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ABSTRACT

Fault-controlled hydrothermal dolomitization of tHeate Aptian to Early Albian
Benassal Fm shallow water carbonates resulted én s#tismic-scale stratabound
dolostone geobodies that characterize the Benmasase study (Maestrat Basin, E
Spain). Petrological and geochemical data indita¢ dolomite cement (DC1) filling
intergranular porosity in grain-dominated faciesnstduted the initial stage of
dolomitization. The bulk of the dolostone is formbg a replacive nonplanar-a to
planar-s dolomite (RD1) crystal mosaic with verylgorosity and characteristic
retentive fabric. Neomorphic recrystallization oDRto form replacive dolomite RD2
occurred by successive dolomitizing fluid flow. Treplacement sequence DC1-RD1-
RD2 is characterized by a depletion in the oxygatoipic composition (meamlso(v_
ppg) vValues from -6.92, to -8.55, to -9.86%o), which iterpreted to result from
progressively  higher  temperature fluids. Clear dote overgrowths
(overdolomitization) precipitated during the lasage of the replacement. Strontium
isotopic composition suggests that the most likelgin of magnesium was Cretaceous
seawater-derived brines that were heated and edrichradiogenic strontium and iron
while circulating through the Paleozoic basementl/@n Permo-Triassic red beds.
Burial curves and analytical data indicate that tBplacement took place at burial
depths between 500 and 750 m, which correspontetbdte Cretaceous post-rift stage
or early Tertiary extension of the Maestrat Basingd by hydrothermal fluids likely
exceeding temperatures of 80°C.

Following the partial dolomitization of the hostckp porosity considerably increased in
dolostones by burial corrosion related to the d¢atton of acidic fluids likely derived
from the emplacement of the Mississippi Valley-Tyjsposits. Acidic fluids, probably

overpressured, circulated along faults, fractures stylolites. Saddle dolomite and ore-



stage calcite cement filled most of the newly @datuggy porosity. Subsequent to
MVT mineralization, precipitation of calcite cemsntesulted from the migration of

meteoric-derived fluids during uplift and subaemiposure. This late calcite cement
destroyed most of the dolostone porosity and ctuteti the main cause for the present

day poor reservoir quality of the Benassal Fm doluss.
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1. Introduction

Dolomitized limestone successions have been extegsstudied during the last
decades favored by the occurrence of importantdoatbon reservoirs in dolostones.
The key parameters controlling the distributionratk heterogeneities in dolostones,
which eventually control reservoir quality, arellgtioorly constrained, especially in
those resulting from fault-controlled or fault-assded replacement processes (e.g.
Duggan et al., 2001; Wilson et al., 2007; Shar@let2010). Structurally-controlled
dolostones commonly involve warm subsurface fluidigfining the so called
hydrothermal dolomites (HTD) (Davies and Smith, @00These authors synthesized
the most important characteristics of HTD in tewh$luid flow of dolomitizing brines
along faults and fractures, and highlighted th&se association with the genesis and
location of Mississippi Valley-Type (MTV) minerakgosits.

Typically, dolostone geobodies adjacent to feediaglts (i.e. fault-related) are
irregular in geometry and distributed in patchemglthe fault trace (e.g., Duggan et al.,
2001; Wilson et al., 2007; Lépez-Horgue et al., 20%hah et al., 2010; Sharp et al.,
2010; Di Cuia et al., 2011; Lapponi et al., 201&wilt et al., 2012; Ronchi et al. 2012).
Eventually, these bodies extend away from faultesomollowing suitable layers,
resulting in a stratabound dolostone distributiergy( Sharp et al., 2010; Lapponi et al.,
2011; Dewit et al., 2014). A Christmas tree-likerptmlogy can be recognized when
the replacement geometry includes both the patobytlze stratabound end members in

an individual dolostone body (e.g., Sharp et &10.

The formation of stratabound dolostones is commoelgted to the circulation of
dolomitizing fluids along most permeable beds, garain-dominated carbonate facies
typical preferential conduits (e.g., Davies and thn2006; Wilson et al., 2007; Sharp et

al., 2010). Lateral flow through permeability patys like karstic units and/or



aquitards are also claimed to facilitated the abratind geometry (Sharp et al., 2010).
More recently, the formation of stratabound HTD adtbnes in Matienzo (Basque-
Cantabrian Basin, Spain) has been related to maeaastratigraphy, considering

massive limestones beds major barriers to dolomgifluids (Dewit et al., 2014).

Moreover, late authors claimed that depositiomakbktone facies played a minor role in
the replacement process. Taken into account thehamécal stratigraphy represents the
by-product of depositional composition, diagenetiolution and structure (Laubach et
al., 2009), new case studies of stratabound dalest@re of key interest in order to

constrain major controls on the dolomitization s

The Benicassim outcrop analogue (Maestrat Basi§p&in) constitutes a superb
example of fault-controlled hydrothermal dolomitiba that resulted in dominant
stratabound dolostone geobody morphologies (Gonmeasket al., 2010a, 2010b, 2014;
Martin-Martin et al., 2010, 2013; Corbella et aD14). In Benicassim, mud-dominated
and highly stylolitized massive limestone beds appmreplaced within the dolostones
bodies, providing an opportunity to constrain tleéerof diverse parameters in the
replacement. In this regard, the Late Aptian depmsl facies of the Benicassim host
rock are similar to prolific hydrocarbon reservainsthe Tethyan realm, and thus may
represent a consistent analogue for age-equivabmbionate reservoirs in the Middle
East (Martin-Martin et al., 2013). In particulahet Benicassim dolostones are of
significant interest for the study of equivalenulfecontrolled partially dolomitized
hydrocarbon reservoirs worldwide, as well as thbgdrocarbon reservoirs located

offshore of eastern Spain (e.g., Clavell and Berast 1991; Lomando et al., 1993).

This paper presents new petrographic and geochkedataof the Lower Cretaceous
stratabound dolostones cropping out in the Benicassea. In particular, the aims of

the study are: (i) to unravel the diagenetic evotutof the carbonate host rock with



special emphasis on the replacement process;o(iponstrain the composition and
origin of the dolomitizing fluids; and (iii) to detmine the controls on the development

of stratabound morphology geobodies.

2. Geological setting

The Benicassim area is located in the south oMhbestrat Basin (E Spain), which
developed during the Late Jurassic-Early Cretaceiftusycle of the Mesozoic Iberian
rift system (Salas and Casas, 1993; Salas et@1)ZFig. 1). The basin was inverted
during the Alpine orogeny, and it is thus part loé intraplate Iberian Chain fold-and-
thrust belt. Mesozoic syn-rift and contractive A@i structures were subsequently
reactivated and/or overprinted by an extensionakplduring the Neogene period (Roca
and Guimera, 1992; Simon, 2004; Gomez-Rivas et28l12), which configured the

present-day West Mediterranean basin (Valenciaghpu

[Fig. 1 hereabouts — 2-column fitting]

During the Late Jurassic-Early Cretaceous, theoredi NW-SE and NNE-SSW
trending extensional faults of the Maestrat Bagisutted in the formation of rifted
blocks that locally accommodated kilometer-thicknles Cretaceous syn-rift deposits
(Roca et al., 1994; Salas et al., 2001) (Fig.ri}he study area, the intersection between
the NW-SE-trending Campello fault and the NNE-SS@hding Benicassim fault
resulted in the formation of a semi-graben striecthat was filled with ~2100-m-thick
syn-rift deposits (Martin-Martin et al., 2013) (BidL and 2). These authors studied the
syn-rift succession and reported one of the thickesian sedimentary records from the

western Tethyan realm. Moreover, the Lower Cretasesyn-rift deposits appear



partially dolomitized in close association with tleorementioned seismic-scale
regional faults, providing a new case study of tfohtrolled hydrothermal
dolomitization. These dolostones locally host Misgpi Valley-type (MVT) ore

deposits (Fig. 2 and 3).

[Fig. 2 hereabouts — 1.5-column fitting]

Dolomitization of the syn-rift succession exclusiveffects the Late Aptian to
earliest Albian Benassal Fm, which is a ~1500-rakhtarbonate ramp succession
formed almost entirely by shallow-water, marine a®{s (Martin-Martin et al., 2010,
2013) (Figs. 2, 3 and 3). The succession is domghhy orbitolinid foraminifera, coral,
and rudist bivalve fauna (Tomas, 2007; Tomas ea807, 2008; Martin-Martin et al.,
2013). The platform carbonates are stacked inteethransgressive-regressive (T-R)
sequences bounded by discontinuity surfaces obmagjisignificance (Bover-Arnal et
al., 2009). Rudist-rich lithofacies typically forrthe top of the T-R sequences,
constituting excellent markers that can be followletughout the study area (Martin-
Martin et al.,, 2013) (Figs. 2 and 3). The top of tBenassal Fm is karstified and
fossilized by the tidal clays and sands of the EsauFm, which has been interpreted to

act as a regional seal for dolomitizing fluids (MiasMartin et al., 2010).

[Fig. 3 hereabouts — 1-column fitting]

2.1. Dolostone distribution and geometry

Dolostones dominantly appear in hanging-wall blogkboth the NW-SE and NNE-

SSW trending basement faults, forming two main rs@sscale, stratabound and



tabular-shaped bodies with an individual maximumkimess of 150-m (Fig. 3 and 4A).
These dolostone bodies can be recognized sevéraidtiers away from the fault zones,
extending for several thousand square meters treestudy area (Fig. 2). Commonly,
non-replaced mud-dominated limestones facies appet@rcalated between the
dolostone geobodies or bounding them (Fig. 4A-CGycdkding Martin-Martin et al.

(2013), these low-porosity facies facilitated theetal fluid flow along higher porosity
and more permeable units, enhancing the stratabgeochetry of the dolostones away
from the feeding faults. Dolomitization fronts akarp and wavy and approximately
follow the layer boundaries (Fig. 4B-C). Howevdre tdolomitization fronts cross-cut
the bedding planes, undulating up and down fromimeers to meters at the outcrop
scale (Fig. 4E). These diagenetic fronts frequertyrespond to bedding-parallel
stylolitic surfaces (Fig. 4F), indicating that sthjles acted as barriers for fluid flow
during the replacement of the limestone. Less fatly, dolomitization fronts are

constrained by meter-scale faults (source).

[Fig. 4 hereabouts — 2-column fitting]

2.2. Dolostone petrography and geochemistry

The Benassal Fm dolostones exhibit the typicalabyraragenesis, which includes
the replacement of the host limestones, cementatdourial dolomite and calcite, and
MVT sulphide mineralization (Martin-Martin et al020, 2013). The bulk of the
dolostone is a replacive non-planar dolomite witdaminant fabric-retentive fabric.
These dolostones have been interpreted to havenateg from hydrothermal fluids
based on the petrographic data and the oxygenpisotomposition of dolomite phases

(Gomez-Rivas et al., 2010a; 2014; Martin-Martinakt2010, 2013; Corbella et al.,



2014). Carbon-oxygen isotope model curves calodlate terms of fluid-rock
interaction are consistent with formation of replacdolomite between 80 and 110°C,
and precipitation of burial calcite at 80-120°C (@z-Rivas et al., 2010a, 2014).

Mass balance calculations and geochemistry datdedpin the Benicassim case
study suggest that seawater, either modified @tipg, and/or basement brines were the
most likely sources of magnesium for dolomitizati@omez-Rivas et al., 2010a,
2014). Crush-leach data of fluid inclusion contemtequivalent Aptian replacive
dolomite from the Maestrat Basin supports the hypsis that the dolomitizing fluid
was most probably evolved seawater enriched withgsaum during fluid circulation
through the subsurface (Grandia, 2001; Grandial, 003).

The emplacement of the MVT deposits in the Maeddadin is dated as Lower
Paleocene (62.6+0.7 Ma; Grandia et al.,, 2000), tcamméng the timing of
dolomitization of the Benassal Fm carbonates betwdw Early Albian (end of
deposition) and the onset of the Tertiary. Thisetispan corresponds to the Late
Cretaceous post-rift stage of the Maestrat Basiar{id-Martin et al., 2010, 2012a,
2013). According to quantitative subsidence curlkgsMartin-Martin et al. (2010),
burial depths of the affected rocks would haveegtetween 200 and 1000 m during
that time. A post-rift dolomitization scenario i@ postulated based on geochemical,
reactive transport and fluid and heat flow numérisanulations applied to the

Benicassim case-study (Gomez-Rivas et al., 20X, Zorbella et al., 2014).

3. Methodology
202 samples were collected from outcrops alongtigtegphic sections and
perpendicular/parallel to faults planes. 185 sasplere selected for thin section

preparation and petrographic analysis by standatotad microscopy. Thin sections
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were half stained with alizarin red-S and potassiemcyanide in order to facilitate the
identification of ferroan and non-ferroan calciges well as dolomite phases. 40 thin
sections were analyzed with cathodoluminescenceostgopy with a Technosyn Cold
Cathode Luminescence model 8200 MKIl equipmenth wiierating conditions of 15-
18 kV and gun current of 300-350 pA. Dolomite typesse recognized based on crystal
size, crystal boundary shape (using the classidicgproposed by Sibley and Gregg
(1987), inclusion content, cathodoluminescence rc@and cross-cutting relationships.
Textural characteristics of limestones and dolastomwere investigated in detail with a
scanning electron microscope (SEM) QUANTA 200 Féiiipped with a dispersive X-

ray spectrometer (EDS).

Doubly-polished thin sections of selected samplesewprepared and coated with
carbon to allow analysis of major elements (Ca, Mg, Fe, Sr and Na) in a Cameca
SX-50 electron microprobe equipped with four vetlic distributed WDS
spectrometers. Operating conditions were 20 kVcotkerating voltage, spot size of 10
um, and beam current of 6 nA (Ca, Mg, Si) and 40k (Fe, Sr, Na). Detection limits
were 495 ppm (Ca), 493 ppm (Mg), 131 ppm (Mn), pp& (Fe), 161 ppm (Sr) and
128 (Na). Na and Mn data were under the detecitoitsl for most diagenetic phases.

Oxygen and carbon stable isotopic composition wasdyaed from 80 dolomite and
calcite diagenetic phases. The isotopic signattitbeohost limestone was obtained by
analyzing three samples of the micrite matrix amd samples of rudist shells that were
little altered diagenetically (least-altered sarspléSampling was performed with a
micro-drill equipped with 0.4 to 1 mm diameter biBowdered calcite and dolomite
preparations were reacted with phosphoric aci®fand 15 min respectively in vacuum
at 70 °C. The evolved GOwas analyzed on a Thermo Finnigan MAT-252 mass

spectrometer. Results were corrected and expresskd relative to standard Vienna
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Pee Dee Belemnite (V-PDB), reporting a precisiont@f02 %o for §**Cy.ppg and of

+0.04 %o fors*%0.ppg.

87Srfosr isotopic ratio of 23 dolomite and calcite sarspleas analyzed, including
replacive dolomite, saddle dolomite and dolomitenest, as well as calcite cement.
Two samples of the least altered host rock micntiatrix and one rudist shell were
analyzed in order to obtain the original host restopic signature. Powders were
converted to chlorides by leaching in acetic adid% in volume) and chlorhidric acid
at several concentrations. The final liquid samplese loaded into chromatographic
column with DOWEX 50Wx12 200/400 mesh cation exgjeresin. A VG Sector 54
TIMS mass spectrometer was used to analyze thepisotomposition of the isolated
Sr. Results were controlled by repetitive analydishe NBS-987 standard, averaging

(n=11) 0.710202 + 0.000044p, and normalized t&'Srf°Sr = 0.1194.

Melting ice and homogenization temperatures werasmed in fluid inclusions
using a Linkam THMS-600 heating-freezing stage. Du¢he small size of the fluid
inclusions, only those of calcite veins hostingfidel mineralization (Campello mine;
Fig. 2) were measured. For each inclusion, homagéon temperature always were
measured prior to ice melting temperature. Themgant was calibrated with distilled
water, 10 and 20% NACI solutions and pure ,C@uid inclusions, and the
reproducibility of measurements below 0 °C was PC2nd £2 °C for homogenization
temperatures. Ice melting points were accuratetgrdened following the sequential
freezing method of Haynes (1985).

Porosity and permeability measurements of repratieatimestones and dolostones
were performed on cylindrical plugs of 20-mm (09 diameter and 57 mm (2.2 in)
length drilled in rock samples both parallel andpeeadicular to bedding. The total

porosity was quantified by water porosimetry usithg Archimedes methodsee
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Cavailhes et al., 2013 for methodological detaild)e analytical accuracy is +0.05%.
Gas permeability was measured using a Hasslerpegtheameter, steady-state flow
method and nitrogen as fluid, under same conditjoasfining pressure of 1.5 MPa and
pore pressure of 1.4 MPa). The analytical accuxaries between £10% & D) and

+0.5% (k<0.001 mD).

4. Reaults

4.1. Petrography

4.1.1. Calcite cements 1 and 2 (CC1 and CC2)

Calcite cement CC1 occurs as very fine crystalgiranbetween 1@m and 80um
in size. CC1 forms isopachous rims that line priymaterparticle porosity and fills
intraparticle porosity in limestones (Fig. 5A). €& cement CC2 occurs as clear spar
crystals between 50m and 2 mm in size (Fig. 5A). CC2 fills primary enparticle,
shelter, fenestral and burrow porosity in limestnas well as secondary moldic
porosity. In addition, CC2 forms frequent syntax@lergrowths over echinoderm
plates. CC2 engulfs concavo-convex grain contaetd,thus postdates the early stages

of mechanical compaction.

[Fig. 5 hereabouts — 2-column fitting]

4.1.2. Dolomite cement 1 (DC1)
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Dolomite cement DCL1 fills primary inter- and inteafpicle porosity, and secondary
moldic porosity in grain-dominated limestone faci@sig. 5A-D). DC1 shows
homogeneous light gray color under plane-polariiggd, slightly undulose extinction,
and bright to dull red luminescence. DC1 engulfg] thus postdates, calcite cements
CC1 and CC2, as well as mechanical compaction. B&@iinantly occurs in peloidal
and orbitolinid packstones to grainstones, andigalgrainstones (see Martin-Martin
et al., 2013 for facies description). Moreover, D€ Also abundant in limestones in the
proximity of the dolomitization front (up to 1-2 fnom it), where it shows similar

textural characteristics to the dolomite replacmagrix (Fig. 5C and D).

4.1.3. Replacive dolomite 1 (RD1)

Replacive dolomite RD1 occurs as transitional plane non-planar-a crystals with
cloudy appearance (inclusion rich) and polymodak gilistribution (Fig. 6A). Most
replacive mass is fine to coarsely crystallineize $50-600 um) although considerably
larger crystals (500-3000 um) are also observedsdtarger dolomite crystals resulted
from the replacement of large-size echinoderm pléfeég. 6B-C). RD1 crystals show
light gray color under plane-polarized light, unoké extinction, and speckled dull red
luminescence (Fig. 6D). Staining with K-ferricyamithdicates that RD1 crystals are
ferroan to slightly ferroan. RD1 postdates styipdition. RD1 forms tight crystal
mosaics that exhibit scatter sub-millimetric intgstalline porosity (mesopore to
micropore according to Choquette and Pray, 197@jividual RD1 crystals show
abundant intracrystalline porosity (microporesduling Choquette and Pray, 1970) and

remnants of the host limestones (Fig. 6E-F).
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[Fig. 6 hereabouts — 2-column fitting]

RD1 pervasively replaces matrix, grains and eaalgite cements in both mud- and
grain-dominated facies. The replacement of the hosistone is mostly mimetic, being
skeletal and non-skeletal components clearly reizegnin thin section (Fig. 6B-C).
Mimetic textures evidence the preferential replageimof bioclastic wackestones-
packstones, peloidal grainstones, and orbitolinidistones-rudstones. The replacement
of grain-dominated facies is also evidenced by pinesence of green grains (i.e.
glaucony) within RD1 crystal mosaics. AdditionallgD1 partially replaces matrix,
skeletal and non-skeletal components in limestaedo 20-30 cm away from the

dolomitization front.

4.1.4. Replacive dolomite 2 (RD2)

Replacive dolomite RD2 occurs in completely dolapeid facies forming medium
to coarse (100 um to 1.6 mm) planar-s to non-ptananystal mosaics (Fig. 7A and B).
RD2 crystals are frequently formed by a RD1 cloudse and a clear crystal outer part.
Relics of skeletal and non-skeletal componentsdisgnguished within these cores
(Fig. 7A). Patches of the primary RD1 crystal mosadften occur within mosaics of
RD2, suggesting a textural evolution from one te tther (Fig. 7A and D). RD2 is
considerably less abundant than RD1, and appeasslglassociated with fractures and

other highly permeable areas.

[Fig. 7 hereabouts — 2-column fitting]
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RD2 crystals are gray in color under plane-polatiight and exhibit an overall
homogenous dull to bright red luminescence (Fig. RD2 displays straight extinction
although it can be slightly undulose when RD1 @alysbres are present. RD2 mosaics
show abundant intercrystalline porosity along @alstargins and intersections (Fig. 7D
and E). Pore size range from micropores to mesepsaresu Choquette and Pray
(1970). The RD2 clear outer part has less intraalyse microporosity and fewer solid

inclusions than the cloudy core of RD1 (Fig. 7E &jd

4.1.5. Dolomite cement 2 (DC2)

Dolomite cement DC2 appears in the form of cleatayial overgrowths on cloudy
RD1 and RD2 crystal centers, and lining RD1/RD2 amxs fractures and molds in
dolostones (Fig. 8A-D). It resulted in planar-estey mosaics with individual crystals
ranging from fine to very coarse in size (100-1500) (Fig. 8B). DC2 commonly form
a thin rim, although occasionally up to four rimeogrowths can be distinguished. DC2
is light gray in color under plane-polarized liglwtd shows a bright orange to red
luminescence (Fig. 8C-D). Compared to replaciveowhites, DC2 has notably fewer

solid inclusions and lower intracrystalline micropsity (Fig. 8E and F).

[Fig. 8 hereabouts — 2-column fitting]

4.1.6. Saddle dolomite 1 (SD1)

Saddle dolomite SD1 occurs as coarse to very cdd@@5000 pm) non-planar
crystals with typical curved boundaries and undelestinction (Fig. 9A). SD1 crystals

show gray color under plane-polarized light andl datl luminescence (Fig. 9B).
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Staining with K-ferricyanide indicates that SD1 stals are slightly ferroan. SD1
overgrowths RD1 crystals (Fig. 9A), and appearpas-lining in fracture and solution
enlarged stylolitic and vuggy porosity in dolostser{€ig. 9C-E). Moreover, it occurs as
pore-filling in fracture, shelter, and moldic potgsin limestones. SD1 is more
abundant in limestones located next to faults arttdtomite bodies. SD1 is recognized
by its white color in hand specimen that changepimndéy or brown when partially or

completely calcitized, respectively.

[Fig. 9 hereabouts — 2-column fitting]

4.1.7. Calcite cement 3 (CC3)

Calcite cement CC3 occurs as clear euhedral toeslitbhblocky crystals ranging
between 10Qum and 7 mm in size (Fig. 9C-E). CC3 has a briglinge to yellow
zoned luminescence (Fig. 9F). CC3 fills intercriysta porosity in dolostones, and
solution enlarged vugs, stylolitic and fracture gsity in dolostones and limestones
(Fig. 9C-E). CC3 engulfs, and thus postdates, oamadolomites (RD1 and RD2) and

dolomite cements (DC2 and SD1) (Fig. 9D).

4.1.8. Calcite cement 4 (CC4)

Calcite cement CC4 occurs as clear euhedral toeslrtbhcrystals, ranging between
100 and 150@um in size. CC4 has bright to dull yellow zoned lnescence. CC4 fills

vertical fractures and the remaining vuggy poroaftgr SD1 and CC3 cementation.

4.1.9. Calcite cement 5 (CC5)

17



Calcite cement CC5 occurs as subhedral to anhedystals ranging between 100
and 250Qum in size, and is non-luminescent (Fig. 8A). CCbBvpsively fills vuggy and
intercrystalline porosity in dolostones, replacetothites, and fills fracture porosity in
both limestones and dolostones (Fig. 10A and B)rddeer, CC5 extensively cements
dolomitic breccias in subseismic-scale fault zomlesg dolostone geobodies (Fig. 4G).

CC5 engulfs, and thus postdate all dolomites phaisésalcite cements.

[Fig. 10 hereabouts — 2-column fitting

Calcitization (dedolomitization) affects all dolamitypes and is more extensive at
outcrop surfaces, in the vicinity of faults, andraj open fractures and stylolites. The
CC5 selectively replaces the inner rim overgrowthd/ar the cloudy core of
rhombohedral DC2 crystals (Fig. 10B). Partial daation is distinguished by bright
luminescent calcite zones within dolomite crystaBompletely calcitized dolomite
areas are recognized in outcrop by their brownremge color. At micro-scale thin
coatings of Fe-oxide appear on the edges of rengolomite crystals and filling the

porosity.

4.1.10. Calcite cement 6 (CC6)

Calcite cement CC6, actually a succession of eboitd dolomite bands, occurs as
concentric crystal aggregates with a dominant pentixture (Fig. 10C-D). CC6 fills
millimeter-sized vugs, and dissolution enlargedtivee and stylolitic porosity within
dolomite and calcitized dolomite crystal mosaicgldinite bands typically show a

fibrous radial structure.
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4.1.11. Other diagenetic phases

Together with the calcite and dolomite diagenetages reported above, silica-
bearing minerals and MVT sulphide minerals are plesent in the Benassal Fm. Opal-
CT and quartz are common throughout the succedsioically replacing skeletal
components such as corals in coral-bearing fa8égification is only observed in
limestones, and thus mainly pre-dates the replacestage. MVT deposits hosted in
the Benassal Fm contain the following mineral paragis: galena, sphalerite, barite,
goethite, hematite, pyrite, calcite and dolomitbe3e minerals fill fractures and voids
in dolostones, or they fill secondary porosity iardtic sediments constituted by sand

sized limestone and quartz, and mica clasts.

4.2. Geochemistry

4.2.1. Major elements

All reported dolomites in the Benicassim area asastoichiometric, calcium-rich
and have variable but relatively high Fe conterab{@ 1). The Fe concentration is
commonly higher in replacive dolomites (RD1 and RB2d dolomite rim overgrowths

(DC2) than in saddle dolomite SD1.

[Table 1 hereabouts — 2-column fitting]
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CC2 exhibits Sr content up to 600 ppm, and low eatration of Mn, Fe and Na
(Table 2). CC3 contains variable but relativelythapntents of Fe, Mn and Sr, whereas
CC4 show variable but relatively high Sr, moderfage and low Mn and Na contents.
CC5 shows variable but relatively high Sr, Fe arad &hd low Mn concentration. CC6
chemistry is not available but those dolomite baintisrcalated in between (Fig. 10C)

are characterized by low Rén, and Sr contents, and high Na content (Tahle 2)

[Table 2 hereabouts — 2-column fitting]

4.2.2. Sable isotopes

The least altered rudist shelis=@) yielded'®0y.ppg values between -3.77 and -
2.53%0 ands'®Cy.pps values between +5.44 and +6.23%., while the mécrnitiatrix
(n=3) give §*®0y.ppg values between -5.50 and -2.72%o aitCy.pps vValues between
+4.08 and +4.39%o (Fig. 11). In both cases the tegubnalytical range is close to the
original isotopic composition of the Lower Cretagseamarine carbonates (Allan and

Wiggins, 1993).

[Fig. 11 hereabouts — 2-column fitting]

Cement and replacive dolomites yield8fOy.pps values between -6.18 and -
10.51%0, andd™*Cy.pps values between +1.89 and +5.75%. (Fig. 11). Preiyrely
depleted values &0 are recorded from dolomite cement DC1 (mean %92=9) to
replacive dolomite RD1 (mean -8.55%:19), and to replacive dolomite RD2 (mean -

9.86%0; n=8). Saddle dolomite SD1 give intermediad&Oy.pps values between
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replacive dolomites RD1 and RD2 (mean -8.76%17). Dolomite cement DC2 shows
intermediate values as well (mean -9.17%5%), partially due to contamination with the

dolomite crystal core during sampling.

Most calcite cement CC3 yieldédOy.pps values (-9.72 to -8.71%o) ardd’Cy.pos
values from +3.06 to +3.60%o similar to those repdrabove for dolomites (Fig. 11).
Highly depleted**Cy.pps values of CC3 (from -2.03 to -1.31%0) aéifOy.pps values
(from -12.36 to -10.87%0) are recorded from calatments filling megapores and
fractures close to major faults. Calcite cement GE®y.pps signature varied from -

10.78 to -8.39%0 and->Cy._ppg from -1.36 to +4.60%o.

Calcite cement CC5 yielded®Oy._pps values between -8.09 and -4.78%o, &Mty
pos Values between -8.59 and +0.09%. (Fig. 11). Sigaiftly highes*®0y.ppg (-3.96 to
+0.29%0) and8*Cy.pps (-2.99 to +0.04%) values are registered in caldl€6

compared to other reported cements.

4.2.3. Srontium isotopes

The 8’Srf°Sr ratio of the micritic matrix and rudist shelhges between 0.70720
and 0.70732, which is in agreement with the raregonted in the literature for the
Aptian-Albian seawater (Jones and Jenkyns, 200@) (R2). Replacive dolomite RD1
Sr ratios range from 0.70748 to 0.7076271), while replacive dolomite RD2 show a
relatively constant value around 0.70766&%) corresponding to the upper limit of the
RD1 range. Saddle dolomite SD1 Sr isotopic commmsits between 0.70746 and

0.70753 (=2).

[Fig. 12 hereabouts — 1-column fitting]
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Calcite cement CC¥SrFSr data range from 0.70756 to 0.707642), and that of
calcite cement CC4 is around 0.707341) (Fig. 12). Calcite cement CC5 Sr ratios

range between 0.70765 and 0.7073&4).

4.3. Fluid inclusion microther mometry

Primary fluid inclusions in CC3 (ore-stage calatiter Gomez-Rivas et al., 2014)
range in size between 10 and 20 um. Ice meltingpéeatures (f;) range between -
17.8 and -23.5 °Cng14), which implies a salinity of 20.8 to 24.6 wt % Glaeq.
according to the NaCIl4®D calculation method of Bakker (2003) (Fig. 13).eDto the
small size of these inclusions it was not posdiblmeasure the melting temperature of
hydrohalite (NaCl-2kD). Homogenization temperaturesy)Tare variable and range

between 134 and 189.5 °C.

[Fig. 13 hereabouts — 1-column fitting]

4.4. Porosimetry and per meability

Unreplaced limestones have low porosity (<5%) aretmgability (<1 mD)
regardless of the facies (muds grain-dominated) or sampling direction (paraisl
perpendicular to bedding) (Fig. 14). Significangtrer porosity values appear in cross-
bedded peloidal and orbitolinid packstones to gtaines (up to 6.7%) compared to

other reported facies. Permeability values up ®©rAD appear in limestone samples
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measured perpendicular to bedding due to the presainsmall vertical cracks that do

not cause a significant porosity increase but riptatbect permeability.

[Fig. 14 hereabouts — 1-column fitting]

Dolostones show an overall increase in porosity pemnneability compared to the
host limestone (Fig. 14). Distribution of poroségd permeability in dolostones shows
that any increase in porosity is associated withiramrease in permeability, thus
suggesting that these rocks have a better-conngaierl system (i.e. intercrystalline
porosity) than limestones. Permeability values albgtones are generally higher along
the direction perpendicular to bedding, which ikted to the presence of small-scale
fractures. Porosity/permeability distribution basau dolomite crystal texture shows
higher values in samples characterized by a reatnlomite 1 texture, which register

a maximum value of 7.4% and 1.6 mD.
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5. Discussion

5.1. Paragenetic sequence

Field and analytical data indicate that the diatjerevolution of the Benassal Fm
limestones involve alterations occurring at shallowial (early calcite cementation),
intermediate to deep burial (dolomitization of thest limestones, and carbonate
cementation associated with the emplacement ofMNE) and during uplift (late
calcite cementation) (Fig. 15). The early cemeatatby calcite, which is the most
important alteration that took place before thdaegment stage, occurred shortly after
deposition in a marine environment. In particultdre early near-surface marine
diagenetic products include micrite envelops angashous fringe cement (CC1), both
predating mechanical compaction (Fig. 5 and 15addition, calcite cement CC2 filled
abundant primary porosity after compaction, esplgadia grain-dominated facies. CC2
composition is consistent with precipitation in anvironment flushed by seawater
(Moore, 2001) (Table 2). Those alterations affertime Benassal Fm limestones from

the replacement stage until uplift are describedetail in the following sections.

[Fig. 15 hereabouts — 2-column fitting]

5.1.1. Burial dolomitization

Following the early calcite cementation and comipactdolomite cement DC1
destroyed most of the remaining pore space in gtaminated facies, which strongly
controlled the subsequent host rock replacementepso (Fig. 5 and 14). DC1 is
interpreted to be the initial stage of dolomitipatias indicated by: (1) the coexistence

of DC1 with dolomite RD1 replacing matrix, grair@s)d bioclasts in limestones next to
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the dolomitization front; (2) the petrographic chaeristics of DC1 resembling that of

matrix replacive dolomite; and (3) the overlatfO values between DC1 and RD1.

Preserved fabrics in RD1 crystal mosaics indichtg host limestone replacement
took place after mechanical compaction, fractuang stylolitization (Fig. 6), and thus
during burial. RD1 represents the product of thi lofithe dolomitization (up to 70%),
being the mimetic texture characteristic throughdbe Benicassim area. The
replacement resulted in very tight RD1 crystal nassavith only minor intercrystalline
porosity, suggesting a partial inheritance of thecprsor host limestone fabric (Martin-
Martin et al., 2010) (Fig. 6). Despite the sigrafit increase in DC1 in limestones
located in the vicinity of the dolomitization frgnthis lithological boundary is
dominantly sharp and separates the host limestome ¢ompletely dolomitized rocks.
Therefore, the host limestone replacement is alwaywplete (i.e., there are not
partially dolomitized limestones), presumably rethto crystal growth kinetics (Sibley

et al., 1994).

The occurrence of RD1 relics in the core of dolerRD2 crystals indicates a
neomorphic recrystallization of the former (Fig.. Additional petrographic data
suggesting recrystallization include (Gregg, 20q4): coarsening of crystal size and
tendency to unimodal size distribution; and (2) lbbgenous luminescence character.
Neomorphic recrystallization of replacive dolomitganmonly results from successive
diagenetic fluids until a more stable dolomite asnfied (e.g. Land, 1980; Gregg and
Shelton, 1990; Kaczmarek and Sibley, 2014). Thisuisported by the depletéd®O
values measured in RD2 compared to RD1 crystafs (Ai). However, recrystallization
from RD1 to RD2 is not associated with a significencrease in dolomite stoichiometry
(Table 1), which suggests that neomorphism may Haeen driven by changes in

crystal size reducing the surface energy (Ostwgldning; e.g. Gregg and Shelton,
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1990). Although RD2 is volumetrically much lessrsfgant than RD1, the increase in
intercrystalline porosity associated with neomosphi probably increased the
permeability of dolostones at time of dolomitizatias well (Warren 2000; Gregg,

2004; Figs. 7 and 14).

Petrographic observations indicate that the reph&ce of the Benassal Fm occurred
after stylolite formation and prior to MVT mineradition (Figs. 6 and Fig. 14).
Bedding-parallel stylolites are reported to forntviEen 300 and 800 m of burial depth
in limestones (Dunnington, 1967; Nicolaides and M, 1997; Ebner et al., 2008),
and somewhat higher burial in dolostones due to tireater resistance to dissolution
(Mountjoy and Amthor, 1994; Duggan et al., 20013sAming that stylolitization of the
Benassal Fm initiated at an intermediate depth haf above reported range, the
replacement of the host rock may have taken plaesvden ~500 m and the
emplacement of the MVT (62.6+0.7 Ma; Grandia et 2000), which correspond to
~750 m depth according to the burial curves by Mavtartin et al. (2010) (Fig. 16).
This burial range corresponds to a time span betwd®0 Ma (Cenomanian) and ~63
Ma (Danian, and thus likely during the Late Cretarse post-rift stage of Salas et al.
(2001). Alternatively, the replacement of the Beahdm and the formation of the
MVT deposit could represent a continuous processironig within a relatively short
period of time. In this case, dolomitization wotldve taken place around the onset of
the Paleocene (66 Ma) and the time of MVT emplacer(@2.6 Ma), and thus at burial

depths close to 750 m (Fig. 16).

Dissolution of the remaining bioclasts, during tla¢e stage or soon after the
replacement process, produced abundant molds gndicantly enhanced porosity in
dolostones (Fig. 8). Thin and clear dolomite rimexmrowths (DC2) precipitated after

dissolution (i.e. overdolomitization), which slightreduced the newly created pore
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system. The reported sequence (replacement by deloaissolution of undolomitized
bioclasts and dolomite cementation) is typicallysetved in other dolomitized
successions worldwide (e.g. Sun and Esteban, 198dhel, 2004; Wilson et al., 2007).
The resulting DC2 planar crystal mosaic had the beservoir quality at the time of
dolomitization with occasional very well connectpdlyhedral pores (see Wardlaw,
1976) (Fig. 8). The dolomite planar crystal textisedominant in thin (few meters
thick) stratabound dolostone bodies located betwegit unreplaced limestones,

suggesting that they were preferential path wagsuocessive dolomitizing fluids.

Replacive dolomites (RD1 and RD2) and dolomite aem®C2 have®’SrPeSr
signatures higher than those of the host limestomed consistent with a Late
Cretaceous seawater signature (Fig. 12). Moredherelatively high Fe content (up to
3 wt%) of RD1, RD2 and DC2 suggests that the ddiamg fluids interacted with
siliciclastic rocks (Table 1). The most probablerses of radiogenic strontium, as well
as Fe, are the underlying Permian-Triassic red lagdsthe metamorphic Paleozoic
basement, which are in lateral contact with thed3sal Fm along the Benicassim fault

(Fig. 2).

5.1.2. Burial corrosion, carbonate cementation and MVT mineralization

Replacive dolomites and dolomite rim overgrowthe arorroded, and thus
postdated, by burial dissolution (Figs. 9 and IZ)rrosion was most likely related to
the circulation of hot acidic fluids preceding #gmplacement of the MVT deposits (e.g.
Gregg, 2004). In this scenario, corrosion wouldehtaken place during the extensional
phase registered at the onset of the Paleocenediarat al., 2000). Dissolution brines

were focused along faults and fractures, and theyugh the dolostone matrix along the
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crystalline pore system and bedding-parallel sitytoporosity (Fig. 9C-E). Frequently,
sets of horizontally aligned vugs resulted from #margement of the stylolite pore
system, reaching up to 1-m long in the proximitynedst important faults (Martin-
Martin et al., 2012b) (Fig. 9). The opening of shyks occurred exclusively in
dolostones due to their higher porosity/permeapilitatrix and higher brittleness

compared to the host limestones.

Following dissolution, saddle dolomite SD1 and Blpocalcite CC3 destroyed most
of this vuggy porosity in dolostones (Fig. 9). Shxing stylolitic porosity is more
frequent next to faults where it forms sets of honial saddle dolomite infillings (Fig.
9C). Most of these vugs or dissolution enlargedbBtgs typically show a SD1 pore-
lining and a CC3 infilling (Fig. 9D). CC3 filling esovugs frequently engulfs dolostone
clasts (i.e. floating clast hydraulic breccias)yorting the circulation of overpressured
fluids through faults and stylolite conduits. IretlBenicassim area, however, saddle
dolomite is volumetrically not significant and othgpical hydrothermal textures like
zebra dolomites (e.g., Davies and Smith, 2006; Seeret al., 2012; Morrow, 2013)

are generally absent.

Saddle dolomite SD1 and calcite cement CC3 fronRhed del Moro outcrop (Fig.
2) show®’SrP®Sr ratios similar to those of replacive dolomitesjch suggest that they
precipitated from similar fluids that are consistesth Late Cretaceous seawater (Fig.
12). However, significantly highé¥Srf°Sr values are recorded in SD1 and CC3 from
the Campello mine (Gomez-Rivas et al.,, 2014), degothe occurrence of more
radiogenic brines in areas close to fault zones. rEtatively high Fe content of saddle
dolomite and, especially of CC3, supports the adeon of mineralizing fluids with

subsurface Fe-rich rocks (Table 1 and 2).
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Fluid inclusion homogenization temperatures (upl&0°C) measured in post-
replacement calcite cement CC3 from the Campelloen{Fig. 2) suggest that the
highest temperature recorded in the Benicassimiargest likely associated with the
formation of the MVT sulfide deposits (Fig. 13). Mover, highly depleted oxygen
isotopes and elevat@dSrPSr values of CC3 support that they precipitatedhfie hot,

probably hydrothermal, radiogenic fluid (Fig. 12).

Dolomite cementation accompanied or followed bycypigation of open-space-
filling calcite cements is characteristic of carbterhosted sulfide deposits worldwide
(Gregg, 2004). MVT deposits hosted in dolostongdaeng the Lower Cretaceous
limestones are frequent in the Maestrat Basin (Blich974; Grandia, 2001; Grandia et

al., 2003) (Fig. 1).

5.1.3. Carbonate cementation during uplift and subaerial exposure

Calcite cement CC4 is characterized by lower cdntenF&*, Mn?*, and St
compared to the burial calcite CC3, suggesting latsraction with basinal fluids
and/or mixing with meteoric fluids (Table 2). Caécicement CC4 occurs mostly in
vertical fractures indicating a close relationshiph tectonic deformation during the
Alpine orogeny or even the Neogene extension. ®f86°°Sr signature of CC4 is very
similar to that of the host limestone, which sudgédsgh rock/fluid interaction and/or

inheritance from the former.

Calcite cement CC5, which includes -calcitized datem formed from
predominantly meteoric fluids as indicated by tiverall low content in Fe and Mn,
non-luminescent character and deplei&iC (see Moore, 2001) (Fig. 8 and Fig. 10;

Table 2). CC5 stable isotope values tend to beilolised along the meteoric calcite line
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(Lohmann, 1988), supporting formation in a diagenetnvironment flushed by
meteoric waters with variable contribution of sgés (weathering). Such environment
is most likely related to uplift and subaerial egpe, and thus dominant during the
Neogene extension stage or younger times. Dolostaeee preferentially cemented by
CC5 compared to limestones due to their fractutgvark and higher porosity and
permeability (Fig. 14). Some of these structuresespond to subseismic-scale faults
reactivated after the replacement stage, as iretldag the presence of breccias made of
dolomite clasts highly cemented by CC5 (Fig. 4) 5@ited most of the intercrystalline
porosity generated during the dolomitization precesd thus is the main reason for
reservoir quality destruction in the studied rocRES preferentially cemented DC2-
and RD2-dominated dolomite textures due to thejhéi pore connectivity at time of
cementation, which may explain the nowadays higloeosity/permeability values in
RD1-dominated samples (Fig. 14). Calcitization ofothites (dedolomitization) and
associated leaching preferentially occurred in tfaadnes and fractures. This is
especially evident where the Campello and the Bession seismic-scale faults cross-cut

each other (Mortorum Hill) (Fig. 2).

The late episode of cementation is representechéycalcite cement CC6, which
precipitated in a shallow diagenetic environmentthe vadose or phreatic zone, as
indicated by its dominant gravitational textureg($doore, 2001) (Fig. 10). CC6 stable
isotope composition supports its formation from eoeic waters with high rock-water
interaction (Fig. 11). Moreover, dolomite bands€d0@6 show variable but elevated Na
content, suggesting inheritance from the host dofes. The above mentioned textural
and analytical data inidcates that CC6 is mostgshba speleothem (micro) formed in
an oxic, vadose environment similar to those dbedriby Alonso-Zarza and Martin-

Pérez (2008).
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5.2. Evidence of hydrother mal dolomitization

Fractionation of oxygen isotopes between carbomaiteerals and fluids during
precipitation is strongly dependent on temperat{@g., Moore, 2001; Allan and
Wiggins, 1993) thus the negative oxygen isotopimgosition of replacive and cement
dolomites is most likely indicative of high-tempena formation fluids. Accordingly,
the progressively lighter oxygen isotopic compositirom DC1 to RD1, and from RD1
to RD2 (Fig. 11), can be attributed to a progresancrease in fluid temperature during

precipitation.

Fabric-retentive dolomite textures have been sugde® indicate precipitation at
low temperatures (Machel, 2004). However, the m@pizent of the Benassal Fm
limestones likely occurred at temperatures excee80PC as suggested by: (1) non-
planar textures (Gregg and Sibley, 1984); (2) hoenogs CL dull red color (Warren
2000); and (3) depletedt®0 values (Allan and Wiggins, 1993). Carbon-oxygsstape
model curves calculated in terms of fluid-rock mattion are consistent with
precipitation of replacive dolomite between 80 &i1@°C (Gomez-Rivas et al., 2010a,
2014). In agreement with this data, homogenizatemperatures between 100 and
155°C have been reported from dolostones repla8pitan rocks elsewhere in the
Maestrat Basin (Grandia, 2001; Nadal, 2001) (F8). Eluid inclusion data from saddle
dolomite reported in the literature yielded tempanes above 60-80°C in all cases,
reaching maximum values around 160°C (Spétl andchd?it 1998). Therefore, the
overlapping between replacive dolomite (RD1 and R&®1 saddle dolomite Sxt?0

values may suggest that all formed from similahkigmperature fluids.
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A geothermal gradient of 30-35°C/km was estimatgdubsidence analysis for the
Early Cretaceous rifting period of the MaestratiB4€aja et al., 2009). Decompacted
subsidence curves indicate that the dolomitizateported from the study area occurred
at burial depths of less than 1000 m (Fig. 16), #nég the maximum temperature
reached by the dolomitized host rock due to buvialld have been below 60°C if other
alternative heat sources are not invoked (Martimtivieet al., 2010, 2013). However,
textural and analytical data reported above inditiaat the replacement of the Benassal
Fm occurred at higher temperatures than those mady reached by the host
carbonates under the aforementioned geothermalegitadndicating a hydrothermal
dolomitization process (Gomez-Rivas et al., 20IH,4; Martin-Martin et al., 2010,
2013). Similar high-temperature replacement praesgcurring at relatively shallow
burial depths are well described in the literat{@eegg, 2004; Davies and Smith, 2006;

Lépez-Horgue et al., 2010).

[Fig. 16 hereabouts — 2-column fitting]

Several high-temperature peaks occurring during-Mitk Cretaceous have been
reported in the Penyagolosa sub-basin (Fig. 1p@ting the hypothesis of a regional-
scale hydrothermal fluid circulation at that timaftin-Martin et al., 2013; Corbella et
al., 2014; Gomez-Rivas et al., 2014). Dated praxess/olving high-temperature fluids
include the formation of Hg-Sb-bearing ore depogi#0-180°C) during Santonian at
8513 Ma (Tritlla and Solé, 1999; Tritlla and Catdeh, 2003), and the development of
high-temperature/low-pressure very low-grade metatnem in Permian-Triassic rocks
(300°C) between Barremian (12743 Ma) and Turon®38*8 Ma) Martin-Martin et al.,

2005, 2009). The origin of these and other coeti@hpmena reported in the area have
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been related to the thermal event taking placéenNE of the Iberian Plate during the
Mid Cretaceous (Salas et al., 2005), coincidindhvaitperiod of rapid subsidence rates
concomitant with the opening of the Bay of Biscawl dhe consequent counter clock
wise of the Iberian Plate (Fig. 16). This thermakmr is age-equivalent with that

registered in the Basque Cantabrian Basin (Lopegiio et al., 2010; Dewit et al.,

2012; Lopez-Cilla et al., 2012; Nader et al.,, 20%Bah et al., 2012; Swennen et al.,
2012), suggesting that the hydrothermal dolomitirateported in both areas are most

likely synchronous and related to the same largéesgeodynamic event.

5.3. Sour ce of magnesium and dolomitization mechanism

Large-scale dolomitization processes require laxames of magnesium in order
to completely replace the host limestone (e.g.,dl.d®85; Machel, 2004; Davies and
Smith, 2006; Warren, 2006). The hypothesis of thagmesium origin in burial
dolomitization are frequently difficult to corrolaie using geochemical data, but is
better constrained by means of mass-balance catmdge.g., Reinhold, 1998; Gomez-
Rivas et al., 2014). Diverse sources of magnesiaue libeen claimed to be potentially
involved in dolomitization processes (e.g., Qingd aountjoy, 1994; Davies and

Smith, 2006).

Considering the new analytical data reported héne, most likely sources of
magnesium for the replacement of the Benicassirostimhes are Cretaceous evolved
seawater and basement fluids or a mixture of b@thr(ez-Rivas et al., 2014). A source
related to Upper Cretaceous seawater, or concedtsgtiawater, is fully consistent with
the ®’Srf°Sr ratio of matrix replacive dolomites and saddieochites (Fig. 12).

Moreover, the infiltration of such marine brinesoirdeeper levels along the seismic-

33



scale basement faults is compatible with the strattsetting of the study area (Fig.
17), and may explain the relatively high Fe and &émtent in replacive dolomites.
However, it is noteworthy that the absence of cafcisulphate minerals in the study
area may argue against highly evaporated seawldterstrong radiogenic signature of
saddle dolomite and calcite cement CC3 in the MME& may suggests mixing of
seawater with deep hydrothermal fluids (Gomez-Rigasl., 2014). The presence of
such fluids is also supported by the high tempeeatroducts reported from the
Penyagolosa sub-basin and documented above: (i) MWieralization, (i) Hg-Sb

bearing deposits, and (iii) very low-grade metarh@m in Permian-Triassic rocks. The
most likely scenario is that seawater invaded #uwnsentary pile from the west where
the Lower Cretaceous deposits onlap the Paleozaserbent in the Desert de les
Palmes Ranges High and from the south where the slposits onlap the Valéncia

High.

[Fig. 17 hereabouts — 2-column fitting]

Mass-balance calculations indicate that the soafdbe Mg-rich fluids needed for
the replacement of the Benassal Fm limestonesohaes tonsidered at the regional scale
(Corbella et al., 2014; Gomez-Rivas et al., 20T4)s is consistent with the existence
of several case studies of stratabound dolostoassnly MVT deposits in the Lower
Cretaceous succession of the Penyagolosa sub-fdshel, 1974; Grandia, 2001)
(Fig. 1 and 17). Moreover, hydrothermal events icepsdolomitization and
mineralization at regional scale are the most pdei®rigin of the vast amount of fluid

needed for such processes to take place (e.g. G2604; Saller and Dickson, 2011).
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The huge volumes of fluid required to form the B&ssim dolostones rule out
potential individual small-scale fluid sources (Gem¥Rivas et al., 2014). However,
mixing of Upper Cretaceus seawater with Lower Gretais formation waters and/or
Upper Triassic-Early Jurassic post-evaporite redithiines are possible, especially if a
basin-scale fluid circulation is assumed. In additiburial compaction and subsequent
dewatering of Aptian marly deposits may represepotential source of Mg if mixed
with a more radiogenic fluid (Fig. 12). Late Trims@euper facies) and Early Jurassic
(Lias) evaporites are mostly eroded in the stuéa dnut are recognized from well cores
to form thick subsurface deposits elsewhere inMlaestrat Basin (Lanaja, 1987; Orti
and Pérez-Lépez, 1994). Based on tH&rF°Sr values, these evaporites have been
claimed to be the origin of the Mg-rich brines filre dolomitization for the Late
Jurassic fault-related dolomites in the MaestraiBéNadal, 2001), and it could be the
case of the Aptian dolomites in the Benicassim a®avell. However, the enormous
amount of evaporites that would have to be dissblveorder to account for such
dolostone volume clearly discards these brinesthiero additional sources are not

involved (Fig. 12).

Together with a source of magnesium, there muse Haeen a major driving
mechanism to mobilize the magnesium-rich fluid inb@ host limestones. Such a
mechanism has to explain the long lateral conynaiftthe dolomitized bodies and its
close association with faults. Taking into accouhe structural setting of the
Benicassim area, the elemental and isotopic coriposif dolostones, and the
hydrothermal character of the dolomitizing fluidetmost likely mechanism is thermal
convection (Gomez-Rivas et al., 2010b, 2014; Mavtartin et al., 2010, 2013;
Corbella et al., 2014). Thermal convection may $ppmher fluid and heat flow rates

for dolomitization than other possible mechanisi{aufman, 1994; Wilson et al.,
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2001; Davies and Smith, 2006; Gasparrini et alg620and is in agreement with fluid
flow, heat flow and reactive transport numericahgliations applied to the Benicassim
area (Gomez-Rivas et al., 2010b; Corbella et @L42 The source of the abnormal heat
flow, and thus hydrothermalism, is most likely asated with the Mid-Late Cretaceous
thermal event caused by a deep igneous intrusideruhe eastern Iberian Plate (Salas
et al., 2005). In the study area, heat and fluevfconvection was probably enhanced
by the presence of seismic-scale basement fawdtsfdhbmed a perpendicular fracture
network with the regional fault system. Specifigallhe SSW-NNE Benicassim fault
connected the Desert de les Palmes High with the S 8ACampello fault, both faults

considered to be the preferential conduits fordblemitizing fluids.

5.4. Controlson stratabound dolostone for mation

Dolostone distribution through the Benicassim anelicates that the replacement of
the Benassal Fm limestones was primarily controbgdthe regional fault system
(Martin-Martin et al.,, 2013; Gomez-Rivas et al. 120 Dolostones bodies appear in
close spatial association with both the NW-SE-tnregdCampello and Juvellus) and the
NNE-SSW-trending (Benicassim) fault systems, maimlythe hanging wall blocks,
indicating that these seismic-scale structuresdaagemajor conduits for dolomitizing
fluids (Fig. 2). The association of dolostones BT deposits with the Campello fault
evidence that it represented a common conduit eidargnsuccessive dolomitizing and
mineralizing fluids (e.g. Gregg, 2004; Davies amiitf, 2006). In this regard, the
occurrence of more radiogenic burial carbonate cgésna the vicinity of the Campello
fault supports that it was a preferential feedirmgnp of subsurface fluids. A similar

close relation between dolostone geobodies antsfhale been extensively reported in
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the literature (e.g., Duggan et al., 2001; Wilsorale 2007; Davies and Smith, 2006;
Lépez-Horgue et al., 2010; Shah et al., 2010; Skarm., 2010; Di Cuia et al., 2011,

Ronchi et al. 2012).

Despite the extensive outcrop of dolostone geolsodieeir exact geometry in the
fault zones are hardly observed throughout the d@esim area due to the post-
dolomitization overprint of the Alpine and Neogeteformation events (Martin-Martin
et al., 2013). In particular, the Neogene extensiamsed the offset of most dolostone
bodies facilitating their fossilization by Quatemaleposits along the fault scarps (Fig.
2). At Benicassim, dolostone bodies are dominasitigtabound and extent up to ~4 km
away from the feeding faults, which denotes a gtiateral flow of dolomitizing fluids
along the country rock (Martin-Martin et al., 20P@13). Field observations suggest
that the circulation of dolomitizing and mineratigi brines away from major faults was
focused along minor faults (subseismic-scale) Whexte repeatedly reactivated during
the evolution of the study area (Fig. 2). For exnmphese minor faults fed the
dolostone bodies through fractures, joints andobtgk, all discontinuities being

preferential sites for post-replacement burial oadie cements SD1 and CC3.

The presence of relict limestones (i.e., string&rghin the stratabound dolostone
body suggests that, together with the structuexetimust be other controls that played
a role in the dolomitization process. At the RaebMoro, the reported unreplaced beds
are mostly tight limestones consisting of mud-daated facies with very low porosity
and permeability (Fig. 2 and 3) (Martin-Martin ek, a2013). This strata are
characterized by nodular bedding containing neteak anastomosing stylolites that
acted as dolomitizing fronts, and thus as bartierow, during the replacement (Fig.
4). These low porosity and permeability stylolitich limestones enhanced lateral flow

and thus the stratabound geometry of the dolostemesy from the feeding faults
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(Martin-Martin et al., 2013). These structural, géiaetic and depositional controls
facilitating the replacement of specific limestonesds are key factors to define
mechanical stratigraphy, which in terms have bdaimed to control the formation of

stratabound dolostones in the Basque-Cantabriaim Baswit et al., 2014).

Mimetic textures in replacive dolomite crystal miocsaevidence that grainy facies
(e.g., peloidal grainstones, bioclastic packstore®] orbitolinid rudstones) were
preferentially replaced, indicating that they wére most permeable layers at time of
dolomitization. This is supported by (i) higher psity and permeability values in
dolomite-cemented peloidal and orbitolinid graim&e from the base of the Benassal
Fm (Fig. 14), and (ii) the fact that there are vl unreplaced grainstones within the
dolostone bodies. At the Raco del Moro, the dolestbody include the maximum
flooding surface, suggesting that dolomitizing dlsiicirculated along and replaced the
grainy facies of the transgressive and regressaeks until they reached the lower
permeability outer ramp muddy facies. Moreover, pnesence of unreplaced oolitic
grainstone facies highly cemented by early diagenalicite in the vicinity of the
dolostone bodies suggests that early marine cetmntdestroyed most of the porosity

and prevented dolomitizing fluids to flow throudtetn (see Martin-Martin et al., 2013).

At the thin section scale, petrography indicates several factors may influence the
replacement of the host rock matrix. Firstly, thedodhitization seems to expand from
the dolomite cement DC1 towards the micrite madng/or micritized grains, being the
more stable calcite cement the last component toepkced (Fig. 5C and D). It is
believed that the dolomite cement DC1 acted agad’s enhancing the dolomitization
of the whole rock and overpassing some of the ilngitfactors that control the
replacement of large volumes of rock (Land, 1985iitdker et al., 2004; Jones et al.,

2011). Secondly, the replacement may have beemeatidy the occurrence of cm- to
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mme-scale cracks that propagate along, and conhecedges of, the coarser skeletal

components forming conduits for fluid flow at tiragalteration.

6. Conclusions

The petrological and geochemical data reportedhia study indicate that the
Benassal Fm dolostones exhibit a burial parageresisisting in replacement of the
host limestone, precipitation of clear dolomite myewths, burial corrosion, and
carbonate cementation prior to MVT sulphide mineedion. The initial stage of the
replacement consisted in the precipitation of datentement in the intergranular
porosity of the grain-dominated facies, which stjgncontrolled the subsequent
dolomitization of the host rock. The bulk of the@kione is formed by a replacive non-
planar to planar-s dolomite crystal mosaic with yvéow porosity. Neomorphic
recrystallization of the later occurred in relatibm successive fluid flow along the
higher permeability zones. The reported replacenseqgence is associated with a
decrease in the oxygen isotopic composition of mhite, interpreted to result from
progressively higher temperature fluids. Petrogi@pimd geochemistry data suggests
that the dolomitization took place by hydrotherniliids, likely at temperatures
exceeding 60-80°C. The replacement occurred aftdolifzation and at relatively
shallow burial (between 500 and 750 m) during tla¢eLCretaceous post-rift stage of

the Mesozoic Iberian Rift System.

Dolostone distribution through the Benicassim anelicates that the replacement of
the Benassal Fm limestones was primarily controigdseismic-scale basement faults
that operated as feeding points for the dolomigzomines. The fluid circulation, and

thus the replacement, was enhanced by the inteyseof two seismic-scale fault
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systems (trending NW-SE and NNE-SSW). We envisaggeribh fluids, most likely
Cretaceous seawater-derived brines, that weredaatkslightly enriched in radiogenic
strontium and iron during circulation through thald®zoic basement and/or Permo-
Triassic red beds, which are in lateral contachwite Benassal Fm by fault. High
temperature Mg-rich fluids were later channeled amus along the above mentioned
seismic-scale faults and laterally through the @ighermeable units of the host rock
succession. Lateral fluid flow through the beddives most probably enhanced by the
overlying Escucha Fm clays, which is consideredfdneer seal. Successive fluid flow
induced the recrystallization of the initial matreplacive dolomite (i.e., RD1 to RD2),
as well as the subsequent formation of clear da®mirergrowths (overdolomitization).
The transformation of RD1 to DR2 crystal mosai@l¢éo an increase in the reservoir

quality of the dolostone bodies.

Once in the host limestones and away of the faoifteg, dolomitization brines
preferentially circulated through small-scale faulfractures, and grainy facies. By
contrast, low-permeability and highly stylolitizechuddy facies (mudstones and
wackestones) acted as barriers for the dolomitiinigls, enhancing the lateral flow
and the stratabound dolostone distribution. Thigge beds occasionally individualize
thin dolostone bodies that might constitute highrmpmsable conduits at time of

alteration.

After the replacement stage, as typically reportedother case studies of
hydrothermal dolomites, reservoir quality consithyaincreased in dolostones by
burial corrosion, which was closely associated witie circulation of acidic fluids
derived from the emplacement of the Mississippil&allype deposits. Major faults
acted as feeding points of acidic and overpresstinets that penetrate the dolostone

matrix along outcrop-scale faults, fractures, aadalel to bedding stylolites. Saddle
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dolomite and ore-stage calcite cement filled mdshe newly created meso- to micro-
porosity. Precipitation of post-replacement, oppaeg-filling, calcite cement occurred

at temperatures ranging between 120 and 190°C.

Reservoir quality of dolostones was mostly destloys/ the pervasive pore-
occluding calcite cementation that took place dytime uplift and subaerial exposure
(Alpine compression and Neogene extension). Theigitation of calcite resulted from
the circulation of meteoric-derived fluids througfie well-connected intercrystalline
pore system of dolostones, which otherwise formgdad hydrocarbon reservoir in the
subsurface. Dolomite calcitization (dedolomitizadiowhich is associated with the the
circulation of meteoric fluids, was more intensehinse dolostone bodies located in the
intersection between major faults where discret@Xde deposits were originated. The
presence of this mineralization reinforces the hypsis that the above mentioned
regional faults sourced Fe-rich fluids during teelacement stage, repeatedly acting as

major fluid conduits during the subsequent geodyoawolution of the study area.
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FIGURE CAPTIONS

Figure 1. (A) Simplified map of the Iberian Penilasshowing the location of the

Maestrat Basin. (B) Late Jurassic to Early Cretasepaleogeographic map of the
Maestrat Basin showing the thickness of syn-rifpatets (based on Salas et al., 2001).
Besides Benicassim, other occurrences of LoweraCeelus dolostones hosting MVT
deposits in the Penyagolosa sub-basin are labsldd)aVias de la Mina; (2) Cedraman,;

and (3) Valdelinares. A and A’ refers to crossisadn figure 17.

Figure 2. Geological map of the study area shovlegdistribution of dolostones in the
Benassal Fm (modified from Martin-Martin et al. 28). Lithologies noted in the
legend are: 1, red lutites and sandstones, dolest@md gypsum; 2, dolomitic breccias,
dolostones and limestones; 3, limestones and mdrlslimestones, marls and
dolostones; 5, quartz sandstones, clays, limestodefostones and marls; 6,

conglomerates, sands and clays.

Figure 3. Chrono-, bio-, sequence- and lithostrapgic chart of the Aptian succession
of the Benicassim area (modified from Martin-Mariral., 2013). Ammonite biozones
identified in the study area are shaded in red thiode identified elsewhere in the
Maestrat Basin with an asterisk (Martinez et 894 Moreno-Bedmar et al., 2010;
Garcia et al., 2014). Dashed lines in TransgresRegressive (T-R) sequences indicate
lack of absolute dating and A-B violet lines denotarker beds (see figure 2 for
location). MFZ, Maximum Flooding Zone; RST, RegreesSystem Tract; TST,

Transgressive System Tract.
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Figure 4. Field views of the Benassal Fm at RadoMigro outcrop. (A-C) Spatial
relationship between the host limestone (gray) dotbmites (brown). Note the
stratabound dolomite bodies and the unreplacedstone beds (stringers) between
them; (D) Dolograinstone showing depositional laation preserved after the
replacement; (E) Typical sharp dolomitizing fromtween the host limestone and the
dolostone; (F) Stylolite surfaces forming prominafdlomitizing fronts in muddy
nodular facies. (G) Breccia made of dolostone slastd cemented by late meteoric

calcite cement in a sub-seismic scale fault zone.

Figure 5. Photomicrographs of dolomite cement Dxdwang: (A) DCL1 filling primary
interparticle porosity in a peloidal grainstoned goostdating calcite cement CC1 (black
arrow) and CC2 (white arrow). Stained with Alizared S. Plain light; (B) Typical dull
red luminescence color; (C) DC1 filling primaryenparticle porosity in a peloidal and
bioclastic packstone. Stained with Alizarin red Fain light; (D) Close view of C
denoting that peloids and miliolids are partiayplaced (white arrows) whereas calcite

cement appear unreplaced (black arrow). Plain.light

Figure 6. Photomicrographs of replacive dolomitelRihowing: (A) Planar-s to non-
planar-a crystal mosaic. Crossed nicols; (B) Fataientive texture denoting the
replacement of a peloidal grainstone. Note the @emconvex contact between
components evidencing compaction before replaceifidatk arrows). Diffused light;

(C) Characteristic dull to bright red luminesceoéor of RD1 crystals; (D) Replacive
dolomite crystal mosaic showing the smoothed t{dcewn) of a stylolite. The brown

color corresponds to the remains of the insolubldue engulfed by RD1 crystals.

Diffused light; (E) RD1 dolomite crystals with hightracrystalline microporosity and
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remnants of the host limestone; (F) Detail of theralant microporosity typical of RD1
crystals (white arrows). Note the variation in Cg/Mf the dolomite crystal by grey

colors.

Figure 7. Photomicrographs of replacive dolomiteZRihowing: (A) Planar-s to non-
planar-a RD2 crystal mosaic with cloudy RD1 rel{@gite arrows). Plain light; (B)
RD2 crystal mosaic showing intercrystalline porpsit crystal junctions. Plain light;
(C) Homogenous bright red luminescence color. (EAnSition between RD1 and RD2
crystal mosaics. Note the evolution from interbcanydpores in RD1 to tetrahedral
pores (arrowed) in RD2 (pore classification follagi Wardlaw, 1976); (E) RD2
dolomite crystal with porosity along crystal edgesd junctions partially filled with
calcite cement CC5 (white arrows); (F) Detail of tholomite crystal in E (upper right
corner) showing the transition between the micropsrcore (white arrows) and the less
porous border (black arrows). Note the remnanthefhost limestone within the Rd1

core.

Figure 8. Photomicrographs of dolomite cement DCfwing: (A) DC2 rim
overgrowths (white arrows) lining replacive doloesitand forming planar-e crystals.
Note that the inner rim overgrowth (black arrows)selectively replaced by calcite
CC5. Stained with Alizarin red S. Crossed nicoB) DC2 overgrowths lining (brown
color) dolomite RD1 crystal mosaics. Note that dhniginal intercrystalline porosity is
completely filled by late calcite cement CC5. Ceambssicols; (C-D) Photomicrographs
and CL pair showing the characteristic bright td¢l ded color of DC2 (black arrows).
Note the non-luminescent character of the caldtidelomite (CC5) inner overgrowth

(white arrows); (E) DC2 crystal mosaic with inteqstalline porosity destroyed by
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calcite cement CC5. Note that CC5 selectively megadathe inner rim overgrowths; (F)

Tetrahedral pores system typical of the DC2 crysiagaic (white arrows).

Figure 9. Photomicrographs and field images of Eaddlomite cement SD1 and burial
calcite cement CC3 showinfA) SD1 filling a fracture in a RD1 crystal mosaklain
light; (B) Dull red luminescence color, with thimzation, typical of SD1; (C) Parallel
to bedding set of solution enlarged stylolites ¢klarrows) filled with CC3 (white); (D)
Close up of image C (black rectangle) showing Siming and CC3 infilling the
solution enlarged stylolite; (E) CC3 completelyiifiy a meter-scale mesovug in a

replacive dolostone; (F) Orange to brown concer@itizonation of CC3 crystals.

Figure 10. Photomicrographs of calcite cement C@8 &€C6 showing:(A) SD1

crystals slightly calcitized along cleavage plafieleck arrow). Thin section stained
with Alizarin red S. Plain light; (B) Replacive dawhite crystal mosaic strongly
calcitized (CC5). Note that only DC2 rim overgrowttemain unaltered (black arrow).
Plain light; (C) CC6 partially filling vuggy pordyi (P). Note the calcite and dolomite
bands after staining with Alizarin red S. Plainhlig(D) BSE image of CC6 postdating

dissolution of CC5 and rhombohedral DC2 crystals.

Figure 11.8"0 vs 5'°C plot of Aptian host limestones and diageneticodute and
calcite phases. Black triangles and diamonds qoore$ to saddle dolomite SD1 and
calcite cement CC3-from the MVT site after GomevaRi et al. (2014). Lower

Cretaceous marine carbonates signature accordifdigto and Wiggins (1993).
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Figure 12.8’Srf°sr vs §'%0 plot showing the increase in radiogenic strontinfiiRD1,
SD1, RD2 and CC3 compared with the host rock aadtlaltered rudist shells. The
trend is noted with an arrow. Aptian-Albian and Ep|Cretaceous seawater signature
according to Jones and Jenkyns (2001). Note tlat#ite Cretaceous signature does

not represent any specific oxygen isotope value.

Figure 13. Homogenizatious ice melting temperatures of fluid inclusions meadu
from ore-stage calcite veins in Benicassim (thiglg} compared to other authors data

from the Maestrat basin (calcite and dolomite).

Figure 14. Porositws Log-permeability plot of selected limestone andodtmne

samples based on (A) carbonate facies and texama,(B) dolomite crystal texture.
Closed and open symbols represent parallel andepdigular to bedding data,
respectively. Note the relatively strong correlatietween porosity and permeability in
the planar-s to nonplanar (red dashed line) andapla (blue dashed line) texture

samples measured perpendicular to bedding.

Figure 15. Paragenetic sequence of the Benassalaion showing the relative timing
of most important diagenetic alterations. Vertidashed line indicates the emplacement
of the MVT deposits in the Maestrat Basin (62.6tM&; Grandia et al., 2000). Note
that the diverse fracturing events, as well asolig®n events, appear all in the same

line.
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Figure 16. Mesozoic decompacted subsidence cuh@siisg the most probable time
and burial depth (orange area) for the upper $toatad dolostone body of the Benassal
Fm (modified from Martin-Martin et al., 2010). Tharliest replacement time is limited
by the onset of the stylolitization (300-500 m)dahe latest time corresponds to the
emplacement of the MVT deposits in the MaestratiBé&2.6+0.7 Ma; Grandia et al.,
2000). The dashed red line denotes the inferredimar burial depth at which
dolomitization took place. Undulating lines corresd to gaps (erosion or non-

deposition). Rift and post-rift cycles interpretsrtording to Salas et al. (2001).

Figure 17. (A) Synthetic structural cross-sectidrih@ Maestrat Basin restored at the
base of the Albian-Cenomanian post-rift succesémaodified from Salas et al., 2001)
(see figure 1 for location). (B) Conceptual intdiye@ model for the formation of the
stratabound dolostones of the Benicassim area basdbld observations, analytical
data and geochemical modeling (Gomez-Rivas e2@l.4), reactive transport modeling
(Stafford et al., 2009; Corbella et al., 2014)jdland heat flow numerical simulations
(Gomez-Rivas et al., 2010b), and previous studietault-related dolostones in the

Maestrat Basin (Grandia, 2001; Nadal, 2001).
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TABLE CAPTIONS

Table 1. Elemental composition (microprobe datahefinvestigated dolomite phases.

Table 2. Elemental composition (microprobe data}hef investigated calcite phases.

Note that CC6 data only correspond to dolomite-biahds.

61



Table 1

CaCOs (Wt%)  MgCOs (Wt%)  Fe(ppm)  Mn (ppm)  Na(ppm)  Sr(ppm)

Max. 76,0 44,7 9.528 230 2213 1.319
DC1 Min. 54,7 21,6 800 bdl bdl 200
Mean 60,1 38,7 4290 122 370 681
Max. 60,4 44,4 28.600 800 722 944
RD1 Min. 50,4 38,2 1.744 bdl bdl bdl
Mean 55,5 42,6 8.016 328 150 478
Max. 58,7 45,4 21.498 849 1.200 1.040
RD2 Min. 53,3 38,8 2.400 100 bdl bdl
Mean 55,1 42,7 9.105 394 127 399
Max. 58,0 44,3 21.575 871 200 1.039
DC2 Min. 53,1 40,7 bdl bdl bdl 200
Mean 55,6 42,3 10.728 374 36 694
Max. 62,5 45,4 12.273 370 1.004 1.242
SD1 Min. 53,5 36,7 1.805 bdl bdl bdl

Mean 58,1 41,0 4.416 112 207 757




Table 2

Ca(ppm) Mg (ppm) Fe(ppm)  Mn(ppm) Na(ppm)  Sr(ppm)
Max. 40.7200 2.655 bdl 200 200 615
Ccc2 Min. 39.6381 700 bdl bdl bdl bdl
Mean 40.2893 2.032 bdl 104 119 418
Max. 41.1603 4.597 4.393 684 165 2.579
CC3 Min. 39.0222 bdl bdl bdl bdl 1.194
Mean 40.3836 1.937 744 108 65 1.575
Max. 40.7011 5.374 653 243 295 1.767
CC4 Min. 39.1084 460 bdl bdl bdl 447
Mean 39.9516 2.139 225 88 56 845
Max. 41.1930 5.700 2.200 299 556 1.766
CC5 Min. 38.2400 bdl bdl bdl bdl bdl
Mean 39.9203 2.784 321 50 85 773
Max. 27.5900 144.100 189 664 500 291
CC6 Min. 19.3800 87.400 bdl bdl bdl bdl
Mean 23.1445 116.991 56 168 164 138
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Highlights

We study seismic-scale fault-controlled and stratabound dolostones.
Depositional, diagenetic and structural controls on formation are discussed.
Mud-dominated and stylolitized beds represent barriers to dolomitizing fluids.
Successive dolomitizing fluids considerably increased RQ of the dolostone.

Meteoric calcite cementation during uplift destroyed most RQ.



