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ABSTRACT: The structural position of the Upper Jurassic-Lower Creta-
ceous carbonates located in the central part of the Catalan Coastal Ranges
corresponds to the southwestern end of the Valles-Penedés Fault. This
fault was reactivated at different times during successive extensional and
compressional events and several generations of fractures and cementations
were formed.

Based on petrological and geochemical analyses of this cementation an
evolution of the fluids related to the different tectonic stages can be deduced.
(1) During the Mesozoic extension, the parent fluids resulted either from a
mixing of trapped Upper Jurassic—-Lower Cretaceous seawater and meteoric
water, or from buffered meteoric waters. (2) Related to the Paleogene com-
pression, the fluids came from the percolation of meteoric waters indicating
shallow-depth deformation. (3) During the transitional phase between Pale-
ogene compression and Neogene extension, a karstic dissolution took place
and the porosities were infilled by different generations of sediments and
cements deposited from meteoric fluids. (4) During the Neogene extension
several episodes of meteoric percolations and fracturing processes occurred.
The Neogene extensional faults used the earlier karstic system to develop
and, later, during the late post-rift stage, a new karstic system occurred, cov-
ering the walls of open fractures with speleothems.

INTRODUCTION

In sedimentary basins, deformation and fracturing processes
influence the distribution of diagenetic episodes because they are
discontinuities that can act as barriers or as conduits for fluid cir-
culations and cause the mobilization of these fluids from reacti-
vation in different episodes of tectonic activity (Sibson 1987;
Agosta et al. 2007; Breesch et al. 2009). Knowing the distribu-
tion of fractures, it is possible to predict the potential hydrocar-
bon and aquifer reservoirs, as well as to assess their quality
(Knipe & McCaig 1994; Labaume et al. 2004; Géraud et al.
2006; Bussolotto et al. 2007). The study of fracture-related car-
bonate precipitates, coupling microstructural, petrological and
geochemical analyses, allows one to unravel the origin and path-
ways of the fluids (De Brit 1989; Muchez et al. 1995; Bitzer
et al. 1997; Travé et al. 1998; 2004; 2009; Travé & Calvet 2001;
Labaume et al. 2007; Micarelli et al. 2005; 2006; Benedicto
et al. 2008; Vilasi et al. 2009; André et al. 2010). In addition,
specific petrophysical properties of the fractured host-rock and
the pressure, temperature, origin and behaviour of fluids will
control the degree of fluid—rock interaction and precipitation of
cements within the fractures. However, these processes depend
not only on the lithology; the depth at which the deformation
develops is also one of the main factors controlling the diagenetic
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behaviour of the fractured areas. For example, it is known that the
development of fractures in carbonates at shallow crustal depths
(<1-3 km) is a very complex process, because of the interaction
of mechanical and chemical processes (Sibson 2000; Pili et al.
2002; Verhaert et al. 2009).

The present study has been focused on characterizing the evolu-
tion of fluids within a long basement-involved fault which shows a
complex tectonic evolution due to the superposition of successive
extensional and compressional events. The case study is the Vallés-
Penedes Fault, located in the central part of the Catalan Coastal
Ranges, in the northeastern part of Spain. The main aims followed
are: (1) to characterize the distribution and chronology of fractures,
the timing of diagenetic processes, the type of fault rocks and related
cements and the fluids involved during different deformation events;
(2) to characterize the differences between the Mesozoic and
Neogene extensional events; and (3) to recognize the interference
between karstic and tectonic processes. The interest in the study of
the karst development and infilling is because the main hydrocarbon
reservoirs in Spain are located offshore in the Mediterranean, in
Mesozoic reservoirs, equivalent to those studied onshore. For this
reason, the diagenetic study can be compared in both areas, and the
studied outcrops can be used as analogues of the reservoirs present
in the Valencia Trough.
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Fig. 1. Simplified geological map of the Catalan Coastal Ranges.
Coordinates are in UTM (km).

GEOLOGICAL SETTING

The Catalan Coastal Ranges (CCR), in the NE of Spain, consti-
tute the onshore expression of the northeastern part of the conti-
nental margin that separates the thinned crust of the Valencia
Trough from the Variscan crust of the Iberian Plate (Daflobeitia
et al. 1992; Vidal et al. 1995). It consists of several ENE- to
NE-striking blocks bounded by 50-150 km long basement-involving
faults which display a right-stepping en echelon arrangement with
an ENE-WSW strike (Fig. 1). These faults dip southeastwards
and show a reverse and/or normal motion. This double motion of

the faults, together with the internal structure of the bounded
blocks, reflects a complex evolution in which three main tectonic
events can be differentiated: (1) a Mesozoic extensional phase in
which several Late Jurassic—Early Cretaceous extensional basins
developed along the present-day CCR (Montmell-Garraf, Barcelona,
El Perell6 and Maestrat Basins; Salas 1987); (2) a Paleocene to
middle Oligocene contractional phase that generated an intraplate
chain (the Catalan Intraplate Belt) from the emplacement of
ENE- to NE-trending thick-skinned thrust sheets bounded by
SE-dipping thrusts with a limited left-lateral strike-slip motion
(Ashauer & Teichmiiller 1935; Llopis-Lladé 1947; Anadén
et al. 1985; Guimera 1988, 2004; Roca 1996); and (3) a late
Oligocene?-Neogene extensional phase leading to the normal
reactivation of some of the main Paleogene faults (Fontboté
1954; Amigo 1986; Gaspar-Escribano et al. 2004) which split
the area in a set of ENE-WSW blocks mainly tilted toward the
NW (Bartrina et al. 1992; Roca & Guimera 1992).

In this regional setting, the study area is placed at the south-
western end of the main outcropping basement fault: the Vallés-
Penedes Fault (Fig. 2). This fault is more than 100 km long and
has a Neogene extensional displacement that reaches 4 km
(Roca et al. 1999). It belongs to a long-lived fault that, before
this extensional motion, moved as a Paleogene NW-directed
thrust (Fontboté 1954) and controlled the northwestern boundary
of the Late Jurassic—Early Cretaceous Garraf-Montmell Basin
(Salas 1987). The kinematics and structure of the Mesozoic his-
tory of the Vallés-Penedes Fault can be inferred from the study
of the soft linkage zone that connects this fault with the other
CCR major outcropping fault to the El Camp Fault (Fig. 2).
This linkage zone is formed by pre-Neogene rocks and includes
an ENE-WSW strip of folds and thrusts that, located at the
southwestern prolongation of the Neogene Vallés-Penedés Fault,
separates two realms with different Mesozoic successions. The
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Fig. 3. Geological cross-section through the Vallés-Penedés and Montmell faults. The Riera de Marmellar and Guardiola de Font-Rubi outcrops have

been projected to their equivalent structural position.

southern Montmell realm, belonging to the NW margin of the
Garraf-Montmell Basin, made up by a complete Mesozoic suc-
cession with a thick Upper Jurassic-Lower Cretaceous succes-
sion; and the northern Gaia realm in which the Mesozoic is
much thinner and represented only by Triassic rocks unconform-
ably covered by lower Paleogene sediments of the Ebro Basin
margin (Anadon et al. 1979).

A cross-section through the boundary between these two
realms (Fig. 3) depicts that the structure of the study area is
controlled by the motion of a series of SE-dipping basement
extensional faults and by the presence of an Upper Triassic duc-
tile level that decouples the deformation. Among the basement
faults the Vallés-Penedés and the Montmell faults are notable.
The first one is an extensional fault that, along the presented sec-
tion, dies out in the Upper Triassic interval and drape folds the
overlying Jurassic and Miocene rocks. Growth strata geometries
in the Miocene sediments, as well as the fold geometry of the
underlying Jurassic rocks, denote that its main extensional motion
occurred during the Miocene. The other one, the Montmell Fault,
bounds NW of the thick Upper Jurassic—Lower Cretaceous infill
of the Garraf-Montmell Basin. It cuts all the Mesozoic succes-
sions but not the Miocene basin infill of the Vallés-Penedés
half-graben which, northeastwards of the cross-sectional trace
(Fig. 2), unconformably overlies the fault. The offset of the fault
is extensional on the upper part but contractional on Lower
Triassic—Palaeozoic levels. The boundary between these two
parts coincides with a concave fault dip change and with the
branch line of a hinterland-dipping duplex developed at the foot-
wall block. This geometry is typical in inversion tectonics and
corresponds to the contractional reactivation of an extensional
fault with a footwall short-cut formation (Cooper et al. 1989).
Supporting this interpretation, SE of the Montmell Fault, the
Jurassic and Lower Cretaceous Garraf-Montmell Basin fill
appears deformed by several parallel extensional faults with
clear footwall short-cuts and SE-directed thrusts and folds that

can be interpreted as buttressing structures developed against the
extensional fault (Gillcrist ef al. 1987). Taking into account that
all these structures do not affect the Neogene infill of the Valles-
Penedés half-graben, the extensional motion of the Montmell
Fault is attributed to be Late Jurassic—Cretaceous (coeval to the
formation of the Garraf-Montmell Basin) and the contractional
fault reactivation to the Paleogene Marin et al. 2008).

To ascertain the movement of fluids during the Mesozoic
formation and later Cenozoic contractional and extensional
reactivations of the major basement faults present in the central
part of the Catalan Coastal Ranges, two outcrops have been cho-
sen, one located at the Montmell Fault and the other at the
Vallés-Penedés Fault (see Figs 2, 3).

METHODOLOGY

The paragenetic sequence of diagenetic events was deduced
from field and petrographic observations. Geochemical charac-
teristics of consecutive diagenetic products then allowed subdi-
viding the paragenesis of fluid flow history into four different
stages. Finally, it was possible to link the paragenesis to the kin-
ematic history obtained from the macro- and microstructural
study. Diagenetic products (calcite cement and sediments infill-
ing fractures) and the host rocks (marine and lacustrine lime-
stones) were sampled in the two outcrops. Twenty-two samples
of the host rock and different generations of veins infilling faults
were collected. The samples were cut, polished and 40 thin sec-
tions were selected. The thin sections were stained with
Alizarine Red-S and potassium ferricyanide to distinguish calcite
and dolomite and their ferroan equivalents (Dickson 1966) and
later they were studied using optical and cathodoluminescence
microscopes. A Technosyn Cold Cathodoluminescence device
(model 8200 MKII) operating at 15-18 KV and a 150-350 pA
gun current was used.
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The calcite cements from the host rock and fractures were
sampled for carbon- and oxygen-isotope analysis employing a
500 pm thick dental drill to extract 60+£10 pg of powder from
polished slabs. The powdered calcite was reacted with 103%
phosphoric acid for 2 min at 70°C. The CO, was analysed using
an automated Kiel Carbonate Device attached to a Thermal
Ionization Mass Spectrometer Thermo Electron (Finnigan)
MAT-252. The results are precise to +£0.02%o for 8'3C and
+0.04%o for 3'30. The results were corrected using the standard
technique of Craig & Gordon (1965) and Claypool et al. (1980)
and are expressed in %o with respect to the VPDB standard.

Sr chromatography was performed using the method
described by Pin & Bassin (1992) using Sr resin commercially
known as Sr-Spec and elaborated by Eichrom. Sr isotope meas-
urements were carried out in a mass spectrometer Finnigan
MAT-262 from the Department of Isotope Geochronology and
Geochemistry of SGlker of the University of the Basque
Country. Samples were loaded on to a Ta filament (99.95%)
previously degassed in two stages at 2 A and 4.5 A for 30 min-
utes. The measurement of isotopic ratios was made in the fol-
lowing conditions: %¥Sr beam intensity approx. 4V, acquiring
20 blocks of 10 sweeps, and **Rb being used to monitor poten-
tial isobaric interferences. The analytical data were corrected by
linear law mass fractionation using as a constant ratio 8’Sr/%¢Sr =
0.1194 (Steiger & Jager 1977).

Carbon-coated polished thin-sections were used to analyse
minor and trace element concentrations on a CAMECA SX-50
electron microprobe. The microprobe was operated using 20 KV
of excitation potential, a current intensity of 15 nA and a beam
diameter of 10 pm. The detection limits are 100 ppm for Mn,
145 ppm for Fe, 100 ppm for Na, 400 ppm for Mg, 90 ppm for
Sr and 500 ppm for Ca.

STRUCTURAL AND
MICROSTRUCTURAL DATA

Two locations that lie about 15 km apart from each other were
selected in accordance with their structural position in the gen-
eral cross-section through the Montmell and the Valles-Penedes
Faults (Fig. 3): the Riera de Marmellar outcrop (RMO) and the
Guardiola de Font-Rubi outcrop (GFRO). The RMO is located
within the Montmell Fault hanging wall (central part of the
Montmell realm), whereas the GFRO is located in the western
sector of the Vallés-Penedés Fault zone. In the RMO the host
rocks are Lower Cretaceous marine limestones comprising 1-4 m
thick beds, trending NE-SW and dipping 30° to the NW whereas
in the GFRO the host rocks are Lower Cretaceous lacustrine
limestones comprising 1-3 m thick vertical beds with roof brands
and oxides at the strata top, giving a yellowish tinge to the rock
(Fig. 4a, b). In both outcrops, the limestones contain metric-scale
faults, micro-faults and tension veins filled with calcite cements
and numerous stylolite surfaces. The macrostructural data were
displayed on stereo-plots and have been grouped in different
phases according to their relative chronology (Fig. 5).

e The first phase of deformation is represented by type 1 frac-
tures. These fractures correspond to tension veins that form a
complex network. They have been divided into type la frac-
tures, which are sub-parallel to bedding, and type 1b frac-
tures, which cut at 30° the type la fractures.

e The second phase of deformation has been divided into three
sub-groups. In the RMO, fractures type 2a and 2b trend N60
and dip 60-80° to the NW and SE. The type 2b fractures are
normal and reverse faults. The normal faults have a general
orientation N60/80 NW with 80°W of slip and the reverse

faults have a general orientation N70/75 SE with a 70°E of
slip. These normal and reverse fault orientations were
restored to their original geometry by rotating bedding to
horizontal; the reverse faults restore as normal-sense faults,
without evidence of reactivation (Wibberley et al. 2007).
These normal faults have a high angle of dip because of their
rotation in close proximity to the Montmell Fault. The last
generation is type 2c¢ fractures, trending N15 and dipping 60°
to the east. In the GFRO only fracture type 2a is present,
trending N150 and dipping 70° to the west.

e The third phase of deformation is characterized by type 3
fractures, which are present in both outcrops. They corre-
spond to reverse faults trending N60 and dipping 70-85° to
the SE and NW with 75-90° east and west slickenlines. In
the GFRO, these faults are cut by another set of reverse
faults trending N55 and dipping 25° to the NW with a slip of
54° to the east.

e The fourth deformation stage is characterized by the type 4
fractures, only present in the RMO. These fractures correspond
to sub-vertical tension gashes trending N130 and sometimes
displaying a sigmoid morphology consistent with a normal
motion. They are recognized at meso- and micro-scale.

e The fifth deformation stage is characterized by the type 5
fractures, only present in the GFRO. They are normal faults
trending N-S to NE-SW and dipping 60-70° to the SE and
NW with a slip of 25° south for the N-S-trending faults and
70° west for the NE-SW trending faults. Other macro-frac-
tures with the same trend and dip have been recognized;
however, the slickenlines are absent.

o Finally the last deformation stage is characterized by the type
6 fractures. They are present in the GFRO and correspond to
sub-vertical tension fractures trending NNW-SSE.

PETROLOGY AND GEOCHEMISTRY

The marine host-limestones correspond to wackestone, pack-
stone and grainstone of miliolids, peloids, orbitolines, rudists
and ostreids, whereas the lacustrine host-limestones correspond
to a wackestone—packstone of charophyta, ostracoda and gaster-
opoda fragments. In both cases, the intragranular porosity is
filled by microsparite cement (COa) and the luminescence of the
limestones is red to orange. Compositional data are summarized
in Table 1 and isotopic data are cross-plotted in Figures 6 and 7.

The calcite cement COa consists of anhedral crystals, 5-10 um
in size, red to orange luminescent. The elemental composition of
this cement is similar to the host limestones (see Table 1).

The limestones are brecciated, probably during the initial
fluid loss of the sediment, giving weak differences in lumines-
cence and are affected by an incipient process of dolomitization.
The dolomitization process is characterized by the presence of
individualized rhombohedral crystals (CD1), 100-200 pm in
size, non-luminescent, although locally the nucleus shows an
orange dull luminescence. The dolomite crystals have been later
calcitized (see Table 1).

A partial dissolution of the rock has created moldic and vug
porosity. This porosity was partially filled by micrite and the
remaining porosity was occluded by the calcite cement COb
showing geopetal disposition. The cement COb corresponds to
euhedric calcite crystals featuring blocky texture, 100-500 pm in
size and showing a zoned red to orange luminescence.

Different generation of breccias, cements and sediment infill-
ings have been recognized related to the fractures described in
the structural section. These diagenetic products are described
following the same chronological order of the different deforma-
tions stages.
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Fig. 4. (a) Riera de Marmellar outcrop showing the main normal faults (fractures type 2b) (dashed lines) and bedding planes (continuous lines);

(b) Guardiola de Font-Rubi outcrop showing the main reverse faults (fractures type 3) (dashed lines) and main normal faults (fractures type 5)
(continuous lines); (¢) hand specimen showing type 2a and 2b fractures; (d) hand specimen showing type 2c fractures and random stylolites
(stylobreccia); (e) slip surface of type 3 fractures and related yellow cataclasite; (f) outcrop photograph showing type 2c and type 4 fractures; (g) slip
surface of type 5 fractures and related cohesive fault breccia B1 and breccia with orange pisoliths B2.
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Type 1 fractures and calcite cement C1

Type la fractures are 25-50 um in width and the walls are
irregular and enlarged by dissolution. They are filled by two
generations of calcite cement. The first generation (Cla)
forms a rim, up to 10 um thick, in one of the fracture walls.
The crystals, 5-10 pm in size, are subhedral with c-axes ori-
entated perpendicular to the fracture wall. They are zoned,
from non-luminescent to orange bright luminescent. The sec-
ond cement generation (Cl1b) is formed by dull-orange lumi-
nescent euhedral crystals, 10-15 um in size, forming a
mosaic fabric. Type 1b fractures are filled by the same type
of calcite mosaic fabric with dull-orange luminescence (C1b)
(Figs 8a, b). The elemental composition of these fillings is
variable (see Table 1).

Type 2 fractures and calcite cement C2

Due to the similarities in the geochemistry and structural data,
this group includes type 2a, 2b and 2c fractures, each with dif-
ferent types of fillings.

Type 2a fractures and calcite cement C2a and C2b. Type 2a
fractures are 500 um to 5 cm wide and have straight walls
(Fig. 4c). They contain two generations of filling: the first
corresponds to calcite cement C2a. This calcite has a milky
aspect in hand sample and is constituted by subhedric crys-
tals 300 um to 1.5 mm in size, with a red dull luminescence
featuring a drusy texture. The cloudy appearance of these
crystals is due to abundant solid inclusions and mechanical
twin planes (Figs 8c, d). Locally the crystals are elongated,
growing with the c-axis perpendicular to the fracture walls,
giving a bladed texture. The second generation of filling cor-
responds to calcite cement C2b. This calcite is translucent
orange in hand sample. The crystals are euhedric, 100 um to
1.5 mm in size, have a cloudy appearance due to abundant
solid inclusions and mechanical twin planes, with a red dull
luminescence and have a drusy texture.

Type 2b fractures and calcite cement C2c. The striated calcite
cement present along the type 2b fault planes (calcite cement
C2c¢) is constituted by subhedric to euhedric crystals, 100-500
um in size, featuring a blocky texture. The crystals contain
abundant mechanical twin planes and are red dull to red bright
luminescent. Closer to the fault plane this calcite becomes a
microsparite, 70-100 pm in size, corresponding to the cataclasis
of the bigger calcite crystals (Fig. 8e).

Type 2c¢ fractures and calcite cement C2d. Type 2¢ fractures are
open, from 500 pm to 1 cm wide and have sub-angular walls
enlarged by dissolution (Fig. 4d). They contain one generation
of calcite cement C2d. This calcite has a white translucid aspect
in hand sample and is composed of euhedric crystals, 75 um to
1 mm in size, with a zoned black-orange bright-black lumines-
cence, and a drusy texture (Figs 8a—e).

Type 3 fractures and calcite cement C3

Related to type 3 fractures is a fault zone over 0.5 m thick. The
core zone is comprised of a yellow cataclasite (Fig. 4e), formed
by fragments of the host limestones and earlier cements, 0.1-0.5
cm in size. The cataclasite has two generations of calcite
cement: the first generation of cement (C3a) contains anhedric,
non-luminescent, microsparite crystals, 4-10 pm in size, featur-
ing blocky texture. The second generation of cement (C3b) sur-
rounds sub-rounded fragments of the cataclasite, 0.1-2 cm in
size. This cement consists of euhedric non-luminescent crystals,
10-100 um in size, featuring blocky texture (Fig. 8f).

Later movements of the reverse faults generated the catacla-
sis of the earlier cataclasites and cements and a syn-kinematic
striated calcite precipitated along the fault planes. This calcite
cement (C3c) corresponds to non-luminescent, euhedric crys-
tals, 200-500 um in size, featuring blocky texture. The crystals
are highly deformed and contain abundant mechanical twins
planes (Fig. 7).

Stylolites and breccias

The stylolite system is comprised of mostly open and randomly
orientated stylolites (from sub-horizontal to sub-vertical), giving
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Table 1. Summary of oxygen, carbon and strontium isotopic compositions and the trace element composition of the host limestones, calcite sediments
and calcite cements. Results of the elemental ratios calculated for fluids which precipitated calcite sediments and cements.

Molar Molar Molar Molar Molar
313C 3180 ratio ratio ratio ratio ratio
(%o (%o Mg Ca Na Mn Fe Sr Mg/Ca  Mg/Ca Sr/Ca Sr/Ca Ca/Fe
Filling stage Luminescence VPDB) VPDB) ¥St/*Sr (%) (%) (ppm) (ppm) (ppm) (ppm) fluid (a) fluid (b) fluid (c) fluid (d) fluid (e)
Lacustrine host- Red to orange m -6 =53 — 0.11 3834 <dl <dl <dl 341 03744 0.0386  0.0151  0.0051 —
limestones (7 = 13) M 40  -30 — 0.43 4025 264 176 3177 941 1.4812 0.1528  0.0396  0.0134  14046.1
mv 50 40 070747 028 39.19 — — — 533 09677 0.0999  0.0230  0.0078 —
Marine host-limestone Red to orange m -1.6 -3.7 — 023 3882 <dl <dl 168 403 0.7823 0.0807  0.0172  0.0058 151.8
(n=75) M -1 3.4 — 030 397 256 174 714 704 1.0448 0.1078  0.0302  0.0102  659.2
myv  —-14  -3.6 070728 026 3936 — — 395 557 0.8917 0.0920  0.0239  0.0081 3752
Calcite cement COa Red to orange m — — — 0.25 38.89 <dl <dl 301 231 0.8656 0.0893  0.0099  0.0034 59.3
(GFRO) (n =17) M — — — 0.45 39.84 132 331 1852 605 1.5631 0.1613  0.0257  0.0087  365.1
mv — — — 034 3935 — — 1206 445 1.1866 0.1224  0.0191  0.0065 1418
Calcite cement COa Red to orange m — — — 0.10 39.10 <dl <dl <dl 200 0.3330 0.0344  0.0086  0.0029 —
(RMO) (n = 11) M — — — 0.74 40.16 429 307 1726 1423 2.5972 0.2680  0.0617  0.0208 9096
my — — — 031 3954 — — — 607 1.0724 0.1107  0.0261  0.0088 —
Calcite cement CD1  Non-luminescent m — — — 0.07 3882 <dl <dl <dl <dl 0.2409 0.0249 — — —
(GFRO) (orange dull M — — — 0.64 40.06 285 411 2311 471 2.2266 0.2297 0.0199  0.0067  1336.7
(n=10) nucelous) P — — 026 3955 — — —  — 09031 00932 — — —
Calcite cement COb Red to orange m — — — 0.04 38.62 <dl <dl 192 <dl 0.1238 0.0128 — — 52.8
(GFRO) (n = 11) zonation M — — — 0.42 40.18 217 360 2041 1291 1.4995 0.1547  0.0544 0.0184 5842
mv — — — 028 3925 — — @ — — 09778 0.1009 — — 157.2
Calcite cement COb Red to orange m — — — 0.02 39.76 <dl <dl <dl 438 0.0769 0.0079  0.0187  0.0063 —
(RMO) (n = 13) zonation M — — — 034 4039 95 75 172 1056 1.1865 0.1224  0.0443  0.0150 2942
my — — — 0.14 4006 — — — 741 04761 0.0491  0.0313  0.0106 —
Calcite cement Cla  Non-luminescent m — — — 0.20 3396 <dl <dl <dl 160 0.6675 0.0689  0.0070  0.0024 —
(GFRO) (n = 12) to orange bright M — — — 0.49 4036 317 524 2977 1031 1.7648 0.1821  0.0443  0.0150 5633.8
zonation my — — — 032 3827 — — — 531 1.1403 0.1177  0.0233  0.0079 —
Calcite cement Cla  Non-luminescent —m — — — 0.07 3899 <dl <dl <dl 294 0.2382 0.0246  0.0128  0.0043 —
(RMO) (n = 15) to orange bright — — — 0.55 4024 373 449 3118 755 1.9065 0.1967  0.0328  0.0111 1538
zonation my — — — 021 3964 — — — 48 0.7390 0.0763  0.0208  0.0070 —
Calcite cement C2a Red dull m 63 -84 — 0.03 3874 <dl <dl 187 <dl 0.1107 0.0114 — — 55.4
(GFRO) (n = 15) M -23 =59 — 0.52 40.10 180 413 1960 2006 1.8267 0.1885  0.0848  0.0286  598.7
mv  —46 73 — 033 3930 — — 1336 — 1.1641 0.1201 — — 150.0
Calcite cement C2a Red dull m -19 -107 — 0.09 3878 <dl <dl 473 593 0.2997 0.0309  0.0253  0.0085 345
(RMO) (n = 3) M 0.8 -9.0 — 0.15 39.7 151 741 3138 759 0.5154 0.0532  0.0332  0.0112 2343
mv 09 98 — 0.11 3927 — — 1931 672 04016 0.0414  0.0290  0.0098  116.6
Calcite cement C2b Red dull m — — 0.70754 <dl. 3879 <dl <dl <dl <dlL
(GFRO) (n = 29) M — — 070805 034 40.44 319 385 1877 1046 1.2063 0.1245  0.0439  0.0148 111002
mv  —49  -58 0.70779 — 3977 — — @ — — — — — — —
Calcite cement C2b Red dull m  -53 68 — 0.02 39.13 <dl <dl <dl 297 0.0597 0.0062  0.0125  0.0042 —
(RMO) (n =7) M -44 =59 — 0.12 4046 136 197 3896 583 0.4151 0.0428  0.0244  0.0082 2963
mv 48  —64 — 0.08 3998 — — — 437 0.2855 0.0295  0.0185  0.0062 —
Calcite cement C2¢ Red dull to m — — 0.70752 — — — — — — — — — — —
(RM) (n=2) red bright M _ _ 0.70757 — _ _ _ _ _ _ _ _ _ _
mv — — 0.70755 — — — — — — — — — — —
fgll\il)“z °°m1°)m c2d ]zl?d;‘);fnf m -l -84 - - = — — — — —
n = Tl -blac!
£ M 02 -67 — — I — — — — — —
zonation
mv  —07  -7.5 070757 — RN — — — — — — —
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Table 1. (Continued)

Molar ~ Molar Molar Molar Molar

313C 3180 ratio ratio ratio ratio ratio
(%0 (%0 Mg Ca Na Mn  Fe Sr Mg/Ca Mg/Ca  Sr/Ca Sr/Ca Ca/Fe
Filling stage Luminescence VPDB) VPDB) ¥St/%Sr (%) (%) (ppm) (ppm) (ppm) (ppm) fluid (a) fluid (b) fluid (c) fluid (d) fluid (e)
Calcite cement C3a Non-luminescent m -94 54 — <dl 3925 <dl <dl <dl <dlL — — — — —
(GFRO) (n = 16) M -8.1 49 — 0.18 40.15 447 59 811 375 0.6376 0.0658  0.0160  0.0054  4804.6
my -89 5.1 — — 3970 @ — — — — — — — — —
Calcite cement C3b Non-luminescent m -9.5 54 — <dl 3946 <dl <dl <dl <dlL — — — — —
(GFRO) (n = 12) M -7.0  —44 — 026 40.564 228 312 247 535 0.8995 0.0928  0.0227  0.0077 942
my -84 49 — — 4000 — — @— — — — — — —
Calcite cement C3c Non-luminescent m — — — 0.09 39.15 <dlL <dl <dl <dl 0.3049 0.0315 — — —
(GFRO) (n = 5) M — — — 020 40.85 128 79 105 293 0.6998 0.0722  0.0125  0.0042  3903.1
my -85 -52 070791 0.15 4001 — — @ — — 05078 0.0524 — — —

Calcite cement C3¢ ~ Non-luminescent ~ m — — — — — - — - — — _ _ .
(RMO) (n = 1) M _ _ _ _ _ - _ _ — _ _ _ _

Calcite cement C4 Non-luminescent m -10.5 =55 — 0.11 3928 <dl <dl <dl <dl 03734 0.0385 — — —
(GFRO) (n = 13) M -79 46 — 0.41 4055 108 94 1351 617 1.4234 0.1469  0.0266  0.0090 14034
mv 92  -5.0 — 023 3992 — — @ — — 0.7788 0.0804 — — —
Calcite cement C4 Non-luminescent m — — — 0.01 40.14 <dl <dl <dl 154 0.0327 0.0034  0.0065 0.0022 —
(RMO) (n=9) M — — — 0.16 40.68 161 141 112 651 0.5391 0.0556  0.0274  0.0092 3903
mv 79  —6.1 — 008 4035 — — @ — — 02612 0.0270  0.0138  0.0046 —
Calcite sediment CS1 Non-luminescent —m -8.6 —6.4 — 0.10 3940 <dl <dl 1289 246 0.3557 0.0367 0.0104  0.0035 54.8
(RMO) (n = 3) M -85 —64 — 0.8 4024 110 23 2009 382 0.6332 0.0653  0.0162 0.0055  86.5
mv -85  —64 070809 0.14 3984 — — 1663 308 0.4673 0.0482  0.0131  0.0044  69.6
Calcite cement C5a  Non-luminescent ~ m -9.8 —5.4 — <dl 39.13 <dl <dl <dl <dlL — — — — —
(GFRO) (n = 25) M —69 —41 — 0.53 40499 220 103 1748 578 1.8535 0.1912  0.0245  0.0083 1311
mv 88 48 — — 3963 — — @ — — — — — — —
Orange pisoliths Non-luminescent ~ m -10.8  —49 — 0.05 3896 <dl <dl 462 <dl 0.1768 0.0182 — — 52.9
(GFRO) (n = 4) M -98  —46 — 0.16 40.56 150 51 2056 255 0.5649 0.0583  0.0109 0.0037  239.4
mv  -103 47 — 0.11 3969 — — 1095 — 0.3952 0.0408 — — 154.3
Calcite cement C5b  Non-luminescent m -10.3 =71 — 0.13 40.08 <dl <dl <dl <dl 04537 0.0468 — — —
(GFRO) (n = 5) M -85  —44 — 0.19 40497 215 175 210 333 0.6677 0.0689  0.0140  0.0047 1561
my 92  -52 0.17 4028 — — @ — — 0.5681 0.0586 — — —
Calcite cement C5¢ Non-luminescent m -9.7 =5.7 — <dl 3942 <dl <dl <dl <dlL — — — — —
(GFRO) (n = 13) M -90 -5 — 025 4058 160 92 125 332 0.8747 0.0903  0.0139  0.0047 4128
mv 93 54 070825 — 4013 — — @ — — — — — —
Calcite sediment CS2 Non-luminescent —m — — — <dl 39.16 <dl <dl 124 <dl — — — — 67.5
(GFRO) (n = 8) M — — — 0.8 3994 373 77 1643 361 0.6261 0.0646  0.0153  0.0052  898.6
my — — — — 3960 — — 677 @— — — — — 383.7
Calcite cement C6  Non-luminescent m  —102  —6.3 — 007 3950 <dl <dl <dl <dl 02446 0.0252 — — —
(GFRO) (n = 28) M -84  —49 — 0.69 40.577 4246 809 353 500 2.3708 0.2446  0.0213  0.0072 15898
mv 93 54 — 025 4001 — — @ — —  0.8673 0.0895 — — —

m, minimum value; M, maximum value; mv, mean value; n, number of elemental analysis spots in the same sample; < d.l., below detection limit
aKMg = 0.012 at 25°C (Mucci 1987)

"KMg = 0.1163 at 90°C (Katz 1973)

°KSr = 0.027 at 25°C (Lorens 1981)

dKSr = 0.08 at 100-150°C (Kinsman 1969)

°KFe = 5 at 25°C (Tucker & Wright 1990)
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Fig. 7. Cross-plot of strontium ratio versus oxygen isotopic
compositions of the host limestones and calcite sediments and
cements.

the rock a pseudo-nodular texture, described as stylobreccia
(Figs 4d, 8g) (sensu Stewart & Hancock 1990).

Type 4 fractures, calcite cement C4 and calcite
sediment CS1

Type 4 fractures are 300 um to 5 cm wide and have sub-angular
walls, enlarged by dissolution (Fig. 4f). They contain two gen-
erations of calcite fillings. The first generation corresponds to
the calcite cement C4 formed by white translucid calcite in hand
specimen, comprised of euhedric non-luminescent crystals, 100—
200 pm in size, featuring blocky texture. The second generation
of filling corresponds to the orange- to pink-laminated calcite
sediment CS1. This sediment is comprised of non-luminescent
euhedric crystals, 10-50 pm in size, featuring blocky texture.
The sediment contains reworked fragments of the host limestone
and earlier cements, 0.1-3 c¢m in size.

Type 5 fractures and calcite cement C5

A different generation of fault breccias were developed in
association with type 5 fractures (Fig. 4g). Cohesive fault
breccia Bl is formed by angular fragments, between 0.1 cm
and 3 cm in size, of host limestone and earlier calcite cements.
This breccia is cemented by calcite cement C5a, comprised of
non-luminescent anhedral calcite crystals, 10-20 um in size,
featuring blocky texture (Fig. 8h). In the central part of the
core zone, there is a breccia with orange pisoliths B2 (Fig.
8i). This breccia is formed from sub-rounded fragments, 1-5
cm in size, of the host rock, calcite cements and cohesive
fault breccia B1. Some of the fragments are coated by an
orange micrite and between the fragments orange pisoliths are
present. These pisoliths are 10-50 pm in size and their nucleus
have been totally micritized. The breccia B2 is cemented by
the calcite cement C5b. This cement is formed from non-lumi-
nescent euhedric crystals, 50-200 pum in size, featuring blocky
texture (Fig. 8i).

Later movements of the normal faults caused the cataclasis
of breccia B2. Synchronous with the movement of the normal
faults, calcite cement C5¢ was precipitated (Fig. 8j). This cement
shows crack-seal structures with inclusion bands of orange piso-
liths and locally sigmoidal morphology. C5c is formed from

non-luminescent subhedral to euhedral crystals, 250-500 pum in
size, featuring blocky texture. The crystals contain abundant
mechanical twin planes.

Type 6 fractures, calcite sediment CS2 and calcite
cement C6

Type 6 fractures are 5-10 cm in width, with sharp and undu-
lated walls and are partially filled by two generations of calcite
sediment and cement. The first generation corresponds to pink-
laminated calcite sediment CS2. The sediment is comprised of
non-luminescent, subhedral crystals, 10-30 pm in size, featuring
blocky texture (Fig. 8k). The second generation of filling is the
calcite cement C6. This cement is comprised of non-luminescent
bladed crystals, 500 pm to 2 cm in size, with the c-axis perpen-
dicular to the fracture wall (Fig. 8k).

DISCUSSION
Diagenesis of host limestones

If it is assumed that the precipitation of the calcite cement
occurred in equilibrium, the chemical composition of the
fluid responsible for the calcite precipitation can be deter-
mined using the distribution coefficient equation of Mclntire
(1963). The molar ratios Ca/Fe, Mn/Ca and Sr/Ca of the host
marine limestone and the intraparticular cement COa are con-
sistent with re-equilibration and precipitation from formation
waters, whereas the molar ratios of Mg/Ca are consistent
with re-equilibration and precipitation from either meteoric
or formation waters. The §'%0O values of the host marine
limestone are slightly lower than the expected values for
limestones precipitated from the Cretaceous seawater (from
-2.5 to +1%0 VPDB), whereas the 8'3C and the strontium
ratios are in good agreement with those of limestones pre-
cipitated from Cretaceous seawater, ranging from —2 to +3%o
VPDB and from 0.7068 to 0.7074, respectively (Veizer &
Hoefs 1976; Veizer et al. 1997, 1999). These data show that
the original marine signal is still recognized for 3'*C and the
strontium ratio but it has been moderately overprinted during
diagenesis, modifying the 8'%0O values. On the other hand,
the molar ratios Sr/Ca, Ca/Fe and Mg/Ca and the 3'%0 and
313C values of the lacustrine host limestone and calcite
cement COa clearly show a meteoric origin for the fluid
(from -8 to —2%o &'*0 VPDB and from —12 to 0%o 8'3C;
Veizer & Hoefs 1976). The geochemistry of the intraparticu-
lar cement COa indicates, in both cases, precipitation during
the very early stages of diagenesis.

The molar ratios Mg/Ca and Sr/Ca of CDI1 and COb in
the marine limestones clearly indicate precipitation from for-
mation waters, whereas in the lacustrine limestones they are
consistent with meteoric waters. These values indicate that
dissolution, brecciation, incipient dolomitization and subse-
quent calcitization of the dolomite crystals, as well as pre-
cipitation of cement in the vug and moldic porosity, occurred
during initial burial of the rock and, therefore, the initial
stages of mesogenesis.

Relationships between fracturing events and
palaeofluids

Knowing the regional setting of the study area it is possible to
correlate the different fracturing stages to the main tectonic
events (Knipe & McCaig 1994). The different fractures, breccias
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Fig. 8. (a), (b) Type la, 1b and 2c¢ fractures with Cla, C1b and C2d calcite cements under (a) optical and (b) cathodoluminescence microscope; (¢),
(d) type 2a, 2c and 4 fractures with C2a, C2d and C4 calcite cements under (¢) optical and (d) cathodoluminescence microscope; (e) type 2b and 2¢
fractures with C2c¢ and C2d calcite cements under optical microscope; (f) type 3 fractures with related cataclasite and C3b calcite cement under optical
microscope; (g) stylobreccia related to type 3 fractures under optical microscope. Detail of the dolomite crystals (CD1); (h) cohesive fault breccia

B1 related to type 5 fractures with the calcite C5a under optical microscope; (i) breccia with orange pisoliths B2 cemented by C5b under optical
microscope; (j) cataclasite of breccia B2 with the calcite cement C5c¢ under optical microscope; (k) type 6 fractures with the calcite sediment CS2 and
calcite cement C6 under optical microscope.
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(c) End of Paleogene contractional deformation
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Type 4 fractures, CS1 & C4:
Intense karstic dissolution and formation of vug & cavern porosity.
Meteoric fluids circulating in an open hydrological regime.

(d) Neogene extensional deformation

Type 5 fractures, C5a, Orange pisoliths, C5b & C5c¢:

Meteoric fluids circulating in an open hydrological regime.

Type 6 fractures, CS2 & C6:

Meteoric fluids circulating in a persisting open hydrological regime,

development of speleothems.
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Fig. 9. Evolution of meteoric fluids from Mesozoic to recent within the Vallés-Penedés—Montmell Alpine fault system. MF, Montmell Fault; FPT,
Frontal Paleogene Thrust; VPF-BPF, Vallés-Penedés Fault and Baix Penedés Fault.

and cementation processes observed along the NW border of the
Penedées Basin attest to different fluids circulating during basin
development.

Mesozoic extensional deformation. The complex network of
type 1 fractures formed during the initial stage of Mesozoic
extension. They represent the process zone formed around
the fault tip during its development (Stewart & Hancock
1990). The large elemental composition range of calcite
cements Cla and Clb suggests the infiltration of fluids of
different compositions and origins, not interacted with the
host limestone, during this multistage of fracturing (Fig. 9a).

During the Mesozoic extensional syn-rift stage, the NNW—
SSE tension fractures (type 2a) and the NE-SW normal faults
(type 2b) were formed. Petrological and geochemical similari-
ties between calcites C2a, C2b and C2c related to type 2a and
2b fractures indicate that they precipitated from a fluid with
the same origin. The molar ratios Mg/Ca, Sr/Ca and Ca/Fe of

these cements, both in marine and lacustrine limestones, are
consistent with precipitation from formation waters. Because
fractures in the RMO are from the hanging wall and those of
the GFRO are from the footwall of the Montmell Fault, the
more negative 8'%0 values in the RMO are interpreted as hav-
ing been precipitated at deeper burial depth. The similarity
between the §'3C values of C2a, C2b, C2c and the host rock is
probably due to the buffering of pore-water carbon isotopic
composition by extensive dissolution of the host limestones
(Marshall 1992). The ¥Sr/%¢Sr ratios, together with the §'3C
values, indicate high fluid-rock interaction in a closed palaco-
hydrological system. On the other hand, type 2c fractures can
be related to the post-rift stage. The variations in luminescence
of calcite cement C2d attest to a variability of fluid composi-
tion during its precipitation. The 3'*0O values are consistent
either with meteoric or formation waters, whereas the 87Sr/%Sr
ratio and 8'3C values indicate high fluid-rock interaction in a
closed palacohydrological system.



Fluid behaviour in successive tectonic events 29

In summary, cement C2 in type 2 fractures, related to the
Mesozoic extensional phase, precipitated from a fluid that
strongly interacted with the rock, approaching a closed system.

Paleogene contractional deformation. The reverse faults (type 3)
and stylolites formed during the Paleocene to middle Oligocene
contractional phase that generated the Catalan Intraplate Belt
(Guimera 2004). The Mg/Ca and Ca/Fe molar ratios, as well as
the 8'%0 and 8'3C of cements C3a, C3b and C3c in type 3 frac-
tures and related cataclasite, are consistent with precipitation
from meteoric water (Fig. 9b).

End of Paleogene contractional deformation. The vertical
fractures (type 4) and their later enlargement by dissolution
can be related to the subaerial exposure of the Mesozoic
horsts and development of a karstic system during the transi-
tional phase between Paleogene compression and Neogene
extension (Fig. 9c). The elemental geochemistry and the more
radiogenic isotopes of the calcite sediment CS1 indicate low
interaction with the host limestone and the opening of the sys-
tem to meteoric water. The Mg/Ca, Sr/Ca and Ca/Fe ratios, as
well as the 880 and §'3C values of the calcite cement C4,
indicate precipitation from meteoric waters in an open hydro-
logical system. Similar fractures, sediments and cements
related to karstic processes have been described during this
transitional phase within the Penedés Basin (Travé et al. 1998)
and in the neighbouring Amposta offshore oil reservoir (Playa
et al. 2010).

Neogene extensional deformation from late Oligocene (?) to late
Neogene. The type 5 fractures corresponding to NE-SW normal
faults are attributed to the syn-rift stage of the late Oligocene?—
Neogene extensional phase (Roca & Guimera 1992). The fillings
of type 5 fractures are a mixture of tectonic and Karstic pro-
cesses and resulted from multistage movement of the normal
faults. The location of frictional processes generated the cohe-
sive fault breccia Bl and the cataclasite during progressive
opening of the hydrological system. When the fault reached the
surface, karstic features from the vadose and phreatic meteoric
environment led to the formation of the red breccias B2, the
karstic pisolithic layer and the breccias with pisoliths. Later
movements of the normal faults generated the cataclasis of
karstic deposits. The 3'®0 values of calcite cements C5a, C5b
and CSc, varying from —7 to —4.4%0 VPDB, together with the
Mg/Ca and Sr/Ca molar ratios and the high radiogenic values
of C5c, indicate that meteoric waters, not interacted with the
host limestone, were responsible for precipitation of these
cements (Fig. 9d).

Finally, the type 6 fractures are attributed to the late post-
rift stage of the Neogene extension as a result of generalized
tensile deformation of the whole area during the final stages of
basin development. The 3'%0 values of CS2 and C6 filling type
6 fractures, varying from —6.3 to —4.9%0 VPDB, together with
the calculated Mg/Ca and Sr/Ca molar ratios of the fluid, indi-
cate precipitation from meteoric waters. The laminated calcite
sediment CS2, together with the palisade texture of the calcite
cement C6, are interpreted as speleothems covering the frac-
tures walls, in the vadose meteoric environment, similar to
those described in Miocene materials (Travé & Calvet 2001).
The low 83C of the calcite cement C6 indicates a higher
involvement of soil-derived CO, (Travé et al. 1998; Breesch
et al. 2009).

This reconstruction of the relationship between fractures
and migration of fluids within the Vallés—Penedés exten-
sional basin development has an economic interest because

this basin can be used as an analogue for the reservoirs
placed offshore of the Valencia Trough (Esteban 199; Playa
et al. 2010). These reservoirs correspond to a paleokarst
developed over the Mesozoic carbonates during the
Paleogene to Neogene transition stage (Vera et al. 1988;
Esteban 1991). In the Montmell realm, this karstic dissolu-
tion and infilling is related to the formation of type 4 frac-
tures which are filled by the carbonate sediments CSI.
Knowing in detail the fracturing and diagenesis that occurred
in these rocks will help unravel the evolution and migration
of the oil during the development of the basin.

CONCLUSIONS

Structural analyses indicate that Mesozoic normal faults were
reactivated during the Paleogene as reverse faults. During the
Neogene, different normal faults generated the actual disposition
of the Catalan Coastal Ranges.

Based on petrological and geochemical analyses of the differ-
ent generations of calcite cements associated with the different
generations of fractures, different types of fluids have been identi-
fied: (1) related to the earlier stage of Mesozoic extension, type 1
fractures include a complex network of microscopic fractures
filled by calcite cements that precipitated from fluids with vari-
able composition uninteracted with the host rock. (2) During the
syn-rift stage of Mesozoic extension, NE-SW- to ENE-WSW-
trending normal faults (type 2 fractures) were filled by three
generations of calcite cement that precipitated at different burial
depths from fluids resulted either from a mixing of trapped
Upper Jurassic—Lower Cretaceous seawater and meteoric water,
or from buffered meteoric waters highly interacted with the host
rock. (3) During the Paleogene contractional deformation, NE—
SW reverse faults (type 3 fractures) with a fault gouge cemented
by several generations of non-luminescent calcite cements pre-
cipitated from meteoric fluids in an open hydrological system.
(4) The end of the Paleogene contractional deformation is repre-
sented by vertical fractures (type 4 fractures) that favoured dis-
solution and created vug and cavern porosity. These cavities are
filled by calcite cement and sediment precipitated from meteoric
fluids related to the subaerial exposure of the basement carbon-
ate rocks during the transitional stage. (5) During the Neogene
syn-rift stage, NNW—SSE- and NE-SW-trending normal faults
(type 5 fractures) filled by non-luminescent cements precipitated
from meteoric fluids. (6) During the late post-rift stage, NNW-—
SSE open fractures (type 6 fractures) with the walls covered by
speleothems indicate a persistent hydrological regime to mete-
oric open fluids.

We have recognized, in the studied outcrops, a complex
fluid history during the two extensional phases, different in the
Mesozoic extension than in the Neogene extension. In contrast,
the Paleogene compression is characterized by a very simple
fluid history characterized by meteoric fluids in small reverse
faults.

Finally, two different episodes of karst development have
been identified; an early one developed previous to the Neogene
extension, which is used by the Neogene faults to develop, and
a late one, developed after the Neogene extension, that origi-
nated at the expense of the Neogene normal faults.

The isotopic and electron microprobe analyses were carried out at
‘Centres Cientifics i Tecnologics’ of the University of Barcelona and
the strontium analyses at SGlker Geochronology Department of the
Faculty of Science and Technology, University of Pais Vasco/EHU.
We also thank Andrea Billi and the anonymous reviewer of Petroleum
Geoscience for their accurate and constructive reviews of this paper.
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