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ABSTRACT

In the Maritime Alps (NW Italy - SE France), the Middle Triassic-Berriasian platform carbonates of the Provencal Domain are locally affected by an
intense hydrothermal dolomitization. This dolomitization resulted from a large-scale hydrothermal circulation related to deep-rooted faults, and is indirect evi-
dence of a significant earliest Cretaceous fault activity in this part of the Alpine Tethys European palacomargin. New carbonate U-Pb dating and geochemical
(stable isotope and noble gases on inclusion-hosted water, 8Sr/*°Sr, clumped isotopes) data allowed a better understanding of the timing and mechanisms of
the hydrothermal circulation. Hydrothermal fluids probably originated from seawater, which was involved in a deep circulation within the underlying crystal-
line basement, undergoing heating to more than 200°C and substantial compositional modification by prolonged interaction with basement rocks. Thin cement
rims rich in carbonaceous material, locally alternated with hydrothermal dolomite cements, are interpreted as remnants of ephemeral microbial communities
that could colonize the upper part of hydrothermal conduits during periods of reduced hot fluid flow and contemporaneous downward seawater infiltration.

INTRODUCTION

The recognition of hydrothermal dolomitization can be
crucial for the reconstruction of the tectono-stratigraphic
and diagenetic evolution of carbonate successions currently
exposed in orogenic chains, as it documents important fluid
circulation related to extensional or transtensional tectonics,
whose physical evidence such as main features could have
been overprinted by younger compressive tectonics (e.g.,
Barale et al., 2016b; Incerpi et al., 2017; Mozafari et al.,
2019). Hydrothermal dolomitization has significantly been
overlooked in the past although it has been recognized that
many cases of pervasive dolomitization, even at a regional
scale, could be related to hydrothermal events (e.g., Davies
and Smith, 2006; Luczaj, 2006). In the last 15 years, many hy-
drothermal dolomitization case studies have been described
worldwide in the literature (e.g., Benjakul et al., 2020, and
references therein). However, providing definitive evidence
for a hydrothermal origin of dolomite is not always possible.
It requires documenting that the temperature of fluid from
which the dolomite formed was higher than the surrounding
host carbonate rocks (Machel and Lonnee, 2002; Davies and
Smith, 2006). This implies knowledge of the fluid tempera-
ture, and robust and independent constraints on the timing of
dolomitization and related burial depth. Reliable estimation
of the fluid temperature is routinely achieved using micro-
thermometric analyses of primary fluid inclusions in dolo-
mite crystals; recently, also clumped isotope geothermom-
etry has been successfully applied to hydrothermal dolomites

(e.g.,Ferry etal.,2011; Honlet et al., 2018; Koeshidayatullah
et al., 2020). Direct, radiometric dating of hydrothermal do-
lomitization events is difficult, due to the typical absence of
target-minerals coeval to dolomite suitable for radiometric
dating; only recently, the development of U-Pb carbonate
dating has allowed radiometric ages to be obtained on hydro-
thermal dolomites (Salih et al., 2019; Incerpi et al., 2020a;
2020b). In rare favourable cases, stratigraphic constraints
such as the presence of dolomitized clasts in sediments
slightly younger than the dolomitized successions allow a
quite precise, though indirect, dating of hydrothermal dolo-
mitization (e.g., Wilkinson, 2003; Barale et al., 2013; Shelton
et al., 2019). More commonly, however, the age and hydro-
thermal nature of dolomitization are inferred on the basis of
correlations with regional tectono-stratigraphic events (e.g.,
Lavoie and Morin, 2004; Lépez-Horgue et al., 2010; Swen-
nen et al., 2012; Hendry et al., 2015), or spatial association
with faults of known displacement age (Hollis et al., 2017).
Because of the uncertainty on the age, however, in all such
cases little or no information on the depth of dolomite forma-
tion is provided, and even the hydrothermal rather than deep
burial origin of dolomite remains questionable.

Another crucial point in the analyses of hydrothermal
dolomite is related to the composition, origin and evolution
of the dolomitizing fluids, which is fundamental for the re-
construction of the geometry of fossil hydrothermal systems.
The main obstacle is represented by the difficulties to directly
analyze the parent fluids. Combining homogenization tem-
peratures of fluid inclusions with the oxygen isotope of dolo-
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mite is a quite common indirect method to infer the original
0'80 of fluids, while the freezing behaviour of fluid inclu-
sions can provide information on salinity and composition
(e.g., Middleton et al., 1993; Boni et al., 2000; Lépez-Horgue
et al., 2010; Haeri-Ardakani et al., 2013; Hendry et al., 2015;
Barale et al., 2016b). The main limitation is often a lack of
primary fluid inclusions large enough to perform microther-
mometry in saddle dolomite due to its high precipitation rate.

The studied hydrothermal dolostones (Barale et al.,
2016b) crop out in the Dauphinois-Provencal Domain, which
has always been considered the proximal portion of the Euro-
pean continental margin (e.g., Debelmas and Lemoine, 1970;
Debelmas and Kerckhove, 1980; Stampfli and Marthaler,
1990), originated during the Late Triassic-Early Jurassic by
the Alpine Tethys rifting. The recognition of an Early Cre-
taceous hydrothermal dolomitization in the Provencal Do-
main provides a robust, although indirect, evidence of Early
Cretaceous, post-rift tectonics in this sector of the European
palaeomargin. The inferred temperature of the hydrothermal
fluids and the large volumes of the rock bodies affected by
dolomitization point to a huge and deep hydrothermal system,
in turn related to deep-rooted faults (Barale et al., 2016b).

In the M. Marguareis area (External Ligurian Briancon-
nais), a few kilometres east of the study area, Bertok et al.
(2012) documented the occurrence of kilometre-long Cre-
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taceous palaeofaults, whose activity started during the Ap-
tian and kept on in the Late Cretaceous. The presently N-S
striking normal faults, which accommodated vertical dis-
placements of several hundred metres, were confined by and
kinematically related to two main transcurrent zones, pres-
ently striking E-W. Bertok et al. (2012) suggested that such
a setting could be consistent with a location of the External
Ligurian Brianconnais at the easternmost end of a regional
transform system, which has been inferred (e.g., Stampfli,
1993; Stampfli et al., 2002; Stampfli and Borel, 2002; Rosen-
baum and Lister, 2005; Handy et al., 2010) to connect the
Bay of Biscay to the Valais and Liguria-Piemonte oceans,
at the Early-Late Cretaceous boundary. Tavani et al. (2018)
proposed a refined geodynamic model where the Marguareis
Cretaceous palaeofaults are interpreted as part of a crustal-
scale extensional system located at the easternmost termina-
tion of the Iberia-Eurasia plate boundary, bounded by major
NNE-SSW sinistral transfer faults.

Here we describe the results of a new set of analyses per-
formed on samples from the hydrothermal dolostone bodies
occurring in the Triassic-Jurassic succession of the Provencal
Domain, Maritime Alps (Barale et al., 2016b; Figs. 1,2).

In situ, U-Pb dating by laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) was performed on
the studied hydrothermal dolomites. U-Pb dating of carbon-
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Fig. 1 - Schematic geographical and geological map of the SW Alps (from Barale ,

2016b) with indication of the study area in Fig. 2.
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Fig. 2 - Geological scheme of the study area, showing the dolomitization
degree of Middle Triassic-Jurassic carbonates, and the localization of the
analyzed samples. 1- Argentera Massif crystalline basement. 2- Permian-
Early Triassic siliciclastic deposits. 3- Middle Triassic carbonates. 4- Late
Triassic-Early Jurassic succession. 5- Jurassic Dauphinois hemipelagic
succession. 6- Middle Jurassic-Berriasian Provencal carbonates (Gar-
bella Limestone). 7- Cretaceous succession. 8- Alpine Foreland Basin
succession. 9- Intense hydrothermal dolomitization (local complete do-
lomitization of the host rock; common dolomite vein frameworks and
dolomite-cemented breccias). 10- Moderate hydrothermal dolomitization
(partial dolomitization of the host rock; rare dolomite vein networks and
dolomite-cemented breccias). 11- Tectonic contacts (thick lines, first-
order tectonic contacts separating tectonic units; thin lines, second-order
tectonic contacts). 12- Stratigraphic contacts. 13- Sampling points. 14-
Tectonic units (ENU, Entracque Unit; RYU, Upper Roya Unit; ARG,
Argentera Crystalline Massif) and deformation zones (LiVZ, Limone-
Viozene Zone; REZ, Refrey Zone). Modified from: Barale et al., (2016a)
(Italian part); Faure-Muret et al. (1967), Lanteaume (1990), and Malaroda
(1999) (French part).

133

ates is a relatively new technique and is gaining increasing
importance in studies dealing with primary (biogenic or not)
and diagenetic calcite and aragonite precipitation (e.g., Den-
niston et al., 2008; Li et al., 2014; Godeau et al., 2018; Wood-
head and Petrus, 2019; Kylander-Clark, 2020). Calcite U-Pb
geochronology has also been widely used to constrain fluid
circulation along faults and fractures at shallow crustal levels
(e.g., Roberts and Walker, 2016; Hansman et al., 2018; Parrish
et al., 2018; Salomon et al., 2020). On the other hand, U-Pb
dating of dolomite is more challenging (Elisha et al., 2020);
only recently, this technique was applied to high-temperature,
fault- and fracture-related hydrothermal dolomite (Salih et al.,
2019; Incerpi et al., 2020a; 2020b). The new U-Pb radiometric
ages on dolomite presented here offer the double possibility to
test the reliability of the U-Pb radiometric carbonate datings
and confirm the timing of dolomitization inferred by Barale et
al. (2016b) on the basis of stratigraphic constraints.

Additionally, stable isotope analyses of inclusion-hosted
water, noble gases analyses, Sr isotopes measurements, and
clumped isotope analyses were performed to obtain better
constraints to the origin, the circulation pathways, and the
temperature of the hydrothermal fluids.

GEOLOGICAL SETTING

The study area is located in the Maritime Alps (North-
Western Italy) and extends for some tens of square kilometres
between the Gesso valley to the North and the upper Roya val-
ley to the South (Figs. 1, 2). This sector of the Western Alps
comprises several tectonic units juxtaposed by NW-SE strik-
ing, mainly steeply dipping, Alpine tectonic contacts. These
units constitute the southern part of a double vergent structure
developed at regional scale (Gidon, 1972; Michard et al.,2004)
that involves the Brianconnais Domain in the internal, north-
eastern side, and the Dauphinois-Provencal Domain in the
external, southwestern one (Carraro et al., 1970; d’Atri et al.,
2016). More in detail, the Briangonnais domain is subdivided
into an internal sector (Internal Briangonnais) affected by HP-
LT metamorphism (Michard et al., 2004), and an external sec-
tor (External Briangonnais) affected by low-grade metamor-
phism (Piana et al., 2009; 2014). The Dauphinois-Provengal
Domain is bounded, along its inner side, by the External Bri-
anconnais Front; starting from the Jurassic, it differentiated
into a basinal area, where a several km-thick and clay-rich suc-
cession was deposited (Dauphinois succession), and a shallow
water one, which is characterized by a reduced thickness and
carbonate platform facies (Provencal succession).

The current geological setting of the Briangonnais and
Dauphinois-Provencal domains of the Maritime Alps is the
result of the progressive involvement of the Palaco-European
continental margin, which these domains belong to, in the Al-
pine tectonic belt since the Middle Eocene (e.g., Dumont et al.,
2012). The first stages of this tectonic evolution caused the de-
velopment of a regional unconformity on top of the Mesozoic
succession, corresponding to a hiatus spanning the latest Creta-
ceous-Middle Eocene. This is overlain by the Alpine Foreland
Basin succession (Sinclair, 1997). Since the latest Eocene the
continental margin and the foreland basin successions experi-
enced a multistage tectonic evolution characterized by south-
westward brittle-ductile thrusting and superposed foldings, fol-
lowed by north-eastward back-vergent folding and southward
brittle thrusting and flexural folding (d’Atri et al., 2016). The
regional structural setting resulted from a transpressional re-
gime (Piana et al., 2009; Molli et al., 2010; d’Atri et al., 2016),
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documented by a post-Early Oligocene NW-SE transcurrent
shear zone (Limone-Viozene Zone) extending for some tens
kilometres through the study area. This shear zone is probably
superimposed on a long-lived shearing corridor, active since
the Jurassic-Cretaceous and reactivated during the Cenozoic
(Bertok et al., 2012; d’Atri et al., 2016).

Although the Alpine deformation largely hinders the di-
rect recognition of ancient structures, remnants of Cretaceous
tectonic features (palaeofaults and related fluid circulation)
have been locally documented on the basis of stratigraphic,
geochemical, and structural data (e.g., Bertok et al., 2012;
Barale et al.2013; 2016b; Tavani et al., 2018).

The studied dolomitized rocks crop out in the Roaschia,
Entracque and Roya tectonic units; the Refrey Zone and the
Limone-Viozene Zone (d’Atri et al., 2016; Fig. 2). They are
affected by very low-grade metamorphism which did not
significantly modify the primary texture and mineralogical
composition of the rocks. The Mesozoic successions of these
units can be referred mostly to the (present-day) northern part
of the Provengal platform, close to the transition to the Dau-
phinois basin (Carraro et al., 1970; Lanteaume, 1990; Barale
et al., 2016a; 2017; d’Atri et al., 2016), which is represented
only in the northern part of the Entracque Unit. The samples
analyzed for this study come from the Middle Triassic-Juras-
sic succession of the Entracque Unit, upper Roya Unit, and
Refrey Zone (see Table S1 for further information).

The Provencal succession starts with Permian continen-
tal sediments, locally up to 3000 to 4000 m thick, resting
on the crystalline basement of the Argentera Massif (Faure-
Muret, 1955). They are followed by some tens of metres of
Early Triassic coastal siliciclastic deposits, Middle Triassic
peritidal carbonates, and Late Triassic pelites and evaporites.
The Middle Triassic carbonates are represented by a 150 to
200 m thick succession of limestones, dolomitic limestones,
and fine-grained dolostones, with decimetre-thick bedding
(Bersezio and d’ Atri, 1986; Malaroda, 1999). Dark-coloured,
organic-rich limestones and dolostones, a few tens of metres
thick, are locally present above the Middle Triassic carbon-
ates (Mont Chajol) and are attributed to the Late Triassic
(Malaroda, 1999). The Late Triassic-Early Jurassic succes-
sion consists of a few tens of metres of continental reddish
pelites and peritidal to open marine shelf carbonates (Barale
etal.,2016a). These are followed by 200 to 300 m of Middle
Jurassic-Berriasian platform limestones (Garbella Limestone;
Barale, 2014; Barale et al., 2016a; 2017). They are overlain
by an Early Cretaceous condensed succession, at most some
tens of metres thick, consisting of bioclastic limestones and
marly limestones, locally rich in authigenic minerals, fol-
lowed by Late Cretaceous hemipelagic deposits (Lanteaume,
1968; Malaroda, 1999; Barale et al., 2017). The Mesozoic
succession is overlain by the Alpine Foreland Basin succes-
sion (Sinclair, 1997), consisting of Middle Eocene discon-
tinuous continental to lagoonal deposits (Microcodium For-
mation), Middle Eocene mixed carbonate-siliciclastic ramp
deposits (Nummulitic Limestone), followed by Late Eocene
hemipelagic sediments (Globigerina Marl) and the Late Eo-
cene-Early Oligocene Gres d’ Annot turbidite succession.

THE PROVENCAL HYDROTHERMAL DOLOMITES

Hydrothermal dolomitization affects the Provencal car-
bonate succession, from the Middle Triassic carbonates to the
Middle Jurassic-Berriasian shallow-water Garbella Limestone
(Fig. 3; see also Fig. 3 in Barale et al., 2016b). The main char-

acters of this hydrothermal dolomitization system, fully de-
scribed in Barale et al. (2013; 2016b), are briefly summarized
below. Dolomitized bodies are irregularly shaped and vary
in size from a few to hundreds of metres (Fig. 3a). Partially
dolomitized limestones constitute the greatest volume of the
dolomitized rocks in the study area, and show both selective
(either matrix- or grain-selective) and non selective dolomi-
tization fabrics. Entirely dolomitized rocks occur mainly in
the Jurassic succession as metre-sized bodies, randomly dis-
tributed within partially dolomitized limestones, and are rep-
resented by fine to medium crystalline dolostones and white,
sucrosic, coarse to very coarse crystalline dolostones.

Dolomitized bodies are commonly associated with net-
works of dolomite-cemented veins, showing no preferential
orientation. Veins are 200 pm to 2 mm thick and consist of
a thin inner part (100-200 um), composed of fine to medium
crystalline turbid dolomite and a thicker outer rim (100-1000
um) composed of outward growing, coarse crystalline dolo-
mite crystals (Fig. 3b).

Dolomite-cemented breccias are also commonly observed
within the dolomitized rocks; they form tabular bodies, a few
centimetres to some metres wide and up to some tens of metres
long, which generally cross-cut bedding at a high angle. Brec-
cias consist of mm- to cm-sized, angular to sub-rounded clasts,
mainly of the same lithology as the encasing rock, showing a
jigsaw puzzle arrangement and cemented by coarse crystalline
dolomite (Fig. 3c). Irregularly shaped dissolution cavities, up
to some decimetres in diameter, are frequent in the dolomitized
rocks. Cavities are commonly fringed by a rim of coarse crys-
talline dolomite cement, followed by sparry calcite (Fig. 3d);
laminated, fine-grained internal sediments of carbonate com-
position are also commonly observed plugging these cavities.

Replacement dolomite is mainly represented by fine to
medium crystalline planar-s dolomite, with a turbid appear-
ance in thin section (Dol1 of Barale et al., 2016b; Fig. 3e). Lo-
cally, in the micritic facies of the Garbella Limestone, euhe-
dral, coarse to very coarse crystalline planar-e replacement
dolomite crystals, up to 1-2 mm in size occur (Dol 2 of Barale
et al., 2016b; Fig. 3e). Non-planar, coarse to extremely coarse
crystalline (500-5000 zm) saddle dolomite (Dol 3 of Barale et
al.,2016b; Fig. 3f, g), forms the widespread cements of veins,
breccias and cavities, and also occurs as replacive dolomite in
some sucrosic dolostones. Uniquely in a very limited sector
(Mont Chajol area, see Fig. 2), in addition to Dol3, a fibrous
dolomite cement (Dol4 of Barale et al., 2016b) occurs within
breccias, cavities and fractures in the Late Triassic dolostones
or at the base of the Garbella Limestone. It forms elongated,
blade- to fan-shaped crystals with rhombic terminations, up to
7-8 mm long and 1-2 mm wide, and shows sweeping extinc-
tion with diverging optical axes of the fibres (fascicular-optic).

The last phase of void filling, ubiquitously postdating
dolomite cements in the whole study area, is a coarsely to
extremely coarsely crystalline sparry calcite (Ccl), generally
limpid in thin section, showing a white to locally dark-grey or
blackish colour on the hand sample.

Field and petrographic observations indicate that dolomi-
tization was a polyphase process, in which episodes of hy-
drofracturing and host-rock dissolution, related to expulsion
of overpressured fluids through faults and fracture systems,
were associated with phases of host-rock dolomitization
and void cementation. The presence of clasts of dolomitized
rocks in sediments slightly younger than the youngest dolo-
mitized rocks, allowed precise dating of the dolomitization
event (latest Berriasian-Valanginian interval). This, in turn,
allowed a direct evaluation of the burial setting of dolomitiza-
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Fig. 3 - a) Western side of Passo di Ciotto Mieu: cliff of dolomitized Garbella Limestone (GL, about 100 m high) unconformably overlain by the Alpine
Foreland Basin succession (Nummulitic Limestone and Globigerina Marl, NL; Gres d’ Annot, GA). Image taken from the eastern side of Monte Chiamossero
(44°09°39.0”N, 7°30°45.2”E). b) Hand sample of Garbella Limestone showing different degrees of dolomitization. The left portion is only partly dolomitized
with scattered euhedral crystals of dolomite; the right portion is fully dolomitized, whereas in the middle portion dolomitization follows a network of veins. c)
Breccia in Middle Triassic carbonates, made up of centimetre-sized, angular clasts cemented by withish, coarse crystalline dolomite (Mont Agnelet). d) Cm-
sized dissolution cavity in a portion of Garbella Limestone rich in dolomite veins. The cavity is rimmed by coarse crystalline dolomite cement and plugged
by grey-coloured sparry calcite (Ccl). Passo di Ciotto Mieu. ) Thin section photomicrograph (crossed polars) of dolomitized Garbella Limestone showing
transition from medium crystalline planar-s Doll to coarse crystalline planar-e Dol2. Punta Bussaia. f) Thin section photomicrograph (plane light) of a cavity
within undolomitized Garbella Limestone, rimmed by coarse crystalline, zoned Dol3 and plugged by Ccl sparry calcite. Sabbione Valley.

tion, which occurred when the Provencal carbonates were at
a very shallow burial depth (from a few tens of metres for the
uppermost, Berriasian, part of the succession to about 500 m
for the lowermost, Triassic part).

Homogenization temperatures of primary fluid inclusions

in dolomite cements indicate that dolomitizing fluids were
relatively hot (170-260°C); final melting temperatures point
to highly saline fluids with a complex composition that could
be represented by the NaCl-CaCl,-MgCl,-H,O system and an
approximate salinity of 20-23% CaCl, equivalent.
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The isotopic composition of hydrothermal dolomites
shows slightly positive 8'3C values and negative 8'0 values
varying from -2 to -11%0 VPDB. The latter, combined with
precipitation temperature obtained by fluid inclusion micro-
thermometry, indicate highly '30-enriched parent fluids (+9
to +12%0 VSMOW; Barale et al., 2016b, calculated with the
fractionation equation of Land, 1985). Re-calculation of par-
ent fluid composition using the same data and the newer frac-
tionation equation of Miiller et al. (2019) indicates a compo-
sition ranging between +11.2 and +14.9%0 VSMOW.

The high temperature of the fluids, which contrasts with
the inferred shallow burial setting, points to a very deep hy-
drothermal circulation related to deep-rooted fault systems.
This deep circulation indisputably involved the Permian-
Early Triassic siliciclastic rocks and the crystalline basement
rocks of the Argentera Massif, due to the modest thickness of
the Mesozoic succession (about 500-600 metres). Interaction
with siliciclastic and basement rocks could also account for
the inferred composition of the dolomitizing fluids. In fact,
based on the regional geological setting, Barale et al. (2016b)
concluded that the most likely source for hydrothermal fluids
was seawater, whose original composition had to be strongly
modified to produce highly saline, '80-enriched dolomitizing
brines.

ANALYTICAL METHODS

Cathodoluminescence, SEM-EDS, micro-Raman
spectroscopy

CL observations were carried out on polished thin sec-
tions using CITL 8200 mk3 equipment (operating conditions
of ca 17 kV and 400 uA). In situ quantitative microprobe
analyses were performed on carbon-coated thin sections with
an energy dispersive X-ray spectroscopy (EDS) Energy 200
system and a Pentafet detector (Oxford Instruments) associ-
ated with a Cambridge Stereoscan S-360 scanning electron
microscope (SEM). The operating conditions were 15 kV of
accelerating voltage, ca 1 nA of probe current, and 50 sec of
counting time. The SEM-EDS quantitative data (spot size:
2 um) were acquired and processed using the Microanaly-
sis Suite Issue 12, INCA Suite version 4.01; Structure Probe,
Inc. natural mineral standards were used to calibrate the raw
data; the RoPhiZeta correction (Pouchou and Pichoir, 1988)
was applied. Analytical statistical errors R on atomic weight
per cent are 008 for Mg and Fe and 013 for Ca. Micro-Ra-
man spectroscopy was performed with a LabRAM-HR 800
(HORIBA - JOBIN-YVON) spectrometer using a HeNe laser
(633 nm, 20 mW). These analyses were carried out at the De-
partment of Earth Sciences, University of Torino.

Lipid biomarkers

Sample CG 11 was chosen for the analyses of lipid bio-
markers. Prior to extraction, the sample was cut to avoid
contamination. Then 85 g of sample were crushed to small
pieces and decalcified by pouring slowly 10% HCI onto the
sample, after the method described by Birgel et al. (2006).
The residual material was saponified with 6% KOH in metha-
nol. The saponification extract was collected, then the sample
was extracted three times with a CEM microwave extraction
system at 80°C at 250W for 15 minutes with a mixture of
dichloromethane + methanol (3+1). The saponification ex-
tract was combined with the three other extracts. Then, the
mixture was acidified with 10% HCI to release the fatty acids

from the aqueous phase and cleaned with water in a separa-
tory funnel. The organic extract was collected and reduced by
rotary evaporation. The reduced total lipid extract was then
pre-cleaned by separation into a n-hexane soluble maltene
and dichloromethane soluble asphaltene fraction. For GC
analyses, the maltene fraction was further separated by solid-
phase column chromatography into four fractions of increas-
ing polarity as mentioned in Birgel et al. (2008a). All four
fractions were measured by gas chromatography-flame ion-
ization detection (GC-FID) with an Agilent 7820 A GC sys-
tem at the University of Vienna. The GC was equipped with
a 30 m HP-5 MS UI fused silica capillary column (0.25 mm
i.d., 0.25 mm film thickness). The carrier gas used was he-
lium. The GC temperature program used was: 60°C (1 min)
from 60°C to 150°C at 8°C/ min, then to 320°C at 4°C/min.
Then 25 minutes isothermal. After GC-FID analyses of all
four fractions, only the hydrocarbon fraction contained some
minor compounds. Only the hydrocarbon fraction was also
measured by an Agilent 7890 A GC system coupled to an
Agilent 5975C mass spectrometer, to identify the individual
compounds. The GC-conditions were identical to those de-
scribed for the GC-FID measurements.

Sr isotopes

87Sr/%6Sr ratios for samples CG12, CHA4, CM3, and
COL4 were measured with a Finnigan MAT 262V multi-
collector mass spectrometer at the CNR, Institute of Geo-
sciences and Earth Resources of Pisa (Italy), running in dy-
namic mode. Conventional ion exchange methods were used
for Sr separation from the matrix. Measured 37Sr/%Sr ratios
were normalized to *6Sr/*8Sr = 0.1194. During the collection
of isotopic data replicate measurements of NIST SRM 987
(SrCO,) standard yielded values of 0.710242+17 (2 s, N =
19). 87Sr/36Sr ratios for samples CHA1, CHIS and SABS5 were
measured in situ at the Goethe University Frankfurt (Ger-
many), using a Thermo-Finnigan Neptune multi-collector in-
ductively coupled plasma - mass spectrometer (MC-ICP-MS)
attached to a RESOlution 193 nm Ar-F Excimer laser abla-
tion system (ComPexPro 102F, Coherent), equipped with an
S-155 two-volume (Laurin Technic, Australia) ablation cell.
Laser spots with diameters of 120-235 ym were drilled with
a repetition rate of 8 Hz, and energy density of about 6-7 J/
cm?, during 45 s of data acquisition. The depth penetration of
the static spots was about 0.7 ym s’!. Ablation and material
transport occurred in a sample gas stream of Ar (0.8 1 min™')
mixed with He (0.6 1 min') and N, (0.005 1 min™!), and signal
homogenization directly after ablation was carried out using
a “Squid” (Laurin Technic, Australia). Wash out time for all
important isotopes was less than 5 seconds, which allowed
a relatively high sample throughput of ca. 20-30 measure-
ments per hour. The raw data of 36Sr/%’Sr were corrected for
blank (mostly 8 %Kr in sample gas), and isobaric interfer-
ences arising from double-charged rare earth elements (Er,
Yb), as well as for Ca dimers and Rb. Corrections for Kr,
Er, Yb had only a negligible effect due to extremely low in-
tensities for '’Er, '73Yb (< 0.0001 Volt), and ¥Kr (< 0.0007
Volt). In contrast, Rb interference correction was important.
At the beginning of the analytical session, soda-lime glass
SRM-NIST 610 was measured 2-3 times for empirical de-
termination of 8’Rb/%>Rb mass bias using the Sr mass bias
(®°St/®8Sr | relative to 3°Sr/%8Sr, . = 0.1194) of each integra-
tion multiplied by an off-set factor. The procedure yielded
after successful interference correction on 3°Sr, 8Sr, and ®Rb
from doubly charged Yb and Er the 3’Rb/%®Sr ratio needed



for accurate correction of the isobaric interference of 8’Rb
on ¥'Sr. Despite the high ®’Rb/*®Sr of 2.82, with an ¥’Rb 4
times the %’Sr, we obtained an 87Sr/%Sr (0.7096+0.0010; n
= 12), which is within the uncertainty of the reported value
of Woodhead et al. (2001). Performance and accuracy were
checked by multiple measurements of the feldspar in-house
standard MIR-1, an isotopically homogeneous plagioclase
megacryst from a lava of the Dutsin Miringa Hill volcano
(Northern Cameroon Line; Rankenburg et al., 2004). The re-
sults of standard measurements yielded values of 37Sr/%Sr,
which were in agreement (within error) to conventional TIMS
data of 0.703096+0.000070 (20, Rankenburg et al., 2004).

oD, 8'80 and He-Ar isotopes of fluid inclusion-hosted
waters

Stable hydrogen and oxygen isotope composition of the
inclusion-hosted water and the water content of carbonate
(dolomite and calcite) samples were determined at the Insti-
tute for Geological and Geochemical Research (Budapest,
Hungary), using the laser spectrometric method described in
detail by Czuppon et al. (2014) and Demény et al. (2016).
The carbonate chips (1-4 gram) were crushed in a 10 mm
OD stainless steel tube attached to the vacuum line and the
liberated fluid, following trapping and cleaning procedure,
was introduced to the laser spectroscope and measured. The
hydrogen isotope composition is expressed as dD and 8'%0
values (in %o) relative to VSMOW (Coplen et al., 1996).

Helium and argon isotope composition of the inclusion-
hosted water were determined at the Isotope Climatology and
Environmental Research Centre (ICER; Debrecen, Hungary).
About 1.0-2.0 g of sample material was placed in a stain-
less steel cylinder including an iron ball. After evacuating the
system, the sample was crushed with the iron ball actuated
manually by a magnet from outside. Most of the liberated
gases were collected in an empty trap held at 25 K, while
helium in a charcoal trap at 10 K. After heating the charcoal
trap to 42 K, the helium was admitted to a VG5400 noble gas
mass spectrometer. The argon fraction was released at 55 K,
purified by a getter trap (SAES St 707), and then admitted to
the same mass spectrometer. The measurement process was
calibrated with well-known air aliquots in the range of 1-10-3
to 1:102 ccSTP (cubic centimetre at standard temperature and
pressure) for helium and 2107 to 1-10** ¢ccSTP for argon.

Clumped C-O isotopes

The clumped isotope composition of dolomite and cal-
cite was determined at the ETH Zurich using a Thermo
Fisher Scientific 253Plus mass spectrometer coupled to a
Kiel IV carbonate preparation device, following the method
described in Meckler et al. (2014) and Miiller et al. (2017).
The Kiel IV device includes a custom-built Porapak Q trap
held at -40°C to eliminate potential organic contaminants.
Before each sample run, the pressure-dependent negative
backgrounds are determined on all beams to correct for non-
linearity effects. During each run, 18 replicates of 90-110
ug of different samples and 5 replicates of each of the three
carbonate standards, ETH-1, ETH-2 and 8 replicates ETH-3
(Bernasconi et al., 2018), are analyzed for data normaliza-
tion. Two replicates of the international standard TAEA C2
are analyzed to monitor the instrument long term reproduc-
ibility. All instrumental and data corrections are carried out
with the software Easotope (John and Bowen, 2016) using
the revised TIUPAC parameters for 17O correction (Bernasconi
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et al., 2018). Clumped isotopes for dolomite are reported in
the carbon dioxide equilibration scale (CDES) phosphoric
acid reaction temperature of 70°C, whereas those of calcite
are reported for a reaction temperature of 25°C. Tempera-
ture uncertainties are reported at the 95% confidence level
(Fernandez et al., 2017; Bernasconi et al., 2018). D47-tem-
peratures and isotopic composition of waters in equilibrium
with the dolomite are calculated with the dolomite-specific
calibrations of Miiller et al. (2019). For calcite we used the
calibration in Bernasconi et al. (2018). The composition of
the fluids was calculated using the oxygen isotope calibration
of O’Neil et al. (1969).

U-Pb dating

Uranium-Lead data were acquired in situ on polished thin
sections from different samples by laser ablation-inductive-
ly coupled plasma-mass spectrometry (LA-ICP-MS) at the
Goethe University Frankfurt (GUF), using a method modified
by Gerdes and Zeh (2006; 2009). At GUF a Thermo Scien-
tific Element 2 sector field ICP-MS is coupled to a Resolution
S-155 (Resonetics) 193 nm ArF Excimer laser (CompexPro
102, Coherent) equipped with a two-volume ablation cell
(Laurin Technic, Australia). Samples were ablated in a he-
lium atmosphere (0.6 I/min) and mixed in the ablation funnel
with 0.7 I/min argon and 0.04 1/min nitrogen. Signal strength
at the ICP-MS was tuned for maximum sensitivity while
keeping oxide formation below 0.3% (UO/U). Static ablation
used a spot size of 213 ym and a fluence of < 1 J cm-2 at 6 Hz.
This yielded SRM-NIST 614 a depth penetration of about 0.5
pm s-1 and an average sensitivity of 420000 cps/ug g-1 for
238U. The detection limits for 2°°Pb and >**U were ~ 0.1 and
0.03 ppb, respectively. However, at a U signal of less than
1000 cps (~ 2 ppb) the data were generally discarded due to
enhanced scatter on the isotope ratios.

Each analysis consisted of 20 s background acquisition
followed by 20 s of sample ablation and 25 s washout. During
42 s data acquisition, the signal of 2°°Pb, 20’Pb, 2%8Pb, 23’Th
and 2®U were detected by peak jumping in pulse counting
mode with a total integration time of 0.1 s, resulting in 420
mass scans. Before analysis each spot was pre-ablated for 3
s to remove surface contamination. Soda-lime glass SRM-
NIST 614 was used as a reference glass together with two
carbonate standards to bracket sample analysis.

Raw data were corrected offline using an in-house MS
Excel© spreadsheet program (Gerdes and Zeh 2006; 2009).
Following background correction, outliers (+20, standard de-
viation) were rejected based on the time-resolved 2’Pb/?°°Pb
and 2°°Pb/?38U ratios. The 27Pb/?Pb ratio was corrected for
mass bias (0.3%) and the 2°°Pb/?38U ratio for inter-element
fraction (ca. 5%), including drift over the 12 hours of se-
quence time, using SRM-NIST 614. Due to the carbonate
matrix an additional correction of 3% has been applied on
the 2°°Pb/?38U, which was determined using WC-1 carbon-
ate reference material dated by TIMS (254 .4; Roberts et al.,
2017). Thirty-four runs of the WC-1 carbonate standard over
the course of the two analytical sessions provided a lower in-
tercept age of 254.1+1.1 Ma (20). Repeated analyses (n = 35)
of a Zechstein dolomite (255+4 Ma; Gypsum pit, Tettenborn,
Germany) used as secondary (in-house) standard yielded a
lower intercept age of 256.0+2.0 Ma (MSWD: 1.3), implying
an accuracy and repeatability of the method of around 2% or
better. Data were plotted in the Tera-Wasserburg diagram,
and ages calculated as lower intercepts using Isoplot 3.71
(Ludwig, 2009). All uncertainties are reported at the 20 level.
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RESULTS

The analyses of new samples and the application of other
analytical techniques generally confirm the overall picture of
the hydrothermal system described in Barale et al. (2016b)
but provide new details on some aspects of its functioning.

Dolomite rims rich in carbonaceous material

Locally, in the Mont Chajol area (Fig. 2) a new type of
dolomite cement (Dol5), which had not been previously de-
scribed, was identified. It is a rim of pore-filling dolomite
cement interposed in places between two different genera-
tions of Dol4 dolomite, in breccias, cavities and fractures in
the Late Triassic dolostones or at the base of the Garbella
Limestone. The rim is recognizable due to its black colour
in hand sample (Fig. 4a, b), caused by the presence of car-
bonaceous material. Micro-Raman spectroscopy shows two
broad bands at approximately 1330 cm™ and 1610 cm™ (see
Fig. S2) which is strong evidence for organic matter. The
rim is about one millimeter thick, and composed of two lay-
ers. The first is 100-200 pm thick and consists of a finely-
crystalline, granular, dolomite, showing a moderate to dull
red cathodoluminescence with a thin non-luminescent band
(Fig. 4c-e). The reddish part is characterized by small (10-20
micron) bright, reddish patches. Aggregates of Fe-oxides are
locally observed; they show a cubic habit, probably indicat-
ing their origin as pseudomorphs of pyrite crystals (Fig. 4b).
The second layer is a radial-fibrous, mainly non-luminescent,
dolomite with rhombic terminations, and shows a well-de-
veloped zonation defined by alternating limpid and turbid,
brown-coloured, growth zones (Fig. 4c-e). SEM-EDS analy-
ses show that Dol5 dolomite is non-ferroan, Ca-enriched do-
lomite, with a composition of around 40-42 mol% of MgCO;.
U-Pb analyses on dolomite cements (see below) showed en-
richment in U (up to 23 ppm) within this rim. Stable isotope
analyses of this rim provided negative 8'0 values (-9.18,
-8.94%0 VPDB) and slightly positive 8'*C values (+1.49,
+1.28%0 VPDB). An analysis of the organic compounds by
gas-chromatography has been carried out on Dol5. It showed
a generally low content of organic compounds.

Black carbonaceous material (showing two broad bands
at approximately 1330 cm™!' and 1610 cm™ in micro-Raman
spectroscopy; see Fig. S1) is also locally found as the infill of
several-tens-of microns-thick fractures in the host rock (Fig.
4f) and as an impregnation of dispersed, fine particles within

the host rock, closely associated with fractures and form-
ing several-mm-thick bands with a clear trend of increasing
blackening towards the fracture walls (Fig. 4g).

Sr isotopes

Eight samples were measured for 37Sr/%Sr values (Fig.
5). Coarse crystalline dolomite cements (Dol3 saddle do-
lomite and Dol 4 fascicular-optic dolomite of Barale et
al., 2016b), show values between 0.70778+0.00008 and
0.710255+0.000008. Fine crystalline, replacement do-
lomite shows values between 0.70776+0.00025 and
0.70900+0.00047. Finely crystalline, dolomitized internal
sediments within dissolution cavities show values between
0.70879+0.00017 and 0.71021+0.00020.

oD, 6'30 and He-Ar isotopes of fluid inclusions water

The hydrogen and oxygen isotope compositions (0D and
0'80) of the fluid inclusion water in the replacement dolomite
range from -69 to -78%¢ and from -2.6 to -1.3%o respectively
(Table 1). The 8D and 8'%0 values of the fluid inclusion wa-
ter in dolomite cements are characterized by systematically
higher values relative to replacement dolomite; the 6D and
0'80 vary from -48 to -56%0 and 0.6 to 5.1%o, respectively
(Table 1). The water content shows similar ranges for both
types of dolomite, varying between 270 and 550 ppm. The
stable isotope composition of fluid inclusions in calcite is
very different from that of dolomite (Table 1). Both hydrogen
and oxygen isotope composition (dD = -93 to - 85%o; 0'80 =
-14.0 to -13.3%0) show higher negative values, and they plot
close to the Global Meteoric Water Line (Fig. 6, GMWL: 6D
=8 x 0'%0 + 10, Dansgaard, 1964).

The measured helium and argon isotope composition of
Dol3 and Dol4 cements is listed in Table 2. The helium iso-
tope composition (*He/*He) is characterized by lower values
than air (1Ra), ranging from 0.02 to 0.07 Ra. The argon iso-
tope ratios (*°Ar/3°Ar) are systematically higher than air val-
ues (295.5), ranging from 340 to 520.

Clumped C-O isotopes

Clumped isotopes measurements were performed on a
few samples of coarse crystalline dolomite cements (see
Table S2). Three samples of coarse-crystalline Dol3 (CM3,
Refrey Zone; CA2a-4 and SAB14b, Entracque Unit) gave

Table 1 - 8D, 8'80 of fluid inclusions-hosted water in dolomite and calcite.

SAMPLE phase 3D [%0, SMOW]  8"0 [%o, SMOW]  H,O concentration [ppml]
BUS 12 Replacement (Dol2) -78.38 -1.26 352
CM2 Replacement (Doll) -69.03 -2.61 564
CM 16 dol Replacement (Doll) -69.83 -1.28 494
CM 16 calc Ccl cement -89.61 -14.05 209
SAB 14 Ccl cement -85.12 -13.61 103
KIAM 1 calc Ccl cement -93.57 -13.30 594
PD 5 Dol3 cement -49.71 5.14 482
KIAM 1 dol Dol3 cement -56.20 0.57 272
CG5S Dol4 cement -47.82 1.62 550




Fig. 4 - a-e) Dol5 rims (sample CG12, see location in Fig. 2). a) Polished surface showing black-coloured Dol5 rim interposed between
two different generations of Dol4 cement. b) Polished surface showing a Dol5 rim, composed of a first, black-coloured layer with ag-
gregates of Fe-oxides showing a cubic habit (py), probably indicating their origin as pseudomorphs on pyrite crystals, and a second layer
composed by a white and a blackish band. c-e) Thin section photomicrograph (a, plane light; b, crossed polars; ¢, cathodoluminescence-
CL) of a Dol5 rim, consisting of two layers. The first layer, 100-200 pm thick, is a finely-crystalline, granular, dolomite, showing a mod-
erate to dull red CL with a thin non-luminescent band (the reddish part is characterized by the presence of small brighter, reddish patch-
es). The second layer is a radial-fibrous, mainly non-luminescent in CL, dolomite with rhombic terminations, and shows a well-developed
zonation defined by alternating limpid and turbid, brown-colored, growth zones. f) Thin section photomicrograph (plane light) showing
a thin fracture in Garbella Limestone filled by black carbonaceous material. g) Thin section photomicrograph (plane light) showing an
impregnation of dispersed, fine particles of carbonaceous material, closely associated with dolomite veins and forming several-mm-thick
bands with a clear trend of increasing blackening towards vein walls.

For interpretation of the references to colour in this figure, the reader is referred to the online version of this paper.
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Table 2 - Helium and argon isotope composition of Dol3 and Dol4 cements.

SAMPLE Helium (ccSTP/g) R/Ra YA/ Ar
KIAM1 (Dol3 cement) 2.14E-07 0.03 397.6
KIAM7 (Dol3 cement) 1.13E-06 0.024 519.3
CT8 (Dol3 cement) 2.61E-06 0.037 340.1
CHA1 (Dol4 cement) 7.85E-07 0.067 345.6
0.7110 Dol3 dolomite cement
Dol4 dolomite cement
coL )
[ 2 / ;F . replacement dolomite
0.7100 ; S dolomitized internal
CM3 /! ' sediment in cavities
th o CHIE . % error bar
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(McArthur et al., 2012) =7 TEs e
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Fig. 5 - ¥7Sr/®Sr values measured on samples of Dol3 and Dol4 cements, replacement dolomite (Dol1), and dolomitized internal sediments
of cavities (see sample position in Fig. 2). ¥’Sr/%Sr seawater values for Mesozoic (McArthur et al., 2012) and late Berriasian-Valanginian

interval (McArthur et al., 2007) are shown for comparison.
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Fig. 6 - Measured hydrogen and oxygen
isotope composition of inclusion-hosted
water in dolomite and calcite. The global
meteoric water line (GMWL, Dansgaard,
1964) is also shown.



A47 temperatures of 309°C, 258°C, and 351°C, respectively.
One sample of coarse-crystalline Dol4 cement (CG12, Up-
per Roya Unit) gave a A47 temperature of 325 °C. Two Ccl
calcite samples (SAB 14a and CA2a-2, Entracque Unit) gave
A47 temperatures of 270°C and 292°C, respectively.

U-Pb dating

In situ U-Pb isotope analyses were performed on different
sites on 12 samples (see Fig. 2 and Table S1 for location).
Five samples did not yield results due to very low uranium
contents or too small variability of the U and Pb concentra-
tion and thus the limited spread in 28U/?°°Pb ratios. Uranium
and Pb concentrations of the other 7 samples are variable
and positively correlated, ranging from 0.01 to 23.3 ppm
and from 0,02 to 27.9 ppm, respectively (see Table S3). Spot
analyses commonly plot along a linear array in the 27Pb/?*Pb
vs. 238U/2Pb space (Tera-Wasserburg diagram, see Fig. S2).
This array is interpreted as a mixture of initial common Pb
and Pb formed due to in situ decay of U since dolomite crys-
tallization. The age of formation is defined by the lower in-
tercept with the Concordia. In Fig. 7 the age of each analyzed
site is plotted with the respective 20 error.

Sample CA2a is a slightly dolomitized bioclastic rud-
stone from the upper part of the Garbella Limestone. Three
distinct sites were analyzed: site CA2a-1 (164+£31 Ma) is an
original micritized shell of a mollusc, site CA2a-2 (149+25
Ma) is an early diagenetic calcite cement rimming a gastro-
pod shell, site CA2a-3 (125+47Ma) is a calcite sparry ce-
ment replacing a gastropod shell. Sample CHIS was collected
from the Middle Triassic dolostones; two different sites were
analyzed: site CHIS-1 (72.5£6.6Ma) is a Dol3 cement rim-
ming a cavity, site CHIS-2 (45.6+3.2) is a dolomitized in-
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ternal sediment in the same cavity. Samples CM7, CM106,
CHAS, SABS5 were collected from the dolomitized Garbella
Limestone. On sample CM7 two distinct sites were analyzed:
site CM7-1 (150+£13Ma) is a Dol3 cavity cement, site CM7-2
(129+36Ma) is the sparry calcite cement plugging the same
cavity. On sample CM106 two distinct sites were analyzed:
site CM106-1 (133+16Ma) is a replacive Dol3, site CM106-
2 (123+£14Ma) is a Dol3 cement rimming a cavity. In the
sample CHAS the site CHAS8-2 (47.66+0.24Ma) is a black
dolomite cement rim (Dol5) between two generations of
Dol4 cements (site CHA8-1, 47.162+0.62Ma, and site CHAS-
3, 46.4+1.9Ma, respectively). On sample SABS two distinct
sites were analyzed: site SAB5-1 (57.9+1.3Ma) is a replacive
Dol3, site SAB5-2 (57.3+x1.5Ma) is a Dol3 void-filling ce-
ment. Sample CP15 is a lithoclastic floatstone with dolomi-
tized clasts in the slope sediments covering the Caire Porcera
palaco-escarpment (Lausa Limestone; Barale et al., 2017):
site CP15-1 (129+36Ma) is a dolomitized clast, site CP15-2
(25+7Ma) is the microsparitic matrix, site CP15-3 (22+11Ma)
is a thin calcite vein crossing both clasts and matrix.

INTERPRETATION
Dolomite rims rich in carbonaceous material

Dol5 dolomite, only found in the Mont Chajol area, forms
a sharply-bounded, finely crystalline thin band, including
abundant finely dispersed organic matter, interposed within
coarsely-crystalline, limpid Dol4 dolomite. This records a
short-lived event during which the growth of coarsely crystal-
line cements was inhibited and replaced by precipitation of a
finely crystalline dolomite incorporating organic matter. The
abundant organic matter within Dol5 dolomite rims can be
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Fig. 7 - Diagram representing the measured radiometric U-Pb ages, with the corresponding 26 errors. Calcite (black circles) and dolomite (black squares) spot
analyses are distinguished. The common overlapping age of hydrothermal carbonates is evidenced; this is consistent with the latest Berriasian-Valanginian

time interval proposed by Barale et al. (2016b).
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interpreted as remnants of microbial tissues and thus regarded
as evidence of microbial involvement in carbonate precipi-
tation (e.g., Beauchamp and Savard, 1992; Campbell et al.,
2002; Agirrezabala, 2009; Guo X. and Chafetz, 2012). Pyrite,
locally associated with type-5 dolomite, is commonly consid-
ered as a byproduct of microbial-related carbonate precipita-
tion, deriving from coupled sulphate reduction and organic
compounds oxidation (e.g., Berner, 1985). Finely-crystalline,
granular, carbonate cements are commonly interpreted as
linked with microbial activity (e.g., Guo L. and Riding, 1994;
Cavagna et al., 1999; Riding, 2000; Anadén et al., 2013).

Generally, carbonates including dolomites are excellent
archives for lipid biomarkers, since lipid biomarkers, espe-
cially in authigenic carbonates, are protected from degra-
dation during diagenesis. High thermal maturity, however,
can easily modify, and at worst, erases the lipid biomarkers.
Since the temperatures were at least between 170 to 260°C
during hydrothermal dolomite precipitation and even higher
during Alpine orogenesis, lipids were heavily affected by
temperature. The overall content of lipids were very low and
contained only some minor n-alkanes, but no evidence for
any microbial-derived lipid biomarkers, such as terminally-
branched fatty acids or isoprenoid hydrocarbons, which are
often preserved in other microbial carbonates (Birgel et al.,
2008b; Heindel et al., 2018). The absence of both groups of
compounds in the studied samples could indicate that bacteria
or archaea were not involved in dolomite precipitation. Alter-
natively, the signals were lost during thermal maturity, which
is most likely. At the same time, the absence of oil-bearing
fluid inclusions and the low content of n-alkanes suggests that
the black material is not related to secondary hydrocarbon
migration together with the hydrothermal fluids.

We suggest that the intercalation of Dol5 dolomite rims
within coarsely-crystalline, high-temperature dolomite ce-
ments reflects changes in the functioning of the hydrothermal
system. The following model is proposed (Fig. 8): during pe-
riods of hydrothermal activity, high-temperature fluids were
expelled, and inorganic precipitation of Dol4 dolomite took
place. These were followed by short periods of hydrothermal
quiescence when upflow of high-temperature fluids was con-
siderably reduced, allowing downward infiltration of seawater
within the upper part of the hydrothermal system. The mix-
ing with seawater sensibly lowered the fluid temperature, al-
lowing thermophilic microbial communities to colonize the
free surfaces of earlier hydrothermal cements (hyperthermo-
philic microbial life is reported with temperature up to 120
°C, though it could survive for short periods at even higher
temperatures; Blochl et al., 1997; Kashefi and Lovley, 2003).
At the time of the dolomitization event, the burial depth of this
part of the succession should not exceed 200-300 meters, cor-
responding to the thickness of the Jurassic carbonates. Never-
theless, microbial organisms are known to live in sub-seafloor
environments at depth of more than 120 meters in hydrother-
mal vent systems (Kimura et al., 2003) and of several hundred
meters in sediments (e.g., Parkes et al., 2000; d’Hondt et al.,
2002). A similar model has been proposed by Agirrezabala
(2009) in Middle Cretaceous hydrothermal vents from the
Basque-Cantabrian Basin, and by Anadoén et al. (2013) in Ho-
locene hydrothermal-vent carbonates from Santorini, in which
periods of hydrothermal activity and inorganic precipitation
of fibrous aragonite alternated with periods of reduced hydro-
thermal flow allowing the growth of microbial mats.

Blackened host rock portions and the thin, carbonaceous-
matter-filled veinlets, document upward migration of limited
amounts of hydrocarbons, generated by forced maturation of

the organic-rich beds at the top of the Triassic succession.
Hydrocarbon formation at shallow burial depth, due to forced
maturation driven by hot fluids, has been documented in mod-
ern hydrothermal vents (Einsele et al., 1980; Simoneit and
Lonsdale, 1982; Rushdi and Simoneit, 2002a; 2002b). Such
hydrocarbons could have sustained for brief periods and in a
restricted, favourable area, the metabolic activity of micro-
bial consortia, leading to the colonization of the free surfaces
of earlier cement rims within open fractures and cavities.

Sr isotopes

87Sr/%Sr values of dolomitized rocks and dolomite ce-
ments range between 0.7077 and 0. 7102, with most of the
values above 0.7080 (Fig. 5). These values are systematically
higher than those of seawater coeval with the dolomitization
event: ¥Sr/%Sr seawater compositions for the late Berriasian-
Valanginian interval range between 0.70724 and 0.70739
(McArthur et al., 2007). High 37Sr/*Sr values in hydrother-
mal dolomites are generally interpreted as evidence of fluid
interactions with crystalline or siliciclastic rocks (e.g., Dug-
gan et al., 2001; Vandeginste et al., 2005; Shah et al., 2012)
and consequent fluid enrichment in radiogenic ¥’Sr derived
from 87Rb largely contained in feldspars, micas and clay min-
erals (Banner, 1995).

oD, 8'80 and noble gas isotopes of fluid
inclusions-hosted water

The hydrogen isotope composition of inclusion-hosted
water measured in both replacement dolomite and dolomite
cement, are characterized by remarkably negative values
(about -70%o to -50%o¢). These values are much lower than
expected for fluids that ultimately originated from sea water
(Barale et al., 2016b). Similar values for 6D of hydrother-
mal dolomites are reported in the literature and explained by
several processes including 1) contribution of metamorphic/
magmatic fluid (e.g., Garaguly et al., 2018); 2) high degree
of evaporation of seawater (e.g., Holser, 1979; Nesbitt and
Prochaska, 1997); 3) mixing with meteoric water (e.g., Yang
et al., 1995). Modification of the original fluid as a result
of contribution of magmatic water (8D range from -85%o
to -55%o, Taylor, 1974) is unlikely because there is no evi-
dence for magmatic activity. In addition, the noble gas iso-
tope composition points to crustal fluids with no significant
magmatic/mantle-like component as the helium isotope ratios
range from 0.02 to 0.07 Ra (average crustal values are about
0.08Ra, and *He/*He ratios in granite range from 0.001 to
0.086Ra; Ballentine and Burnard, 2002). Some studies in-
voked high degrees of evaporation of sea water to explain
the relatively low 0D values found in dolomite (e.g., -98%o
- -50%o, Nesbitt and Prochaska, 1998). However, in this re-
gion there is no evidence of the development of a hypersaline
environment in the Early Cretaceous to support this scenario.
Similarly, no stratigraphic or petrographic evidence exists
which could indicate subaerial conditions and involvement of
meteoric waters which also could explain the low dD values.

The interaction with silicate minerals containing hydrogen
(e.g., micas, clay minerals) would shift the hydrogen isotope
composition of a primary seawater toward more negative val-
ues. The hydrogen isotope composition of crystalline rocks
(containing biotite, amphiboles) varies generally between
-80%o and -50%o (Clark and Fritz, 1997), while clay minerals
(e.g., smectite, illite) have OD values between -65 and -50%o
(e.g., Primmer and Shaw, 1991). Extensive fluid-rock interac-
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Fig. 8-. a) Conceptual model of hydrothermal system functioning, modified from Barale et al. (2016). Blue arrows represent cold descending fluids, whereas
red arrows represent hot ascending fluids. 1- Argentera Massif crystalline basement. 2- Permian-Early Triassic siliciclastic deposits. 3- Middle-Late Triassic
succession. 4- Jurassic Dauphinois hemipelagic succession. 5- Middle Jurassic—Berriasian Provencal carbonates (Garbella Limestone). 6- Dolomitized bodies.
7- Active faults. 8- Inactive faults. b-d) Proposed conceptual model (not to scale) of Dol5 precipitation in the Monte Chajol area (see position in a). b) Intense
hydrothermal activity: high-temperature fluids are expelled through open fractures and inorganic precipitation of Dol4 dolomite takes place. ¢) Short period
of quiescence of the hydrothermal system: the upflow of high-temperature fluids is considerably reduced allowing downward infiltration of seawater, which
sensibly lowers the temperature of fluids within the upper part of the hydrothermal system. Thermophilic microbial communities, feeding on small quantities
of hydrocarbons (HC) accompanying the ascending hydrothermal fluids, colonize the free surfaces of earlier hydrothermal cements, forming the thin, organic-
rich Dol5 rim. d) Resumption of intense hydrothermal activity: high-temperature fluids are again expelled and growth of Dol4 dolomite resumes on previously
formed Dol 5 rims.

tion has indeed been already considered as a key process that
modified the oxygen isotope composition of dolomitizing flu-
ids (Barale et al., 2016b), shifting their 6'®0 toward more
positive values. Assuming interaction of the fluids with clay
minerals at around 200°C, and considering the isotope frac-
tionation of the illite/smectite-water system (Capuano, 1992),
the fluid composition would show a hydrogen isotope compo-
sition comparable to the measured 6D values. Although clay-

rich units are found in the stratigraphic sequence (e.g., the
Permian succession), it is unknown if they could contain an
amount of clay minerals sufficient to produce such a degree
of isotope exchange.

The measured 8'80 values in the fluid inclusions-hosted
water show less positive values with respect to the oxygen
isotope composition calculated for parent fluid by combining
carbonate oxygen isotope composition and precipitation tem-
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peratures obtained by fluid inclusion microthermometry (cal-
culated parent fluid composition: +11.2 to +14.9%0 SMOW,
see above). Since the microthermometry data of Barale et al.
(2016b) are reliable, lacking any evidence of post-entrapment
necking or stretching of the fluid inclusions, the only possible
explanation for such difference is that the oxygen isotopes of
the fluid inclusions were re-equilibrated with the host dolo-
mite at some time after its precipitation.

The hydrogen isotope compositions of fluid inclusions-
hosted water in sparry calcite are more negative than those
in dolomite, suggesting that calcite might have had a differ-
ent origin. Moreover, by plotting them together with oxygen
isotope compositions (Fig. 6), it becomes apparent that the
calcite samples fall very close to the global meteoric water
line (GMWL; Dansgaard, 1964), suggesting a meteoric ori-
gin of the parent fluids. Differently from the hydrothermal
dolomite cements, in the meteoric calcite cements re-equil-
ibration could not have occurred due to the lower formation
temperature and possibly to its much younger age (see below,
in the Discussion section).

Clumped C-O Isotopes

The temperatures calculated based on A47 on 4 samples
of Dol3 and Dol 4 cements (Dol 3, Refrey Zone: 309°C; Dol3,
Entracque Unit: 258°C, 351°C; Dol4, Upper Roya Unit:
325°C) are significantly higher than temperatures obtained
from fluid inclusion microthermometry on the same phases
(Dol3: 170-240°C; Dol4: 190-260°C; Barale et al., 2016b).
For this reason, we conclude that the original A47 signal of
hydrothermal dolomites was reset during subsequent Alpine
heating. The same is assumed for Cc1 calcite, which shows
analogous A47 temperatures on two samples from the En-
tracque Unit (270°C, 292°C).

The calculated A47 temperatures are consistent with the
middle anchizonal Alpine heating inferred, based on illite and
chlorite ‘crystallinity’ indices, for the Refrey Zone and the
Upper Roya Unit (Piana et al., 2014), which can be reason-
ably extended also to the adjoining Entracque Unit.

U-Pb datings

The non-dolomitized portions of the sample Ca2a were
analyzed to test the reliability of the U-Pb method in our
study area. The uncertainty of these datings is unfortunate-
ly considerable; however, they are not in contrast with the
Late Jurassic age of the corresponding stratigraphic interval.
Among the dolomitized samples, two different clusters of
ages are distinguishable in Fig. 7. The ages of the first cluster
are between 148 and 124 Ma. Taking in account the error
bars, a common overlapping age around 137 Ma is present.
This fits with the timing proposed by Barale et al. (2016b),
who, based on stratigraphic evidence, constrained the dolo-
mitization event to the latest Berriasian-Valanginian.

The ages of the second cluster are much younger, between
72 and 24 Ma, and document that reopening events must
have occurred following the dolomitization event. In some
cases they occurred through a recrystallization process, and
the sample CP15 is quite illustrative of such process. It is a
lithoclastic floatstone with dolomitized clasts of reworked do-
lomitized Garbella limestones in a microsparitic matrix: the
dolomite of the clasts (CP15-1) was not recrystallized and
retained the Cretaceous primary ages of the dolomitization,
whereas the primary calcite micrite matrix was recrystallized
to microsparite and the U-Pb system was reset. In other cases,

a reopening occurred without any observable recrystallization
or dissolution. CHAS8-1 and CHAS8-3 are Dol4 cements, with-
out any evidence for recrystallization or dissolution, and the
same is true for the CHAS8-2 dark, organic-rich Dol5 dolomite
rim. Despite being referable to the Early Cretaceous dolomi-
tization, they gave very precise ages around 47-46 Ma. In our
interpretation, these ages, and the ages of the second cluster,
do not represent the primary ages of formation, but could have
a geological meaning, being in some ways possibly related to
younger events that re-opened the U-Pb system. A regional
unconformity at the base of the Alpine Foreland Basin suc-
cession cuts the Mesozoic European palacomargin succession
and corresponds to a hiatus spanning the latest Cretaceous-
Middle Eocene. It is associated with evidence for a subaerial
emersion related to the forebulge uplift (e.g., Ford et al., 1999;
Varrone and Clari, 2003): the related influx of meteoric fluids
could have locally reset or partially reopened the U-Pb system
of some dolomite cements, resulting in the ages between 72 .4
and 45.6 Ma. The two ages of 24.7+6.9 and 26+11 Ma of the
sample CP15 could be related to the hydrothermal circulation
in a transcurrent tectonic setting that, a few kilometers to the
west of the study area, led to the formation of the Valdieri
Marble, which has been recently dated by Bertok et al. (2019)
to the Early Oligocene (31.6 - 30 Ma). Alternatively, these
two relatively younger ages could be related to recrystalliza-
tion during a subsequent transtensional tectonic regime de-
veloped along the Western Ligurian Alps border and adjacent
syn-orogenic basins. This regime, which persisted through the
Rupelian and early Chattian, induced the uplifting and cool-
ing of the Ligurian Alps tectonic stack (Bertotti et al., 2006;
Maino et al., 2013), with the coeval formation of localized
fault-bounded basins characterized by strong subsidence rates
(Mutti et al., 1995; Ghibaudo et al., 2019).

DISCUSSION

The new results discussed in the above chapters confirm
the overall picture of the hydrothermal system functioning
described in Barale et al. (2016b), in particular:

— The inferred age of the hydrothermal event, constrained
to the latest Berriasian-Valanginian based on stratigraphic
evidence, has been confirmed by U-Pb datings on hydro-
thermal dolomite. A cluster of U-Pb ages between 148
and 124 Ma is present, with an overlapping age around
137 Ma (taking into account the relevant errors), which
corresponds to the Valanginian.

— The hypothesis of a deep circulation of the hydrothermal
fluids within the crystalline basement of the Argentera
Massif and the overlying Permian-Early Triassic silici-
clastic succession is supported by the ¥’Sr/*Sr values of
hydrothermal dolomites. These are systematically higher
than 87Sr/%°Sr values of Mesozoic seawaters, and can be
explained with prolonged interaction of fluids with feld-
spar and/or mica-bearing rocks. This hypothesis of pro-
longed interaction with crystalline and terrigenous rocks
seems to be also supported by the strongly negative hy-
drogen isotope composition (3D) of inclusion-hosted wa-
ter in hydrothermal dolomites.

— The hydrothermal system pulsing character was already
highlighted by several lines of evidence, including poly-
phase cavity opening, polyphase breccias, and presence
of laminated internal sediments within cavities (Barale
et al., 2016b). A new evidence is provided by the newly
described, organic matter-rich dolomite rims locally in-



terposed within coarse crystalline hydrothermal dolo-

mite cements. These are here interpreted as remnants of

ephemeral microbial communities which could colonize
open fractures within the upper part of the hydrothermal
conduits, during periods of reduced upflow of hot fluids

and contextual downward seawater infiltration (Fig. 8).

Sparry calcite is the last phase of void filling, and was con-

sidered by Barale et al. (2016b) as a product of the last

stages of hydrothermal circulation, even though no data
about precipitation temperature were available. One U-Pb
radiometric age obtained on a void-filling sparry calcite

(CM7-2; 129+36Ma) is consistent with the age of the hy-

drothermal dolomitization and thus supports this interpre-

tation. On the other hand, the new 8D and 6'30 fluid inclu-

sion data in other sparry calcite cements (samples CM 16,

KIAMI, SAB14) point to a meteoric origin. As discussed

above, the dolomitized Provengal succession underwent a

generalized uplift and subaerial exposure in the latest Cre-

taceous-Middle Eocene; the related influx of meteoric wa-
ter probably caused the reopening of the U-Pb system of
some Early Cretaceous hydrothermal dolomites. Based on
these considerations, it is here proposed that in the study
area at least two generations of void filling sparry calcite
occur (though not distinguishable from a petrographic
point of view; Barale et al., 2016b). The first sparry cal-
cite phase is probably a high temperature product and
related to the Early Cretaceous hydrothermal circulation.

This is also supported by the presence of calcite cements

predating the deposition of internal sediments in cavities

(see Fig. 13d in Barale et al., 2016b) A later sparry cal-

cite phase precipitated from meteoric waters circulating

in the dolomitized Provengal succession during subaerial
exposure related to the latest Cretaceous-Middle Eocene
regional uplift.

The results presented in this paper allow a few consid-
erations on the preservation potential, during orogenic pro-
cesses, of some geochemical signals that are increasingly uti-
lized in the study of diagenetic carbonates. The dolomitized
Provencal succession was affected during Alpine orogeny by
a middle anchizonal heating (Piana et al., 2014; data from the
Refrey Zone and Upper Roya Unit, here assumed to be valid
also for the adjoining Entracque Unit). This heating seems
to have invariably reset the primary clumped isotope signal
of both dolomites and calcites, whose A47 signatures were
probably altered through recrystallization and/or reordering
processes (Stolper and FEiler, 2015). On the other hand, the
original U-Pb signal has been preserved on a part of the ana-
lyzed dolomites and calcites, notwithstanding later Alpine
heating. The reopening of the U-Pb system recorded by other
samples can be put in relation with both low temperature re-
gional events (meteoric influx during latest Cretaceous-Mid-
dle Eocene uplift) and higher temperature Alpine events.

CONCLUSIONS

The reported case study shows that in complex settings,
where subsequent deformation events hinder the direct obser-
vation of all the elements of a fossil hydrothermal system, its
general functioning can be unraveled by adopting a multidis-
ciplinary approach integrating several analytical techniques.
This provides information on the age of hydrothermal pro-
cesses and the physico-chemical and isotopic characters of
hydrothermal fluids. This in turn allows the reconstruction
of the origin and interaction of the fluids with the host rocks,
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their circulation pathways, and the burial depth at which the
hydrothermal processes took place.

This multi-analytical approach allowed us to document
a large-scale hydrothermal circulation that affected the Me-
sozoic Provencal succession during the Valanginian, related
to seawater strongly heated and compositionally modified by
deep circulation within crystalline rocks. The hydrothermal
circulation was hosted by deep-rooted faults and related frac-
ture systems, and is indirect evidence of a significant earliest
Cretaceous fault activity in the southern part of the Alpine
Tethys European continental margin.

The Valanginian age proposed for the studied hydrothermal
dolomitization is at least 15 Myr older than the Aptian to Late
Cretaceous Marguareis faulting activity reported by Bertok et
al. (2012) in the nearby Ligurian Briangonnais Domain. How-
ever, the faults and fracture systems that conveyed the studied
hydrothermal fluids could be tentatively related to the same
tensional or transtensional stress field that affected the eastern-
most portion of the Iberia crustal block in the late Early Creta-
ceous (Ford and Vergés, 2020) and possibly also the adjoining
SW part of the Brianconnais domain along the Paleo-European
margin. In the nearby eastern part of the Iberia block, the Early
Cretaceous continental margin was going to experience indeed
a significant crustal thinning with related HT metamorphism,
which occurred between 110 and 90 Ma (Clerc and Lagabrielle
2014; Clerc et al., 2015). In the same period, the overlying Me-
sozoic carbonate successions were affected by hydrothermal
activity at relatively shallow burial depth (e.g., Basque-Can-
tabrian Basin: Lopez-Horgue et al., 2010. Chalnons Béarnais:
Incerpi et al., 2020a; Motte et al., 2021).

The studied hydrothermal fluid circulation - and related
fracturing - could be considered as a precursor of the tectonic
processes that led to the development of the above-described
deep-rooted faults on the European margin side. These pro-
cesses anticipated the main late Early Cretaceous faulting
events, which are also recorded in other parts of the Provencal
Domain (e.g., Dardeau and de Graciansky, 1987; de Gracian-
sky and Lemoine, 1988; Hibsch et al., 1992; Montenat et al.,
1997; 2004; Friés and Parize, 2003; Masse et al., 2009). In
this sense, they could be considered as a shallow crustal evi-
dence of the Valanginian to Aptian extensional and transten-
sional tectonic structures (e.g., Angrand et al., 2020; Ford and
Vergés, 2020) that led to the individuation of a major trans-
form zone placed between the Iberia and Europe continental
margins (see paleogeographic maps in Stampfli et al., 2002;
Handy et al.,2010; Tavani et al., 2018), likely characterized by
interconnected extensional and strike slip basins developed in
the easternmost segment of the Iberia-Europe transition zone.
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