely concentrate in the brittle layers. 
Fracture density and termination patterns observed on this ramp stand in contrast 
to fracture geometries observed in flat-topped carbonate platforms. Lateral facies 
heterogeneity and platform anatomy of flat-topped carbonate platforms are key 
parameters for the eventual fracture distribution. For the studied mixed ramp-type 
system the vertical facies variations are key parameter.
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3.2 intRoduCtion

Worldwide, large volumes of hydrocarbons are stored in fossil carbonate sedi-
ments. The quality of these reservoirs is primarily dependent on the degree of fluid 
and gas flow through the host rock. Petrophysical properties of the matrix rock 
and fracture distribution across a geobody strongly influence the flow behavior; 
faults, fractures and veins, can either hinder or enhance subsurface fluid or gas 
flow (Neuzil and Tracy, 1981; Barr, 2007). Understanding the petrophysical, me-
chanical properties and fracture distribution of carbonate reservoirs is therefore of 
great importance in the optimization of hydrocarbon production.

This study focuses on the Ricla ramp system, addressing the fracture network 
distribution related to the spatial facies and petrophysical variation of an Upper 
Jurassic (Kimmeridgian) mixed siliciclastic-carbonate ramp system located in the 
northeastern Iberian Chain (Spain). Recent studies on spatial fracture arrange-
ments were done on different scales: (1) Basin scale fracture distribution and 
the anatomy of sedimentary bodies (Frost and Kerans, 2009, 2010; Resor and 
Flodin, 2010; Boro et al., 2013, 2014); (2) Outcrop scale fractures and the physi-
cal properties of the individual sedimentary layers (Odonne et al., 2007; Lézin et 
al., 2009); (3) Reconstruction of diagenetic histories, based on specimen-scale 
microfracture analysis (Laubach and Ward, 2006). This study will concentrate on 
m-scale outcrops distributed over a km-scale exposure, in order to capture frac-
ture arrangements with respect to the different depositional environments and the 
geometry of the exposed carbonate geobody. Fractures in vertical outcrop views 
have a wide variety of appearances; they may show fractures that are restricted 
to individual layers or go through layer boundaries. Fractures may be arranged in 
clusters or with an equally spread distance within one or across multiple layers 
(Gross and Eyal, 2007).

The fracture distribution is controlled by the mechanical properties of the rocks 
and stress evolution to which they were subject. The internal deformation of the 
Ricla carbonate ramp is limited; an open synclinal folding structure characterizes 
the structural framework (Figs. 3.1 and 3.2). No evidence of faulting is present 
that could have affected the ramp’s internal geometries (San Román, 1994). We 
therefore chose the Ricla Ramp system as case for studying the role of facies 
architecture and rock texture on the fracture distribution.

The fracture density and its network arrangement will influence the rate and 
direction of fluid flow in the subsurface (Odling et al., 1999; Berkowitz, 2002; 
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Belayneh et al., 2006; Jafari and Babadagli, 2012). Systems of natural fractures 
formed in the subsurface are quantified by extrapolating borehole data (Wu and 
Pollard, 2002). Important parameters such as fracture density, length and height 
are generally missing, biased or incomplete in drilled cores. Specific seismic at-
tributes can be used for fracture prediction for seismic data. These tools provide 
an indication of fracture intensity and fabric orientation (Gray et al., 2012). Hence 
the validity of the interpreted subsurface fracture networks is challenged by these 
uncertainties (Gauthier and Lake, 1993; Doonechaly and Rahman, 2012; Gray 
et al., 2012). Correlations between sedimentary bodies, the physical properties 
of the individual layers and fracture distributions in relation to carbonate ramp 
sedimentary architecture may help to develop a better understanding of fracture 
networks in the subsurface.

Field studies of high-quality outcrops are presented in this study in which we 
outline the natural fracture distribution in relation to the encompassing carbonate 
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stratifi cation and ramp architecture. To determine which properties are crucial in 
the formation of fractures high-detailed outcrop studies are essential. The Upper 
Jurassic Ricla-outcrop in NE Spain (Figs. 3.1 and 3.2) discussed in this manu-
script, links to a large set of earlier studies. Our outcrop analogue studies contain 
detailed description of the sedimentary bodies and the corresponding facies along 
a ~6km long depositional dip transect of a carbonate ramp system (Aurell et al., 
1998; Bádenas and Aurell, 2001). Field and laboratory data obtained from this 
work builds on this large resource of literature data.
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Many classification systems have been developed to capture the spatial and 
sedimentary heterogeneity of carbonate geobodies (Ahr, 1973; Wilson, 1975; 
Tucker and Wright, 1990). A hierarchical classification system proposed by Jung 
and Aigner (2012) is based on the Environments Of Deposition (EOD’s) that can 
be distinguished within carbonate platforms. The classification system applied to 
the Ricla ramp works with following six hierarchical steps: (1. Depo-time) An 
Upper Jurassic (2. Depo-system) ramp system, (3. Depo-zone) hosting inner-to 
outer-ramp zones with (4. Depo-shape; 5. Depo-element) bar type (shoals and 
channel bars), pinnacle type (patch reefs) and sheet-type (tempestites and distal 
sediments) depo-shapes and elements. The depo-shapes and elements contain the 
following depositional facies (6. Depo-facies): Bioclastic siltstones (FT-1), sandy 
limestones and marls (FT-2), cross-bedded oolitic-bioclastic sand-to grain-stones 
(FT-3) and coralgal floatstones to lime mudstones with eventites (FT-4).

The defined carbonate geobody can subsequently be populated with rock 
properties and used for fluid flow modeling (Fitch et al., 2014). The next step in 
fluid flow modeling of carbonate geobodies is the integration of mechanical rock 
properties. To realize this integration one needs a better understanding of fracture 
network arrangement with respect to the carbonate geobody architecture and the 
associated EOD’s.

Pavements and vertical viewswere used for measuring fractures over the en-
tire Ricla outcrop using DigiFract, software provided by Hardebol and Bertotti 
(2013). The measured fractures are combined with high detailed outcrop data and 
compared to a pre-existing facies model (Aurell et al., 1998; Bádenas and Aurell, 
2001) in order to find the link between mechanical units, facies and carbonate 
ramp anatomy.

It is the aim of this study (1) to determine the distribution of fractures along a 
carbonate ramp; (2) to analyse which lateral and vertical facies and petrophysical 
variations are key parameters in the fracture distribution; (3) achieve a correlation 
between first order fracture trends and the elastic properties.

3.3 GeoloGiCal settinG

This study focuses on the Upper Jurassic series in the northeastern Iberian Chain 
(Spain; Fig. 3.3), a mountain belt originated by Alpine, Palaeogene to Early 
Miocene, tectonic inversion of the Mesozoic intracratonic Iberian basin. The 
Ricla exposure is located in the Central Iberian Domain; a number of distal and 
timeequivalent exposures can be traced up to the western part of the Aguilon 
Subbasin (Soria et al., 2000).
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This intracratonic basin formed in Early Mesozoic during rifting and break-up of 
the Iberian plate from the Armorican plate (Osete et al., 2011). The Iberian Basin 
sedimentary evolution during the Mesozoic was controlled by the alternation of 
periods of increasing tectonic subsidence (rift stages) and periods of thermal sub-
sidence (post-rift stages) combined with eustatic and regional sea-level variations 
(Salas and Casas, 1993). The rifting phase continued to the end of the Triassic.

An overall subsidence of the Iberian basin took place in the Early and Middle 
Jurassic, this movement continued towards a more differentiated subsidence in 
the Late Jurassic (Salas and Casas, 1993). The Late Jurassic (Kimmeridgian) 
palaeogeography of the northeastern part of the Iberian plate consisted of two 
uplifted massifs, the Iberian Massif in the southwest and the Ebro Massif in the 
northeast (Fig. 3.3). Both massifs were separated by the shallow Soria Seaway, 
which was connected to the north with the Basque- Cantabrian Basin and in the 
south with the Iberian Basin (Aurell et al., 2003). Sedimentation was dominated 
by the deposition of carbonates, although significant input of erosion products 
originating from the uplift of both massifs is recorded in specific shallower areas 
(Aurell et al., 2003). Long-term relative sea-level drop over the end of this period 
resulted in the closure of Soria Seaway and the progressive migration of marine 
sedimentation towards the eastern areas of the Iberian Basin (Aurell et al., 2003). 
Van Wees et al. (1998) reconstructed the tectonic subsidence after a number of 
wells and stratigraphic sections. The well data obtained from areas nearby Ricla 
show an approximate sediment thickness ranging between 800 and 1200m from 
Permian to present day.
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fig. 3.3. Depositional evolution of the Ebro Basin during the Kimmeridgian. Modified after Aurell et al., 
2003.
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The Ricla exposure is part of the eastward plunging, western flank of a NNW-
SSE oriented synclinal structure (Fig. 3.1) formed by the tectonic inversion of 
the Mesozoic intracratonic basin (Salas and Casas, 1993). The open synclinal 
structure has an approximate width of 5km and the flanks have an average angle 
of 7 (San Román, 1994).

Early fracturing of the Ebro Basin infill presumably started under basin exten-
sion and overprinted by deformation related to the collision of the Iberian and 
Eurasian plate (Antolín-Tomas et al., 2007). After the Jurassic and Cretaceous 
extension shortening took place in an ENE-WSW direction (Vissers and Meijer, 
2012) resulting in the collision between the Eurasian and Iberian plate, leading 
to the Alpine orogeny (Ziegler, 1988). The contraction resulted in the inversion 
of Jurassic and Cretaceous rift faults and major uplift of the Mesozoic and Paleo-
zoic sediments (Salas and Casas, 1993). The fault inversion was associated with 
numerous folding structures, where the fold-axes have a dominant NNW-SSE 
orientation.

Two fracture sets are defined with respectively a N-S and NE-SW orientation. 
The most dominant fracture set (Set 2) has a NE-SW direction; these are oriented 
perpendicular to the adjacent synclinal folding axis and parallel to the Tertiary 
shortening direction. The second most occurring fracture set observed (Set 1) has 
a N-S trending orientation, sub-parallel to the synclinal folding axis. The observed 
fractures in the field do not show any clear evidences for shear displacement. 
A previous fracture and fault study on the adjacent Maestrazgo Basin (Eastern 
Iberian Chain) was performed by Antolín-Tomas et al. (2007). They link fractures 
and faults measured in outcrops and satellite images to the basin formation dur-
ing the Early Cretaceous. The main fault directions in the western part of the 
Maestrazgo Basin are primarily WNW-ESE to NW-SE and secondary NE-SW, the 
eastern part of the basin is dominated by NNE-SSW faults. These fault directions 
are in correspondence to the observed fracture directions measured in the field 
and on satellite images.

3.4 stRatiGRaphy and faCies

The main Upper Jurassic outcrop studied in this work is located north of the 
village of Ricla (Fig. 3.1). This is a north-south oriented outcrop showing a mixed 
siliciclastic-carbonate platform that developed on a ramp-type morphology during 
the Kimmeridgian. The exposed part of the studied sedimentary body has a total 
thickness of 150-200m and facies can be can be traced over a length of ~6km from 
proximal (NNW) to distal (SSE) in the Ricla area (Bádenas and Aurell, 2001).
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The evolution of the Ricla ramp during the Kimmeridgian occurred during 
two transgressive-regressive sequences (Fig. 3.4; Bádenas and Aurell, 2001, 
2008; Aurell et al., 2003). Sequence 1 is characterized by a transgressive phase 
dominated by the deposition of middle and outer ramp sediments, mainly bivalve-
rich marls in the Ricla area. This phase ends with a maximum flooding surface 
(around the Lower-Upper Kimmerigian boundary), which is associated with the 
presence of a fossil-rich condensed level. The regressive phase is characterized by 
the deposition of outer-ramp marls and marly-limestones, which gradually shift 
towards middle-ramp sandy lime-mudstones and inner-ramp high-energy oolitic 
and sandy facies (Bádenas and Aurell, 2001). The end of Sequence 1 is marked by 
the rapid progradation of this facies belt over the middle-ramp sandy-limestones. 
Sequence 2 that developed during the upper part of the Upper Kimmeridgian 
is characterized by a significant reduction of the terrigenous input. During the 
transgressive phase of the Sequence 2, patch reefs and their associated bioclastic 
facies dominate the inner- to mid-ramp areas. The middle and outer ramp are 
characterized by an alternation of limestone mudstones and sand-rich eventites 
(Bádenas and Aurell, 2001, 2012). The regressive deposits of Sequence 2 are 
poorly exposed and mainly consist of irregularly bedded sandy limestones includ-
ing different proportions of bioclasts.
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The scheme of facies distribution at the Ricla outcrop of Bádenas and Aurell 
(2001) was used as a base for the correlation with the fracture patterns (Fig. 3.4). 
In order to implement the fracture model the eleven facies types distinguished 
by Bádenas and Aurell (2001) were combined based on their facies tracts: (FT-1) 
Bioclastic siltstones, (FT-2) sandy limestones and marls, (FT-3) cross-bedded 
oolitic-bioclastic sandstones to grainstones and (FT-4) coralgal floatstones to 
lime mudstones with eventites. The regrouping of facies tracts was based on field 
characteristics, thin section analysis and geophysical properties of the samples 
(Kleipool et al., 2015).

3.4.1 bioclastic siltstones (ft-1)

Sediments related to this facies tract were deposited during the transgressive 
phase of Sequence 1 and occur the base of the Kimmeridgian. This succession 
shows a minimum thickness of 50m. The base is characterized by the presence 
of ammonites followed by a level with solitary corals. The top of the succession 
shows high variety of bioclasts; primarily bivalves and brachiopods. The facies is 
characterized by high quantities of clay and silt ranging from 47% to 55%.

3.4.2 sandy limestones and marls (ft-2)

This facies describes a 60-70m thick continuous alternation of highly bioturbated 
sandy limestones and marls. The thickness of the beds varies between 10 and 
50cm, thickening towards the top. Minor bioclastic fragments are present, mainly 
bivalves and brachiopods. Cm-thick eventites are present at the top, which are 
dominated by coarse quartz-grains. Throughout the entire section minor varia-
tions in the siliciclastic sand content are present from 25% and 60%. This varia-
tion causes a distinct weathering profile as the sand-dominated layers are bulging.

3.4.3 Cross-bedded oolitic-bioclastic sandstones and grainstones (ft-3)

The thickness of this succession varies between 20m in the proximal part of the 
exposed ramp and 5m in the distal part. The thickness of the individual beds ranges 
from decimeter-scale at the base to meter-scale at the top. The proximal part of 
the ramp is dominated by meter-sized cross-bedded oolitic grainstones gradually 
shifting to quartz-dominated sandstones towards the basin. The percentage of 
quartz ranges from 10% for the oolitic grainstones to 85% for the sandstones. Lo-
cally high concentrations of bioclasts are present, primarily bivalves and oysters, 
and to a lesser extend corals, gastropods, echinoids and crinoids.
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3.4.4 Coralgal floatstones to lime mudstones with eventites (ft-4)

The facies occur in the transgressive phase of Sequence 2 and have a minimum 
thickness of 20m. The facies developed in the proximal part of the carbonate 
ramp is characterized by the presence of coral-microbial meter-sized patch reefs 
and associated grain-supported bioclastic facies. Distally, the corals disappear, 
and an alternation of marls and lime mudstones with frequent millimeter to cm-
thick siliciclastic levels occur, i.e. eventites (Bádenas et al., 2012). Over the entire 
transect the percentage of silica varies from 6% to 22%.

3.5 methods

3.5.1 facies

Field sections
Foregoing field studies on the Ricla ramp system (e.g. Aurell et al., 1998; 

Bádenas and Aurell, 2003) provided a high detailed facies model of the outcrop-
ping carbonate ramp system. In order to increase the spatial resolution of the 
sedimentological model three additional sections were measured, described and 
sampled in this study (S2, S4 and S7 in Figs. 3.2 and 3.4). The same procedure 
was applied to the sections of the eighteen outcrop frames used for fracture 
interpretation. Thin-section analysis (point-counting) and petrophysical analysis 
(porosity, grain-size and carbonate content analyses) of the samples taken from 
the field completed the facies analysis. A total of 109 samples were obtained from 
the field-study, covering the three sections and eighteen frame-locations.

Thin section analysis
The thin-sections were digitized with multiple magnifications in order to obtain 

a homogeneous image of the sample. Pointcounting software JMicroVision was 
used to quantify the abundances of the different components in the thin-sections 
(matrix, cement, quartz and carbonate grains, including skeletal and nonskeletal 
grains). The Dunham classification scheme (Dunham, 1962) was used to classify 
the different sediments.

3.5.2 physical analyses

Porosity
Cylindrical plugs, ranging from 3 to 6 cm in length and 3.8 cm (1.5 inch) in 

diameter, were drilled from the rock-samples. After drying the samples for 72 
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h in a 60 C oven the volume and weight of the plugs were used to measure the 
bulk density. The grain density was derived from a gas displacement pycnometer 
developed by Micromeritics (type: AccuPyc 1330). The porosity is measured 
from the bulk density - grain density ratio.

Elastic properties
The plugs were measured on their acoustic properties (VP and VS) for petro-

physical characterisation and synthetic seismic generation (Kleipool et al., 2015). 
The measured acoustic properties and rock densities (ρbulk) can subsequently 
be used to calculate the elastic properties of the rocks: Bulk modulus (K: Eq. 3), 
Shear modulus (μ: Eq. 4), Young’s modulus (E: Eq. 16) and Poisson’s ratio (v: Eq. 
17). These elastic moduli are compared with petrophysical properties and fracture 
characteristics of the layers.

Grain-size analysis
The preparation procedure for mixed siliciclastic-carbonate rock-samples starts 

with crushing a part of the sample to mmsized fragments, minor force was ap-
plied to avoid breakage of the individual grains. After crushing, the carbonate 
content and organic material are dissolved by stepwise adding hydrochloric acid 
and hydrogen peroxide. The sample is heated to accelerate the chemical process 
and the analysis is stopped when no reactivity of the sample is left and the dissolu-
tion process has stopped. A laser diffraction apparatus developed by Sympatec 
(type: HELOS QUIXEL) was used to determine the grain-size distribution of the 
residue. The obtained grain-size data is separated and displayed in percentages of 
clay-sized grains (0-3.9 mm), silt-sized grains (3.9-62.5 mm), sand-sized grains 
(62.5-2000 mm) and the average grain-size of the sample in microns (Wentworth, 
1922).

Carbonate content
The carbonate content was determined by use of a thermogravimetric analysis. 

About 100 g of each sample was taken and mechanically ground to produce a 
homogeneous powder of which 5 g was measured. Samples were analyzed in 
a TGA-machine, developed by LECO, and were slowly (4 hours) heated from 
20 °C to 1000 °C; during this procedure the weight of the sample is constantly 
measured. The organic material incinerates at 330 °C and 550 °C followed by the 
carbonate at 825 °C. The percentage of weight loss is a proxy for the amount of 
carbonate and organic material of the sample.
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3.5.3 fractures

Fracture data acquired with DigiFract software (Hardebol and Bertotti, 2013), 
designed for field data acquisition and processing. The software has been used 
by a variety of projects involving outcrop analogue studies of fractured carbonate 
reservoirs (Boro et al., 2013, 2014). The DigiFract software provides tools for 
capturing fracture geometries during the acquisition stage in the field and derives 
distribution statistics during subsequent data processing. Digitizing fractures as 
2D GIS geometries helps performing scan-line and scan-window analyses by 
using a variety of spatial and topological operations from open-source geometry 
libraries. This meets well the aim to enhance the acquisition and processing work-
flow of outcrop data as proxy for fractured reservoir characterization.

During field acquisition a suitable outcrop is selected, an observation frame 
is specified, and a photograph is taken of the outcrop. The photo is taken under 
optimal viewing angle to minimize perspective distortions. The digital image is 
uploaded on a tablet PC and loaded into DigiFract for georeference and interpre-
tation. A frame is drawn around the part of the image which is target of the field 
observations. The fractures present in the outcrop photograph are digitized and 
added as a separate layer in the tablet PC program. In addition, sedimentary layer 
boundaries and their corresponding directions are added. This acquisition process 
produces an integrated database of geologic features containing both geometric 
descriptions and additional attribute information.

The explicit geometry and attribute information can be further processed within 
DigiFract through python scripting or external GIS statistical software. Fracture 
size and orientation distributions can be retrieved per fracture in the database 
and plotted as histograms and stereoplots. Furthermore, a digital scan line can be 
placed at the base of the digitized outcrop, which moves upward in stratigraphy 
and generates fracture spacing information. Fracture density changes relative to 
the stratigraphy combined with the lithostratigraphy and petrophysical descrip-
tions provide the basis for the interpretation of mechanical units. In addition, the 
degree of fracture terminations or through-going relationships with stratigraphic 
layer boundaries is determined. The mechanical units can be thicker or equal to 
the stratigraphic thicknesses.

A total of 18 frames in vertical outcrops were measured in DigiFract to deter-
mine the vertical fracture distribution, together with 27 pavement outcrops used 
for measuring fracture directions in a horizontal view. A schematic procedure of 
the DigiFract workflow is presented in Fig. 3.5. In addition to the pavements, 
aerial photographs of the Ricla exposure were used to find fracture lineaments on 
a larger scale.
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3.6 Results

3.6.1 stratigraphy and facies

Three sections were selected for detailed measurements and descriptions, covering 
all lithologies present on the Ricla platform, for detailed description and sampling 
for thin-sections, TGA and grain-size analysis (Fig. 3.4). The first section (S2) is 
located in the proximal part of the ramp, the second in the middle part (S4) and 
the third in the distal part (S7; Figs. 3.2 and 3.4). Logs from previous studies 
(Bádenas, 1999) on the Ricla ramp system were used as guidance in the field and 
formed a base for the logs produced in this study. Interpretations on sequence 
stratigraphy and depositional environment by Bádenas and Aurell (2001) are used 
in describing the sections.

Section S2
Section S2 has a total thickness of 87m (Fig. 3.4). The base of this section 

consists of outer ramp siltstones, rich in ammonites and bivalves. From 5 to 7m a 
maximum flooding interval (mfs of Sequence 1) is observed, characterized by the 
presence of limestones with abundant solitary corals and ferruginous top surfaces. 
The mfs is overlain by a regressive cycle in which the percentage of quartz sand 
in the sediment increases. Outer ramp siltstones to middle ramp alternating marls 
and sandy limestones continue up to 61m in section. The percentage of marl 
decreases and the grain-size and abundance of sand increases. Mm- to cm-sized 
coarse sandstone layers also become more abundant towards the top, reflecting a 
shallowing-upward trend (i.e. regressive phase of Sequence 1). From 61 to 81m 
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a package of cross-bedded oolitic sandy grainstones is present, which marks the 
latest stages of regression. The base of this package is characterized by inner ramp 
sand- to gravel-sized quartz-rich grainstones showing meter-scale cross-beds. 
The cross-bedded oolitic sandy grainstones continue towards the top where the 
percentage of carbonate in the sediment increases to about 90%. At 81m a sharp 
surface separates the oolitic-sandy grainstones and a 50cm thick oncolitic layer, 
which corresponds to the sequence boundary (sb) of Sequence 1 and the initial 
deposits generated during the transgressive phase of Sequence 2, respectively 
(Bádenas and Aurell, 2001). From this point on sealevel rose, forming meter-sized 
coral-microbial patch reefs and lime mudstones that succeed the oncolitic layer.

Section S4
Section S4 follows the same stratigraphic succession as Section 2 (Fig. 3.4). In 

this section the solitary coral level (mfs of Sequence 1), the transition from the 
lower ramp siltstones to the middle ramp alternating marls and sandy limestones, 
is located at 5m from the base. One bed of solitary corals is present in Section 
4. The alternating marls and sandy limestones formed on the middle ramp con-
tinue until 56m from the base. At this stratigraphic height, the first cross-bedded 
oolitic-sandy grainstones appear and continue up to 67m in section. Thus, from 
proximal section S2 to middle section S4, the oolitic-sandy body decreases to half 
its thickness. A 50cm thick oncolitic layer marks the sequence boundary and the 
initial transgressive deposits of Sequence 2. Fragments of coral are present at the 
base followed by lime mudstones and marls with sandy eventites that continue to 
the top of this sequence (Bádenas and Aurell, 2001).

Section S7
The deposits at the base of section S7 comprise the alternation of middle ramp 

marls and sandy limestones (Fig. 3.4). The outer ramp deposits found at the base 
of Sections S2 and S4 are not exposed. Minimum thickness of the alternating 
marl and sandy limestone deposits is 34 m. The inner ramp cross-bedded oolitic 
sandy grainstones continue until 41.5m in section, and are overlain by a 50 cm 
thick oncolitic level (sb). The studied section also includes the two first meters of 
the lime mudstones and marls with eventites, which characterize the transgressive 
phase of Sequence 2.

Thin-section analysis
Microscope analysis shows a clear distinction between the different facies 

tracts (Fig. 3.6). Thin-sections of the bioclastic siltstones (FT-1) have a dominant 
opaque appearance, which can either be a micritic or clayey matrix with silt and 
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sand grains. The thin-sections of the sandy limestones (FT-2) consist of a micritic 
and marly matrix with silt and sand grains. Harder lithologies observed in the field 
show higher concentrations of sand. FT-3 consists of well-cemented ooids, bio-
clasts and quartz grains. Towards the top of this facies, more ooids are observed 
in the thin-sections. The thin-sections obtained from the proximal part of FT-4 
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fig. 3.6. Thin section plate: (A) FT-4 Carbonate mudstone with quartz-rich mm-sized eventites. (B) FT-4 
Coralgal floatstone with quartz-grains. (C) FT-3 Well-cemented oolitic grainstone with quartz- and carbon-
ate nuclei. (D) FT-3 Well-cemented fine-to medium-grained sandstone with bioclasts and premature ooids. 
(E) FT-2 Bioturbated fine-grained sandy marl. (F) FT-2 Bioturbated fine-to medium-grained marly sand-
stone. (G) FT-1 Bioclastic mud-to siltstone. (H) FT-1 Homogeneous siltstone.
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are dominated by bioclasts lying in a micritic matrix. The distal sediments do not 
contain any bioclasts; instead mm- to cm-sized sand-layers are interbedding the 
marls and lime mudstones.

3.6.2 physical properties

Grain-size
The grain-size analysis was applied to 57 samples obtained from the frames. 

This analysis is used for separating the inorganic mineral content in (1) clay (2) silt 
and (3) sand. Where the clay-content ranges from 0.7% to 18.7%, the silt-content 
from 2.2% to 36.7% and the sand-content from 0.5% to 71.9% (Kleipool et al., 
2015). The measurements are subdivided per facies tract, showing clear grain-size 
distributions. The clay content of bioclastic siltstones (FT-1) ranges from 15.0% 
to 18.7%, silt-content ranges from 32,1% to 36.6% and sand-content ranges from 
2.9% to 15.8%. The sandy limestones (FT-2) have a clay-content ranging from 
4.5% to 11.9%, a silt-content ranging from 7.7% to 14.5% and sand-content rang-
ing from 6.2% to 36.0%. The clay content of the oolitic sand- to grainstones 
(FT-3) ranges from 0.7% to 5.6%, silt-content ranges from 2.2% to 12.5% and 
sand-content ranges from 8.6% to 71.9%. The float- to mudstones with eventites 
(FT-4) have a clay-content ranging from 1.0% to 9.4%, a silt-content ranging from 
2.2% to 9.7% and a sand-content ranging from 0.5% to 5.2% (Kleipool et al., 
2015). The average grain-size per sample is given in Tables 3.1 and 3.2.

table 3.1. Overview of measured rock properties. List contains samples that are derived from layers that 
have been used for fracture analysis.

Sample Facies
Carbonate 

content Porosity
Median 

grainsize
Bulk 

modulus
Shear 

modulus
Young’s 

modulus
Poissons 

ratio
Layer 

thickness Fracture

(#) (FT) (%) (%) (mm) (GPa) (GPa) (GPa) (n) (cm) (Fr/m)

R01.4 FT-3 36,3 2,0 856,8 36,6 29,7 70,1 0,18 80,0 1,47

R01.5 FT-3 63,5 1,7 311,0 50,5 28,8 72,6 0,26 100,0 1,47

R02.1 FT-4 88,3 1,3 17,1 58,5 26,2 68,3 0,31 15,0 4,00

R02.2 FT-4 87,6 0,9 34,8 60,6 26,8 70 0,31 10,0 4,67

R03.1 FT-4 84,4 2,1 19,5 52,4 24,7 64 0,30 10,0 2,44

R03.2 FT-4 89,6 1,8 7,9 56,8 25,7 66,9 0,30 25,0 1,78

R03.3 FT-4 90,0 1,8 57,8 56,5 25,8 67,1 0,30 15,0 2,44

R04.1 FT-2 65,1 3,7 18,3 39,7 24,2 60,4 0,25 50,0 2,80

R04.2 FT-2 66,7 2,9 14,0 41,7 23,8 60 0,26 50,0 2,80

R05.1 FT-2 56,9 2,3 115,0 45,1 27,9 69,3 0,24 30,0 2,67

R05.2 FT-2 62,1 1,6 48,6 50,3 29,2 73,4 0,26 15,0 4,00
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table 3.1. Overview of measured rock properties. List contains samples that are derived from layers that 
have been used for fracture analysis. (continued)

Sample Facies
Carbonate 

content Porosity
Median 

grainsize
Bulk 

modulus
Shear 

modulus
Young’s 

modulus
Poissons 

ratio
Layer 

thickness Fracture

R05.3 FT-2 66,2 1,5 61,2 51,9 28,3 71,9 0,27 65,0 3,50

R06.1 FT-3 54,5 1,5 213,6 47,3 30,2 74,6 0,24 27,5 2,67

R06.2 FT-3 51,8 3,8 143,0 39,7 26,2 64,4 0,23 15,0 2,00

R06.3 FT-3 67,0 1,8 234,0 49,3 28,0 70,6 0,26 17,5 2,33

R07.1 FT-2 51,1 2,1 81,4 41,5 27,1 66,8 0,23 25,0 1,50

R07.2 FT-2 47,6 1,2 146,1 42,1 29,0 70,8 0,22 26,0 1,50

R07.3 FT-2 68,5 1,3 96,9 53,8 29,1 73,9 0,27 35,0 2,00

R08.1 FT-2 58,5 2,3 73,1 42,2 26,1 64,9 0,24 30,0 2,80

R08.2 FT-2 72,3 2,1 36,7 48,6 26,4 67 0,27 35,0 3,20

R08.3 FT-2 67,1 2,8 67,9 43,0 25,7 64,3 0,25 10,0 4,00

R09.1 FT-2 57,7 1,1 121,9 53,3 30,2 76,3 0,26 17,5 3,71

R09.2 FT-2 60,1 2,3 55,5 47,9 28,0 70,3 0,26 20,0 2,86

R09.3 FT-2 64,5 1,4 80,2 51,7 29,1 73,4 0,26 17,5 4,00

R10.1 FT-1 35,9 6,1 28,8 20,2 17,3 40,4 0,17 17,5 1,85

R11.2 FT-4 85,8 1,3 28,8 62,7 28,0 73,1 0,31 15,0 3,20

R11.3 FT-4 86,0 1,8 39,8 59,3 27,1 70,7 0,30 50,0 2,67

R12.1 FT-3 46,2 2,1 206,6 40,7 27,5 67,3 0,22 25,0 3,33

R12.2 FT-3 23,1 3,6 756,6 34,4 27,7 65,4 0,18 30,0 4,00

R12.3 FT-3 50,0 1,6 244,5 47,6 29,8 74 0,24 12,5 4,00

R12.4 FT-3 53,8 1,7 237,3 44,2 28,9 71,2 0,23 50,0 3,33

R13.2 FT-3 53,9 1,6 252,9 42,6 26,7 66,2 0,24 17,5 1,33

R13.3 FT-4 77,6 4,1 10,7 42,4 23,0 58,4 0,27 15,0 2,33

R13.4 FT-4 82,3 0,3 17,5 58,0 27,4 71 0,30 32,5 2,67

R14.1 FT-2 66,3 1,0 28,3 48,3 26,6 67,4 0,27 37,5 1,43

R14.2 FT-2 73,6 1,5 27,0 51,4 26,5 67,8 0,28 35,0 2,00

R14.3 FT-2 72,5 0,9 39,2 54,2 27,7 71,1 0,28 37,5 1,71

R15.1 FT-3 44,4 1,9 110,4 29,0 24,8 57,9 0,17 25,0 2,67

R15.2 FT-3 47,4 0,9 190,8 46,5 30,2 74,6 0,23 20,0 3,33

R15.3 FT-3 22,1 2,3 961,0 35,7 30,4 71,1 0,17 15,0 15,00

R15.4 FT-3 57,0 1,6 199 50,3 29,5 74,1 0,25 77,5 2,67

R16.1 FT-3 51,7 1,0 202,8 45,8 28,8 71,4 0,24 15,0 1,71

R16.2 FT-3 37,7 2,5 340,9 32,0 24,5 58,6 0,20 10,0 2,67

R16.3 FT-3 58,0 2,5 325,6 46,2 27,5 68,9 0,25 20,0 3,71

R16.4 FT-3 64,7 1,7 318,8 53,2 27,1 69,5 0,28 40,0 2,00

R17.1 FT-3 43,0 1,1 224,9 47,0 30,8 75,8 0,23 27,5 1,33

R17.2 FT-3 49,2 0,9 207,6 49,7 30,5 75,9 0,25 20,0 2,00

R17.3a FT-3 80,1 1,4 176,9 57,8 27,1 70,3 0,30 25,0 2,67

R17.3b FT-3 65,5 1,1 185 54,9 28,2 72,3 0,28 25,0 2,67

R17.4 FT-3 61,4 1,5 186,7 46,9 28,0 70 0,25 40,0 3,67
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table 3.1. Overview of measured rock properties. List contains samples that are derived from layers that 
have been used for fracture analysis. (continued)

Sample Facies
Carbonate 

content Porosity
Median 

grainsize
Bulk 

modulus
Shear 

modulus
Young’s 

modulus
Poissons 

ratio
Layer 

thickness Fracture

R17.5 FT-3 38,9 1,8 418,2 42,4 28,2 69,2 0,23 35,0 2,67

S2.18 FT-3 15,4 3,5 nd 24,7 22,2 51,2 0,15 30,0 2,75

S2.19 FT-3 68,8 1,6 nd 53,6 28,2 71,9 0,28 50,0 1,25

S2.20 FT-3 62,4 1,6 nd 51,2 28,0 70,9 0,27 150,0 1,25

table 3.2. Overview of measured rock properties. List contains samples from the sections and areas that 
have not been used for fracture analysis.

Sample Facies
Carbonate 

content Porosity
Median 

grainsize
Bulk 

modulus
Shear 

modulus
Young’s 

modulus
Poissons 

ratio

(#) (FT) (%) (%) (mm) (GPa) (GPa) (GPa) (n)

R01.1 FT-3 41,3 2,4 319,7 34,3 23,9 58,1 0,22

R01.2 FT-3 58,8 6,7 250,3 41,9 24,4 61,3 0,26

R01.3 FT-3 33,8 3,6 541,0 32,5 24,9 59,5 0,20

R01.6 FT-3 88,1 0,9 169,9 60,9 27,3 71,2 0,31

R11.1 FT-4 92,6 1,3 68,8 65,7 27,5 72,3 0,32

R13.1 FT-3 31,4 2,5 433,5 36,2 28,8 68,2 0,19

S2.01 FT-1 40,3 7,1 15,1 9,7 12,2 25,7 0,06

S2.02 FT-1 80,3 0,9 nd 55,6 26,9 69,5 0,29

S2.03 FT-1 73,8 2,2 nd 50,3 25,7 65,8 0,28

S2.04 FT-1 83,3 2,8 nd 59,6 27,6 71,6 0,30

S2.05 FT-1 78,3 2,0 nd 56,5 26,5 68,8 0,30

S2.06 FT-2 61,1 1,4 nd 50,3 28,5 71,9 0,26

S2.07 FT-2 53,5 3,4 nd 37,1 23,0 57,1 0,24

S2.08 FT-2 62,7 1,8 nd 50,3 27,4 69,6 0,27

S2.09 FT-2 47,8 4,9 nd 30,9 21,8 52,9 0,21

S2.10 FT-2 67,6 1,7 nd 52,3 27,5 70,2 0,28

S2.11 FT-2 43,6 1,8 nd 43,0 28,4 69,8 0,23

S2.12 FT-2 69,6 1,8 nd 51,2 26,0 66,8 0,28

S2.13 FT-2 49,4 5,6 nd 32,0 21,6 53,0 0,22

S2.14 FT-3 52,2 1,9 nd 48,7 29,5 73,7 0,25

S2.15 FT-3 60,9 1,4 nd 47,2 32,2 78,8 0,22

S2.16 FT-3 54,8 2,6 nd 43,3 26,8 66,7 0,24

S2.17 FT-3 59,9 1,8 nd 49,2 28,1 70,9 0,26

S2.21 FT-4 87,3 2,1 nd 57,5 26,3 68,6 0,30

S2.22 FT-4 92,6 1,9 nd 52,7 24,6 64,0 0,30

S2.23 FT-4 91,9 1,4 nd 62,3 27,2 71,4 0,31

S2.24 FT-4 90,0 1,6 nd 61,5 27,5 71,8 0,31
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Carbonate content
All 109 samples were used for TGA analysis. A large variety in carbonate content 
was measured ranging from 15% to 93%. The amount of organic matter ranges 
from 0.2% to 1.5%. The sample residue ranges from 7% to 85% and is ascribed 
to the inorganic mineral content, which is used for further separation in the grain-
size analysis. The carbonate content is separated per facies and ranges from 35% 
to 84% for FT-1, 39% to 75% for FT-2, 15% to 89% for FT- 3 and 77% to 93% 
for FT-4. The measured carbonate contents are displayed in Tables 3.1 and 3.2.

table 3.2. Overview of measured rock properties. List contains samples from the sections and areas that 
have not been used for fracture analysis. (continued)

Sample Facies
Carbonate 

content Porosity
Median 

grainsize
Bulk 

modulus
Shear 

modulus
Young’s 

modulus
Poissons 

ratio

S4.01 FT-1 78,2 2,5 nd 50,2 24,3 62,9 0,29

S4.02 FT-1 73,0 0,9 nd 54,5 26,5 68,4 0,29

S4.03 FT-1 81,1 0,7 nd 57,8 26,6 69,1 0,30

S4.04 FT-1 45,2 1,9 nd 40,0 26,0 64,1 0,23

S4.05 FT-2 63,6 2,7 nd 47,1 27,0 68,0 0,26

S4.06 FT-2 58,4 2,7 nd 42,0 25,2 63,0 0,25

S4.07 FT-2 54,3 1,9 nd 40,3 25,7 63,6 0,24

S4.08 FT-2 54,9 0,5 nd 35,7 22,2 55,2 0,24

S4.09 FT-2 39,1 3,1 nd 32,3 24,8 59,3 0,19

S4.10 FT-2 61,7 1,3 nd 52,5 28,2 71,8 0,27

S4.11 FT-2 64,8 2,7 nd 45,2 26,5 66,6 0,25

S4.12 FT-2 58,7 4,1 nd 44,9 28,3 70,1 0,24

S4.13 FT-2 67,5 2,6 nd 43,9 25,7 64,6 0,25

S4.14 FT-2 59,0 3,5 nd 43,2 24,9 62.7 0,26

S4.15 FT-3 37,4 2,0 nd 38,4 27,6 66.8 0,21

S4.16 FT-3 29,6 6,8 nd 27,9 22,2 52.7 0,18

S4.18 FT-4 85,6 1,2 nd 59,1 27,0 70.4 0,30

S7.01 FT-2 59,5 3,4 nd 35,6 22,1 54.9 0,24

S7.02 FT-2 52,6 5,3 nd 39,4 24,9 61.8 0,24

S7.03 FT-2 67,1 2,2 nd 51,5 28,3 71.7 0,27

S7.04 FT-2 74,1 5,3 nd 45,0 24,8 62.8 0,27

S7.05 FT-2 49,5 2,3 nd 37,8 25,9 63.3 0,22

S7.06 FT-3 23,1 1,5 nd 38,5 30,8 73.0 0,18

S7.07 FT-3 54,6 2,0 nd 43,7 27,5 68.3 0,24

S7.08 FT-3 33,7 2,1 nd 40,1 29,3 70.7 0,21

S7.09 FT-3 62,5 1,9 nd 53,2 30,7 77.2 0,26

S7.10 FT-3 48,0 2,1 nd 41,8 27,1 66.9 0,23

S7.11 FT-4 81,3 2,7 nd 53,1 29,4 74,4 0,27
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Porosity
The porosities are calculated for the entire dataset ranging from 0.3% to 7.2%. 
Thin-section and SEM analysis pointed out that the dominant porosity-types, if 
present, are microporosity and fracture porosity (Kleipool et al., 2015). An over-
view of the measured porosities is given in Tables 3.1 and 3.2.

Elastic properties
The calculated elastic properties are based on the dataset of Kleipool et al. (2015). 
54 samples from this dataset correspond to layers that were used for fracture 
analysis. The remaining 55 samples do not match layers used for fracture analysis, 
the elastic values of these samples are used for describing the facies. The Bulk 
Modulus (K) of the dataset varies between 9.7 and 65.7 GPa, the Shear Modulus 
(μ) between 12.2 and 30.7 GPa and the Young’s Modulus (E) between 25.7 and 
77.2 GPa. The calculated Poisson’s ratio (v) varies between 0.06 and 0.32. A 
summary of the elastic properties is given in Tables 3.1 and 3.2.

3.6.3 fractures

Fracture distributions are described both from horizontal pavement surfaces and 
vertical outcrops. Both outcrop types provide information on fracture density and 
orientations (Tables 3.3 and 3.4). Pavements offer fracture length information 
and exhibit crosscutting and abutting relationships between fracture sets. Vertical 
outcrops give information on fracture orientation, height and variations in fracture 
properties with the stratigraphy and in relation to bedding interfaces.

table 3.3. Overview of the fractures measured on exposed pavements and the corresponding facies and 
fracture properties.

Facies tract (FT) Outcrops (n) Fractures (n) Sets (n) Directions set 1 (degrees) Directions set 2 (degrees)

FT-1 and FT-2 6 59 2 060/065-240/245 000/005-180/185

FT-3 13 197 2 060/065-240/245 000/005-180/185

FT-4 8 100 2 055/060-235/240 015/020-195/200
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First order fracture orientation sets
A total of 356 fracture orientations were measured over 27 exposed pavements 

that were geographically equally distributed over the Ricla outcrop. All orientation 
data obtained from the pavement measurements are displayed in a rose diagram, 
which shows two major fracture orientations (Fig. 3.7A). The first orientations set 
(Set 1) has a N-S strike (001-181) whereas the second set (Set 2) has a NE-SW 
strike (061-241). Set 2 fractures are more abundant compared to Set 1 fractures, 
although some sampling bias may have occurred due to the pavement quality and 
shape. The surface area of a measured pavement ranges from 0.5 to 10 square 
meters depending on the fracture spacing and outcrop quality.

Aerial photographs show several NE-SW trending lineaments that mark incised 
valleys and the general N-S trend of the exposures might indicate large length 
scale features (200-1000 m) that correlate with the two dominant orientation sets 
(Fig. 3.8A). Smaller scale fractures (25m-100m) are more difficult to distinguish 
from the aerial photos and only local fracture networks can be interpreted. The 
orientation measurements of these trends correspond to the two main fracture sets 

table 3.4. Overview of the vertical frames and their corresponding facies, location and fracture properties.

Frame 
number (#) Facies tract (FT)

Samples
(n)

UTM 30T 
(X) m

UTM 30T 
(Y) m

Bedding dip / dir 
(degrees)

Dominant set 
(degrees)

Fractures
(n)

Frame 1 FT-3 6 632132 4598596 115/16 170-350 32

Frame 2 FT-4 2 632406 4597014 104/16 113-293 43

Frame 3 FT-4 3 632419 4596758 092/16 082-262 28

Frame 4 FT-2 2 631302 4599653 060/22 065-245 22

Frame 5 FT-2 3 630369 4601224 230/05 064-244 21

Frame 6 FT-3 3 632296 4598300 072/13 077-257 30

Frame 7 FT-2 3 632303 4598117 104/15 161-341 25

Frame 8 FT-2 3 632114 4598582 072/14 179-359 15

Frame 9 FT-2 3 630650 4600693 140/12 177-357 38

Frame 10 FT-1 1 631647 4598839 075/12 076-256 30

Frame 11 FT-4 3 631761 4599970 105/21 178-358 16

Frame 12 FT-3 4 630675 4600674 102/07 068-248 25

Frame 13 FT-3/FT-4 4 632617 4595946 083/22 041-221 20

Frame 14 FT-2 3 632575 4595967 095/25 046-226 14

Frame 15 FT-2/FT-3 4 632378 4597126 084/19 014-194/074-254 61

Frame 16 FT-3 4 632417 4597596 106/18 053-233 16

Frame 17 FT-2/FT-3 6 632461 4596445 098/22 060-240 34

Frame 18 FT-3 3 630866 4600140 104/04 121-301 15
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A n=356 n=485B

fig. 3.7. Overall fracture distribution over 356 top-view measurements (A) and 485 side-view measure-
ments (B). Set 2 is (061-241) well developed in both views, while Set 1 (001-181) is only visible in the rose 
diagram with pavement data.
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fig. 3.8. Top view fracture measurements. (A) Aerial photograph of the entire exposure, red lines indicate 
the first order lineaments that correspond to fracture set 1. (B) More detailed aerial photograph showing 
fracture patterns that correspond to fracture sets 1 and 2. (C) FT-3 pavement outcrop. Set 1 in green (N-S) 
and Set 2 in red (NE-SW) are both well visible. Set 2 fractures appear to be less dominant and abut on the 
Set 1 fractures.
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determined from the pavement outcrops; both Set 1 (N-S) and Set 2 (NE-SW) can 
be denoted (Fig. 3.8B).

A total of 485 fracture orientations measured in vertical outcrops are combined 
and plotted in a rose diagram (Fig. 3.7B). The general orientation shows one 
major fracture set based on occurrence ranging from NE-SW (055-235) to E-W 
(090-270). This major fracture set corresponds to Set 2 as obtained from the 
pavement outcrops (Fig. 3.7A). The Ricla exposure tilts slightly towards the east. 
Due to the cuesta-shape most of the high-quality outcrops suitable for vertical 
fracture measurements are located on the western flank. The majority of the 
frame-locations therefore have a N-S orientation. Hence fractures with a NE-SW 
orientation are the ones clearly visible in the outcrop. Fractures perpendicular 
or with a significant angle to the outcrop are overestimated with respect to the 
N-S oriented fractures. A rose diagram of fracture directions measured in vertical 
outcrops (Fig. 3.7B) therefore gives a biased fracture orientation pattern.

Fracture networks and lengths from pavements
The majority of the 27 pavement surfaces are measured in the relative hard 

outcropping sediments of FT-3 (13 outcrops). Suitable pavements for fracture 
measurements are scarce in the relative soft sediments of FT-1 (4 outcrops) and 
FT-2 (2 outcrops) due to weathering and vegetation. The sediments corresponding 
to FT-4 are covering the Ricla outcrop and are best exposed in the middle and 
distal part of the ramp-system (8 outcrops).

In Fig. 3.8C an example of a measured pavement is displayed with a correspond-
ing rose-diagram, showing two clearly developed sets. Both sets correspond to the 
dominant fracture sets, based on frequencies obtained for the entire Ricla expo-
sure. The fractures indicated in green correspond to Set 1 (N-S) and the fractures 
in red correspond to Set 2 (NE-SW) (Fig. 3.7A). The fractures belonging to Set 2 
exhibit a higher degree of organization compared to Set 1 as they show systematic 
fracture spacing and little variance in orientation. The spacing and orientation 
of the Set 1 fractures are less abundant and show higher variation. Moreover, 
numerous fractures of Set 1 abut on Set 2 fractures; this is a common observation 
in the pavement outcrops. Based on this topology, their abundance and consistent 
pattern is Set 2 classified as the systematic joint set with Set 1 showing some 
degree of orthogonality and abutting (Gross, 1993; Ruf et al., 1998; Gross and 
Eyal, 2007).

Systematic estimation of fracture length distributions is not assessed in this 
study. Many fractures are truncated by the exposure limits. In addition, the quality 
of the aerial photographs is a limiting factor in obtaining suitable data for accurate 
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sampling of small sized fractures that presumably occur with high frequency. The 
lineaments in the aerial photos are between 20 and 40m in length and correspond 
with the Set 1 and Set 2 orientations.

Fracture stratigraphy from vertical sections
The digitized fracture geometries from vertical outcrops are also used for 

deriving a fracture stratigraphy based on changes in fracture density and on the 
termination of fractures at bed interfaces. The observations at vertical outcrops 
belong to eighteen sites, equally distributed along the Ricla exposure and cover-
ing all facies units. The vertical fracture density measurements are combined with 
their corresponding lithological profile and sedimentological description in order 
to determine the mechanical units (Fig. 3.9).

The dominant fracture set measured in the vertical exposures is used to determine 
the fracture density. Based on the fracture density log one can distinguish me-
chanical units. The measure of these mechanical units is defined by a succession 
of fracture density measurements with equal values. The outcrop orientation is 
chosen perpendicular to the dominant fracture set. The fracture spacing of sets that 
are not oriented perpendicular to the outcrop orientation, are corrected using the 
Terzaghi correction (Terzaghi, 1965; Peacock et al., 2003). The step-wise moving 
scan-line in DigiFract (5 cm steps) registers fracture spacing and density values 
per scan-line position cropped by the outcrop observation frame geometry along 
the vertical stratigraphy (Fig. 3.9). In addition to the fracture density, fracture 
spacing of each observation frame is presented as histograms, grouped per 10-cm 
spacing bins (Fig. 3.10).

In Tables 3.4 and 3.5 and Fig. 3.11 a general overview of the frame properties is 
presented. The characteristics of the windows are further described based on their 
related facies tract. For every facies tract one representative window is selected 
for a more detailed description. The selected outcrops (Fig. 3.9) show a wide vari-
ety of fractures terminating at layer boundaries as well as through-going fractures 
that cross bedding surfaces.
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fig. 3.9. All 18 studied frames. In the photographs fractures (red), scanlines (green), framework (black) and 
the scale bar (L-R) are indicated. In addition to the photograph, the lithological succession classifi ed after 
Dunham (1962) is displayed (M = mudstone, W = wackestone, P = packstone, G = grainstone, R = rudstone). 
The corresponding fracture density plots (numbers indicate fractures per meter) are given a color that cor-
respond to the facies FT-1 (yellow), FT-2 (green), FT-3 (red) and FT-4 (blue).
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fig. 3.10. Fracture spacing plots for all studied frames. The scanline intersections on the vertical axis corre-
spond to a scanline-step of 5 cm. The given colors correspond to the facies: FT-1 (yellow), FT-2 (green), FT-3 
(red) and FT-4 (blue). The fi nal graph presents the sum of all the measured fractures, showing three peeks 
of which the fi rst peak is most signifi cant.
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fig. 3.11. (A) Plot of fracture density of the layers that were samples and the layer thickness of the same 
layer. (B) The fracture densities plotted against the layer thicknesses of all the strata within each frame. The 
large squares represent the average layer thickness versus the average fracture density of one single frame. 
The vertically connected smaller squares are the minimum and maximum thicknesses of the encountered 
layers within the same frame. The horizontally connected squares show the lowest and highest fracture 
density encountered. The given colors correspond to the following facies tracts: FT-1 (yellow), FT-2 (green), 
FT-3 (red) and FT-4 (blue). The triangle displays a measurement far outside the borders of the plot; the frac-
ture density of this sample is 15.6 fr/m.
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FT-1 exhibits very limited access to suitable outcrops, as the facies comprises 
relatively soft sediments. Only one frame (Frame 10) has been studied. The bio-
clastic siltstones are fine to very fine grained and show a coarsening upward trend 
towards the top of this unit. Sediments of FT-1 exhibit both bed confined and 
through-going fractures. The average layer thickness of Frame 10 is determined 
at 0.17m, the average fracture density is 1.27 fr/m and the mode of the fracture 
spacing distribution (Fig. 3.10) lies between 0.6 and 0.7m. 52% of the fractures 
are through-going and 48% is restricted to one layer. Due to the limited number 
of frames studied in this facies it is difficult to assign an overall conclusion of the 
vertical fracture architecture with respect to the stratigraphic succession.

Frame 10 (Fig. 3.9) displays four large through-going sub-vertical fractures 
surpassing the frame boundaries. In addition, five fractures are restricted to three 
consecutive layers and fourteen fractures are limited by both bedding surfaces 
of a single layer. The bed-restricted fractures are solely observed in the relative 
harder wackestones. The marly intervals are fractured by larger through-going 
fractures. In the sedimentological record of FT-1 the number and thickness of 
wacke- to packstone layers increases towards the top. The occurrence and thick-

table 3.5. Overview of the fracture properties per facies tract. The values are displayed as: minimum/maxi-
mum/average value of the combined frame-data.

Frame 
number (#)

Facies 
tract 
(FT)

Average 
fracture density 

(fr/m)

Maximum 
fracture density 

(fr/m)

Minimum 
fracture density 

(fr/m)

Average 
layer thickness 

(cm)

Maximum 
layer thickness 

(cm)

Minimum 
layer thickness 

(cm)

Frame 1 FT-3 1,68 2,37 0,55 72,5 280,0 10,0

Frame 2 FT-4 1,79 4,09 0,31 10,9 26,0 4,0

Frame 3 FT-4 1,56 2,69 0,19 13,9 30,0 5,0

Frame 4 FT-2 1,60 3,66 0,00 48,1 130,0 2,5

Frame 5 FT-2 2,20 3,45 0,88 31,3 82,5 7,5

Frame 6 FT-3 2,33 3,35 0,66 14,6 27,5 2,5

Frame 7 FT-2 1,31 3,23 0,00 22,4 45,0 7,5

Frame 8 FT-2 2,63 3,48 1,47 18,2 37,5 5,0

Frame 9 FT-2 2,84 4,09 0,82 17,7 45,0 10,0

Frame 10 FT-1 1,27 1,95 0,45 16,8 35,0 7,5

Frame 11 FT-4 1,20 2,18 0,00 13,8 50,0 2,5

Frame 12 FT-3 3,48 4,64 2,54 20,8 80,0 5,0

Frame 13 FT-3/FT-4 2,04 3,33 0,00 17,0 40,0 2,5

Frame 14 FT-2 2,13 3,23 0,34 17,9 37,5 2,5

Frame 15 FT-2/FT-3 2,80 15,64 0,31 24,4 77,5 10,0

Frame 16 FT-3 3,22 4,71 1,95 15,4 40,0 2,5

Frame 17 FT-2/FT-3 2,29 4,14 0,00 22,0 50,0 7,5

Frame 18 FT-3 1,69 2,91 0,23 47,2 85,0 10,0
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ness of the more marly intervals, on the other hand, reduces towards the top of 
this succession.

Six frames are located in FT-2 and cover the proximal (Frames 4, 5 and 9), middle 
(Frames 7 and 8) and distal part (Frame 14) of the ramp at different stratigraphic 
heights (Table 3.4). Fractures formed in FT-2 are dominated by through-going 
fractures, intersecting the bedding-transitions. The sediments corresponding to 
this facies are alternating sandy limestones and marls. A significant contrast can 
be observed in the erosion profile although the difference in composition between 
the sandy limestones and marls is minor. The visible alternation in the field is a 
reflection of minor changes in the sand-marl ratio.

General specifications of the frames from FT-2: the average thickness of the 
layers per frame varies between 0.17 and 0.48m, the average fracture density for 
these frames within this facies tract lies between 1.31 and 2.84 fr/m. For further 
specifications see Tables 3.4 and 3.5 and Fig. 3.11.

Frame 8 (Fig. 3.9) is selected as a representative example for FT-2: The 
measured fractures are oriented in an N-S direction and therefore correspond to 
fracture Set 1. The average layer thickness of the beds is 0.17m; the mean fracture 
density is 2.63 fr/m and the mode of the fracture density lies between 0.2 and 
0.3m (Table 3.5). 61% of the fractures are through-going and 39% terminate at 
the layer boundary of a single layer. Local bed-restricted fractures in the harder 
sediments may cause positive anomalies in the fracture density. In this frame 
seven fractures cut through the layer boundaries and outrange the borders of the 
observation window. In addition four fractures cut through three consecutive 
layers and seven small fractures are restricted to one layer only. All restricted 
fractures stop at layer boundaries, which correspond to a shift in the sand-marl 
ratio. Higher concentrations of fractures are therefore observed in the harder and 
bulging sand-dominated layers. The other five windows measured in this facies 
show a similar pattern of two types of fractures, both through-going fractures 
and layer restricted fractures concentrating in the sand-dominated layers. The 
mechanical units in this facies are not entirely restricted to the sedimentary layers 
due to the relative high number of through-going fractures.

In FT-3 seven frames were gathered over the proximal (Frame 12 and 18), 
middle (Frame 1 and 6) and distal part (Frames 15, 16 and 17) of the ramp 
(Table 3.5). Two of these frames partly overlap with FT-2 (Frames 15 and 17, 
Fig. 3.9); these frames contribute to a better understanding of fracture patterns at 
facies transitions.

General specifications of FT-3: The average layer thickness for the frames within 
this facies tract ranges between 0.15 and 0.72m, and the average fracture density 
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varies between 1.69 and 3.48 fr/m. For further specifications see Tables 3.4 and 3.5 
and Fig. 3.11.

Frame 12 (Fig. 3.9) is picked as a representative frame for FT-3: The average 
layer thickness is 0.21m, the mean fracture density is 3.48 fr/m and the mode of 
the fractures from Frame 12 lies between 0.1 and 0.2m (Table 3.5). 87% of the 
fractures are through-going while 13% of the fractures are restricted to the layer 
boundaries.

Frame 15 (Fig. 3.9) is used to describe the transition zone between FT-2 and 
FT-3: Two sets can be distinguished in Frame 15, N-S (005-185) and NE-SW 
(065-245). The average layer thickness is 0.18m and the average fracture density 
is 2.8 fr/m. The mode of the fracture spacing of Set 1 lies between 0.2 and 0.3m, 
while the mode of Set 2 fractures lies between 0.0 and 0.1m (Fig. 3.10). 17% of 
the fractures are through-going and 83% is restricted to the layer boundaries.

The vertical fracture distribution in the FT-3 sediments is generally dominated 
by through-going fractures crossing layer boundaries (e.g. Frame 12, Fig. 3.9). 
At the transition from FT-2 to FT-3 (Frame 15, Fig. 3.9) intervals of the relative 
soft marls and sandy limestone sediments (FT-2) are interfingering with the well-
cemented cross-bedded sediments of FT-3. The lithologies at this stratigraphic 
position are associated with terminating fractures that concentrate in the well-
cemented cross-bedded sediments of FT-3. The relative soft intervals of FT-2 can 
only be observed at the base of FT-3. The mechanical units in FT-3 are generally 
not restricted to the layer boundaries. At the base, where FT-2 shows a gradual 
transition to FT-3 and at local marly intervals within FT-3, the fractures occur 
in the harder, cross-bedded grainstone layers. In the latter, mechanical units are 
coherent with the stratigraphic layers.

Four frames describe the fracture distribution in FT-4. One frame is located in 
the proximal part (Frame 11) and three in the distal part (Frames 2, 3 and 13). In 
the proximal and middle part of the Ricla exposure, FT-4 is not exposed enough 
to provide suitable outcrops for fracture measurements. The FT-4 (Fig. 3.9) sedi-
ments consist of mud-to floatstones alternating with relative soft marly limestones.

General specifications of FT-4: The average layer thickness ranges between 0.11 
and 0.17m and the average fracture density for this facies tract ranges between 
1.20 and 2.04 fr/m. Further specifications are given in Tables 3.4 and 3.5 and 
Fig. 3.11.

Frame 2 (Fig. 3.9) is selected as a representative frame for FT-4: The aver-
age layer thickness is 0.11m and has an average fracture density is 1.79 fr/m, 
the fracture spacing mode lies between 0.1 and 0.2m. 12% of the fractures are 
through-going and 88% of the fractures is restricted to the layer boundaries.
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The fractures are concentrated in the hard mud- to floatstone layers and there-
fore show a clear fracture termination pattern at each layer boundary (Frame 2, 
Fig. 3.9). The mechanical units correspond to the individual beds. Locally the 
marly limestones are absent or show a less distinct difference with respect to the 
hard mud- to floatstones layers. At these interfaces fractures show a through-going 
fracture pattern (Frame 3, Fig. 3.9) and mechanical units are less distinctive.

3.7 disCussion

3.7.1 fracture orientations and platform types

This study shows a relation between facies and fractures. This relation is mainly 
dependent on contrast in rock-texture of the different lithologies. Both numerical 
(Resor and Flodin, 2010) and field studies (Frost and Kerans, 2009, 2010; Boro 
et al., 2013, 2014) show notable correlations between the facies and anatomy of 
flat-topped carbonate platforms and early stage fracture patterns.

Compared to carbonate ramps, the anatomy and facies of flat topped carbonate 
platforms are much more complex (Wilson, 1975; Schlager, 2005). A one-kilo-
meter proximal to distal transect, ranges from: (1) Thin layered horizontally de-
posited lagoon with mudstones and marls; (2) Massive frame-building reef crest; 
(3) A steep and thick upper slope, which gradually thins and flattens, towards the 
lower slope; (4) Basin sediments consisting of marls, mud and wackestones. The 
abrupt lateral facies boundaries and a wide variety of rock properties related to 
these facies results in differential compaction in flat-topped carbonate platforms. 
Differential compaction of these complex structures may lead to the formation of 
heterogeneous early stage fracture patterns. Former studies show that the reef-
crest is preferred for initial fracture formation (Frost and Kerans, 2009, 2010). 
Carbonate ramps, on the other hand, are characterized by constant and low-angle 
slopes where sediment packages are deposited without any abrupt changeovers 
in facies and sediment thickness (Read, 1985). Therefore differential compaction 
hardly occurs resulting in more homogenous early stage fracture patterns.

Distinct rock-texture variations cannot be observed on this scale. Fractures 
therefore give a homogeneous fracture pattern in a lateral direction. First and 
second order sea-level variations may cause major shifts in the facies belts. In 
a vertical direction facies may alter significantly, and so does the corresponding 
rock-texture. Fracture intensity and arrangement, which are related to rock texture 
tend to behave homogeneous in a lateral direction, thus over the length of this out-
crop (~6 km). In a vertical direction the fractures are distributed heterogeneously 
over an approximate thickness of 100m strata.
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Two clear and distinctive fracture sets were identified using the 27 pavement 
outcrops. The first fracture set (Set 1) has a N-S orientation; the second set (Set 
2) has a NE-SW orientation. The fractures related to Set 2 are more abundant 
compared to the Set 1 fractures. The fracture directions measured in the 18 verti-
cal outcrops show the presence of NE-SW fractures (Set 2). Fractures related to 
Set 1 could not be distinguished from the vertical outcrops due to the dominant 
outcrop orientation parallel to this set. The fracture orientations remain the same 
over the entire extent of the exposure.

The absence of geomechanical studies of the Ricla exposure and surround-
ing makes it difficult to determine the fracture origin. Cortes et al. (1998) for 
example performed a fracture study in the Almazan Basin, ~50km west of the 
Ricla exposure. Their dominant measured lineament orientations (ENE-WSW), 
displayed in rose diagrams, matches with the dominant fracture Set 2 (NE-SW 
to ENE-WSW) of this study. Their measured dominant direction is assigned to 
a northeast-southwest Neogene compression stage. Second possible initiators 
for the observed fracture sets are local tectonic events associated to the Alpine 
orogeny forming the Pyrenees (San Román, 1994). The aim of this study is to 
correlate the fracture distribution with the sedimentology, solving the origin of the 
fractures is not further discussed.

3.7.2 fractures and facies

Overall observations of the results are presented in five conceptual three-dimen-
sional models (Fig. 3.12). These models show a simplified fracture architecture 
with respect to the lithofacies that occur on the Ricla mixed carbonate ramp.

The conceptual models demonstrate different types of spatial fracture distribu-
tions that can be specified for the Ricla ramp system: (1) Through-going fractures 
cutting layer boundaries versus fractures terminating at layer boundaries. (2) 
Significant fracture density differences; layers lacking fractures and layers with 
numerous fractures.

Fracture spacing distributions and degree of terminations at bedding interfaces 
exhibit differences for each type of facies tract and in facies tract transition-zones. 
To what extent the physical properties of the sediments influence the fracture 
spacing and termination trends depend on the homogeneity of the individual litho-
logical layers and mechanical contrasts between layers. In our assessment of pos-
sible mechanical stratigraphic trends, fracture intensity is a relative measurement 
dependent on the overall level of fracture saturation that the units have achieved 
(Gross and Eyal, 2007) in effect to the incremental deformation history and stress 
evolution. In addition, the spatial distribution of fracture intensity and orientation 
does not only vary at basin-scale from far-field stresses, but also shows strong 
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fig. 3.12. Conceptual models of the fracture distribution and the corresponding facies: The observed frac-
ture pattern of FT-4 (A) and FT-2/3 (C) are characterized by layer restricted fractures. Fractures in FT-3 (B) 
and FT-2 (D) show a through-going fracture pattern. The fractures observed in FT-1 (E) show both patterns; 
the base of this facies is characterized by propagating fractures while layer restricted fractures are concen-
trated to the top of this facies due to a higher contrast in layer properties. In addition to the photograph, 
the lithological succession classifi ed after Dunham (1962) is displayed (M = mudstone, W = wackestone, P 
= packstone, G = grainstone, R = rudstone) and the conceptual fracture density ranging between 0 and 5 
fractures per meter.
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local variations. Smaller scale lithological changes along vertical stratigraphic 
sections affects significant variations in fracture densities and size (Gross and 
Eyal, 2007; Lézin et al., 2009).

The observed fracture characteristics are related to the distinctive facies tracts. 
The outcrop characteristics and textural properties of the sediments that formed 
the Ricla ramp system do not differ laterally within FT-1 and FT-2 (Fig. 3.4). The 
most significant lateral variation is observed in the overall thickness of FT-3 that 
becomes thinner towards the basin. Within this facies tract a gradual change is 
observed in the composition of the sediments, from ooid dominated in the proxi-
mal regimes to sand and gravel dominated in the distal regimes. The sediments of 
FT-4 contain more coral fragments in the proximal and more sand-layers in the 
distal part. In general, the texture of the facies is laterally homogeneous.

In a vertical direction the transition in facies tract is based on the textural prop-
erties; observed transitions between the (1) grain-size (2) carbonate content (3) 
presence of matrix or cement. Due to the vertical heterogeneity of the textural 
properties of the sedimentary succession the fracture pattern for each facies-type 
shows a changing fracture signature. The through-going versus layer restricted 
fractures display the clearest relation to the vertical facies succession (Fig. 3.12).

The variation of the fracture networks due to sediment heterogeneity is ex-
pressed in the fracture density and fracture terminations (Fig. 3.12). Fractures can 
terminate at layer boundaries or cross through layer boundaries in multiple ways 
and shapes. Through-going fracture distribution can be related to strain intensity 
(Gross and Eyal, 2007) and the physical contrast and bonding-contact between 
consecutive layers (Ruf et al., 1998; Cooke and Underwood, 2001).

For example, the highest contrasts in textural properties can be found at the 
transition of FT-2 to FT-3 and locally within FT-4. The beds formed at the transi-
tion from FT-2 to FT-3 are characterized by an alternation of micritic sandstones 
and marls (FT-2) and sparitic sand- to grainstones (FT-3). Due to this high textural 
contrast fractures concentrate in the cemented layers of FT-3, and terminate at the 
marly and micrctic layers of FT-2. The same pattern can be recognized in FT-4, 
where the fractures tend to concentrate in the mud- to wackestones and terminate 
at the relative marly mudstones. Fractures formed within FT-1, FT-2 and FT-3 
generally behave like through-going fractures due to minor variation in textural 
properties.

In FT-1 the individual layer boundaries of the siltstones are practically non-
visible. This very low layer contrast results in a random termination pattern of 
the fractures. Towards of the top of this facies tract more heterogeneity occurs 
resulting in more differentiated fracture patterns. For FT-2 the individual layers 
are easily recognizable in the field and form a clear soft-hard alternating weather-
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ing profile. But the actual observed textural contrast in the thin sections between 
the marls and the sandstones is very minor. The percentages of sand and mud 
ranges between 40% and 60%, this results in the distinct alternation in the field. 
Due to the minor variation in physical contrast between the individual layers, 
fractures do not consistently terminate at the layer boundaries and therefore act as 
through-going fractures. Also fractures formed in FT-3 generally cut through the 
individual beds due to minor variations in textural contrast. The high-energetic 
depositional environment of FT-3 sediments resulted in very clean quartz- and oo-
litic sand shoals. In a later stadium sparitic cement filled the pore spaces of these 
sediments. The high variation in amount of carbonate is caused by changes of the 
ooid-quartz ratio of the sediment. The amount of quartz-sand in the sediments 
of FT-3 ranges from 10% to 80%. Due to the overall sparitic infill of the pores, 
the mechanical behavior of the sediments is practically identical, independently 
of the percentage of quartz-sand. Locally levels of fine-grained mud-supported 
sediments formed in between the shoal-deposits. These high-contrast layers do 
cause fracture termination levels in this facies.

3.7.3 fractures and petrophysical properties

Facies and microfacies analysis were used to determine the textural trends with 
attention to lateral and vertical stratigraphic variations and their correlation to 
changes in fracture pattern. Petrophysical analyses were performed in order to 
quantify the textural properties. Additionally the elastic properties of the samples 
were calculated from previous studies (Kleipool et al., 2015). The petrophysical 
and elastic properties of the samples were compared with the lithological charac-
teristics and mechanical units derived from the field (Figs. 3.13 and 3.14).

The data is grouped per facies and visualized using the same color-coding as 
presented in Fig. 3.4. The summarized graphs in Fig. 3.13 show the relation be-
tween calculated elastic moduli and the quantified textural properties and fracture 
densities. The other quantified textural properties are on their turn related with 
fracture density in Fig. 3.14.
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fig. 3.13. The first three columns display the textural properties of the rocks (carbonate content, porosity 
and grain size) related to elastic moduli. The fourth column shows the calculated elastic moduli against the 
fracture density measured in the outcrop of one single layer. The given colors correspond to the facies: FT-1 
(yellow), FT-2 (green), FT-3 (red) and FT-4 (blue). Poisson’s ratio values are 100x.
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Mechanical properties of a Jurassic siliciclastic-carbonate ramp 93

3

Elastic properties versus petrophysical properties
The first three columns with graphs in Fig. 3.13 show the comparison between 

the quantified textural properties and the elastic properties.
FT-1: The petrophysical properties of the samples from the lowermost facies 

tract show two distinct clusters in the graphs of Fig. 3.14 (yellow); samples with 
low moduli values and samples with high moduli values. Samples with high 
moduli values are characterized by high carbonate content and low porosities. 
The group of samples with low moduli values has low carbonate content, relative 
high porosity and fine average grain-size. The single sample of this facies tract 
that was obtained form the associated frame 10 has a relative low fracture density 
and low moduli values.

FT-2: The samples derived from the second facies tract (green) cover the middle 
domain of the petrophysical property measurements (Fig. 3.14). Since the pet-
rophysical properties of the samples from this facies tract are clustered, a clear 
relation with the different moduli is not present. The petrophysical properties of 
the samples are relatively consistent.

FT-3: The oolitic sand- and grainstones of FT-3 cover a wide domain for every 
type of petrophysical analysis. The relation between these properties and the dif-
ferent types of moduli are best described by the bulk modulus and Poisson’s ratio. 
The wide distribution of the petrophysical results in clearer trends with respect to 
the other facies tracts.

FT-4: The petrophysical properties of the samples that are associated with FT-4 
plot close together (blue). The samples are characterized by the highest carbonate 
contents and lowest average grain-sizes. They cover the highest bulk modulus and 
Poisson’s ratio values. The petrophysical properties (matrix, carbonate content 
and grain-size) of this facies tract are consistent throughout the entire ramp.

Overall dataset: The elastic and petrophysical measurements of the bulk dataset 
show the best overall trends for the carbonate content and porosity with the Pois-
son’s ratio and bulk modulus. The influence of mineralogy, porosity and grain-
size (clay) has already been extensively examined (Kleipool et al., 2015). The 
samples from our dataset follow the same porosity-elasticity trends as described 
in literature (Fournier and Borgomano, 2009). Thus negative elasticity trends with 
an increasing porosity. The samples of each facies tract have a unique signature 
for at least one of the petrophysical property datasets.

Elastic properties versus fracture density
In contrast with the petrophysical properties the fracture density and elastic 

property graphs in the rightmost column of Fig. 3.13 do not show any coherency 
with the moduli (Fig. 3.13). Lézin et al. (2009) show the mutual relationship 



94 Chapter 3

between the Young’s modulus and the fracture density of the corresponding layer. 
However, they derived their data from two frames by sampling every single layer 
of a frame.

Fracture density versus petrophysical properties
Comparison of petrophysical properties with fracture data derived from the 

field is difficult due to the thickness variations of the strata. Case studies with a 
succession of layers with the same thickness and wide domain of petrophysical 
properties would be more fit for purpose when the aim is to compare field data 
to lab derived rock properties. Layer thickness is a primary controlling factor 
for the fracture density distribution (Gross, 1993; Ruf et al., 1998). In this study 
the fracture density increases with a decreasing in layer thickness. The measured 
petrophysical properties, on the other hand, do not show a relation (Fig. 3.14). 
The data points are randomly scattered for each facies tract between 1 and 5 fr/m. 
The carbonate content, porosity and grain-size do not influence the distribution 
per facies nor by the bulk dataset.

3.7.4 limitations and recommendations

Further work would include compressive and tensile strength tests on plugs and 
compare these values with the rock properties including the fracture densities 
derived from the field (Lézin et al., 2009). Creating larger frames by the use of 
drones to capture more strata and fracture density values over larger distances. 
Sampling for plugs of the softer layers does not work well; a bias in the sampling 
of the more competent units therefore remains a challenge. High-resolution satel-
lite images or photographs from RC-drones might help to future improvement of 
the database with better length distribution measurements. The timing of fractures 
has not been captured in this study. Isotope analyses of fluid inclusions in veins 
would help to determine the origin and depth of fracture formation.

3.8 ConClusions

(1) The fracture distribution of the Ricla ramp system is possibly related to the 
Triassic-Jurassic rifting and the subsequent Tertiary inversion of the rift-faults 
that caused uplift and folding of the Mesozoic sediments. The main fracture set 
(Set 2) is oriented perpendicular to the folding axes of the synclinal structure 
located one kilometer east of the exposure. Fracture Set 1 is oriented in a N-S 
direction, thus parallel to the synclinal axis and the outcrop orientation.
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(2) Lateral homogeneity of the mixed carbonate ramp facies is causing minor 
lateral variations in the fracture pattern. Vertical heterogeneity of the facies is 
causing significant variations in the fracture distribution. High textural contrast 
between individual layers causes fractures to terminate. Within the facies tracts 
FT-1 (bioclastic siltstones), FT-2 (sandy limestones) and FT-3 (cross-bedded 
grain-sandstones), fractures do not terminate at each layer boundary due to minor 
variation in physical properties of the sediments present in that specific facies 
tract. High physical contrast of the layers is found at the transition from FT-2 to 
FT-3 and locally at FT-4 (mud-floatstones). The main physical contrasts between 
FT-2 and FT-3 are (1) the significantly larger grain-size of the FT-3 sediments 
with respect to FT-2 sediments (2) the sediments of FT-2 are matrix supported 
and the sediments of FT-3 are cement supported. In the transition-zone between 
both facies the fine grains and micritic matrix of FT-2 tends to behave ductile with 
respect to coarse-grained and cemented sediments of FT-3 causing fractures to 
concentrate in the sediments of FT-3. Local soft and marly intervals are causing 
fractures to terminate at the layer boundaries of the individual micritic limestone 
layers of FT-4.

(3) Layer thickness can be linked to fracture densities; increasing layer thick-
ness can be related to a reduction in fracture density. However, the high contrast 
in physical properties between successive layers makes this relationship complex.

(4) The quantified petrophysical, thus grain-size, porosity and carbonate con-
tent, and calculated elastic properties do not show clear relations to the fracture 
density distribution.

(5) Significant lateral variations in facies and fractures found in flat topped car-
bonate platforms have not been observed in carbonate ramp systems due to lateral 
physical homogeneity of the sediments found on this ramp and the absence of 
angle variations in the ramp-topography. The vertical variation in facies caused by 
sea-level fluctuations is the key parameter in the fracture distribution of carbonate 
ramp systems.
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4.1 abstRaCt

The primary goals of seismic interpretation and quantification are to understand 
and define reservoir architecture and the distribution of petrophysical properties. 
Since seismic interpretation is associated with major uncertainties, outcrop ana-
logues are used to support and improve the resulting conceptual models. In this 
study the Miocene carbonates of Cerro de la Molata (Las Negras, SE Spain) have 
been selected as an outcrop analogue. The heterogeneous carbonate rocks of the 
Cerro de la Molata platform formed by a variety of carbonate producing factories, 
resulting in various platform morphologies and a wide range of physical proper-
ties. Based on textural (thin sections) and petrophysical (porosity, density, carbon-
ate content and acoustic properties) analyses of the sediments eleven individual 
facies types were determined. The data were used to produce synthetic seismic 
profiles of the outcrop. The profiles demonstrate that the spatial distribution of 
the facies and the linked petrophysical properties are of key importance in the 
appearance of the synthetic seismic sections. They reveal that carbonate fac-
tory and facies specific reflection patterns are determined by porosity contrasts, 
diagenetic modifications and the input of non-carbonate sediment. The reflectors 
of the seismograms created with high-frequency wavelets are coherent with the 
spatial distribution of the predefined facies within the depositional sequences. The 
synthetic seismograms resulting from convolution with lower frequency wavelets 
do not show these details; the major reflectors coincide with (1) the boundary 
between the volcanic basement and the overlying carbonates and (2) the platform 
geometries related to changes in carbonate factories, thus sequence boundaries 
and (3) diagenetic zones. Changes in seismic response related to diagenesis, 
switching carbonate producers and linked platform geometries are an important 
finding that needs to be taken into account when interpreting seismic datasets.
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4.2 intRoduCtion

Digital Outcrop Models (DOM’s) help to better understand the geometries of 
complex carbonate depositional systems and their internal facies architecture 
(Bellian et al., 2005; Warrlich et al., 2005; Tomás et al., 2009; Verwer et al., 2009; 
Benson et al., 2014). DOM’s can be integrated with field observations, laboratory 
data, high-detail photographs and GPS data to create 3D geological models.

A valuable addition to the analysis of geological static models is populating 
them with rock properties. The attributed model can then be further used for 
dynamic modelling, such as simulating fluid flow and to assess the geomechani-
cal behaviour of the carbonate platform. A digitized outcrop can thus be used to 
estimate the reservoir potential and consequently may serve as an analogue for 
similar subsurface reservoirs.

Populated static models can also be used for the evaluation of synthetic seismic 
sections (Bracco Gartner et al., 2002; Eberli et al., 2004; Janson et al., 2007; 
Zeller et al., 2015; Kleipool et al., 2015). The convolution with different types of 
wavelets and wavelet-frequencies will result in a wide range of synthetic profiles 
that can be compared with the facies architecture, rock property distribution and 
the overall stratigraphic framework observed in the outcrop. In addition, it is pos-
sible to vary the rock properties of the geological model and examine the output 
in the produced synthetic seismic profiles to test the ability of seismic frequencies 
to resolve field observations. Outcrop analogues and their modelled seismic re-
sponse are of key importance in understanding and interpreting seismic datasets.

This study focuses on the Cerro de la Molata outcrop, which is located south of 
Las Negras in the Cabo de Gata area in SE Spain (Fig. 4.1). Prograding carbonate 
systems developed in the Cabo de Gata area during Late Miocene times. The type 
of carbonate platforms that developed in the Mediterranean can be used as an 
analogue for subsurface carbonate reservoirs with similar properties. Examples 
of the latter are found in the South Chinese Sea, e.g. the Malampaya Build-up in 
the Philippines (Grötsch and Mercadier, 1999; Fournier et al., 2004, 2005), the 
Zhujiang Platform in China (Erlich et al., 1990; Sattler et al., 2004; Zampetti et 
al., 2005) and the Luconia Platforms in Malaysia (Epting, 1980, 1989; Zampetti 
et al., 2003, 2004; Vahrenkamp et al., 2004). Comparable outcrop analogues can 
be found in the Mut Basin in Turkey (Janson et al., 2007).
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The Cerro de la Molata outcrop contains three different carbonate factories. From 
bottom to top: (1) a cool water factory (C-factory sensu Schlager, 2005) with a 
heterozoan facies association sensu James (1997); (2) a tropical factory (T-factory 
sensu Schlager, 2005) with associated photozoan biota sensu James (1997); (3) a 
mud mound (microbial) factory (M-factory sensu Schlager, 2005) which in this 
case is represented by microbial mats, oncoids and ooids. Carbonate factories 
show varying carbonate production profiles with heterotrophic, light independent 
skeletal biota and red algae (C-factory), tropical warm and oligotrophic water 
associations with corals and green algae (T-factory) and microbial-mediated 
precipitation of mud (M-factory) (Schlager, 2005; Reijmer, 2016). The C-factory 
shows a sedimentary system without any shallow-water barriers in which waves 
and currents control sediment transport resulting in a ramp-type morphology. 
The T-factory carbonate platform morphology displays a shallow water lagoon 
surrounded by a reef barrier that merges into steep slopes. The M-factory shows 
varying production profiles and forthcoming morphologies, varying from steep 
sided platforms to single mud mounds (Schlager, 2005; Reijmer, 2016).
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fig. 4.1. Distribution of the Miocene reefs in the Sorbas and Almería-Níjar Basin. The square indicates the 
location of the Cerro de la Molata platform that developed on top of the Neogene volcanics of the Cabo de 
Gata volcanic complex. Figure modified after Warrlich et al. (2005).
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The objectives of this study are: (1) Capture the stratigraphic framework and 
facies distribution of the Cerro de la Molata outcrop in a 3D geological model; (2) 
Create a petrophysical signature for these Late Miocene carbonates; (3) Attribute 
the petrophysical properties in the geological model; (4) Translate the geological 
model of the outcrop to an array of synthetic seismic profiles.

The aim is to evaluate the link between the sedimentological and petrophysical 
properties of various carbonate factories or producers, their individual mor-
phologies and the translation of these properties from outcrop characteristics to 
synthetic seismic profiles. Understanding the link between carbonate producing 
systems and their spatial appearance in seismic sections helps to predict reservoir 
architecture of similar depositional systems in the subsurface. The geometrical 
and petrophysical information of carbonate reservoir analogues is important for 
exploration and production of hydrocarbons. This information may lead to predic-
tion of the most potential layers (i.e. flow units) in the carbonate reservoir.

4.3 GeoloGiCal settinG

The Cerro de la Molata outcrop is located south of the town of Las Negras (SE 
Spain). It is situated within the Sierra de Cabo de Gata on the southeastern margin 
of the Almería-Níjar Basin (Fig. 4.1). The Late Miocene carbonate build-ups 
locally developed on the topography inherited from an older Neogene volcanic 
archipelago (Esteban, 1979). The carbonate factories and thereby the depositional 
system evolved over time from a cool-temperate water carbonate ramp to a tropi-
cal flat-topped carbonate platform and eventually to shoal complex with abiotic 
ooids and biotically induced microbial build-ups (Franseen and Goldstein, 1996; 
Schlager, 2005). This development is observed by changes in platform morphol-
ogy, sediment characteristics and the associated depositional facies (Franseen and 
Goldstein, 1996).

Regional uplift in combination with sea-level fall, that occurred from Pliocene 
onwards, resulted in subaerial exposure of the Late Miocene carbonate platforms. 
With exception of uplift and far field effects of the Carboneras fault situated 15km 
north of Las Negras, no significant deformation occurred around the Cerro de 
la Molata (Fig. 4.1). The original structure of the carbonate build-ups is well 
preserved; they provide an excellent overview of the Miocene paleotopography 
showing the original depositional structures and elevations (Franseen et al., 1993).
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4.4 stRatiGRaphy

Over the last 25 years the Cabo de Gata Miocene carbonates have been a widely 
studied addressing the sedimentology and stratigraphy. The depositional mecha-
nisms of the changing carbonate factories are described in detail: (1) The cool-
water factory, primarily comprising heterozoan carbonates, directly covers the top 
of the Cabo de Gata volcanics, e.g. andesites, dacites and pyroclastics (Betzler et 
al., 1997; Duggen et al., 2003; Gill et al., 2004). (2) The overlying tropical fac-
tory, dominated by photozoan carbonates (Riding et al., 1991; Braga and Martín, 
1996). (3) The top part of the sequence is characterized by an abiotic and bioti-
cally induced carbonate factory (Montgomery et al., 2001; Goldstein et al., 2013; 
Lipinski et al., 2013). The depositional processes and sequence development 
of the Cerro de la Molata are captured in a well-defined sequence stratigraphic 
framework (Franseen et al., 1993, 1998; Franseen and Goldstein, 1996).

The stratigraphic succession of the Cabo de Gata Miocene carbonates shows five 
depositional sequences (DS’s) that formed on top of the Neogene volcanic base-
ment (Fig. 4.2): DS1A, DS1B, DS2, DS3 and the Terminal Carbonate Complex 
(TTC) (Franseen and Mankiewicz, 1991; Franseen et al., 1993). The depositional 
sequences are divided by four sequence boundaries: SB1, SB2, SB3 and SB4. The 
age of volcanic flows in the lowermost depositional sequence (DS1A) are deter-
mined at 8.5 ± 0.1 Ma age by the 40Ar/39Ar method (Goldstein and Franseen, 
1995). Pinning point curves were used to define ages and timing of the overlying 
sequences, which were dated and matched with existing paleomagnetic - and sea-
levels models (Goldstein and Franseen, 1995). Changes of carbonate producers 
and associated platform geometries are linked to water temperature, substrate and 
nutrient levels (Franseen et al., 1997).

The sediments forming the two lowermost sequences, DS1A and DS1B, are depos-
ited directly on the volcanic basement, infilling the lowermost existing topography 
(Johnson et al., 2005). The carbonate production characterizing these sequences 
is dominated by heterozoan biota, e.g. red algae, bryozoa, bivalves, resulting in 
ramp-type geometries that onlap the volcanic basement (Franseen et al., 1997, 
1998). The first depositional sequence (DS1A) is deposited in the depressions of 
the volcanic basement and locally shows interfingering (Fig. 4.2). The maximum 
thickness of this unit is 20m. A discontinuity at the top of this sequence separates 
it from the overlying unit (DS1B). The transitional surface is characterized by 
the presence of subaerial fissures partially filled by younger sediments (Johnson 
et al., 2005). The thickness of DS1B varies between 20 and 100m and covers the 
entire volcanic basement. The ramp strata are deposited in inner and outer carbon-
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ate ramp settings and show multiple fining upward cycles composed of bioclastic 
wackestones to rudstones (Franseen et al., 1998). The produced, reworked and 
accumulated cool-water sediments are mostly transported and (re-) deposited by 
gravitational processes that steer sedimentation on the carbonate ramp.

The sedimentary succession succeeding the second sequence boundary (SB2), 
thus the base of the DS2 unit, is characterized by the presence of a large slump 
event, the so-called mega-breccia (MB1) (Goldstein and Franseen, 1995; Fran-
seen et al., 1998). This mega-breccia predominantly contains large non-carbonate 
clasts and boulders of Porites sp. coral reefs that originated from a nearby bio-
herm (Bourillot et al., 2009). This reef detritus represent the first indication of the 
transition from a carbonate ramp to a flat-topped platform with associated steep 
slopes. Part of the bioherm was transported forming a slump while the other part 
remained intact. This in situ sedimentary body is located upslope and consists 
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of Porites sp. reef framestones. The adjacent ramp type sediments consist of 
bioclastic wackestones and packstones. The transition from DS2 to DS3 (SB3) 
is characterized by a second mega-breccia (MB2) underlain by a discontinuity. 
The top of the MB2 unit shows features of sub-aerial exposure that indicate a 
sea-level fall and hence the unit top represents a sequence boundary (SB3). The 
total thickness of the DS2 unit varies from 1 to 30m.

The thickness of the DS3 unit varies from 20 to 70m and it consists of prograd-
ing reef strata that are characterized by clinoform geometries (Braga and Martín, 
1996). The prograding clinoforms show in situ reef crests, steep upper slopes and 
their associated downlapping lower slope strata. The slope facies consist of Porites 
sp. rudstones at the top that gradually switch towards fine-grained bioclastic sedi-
ments as found in the basin. Multiple cycles of prograding clinoform bodies can 
be recognized in the Cerro de la Molata outcrop. One of the last depositional 
cycles within DS3 shows a characteristic, well-exposed, Halimeda-rich interval 
that developed along the entire slope domain. The sediments associated with the 
DS3 unit represent a facies typifying a tropical carbonate factory (Schlager, 2005).

After deposition of the prograding clinoform bodies a hiatus (SB4) is present at 
the edges of the Miocene basins. During this localized hiatus, the deepest realms 
of the basins are filled with a number of gypsum cycles with marly interbeds. The 
uppermost exposed sediments of DS3 were partially eroded during this period 
(Montgomery et al., 2001). The Terminal Carbonate Complex (TCC) succeeds 
the DS3 unit and forms the uppermost sequence of the Cabo de Gata Miocene 
carbonate succession. This latest stage consists of sediments deposited in coastal 
and restricted-marine environments. Stromatolite and thrombolite boundstones 
occur at the base of the TCC; towards the top cross-bedded oolitic grainstones 
predominate. Mudflats and high-energy shoal complexes indicate the presence 
of lagoonal and coastal environments before the platform becomes fully exposed 
(Bourillot et al., 2010; Goldstein et al., 2013). The TCC in this specific field area 
has a thickness of approximately 30m.

At the end of the Messinian, during the final stages of the salinity crises, the 
carbonate factory production in the area terminated (Franseen et al., 1993). This 
phase was succeeded by regional uplift of the area. Locally the Miocene carbon-
ates are overlain by Pliocene continental deposits, e.g. braided rivers and alluvial 
fans (Weijermars et al., 1985).
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4.5 methods

4.5.1 field methods

Fieldwork was carried out in the Cabo de Gata area to analyse the Miocene car-
bonate successions of the Cerro de la Molata outcrop and its surroundings. Previ-
ous research by Franseen and Goldstein (1996) provided a detailed stratigraphic 
framework, including an overview of the general facies characteristics and spatial 
distribution of the depositional sequences over the Cerro de la Molata outcrop. 
Based on these earlier studies new logs, rock samples and GPS-tracks were taken 
in order to get a full coverage of all the predefined facies belts and depositional 
regimes (Fig. 4.3).

Logs
Five detailed logs (SM1, SM2, SM3, SM4 and SM5) were taken from the Cerro 

de la Molata outcrop (Fig. 4.4). Log locations are equally distributed over the 
outcrop and cover all the predefined depositional sequences. The logging routine 
consisted of: (1) measure layer thicknesses; (2) classify rocks based on the Dun-
ham classification (Dunham, 1962); (3) annotate sedimentological features; (4) 
match to the stratigraphic framework; (5) take samples for laboratory analysis.
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GPS-tracks
The major sequence boundaries (SB1, SB2, SB3 and SB4) and the contact with 

the volcanic basement were tracked using a GPS receiver (Garmin Vista HCx), 
The GPS device has a minimum accuracy of 3 metres, the clear skies and lack 
of vegetation in this area of Spain can potentially result in a 1 metre accuracy. 
The arid climate in Southern Spain makes the outcrop quality high; individual 
layers can be traced over large distances without being interrupted by vegeta-
tion, erosion or soil coverage. The sequence boundaries are traced around the 
whole perimeter (~5km) of the Cerro de la Molata outcrop. Steep cliffs can locally 
reduce the accessibility of the outcrop; GPS-tracking was not performed in these 
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areas. Instead, interpolation of GPS-tracks and handpicked tracks based on the 
DOM complemented the digitized outline of the sequence boundaries.

4.5.2 laboratory methods

A total of 49 decimetre-sized samples were collected from the Cerro de la Molata 
platform. The section locations (sections SM1 – SM5) were primarily used for 
collecting sample-material; an additional sample selection (sampling locations 
SM6 – SM10) was included to cover the lateral extent of all facies (Fig. 4.4). 
Cylindrical vertical plugs were drilled with a 3.8cm (1.5-inch) diameter core bit 
using a water-cooling system. The top and bottom of the plugs were cut plane-
parallel and polished resulting in sample lengths of 40 to 60mm. Sample dimen-
sions were measured using an electronic calliper. The plugs were dried in a 60°C 
oven for at least 72 hours to evaporate all the intruded water. A microbalance with 
a precision of 0.1 milligrams was used to measure the sample weight. A part of 
each sample was cut in a plug-parallel oriented slab for thin section preparation. 
Thin sections were impregnated with blue resin to recognize the porosity and 
pore types. Finally a portion of the remaining part of each sample was ground to a 
powder using an arbor press followed by an agate mortar and pestle.

Porosity and density
The porosity was calculated from the plugs using the dry bulk density and grain 

density. The bulk density was defined during the sample preparation by measuring 
the volume and weight of the plugs. The grain density was obtained from a helium 
pycnometer (AccuPyc 1330 developed by Micromeritics). The normalized dif-
ference between the bulk density and grain density results in the total porosity 
of the plug. Unconnected pores that cannot be reached by the helium may result 
in deviating measurements. The accuracy of the grain density measurements is 
~0.02g/cm3; the accuracy of the bulk density measurements is ~0.5 g/cm3; and the 
accuracy for porosity is ~3%. A detailed explanation of this method can be found 
in Kenter and Ivanov (1995).

Thermogravimetric analysis
The carbonate content and organic matter of the powdered samples was mea-

sured through thermogravimetric analysis on the TGA-701 developed by LECO. 
This device measures weight loss of the powdered specimen stepwise as a function 
of temperature: (1) From room temperature to 105°C in normal air atmosphere 
to evaporate the moisture. The weight of the dry mass is measured and set as 
reference for the following steps. (2) Raise to 330°C in an oxygen atmosphere 
to define the mass fraction of readily oxidized organic matter. (3) Raise to 550°C 
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to measure the residual mass fraction of organic matter. (4) A quick increase to 
615°C in a carbon dioxide atmosphere to determine the presence of OH-groups or 
crystallization water that occurs in the mineral lattice. (5) The final step to 1000°C 
is in a carbon dioxide atmosphere to define the mass fraction of carbonate. The 
temperature is kept constant during each step until no weight change larger than 
0.5% occurs. The result of the analysis is a percentage of Total Organic Carbon 
(TOC), the carbonate content and a remaining fraction. The remaining fraction 
in this study is described as non-carbonate material. Uncertainties in this method 
could arise from the weight loss of water-bearing minerals and clays.

Acoustic velocities
The acoustic velocities of the vertical plugs are measured in dry conditions 

using the High Pressure Measurement System (HPMS) manufactured by Verde 
Geoscience. This machine measures the travel time of one P-wave and two or-
thogonally polarized S-waves, which are averaged to a single value. The samples 
are secured in a rubber sleeve and fixed in crystal bearing transducer that produces 
1 MHz frequency acoustic waves. The transducer is placed in an oil vessel con-
nected to a high-pressure pump system that can reach a confining pressure of 
40 MPa (isostatic). The travel times of the waves are measured stepwise over a 
predefined pressure path (2.5, 5, 10, 20 and 40 MPa). The selected path ensures 
that the samples reach their terminal velocity (Bourbié et al., 1987), this effect 
is less pronounced in water- or brine-saturated conditions (Mavko et al., 2009). 
For each pressure step, the incoming waves are visualized in an oscilloscope 
and transmitted to a computer. A LabVIEW application is used to calculate the 
velocity of a plug based on the travel time of the first arriving wave. The travel 
time of the first arrival is semi-automatically picked at a voltage threshold of 
3% of the maximum amplitude. The measurement error is determined at 1% for 
consolidated carbonates with porosities below 30%; poorly consolidated samples 
show more disturbed wave signals resulting in error range of 5% (Anselmetti and 
Eberli, 1993). A more extensive outline of the procedure can be found in earlier 
studies by Braaksma et al. (2003), Verwer et al. (2008) and Fournier et al. (2014).

Thin section analysis
The thin sections are cut parallel to the orientation of the plugs; they therefore 

give the possibility to directly link textural properties to the quantified velocity 
and porosity measurements that were performed on the plugs. The thin sections 
were primarily studied for the textural characteristics: (1) Grain size, shape 
and distribution; (2) Fossils and microfossils; (3) Porosity and pore-types; (4) 
Inter-granular infill. The samples are named and grouped using the Dunham clas-
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sification for rock type (Dunham, 1962), the Choquette and Pray classification for 
pore-types (Choquette and Pray, 1970) and the Folk’s carbonate classification for 
the type of intergranular infill (Folk, 1959). The latter is based on the crystal size 
of the cements: micrite (<4μm); microsparite (5-20μm); sparite (>20μm).

4.5.3 modelling methods

The following workflow was used to obtain a Digital Outcrop Model (DOM), 
a Geological Outcrop Model (GOM) and a Rock Properties Model (RPM). The 
obtained field data and analysed rock properties are used to populate the latter 
creating the synthetic seismic profiles (Fig. 4.3).

Digital Outcrop Model (DOM)
The Digital Outcrop Model (DOM) that was used for this study is based on two 

components: (1) A Digital Elevation Model (DEM); (2) Aerial photographs. The 
download centre of the Spanish governmental organization Instituto Geográfico 
Nacional (IGN; downloads available at http://www.ign.es/) provided both com-
ponents. The DEM raster-file of the Cabo de Gata area has a mesh density of 5 
metres (MDT05, area 1046). The high-resolution aerial photograph of the field 
area has a pixel density of 0.5 metres (PNOA, area 1046). Both files were imported 
and further processed in Schlumberger’s modelling package PetrelTM. In order to 
create the DOM the aerial photograph is draped over the DEM. The completed 
GPS-tracks of the sequence boundaries were imported into the DOM in PetrelTM 
and converted to rendered surfaces. The volumes between the interpolated sur-
faces of the sequence boundaries represent the depositional sequences. The 3D 
visualization of each depositional sequence contributes to a better understanding 
of the platform evolution.

Geological Outcrop Model (GOM)
The facies subdivision for this study is based on the logs, field observations 

and thin section analysis. Eleven different facies types are defined related to the 
proximal and distal regimes of the depositional systems (Franseen et al., 1993; 
Franseen and Goldstein, 1996). The facies distribution over the Cerro de la Molata 
outcrop is mapped and assigned to the digital geological model. Samples were 
taken to obtain a full facies coverage. The measured rock properties were grouped 
and averaged for each facies type.

Rock Properties Model (RPM)
The rock properties of the predefined facies are assigned to their observed or 

expected localities within the digital depositional sequences. A 3D Rock Proper-
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ties Model (RPM) was established from which 2D profiles were extracted that 
were used to create synthetic seismic models.

Synthetic seismic modelling
The RPM is processed to generate synthetic signals (Fig. 4.3). Dry bulk density 

(rBulk) and P-wave data are multiplied to calculate the acoustic impedances (Z). 
Reflection coefficients (R) that border the facies bodies are calculated based on the 
vertical acoustic impedance contrasts. The vertical reflection coefficient traces are 
convoluted with a range of zero-phase Ricker wavelets (Ricker, 1953) at multiple 
frequencies (15, 25, 35, 50, 100, and 200 Hz). This can be done for an array of 
rock property scenarios. The convoluted seismic traces are imported into SeisLab, 
an application written in MATLAB® that can be used for visualizing seismic 
profiles (Kleipool et al., 2015). The wavelet translates hard-kick (red) signals, 
which is the transition from a low-impedance layer to a high impedance layer as a 
positive peak. Soft-kick (blue) signals, thus the transition from a high-impedance 
layer to a low-impedance layer, result in a negative peak (normal polarity). A 
series of 250 shotpoints are interpolated to create a continuous seismic image.

4.6 Results

4.6.1 facies and textural characteristics

The sections cover strata in the lateral, proximal and distal realms of the carbonate 
platform (Fig. 4.4). The average total thickness of carbonate strata on top of the 
volcanic basement is ~100m. The carbonate platform progrades in an eastward 
direction and is exposed over a distance of ~2km. The most prominent layers can 
be traced around the entire exposure without interruptions.

Facies
Earlier studies on the Cerro de la Molata provide high detailed descriptions and 

facies characterizations of DS1, DS2, DS3 and the TCC (Johnson et al., 2005; 
Bourillot et al., 2009; Bourillot et al., 2010; Lipinski et al., 2013). The total num-
ber of facies defined in these studies is reduced to an amount suitable to generate 
a stratigraphic framework that can be used to create synthetic seismic models 
(Table 4.1). The dataset from this fieldwork can consequently be integrated with 
the reduced facies model. Eleven individual facies types (FT’s) that developed 
on top of the volcanic basement (VB) are determined; their appearance in the 
thin sections are indicated in Fig. 4.5. The following facies types were defined: 
FT-1: Inner ramp grainstone facies characterized by coarse non-carbonate clasts 
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and heterozoan bioclasts such as red algae, bryozoa, echinoids and bivalves. 
This facies only occurs in the lowermost depressions of the volcanic basement 
topography, sub aerial fissures characterize the top of DS1A (Fig. 4.5A). FT-2: 
Outer ramp packstone facies with fine-grained heterozoan biota and non-carbon-
ate clasts. This facies covers most of the higher volcanic basement topography, 
locally channels and turbidites are found (Fig. 4.5B). FT-3: Bioherm framestone 
facies consist of large (5-20m in height) Porites sp. build-ups that formed in the 

1mm 1mm 1mm

1mm1mm1mm

1mm 1mm 1mm

1mm1mm1mm

A B C

D E F

G H I

J K L

fig. 4.5. Thin section photo plate with the 11 defined facies types. A: FT-1, bioclastic grainstone with 
coarse-grained non-carbonate clasts and heterozoan bioclasts. B: FT-2, bioclastic wacke-packstone char-
acterized by fine-grained heterozoan bioclasts and mud. C: FT-3, Porites sp. framestone of in situ reef 
branches filled by fined-grained mud supported sediment. D: FT-4, Porites sp. floatstone with reef frag-
ments embedded in a fine-grained matrix. E: FT-5, bioclastic packstone with a mixture of photozoan and 
heterozoan bioclasts. F: FT-6, in situ Porites sp. framestone, branches bound by microbialites. G: FT-7, bio-
clastic rudstone with a mixed composition of Porites sp. and coarse-grained heterozoan bioclasts. H: FT-
8, mud-wackestone, composition of fine-grained bioclasts and carbonate mud containing microporosity. 
I: FT-9, Halimeda packstone, dissolved Halimeda fragments in a micritic matrix resulting in mouldic pore 
system. J: FT-10A, oolitic grainstone, unaltered sample showing primary interparticle porosity. K: FT-10B, 
oomouldic grainstone, same facies as FT-10A showing diagenetic alteration; cemented grains are partly 
dissolved resulting in secondary mouldic porosity. L: FT-11, thrombolite bindstone, non-layered microbial 
build-up without visible presence of porosity.
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inner ramp realm. This facies represents a transitional carbonate system compris-
ing heterozoan C-factory and photozoan T-factory elements (Fig. 4.5C). FT-4: 
Slumped facies with Porites sp. reef blocks (5-10m in diameter) deposited along 
the slope of the carbonate platform two during major events forming mega-
breccia’s MB1 and MB2 (Fig. 4.5D). FT-5: Slump matrix packstone facies present 
between the large slumped reef blocks of FT-4. The facies consists of heterozoan 
and photozoan bioclasts and non-carbonate material (Fig. 4.5E). FT-6: Reef crest 
framestone facies partially bound by algae. In situ Porites sp. reefs forming the 
top sets of the clinoform geobodies (Fig. 4.5F). FT-7: Upper slope rudstone fa-
cies that consist of coarse-grained debris of predominantly Porites sp., bivalves 
and algae forming the foresets of the clinoform bodies (Fig. 4.5G). FT-8: Lower 
slope mud-wackestone facies consist of fine reworked bioclastic fragments in a 
carbonate mud matrix. These cm-sized layers are the bottomsets of the clinoform 
bodies (Fig. 4.5H). FT-9: Halimeda rudstone facies of which the Halimeda frag-
ments are dissolved resulting in plate-shaped moulds in a micritic matrix. This 
facies occurs in the uppermost three metres in the distal realm of DS3 (Fig. 4.5I). 
FT-10: Oolitic grainstone facies with scarce presence of other biota such as bi-
valves and gastropods. The oolites are deposited in shoals showing cross-bedding 
and grading. Some of the TCC sediments have not been affected by dissolution 
and cementation while others were affected extensively. Since the textural and 
physical contrast of the samples from FT-10 is large, this facies is split in two 
end-members: FT-10A showing primary interparticle porosity (Fig. 4.5J) and FT-
10B showing cementation and mouldic porosity (Fig. 4.5K). FT-11: Stromatolite 
and thrombolite facies are microbial build-ups that locally formed in between the 
oolitic shoals (Fig. 4.5L).

Texture
Miocene carbonates of the Mediterranean are known for their heterogeneous 

appearances that relate to carbonate factory switchovers. The carbonates that de-
veloped on the margins of the Cabo de Gata volcanic complex show an increased 
level of complexity due to sediment mixing with non-carbonate material and 
dolomitization processes that originated from freshwater-mesohaline mixing in 
the subsurface (Li et al., 2013). Throughout the carbonate platform dissolution 
and subsequent recrystallization processes occur resulting in crystalline grains 
and cements (Li et al., 2014, 2017). The types of biota encountered in the Cerro 
de la Molata strata are depending on the active carbonate factory (Fig. 4.5). The 
cool-water carbonates that developed at the base of the succession (DS1 and DS2) 
are primarily dominated by oysters, red algae, bryozoa (Gypsina sp.), bivalves 
(Lithophaga sp.), serpulids and echinoids, while towards the top of DS2 fragments 
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of Porites sp. show up in the strata. The sediments associated with the tropical 
carbonate factory of DS3 primarily consist of Porites sp. reefs that are partially 
bound by algae (Braga and Martín, 1996). Within the same facies belt the cool-
water fauna of DS1 and DS2 is active but to a lesser extent. Abundant Halimeda 
flakes characterize the top three metres of the distal realm of DS3. Sediments 
of the TCC predominantly comprise ooilitic shoals and stromatolite-thrombolite 
build-ups. The occurrence of bioclasts formed by a biotically controlled carbonate 
factory is scarce; occasionally fragments of bivalves, gastropods and Porites sp. 
are found.

4.6.2 petrophysical properties

Porosity and density
A wide variety of primary and secondary pore types are observed in the thin 

sections and outcrop. Primary interparticle porosity includes open spaces between 
the individual grains (Fig. 4.6A). Primary intraparticle (Fig. 4.6B) and framework 
growth porosity (Fig. 4.6C) are original hollow spaces within the skeletal remains 
of the organism. Secondary porosity involves fractures; these do not significantly 
contribute to the bulk porosity but may act important pathways for fluid and 
gas transport (Figs. 6D and 6E). Other secondary pore types are a product of 
diagenetic alteration such as dolomitization processes (Fig. 4.6F) and dissolu-
tion of aragonite. Aragonitic ooids (Fig. 4.6G), Halimeda (Fig. 4.6H) and Porites 
sp. (Fig. 4.6I) fragments may dissolve at multiple scales. Dissolved branches of 
Porites sp. cause centimetre- to decimetre-sized pores that can be observed in 
the outcrops as large vugs (Fig. 4.6I), these fragments leave behind an imprint of 
the external structure in the host-sediment. Dissolved ooids in oolitic grainstones 
can be observed in thin sections as moulds (Fig. 4.6G). The porosity domain of 
the carbonate rocks from the Cerro de la Molata outcrop ranges between 0% and 
50% (Table 4.2). They tend to occupy different domains depending on their facies 
type (Fig. 4.7A). Grain density can be used as an indicator for the mineralogical 
composition. Dolomite has a grain density of 2.85 g/cc, calcite of 2.71 g/cc and 
quartz of 2.65 g/cc (Mavko et al., 2009). The highest average grain densities are 
measured in the facies related to DS1 and DS3 (FT-1, FT-2, FT-7, FT-8 and FT-9), 
the lowest average grain densities primarily occur in DS2, the TCC and the reef 
blocks of DS3 (FT-3, FT-4, FT-5, FT-6, FT-10 and FT-11). The volcanic basement 
rock (VB) is of a different mineralogy (pyroxene, plagioclase, alkali feldspar, 
quartz) and plots below the pure mineralogy lines of dolomite, calcite and quartz.
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fig. 4.6. Photo plate showing diff erent pore types of the Cerro de la Molata carbonates. A: Interparticle 
porosity; slightly cemented ooid grains. B: Intraparticle porosity; fragment of a bryozoan with open spaces 
within the skeletal remain. C: Framework growth porosity; Porites sp. branches with open spaces in the 
reefal framework. D: Fracture porosity; small scale fracture as observed in thin sections. E: Fracture porosity; 
metre-sized fractures in outcrops. F: Intercrystalline porosity; open spaces between the individual crystals 
formed after recrystallization. G: Mouldic porosity; partly dissolved ooids in a sparitic matrix. H: Mouldic po-
rosity; dissolved Halimeda fragments in a micritic matrix. I: Vuggy porosity; overturned Porites sp. reefblock 
in MB1 showing large cavities formed after dissolution.

table 4.2. Rock properties overview of samples taken from the Cerro de la Molata platform.

Plug Facies
Dry bulk 
density

Grain 
density

Porosity
P-wave 
(40MPa)

S-wave 
(40MPa)

P/S-wave
Acoustic 

Impedance
Carbonate 

content
Residual 

components

(#) (FT) (g/cc) (g/cc) (%) (km/s) (km/s) (Ratio) (Nms-3) (%) (%)

SM03-VB VB 2,42 2,46 1,3 4,31 2,55 1,69 10,45 4,98 95,02

SM01-02 FT-1 2,24 2,74 18,2 3,92 2,29 1,71 8,77 74,09 25,91

SM01-04 FT-1 2,24 2,77 19,3 4,83 2,82 1,71 10,81 94,27 5,73

SM01-06 FT-1 2,10 2,80 25,0 4,24 2,44 1,74 8,88 98,14 1,86

SM01-11 FT-1 1,93 2,79 30,9 3,58 2,07 1,73 6,91 98,70 1,30

SM02-06 FT-1 1,86 2,81 33,7 3,58 2,05 1,75 6,68 98,33 1,67

SM03-16 FT-1 1,77 2,40 26,3 3,40 2,04 1,67 6,01 95,19 4,81

SM04-02 FT-1 1,87 2,75 32,1 3,75 2,30 1,63 7,00 98,38 1,62

SM01-14 FT-2 2,23 2,77 19,5 4,06 2,41 1,68 9,07 92,53 7,47

SM01-15 FT-2 1,96 2,75 28,6 3,23 1,93 1,67 6,33 84,01 15,99

SM01-16 FT-2 2,04 2,79 26,9 4,05 2,31 1,75 8,27 79,72 20,28

SM01-22 FT-2 2,09 2,72 23,1 3,84 2,27 1,69 8,02 86,29 13,71

SM02-11 FT-2 1,87 2,78 32,6 3,45 2,05 1,68 6,46 98,43 1,57
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table 4.2. Rock properties overview of samples taken from the Cerro de la Molata platform. (continued)

Plug Facies
Dry bulk 
density

Grain 
density

Porosity
P-wave 
(40MPa)

S-wave 
(40MPa)

P/S-wave
Acoustic 

Impedance
Carbonate 

content
Residual 

components

(#) (FT) (g/cc) (g/cc) (%) (km/s) (km/s) (Ratio) (Nms-3) (%) (%)

SM03-21 FT-2 1,98 2,78 28,8 3,82 2,32 1,65 7,55 98,45 1,55

SM04-01 FT-2 1,81 2,81 35,3 3,25 1,92 1,70 5,90 96,64 3,36

SM05-03 FT-2 2,18 2,70 19,0 3,80 2,24 1,70 8,31 92,52 7,48

SM05-08 FT-2 2,04 2,69 24,2 3,76 2,19 1,72 7,66 90,32 9,68

SM02-19A FT-3 2,22 2,71 18,2 5,08 2,73 1,86 11,25 95,91 4,09

SM02-19B FT-3 2,29 2,69 14,8 5,12 2,71 1,89 11,72 99,35 0,65

SM01-31 FT-4 2,34 2,69 12,9 5,63 2,87 1,96 13,19 94,69 5,31

SM02-31 FT-4 2,46 2,72 9,7 5,66 3,04 1,86 13,91 98,81 1,19

SM06-02 FT-4 2,33 2,67 12,6 4,86 2,68 1,82 11,33 93,83 6,17

SM01-23 FT-5 2,10 2,71 22,6 4,38 2,49 1,76 9,19 97,37 2,63

SM02-19C FT-5 2,02 2,70 25,2 3,62 2,17 1,67 7,32 96,27 3,73

SM02-53A FT-5 2,34 2,64 11,5 5,27 2,83 1,86 12,32 99,12 0,88

SM06-03 FT-5 2,05 2,71 24,3 4,13 2,33 1,77 8,48 97,75 2,25

SM02-53B FT-6 2,20 2,73 19,2 5,09 2,80 1,82 11,22 99,12 0,88

SM03-35 FT-6 2,52 2,67 5,7 5,17 2,81 1,84 13,04 90,80 9,20

SM07-10 FT-7 1,98 2,79 28,8 4,42 2,50 1,76 8,77 81,64 18,36

SM10-04 FT-7 1,50 2,79 46,3 2,91 1,71 1,70 4,37 95,13 4,87

SM10-05 FT-7 1,66 2,78 40,3 3,47 1,98 1,75 5,76 98,30 1,70

SM01-33 FT-8 1,77 2,65 33,1 2,96 1,86 1,59 5,25 84,33 15,67

SM01-47A FT-8 1,88 2,73 31,1 3,51 2,03 1,73 6,61 72,50 27,50

SM01-47B FT-8 1,48 2,74 45,9 2,52 1,43 1,76 3,73 72,50 27,50

SM02-26 FT-8 1,64 2,78 40,9 2,78 1,66 1,68 4,57 95,63 4,37

SM02-40 FT-8 1,63 2,73 40,1 2,90 1,90 1,52 4,74 77,86 22,14

SM08-02 FT-8 1,60 2,71 41,1 2,83 1,61 1,75 4,53 81,56 18,44

SM09-03 FT-8 1,42 2,73 47,8 2,52 1,48 1,71 3,58 56,15 43,85

SM01-49 FT-9 1,60 2,74 41,6 3,02 1,93 1,57 4,84 97,92 2,08

SM07-04 FT-9 1,56 2,82 44,8 3,05 1,89 1,61 4,75 99,57 0,43

SM09-01 FT-9 1,41 2,81 49,8 2,91 1,89 1,54 4,10 97,72 2,28

SM09-02 FT-9 1,68 2,81 40,2 3,12 2,13 1,46 5,24 98,68 1,32

SM01-59 FT-10 1,88 2,71 30,5 3,50 2,06 1,70 6,58 97,24 2,76

SM02-59 FT-10 2,35 2,72 13,5 5,19 2,83 1,83 12,22 99,59 0,41

SM03-32 FT-10 2,39 2,65 9,8 4,86 2,70 1,80 11,63 88,52 11,48

SM03-43A FT-10 1,90 2,73 30,4 3,46 2,02 1,71 6,58 97,66 2,34

SM03-43B FT-10 2,26 2,60 13,1 4,60 2,60 1,77 10,37 97,66 2,34

SM03-44 FT-10 2,39 2,47 3,6 5,30 2,88 1,84 12,65 96,52 3,48

SM02-68 FT-11 2,48 2,71 8,5 5,56 3,00 1,85 13,76 99,21 0,79
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Carbonate content
The measured carbonate content of the Cerro de la Molata sedimentary rocks 

(Table 4.2) is higher than 50% (Fig. 4.7C). One selected sample of the volcanic 
basement (VB) measures a carbonate content of ~5%. The cool-water associated 
facies (FT-1 and FT-2) that developed on top of the volcanic basement and the 
upper (FT-7) and lower slope (FT-8) facies of the clinoforms include multiple 
samples with carbonate fractions between 50% and 90%. These samples are 
partially mixed with non-carbonate material. The samples of the remainder facies 
measure carbonate contents above 90%. The non-carbonate material and TOC 
are indicated as the residual content. This fraction does not exceed 50% with 
exception of the sample derived from the volcanic basement (VB).

Elastic properties
The wide porosity domain, the diversity of pore types (Fig. 4.6) and the mixed 

mineralogical composition of the sediments result in a wide range of acoustic 
property values (Table 4.2). The measured P-wave velocities range between ~2.5 
and ~5.7 km/s and the average S-wave velocities vary between ~1.4 and ~3.1 
km/s, both at a pressure of 40 MPa. The measured P-waves, S-waves and their 
ratio show a negative excursion with increasing porosity (Figs. 8A, 8B and 8C). 
The facies related to intact Porites sp. frameworks (FT-3, FT-4 and FT-6) show 
the highest acoustic properties (P-wave: 4.5 – 6.0 km/s) and lowest porosities (0% 
– 20%). Data points from FT-11 and the cemented samples from FT-10B cover the 
same domain. Two data points of FT-10A, which did not undergo cementation and 
dissolution, cover the high porosity (~30%) and low velocity (P-wave: 3.5km/s) 
domain. The facies with intermediate velocities (P-wave: 3.0 - 5.0 km/s) and 
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fig. 4.7. Graphs display the domains for porosity, grain density and carbonate content with respect to 
each facies; the squares indicate the minimum, maximum and average value measured. The encircled 
samples represent FT-10A. A: Porosity domains with respect to the facies. B. Grain density domains with 
respect to each facies, horizontal dashed lines represent pure mineralogies (Mavko et al., 2009). C: Carbon-
ate content ranges for each facies.
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porosities (15% – 35%) originate from the ramp and slump matrix (FT-1, FT-2, 
FT-5). The highest porosity domain (30% – 50%) and lowest velocities (P-wave: 
2.5 – 3.5 km/s) are covered by the slope facies and Halimeda facies of DS3 (FT-7, 
FT-8 and FT-9). The volcanic basement (VB) is considered as an outlier, showing 
almost no porosity and a relative low velocity, likely due to a different mineral 
composition. The colour coding shows that each facies type covers a unique area 
within these graphs. The average petrophysical value of each facies is used as 
input parameter for the Rock Properties Model (RPM). The data points of the 
P-waves plotted against the S-waves (Fig. 4.8D) show a slight curvature. The 
carbonate content shows a minor positive relation with the P-wave and S-wave 
velocity (Figs. 4.8E and 4.8F). A decrease in carbonate content implies larger 
fraction of non-carbonate material in the sediment.
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fig. 4.8. Measured acoustic properties plotted against porosity carbonate content, data points are colour-
coded by facies type. Encircled samples represent FT-10A. A: P-wave velocity at 40 MPa plotted against 
porosity. B: Average S-wave velocity plotted against porosity at 40 MPa. C: P-wave/S-wave ratio plotted 
against porosity. D: P-wave against S-wave velocity. E: Carbonate content plotted against P-wave velocity. F. 
Carbonate content plotted against S-wave velocity.
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4.6.3 digital models

GPS-tracks
The GPS-tracks are used to follow the sequence boundaries (SB1 – SB4) and 
thereby visualize the surface geometries and the volumes of the depositional 
sequences. The lowermost sequence boundary (SB1) is indicated in orange 
(Fig. 4.9A) and displays an irregular surface and dome-like shape of the volcanic 
basement with a plateau on the top and a fl attening slope towards the basin. The 
following sequence boundary (SB2) is given in blue (Fig. 4.9B). This sequence 
boundary corresponds to the top of the carbonate ramp formed by the cool-water 
carbonate factory. The geometry of the ramp’s top surface shows a straight angled 
slope of approximately 5 degrees. The sequence boundary on top of the follow-
ing second depositional sequence (SB3) is indicated in green (Fig. 4.9C). This 
sequence boundary shows irregularities in the middle part of the slope due to the 
formation of reefs, these reefs start as patches in DS2 and evolve to a reef crest 
in DS3. The uppermost sequence boundary (SB4) describes the hiatus between 
DS3 and the TCC (Fig. 4.2). Due to erosion, the presence of the TCC is limited, it 
can only be found on the top and northeastern part of the Cerro de la Molata. The 
larger of the two exposed localities shows a relative fl at geometry (Fig. 4.9D).
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fig. 4.9. Surfaces created from the GPS-tracks. A: In orange the surface of SB1 is indicated, this sequence 
boundary describes the boundary between the volcanic basement (VB) and DS1. B: The blue surface rep-
resents SB2, the sequence boundary between DS1 and DS2. C: Green surface denotes SB3, the sequence 
boundary between DS2 and DS3. D: The top yellow surface portrays SB4, the locally exposed hiatus be-
tween DS3 and the TCC.
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Digital Outcrop Model (DOM)
Superimposing aerial photographs of the fi eld area on top of the matching Digital 
Elevation Model (DEM) (Fig. 4.10) created the Digital Outcrop Model (DOM) of 
the Cerro de la Molata carbonate platform. The outline of the fi nal DOM is used 
for the integration of: (1) The depositional sequences based on the GPS-tracks; 
(2) The section logs from the fi eld; (3) The associated facies distribution based on 
literature studies and thin section analysis. This integration enabled the produc-
tion of a static geological model that could be populated with the measured rock 
properties.
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fig. 4.10. Steps in creating a Geological Outcrop Model (GOM) based on a Digital Outcrop Model (DOM), 
GPS-tracks and facies characteristics. A: Aerial photograph of the Cerro de la Molata area. B: Digital Eleva-
tion Model (DEM) from the same area, orange colour represents sea level and red the top of the Cerro de 
la Molata. C: Clipping mask of the outcrop. D: The digital outcrop model displayed in PetrelTM, based on 
the aerial photograph, DEM and clipping mask. Within this DOM cross-sections are indicated. E: The cross-
section in Fig. 4.10D is cropped and visualized along the northern fl ank of the Cerro de la Molata platform, 
the sequence boundaries and depositional sequences are indicated in colours. E: This cross-section includ-
ing the depositional sequences is exported to a 2D view and complemented with the associated facies. The 
cross-section is ready to be populated with rock properties and subsequently can be uploaded to SeisLab 
to create synthetic seismic profi les.
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Geological Outcrop Model (GOM)
The Geological Outcrop Model (GOM) displays the spatial distribution of the 
depositional sequences (DS’s) through the Cerro de la Molata platform. These 
depositional sequences are further subdivided based on the associated facies 
appearance. The overview in Fig. 4.10E shows the spatial distribution of the 
depositional sequences within the DOM. In Fig. 4.10F the depositional sequences 
are further subdivided based on their associated facies distribution.

A panorama overview (Fig. 4.11A) of the north side of the Cerro de la Molata 
was interpreted based on fi eld characteristics (Fig. 4.11B) which was used as a 
guideline for infi lling the depositional sequences in the modelled section based 
on the GOM (Fig. 4.11C). The depositional sequences and associated facies are 
vertically extrapolated to an equal height, thus fi lling the eroded zones on top of 
the outcrop (Fig. 4.11C). This extrapolation is required to produce the synthetic 
seismic models. SeisLab requires a rectangular and fi lled image for the wavelet 
convolution. Without the extrapolation seismic artefacts could pop-up.

Rock Properties Model (RPM)
An average value per facies is calculated for the porosity, density and velocity 
of the bulk dataset (Table 4.2). These values are used as input parameters for 
the synthetic seismic modelling (Fig. 4.12). For the volcanic basement (VB) and 
FT-11 only one representative sample was available. Within the sample cloud 
of FT-10 two clusters of data points are present (Fig. 4.8). Thin section analysis 

WE 100m

WE 100m

WE 100m

VB

FT-1

FT-2

FT-3

FT-4

FT-5

FT-6

FT-7

FT-8

FT-9

FT-10

FT-11

A

B

C

fig. 4.11. Facies distribution of the Cerro de la Molata cross-section. A: Panorama photograph of the north-
ern part of the Cerro de la Molata. B: Interpreted facies and sequence boundaries based on the panorama 
photograph and sections. C: The interpreted facies distribution and sequence boundaries based on the 
GPS-tracks. White transparent overlay is interpreted with TCC sediments. No vertical or horizontal exaggera-
tion included. This model is the input model for the synthetic seismic modelling.
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pointed out that this clear separation is caused by cementation and partial dis-
solution of aragonitic ooids (Figs. 4.5 and 4.6). Both clusters are given different 
names (FT-10A and FT-10B) and have their own petrophysical signature. Samples 
from FT-10A have high porosity (~30%) and low velocity; they are characterized 
by a dominant presence of primary interparticle porosity and locally dissolved 
ooids (Fig. 4.5J). The samples from FT-10B have a low porosity (~10%) and 
high velocity, microfacies analysis shows that the associated samples are for 
the most part cemented and lack primary porosity (Fig. 4.5K). The secondary 
porosity originates from partially dissolved ooids; these samples can be described 
as oomouldic grainstones. The spatial arrangement of the high porosity and low 
porosity intervals is based on the distribution patterns proposed by Goldstein et 
al. (2013).

The measured rock properties are assigned to the associated facies within the dep-
ositional sequences based on their spatial distribution as indicated in Fig. 4.10F. 
The rock properties included in the RPM are: porosity, grain density, bulk density, 
P-wave velocity and acoustic impedance (Fig. 4.13).
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fig. 4.12. The graph displays the average measured bulk density and average P-wave velocity per facies. 
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The porosity distribution of the Cerro de la Molata platform (Fig. 4.13A) shows 
the lowest values in the volcanic basement (VB), the bioherms (DS2), the reef crest 
(FT-6) of the clinoforms (DS3) and the stromatolite-thrombolite facies (TCC). All 
of the low-porosity carbonate rocks are characterized by a dominant presence of 
framework building biota (stromatolites/thrombolites and Porites sp.). The high-
porous sediments are primarily found in the ramp type deposits (DS1) and slope 
sediments (FT-7, FT-8 and FT-9) of DS3. The grain density distribution shows 
the lowest grain density values in the volcanic basement due to its non-carbonate 
mineralogy (Fig. 4.13B). The highest grain density values are found within the 
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fig. 4.13. Rock property models of the Cerro de la Molata cross-section indicated in Fig. 4.10. Distribu-
tion of the values is based on the measured averages of the facies obtained from the laboratory analy-
ses. A: Porosity: Lowest porosities are recognized in the volcanic basement, reefal build-ups and highly 
cemented intervals. Highest porosities are found in the cool-water carbonates and slope deposits. B: Grain 
density distribution: Lowest grain densities are found in the volcanic basement, highest grain densities in 
the cool-water carbonates and clinoform slope deposits. C: Bulk density distribution: Highest bulk densities 
are found in the volcanic basement, reefal sediments and cemented layers. The lowest bulk densities in the 
cool-water and slope facies. D: P-wave velocity distribution: The highest velocities are found in the volcanic 
basement, reefal build-ups and cemented layers while the lowest velocities are found in the clinoform slope 
and cool-water sediments. E. Acoustic impedance distribution: The product of the P-wave velocity and bulk 
density, this results in the same observations as Figs. 4.13C and 4.13D.
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ramp-type facies of DS1 (FT-1 and FT-2) and the slope and basinal sediments of 
DS3 (FT-7, FT-8 and FT-9). The areas with the highest porosities show the highest 
grain densities, thus more dolomite minerals. The bulk density distribution shows 
the inverse of the porosity distribution (Fig. 4.13C). Thus the facies units with the 
highest bulk densities correspond to the ones with the lowest porosities and vice 
versa. The P-wave distribution (Fig. 4.13D) shows the highest velocities in the 
facies containing framework-building organisms (FT-3, FT-4, FT6 and FT-11).

Synthetic Seismic Model
The product of the density and P-wave velocity distribution is an acoustic 

impedance model (Fig. 4.13E). This model is required to calculate the reflection 
coefficients between the facies transitions (Fig. 4.3). After translating the acoustic 
impedances to reflection coefficients a wavelet convolution is applied, thereby 
creating the synthetic seismic profiles (Fig. 4.14). The sequence boundaries de-
fined in the cross section are indicated in green. An array of wavelets is used for 
producing the synthetic seismic profiles (15, 25, 35, 50, 100 and 200 Hz). In prac-
tice, when shooting seismic, the 15, 25, 35 and 50 Hz wavelet frequencies may 
reach potential hydrocarbon depths (Figs. 4.14D, 4.14E, 4.14F and 4.14G). The 
100 Hz (Fig. 4.14C) and 200 Hz (Fig. 4.14B) wavelet frequencies, however, do 
not reach that depth. The high-frequency profiles provide additional information 
about the platform geometries and facies distribution. By comparing the output of 
different scenarios one can observe which information in the vertical axis is lost 
when wavelet frequencies decrease. In addition, the low-frequency models help 
to define which information can be extracted. This information can be applied to 
real seismic sections and may help to find the highest production potential areas 
within buried Miocene carbonate reservoirs.

The 200 Hz profile (Fig. 4.14B) shows the details of a typical prograding T-
factory carbonate platform morphology, including downstepping and prograding 
movement of the clinoforms (Fig. 4.14A). The individual sequence boundaries 
are in line with the seismic reflectors, with exception of SB4 (transition from 
DS3 to the TCC). The same coherency of SB1, SB2 and SB3 with the seismic 
reflectors can also be found for the 100 Hz and 50 Hz profiles, although the 
resolution of the individual C-Factory sequences and the T-factory clinoforms 
gradually reduces (Figs. 14C and 14D). The transition from the volcanic base-
ment towards the first carbonate sediments is a clear feature that can be observed 
in all profiles. However, the wedge shaped sediments infilling the palaeovalleys 
can only be observed in the first three synthetic models (Fig. 4.14A). The 15, 
25 and 35 Hz profiles show a mismatch between the seismic reflectors and the 
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sequence boundaries (Figs. 14E, 14F and 14G). The carbonate build-up (bioherm) 
and the mega-breccia’s within DS2 causes a distortion of the seismic refl ectors 
(Fig. 4.14A). Differences in the morphologies of both factories are totally obliter-
ated. The mismatch is due to the length of the waves, which are larger than the 
distance between sequential sequence boundaries, resulting in interfering waves. 
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The models show vertical striping which is an artefact caused by the convolution 
with low-frequency wavelets.

4.7 disCussion

4.7.1 facies and rock properties of miocene carbonate sediments

Rock properties of Miocene carbonate successions were extensively studied in the 
past, where samples were derived from cores (Eberli et al., 2003; Fournier and 
Borgomano, 2007; Weger et al., 2009) and outcrops (Janson et al., 2007; Verwer 
et al., 2008;). Primary physical characteristics of Miocene carbonates include 
a wide variety in porosity, pore-types and acoustic properties. Rock property 
overviews show a porosity domain between 0% and 60% with P-wave velocities 
ranging from 1.5 to 7.0 km/s (Verwer et al., 2008). Observed and quantified pore-
types were compared with acoustic properties (Weger et al., 2009) and showed 
a link between the porosity-velocity distribution and the type of porosity. The 
mineralogical composition of mixed carbonate-siliciclastic sediments influences 
the acoustic properties. This effect is best visible in low-porous datasets where 
P-wave velocities rise and S-wave velocities lower when the carbonate content 
increases (Kleipool et al., 2015). However, the impact on acoustic properties of 
datasets with a mixed calcite-dolomite nature, as found in Miocene carbonate 
successions, is less obvious (Verwer et al., 2008).

The diagenetic modifications that have affected the sediments of the Cerro de la 
Molata have been extensively studied (Li et al., 2013, 2014, 2017; Benson et al., 
2014). Dolomitization occurred as a result of freshwater-mesohaline mixing in 
the subsurface. The chemical and thermal interaction with the volcanic basement 
underlying the Miocene carbonate strata possibly triggered the dolomitization 
and dissolution processes (Li et al., 2013). On top of the dolomitization, Li et 
al. (2014) describe seven surfaces that are related to relative sea-level fall and 
minor meteoric diagenesis. Three of the seven surfaces are coherent with the 
main sequence boundaries and the other four surfaces occur within the TCC. The 
primary post-depositional diagenetic modifications that have impacted the physi-
cal properties of the Miocene carbonate strata include dolomitization, aragonite 
dissolution and calcite cementation (Benson et al., 2014; Li et al., 2014). Based on 
petrographic image analysis five individual diagenetic zones can be discriminated 
(Benson et al., 2014; Li et al., 2017) that are either poorly cemented or well-ce-
mented (Fig. 4.14A). The two lowermost zones show a level of coherency with the 
depositional sequences. The poorly cemented lowermost diagenetic zone (DZ1) 
corresponds to DS1 (FT-1 and FT-2). The second zone (DZ2) is well-cemented 
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and overlaps with DS2 (FT-3, FT-4 and FT-5). The third diagenetic zone (DZ3) is 
poorly cemented and links to the slopes of the clinoform bodies of DS3 (FT-7 and 
FT-8). The well-cemented fourth diagenetic unit (DZ4) is equivalent to the top of 
the clinoform bodies and the lower part of the TCC (FT-6, FT-9, FT-10B and FT-
11). The uppermost diagenetic zone (DZ5) is poorly cemented and corresponds to 
the top of the TCC (FT-10A). The findings of this study agree with the suggested 
zones, however, the distribution of the measured petrophysical properties show 
more complexity. Based on clustering of the datapoints in combination with thin 
section analysis the individual facies can be distinguished irrespectively of the 
diagenetic modifications. The impact of diagenesis on the synthetic seismic lines 
(Fig. 4.14) is not clearly recognized for DZ1 and DZ2; these zones follow the 
same outline as the DS1 and DS2. The boundary between DZ3 and DZ4, however, 
does show up in the synthetic seismic sections as a soft-kick signal. The transition 
of these zones is equivalent to the facies boundary of FT-6 to FT-7. The boundary 
between DZ4 is DZ5 is recognized by a hard-kick signal due to a significant 
impedance increase from FT-10A to FT-10B within the TCC (Fig. 4.12). The low 
contrast between the low porosity facies of the TCC (FT-10B and FT-11) and the 
reef crest in DS3 (FT-6) matches the characteristics of the well-cemented DZ4 (Li 
et al., 2017). The change in depositional sequence (DS-3 to TCC) is therefore not 
clearly identified in the synthetic seismic profiles.

The key observations in the petrophysical behaviour of Miocene carbonates of 
the Cerro de la Molata platform are:

(1) Increasing porosity results in decreasing velocity, the overall trend of the 
dataset flattens towards a higher porosity domain. This turnover is clear where the 
amount of porosity exceeds ~35% (Fig. 4.8A). This threshold is possibly related 
to the critical porosity of sedimentary rocks (Nur, 1992).

(2) The P-wave - S-wave ratio shows a curved trend (Fig. 4.8D), which is a 
typical behaviour for limestones (Castagna, 1993).

(3) The acoustic properties link with the dominant pore-type (Eberli et al., 
2003). Samples with a stiff framework, thus mouldic and vuggy porosities, show 
higher velocities for a given porosity (Figs. 4.8 and 4.11). Between 40% and 50% 
porosity, microporous basinal sediments (FT-8) show lower velocities compared 
to the stiffer mouldic Halimeda sediments (FT-9). At a given porosity of 20% the 
cool-water sediments from FT-1 and FT-2 with a dominant interparticle porosity 
show approximately 1 km/s lower velocities with respect to the vuggy-mouldic 
reefal samples from FT-3 and FT-6.

(4) The velocity-porosity distribution is related to the type of facies and associ-
ated diagenetic modifications. Samples derived from the cemented zones (Li et 
al., 2017) show the lowest porosities and highest velocities (Fig. 4.8): the intact 
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reefs (FT-3 and FT-6), reef blocks (FT-4) and the cemented and partly dissolved 
oolitic grainstones from the TCC (FT-10B). A second trend is observed whereas 
porosity increases towards the basing resulting in a velocity decrease.

(5) Grain density can be used as an indicator for the presence of dolomite 
(Mavko et al., 2009). The samples with the highest grain densities (Table 4.2) are 
assumed to contain the largest fraction of dolomite (2.85 g/cc). The highest grain 
densities are dominantly found in the most porous facies (Fig. 4.7B).

(6) An increased fraction of non-carbonate in the sediments, and thereby a de-
crease in the amount of carbonate, corresponds to a slight decrease of the P-wave 
and S-wave velocity.

4.7.2 Comparison to synthetic seismic profiles

Janson et al. (2007, 2010) conducted an outcrop study of Miocene deposits in 
the Mut Basin (south central Turkey) and used an approach similar to this study, 
by building a synthetic seismic profile based on outcrop characteristics and labo-
ratory analyses. The main contrast between the carbonate build-ups of the Mut 
Basin and the Cerro de la Molata Platform is the range in petrophysical properties. 
The average P-wave velocities analysed by Janson et al. (2007) vary from 4.31 
to 5.78 km/s with bulk densities that range between 2.39 and 2.59 g/cc. The aver-
age P-wave velocities of this dataset fluctuate between 2.86 and 5.56 km/s, the 
bulk densities vary between 1.56 and 2.48 g/cc. The wider domain of the rock 
properties of this dataset results in higher amplitude contrasts when translating 
the acoustic impendences to seismic traces. However, the distribution of the aver-
age rock properties with respect to the facies is similar. The coral build-up and 
bindstone/lagoonal facies of Janson et al. (2007) show the highest bulk densities 
and velocities, while the slope and basinal facies have the lowest velocities and 
bulk densities. This same petrophysical distribution can be observed in the sedi-
ments of the Cerro de la Molata platform. The reef crest, in both cases, causes the 
highest amplitude contrasts due to a pronounced hardkick signal, thus a transition 
from a low-impedance layer to a high impedance layer. The transition from the 
reef towards the slope and basinal sediments results in clear soft-kick signals.

The carbonate depositional system of this study has a contrasting geometrical 
expression to the one developed in the Mut Basin. The clinoforms of the Mut 
Basin show a classical aggrading and subsequent prograding geometry (Janson 
et al., 2007, 2010). In contrast, the Cerro de la Molata platform shows a slight 
downward moving clinoform development (DS3) related to a forced regression 
(Franseen et al., 1993). The topsets of these clinoforms are partly eroded, cut off 
by SB4 and completely covered by the TCC. These contrasting carbonate build-
up geometries are reflected in the seismic expression of the synthetic seismic 
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profi les. In synthetic seismic profi le of the Cabo de Gata platform a downward 
moving geometry of the clinoforms is recognized (Fig. 4.4). In the Mut Basin the 
foresets of the clinoforms are identifi ed in the synthetic seismograms.

The carbonate production within the Mut Basin switches from a cool-water to a 
tropical factory (Schlager, 2005). Since the carbonate strata in this area (Lower-
Middle Miocene) are older compared to the Miocene build-ups in the Cabo de 
Gata area (Upper Miocene), the TCC is absent. The carbonate factory switchovers 
of the Cerro de la Molata platform are recognized in the synthetic seismic profi les 
(Fig. 4.14). The major sequence boundaries, thus factory switchovers (SB1 – SB4; 
Fig. 4.2), coincide with the brightest refl ectors. The transition of the cool-water to 
tropical factory of the Mut Basin starts at 100m from the base (timeline 9; Janson 
et al., 2007, 1010). The transition is characterized by biota changing from red 
algae to coral build-ups and a better-developed clinoform geometry (Janson et al., 
2007, 2010). The switchover, however, is more gradual compared to the Cerro 
de la Molata platform and therefore less distinct in the synthetic seismic profi les.

4.7.3 Comparison with seismic analogues

Synthetic seismic profi les of outcrops can be used as analogues for real seismic 
sections (Bracco Gartner et al., 2002; Eberli et al., 2004). The clinoform bodies 
of the Cerro de la Molata formed by the tropical carbonate factory (DS3) are 
compared to the Malampaya platform (offshore Palawan, Philippines). The car-
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bonates produced by the cool-water factory (DS1) are compared to the carbonates 
known from the Marion Plateau (offshore NE Australia). The seismic sections of 
the Malampaya Platform and the Marion Plateau are linked to the low frequency 
synthetic seismic profiles of this study (Fig. 4.15).

The Malampaya platform (offshore Palawan, Philippines) is one of the best-
known hydrocarbon-producing Oligocene-Miocene carbonate reservoirs in the 
world. The seismic profiles of this build-up have been extensively studied over 
the last 20 years (Grötsch and Mercadier, 1999; Neuhaus et al., 2004; Fournier et 
al., 2004, 2005; Fournier and Borgomano, 2007). The build-ups are comparable 
with the T-factory carbonates (DS3), thus the prograding clinoform bodies, of the 
Cerro de la Molata. The sediments of the Malampaya build-up were deposited 
during the Early Oligocene to Early Miocene. The base of the inner platform 
succession lies at a depth of ~3500m and has a maximum thickness of ~600m 
(Neuhaus et al., 2004). The platform is underlain by the Pre-Nido clastics and 
covered by the sealing deep marine Pagasa clastics (Fournier et al., 2005). 
Wavelet extraction of the Malampaya build-up shows a peak frequency of ~25 Hz 
(Fournier and Borgomano, 2007). The 25 Hz synthetic profile of this study is a 
suitable analogue for the seismic sections of the Malampaya platform. The higher 
wavelet frequencies (50, 100 and 200 Hz) can unravel platform characteristics 
that disappear in the low frequency spectrum (25 Hz). Fournier and Borgomano 
(2007) studied the origin of the seismic reflectors of the Malampaya platform 
(Fig. 4.15A). One of the platform prograding intervals of the Oligocene was 
mapped in high detail (Fournier et al., 2005; Fournier and Borgomano, 2007). 
This interval (SC1.1 Unit) is characterized by prograding reefs and has similar 
dimensions as the Cerro de la Molata platform (Fig. 4.15B). The SC1.1 Unit has 
a distinct seismic signature that can be matched with the synthetic seismic profile 
of this study (Fig. 4.15G). The carbonates of the SC1.1 Unit have a porosity 
distribution comparable to the clinoforms found in DS3. The mechanism however 
is different: the top-sets of the prograding clinoforms show a facies independent 
diagenetic overprint as a result of subaerial exposure, which significantly reduced 
the amount of porosity (Fig. 4.15B). The sediments below the diagenetic body 
are not affected by this alteration process and have therefore higher porosities, 
resulting in a soft-kick signal, thus a transition from a high-impedance layer to a 
low-impedance layer. This seismic output has a similar appearance as the transi-
tion zone of the DS3 reefal facies towards the DS3 slope and basinal facies of 
the Cerro de la Molata platform (Fig. 4.15G). The primary origin of the seismic 
reflectors of the Malampaya platform is due to diagenetic effects, while the origin 
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of the synthetic seismic reflector of the Cerro de la Molata (Fig. 4.14G) shows a 
combined effect of a facies shift and a transition of diagenetic zone (DZ3-DZ4).

The Marion Plateau in northeast Australia is characterized by an irregular 
volcaniclastic basement filled with Oligocene siliciclastic strata followed by a 
succession of Miocene cool-water and tropical carbonates (Fig. 4.15C). The infill 
of the volcanic basement is subdivided in four megasequences (MSA, MSB, MSC 
and MSD) based on seismic data (Eberli et al., 2010). The cool-water dominated 
MSC is deposited between 11.1 and 7 Ma and is time-equivalent to the cool-
water carbonate strata of the Cerro de la Molata. The megasequence is subdivided 
into two depositional sequences that are separated by an erosional unconformity 
(Eberli et al., 2010). On the Northern Marion Platform the MSC is absent while 
on the Southern Marion Platform it is the youngest stage of the platform build-
up. Downlapping and onlapping structures typify the MSB-MSC boundary and 
the sequence boundary within MSC (Eberli et al., 2010). The seismic expression 
of MSC is characterized by bright reflectors onlapping and downlapping on the 
MSB sediments (Fig. 4.15D). The sediments within MSC, including the internal 
sequence boundary, do not show any clear structures and are described as seismi-
cally opaque (Eberli et al., 2010). The seismic expression of these cool-water 
sediments shows similarities with the seismic profiles based on the Cerro de la 
Molata platform. The cool-water sediments onlapping the volcanic basement 
(between SB1 and SB2) are clearly visible in the synthetic profiles, while the 
internal structures within this depositional sequence are not clear (Figs. 4.15E 
and 4.15F). Unlike tropical carbonates cool-water carbonates do not show high 
contrasts in their petrophysical properties. This low petrophysical contrast makes 
the interpretation of these systems difficult; large-scale sedimentary structures 
can be recognized but internal depositional sequences can be easily missed. Core 
analyses need to be integrated to understand the meaning of the seismic data 
(Eberli et al., 2002, 2010; Fournier et al., 2005).

4.7.4 seismic timelines and facies

The origin of the sediments of the Cerro de la Molata has been linked to specific 
climate conditions during deposition (Franseen and Goldstein, 1996; James, 1997; 
Flügel, 2004). The depositional boundaries of the Cerro de la Molata platform can 
also be described as carbonate factory switchovers (Schlager, 2005). The seismic 
reflectors of the high frequency models are coherent with the outline of the pre-
defined facies. The pronounced reflectors of the low frequency synthetic seismic 
models are in line with the diagenetic zones and carbonate factory switchovers, 
thus timelines. The borders of the diagenetic zones however, can be parallel to 
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the carbonate factory switchovers (DZ1 and DZ2) and facies boundaries (DZ3 
and DZ4).

Within the cool-water carbonate facies of DS1 (C-factory) the individual layers 
can be traced over large distances from proximal to distal realms without changes 
in physical properties. Cool-water factory sediments show a similar sediment 
behaviour with movement and deposition that are controlled by gravity and flow 
as known for clastic sedimentary systems, resulting in a low-angle and continuous 
layer distribution (Schlager, 2005; James and Bone, 2011; Adams and Kenter, 
2013). In addition, the physical contrast of the sediments within cool-water fac-
tory deposits is minor (Eberli et al., 2010). The seismic traces within the cool-
water strata do not show a high reflectance and agree with the assumed timelines.

The carbonate facies produced by changing factories (DS2), i.e. a gradual 
switch from the C-factory (DS1) to the T-factory (DS3), is characterized by a 
heterogeneous sediment distribution. The facies tracts of DS2 are chaotic due to 
slumping events (MB1 and MB2) and the local presence of bioherms (Franseen et 
al., 1993). The largest build-up is ~20m in height, its outline can be traced in the 
majority of the seismic profiles (50, 100 and 200 Hz). The redeposited reefblocks 
(~5m) in the distal realms of DS2 are only visible in the 200 Hz seismic profile, 
primarily causing noise. Due to the slumping events and sediment heterogeneity, 
caused by changing carbonate-producing factories, the structures and outline of 
this transition zone (DS2) is hard to recognize in seismic.

The carbonates produced by the T-factory (DS3) show high physical and tex-
tural contrasts within a single facies tract. From the proximal to distal realms one 
encounters lagoonal, reefal, gravitational (slope) and basinal facies each having a 
unique petrophysical signature (Figs. 4.8 and 4.11). The morphology of the plat-
form is not only controlled by flow and gravity but by also by carbonate growth 
(Schlager, 2005), resulting in a clinoform geometry (Braga and Martín, 1996). 
In a prograding platform setting the seismic traces do not follow timelines but 
follow facies boundaries instead. This facies transition is equivalent to a distinct 
diagenetic boundary separating DZ3 from DZ4 (Benson et al., 2014; Li et al., 
2017).Hence, the interpretation of timelines, diagenetic units and facies boundar-
ies in seismic profiles could easily be confused.

The top depositional sequence (TCC) formed by biotically induced and abiotic 
processes (M-factory) appears to be heavily altered by secondary processes. The 
lateral extent of the sediments is not well visible, just as the outline of the algal 
build-ups. Hence it is difficult to determine whether the reflectors are coherent 
with timelines, facies transitions or the outline of diagenetic geobodies (Fournier 
and Borgomano, 2007; Li et al., 2017). Dense thrombolite and stromatolite build-
ups formed as patches in between oolitic shoals (Lipinski et al., 2013) show a 



Rock properties of a Miocene carbonate platform 133

4

morphology that is comparable to DS2 and therefore a similar seismic expression. 
However, the spatial distribution of the TCC is based on multiple assumptions and 
is therefore uncertain.

Primary controls on the seismic expression of sediments are time and/or facies 
related. Three conceptual models (Fig. 4.16) describe how the seismic reflectors 
respond to facies transitions and timelines, and how the effects may vary depend-
ing on the type of carbonate factory. The carbonates produced by the tropical 
factory (Fig. 4.16A) show a facies dependant seismic signature. The positive 
seismic loops describe the transition from lagoonal to reefal facies; the negative 
loops are coherent with the transition from reef to slope and from slope to basin. 

Lagoonal Facies AI=7.5

Reefal Facies AI=10

Slope Facies AI=7.5

Basin Facies AI=5

Timeline

Convolution

Facies boundary

+-

A

10
0m

100m

B

Ramp Facies AI=5
Ramp Facies AI=7.5

10
m

1km

Timeline

Convolution

Facies boundary

+-

5m

20m

Timeline

Convolution

Facies boundary

+-

C

Ramp Facies AI=7.5

Ramp Facies AI=5

Reefal Facies AI=10

fig. 4.16. Conceptual models of seismic reflectors related to the type carbonate factory. A: Tropical factory 
(related to DS3) carbonates show that the facies boundaries are coherent with the seismic reflectors. B: 
Cool-water carbonate factory (related to DS1) shows that facies shifts are consistent with timelines; thus the 
reflectors are coherent with both. C: Changing carbonate factory (related to DS2) shows that timeline and 
facies shifts partly overlap and therefore result in a more chaotic seismic signature.
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The geometry of the clinoforms cannot be recognized from the seismic reflectors. 
The cool-water factory (Fig. 4.16B) shows that facies transitions are coherent 
with timelines and therefore with the seismic reflectors. The changes in facies, 
thus acoustic impedances, are caused by major shifts in the type of sediment as 
a result of sea level fluctuations and/or influx of non-carbonate material. The 
ramp-type geometry formed by the cool-water factory can be recognized in the 
seismic reflectors. The changing carbonate factory (Fig. 4.16C) displays a more 
chaotic seismic signature, which is a combination of timelines and facies. The 
outline of the high-impedance bioherm and the associated onlapping strata can be 
recognized in the conceptual seismic model.

Secondary processes like diagenetic modifications could result in an overprint 
of the original seismic signal. This overprint may lead to an enhanced seismic 
signal, i.e. an increase in velocity and decrease in porosity as a result of arago-
nite dissolution (e.g. Halimeda and Porites sp. fragments) succeeded by in situ 
calcite precipitation. Eberli et al. (2002) describe the effect of sea-level changes, 
sediment deposition and diagenetic processes occurring simultaneously. These 
processes modify the physical properties of the facies leading to increasing im-
pedance contrasts along sequence boundaries. A diagenetic overprint, however, 
could lead to a homogenization or inversion of the physical properties in which 
the expression of the seismic reflectors will fade or become inverted (Fournier 
and Borgomano, 2007). Diagenetic effects can also be related to structural events, 
where dolomite geobodies are formed as a result of fluid circulation through faults 
or fractures (Dewit et al., 2012; Jacquemyn et al., 2014). The sediments of the 
Cerro de la Molata platform underwent multiple stages of diagenetic modifications 
that affected the petrophysical properties (Li et al., 2013, 2014, 2017; Benson et 
al., 2014). However, regardless of the diagenetic overprint the individual facies 
remained a unique petrophysical signature and can therefore be distinguished 
from one another.

4.8 ConClusions

(1) The Miocene carbonates of the Cerro de la Molata show a high degree of 
heterogeneity. The sedimentary succession is characterized by intermingling of 
non-carbonate material, extensive diagenesis and switching carbonate produc-
ing factories (C-factory, T-factory and M-factory) with its associated platform 
morphologies.
(2) The following rock properties influence the acoustic behaviour:
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– Amount of porosity; a porosity increase results in a velocity reduction.
– Dominant pore type; pore stiffness controls the acoustic velocity for a given 

porosity. Rocks with dominant vuggy and moldic pores measure relative high 
velocities while rocks with micro- and interparticle pores show relative low 
velocities.

– Rock composition; sediments bearing larger quantities of non-carbonate 
grains have lower velocities with respect to pure carbonate sediments.

(3) The high frequency synthetic seismic profiles (50, 100 and 200 Hz) of the Cerro 
de la Molata platform show that the seismic reflectors follow the morphology and 
the facies boundaries of the carbonate platform. The low frequency models (15, 
25 and 35 Hz) show that the reflectors link to large transitions:
– Boundary between the volcanic basement and carbonate strata.
– Carbonate factory switchovers that are in line with the major sequence bound-

aries, thus timelines.
– Diagenetic zones, which are partly in line with the depositional sequences 

(DS1 and DS2) and partly in line with major facies shifts (DZ3 and DZ4).
(4) The carbonate producing factory, the associated platform geometry and the 
diagenetic history impact the synthetic seismic appearance of the investigated 
Miocene carbonates. Timelines, diagenetic overprints and facies boundaries may 
show the same seismic expression, while being significantly different. These 
effects need to be taken into account when interpreting seismic datasets for hy-
drocarbon exploration and production.
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5.1 abstRaCt

The formation of syn-depositional fractures in carbonate platforms is considered 
an important feature in the understanding of platform evolution. This study in-
vestigates the mechanisms of fracture formation in rimmed flat-topped carbonate 
platforms by relating the orientation of fractures to the platform margin trend in 
the Cariatiz Miocene Fringing Reef Unit, SE Spain. Fracture data were obtained 
using a combination of LIDAR and field mapping techniques, which proved 
useful in understanding general fracture trends. The morphological expression 
of fracture sets, preferred fracture localization, crosscutting relationships and 
fracture fill are characteristics that provide constraints on the timing of fracture 
formation and opening. Three dominant fracture populations were identified, 
amongst which a margin parallel and a margin perpendicular fracture set. Margin 
parallel fractures localise around the platform margin and form vertically exten-
sive dikes that crosscut facies boundaries. The sedimentary fill of such fractures 
suggests syn-depositional fracture formation under marine conditions. Together, 
fracture characteristics suggest a gravitational driver for the formation of tensile 
stress and the development of margin parallel fractures along the platform edge. 
Margin perpendicular structures form sub-vertical dikes and fracture corridors. 
Margin perpendicular fractures localise on the platform slope and show two types 
of fracture fill, indicating marine and continental origins. Based on variations 
of fracture morphology along the carbonate platform, fracture localization, pe-
trographic analysis of sedimentary fill and stable isotope analysis on sparite ce-
ments, we suggest a gravitational control on the formation of these fractures. Two 
mechanisms for the formation of subvertical margin perpendicular fractures are 
proposed: (1) principal stress rotation as a result of downslope loading. (2) Differ-
ential compaction over buried gulley systems on antecedent clinoform slopes. We 
suggest that the formation of sub-vertical margin perpendicular fractures might be 
a systematic feature in slopes of flat-topped carbonate platforms.
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5.2 intRoduCtion

The occurrence of syn-depositional fractures is a widely recognized feature in 
carbonate platforms (Newell and Rigby, 1957; Lehner, 1991; Winterer and Sarti; 
1994; Cozzi, 2000; Hunt et al., 2002; Stanton and Pray, 2004; Baceta et al., 2007; 
Guidry et al., 2007; Frost and Kerans, 2009). Fracture systems in carbonate plat-
forms have drawn considerable attention of researchers; especially because of 
their role in the prediction of fluid flow (Philip et al., 2005; Guerriero et al., 2012; 
Cilona et al., 2016). This study focuses on syn-depositional fractures that typically 
develop without the influence of external tectonic stress. The stresses controlling 
the development of syn-depositional fractures are local stress fields confined to 
the carbonate platform. These stresses relate directly to the geometrical and pet-
rophysical parameters of the platform structure and to antecedent topographical 
features (slopes, ridges, bioherms etc.). Fractures are sensitive indicators of stress 
and can be used to determine paleo-stress fields on a local and regional scale. Vice 
versa, the orientation of local stress fields may be used to predict the orientation of 
associated fractures. As joints and fractures may provide pathways for subsurface 
flow (either in aquifers or hydrocarbon reservoirs), understanding the develop-
ment of fractures and the ability to predict their occurrence is key to modelling 
groundwater flow and hydrocarbon flow. Most fracture studies in rimmed flat-
topped carbonate platforms have focused primarily on fractures oriented parallel 
to the platform margin. These margin parallel fractures are a common feature in 
steep rimmed flat-topped carbonate complexes and localise around the platform 
edge. Margin perpendicular fractures have been described in several publications 
(Newell and Rigby, 1957; Lehner, 1991; Cozzi, 2000; Narr and Flodin, 2012). 
However, unlike margin parallel fractures, margin perpendicular fractures have 
received far less attention in steep rimmed flat-topped carbonate platforms.

Studies of the factors controlling the development of syn-depositional fractures 
have proposed three main categories for fracture development: (1) gravitationally 
induced fractures, (2) fractures controlled by antecedent topography, and (3) tec-
tonically controlled fractures (Hunt and Fitchen, 1999; Koša et al., 2003; Guidry 
et al., 2007; Frost and Kerans, 2009, 2010). The aim of this study is provide new 
insights in the development of syndepositional fractures that result from platform 
confined stress fields. By using an interdisciplinary approach and multi-scale 
fracture analysis, this study investigates the timing and nature of syn-depositional 
fracture development in a prograding Miocene flat-topped carbonate platform 
complex. We conclude that gravitationally controlled syndepositional fractures 
form two primary fracture sets: (1) margin parallel and (2) margin perpendicular 
fractures.
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5.3 GeoloGiCal settinG

5.3.1 sorbas basin structural and sedimentological setting

The Cariatiz carbonate platform is situated at the northern margin of the Sor-
bas Basin (Fig. 5.1). The Sorbas Basin belongs to a group of small east to west 
elongated intra-montane basins that developed during the middle Miocene to 
Quarternary in the south-eastern part of Spain (Weijermars et al., 1985; Stapel 
et al., 1996; Warrlich et al., 2005; Braga et al., 2006; Meijninger and Vissers, 
2006; Cuevas Castell et al., 2007; Bourillot et al., 2010; Do Couto et al., 2014, 
2015; Clauzon et al., 2015). Amongst these basins are the well-known Níjar basin, 
Vera basin and Tabernas-Almería basin that are part of the internal zone of the 
Betic Cordillera. These basins are fi lled with Neogene continental siliciclastics, 
marine mixed siliciclastic-carbonate facies and evaporites. The Neogene basins of 
the Betic Cordillera formed either as isolated pull-apart basins due to strike-slip 
tectonics (Montenat et al., 1987; De Larouziere et al., 1988; Biermann, 1995; 
Jonk and Biermann, 2002) or as pure extensional basins resulting from thinning 
and exhumation of underlying basement (Meijninger and Vissers, 2006).
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At its northern and southern margins the Sorbas basin is bounded by topographic 
highs consisting of Paleozoic and Mesozoic metamorphosed rocks that are part 
of the internal zone of the Betic Cordillera (Torres-Roldán, 1979; Bakker et al., 
1989; Biermann, 1995). Metamorphism and uplift took place during the forma-
tion of the Betic Cordillera, the western end of the Alpine orogenic belt. During 
the Neogene basin development, this eroded metamorphic basement formed the 
substrate on which carbonates founded.

The Sierra Alhamilla represents an anticlinorium with a steep overturned northern 
fl ank that is unconformably overlain by the southernmost sediments of the Sorbas 
basin. Its steep character causes the Sorbas basin profi le to be asymmetrical, the 
lowermost sedimentary fi ll being initially deposited in the South. Here, Miocene 
sediments can be strongly deformed due to fault activity at the boundaries be-
tween the basin and the basement (Stapel et al., 1995). Local sediments consist of 
proximal continental Serravalian conglomerates, detritus from the metamorphic 
nappes of the adjacent Sierra Alhamilla (Fig. 5.2). The conglomerates are overlain 
by a Tortonian turbiditic fan system with sediments that derive from the Sierra 
de los Filabres at the northern margin of the basin (Kleverlaan, 1989; Jonk and 
Biermann, 2002). The Tortonian turbiditic sequence was deposited during active 
tectonic subsidence of the basin, as indicated by synsedimentary slumping and a 
transition from coastal to deep-water deposits.
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The late Tortonian to Messinian sedimentary development is marked by two 
depositional sequences (Martín and Braga, 1994; Martín and Braga, 1996). These 
depositional sequences are related to the third order eustatic and chronostrati-
graphic cycles TB3.3 and TB3.4 of Haq et al. (1987) (Fig. 5.3; C1 cycles). At the 
basin margins, the lower cycle includes temperate carbonates, bioherm units and 
tropical carbonate deposits that were deposited during the lowstand, transgres-
sive and highstand systems tracts, respectively. These carbonate deposits form 
the Cantera member (Ruegg, 1964), of which the Fringing Reef Unit is subject 
of this study. The second depositional cycle (TB 3.4 of Haq et al., 1987) starts 
with deposition of the Yesares evaporites during the lowstand systems tract in the 
centre of the basin. At the basin margins, the Fringing Reef Unit is unconformably 
overlain by the Terminal Carbonate Complex (TCC; Esteban, 1979; Riding et 
al., 1991). The TCC is associated with the end of the Messinian Salinity Crisis 
during the transgressive systems tract of cycle TB3.4. It also marks the end reef 
construction in other basins around the Western Mediterranean. The exact timing 
of the events that led to the end of the Messinian Salinity Crisis and the cor-
responding chronostratigraphical location of the TCC and Messinian Erosional 
Surface remains a subject of debate (Clauzon et al., 2015). The TCC consists of a 
mixture of siliciclastics and microbial carbonates, including oolites, stromatolites 
and thrombolites. Pliocene fluvial red siliciclastics form foreset beds of post-
MSC Gilbert-type fan deltas that unconformably overlie the TCC and represent 
the highstand systems tract of cycle TB3.4. They form the base of the Zorreras 
member; terminology following Ruegg et al. (1964). It constitutes of a sedimen-
tary system in which fine siliciclastics laterally proceed to lacustrine carbonates. 

RGP 6 RGP 7 RGP 8

C2.5 C2.6 C2.7

572 m
554 m

IW.4
IW.5

IW.6 IW.7

50 100 m

50

C1.1 C1.2

Slope rudstone/
packstone

Talus-slope
Breccias

Reef-core framework

lagoon packstone

Inverted wedge (IW)
rudstone/packstone

Reference point base
of talus breccia

Initial topography

Coarse siliciclastics

Initial topography

precession

precession

eccentricitiy

Los Castaños 
section

Cariatiz

Sorbas
Molinos del 

rio Aguas

La Mela

A7

2km

fig. 5.3. Cross section of the los Castaños ravine, modified after Braga & Martín (1996) and Rodriguez-
Tovar et al. (2013). Initial topography from Cuevas Castell et al. (2007).



Mechanical properties of a Miocene carbonate platform 143

5

They form the uppermost strata of the Neogene development of the Sorbas Basin. 
A maximum overburden of approximately 150m persisted throughout Pliocene 
times (Riding et al., 1991; Braga and Martín, 1996).

5.3.2 the Cariatiz platform

The Cariatiz carbonate platform is situated at the northern margin of the Sorbas 
Basin. Its geometry and stratigraphy has been studied extensively by Braga and 
Martín (1996), Cuevas Castell et al. (2007) and Reolid et al. (2014) and hence 
these studies provide the sedimentological framework for this study. The study 
area is located along a 1.1km transect following the Barranco de Castaños ravine. 
Stratigraphically, the Fringing Reef Unit in Cariatiz is positioned on top of the 
transgressive Messinian Bioherm Units (Riding et al., 1991). The Cariatiz reefs 
are deposited during a high stand systems tract, at the end of cycle TB3.3 of Haq 
et al. (1987) (Braga and Martín, 1992). The top of the Cariatiz reef is marked 
by an unconformity also known as the Top Reef Unconformity or the Messinian 
Erosional Surface (Bourillot et al., 2010). It is characterized by areas of subaerial 
exposure (Martín and Braga, 1994). This unconformity is associated with a major, 
100 to 200m sea-level fall and deposition of the Yesares formation in the distal 
realm of the Sorbas basin (Rouchy and Saint Martín, 1992; Martín and Braga, 
1996). The Terminal Carbonate Complex and Pliocene siliciclastics unconform-
ably overlie the Cariatiz reef. The overlying strata have a total thickness of ap-
proximately 150m and are deposited during the TST and HST cycles that correlate 
with the TB3.4 cycle of Haq et al. (1987) (Braga and Martín, 1992; Bosence et al., 
1992; Braga and Martín, 1996)

Reolid et al. (2014) describe five facies belts, developed during a single phase 
of reef growth (Fig. 5.2). From proximal to distal these are:
(1) Lagoon. Parallel beds of bioclastic pack- to rudstone, with variable siliciclas-

tic influence. Bioclastic material consists of fragmental Porites sp, benthic 
foraminifera and coralline red algae.

(2) Reef core. Boundstones formed by stick colonial Porites sp. Individual Porites 
sp. sticks are encrusted and laterally intergrown by stromatolites.

(3) Talus slope. Breccia formed by debris of overlying reef framework. Blocks of 
coral and intergrown stromatolites, Halimeda sp., serpulids and bivalves.

(4) Proximal slope. Pack- and rudstones consisting of clasts of Halimeda sp., 
serpulids, molluscs and coralline red algae.

(5) Distal slope. Consisting of silty marls and calcarenites, variably intercalating 
with basinal marls and diatomites.
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Lowstand deposits, visually recognized as inverted wedges (IW), mark the onset 
of episodes of reef growth that have been related to high frequency precession 
cycles (Fig. 5.3; C2 cycles) (Braga and Martín, 1996; Cuevas Castell et al., 2007, 
Rodriguez-Tovar et al., 2013; Reolid et al., 2014). The inverted wedges consist 
of well bedded packstones and rudstones that onlap an erosive surface. A total of 
eight consecutive depositional cycles have been recognized in the Cariatiz reef, 
defined by sedimentary intervals referred to as a Reef Growth Package (RGP), 
which are delimited by inverted wedges (IW). The high frequency precession 
cycles are superimposed on a lower frequency cycle (C1 cycles). The lower fre-
quency cycles are related to short eccentricity cycles (Braga and Martín, 1996). 
The deposition of the Cariatiz Fringing Reef Unit has taken place between 6.04Ma 
and 5.87Ma (Sánchez-Almazo et al., 2007).

5.3.3 synsedimentary fractures

Joints, or opening mode fractures, are planes of discontinuity that form as a 
result of brittle deformation, perpendicular to the axis of maximum tensile stress 
(Engelder, 1987). Opening mode fractures form under a wide variety of local 
and regional stress conditions, in part because rocks have low tensile strength. 
Joints are sensitive indicators for stress, but because joints may look superficially 
alike, assessing the timing and context of their formation is difficult, based solely 
on orientation (Gale et al., 2004). Consistent standards for investigating the de-
velopment of fractures in carbonates rocks arise from the intimate link between 
deformation and diagenesis (Laubach et al., 2000; Gale et al., 2004).

Many rimmed flat-topped carbonate platforms display vertically extensive 
syndepositional fracture networks that mimic local platform margin trends (Leh-
ner, 1991; Cozzi, 2000; Stanton and Pray, 2004; Koša and Hunt, 2006; Frost et 
al., 2012; Narr and Flodin, 2012). Recent research has focused on both forward 
modelling of fracture systems in carbonate complexes (Resor and Flodin, 2010; 
Berra and Carmiati, 2012; Guerriero et al., 2012) and fracture characterization 
based on case studies of high quality outcrops (Harris, 1993; Frost and Kerans, 
2009). These studies have shown that stratigraphic architecture and growth rate of 
carbonate platforms are amongst the main drivers controlling gravitational frac-
tures: high compaction potential of basinal sediments (Hunt et al., 1995; Hunt and 
Fitchen, 1999), down-to-basin tilting, platform over steepening and sliding along 
bedding planes (Fig. 5.4). Current models predict localization of margin parallel 
fractures around the platform margin and intensified deformation in platforms 
with high progradation to aggradation ratios (Frost and Kerans, 2009).
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5.4 methods

To study the development of fractures in steep rimmed carbonate platforms, the 
strongly progradational Cariatiz Reef was chosen for its outcrop quality. Fracture 
attribute data were collected on two scales; (1) outcrop scale (aperture >2mm) 
and (2) platform scale (aperture >0.5m). On outcrop scale, a total of 400 fractures 
were analysed across the depositional profile. Outcrop scale fractures were exam-
ined based on orientation, length, morphology, fill and crosscutting relationships. 
Relative timing of fracture opening is determined by petrographic analysis of 
fractures that contain sedimentary fill. A total of 35 samples were taken from 
the fracture host, wall and sedimentary fill (Fig. 5.5). Platform-scale fracture 
analysis was performed on a 3D model, based on a laser scan using an Optech 
Laser Imaging ILRIS 3D terrestrial LIDAR (Fig. 5.7; Reolid et al., 2014). The 
software VGRS (Virtual Reality Geological Studio; an open source program) was 
used for the interpretation of platform scale fractures, based on polylines and best 
fit planes to create fracture surfaces. Because of limitations regarding the LIDAR 
resolution, fracture length, aperture and crosscutting relationships have not been 
documented using the LIDAR model.

Measurements of fracture orientations were processed and visualized using Ste-
reonet 9.5 (Cardozo and Allmendinger, 2013). In order to pinpoint the specific 
distribution of fractures according to each depositional facies; fracture orientation 
has also been analysed using cumulative density functions (Fig. 5.6). As a sample 
is expected to consist of multiple fracture sets, cumulative density analysis is 
performed to extract and characterize statistically relevant components (Clark, 
1976; Vermeesch, 2005). For the analysis of multimodal distributions, the soft-
ware Isoplot/Ex (Ludwig, 2000) was adopted.
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Oxygen and carbon isotope ratios of calcite veins and host rock were measured 
at the Stable Isotope Laboratory of the Vrije Universiteit (VU Amsterdam, the 
Netherlands). The analyses were performed using a Thermo Finnigan Delta+ 
mass spectrometer equipped with a Gasbench-II preparation device. Isotope 
values are reported as δ13C and δ18O against V-PDB. During the analyses, the 
reproducibility of routinely analysed CaCO3 standards has not exceeded 0.11 per 
mille (1SD) for both δ18O and δ13C

Due to the heterogeneous nature of the reef core and talus slope deposits the 
surface expression of fractures is typically irregular and causes a large natural 
data spread in field measurements. To overcome this, large-scale structures were 
traced on a LIDAR model and multi component analyses were performed on cu-
mulative density plots of fracture plane orientations. The LIDAR model provides 
a more general overview of fracture propagation and confirms that upscaling of 
fracture sets from outcrop to platform scale is possible. We benefited from LIDAR 
study as it also provided us with insight into the lateral propagation and architec-
ture of fracture systems on a scale that field mapping does not allow. The multi 
component analysis tools have proven most useful in systems where the number 
of components is low, and natural data spread is limited.

5.5 Results

Fracture measurements on outcrops have shown that three fracture populations 
exist across the Cariatiz platform (Fig. 5.6A). The sets are oriented parallel (Set 
1), perpendicular (Set 2) and diagonal (Set 3), with respect to the platform margin. 
Fracture mapping using a LIDAR model yields similar results as the fracture 
measurements on outcrops (Fig. 5.6B). Fracture density histograms show the 
variation in distribution of fracture sets across the different facies (Fig. 5.6C).

LIDAR model. Coloured bars represent the mean average of components, calculated by Isoplot/Ex (Ludwig, 
2000). Population average of Set 1 = blue; population average of Set 2 = red; population average of Set 3 
= green. A green/red stroke shows the mean average value of a component that consists of the Set 2 and 
Set 3 populations that cannot statistically be regarded as individual populations based on the cumulative 
density plots. The arrows indicate the actual position of both population peaks. Red and Blue lines indicate 
the cumulative density plots for the field and LIDAR data respectively. Dashed lines indicate the upper and 
lower limit of the platform margin. 



148 Chapter 5

5.5.1 set 1: margin parallel fractures

The fractures defi ned as Set 1 are oriented parallel with respect to the platform 
margin. Set 1 fractures are present in all facies, but the morphological expres-
sion of Set 1 fractures changes according to the stratigraphical context. Vertically 
extensive fractures localise along the platform crest, where in situ Porites reefs 
form atop the platform escarpment (Fig. 5.8). In this domain, fi eld observations 
show that Set 1 fracture apertures range between 50cm to 2m and are fi lled with 
sediment from the top. Some large fractures crosscut underlying clinoform and 
facies boundaries. No kinematic indicators have been found along the surfaces 
of Set 1 fractures. In the proximal and distal slope deposits, the occurrence of 
Set 1 fractures is less pronounced. Fractures are open and mostly confi ned to 
layer boundaries. Overall, Set 1 fractures strike between N080E and N100E. The 
LIDAR model confi rms the presence of a margin parallel fracture population that 
is confi ned to the platform crest, but cannot used to discern the layer confi ned 
margin parallel fractures that form in the proximal and distal slope deposits. On 
the LIDAR model, the platform scale structures can be traced laterally for several 
hundreds of meters. Specifi c fracture attributes cannot be determined with the 
LIDAR model.

100m
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100m
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fig. 5.7. LIDAR model of the Cariatiz Platform in the los Castaños ravine. This image was produced by VGRS. 
Coloured planes indicate the position and orientation of LIDAR interpreted fractures. Blue = Set 1; red = Set 
2; green = Set 3 (A) Snapshot of the southern side of the los Castaños ravine. (B) snapshot of the northern 
side of the los Castaños ravine.
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Petrographic analysis of fracture host, wall and fi ll shows that Set 1 dikes contain 
a variety of marine fi lls, with siliciclastic input (Fig. 5.9). A sharp contact exists 
between the fracture host rock and sedimentary fi ll. Host rocks are composed 
mainly of in situ Porites reefs and microbial boundstone, but may also be formed 
by Halimeda rudstones and other adjacent facies, because fractures that initiate in 
the reef crest may crosscut facies boundaries when protruding vertically into the 
system. Fracture walls occasionally accommodate calcite precipitates, but crystal-
line fracture fi ll is generally restricted to Set 2 fractures. Set 1 fractures contain a 
variety of sedimentary fi lls that range between bioclastic packstones containing 
a minimal fraction of siliciclastic sand to dikes composed of quartz and mica 
dominated sandstones in a micritic groundmass. Both appear to be end-members 
in a series resulting from a mixed infl ux of carbonate and siliciclastic input. Mul-
tiple samples taken from a single fracture show that this variation occurs not only 
between separate dikes, but is part of the natural variation within a single dike.

5.5.2 set 2: margin perpendicular fractures

Along the depositional profi le, Set 2 fractures are confi ned to talus-slope, 
proximal-slope and distal-slope deposits. Fractures defi ned as the Set 2 popula-
tion are oriented perpendicular with respect to the platform margin. The strike of 
these fractures varies between N170E and N190E. Similar to Set 1 fractures, Set 
2 fractures show several morphological expressions; they form layer confi ned 
discontinuities, single throughgoing and clustered throughgoing fractures that 
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fig. 5.8. Interpreted panoramic view of the southern part of the los Castaños ravine. Facies interpretation 
after Braga and Martín (1996) and Reolid (2014). Thick dashed lines show the surface trace of Set 1 fractures 
that contain sedimentary fi ll. Indicated are the sample locations of Fig. 5.8 and Fig. 5.9. The corresponding 
arrows point in the direction in which the photos were taken.
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reach up to 20 meters in height and terminate against clinoform or facies boundar-
ies. Morphological expressions are not restricted to a specific lithological context 
or position along the platform slope. The majority of Set 2 fractures are barren, 
though some throughgoing fractures are filled with sediment and have apertures 
ranging from 5cm to 1m. Fracture surfaces of barren fractures that are exposed 
along the face of outcrops occasionally preserve slickensides, which indicate dip-
parallel movement has taken place.

Set 2 fractures were also traced using the LIDAR model and show a localiza-
tion pattern that is similar to the fractures observed in the field. Throughgoing 
fracture clusters and single sediment filled could be traced relatively easily. Single 

fig. 5.9. Field and thin section expression of Set 1 fractures with sedimentary fill (A) Photograph of Set 
1 fracture containing a graded sedimentary fill, hammer (30cm) for scale. (B) Thin section photograph of 
the set 1 host rock (HR), containing Porites sp. (Po) and Halimeda sp. (Ha) fragments. (C) Thin section pho-
tograph of Set 1 fracture wall. Sharp boundary between fracture host rock (HR) and fracture fill (SD). The 
fill consists of fine-grained siliciclastic detritus in a micritic matrix. Host rock consists of algal boundstone. 
(D) Photograph of Set 1 fracture containing sedimentary fill, hammer (30cm) for scale. (E) Thin section pho-
tograph of fracture host rock (HR) showing Halimeda sp. rudstone. (F) Fine grained siliciclastic material in 
micritic matrix. Sample locations are shown in Fig 5.6.
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throughgoing fractures and bed confined fractures are too small to be recognized 
with the LIDAR model.

Petrographic analysis shows that the fill of Set 2 fractures is different from Set 
1 fractures Fig. 5.10). Two consistent types of fracture fill have been found. The 
Type 1 fill is a composite of subangular to angular granules, pebbles and cobbles. 
These consist of platform derived sediment and a minor fraction of detritus from 
the metamorphic basement. In the fractures that contain a Type 1 fill, distinct 
zones are visible. These zones are defined by a specific grain size distribution and 
are separated by sharp boundaries (Fig.5.10 and 5.11). Intergranular pores are 
filled with calcite cement, which has been analysed for the stable isotope compo-

fig. 5.10. Field and thin section expression of filled Set 2 fractures. (A) Photograph of a Set 2 Type 1 frac-
ture, hammer for scale for scale. Prefix ‘SD” represents different subdomains in the dike. SD1 and SD2 are 
subdomains that consist of aggregates of slope derived pebbles and granules respectively, in a recrystal-
lized calcitic matrix. The SD3 domain has a silimilar grain size distribution as SD2, but the matrix has not 
recrystallized and consists of mixed bioclastic and siliciclastic material (B). Close-up photograph of the con-
tact between SD1, SD2 and hostrock, SD3 is absent. (C) Thinsection scan of set 2 fracture fill of subdomain 
2, showing a composite of bioclastic packstone in isopachous cement (D) Photograph of a type 2 fracture 
fill (SD) in proximal slope deposits (HR). Arrow indicates an imprint of a shell fragment. Pen for scale. (E) Host 
rock consisting of bioclastic packstone. (F) Packstone aggregate of quartz and autochthonous wackestone 
lithoclasts embedded in a red coloured matrix.
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sition of oxygen and carbon. The δ13C ratios of calcite cements range between 
-8.23‰ and -6.46‰. The corresponding δ18O ratios vary between -8.62‰ and 
-6.45‰. The calcareous clasts show a Miocene marine composition refl ected by 
δ13C ratios that range between -1.89‰ and 0.21‰ and δ18O ratios that vary 
between 1.28‰ and 4.29‰ (Fig. 5.12).
Type 1 fracture fi ll occurs in bed-confi ned fractures as well as fractures that 
crosscut multiple strata and reach vertical heights of several tens of meters. The 
Type 2 fracture fi ll contains biogenic fragments and debris of wacke- and pack-
stones. Singular biogenic fragments are composed mainly of bivalve shells and 
echinoids. No internal stratifi cation or sedimentary structures were identifi ed in 

fig. 5.11. Thin section close-ups. (A) Set 2 fi ll, aggregate of basement clasts and pack-rudstone fragments 
bound by isopachous cement. (B) Sharp contact between the host and fi ll of Set 1. Packstone host rock (HR) 
consists of bioclastic fragments; the fi ner grained syn-sedimentary fi ll (SD) contains more siliciclastic frag-
ments. Both are separated by a cemented fracture wall (W). (C) Host rock (HR) is a microbial boundstone, 
containing minor siliciclastic grains. The grainstone fi ll (SD) contains both siliciclastic and bioclastic frag-
ments.
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type 2 fractures. Type 2 fracture fill are typically wedge-shaped and no more than 
one meter high.

5.5.3 set 3: diagonal fractures

Fractures that are referred to as Set 3 fractures are generally less abundant than Set 
1 and Set 2 fractures. The average strike of these fractures varies between N140E 
and N170E. As such, the orientation of these fractures has no similarities with 
the platform margin trend. The strike of these fractures is diagonal with respect 
to the platform margin trend. Set 3 fractures occur as a layer-confined disconti-
nuity or as a through-going singular fractures and do not appear clustered. The 
morphology of these fractures does not change, according to position along the 
depositional profile. Crosscutting relationships exist with Set 1 and Set 2 fractures 
which indicate that Set 3 fractures postdate the two main fracture populations and 
sparite cementation of Set 2 fractures.

5.6 disCussion

5.6.1 set 1

Rim parallel fractures (Set 1) have previously been subject of studies on rimmed 
flat-topped carbonate platforms. In this study, key arguments for the generic inter-
pretation and timing of Set 1 fractures arise from (1) the analysis of sedimentary 
fill (2) the preferred fracture localization along the platform edge and (3) the 
observed variations in morphological expression along the depositional profile.

Petrographic analysis of the fracture fill shows a mixed series of fine grained 
calcareous and siliciclastic sediment. This two endmember series can be related 
to sedimentary influx during phases of platform growth. Fractures containing a 
greater siliciclastic fraction are likely filled during the short cycle lowstand sys-
tems tract and reworking of lowstand deposits during the short cycle transgressive 
systems tract. Fractures that are situated in the youngest reef growth package may 
also contain sediment that relates to the deposition of the Terminal Carbonate 
Complex (Fig. 5.2). No contact between the fractures and the erosional surfaces 
that delimit the TCC exist on the Cariatiz Platform today. Based on petrography, 
we can therefore restrict the upper limit of the time interval of sedimentary fill 
of margin parallel fractures to the Messinian Erosional Surface that separates the 
reefal carbonate deposits of the Terminal Carbonate Complex and the overlying 
conglomerate deposits.

Because the strike of Set 1 fractures and the Cariatz platform margin trend 
align, we suggest that a generic relationship exists between the platform morphol-
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ogy and Set 1 fractures and that Set 1 fractures form as a result of a gravitational 
stress, induced by platform. This interpretation is strengthened by the notion that 
Set 1 fractures preferentially localise around the platform margin, which implies 
that stresses are distributed unequally across the downslope profile as a result 
of local stress system, rather than a regional one. Several mechanisms for the 
formation of gravitationally induced fractures have been proposed by previous 
studies on fracture systems in carbonate platforms (e.g. Playford, 1984; Hurley; 
1986; Hunt and Fitchen; 1999; Kosa et al., 2003; Frost and Kerans, 2009). Some 
of these mechanisms are applicable to the formation of margin parallel fractures 
in the Cariatiz Platform. We suggest the main drivers for the formation of margin 
parallel fractures are (1) compaction of basinal sediments and resulting down-
to-basin tilting of the carbonate platform and (2) compaction over an antecedent 
platform margin (Fig. 5.4). The antecedent topography created by the temperate 
carbonates of the Bioherm unit was traced by Cuevas Castell (2007) and shows 
an uninterrupted gentle slope, which would produce less incentive for fractures to 
form than the high relief margins of the platform itself.

In the Cariatiz Platform, fracture localization in the reef crest might result from 
a high concentration of tensile stress in the platform margin. The preferential 
occurrence of margin parallel fractures in the southern domains of the Cariatiz 
reef might result from presence of pronounced reef crests (Fig. 5.4). Resor and 
Flodin (2010) show that tensile stresses concentrate around the platform margin 
in prograding carbonate platforms, inducing fracture nucleation in the reef facies. 
Underwood et al. (2003) and Kleipool et al. (2016) propose that the absence of 
pronounced stratification providing mechanical interfaces sufficient to terminate 
fracture propagation might explain vertically extensive fracture patterns. We 
suggest these mechanisms are also applicable to the reef facies of the Cariatiz 
platform, in which margin parallel fractures crosscut facies boundaries and reach 
up to several tens of meters in height. Another driver that might increase fracture 
localization in the platform crest is the high diagenetic potential of platform crest, 
as a result of the symbiosis between Porites colonies and encrusting algae. Early 
lithification of the platform crest would allow brittle deformation in the reef crest 
to occur during early stages of platform development, while other domains have 
not yet reached a similar state of lithification. Over time, more plastic (brittle) 
strain may be accommodated by the early-lithified platform crest along the weak 
interfaces between encrusting algae and Porites sticks.

5.6.2 set 2

The occurrence of margin perpendicular fractures (Set 2) has been described in 
several publications (e.g. Newell and Rigby, 1957; Lehner, 1991; Cozzi, 2000; 
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Frost and Kerans, 2009; Narr and Flodin, 2012), but has not yet been recognized 
as a systematic feature in steep rimmed carbonate platforms. For instance, Lehner 
(1991) reported the occurrence of Neptunian dikes with a mutually orthogonal 
fracture orientation that resulted from extensional tectonics along the Trento 
Platform (Southern Alps, Italy). Frost and Kerans (2009) reported fractures that 
run perpendicular to the long axis of a carbonate promontory, but show that these 
fractures are an artefact of differential compaction over an antecedent rigid mar-
gin in the Devonian Canning Basin, NE Australia.

The Set 2 fractures that contain sedimentary fill have been analysed petro-
graphically. The analysis shows two different types of fill which reflect two dif-
ferent sedimentary environments: (1) An aggregate of autochthonous fragments 
and terrestrial basement detritus, encrusted by fine to coarse crystalline calcite 
cement and (2) red coloured fine grained allochthonous sediment with intact fos-
sils (Figs. 5.10 and 5.11). The difference between both types of fill suggests that 
type 1 and type 2 fractures have not opened at the same time. The petrography 
of the Type 1 fractures shows a very coarse and vertically segmented fracture 
fill. Type 1 fractures may be filled during any short cycle systems tract. Sparite 
cementation of intergranular space occurs at a later stage, during which meteoric 
waters circulate the system, as the stable isotope ratios of these cements point to 
a meteoric source for calcite precipitation (Fig. 5.12). The sharp, mostly vertical 
contact between domains of different grain sizes within a single fracture implies 
that fractures have experienced multiple stages of opening and filling.

The Type 2 fracture sediment, shell fragments specifically, indicates near shore 
marine conditions prevailed during the formation of these fractures. It suggests 
that fractures containing type 2 fill have formed during or directly after deposi-
tion. This is supported by the observation that Set 2 fractures that contain Type 2 
fill do not consistently terminate against lithological boundaries, which implies 
that Type 2 fractures have formed before diagenesis has generated mechanical 
boundaries sufficient for fractures to terminate against. Type two fractures most 
likely develop during lowstand tracts of the short cycle.

On surface of barren fractures, indicators of dip parallel movement exist. The dip 
parallel movement suggests that sliding has occurred over the surface of bedding 
planes, a process that, in this specific context, is associated with mass movements 
due to gravitational slope instabilities. The fact that slickenlines are preserved on 
set 2 fracture surfaces suggests these fractures may have acted as the planes along 
which the vertical decoupling took place, prior to such mass movements.

This study puts forward two mechanisms for the formation of margin perpen-
dicular fractures in the Cariatiz Reef System (Fig. 5.13). Because these mecha-
nisms are not strictly bound to external factors that only apply to the Cariatiz 
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Platform, these mechanisms may also be active in other carbonate platforms. 
Therefore, the formation of sub-vertical margin perpendicular fractures might be 
considered a systematic feature in rimmed fl at-topped carbonate platforms. We 
assume some precaution in formulating our hypotheses, as these fractures have 
not been described in many carbonate platforms and formation of such structures 
might require a specifi c morphological architecture. The proposed mechanisms 
for the formation of margin perpendicular fractures (Set 2) arise from the observa-
tion that fractures occur predominantly in the proximal and distal slope facies 
and are absent in the platform rim and interior, suggesting a local mechanism for 
fracture formation.

The fi rst mechanism describes fracture formation as a result of internal stress rota-
tion, driven by the effect of downslope loading. This mechanism is based on the 
idea that the gravitational stress, generated by the weight of the reef, is transferred 
downslope and compresses the slope and basinal strata. We suggest that during 
growth of the carbonate platform, gradual build-up of this compressive stress has 
the ability to change the ‘state of stress’ in the platform slope. The addition of a 
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bed-parallel stress vector may, if the gravitational stress sufficient to surpass a 
threshold value, induce a change in the orientation of principal stresses. In this 
situation, the least compressive stress aligns with the platform margin trend and 
allows for the formation of fractures that are oriented perpendicular with respect 
to the platform margin.

The second mechanism describes fracture formation as a result of non-uniform 
slope compaction. This mechanism is based on the idea that downslope linea-
ments, such as gullies, channels and erosive furrows may have been active on 
the slopes of the Cariatiz Platform. When buried, such features typically contain 
coarser sediment than the ridges that form in between. Upon compaction of the 
slope system, buried gullies or channels may compact more or less than the ridges 
in between, ultimately leading to a non-uniform change in volume and formation 
of margin perpendicular fractures. Gullies, channels or furrows have not yet been 
identified on the slopes of the Cariatiz Platform, but there is a growing body of 
evidence from studies on modern-day tropical reefs suggesting that these features 
are an active means of sediment sorting and transport on carbonate slopes (e.g. 
Anselmetti et al., 2000; Mulder et al., 2012a; Betzler et al., 2014). We therefore 
suggest such this process might have contributed to the formation of margin 
perpendicular fractures on the slopes of the Cariatiz Platform.

The gully spacing and orientation as seen at the toe-of-slope of Great Ba-
hama Bank (Mulder et al., 2012a; Betzler et al., 2014) and Little Bahama Bank 
(Mulder et al., 2012b; Tournadour et al., 2015) as well as the Great Barrier Reef 
(Puga-Bernabéu et al., 2011) might find their origin in the combined effect of 
the aforementioned mechanisms. Both mechanisms account for the absence of 
margin perpendicular structures in the platform crest and explain fracture local-
ization on the platform slope (Fig. 5.10). Mass wasting events observed at the 
toe-of-slope of Great Bahama Bank (Principaud et al., 2014) and Little Bahama 
Bank (Tournadour et al., 2015) also might find their origin in a weakening of 
the toe-of-slope depositional environment because of the formation of margin 
perpendicular fractures. The shapes of the slide scars at the toe of slope of Great 
Bahama Bank (Mulder et al., 2012a; Principaud et al., 2015) show an orientation 
similar to the orientation of the margin perpendicular type 2 fractures found at the 
Cariatiz carbonate platform.

5.6.3 set 3

The orientation of fracture Set 3 shows no direct generic relation to the platform 
geometry. Therefore, this study suggests that the diagonal fractures in the Cariatiz 
platform are the result of regional tectonics, even though little kinematic indicators 
are present along fracture planes. Paleostress analysis on tensors spread across the 
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Sorbas basin show that the regional stress regime has evolved during basin forma-
tion and deposition of its sedimentary sequences (Weijermars et al., 1985). Stapel 
et al. (1996) shows that the tectonic phase restricted to the Messinian and Early 
Pliocene times in the northern part of the Sorbas basin is characterized by strike 
slip tectonics and evolves into an extensional regime in Pliocene times. Stapel et 
al. (1996) as well proposes a constrained σ1 orientation of N350E persisted dur-
ing deposition of the Miocene reefs. Subsequent extensional tectonics persisted 
throughout Pliocene times to Quartenary times. Exact timing and orientation of 
extensional movement varies locally and is poorly constrained, therefore any 
further speculation on the origin of diagonal fractures would be superfluous.

5.7 ConClusions

Carbonate platforms may develop extensive fracture systems during development 
and without the influence of regional tectonic stress. Synsedimentary deformation 
arises from gravitational instability of the platform. The dynamics of platform 
growth cause gravitationally induced stresses and associated syndepositional 
fracture systems to vary in space and time. This study shows a variety of fractures 
exist across the Miocene Cariatiz carbonate platform. Three fracture populations 
have been identified and their origins have been partially constrained based on 
their morphological expression, localization, stable isotopes of calcite cements 
and petrographic analysis of fracture fill.

Margin parallel fractures form vertically extensive dikes that nucleate around 
the platform margin and crosscut facies boundaries. The sedimentary fill of mar-
gin parallel structures suggests that these fractures have formed during platform 
development. Findings regarding fracture orientation, localization and timing 
support previous conclusions that margin parallel fractures in rimmed flat-topped 
carbonate platforms are the result of gravitationally induced tensile stresses that 
concentrate around the platform edge.

Margin perpendicular fractures form sub-vertical clastic dikes, barren fractures 
and fracture corridors that localise on the platform slope. They show two types of 
fracture fill that reflect marine and near continental origins. Stable isotope ratios of 
sparite cements show that cements have precipitated from a meteoric source and 
have formed at a later stage. Multimodal grain size distributions and variations in 
the type of grains within single fractures indicate fractures have reopened several 
times during platform development. Because the orientation of the fractures and 
the platform margin align, the preferred fracture localization on the platform slope 
and timing constraints provided by petrographic analysis, we suggest a gravita-
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tional control on the formation of margin perpendicular fractures. We put forward 
two possible mechanisms to explain the occurrence and localization of margin 
perpendicular fractures in the Cariatiz Reef system. Because these mechanisms 
are not strictly bound to external factors that only apply to the Cariatiz Reef, 
these mechanisms may also be relevant in other carbonate platform settings: (1) 
downslope loading resulting in a principal stress rotation in the platform slope 
and (2) non-uniform compaction over buried gully systems on the platform slope.

A third fracture set shows no relation to the platform margin or systematic 
fracture localization patterns. Crosscutting relationships show that these fractures 
postdate the main fracture sets. We therefore suggest this fracture has a tectonic 
origin.
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6.1 fRaCtuRes

The fracture studies of the Ricla ramp system and the Cariatiz reef complex show 
many differences in fracture origin. The major fracture sets that developed in the 
Ricla ramp system are thought to be of a tectonic origin, resulting from the plate 
collision between the Iberian plate and the European plate; a process, which is 
part of the Alpine orogenesis. The fractures that developed in the Cariatiz reef 
complex are largely related to gravity driven processes such as differential com-
paction and downslope loading. However, if fracture formation mechanisms are 
disregarded, one is still able to link and compare the mechanical properties and 
fracture patterns of both platform settings. Both field areas show a link between 
the fracture characteristics and the facies in which they develop and the type and 
morphology of the carbonate platform.

6.1.1 outcrop scale fractures

Origin and orientation
The Jurassic Ricla outcrop covers the western flank and folding axis of a large 

synclinal structure that developed during the Alpine orogenesis (Salas and Casas, 
1993). The fractures formed along the carbonate ramp show two consistent sets 
with an approximate 60 degrees difference in their direction. The fracture ori-
entations of the sets and the geological setting opt for fracture formation due to 
folding of the strata, thus a tectonic origin. One set shows an orientation parallel 
to the folding axis while the other set shows a conjugate behavior.

Three fracture sets developed along the Miocene flat-topped carbonate platform 
of which two sets relate to a syn-sedimentary and gravitational origin. The first 
fracture set is characterized by a margin parallel orientation and the second set 
by a margin perpendicular trend. Processes related to the formation of the margin 
parallel fractures are differential compaction, escarpment oversteepening and 
down to basin tilting (Frost and Kerans, 2009). The formation of the longitudi-
nal fractures is interpreted to relate to downslope loading (Nooitgedacht et al., 
subm.). The less pronounced third set is explained as a post depositional structural 
overprint as a result of strike slip movement and subsequent extension that oc-
curred in the Sorbas Basin and associated basins during the Messinian to Early 
Pliocene (Stapel et al., 1996).

Density and spacing
The measured distance between two subsequent fractures formed in the Ricla 

carbonate ramp strata shows a clear peak value at 25cm and two additional 
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smaller peak values at 65cm and 105cm. The average fracture densities of the 
measured frames do not fall under frequencies of one fracture per meter and may 
reach values of fifteen fractures per meter depending on the thickness of the beds 
in which they were formed. The average bed thickness measured in the frames 
varies between 10cm and 150cm. Bed thickness and fracture density relations are 
well visible for layer-restricted fractures. Once fractures show a through-going 
behavior, this mechanism is less consistent.

The fracture density and spacing characteristics of the Cariatiz reef has not 
been quantified. However, an estimation can be made of the fracture spacing 
of the large-scale fractures based on field observations and the interpretation of 
the LIDAR data. The large-scale rock failure structures are primarily related to 
margin parallel Neptunian dikes that have developed within the reef crest. Aerial 
photographs, panorama pictures and LIDAR point cloud data show an average 
Neptunian dike distance of 10m. Fracture densities of the dip slope fractures tend 
to increase towards the basin resulting in fracture density values of up to ~5 fr/m.

Fracture height and through-going behavior
The intergranular fill of the Ricla deposits, thus cement or micrite, determines 

the rock brittleness. The low physical contrast between consecutive micritic 
layers or sparitic layers results in a through-going fracture pattern. However, a 
sedimentary succession with alternating micritic and sparitic layers shows a high 
fracture density in the sparitic layers. This appearance is related to the variations 
in the physical properties of the sediments; the layers with a sparitic groundmass 
are more brittle than the layers with a micritic groundmass. This contrast results 
in fracture concentrations in cemented layers when interbedded in relative ductile 
micritic layers.

Through-going fractures that are observed in the strata of the Cariatiz reef are 
primarily observed as margin parallel Neptunian dikes that form in the reefal fa-
cies. These opening structures crosscut multiple depositional units and may reach 
up to 10s of meters in height. The longitudinal fractures that form in the distal 
realms of the sedimentary system tend to be more restricted to layer boundaries 
depending on the physical contrast between the individual layers. The longitudi-
nal dikes however, do show a through-going behavior.

Fill, aperture and movement
The fractures that developed in the Ricla ramp system do not show apertures 

above 1cm. Infill is locally present as calcite crystals, thus veins. Open micro-
fractures are observed in the thin sections and in SEM images, contributing to 
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the pore system of the Ricla sediments. No indications for movement along the 
fracture planes were observed. Both sets show similar fill and aperture properties.

The margin parallel Neptunian dikes that formed in the top sets of the Cariatiz 
clinoforms show multiple stages of inner platform sedimentary infill implying 
stepwise fracture opening. These structures show apertures ranging from 0.5m 
up to 2m in width. Longitudinal dikes that formed in the proximal slope show 
apertures ranging from 0.5m to 1m and are filled with fracture wall fragments, 
basement rock and inner platform sediments that are bound by isopachous cement. 
The aperture of longitudinal fractures in the distal realms does not exceed 5cm. 
Local slickenline structures on the fracture planes show minor block movement 
towards the basin as a result of gravitational processes. The third fracture set with 
a possible tectonic origin shows minor opening structures not exceeding 5cm. No 
evidence of fracture infill and/or movement was found along the fracture planes 
of this set.

6.1.2 platform scale fractures

Platform morphology
The type of carbonate producing factory relates for the platform morphology, 

although external factors may overrule this link. In the Ricla ramp and Cariatiz 
reef the platform expression is a result of lithification potential of tropical biota 
versus terrestrial sediment mixtures, in other words dominant aragonite skeletons 
and reefal frameworks versus carbonate intermingling with quartz and other non-
carbonate minerals. Tropical aragonite associated sedimentary systems (Cari-
atiz) have a high lithification potential resulting in abrupt and high-angle slopes 
(Kenter, 1990; Schlager, 2005). Tropical mixed sedimentary systems (Ricla) have 
a low lithification potential resulting in stretched and low-angle slopes. In both 
field settings we can observe a link between the geometry of the platform and the 
type of fractures patterns that developed.

The Ricla ramp system shows continuous facies belts ranging from proximal in 
the north to distal in the south covering the exposed 6km length of the outcrop. 
Since fractures tend to correlate to the facies distribution we observe fracture 
pattern variations in a vertical direction but not in a lateral direction.

The fractures within the Cariatiz reef, however, show a varying lateral and 
vertical fracture pattern. The dominant fracture orientation is related to the pal-
aeogeographical location within a depositional unit. The margin of the platform 
shows margin parallel fractures orientations while the slope of the platform shows 
longitudinal fracture orientations. Hence a facies and depositional water depth 
related fracture pattern.
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Facies boundaries
In the sedimentary succession of the mixed Ricla ramp the presence of micrite 

or cement is coherent with the type of facies. A depositional body comprising one 
single facies type, either micritic or sparitic, shows a dominant through-going 
fracture pattern. However, when facies tracts alternate, thus switching from 
micrite to sparite and vice versa, the fractures tend to localize to a single and 
preferentially cemented unit.

The fractures that developed in the Cariatiz reef show different fracture charac-
teristics for each facies type. Thus along a single depositional unit different types 
of mechanical characteristics are encountered.

6.2 petRophysiCs

The variations within and difference between the petrophysical properties of the 
Miocene reefs and the Kimmeridgian ramp deposits are significant. The most 
striking contrasts are found in the mineralogy and porosity. Both impact the 
acoustic properties of the datasets in a different manner. Wang (2001) ranks an 
array of parameters impacting the acoustic properties from high to low. The list 
can be used as a general tool to classify a dataset. We, however, find that every 
case should be studied individually; hence every dataset shows a different order 
of importance for the controlling parameters.

6.2.1 Rock properties

Porosity and density
An increase in porosity (thus a decrease in bulk density) results in a reduction of 

P- and S-wave velocities. The porosity domain of the Ricla ramp sediments varies 
between 0% and 7%, which is a narrow range compared to the Miocene sediments 
showing a domain of 0% to 50%. It can be clearly stated that the porosity-impact 
on the acoustic properties is influencing the Miocene strata much more when 
compared to the Jurassic Ricla sediments.

Pore types
Since the porosity range of the Ricla sediments is limited, the impact of pore 

type variations will be minimal. Besides that, the majority of the porosity is not 
visible in thin sections as it manifests primarily as microcracks and micropores. 
The sediments of the Miocene carbonate complexes do show a wide variety in 
pore types. Based on thin section analyses it shows that stiff rock frameworks 
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with vugs and moldic pores are associated with high velocities while less stiff 
rock frameworks with interparticle pores and micropores are accompanied by 
lower velocities.

Mineralogy
The effect of mineralogy on the acoustic properties clearly shows in the Ricla 

sediments, primarily because the effect of porosity and pore types is restricted. 
The intermingled sediments of Ricla show a wide range of calcite and quartz 
ratios. The mineralogical effect on the velocities of Miocene carbonates, however, 
is less clear due the significant impact of variations in porosity and pore type. The 
fraction of volcanic clasts in the Miocene sediments is not substantial, as is the 
effect of partial dolomitization on the acoustic properties.

Rock texture
The rock texture determination is based on thin sections, grain-size analysis, 

field expressions and mineralogical composition. The grain-size analysis deter-
mines the effect of grain-size distribution of the clastic fraction on the acoustic 
properties. The clay-sized fraction of the Ricla sediment affects the acoustic 
velocities negatively, however, a threshold of ~10% needs to be exceeded before 
this effect is noticeable. The clastic fraction in the Miocene carbonates is too low 
to be subjected to a grain-size analysis. The carbonate and mixed samples from 
the Ricla ramp show a micritic or sparitic crystalline infill. For a given carbonate 
content the cemented sediments of Ricla show slightly higher velocities compared 
to their micrite dominated counterparts. Due to the high impact of the volumetric 
properties, the rock texture effect is minimal in the Miocene carbonate sediments.

Pressure
The low porous sediments of the Ricla ramp are hardly affected by pressure 

since there is not much open space to compress. The effect of pressure on the 
Miocene sediments is much more significant. Depending on the amount and type 
of porosity and the stiffness of the rock framework the velocity increases with 
increasing pressure, with a maximum of 15% between 2.5 MPa and 40 MPa. 
Especially high porous and partly consolidated samples show shrinkage due to 
pore space collapse. The pore closure and plug length reduction results in shorter 
wave travel times, thus raising the acoustic velocities.

6.2.2 synthetic seismic and carbonate factories

The synthetic seismic profiles of the Ricla ramp and the Miocene carbonate build-
ups show clear differences that can be linked to carbonate-producing factories. 
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The seismic signals of the Miocene carbonates tend to follow timelines when 
cool-water carbonate factories (C-factory; sensu Schlager, 2005) are active. The 
seismic traces will start to follow facies boundaries as soon as the carbonate 
production switches over to a tropical factory (T-factory; sensu Schlager, 2005). 
The seismic traces within sediments formed by mud mound factories (M-Factory; 
Schlager, 2005) and transitional factories are characterized by a combination of 
depositional time-lines and facies boundaries. Due to the lateral homogeneity of 
the mixed sediments present along the Ricla ramp system, seismic traces can be 
followed over the entire length of the synthetic profiles. These reflectors tend to 
follow timelines, which are coherent with changes in facies.

6.2.3 Carbonate depositional settings

The acoustic properties of the Ricla carbonates and the Miocene carbonates show 
a clear discrepancy primarily caused by porosity and mineral composition. In 
order to show a wider perspective and present more general rules we present the 
acoustic and volumetric properties from multiple studies, each in different depo-
sitional settings. The primary conclusion one can derive from this comparison is 
the high impact of mineralogy and porosity on the acoustic properties. Trends that 
can be observed in marine mixed carbonate siliciclastic sediments (Kleipool et al., 
2015) of the Jurassic ramp of Ricla, the Carboniferous-Permian of Spitsbergen 
(Jafarian et al., 2017) and the Eocene of the Sobrarbe delta in N-Spain (De Jong et 
al., in prep.) show that the steepest negative inclinations are primarily caused by 
the presence of non-carbonate grains such as quartz and clays. In addition, these 
three datasets show a porosity domain between 0% and 15% with a peak occur-
rence between 0% and 5%. The trend of the Miocene continental mixed sediments 
of the Madrid Basin in Spain (Blok et al., in prep.) show higher acoustic values for 
a given porosity compared to the marine mixed systems. This is a result of relative 
low inorganic sediments fractions within the depositional system. The Urgonian 
marine limestones (Fournier et al., 2014) and Miocene carbonates (Kleipool et al., 
subm.) show a clear coherency, their data points are positioned above those of the 
mixed sediments due to the absence of minerals with slower velocities (Mavko et 
al., 2009). The Miocene data points (Kleipool et al., subm.) show slightly higher 
values compared to the Cretaceous samples of the Provence (Fournier et al., 2014) 
likely due to the presence of dolomite. Finally the travertine samples of Soete et 
al. (2015) show the highest velocities, which is a result of the stiff rock framework 
that has formed characterizing these deposits.

Kenter et al. (2007) showed that rock fabric and mineralogy control the elastic 
properties of sediments with varying mineralogy and texture (carbonate, clay 
and quartz). They show that high carbonate content results in high velocities and 
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low carbonate contents and/or highly mixed sediments results in low velocities 
for a given amount of porosity. Kenter et al. (2007) indicated thresholds of 22% 
carbonate and 8% clay marking the boundaries between the high velocity and 
low velocity groups. The data discussed in this thesis and associated manuscripts 
(Fournier et al., 2014; Soete et al., 2015; Jafarian et al., 2017; Blok et al. in prep; 
De Jong et al., in prep.) confirm these relationships, but also noted various other 
new trends in the petrophysical properties of marine and non-marine carbonates 
and mixed sediments (Fig. 6.1):
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Sobrarbe Delta, Spain
Eocene (De Jong et al., in prep.)

Provence, France
Barremian-Aptian (Fournier et al., 2014)

Ricla, Spain
Kimmeridgian (Kleipool et al., 2015)

Denizli, Turkey / Sütto-Budakalasz, Hungary
Pleistocene (Soete et al., 2015)

Las Negras, Spain
Miocene (Kleipool et al., subm.)

Spitsbergen, Svalbard
Permain (Jafarian et al., 2017)

Guadalajara, Spain
Miocene (Blok et al., in prep.)
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fig. 6.1. Overview of acoustic properties versus porosity. (A) Pleistocene travertines from Soete et al. 
(2015). (B) Miocene marine carbonates from Kleipool et al. (subm.). (C) Miocene continental mixed siliciclas-
tic-carbonates from Blok et al. (in prep.). (D) Eocene marine mixed siliciclastic-carbonates from De Jong et 
al. (in prep.). (E) Cretaceous marine carbonates from Fournier et al. (2014). (F) Kimmeridgian marine mixed 
siliciclastic-carbonates from Kleipool et al. (2015). (G) Permian marine mixed siliciclastic-carbonates from 
Jafarian et al. (2017.).
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(1) Marine mixed siliciclastic-carbonates show steep negative porosity-velocity 
trends. This trend depends on the quantity, grain-size and mineralogy of the 
non-carbonates fraction (Kleipool et al., 2015; Jafarian et al., 2017; de Jong et 
al., in prep.). This finding confirms the data presented by Kenter et al. (2007).

(2) Porosity variations, related to the age of the sediments, have a distinct impact 
on the P-wave velocity. This also confirms the data from the literature (e.g. 
Braaksma et al., 2003; Kenter et al., 2007; Verwer et al., 2008).

(3) P-wave velocity values of marine and lacustrine carbonates grossly overlap 
(Kleipool, et al., subm.; Blok et al., in prep.). This finding strongly suggests 
that pore structure and cementation in marine and lacustrine carbonates have 
a similar effect on the physical properties.

(4) P-wave velocities of marine and lacustrine deposits differ from travertines 
(Soete et al., 2015), which probably relates to the pore type and pore distribu-
tion resulting from the sedimentary processes and biology intrinsic of these 
depositional systems.
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Eq. 14

Eq. 15

Eq. 16

Eq. 17

ρ Density (g/cc)

m Mass (g)

r Radius (cm)

h Height (cm)

φ Porosity (%)

V Velocity (km/s)

VP P-wave velocity (km/s)

VS S-wave velocity (km/s)

K Bulk modulus (GPa)

μ Shear modulus (GPa)

E Young’s modulus (GPa)

v Poisson’s ratio

Z Acoustic impedance (kg/m2-s)

R Reflection coefficient

C Constants (Fournier and Borgomano, 2009)

fc Fraction of carbonate (fr)

ai Regression coefficients (Castagna, 1993)

F Frequency (Hz)

λ Wavelength (m)

bulk Bulk

grain Grain

min Mineral

fl Fluid

dry Dry

sat Saturated

WTA Wyllie Time Average (Wyllie et al., 1956)

RHG Raymer Hunt Gardner (Raymer et al., 1980)



1

2

3

4

5

6

References





References 177

Adam, L., Batzle, M. and Brevik, I. (2006) Gassmann’s fluid substitution and shear modulus variability in 
carbonates at laboratory seismic and ultrasonic frequencies. Geophysics 71, 173-183.

Adams, E.W. and Kenter, J.A.M. (2013) So different, yet so similar: comparing and contrasting siliciclastic 
and carbonate slopes. In: Deposits, Architecture and Controls of Carbonate Margin, Slope and 
Basinal Settings (Eds. Verwer, K., Playton, T.E. and Harris P.M.). SEPM Special Publication 105, 
14-25.

Ahr, W.M. (1973) The carbonate ramp, an alternative to the shelf model. Gulf Coast Association of Geologi-
cal Societies Transactions 23, 221-225.

Anselmetti, F.S. and Eberli, G.P. (1993) Controls on sonic velocity in carbonates. Pure and Applied Geo-
physics 141, 287–323.

Anselmetti, F.S., Luthi, S.M. and Eberli, G.P. (1998) Quantitative characterization of carbonate pore systems 
by digital image analysis. AAPG Bulletin 82, 1815–1836.

Anselmetti, F.S., Eberli, G.P. and Zan-Dong, D. (2000) From the Great Bahama Bank into the Straits of 
Florida: A margin architecture controlled by sea-level fluctuations and ocean currents. Geological 
Society of America Bulletin 112, 829-844.

Antolín-Tomás, B., Liesa, C.L., Casas, A.M. and Gil-Peña, I. (2007) Geometry of fracturing linked to exten-
sion and basin formation in the Maestrazgo Basin (Eastern Iberian Chain, Spain). Revista de la 
Sociedad Geológica de España 20, 119-133.

Assefa, S., McCann, C. and Sothcott, J. (2003) Velocities of compressional and shear waves in limestones. 
Geophysical Prospecting 51, 1-13.

Aurell, M. (1991) Identification of systems tracts in low-angle carbonate ramps: examples from the Upper 
Jurassic of the Iberian Chain (Spain). Sedimentary Geology 73, 101-115.

Aurell, M. and Meléndez, A. (1993) Sedimentary evolution and sequence stratigraphy of the Upper Jurassic 
in the Central Iberian Chain, northeast Spain. In: Sequence stratigraphy and facies associations 
(Eds. Posamentier, H.W., Summerhayes, C.P., Haq, B.U. and Allen, G.P.). IAS Special Publication 
18, 343-368.

Aurell, M., Bosence, D. and Waltham, D. (1995) Carbonate ramp depositional systems from a late Juras-
sic epeiric platform (Iberian Basin, Spain): a combined computer modeling and outcrop analysis. 
Sedimentology 42, 75-94.

Aurell, M., Bádenas, B., Bosence, D.W.J. and Waltham, D.A. (1998) Carbonate production and offshore 
transport on a Late Jurassic carbonate ramp (Kimmeridgian, Iberian basin, NE Spain): evidence 
from outcrops and computer modeling. In: Carbonate ramps (Eds. Wright, V.P. and Burchette, T.P.). 
Geological Society London Special Publication 149, 137-161.

Aurell, M., Robles, S., Bádenas, B., Rosales, I., Quesada, S., Meléndez, G. and García-Ramos, J.C. (2003) 
Transgressive–regressive cycles and Jurassic palaeogeography of northeast Iberia. Sedimentary 
Geology 162, 239-271.

Baceta, J. I., Wright, V.P., Beavington-Penney, S.J. and Pujalte, V. (2007) Palaeohydrogeological control of 
palaeokarst macro-porosity genesis during a major sea-level lowstand: Danian of the Urbasa–Andia 
plateau, Navarra, North Spain. Sedimentary Geology 199, 141-169.

Bádenas, B. (1999) La sedimentación en las rampas carbonatadas del Kimmeridigense en las cuencas del 
Este de la Placa Ibérica. PhD Thesis, University of Zaragoza. 256 pp.

Bádenas, B. and Aurell, M. (2001) Proximal–distal facies relationships and sedimentary processes in a storm 
dominated carbonate ramp (Kimmeridgian, northwest of the Iberian Ranges, Spain). Sedimentary 
Geology 139, 319-340.



178 References

Bádenas, B. and Aurell, M. (2008) Kimmeridgian epeiric sea deposits of northeastern Spain: Sedimentary 
dynamics of a storm-dominated carbonate ramp. In: Dynamics of epeiric seas (Eds. Pratt, B.R. and 
Holmden, C.). Geological Association Canada Special Paper 48, 56-71.

Bádenas, B., Pomar, L., Aurell, M. and Morsilli, M. (2012) A facies model for internalites (internal wave 
deposits) on a gently sloping carbonate ramp (Upper Jurassic, Ricla, NE Spain). Sedimentary Geol-
ogy 271-272, 44-57.

Baechle, G., Weger, R. and Eberli, G. (2005) Changes of shear moduli in carbonate rocks: Implications for 
Gassmann applicability. The Leading Edge 24, 507-510.

Baechle, G.T., Colpaert, A., Eberli, G.P. and Weger, R.J. (2008) Effects of microporosity on sonic velocity 
in carbonate rocks. The Leading Edge 27, 1012-1018.

Bakker, H.E., De Jong, K., Helmers, H. and Biermann C. (1989) The geodynamic evolution of the Internal 
zone of the Betic Cordilleras (south-east Spain): a model based on structural analysis and geother-
mobarometry. Journal of Metamorphic Geology 7, 359-381.

Barr, D. (2007) Conductive faults and sealing fractures in the West Sole gas fields, southern North Sea. In: 
Structurally complex reservorirs (Eds. Jolley, S.J., Barr, D., Walsh, J.J. and Knipe R.J.). Geological 
Society London Special Publication 292, 431-451.

Belayneh, M., Geiger, S. and Matthäi, S.K. (2006) Numerical simulation of water injection into layered 
fractured carbonate reservoir analogs. AAPG Bulletin 90, 1473–1493.

Bellian, J.A., Kerans, C. and Jennette, D.C. (2005) Digital outcrop models: Applications of terrestrial scan-
ning lidar technology in stratigraphic modelling. Journal of Sedimentary Research 75, 166-176.

Benson, G.S., Franseen, E.K., Goldstein, R.H and Li, Z. (2014) Workflows for incorporating stratigraphic 
and diagenetic relationships into a reservoir-analogue model from outcrops of Miocene carbonates 
in SE Spain. Petroleum Geoscience 20, 55-78.

Berkowitz, B. (2002) Characterizing flow and transport in fractured geological media: A review. Advanced 
Water Resources 25, 861–884.

Berra, F. and Carminati, E. (2012) Differential compaction and early rock fracturing in high-relief carbonate 
platforms: numerical modeling of a Triassic case study (Esino Limestone, Central Southern Alps, 
Italy). Basin Research 24, 598-614.

Bertotti, G., Hardebol, N., Taal-van Koppen, J.K. and Luthi, S.M. (2007) Toward a quantitative definition of 
mechanical units: New techniques and results from an outcropping deep-water turbidite succession 
(Tanqua-Karoo Basin, South Africa). AAPG Bulletin 91, 1085-1098.

Betzler, C., Brachert, T.C., Braga, J.-C. and Martín, J.M. (1997) Nearshore, temperate, carbonate deposi-
tional systems (lower Tortonian, Agua Amarga Basin, southern Spain): implications for carbonate 
sequence stratigraphy. Sedimentary Geology 113, 27-53.

Betzler, C., Lindhorst, S., Eberli, G.P., Lüdmann, T., Möbius, J.r., Ludwig, J., Schutter, I., Wunsch, M., 
Reijmer, J.J.G. and Hübscher, C. (2014) Periplatform drift: The combined result of contour current 
and off-bank transport along carbonate platforms. Geology 42, 871-874.

Biermann, C. (1995) The Betic Cordilleras (SE Spain). Anatomy of a dualistic collision-type orogenic belt. 
Geologie en Mijnbouw 74, 167-182.

Blok, C., Van Wingerden, E., Kleipool, L.M., Nooitgedacht, C., Alonso-Zarza, A.M., and Reijmer, J.J.G. (in 
prep.) Petrophysics, geochemistry and sedimentology of a mixed alluvial and lacustrine carbonate 
system (Madrid Basin, Central Spain). Manuscript in preparation.

Blomeier, D.P.G. and Reijmer, J.J.G. (1999) Drowning of a Lower Jurassic Carbonate Platform: Jbel Bou 
Dahar, High Atlas, Morocco. Facies 41, 81-110.



References 179

Boro, H., Bertotti, G. and Hardebol, N.J. (2013) Distributed fracturing affecting isolated carbonate plat-
forms, the Latemar platform natural laboratory (Dolomites, North Italy). Marine and Petroleum 
Geology 40, 69-84.

Boro, H., Rosero, E. and Bertotti, G. (2014) Fracture-network analysis of the Latemar Platform (northern 
Italy): Integrating outcrop studies to constrain the hydraulic properties of fractures in reservoir 
models. Petroleum Geoscience 20, 79-92.

Bosence, D.W.J., Braga, J.C., Martín, J.M. and Hardy, S. (1992) Computer-Modeling Depositional 
Sequences in Late Miocene Platforms, Sorbas Basin, Spain. SEPM/IAS Research Conference on 
Carbonate Stratigraphic Sequences, Abstract.

Bourbié, T., Coussy, O. and Zinszner, B., (1987) Acoustics of Porous Media. Houston, Texas, U.S.A., Gulf 
Publishing Co, 334 pp.

Bourillot, R., Vennin, E., Kolodka, C., Rouchy, J.-M., Caruso, A., Durlet, C., Chaix, C. and Rommevaux, 
V. (2009) The role of topography and erosion in the development and architecture of shallow-water 
coral bioherms (Tortonian–Messinian, Cabo de Gata, SE Spain). Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology 281, 92-114.

Bourillot, R., Vennin, E., Rouchy, J.-M., Blanc-Valleron, M.-M., Caruso, A. and Durlet, C. (2010) The end 
of the Messinian Salinity Crisis in the western Mediterranean: insights from the carbonate platforms 
of south-eastern Spain. Sedimentary Geology 229, 224-253.

Braaksma, H., Kenter, J.A.M., Proust, J.N., Dijkmans, V., Van Hoek, T., Mahieux, G. and Drijkoningen, 
G.G. (2003) Controls on acoustic properties of upper Jurassic siliciclastic rocks (Boulonnais, north-
ern France). Geophysics 68, 58–69.

Braaksma, H., Proust, J.N., Kenter, J.A.M., Drijkoningen, G.G. and Filippidou, N. (2006) Sedimentological, 
petrophysical and seismic characterization of an Upper Jurassic shoreface dominated shelf-margin 
(The Boulonnais, Northern France). Journal of Sedimentary Research 76, 175-199.

Bracco Gartner, G.L. (2000) High resolution impedance models of outcrops and their applications in seismic 
interpretations. PhD Thesis, VU University Amsterdam, 144 pp.

Bracco Gartner, G.L., Morsilli, M., Schlager, W. and Bosellini, A. (2002) Toe-of-slope of a Cretaceous 
carbonate platform in outcrop, seismic model and offshore seismic data (Apulia, Italy). International 
Journal of Earth Sciences 91, 315-330.

Braga, J.C. and Martín, J.M. (1992) Messinian carbonates of the Sorbas basin: sequence stratigraphy, cyclic-
ity and facies. In: Late Miocene Carbonate Sequences of Southern Spain: A Guidebook for the Las 
Negras and Sorbas area (Eds. Franseen, E.K., Goldstein, R.H., Braga, J.C. and Martín, J.M.). SEPM/
IAS Research Conference on Carbonate Stratigraphic Sequences, 78-108.

Braga, J.C. and Martín, J.M. (1996) Geometries of reef advance in response to relative sea-level changes in 
a Messinian (uppermost Miocene) fringing reef (Cariatiz reef, Sorbas Basin, SE Spain). Sedimentary 
Geology 107, 61-81.

Braga, J.C., Martín, J.M., Betzler, C. and Aguirre, J. (2006) Models of temperate carbonate deposition in 
Neogene basins in SE Spain: a synthesis. In: Cool-Water Carbonates: Depositional Systems and 
Palaeoenvironmental Controls (Eds. Pedley, H.M. and Carannante, G.). Geological Society London 
Special Publication 255, 121-135.

Cardozo, N. and Allmendinger, R.W. (2013) Spherical projections with OSXStereonet. Computers and 
Geosciences 51, 193-205.

Casini, G., Hunt, D.W., Monsen, E. and Bounaim, A. (2016) Fracture characterization and modeling from 
virtual outcrops. AAPG Bulletin 100, 41-61.

Castagna, J.P. (1993) Petrophysical imaging using AVO. The Leading Edge 12, 172-187.



180 References

Choquette, P.W. and Pray, L.C. (1970) Geologic nomenclature and classification of porosity in sedimentary 
carbonates. AAPG Bulletin 54, 207–244.

Clark, M.W. (1976) Some methods for statistical analysis of multimodal distributions and their application 
to grain-size data. Mathematical Geology 8, 267-282.

Clauzon, G., Suc, J.-P., Do Couto, D., Jouannic, G., Melinte-Dobrinescu, M.C., Jolivet, L., Quillévéré, F., 
Lebret, N., Mocochain, L., Popescu, S.-M., Martinell, J., Doménech, R., Rubino, J.-L., Gumiaux, 
C., Warny, S., Gorini, C., Bache, F., Rabineau, M. and Estrada, F. (2015) New insights on the Sorbas 
Basin (SE Spain): the onshore reference of the Messinian Salinity Crisis. Marine and Petroleum 
Geology 66, 71-100.

Cooke, M.L. and Underwood, C.A. (2001) Fracture termination and step-over at bedding interfaces due to 
frictional slip and interface opening. Journal of Structural Geology 23, 223-238.

Cooper, S.P., Goodwin, L.B. and Lorenz J.C. (2006) Fracture and fault patterns associated with basement-
cored anticlines: The example of Teapot Dome, Wyoming. AAPG Bulletin 90, 1903-1920.

Cortés, A.L., Maestro, A., Soriano, M.A. and Casas, A.M. (1998) Lineaments and fracturing in the Neogene 
rock of the Almazán Basin, northern Spain. Geological Magazine 135, 255-268.

Cozzi, A. (2000) Synsedimentary tensional features in Upper Triassic shallow-water platform carbonates of 
the Carnian Prealps (northern Italy) and their importance as palaeostress indicators. Basin Research 
12, 133–146.

Cuevas Castell, J.M., Betzler, C., Rössler, J., Hüssner, H. and Peinl, M. (2007) Integrating outcrop data and 
forward computer modeling to unravel the development of a Messinian carbonate platform in SE 
Spain (Sorbas Basin). Sedimentology 54, 423-441.

Cilona, A., Aydin, A., Likerman, J., Parker, B. and Cherry, J. (2016) Structural and statistical characteriza-
tion of joints and multi-scale faults in an alternating sandstone and shale turbidite sequence at the 
Santa Susana Field Laboratory: implications for their effects on groundwater flow and contaminant 
transport. Journal of Structural Geology 85, 95-114.

De Jong, K., Reijmer, J.J.G., Nooitgedacht, C.W., Kleipool, L.M., Worms, S. and Arbués, P. (in prep.) 
Synthetic seismic profile of lateral variation in the Sobrarbe Delta (Pyrenees, Northern Spain). 
Manuscript in preparation.

De Larouziere, F.D., Bolze, J.,Bordet, P., Hernandez, J., Montenat, C. and Ott d’Estevou, P. (1988) The Betic 
segment of the lithospheric Trans-Alboran shear zone during the Late Miocene. Tectonophysics 152, 
41-52.

Dewit, J., Huysmans, M., Muchez, P., Hunt, D.W., Thurmond, J.B., Verges, J., Saura, E., Fernandez, N., 
Romaire, I., Esestime, P. and Swennen, R. (2012) Reservoir characteristics of fault-controlled 
hydrothermal dolomite bodies: Ramales Platform case study. In: Advances in Carbonate Exploration 
and Reservoir Analysis (Eds. Garland, J. Neilson, J.E. Laubach, S.E. and Whidden, K.J.). Geological 
Society London Special Publication 370, 83-109.

Do Couto, D., Gumiaux, C., Augier, R., Lebret, N., Folcher, N., Jouannic, G., Jolivet, L., Suc, J.-P. and 
Gorini, C. (2014) Tectonic inversion of an asymmetric graben: insights from a combined field and 
gravity survey in the Sorbas basin. Tectonics 33, 1360-1383.

Do Couto, D., Gumiaux, C., Jolivet, L., Augier, R., Lebret, N., Folcher, N., Jouannic, G., Suc, J.-P. and 
Gorini, C. (2015) 3D modeling of the Sorbas Basin (Spain): New constraints on the Messinian 
Erosional Surface morphology. Marine and Petroleum Geology 66, 101-116.

Doonechaly, N.G. and Rahman, S.S. (2012) 3D hybrid tectono-stochastic modeling of naturally fractured 
reservoir: Application of finite element method and stochastic simulation technique. Tectonophysics 
541-543, 43-56.



References 181

Duggen, S., Hoernie K., Van den Bogaard, P., Rupke, L. and Phipps Morgan, J. (2003) Deep roots of the 
Messinian salinity crisis. Nature 422, 602-605.

Dunham, R.J. (1962) Classification of carbonate rocks according to depositional texture. In: Classification 
of carbonate rocks (Ed. Ham W.E.). AAPG Memoir 1, 108–121.

Dvorkin, J. and Nur, A. (1998) Time-average equation revisited. Geophysics 63, 460–464.
Eberhart-Phillips, D., Han, D.-H. and Zoback, M.D. (1989) Empirical relationships among seismic velocity, 

effective pressure, porosity, and clay content in sandstone. Geophysics 54, 82–89.
Eberli, G.P., Anselmetti, F.S., Kroon, D., Sato, T. and Wright, J.D. (2002) The chronostratigraphic signifi-

cance of seismic reflectors along the Bahamas Transect. Marine Geology 185, 1-17.
Eberli, G.P., Baechle, G.T., Anselmetti, F.S. and Incze, M.L. (2003) Factors controlling elastic properties in 

carbonate sediments and rocks. The Leading Edge 22, 654-660.
Eberli, G.P., Anselmetti, F.S., Betzler, C., Van Konijnenburg, J.-H. and Bernoulli, D. (2004) Carbonate 

platform to basin transitions on seismic data and in outcrops: Great Bahama Bank and the Maiella 
Platform margin, Italy. In: Seismic imaging of carbonate reservoirs and systems (Eds. Eberli, G.P., 
Massaferro, J.L. and Sarg J.F.). AAPG Memoir 81, 207-250.

Eberli, G.P., Anselmetti, F.S., Isern, A.R. and Delius, H. (2010) Timing of changes in sea-level and cur-
rents along Miocene platforms on the Marion Plateau, Australia. In: Cenozoic Carbonate Systems 
of Australia (Eds. Morgan, W.A., George, A.D., Harris, P.M., Kupecz J.A. and Sarg J.F.R.). SEPM 
Special Publication 95, 219-242.

Ehrenberg, S.N. and Nadeau, P.H. (2005) Sandstone vs. carbonate petroleum reservoirs: A global perspec-
tive on porosity-depth and porosity-permeability relationships. AAPG Bulletin 89, 435-445.

Ellis, D.V. (1987) Well Logging for Earth Scientists. Amsterdam, Netherlands, Elsevier, 532 pp.
Engelder, T. (1987) Joints and shear fractures in rock. In: Fracture mechanics of rock, (Ed. Atkinson, B.K.). 

Academic Press London, 27-69.
Epting, M. (1980) Sedimentology of Miocene carbonate build-ups, Central Luconia, offshore Sarawak. 

Bulletin of the Geological Society of Malaysia 12, 17-30.
Epting, M. (1989) Miocene carbonate build-ups of central Luconia, offshore Sarawak. In: Atlas of seismic 

stratigraphy (Ed. Bally, A.W.). AAPG Studies in Geology 27, 168-173.
Erlich, R.N., Barrett, S.F. and Ju, G.B. (1990) Seismic and geologic characteristics of drowning events on 

carbonate platforms. AAPG Bulletin 74, 1523-1537.
Esteban, M. (1979) Significance of the upper Miocene coral reefs of the western Mediterranean. Palaeogeog-

raphy, Palaeoclimatology, Palaeoecology 29, 169-188.
Falivene, O., Arbués, P., Ledo, J., Benjumea, B., Muñoz, J.A., Fernandez, O. and Martínez-Loriente, S. 

(2010) Synthetic seismic models from outcrop-derived reservoir-scale three-dimensional facies 
models: The Eocene Ainsa turbidite system (southern Pyrenees). AAPG Bulletin 94, 317-343.

Fischer, A.G. (1964) The Lofer cyclothems of the Alpine Triassic. Kansas Geological Survey Bulletin 169, 
107-149.

Fitch, P.J.R., Jackson, M.D., Hampson, G.J. and John, C.M. (2014) Interaction of stratigraphic and sedi-
mentological heterogeneities with flow in carbonate ramp reservoirs: impact of fluid properties and 
production strategy. Petroleum Geoscience 20, 7-26.

Flügel, E. (2004) Microfacies in carbonate rocks: analysis, interpretation and application. New York City, 
New York, U.S.A., Springer, 976 pp.

Folk, R.L. (1959) Practical petrographic classification of limestones. AAPG Bulletin 43, 1-38.
Fournier F., Montaggioni L.F. and Borgomano J. (2004) Paleoenvironments and high-frequency cyclicity 

in the Cenozoic South-East Asian shallow-water carbonates: a case study from the Oligo-Miocene 
build-ups of Malampaya (Offshore Palawan Philippines). Marine and Petroleum Geology 21, 1-22.



182 References

Fournier, F., Borgomano, J. and Montaggionni, L.F. (2005) Development patterns and controlling factors of 
Tertiary carbonate build-ups: Insights from high-resolution 3D seismic and well data in the Malam-
paya gas field (Offshore Palawan, Philippines). Sedimentary Geology 175, 189-215.

Fournier, F. and Borgomano, J. (2007) Geological significance of seismic reflections and imaging of the 
reservoir architecture in the Malampaya gas field (Philippines). AAPG Bulletin 91, 235-258.

Fournier, F. and Borgomano, J. (2009) Critical porosity and elastic properties of microporous mixed 
carbonate-siliciclastic rocks. Geophysics 74, 93-109.

Fournier, F., Léonide, P., Kleipool, L.M., Toullec, R., Reijmer, J.J.G., Borgomano, J., Klootwijk, T. and Van 
Der Molen, J. (2014) Pore space evolution and elastic properties of platform carbonates (Urgonian 
limestone, Barremian-Aptian, SE France). Sedimentary Geology 308, 1-17.

Franseen, E.K. and Mankiewicz, C. (1991) Depositional sequences and correlation of middle (?) to late 
Miocene carbonate complexes, Las Negras and Níjar areas, southeastern Spain. Sedimentology 38, 
871-898.

Franseen, E.K., Goldstein, R.H. and Whitesell, T.E. (1993) Sequence stratigraphy of Miocene carbonate 
complexes, Las Negras area, southeastern Spain: Implications for quantification of changes in 
relative sea level. In: Carbonate sequence stratigraphy: Recent developments and applications (Eds. 
Sarg, J.F. and Loucks R.G.). AAPG Memoir 57, 409-434.

Franseen, E.K. and Goldstein, R.H. (1996) Paleoslope, sea-level and climate controls on upper Miocene 
platform evolution, Las Negras area, southeastern Spain. In: Models for carbonates stratigraphy 
from Miocene reef complexes of Mediterranean regions (Eds. Franseen, E.K., Esteban, M., Ward, 
W.C. and Rouchy, J.-M.). SEPM Concepts in Sedimentology and Paleontology 5, 159-176.

Franseen, E.K., Goldstein, R.H. and Farr, M.R. (1997) Substrate-slope and climate controls on carbon-
ate ramps: Revelations from upper Miocene outcrops, SE Spain. In: Cool-Water Carbonates (Eds. 
James, N.P. and Clarke, J.). SEPM Special Publication 56, 271–290.

Franseen, E. K., Goldstein, R.H. and Farr, M.R. (1998) Quantitative controls on location and architecture 
of carbonate depositional sequences: Upper Miocene, Cabo de Gata region, SE Spain. Journal of 
Sedimentary Research 68, 283-298.

Frost, E.L. and Kerans, C. (2009) Platform-margin trajectory as a control on syndepositional on syndepo-
sitional fracture patterns, Canning Basin, Western Australia. Journal of Sedimentary Research 79, 
44-55.

Frost, E.L. and Kerans, C. (2010) Controls on syndepositional fracture patterns, Devonian reef complexes, 
Canning Basin, Western Australia. Journal of Structural Geology 32, 1231-1249.

Frost, E.L., Budd, D.A. and Kerans, C. (2012) Syndepositional deformation in a high-relief carbonate 
platform and its effect on early fluid flow as revealed by dolomite patterns. Journal of Sedimentary 
Research 82, 913-932.

Gale, J.F.W., Laubach, S.E., Marrett, R.A., Olson, J.E., Holder, J. and Reed, R.M. (2004) Predicting and 
characterizing fractures in dolostone reservoirs: using the link between diagenesis and fracturing. 
In: The Geometry and Petrogenesis of Dolomite Hydrocarbon Reservoirs (Eds. Braithwaite, C.J.R., 
Rizzy, G. and Darke, G.). Geological Society London Special Publication 235, 177-192.

Gassmann, F. (1951) Elastic waves through a packing of spheres. Geophysics 16, 673–685.
Gill, R.C.O, Apariciob, A., El Azzouzic, M., Hernandez, J., Thirlwalla, M.F., Bourgoise, J. and Marrinera, 

G.F. (2004) Depleted arc volcanism in the Alboran Sea and shoshonitic volcanism in Morocco: 
geochemical and isotopic constraints on Neogene tectonic processes. Lithos 78, 363–388.

Goldstein, R.H. and Franseen, E.K. (1995) Pinning points: A method providing quantitative constraints on 
relative sea level history. Sedimentary Geology 95, 1-10.



References 183

Goldstein, R.H., Franseen, E.K. and Lipinski, C.J. (2013) Topographic and sea level controls on oolite-
microbialite-coralgal reef sequences: The terminal carbonate complex of southeast Spain. AAPG 
Bulletin 97, 1997-2034.

Gray, D., Anderson, P., Logel, J., Delbecq, F., Schmidt, D. and Schmid, R. (2012) Estimation of stress and 
geomechanical properties using 3D seismic data. First Break 30, 59–68.

Gross, M.R. (1993) The origin and spacing of cross joints: examples from the Monterey Formation, Santa 
Barbara Coastline, California. Journal of Structural Geology 15, 737–751.

Grötsch, J. and Mercadier, C. (1999) Integrated 3-D reservoir modeling based on 3-D seismic: The Tertiary 
Malampaya and Camago build-ups, offshore Palawan, Philippines. AAPG Bulletin 83, 1703-1728.

Gross, M.R. and Eyal, Y. (2007) Throughgoing fractures in layered carbonate rocks. GSA Bulletin 119, 
1387-1318.

Guerriero, V., Mazzoli, S., Iannace, A., Vitale, S., Carravetta, A. and Strauss, C. (2012) A permeability 
model for naturally fractured carbonate reservoirs. Marine and Petroleum Geology 40, 115-134.

Guidry, S.A., Grasmueck, M., Carpenter, D.G., Gombos, A.M., Bachtel, S.L. and Viggiano, D.A. (2007) 
Karst and Early fracture networks in Carbonates, Turks and Caicos Islands, British West Indies. 
Journal of Sedimentary Research 77, 508-524.

Guo, Z., Li, X.-Y., Liu, C., Feng, X. and Shen, Y. (2013) A shale rock physics model for analysis of brittle-
ness index, mineralogy and porosity in the Barnett Shale. Journal of Geophysics and Engineering 10.

Han, D., Nur, A. and Morgan, D. (1986) Effects of porosity and clay content on wave velocities in sand-
stones. Geophysics 51, 2093–2107.

Gauthier, B.D.M. and Lake, S.D. (1993) Probabilistic Modeling of Faults Below the Limit of Seismic 
Resolution in Pelican File, North Sea, Offshore United Kingdom. AAPG Bulletin 77, 761-777.

Haq, B.U., Hardenbol, J. and Vail, P.R. (1987) Chronology of fluctuating sea levels since the Triassic. 
Science 235, 1156-1167.

Hardebol, N.J. and Bertotti, G. (2013) DigiFract: a software and data model implementation for flexible 
acquisition and processing of fracture data from outcrops. Computer Geoscience 54, 326-336.

Harris, M.T. (1993) Reef fabrics biotic crusts and syndepositional cements of the Latemar reef margin 
(Middle Triassic), northern Italy. Sedimentology 40, 383-401.

Hunt, D.W., Fitchen, W.M., Swarbrick, R. and Allsop, T. (1995) Differential compaction as a primary 
control of sequence architecture and development in the Permian Basin: geological significance and 
potential as a hydrocarbon exploration model. In: Wolfcampian–Leonardian Shelf Margin Facies of 
the Sierra Diablo: Seismic Models for Subsurface Exploration (Eds. Garber, R. and Lindsay, R.F.). 
West Texas Geological Society Publication 95-97, 83-104.

Hunt, D.W. and Fitchen, W.M. (1999) Compaction and the dynamics of carbonate platform development: 
Insights from the Permian Delaware and Midland basins, southeast New Mexico and West Texas, 
U.S.A. In: Advances in Carbonate Sequence Stratigraphy: Application to Reservoirs, Outcrops and 
Models (Eds. Harris, P.M., Saller, A.H. and Simo, J.A.). SEPM Special Publication 63, 75-106.

Hunt, D.W., Fitchen, W.M. and Koša, E. (2002) Syndepositional deformation of the Permian Capitan reef 
carbonate platform, Guadalupe Mountains, New Mexico, U.S.A. Sedimentary Geology 154, 89-126.

Hurley, N.F., (1986) Geology of the Oscar Range Devonian Reef Complex, Canning Basin, Western Austra-
lia. PhD Thesis, University of Michigan, 269pp.

Jacquemyn, C., Desouky, H.E., Hunt, D., Casini, G. and Swennen, R. (2014) Dolomitization of the Latemar 
platform: Fluid flow and dolomite evolution. Marine and Petroleum Geology 55, 43-67.

Jafari, A. and Babadagli, T. (2012) Estimation of equivalent fracture network permeability using fractal and 
statistical network properties. Journal of Petroleum Science and Engineering 92-93, 110-123.



184 References

Jafarian, E., Kleipool, L.M., Scheibner, C. Blomeier, D. and Reijmer, J.J.G. (2017) Variations in petro-
physical properties of Upper Palaeozoic mixed carbonate and non-carbonate deposits, Spitsbergen, 
Svalbard Archipelago. Journal of Petroleum Geology 40, 59-83

James, N.P. (1997) The cool-water carbonate depositional realm. In: Cool-water carbonates (Eds. James N.P. 
and Clarke J.A.D.). SEPM Special Publication 56, 1-20.

James, N.P. and Bone, Y. (2011) Neritic carbonate sediments in a temperate realm - Southern Australia. 
Dordrecht, Netherlands, Springer, 247 pp.

Janson, X., Eberli, G.P., Bonnaffe, F., Gaumet, F. and De Casanove, V. (2007) Seismic expressions of a 
Miocene prograding carbonate margin, Mut Basin, Turkey. AAPG Bulletin 91, 685-713.

Janson, X., Van Buchem, F.S.P., Dromart G., Eichenseer, H.T., Dellamonica, X., Boichard, R., Bonnaffe, 
F. and Eberli, G. (2010) Architecture and facies differentiation within a Middle Miocene carbonate 
platform, Ermenek, Mut Basin, southern Turkey. In: Mesozoic and Cenozoic Carbonate Systems of 
the Mediterranean and the Middle East: Stratigraphic and Diagenetic Reference Models (Eds. Van 
Buchem, F.S.P, Gerdes, K.D., and Esteban, M.). Geological Society London Special Publication 
329, 265-290.

Janson, X. and Lucia, F.J. (2014) Relationship Between Acoustic and Petrophysical Properties of Permian 
Dolograinstones. AAPG Search and Discovery Article 41263, 1-40.

Johnson, C. L., Franseen, E. K., and Goldstein, R. H. (2005) The effects of sea level and palaeotopography 
on lithofacies distribution and geometries in heterozoan carbonates, south-eastern Spain. Sedimen-
tology 52, 513-536.

Jonk, R. and Biermann, C. (2002) Deformation in Neogene sediments of the Sorbas and Vera Basins (SE 
Spain): constraints on simple-shear deformation and rigid body rotation along major strike-slip 
faults. Journal of Structural Geology 24, 963-977.

Kenter, J.A.M. (1990) Carbonate platform flanks: slope angle and sediment fabric. Sedimentology 37, 777-
794.

Kenter, J.A.M. and Ivanov, M. (1995) Parameters controlling acoustic properties of carbonate and volcani-
clastic sediments at sites 866 and 869. In: Proceedings of the ocean drilling program scientific results 
(Eds. Winterer, E.L., Sager, W.W., Firth. J.V. and Sinton, J.M.). Volume 143, 287–303.

Kenter, J.A.M., Podladchikov, F.F., Reinders, M., Van der Gaast, S.J., Fouke, B.W. and Sonnenfeld, M.D. 
(1997) Parameters controlling sonic velocities in a mixed carbonate-siliciclastics Permian shelf mar-
gin (Upper San Andres Formation, Last Chance Canyon, New Mexico). Geophysics 62, 505–520.

Kenter, J.A.M., Braaksma, H., Verwer, K. and Van Lanen, X.M.T. (2007) Acoustic behavior of sedimentary 
rocks: Geologic properties versus Poisson’s ratios. The Leading Edge 26, 436-444.

Kleipool, L.M., Reijmer, J.J.G., Bádenas, B. and Aurell, M. (2015) Variations in petrophysical properties 
along a mixed siliciclastic carbonate ramp (Upper Jurassic, Ricla, NE Spain). Marine and Petroleum 
Geology 68, 158-177.

Kleipool, L.M., Reijmer J.J.G., Hardebol, N.J., Bertotti, G., Aurell, M. and Bádenas, B. (2016) Fracture 
distribution along an Upper Jurassic carbonate ramp, NE Spain. Marine and Petroleum Geology 70, 
201-221.

Kleipool, L.M., de Jong, K., de Vaal, E. and Reijmer, J.J.G. (accepted) Seismic characterization of switching 
platform geometries and dominant carbonate producers (Miocene, Las Negras, Spain). Manuscript 
to be published by ‘Sedimentology’.

Kleverlaan, K. (1989) Neogene history of the Tabernas basin (SE Spain) and its Tortonian submarine fan 
development. Geologie en Mijnbouw 68, 421-432.

Koša, E., Hunt, D.W., Fitchen, W.M., Bockel-Rebelle, M. and Roberts, G. (2003) The heterogeneity of 
paleocavern systems developed along syndepositional fault zones: the upper Permian Capitan 



References 185

platform, Guadalupe Mountains, U.S.A. In: Permo-Carboniferous Carbonate Platforms and Reefs 
(Eds. Ahr, W.M., Harris, P.M., Morgan, W.A. and Somerville, I.D.). SEPM Special Publication 78, 
291–322.

Koša, E. and Hunt, D.W. (2006) Heterogeneity in fill and properties of karst-modified syndepositional 
faults and fractures: upper Permian Capitan platform, New Mexico, U.S.A. Journal of Sedimentary 
Research 76, 131-151.

Krijgsman, W., Fortuin, A.R., Hilgen, F.J. and Sierro, F.J. (2001) Astrochronology for the Messinian Sorbas 
basin (SE Spain) and orbital (precessional) forcing for evaporate cyclicity. Sedimentary Geology 
140, 43-60.

Kumar, M. and Han, D.-H. (2005) Pore shape effect on elastic properties of carbonate rocks. SEG Technical 
Program Expanded Abstracts 24, 1477–1480.

Kuster, G.T. and Toksöz, M.N. (1974) Velocity and attenuation of seismic waves in two-phase media. 
Geophysics 39, 587-618.

Laubach, S E., Marrett, R.A. and Olson, J.E. (2000) New directions in fracture characterization. The Lead-
ing Edge 19, 704-711.

Laubach, S.E. and Ward, M.E. (2006) Diagenesis in porosity evolution of opening-mode fractures, Middle 
Triassic to Lower Jurassic La Boca Formation, NE Mexico. Tectonophysics 419, 75-97.

Lehner, B.L. (1991) Neptunian dykes along a drowned carbonate platform margin: an indication for recur-
rent extensional tectonic activity? Terra Nova 3, 593-602.

Léonide, P., Borgomano, J., Masse, J.-P. and Doublet, S. (2012) Relation between stratigraphic architecture 
and multi-scale heterogeneities in carbonate platforms: The Barremian–lower Aptian of the Monts 
de Vaucluse, SE France. Sedimentary Geology 256, 87-109.

Lézin, C., Odonne, F., Massonnat, G.J. and Escadeillas, G. (2009) Dependence of joint spacing on rock 
properties in carbonate strata. AAPG Bulletin 93, 271-290.

Li, Z., Goldstein, R.H. and Franseen, E.K. (2013) Ascending freshwater–mesohaline mixing: A new scenario 
for dolomitization. Journal of Sedimentary Research 83, 277-283.

Li, Z., Goldstein, R.H. and Franseen, E.K. (2014) Climate, duration, and mineralogy controls on meteoric 
diagenesis, La Molata, southeast Spain. Interpretation 2, 111-123.

Li, Z., Goldstein, R.H. and Franseen, E.K. (2017) Meteoric calcite cementation: diagenetic response to 
relative fall in sea-level and effect on porosity and permeability, Las Negras area, southeastern 
Spain. Sedimentary Geology 348, 1-18.

Lipinski, C. J., Franseen, E.K. and Goldstein, R.H. (2013) Reservoir analog model for oolite-microbialite 
sequences, Miocene terminal carbonate complex, Spain. AAPG Bulletin 97, 2035-2057.

Lønøy, A. (2006) Making sense of carbonate pore system. AAPG Bulletin 90, 1381–1405.
Lucia, F.J. (1983) Petrophysical parameters estimated from visual descriptions of carbonate rocks, a field 

classification of carbonate pore space. Journal of Petroleum Technology 35, 629–637.
Ludwig, K.R. (2000) Decay constant errors in U-Pb concordia-intercept ages: Chemical Geology 166, 315-

318.
Martín, J.M. and Braga, J.C. (1994) Messinian events in the Sorbas Basin in southeastern Spain and their 

implications in the recent history of the Mediterranean. Sedimentary Geology 90, 257-268.
Martín, J.M. and Braga, J.C. (1996) Tectonic signals in the Messinian stratigraphy of the Sorbas basin 

(Almería, SE Spain). In: Tertiary Basins of Spain, the stratigraphic record of crustal kinematics (Eds. 
Friend, P.F. and Dabrio C.J.). World and Regional Geology 6, 387-391.

Mavko, G., Mukerji, T. and Dvorkin, J. (2009) The Rock Physics Handbook – Tools for Seismic Analysis 
of Porous Media, Second Edition. New York City, New York, U.S.A., Cambridge University Press, 
511 pp.



186 References

McNeill, D.F., Cunningham, K.J., Guertin, L.A. and Anselmetti, F.S. (2004) Depositional themes of mixed 
carbonate-siliciclastics in the south Florida Neogene: Application to ancient deposits. In: Integration 
of outcrop and modern analogs in reservoir modeling (Eds. Grammer, G.M., Harris, P.M. and Eberli, 
G.P.). AAPG Memoir 80, 23-43.

Meijninger, B.M.L. and Vissers, R.L.M. (2006) Miocene extensional basin development in the Betic Cordil-
lera, SE Spain revealed through analysis of the Alhama de Murcia and Crevillente Faults. Basin 
Research 18, 547-571.

Montenat, C., Ott d’Estevou, P. and Masse, P. (1987) Tectonic-sedimentary characters of the Betic Neogene 
basins evolving in a crustal transcurrent shear zone (SE Spain). Bulletin du Centres de Recherches 
Exploration Production Elf-Aquitaine 11, 1-22.

Montgomery, P., Farr, M.R., Franseen, E.K. and Goldstein R.H. (2001) Constraining controls on carbonate 
sequences with high-resolution chronostratigraphy: Upper Miocene, Cabo de Gata region, SE Spain. 
Palaeogeography, Palaeoclimatology, Palaeoecology 176, 11-45.

Mulder, T., Ducassou, E., Eberli, G.P., Hanquiez, V., Gonthier, E., Kindler, P., Principaud, M., Fournier, F., 
Léonide, P., Billeaud, I., Marsset, B., Reijmer, J.J.G., Bondu, C., Joussiaume, R. and Pakiades, M. 
(2012a) New insights into the morphology and sedimentary processes along the western slope of 
Great Bahama Bank. Geology 40, 603-606.

Mulder, T., Ducassou, E., Gillet, H., Hanquiez, V., Tournadour, E., Combes, J., Eberli, G.P., Kindler, P., 
Gonthier, E., Conesa, G., Robin, C., Sianipar, R., Reijmer, J.J.G. and François, A. (2012b) Canyon 
morphology on a modern carbonate slope of the Bahamas: Evidence of regional tectonic tilting. 
Geology 40, 771-774.

Munnecke, A. and Servais, T. (1996) Scanning electron microscopy of polished, slightly etched rock sur-
faces: A method to observe palynomorphs in situ. Palynology 20, 163-176.

Narr, W. and Flodin, E. (2013) Fractures in Steep-Rimmed Carbonate platforms: Comparison of Tengiz 
Reservoir, Kazakhstan, and Outcrops in Canning Basin, NW Australia. AAPG Search and Discovery 
Article 20161, 1-31.

Nelson, R.A. (1985) Geologic Analysis of Naturally Fractured Reservoirs: Contributions in Petroleum Geol-
ogy and Engineering. Houston, Texas, U.S.A., Gulf Publishing Co, 320 pp.

Neuhaus, D., Borgomano, J., Jauffred, J.-C., Mercadier, C., Olotu, S. and Grötsch, J. (2004) Quantitative 
seismic reservoir characterization of an Oligocene-Miocene carbonate build-up: Malampaya field, 
Philippines. In: Seismic imaging of carbonate reservoirs and systems (Eds. Eberli, G.P., Massaferro, 
J.L. and Sarg J.F.). AAPG Memoir 81, 169-183.

Newell, N.D. and Rigby, J.K. (1957) Geological studies on the Great Bahama Bank. In: Regional Aspects of 
Carbonate Deposition (Eds. Le Blanc, R.J. and Breeding, J.G). SEPM Special Publication 5, 15–72.

Neuzil, C.E. and Tracy, J.V. (1981) Flow through fractures. Water Resources Research 17, 191-199.
Nooitgedacht, C., Kleipool, L.M., Réolid, J., Andeweg, B., Betzler, C., Lindhorst, S. and Reijmer, J.J.G. 

(subm.) New insights in the development of syn-depostional fractures in rimmed flat-topped carbon-
ate platforms, Neogene carbonate complexes, Sorbas Basin, SE Spain. Manuscript submitted to 
“Basin Research”.

Nur, A. (1992) Critical porosity and the seismic velocities in rocks. Eos, Transactions of the American 
Geophysical Union 73, 43-66.

Odling, N.E., Gillespie, P., Bourgine, B., Castaing, C., Chiles, J.P., Christensen, N.P., Fillion, E., Genter, 
A., Olsen, C., Thrane, L., Trice, R., Aarseth, E., Walsh, J.J. and Watterson, J. (1999) Variations in 
fracture system geometry and their implications for fluid flow in fractured hydrocarbon reservoirs. 
Petroleum Geoscience 5, 373–384.



References 187

Odonne, F., Lézin, C., Massonnat, G.J. and Escadeillas, G. (2007) The relationship between joint aperture, 
spacing distribution, vertical dimension and carbonate stratification: An example from the Kim-
meridgian limestones of Pointe-du-Chay (France). Journal of Structural Geology 29, 746-758.

Osete, M.-L., Gómez, J.J., Pavón-Carrasco, F.J., Villalaín, J.J., Palencia-Ortas, A., Ruiz-Martínez, V.C. and 
Heller, F. (2011) The evolution of Iberia during the Jurassic from palaeomagnetic data. Tectonophys-
ics 502, 105-120.

Ott d’Estevou, P. and Montenat, C. (1990) Le Bassin de Sorbas – Tabernas. Documents et Travaux IGAL 
12-13, 101-128.

Peacock, D.C.P., Harris, S.D. and Mauldon, M. (2003) Use of curved scanlines and boreholes to predict 
fracture frequencies. Journal of Structural Geology 25, 109–119.

Philip, Z.G., Jennings Jr., J.W., Olson, J.E., Laubach, S.E. and Holder, J. (2005) Modeling coupled fracture-
matrix fluid flow in geomechanically simulated fracture networks. SPE Reservoir Evaluation and 
Engineering 8, 300-309.

Playford, P.E. (1984) Platform-margin and marginal-slope relationships in Devonian reef complexes of the 
Canning Basin. In: The Canning Basin, Western Australia. (Ed. Purcell, P.G.). Geological Society 
of Australia and Petroleum Exploration Society of Australia, Canning Basin Symposium, 189–214.

Principaud, M., Mulder, T., Gillet, H. and Borgomano, J. (2015) Large-scale carbonate submarine mass-
wasting along the northwestern slope of the Great Bahama Bank (Bahamas): Morphology, architec-
ture, and mechanisms. Sedimentary Geology 317, 27–42.

Puga-Bernabéu, Á., Webster, J.M., Beaman, R.J. and Guilbaud, V. (2011) Morphology and controls on the 
evolution of a mixed carbonate–siliciclastic submarine canyon system, Great Barrier Reef margin, 
north-eastern Australia. Marine Geology 289, 100-116.

Raymer, L.L., Hunter, E.R. and Gardner, J.S. (1980) An improved transit-to-porosity transform. SPWLA 
Paper P, 1-12.

Read, J. F. (1985) Carbonate platform facies models. AAPG Bulletin 69, 1–21.
Reijmer, J.J.G. (2016) Carbonate factories. In: Encyclopedia of Marine Geosciences (Eds. Harff, J., Me-

schede, M., Petersen, S. and Thiede, J.). Dordrecht, Netherlands, Springer, 961 pp.
Reolid, J., Betzler, C., Braga, J.C., Martín, J.M., Lindhorst, S. and Reijmer, J.J.G. (2014) Reef slope geom-

etries and facies distribution: controlling factors (Messinian, SE Spain). Facies 60, 737-753.
Resor, P.G. and Flodin, E.A. (2010) Forward modeling synsedimentary deformation associated with a 

prograding steep-sloped carbonate margin. Journal of Structural Geology 32, 1187-1200.
Ricker, N. (1953) The form and laws of propagation of seismic wavelets. Geophysics 18, 10-40.
Riding, R., Martín, J.M. and Braga, J.C. (1991) Coral stromatolite reef framework, Upper Miocene, Almería, 

Spain. Sedimentology 38, 799–818.
Rodriguez-Tovar F.J. Sánchez-Almazo, I., Pardo-Igúzquiza, E. Braga, J.C. and Martín, J.M. (2013) Inci-

dence of obliquity and precession-forced Milankovitch cycles in the western Mediterranean: early 
Messinian sedimentation in the Sorbas Basin (Almería, southern Spain). International Journal of 
Earth Sciences (Geologische Rundschau) 102, 1735-1755.

Roduit, N. (2007) JMicroVision: Image analysis toolbox for measuring and quantifying components of 
high-definition images. http://www.jmicrovision.com.

Rouchy, J.-M. and Saint Martin, J.-P. (1992) Late Miocene events in the Mediterranean as recorded by 
carbonate–evaporite relations. Geology 20, 629–632.

Ruegg, G.J.H. (1964) Geologische onderzoekingen in het bekken van Sorbas, Z Spanje. Amsterdam, Neth-
erlands, Geologisch Instituut UvA, 64 pp.

Ruf, J.C., Rust, K.A. and Engelder, T. (1998) Investigating the effect of mechanical discontinuities on joint 
spacing. Tectonophysics 295, 245–257.



188 References

Salas, R. and Casas, A. (1993) Mesozoic extensional tectonics, stratigraphy and crustal evolution during the 
Alpine cycle of the eastern Iberian basin. Tectonophysics 228, 33-55.

San Román, J. and Aurell, M. (1992) Palaeogeographical significance of the Triassic –Jurassic unconfor-
mity in the north Iberian basin (Sierra del Moncayo, Spain). Palaeogeography, Palaeoclimatology, 
Palaeoecology 99, 101–117.

San Román, J. (1994) Estudio hidrogeológico del interfluvio Queiles-Jalón (Zaragoza). PhD Thesis, Uni-
versity of Zaragoza, 231 pp.

Sánchez-Almazo, I.M., Spiro, B., Braga, J.C. and Martín, J.M. (2001) Constraints of stable isotope signa-
tures on the depositional palaeoenvironments of upper Miocene reef and temperate carbonates in the 
Sorbas Basin, SE Spain. Palaeogeography, Palaeoclimatology, Palaeoecology 175, 153-172

Sánchez-Almazo, I.M., Braga, J.C., Dinares-Turell, J., Martín, J.M., and Spiro, B. (2007) Palaeoceano-
graphic controls on reef deposition: The Messinian Cariatiz reef (Sorbas Basin, Almeria, SE Spain). 
Sedimentology 54, 637–660.

Sattler, U., Zampetti, V., Schlager, W. and Immenhauser, A. (2004) Late leaching under deep burial condi-
tions: a case study from the Miocene Zhujiang carbonate Reservoir, South China Sea. Marine and 
Petroleum Geology 21, 977-992.

Schlager, W. (2005) Carbonate Sedimentology and Sequence Stratigraphy. SEPM Concepts in Sedimentol-
ogy and Paleontology 8, 200 pp.

Schwab, A.M., Cronin, B.T. and Ferreira, H. (2007) Seismic expression of channel outcrops: Offset stacked 
versus amalgamated channel systems. Marine and Petroleum Geology 24, 504-514.

Sierro, F.J., Flores, J.A., Civis, J., González-Delgado, J.A. and Francés, G. (1993) Late Miocene globoro-
taliid event-stratigraphy and biogeography in the NE-Atlantic and Mediterranean. Marine Micropa-
leontology 21, 143–168.

Soete, J., Kleipool, L.M., Claes, H., Claes, S., Hamaekers, H., Kele, S., Özkul, M., Foubert, A., Reijmer, 
J.J.G. and Swennen, R. (2015) Acoustic properties in travertines and their relation to porosity and 
pore types. Marine and Petroleum Geology 59, 320-335.

Soria, A.R., Melendez, A., Aurell, M., Liesa, C.L., Melendez, M.N. and Gomez-Fernandez, J.C. (2000) The 
Early Cretaceous of the Iberian Bains (Northeastern Spain). In: Lake Basins Through Space and 
Time (Eds. Gierlowski-Kordesch, E.H. and Kelts, K.R.). AAPG Studies in Geology 46, 257-262.

Stafleu, J. (1994) Seismic models of outcrops as an aid in seismic interpretation. PhD Thesis, VU University 
Amsterdam, 223 pp.

Stapel, G., Moeys, R. and Biermann, C. (1996) Neogene evolution of the Sorbas basin (SE Spain) deter-
mined by paleostress analysis. Tectonophysics 255, 291-305.

Stanton Jr., R.J. and Pray, L.C. (2004) Skeletal–carbonate Neptunian dikes of the Capitan Reef: Permian, 
Guadalupe Mountains, Texas, U.S.A. Journal of Sedimentary Research 74, 805–816.

Storvoll, V. and Bjørlykke, K. (2004) Sonic velocity and grain contact properties in reservoir sandstones. 
Petroleum Geoscience 10, 215-226.

Terzaghi, R.D. (1965) Sources of errors in joint surveys. Geotechnique 15, 287–304.
Tomás, S., Zitzmann, M., Homann, M., Rumpf, M., Amour, F., Benisek, M., Marcano, G., Mutti, M. and 

Betzler, C. (2009) From ramp to platform: building a 3D model of depositional geometries and facies 
architectures in transitional carbonates in the Miocene, northern Sardinia. Facies 56, 195-210.

Torres-Roldán, R.L. (1979) The tectonic subdivision of the Betic Zone (Betic Cordilleras, southern Spain); 
its significance and one possible geotectonic scenario for the westernmost Alpine Belt. American 
Journal of Science 279, 19-51.

Tosaya, C.A. and Nur, A. (1982) Effects of diagenesis and clays on compressional velocities in rocks. 
Geophysical Research Letters 9, 5-8.



References 189

Tournadour, E., Mulder, T., Borgomano, J., Hanquiez, V., Ducassou, E. and Gillet, H. (2015) Origin and 
architecture of a Mass Transport Complex on the northwest slope of Little Bahama Bank (Bahamas): 
Relations between off-bank transport, bottom current sedimentation and submarine landslides. 
Sedimentary Geology 317, 9-26.

Tucker, M. and Wright, V.P. (1990) Carbonate Sedimentology. Oxford, United Kingdom, Blackwell Scien-
tific, 482 pp.

Underwood, C.A., Cooke, M.L., Simo, J.A. and Muldoon, M.A. (2003) Stratigraphic controls on vertical 
fracture patterns in Silurian dolomite, northeastern Wisconsin. AAPG Bulletin 87, 121-142.

Vahrenkamp, C.V., David, F., Duijndam, P., Newall, M. and Crevello, P. (2004) Growth architecture, fault-
ing, and karstification of a middle Miocene catbonate platform, Luconia Province, offshore Sarawak, 
Malaysia. In: Seismic imaging of carbonate reservoirs and systems (Eds. Eberli, G.P., Massaferro, 
J.L. and Sarg J.F.). AAPG Memoir 81, 329-350.

Van Wees, J.D., Arche, A., Beijdorff, C.G., López-Gómez, J. and Cloetingh, S.A.P.L. (1998) Temporal 
and spatial variations in tectonic subsidence in the Iberian Basin (eastern Spain): inferences from 
automated forward modeling of high-resolution stratigraphy (Permian–Mesozoic). Tectonophysics 
300, 285-310.

Vanorio, T. and Mavko, G. (2011) Laboratory measurements of the acoustic and transport properties of 
carbonate rocks and their link with the amount of microcrystalline matrix. Geophysics 76, 105-115.

Vermeesch, P. (2005) Statistical uncertainty associated with histograms in Earth Sciences. Journal of Geo-
physical Research, 110, 1-15.

Vernik, L. and Nur, A. (1992) Petrophysical classification of siliciclastics for lithology and porosity predic-
tion from seismic velocities. AAPG Bulletin 76, 1295–1309.

Verwer, K., Braaksma, H. and Kenter, J.A.M. (2008) Acoustic properties of carbonates: Effects of rock 
texture and implications for fluid substitution. Geophysics 73, 51–65.

Verwer, K., Merino-Tomé, O., Kenter, J.A.M. and Della Porta, G. (2009) Evolution of a high-relief carbon-
ate platform slope using 3D digital outcrop models: Lower Jurassic Djebel Bou Dahar, High Atlas, 
Morocco. Journal of Sedimentary Research 79, 416-439.

Vissers, R.L.M. and Meijer, P.T. (2012) Iberian plate kinematics and Alpine collision in the Pyrenees. Earth-
Science Reviews 114, 61-83.

Wang, Z. (2001) Fundamentals of seismic rock physics. Geophysics 66, 398-412.
Warrlich, G., Bosence, D. and Waltham, D. (2005) 3D and 4D controls on carbonate depositional systems: 

sedimentological and sequence stratigraphic analysis of an attached carbonate platform and atoll 
(Miocene, Níjar Basin, SE Spain). Sedimentology 52, 363-389.

Weger, R.J., Eberli, G.P., Baechle, G.T., Massaferro, J.L. and Sun, Y.-F. (2009) Quantification of pore struc-
ture and its effect on sonic velocity and permeability in carbonates. AAPG Bulletin 93, 1297–1317.

Weijermars, R., Roep, T.B., Van den Eeckhout, B., Postma, G. and Kleverlaan, K. (1985) Uplift history of 
a Betic fold nappe inferred from Neogene- Quaternary sedimentation and tectonics (in the Sierra 
Alhamilla and Almería, Sorbas and Tabernas Basins of the Betic Cordilleras, SE Spain). Geologie 
en Mijnbouw 64, 397-411.

Wentworth, C.K. (1922) A scale of grade and class terms for clastic sediments. Journal of Geology 30, 
377–392.

Wilkens, R., Simmons, G. and Caruso, L. (1984) The ratio VP/VS as a discriminant of composition for 
siliceous limestones. Geophysics 49, 1850-1860.

Wilson, J.L. (1967) Cyclic and Reciprocal Sedimentation in Virgilian Strata of Southern New Mexico. GSA 
Bulletin 78, 805-818.



190 References

Wilson, J.L. (1975) Carbonate facies in geologic history. New York City, New York, U.S.A., Springer, 471 
pp.

Winterer, E.L. and Sarti, M. (1994) Neptunian dykes and associated features in southern Spain: mechanics 
of formation and tectonic implications. Sedimentology 41, 1109-1132.

Wu, H. and Pollard, D. (2002) Imaging 3-D fracture networks around boreholes. AAPG Bulletin 86, 593-
604.

Wyllie, M.R.J., Gregory, A.R. and Gardner, G.H.F. (1956) Elastic wave velocities in heterogeneous and 
porous media. Geophysics 21, 41–70.

Xu, S. and White, R.E. (1995) A new velocity model for clay-sand mixtures. Geophysical Prospecting 43, 
91-118.

Xu, S. and Payne, A.M. (2009) Modeling elastic properties in carbonate rocks. The Leading Edge 28, 66-74.
Zampetti, V., Schlager, W., Van Konijnenburg, J.-H. and Everts, A.-J. (2003) Architecture and growth his-

tory of a Miocene carbonate platform from 3D seismic reflection data; Luconia province, offshore 
Sarawak, Malaysia. Marine and Petroleum Geology 21, 517-534.

Zampetti, V., Schlager, W., Van Konijnenburg, J.-H. and Everts, A.-J. (2004) Depositional history and origin 
of porosity in a Miocene carbonate platform of Central Luconia, offshore Sarawak. Bulletin of the 
Geological Society of Malaysia 47, 139-152.

Zampetti, V., Sattler, U and Braaksma, H. (2005) Well log and seismic character of Liuhua 11-1 field, 
South China Sea; relationship between diagenesis and seismic reflections. Sedimentary Geology 
175, 217-237.

Zeller, M., Reid, S.B., Eberli, G.P., Weger, R.J. and Massaferro, J.L. (2015) Sequence architecture and 
heterogeneities of a field - Scale Vaca Muerta analog (Neuquén Basin, Argentina) - From outcrop to 
synthetic seismic. Marine and Petroleum Geology 66, 829-847.

Zeller, M., Verwer, K., Eberli, G.P., Massaferro, J.L., Schwarz, E. and Spalletti, L., (2015) Depositional 
controls on mixed carbonate–siliciclastic cycles and sequences on gently inclined shelf profiles. 
Sedimentology 62, 2009-2037.

Ziegler, P.A. (1988) Evolution of the Arctic-North Atlantic and the Western Tethys. AAPG Memoir 43, 198 
pp.



1

2

3

4

5

6

Samenvatting





Samenvatting 193

samenVattinG

Carbonaat sediment en het daaruit voortkomende gesteente wordt gekenmerkt 
door haar heterogeniteit. Er zijn verscheidene, zogenoemde, “carbonaat fabrie-
ken” die carbonaat sediment produceren. Deze fabrieken vormen carbonaat 
sediment door middel van chemische en biologische processen welke van vele 
factoren afhankelijk zijn. Denk bijvoorbeeld aan de temperatuur van het water, de 
hoeveelheid zonlicht, de waterdiepte, de chemische samenstelling van het water 
en de organismen die hierin leven.

Zodra carbonaat sediment zich heeft gevormd kan het op verschillende manie-
ren worden afgezet. Dit afzettingsmechanisme is bepalend voor de uiteindelijke 
geometrie van het sedimentaire systeem. Net als het vormingsmechanisme (de 
carbonaat fabrieken) is het afzettingsmechanisme afhankelijk van meerdere fac-
toren. Dit zijn onder andere het vormingsmechanisme zelf, dus het type carbonaat 
fabriek, maar ook de steilheid van de helling waarop het sediment wordt gevormd, 
zeespiegelfluctuaties en tektonische processen.

Nadat de carbonaat sedimenten zijn afgezet volgen een aantal herhalingen van 
dit proces. Het gevolg hiervan is dat het sediment alsmaar verder bedekt raakt en 
daardoor samengedrukt wordt. Zodra het sediment in de ondergrond zit onder-
vindthet compressie door de bovenliggende lagen, maar ook door vloeistoffen die 
daar circuleren. Door chemische reacties, die afhankelijk zijn van de compositie 
van de vloeistof, kan het sediment veranderen. Door zuur water kan carbonaat 
oplossen en vormen zich holtes. Echter, het water kan ook verrijkt zijn met car-
bonaatverbindingen waardoor ruimtes opgevuld kunnen worden. Deze chemische 
processen die plaatsvinden in de ondergrond worden diagenese genoemd. Door 
druk en diagenese verandert het carbonaat sediment langzaam in een carbonaat 
gesteente.

In tegenstelling tot los sediment kunnen gesteenten breken. Om dit te kunnen 
doen is er veel kracht nodig. Door samendrukking van het gesteente in de onder-
grond kunnen deze mechanische processen plaatsvinden.

Deze thesis gaat over de evolutie van fysische en mechanische eigenschappen 
van carbonaat gesteenten welke gevormd zijn in twee verschillende sedimentaire 
systemen. Onder deze fysische eigenschappen vallen parameters zoals porositeit, 
dichtheid en akoestische snelheden maar ook texturele eigenschappen zoals de 
grootte van de korrels en de mineralogy. Deze fysische eigenschappen zijn ver-
taald naar seismische modellen zodat deze als analoog gebruikt kunnen worden 
voor de ondergrond. De mechanische eigenschappen beschrijven de distributie 
van breuken gevormd in opeenvolgende gesteentelagen en de daarmee samenhan-
gende elastische eigenschappen berekend uit de akoestische snelheden.
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Het eerste sedimentaire systeem is gevormd in het Jura en wordt gekenmerkt 
door een mix van siliciklastisch en carbonaat sediment welke zijn afgezet op een 
flauwe helling. De opeenvolging van de onderzochte lagen beschrijven een gelei-
delijk daling van het zeeniveau over tijd. De meest kenmerke fysische eigenschap 
van het sedimenten is de nagenoege afwezigheid van porositeit. Subtiele afwis-
selingen van carbonaat en siliciklastische sedimenten kunnen worden gelinkt aan 
de akoestische en mechanische eigenschappen van het afzettingssysteem. 

Het tweede sedimentaire systeem is ontstaan in het Mioceen. De carbonaat 
sequentie is gevormd op de helling van een oude vulkaan. Het afzettingssysteem 
worden gekenmerkt doordat er over tijd verschillende soorten carbonaat fabrie-
ken sediment hebben geproduceerd. Hierdoor hebben de sedimenten een grote 
variëteit in texturele en fysische eigenschappen welke kunnen worden gekoppeld 
aan de seismische modellen. Grote koraalriffen en daarbij horende steile hellingen 
hebben gezorgd voor grote breuken die ontstaan zijn tijdens de formatie van het 
sedimentaire systeem.
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summaRy

Carbonate sediments and their formation into rock are characterized by their 
heterogeneous appearance. The sediments are produced by so-called “carbonate 
factories”. These factories manufacture carbonate matter by chemical and bio-
logical processes, which are on their turn dependent on many types of external 
factors. The primary controlling factors are the intensity of sunlight, temperature 
of the water and surroundings, water depth, chemical composition of the water 
and the type of biota that are able to live in these settings.

Once the carbonate sediments have been formed there are numerous ways that 
they can be deposited. The type of depositional mechanism is defining the final 
geometry of the depositional system. Just like the carbonate producing mecha-
nism, which is determined by various parameters, the depositional mechanism is 
dependent on multiple external factors. Besides the type of carbonate producing 
factory the depositional mechanism is controlled by the type of substrate, steep-
ness of the slope, sea-level fluctuations, and tectonic processes.

After deposition of one layer of carbonate sediment multiple repetitions of this 
depositional process take place, this will result in burial of the sediments. Due to 
the weight of the overlying sediments, the layers will compress. Besides the weight 
of the overlying layers, the sediments are exposed to circulating fluids. Chemical 
reactions, which are dependent on the composition of the fluid, may change the 
textural, physical and chemical properties of the sediment. Acidic fluids cause 
dissolution of the carbonate sediment resulting in the formation of vuggy pores. 
On the other hand, water enriched with carbonate may cause precipitation of the 
latter in pores. These chemical processes that take place at the surface or in the 
subsurface are named diagenesis. A combination of compression and diagenesis 
results in the formation of carbonate rocks.

In contrast to loose sediments, rocks are able to break. To break a rock, one re-
quires a lot of stress. By tectonics and compression of overburden these amounts 
of stress may appear. Mechanical processes are describing the way the rocks 
break as a result of stress.

This thesis describes the evolution of physical and mechanical properties of car-
bonate rocks formed by two different types of sedimentary systems. The measured 
physical properties are porosity, density and acoustic velocities but also textural 
properties such as the grain size distribution and the mineralogy are assessed. 
Based on the physical properties, seismic models of the outcrops are created to 
compare with seismic datasets from the subsurface. The mechanical properties 
are described by the distribution of fractures formed in sedimentary successions 
and their associated elastic properties derived from the velocity and density data.
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The first sedimentary system is formed in the Jurassic and is characterized by 
a mixed composition of carbonate and siliciclastic sediments that are deposited 
on a ramp-type carbonate platform. The sedimentary sequence shows a gradual 
drop in sea level. The most characteristic property of the sedimentary rocks is the 
absence of porosity. Subtle changes in the carbonate to silica ratio can be linked 
to the physical and mechanical properties of the depositional system.

The second sedimentary system was formed during the Miocene. The carbonate 
deposits formed on the slopes of a submerged volcano. The depositional system 
is characterized by carbonate factory switchovers, resulting in a wide variety of 
carbonate deposits and associated physical properties. These high contrasts are 
reflected in the produced synthetic seismic profiles. The growth of coral reefs 
and the resulting steep slopes caused the formation of large fractures that formed 
during platform development.
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