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ABSTRACT

This study investigates the geometries of fault-controlled dolostone geobod-

ies and their structural and sequence stratigraphic controls, which provide

new insights for the prediction and production of fault-controlled dolomi-

tized hydrocarbon reservoirs. A very thick succession (>1600 m) of Aptian–
Albian shallow-marine carbonates of the Benassal Formation that crop out in

the Benic�assim area (Maestrat Basin, eastern Spain) is partly replaced by

dolomite, resulting in dolostone geometries ranging from massive patches to

stratabound bodies. Detailed mapping, systematic logging and correlation

were carried out to characterize the structural, sedimentary and sequence

stratigraphic framework of the area and to constrain the principal controls

on the full-range of dolostone geometries. The results show that carbonate

sediments accumulated in a half graben stacked in three transgressive–
regressive sequences. Large-scale massive dolostone patches (with up to

kilometre extension) formed near large-scale faults indicating that they acted

as entry points for warm dolomitizing fluids into the basin. These dolostone

patches laterally pass to large stratabound bodies that extend for long dis-

tances (at least 7 km) away from feeding faults, forming a continuum. The

presence of a regional unconformity and a clastic fine-grain low-permeability

unit (Escucha Formation) on top of the Benassal Formation likely con-

strained the dolomitization fluids to an up to 580 m thick interval below the

base of the Escucha Formation. Thus, only limestones within this interval,

corresponding to the two uppermost transgressive–regressive sequences,

were dolomitized. There is a clear relationship between the stratigraphic

framework and the preferred replaced beds. Dolomitization preferentially

affected sediments deposited in inner to middle ramp settings with predomi-

nant wackestone to packstone textures. Such facies are laterally most abun-

dant in the east of the study area (i.e. basinward) and vertically in layers

around the maximum flooding zone of the top sequence, which is preferen-

tially affected by dolomitization.

Keywords Aptian–Albian, diagenesis, fault-controlled dolomitization,
Maestrat Basin, outcrop analogue, stratigraphic sequence.
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INTRODUCTION

Carbonate reservoirs are estimated to contain
60% of the world’s remaining oil reserves (Roehl
& Choquette, 2012). They typically exhibit a
heterogeneous distribution of petrophysical
properties, and consequently are challenging to
explore, develop and produce. The main diffi-
culties are associated with the fact that the dis-
tribution of porosity and permeability, and thus
reservoir quality, in carbonate rocks is strongly
affected by a variety of post-depositional diage-
netic processes such as compaction, dissolution,
cementation and mineral replacement (e.g.
Tucker, 2009; James & Jones, 2015) that often
occur at different times in the burial history
resulting in a complex paragenetic evolution.
The lateral and vertical extension of diagenetic
products (cements, dissolution vugs, stylolites,
etc.) are very difficult to characterize in three
dimensions using subsurface data, especially
since drill cores only represent a very small frac-
tion of the reservoir (e.g. Howell et al., 2014).
Dolomitization (i.e. the replacement of calcite

with dolomite) is one of the most important dia-
genetic processes affecting limestone succes-
sions. It occurs in a wide range of environments
and modifies the pore space geometry and vol-
ume as well as permeability (e.g. Allan & Wig-
gins, 1993; Warren, 2000; Machel, 2004).
Dolomitization is a widely studied diagenetic
process for understanding controls on fluid flow
in carbonates (e.g. Qing & Mountjoy, 1992, 1994;
Whitaker et al., 2004) because, unlike other dia-
genetic processes such as cementation or disso-
lution, the effects of dolomitization are easy to
visualize in many cases on outcrops and in drill
core due to the colour and texture change asso-
ciated with the mineral change (e.g. Humphrey
et al., 2019). Outcrop studies on dolomitization
are thus essential for understanding how diagen-
esis impacts reservoir quality, and to unravel
the key controls on diagenetic fluid flow produc-
ing rock alterations (e.g. Mansurbeg et al., 2016).
There are several types of dolomitization (for

comprehensive reviews see Hardie, 1987; War-
ren, 2000; Machel, 2004; Whitaker et al., 2004),
among which fault-controlled high-temperature
dolomitization (HTD) is particularly relevant
(see review by Davies & Smith, 2006) both from
a scientific and economic point of view. High-
temperature dolostone normally forms when
warm fluids are transported up faults and
invade the host limestones, resulting in the
replacement of calcite with dolomite as well as

in the formation of dolomite cement. The flow
of high-temperature dolomitizing fluids in lime-
stone successions can result in a variety of
replacement geometries, from massive patches
next to faults (e.g. Wilson et al., 2007; Sharp
et al., 2010; Dewit et al., 2012), to stratabound
geobodies that extend for long distances away
from them (e.g. Sharp et al., 2010; Lapponi
et al., 2011; Mart�ın-Mart�ın et al., 2013, 2017;
Dewit et al., 2014; Gomez-Rivas et al., 2014;
Gasparrini et al., 2017; Hollis et al., 2017).
The majority of published studies dealing

with fault-controlled dolostones focus on the
stratigraphic, petrographic and geochemical
characterization of outcrop analogues, with the
aim of providing an overall picture on how the
dolomitization process is controlled by deposi-
tional facies, diagenesis and structures. Recent
representative studies include the analysis of
outcrops in the Zagros belt in Iran (e.g. Sharp
et al., 2010; Lapponi et al., 2011), the Vasque–
Cantabrian Basin in Spain (e.g. L�opez-Horgue
et al., 2010; Shah et al., 2010; Dewit et al., 2012,
2014; Gasparrini et al., 2017), the Iberian Chain
in Spain (e.g. Nadal, 2001; Mart�ın-Mart�ın et al.,
2013, 2015, 2017; Corbella et al., 2014; Gomez-
Rivas et al., 2014), the Oman mountains (e.g.
Vandeginste et al., 2013; Beckert et al., 2015),
North America (e.g. Azmy et al., 2008; Diehl
et al., 2010; Lavoie et al., 2010; Slater & Smith,
2012; Morrow, 2014; see review by Davies &
Smith, 2006; and references therein), the Alps
(Ronchi et al., 2012; Jacquemyn et al., 2015), the
Apulia Carbonate Platform (Rustichelli et al.,
2017) and the Suez Rift (Hollis et al., 2017),
among many others. These studies highlight a
series of aspects that impact fault-controlled
dolomitization, including the characteristics of
fault zones that act as entry points for dolomiti-
zation fluids, the permeability and composition
of host limestones (associated with depositional
facies and pre-dolomitization diagenesis), and
the properties of fracture networks that can facil-
itate or prevent dolomitization by acting as
either conduits or barriers for dolomitization
fluid flow.
Despite the recent advances on the under-

standing of high-temperature dolomitization,
there are still fundamental open questions on
how this process operates and controls the vol-
ume, geometry and distribution of the resulting
diagenetic geobodies. Key questions to be
addressed include: (i) what is the spatial rela-
tionship between faults and dolostone geobodies
at multiple scales; (ii) which, if any,
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sedimentary facies and stratigraphic sequences
are preferentially replaced; (iii) to what extent
do pre-dolomitization diagenetic products con-
trol replacement; and (iv) what is the role of
low-permeability sedimentary units as seals for
dolomitizing fluids?
These questions were tackled through the

study of the high-temperature dolostones of the
Benic�assim outcrop analogue (Maestrat Basin,
eastern Spain), with the overarching aim of pro-
viding an improved framework for the predic-
tion of high-temperature dolomitization
geometries in shallow-marine carbonates. In this
area, a very thick pile (>1600 m) of Lower Creta-
ceous shallow-marine carbonates of the Benassal
Formation are well-exposed. The limestones are
partially dolomitized in close association with
regional faults. The Benic�assim area has been
the focus of several recent studies (e.g. Mart�ın-
Mart�ın et al., 2013, 2015, 2017; Corbella et al.,
2014; Gomez-Rivas et al., 2014), which focused
on dolostones with stratabound distribution,
and dealt with the analysis of depositional
facies, diagenetic evolution and source of the
dolomitization fluids. These studies, however,
did not tackle controls on variable dolomitiza-
tion geometries across different fault blocks and
in relation to the sedimentary facies and strati-
graphic sequences.

GEOLOGICAL SETTING

Structure, transgressive–regressive sequences
and lithofacies

The Benic�assim area is located in the south-
eastern part of the Maestrat Basin (eastern
Spain) (Fig. 1). This rift basin developed during
the Late Jurassic–Early Cretaceous syn-rift cycle
of the intraplate Iberian Rift System (Salas &
Casas, 1993; Salas et al., 2001). The Maestrat
Basin was subsequently inverted during the late
Eocene–early Oligocene Alpine Orogeny
(Guimer�a et al., 2004), and then experienced
extension during the late Oligocene–Miocene to
form the present-day western margin of the
Valencia Trough (Roca & Guimer�a, 1992).
The study area is characterized by two sys-

tems of extensional faults that intersect one
another: (i) the NNE–SSW striking and south-
east-dipping Benic�assim Fault system; and (ii)
the east–west striking and south-dipping Cam-
pello and Juvell�us Fault system (Mart�ın-Mart�ın
et al., 2013) (Fig. 1). According to the latter

authors, the Benic�assim and Campello faults are
inherited from the Hercynian Orogeny and were
reactivated as extensional faults during the
Mesozoic. During the Late Jurassic and Early
Cretaceous rifting more than 2 km of syn-rift
deposits were accommodated in the Benic�assim
area. A significant proportion of these sediments
constitute the Late Aptian–Early Albian Benassal
Formation, which represents a limestone succes-
sion dominated by shallow-marine carbonates
with a present-day thickness of more than
1600 m (Mart�ın-Mart�ın et al., 2013).
The Benassal Formation was deposited on a

carbonate ramp very rich in orbitolinids, rudists,
corals and algae with scarce siliciclastic input
(Tom�as et al., 2008; Mart�ın-Mart�ın et al., 2013).
Based on the analysis of the sedimentary succes-
sion cropping out in the Orpesa Range fault
block (see Fig. 1), the latter authors defined 12
lithofacies types (LFT; Table 1) and three trans-
gressive–regressive (T–R) sequences (Fig. 2). The
transgressive systems tract (TST) of sequence I
is characterized by basinal marls, whereas the
regressive systems tract (RST) is marked by
peloidal and orbitolinid grainstones, and peloi-
dal and coral facies. The latter deposits are
topped by a thick unit of rudist floatstones that
represent the most regressive deposits of
sequence I. The latter unit shows an erosional
surface with palaeokarst at its top, revealing
subaerial exposure (sequence boundary A in
Fig. 1). The TST of sequence II initiates with a
few metres of sandy limestones displaying tidal
bundles and cross-bedding. Above, most of the
TST is characterized by orbitolinid-rich and spi-
cule-rich muddy facies. The RST of sequence II
is distinguished by coral-bearing and rudist-
bearing limestones stacked in a progressive
pattern, that alternate with hummocky cross-
stratified grainstones and peloidal grainstones.
The RST ends with a several tens of metres
thick unit made up of rudist and Chondrodonta
bivalves with floatstone to boundstone textures,
the top of which represent the maximum regres-
sive surface (MRS) of the T–R sequence II. The
TST of sequence III is mainly formed by nodular
bedded bioclastic limestones containing mud-
drapes and orbitolinids that are overlain by up
to a hundred metres of dolostones with several
limestone stringers dominantly composed of
mud-dominated facies. One of these stringers
corresponds to spicule-rich wackestones at the
top of which the maximum flooding zone (MFZ)
is placed. The bottom of the RST is partially
dolomitized and passes upward to ooidal-rich,
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Fig. 1. (A) Simplified map of the Iberian Peninsula showing the location of the Maestrat Basin. (B) Geological
map of the Benic�assim area showing the distribution of dolostones and their relationship with large-scale faults
(modified from Mart�ın-Mart�ın et al., 2013). The traces of stratigraphic logs used in this study are indicated with
red solid lines (logs reported here for the first time) and pink solid lines (logs previously reported in the litera-
ture). (C) Chronostratigraphic chart showing the lithogical units cropping out in the study area. C, Cretaceous; J,
Jurassic; and T, Triassic in the legend represent cartographic units.
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Table 1. Summary of the key characteristics of lithofacies types (LFT). LFT1 to LFT12 are taken from Mart�ın-
Mart�ın et al. (2013) with slight modifications based on new data from the Ferradura and Cingle del Morral fault
blocks. LFT13 to LFT15 are newly defined lithofacies.

Lithofacies type (LFT) Characteristic components Sedimentary features
Depositional
environment

1 Green marl Echinoids, brachiopods
(Rhynchonellida and
Terebratulida) and
bivalves

Marls with green, grey or ochre colour,
nodular bedding, laminar siltstones,
metric to tens of meters bedding

Outer ramp

2 Cross-bedded peloidal
and orbitolinid
packstone to
grainstone

Peloids, orbitolinids,
echinoids, miliolids

Tabular bedding, high to low-angle
cross-stratification, sharp bases
(occasionally), decimetric to metric
bedding

Inner to
outer ramp

3 Peloidal grainstone Peloids Massive bedding, bioturbation, sharp
bases (occasionally), decimetric to metric
bedding

Inner to
middle ramp

4 Orbitolinid
wackestone to
rudstone and marl

Orbitolinids Massive to wavy bedding, centimetric to
metric bedding

Inner to
outer ramp

5 Coral sheetstone Sheet-like corals Slightly marly bedding, decimetric to
metric bedding

Inner to
middle ramp

6 Coral limestone Platy, tabular and domal
corals in life position.
Coral fragments

Tabular massive to nodular bedding,
lithophagid borings, metric bedding

Inner to
middle ramp

7 Rudist floatstone to
rudstone

Requieniid and elevator
rudists

Tabular massive to slightly nodular
bedding, metric bedding

Inner to
middle ramp

8 Grainstone with
siliciclastic influence

Echinoids, peloids,
intraclasts

Cross-bedding, tidal bundles, herring-
bone stratification, metric bedding

Inner ramp

9 Spicule wackestone Sponge spicules,
undifferentiated shell
debris

Massive to wavy bedding, bioturbation,
silica nodules (occasionally), metric
bedding

Outer ramp

10 Grainstone with
hummocky cross-
stratification

Peloids, orbitolinids Cross-bedding, hummocky cross-
stratification, bioclastic lags, graded
beds, centimetric to decimetric bedding

Middle ramp

11 Bioclastic wackestone
to packstone

Bivalves, other molluscs,
sessile foraminifera,
miliolids

Massive to wavy bedding, bioturbation,
decimetric to metric bedding

Inner to
outer ramp

12 Ooid grainstone Ooids Cross-bedding, centimetric to decimetric
bedding

Inner to
middle ramp

13 Foraminifera and
green algae
wackestone to
grainstone

Miliolids, orbitolinids,
Dasycladales green algae,
aggregate grains

Cross-lamination (occasionally),
decimetric to metric bedding

Inner to
middle ramp

14 Echinoid-sponge-rich
packstone to rudstone

Echinoid, sponge,
bivalves, braquiopoda,
belemnites, corals

Cross-lamination (occasionally), with
intercalations of grey marls, metric
bedding

Middle to
outer ramp

15 Corals embedded in
marls

Corals, sponges, echinoids Domal, platy and tabular coral colonies
in life position deposited in grey to
ochre marls, metric to tens of metres
bedding

Middle ramp
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bioclastic-rich and peloidal-rich facies. The top
of sequence III is faulted and covered, and thus
the boundary with the Escucha Formation was
not recognized in the Orpesa Range. Within the
Maestrat Basin the top of the Benassal Forma-
tion is bounded by a regional subaerial uncon-
formity represented by a palaeokarst that is
overlain by up to 90 m of fine-grained tidal clay-
stones and sandstones of the Escucha Formation
(Salas et al., 2001).

Fault-controlled dolostones

The Benassal Formation is partly dolomitized
throughout the Benic�assim area. This replace-
ment, as well as locally associated galena–spha-
lerite (Pb-Zn) Mississippi Valley Type (MVT)
ore deposits, are closely related to the aforemen-
tioned Campello and Benic�assim fault systems
(Mart�ın-Mart�ın et al., 2013, 2015, 2017; Gomez-
Rivas et al., 2014). These authors studied mas-
sive and stratabound dolostone bodies that

extend up to 7 km away from basement faults,
with individual maximum thicknesses of up to
150 m.
Field and analytical data provided by Mart�ın-

Mart�ın et al. (2015) from the Orpesa fault block
(Fig. 1) indicate that the dolomitization of the
Benassal Formation host limestones took place
after a major stage of mechanical and chemical
compaction, and thus during burial. The latter
authors described four types of dolomite: (i)
most of the replacive mass is formed by planar-
s to non-planar dolomite crystals with charac-
teristic cloudy appearance and mimetic fabric
(Fig. 3A to C); (ii) mimetic dolomite appears
frequently recrystallized in close association
with fractures and permeable areas, forming
planar-s to non-planar replacive dolomite crys-
tals with cloudy cores and clear rims (Fig. 3D);
(iii) planar-e crystals that formed after precipi-
tation of clear dolomite rim overgrowths, repla-
cive cores (i.e. overdolomitization) (Fig. 3E);
and (iv) saddle dolomite filling fractures,

Fig. 2. Chronostratigraphy,
biostratigraphy and
lithostratigraphy chart showing the
sequence stratigraphy framework of
the Benassal Formation in the study
area as well as the location of
dolostones (black colour) (modified
from Mart�ın-Mart�ın et al., 2015).
Ammonite biozones identified in
the study area are shaded in red.
Dashed lines in transgressive–
regressive (T–R) sequences indicate
lack of absolute dating, and purple
lines denote the maximum
regressive surfaces (MRS) of
sequences I (A) and II (B) (see blue
lines in Fig. 1 for their trace on the
geological map). MFZ, maximum
flooding zone; R, regressive system
tract; T, transgressive system tract.
Bottom and top boundaries of
lithological formations after Bover-
Arnal et al., 2016.
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stylolitic and vuggy porosity (Fig. 3F). The
dolomitization took place during the regional
Late Cretaceous thermal event (average age of
�89 Ma), a time that is considered the most
probable age of replacement (Mart�ın-Mart�ın
et al., 2017). According to Mart�ın-Mart�ın et al.
(2015), dolomitization took place at burial
depths of less than 1.2 km for the stratigraphi-
cally lower dolostones and significantly less
burial (about 300 m) for the uppermost ones.
The studies by Mart�ın-Mart�ın et al. (2015,
2017) reveal that the petrographic and geo-
chemical characteristics of massive and strata-
bound dolostone geobodies are very similar,
and thus both types of dolostones likely formed
at the same time.
The dolomitization fluids are interpreted as

hydrothermal because their estimated tempera-
tures (exceeding 80°C and at least up to 110°C)
are considerably higher than host rock tempera-
tures according to the geothermal gradient. These
would have ranged between ca 30°C and 60°C

from the uppermost to the lowermost replaced
limestones, respectively (Gomez-Rivas et al.,
2014). This study also revealed that the dolomiti-
zation fluids were likely derived from infiltrated
seawater that exchanged with basin fluids and
basement rocks, resulting in up to 23% eq. wt.
NaCl salinity. Geochemical and mass-balance
calculations suggest that interstitial fluids alone
could not account for the volume of dolomite,
and that only a pervasive fluid circulation mech-
anism based on thermal convection could have
provided a sufficient volume of fluids to produce
the replacement reaction during the Late Creta-
ceous (Gomez-Rivas et al., 2014). Two-dimen-
sional (2D) fluid flow and reactive transport
simulations presented in Gomez-Rivas et al.
(2010) and Corbella et al. (2014) suggest that the
fluid flow system that produced the large-scale
stratabound dolostone geobodies in this area had
a strong lateral component and probably lasted
for about a million years. There is no evidence
from field and petrographic observations that the

Fig. 3. Photomicrographs of dolomite textures. (A) Replacive dolomite crystal mosaic showing planar-s to non-
planar textures and mimetic fabric (modified from Mart�ın-Mart�ın et al., 2015). Plane polarized light. (B) and (C)
Diffused light images of replacive dolomite crystal mosaic showing ghosts of peloids and orbitolinids (arrowed),
respectively (modified from Mart�ın-Mart�ın et al., 2013). Note the concavo-convex contacts (arrowed) between
peloids in (B), indicating dolomitization after some compaction. (D) Replacive dolomite crystal mosaic showing
planar-s to non-planar textures (modified from Mart�ın-Mart�ın et al., 2017). Plane polarized light. (E) Replacive
dolomite crystal mosaic showing dolomite cement (arrowed) in the form of rim overgrowth (modified from
Mart�ın-Mart�ın et al., 2015). Plane polarized light. (F) Large crystal of saddle dolomite (Sd) post-dating replacive
dolomite crystal mosaic (Rd) and pre-dating late calcite cement (Cc) (modified from Mart�ın-Mart�ın et al., 2013).
Plane polarized light. Calcite in (A), (B) and (F) appears red after staining with Alizarin Red-S.
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fluid that caused replacive dolomitization circu-
lated at high pressure.

Methods

Field mapping and logging were used to con-
strain: (i) the depositional lithofacies of the
Benassal Formation and their distribution; and
(ii) the distribution of dolostones and their asso-
ciation with faults, lithofacies and stratigraphic

sequences (Figs 1 and 4 to 7). The vertical and
lateral distribution of lithofacies was based on
19 logs (with a total logged thickness of about
6000 m) that cover the three major faulted
blocks of the study area (Orpesa Range, Fer-
radura and Cingle del Morral). Thirteen of these
logs are reported here for first time (logs 6 to 14
and 16 to 19) and complement those published
by Mart�ın-Mart�ın et al. (2013, 2017) in the
Orpesa Range (logs 1 to 5) and Ferradura (log

Fig. 4. Panoramic views of the Benassal Formation in: (A) and (B) the north of the Orpesa Range (view is ca
4 km wide); (C) the Ferradura (view is ca 2 km wide); and (D) the Cingle del Morral (view is ca 1.3 km). The
traces of field logs are indicated with dark red lines. Sequence stratigraphy surfaces of the Benassal Formation are
the maximum regressive surface (MRS) and maximum flooding zone (MFZ). Grey rocks correspond to host lime-
stones, while dolostones present a brownish colour. The numbers in (A) to (D) indicate the corresponding log in
Figs 1, 5, 6, 7 and 12.
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Fig. 5. Correlation of six partial stratigraphic logs of the Benassal Formation along the Orpesa Range showing the
facies distribution and T–R sequences. Logs 1 to 5 are redrawn after Mart�ın-Mart�ın et al. (2013). The Orpesa Range
North represents a composite section based on logs 2 to 6. Textural classification in this and subsequent figures
are sensu Embry & Klovan (1971). See Figs 1 and 4 for log location. Foram, foraminifera; HCS, hummocky cross-
stratification; Orbitol, orbitolinid; and Pel, peloidal.
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15) blocks, respectively (Figs 4 to 7). Correlation
between logs and faulted blocks was based on
photographic panels, key surfaces, bedding
traces and characteristic facies. The correlation
is partially calibrated by ammonite specimens
(see Mart�ın-Mart�ın et al., 2013 and Garcia et al.,
2014). The datum for the stratigraphic correla-
tion between faulted blocks is placed at the base
of the Escucha Formation following Salas et al.
(2001).
Fifty rock samples including limestones and

dolostones were collected during field work for
thin section description to determine rock
textures and components, and thus for deposi-
tional lithofacies classification. The classifica-
tion of limestone textures follows Dunham

(1962) and Embry & Klovan (1971). A total of 15
lithofacies were considered including those
defined by Mart�ın-Mart�ın et al. (2013) (LFT 1 to
12) and three additional types defined in this
study (LFT 13 to 15) (see summary in Table 1;
Figs 8 and 9).
The Benassal Formation is arranged into three

T–R sequences following the sequence stratigra-
phy framework defined in the study area by
Mart�ın-Mart�ın et al. (2013) and, on a wider
scale, in the Maestrat Basin by Bover-Arnal
et al. (2009, 2016). Accordingly, the T–R
sequences interpreted from new logs presented
here are based on the lithofacies evolution and
their stacking pattern in deepening to shallow-
ing trends, or vice versa (see Catuneanu et al.,

Fig. 6. Correlation of seven partial stratigraphic logs of the Benassal Formation along the Ferradura, showing the
facies distribution (See Figs 1 and 4 for log location). Log 15 is redrawn after Mart�ın-Mart�ın et al. (2017). The Fer-
radura section is a composite section based on logs 12 to 18. Foram, foraminifera; Orbitol, orbitolinid; and Pel,
peloidal. See Fig. 5 for sequence stratigraphy legend.
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2009). Due to difficulty in precisely locating the
maximum flooding surface (MFS) within each
sequence, a maximum flooding zone (MFZ)
sensu Strasser et al. (1999) was defined in this
study.
The geometries of dolostones are recognized

based on their dimensions and spatial association
with faults and bedding. The areal extent of the
dolostone bodies was assessed using conven-
tional field mapping and virtual outcrop models
(VOs). Dolostone bodies of eleven selected loca-
tions were ground checked with emphasis on the
transition between different geometries, and their
potential relationship with depositional facies,
T–R sequences, fault systems, fractures and stylo-
lites. Light Detection and Ranging (LiDAR) and
an unmanned aerial vehicle (UAV) were used to
collect geospatially constrained field data in
order to build high-resolution VOs of three
selected outcrops (e.g. Buckley et al., 2008, 2010,
2013). The LiDAR model was a RIEGL VZ-2000
(RIEGL Laser Measurement Systems GmbH, Horn
Austria) equipped with a Nikon D100 camera
(Nikon, Tokyo, Japan) and the UAV was a DJI

Phantom 3 Advanced (DJI, Shenzhen, China).
Five local high-resolution models were used to
compare in detail dolostone geobodies geometries
in different outcrops.

RESULTS

Sequence stratigraphy and lithofacies
evolution

The characteristics of lithofacies evolution and
sequence stratigraphy framework significantly
vary across the three study fault blocks (Orpesa
Range, Ferradura and Cingle del Morral).
Accordingly, they are summarized for each fault
block below (see Table 1 and Fig. 2).

Orpesa Range
The Orpesa Range represents the hanging wall
block of both the Campello and Benic�assim
faults (Figs 1, 4 and 5). The newly reported log
in this fault block (log 6) is 231 m long and rep-
resents the uppermost part of T–R sequence III
of the Benassal Formation reported in the area
by Mart�ın-Mart�ın et al. (2013). Taking into
account the stratigraphic data reported by these
authors, the maximum thickness of the Benassal
Formation cropping out in this fault block is up
to 1606 m (Fig. 5).
The new section (log 6) appears faulted at its bot-

tom and comprises 185 m of dolostones replacing
both mud-dominated and grain-dominated facies.
Accordingly, limestone stringers within dolo-
stones, which range in thickness between 10 m
and 30 m, are composed of bioclastic wackestones
(LFT11), rudist floatstones (LFT7), coral limestones
(LFT6) and peloidal grainstones (LFT3). The top of
the section is covered by Quaternary deposits, and
thus the boundary with the Escucha Formation is
not exposed in the area. Based on field observa-
tions, however, the covered succession is assumed
to be in the range of several tens to a few hundred
metres (Fig. 5).

Ferradura
The Ferradura area represents the footwall block
of the Benic�assim Fault and the hanging wall
block of the Campello Fault (Figs 1 and 6). The
thickness of the Benassal Formation measured
in this area is 1215 m (logs 12 to 18), although
the total thickness is assumed to be one to sev-
eral hundred metres higher as the bottom and
top of the Benassal Formation are covered by
vegetation and Quaternary deposits (Fig. 6).

Fig. 7. Cingle del Morral section (log 19) showing the
facies distribution in the footwall of the Campello
Fault. See Figs 1 and 4 for log location. See Fig. 5 for
lithofacies, texture and sequence stratigraphy legend.
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Fig. 8. Field and thin section characteristics of selected lithofacies. (A) Field view of ochre-coloured marls
(LFT1) with intercalated peloidal and orbitolinid grainstones (LFT2). The person for scale is 1.85 m tall. (B) Pho-
tomicrograph of LFT2 showing abundant glauconite (black arrows) and quartz grains (white arrows). Plane polar-
ized light. (C) Field view of very fine-grained packstones with abundant chert nodules (black arrows) typical of
LFT9. Thin section analysis indicate that this lithofacies is rich in sponge spicules and calcispheres. The pen is
13.5 cm long. (D) Photomicrograph of LFT 13 showing the association of foraminifera (black arrows) and dasy-
cladales green algae (white arrows). Plane polarized light. (E) Field view of a peloidal grainstones (LFT3) unit
from log 18 (arrow length ca 70 m). (F) Field view of LFT14 showing a coarsening and thickening up cycle made
of echinoid-sponge-rich packstones to grainstones. The hammer is 32 cm long. (G) Close view of LFT14 showing
the poorly sorted character and the presence of echinoids (black arrow), corals (white arrows) and sponges (red
arrows). The coin is 2.1 cm in diameter. (H) Close view of LFT14 showing cross-lamination, mud pebbles (black
arrows) and mud drapes. The pen is 4 cm long. (I) Field view of LFT15 showing a coral colony in life position
(black arrow) embedded in grey marls (white arrow). The hammer is 32 cm long. (J) Field view of LFT15 showing
centimetre-sized coral colonies (black arrows) touching each other. The hammer part is 7 cm long. (K) Field view
of a conglomerate made of centimetre-sized quartz grains (LFT8). The coin is 1.6 cm in diameter. (L) Close view
of mud cracks appearing at the top of shallowing up cycles. The pen is 10 cm long.
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Fig. 9. Main characteristics of limestones and dolostones present in the study area. (A) Close view of a dolostone,
most probably dolograinstone, showing well-preserved cross-lamination (black arrows). The coin is 2.1 cm in
diameter. (B) Photomicrograph of a replacive dolomite crystal mosaic showing ghosts of the original grain compo-
nents, which are dominated by peloids (black arrows). Diffused light. (C) and (D) Field view of large-scale (C) and
small-scale (D) dolomitization fronts (dashed lines) that are laterally pinching out. Area of view in (C) is ca 180 m
high. The pen in (D) is 13.5 cm long. (E) and (F) Close-up view of sharp dolomitization fronts (dashed line) corre-
sponding to an outcrop-scale fault and a fracture (white line), respectively. The hammer is 32 cm long. (G) and
(H) Close-up views of sharp dolomitization fronts (dashed line) mainly along bedding planes and wavy stylolites
(black arrows), respectively. The hammer is 32 cm long. (I) and (J) Close-up views of transitional (i.e. not sharp)
dolomitization fronts, showing partially replaced limestones. Note that most of the replaced limestones corre-
sponds to skeletal components. The hammer in (I) is 32 cm long. The pen in (J) is 13.5 cm long. (K) Photomicro-
graph of sponge spicule wackestone (LFT9). Plane polarized light. (L) Peloidal (white arrows) grainstone (LFT3)
completely cemented by calcite (black arrows). Plane polarized light.
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Transgressive–regressive sequence I is 289 m
thick and is well-exposed along the road CV-148
(log 12; Figs 1 and 4C). The TST is characterized
by ochre-coloured marls with echinoids and ter-
ebratulida brachiopods (LFT1) with several
metre-thick intercalations of peloidal and orbito-
linid grainstones (LFT2) rich in glauconite and
quartz grains together with minor mica (Figs 6,
8A and 8B). The MFZ of sequence I is placed at
the top of the first and thickest marly unit.
Above, the RST is topped by a thick bed-set of
rudist floatstones (LFT7) containing minor ner-
ineid gastropods. The rudists appear mostly
fragmented, locally forming bouquets in life
position, and are dominated by requieniids
(Toucasia sp.). The rudist floatstones, which are
covered and faulted towards the top, are the
most regressive deposits of sequence I, and thus
the MRS and the boundary between sequences I
and II is placed at the top (Figs 4 and 6).
Transgressive–regressive sequence II is about

548 m thick (logs 13 and 14; Figs 4C and 6).
The TST is characterized by the predominance
of muddy facies dominated by orbitolinid-rich
facies (LFT4) that pass upward to several tens of
metre-thick bed-sets of bioclastic wackestones to
packstones (LFT11). Intercalated between the
latter facies appears a bed-set composed of very
fine-grained packstones with sponge spicules,
calcispheres and chert nodules (LFT9) (Fig. 8C).
The MFZ is placed at the top of the spicule-rich
facies, which are interpreted as the deepest
water deposits of sequence II. Above, the lower
part of the RST comprises peloidal (LFT3), bio-
clastic (LFT 11) and a several tens of metres-
thick unit of foraminifera and green algae pack-
stone and grainstone (LFT13) facies that appear
dolomitized and covered by Quaternary deposits
(Figs 6 and 8C). The RST of sequence II ends
with an ca 80 m thick unit of massive and sev-
eral metre-thick beds of rudist and Chon-
drodonta floatstone to boundstones (LFT7). The
rudist bivalves are dominated by large requieni-
ids (Toucasia sp.) and radiolitids specimens.
The MRS of sequence I is placed at the top of
this rudist bed set (Fig. 6).
Sequence III, which is 469 m thick, starts with

a TST that shows a 115 m thick unit of dolo-
stones replacing mud-dominated and grain-
dominated facies as indicated by several strin-
gers made up of coral, bioclastic and peloidal
limestones (logs 14 to 16; Figs 4C and 6). The
dolostones are topped by orbitolinid rudstones
(LFT4) with abundant chert nodules, which are
considered the most transgressive deposits and

at the top of which is placed the MFZ. Above,
the RST is dominated by a set of several metre-
thick beds made of medium to coarse-sized
peloidal grainstones (LFT3) (Logs 16 to 18;
Figs 4C and 8E). The top of the T–R sequence
III, and thus the top boundary of the Benassal
Formation, is covered, and not recognized in the
Ferradura fault block. However, the presence in
the surroundings of loose and fragmented beds
of ochre-coloured and quartz-rich sandstones
typical of the Escucha Formation suggests that
the boundary between both formations is nearby
(Fig. 1).

Cingle del Morral
The Cingle del Morral is located at the footwall
block of the Campello Fault and the Benassal
Formation is only 674 m thick here (log 19;
Figs 1 and 7). This thickness represents 456 m
measured in outcrop and 234 m more of cover
calculated assuming a constant bed dip until the
top boundary with the Escucha Formation is
reached (Figs 4D and 7). The bottom boundary
of the Benassal Formation with the underlying
Villarroya de los Pinares Formation is character-
ized by a sharp lithological change from well-
bedded and cross-laminated ooidal grainstones
below to marly facies (Fig. 7).
Sequence I, which is 232 m thick, shows a

TST dominated by marly packstones to rud-
stones rich in coarse-sized skeletal components,
echinoderms and coral fragments (LFT14) that
gradually pass to ochre-coloured marls with
echinoids, terebratulid brachiopods and belem-
nites (LFT1) (Figs 7 and 8F to H). These trans-
gressive marls include the ammonite species
Epicheloniceras sp. and Caseyella sp. indicating
a Late Aptian age. The MFZ is placed at the top
of the marly unit, which represents the most
transgressive deposit of sequence I. Above the
marls, the TST is characterized by a ca 20 m
thick set of centimetre to decimetre limestone
beds exhibiting poorly sorted packstone to rud-
stone textures rich in echinoids and sponges
(LFT14). The latter limestones show erosive
bases, cross-bedding and thin intercalations of
grey marls, and form coarsening and thickening
up cycles. Together with the echinoderms and
sponges, these limestones are abundant in mud
pebbles and mud drapes, terebratulid and rhyn-
chonellid brachiopods, corals, oysters, pectinids,
gastropods, belemnites, ammonites and other
unidentified components. These limestones pass
progressively upward to grey marls containing
coral colonies in life position, sponges and
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echinoids (LFT15), a facies equivalent to those
described in detail by Bover-Arnal et al. (2012)
(Fig. 8I to J). The coral colonies, which reach up
to one metre in height, are domal and tabular
shaped and appear as individuals or growing
one on top of the other. The corals show abun-
dant lithophaga bivalve borings and their tops
frequently are the substrate for sponges, oysters
and other undifferentiated organisms. Towards
the top of this unit the corals considerably
increase in abundance with respect to the marls
forming patches of several metres (i.e. bioherms)
between the fine sediment (Fig. 8J).
The RST ends with a 20 m thick bed set of

bioclastic wackestone to packstones with

abundant coral fragments (LFT11) topped by
8 m of rudist limestones exhibiting floatstone
to boundstone textures (LFT7). The rudist
bivalves are dominated by large requieniids
(Toucasia sp.) and radiolitid specimens, occa-
sionally forming bouquets in life position.
Together with rudists, Chondrodonta bivalves
are locally abundant, forming the main skeletal
component of the limestones. The latter float-
stones, which represent the most regressive
sediments of sequence I, show an erosive sur-
face at their top where the MRS is placed
(Fig. 6).
Sequences II and II are not defined, because

the upper part of the succession is mostly

Fig. 10. (A) Google Earth© view of a dolostone geobody in the north part of the Orpesa Range, forming a contin-
uum that includes massive dolostone patches (dark orange) passing to stratabound dolostones (light orange)
towards the south. The feeder Campello Fault is about 1400 to 1600 m away from the transition zone towards the
north. (B) Field view of massive dolostone patch showing several non-replaced limestone stringers (dashed lines).
The red line corresponds to the trace of log 6. Yellow lines indicate bedding planes. (C) Field view of the transi-
tion zone from massive dolostone patch to stratabound dolostones. The dolomitization front (dashed line) is later-
ally bounded by outcrop-scale faults (white solid line).
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covered. Sequence I, however, is overlain by a
20 cm thick conglomerate made of centimetre-
sized quartz pebbles that represents the sole evi-
dence of siliciclastic sediments in the Cingle del
Morral section (Fig. 8J). This siliciclastic deposit
is considered time-equivalent to those of LFT8
that overlie sequence I in the Orpesa Range (log
3; Fig. 4). The rest of the succession is character-
ized by miliolid and orbitolinid packstones with
abundant green algae and aggregate grains
(LFT13), and bioclastic (LFT11) and peloidal
(LFT3) facies. The latter are laterally dolomi-
tized at the outcrop scale, forming thin dolo-
stone beds between the host limestones.
Following the dolostones, the succession is
characterized by several bed-sets of limestones
with coral fragments and, less frequently, in life
position (LFT6) that pass upward to rudist float-
stone (LFT7). These bed-sets are rich in ferrug-
inized grains and are locally capped by mud

cracks (Fig. 8L). The uppermost part of the
outcropping section is mostly replaced by dolo-
stones that show intercalation of limestone strin-
gers made up of peloidal (LFT3) and rudist
(LFT7) facies. The top of the section, and thus
the top of the Benassal Formation, is covered
although the overlying Escucha Formation crops
out further to the north. There, the Escucha For-
mation is made up of cross-laminated quartz-
rich sandstones and grey marls.

Dolostone geometry and distribution

Dolostones extensively replace limestones of the
Benassal Formation across the Benic�assim half-
graben and are especially abundant in the hang-
ing wall blocks of the Benic�assim and Campello
faults, particularly south of their intersection
(Fig. 1). Two main types of dolostone geobodies
are distinguished in the Benic�assim area based

Fig. 11. Photographic view of stratabound dolostones taken from unmanned aerial vehicle (UAV) virtual outcrop
models in the north of the Orpesa Range (A) and the Ferradura (B), respectively. Note that stratabound dolostones
are significantly more abundant (thicker and with longer extension) and with less limestone stringers in the
Orpesa Range when compared with the Ferradura. The outlines of selected limestone stringers within dolostone
bodies are indicated with white dash lines in (B). The units represented in the superimposed logs represent those
beds found laterally next to the log. See Fig. 5 for lithofacies, texture and sequence stratigraphy legend. Faults are
indicated by white lines.
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on their dimensions and spatial association with
faults and bedding: (i) fault-controlled massive
dolostone patches (Figs 9E, 9F and 10); and (ii)
stratabound dolostones (Figs 1, 10 and 11). Both
types are described below.

1 Patches of massive, non-stratabound dolo-
stones crop out close to faults at various scales,
from metre-scale to kilometre-scale faults
(Fig. 10A and B). In such cases dolomitization
fronts cross-cut bedding. The massive dolostone
patches have widths ranging from 300 to
1600 m and thicknesses varying between 20 m
to at least 200 m. Patches of massive dolostone
with a pipe-like shape (sensu Sharp et al., 2010)
follow fault traces upward and appear rooted in
stratabound dolostone bodies.

2 Stratabound dolostones are defined as dolo-
stone bodies replacing specific beds (Figs 10A
and 11). They are typically kilometres wide and
are a few metres to hundreds of metres thick.
Massive patches are typically connected with
stratabound dolostone geobodies away from the
feeding faults, in a continuous way so that the
stratabound bodies are terminations of the mas-
sive ones (Fig. 10).

The two main types of dolostone geobodies
described here are continuous and present the
same petrographic characteristics and diagenetic
evolution (see Mart�ın-Mart�ın et al., 2015, 2017).
Dolostones are laterally continuous along the

Orpesa Range fault block, from north to south.
The largest massive patch in the area, which is
spatially associated with the Campello Fault and
appears in its hanging wall, is at least 200 m
thick and 1400 to 1600 m wide and contains a
few limestone stringers (Figs 1, 10A and 10B).
This large patch passes laterally to large strata-
bound dolostone geobodies that act as its termi-
nation. The largest stratabound body has a
maximum thickness of 150 m and extends for
more than 7 km away from the Campello Fault,
replacing host rocks of the upper part of the
Benassal Formation (Figs 1, 10A and 12). Also
in the Orpesa Range fault block, but away from
the Campello Fault, some kilometre long faults
with a similar strike (for example, the Altos del

Se~nor Fault and Fault D, which strike NW–SE to
WNW–ESE) are surrounded by massive dolo-
stone patches (hundreds of metres wide and
tens of metres thick) (Fig. 1). A ca 500 m wide
massive dolostone patch cropping out in the
hanging wall of the Altos del Se~nor Fault passes
laterally to a stratabound dolostone geobody that
is 70 m thick and at least 1700 m long (Fig. 5).
Stratigraphically, these beds represent the lower-
most dolostones in the whole study area. The
equivalent beds are not replaced in the north
part of the Orpesa Range fault block (i.e. close to
the Campello Fault). The bottom boundary of
this body is about 550 m below the base of the
Escucha Formation (Figs 1, 10A and 12). The
stratigraphically uppermost dolostones lie just
about 130 m below the base of the Escucha For-
mation in this fault block. Dolostones in the
Orpesa Range fault block replace sediments of
T–R sequence II and, in a larger extent, of
sequence III (Fig. 5). In the north, where the
depocentre is located, only the T–R sequence III
is affected by replacement, with a slight prefer-
ence for sediments deposited in the RST. How-
ever, in the southern part of this fault block, the
replacement affects sediments of sequence III
and the RST of sequence II.
Dolostones in the Ferradura fault block

replace limestones corresponding to the middle
and upper parts of the Benassal Formation
(Figs 1, 6 and 12). The lowermost dolostones in
this area crop out about 2200 m away from the
Campello Fault and replace limestones at a
depth ranging from 750 to 600 m below the top
of the Benassal Formation. These sediments
correspond to the regressive part of sequence II.
The lower part of these dolostones is formed
by a few dolomitized beds with individual
thicknesses of a few metres. They are in con-
tact with spicule wackestones to packstones
(LFT9) that contain silica nodules (Fig. 8B).
The upper part of these dolostones is affected
by several faults and presents a thickness of
about 80 m. Limestone stringers within these
dolostone bodies correspond to foraminifera
and green algae grainstones (LFT13) (Fig. 6).
Dolostones replacing the upper part of the

Fig. 12. Correlation of the Benassal Formation across the three fault blocks showing the distribution of dolostones
in the stratigraphic framework. The sequences are coloured in blue (sequence I), green (sequence II) and purple
(sequence III). The grey coloured zone refers to the vertical dolomitization interval, which represents the lowest
and highest occurrences of dolostones within the Benassal Formation. Note that the datum corresponds to the
base of the Escucha Formation (top of the Benassal Formation) to highlight the effect of faulting during deposi-
tion. Foram, foraminifera; HCS, hummocky cross-stratification; Orbitol, orbitolinid; and Pel, peloidal.
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Ferradura block are dominated by a thick stra-
tabound dolostone body (115 m thick, 550 m
long) that terminates at a fault and contains
abundant limestone stringers (Figs 6 and 11B).
This lies about 1500 m south of the Campello
Fault and corresponds to the transgressive part
of sequence III. A small massive dolostone
patch (20 m thick) located about 800 m away
from the Campello Fault appears stratigraphi-
cally higher than the aforementioned strata-
bound geobody (see patch close to logs 17 and
18 in Figs 1 and 6). This thin massive dolo-
stone patch passes laterally to highly-cemented
peloidal grainstone (LFT3) and belongs to the
regressive part of sequence III. Limestones crop-
ping out below the base of the Escucha Forma-
tion are formed by LFT3 and are only partly
dolomitized here. All of the uppermost dolo-
stone bodies in this fault block are bounded at
their west side by Fault C, which is a NNW–
SSE trending normal fault with a length of
1800 m and an offset of tens of metres. The cor-
responding beds of these dolostones are not
replaced in the footwall block of Fault C except
for a small patch (log 14; Figs 6 and 11B). Dolo-
stones in the Ferradura fault block are restricted
to a vertical interval whose bottom and top are
about 750 m and 70 m below the base of the
Escucha Formation (Figs 8E and 12).
Dolostones in the Cingle del Morral fault

block replace limestones of the middle part of

the Benassal Formation and present a strata-
bound geometry, extending at least 1000 m away
from the Campello fault. They are restricted to a
vertical interval ranging from 100 to 400 m
below the base of the Escucha Formation
(Fig. 12). Dolostones replace several thin lime-
stone beds (decimetre to 3 m thick) of foramini-
fera and green algae wackestones to grainstones
(LFT13) in the lower part of the body, and a rel-
atively thicker unit (50 m) above (Figs 7 and
8L). These dolostones correspond to sequence II.
Dolostones of the three fault blocks commonly

preserve depositional characteristics of the host
limestones, including bedding and lamination
(Fig. 9A). The replaced skeletal components (for
example, orbitolina, echinoid plates, miliolids,
rudist fragments and other bioclasts) can be dis-
tinguished in the weathered surface of dolo-
stones as well as in thin section (Fig. 9B). These
mimetic textures reveal that several lithofacies
were dolomitized, including peloidal grainstones
(LFT3), orbitolinid wackestones to rudstones
(LFT4), coral limestones (LFT5), rudist float-
stones (LFT7), spicule wackestones (LFT8) and
bioclastic wackestones to packstones (LFT11).
Dolostone bodies show unreplaced limestone
stringers usually composed of muddy facies with
suture and sharp peak and wave-like stylolites
(sensu Koehn et al., 2016; Fig. 9H and K) or
grainy facies that are strongly cemented with cal-
cite that precipitated prior to dolomitization (for
details of the paragenetic evolution see Mart�ın-
Mart�ın et al., 2015, 2017) (Fig. 9L). The stringers
can be up to 10 m thick and extend for a few
hundreds of metres (Figs 10B and 11B).

Dolomitization fronts

Dolomitization fronts are mostly sharp (Fig. 9C
to H) but they very occasionally are marked by a
transition zone, ranging from 0.5 to 1.0 m, of
pure limestone to pure dolostone (Fig. 9I and J).
Dolostone bodies are observed to pinch out at
various scales, from tens of metres to centime-
tres (Fig. 9C and D). However, most dolomitiza-
tion fronts are laterally bounded by faults at a
range of scales, from major faults with lengths of
hundreds of metres to outcrop-scale faults and
fractures with lengths of metres (Fig. 9E to G).
Vertically, many dolomitization fronts corre-
spond to bedding planes or bed-parallel stylo-
lites (Fig. 9G and H). Vertical dolomitization
fronts can be composed of a combination of
faults, fractures and stylolites in certain cases
(Fig. 9C, D, F and G).

Fig. 13. Sketch of the south to north structure present
in the study area illustrating the association of the
Campello Fault (red line) with the variation in thick-
ness of sequences I to III. ORS, Orpesa Range-South
section; ORN, Orpesa Range-North section; FER, Fer-
radura section; CDM, Cingle del Morral section; T–R,
transgressive–regressive.
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DISCUSSION

Structure of the Benic�assim half-graben

Correlation of sedimentary logs of the exposed
Benassal Formation in the Benic�assim area reveals
significant variations in sediment thickness across
the three main blocks defined by the Campello
and Benic�assim major faults (Figs 5, 6, 7, 12 and
13). The most important structure at the time of
deposition was the west–east trending Campello
Fault, as indicated by the >1600 m thick succes-
sion observed in its hanging wall (Orpesa Range
block) comparedwith 700 m at its footwall (Cingle
del Morral block) (Figs 7 and 13). This north–
south structural framework is consistent with a
half-graben basin with a depocentre immediately
south of the Campello Fault. Along the hanging
wall of the Campello Fault, the Benassal Forma-
tion progressively thins from >1600 m in the north
to ca 1250 m in the south, likely resulting in a
regional onlap in that direction (Figs 5 and 12).
The east–west structure of the study area was

influenced by the north–south trending Benic�as-
sim Fault that records a difference of 300 m in
the thickness of the Benassal Formation between
the hanging wall (Orpesa Range block) and the
footwall (Ferradura block) (Figs 5, 6 and 12).
The variation in thickness between faulted
blocks confirms that the Benic�assim Fault was
also active during the deposition of the Benassal
Formation. This east–west framework indicates
that the carbonate platform was tilted towards
the east, and thus the basin depocentre was
located in the north-east of the study area.
The analysis of the Benassal Formation litho-

facies and their stacking pattern throughout the
study area reflects a dominant shallow-marine
carbonate platform with very scarce terrigenous
influx that evolved from basinal to inner plat-
form environments with time (Figs 12 and 14).
The depositional system was interpreted by
Mart�ın-Mart�ın et al. (2013) as a ramp-type car-
bonate platform based on: (i) the excellent lat-
eral continuity of facies belts, which indicates a
carbonate ramp with a minimum width in the
range of kilometres; (ii) a very similar stacking
patterns of lithofacies across fault blocks; and
(iii) the lack of step-like structures.

Controls on the geometries of dolostone
geobodies

The Benic�assim half-graben hosts a series of
large-scale dolostone geobodies that constitute an

excellent example of well-exposed massive diage-
netic alteration. These dolostone bodies crop out
in an area that is at least 3.2 km long and 9.0 km
wide (Fig. 1). The arrangement, petrographic and
geochemical characteristics suggest that these
dolostones are high-temperature and closely
related to the Campello and Benic�assim faults,
and were therefore interpreted as fault-controlled
(see Geological setting; Gomez-Rivas et al., 2014;
Mart�ın-Mart�ın et al., 2015, 2017).
Two types of dolostone geometries have been

recognized, showing a clear spatial association
between them: (i) fault-controlled massive
patches, including dolostone pipes; and (ii) stra-
tabound dolostones. Field data suggest that fault-
controlled massive dolostone patches laterally
evolve to stratabound bodies, forming a contin-
uum equivalent to the classical Christmas tree
pattern at multiple scales (Fig. 10A), but with a
very long, lateral stratabound component. Dolo-
stone pipes are rooted in the thickest stratabound
dolostones and are spatially relatively close to the
massive patches. Such association of geometries
is common in most cases of fault-controlled
dolomitization in a way that these geometries are
typically interpreted as being genetically related
to the same dolomitization process (e.g. Davies &
Smith, 2006; Wilson et al., 2007; Sharp et al.,
2010; Lapponi et al., 2011). However, there are
also cases in which such geometries have been
formed during different events (Hollis et al.,
2017). In either case, the relative extension of
fault-controlled massive patches is a key factor
for hydrocarbon exploration because good reser-
voir quality can typically be found close to the
transition zone from massive patches to strata-
bound dolostones (e.g. Wilson et al., 2007).

Structural controls on replacement
Different faults in the study area are interpreted
to have acted as feeders or barriers for dolomitiza-
tion fluids at various scales. Based on results from
this and previous studies, faults spatially associ-
ated with massive dolostone patches and dolo-
stone pipes are interpreted to have acted as entry
points for dolomitization fluids into the basin, in
agreement with other studies of fault-controlled
dolomitization (e.g. Davies & Smith, 2006; Wilson
et al., 2007; Sharp et al., 2010; Lapponi et al.,
2011; among many others). Feeding faults in the
study area are some of the syn-rift structures,
chiefly the Campello Fault and a series of large-
scale faults with a similar strike (such as the Altos
del Se~nor Fault and Fault D) (see Fig. 1). Accord-
ing to field, petrographic and geochemical data

© 2020 The Authors. Sedimentology © 2020 International Association of Sedimentologists, Sedimentology, 67, 3290–3316

Fault-controlled dolomitization geometries 3309



from the area, these faults were likely connected
in a way that the dolomitizing fluid came from
underlying basin and basement rock units and
then was distributed by these structures. Despite
the different detachment level of the two domi-
nant fault systems (Antol�ın-Tom�as et al., 2007),
the intersections of both systems very likely
allowed their connectivity to facilitate fluid circu-
lation. Moreover, geochemical and mass balance
calculations (Gomez-Rivas et al., 2014), together
with reactive transport models (Corbella et al.,
2014) indicate that a pervasive fluid flow system
driven by thermal convection, and controlled by
these fault systems, could have delivered enough
volume of dolomitization fluid and at the
required temperature to account for the volume of
dolostone in the Benic�assim half graben. These
studies interpreted that the dolomitization fluid
was composed of evolved seawater that inter-
acted with underlying sedimentary cover and
basement metamorphic rocks. Therefore, seawa-
ter drawdown and thermal convection would not
have occurred at the same time. The large volume
and high reactivity of warm fluids invading the
rock pores next to fault zones, and especially at

their intersection, resulted in the formation of
massive dolostone patches without a significant
facies control. Dolostone pipes are a special case
of massive replacement around faults, since they
appear rooted in the largest stratabound dolo-
stone bodies. Their geometry and arrangement
reveal that they formed when warm fluids that
were focused along specific beds reached a fault
and flowed upward. Such structures were also
described in detail by Sharp et al. (2010) in the
Zagros Mountains.
A large volume of massive dolostone that

passes laterally to a series of large-scale strata-
bound dolostone geobodies is associated with the
Campello Fault. This huge volume of high-tem-
perature dolostone, which forms a continuum
from the fault in the north to a distance of 7 km to
the south suggests that the Campello Fault was
the master feeding fault (i.e. main entry point) for
Mg-rich dolomitization fluids in the Benic�assim
area. This interpretation is also supported by the
fact that this fault also acted as the main conduit
for the delivery of mineralizing fluids forming
Mississippi Valley Type (MVT) deposits in its
vicinity, and also by the presence of more

Fig. 14. Sketches of the half-graben structure showing major depositional environments (inner, middle and outer
ramp) and the distribution of dolostones across the study area. Dolostones indicated with a questions mark in
sequence II are inferred due to lack of exposure. See Fig. 1 for section location.
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radiogenic burial carbonate cements occurring in
the fault surroundings (Gomez-Rivas et al., 2014;
Mart�ın-Mart�ın et al., 2015).
The role and importance of the master feeding

faults on the distribution of dolostones have
extensively been reported in studies of fault-
controlled dolomitization (see Davies & Smith,
2006; Wilson et al., 2007; L�opez-Horgue et al.,
2010; Hollis et al., 2017). In this study, the lat-
eral dolomitization extension along the hanging
wall of the master feeding fault (Campello)
ranges from 790 to 1600 m for massive dolo-
stone patches and is at least 7000 m long for
stratabound dolostones (Fig. 14).
Faults that acted as barriers for dolomitization

fluids can also be identified because they coin-
cide with the termination of dolostone bodies. A
series of structures ranging from outcrop frac-
tures to large-scale faults bounding metre-thick
limestone stringers or hundreds of metre-thick
dolostone clusters are clearly recognized (Figs 1,
9, 10 and 11). Fault C is one of the typical exam-
ples of a low-offset (with a displacement on the
order of a few metres) and large-scale (with a
length of at least 2.4 km) fault that acted as a bar-
rier for dolomitization fluids. These structures
were probably not cemented when dolomitiza-
tion took place, since only two pre-dolomitiza-
tion marine cementation phases are found prior
to replacement (Mart�ın-Mart�ın et al., 2015).
Therefore, these structures caused the diversion
of the dolomitization fluids either due to the
presence of fault gouge or simply because they
acted as planes of discontinuity for fluid flow.
Similar cases of faults acting as dolomitization
stoppers are rarely reported in case studies (e.g.
Rustichelli et al., 2017), despite the fact that
faults can act as barriers for fluids (Knipe et al.,
1998; Bense & Person, 2006; Pei et al., 2015).
The presence of faults with similar orientation,
dimensions and probably age, but that present
opposite transport behaviour (i.e. acting as either
conduits or barriers for dolomitizing fluids),
illustrates how challenging it is to predict fault
permeability in the subsurface.
Finally, another structural control at the outcrop

and micro scale are bedding-parallel stylolites.
These structures, which pre-date replacement
(Mart�ın-Mart�ın et al., 2017), acted as stoppers of
the dolomitization reaction at the outcrop scale
(Fig. 9H), limiting reactive flow and replacement
to one of their sides. The impact of stylolites on
dolomitization is discussed in more detail in
Gomez-Rivas et al. (2015), Mart�ın-Mart�ın et al.
(2017) andHumphrey et al. (2020).

Depositional controls on replacement
Dolostones in the Benic�assim area only occur in
the Benassal Formation and are vertically
restricted to a zone below the base of the Escucha
Formation. This dolomitization zone ranges from
ca 400 to 650 m in thickness (Fig. 12), even
though the Benassal Formation is >1600 m thick.
The preferred dolomitization of the uppermost
part of the Benassal Formation has been inter-
preted to be related to the presence of a regional
unconformity, which corresponds to the top of
sequence III, and the overlying Escucha Forma-
tion, which likely acted as a top seal for dolomiti-
zation fluids (Gomez-Rivas et al., 2014; Mart�ın-
Mart�ın et al., 2015). Despite the similar character-
istics (composition, texture, facies, etc.) of lime-
stones of the whole Lower Cretaceous succession,
the diagenetic fluids only replaced the upper part
of the Benassal Formation sediments below the
regional unconformity (Figs 1 and 2).
There is also a 70 to 130 m thick limestone

zone just below the regional unconformity at the
base of the Escucha Formation which is not
affected by dolomitization (Fig. 12). This configu-
ration is very different from the frequently
reported shale seals in fault-controlled dolomiti-
zation systems, where limestones just below the
unconformity and sealing shale unit normally
appear extensively dolomitized (see reviews by
Davies & Smith, 2006, and many other case stud-
ies like Azmy & Conliffe, 2010; Saller & Dickson,
2011; Freiburg et al., 2012; Slater & Smith, 2012;
Hendry et al., 2015). The presence of a non-dolo-
mitized zone below an unconformity and clastic
seal is probably related to the composition and
original porosity and permeability of such a zone.
In the study area, the uppermost sediments of the
Benassal Formation were affected by subaerial
exposure during the transition from a shallow-
marine carbonate platform (Benassal Formation)
to a tidal flat dominated by clastic sedimentation
(base of the Escucha Formation; Querol et al.,
1992; Villanueva-Amadoz et al., 2010). This sce-
nario is different from that described in the afore-
mentioned carbonate systems that are overlain by
shales associated with transgression and drown-
ing which did not experience subaerial exposure
and/or meteoric water cementation. Subaerial
exposure in carbonates is commonly associated
with significant porosity creation (karst) that may
facilitate subsequent dolomitization (e.g. Sharp
et al., 2010; Poros et al., 2012; Swennen et al.,
2012). However, they have also been reported to
result in the formation of seals for dolomitizing
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fluids (e.g. Lavoie & Chi, 2006), likely similar to
the situation in this study. In this case, a vertical
dolomitization interval associated with a top seal
in the Benassal Formation can be defined by sub-
tracting the non-dolomitized zone (70 to 130 m
beneath the base of the Escucha Formation) from
the preferred circulation zone of dolomitization
fluids (400 to 650 m beneath it; Fig. 12). What
sediments are replaced within this interval
depends on other factors, such as structures (see
above), and facies distributions, components, tex-
ture and pre-dolomitization diagenesis (which
are discussed below).
The stratigraphic framework of the Benic�assim

area is mainly controlled by the activity of the two
large-scale syn-rift faults (the Campello and
Benic�assim faults). Therefore, these structures
determined the thickness of the succession in each
part of the basin and, thus, which part of the
Benassal Formation was located within the vertical
dolomitization interval at each location. Conse-
quently, these syn-rift faults strongly influenced the
potential distribution of dolostones in the sequence
stratigraphic framework (Fig. 12). The Benassal For-
mation is very thick in the north of theOrpesa Range
(i.e. at the half graben depocentre), with the vertical
dolomitization interval only affecting T–R sequence
III (Figs 5 and 12). In contrast, the Benassal Forma-
tion is relatively thinner in both the southern side of
the Orpesa Range and in the Ferradura fault block,
where the vertical dolomitization interval covers
sediments of sequence III and the upper part of
sequence II (Fig. 12). Finally, the Benassal Forma-
tion is much thinner in the Cingle del Morral fault
block, where the vertical dolomitization interval
affects the three T–R sequences (Figs 7 and 12).
However, only sediments of the uppermost two
sequenceswere affected by dolomitization.
The majority of dolomitized sediments in the

study area were deposited in inner to middle ramp
settings (Fig. 14). This observation is supported
by the following facts: (i) muddy facies were
deposited in outer ramp to basinal settings at the
bottom of the Benassal Formation, while grainy
facies were deposited in the inner ramp towards
the top of the Benassal Formation, and are gener-
ally not replaced with dolomite; (ii) dolostones
(both massive patches and stratabound dolo-
stones) are most abundant in the eastern side of
the study area, where middle ramp facies are
prevalent; (iii) dolostones tend to replace the
regressive sediments of T–R sequences when the
sequence is mostly associated with an outer to
middle ramp setting (such as in cases of T–R
sequence II); and (iv) dolostones preferentially

replace sediments around the maximum flooding
zone of a T–R sequence when they represent mid-
dle to inner ramp settings (such as in case of T–R
sequence III). Non-replaced limestones between
or within dolostone bodies are formed by either
muddy facies (for example, spicule wackestones)
with suture and sharp peak and wave-like stylolites
(sensu Koehn et al., 2016) or grainy facies that are
highly-cemented including pre-dolomitization mar-
ine cements (Fig. 9K and L; Mart�ın-Mart�ın et al.,
2017). Both rock typeswere likely either impermeable
to dolomitization fluids or their components were
less reactive and were consequently not replaced.
Reactive transport simulations indicate that a per-
meability contrast of at least two orders of magni-
tude between adjacent beds was required in order to
cause preferential dolomitization of specific beds
(Corbella et al., 2014). Additionally, Mart�ın-Mart�ın
et al. (2015) revealed that replacement of calcite
with dolomite started in thematrix and then affected
other components. This is probably due to the high
reactive surface area of micrite. Therefore, relatively
grainy (i.e. initially permeable) facies containing
some micrite (for example, wackestones and pack-
stones) have a stronger potential for dolomitization.
The depositional setting and distribution of litho-

facies are key controls on the extent of dolomitized
geobodies, and normally determine the units that
can be preferentially dolomitized (e.g. Barale et al.,
2012; Hips et al., 2016). Previous studies indicate
that fault-controlled dolomite can replace sediments
deposited in a variety of environments, from rela-
tively shallow-water settings rich in grains (e.g. Bar-
ale et al., 2012; Hendry et al., 2015) to basinal
environments dominated by relatively muddy facies
(e.g. Smith, 2006; Hips et al., 2016). However, the
preferred dolomitization of wackestones to pack-
stones seems very common in cases of fault-con-
trolled replacement (e.g. Wilson et al., 2007;
Beavington-Penney et al., 2008; Mart�ın-Mart�ın
et al., 2015). This is also the case here, where the
combination of initial permeability of these sediment
textures together with the presence of a certain vol-
ume of micrite (with high reactive surface area)
favour their replacement.

CONCLUSIONS

The results of this study reveal a series of con-
trols on the geometry and distribution of high-
temperature dolostone geobodies in extensional
settings, based on the systematic study of the
Benic�assim outcrop analogue. The main conclu-
sions from this study are:
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1 The strong syn-sedimentary activity of the
west–east trending Campello Fault during the
deposition of the Benassal Formation controlled
the development of a half-graben basin and
determined the depositional framework in the
study area. As a result, the Benassal Formation
is much thinner and presents shallower facies in
the footwall block of the Campello Fault com-
pared with its hanging wall.

2 The sedimentary analysis of the Benassal
Formation throughout the study area reflects a
depositional system with the proximal area in
the west and south, and the basin depocentre
towards the north-east. The carbonate succes-
sion represents a general sedimentary evolution
from basinal to inner-platform depositional set-
tings dominated by shallow-marine environ-
ments. It is characterized by the lack of deposits
representing platform barriers or steps, and the
scarce influx of terrigenous sediments.

3 Two end-member dolostone geometries
(fault-controlled massive patches and strata-
bound) have been recognized in the study area.
They show a clear spatial association between the
two end-members, since massive patches laterally
extend to stratabound bodies. Moreover, dolo-
stone pipes are rooted in the thickest stratabound
dolostones and follow the fault plane upward.

4 The distribution of dolostones is controlled
(in order of importance) by the master feeding
faults (i.e. entry points for warm dolomitization
fluids), the sequence stratigraphic framework
and the lithofacies. Specifically: (i) the hanging
wall of the Campello and Benic�assim faults (cor-
responding to the basin depocentre) was the pre-
ferred place for dolomitization, which is
massive next to the faults; (ii) a clastic unit
(Escucha Formation) above a regional unconfor-
mity, which corresponds to the top of the upper-
most stratigraphic sequence, acted as a seal for
reactive fluids and constrained the vertical inter-
val in which sediments could be replaced; (iii)
the thickness of transgressive and regressive
sequences determined what sediments were
affected by replacement in each fault block; and
(iv) the vast majority of dolomitized sediments
were deposited in middle-ramp settings domi-
nated by wackestones and packstones.
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