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ARTICLE INFO ABSTRACT

Keywords: The Meillon (Callovo-Oxfordian) and Mano (Tithonian) Formations are dolomitized carbonate reservoirs that
Carbonate diagenesis actively produce oil and gas (Aquitaine Basin, France). In this study, the dolomitization conditions of their
DOlorflite counterparts exhumed in the northwestern Pyrenees are detailed using a combination of field observations,
ire;ma; i petrography, fluid inclusion microthermometry, elemental and isotopic geochemistry, and carbonate U-Pb
Ui’P‘tr)UEIafir:; o geochronology. Dolomitization occurred in several stages spanning from the Neocomian (pre-rift) to the Albian
Hyperextension (syn-rift, associated with mantle exhumation and active salt tectonics). Both formations were first massively
Salt tectonics dolomitized in near-surface to shallow burial conditions during the Berriasian-Valanginian, likely triggered by
Jurassic the influx of marine-derived waters. Between the Barremian and the Albian, the Early Cretaceous rifting caused

the upward influx of hot fluids associated with the partial to complete recrystallization of the initial dolomites.
During the Albian, subsequent dolomites precipitated in both formations as high-temperature (T > 160 °C) vein-
and pore-filling cement. Distinct fluid inclusion chlorinities and rare earth element patterns between the Meillon
and Mano Formations point to fluid compartmentalization during this stage. Whereas dolomite cements indicate
the involvement of evaporite-derived brines in the Meillon Formation, precipitation was likely related to clay-
derived water in the Mano Formation. Lastly, a final episode of dolomite cementation occurred only in the vi-
cinity of faults and volcanic intrusions during the Albian when the highest temperatures were recorded in both
formations (T > 250 °C). These saddle dolomites precipitated from hydrothermal water with a mixture of mantle-
, crustal-, and evaporite-derived waters channeled by faults and active diapirs. Subsequent quartz and calcite
cement precipitation reveals a temperature decrease in a post-rift to inversion setting (post-Cenomanian) and
indicates fluid compartmentalization between both formations. This study highlights the major control exerted
by rifting, combined with the presence of diapiric salt, on dolomitization, making carbonate platforms of modern
salt-rich passive margins potential targets for exploration.

1. Introduction

Dolomitization processes have been the subject of numerous studies
in the last few decades, driven by the large number of hydrocarbon
reservoirs made of dolomitized carbonate platforms (Braithwaite et al.,
2004; Duggan et al., 2001; Nader and Swennen, 2004; Warren, 2000;
White and Al-Aasm, 1997; Wierzbicki et al., 2006; Zenger and Dunham,
1980). Most investigations into the mechanisms responsible for dolo-
mite precipitation, either as a cement or as a calcite replacement, are

based on the study of ancient examples with a predominance of car-
bonate platforms (Barale et al., 2016; Barbier et al., 2015; Carmichael
etal., 2008; Martin-Martin et al., 2015; Sharp et al., 2010). This is due to
the absence of modern analogues of platforms impacted by massive
dolomitization as well as the difficulty of precipitating dolomite at low
temperatures in the laboratory within a reasonable timescale (Land,
1980, 1998). Despite the variety of genetic interpretations, these
diagenetic studies generally agree that the main parameters required for
dolomitization are (1) good rock permeability that allows (2) a high
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water-rock ratio and (3) the input of Mg into the system (Hardie, 1987;
Jonas et al., 2015; Kaczmarek and Sibley, 2011; Land, 1985; Lovering,
1969; Machel and Mountjoy, 1986; Sibley et al., 1994). The combination
of these factors results in a variety of dolomitization models (see Machel,
2004; Warren, 2000). Examples of dolomitization are restricted to a
single event either in an ancient carbonate platform with a well-known
geodynamic evolution or in a modern carbonate platform, which pro-
vides the opportunity to identify the key control factors responsible for
this diagenetic transformation and thus predict the distribution of
dolomite in the carbonate platform (Adam and Rhodes, 1960; Barbier et
al, 2011, 2012, 2015; Butler et al., 1982; Choquette and Hiatt, 2008;
Deffeyes et al., 1965; Illing, 1959, 1964; Land, 1973; Sharp et al., 2010;
Spencer-Cervato and Mullis, 1992; Stoakes, 1987; Wendte et al., 1998).
In recent decades, many authors have described cases of pervasive
dolomitization, which tends to be multi-phased, first relating to
seawater in a near-surface to shallow burial environment and then
caused by hydrothermal fluids channeled by structural pathways
(Beckert et al., 2015; Biehl et al., 2016; Breesch et al., 2010; Cantrell
et al., 2004; Di Cuia et al., 2011; Garaguly et al., 2018; Guo et al., 2016;
Haeri-Ardakani et al., 2013a; Lukoczki et al., 2018; Nader et al., 2004;
Tortola et al., 2020; Ye et al., 2019). In these numerous studies, tem-
perature is one of the most critical parameters in the dolomitization
reaction.

The foothills of the northwestern Pyrenees (southern Aquitaine
basin) provide good examples of dolomitized carbonate platforms,
which were used in the exploration of major oil and gas prospects in the
1950s, including the world-renowned Lacq gas field (Biteau et al.,
2006). The platform contains two dolomite reservoirs deposited from
the Bathonian to the Oxfordian (Meillon Formation) and during the
Tithonian (Mano Formation). Their conditions of dolomitization, which
were poorly characterized (Biteau et al., 2006; Grimaldi, 1988; Pére,
1987), have been recently revisited by Elias Bahnan (2019), Renard
et al. (2018), and Salardon et al. (2017). These studies were accompa-
nied by a complete reevaluation of the geodynamic evolution of the
Pyrenees, highlighting the importance of Cretaceous rifting (Jammes
et al., 2010a, 2009; Lagabrielle and Bodinier, 2008; Masini et al., 2014;
Tugend et al., 2015 and many other studies) as the source of anomalous
thermal regimes (Clerc et al., 2015; Hart et al., 2017; Incerpi et al., 2020;
Jourdon et al., 2020; Lagabrielle et al., 2016; Lescoutre et al., 2019;
Saspiturry, 2019; Vacherat et al., 2014). The inheritance of salt tectonic
structures and the role played by salt at various scales were also
emphasized in recent studies (Izquierdo-Llavall et al., 2020; Jourdon
et al., 2020; Labaume and Teixell, 2020).

This Jurassic carbonate platform crops out in the Chainons Béarnais,
which constitute a succession of E-W-oriented salt-cored anticlines with
several salt diapirs and ridges (Izquierdo-Llavall et al., 2020; Labaume
and Teixell, 2020). In the Chainons Béarnais, the dolomitization of the
peritidal deposits that make up the Mano Formation is interpreted as
occurring in several stages, beginning with an early limestone replace-
ment followed by a dolomite cementation associated with tectonic
fracturing and meteoric water circulation (Biteau et al., 2006; Elias
Bahnan, 2019; Grimaldi, 1988). The Meillon Formation was also
affected by multi-phase dolomitization with a complete replacement of
the barrier-facies limestones followed by cementation associated with
brecciation and fracturing at high temperatures (Péré, 1987). Very
recently, Salardon et al. (2017), Incerpi et al. (2020), and Corre et al.
(2018) demonstrated the role played by extensive hot fluid circulation
during the Cretaceous rifting phase. As a result of these events, the two
reservoirs present a fairly similar diagenetic evolution despite their
distinct sedimentological facies (Grimaldi, 1988; Péré, 1987; Salardon
et al., 2017). Nonetheless, the mechanism and origin of each dolomite
event have yet to be studied in detail.

Using detailed mapping and petrography as well as conventional and
more sophisticated analytical techniques such as carbonate U-Pb dating
and secondary ion mass spectrometry (SIMS), this paper updates the
diagenetic evolution of the northwestern Pyrenean Jurassic carbonate
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platform based on the study of the northernmost and most prominent
ridge of the Chainons Béarnais: the Mail Arrouy. The aims of this study
are as follows: (1) to detail the diagenetic evolution of this carbonate
platform, especially at the reservoir scale; (2) to unravel the mechanisms
and fluids responsible for each dolomitization event; and (3) to assess
the sedimentological and structural controls affecting the precipitation
of dolomite.

2. Geological setting and stratigraphic framework

The Pyrenean orogen is an 450 km long E-W trending belt resulting
from the N-S convergence of the European and Iberian Plates from the
Late Santonian to the Miocene (Choukroune, 1992; Gong et al., 2008;
Mouthereau et al., 2014; Puigdefabregas and Souquet, 1986; Rose-
nbaum et al., 2002; Sibuet et al., 2004; Tugend et al., 2014). Separating
the two foreland basins (Aquitanian and Ebro Basins), this ridge is
subdivided into three structural domains: the North Pyrenean Zone
comprised of pre-orogenic Paleozoic and Mesozoic deposits; the Axial
Zone represented by Paleozoic rocks; and the South Pyrenean Zone
formed by pre-rift to syn-orogenic Mesozoic and Cenozoic deposits
(Fig. 1A; Choukroune, 1976). The Pyrenees exhibit a shortening
gradient decreasing from E to W, which preserves the pre-orogenic
structure of the western part (Masini et al., 2014; Mouthereau et al.,
2014; Munoz, 1992; Vergeés et al., 1995). The Jurassic dolomite Meillon
and Mano reservoir units crop out in the Chainons Béarnais, located in
the western North Pyrenean Zone (Fig. 1A).

The Chainons Béarnais are the first landforms of the northwestern
Pyrenees, located about 30 km from the Lacq gas field. These ridges
include three salt-cored anticlines with an E-W trend. These structures
that affect the Mesozoic deposits are interpreted as being partly
inherited from pre-to syn-rift salt tectonics (Canérot et al., 2005;
Izquierdo-Llavall et al., 2020; Labaume and Teixell, 2020; Lenoble and
Canérot, 1992). The majority of the structural geometry of the most
spectacular folds occurred in response to downbuilding in the salt and
gravitational gliding of the cover along the margin slope prior to the
shortening phase (Izquierdo-Llavall et al., 2020; Labaume and Teixell,
2020). This study focuses on the northernmost ridge, the Mail Arrouy
Ridge, which was most affected by this shortening during the Eocene
(Fig. 1B). This north-dipping monoclinal structure extends over 15 km
between the Ossau and Aspe Valleys. It presents deposits spanning from
the Triassic (ante-rift) to the Cenomanian (post-rift). Above the Upper
Triassic deposits composed of evaporites, clays, and ophites, more than
1000 m of carbonates were deposited in a relatively stable tectonic
context (James, 1998; Lenoble, 1992; Puigdefabregas and Souquet,
1986). During the Lias, the depositional environment evolved from
continental to open marine, with deposits passing from breccias during
the Hettangian to belemnite marls and limestones during the Toar-
cian-Aalenian (Aussurucq Limestones; Canérot et al., 1990; Fauré,
2002; James, 1998; Lenoble, 1992, Fig. 1C). From the Bajocian to the
early Bathonian, the morphology of the carbonate platform gradually
shifted from a ramp to a rimmed shelf at the base of the dolomite Meillon
Formation. The recurrence of a ramp morphology took place during the
deposition of the end of the Meillon Formation and the Kimmeridgian
Lons limestone Formation (James, 1998; Lenoble, 1992; Péré, 1989).
During the Tithonian, the development of the dolomite Mano Forma-
tion, characterized by peritidal to supratidal environment deposits, was
related to a widespread regression. The formation emerged in the late
Tithonian to the Neocomian (Grimaldi, 1988), as evidenced by the
presence of bauxites (Canérot et al., 1999; Combes et al., 1998; Gri-
maldi, 1988). The exposure was generalized in the Chainons Béarnais,
and increased southwestward, as evidenced by incision variations in the
Upper Jurassic deposits (Fig. 1B; Castéras, 1970). Emersion probably
resulted from both the relative sea-level fall and the regional uplift due
to asthenospheric upwelling (Cox, 1989; Hallam, 2001; Haq et al., 1987;
Ziegler and Cloetingh, 2004). In addition, salt tectonics, initiated at the
beginning of the extension, resulted in the reactive salt diapir and ridge
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Fig. 1. A) Main structural domains of the Pyrenees with the location of the Chainons Béarnais (after Clerc et al., 2016b); B) Geological map of the Chainons Béarnais
(modified after Castéras, 1970); the colors correspond to the lithostratigraphic log; C) Simplified lithostratigraphic log showing the different stratigraphic formations
present in the Mail Arrouy. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

development, associated with the strong folding of the pre-rift deposits
and favoring local emersion (Canérot et al., 2005; Canérot and Lenoble,
1993; Izquierdo-Llavall et al., 2020; James and Canérot, 1999). From
the Barremian to the Aptian, transgression took place from N to S,
progressively flooding the emerged deposits. In the Mail Arrouy, it was
first associated with the development of Annelid Limestones above the
Jurassic deposits (Grimaldi, 1988; Lenoble, 1992), followed by the
deposition of the Sainte-Suzanne Marls (Early Aptian), the ultimate seal
of the Mano Formation (Biteau et al., 2006). All the Cretaceous deposits
were controlled by a major rifting episode resulting from the rotation of
the Iberian plate (Choukroune et al., 1973; Gong et al., 2008; Rose-
nbaum et al., 2002; Sibuet et al., 2004). The crust was first stretched and
thinned by the ductile deformation of the lower crust, thus creating
sedimentary space for the Aptian carbonates (Clerc et al., 2016; Clerc
and Lagabrielle, 2014; Jammes et al, 2009, 2010b; Masini et al., 2014;
Saspiturry et al., 2019). In the Chainons Béarnais, the Early Aptian
Sainte-Suzanne Marls are overlaid by a Late Aptian shallow carbonate
platform mainly consisting of rudist build-ups (so-called Urgonian
Limestones). These massive carbonates pass laterally to the Aptian Black
Marls. From the Albian to the Cenomanian, the rifting led to the extreme
thinning of the crust associated with mantle exhumation (Clerc and
Lagabrielle, 2014; Corre et al., 2016; Jammes et al, 2009, 2010b;
Lagabrielle et al., 2010; Lagabrielle and Bodinier, 2008; Masini et al.,
2014; Tugend et al., 2014). The basin subsided heavily, with the wide-
spread deepening of the depositional environments passing from reef to
deep basinal deposits. From the Albian to the Maastrichtian, about 4000
m of turbidite deposits accumulated (Castéras et al., 1970). The thinning

of the crust was associated with high geothermal gradients, causing high
temperatures, low pressure metamorphism, and alkaline volcanism
(Albarede and Michard-Vitrac, 1978; Azambre et al., 1992; Azambre
and Rossy, 1976; Clerc et al., 2015; Ducoux et al., 2019; Golberg and
Leyreloup, 1990; Hart et al., 2017; Izquierdo-Llavall et al., 2020;
Lagabrielle et al., 2016; Lescoutre et al., 2019; Vacherat et al, 2014,
2016). From the early rifting at 125 Ma to the mantle exhumation, the
thermal gradients increased by up to 80-100 °C/km in the central part of
the basin (Hart et al.,, 2017). Starting during the Campanian, the
convergence of the European and Iberian Plates resulted in a collision
that reached a paroxysm during the Eocene (Choukroune, 1992;
Choukroune et al., 1990; Mouthereau et al., 2014; Puigdefabregas and
Souquet, 1986; Teixell et al, 2016, 2018). The thermal gradients
remained high during the post-rift and convergence stages. The thermal
relaxation only occurred during the collision (50 Ma; Vacherat et al.,
2014). During the contraction phase, tectonic lenses composed of crustal
and mantle materials were incorporated into the Pyrenean orogenic
wedge, leading to the exhumation of mantle bodies as in Urdach, Turon
de la Técouere, and Lherz (Lagabrielle et al., 2010).

3. Methods
3.1. Field observations and sampling
Based on previous research (Castéras et al., 1970; Grimaldi, 1988;

James, 1998; Lenoble, 1992) and our own observations, a 10 km?
mapping of the study area was carried out in the Mail Arrouy, including
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the boundaries of sedimentary formations, faults, magmatic dykes and
sills, and breccia bodies (Fig. 2). The breccia description was based on
Morrow (1982). Four stratigraphic sections were logged to constrain the
lithologies of each formation. The sampling (n = 242) focused on the
entire Mano and Meillon Formations outcropping in the Mail Arrouy,
including the various brecciated bodies in the vicinity of faults. To
obtain reference geochemical values, samples of volcanic rocks and
evaporites were also collected (n = 8). A basaltic sill intercalated in the
Cretaceous mapped near the Mail Arrouy Ridge was also sampled
(Fig. 1B). Due to the lack of outcropping evaporites, we obtained sam-
ples directly from cores provided by Total SA, extracted from the Belair 1
well located 10 km north of the study area (Fig. 1B).

3.2. Analytical techniques

In total, 80 samples were selected for polished thin section prepa-
ration. Thin sections were partly stained with alizarin Red S solution to
distinguish dolomite from calcite. The petrographic studies were per-
formed using a Nikon Eclipse LV100ND optical microscope at the Lab-
oratoire des Fluides Complexes et leurs Réservoirs (LFCR) (Pau, France).
Overall, 50 thin sections were observed under cathodoluminescence
(CL) using a Cathodyne system (OPEA) with an operating condition of
15 kV-18 kV and a gun current of 300-350 mA under a 60 mTorr vac-
uum at the LFCR. The limestone description was based on the Dunham
(1962) classification, updated by Embry and Klovan (1971) and Wright
(1992). The dolomite textures were described according to Gregg and
Sibley (1987).

Fluid inclusion (FI) petrography was performed on 40 doubly-
polished thick sections to identify FI assemblages according to Gold-
stein and Reynolds (1994) for each dolomite and calcite cement. The
microthermometric measurement of dolomites only allowed homoge-
nization temperatures to be determined due to the small size of the in-
clusions (<5-10 pm). Measurements were performed on a Linkam

43°5'

0°31 N

Legend *Q Erosional surface
~

Marine and Petroleum Geology 126 (2021) 104932

THMSG600 heating-cooling stage connected to a Nikon Eclipse
LV100ND microscope at the LFCR. The equipment was calibrated using
the following: (1) synthetic HyO pure fluid inclusion standard (ice
melting (Tpy, ice) at 0.0 °C, homogenization temperature (Ty) at 374.1 °C);
(2) synthetic H0-CO; inclusions (CO, melting at —56.6 °C, hydrate
melting at +9.9 °C); and (3) synthetic HyO-NaCl inclusions (eutectic
temperature at —21.2 °C). The phase transition temperature had an
uncertainty of around +1-2 °C because of the small size of the
inclusions.

Due to the lack of Ty, jce measurements, Raman spectroscopy was
performed to determine the chlorinity of the fluid inclusions (Burke,
2001; Dubessy et al., 2002; Frezzotti et al., 2012). Analyses were per-
formed in the Georessources laboratory (Nancy, France) with a LabRAM
HR spectrometer (Horiba Jobin Yvon) equipped with a 600 g mm™!
grating and an edge filter, as well as an excitation light provided by an
Ar? laser at 457 nm at a power of 200 mW. Chlorinity was determined
using the calibration of Caumon et al. (2013) following the procedure
outlined in Caumon et al. (2015) to avoid the effect of mineral
birefringence.

Major element compositions were measured in dolomite and calcite
with an electron probe microanalyzer using a CAMECA SX100 from the
PLateforme Aquitaine de CAractérisation des MATériaux (Pessac,
France). The standard microprobe conditions were 40 nA and 20 kV
using natural (andradite and celsian) and synthetic in-house standards.

Rare earth elements (REE) were measured on three thin sections by
LA-ICP-MS with a Resonetics Resolution-SE 193 nm excimer laser sys-
tem equipped with a S-155 large volume constant geometry chamber
(Laurin Technic, Australia) at the Institute of Geological Sciences, Uni-
versity of Bern, Switzerland. Four transects were made across the do-
lomites, covering a total of 26 points in distinctive cement/matrix
phases. The laser system was coupled to an Agilent 7900 quadrupole
ICP-MS instrument. Samples were ablated in a He atmosphere and the
aerosol mixed with Ar carrier gas before being transported to the ICP-

0°30 0°29
\
\ Normal fault \Thrust

\Stratigraphic cross-section

Fig. 2. Geological map of the studied area modified after Castéras (1970) and Grimaldi (1988). Note the differential erosion at the top of the Mano Formation due to
the development of normal faults after deposition. Brecciated bodies (B and C) are present in the vicinity of faults and near the upper boundary of the Meillon
Formation (see the text for details). Sedimentary breccias (A) are located near the base of the Mano Formation but are not visible at this scale. The color scale is the
same as in Fig. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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MS. Measurement beam size was set at 80 pm, and the surface area of
each measurement spot was cleaned with a pre-ablation of four pulses
with a larger spot size. Total acquisition time for each analysis was 65 s
(s), consisting of 30 s of gas background acquired with the laser switched
off, 10 s of washout after pre-ablation cleaning, and 25 s of ablation
signal. External calibration was performed using trace element-doped
basaltic glasses GSD-1g (Jochum et al., 2010) and NIST 612 (Jochum
et al., 2011), while Mg concentration, preliminarily determined by the
electron probe microanalyzer, was used as the internal standard recov-
ery. Standard controls were made every 10 measurements. Data were
reduced by employing Iolite Igor Pro (version 7.08). The REE concen-
trations were normalized to the World Shale Average (WSA) as calcu-
lated by Piper (1974).

Bulk stable oxygen and carbon isotopes were analyzed on 13
powdered carbonate samples at the Institut des Sciences de la Terre de
Paris (Paris, France). Due to the size of the microdrill bit (800 pm
minimum), only four samples corresponded to a single phase of dolo-
mite, with the others being a mixture of cement and dolomite matrix
material. The dolomite samples were reacted under vacuum with 100%
phosphoric acid at 70 °C for 10 min. CO5 was purified in an automatic
cryogenic trapping system and analyzed on the Kiel IV device coupled to
a Delta V Advantage Thermo-Scientific. The measurements were re-
ported as per mil (%) deviation relative to the Vienna Pee Dee Belemnite
(VPDB) standard and normalized to the NBS19 and NBS18. The acid
fractionation of Rosenbaum and Sheppard (1986) was applied to the
dolomite and Kim et al. (2007) to the calcite.

In situ oxygen and carbon isotope measurements were also performed
on six polished and gold-coated thin sections with a SIMS Cameca IMS
1270 located at the Center de Recherche Pétrographique et
Géochimique (Nancy, France). Eight transects were made across calcite
and dolomite cements, covering a total of 189 points. To do so, two
parallel transects (one for each isotope) were measured for each region
of interest. Samples were sputtered with the 10 kV Cs" primary beam of
3 (for oxygen) and 2.7 (for carbon) nA intensity focused on 20 pm spots.
Secondary negative ions of C and O were accelerated at 10 kV and
analyzed at a mass resolution of about 5000 using the circular focusing
mode of the IMS 1270 and a transfer optic of 150 pm (Rollion-Bard et al.,
2003). The instrumental mass fractionation was determined using two
standards analyzed conventionally for O and C isotopes: an ankerite
standard (G119) for the dolomite (8'%0gmow = +23.83 + 0.28%c;
5'3Cypps = —0.38 £ 0.17%0) and a calcite standard (CC CigA) for the
calcite (5'%0gmow = +18.94 + 0.14%o0; 8'3Cypps = +1.04 £+ 0.10%0)
according to Rollion-Bard et al. (2003). The instrumental stability was
verified regularly during each session. In the event of instrumental drift,
a linear correction constrained by the difference in the standard value
was applied to the measurements. The internal precision for a single
measurement was +0.1-0.2%ocyppp) for 13¢/12¢ and '%0/'%0 ratios.
Rollion-Bard et al. (2003) experimented the reproducibility based on the
repeated standard measurements and obtained =+ 0.4%o(yppg) for oxygen
and +0.65%o(vppg) for carbon. The bulk values of large areas of cement
were used to correct the 5120 values obtained by the SIMS of the matrix
effects (Rollion-Bard and Marin-Carbonne, 2011). Regarding the oxygen
isotope values obtained by bulk analysis, the SIMS values are outlined in
permil deviation from the VPDB standard (%oyppp)-

The 87Sr/80Sr ratio was performed on 25 microdrilled samples: 18
were from dolomites and calcites in the Mano and Meillon Formations
and 7 from volcanic rocks and evaporites. The Sr isotope analyses were
performed at the Pole de Spectrométrie Ocean/Institut Universitaire
Européen de la Mer (Plouzané, France). The Sr fractions were chemically
separated following standard column chemistry procedures (Révillon
et al., 2011). The Sr isotope compositions were measured in static mode
on a Thermo TRITON and normalized to natural 8Sy#%Sr = 0.1194 and
to the standard solution NBS987 (recommended value of 0.710250). The
standard deviation for laboratory standards within the samples was less
than +0.000005 (20).

Calcite U-Pb geochronology was conducted via a LA-ICPMS isotope
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mapping approach at the Institut des Sciences Analytiques et de Physico-
Chimie pour I’Environnement et les Matériaux (Pau, France). All the
samples were analyzed with a femtosecond laser ablation system
(Lambda3, Nexeya, Bordeaux, France) coupled to an ICPMS Element XR
(ThermoFisher Scientific, Bremen, Germany) fitted with the jet inter-
face. This method is based on the construction of isotopic maps of the
elements of interest for dating (U, Pb, Th) from ablation along lines, with
ages calculated from the pixel values (Drost et al., 2018; Hoareau et al.,
in press). The laser and ICPMS parameters used for U-Pb dating are
detailed in the Supplementary Material. Isotope maps were built from
linear scans of 1.1 mm length at a repetition rate of 500 Hz. These lines
of 25 pm height, separated by a distance of 25 pm, were obtained with a
stage movement rate of 25 pm s, corresponding to 44 s of analysis per
line, followed by 15 s of break. There were 27-28 lines, resulting in a
total analysis time ranging from 26.5 to 27.5 min for a surface of
0.74-0.77 mm?. Prior to analysis, the samples were pre-cleaned with the
laser using a stage movement rate of 200 pum s 1. Only 238U, 232Th,
208Pb, 207Pb, and 2°°Pb were selected, reaching a total mass sweep time
of about ~60 ms. The selected unknowns were bracketed with the glass
SRM NIST612 to normalize the lead ratios and drift correction of U/Pb
ratios, followed by the WC1 calcite standard (Age 254.4 + 6.4 Ma) for
the final correction of the U/Pb ratio based on Roberts et al. (2017). The
standards were analyzed in conditions similar to the unknowns, except
that the isotopic maps were of smaller surface (~0.2 mm?), corre-
sponding to an analysis time of ~5 min. The Duff Brown Tank limestone
(age 64.04 £+ 0.67; Hill et al., 2016) was used as a secondary standard.
To calculate the age, two approaches were followed. The first approach,
less precise, consists of dividing the map into squares with a dimension
of 5 x 6 pixels, equivalent to 125 pm x 150 pm and 15 s of analysis, and
then calculating the mean and its uncertainty for each square. The
second approach, similar to that of Drost et al. (2018), involves sorting
the pixel ratio values using the 207Pb/23%U ratio, clustering the data into
discrete steps with a given number of pixels (here 30 pixels corre-
sponding to 15 s of signal), and then calculating the mean and its un-
certainty for each cluster. For both approaches, the age was obtained
through a regression across the corresponding ellipses in the newly
defined total—Pb/U-Th plot of Vermeesch (2020) using IsoplotR (Ver-
meesch, 2018). The goodness-of-fit to the data was assessed by calcu-
lating the mean squared weighted deviation (MSWD) on the discretized
data. Ages are considered valid when statistical parameters are satis-
fying, and when similar ages (within uncertainty) are obtained for the
two approaches. The calculated ages have uncertainties quoted as age +
x/y, where x corresponds to the confidence interval of the regression and
y is with (1) additional analytical uncertainties (on 238y5,/206p, of glass
SRM NIST612) and (2) systematic uncertainties (on decay constant of
238y (0.05%, 1s) on the 23817,/206p}, ratio of WC1 as estimated by Roberts
et al. (2017) (1.35%, 1s) and long-term excess uncertainty (1%, 1s)).

4. Results
4.1. Field observations

4.1.1. Sedimentology

On its crest, the Mail Arrouy Ridge includes the Meillon and Mano
dolostones as well as the Lons and Annelid Limestones. Over the 15 km
length of the Mail Arrouy, dolomitization affects the entire volume of the
Meillon and Mano Formations.

The Meillon Formation is characterized by around 350 m of high-
energy environment deposits (Fig. 3A). In the lower and upper parts
of the formation, the deposits range from wackestone (WST) to pack-
stone (PST) with peloidal and oolitic content. In the middle part of the
formation, they mainly consist of oolitic grainstone (GST; Fig. 3B). The
entire Meillon Formation is affected by a fabric-destructive dolomiti-
zation. Distinguishing the initial texture is difficult in the presence of
this pervasive pluri-micrometric sucrosic dolomite (Fig. 3C). Veins filled
with white dolomite cement are present throughout the formation.



G. Motte et al.

Annelid WST to

rosional surfa

w 0Seg - 001
ueluoyl |
saliwojoq oueyy

w 00¢g - 00C
uelBpLaWWIY 0} UBIPIOIXO
sauo)sawI SuoT

N
W
g
)
@

w 00% - 00¢
ueIpJOIXQ O} ueluoyreg
sajwojoq UojiIs

Marine and Petroleum Geology 126 (2021) 104932

Fig. 3. A) Simplified sedimentological log of the Meillon, Lons, and Mano Formations with the location of the photographs; B to I) Field photographs of sedi-
mentological facies and breccias of the Mail Arrouy. B) Oolitic doloGST with moldic porosity (Meillon Formation); C) Massive doloGST (Meillon Formation); D)
DoloMST to doloWST with lenticular bedding (Mano Formation); E) Massive oolitic doloGST (Mano Formation). The dolomite oolite grains are dark, whereas white
dolomite cemented the primary porosity; F) Polygenic breccia with sub-rounded clasts supported by a dolomite carbonate mud (Mano Formation); G) Breccias with
monogenic unsorted dolomite clasts supported by a white dolomite cement (Mano Formation). This breccia (Breccia B) is located in the vicinity of the fault and
passes laterally to the sedimentary breccia (Breccia A); H) Breccia C observed in the vicinity of a N-S fault (Meillon Formation); I) Angular dolomite clasts supported
by white dolomite cement near the upper boundary of the Meillon Formation (Breccia C).

The Lons Formation consists of 250 m of barely changing argilla-
ceous mudstone deposits (Fig. 3A). The formation boundaries with the
Meillon and Mano Formations are evident, with a clear transition from
limestone to dolostone without evidence of geometrical unconformity.
No evidence of dolomite was observed.

Most deposits in the Mano Formation consist of dolomudstone
(doloMST) or dolowackestone (doloWST) with pellets and oolites
(Fig. 3D). Along the entire ridge, variations in thickness (from 250 to 30
m) are controlled by differential erosion during the Neocomian emer-
sion. Dolograinstone (doloGST) with oolites represents the highest en-
ergy deposits (Fig. 3E). Interbedded monogenic or rarely polygenic
sedimentary breccias (Breccia A) are present at the base of the Mano
Formation (Fig. 3F). Breccia A exhibits a particulate rubble packbreccia
morphology sensu Morrow (1982) (Fig. 4A-B). These carbonate
mud-filled breccias have been interpreted as the result of emersion and
an arid climate, which induced brecciation caused by karstification or
even Wadi flows with a very low transport rate (Grimaldi, 1988). The
morphology of the dolomite crystals replacing the carbonate matrix

depends on the initial facies. In doloMST- or doloWST-type deposits,
dolomites are micrometric in size and light-colored (Fig. 3D). As the
energy of deposition increases, the size of the dolomites increases from
several tens of micrometers to several hundreds of micrometers,
becoming increasingly dark. In addition, veins cemented by
pluri-micrometric white dolomites are present throughout the forma-
tion. Whereas veins have a width of several centimeters, the size of the
dolomite cement crystals increases toward the center of the veins,
ranging from micrometric to millimetric or centimetric in size.

Above the erosional truncation, the Annelid Formation was depos-
ited in a shallow depositional environment during the flooding of the
emerged platform. These 25 m thick limestone deposits range from WST
to PST with annelid contents (Fig. 3A). No trace of dolomite was
observed in these carbonates.

4.1.2. Structural observations
The Mail Arrouy Ridge presents numerous N-S trending normal
faults, which affect the entire Jurassic strata (Fig. 2) and are sealed by
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Fig. 4. Field photographs and corresponding polished samples illustrating the progressive transition from sedimentary Breccia A to dolomite Breccia B (A to D) as
well as the texture of Breccia C (E, F). A and B) Sedimentary Breccia A with carbonate mud and tiny clasts partly replaced by white dolomite cement; C and D)
Example of an almost complete replacement of the initial carbonate mud by white dolomite cement, located closer to a fault, forming a mosaic breccia texture
(Breccia B); E and F) Breccia C with angular clasts supported by a white dolomite cement. Breccia C differs from B by the abundance of diffuse fracturing.

the Barremian Annelid Limestones (Grimaldi, 1988). The absence of any
sedimentary wedge in the Mano Formation implies that fault activity
occurred after the Jurassic carbonate deposition. Fault activity led to the
differential erosion of the Mano Formation during the general uplift and
exposure after the Tithonian. In the vicinity of the faults, morphologi-
cally distinct breccias are present in dyke-like geometries in both the
Meillon and Mano Formations (Figs. 2 and 3A).

In the Mano Formation, these breccias (Breccia B) have monogenic

angular clasts that rework the surrounding host rock (Fig. 4C-D), sup-
ported by a white dolomite cement (Fig. 3G). These breccias pass
laterally to the aforementioned sedimentary breccias (Breccia A). As the
distance from the fault zone increases, white dolomite cements become
increasingly rare, leaving the initial organization of sedimentary Breccia
A with monogenic clasts supported by carbonate mud (Fig. 4A-B).
Breccia B presents a cemented rubble floatbreccia morphology. The
partial to complete replacement of the initial millimetric elements and
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the dolomite carbonate mud supported by the white dolomite cement
occurs over a distance of 200-300 m from the faults (Figs. 2 and 3A).
Due to this intense dolomitization, the initial sedimentary facies of the
breccias is not easily identifiable. In some cases, the white dolomite
cement is followed by quartz cementation.

In the Meillon Formation, the breccias (Breccia C) have monogenic,
unsorted, and angular to sub-angular clasts supported by a white dolo-
mite cement (Figs. 3H and Fig. 4E-F). The network of cemented veins is
closely spaced to Breccia B of the Mano Formation, resulting in a
cemented mosaic floatbreccia morphology. In some cases, quartz was
also precipitated after the dolomite. Locally, these dolomite breccias are
affected by a second brecciation event associated with calcite cemen-
tation. Breccia C is also observed near the upper boundary of the Meillon
Formation in contact with the Lons Formation (Figs. 2 and Fig. 3A-I).
Outside this domain and the faulted areas, breccia bodies are very
limited in volume, and white dolomite cements are rarely observed
except in tiny veins.

Finally, volcanic rocks are present as sills and dykes in the vicinity of
the faults. They are injected into the fault zones in the Meillon, Lons, and
Mano Formations (Figs. 2 and 3A).

In this study, the host rock and three distinct breccia types are used to
characterize the diagenetic evolution of the entire Mano and Meillon
Formations as well as that specific to the fault zones.

4.2. Petrographical observations

4.2.1. Mano Formation

4.2.1.1. Early diagenetic features. In the grainstone facies, oolitic and
peloidal grains have been partially dissolved, creating secondary
porosity (Fig. 5A). The undissolved parts were also micritized before
being dolomitized.

Calcite cemented

Breccia A fracture

DoloMST
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4.2.1.2. Replacive dolomite. The Mano Formation is affected by wide-
spread dolomitization. In the mudstone and wackestone facies, the
replacive dolomite crystals (RD1yano) are planar-S and range from 10 to
50 pm in size. They are gray to dark gray in color, turbid, and inclusion-
rich. Under CL, the RD1y,,0 has a dull to dark-red luminescence.
RD1pjano completely overprints and thus postdates the sedimentary
breccia (Fig. 5B). In the grainstone facies, the oolites and peloids are
dolomitized by RD1pjan, leaving the original fabric preserved (Fig. 5A).

4.2.1.3. Dolomite cements. Three dolomite cements can be distin-
guished on the basis of their crystal morphologies, size ranges, and CL
luminescence. They occur as porosity-filling phases in grainstone facies
(Fig. 5A), vein filling (Fig. 5C), and clast-supported cements in the
diagenetic Breccia B (Fig. 5D). All cements are light gray to white in
plane polarized light (PPL) and variably limpid. The grains do not
exhibit compaction patterns (Fig. 5B), suggesting that the dolomite
cementation affected the Mano Formation in a shallow burial context.

The first dolomite cement to precipitate (DC2pano) consists of planar-
S crystals between 50 and 150 pm in size (Fig. 6A). It forms a thin rim
located at the edge of the clasts or the host rock, with a light gray color.
Locally in the breccias, DC2pano replaces the host rock (Fig. 6B). Under
CL, DC2pano displays a dark red luminescence. Very small (<5 pm)
aqueous and solid inclusions are present in large quantities. DC2pjano
was impacted by subsequent brecciation (Fig. 6C).

The second dolomite cement (DC3pan,) precipitated after DC2yano,
as shown by its common presence as DC2ygan, crystal overgrowth
(Fig. 6C). DC3pano crystals are light gray, have a planar-E texture, and
range from 300 to 1000 pm in size (Fig. 6A, B, D, and Fig. 5D). Locally,
DC3pano has a saddle texture due to its curved faces (Fig. 6D). CL ob-
servations highlight three successive growth zones characterized by
distinct luminescence: DC3a in dark red, DC3b in red, and DC3c in
alternating bright orange to red bands (Fig. 6A, B, D). The DC3b growth

o ) DoloWST
Breccia B & RD1

Mano

Fig. 5. Overview of the facies and breccias present in the Mano Formation in PPL with a scan of thin sections. A) DoloGST with fully micritized and partially
dissolved dolomitized grains. The primary porosity is cemented by a white dolomite cement in planar-S to planar-E texture (DC2pano). Some planar-E dolomite
crystals (DC3yano) precipitated in residual porosity; B) DoloMST in sedimentary Breccia A dolomitized by fine non-planar dolomite (RD1yano)- Under CL, both the
matrix and the mud share common CL luminescence; C) Thin section scan of a sedimentary breccia cross-cut by a dolomite-cemented vein. The matrix and Breccia A
are fully dolomitized by RD1pano. The vein is cemented by a multi-phase dolomitization. In the center of the vein, dolomite crystals (DC4yjano) are more limpid than
near the edge (DC2-3y1an0); D) Example of dolomite cements observed in Breccia B comprising DC2yano, DC3Manos and DC4yjano.
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DC3c

Mano

/

Fig. 6. Main characteristics of the cements present in the Mano Formation. A) Example of multi-phase dolomitization. The matrix was replaced by a fine non-planar
dolomite RD1yeiion. Vein-filling cements are made of fine planar-S to planar-E dolomite DC2yan, With planar-E dolomite DC3yn0 Overgrowths, followed by limpid
saddle dolomite DC4pano; B) RD1yano, DC2Mano, and DC3yano Observed under CL. In Breccia B, a clast initially dolomitized by RD1pan, is partially replaced by
DC2p\ano; C) Dolomite-cemented veins in the host rock. The veins are similar to those in Breccia B except for the absence of DC4yjano; D) Complete dolomite
cementation with DC3pap, in saddle configuration; E) Large DC4yano saddle crystals within Breccia B; F) Local dedolomitization of dolomite fringes as revealed by
staining; G and H) Local cementation of the remaining intercrystalline porosity by dull-brown calcite CClyano (G) or quartz Qtzyano (H). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

zone displays numerous primary fluid inclusions aligned along the
crystal boundaries (Fig. 6A).

The third dolomite cement (DC4ypano) is observed only locally. It
mainly occurs as large (300 pm-2000 pm) saddle blocky crystals in the
breccias and the center of veins (Fig. 5C, D and Fig. 6E). This cement is
limpid and contains only a few fluid inclusions. Under CL, it is

characterized by a dull red luminescence (Fig. 6E, D). Locally, DC4pano
is impacted by dedolomitization, which is more pronounced along the
crystal growth planes (Fig. 6F).

4.2.1.4. Calcite and quartz cements. Calcite cements are scarce. Locally,
the stainings reveal calcite inside the dolomite crystals, which is
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interpreted as resulting from dedolomitization (Fig. 6F). These calcite
crystals (5-20 pm) are non-luminescent under CL. Given their tiny size,
they cannot be related to other calcite cements.

Calcite cements (CClyano) are also observed in veins and breccias.
They are made of limpid, large (>1 mm) blocky crystals with a dull-
brown CL luminescence (Fig. 6G).

Quartz (QtZyano) is more common than calcite, but it is only
observed locally. It is made of limpid, large (>500 pm) blocky crystals
postdating DC4an, in the veins and breccias (Fig. 5C, D). Dedolomiti-
zation features are often observed in the vicinity of the contacts between
quartz and dolomite crystals (Fig. 6H).

4.2.2. Meillon Formation

4.2.2.1. Early diagenetic features. The wackestone facies located at the
top of the Meillon Formation has not been completely dolomitized. The
grains are partly micritized (Fig. 7A). Under CL, the micritic envelopes
and the unaffected parts of the grains display an orange and dark orange
luminescence, respectively (Fig. 7A). The remaining parts of the Meillon
Formation, mainly made of oolitic packstone to grainstone, are
completely dolomitized. The oolites were micritized before dolomiti-
zation and partially dissolved (Fig. 7B, C).

4.2.2.2. Replacive dolomites. The Meillon Formation presents two
dolomite crystal textures that are non-fabric-preserving to partially
fabric-preserving. First, a sucrosic replacive dolomite (RD1yeilion) iS
observed locally (Fig. 7D). RD1peiiion Crystals have a planar-E texture
and range from 50 to 100 pm in size. The crystals have cloudy cores and
clear fringes. Under CL, the cores generally have a dull red lumines-
cence, whereas the outer fringes are bright red. However, some rhombs
display irregular patches of red CL luminescence inside the cores, which
is indicative of partial replacement (Fig. 7D). In the wackestone facies,
the RD1peilion dolomitization is not always complete, leaving isolated

CC1

Meiflon

. Micritized grain

Micrite 3

Partial cpre ang
dlssolutlgn-ce

DC2

Meillon

RD2Meillon 500 lJm
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dolomite rhombs in the micrite matrix (Fig. 7A). In the grainstones, the
dolomitization is complete, leaving an important intercrystalline
porosity. Second, a replacive dolomite (RD2peijon) that commonly re-
places and thus postdates RD1ejjion dolomite, affects almost the entire
Meillon Formation. RD2yejiion Crystals are light gray in PPL, have a
planar-S texture, and range from 50 to 200 pm in size (Fig. 7B). In CL,
they display a homogeneous dark red luminescence (Fig. 7C). RD2peilion
dolomite replaces all the uncompacted grains, leaving dark gray ghosts
(Fig. 7B).

4.2.2.3. Dolomite cements. Dolomite cements are present in the inter-
crystalline porosity or veins of the host rock and Breccia C. These ce-
ments have three distinct crystal textures and CL luminescence.

Dolomite cement 2 (DC2peilion) is the first cement observed at the
edge of the intercrystalline, moldic porosity, and veins of the host rock
(Figs. 7C and 8A, B). DC2peillon is also present in the brecciated bodies
(Fig. 8A). This cement has a light gray color in PPL as well as a planar-S
to planar-E dolomite crystal texture, ranging from 50 to 200 pm in size
(Fig. 8B). Under CL, it displays a dark red luminescence.

Dolomite cement 3 (DC3peillon) Occurs as an overgrowth of
DC2peillon, partially or completely filling the remaining intercrystalline
and moldic porosity of the host rock (Fig. 7C, D and Fig. 8B, C). This
limpid cement is also associated with fractures that postdate DC2psejlion
in the host rock and Breccia B (Fig. 8D, E). DC3eillon Crystals have a
planar-S to planar-E dolomite texture and range from 50 to 300 pm in
size. Under CL, DC3peillon generally displays bright red luminescence
(Fig. 8B). Locally, distinct CL fringes are observed in larger cement
(Fig. 8C). DC3peillon also forms an overgrowth on RD1ypejjjon Crystals
(Fig. 7D).

Dolomite cement 4 (DC4peilion) is the last in the Meillon Formation.
DC4peillon has a saddle dolomite crystal texture and ranges from 500 to
3000 pm in size. This light gray to limpid dolomite cement is only pre-
sent locally in breccias as an overgrowth of DC3peiiion (Fig. 8D, F). Under

-Dolbrjitiz&d mwigr
1O IZg

Dolomite overgrowth

csMeIIlon \
A

Sucrosic dolomite
RD1

Meillon

Partial core replacement

Fig. 7. Overview of cements and replacive dolomites present in the Meillon Formation. A) Near the upper boundary of the Meillon Formation, the dolomitization is
partial, leaving the initial texture with isolated RD1yeiiion rhombs in micrite. Calcite cements are also present (CClyseiiion); B) Planar-S RD2yeilon dolomite in the
oolitic grainstone facies. Secondary porosity was cemented by planar-S DC2peijjon and planar-E DC3peinon dolomites; C) Example of oolite dissolution before
dolomitization; D) Planar-E sucrosic dolomite RD1yeinon. Secondary intercrystalline porosity was partially filled by DC2pejiion Overgrowths. DC2pyeinon locally re-

places the core of RD1pejjon Crystals.
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Fig. 8. Main characteristics of the cements present in the Meillon Formation (PPL and CL). A) RD2pjiion planar-S dolomite pervasively replacing the initial matrix. A
vein affecting the host rock is filled by the planar-S dolomite cement DC2peinion; B) Illustration of the relative timing of dolomite and calcite cements in the grainstone
facies. DC2-3peilion dolomite cements postdate the replacive dolomite RD1yeiion- They are followed by CClpeinon calcite in veins and remnant porosity. CC2yeilion iS
the last vein-filling cement; C) Example of the succession of RD2yeiiion, DC2Meilion, @and DC3peinion dolomites filling a vein; D) An additional saddle dolomitization
stage DC4eillon i Observed in Breccia C; E) Dedolomitization or solution-cavity fills associated with CC1yeinon can locally affect the RD2yeinon dolomite matrix. Note
the three distinct CL luminescences of CClyeinon; F) Additional CC2peion cements are observed in Breccia C. DC4yeinon cement presents corroded rims. The
remaining intercrystalline porosity was first partially cemented by quartz QtzZyeinon. After the Qtzyeiiion fracturing, CC2pyeinon has blocked the remnant porosity; G)
Another illustration of the relative timing of cementation between dolomite and calcite. DC3peiiion is cross-cut by a vein filled by CC1peiiion, Which is cross-cut by a
vein filled by CC2peinon; H) Calcite cement CC2yeinon SUpports clasts in Breccia C. It is followed by dripstone calcite CC3yeilion-

CL, this cement displays a dark red luminescence with large bright

fringes.

4.2.2.4. Calcite and quartz cements. The first calcite cement (CC1peilion)

to precipitate in the Meillon Formation occurs in veins (Fig. 8G) and as

pore-filling (Fig. 8B). It displays a drusy fabric with sub-euhedral to
euhedral crystals ranging from 30 to 300 pm. Under CL, CClpejlion €X-
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hibits three successive growth bands with distinct luminescence: an
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orange luminescence, followed by a bright yellow external fringe, and in
the coarsest pores or veins (up to 200 pm wide), a dull-brown color.
Locally, CClyeiion fills pores generated by the previous dolomite
dissolution or directly replaces existing dolomite (Fig. 8E).

CC2peillon is commonly observed as cement filling the residual
intercrystalline porosity present in large veins of the host rock or in
breccia cements (Fig. 8F, G, H). CC2peillon fills fractures that postdate
CC1peillon and quartz cements (Fig. 8F, G). Locally, CC2peilion SUPPOTts
dolomitized clasts in breccia C (Fig. 8H). It has a blocky fabric with
limpid crystals ranging from 100 to 1000 pm in size. Under CL,
CC2peillon is non-luminescent (Fig. 8F, G, H). Locally, CC2eiion replaces
DC4eillon, leaving corroded rims (Fig. 8F). A last calcite cement with a
dripstone fabric (CC3peilion) is observed only rarely in remnant pores
(Fig. 8H).

Quartz cement (Qtzyeiion) Occurs in Breccia C (Fig. 8F), where it
clearly postdates DC4yeillon but predates CC2peilion. The relative chro-
nology between Qtzyeijion and CClyeillon iS Not clear. The crystals are
limpid with a size up to 500 pm.

4.3. Geochemistry

4.3.1. Composition

The Mano dolomites are nearly stoichiometric (Table 1). Their Mg
and Ca contents are consistent among the cements (less than 0.7 wt (wt)
% variation). RD1yan, exhibits high contents of Fe and Si (around 3300
and 5800 ppm, respectively, in mean values) compared to DC2-3pjano
dolomite cements (around 850 and 250 ppm, respectively, in mean
values). The high Fe and Si values are likely a marker of detrital
contamination. DC4yano has the highest Fe content value (up to 3000
ppm) and the lowest Si content value (less than 200 ppm) of all the
dolomite cements. Mn and Sr values remain low (<100 and <200 ppm,
respectively) in all the dolomites.

The Meillon dolomites are also nearly stoichiometric (Table 1).
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RD1peilion €xhibits high Fe and Si contents (around 1800 and 2307 ppm,
respectively, in mean values) compared to RD2peijjon (around 400 and
650 ppm, respectively, in mean values). DC2peilion is Si-rich (around
2000 ppm) and presents a low content of Fe and Sr (around 300 and 150
ppm, respectively). CClypeilon €xhibits higher Mn and Sr contents
(around 550 and 650 ppm, respectively) and low Si and Fe contents
(around 350 and 300 ppm).

4.3.2. Stable isotopes

Selected SIMS transects for the Meillon and Mano Formations are
shown in Fig. 9 and Fig 3, while the mean '80 and §'3C SIMS values of
each diagenetic phase are presented in Fig. 10 and Table 2. Both SIMS
and bulk data were obtained for RD1yano and DC4pano. For RD1yano, the
mean §'%0 and 5'3C values obtained by SIMS are —3.2 and + 3.1%o,
respectively, whereas for bulk samples they are —0.80 and + 1.55%o,
respectively. For DC4yjano, the mean 5'80 and 8'3C values obtained by
SIMS are —12.45 and 2.9%o, respectively, whereas for bulk samples they
are —9.8 and + 1.2%o, respectively. The differences between the values
measured by SIMS and on bulk samples are +2.41%o0 for RD1yn, and
+2.68%o0 for DC4pjano. The mean (+2.54%0) was used to correct for the
matrix effect on 5'%0 SIMS data for the other dolomite cements.

In the Mano Formation (Fig. 9), the 580 and 8'3C of RD1pano (n =7)
range from —3.0 to +0.7%o (mean = —0.7%o; median = —0.5%) and from
+0.6 to +4.6%0 (mean = +3.1%o; median = +3.3%o), respectively. A
significant negative shift in the 580 is measured between RD1y,no and
DC2pMano. The 5'%0 and 8'3C of DC2pano (n = 22) range from —14.7 to
—11.5%0 (mean = —13.6%0; median = —13.7%0) and from —1.7 to
+5.7%o (mean = +3.2%o0; median = +3.5%o), respectively. The 5180 and
513C of DC3Mano (n = 43) range from —14.6 to —9.4%o (mean = —11.9%;
median = —11.9%o) and from +0.8 to +5.2%o (mean = +3.4%o; median
= +3.5%o), respectively. The last cement DC4yap, is characterized by a
positive shift in oxygen isotope values (Fig. 9). The §'%0 and §'3C of
DC4pano (n = 29) range from —13.1 to —7.9%o (mean = —9.9%o; median

Table 1
Elemental composition (microprobe data) of the investigated cements in both the Mano and Meillon Formations.
Ca (wt%) Mg (wt%) Si (ppm) Mn (ppm) Fe (ppm) Sr (ppm)

RD1pmano Max. 21.1550 13.268 24,729 266 83,810 512
Min. 16.85 11.198 168 bdl 97 bdl
Mean 20.3301 12.5831 5793 59 3275 74

Normalized to six oxygens 0.965 0.985 0.039 0 0.011 0

DC2pano Max. 21.834 13.167 834 322 1940 323
Min. 20.563 12.531 103 51 223 bdl
Mean 21.0479 12.8617 269 171 747 96

Normalized to six oxygens 0.994 1.001 0.002 0.001 0.003 0

DC3mano Max. 21.486 13.648 1279 370 3588 466
Min. 14.787 11.322 bdl 53 bdl bdl
Mean 20.8001 12.7671 233 216 996 101

Normalized to six oxygens 0.990 1.004 0.002 0.001 0.004

DC4yano Max. 21.354 13.236 455 292 8245 170
Min. 18.24 11.7180 38 bdl 354 bdl
Mean 20.4447 12.6566 183 106 3050 6

Normalized to six oxygens 0.984 1.004 0.001 0 0.011

RD1yeilion Max. 24.4488 12.58 21,991 3265 6891 512
Min. 17.937 10.011 2 bdl 607 bdl
Mean 20.7248 11.4378 2307 296 1765 74

Normalized to six oxygens 1.035 0.941 0.016 0.001 0.006

RD20eillon Max. 25.853 12.976 904 398 671 715
Min. 21.9303 10.0012 327 bdl 135 bdl
Mean 22.9991 12.0602 652 129 368 173

Normalized to six oxygens 1.070 0.925 0.004 0 0.001

DC2peilion Max. 23.045 14.193 6980 607 418 371
Min. 21.804 13.355 612 210 119 bdl
Mean 22.5138 13.7310 2250 396 247 120

Normalized to six oxygens 0.989 0.995 0.014 0.001 0.001

CCleillon Max. 41.252 0.3753 845 3158 831 1186
Min. 38.286 bdl 52 bdl bdl 168
Mean 40.3069 0.0758 364 567 287 665

Normalized to six oxygens 1.990 0.005 0.003 0.002 0.001

bdl: below detection limit.
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+2.9%0; median

—10.0%0) and from +0.3 to +4.9%0 (mean
+3.3%o), respectively.

In the Meillon Formation, five SIMS transects were performed,
covering all the dolomites, CClyeiion and CC2peillon. Similar to the
Mano Formation, the Meillon dolomites exhibit strong oxygen isotopic
variations. The §'%0 and 8'3C of RD1peillon (n = 4) range from —4.5 to

13

—3.3%0 (mean = —4.0%o; median = —4.0%o) and from —0.7 to +7.4%o
(mean = +3.9%o; median = +4.5%o), respectively, while RD2pejjion (0 =
3) has 5'%0 values between —14.5 and —12.6%0 (mean —13.4%o;
median = —13.2%o) and 5'3C values between —1.4 and + 3.7%o (mean =
+1.1%0; median = +1.1%o). DC2p\eilion (n = 21) exhibits 5'80 values
close to RD2)eillon, ranging from —16.5 to —11.1%o (mean = —14.3%o;
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Table 2

Geochemical characterization of all the diagenetic phases observed in the Mano and Meillon Formations of the Mail Arrouy chainon, including stable isotopes (5*%0, §'3C, 875r/%°sr measured, and §'%0 parent water

calculated) and FI analysis (microthermometry and chlorinity determination).

Primary fluid inclusions

Sr isotopes

Stable isotopes

Sample

Chlorinity

Microthermometry

87Sr/80Sr

8"3Cpps

Parent water 8'%Ogyow

Corrected 5'%0ppp

Min Max

Mean

Mode Min Max

Max n

Min

Mean

Min Max Mean Min Max

Mean

Min Max

Mean

Type

3
2

0.707798
0.709001

0.707461
0.708484

0.707633
0.708743

6

4.6
5.7

4.9
5.1

0.6

3.1

-3.0 0.7

-0.7

RDlMano

3.6

1.6
1.5

204
193

169
146

200

18

-1.7
3.4
2.5
0.8
0.3

3.2
4.1

8.2
9.6

2.7

5.4
5.6

22
7

-11.5
-10.2
-9.7

-14.7
—14.4
-12.6
-14.6
-13.1
—4.5

-13.6
-13.1
-11.0
-12.0

DC2mano

21 4.9

160

0.9

DC3amano

3.9
3.5
2.9
3.9
1.1

DC3bMano

11

12.4

4.9

20
12

196
320

171
196

200
280

17
23
4
2

5.2

4.9
7.4
3.7
5.2

19 6.8 3.0 9.9
6.2

29

-9.4

DC3CMano

10.2 26.9

19.7

2
2

0.710130
0.707590
0.707780
0.707929
0.708120

0.710043
0.707520
0.707630

0.710087
0.707555
0.707705

16.8

12.8

-8.0
-3.3

-0.7

23.6
7.5

12.7
2.5

18.2
5.6

232
210 18
260

230
179
238

230
200
260

2
2
2

0.707821
0.707900
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12
3
7

4.1
4.5

-1.4

-3.4
-1.4

1.2
1.3
1.0 -2.9

10.1
11.6
17.1

4.6
7.4
11.4

6.9
9.7
145

3
21
4
12

-12.6
-11.1
-8.6
-5.7

—14.5
—-16.5
-10.8
-10.1

12
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median = —14.5%0). The associated 5'3C values range from —3.4 to
+5.1%0 (mean = +1.2%o0; median = +1.2%o). The 5'%0 and §'3C of
DC3eillon (0 = 4) range from —10.8 to —8.6%o (mean = —9.6%o; median
= —9.5%0) and from —1.4 to +4.1%0 (mean = +1.3%0; median =
+1.2%o), respectively. The last dolomite cement DC4yjeiiion (0 = 29) has
fewer negative 8'%0 values ranging from —10.1 to —5.7%o (mean =
—7.7%o; median = —8.0%o). The associated 513C values range from —2.9
to +4.5%0 (mean = +1.0%o; median = +1.6%0). The 5'%0 values of
CClpeillon (0 = 13) and CC2pejlion (n = 11) range from —5.6 to —0.5%o
(mean = —2.6%o; median = - 1.9%0) and —12.5 to —6.8%0 (mean =
—9.5%o0; median = 8.9%o), respectively (613C could not be measured).

4.3.3. Strontium isotopes

For the Mano Formation, the Sr isotope ratio of RD1yap, varies from
0.707461 to 0.707798 (Fig. 11 and Table 2). The small size of the
DC2pano and DC3pane cements prevented their separate analysis. The
mixture of these two cements (n = 2) shows 87Sr/30Sr ratios of 0.708484
and 0.709001. The two measurements made for the final dolomite
cement DC4yano give values of 0.710043 and 0.710130.

For the Meillon Formation, RD2peiilon dolomite (n = 2) exhibits
873r/865r ratios of 0.707630 and 0.707780. The analysis of the mixture
between RD1yejllon and DC2peinon (n = 2) gives a Sr isotope ratio be-
tween 0.707520 and 0.707590. The mixture of DC2peilion and DC3peillon
(n = 2) gives ¥Sr/5%sr ratios of 0.707821 and 0.707929. For DC4yeiiion
(n = 2), the Sr isotope ratios vary from 0.707900 to 0.708120. The Sr
isotope ratio of one calcite cement CC2pejiion Was 0.707770. The calcite
matrix present in the upper part of the Meillon Formation (n = 2) has Sr
isotope ratios varying from 0.707715 to 0.707770.

The 87Sr/%0Sr ratios of anhydride (n = 2) and halite samples (n = 2)
of Triassic evaporites from the Belair well vary from 0.707825 to
0.707827 and from 0.708560 to 0.708565, respectively.

The Sr isotope ratios of the volcanic sills sampled in the Lons For-
mation (n = 2) are 0.705322 and 0.705348. The 87Sr/%0Sr ratio of the
basaltic rocks embedded in the Albian turbidites (n = 1) is 0.705851.

4.3.4. U-Pb dating

Accurate total-Pb/U-Th ages could be obtained for six samples
corresponding to RD1yiano, DC2Mano, RD2eilion, and DC4peilion. These
results, presented on Tera-Wasserburg plots, are provided in Fig. S1 for
the first approach (subdivision of the isotopic image in 150 pm x 125 pm
squares), and in Fig. 12 for the second approach inspired by Drost et al.
(2018). For RD1yane, two samples could be analyzed. For one sample,
136.4 + 6.8 Ma (MSWD = 0.3) was obtained with the first approach,
while a similar but slightly more precise age of 136.7 + 4.7 Ma (MSWD
= 1.95) was found with the second approach. For the other sample, ages
of 127.0 + 7.3 Ma (MSWD = 0.6) and 132.6 + 4.5 Ma (MSWD = 1.5)
were calculated with the first and second approaches, respectively. For
DC2pano, the large dispersion of individual pixel isotopic ratio values
should lead us to consider these ages with caution, despite the accept-
able statistics. The ages correspond to 101.3 + 12.6 Ma (MSWD = 1)
(first approach) and 106.2 + 8.1 Ma (MSWD = 1.1) (second approach).
For RD2)pejlion, tWo samples gave reliable ages. For the first sample,
taken directly from Meillon doloGST in the vicinity of major fault and
dolomite breccias, two images were analyzed. Ages of 140.8 & 9.2 Ma
(MSWD = 0.4) and 136.6 + 9.3 (MSWD = 0.5) were calculated with the
first approach, whereas ages of 136.9 + 4.8 Ma (MSWD = 1.1) and
134.0 + 4.7 Ma (MSWD = 0.8) were obtained with the second. For the
second sample, corresponding to a dolomite clast embedded in
fault-related calcite cemented breccia, less precise ages of 113.8 4 16.6
Ma (MSWD = 0.5) and 107.0 & 5.6 Ma (MSWD = 1.3) were calculated
depending on the approach used. Finally, for DC4yeiiion, ages of 112.7 +
13.4 Ma (MSWD = 0.5) and 106.1 £+ 5.5 Ma (MSWD = 1.6) were ob-
tained for the first and second approaches, respectively.
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Fig. 11. 8Sr/%Sr vs 5180 plot of the different cements and rocks. The arrows represent the chronological trend deduced from petrographical observations. The
Jurassic and Triassic marine carbonate values are also indicated (McArthur et al., 2001).

4.3.5. Fluid inclusions

4.3.5.1. Petrography of fluid inclusions. The investigated dolomite ce-
ments in the breccias of the Meillon and Mano Formations have a high
content of aqueous fluid inclusions (FIs). For RD1 and RD2 dolomites,
the dark cloudy appearance of the crystals in both formations is due to
the presence of numerous primary FIs of less than 2 pm in size.

In the DC2 dolomites of both formations, the dolomite crystals have a
cloudy appearance due the presence of presumably primary FIs of less
than 5 pm in size, which have a rectangular to oval shape (Fig. 13A).
Most FIs are too small to distinguish their phase content (one or two
phases). Only seven two-phase (water and gas) FIs could be analyzed.

In the DC3 dolomites of both formations, the FIs have a size of
around 4-8 pm with an oval to elongated shape. Most are located along
the crystal growth planes and are therefore primary (Fig. 13B). All the
aqueous FIs have two phases (water and gas). The presence of very clear
growth plans allowed us to precisely locate the FI positions in the crystal
subdivision in order to link the measured temperatures to the oxygen
isotope values specific to this area. Secondary fluid inclusion assem-
blages (FIAs) located on the planes intersecting the dolomite growth
have been observed. Several FIAs stop at DC4yjano (Secondary A), while
others intersect all the dolomite generations (Secondary B). These two-
phased FIs postdate DC3 and were trapped before or during the DC4
precipitation.

In DC4ppano dolomites, only a few primary FIs are observed on crystal
growth zones. These FIs have a rectangular to elongated shape with a
size ranging from 2 to 10 pm (Fig. 13C). About half of these FIs are too
small to be reliably described. The others have two phases (water and
gas). In the Meillon Formation, several DC4yjeillon crystals have a very
high primary FI content. These have a rectangular shape ranging from 4
to 20 pm in size (Fig. 13D). Around 90% of these FIs have a size of less
than 5 pm, and their content cannot be clearly assessed due to their small
dimensions. The larger Fls all have two phases (water and gas).

In quartz, isolated FIs are interpreted as primary inclusions, whereas
other FIs aligned along the healed fractures are interpreted as secondary.
Both FIs have a two-phase aqueous content (water and gas).

In CClyejlion, N0 inclusions exceeding 2 pm could be observed.
Finally, CC2)ejjon contains a small amount of FIs. These are isolated, not
aligned on the fracture planes, and interpreted as primary with two
phases.

4.3.5.2. Microthermometry. The Ty values obtained in the Mano ce-
ments are shown in Fig. 14A. DC2ap, yields Ty, values (n = 7) between
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169 and 204 °C. The Ty, values of DC3a-byano range from 146 to 192 °C
(mode = 157 °C; n = 21), whereas the T}, values of DC3cpap,o vary from
171 to 196 °C (mode = 196 °C; n = 20). The highest Ty, values observed
in the Mano Formation are in DC4yno FIs, ranging from 196 to 320 °C
(n = 12). The large distribution of these values makes it difficult to
determine a mode for Tj. Secondary FIs in DC3ppap, have Ty values
around 200 °C (n = 19). Secondary FIs that do not cross DC4yano have Ty
values around 265 °C (n = 4).

The T}, values obtained in the Meillon cements are shown in Fig. 14B.
In the Meillon Formation, DC2yzejjion yields Ty values between 230 and
232 °C (n = 4). The Ty, values of DC3)peilion range from 179 to 210 °C
(mode = 207.5 °C; n = 18). Similar to the Mano Formation, the highest
Ty, values measured in the Meillon Formation are in DC4peilion, the last
dolomite cement. These T}, values vary from 237 to 260 °C (mode =
260 °C; n = 6). Primary FIs of Qtzpeiion have Ty values ranging from
135.5 to 205 °C (mode = 205 °C; n = 19), whereas the values of sec-
ondary FIs vary from 143.5 to 157.5 °C (mode = 148.5 °C; n = 12). The
calcite cement CC2yeinion has Ty, values between 141.5 and 157.5°C (n =
5).

4.3.5.3. Raman analysis: chlorinity. The chlorinity values obtained by
Raman analysis are detailed in Fig. 14C. DC2pano yields chlorinity
values comprised between 0 and 3.6%eqnac1 (mean = 1.6%eqNact; 0 = 3).
For DC3, the values vary from O to 4.9%eqnac1 (mean = 1.5%eqnact) in
DC3a-b (n = 4) and from 0 to 12.4%egNaci (mean = 4.9%eqnacy) in DC3c
(n = 11). The saddle dolomite DC4yjano has the highest chlorinity be-
tween 10.2 and 26.9% (mean = 19.7%eqnac; 0 = 4).

In the Meillon Formation, chlorinity was only measured in the
DC4yeillon dolomite with values between 12.7 and 23.6%eqnact (mean =
18.2%eqgnac; 1 = 6). The primary and secondary FIs of quartz have a
chlorinity ranging from 2.5 to 7.5%eqnacl (mean = 5.6%eqNact; 1 = 12)
and 7.7 to 23.9%eqnact (mean = 20%eqnac; N = 12), respectively.
CC2peillon (n = 2) has a chlorinity between 17.7 and 18.2%eqNacl-

4.3.6. Rare earth elements

In the Mano Formation, the shale-normalized REE patterns of all the
dolomite phases are similar, except for DC4pjano (Fig. 15A). The low REE
(LREE) patterns are flat and thus consistent with the WSA, whereas the
high REE (HREE) patterns tend to slightly decrease, being closer to the
pattern of hydrothermal fluids. DC4yjano has a distinctive REE pattern,
with a strong positive Eu anomaly and a greater decrease in HREE. This
entire profile is more consistent with that of hydrothermal vents.

Except for RD1yejlion, the REE patterns of the Meillon dolomites
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Fig. 12. Total-Pb/U-Th plots for the dolomites successfully dated by the U-Pb method of Drost et al. (2018). All ellipses correspond to two sigma uncertainties. For
DC2pano, the red ellipse was not considered in the age calculation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 13. Overview of the FIs present in the Mano and Meillon dolomite cements. A) Small oval FIs give a cloudy appearance to DC2pano; B) Primary FIs are located on
the crystal growth plans of DC3pano; C) Rectangular Fls are found along a crystal growth zone in DC4pjano; D) A high number of rectangular FIs occur in DC4yeiiion-

partly differ from those of the Mano dolomites (Fig. 15B). Their LREE
patterns present a strong negative Ce anomaly, which is consistent with
seawater. By contrast, their HREE patterns are similar to those of the
Mano dolomites and thus more consistent with hydrothermal fluids. In
addition, the DC4yeilon presents some distinction with a slightly positive
Eu anomaly and a greater HREE decrease, closer to the profile of
DC4pano-

5. Discussion
5.1. Paragenetic sequence

Our study on textural relationships, geochemical trends, FI micro-
thermometry, and absolute age of the precipitation of diagenetic phases
allows us to propose a complete paragenetic sequence of the Mano and
Meillon Formations from the Early Cretaceous to the Cenozoic (Fig. 16).

The Mano and Meillon carbonate deposits were initially affected by
early marine micritization as well as partial oolitic and peloidal grain
dissolution. Thereafter, both formations were massively dolomitized
during the Early Cretaceous, which is consistent with a near-surface to
shallow burial context. In the Mano Formation, only one dolomitization
event is recorded (RD1pano). In the Meillon Formation, remnants of a
first dolomitization stage (RDlpion) are locally preserved in the
wackestone to packstone facies, whereas in the grainstone facies, the
initial textures were completely overprinted by a second stage of
massive dolomitization (RD2pejlion). Widespread dolomitization prob-
ably occurred coevally to dolomite cementation (DC2 and DC3) in both
the intercrystalline pores of the dolostones (including breccias) and the
tectonic veins. A final stage of saddle dolomite cementation (DC4)
occurred locally in the fault zones where it supports the breccias clasts.
All dolomite cements, including the dolomite matrix (RD1yano and
RD2peilion), Were either locally dissolved, thus creating solution-
enhanced porosity, or directly replaced by calcite cement (CC1). In
the residual porosity, subsequent quartz precipitated in the largest voids
of several veins and breccias. The final cementation stage identified was
only found in the Meillon Formation, with CC2 calcite blocking the
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residual porosity in large veins and filling new fractures. Finally, a last
calcite cement with a rarely observed dripstone fabric (CC3eiiion) filled
the residual porosity of the Meillon Formation.

5.2. Near-surface to shallow burial: marine- or meteoric-derived water
influx

5.2.1. Early micritization and grain dissolution in near-surface conditions
All the dolomite cements of both formations present equivalent 5'3C
values (range between +1 and + 4%ppg). These values are in line with
those of the marine carbonate deposits, pointing to a marine origin for
the parent water or to 8*3C values influenced by the sedimentary marine
carbonates originally forming the host rock (Longstaffe, 1987).

The oolitic and peloidal grains were micritized and partially dis-
solved in both formations, forming moldic porosity in the grainstone
facies. Micritization occurred at or close to the surface soon after
deposition, as commonly observed in marine platform carbonates (e.g.,
Scholle and Ulmer-Scholle, 2003). The preferential dissolution of
aragonite or high-Mg calcite grains is also common, especially in plat-
forms exposed to the ingress of meteoric water during emersion (Bath-
urst, 1971; James and Choquette, 1984).

5.2.2. Widespread dolomitization in near-surface to shallow burial
conditions

In the Mano Formation, an age of ~135 + 5 Ma obtained for RD1ano
indicates that widespread dolomitization occurred between the Berria-
sian and the Hauterivian. Present-day sedimentary thickness suggests
that the maximum burial of the Mano Formation did not exceed 500 m at
that time (Castéras et al., 1970), assuming that compaction was limited
due to the essential presence of high energy carbonate deposits in the
Jurassic and pre-Albian units (dolostones and GST; Croizé et al., 2013;
Goldhammer, 1997). We can use the maximum burial to propose an
approximate precipitation temperature between ~20 °C at the surface to
~35 °C at 500 m, assuming a normal geothermal gradient of 30 °C/km
(Fig. 17A). The parent water 580 (6180W) of RD1yano dolomite calcu-
lated for this temperature range, the measured dolomite §!%0 (=3 to
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measured in cements present in Breccia C in the Meillon Formation; C) Ho-
mogenization temperatures versus chlorinity measured by Raman spectroscopy
in Mano and Meillon cements.

0.74%oppg), and the dolomite-water fractionation factor of Horita
(2014) range from —5.9 to +1.2%ospow (Fig. 18). The lowest values are
compatible with meteoric water, whereas slightly negative to positive
values are more consistent with Early Cretaceous seawater to slightly
evolved basinal waters (Longstaffe, 1987; Veizer and Prokoph, 2015).
The Sr isotope values are higher than Early Cretaceous seawater
(Fig. 11), suggesting an interaction with radiogenic components such as
clays or bauxites deposited above the erosive truncation of the Mano
Formation or the mixture of marine-derived water and groundwater (e.
g., Adams et al., 2019; Nader et al., 2004; Railsback and Hood, 2001).
The shale-like LREE pattern corroborates the interactions between
radiogenic components, inducing a high water-rock interaction,
whereas the HREE tends to slightly decrease and thus is in line with a
hydrothermal fluid pattern. Although not fully diagnostic, dolomite and
water 5'%0 values, measured 875 /805y values, and LREE patterns are in
line with RD1yano dolomitization enhanced by the near-surface reflux of
marine-derived water, which interacted with radiogenic components
such as clay or mixed with groundwater (Fig. 17A). This mechanism of
dolomitization is common in recently emerged carbonate platforms
(Adam and Rhodes, 1960; Adams et al., 2019; Machel, 2004; Warren,
2000). This hypothesis is also consistent with previous studies on the
Mano dolostones, which pointed to the presence of an early dolomiti-
zation phase linked to emersion and fed by seawater (Grimaldi, 1988).
Although this interpretation is preferred, the hypothesis of higher
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temperature precipitation cannot be ruled out in the absence of more
precise thermal constraints. In this case, the fluids causing dolomitiza-
tion would have had higher §'80,, values, tending toward evaporative or
basin signatures. Sr values higher than marine seawater could then be
explained by the interaction with radiogenic components such as clay or
crustal material (Longstaffe, 1987).

In the Meillon Formation, the U-Pb dating of the main replacive
dolomite (RD2eilion) gives different ages in two distinct samples (~136
+ 5 Ma and 107 + 5.6 Ma; Fig. 12). The first U-Pb age (Berriasian to
Hauterivian), obtained from a dolomite clast embedded in calcite-
cemented breccia, is similar within uncertainties to that of RD1yano
(Fig. 16). It is thus interpreted as reflecting the timing of the first
dolomitization stage (RD1pion), Not reset during the subsequent
recrystallization to RD2yejjion. Taking this age, RD1pejiion Would have
formed in near-surface to shallow burial conditions (< 1000 m). Using
its 8'80 values (—4.5 to —3.3%oppp) With a precipitation temperature
between 20 °C at the surface and 50 °C at 1000 m (580 ranging from
—4.5 to —3.3%oppB), 6180W values of —5 to +0.2%o are calculated
(Fig. 18). These values as well as the REE pattern are very similar to
those obtained for RD1y,,, dolomite, suggesting similar conditions of
formation in near-surface to shallow burial conditions. These simulta-
neous massive dolomitizations imply a non-compartmentalized hydro-
logic system (Fig. 17A).

The second U-Pb age of RD2pejjion (Albian) was measured in a
dolomite host rock located in the vicinity of a fault-related dolomite
breccia. It is comparable within uncertainties to dolomite cement ages
obtained in similar breccias in both formations (DC2-3pano and
DCA4peillon; Fig. 16). It is thus interpreted as recording the timing of the
recrystallization of RD1peiiion t0 RD2peillon, Which was more pro-
nounced at the vicinity of major faults. As detailed in the next section,
such recrystallization occurred at a higher burial.
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5.3. Shallow to deep burial: toward the widespread influx of crustal fluids

5.3.1. Massive recrystallization of dolomites in the Meillon Formation

In the Meillon Formation, the U-Pb dating of the RD2)ejj10n points to
a recrystallization during the Albian under a burial found at approx-
imatively 1500-2000 m (Castéras et al., 1970, Fig. 16). The strongly
negative 5'80 (mean = —13.4%oppp) makes the precipitation conditions
clearly distinct from those of RD1yan0 and RD1yejjion. If the precipitation
temperature was only controlled by burial (~1500-2000 m) under the
high geothermal gradient expected during the Albian due to the rifting
(~ 80 °C/km), RD2pejlion Would have formed at a maximum tempera-
ture of ~180 °C (Corre, 2017; Hart et al., 2017; Vacherat et al., 2014).
The corresponding 5'80,, values of the RD2peilon parent water
(considering a §'80 ranging from —14.5 to —12.6%oppg) would then
range from +0.6 to +5%osmow, pointing to the heavy basinal water
interacting with the host rock (Longstaffe, 1987, Fig. 18). This would be
consistent with the Sr isotope ratio measured in RD2jejj1on, Similar to the
Triassic marine carbonate values (Fig. 11). Hot water would have
possibly interacted with the Triassic evaporites located only 500 m
below and flowed up in the Meillon Formation (Castéras et al., 1970,
Fig. 17B). The seawater-like REE pattern measured in RD2pejjjon iS in
line with this interpretation, pointing to an interaction with marine
water. In this case, these waters would not have reached the Mano
Formation due to the presence of poorly permeable Lons Limestones,
which were compacted at that time (Biteau et al., 2006). Thus,
RD2peillon dolomitization occurred as the hydrologic systems of the
Mano and Meillon Formations were compartmentalized.

5.3.2. DC2 and DC3 cementations in compartmentalized reservoirs

In the Mano Formation, the first two cements (DC2pan, and
DC3Mano) are ubiquitous. The U-Pb dating of DC2yn, constrains the
timing of the precipitation to between ~114 and ~98 Ma, correspond-
ing to the Aptian to Albian time interval (Fig. 16). FIs indicate cemen-
tation at temperatures of at least 160 °C, higher than those estimated in
the host rock at this age (100-140 °C at 1000-1500 m). The dolomite
cementations probably occurred under the hydrothermal regime, which
is consistent with previous studies on dolomitization in the northwestern
Pyrenees (Corre et al., 2018; Iriarte et al., 2012; Lopez-Horgue et al.,
2010; Nader et al., 2012; Renard et al., 2018; Salardon et al., 2017).

These dolomites are characterized by a significant negative shift in
the 5'%0 values compared with the host rock and previous cements
(Table 2). Considering FI temperatures (146-204 °C) and the oxygen
isotope ratio measured in DC2pjano and DC3pjano (—14.7 to —9.4%opps),
the calculated slsow ranges from +1 to +10%ospmow (mean =
+5.9%osmow; Fig. 19). Such positive values are consistent with heavy
basinal water interacted with the host rock (Longstaffe, 1987). The high
Sr isotope ratios measured in these cements are in line with this inter-
pretation (Fig. 11). In addition, the low chlorinity measured in the FIs
(Fig. 17B) points to an absence of interaction with the underlying
Triassic evaporites. Low chlorinities are better explained by a meteoric
water source or clay dehydration (Chaudhuri and Clauer, 1992; Long-
staffe, 1987 and reference therein; Mountjoy et al., 1992; Wilkinson
et al., 1992). The REE profiles of both DC2yjap, and DC3pane dolomite
cements are very similar to that of RD1pane, which has a shale-like
pattern. These REE patterns, in addition to the high §'%0,, values,
tend to favor clay dehydration as the main source of dolomite-saturated
water. In this case, the Lons Formation, located just below the Mano
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unit, could be a source of clay-related water. Clay dehydration could
have provided some Mg in addition to the existing RD1pano (€.8., Elias
Bahnan et al., 2020; McHargue and Price, 1982; Mountjoy et al., 1992).

In the Meillon Formation, the U-Pb dating of the previous and later
cements suggests a Barremian to Albian age development for DC2eiion
and DC3yeilion (Fig. 16; RD2ejlion and DC4yeillon, With ages of ~136 Ma
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and ~106 Ma, respectively), which explains the high primary FI tem-
peratures (180-230 °C). The similar 580 values between RD2peillon and
DC2peillon SUggests precipitation in close conditions. The calculated
8180w of DC2peillon ranges from +4.6 to +10.1%osmow (mean =
+6.9%osmow), Whereas in  DC3peijon, it ranges from +7.4 to
+11.6%osmow With a higher mean value of +9.7%osmow (Fig. 19). This
indicates a change to the heavier parent water 5'80 values over time ata
constant temperature. The Sr isotopic ratio of the mixture of both ce-
ments lies in the range of the Triassic marine cement values (Fig. 11).
Although the chlorinity of the parent fluid could not be measured, it can
be expected to be high based on the study of Salardon et al. (2017), who
found water with high chlorinity in similar dolomite cements of the
Meillon Formation. The REE profiles measured in these cements are
similar to that obtained in RD2jjjon With a seawater pattern. However,
our data and those of Salardon et al. (2017) strongly suggest that
DC2peillon @and DC3peillon cements precipitated from isotopically heavy
evaporite-derived water with high chlorinity. This interpretation differs
from that of Salardon et al. (2017), who suggested a magmatic water
source. This highlights once again a clear compartmentalization be-
tween the Mano and Meillon reservoirs (Fig. 17B). For RD2peilion,
DC2peillon, and DC3eilion, it is likely that the Mg was provided in part
locally by RD1yeilion (e.8., Gao et al., 1995; Gisquet et al., 2013; Guo
etal., 2016; Montanez, 1994; Zhang et al., 2009). However, the external
brines with a Triassic signature could have supplied part of the Mg
necessary for precipitation, which would not be surprising in a context
of salt tectonics (Davies and Smith Jr, 2006; Krupp, 2005; Quesnel et al.,
2019; Wendte et al., 1998).

5.3.3. Saddle dolomite DC4: last dolomite cementation in the connected
reservoirs

This last dolomite cement could only be dated to the Meillon For-
mation (DC4yeilion), Where it also formed during the Albian (Fig. 16). In
both formations, saddle dolomites are characterized by higher precipi-
tation temperatures (>250 °C) and oxygen isotope ratios compared to
previous cements (Table 2). In the Mano Formation, the corresponding
parent water oxygen isotope ratios range from +6.1 to +16.8%osyvow
(mean = +12.8%osmow), Whereas in the Meillon Formation, they range
from +11.4 to +17.1%osmow (mean = +14.5%ospvow; Fig. 19). In both
formations, the chlorinity measured in the FIs reaches 20%eqNaci.
Although this corresponds to a very strong increase in the Mano For-
mation, it is more in line with the values measured in previous cements
in the Meillon Formation, as evidenced by Salardon et al. (2017)
(Fig. 17C). These high chlorinities as well as the high §'%0,, suggest the
influence of Triassic evaporites, added to the significant increase in the
water-to-rock ratio (Land and Prezbindowski, 1981; Longstaffe, 1987).
Given the absence of clastic rocks in the Mano Formation and the
Triassic evaporites, the very high Sr isotope ratios measured in DC4pjano
(>0.71; Fig. 11) necessarily imply contributions from the Paleozoic
basement (Banner, 1995; Chaudhuri and Clauer, 1992). The low Sr ra-
tios of the volcanic rocks exclude any interactions with
magmatic-related fluids (Fig. 11). Moreover, the REE profiles of both
DC4 dolomite cements differ from those measured in other dolomites.
They present a positive Eu anomaly (very strong for DC4yano and less
pronounced for DC4peion) and a decrease in the HREE content
compared to LREE (Fig. 15). These characteristics mimic those of the
fluids hosted by ultramafic rocks like peridotites (e.g., Douville et al.,
2002, 1999; Tostevin et al., 2016). It is thus likely that dolomitizing
waters also interacted with the mantle located below the thinned con-
tinental crust or even exhumed. Mantle serpentinization reactions are
known to release large amounts of Mg, which may have contributed to
dolomite precipitation (Breesch et al., 2010; Chen et al., 2016; Debure
et al., 2019; Koeshidayatullah et al., 2020; Pinto et al., 2017; Salardon
et al., 2017). Finally, DC4 precipitated from water resulting from a
mixture of evaporite-, crustal-, and mantle-derived waters, each of
which was able to provide part of the Mg necessary for precipitation to
occur. A simple scenario would be that mantle-derived fluids migrated
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upward through the residual crust and Triassic evaporites. These saddle
dolomites are located near faults, indicating that these fluids were
channeled by the fault network, which acted as pathways between the
Mano and Meillon reservoirs (Fig. 17C). This interpretation is consistent
with several studies on dolomitized carbonate platforms, which high-
light similar diagenetic evolutions, especially the role of faults on high
temperature dolomitization (Barale et al., 2016; Duggan et al., 2001;
Haeri-Ardakani et al., 2013a, 2013b; Lopez-Horgue et al., 2010; Moza-
fari et al., 2019).

5.4. Deep burial to exhumation: from dolomite-to quartz- and calcite-
saturated waters

5.4.1. Quartz precipitation: influx of diluted waters in the Meillon
Formation

Following the dolomite cementation, both the Mano and Meillon
Formations were affected by local dedolomitization. This marks a
change in the composition of the waters and/or of pression-temperature
conditions, leading to dolomite undersaturation (e.g., Brauer and Baker,
1984). According to the U-Pb dating of DC4 cement, the dolomite
dissolution or replacement occurred after ~100 Ma, corresponding to
the post-rift phase and/or Pyrenean shortening (Puigdefabregas and
Souquet, 1986). This evolution of the water composition is also recorded
during the subsequent precipitation of quartz, which partially blocked
the residual intercrystalline porosity (Table 2). FIs measured in quartz
from the Meillon Formation record a significant decrease in chlorinity
and lower temperatures compared with DC4, which is compatible with
precipitation during shortening (Vacherat et al, 2014, 2016). These
lower values may explain the transition from carbonate to
silica-saturated waters due to the retrograde solubility of dolomite. The
low chlorinity also shows a decreasing interaction with Triassic evapo-
rites, clearly indicating a change in the water migration pathways. This
would be better explained by the influx of meteoric waters or by clay
dehydration. The latter is preferred given (1) the still high temperatures
recorded by primary FIs (~170 °C), which is compatible with significant
burial at the time of quartz precipitation, and (2) the nearby presence of
clay-rich formations (Lons Limestones and overlying flysch deposits).
Silica necessary for quartz precipitation was provided by these forma-
tions (e.g., Hesse, 1987) or interaction with the basement (e.g., Bustillo,
2010), but neither of these hypotheses can be excluded based on the
available data.

5.4.2. Calcite cementation: second stage of reservoir compartmentalization

The paragenetic relationships between quartz and calcite cements
CC1 to CC3 could not be firmly established. However, based on the
presence of calcite-cemented dissolution vugs in quartz, Salardon et al.
(2017) proposed that quartz precipitated before calcite in the study area.
This would constrain calcite to have likely precipitated during the Pyr-
enean shortening.

The first calcite cement CC1 is characterized by 8'%0 values of
around —2.6%o, the highest value of all the calcite cements. The absence
of FI data prevents the characterization of the parent water composition.
However, considering the Ty, of ~170 °C measured in quartz and the Ty
of ~140 °C measured in CC2, it is likely that the precipitation temper-
ature of CC1 is in the range of 140-170 °C. Using these temperatures and
the calcite-water oxygen isotope fractionation factor of Friedman and
O’Neil (1977), this gives an isotopic value in the range of +11.5 to
+17.2%o0smow (Fig. 19), pointing to a very high water-to-rock ratio. In
the Mano Formation, the study of Renard et al. (2018) shows that the
first calcite cementation after dolomitization took place at ~150 °C with
very low chlorinity water (range between 1.2 and 4.4%eqnac)- In the
Meillon Formation, according to Salardon et al. (2017), the calcites
formed at ~200 °C with high chlorinity water (range between 13 and
16%eqgnacy). Such contrasting chlorinities imply that the Mano and
Meillon Formations were once again compartmentalized during the
calcite precipitation. Whereas the low chlorinities in the Mano
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Formation may indicate dilution with clay-dehydration water, the high
chlorinities and temperatures in the Meillon Formation point again to
the influx of water interacting with the Triassic evaporites in contrast
with the previous quartz cements (Fig. 17D).

The CC2 calcite cement, which is only observed in the Meillon For-
mation, is mainly associated with breccias located near the fault zones,
suggesting fluid circulation during fault activity (Heydari, 1997; Oliver,
1986, Fig. 17E). The CC2 cement was formed from high chlorinity water,
similar to CClyejon but at a lower temperature (<150 °C), which is
consistent with the decreasing depth during exhumation (Table 2). The
calculated 5'%0 of the parent water ranges from +4.5 to +9.8%osmow
(Fig. 19). This parent water has the same characteristics as that
described for the cement CC2 of Salardon et al. (2017). These authors
suggested that given the negative 5'3C values, the parent water of this
cement was of meteoric origin. Assuming that their CC2 cement is the
same as our CC2 calcite, this interpretation is not consistent with the
calculated 5'80,, or their very high chlorinity, which is more typical of
the heavy basinal water and still points to interactions with evaporites at
a depth.

The last CC3 calcite cement was observed in the intercrystalline
porosity of the Meillon Formation. This cement has a dripstone fabric
(microstalactitic cement), which is consistent with a vadose environ-
ment (Moore and Wade, 2013). The CC3 cement probably marks the
final exhumation of the area with the influx of meteoric water (e.g.,
Martin-Martin et al., 2015).

5.5. Local controls on dolomitization

5.5.1. Limited role of the carbonate facies

The carbonate matrix of the Mano and Meillon Formations has been
largely affected by dolomitization, occurring as replacive dolomite
(RD1Manos RD1 Meillon, and RD2peilion) OF porosity-infilling cement (DC2
and DC3). In the Mano Formation made of MST and WST facies, early
dolomitization by RD1yan, was ubiquitous. On the contrary, in the
Meillon Formation, early dolomitization (RD1pejjion) Was more pro-
nounced in the oolitic and peloidal grainstones compared to mudstone
and packstone facies, with the latter showing isolated rhombs. Thus,
despite relatively similar conditions of deposition, the two formations
considered here show the contrasting impact of carbonate facies on early
dolomitization. The same applies to late dolomites (RD2pejfion, DC2, and
DC3). Whereas RD1yano Was largely preserved in the Mano Formation,
with only small volumes of DC2yjano and DC3pane cements in veins and
residual porosity, RD1peion Was almost entirely overprinted in the
Meillon Formation by RD2ejjon (and locally affected by DC2pano and
DC3pano)- This difference can be simply explained by the presence of the
Lons Formation above the Meillon Formation, as the former acted as a
seal, thus limiting the upward flow of deep hot waters. Therefore, as will
be discussed below, the role of the stratigraphic architecture seems to
have been primordial compared to that of the carbonate facies.

5.5.2. Late dolomitization: interplays between faults and sedimentary
breccias

In contrast to the previous cements, saddle dolomite DC4 only
precipitated in association with breccias that presented a fracture ge-
ometry in the vicinity of faults (Fig. 3). The similarities of the parent
fluids in the DC4 of the Mano and Meillon Formations suggest that these
faults acted as a conduit channelizing the fluids in both units. Similar
fault-controlled dolomitization has been suggested in several studies
conducted in proximity (Iriarte et al., 2012; Lopez-Horgue et al., 2010;
Nader et al., 2012; Salardon et al., 2017; Shah et al., 2010) and in other
carbonate platforms worldwide (Barbier et al, 2012, 2015; Duggan et al.,
2001; Haeri-Ardakani et al., 2013a; Hendry et al, 2015; Koe-
shidayatullah et al., 2020; Martin-Martin et al., 2015; Mountjoy and
Halim-Dihardja, 1991; Mozafari et al., 2019; Rustichelli et al., 2017;
Stoakes, 1987; Wendte et al., 2009; Zhang et al., 2009).

However, a peculiarity of the late dolomitization in the Mail Arrouy
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relates to the presence of bedding parallel breccias extending from the
fault zones over several hundred meters (Fig. 17). These mosaic breccias
(Breccia B) pass laterally to karst-related sedimentary-collapse breccias
(Breccia A). The dolomite mud that supports the fragments of sedi-
mentary breccias was replaced by saddle dolomites with a rough irreg-
ular front, creating a mosaic breccia-like morphology with dolomite
white cement (Fig. 3). Here, it is thus clear that the mosaic breccias
(Breccia B) result from a process of neomorphism rather than the more
commonly proposed process of hydraulic fracturing despite the textural
similarities. If neomorphism has been largely studied, for example, in
experiments of mineral replacement (Pedrosa et al., 2016; Putnis, 2002,
2009), to our knowledge, this is the first time that “neomorphic dolomite
breccia” has been described from field observations. Nevertheless,
regardless of the brecciation mechanism, saddle dolomitization is firstly
fault-controlled and then locally with a stratabound geometry consid-
ering the horizontal distribution of karstification and sedimentary
breccias.

5.6. Impact of the geodynamic context on the diagenetic record

5.6.1. Pre-rifting and salt tectonics

The first RD1 dolomitizations were associated with shallow burial to
emersion, enabled by the inflow of seawater during the Late Jurassic and
Early Cretaceous emersion. Massive seawater dolomitization directly
resulted from the combined effect of a regional uplift and the initiation
of salt doming in the Chainons Béarnais linked to the early stage of rifting
(Canérot et al., 2005; Canérot and Lenoble, 1993; Izquierdo-Llavall
et al., 2020; James and Canérot, 1999; Labaume and Teixell, 2020). The
seawater influx was likely favored by rift-related faulting both in the
basement and at the crest of the anticlines formed above the salt domes
(e.g., Fischer et al., 2013; Moragas et al., 2020).

5.6.2. Syn-rift and diapirism

In the Meillon Formation, the massive RD2peilion dolomitization,
dated to 107 + 5.6 Ma as well as the dolomite cements DC2pejjjon and
DC3\eillon, filling pores, fractures, and breccias exhibit post-Neocomian
to Albian ages, resulting from the circulation of Triassic evaporite-
derived water (Fig. 17B). The inflow of these fluids occurred during
the syn-rift period, characterized by a gradual increase in the
geothermal gradient due to the crustal thinning, beginning with mantle
exhumation, volcanic activity, and in the cover layer, the rise of salt
diapirs and ridges in response to the faulting of the sedimentary cover
(Brinkmann and Logters, 1968; Canérot et al., 2005; Clerc et al., 2015;
Corre et al., 2016; Golberg and Leyreloup, 1990; Izquierdo-Llavall et al.,
2020; Jammes et al., 2010a; Labaume and Teixell, 2020; Lagabrielle
et al., 2010). The upflow of hot water could have been favored by the
rise of the salt diapir due to the enhanced focused fluid flow along the
impervious diapir boundaries and the enclosing rocks as well as the
accumulation of heat at the top of the structure that generates thermal
convection (Fig. 17B; Grunnaleite and Mosbron, 2019; e.g., Jackson and
Hudec, 2017 and references therein; Jensen, 1983; Kaiser et al., 2011;
Mello et al., 1995; Selig and Wallick, 1966).

In the Mano Formation, the lack of recrystallization related to the
circulation of Triassic evaporite-derived water is due to stratigraphic
compartmentalization. Only dolomite cements (DC2pjano and DC3pano)
precipitated in the entire Mano Formation during the syn-rift due to the
circulation of clay-derived water under the hydrothermal regime.
Although the upflow of hot water was probably favored by the rise of salt
diapir as in the Meillon Formation, it was limited to the compartmen-
talized Mano Formation (Fig. 17B).

The last dolomite DC4, also precipitated during the Albian, records
the highest temperatures observed in the diagenetic cements, which is
consistent with the high temperatures measured in the host rock (Corre,
2017; Izquierdo-Llavall et al., 2020). This period also corresponds to the
maximum growth of salt diapirs and associated halokinetic folds
(Canérot et al., 2005). Following the rise of the Mail Arrouy salt wall, its

23

Marine and Petroleum Geology 126 (2021) 104932

progressive welding (Labaume and Teixell, 2020) may have created
fluid pathways at the contact between the salt and the enclosing rocks by
means of faulting and fracturing, connecting both formations to the hot
water initially present only in the lower compartment (Meillon;
Fig. 17C). Crustal interaction recorded by the saddle dolomite implies
that the seal formed by the Triassic salt was breached by welding, salt
flow, or salt dissolution, thus allowing the ascent of basement-derived
waters (Jackson and Hudec, 2017; Fig. 17C).

Therefore, tectonics exerted strong control on the fluid circulation
and associated dolomitization by creating pathways through faults and
fracture networks as well as along the diapir boundaries. This conse-
quently had an important effect on the diagenetic evolution of the car-
bonate platform in accordance with other studies conducted in similar
tectonic settings (Callot et al., 2010; Gonzalez et al., 2012; Roure et al,
2005, 2010; Vilasi et al., 2009).

5.6.3. Post-rift and pyrenean compression

Dolomite cements are followed by the precipitation of quartz, which
likely occurred during the post-rift stage (Fig. 16). At that time, the
burial temperature gradually decreases but remained high due to a
blanketing effect (Vacherat et al., 2014). More locally, FIs demonstrate
that the parent water became more diluted, which, combined with the
temperature decrease, probably favored the transition from a
dolomite-to quartz-saturated composition. The lower contribution of
salt to the water composition could be explained by the continued salt
evacuation related to the ongoing diapirism during the post-rift phase
(Fig. 17D).

The last identified cements are calcites, which filled fractures and
breccias. The precipitation temperatures recorded by the FIs are the
lowest of all cements (T < 150 °C), testifying to the exhumation of the
area during the Pyrenean shortening. However, chlorinity increases
significantly compared to quartz, suggesting a renewed interaction with
evaporites. During the Pyrenean compression, salt tectonic structures
resumed through squeezing, while some of them were thrusted (Canérot
et al., 2005; Izquierdo-Llavall et al., 2020). The reactivation of these
existing structures may have generated the pumping and expulsion of
basinal brines at the origin of the calcite cementation (Fig. 17E). The
presence of squeegee-type flow is consistent with the observation of
Salardon et al. (2017) and several other studies on fold and thrust belts
(Al-Aasm et al., 2019; Beaudoin et al., 2014; Machel and Cavell, 1999;
Oliver, 1986; Roure et al., 2010).

5.7. Implications for exploration

More than 90% of the dolomite identified in the Mano and Meillon
Formations concern RD1yjano and RD2peilion, Which formed from fluids
with distinct geochemical characteristics and at different ages, likely
due to the presence of Lons Limestones between both formations.
Replacive dolomitization was thus controlled at a large scale by the
sedimentary architecture of the carbonate platform, resulting in the
development of two largely unconnected dolomite reservoirs. Except for
the last episode of dolomite cementation DC4, compartmentalization
was effective during all the subsequent records of cement precipitation,
from the syn-rift to the inversion stages. Influencing the reservoir
diagenesis, compartmentalization effects should also be considered in
hydrocarbon migration.

Whereas dolomitization in the Mano Formation can be explained by
the seepage of marine-derived water, the influx of deep hot water is
required in the Meillon Formation. These fluids most likely originated
from the large layer of pre-rift salt located below the carbonate platform.
Significant heat caused by the thinning of the passive margin during the
syn-rift stage may have triggered an upward fluid flow by thermal
convection. The combination of a thick salt layer and an abnormal heat
flux resulted in the complete dolomitization of a reservoir unit associ-
ated with gas generation and storage in the Aquitaine Basin (Biteau
et al., 2006). This also led to the development of drains with dyke-like
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brecciated conduits as well as saddle dolomite geobodies. Thus, hyper-
extended passive margins might be important targets in the exploration
of reservoirs, provided that thick salt layers were deposited. The com-
bined presence of a carbonate platform in this hot context close to the
evaporites could have generated large volumes of dolomites, thus
releasing essential porosity for the storage of georesources, even if res-
ervoirs in this context can also be affected by dolomite cementation by
blocking previously created porosity. This case study clearly demon-
strates the usefulness of applying multidisciplinary and integrated
workflows to better understand the evolution of complex diagenetic
systems such as salt-rich hyper-thinned passive margins.

6. Conclusion

The diagenetic evolution of the dolomitized Jurassic carbonate
platform of the northwestern Pyrenees, which comprises two major oil
and gas reservoir analogues (Mano and Meillon Formations), was
studied here in detail from the outcrops of the Chainons Béarnais. The
main features of their diagenetic history, especially the conditions of
dolomitization, may be summarized as follows:

1. Massive limestone dolomitization, which comprises the main volume
of dolomite in the area, was generated in near-surface to shallow
burial conditions in both carbonate reservoirs. This was primarily
controlled by the carbonate facies, and thus, by the depositional
environments and vertical stacking.

2. This dolomitization occurred coevally in the Mano and Meillon
Formations at about ~135 Ma, beginning with the seepage of
marine-derived water that interacted with clay and/or groundwater
in normal thermal conditions, thus allowing for the regional uplift
and the early reactive salt diapirism.

3. The influx of hot basinal brines by thermal convection interacted
with underlying Triassic evaporites and remobilized early dolomites,
resulting in a massive dolomite recrystallization of the Meillon For-
mation at around ~106 Ma. This dolomitization was triggered by
crustal thinning and the associated thermal anomaly generated
during the Early Cretaceous rifting. It was probably enhanced by the
rise of salt diapir. This dolomitization highlighted the compart-
mentalization of the two reservoirs.

4. Two additional dolomite cementation stages are recorded in the re-
sidual porosity and tectonic veins of the still compartmentalized
formations. Precipitation occurred at temperatures above ~150 °C
during the Albian. Whereas the cements in the Meillon Formation
still record the contribution from dissolved Triassic evaporites, in the
Mano Formation, they precipitated from low salinity water, probably
resulting from clay dehydration. In this case, Mg was probably sup-
plied mostly by the earlier massive dolomites.

5. At the same time during the Albian, a last saddle dolomite cement
precipitated in the vicinity of faults associated with breccias. It
formed from the same highly saline, hot (T > 250 °C), crustal-derived
waters possibly mixed with mantle-derived fluids in both formations.
The connection between the reservoirs was then restored as a result
of the faulting and active diapirism related to Early Cretaceous rift-
ing. In the Mano Formation, these basinal brines locally seeped into
sedimentary breccias, generating the stratabound replacement of the
dolomite.

6. Subsequent quartz and calcite cements, formed at a lower tempera-
ture (T < 200 °C), record the restauration of the reservoir compart-
mentalization in a post-rift to inversion context.

This case study represents a comprehensive and data-rich example of
the multi-phase dolomitization of a carbonate platform in a complex
geodynamic setting evolving from pre-rift to hyperextension and then
collision. This provides evidence of the major control exerted by rifting,
combined with the presence of diapiric salt, on dolomitization. Likewise,
ancient carbonate platforms on modern salt-rich passive margins may
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have been massively dolomitized, thus forming potential targets for
exploration.
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