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Abstract
Peridotite clasts in a marine Miocene conglomerate from the Torino Hill (NW Italy) are
characterised by an isopachous serpentinized external rim (4—12 mm thick) made up of
lizardite, surrounding a non-serpentinized peridotite core. This peculiar structure indicates a
diagenetic, post-depositional serpentinization of the peridotite clasts. The conglomerate is
cemented by a rim of lizardite, followed by Mg-calcite and Ca-dolomite spar. The burial history
of the host sedimentary succession indicates that serpentinization and precipitation of lizardite
cements occurred at very low temperature (max. 50-60°C). This is the first reported case of
diagenetic, very low temperature serpentinization affecting ultramafite clasts in sedimentary

successions.
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1. Introduction
Serpentinization is one of the most important and widely studied geological processes on
Earth and can occur in a variety of geodynamic environments (e.g., Guillot and Hattori 2013,
with refs.). Of the three most common serpentine minerals, i.e. antigorite, lizardite and
chrysotile, only the latter two can form at low temperature (e.g., Evans, 2004). Low-T

serpentinization is a well-known process in oceanic settings, where it results from seawater



circulation in ultramafic mantle rocks (e.g., Agrinier et al., 1996; Frih-Green et al., 2004;
Cannat et al.,, 2010), as well as in continental settings, where meteoric water circulation
promotes serpentinization of obducted (meta-)ophiolite sequences (e.g., Barnes et al., 1978;
Schrenk et al., 2013; Sdnchez-Murillo et al., 2014; Etiope, 2017). Fryer and Mottl (1992) also
hinted at the possibility of low-temperature, seawater-related serpentinization of ultramafic
clastic material blanketing serpentinite seamounts of the Mariana forearc region. On the other
hand, diagenetic serpentinization of ultramafite clasts in sedimentary deposits of non-oceanic
settings was only once reported in the literature (Cashman and Whetten, 1976).

Here we report a case of very low-T (<<100°C), marine diagenetic serpentinization of
peridotite pebbles and cobbles within the early Miocene Bric Palouch Conglomerate (Tertiary
Piemonte Basin, NW Iltaly). Serpentinization resulted in the development of a lizardite

serpentinite rim, up to 10—-12 mm thick, surrounding a more or less preserved Iherzolite core.

2. Geological setting

The Aquitanian Bric Palouch Conglomerate (BPC) lies in the upper part of the Antognola
Formation in the southern sector of the Torino Hill (TH), a tectono-sedimentary sub-domain of
the Tertiary Piemonte Basin (TPB) with an upper Eocene—Messinian, mainly terrigenous
succession (Festa et al., 2009; Piana et al., 2017, with refs.; Fig. 1a). The Antognola Formation
(Chattian—Aquitanian) consists of hemipelagic silty marl with sandstone layers. In the southern
part of the TH, this unit is 400—-500 m thick, contains lenticular conglomerate bodies interpreted
as infillings of submarine canyons, and is followed by 1000-1200 m of Burdigalian—Messinian
TPB sediments and 200—300 m of Pliocene deposits (Polino et al., 1991, Festa et al., 2009).

The BPC differs from the other conglomerate bodies of the Antognola Formation due to this
peculiar composition, being almost entirely composed of meta-ophiolite clasts: serpentinite
prevails, accompanied by metagabbro, radiolarite and marble (Elter et al., 1966; Compagnoni
and Forno, 1992; Festa et al., 2009). Sacco (1936) also cited rare peridotite pebbles and noted
that the BPC is “cemented by a kind of serpentinous and silico-magnesiac paste” (Sacco,

1936, p. 94).



3. Materials and methods
Samples were collected in the Bric Palouch abandoned quarry (45°04'19.3"N; 7°47'22.2"E)
from both outcrops (PCH1, 2, 9) and quarry scree (PCH10, 11) (Fig. 1b). Petrographic
observations were coupled with micro-Raman spectroscopy to achieve an univocal
identification of serpentines (e.g., Rinaudo et al., 2003; Petriglieri et al., 2015; Compagnoni et
al., 2021). The mineralogy of fine-grained aggregates unresolvable with the above methods
was determined by X-ray powder diffraction (XRPD). Mineral compositions were determined

by SEM—EDS. The analytical details are given in Supplementary File 1.

4. The Bric Palouch Conglomerate
4.1. General features

The Bric Palouch Conglomerate (BPC) forms a lenticular body with a maximum thickness of
40-50 metres and a lateral extension of a few hundred metres (Fig.1b). The BPC has an ill-
defined, metre thick bedding (Fig. 2a) and shows a dark green to blackish colour on fresh
fractures passing to reddish brown on weathered surfaces. BPC clasts are generally well
rounded and vary in size from a few millimetres to several decimetres.

About 95% of the BPC clasts consist of (meta-)ultrabasite, including serpentinite, serpentine-
schist, and peridotite (Fig. 2b). The remaining clasts are composed of: metagabbro (locally
rodingitised), metabasite, (meta-)radiolarite, micritic limestone (commonly with abundant
carbonate veins), dolomitic limestone, marble, calc-schist, and very rare reddish quartz
porphyry. Rare bioclasts occur (solitary corals, bivalve fragments).

The BPC is more cemented with respect to the surrounding sedimentary succession and to
the other conglomerate bodies of the Antognola Formation and was quarried for aggregates
in the past (Bonsignore et al., 1969). Clasts are not easily separated from the surrounding
matrix as fractures commonly propagate straight across the clast/matrix boundary (Fig. 2b).
When separated from the matrix, the clasts appear coated by a very thin film of dark green

(almost blackish), fine-grained material.



The BPC is cut by fractures, up to a few mm thick, filled with very finely crystalline, whitish
magnesite (determined by micro-Raman spectroscopy; see Supplementary File 2). These are
likely related to late meteoric fluids, similarly to the dolomite and aragonite veinlets signalled

in the BPC by Natale (1972), and will not be further discussed in this paper.

4.2. Peridotite clasts
Peridotite (Iherzolite) clasts are generally rounded and pebble- to cobble-sized; they invariably
show the following concentric zoning (Fig. 2c, d; 3a):
- acore made up of fresh Iherzolite with the typical olive green colour;
- an internal rim (rim2), 10-30 mm thick, consisting of altered peridotite showing a
brown-orange colour;
- an external rim (rim1), 4-12 mm thick, made up of dark green to blackish serpentinite,
showing textural relics of the original peridotite.
The thickness of rim1 and rim2 is rather constant and independent from the diameter of the
clast. For this reason, pebbles smaller than 3—4 cm in diameter do not generally show a fresh
peridotite core, and in those smaller than 1-2 cm no zoning is present. No apparent erosion
or breakage of serpentinized outer rims was observed.
The clast core consists of a lherzolite with relatively fresh olivine, clinopyroxene and
orthopyroxene (Fig. 3a, b, ¢). The olivine is commonly fractured and shows an incipient
alteration to brownish products along the fracture edges. Ameboid-shaped spinel crystals also
occur, commonly rimmed by Mg-chlorite, as well as altered, ameboid-shaped plagioclase
crystals.
In the intermediate rim2 (Fig. 3a, c, d), clinopyroxene crystals are commonly preserved.
Conversely, all the olivine, as well as a large part of orthopyroxene crystals, are replaced by
a brown-coloured, fine grained, low-birefringence material, unresolvable by optical microscopy
and yelding no micro-Raman spectra due to fluorescence interference. XRPD indicates that
this material is a mixture of serpentine (lizardite) and montmorillonite (see Supplementary File

3).



The external rim1 (Fig. 3a, e, f) consists of a lizardite serpentinite, pale green to pale brown in
thin section. The olivine is completely serpentinized and the orthopyroxene is very rarely
preserved, whereas non-serpentinized clinopyroxene crystals are still present. Lizardite
replacement gives rise to mesh structures on former olivine and pseudomorphs after former
pyroxenes (Fig. 3f). A representative micro-Raman spectrum of rim1 lizardite is shown in Fig.
4a. SEM-EDS analyses show that rim1 lizardite is free of Al.Os; and has a FeO (total Fe)
content between 7.52 and 12.70 wt% (mean 10.46 wt%; 7 points).

The same concentric zoning is also superimposed to clasts of peridotite, which had already
undergone partial, metamorphic serpentinization prior to clast formation and rounding. This
consists of seams/bands of antigorite serpentinite that cross the peridotite and are sharply cut
at clast edges. Peridotite clasts locally host veins made up of chrysotilextmagnetite, also
commonly observed in serpentinite clasts. Sharp truncation of these veins at clast edges, and
their random orientation in adjoining clasts indicate that the opening of the veins predated the

formation of the clasts.

4.2. Conglomerate matrix and cements
The BPC matrix is a poorly sorted lithic arenite made up of medium-grained to micro-
conglomeratic, angular to subrounded grains whose composition reflects that of the
conglomerate clasts, being mostly composed of serpentinite. The BPC is cemented by:
-ceml: 20—60 um thick lizardite rim (Fig. 5a-f), corresponding to the thin film of dark coloured
material coating the conglomerate clasts. Lizardite shows a yellowish colour and forms
rosette-like aggregates composed of several-um-sized flakes (Fig. 5f, g); these aggregates
are arranged in a continuous, botryoidal rim. A representative micro-Raman spectrum of cem1
lizardite is shown in Fig. 4b. SEM-EDS analyses show that cem1 lizardite has a low Al,O3
content (0.61-2.29 wt%; mean 1.41 wt%; 17 points) and a FeO (total Fe) content between
2.83 and 9.60 wt% (mean 5.27 wt%; 17 points).
-cem2: 20—40 um-sized scalenohedral calcite crystals. They form a nearly continuous rim in

some samples, whereas in others only isolated calcite crystals are locally present. Cem2 is



composed of 96—-99 mol% CaCOs, below detection limit (bdl)-2 mol% MgCOs;, bdl-1.7 mol%
MnCOs3, and bdl-0.7 mol% FeCOs. Cem2 grows on a first layer of cem1 lizardite, a few pym
thick, and is followed by a second layer of it (Fig. 5¢, d). Where not completely coated by
ceml, cem2 crystals serve as nuclei for the growth of cem3 carbonate (Fig. 5f).

-cem3: large, zoned crystals showing a first growth zone, 100-300 um thick, composed of
alternating bands with Ca-dolomite to high-Mg calcite composition (cem3a: 52.8—81.6 mol%
CaCOs, 17.9-46.2 mol% MgCOs, bdl-3.3 mol% MnCOs, and bdl-1.6 mol% FeCOs), and a
second, homogeneous growth zone of high-Mg calcite (cem3b: around 20 mol% MgCOs; Fe

and Mn bdl) plugging the remaining pore spaces (Fig. 5e, f).

5. Discussion and Conclusions

The peculiar internal structure of the BPC peridotite clasts, characterised by an isopachous
serpentinized external rim (rim1), indicates that serpentinization occurred after the complete
formation and rounding of the clasts. The constant thickness of the serpentinized rim1, which
is independent from the clast diameter, and the absence of any evidence of transport post-
dating serpentinization (e.g., erosion or breakage of rim1) indicates that serpentinization was
post-depositional and occurred during the BPC diagenesis. The same considerations apply to
the intermediate rim2. Fig. 6 provides a summary of the inferred relationships among primary
(i.e., magmatic or metamorphic minerals preceding clast formation) and diagenetic minerals
in the BPC.

The structures observed in BPC peridotite clasts closely resemble those reported by Cashman
and Whetten (1976) in peridotite pebbles of Paleocene(?) alluvial fan conglomerates from
Chiwaukum Graben (NE USA). The analogies include the presence of an outer rim composed
of lizardite serpentinite, the preservation of the peridotite minerals in clast cores, and the lack
of evidence for post-serpentinization transport. These authors interpreted lizardite rims as
related to post-depositional serpentinization and claimed that it had probably occurred at less
than 100°C, even though they could not precisely constraint the maximum burial reached by

the studied conglomerate.



Conversely, the well-documented tectono-sedimentary evolution of the TH gives precise
constraints to the BPC burial history. After deposition, the BPC was buried under Miocene—
Pliocene marine sediments until eventual emersion and subaerial erosion of the TH relief
system around the Pliocene—Pleistocene boundary (Festa et al., 2009, with refs.) Considering
the cumulative thickness of the overlying Miocene-Pliocene units, the maximum burial depth
reached by the BPC is estimated at 1400-1500 metres. This corresponds to a maximum
diagenetic temperature of 50—60°C, considering a normal geothermal gradient of 25—-30°C/km
and a mean surface temperature of 15 °C. Moreover, the absence of marine cements
predating the lizardite cement, and the moderate compaction observed in the BPC arenite
matrix, suggest that the serpentinization and the associated precipitation of lizardite cement
took place early after the deposition of the BPC, and thus at even lower temperatures than the

maximum temperatures reached during burial.

Rim1 serpentinization resulted in the growth of lizardite which mimically grew on primary
peridotite minerals, giving rise to mesh structure on olivine and pseudomorphs after
pyroxenes. Riml lizardite is free of Al,O3; and has around 10% wt FeO (total Fe). Fe-rich
lizardite with a similar iron content was documented by Evans et al (2009), and put in relation
with a magnetite-free serpentinization process at low temperature. This is consistent with the
inferred context of lizardite formation in the BPC, and matches the observed absence of
magnetite in rim1 lizardite.

In rim2, the olivine and a part of the pyroxenes are replaced by lizardite and montmorillonite;
rim2 shows a greater preservation of pyroxenes with respect to rim1. This, and the position
between riml and the preserved peridotite core, seems to indicate that rim2 records an
intermediate degree of peridotite alteration with respect to rim1, even if it is not possible to
establish the relative chronology and the parameters controlling the formation of diagenetic
mineral assemblages in rim1 and rim2.

The diagenetic nature of the serpentinization of BPC peridotite clasts is further supported by

the occurrence of a rim of lizardite cement (cem1) surrounding the BPC clasts. This cement,



indeed, likely derives from Mg and Si released during non-isochemical serpentinization (cf.
Pinto et al., 2015; 2017) of the external rim1 of peridotite clasts. Fe- and Al-rich minerals of
the serpentine group (berthierine and odinite) occur as both cements and replacement phases
in marine sediments of different ages (e.g., Van Houten and Purucker, 1984; Odin, 1988;
Young and Taylor, 1989). Conversely, this is the first reported case of lizardite serving as a
cement in a sedimentary rock, and, more generally, one of the first cases for a serpentine, the
diagenetic growth of chrysotile cement having been documented within Holocene subaerial
debris flow deposits rich in serpentinite clasts from New Zealand (Craw et al., 1987; 1995).

Pores in the BPC matrix are plugged by Mn- and Fe-bearing Ca-dolomite and high-Mg calcite
cements. Carbonate precipitation was possibly induced by alkaline conditions created in the
pore fluids by the serpentinization of the peridotite clasts, also representing a possible source
of Mg, Mn and Fe. Carbonate precipitation promoted by serpentinization-derived alkaline fluids
is indeed largely documented within ultramafic rocks in present-day examples, both from
oceanic (e.g., Frih-Green et al., 2003; Ludwig et al., 2006) and continental settings (e.g., Bruni
et al., 2002; Chavagnac et al., 2013; Giampouras et al., 2019); carbonate precipitation from
seeping of serpentinization-derived fluids was also recently reported in ancient shallow-marine
clastic sediments overlying the Semail Ophiolite in Oman (Eickmann et al., 2021). A link
between serpentinization of BPC peridotite clasts and precipitation of carbonate cements is
also suggested by the anomalous, high cementation of the BPC, which is far more cemented

with respect to the surrounding sedimentary deposits.

Even though further investigation is needed to constrain the timing and the physical-chemical
conditions underlying the formation of BPC diagenetic lizardite, the preliminary field and
petrographic observations and the well-constrained burial history of BPC indisputably indicate
that lizardite formed in diagenetic conditions at a burial depth not exceeding 1500 m, and
under a temperature not higher than 50-60°C. This is the first reported case of very low T

(<<100°C) serpentinization in a non-oceanic, non-ophiolitic setting, and the full



comprehension of its mechanisms can provide useful insights into low-T serpentinization
processes.

The BPC case also shows that diagenetic serpentinization can promote strong cementation
of peridotite-clast-rich sedimentary bodies in otherwise poorly cemented sedimentary
successions. Moreover, the possibility of post-depositional serpentinization of peridotite clasts
has to be taken into account when compositional analysis of terrigenous rocks composed of
(meta-)ophiolite clasts is performed. In fact, because of diagenetic serpentinization, the
presence and abundance of un-serpentinised peridotite clasts in the original sediments could
be overlooked or pass completely unnoticed, especially where clasts larger than a few

centimetres (thus capable to preserve an unaltered peridotite core) are absent.
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Fig.1. a) Geological scheme showing the position of the Bric Palouch Conglomerate in the

Torino Hill. b) Geological map of the Bric Palouch Conglomerate, showing the position of the

sampling points and of the outcrops figured in this paper. Figure width: 2 columns
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Fig.2. Field images of the Bric Palouch Conglomerate (BPC). a) Roadside exposure of BPC,
showing reddish brown weathered surfaces and an ill-defined, metre-thick bedding (dashed
lines; coordinates: 45°04'16.1"N; 7°47'20.5"E). b) Fresh surface of BPC exposed in the Bric
Palouch quarry (coordinates 45°04'19.4"N; 7°47'22.2"E), showing rounded clasts of peridotite
(p), serpentinite (s), metagabbro (g), and dolomitic limestone (d). Most of the serpentinite
clasts are indistinguishable from the matrix as they show a similar colour. Note the dark,
serpentinized rim around peridotite clasts. The rectangle shows the area enlarged in d). Lens
cap for scale is 52 mm across. c, d) Peridotite pebble (c, sample PCH2) and cobble (d, sample
PCH9) showing a clear zoning defined by an outer, dark-coloured serpentinized rim (rim1), an
inner, orange-coloured, altered peridotite rim (rim2), and a fresh peridotite core. Note that in
d), the distinction of the serpentinized rim1 from the conglomerate matrix is difficult where the
clast is still encased in the matrix (upper part of the image). The red rectangle in d) indicates
the area corresponding to the photomicrograph mosaic of Fig. 3a. Figure width: 2 columns
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Fig.3. BPC peridotite clasts (a—d, f: sample PCH9; e: sample PCH2). a) Micro-photomosaic
(plane polarised light: PPL) of the outer portion of a peridotite cobble, corresponding to the red
rectangle in Fig. 2d, showing sharp passages between the serpentinized rim1 and rim2 and
between rim2 and the fresh peridotite core. The yellow rectangle indicates the area shown in
f). b) Fresh peridotite core, with preserved olivine (Ol) and clinopyroxene (Cpx) (PPL). c)
Passage between fresh peridotite core and rim2 with preserved orthopyroxene crystals (Opx)
(top, cross polarised light: CPL; bottom, PPL). d) Detail of rim2, with serpentinized olivine
(brown) and preserved clinopyroxene (Cpx) and orthopyroxene (Opx) (PPL). e) Pale-green,
serpentinized rim1 of a peridotite pebble with preserved clinopyroxenes (Cpx) (top, PPL;
bottom, CPL). f) Detail of the serpentinized rim1 of a peridotite cobble; lizardite gives rise to
mesh structure after olivine (left) and pseudomorphs after clinopyroxene (right), partly

preserved in the upper right corner (Cpx) (PPL). Figure width: 2 columns
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Fig.4. Representative micro-Raman spectra. a) Lizardite from serpentinized riml of a
peridotite pebble (sample PCH10). b) Lizardite cement (ceml, sample PCH10). Raman
spectra were deconvoluted for a more reliable attribution of characteristic Raman peaks.

Figure width: 2 columns
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Fig.5. BPC arenite matrix in thin section (a—c, e—g: sample PCH10; d: sample PCH2). a) BPC
arenite matrix; the serpentinite grains are coated by an isopachous, pale-green lizardite
cement rim; the remaining voids are plugged by carbonate cement (PPL). b) Detail of the
lizardite cem1 rim, showing a botryoidal aspect and growing on both antigorite serpentinite
(AtgS) and lizardite serpentinite (LzS) grains; the pores are plugged by cem3 carbonate (left,
PPL; right, CPL). c, d) Serpentinite grains (S) coated by cem1 lizardite cement; isolated cem?2
scalenohedral calcite crystals grow on a thin rim of cem1 and are coated by the further growth
of ceml (c, CPL; d, SEM-BSE). e) Large pore among serpentinite grains (S), coated by a rim
of cem1 lizardite and plugged by cem3 carbonate; the yellow rectangle indicates the area
enlarged in g) (SEM-BSE). f, g) Details of pore cements growing on serpentinite grains (S); in
f), note how cem2 calcite serves as nucleus for the subsequent growth of cem3a Mg-rich
carbonate (SEM-BSE). The yellow points on carbonate cements indicate the spots of EDS

analyses (calculated compositions are in mol%). Figure width: 2 columns
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Fig.6. Interpretative sketch showing the observed petrographic characters of the BPC.
Distinction is made between primary minerals (i.e., magmatic or metamorphic) and diagenetic
minerals. Pebble labelled ‘A’ shows a fresh peridotite core and serpentinized rim1 and rim2.
In pebble ‘B’, the diagenetic serpentinization (rim1 and rim2) was superimposed on a peridotite
pebble which had already suffered a partial, metamorphic antigorite serpentinization. In the
arenite matrix, all the lizardite serpentinite grains are indicated as “metamorphic lizardite”,
even though a part of them may be the result of diagenetic serpentinization of peridotite grains.
The inset shows the observed relationships between the pore cements. Figure width: 2

columns
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