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ABSTRACT
The formation of syn-depositional fractures in carbonate platforms is considered an important fea-
ture in the understanding of platform evolution. This study investigates the mechanisms of fracture
formation in rimmed flat-topped carbonate platforms in the very well-exposed 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 morpholog-
ical 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 localize around the platform margin and form
vertically extensive dikes that crosscut facies boundaries. The sedimentary fill of such fractures sug-
gests syn-depositional fracture formation under marine conditions. Together, fracture characteris-
tics 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 localize on the platform slope and show two
types of fracture fill, indicating marine and continental origins. Based on variations of fracture mor-
phology along the carbonate platform, fracture localization, petrographic analysis of sedimentary fill
and stable isotope analysis on sparite cements, 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) Differential 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.

INTRODUCTION
The occurrence of syn-depositional fractures is a widely
recognized feature in carbonate platforms (Newell &
Rigby, 1957; Lehner, 1991; Winterer & Sarti, 1994;
Cozzi, 2000; Hunt et al., 2002; Stanton & Pray, 2004;
Baceta et al., 2007; Guidry et al., 2007; Frost & Kerans,

2009). Fracture systems in carbonate platforms 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 typ-
ically 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 petrophysical 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
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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 aqui-
fers or hydrocarbon reservoirs), understanding the devel-
opment 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 localize
around the platform edge. Margin perpendicular frac-
tures have been described in several publications (Newell
& Rigby, 1957; Lehner, 1991; Cozzi, 2000; Narr & Flo-
din, 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 cate-
gories for fracture development: (1) gravitationally
induced fractures, (2) fractures controlled by antecedent
topography, and (3) tectonically controlled fractures
(Hunt & Fitchen, 1999; Ko�sa et al., 2003; Guidry et al.,
2007; Frost & Kerans, 2009, 2010). This study aims to
provide new insights in the development of syndeposi-
tional fractures that result from platform confined stress

fields. By using an interdisciplinary approach and multi-
scale fracture analysis, we investigate the timing and
nature of syn-depositional fracture development in a
prograding Miocene flat-topped carbonate platform
complex. We conclude that gravitationally controlled syn-
depositional fractures form two primary fracture sets: (1)
margin parallel and (2) margin perpendicular fractures.

Geological setting
Sorbas Basin structural and sedimentological setting

The Cariatiz carbonate platform is situated at the north-
ern margin of the Sorbas Basin (Fig. 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; War-
rlich et al., 2005; Braga et al., 2006; Meijninger & 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 N�ıjar basin,
Vera basin and Tabernas-Almer�ıa basin that are part of
the internal zone of the Betic Cordillera. These basins are
filled with Neogene continental siliciclastics, marine
mixed siliciclastic-carbonate facies and evaporites. The
Neogene basins of the Betic Cordillera formed either as
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Fig. 1. Geological map of the Sorbas basin. Modified after Ott d’Estevou & Montenat (1990) and Do Couto et al. (2014).
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isolated pull-apart basins due to strike-slip tectonics
(Montenat et al., 1987; De Larouziere et al., 1988; Bier-
mann, 1995; Jonk & Biermann, 2002) or as pure exten-
sional basins resulting from thinning and exhumation of
underlying basement (Meijninger & Vissers, 2006).

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-Rold�an,
1979; Bakker et al., 1989; Biermann, 1995). Metamor-
phism and uplift took place during the formation 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 started to grow.

The Sierra Alhamilla represents an anticlinorium with a
steep overturned northern flank that is unconformably
overlain by the southernmost sediments of the Sorbas
basin. Its steep character causes the Sorbas basin profile to
be asymmetrical, the lowermost sedimentary fill being ini-
tially deposited in the South. Here, Miocene sediments
can be strongly deformed due to fault activity at the
boundaries between the basin and the basement (Stapel
et al., 1996). Local sediments consist of proximal continen-
tal Serravalian conglomerates, detritus from the metamor-
phic nappes of the adjacent Sierra Alhamilla (Fig. 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 & 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.

The late Tortonian to Messinian sedimentary develop-
ment is marked by two depositional sequences (Mart�ın &
Braga, 1994, 1996). These depositional sequences are
related to the third order eustatic and chronostratigraphic
cycles TB3.3 and TB3.4 of Haq et al. (1987) (Fig. 3; C1
cycles). At the basin margins, the lower cycle includes
temperate carbonates, bioherm units and tropical carbon-
ate deposits that formed 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 the subject of
this study. The second depositional cycle (TB 3.4 of Haq
et al., 1987) starts with deposition of the Yesares evapor-
ites 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 Com-
plex (TCC; Esteban, 1979-1980; Riding et al., 1991). The
TCC is associated with the end of the Messinian Salinity
Crisis (MSC) 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 Messi-
nian Salinity Crisis and the corresponding chronostrati-
graphical 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 micro-
bial carbonates, including oolites, stromatolites and
thrombolites. Pliocene fluvial red siliciclastics form fore-
set beds of post-MSC Gilbert-type fan deltas that uncon-
formably overlie the TCC and represent the highstand
systems tract of cycle TB3.4. They form the base of the
Zorreras member; terminology following Ruegg (1964). It
constitutes of a sedimentary system in which fine

(b)(a)

Fig. 2. (a) Chronostratigraphic scheme of the Sorbas Basin, after Clauzon et al. (2015). The figure shows the most recent interpreta-
tion of the location of the Messinian Erosional Surface (MES). (b) Cariatiz facies model, modified after Braga & Mart�ın (1996) and
Reolid et al. (2014).
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siliciclastics laterally proceed to lacustrine carbonates.
They form the uppermost strata of the Neogene develop-
ment of the Sorbas Basin. A maximum overburden of
approximately 150 m persisted throughout Pliocene times
(Riding et al., 1991; Braga & Mart�ın, 1996).

The Cariatiz platform

The Cariatiz carbonate platform is situated at the north-
ern margin of the Sorbas Basin. Its geometry and stratig-
raphy has been studied extensively by Braga & Mart�ın
(1996), Cuevas Castell et al. (2007) and Reolid et al.
(2014) and hence these studies provide the sedimentologi-
cal framework for this study. The study area is located
along a 1.1 km transect following the Barranco de
Casta~nos ravine. Stratigraphically, the Fringing Reef Unit
in Cariatiz is positioned on top of the transgressive Messi-
nian 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 &
Mart�ın, 1992). The top of the Cariatiz reef is marked by
an unconformity also known as the Top Reef Unconfor-
mity or the Messinian Erosional Surface (Bourillot et al.,
2010). It is characterized by areas of subaerial exposure
(Mart�ın & Braga, 1994). This unconformity is associated
with a major, 100 to 200 m sea-level fall and deposition of
the Yesares formation in the distal realm of the Sorbas
basin (Rouchy & Saint Martin, 1992; Mart�ın & Braga,
1996). The Terminal Carbonate Complex and Pliocene
siliciclastics unconformably overlie the Cariatiz reef. The
overlying strata have a total thickness of approximately
150 m and are deposited during the TST and HST cycles
that correlate with the TB3.4 cycle of Haq et al. (1987)
(Braga & Mart�ın, 1992; Bosence et al., 1992; Braga &
Mart�ın, 1996).

Reolid et al. (2014) describe five facies belts, developed
during a single phase of reef growth (Fig. 2). From proxi-
mal to distal these are:

(1) Lagoon. Parallel beds of bioclastic pack- to rudstone,
with variable siliciclastic influence. Bioclastic material
consists of fragmental Porites sp, benthic foraminifera
and coralline red algae.

(2) Reef core. Boundstones formed by stick colonial Por-
ites 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 stro-
matolites, Halimeda sp., serpulids and bivalves.

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

(5) Distal slope. Consisting of silty marls and calcaren-
ites, variably intercalating with basinal marls and
diatomites.

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. 3; C2 cycles) (Braga & Mart�ın, 1996; Cuevas Castell
et al., 2007; Rodriguez-Tovar et al., 2013; Reolid et al.,
2014). The inverted wedges consist of well-bedded pack-
stones and rudstones that onlap an erosive surface. A total
of nine consecutive depositional cycles have been recog-
nized in the Cariatiz reef, defined by sedimentary inter-
vals referred to as a Reef Growth Package (RGP after
Cuevas Castell et al., 2007), delimited by the aforemen-
tioned inverted wedges (IW). The high frequency preces-
sion cycles are superimposed on a lower frequency cycle
(C1 cycles after Braga & Mart�ın, 1996). The lower fre-
quency cycles are related to short eccentricity cycles
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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

2 km

Fig. 3. Cross-section of the los Casta~nos ravine, modified after Braga & Mart�ın (1996) and Rodriguez-Tovar et al. (2013). Initial
topography from Cuevas Castell et al. (2007).
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(Braga & Mart�ın, 1996). Based on the estimated average
length of precessional cycles during the Messinian, the
time span of deposition of the Cariatiz Fringing Reef Unit
approximates 152 kya and has most likely taken place
between 6.04 Ma and 5.87 Ma (Sanchez-Almazo et al.,
2007).

Synsedimentary fractures
Joints or opening mode fractures are planes of discontinu-
ity that form as a result of brittle deformation, perpendic-
ular 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 indica-
tors 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 development 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 (Lehner, 1991; Cozzi,
2000; Stanton & Pray, 2004; Ko�sa & Hunt, 2006; Frost
et al., 2012; Narr & Flodin, 2012). Recent research has
focused on both forward modelling of fracture systems in
carbonate complexes (Resor & Flodin, 2010; Berra &
Carminati, 2012; Guerriero et al., 2012) and fracture
characterization based on case studies of high quality out-
crops (Harris, 1993; Blomeier & Reijmer, 1999; Frost &
Kerans, 2009; Casini et al., 2016). These studies have
shown that stratigraphic architecture and growth rate of
carbonate platforms are amongst the main drivers control-
ling gravitational fractures: high compaction potential of
basinal sediments (Hunt et al., 1995; Hunt & Fitchen,
1999), down-to-basin tilting, platform over steepening
and sliding along bedding planes (Fig. 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 & Kerans, 2009).

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 (aper-
ture >2 mm) and (2) platform scale (aperture >0.5 m).
On outcrop scale, a total of 400 fractures were analysed
across the depositional profile. Outcrop scale fractures
were examined based on orientation, length, morphology,
fill and crosscutting relationships. Relative timing of frac-
ture opening is determined by petrographic analysis of
fractures that contain sedimentary fill. A total of 35 sam-
ples were taken from the fracture host, wall and sedimen-
tary fill (Fig. 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. 6; 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 res-
olution, fracture length, aperture and crosscutting rela-
tionships have not been documented using the LIDAR
model.

Measurements of fracture orientations were processed
and visualized using Stereonet 9.5 (Cardozo & All-
mendinger, 2013). In order to pinpoint the specific dis-
tribution of fractures according to each depositional
facies; fracture orientation has also been analysed using
cumulative density functions (Fig. 7). As a sample is
expected to consist of multiple fracture sets, a cumula-
tive density analysis is performed to extract and charac-
terize statistically relevant components (Clark, 1976;
Vermeesch, 2005). For the analysis of multimodal distri-
butions, the software Isoplot/Ex (Ludwig, 2000) was
adopted.

Compaction over older margin(b)

Basement

Compaction over basement topography(c)

Basinal compaction

(d) Compaction over bioherm axis(e)

Basement

Fracturing along active faults(f)

Lithification
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Early Late
Reef Lagoon Proximal sl. Distal sl.

Fracturing from
escarpment

oversteepening
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Fig. 4. Conceptual model for the formation of synsedimentary dikes. Modified after Frost & Kerans (2009).
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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 Nether-
lands). The analyses were performed using a Thermo
Finnigan Delta+ mass spectrometer equipped with a Gas-
bench-II preparation device. Isotope values are reported
as d13C and d18O against V-PDB. During the analyses,
the reproducibility of routinely analysed CaCO3

standards has not exceeded 0.11 per mille (1SD) for both
d18O and d13C.

Data spread
Due to the heterogeneous nature of the reef core and talus
slope deposits the surface expression of fractures is typi-
cally irregular and causes a large natural data spread in
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Fig. 5. Basemap of the the los Casta~nos
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Fig. 6. LIDAR model of the Cariatiz
platform in the los Casta~nos ravine. This
image was produced by VGRS. Coloured
planes indicate the position and orienta-
tion of LIDAR interpreted fractures.
Blue = Set 1; red = Set 2; green = Set 3
(a) Snapshot of the southern side of the
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field measurements (Fig. 7a, b). To overcome this, large-
scale structures were traced on a LIDAR model and sta-
tistically relevant fracture populations were identified by
multi component analyses of cumulative density plots that
describe the fracture plane orientations (Fig. 7c). The
LIDAR model provides a more general overview of frac-
ture propagation and confirms that upscaling of fracture
sets from outcrop to platform scale is possible. We bene-
fited from the LIDAR study, as it also provided us with
insight into the lateral propagation and architecture of
fracture systems on a scale that field mapping does not
allow. The multicomponent analysis tools have proven
most useful in systems where the number of components
is low, and natural data spread is limited.

RESULTS
Fracture measurements on outcrops have shown that
three fracture populations exist across the Cariatiz

platform (Fig. 7a). 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. 7b). Fracture density histograms show
the variation in distribution of fracture sets across the
different facies (Fig. 7c).

Set 1; margin parallel fractures
The fractures defined as Set 1 are oriented parallel with
respect to the platform margin. Set 1 fractures are present
in all facies, but the morphological expression of Set 1
fractures changes according to the stratigraphical context.
Vertically extensive fractures localize along the platform
crest, where in situ Porites reefs form atop the platform
escarpment (Fig. 8). In this domain, field observations
show that Set 1 fracture apertures range between 50 cm
to 2 m and are filled with sediment from the top. Some
large fractures crosscut underlying clinoform and facies

(a) (c)

(b)

Fig. 7. (a) Contour plot for the poles-to-planes of fracture data acquired in the field. Dotted line represents the orientation of the plat-
form margin and slope. (b) Contour plot for the poles to planes of fracture data acquired by LIDAR model fracture analysis. Contour
plots were made using the Stereonet 9.5 (Cardozo & Allmendinger, 2013). (c) Cumulative density plots for fracture azimuth/dip
direction per facies and 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.
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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 confined
to layer boundaries. Overall, Set 1 fractures strike
between N080E and N100E. The LIDAR model confirms
the presence of a margin parallel fracture population that
is confined to the platform crest, but cannot be used to
discern the layer confined 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. Specific fracture
attributes cannot be determined with the LIDAR model.

Set 2; margin perpendicular fractures
Along the depositional profile, Set 2 fractures are confined
to talus-slope, proximal-slope and distal-slope deposits.
Fractures defined as the Set 2 population 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-
confined discontinuities, single throughgoing fractures
and clustered throughgoing fractures filled with sediment
and have apertures ranging from 5 cm to 1 m. Fracture
surfaces of barren fractures that are exposed along the face
of outcrops occasionally preserve slickensides, which indi-
cate that dip-parallel movement has taken place. Set 2
fractures were also traced using the LIDAR model and
show a localization pattern that is similar to the fractures
observed in the field. Throughgoing fracture clusters and
single sediment filled could be traced relatively easily.
Single throughgoing fractures and bed confined fractures
are below the resolution of the LIDAR model.

Set 3; diagonal fractures
Fractures that are referred to as Set 3 fractures are gener-
ally 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
discontinuity or as a through-going singular fractures and
do not appear clustered. The morphology of these frac-
tures does not change, according to position along the
depositional profile. Crosscutting relationships with Set 1
and Set 2 fractures indicate that Set 3 fractures postdate
the two main fracture populations and sparite cementa-
tion of Set 2 fractures.

Fracture fill
Set 1; margin parallel fractures

Petrographic analysis fracture host, wall and fill shows
that the Set 1 margin parallel fractures contain a variety of
marine sediments, with siliciclastic input (Fig. 9). A
sharp contact exists between the fracture host rock and
sedimentary fill. 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 cal-
cite precipitates, but crystalline fracture fill is generally
restricted to Set 2 fractures. Set 1 fractures contain a vari-
ety of sedimentary fills that range between bioclastic pack-
stones containing a minimal fraction of siliciclastic sand to

Fig. 8. Interpreted panoramic view of the southern part of the los Casta~nos ravine. Facies interpretation after Braga & Mart�ın (1996)
and Reolid et al., (2014). Thick dashed lines show the surface trace of Set 1 fractures that contain sedimentary fill. Indicated are the
sample locations of Figs 9 and 10. The corresponding arrows point in the direction in which the photos were taken.
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