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ARTICLE INFO ABSTRACT

Keywords: Understanding the behavior of fluids in seismically active faults and their chemical-physical (dis)equilibrium
Fl‘fid'TOCk interaction with the host rock is important to understand the role of fluids upon seismicity and their possible potential for
Sellsmfllc _cgdes forecasting earthquakes. The small number of case studies where seismic and geochemical data are available and
Pa cotiul . . _ the lack of accessibility to fault zones at seismogenic depth for recent earthquakes limit our understanding of
Chemical-physical (dis)equilibrium [ . . . . .. . . o

Farthquake fluid circulation and its relationship to seismicity. The study of fault-fluid relationships in exhumed faults can
Mineralizations broaden the number of case histories and improve our understanding of the role of fluids in the seismic cycle in

Faulting different tectonic settings. Here we use new geochemical and thermal data and a review of published studies
from the Apennines fold-and-thrust belt (Italy) to provide a model of fluid circulation during the seismic cycle
related to either the local orogenic compressional or post-orogenic extensional tectonics. We also suggest a
workflow based upon different methods to identify tectonic-related chemical-physical (isotopic and thermal)
(dis)equilibria in fluid-rock systems during the seismic cycle. The proposed workflow involves multiscale
structural and isotope geochemical analyses, radiometric dating, and burial-thermal modeling. It is applied to
carbonate-hosted faults exhumed from a depth shallower than 4 km (temperature < ~130 °C and pressure <
~130 MPa). We show that in the Apennines, during syn-orogenic shortening, thrusting is mostly assisted by fluid
circulation in an effectively closed system where fluid and host rock remain close to chemical and thermal
equilibrium. In contrast, post-orogenic normal faulting occurs in association with upward and/or downward
open fluid circulation systems leading to chemical-physical disequilibria between the host rock and the circu-
lating fluids. Isotopic and thermal fluid-rock disequilibria are particularly evident during pre- and co-seismic
extensional deformation. Mineralizing fluids, whose temperature can vary between 30 °C warmer and 16 °C
colder than the host rock, result from the mixing of fluids derived from both the deforming host rock and external
sources (meteoric or deep crustal). The proposed workflow offers the potential to track past seismic cycles and
provide indications on actual fluid-earthquake relationships including the identification of potential seismic
precursors and modes of triggered seismicity that might be different in extensional and compressional tectonic

settings.
1. Introduction chemical elements (e.g., Skelton et al., 2019; Barbieri et al., 2021; Zhao
et al., 2021; Boschetti et al., 2022; Caracausi et al., 2022). Such (dis)
Earthquakes can mobilize and transfer mineralizing fluids from deep equilibria in chemistry, temperature, and pressure between fluids and
to shallow structural levels during high strain-rate and short-lived host rocks have been recently investigated and used as possible earth-
deformation episodes. Ascending fluids may be in chemical-physical quake precursors (e.g., Skelton et al., 2014; Barberio et al., 2017;
(dis)equilibrium with the surrounding rock and transport exotic Chiarabba et al.,, 2022). Fluid ingress and circulation during fault
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activity is documented by the presence of tectonic mineralizations, such
as cements, veins, and slickenfibers (Sibson, 1981, 2000; Roure et al.,
2005), which precipitate during different phases of the seismic cycle (e.
g., Miiller, 2003; Micklethwaite and Cox, 2004; Cox, 2010; Uysal et al.,
2011; Smeraglia et al., 2016; Unal-Imer et al., 2016; Coppola et al.,
2021). These tectonic mineralizations can be used to determine the
origin of the fluids circulating within fault zones and the deforming crust
and, thus, to constrain fluid-rock interaction during seismic cycles (e.g.,
Barker and Cox, 2011; Nuriel et al., 2011; Beaudoin et al., 2014, 2022;
Lacroix et al., 2014; Sturrock et al., 2017; Hoareau et al., 2021; Wang
et al., 2022). Some studies on tectonic mineralizations in northern Ice-
land (Andrén et al., 2016) and the central Apennines (Coppola et al.,
2021) recently contributed to validate a set of hydrogeochemical
anomalies detected in groundwaters (Skelton et al., 2014; Barberio
et al., 2017) and recognized them as usable as potential seismic pre-
cursors shortly before Mw > 5.5 earthquakes.

The identification of chemical-physical (dis)equilibrium between a
fluid and its host rock is the focus concept of this paper and is of para-
mount importance to constrain the fluid evolution in time and space. In
particular, it allows us to identify the modes of fluid ingress and flow
within active fault zones, and fossil seismic cycles and earthquakes
(Uysal et al., 2007, 2011; Menzies et al., 2014; Ring et al., 2016; Lacroix
et al., 2018a, 2018b; Cerchiari et al., 2020; Wang et al., 2022; Washburn
et al., 2023).

The seismically active Central Apennines fold-and-thrust belt is an
ideal study area to investigate the physical-chemical properties of fluid-
rock systems during syn-orogenic compression and post-orogenic
extension. Moreover, the obtained models can be compared and vali-
dated with the observed seismic events and their related fluid move-
ments and may thus be used to define and refine methods of earthquake
forecasting (e.g., Miller et al., 2004; Barberio et al., 2017, 2021). As in
the case of many orogenic belts, the Central Apennines have undergone
orogenic shortening followed by extension (e.g., Mareschal, 1994; Wang
etal., 2012; Asti et al., 2022). Shortening is active in the external portion
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of the belt. Post-orogenic extension is still active in the axial sector of the
belt, as testified by several instrumental and historical Mw < ~7
earthquakes.

The aim of this paper is to provide a model of fluid circulation during
compressive and extensional seismic cycles, and to derive a workflow for
identifying tectonic- and seismic cycle-related chemical-physical (dis)
equilibria in fluid-rock systems. We limit our review mostly, but not
exclusively, to carbonate-hosted fault zones, which were exhumed from
depths shallower than ~4 km corresponding to temperatures cooler
than ~130 °C and pressures lower than ~130 MPa. In addition, we
consider studies from other fold-and-thrust belts to develop an inte-
grated method for the identification of fossil fluid (dis)equilibria.

Our results may find further applications in seismology to better
understand fluid-related pre-seismic Vp/Vs anomalies (the ratio of P to S
wave velocities; e.g., Lucente et al., 2010; Chiarabba et al., 2020) or
earthquakes connected with fluid injections and hydrofracturing (e.g.,
Hajati et al., 2015; Shapiro, 2015; Zhu et al., 2021). Further applications
are foreseen in hydrogeochemistry, to better understand pre-seismic
chemical-physical anomalies of groundwater (e.g., Barbieri et al.,
2021; Gori and Barberio, 2022), in experimental seismology to design
laboratory and numerical experiments of fluid-assisted seismic cycles (e.
g., Cappa et al., 2019; Snell et al., 2020), and in ore geology to better
understand the relationships between ore deposits and fault activity (e.
g., Cox, 2005, 2020).

2. Background: identification of indicators of fossil seismic
cycles in the rock record

2.1. Rationale

A seismic cycle encompasses the following four stages of cyclical
stress accumulation and release which steer the overall seismic style of a
fault zone (Fig. 1): (i) inter-seismic phase, lasting tens or thousands of
years or more, consisting of a tectonically quiescent period of stress
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Fig. 1. Conceptual representation of seismic cycles showing the variation of shear stress and the ratio between fluid pressure and lithostatic pressure along a fault
plane, the first order behavior of fluid pressure, and the bulk structural permeability of a fault zone (from Curzi et al., 2023). Each phase of the seismic cycle is

also shown.
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Fig. 2. (a) Conceptual cartoon showing meso- and microstructural indicators of fossil seismic cycles, earthquakes (modified from Stewart and Hancock, 1990).
Conceptual representation of seismic cycles and phases during which the structures shown in panels b-n develop. (b) Scaly fabrics (S—C tectonites). (c) Scanning
electron microphotograph of calcite crystals with vesicles associated with decarbonation and amorphous silicate associated with phyllosilicate dehydration (modified
after Collettini et al., 2013). (d) High-resolution scan of hand specimen of ultracataclasite layers developed along the fault plane (modified after Coppola et al., 2021).
(e) Fluidized branched injection of ultracataclasite on the fault plane (modified after Coppola et al., 2021). (f) Clasts truncated by a fault plane. (g) Pulverized rocks
(modified after Ferraro et al., 2019). (h) Calcite-filled comb fractures (modified after Smeraglia et al., 2018). (i) Calcite-filled slip-parallel fractures (modified after
Smeraglia et al., 2018). (1) Dilatant mesh veins. (m) Fault breccia. (n) Calcite slickenfibers (modified from Goodfellow et al., 2017).
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Fig. 3. Microphotograph of blocky, elongate blocky, and fibrous textures of calcite crystals and scheme for their development and precipitation. The shape of
crystals, their aspect ratio, and their growth direction indicate rapid or slow deformation-precipitation events which therefore can be associated with distinct phases
of the seismic cycle. Blocky textures imply rapid crack opening related to fluid overpressure possibly associated with co-seismic rupture. Elongate blocky textures
imply repeated increments of fracture opening and progressive incremental precipitation. This texture does not directly provide information on the phases of seismic
cycles. Fibrous textures form by progressive small increments of opening/shear and precipitation likely during inter-seismic phases.

Table 1
Synthesis of meso- and micro-structures of fault rocks and carbonate mineralizations representative of phases of seismic cycles in carbonate-hosted faults in the upper
brittle crust.

Structure

Description

Presumed phase of the
seismic cycle

Scaly fabric
(Figs. 2a and b)

Anastomosing network of tectonic foliations containing veins and slickenfibers precipitated from fluids
mobilized from the host rocks during pressure-solution

Inter-seismic phase

(Figs. 2a and ¢)

Fading grain boundaries, void and vesicles

Develop along fault planes and in response to frictional heating which induces decarbonation and/or
phyllosilicate dehydration and clay mineral transformation

Co-seismic phase

Ultracataclasite layers
(Figs. 2a, d, and e)

Particles <10 pm in diameter, localized along the fault plane and commonly displaying fluidized injecting
layers

Co-seismic phase

Truncated clasts
(Figs. 2a and f)

Clasts truncated by fault planes

Co-seismic phase

Pulverized rocks
(Figs. 2a and g)

Comminuted rocks characterized by a myriad of pervading dilational microfractures developing during
(high strain rate) slip

Co-seismic phase

Comb veins and slip-parallel
(Figs. 2a, h, and i)

veins

Veins perpendicular and parallel to the normal fault surface, associated with tension crack opening and
rapid filling of pressured fluids during down-dip stretching of the footwall block due to local stress release

Co-seismic phase

Mesh veins
(Figs. 2aand 1)

Sets of dilatant mesh veins associated with high fluid pressure (hydrofracturing) during seismic events

Pre-/co-seismic phase

Cement-supported fault breccias

(Figs. 2a and m)

Associated with episodic events of fluid overpressure, co-seismic dilatancy, and implosive brecciation

Co-seismic phase

Slickenfibers
(Figs. 2a and n)

Associated with fault planes (and surfaces along which slip localizes) during (i) shear during slow inter-
seismic or post-seismic deformation and/or (ii) rapid co-seismic deformation. Microtextures allowing the
identification of slow vs. rapid fluid-assisted deformation

Inter- co- and- post-
seismic phase

Blocky texture
(Fig. 3)

Roughly equidimensional and randomly oriented crystals associated with fluid overpressure, crack
opening, and fast precipitation in fluid-filled open crack

Co-seismic phase (?)

Elongate blocky texture
(Fig. 3)

Rod-shaped crystals with high length/width ratio imply opening of a vein by small increments and
progressive incremental fluid precipitation during slow deformation

O]

Fibrous texture
(Fig. 3)

Presence of stretched or rod-shaped crystals with a much higher length/width ratio than in the elongate
blocky textures; response to opening and shear by small increments and progressive incremental
precipitation

Inter-seismic phase (?)
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Table 2

Geochemical methods to identify fluid-rock (dis)equilibrium and infer evidence of fossil seismic cycles in the rock record.

Earth-Science Reviews 254 (2024) 104801

Method

Description

Information on the involved
paleofluids

Chemical fluid-rock
equilibrium

Chemical fluid-rock
disequilibrium

Presumed
phase of the
seismic cycle

C stable isotopes

The 5'3C of tectonic carbonates
reflects the composition of the
dissolved inorganic carbon in the
fluid

The 8'3C of tectonic carbonates
directly reflects specific fluid sources
allowing to derive fluid origin (e.g.,

CO.-rich deeps fluids or fluids

interacting with light C-enriched

soils)

Tectonic carbonate and
host rock with
overlapping 8'>C values

Tectonic carbonate and
host rock with distinct
513C values

Possible co-
seismic
phase

O stable isotopes

The 5'®0 of tectonic carbonates
reflects fractionation processes and
depends on the 5'°0, and
temperature of the fluid

The 580 of tectonic carbonates
provide an overall view of the fluid
source, although the temperature-
dependent fractionation requires to

constrain the fluid temperature

Tectonic carbonate and
host rock with
overlapping 5'%0 values

Tectonic carbonate and
host rock with distinct
5180 values

)

Abundance of '*c—80 isotope
bonds in the carbonate ions above

Temperature of mineralizing fluid.
Coupled with 8'®0 of tectonic

When compared with the host rock temperature at the
time of tectonic carbonate precipitation, clumped

Possible co-

Clumped isotopes mineralization, clumped isotopes . X . X seismic
. e .18 isotopes-based temperature permits to identify thermal
a theoretical random distribution allow to calculate the fluid 50 . e phase
. . . (dis)equilibrium
isotopic composition
Based on the content of Mn?* and
. trivalent REE-ions (Dy>*, Sm>*, Redox conditions during mineral
Cathodoluminescence 34 o ;
L and Tb®") that are the most precipitation and different ()] (&) ()]
important activators of extrinsic generations of mineralizations
CL, while Fe?* is a quencher of CL
Marine carbonates are .
. S . Tectonic carbonates and . .
characterized by (i) slight light rare . Tectonic carbonates with
R LREEs depletion and HREEs carbonate host rocks . X .
Earth elements (LREEs) depletion R . . . enrichment/depletion of Possible co-
. enrichment in tectonic carbonates characterized by . . L
REEs with respect to the heavy rare may testify the involvement of CO diagnostic negative Ge REE concentrations with seismic
Earth elements (HREEs), (ii) Y 2 s g respect to the carbonate phase

negative Ce anomaly, and (iii)
positive La anomaly

rich fluids

anomaly and REE
concentrations

host rocks

He isotopes

He in natural fluids is sourced from
the atmosphere, mantle, and crust
and the *He/*He ratios of these
three sources are significantly
different

The *He/*He isotopic ratios of
tectonic carbonates reflect the source
of mineralizing fluids

3He/"He isotopic ratio
with crustal affinity

3He/*He isotopic ratio
with exotic (e.g., mantle,
magmatic) affinity

Possible co-
seismic
phase

Sr isotopes

Fluid inclusions

87Sr and ®°Sr isotopes hardly
undergo any significant
fractionation. Hence, tectonic
mineralizations directly preserve
875r/865r isotopic ratio of the
mineralizing fluid
Microscopic pockets of liquids
trapped within minerals during
crystal growth that contain
information on the original
chemical and physical conditions
of mineralizing paleofluids

The ®Sr/%0Sr isotopic ratios of
tectonic carbonates reflect the source
of mineralizing fluids and the extent

of fluid-rock interaction

Microthermometry and Raman
spectroscopy permit to (i) calculate
the temperature (and derive the
pressure) and (ii) define the chemical
composition and salinity of fluids at
the time of precipitation

Similar Sr/®6Sr isotopic
ratios between tectonic
carbonates and host rocks

Fluid inclusions
constraining temperature
and chemistry similar to

the host rock

Distinct Sr/®6Sr isotopic
ratios between tectonic
carbonates and host rocks

Fluid inclusions
constraining high
temperature, high
salinity, and exotic

elements

Possible co-
seismic
phase

Possible co-
seismic
phase

accumulation, (ii) pre-seismic phase, when minor stress releases occur
through increasing creep or foreshocks, (iii) co-seismic phase, lasting
from a few to tens of seconds, releasing the accumulated stress during an
earthquake and the associated rupturing, and (iv) post-seismic phase,
lasting from days to years depending on the size of the rupture and the
strength and permeability of the rock mass when aftershocks or a phase
of waning creep occur (e.g., Power and Tullis, 1989; Lindh, 1990;
Scholz, 1991; Sibson, 1994; Ellsworth et al., 2013).

In the study of fault-related mineralizations, it is crucial to identify
the part of the seismic cycle when they formed and to constrain the fluid
pressure conditions. To this end, we review the main meso- and micro-
structures with the potential to make such an identification in carbonate
rocks (Figs. 2 and 3 and Table 1). Pseudotachylytes, commonly
acknowledged as tracers of past earthquakes within crystalline rocks (e.
g., Cowan, 1999; Rowe and Griffith, 2015), form at depths >3 km and
mostly in non-carbonate lithotypes and are not reviewed in here. The
indicators and geochemical methods useful to identify the origin of
mineralizing fluids and fluid-rock (dis)equilibria during phases of the

seismic cycles (inferred from the meso- and micro-structures) are also
reviewed (Table 2).

2.2. Meso- and micro-structures as indicators of the seismic cycle

The following meso- and microstructures are indicative of the
mechanisms, strain rate, hydraulic features, and fluid pressure associ-
ated with deformation. They allow us to infer the phase of the seismic
cycle in which they develop (Fig. 2 and Table 1): when indicative of high
strain rate they might be representative of a co-seismic phase whereas
low strain rate might represent an inter-seismic phase.

- Scaly fabrics

Scaly fabrics, including S—C fabrics (Figs. 2a, b), accommodate a
combination of pressure solution and frictional sliding associated with
fluid pressure fluctuations (e.g., Berthé et al., 1979; Tesei et al., 2014;
Fisher et al., 2021). They commonly form in suitable lithotypes and
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during inter-seismic phases, when slow aseismic (creep) deformation
occurs in response to elastic strain accumulation (e.g., Sibson, 1986;
Meneghini and Moore, 2007; Rowe et al., 2011). Pressure solution
mobilizes pore fluids from the host rock (likely in isotopic and thermal
equilibrium with it) and leads to precipitation of tectonic veins and
slickenfibers, enhancing the healing of the fault zone and promoting
elastic strain accumulation (e.g., Dietrich et al., 1983; Gratier et al.,
2011).

- Fading grain boundaries, voids and/or vesicles

Such structures (Figs. 2a, c; e.g., De Paola et al., 2011; Collettini
et al., 2013; Bullock et al., 2015) occur along fault planes and form in
response to high strain rates (co-seismic slip) and associated frictional
heating, which may induce decarbonation and/or phyllosilicate dehy-
dration and transformation via mixed layer minerals (Balsamo et al.,
2014) in the first few millimeters off the fault planes. Hence, these
micrometric scale structures are diagnostic of fossil earthquakes.

- Ultracataclasite layers

Ultracataclasite layers commonly occur along the fault plane and
consist of matrix and clasts <10 pm in diameter. Locally, they contain
fluidized injectites that localize displacement during repeated co-
seismic slips (Figs. 2a, d; Chester and Chester, 1998; Lin, 2011; Smith
et al., 2011; Nuriel et al., 2012; Rowe and Griffith, 2015; Karabacak
et al., 2022).

- Truncated clasts

They are locally found along discrete fault planes where they are
believed to undergo sharp truncation during co-seismic fault slip
(Figs. 2a, f; Billi and Di Toro, 2008; Fondriest et al., 2013; Delle Piane
et al., 2017).

- Pulverized rocks

They are extremely comminuted damage zone rocks characterized by
numerous dilational microfractures and are indicative of high strain rate
and earthquakes (co-seismic phase; Billi and Di Toro, 2008; Doan and
Billi, 2011; Incel et al., 2017; Zwiessler et al., 2017; Billi et al., 2023;
Fig. 2a, g). They are commonly associated with physical processes,
including dynamic unloading (Ben-Zion and Shi, 2005; Dor et al., 2006;
Payne and Duan, 2017), dynamic fragmentation (Doan and Gary, 2009;
Doan and Billi, 2011; Wechsler et al., 2011; Yuan et al., 2011; Doan and
d'Hour, 2012), transient tensile pulses (Xu and Ben-Zion, 2017; Griffith
et al., 2018; Smith and Griffith, 2022). However, they have been
recently associated with accumulation and rapid decompression of
pressurized CO-rich gasses (Billi et al., 2023). suggesting the involve-
ment of deep and/or exotic fluids likely in chemical-physical disequi-
librium with the host rock.

- Comb and slip-parallel veins

Comb and slip-parallel veins are oriented perpendicular and parallel
to the faults, respectively (Hancock and Barka, 1987; Stewart and
Hancock, 1990; Doblas et al., 1997; Collettini et al., 2014; Figs. 2a, h,
and i). The development of comb veins during fracture opening is
apparently not compatible with the stress field associated with normal
faults (in which o; and o3 are vertical and horizontal, respectively). They
were initially interpreted as “tension cracks reflecting down-dip
stretching during localized post-slip stress reorientation” (Hancock
and Barka, 1987; Stewart and Hancock, 1990). However, it has more
recently been proposed that comb and slip-parallel veins can also form
during co-seismic down-dip displacement of the footwall block and co-
seismic stress release localizing deep overpressured fluids ingress and
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flow (Smeraglia et al., 2018).
- Mesh (or stockwork) veins

Mesh veins are defined as sets of dilatant randomly-oriented veins
(Figs. 2a, and 1) that document hydraulic fracturing (hydrofractures)
under low or even null differential stress and fluid overpressure condi-
tions associated with pre—/co-seismic phases (Sibson, 2000, 2004; Cox
et al., 2001; Meneghini and Moore, 2007; Fagereng and Harris, 2014).
The development of hydrofractures, genetically associated with crack
opening and rapid infilling by pressurized fluids, can potentially account
for the rapid ascent of deep fluids in chemical-physical disequilibrium
with the host rock during earthquakes (Curzi et al., 2021).

- Crackle and chaotic cement-supported fault breccias

These breccias (Fig. 2a, and m) develop during co-seismic implosive
brecciation with episodic fluid overpressure and subsequent rapid
depressurization during fluid venting (Sibson, 2000; Mort and Wood-
cock, 2008; Woodcock and Mort, 2008) and may represent evidence of
dilatancy and involvement of possibly exotic pressurized fluids.

- Slickenfibers

Slickenfibers develop along fault planes and surfaces along which
slip localizes (Figs. 2a, and n) and track the displacement direction. They
form during shear associated with (i) slow inter-seismic or post-seismic
deformation, during which fluid pressure fluctuations can be associated
with slow shear events (ii) and/or rapid co-seismic deformation occur-
ring under repeated fluid overpressure and associated rapid shear events
(e.g., Power and Tullis, 1989; Gratier and Gamond, 1990; Fagereng
et al.,, 2010, 2011). The association of slickenfibers with specific
deformation-precipitation processes, and with a specific phase of the
seismic cycle, requires the identification of their internal textures.

As expanded below, the internal texture of slickenfiber mineraliza-
tions (Fig. 3) allows one (i) discriminating high vs. low fluid pressure,
(ii) constraining the deformation mechanisms and strain rate, and (iii)
inferring the phase of the seismic cycle when shear occurs.

- Blocky textures

Blocky textures (Fig. 3) are characterized by roughly equidimen-
sional and randomly oriented crystals and imply rapid crack opening,
possibly mediated by fluid overpressure, and fast precipitation in fluid-
filled open cracks (e.g., Hilgers et al., 2001, 2004; Passchier and Trouw,
2005; Bons et al., 2012). Blocky textures indicate rapid deformation,
possibly associated with co-seismic phases, and fracture filling likely
associated with the involvement of overpressured fluids. However,
blocky textures do not directly provide evidence of fossil earthquakes
and can be also associated with fluid overpressures during pre- and post-
seismic phases.

- Elongate blocky textures

Elongate blocky textures (Fig. 3) contain rod-shaped crystals char-
acterized by high length/width ratio and imply repeated increments of
fracture opening and progressive incremental precipitation (e.g., Hilgers
et al., 2001; Hilgers and Urai, 2002; Passchier and Trouw, 2005; Bons
et al., 2012). This type of texture is not directly associated with fluid
overpressure and does not directly provide information on the phases of
seismic cycles.

- Fibrous textures

Fibrous textures (Fig. 3) are characterized by stretched or rod-shaped
crystals with a much higher length/width ratio than in elongate blocky
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textures and form by progressive small increments of opening/shear and 2.3. Geochemical methods to identify fluid-rock (dis)equilibria and fossil
precipitation (e.g., Gratier and Gamond, 1990; Passchier and Trouw, indicators of seismic cycles

2005). These textures do not provide evidence of fluid overpressure and

indicate slow deformation associated with low strain rate during slow - Stable Carbon isotopes

aseismic slip (e.g., Bons et al., 2012; Tesei et al., 2013).

The carbon isotope composition (5'3C) of carbonates reflects the
composition and origin of the dissolved inorganic carbon in the fluids
because carbon isotope fractionation at low temperatures is only
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minimally temperature-dependent (Hoefs, 1997). Marine carbonates are
characterized by 513C values close to 0 %o (V-PDB). Carbonates of tec-
tonic origin characterized by negative 5'3C values and hosted in marine
carbonates indicate a contribution of carbon derived from organic car-
bon respiration in soils and/or from the interaction of fluids with
organic matter-rich rocks (e.g., Sharp, 2017).

Deep CO, arising from the mantle is characterized by 5'°C values
between ~ —5%o and ~ —3%o (e.g., Chiodini et al., 2000). Deep CO2
arising from decarbonation of carbonate-rich rocks at depth is instead
enriched in the heavy carbon isotope 13C with respect to the parental
carbonate (e.g., Sharp, 2017). Deep CO; produced by decarbonation can
be characterized by 8'3C comprised between ~4%o and, when produced
from organic-rich carbonates, ~ —7%o (e.g., Rielli et al., 2022; Fig. 4a).
In tectonically active regions, such as the Apennines, deep COy-rich
fluids can flow upward especially during pre- to- co-seismic phases (e.g.,
Caracausi and Paternoster, 2015; Di Luccio et al., 2018) and lead to
tectonic carbonate precipitation during co-seismic rapid CO, degassing
(e.g., Billi et al., 2023). Tectonic carbonates precipitating from such a
rapid degassing of deep COy-rich fluids show 8'3C values > ~ 6-8%o,
thus clearly accounting for an isotopic fluid-rock disequilibrium asso-
ciated with the involvement of deep COy-rich fluids (Di Luccio et al.,
2018; Baldermann et al., 2020; Billi et al., 2023).

- Stable Oxygen isotopes

The stable oxygen isotope composition (5'%0) of carbonates depends
on the §!80 and the temperature of the fluid from which they precipitate
(e.g., Sharp, 2017). Different fluids and rock types have different ranges
of 880 values (Fig. 4a) but when fluids interact with rocks for a long
time they can equilibrate and reach isotopic equilibrium (Nelson and
Smith, 1996; Hoefs, 1997). By comparing the 5180 of tectonic carbon-
ates and host rocks, it is possible to deduce whether mineralizing fluids
were in isotopic (dis)equilibrium with the host rocks provided that the
temperature of precipitation of the carbonates can be constrained
(Fig. 4b).

- Carbonate Clumped isotope thermometry

Carbonate clumped isotope thermometry exploits the tendency of
heavy isotopes (13C and 18O) to bond together (hence the term “clumped
isotopes™) in the carbonate lattice with decreasing temperature (Ghosh
et al, 2006; Schauble et al., 2006; Fig. 4b). By measuring the
temperature-dependent abundance of 1*C—180 isotope bonds above a
theoretical random distribution in carbonate minerals, it is possible to
constrain the temperature of carbonate precipitation, without knowing
the fluid composition, as in conventional stable isotope geochemistry.
The clumped isotope composition of carbonates is expressed with the
parameter A4y (Ghosh et al., 2006).

With the temperature determined by clumped isotopes and using the
temperature-dependent oxygen isotope fractionation between carbon-
ate and fluid, it is possible to calculate the §'%0 of the fluid from which
the carbonate precipitated (Fig. 4b). While for clumped isotopes in the
last few years there has been a convergence to one calibration that ap-
pears valid at least for all non-biogenic carbonates (Anderson et al.,
2021; Jautzy et al., 2020, Fiebig et al., 2021), carbonate-water oxygen
isotope calibrations still have significant differences (e.g., O'Neil et al.,
1969; Kim and O'Neil, 1997; Daéron et al., 2019). This leads to un-
certainties in the reconstruction of paleofluid oxygen isotope composi-
tions but still provides robust information on the source and allows
identifying the involvement of exotic fluids in chemical-physical (dis)
equilibrium with the host rock.

- Cathodoluminescence (CL)

Cathodoluminescence in carbonate minerals is mainly controlled by
the content of Mn?* and trivalent REE-ions (Dy>", Sm3", and Tb>"),
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which are the most significant activators of extrinsic CL, with Fe?* being
a quencher of luminescence (Machel, 2000). Their concentration in
carbonate minerals depends on fluid composition and redox conditions
during mineral precipitation (e.g., Sommer, 1972; Machel, 1985, 1997,
2000). Similar or different CL signatures between tectonic mineraliza-
tions and host rock cannot be used to directly identify an unambiguous
fluid-rock chemical (dis)equilibrium. However, CL on tectonic carbon-
ates allows: (i) identifying multiple events of precipitation and/or
different generations of mineralizations from CL zonation patterns of
crystals, (ii) detecting mineralizations that are not visible with normal
optical microscopy, (iii) recognizing recrystallization or diagenetic
alteration (iv), identifying distinct events of precipitation, and (v)
correlating minerals belonging to the same generation in different
samples (e.g., Dromgoole and Walter, 1990). Thus, CL is a key analytical
technique to any robust geochemical analysis of tectonic carbonates.

- Rare Earth Elements (REEs)

Marine carbonates are characterized by a diagnostic slight depletion
of light rare earth elements (LREEs) relative to the heavy rare earth el-
ements (HREEs), a negative Ce anomaly, and positive La anomaly (Webb
and Kamber, 2000; C)zyurt et al., 2020). Hence, tectonic carbonates
exhibiting negative Ce anomaly and REE concentrations (PASS-
normalized) in the range of those from carbonate host rocks indicate low
fluid-rock ratios and/or a long residence time of fluids within the car-
bonate host rock and therefore attest to a chemical equilibrium in the
fluid-rock system (e.g., Bolhar et al., 2004; Nuriel et al., 2011; Uysal
et al,, 2011). On the contrary, tectonic carbonates characterized by
enrichment/depletion of REE concentrations with respect to the car-
bonate host rocks may document the involvement of exotic fluids and/or
different degrees of fluid-rock interaction (Nuriel et al., 2011; Uysal
et al., 2011; Coppola et al., 2021; Curzi et al., 2021). LREE and HREE
enrichments or depletions in tectonic carbonates depend on distinct
partition coefficients for the REEs, which depend on their cationic
radius. LREEs are preferentially assimilated in the crystal lattice
compared to HREE (Braun et al., 1990; Bau, 1991; Bau and Moller, 1992;
Négrel et al., 2000). Instead, LREE depletion and HREE enrichment in
tectonic carbonates commonly occur when COq-rich fluids interact with
carbonate rocks. Indeed, COj-rich circulating fluids form stronger
complexes with HREE than with LREE (Négrel et al., 2000; Cerchiari
et al., 2020). For this reason, REE concentrations in tectonic carbonates
provide constraints on the origin of fluids (host rock residential vs.
external source) and the extent of fluid-rock interaction, and they may
also be used as indicators for the occurrence of earthquake-related CO4
release (Nuriel et al., 2011; Uysal et al., 2011; Cerchiari et al., 2020;
Coppola et al., 2021).

- Helium isotopes

He in natural fluids derives from three sources with significantly
different *He/*He: atmosphere, mantle, and crust (e.g., Ballentine et al.,
2002; Graham, 2002; Gautheron et al., 2005). Hence, this tracer is a
powerful proxy for recognizing the origin of fluids in tectonic mineral-
izations (e.g., Pili et al., 2011; Czuppon et al., 2014; Curzi et al., 2022;
Marchesini et al., 2022). The He isotopic signature of fluids and gases in
seismically active regions is higher (between 0.7 and 1 Ra) than typical
crustal fluids (0.01-0.03 Ra) from cratons and sedimentary basins far
from tectonically active regions (e.g., Caracausi and Paternoster, 2015).
While He is highly mobile, it remains trapped within low permeability
rocks and cannot escape without the occurrence of fracture networks.
Hence, He produced from the crust or mantle can efficiently flow up-
ward through dilatancy processes associated with earthquakes (e.g.,
Scholz et al., 1973; Caracausi and Paternoster, 2015; Ring et al., 2016;
Caracausi et al., 2022). Studies on He isotopes extracted from tectonic
carbonates in the Apennines, documented the involvement of crustal
fluids with a clear mantle contribution also during fossil earthquakes
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(Smeraglia et al., 2018). He isotopes studies of gas emissions, mud
volcanoes, springs, and wells along seismically active areas in the
Apennines clearly document that deep and/or mantle derived fluids
were released during earthquakes (e.g., Italiano et al., 2001; Chiodini
et al., 2011; Caracausi and Paternoster, 2015; Caracausi et al., 2022). He
isotope studies in springs showed an association with increased upflow
of deep CO»-rich fluids recognized as seismic precursors (e.g., Barbieri
et al., 2020; Boschetti et al., 2022; Gori and Barberio, 2022). Thus, He
isotope analysis of tectonic mineralizations can yield a diagnostic
fingerprint of fossil earthquakes involving CO»-rich fluids.

- Strontium isotopes

Sr isotopes in tectonic mineralizations directly reflect the 3”sr/%sr
isotopic ratio of the mineralizing fluid (Palmer and Edmond, 1989;
Avigour et al., 1990; Horton et al., 2003; Drake et al., 2020). On this
ground, tectonic carbonates precipitated from fluids that extensively
interacted with the host rock, are characterized by a 87Sr/%0Sr isotopic
ratio similar to that of the host rock (e.g., Aberg, 1995; Dielforder et al.,
2022). In contrast, carbonates precipitated from exotic fluids, with
limited interaction with the host rocks may be characterized by a Sr
isotopic composition similar to that of the fluid source (e.g., Machel and
Cavell, 1999; Uysal et al., 2007; Dielforder et al., 2022). Hence, Sr iso-
topes are a powerful tracer of the source, extent of fluid-rock interaction,
and ascent/descent of exotic fluids which can be involved during co-
seismic slip (e.g., Uysal et al., 2007; Beaudoin et al., 2014).

- Fluid inclusions

Fluid inclusions are microscopic pockets of liquid trapped within the
minerals during crystal growth and contain information on the original
chemical and physical conditions of the mineralizing fluids (e.g.,
Roedder and Bodnar, 1980; Roedder, 1984; Invernizzi et al., 1998;
Ceriani et al.,, 2011; Bodnar et al., 2013; Mangenot et al., 2017).
Microthermometry, Raman spectroscopy, and chemical analysis of
crushed fluid inclusions, allow us to calculate the temperature of fluids
and define the chemical composition and salinity (as NaCl equivalents)
of fluids from which the carbonate precipitated (e.g., Hanks et al., 2006;
Beaudoin et al., 2014; Hoareau et al., 2021). Fluid inclusions allow the
detection of exotic fluids bringing exotic elements or compounds such as
CO;2 or hydrocarbons and transported during earthquakes and co-
seismic phases.

3. Geological setting of the study area
3.1. Tectonic setting of the Central Apennines

The Central Apennines are a NW-SE trending, late Oligocene-to-
Present fold-and-thrust belt developed in response to the W-directed
subduction of the Adriatic lithosphere beneath the European plate
(Carminati et al., 2010; Malinverno and Ryan, 1986). The structure of
the Central Apennines is the result of the superimposition of orogenic
and post-orogenic extensional deformation progressively migrated and
still migrating toward E and NE (Faccenna et al., 2001; Carminati et al.,
2012; Fig. 5a, b). Orogenic shortening, which began in the internal
(western) sector of the belt in late Oligocene-early Miocene time, was
mainly accommodated by NE-verging folds and thrusts, which deformed
pre- and syn-orogenic deposits (Patacca et al., 1990; Cosentino et al.,
2010; Curzi et al., 2020b; Fig. 5a, b). The eastward migration of the belt
was accompanied by extension at its rear (west), associated with normal
faulting and the formation of the Tyrrhenian back-arc basin. Extension
initiated during the late Miocene in the internal sector and progressively
migrated toward the axial zone of the Apennines (Malinverno and Ryan,
1986; Faccenna et al., 1997; Cavinato and De Celles, 1999; Billi et al.,
2006; Fig. 5a, b) where it is still active. In the central Apennines, it is
preempted and accompanied by upflow of deep fluids and is responsible
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for major (Mw > 6.0) earthquakes (e.g., Chiarabba et al., 2009; Chiar-
aluce et al., 2017; Fig. 5a). Extension was also associated with 3-4 km
exhumation of syn- and pre-orogenic deposits in the internal and
external portion of the belt and < 2 km along the whole Apennines
(Fig. 5b; Corrado et al., 2010; Fellin et al., 2022). At present, thrusting is
inactive in the inner and axial portions of the chain whereas it is active in
the external Adriatic and Po plain domains (e.g., Carminati et al., 2010;
Turrini et al., 2015).

3.2. Stratigraphic setting of the Central Apennines

A detailed knowledge of the deforming stratigraphic succession is of
fundamental importance to infer the fluid origin and possible fluid-rock
interaction during the seismic cycle. The Mesozoic-Cenozoic strati-
graphic successions of the Central Apennines are represented by the
Umbria-Marche-Sabina Pelagic Basin (UMSB) and Latium-Abruzzi Car-
bonate Platform (LAP) sedimentary successions of the Adria passive
margin (e.g., Cosentino et al., 2010; Fig. 5a). Such basin and platform
environments developed in response to the Middle Triassic-Early
Jurassic rifting of the Adria Plate that dissected the succession in
fault-bounded structural highs and pelagic basins (e.g., Santantonio,
1993; Cipriani, 2016). Rifting dismembered an Upper Triassic-Lower
Jurassic carbonate platform, on which, above the Paleozoic basement,
Triassic evaporites and Jurassic shallow water carbonates deposited (e.
g., Cosentino et al., 2010; Fig. 5a). The UMSB succession consists of
Upper Triassic evaporites followed by Lower Jurassic shallow water
carbonates, which evolve upward to deep water marly limestone and
cherty limestone deposited in pelagic settings between the Early Jurassic
and the Oligocene (e.g., Cosentino et al., 2010; Fig. 5a). Starting from
Oligocene times, the terrigenous input progressively increased, while
carbonate sedimentation diminished. Middle-upper Miocene siliciclastic
turbidites represent the foredeep stage associated with flexural subsi-
dence resulting from the subduction of the Adriatic plate (e.g., Cosentino
et al., 2010; Fig. 5a). The LAP succession consists of Upper Triassic
evaporites and dolostones followed by shallow-water Jurassic-to-mid-
dle-upper Miocene carbonates (Fig. 5a). During the middle to late
Miocene, carbonate sedimentation was interrupted by drowning and
coeval input of terrigenous sediments followed by siliciclastic turbidites
deposited in foredeep basins (Cipollari and Cosentino, 1995; Cosentino
et al.,, 2010; Fig. 5a). During post-orogenic extensional faulting, Plio-
Pleistocene continental deposits filled intramountain basins (e.g.,
Cosentino et al., 2010, 2017). The main Mesozoic-Cenozoic strati-
graphic successions of the Central Apennines are shown in Fig. 5a. Our
samples are mainly taken from Jurassic-Paleogene limestones and marly
limestones and from Messinian sandstones and marls (Fig. 5 and Table
S1).

3.3. Previous studies on paleofluid-faulting relationships in the Apennines

The first regional-scale studies of fluid circulation along thrusts and
normal faults in the Central Apennines documented, by means of C and
O isotopes on tectonic calcite mineralizations, the change of fluid cir-
culation from an orogenic compressional deformation stage to post-
compressive extension (Maiorani et al., 1992; Conti et al., 2001; Ghi-
setti et al., 2001; Fig. S1). In particular, Ghisetti et al. (2001) proposed
that compressional deformation occurred in “semi-closed” fluid systems
in which host-rock derived fluids were mobilized during compressional
deformation. Subsequently, post-compressive extensional faulting was
accompanied by “semi-open to open” fluid systems in which meteoric
fluids penetrated downward along normal fault damage zones. Simi-
larly, Agosta and Kirschner (2003), who focused on extension-related
fluid-rock systems, confirmed that meteoric fluids are invariably
involved during normal faulting-related exhumation and excluded the
involvement of deep (e.g., mantle, crustal magmas, and/or devolatiliz-
ing carbonate rocks) fluids. Recent works in the Apennines demon-
strated that local fluid-rock-fault systems are indeed rather complex and
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can involve both shallow and deep fluids during distinct phases of the
seismic cycle. These studies are reviewed below.

4. Materials and methods

In this study, we compare structural, isotopic, and thermal data from
eleven thrust/extensional/inverted faults (Fig. 5, Table 3 and Table S1)
in the Central Apennines. We present new data from the Monte Maggio
normal Fault (MMF), Venere-Gioia dei Marsi normal Fault (VGMF), and
published data from the Amatrice normal Fault System (AFS), Mt.
Gorzano normal Fault (MGF) cutting through a reverse fault, Vado di
Ferruccio Thrust (VFT) and Mt. Circeo Thrustdu (MCIT) cut by later
extensional faults, extensionally-inverted Mt. Camicia Thrust (MCT) and
Mt. Tancia Thrust (MTT), Mt. Morrone normal Fault (MMRF), Val
Roveto normal Fault (VRF), and Mt. Massico Thrust (MMT; Tables 3 and

S1).

The analytical methods for the new data are described in the

following:

- Stable C and O isotopes
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Measurements were carried out at the Stable Isotope Laboratory of
IGG, CNR of Pisa (Italy), and at the Stable Isotope Laboratory of the
Geological Institute of ETH, Ziirich (Swiss). Powders of tectonic calcite
mineralizations were prepared using a microdrill equipped with drill
bits down to 0.3 mm in diameter. Carbon and oxygen isotopic compo-
sition of the bulk carbonate was measured using a GasBench II coupled
to a Delta V mass spectrometer (both ThermoFischer Scientific, Bremen,
Germany) as described in Breitenbach and Bernasconi (2011). Briefly,
about 100 pg of powdered sample were placed in vacutainers, flushed
with helium and were reacted with 5 drops of 104% phosphoric acid at
70 °C. In batch of 70 samples instrument was calibrated with the internal
standards MS2 (6"3C = +2.13 %o, 5'%0 = -1.81 %0) and ETH-4 (313C =
-10.19 %, 5180 = -18.71 %o) which are calibrated to the international
reference materials NBS 19 (613C = +1.95 %o, 5180 = -2.2%0) and NBS 18
(8"3C = -5.01 %o, 5'80 = -23.00 %o; Bernasconi et al., 2018). The stan-
dard for C isotopes abundance measurements is based on a Cretaceous
belemnite sample from the Pee Dee Formation in South Carolina, USA
and is reported in V-PDB (where V is the abbreviation for “Vienna”, the
headquarters for the International Atomic Energy Agency that distrib-
utes standards). The standard for O isotopes abundance measurements is

Table 3
Summary of main attributes of selected fault zones in the Central Apennines. For further details see Table S1 in the Supplementary Material.
Tectonic regime Fault Location Age of Age of A4y Temperature Temperature of the host rocks at References
compressional extensional the time of tectonic
tectonic tectonic mineralization precipitation
mineralization mineralization
Mt. Massico Central- Smeraglia
-Pb ~5.1 -Pb ~ 2. :
Compressional Thrust southern v al\%[i 5 v al\iea 8 106-147 °C 125 £5°C et al. (2019,
(MMT) Apennines 2020)
Mt. Maggio Central-
normal Fault northern 48-58° C This study
(MMF) Apennines
Amatrice Central U-Th age Vignaroli
normal Fault Apennines between ~355 et al. (2020)
System (AFS) P and 108 ka o
Venere-Gioia
dei Marsi Central
Extensional e varst entra 18-23° C This study
normal Fault Apennines
(VGMF)
Val Roveto U-Th age
Central S aglic
normal Fault A ::nr;es between ~317 32-64° C o 262‘(’);;
(VRF) P and ~ 121 ka a
Mt. Morrone U-Th age N
normal Fault AC::;Eiles Between ~268 23-41°C Ctv,ll]g n(zr(()) 2112)
(MMRF) P and ~189 ka &
Compression Extension Compression Extension
Mt. Tancia Central K-Ar age ~ 9.5 K-Ar age ~ 2.9 Curzi et al.
55-78 °C 26-28 °C 65+ 2°C 62+ 2°C
Thrust (MTT) Apennines Ma and ~ 7.5 Ma Ma (2020a)
72-85°C dl?rzini 2reci/
inter- g‘p .
seismic co-seismic
Mt. G def ti
norma[irlZ?ZEft Central Messinian U-Pb age of ~2.5 67-77 °C extension 74 +£2°C ; Oorimla :gn Curzi et al.
Apennines (Milli et al., 2007) Ma and ~ 1.6 Ma 66-110 °C (this work) L. (2021)
(MGF) during inter-
Both pre—/co- S
. L seismic
compressional seismic .
. deformation
and extension X
. (this work)
extensional
Mt. Circeo Central- U-Pb age ~ 15.6 Tavani et al
Thrust southern Ma and ~ 12.7 U-Pbage ~9Ma  102-117 °C 99-135 °C 100 + 10 °C 115+ 5°C ‘ (‘2022)‘ ’
(MCIT) Apennines Ma )
Mt. Camicia Central Lucca et al.
Thrust (MCT) Apennines (2019)
Vado di
Fe?rl?ccilo Central Lucca et al.
A i 2019
Thrust (VFT) pennines (2019)

11



M. Curzi et al.

based on the Vienna Standard Mean Ocean Water and is reported in V-
SMOW.

- Clumped isotopes

The clumped isotope composition of tectonic calcite mineralizations
was determined at the ETH Zurich using a Thermo Fisher Scientific
253Plus mass spectrometer which is coupled to a Kiel IV carbonate
preparation device, following the method described by Schmid and
Bernasconi (2010), Meckler et al. (2014), and Miiller et al. (2017). The
Kiel IV device includes a custom built PoraPakQ trap held a -40 °C to
eliminate potential organic contaminants. Prior to each sample run, the
pressure-dependent backgrounds are determined on all beams to correct
for non-linearity effects in the mass spectrometer. During each run, 18
replicates of 90-110 pg of different samples and 5 replicates of each of
the three carbonate standards, ETH-1, ETH-2 and 10 replicates ETH-3
(Bernasconi et al., 2018), are analyzed for data normalization. One
replicate of the international standard IAEA C2 is analyzed to monitor
the long-term reproducibility of the method. All instrumental and data
corrections are carried out with the software Easotope (John and Bowen,
2016) using the revised IUPAC parameters for 170 correction (Bernas-
coni et al., 2018). Results from stable isotope analyses (Table S1) are
reported in the conventional & notation with respect to the Vienna Pee
Dee Belemnite (V-PDB) for §'°C and Vienna Standard Mean Ocean
Water (V-SMOW) for §'80.

The new clumped isotope data are presented in the I-CDES scale
(Bernasconi et al., 2021) and temperatures are calculated using the
Anderson et al. (2021) calibration. Clumped isotope compositions from
the older studies compiled in this review were reported in the CDES scale
and A4y-temperatures were calculated using the Kele et al. (2015) cali-
bration. As discussed in Bernasconi et al. (2021), the A4; values
expressed on the CDES scale and calculated with the former accepted
values of the ETH standards, which is the case for all pre 2021 publi-
cations, are not directly comparable with the newest I-CDES scale.
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However, the temperatures can be directly compared with an uncer-
tainty of a few degrees, because all measurements presented in this re-
view and the Kele et al. (2015) calibration used for temperature
calculations in older publications were carried out at the ETH laboratory
using the ETH Standards (Bernasconi et al., 2018, 2021).

- Burial-thermal modeling

The burial-thermal models have been constrained by organic (vitri-
nite reflectance) and inorganic (mixed layer illite-smectite) thermal in-
dicators, using Basin Mod® 1-D software (Burnham and Sweeney, 1989;
Sweeney and Burnham, 1990). The main assumptions for modeling
were: (1) rock decompaction factors apply only to clastic deposits
(Sclater and Christie, 1980), (2) variations of seawater depth in time are
assumed not to be relevant, because thermal evolution is mainly affected
by sediment thickness rather than by water depth (Butler, 1992), (3)
thrusting and/or normal faulting ages is constrained by U—Pb dating of
tectonic carbonates and/or when available K—Ar dating of syn-kine-
matic clay minerals, (4) thermal modeling is performed using LLNL Easy
%R method based on Burnham and Sweeney (1989) and Sweeney and
Burnham (1990), (5) exhumation is considered linear for given time
intervals and is constrained by thermochronological data when avail-
able, (6) geothermal gradient of 25 °C/km to 30 °C/km is used for the
orogenic buildup and up to 50 °C/km is used for the extensional faulting
with associated Quaternary magmatic/hydrothermal activity in the
peri-Tyrrhenian margin, (7) thrusting is considered instantaneous when
compared with the duration of deposition of stratigraphic successions,
as indicated by theoretical models (Endignoux et al., 1990), and (8)
burial rate for distinct sedimentary layers is constrained by their strat-
igraphic ages and thicknesses.

4.1. Chemical and thermal (dis)equilibria states

In the following, we define the thermal and chemical (dis)equilibria
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Fig. 6. Conceptual cartoon showing how to calculate the temperature difference between paleofluid and host rock at the time of tectonic carbonate precipitation.
The thermal (dis)equilibrium is calculated by subtracting the host rock temperature at the time of tectonic calcite precipitation, which is calculated by the burial-
thermal modeling and constrained by U—Pb dating of tectonic calcite mineralizations or by K—Ar dating of syn-kinematic clay minerals (see text), to the A4y
temperature of tectonic calcite. Positive or negative thermal disequilibrium indicates fluid warmer or colder than the host rock, respectively.
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states detectable for the investigated mineralizing fluid-host rock cou-
plets. We consider a difference of +3 %o between the mean 5'3C and
mean 5'%0 of host rock and tectonic mineralization as a threshold for
isotopic (dis)equilibrium in the fluid-rock system. This value is based on
the analytical uncertainties of the methods and on the local and broad
range of isotopic composition of host rocks described in Section 5.2. As
this threshold is an arbitrary minimum value based on our dataset, this
same threshold must be tested and validated in future studies with
different datasets and may therefore be modified or adapted to specific
cases.

The thermal disequilibrium is evaluated considering the difference
between the temperature of the host rock at the time of tectonic calcite
precipitation and that of the paleofluid from which the mineralization
precipitated (A4 temperature of tectonic calcite; Fig. 6). The tempera-
ture of the host rock at the time of tectonic calcite precipitation is
extracted from burial-thermal modeling and constrained by U—Pb or
K—Ar dating of the mineralization (Fig. 6). To determine the related
uncertainty on temperature value at the time of tectonic carbonate
precipitation, we varied the adopted geothermal gradient value by +1
°C/km. Any greater variation of the geothermal gradient value produced
thermal maturity curves that did not match the paleothermal data and
therefore the resulting modeling solution was not acceptable and was
ignored. We consider a minimum difference of +15 °C between fluid
and host rock as the threshold to identify a thermal disequilibrium in the
fluid-rock system. This value is representative of significative thermal
variations and includes the uncertainties (from 1° to 10 °C) calculated
for the host rock temperature. However, the identification of thermal
disequilibria may suffer from uncertainties associated with the analyt-
ical methods described above. For this reason, we treated and carefully
discussed the calculated thermal (dis)equilibria in the context of
microstructural and isotopic constraints, and we provide a detailed
discussion regarding the uncertainties of thermal data in the Section 5.7.

5. Results and discussion: workflow for detecting chemical and
thermal (dis)equilibria

The following workflow (Figs. 7 and S2) provides an ideal method-
ological approach forthe identification of (dis)equilibria in fluid-rock
systems and to relate them to a distinct phase of the seismic cycle. The
workflow is presented to assist the reader while reading the following
sections, while limits, potential, and future perspectives are discussed in
Sections 5.7 and 5.8.

5.1. Meso- and micro-structures

After constraining fault geometry and kinematics with field work and
sampling, the first step of the workflow is the meso- to micro-structural
characterization of tectonic mineralizations, also supported by CL mi-
croscopy, to associate them with specific phases of the seismic cycle
(Fig. 7), by using the criteria described in Section 2.2.

- Inter-seismic mineralizations

(i) Calcite veins and slickenfibers with blocky, elongate, and/or
fibrous textures are associated with S—C fabrics developed dur-
ing reverse faulting along the MMT, MTT, VFT, MCT, MGF and
MCIT thrusts, and during the tectonic inversion of the MTT. Their
association with S—C fabrics is interpreted as the result of inter-
seismic pressure-solution processes and associated precipitation
under fluid pressure fluctuation, in analogy with similar struc-
tures described elsewhere (e.g., Kolb et al., 2005; Meneghini and
Moore, 2007; Gratier et al., 2011; Vannucchi, 2019).

Calcite mineralizations along the MTT and MCIT are dull and ho-
mogeneously red under CL, respectively, and do not show any zonation.
This indicates the absence of significant changes in fluid trace element
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composition during precipitation events associated with S—C fabric
development (Curzi et al., 2020a; Tavani et al., 2023). Calcite miner-
alizations along the VFT and MCT are characterized by variable CL
colors, indicating that fluids of different origin circulated within the
fault zones and mixed during deformation (Lucca et al., 2019).

(ii) Extensional calcite slickenfibers that decorate bedding-parallel
shear planes along the MG fault are characterized by blocky
and fibrous textures (Curzi et al., 2021), which, in analogy with
structures described in other studies (e.g., Power and Tullis,
1989), are interpreted as the result of fluid overpressure events
during inter-seismic flexural slip.

- Pre-/co-seismic mineralizations

(iii) Meshed calcite veins (hydrofractures) with a blocky texture along
the MG have been interpreted as the result of pre-/co-seismic
deformations associated with fluid overpressure events and
associated hydrofracturing (Curzi et al., 2021). Such an inter-
pretation is corroborated by meso- and microstructural evidence
from other studies (e.g., Woodcock et al., 2007).

- Co-seismic mineralizations

(iv) Comb veins and slip-parallel veins with blocky and elongate
blocky textures along the VRF, are interpreted as co-seismic
structures (Smeraglia et al., 2018). By analogy, we interpret
comb veins on the MMF and comb veins and cement in fault
breccias organized in bands orthogonal to the VGMF as the result
of possible co-seismic opening and fluid input and post-seismic
sealing. Observations in CL on the elongate blocky mineraliza-
tions from the VRF document the presence of different genera-
tions of zoned calcite crystals characterized by different CL
colors. This is consistent with a change in fluid chemistry from
one crystallization event to another and within each event
(Smeraglia et al., 2018).

(v) Sub-vertical veins characterized by internal blocky textures and
developed during fault segmentation of the AFS have been
interpreted as co-seismic structures (Vignaroli et al., 2020),
consistently with structural evidence of active tectonics derived
from other studies (e.g., Peacock and Parfitt, 2002). These
dilatant structures resulted from the last structural increments at
the tips of isolated fault strands, where local stress perturbation
controlled the structural permeability of the AFS to pulses of
vertical infiltration of surficial/shallow derived fluids.

(vi) Veins and slickenfibers arranged along the fault strands of the
MMREF are the products of channelized, fault-parallel fluid cir-
culation in response to co-seismic events of reactivation and
dilatancy of the main slip surface (Vignaroli et al., 2022),
consistently with other studies (e.g., Fondriest et al., 2012; Delle
Piane et al., 2017; Coppola et al., 2021). The Authors proposed a
scenario of cyclic fault-fluid interactions in the MMRF within a
recurrence time of 10-15 ka between successive co-seismic
events. Different CL signatures were observed in mineraliza-
tions sampled along the MMRF, suggesting that meteoric-
dominated fluids were contaminated by different fluids during
multiple fault reactivations (Vignaroli et al., 2022).

5.2. Carbon and oxygen isotope (dis)equilibria

As a second step, to identify isotopic (dis)equilibria in the fluid-rock
system (Figs. 7 and S2c), we analyze 5'80 and §'3C of the host rock and
mineralizations (Fig. 8) plotting 5!80 and 8'3C (Figs. 9 and 10) as well as
5180 vs. 8'3C (Figs. 11 and 12) data. The analysis is conducted sepa-
rately for compressional (MTT, MGF, MMT, VFT, MCT, MCIT) and
extensional (VRF, VGMF, MMF, AFS, and MMRF) faults.
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Fig. 9. 580 %o (V-SMOW) and 5'3C %o (V-PDB) diagram for tectonic calcite mineralizations and host rock along different thrusts in the Apennines (for the location of
each structure see Fig. 1a). Lines and ticks indicate the host rock isotopic range and average. (a) Along the MTT, the 5'0 composition of extension-related min-
eralizations and host rock indicate an isotopic disequilibrium. (b) In the MGF, extension-related calcite mineralizations are characterized by an isotopic (in terms of
5'%0) disequilibrium with respect to the host rock. (c) Along the MMT, compressional calcite mineralizations and host rocks are characterized by an isotopic
disequilibrium in terms of '80 composition. (d) Compressional calcite mineralizations along the VFT show an overall isotopic equilibrium with host rocks. Calcite
mineralizations associated with later extensional faults cutting across the VFT show an isotopic (5'80) disequilibrium with the host rock. (e) Compressional and
extensional calcite mineralizations along the MCT show a clear 5'0 and §'3C isotopic disequilibrium with respect to host rocks. (f) Compressional and extensional
calcite mineralizations along the Mt. Circeo Thrust (MCIT) show slight 5*%0 isotopic disequilibrium with the host rock.

The 5'3C and 5'80 values of the carbonate host rocks vary between and 30%o (Figs. 8-12). Compressional calcite mineralizations are char-
-0.5%o to +3%o and between +24%o to +35%o, respectively (Figs. 8-12). acterized by 8'°C varying from 0% to +3%o and 5'80 from 22%. to +34
Carbonate cements within siliciclastic host rocks show a broader range %o, in the range of their respective host rocks (Figs. 9 and 11), indicating
of 5'3C values between -4%o and +2%,, and of 5'%0 values between 24%. isotopic equilibrium between fluids and host rock at the time of
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Fig. 10. 580 %o (V-SMOW) and §'3C %o (V-PDB) diagram for tectonic calcite mineralization and host rock along different normal faults in the Apennines (for the
location of each structure see Fig. 1a). Lines and ticks indicate the host rock isotopic range and average. Along each structure, except for the VGMF, a clear isotopic

disequilibrium between tectonic calcite mineralization and host rock is evident.

precipitation. Limited isotopic disequilibria are observed for compres-
sional structures and are marked by tectonic calcite mineralization
characterized by 580 and/or 5'3C values lower than the host rock
(Figs. 8b, 9¢, d and f, and 11c, d and f). Moreover, calcite mineralizations
associated with the out-of-sequence activity of the MCT displays a
marked isotopic disequilibrium with 8'3C and §'80 values lower than
those observed for the host rock (Figs. 9e and 11e).

Calcite mineralizations associated with extensional deformations
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typically exhibit isotopic disequilibrium with respect to the host rock
(Figs. 9-12) as they are characterized by lower §'3C and 5'%0 values.
The most evident disequilibrium is observed along the VRF, with a
decrease of 8'3C values from +3%o to -5%o (Figs. 10a and 12a) and along
the MMRF with a decrease of 8'3C values from 0%o to -11%o; (Figs. 10e
and 12e), where co-seismic comb veins and mineralizations have been
collected (Smeraglia et al., 2018; Vignaroli et al., 2022). A clear isotopic
disequilibrium is also observed for pre-/co-seismic extensional calcite
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Fig. 11. 580 %o (V-SMOW) vs. 5'3C %o (V-PDB) diagram for tectonic calcite mineralizations and host rock along different thrusts in the Apennines (for the location of
each structure see Fig. 1a). (a) Along the MTT, calcite mineralizations associated with S—C compressional fabric display a clear isotopic equilibrium with respect to
the host rocks. Extension-related calcite mineralizations are characterized by a decrease of 80 %o values indicating an opening of the fluid system during post-
compressive extensional tectonics. (b) In the MGF, calcite mineralizations associated with S—C compressional fabric display a clear isotopic equilibrium with
respect to the host rocks. Extension-related calcite mineralizations are instead characterized by decreasing 5'80 %o values indicating an opening of the fluid system
during the post-compressive extensional tectonics. (c) Along the MMT, calcite mineralizations associated with S—C compressional fabric show a partial isotopic
equilibrium with respect to the host rocks. Most calcite mineralizations display 5’0 %o values lower than those from the host rocks. (d) Calcite mineralizations
associated with S—C compressional fabric along the VFT show a substantial isotopic equilibrium with the host rocks. Calcite mineralizations associated with later
extensional faults cutting across the VFT show an isotopic disequilibrium with the host rock. (e) Calcite mineralizations associated with S—C compressional fabric
along the MCT (out-of-sequence thrust) show a clear isotopic disequilibrium with respect to the host rocks highlighted by lower §'%0 and §'3C values. The isotopic
disequilibrium is also shown for calcite mineralizations associated with the extensional inversion of the MCT. (f) Compressional calcite mineralizations within S—C
fabrics and extensional slickenfibers along normal faults along the Mt. Circeo Thrust (MCIT) showing slight isotopic disequilibrium with the host rock during

compression and extension.
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Fig. 12. 580 %o (V-SMOW) vs. 5'3C %o (V-PDB) diagram for tectonic calcite mineralization and host rocks along different normal faults in the Apennines (for the
location of each structure see Fig. 1a). Along each structure, isotopic disequilibrium between tectonic calcite mineralization and host rock is evident. Along the VGMF
a very limited disequilibrium is observed, and a higher number of data is necessary to better identify the isotopic (dis)equilibrium state in the fluid-rock system.

mineralization along the MGF, which are characterized by 5'%0 values
up to 9%o lower (from +31%o to +22%o) than the host rock (Figs. 9b and
11b). Along inverted structures (VFT, MCT, MTT and MGF; Figs. 9b, d,
and e and 11b, d, and e), extensional mineralizations display 580 and/
or 5!3C that are markedly lower than host rock and compressional
mineralizations. Mineralizations from the VGMF show 520 isotopic
equilibrium (Figs. 10b and 12b).
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5.3. Thermal (dis)equilibria

In the third step of our workflow (Figs. 7 and S2d-e), we calculate the
temperature difference between paleofluid and host rock by subtracting
the host rock temperature at the time of tectonic calcite precipitation
from the A4y temperature of calcite mineralizations.

Fig. 13 shows the 1D burial-thermal modeling of the faulted suc-
cessions along the MGF (Fig. 13a), MTT (Fig. 13b), MMT (Fig. 13c), and
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Fig. 13. (a) Burial-exhumation history of the sedimentary succession deformed in the Mt. Gorzano area, with thrusting constrained by stratigraphic and
biostratigraphic constraints from Milli et al. (2007) and exhumation constrained by U—Pb ages from Curzi et al. (2021). The thermal maturity curve calibrated
against illite content in mixed layers I—S and vitrinite reflectance data from Aldega et al. (2007a) is shown. (b) Burial-exhumation history and thermal maturity curve
(calibrated against illite content in mixed layers I—S converted into Ro% equivalent values) of the sedimentary succession deformed in the Mt. Tancia area (from
Curzi et al., 2020a). (c¢) Burial-exhumation history and thermal maturity curve (calibrated against illite content in mixed layers I—S converted into Ro% equivalent
values) of the sedimentary succession deformed in the Mt. Massico area (from Smeraglia et al., 2019). (d) Burial-exhumation history and thermal maturity curve
(calibrated against illite content in mixed layers I—S converted into Ro% equivalent values) of the sedimentary succession deformed in the Mt. Circeo (MCIT;
modified after Tavani et al., 2023). The ages and A4 temperatures of tectonic calcite mineralizations and the temperature difference between fluid and host rock at
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MCIT (Fig. 13d), in which the depth at which tectonic carbonates
precipitated and the temperature of the host rocks at the time of tectonic
carbonate precipitation are highlighted (Section 4 and Fig. 6). Fig. 14 is
derived from Fig. 13 and summarizes paleofluid and host rock
temperatures.

The MTT and MGF display a thermal equilibrium, with a temperature
difference between paleofluid and host rock of -10 °C and +13 °C and of
-7 °C and +3 °C, respectively, during compression (Figs. 13a, b, and 14).
The thermal difference between paleofluid and host rock during
compression along the MCIT indicates a slight disequilibrium, with
fluids up to 17 °C warmer than the host rock (Figs. 13d and 14). The
MMT display a thermal disequilibrium with fluids up to 19 °C colder and
22 °C warmer than the host rock (Figs. 13c and 14).

The most evident thermal disequilibria are calculated for extensional

Earth-Science Reviews 254 (2024) 104801

faulting, with paleofluid temperatures 36 °C colder than the host rock
along the MTT (Figs. 13b and 14), and colder and warmer along the
MCIT (from -16 °C to +20 °C; Figs. 13d and 14) and MGF (from -16 °C to
+28 °C; Figs. 13a and 14). Along the MGF, pre-/co-seismic extensional
deformations (and precipitation of blocky mesh veins) occurred with
thermal disequilibrium (with fluids -16 °C colder and +28 °C warmer
than the host rocks) larger than that calculated in the same area during
inter-seismic extensional deformations (with fluids +15 °C warmer than
the host rocks and responsible for precipitation of slickenfibers;
Figs. 13a and 14). As a whole, even considering the errors associated
with the host rock temperatures, thermal disequilibria during exten-
sional deformations are evident.
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Fig. 14. Ranges of paleofluid (A47) and host rock temperature. Segments and numbers indicate the differences between paleofluid and host rocks temperature at the
time of tectonic calcite precipitation, thus showing thermal disequilibria (both positive and negative) in the fluid-rock systems at the time of tectonic calcite

precipitation.
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22



M. Curzi et al.

Earth-Science Reviews 254 (2024) 104801

a IPost-orogenk extension

Orogenic compression

Post-orogenic extension

Orogenic compression

<
. Panelcandd

Formation
(buffered) fluids

o

Na to minimal
A fluid exchange

Tectonic
burial

Increasing
temperature
with depth

Compressional
inter-seismic phase \

Shear stress

Closed fluid-rock system

Groundwater anomalies of
electrical conductivity and
hydraulic pressure
about 40-60 and 5 days
before earthquakes
(De Lucaetal, 2018 and

Martinelli et al, 2020)

Infiltration of
meteoric fluids

Long residence time “}
lof meteoric fluids within

the host rocks (isotopic
and thermal buffering)

N

associated with CO, degassing
(Martinelli et al,, 2020)

Vp/Vs anomalies associated with pre

Fluc e:chang_e} —

Deep geogas and CO, uprising
(Miller et al., 2004; De Luca et al, 2018)

ic fluid acc lation

- I Formation fluids
tomini ; >
fuid exchange N (buffered fluids)
Isotopic and thermal
Scaly fabric ——» Fluid flow parallel to foliations (sub-horizontal) equilibrium Y
(C | &smmte Hydrogeochemical anomalies From 5-6 month before earthquakes )
Ground thermal emission anomalies

uprising deep fluids
(Barberio et al,, 2017)

Increasing
temperature
with depth

associated with pre-seismic

"\ Formation (buffered) fluids
¥\ Deep fluids
- Meteoric fluids
- Deep geogases and CO;
[ — ]
Thermal i VpVS

Scaly fabric
Fracturing
Minor seismicity

Meteoric, formation, and

Limited isotopic and thermal

Open fluid-rock system

deep fluids

Infiltration of
meteoric fluids

pic and th

Long residence time of meteoric
fluids within the host rocks

ing)

CO, release during co-seismic phases
(Miller et al,, 2004)

ﬁﬁ Groundwater discharge
3

Deep fluids squeezed upward during
co-seismic phases

and high CO, pressure (Miller et al, 2004; Chiarabba et al, 2020a,b) disequilibrium y,
(¢ d I psaelie —— N
co-seismic phase

(Petitta et al, 2018)

€\ Formation (buffered) fluids
L Deep fluids
- Meteoric fluids
¥\ Deep geogases and CO,
| — ] —
Thermal anomalies Vp/VS

Co-seismic rupture

High isotopic and thermal

Open fluid-rock system

Deep fluids-
dominated system

disequilibrium )

23

(caption on next page)



M. Curzi et al. Earth-Science Reviews 254 (2024) 104801

Fig. 16. Model of fluid circulation during compressional and post-compressional extensional deformation in the Apennines. (a) Schematic evolution of the Apennine
wedge which developed under orogenic compressional deformation accommodated by thrusts and folds, followed by post-compressional extensional tectonics and
associated normal faulting. (b) Thrust-related fluid circulation characterized by a closed fluid system, in which formation fluids do not (or limitedly) interact with
external fluids. Scaly fabrics, associated with inter-seismic deformations, promote an along-foliation (sub-horizontal) fluid circulation, thus contributing to prevent
the ingress of external fluids. (c) Fluid circulation during extensional pre-seismic phase in which the fluid system is open and meteoric and deep fluids mix with
formation fluids. During pre-seismic phases (from 5 to 6 months before earthquakes; e.g. Skelton et al., 2014; Barberio et al., 2017; Chiarabba et al., 2020), deep
fluids uprise and accumulate at depth, leading to fluid overpressure. Only some deep fluids (including CO,, and anomalous elements such as As, V, and Fe) leak
upward and give rise to the pre-seismic ground thermal emission anomalies, groundwater anomalies of electrical conductivity and hydraulic pressure, and
hydrogeochemical anomalies in some springs (e.g., Wang and Manga, 2021). (d) During co-seismic extensional phases, pressurized fluids at depth trigger seismic
extensional faulting so that fracture corridors permit rapid and abundant upward flow of fluids and associated groundwater discharge during the syn-/post-seismic
phase. The model represented in panels ¢ and d is a synthesis of structural and geochemical evidence from this review, hydrogeochemical evidence from Barberio
et al. (2017), De Luca et al. (2018), Petitta et al. (2018), Boschetti et al. (2019), Barbieri et al. (2020), Chiodini et al. (2020), Martinelli et al. (2020), and Mastrorillo
et al. (2020), and geophysical evidence from Miller et al. (2004), and Chiarabba et al. (2020, 2022).

5.4. Oxygen isotope composition of paleofluids (Figs. 13a, b, and 14). The same mineralizations show isotopic equilib-
rium with their host rock (Figs. 9a, b and 10a and b). This evidence
The fourth step derives the source(s) of fluids by calculating their suggests that inter-seismic compressional deformation, which was active
580 using the A47 -based temperatures (Fig. 7). Fig. 15a shows the 580 when the rocks were still below the sea level, occurred in closed fluid
of calcite mineralizations plotted against the 5'20 of the fluid (black systems or systems that were limitedly open to sea water and low fluid-
curves) calculated from A4y-based temperatures. Fig. 15b summarizes rock ratios (Fig. 16b). This is consistent with the first studies of paleo-
the calculated paleofluid 8'®0. Calculated fluid compositions during fluid circulation along faults in the Apennines (Conti et al., 2001; Ghi-
compression range between +7%o and +14%. (MTT, MCIT, and MGF). setti et al., 2001; Agosta and Kirschner, 2003; Fig. S1), which proposed a
Fluid 8'®0 for extensional mineralizations ranges from -9.3%. to “semi-closed” fluid system during compression. A similar closed fluid
+13.5%0. The broadest range of fluid 5!%0 in extensional co-seismic system has also been documented during orogenic-related folding in the
mineralizations are from the VRF ranging from -1%o to +10.6%o, pre-/ Northern Apennines (Beaudoin et al., 2020; Labeur et al., 2021).
co-seismic calcite mineralizations from the MGF ranging from +1.1%o to The S—C tectonites are generally associated with low strain rates and
+10.6%o, and co-seismic calcite mineralizations from the MMRF ranging are generally parallel to fault planes (Curzi et al., 2020a, 2021; Smer-
from -9.3%o to +3.7%o (Fig. 15). aglia et al., 2020a). Their geometric anisotropy tends to promote fluid
Our data indicate the involvement of formation and/or deep fluids flow parallel to the foliation rather than across it (e.g., Sibson and Scott,
(580 > 7%0) during compressional deformations. Alternatively, such a 1998; Curzi et al., 2023; Vannucchi, 2019; Cruset et al., 2023; Fig. 16b),
composition can arise from meteoric fluids with intensive fluid-rock as also recently documented by in situ outcrop permeability measure-
interaction and low fluid-rock ratios. However, compressional de- ments along a thrust zone exposed in the Northern Apennines (Curzi
formations along the Apennine mostly occurred under the sea level. et al., 2024). Lateral sub-horizontal fluid circulation implies limited
Therefore, it is likely that the fluids involved in compressional de- isotopic and thermal disequilibria between fluid and rock and is
formations were marine fluids trapped within the host rocks at the time consistent with the involvement of host rock derived fluids in a closed
of sedimentation below sea level. Hence, considering also the isotopic system, as indicated by homogeneous CL of mineralizations, similar to
equilibria in compressional fluid-rock systems discussed in Section 5.3 that of the host rock (MTT; Curzi et al., 2020a; Fig. 15b). Moreover, the
and shown in Figs. 9 and 11, the analyzed mineralizations formed during low-permeability evaporites, which usually represent the regional basal
compressional deformation precipitated from formation/pore fluids decollement in the Apennines thrust-fault system, may have also
entrapped during the sedimentation and that have strongly interacted contributed to prevent the upflow of deep fluids during thrusting (e.g.,
with the host rocks for a long time and were close to isotopic equilibrium Beaudoin et al., 2020), as also documented in the Pyrenees (Cruset et al.,
with the host rock. 2023).
As shown in Fig. 15a, extensional mineralizations precipitated from Our dataset highlights some differences with respect to the afore-
both formation and/or deep fluids (with 5'80 values higher than 0%o) mentioned fluid circulation model. A non-negligible difference in tem-
and meteoric water (with negative 5180 values). perature between fluid and host rock is observed in the MMT, where up

to 19 °C colder and 22 °C warmer fluids were involved (Figs. 13c and
14). For the same fault, isotopic disequilibrium between calcite miner-
alizations and host rock is also documented (Figs. 9c and 11c). Fluids
involved in the MMT have been interpreted as pore fluids trapped within
siliciclastic rocks (flysch) deposited about 5 Ma before thrusting
(Fig. 13c) and mobilized in a closed fluid system (Smeraglia et al.,
2020a). Hence, the relatively short residence time of fluids within the
host rocks was proposed as a possible explanation for the apparent
isotopic disequilibrium between tectonic mineralizations and host rocks
(Figs. 9¢ and 11c¢; Smeraglia et al., 2020a). In other words, formation
fluids were partially isotopically buffered and thermally equilibrated by
a limited fluid-rock interaction before thrusting. Similar observations
and interpretations have been proposed for the slight isotopic disequi-
librium in flysch-hosted compressional tectonic mineralizations along
the MCIT (Figs. 9f, 11f, and 13d; Tavani et al., 2023). If these in-
terpretations are correct, then the residence time of fluids in closed
systems is crucial in the determination of chemical (dis)equilibria.
Moreover, based on C, O, and Sr isotopes, Lucca et al. (2019) pro-
posed the involvement of host rock-derived fluids together with mete-
oric fluids under out-of-sequence subaerial thrusting along the MCT
(Figs. 9e and 11e). Such fluid mixing is also documented by the different

5.5. Tectonic processes, seismic cycling, and fluid-rock interaction

In the last step of our workflow (Fig. 7), the data are interpreted in
the framework of the seismic cycle in compressional and extensional
systems.

5.5.1. Compressional systems

The compressional calcite mineralizations with elongate blocky or
fibrous textures presented in this study are associated with scaly fabrics
and therefore can be interpreted as inter-seismic. In this study, we did
not recognize any co-seismic compressional mineralization. This may be
possibly due to their only partial preservation, likely caused by the long-
lived tectonic activity of the studied faults, or alternatively by their less
common formation compared to extensional tectonic settings. Inter-
seismic compressional mineralizations associated with S—C fabrics
exhibit limited variability of fluid 5'®0 and limited thermal disequilibria
between fluid and host rock (Figs. 9, 11, 14, 15, and 16a and b). For
example, similar temperature values were obtained for fluid and host
rock along the MTT and MGF, where 10 °C colder and 13 °C warmer
fluids were involved in inter-seismic compressional deformations
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CL colors of the mineralizations (Lucca et al., 2019).

In summary, the Apennines thrust fault systems were typically
characterized by the involvement of residential fluids that could be
either completely or partially isotopically re-equilibrated with the host
rock. Alternatively, thrust fault systems were characterized by mixing of
residential fluids with (i) sea water in limitedly upward open system
below the sea level or (ii) meteoric fluids in an upward open subaerial
system.

5.5.2. Extensional systems

With the only exception of the VGMF, where fluids associated with
fault activity had residence times long enough to equilibrate with host
rock, along normal faults we observe a high variability of fluid 520 as
well as isotopic and thermal disequilibria (both positive and negative)
between mineralizations and host rock (Figs. 9a, b, 10, 11a, b, 12, 14,
and 15). This indicates that extensional deformation tends to occur
within open systems characterized by azimuthal/vertical infiltration of
exotic fluids (Fig. 16a and c). More specifically, different degrees of fluid
mixing, possibly related to different volumes of involved deep fluids
(including meteoric fluids infiltrated and buffered at depth), are iden-
tified for distinct stages of the seismic cycle (Fig. 16¢ and d). Fibrous
mineralizations associated with inter-seismic scaly fabrics along the
extensionally-inverted MTT formed in an upward open fluid-rock sys-
tem, where meteoric fluids were responsible for the decrease in 5'0 and
the negative thermal disequilibrium with fluids 36 °C colder than the
host rock (Figs. 11a, 14, and 15). Similarly, the involvement of meteoric
fluids has been documented by the decrease of 5!3C and 5'%0 of car-
bonates formed during the negative (extensional) inversion of the VFT
(Fig. 9d) and MCT (Fig. 11e; Lucca et al., 2019).

Co-seismic extensional structures associated with the AFS formed in
an upward open system. Indeed, as testified by 8'3C values from calcite
mineralizations ranging between ~0%o and -7%o (Figs. 10d and 12d),
meteoric fluids infiltrated during co-seismic surface ruptures (Vignaroli
et al., 2020). In contrast, co-seismic extensional deformations along the
MMRF occurred in an upward and downward open fluid system, in
which dominant meteoric fluids mixed with deeper fluids in response to
co-seismic rejuvenation of the structural permeability of the fault zone
(Vignaroli et al., 2022). Mixing between meteoric and deep fluids is
documented by the low 8'3C values of tectonic carbonates ranging from
0%o to -11%o (Figs. 10e and 12e), the calculated fluid 5'%0 ranging be-
tween -9%o to +4%o (Fig. 15), the fluid temperatures ranging between
~23° to ~40 °C (Figs. 14 and 15a), and distinct CL colors of tectonic
mineralizations (Vignaroli et al., 2022).

Along the MGF, extensional deformation occurred in an upward and
downward open fluid system with a variable degree of mixing between
formation, meteoric, and deep fluids in distinct phases of the seismic
cycle (Curzi et al., 2021). The calculated paleofluid temperature (72-85
°C; Figs. 14 and 15a) for extensional inter-seismic deformation overlaps
or is slightly warmer (415 °C) than that experienced by the host rock at
the time of precipitation (Fig. 14). This suggests only partial mixing with
deeper and warmer fluids (Curzi et al., 2021). On the other hand, the
consistently higher temperature recorded by pre-/co-seismic blocky
mesh veins, up to 28 °C warmer than that of the host rock (Fig. 14), calls
for the involvement of deep fluids during pre-/co-seismic deformation
(Fig. 16d). Based on the meso- and micro-structures of such veins and
REE analyses, Curzi et al. (2021) proposed that pre-/co-seismic exten-
sional deformation along the MGF was associated with impulsive events,
in which deep and likely COs-rich fluids were rapidly squeezed upward
from a depth of about 3-4 km. Similarly, the variability of calculated
fluid §'80 of the VFR slip-parallel and comb veins testifies for the
involvement of deep (and relatively warm) fluids during co-seismic
deformation. These fluids, as documented by Sr isotopes and different
CL colors within the same veins, were mixed with fluids that interacted
with shallow crustal carbonates (Smeraglia et al., 2018).

The new insights discussed in this study on paleofluid circulation
during normal fault activity in the Apennines represent a significant step
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forward with respect to the “semi-open to open” definition proposed for
the fluid-rock system by Ghisetti et al. (2001) and Agosta and Kirschner
(2003); (Fig. S1). Indeed, the fluid-rock system associated with normal
faulting in the Apennines seems to be often open both upward and
downward with the involvement of exotic fluids in isotopic and thermal
disequilibrium with the host rock. We interpret deep fluids as squeezed
upward from deep structural levels during co-seismic events (Fig. 16¢
and d). The different degrees of disequilibrium observed in the analyzed
fault systems can be explained by the different efficiency of the co-
seismic pump effect or by the role played by the physical characteris-
tics (mainly primary and secondary porosity and permeability) of the
lithologies involved in faulting. Moreover, the depth reached by the
faults may also affect the observed different degrees of disequilibrium.
On this ground, the most remarkable evidence of seismic cycle-
controlled fluid-rock system in the Apennines arises from the involve-
ment of deep fluids during co-seismic rupturing along the seismically
active MGF (this study; Curzi et al., 2021) and MMRF (Coppola et al.,
2021). The involvement of deep fluids in the extensional co-seismic
phases is of paramount importance as they represent suitable in-
dicators for the active extensional seismic sequences and earthquakes in
the Apennines, as discussed in the next section.

5.6. Implications on ongoing seismicity in the Apennines (and elsewhere)

The concept of fluid-rock chemical-physical (dis)equilibria linked
with the seismic cycle derives from recent hydrogeochemical moni-
toring in seismic areas (e.g., Skelton et al., 2014, 2019; Barberio et al.,
2017; Tamburello et al., 2018, 2022; Li et al., 2019; Franchini et al.,
2021) and from studies on tectonic mineralizations in the Central
Apennines (e.g., Coppola et al., 2021) and northern Iceland (Andrén
et al., 2016), which validated chemical-physical anomalies identified
before and during recent earthquakes (Skelton et al., 2014; Barberio
et al., 2017).

Some recent extensional seismic sequences in the Apennines and
elsewhere, with mainshocks up to Mw 6.5, have shown that the pre-
seismic (up to about 5 months before the mainshock) and co-seismic
phases can be characterized by chemical-physical disequilibria within
the fluid-rock systems reflecting the involvement of exotic (deep) fluids
flowing upward into the shallow groundwaters (e.g., Barberio et al.,
2017; De Luca et al., 2018; Boschetti et al., 2022; Skelton et al., 2019;
Barbieri et al., 2021; Franchini et al., 2021; Tamburello et al., 2022;
Fig. 16¢). In recent cases in the Apennines, the pre-/co-seismic injection
of exotic fluids (and related exotic elements) into shallow groundwaters
was preceded or accompanied by the ingress of deep CO2 into the
shallow crust (Chiodini et al., 2011, 2020; Miller et al., 2004; Boschetti
et al., 2019; Barbieri et al., 2020; Martinelli et al., 2020; Di Luccio et al.,
2022; Gori and Barberio, 2022; Fig. 16¢). Moreover, Caracausi et al.
(2022) recently showed that an increase of crustal “He in natural
shallow crustal fluids often precedes or accompanies seismic events in
the southern Apennines. The extensional seismic sequences in the
Apennines (Fig. 5a) are often anticipated by upward migrating anoma-
lies of Vp/Vs (the ratio of P to S wave velocities; Lucente et al., 2010;
Savage, 2010; Chiarabba et al., 2020; Fig. 16c¢), which are usually the
signal of pre-seismic dilatancy (Scholz et al., 1973) and related fluid
ingress into the crust leading to post-seismic large (tens of millions of
m®) upward flow of fluids from the seismogenic depth to the surface.
This was imaged by 4D tomography (Chiarabba et al., 2022) and
matched by the consistent increase of discharge of groundwater
measured in springs, streams and rivers (Petitta et al., 2018; Chiarabba
et al., 2022). Based on these data, pre-seismic dilatancy and related
upward ingress of water and deep CO; seem the main or one of the main
factors driving pre-/co-seismic chemical-physical disequilibria, whereby
CO, makes the crustal waters more acidic than normal and hence
chemically aggressive toward the host rock. The dissolution of chemical
elements from the host rock that are normally absent or nearly so in
circulating shallow fluids would follow. Similar processes have been
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recorded also elsewhere. For instance, in strike-slip environments in
northern Iceland and China, increases of exotic elements and CO; in
groundwaters have been documented before earthquakes (Claesson
et al., 2004; Skelton et al., 2014, 2019; Barbieri et al., 2021; Li et al.,
2021; Zhao et al., 2021; Yan et al., 2022) and, also in these cases, the
input of deep CO; into the shallow system seems to be the main factor
driving the pre-seismic disequilibria (Li et al., 2021; Boschetti et al.,
2022; Yan et al., 2022).

In contrast, pre-seismic hydrogeochemical anomalies before earth-
quakes in compressional settings have been so far rarely recorded both
in the Apennines and elsewhere. For instance, no significant anomalies
of this kind were recorded before the 2012 Emilia compressional
earthquakes (Mw mainshocks 6.1 and 5.8) in the northernmost buried
front of the Apennines (e.g., Marcaccio and Martinelli, 2012; Cinti et al.,
2023).

The picture of recently documented pre-seismic hydrogeochemical
anomalies in the Apennines and elsewhere is consistent with our results
from tectonic mineralizations and our inferences on the responsible
paleofluids. Indeed, extensional tectonics is accompanied by pre-seismic
dilatancy (e.g., Sibson, 1994; Doglioni et al., 2011, 2013) and circula-
tion of fluids adding exotic chemical elements to the groundwaters
leading to chemical-physical disequilibria (Barberio et al., 2017; Bar-
bieri et al., 2020). Similar processes seem to occur also in seismic strike-
slip environments (Skelton et al., 2014, 2019). On the contrary,
compressional tectonics seem to inhibit upward-directed fluid circula-
tion through the crust and hence significant chemical-physical dis-
equilibria (e.g., Sibson, 1994; Doglioni et al., 2011, 2013; Marcaccio and
Martinelli, 2012), although we feel that this matter, at least in the case of
compressional tectonics, is still poorly investigated both in recent and in
past seismic cycles and earthquakes. These differences may be related to
the control exerted by the different stress field orientations on the
evolution of seismic sequences developing in compressive and exten-
sional regimes (Carminati et al., 2004).

In summary, while recent pre-seismic hydrogeochemical anomalies
inspired our investigation of chemical-physical (dis)equilibria in tec-
tonic mineralizations, our investigation, in particular for extensional
tectonic mineralizations, contributes to build a consistent number of
case studies necessary to validate the use of hydrogeochemical anoma-
lies as valid seismic precursors.

5.7. Limits and caveats of the adopted methods and workflow

The proposed workflow (Fig. 7) and, in particular, the integration of
different methods make it possible to determine (dis)equilibria in fluid-
rock systems and link them to the phases of the seismic cycle. The main
limitations of the proposed workflow (Fig. 7) are the errors associated
with the calculated host rock and paleofluid temperatures and site-
specific uncertainties. Such limits are discussed in the following.

5.7.1. Host rock temperature

The host rock temperature at the time of tectonic carbonate precip-
itation is calculated from burial-thermal modeling constrained by in situ
radiometric dating on tectonic carbonates.

U—Pb and U—Th geochronology are among the most adopted
methods for tectonic carbonates but it is not always possible to obtain
geologically meaningful ages (Rasbury and Cole, 2009; Kylander-Clark,
2020; Hoareau et al., 2021; Roberts et al., 2021; Roberts and Holds-
worth, 2022; Washburn et al., 2023). Moreover, the uncertainties
associated with geochronological ages are often large and prevent the
calculation of an unambiguous depth and temperature of tectonic car-
bonate precipitation. Alternatively, ages from multiple mineralizations
can be so close in time to suggest a single event (e.g., Correa et al., 2022;
Aubert et al., 2023), thus limiting the possibility to identify specific
depth and temperature conditions for distinct phases of the seismic
cycle. For these reasons, additional geochronological information from
other datable minerals such as syn-kinematic fault-related authigenic
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clays can help to improve the calculation of host rock temperatures (e.g.,
Fitz-Diaz et al., 2019; Curzi et al., 2020a).

The reconstruction of burial and thermal history of sedimentary
successions in fold-and-thrust belts may be poorly constrained. This
depends on the accuracy in the determination of stratigraphic age,
thickness, burial rate and, on the number of paleothermal indicators (e.
g., vitrinite reflectance, mixed layer illite-smectite, Tpay) applied to
constrain the maximum burial and temperature conditions experienced
by the sedimentary succession. The greater the number of adopted
paleothermal indicators, the more constrained the thermal reconstruc-
tion of the fold-and-thrust belt, especially if each thermal indicator has
its own kinetically controlled response to the burial history (Aldega
et al., 2007b; Corrado et al., 2020). Additionally, the poorly known
value of the geothermal gradient or heat flow at the time of calcite
precipitation increases the uncertainty of the calculation of the host rock
temperature.

Clumped isotope thermometry on the carbonate host rock can rep-
resents an alternative thermal constraint for host rock temperature
calculation if the rock has reached an equilibrium temperature during
burial either through bond reordering or recrystallization. However, this
is generally reached if the rocks have experienced temperatures
>100-150 °C for millions of years (e.g., Passey and Henkes, 2012;
Hemingway and Henkes, 2021; Looser et al., 2023). Thus, in most cases
the temperature recorded by the host rock reflects a mixture of the
original temperature of carbonate precipitation with some partial
diagenetic resetting. For this reason, the host rock temperature rarely
provides information on the maximum temperature reached by the host
rock.

An alternative method to constrain the burial-thermal modeling of
sedimentary successions and calculate the host rock temperature is
offered by the recently applied paleopiezometry approach, which is
based on the stylolite roughness inversion technique. Paleopiezometry
provides the potential to calculate the maximum depth attained by the
sedimentary succession and to infer the temperature experienced by the
host rock during burial or during the occurrence of the first increment of
compressional deformations, when the maximum horizontal stress is
accommodated by folding (Labeur et al., 2021; Lacombe et al., 2021;
Zeboudj et al., 2023). This method allows refining and validating the
depth reached by the host rock, even though it does not provide infor-
mation on the host rock temperature at the time of precipitation of
tectonic carbonates directly associated with thrusting.

5.7.2. Paleofluid temperature reconstruction

Clumped isotope thermometry allows us to determine the tempera-
ture of tectonic carbonate precipitation and calculate the fluid §'%0
(Ghosh et al.,, 2006; Swanson et al., 2012; Anderson et al., 2021;
Hoareau et al., 2021). However, the uncertainties associated with the
calculated temperatures can prevent an unambiguous identification of
thermal disequilibria between fluid and host rock at the time of tectonic
carbonate precipitation. Much effort has been invested in reducing un-
certainties in carbonate clumped isotopes analysis though carbonate-
based standardization (Bernasconi et al., 2018, 2021; Anderson et al.,
2021) and in reducing the sample weight necessary for analysis to
80-130 pg of carbonate per replicate analysis (Schmid and Bernasconi,
2010; Meckler et al., 2015; Miiller et al., 2019). However, many labo-
ratories still use instrumentation requiring large sample amounts (2-10
mg per replicate). Thus, often the reported temperatures still have
considerable uncertainties, limiting their accuracy. Clumped isotopes
measurements can be coupled with other independent geothermometers
to better constrain the crystallization temperature of carbonate minerals
(Fig. 7). Microthermometry and Raman spectroscopy of fluid inclusions,
allow to obtain not only the temperature but also information on the
chemistry of the fluids (e.g., Roedder, 1984; Invernizzi et al., 1998;
Ceriani et al., 2011; Bodnar et al., 2013; Mangenot et al., 2017; Curzi
et al., 2022). Unfortunately, fluid inclusions are not always present and
their abundance in a given sample commonly increases with decrease in



M. Curzi et al.

size (Roedder, 1984) limiting their applicability. Moreover, tectonic
carbonates can be deformed and twinned during the post-crystallization
deformation histories. In these cases, fluid inclusions can be decrepi-
tated after calcite precipitation, thus preventing their investigation.

5.7.3. Site specific conditions during deformation

Regional or local scale factors, including lithology, tectonic styles,
paleoelevation of deforming zones, syn-tectonic erosion, and near-
surface aquifers can control the involvement of meteoric and/or deep
fluids during tectonic processes (Fig. 7; Dietrich et al., 1983; Uysal et al.,
2007, 2009, 2011; Gébelin et al., 2012; Rossi and Rolland, 2014; Berardi
et al., 2016; Smeraglia et al., 2019; Yildirim et al., 2020; Looser et al.,
2021). For instance, the involvement of deep derived fluids can be
facilitated under thick-skinned tectonics, in which deeply rooted thrusts
can act as conduits for deep fluids, as documented, for instance, along
the Laramide province (USA; e.g., Beaudoin et al., 2014, 2022) and
South Pyrenean fold-and-thrust belt (Spain; e.g., Beaudoin et al., 2022;
Cruset et al., 2023). At the same time, although compressional de-
formations in the Apennines and in other orogens mostly develop below
the sea level, the involvement of deep and/or meteoric fluids during
compressional deformation can be locally promoted by (i) deformation
in subaerial condition, such as documented along the Gran Sasso Massif
in the Central Apennines (MCT; Fig. 5a; Lucca et al., 2019) and in the
Jura fold-and-thrust belt (Looser et al., 2021; Berio et al., 2022), (ii)
high-angle scaly fabric zones associated with high-angle reverse faults
documented along the Internal Jura fold-and-thrust belt (France;
Smeraglia et al., 2020b), and (iii) syn-tectonic uplift and subaerial
exposure of thrust zones as documented in the Bornes Massif in France
(Berio et al., 2022), Pyrenean (Spain; e.g., Travé et al., 2007; Lacroix
et al., 2014, 2018a, 2018b; Hoareau et al., 2021; Cruset et al., 2023),
Canadian Rockies (e.g., Garven, 1985), Mexican fold-and-thrust belt (e.
g., Fitz-Diaz et al., 2011), and Albanides (e.g., Vilasi et al., 2009).

5.8. Future perspectives

The limits discussed above imply that the identification of (dis)
equilibrium states in fluid-rock systems during the seismic cycle and
earthquakes still requires further refinement. Future efforts aimed at
advancing the understanding of the relationship between fluids and the
seismic cycle in past events should include the following main lines of
research (Fig. 7):

1. Improving the resolution of micro-analyses to investigate at even
smaller scales the fluid-rock system during distinct phases of the
seismic cycle. Tectonic mineralizations can, indeed, record tectonic
events at the micro- or even nano- and- atomic-scale. Through TEM
analysis at the nano-scale, Tarling et al. (2018) documented the
progressive formation of high-temperature reaction products formed
by co-seismic amorphization and dehydration in a plate boundary-
scale serpentine shear zone. Lacroix et al. (2018a, 2018b), used
detailed in-situ micron-scale 5'%0 measured using Secondary Ion
Mass Spectrometry (SIMS) combined with fluid inclusion and
clumped isotope thermometry, to document the progressive evolu-
tion of a micron-scale fluid-rock system during fracture opening and
vein growth related to the deformation along the Cotiella Thrust
(Pyrenees, Spain). Fu and Espinosa-Marzal (2022), through nano-
scale friction measurements performed by atomic force microscopy
on calcite single crystals, showed that the origin of the velocity-
weakening friction behavior is determined by contact aging result-
ing from atomic friction of the crystalline lattice. Therefore, the
present and next frontier to advance our knowledge of fluid-rock
relationships during the seismic cycle is the nano scale.

2. Instrumental improvements and integration of multiple radiometric
dating techniques to reduce the uncertainties and limitations arising
from post-crystallization chemical alteration of tectonic carbonates.
Radiometric dating methods (including those treated in this paper)
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may have large uncertainties. Although the largest part of the un-
certainty is due to the type of material and not to the instrumenta-
tion, technical refinements in the ablation procedures and
improvements in standardization could help to somewhat decrease
the uncertainties (e.g. Guillong et al., 2020). Systematic integration
of different geochronological methods such as U—Pb on tectonic
carbonates with K—Ar and Ar—Ar on syn-kinematic clay minerals
could also reduce the uncertainties. In addition, the uncertainties
associated with paleofluid and host rock temperature calculation and
the related thermal (dis)equilibria can be mitigated by the integra-
tion of other independent geothermometers such as clumped iso-
topes and fluid inclusions on tectonic mineralization (e.g., Mangenot
et al., 2019) and mixed layer illite-smectite and vitrinite reflectance
on the faulted sedimentary succession.

3. Improving the knowledge of seismic cycle- and- co-seismic-related
geological structures. In the last 25 years much has been done to
identify geological (micro)structures ascribable to earthquakes or
seismic cycles. For instance, while Cowan (1999) asserted that
pseudotachylytes were the only reliable indicator of fossil earth-
quakes, after 16 years, Rowe and Griffith (2015) presented a thor-
ough review of geological markers of earthquakes including tens of
new studies on this theme and many new potential markers. In this
paper, we were inspired by Rowe and Griffith (2015) and attempted
to integrate their co-seismic marker list with new potential markers
(e.g., blocky stockwork veins). However, further studies on tectonic
mineralizations (such as veins or cements in breccias) are necessary
to improve our understanding of fossil seismic markers.

4. Improving the knowledge of site-specific markers and processes. As
explained in this paper, the study of fossil fluid-rock (dis)equilibria is
inspired by chemical-physical anomalies recently observed in
seismic areas (e.g., Skelton et al., 2014; Barberio et al., 2017), which
can be validated through paleofluid studies (e.g., Andrén et al., 2016;
Coppola et al., 2021). For example, hydrogeochemical anomalies
before the onset of the 2016-2017 Amatrice-Norcia seismic sequence
in the Apennines consisted of increase and decrease of pH values and
increase of As, V, and Fe concentrations (Barberio et al., 2017),
whereas increases of Na, Si, Ca, and 8°H were observed before
earthquakes in northern Iceland (Skelton et al., 2014, 2019). Hence,
earthquake-related geochemical anomalies and, therefore, chemical
disequilibria strongly depend on site-specific conditions (e.g., li-
thology or pre-existing crustal discontinuities) and processes (e.g.,
thick vs. thin tectonics or deformation styles; Boschetti et al., 2019,
2022). Understanding these specific processes is one of the frontiers
to reach in the study of fluid-earthquake relationships.

6. Conclusions

The proposed workflow (Fig. 7) aims at identifying chemical-
physical (dis)equilibria in fluid-rock systems by merging an analytical
approach that combines stable and clumped isotope analyses of tectonic
mineralizations and 1D burial-thermal modeling of the sedimentary
succession hosting such mineralizations. Specifically, for the Central
Apennines we conclude that:

1. Fluid circulation during compressional deformation mainly occurs in
closed fluid-rock systems, in which isotopic and thermal dis-
equilibria are limited.

2. Fluid circulation in extensional deformation occurs in open fluid-
rock systems where uprising (enriched in 80 and warm) or down-
welling (meteoric and cold) fluids can be involved.

3. Fluid circulation in extensional deformation settings may signifi-
cantly change during fault activity and during the different phases of
the seismic cycle. Different deformation phases can promote the
opening of the fluid-rock system inducing (positive or negative)
isotopic and thermal disequilibria. In this context, co-seismic



M. Curzi et al.

deformation provides the most obvious source to isotopic and ther-
mal disequilibria between fluid and host rock.

The proposed approach still requires refinement and needs further
data for finer tuning. At least, advances are necessary to reduce the
uncertainties in the analytical methods adopted for temperature esti-
mations, and to unequivocally identify geological (micro)structures (e.
g., veins) connected with given phases of the seismic cycle (e.g., co-
seismic veins). Site specific condition of deformation is another field
in which to progress. The integration of geological-structural con-
straints, geochemical tracers (e.g., REEs, Sr and He isotopes) and geo-
thermometers (e.g., fluid inclusions) is therefore required for a more
detailed identification of chemical-physical (dis)equilibrium states
associated with seismic cycles and earthquakes. However, we emphasize
the potential of the proposed workflow for understanding fluid-rock-
earthquake relationships in the past and in the present-day seismic
cycle. Indeed, the highlighted geological evidence is valuable for the
identification of potential chemical-physical seismic precursors, that
might be different in extensional and compressional settings.
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