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Abstract: Differences in REE patterns of calcite from extensional and shear veins of the Sestola Vidiciatico Tectonic Unit in
the Northern Apennines suggest variations in fluid source during the seismic cycle in an ancient analogue of a shallow
megathrust (7i,.x ¢. 100-150°C). In shear veins, a positive Eu anomaly suggests an exotic fluid source, probably hotter than the
fault environment. Small-scale extensional veins were derived instead from a local fluid in equilibrium with the fault rocks.
Mutually crosscutting relations between two extensional vein sets, parallel and perpendicular to the megathrust, suggest
repeated shifting of the o, and o3 stresses during the seismic cycle. This is consistent with: (1) a seismic phase, with brittle
failure along the thrust, crystallization of shear veins from an exotic fluid, stress drop and stress rotation; (2) a post-seismic
phase, with fault-normal compaction and formation of fault-normal extensional veins fed by local fluids; (3) a reloading phase,
where shear stress and pore pressure are gradually restored and fault-parallel extensional veins form, until the thrust fails again.
The combination of geochemical and structural analyses in veins from exhumed megathrust analogues represents a promising
tool to better understand the interplay between stress state and fluids in modern subduction zones.
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Subduction megathrusts have been recognized for a long time as
weak interplate faults that localize deformation under low shear
stresses (<20 MPa; Bird 1978; Lamb 2006; Wang and Hu 2006;
Seno 2009; Duarte er al. 2015; Wang et al. 2019) and active
circulation of fluids (for a review see Saffer and Tobin 2011). The
weakness of megathrusts is ascribed to low-friction minerals and
fluid overpressures (pore fluid factors 1, = P¢/o, > 0.9, where Py is
the fluid pressure and o, is the vertical stress; Sibson 2013, and
references therein), which significantly lower the effective friction
coefficient of megathrust faults.

The widespread occurrence of fracture sets filled with mineral
veins in fossil megathrust-related tectonic mélanges testifies to an
active fluid circuit, cyclically subjected to pressure rises and drops
and permeability changes related to fracturing and fracture healing
by precipitation of hydrothermal minerals (e.g. Sibson 1992, 2013,
2017; Fagereng et al. 2010). Tectonic veins thus represent a
valuable archive of information on both the orientations of the
palaeostresses and the physicochemical characteristics of fluids
circulating in the fault zone through time.

Several studies have investigated tectonic veins; for example,
reconstructing stress changes and inversions during deformation
history from the meso- and microstructural description of the

structures (Fisher ef al. 1995; Meneghini and Moore 2007; Fagereng
et al. 2010; Ujiie et al. 2018), or inferring the characteristics of fluid
source and circulation patterns from trace element abundances and
isotope signatures retained in vein crystals (Yamaguchi e al. 2011,
2012; Lacroix et al. 2014; Dielforder et al. 2015). Structural and
microstructural investigations on megathrust-related tectonic veins
have led to the identification of tectonic mélanges deforming at a
high angle to the maximum principal stress (e.g. Fagereng et al.
2010) or at a low angle to it (Meneghini and Moore 2007; Ujiie et al.
2018). Understanding the stress state of shallow megathrust faults is
of particular interest, as it is known that large megathrust
earthquakes might cause (near) complete stress drop and a switch
from a compressive to a tensile stress regime in the forearc, as
happened for instance after the 2011 M,, 9 Tohoku-Oki earthquake
(Hasegawa et al. 2011, 2012; Ide et al. 2011; Hardebeck 2012; Lin
et al. 2013; Brodsky et al. 2016, 2020).

With this work, we aim to unravel the relationships between
structurally controlled fluid pathways and tectonic loading during the
seismic cycle by combining petrostructural and geochemical analyses
in tectonic veins sampled from an exhumed thrust surface inside the
Sestola Vidiciatico Tectonic Unit in the Northern Apennines (Italy).
This unit is a subduction megathrust-zone mélange representing a
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field analogue for the shallow portion (7. around 100-150°C) of
subduction megathrusts (Vannucchi er al. 2008). We discuss the
patterns of REE distribution in three types of tectonic veins and
propose a reconstruction of the seismic cycle in the basal thrust of the
Sestola Vidiciatico Tectonic Unit. Our findings document interrelated
changes in stress state and fluid circulation, with the main seismic
cycle phases involving a switching of the principal stresses, correlated
with variations in fluid inputs.

Geological setting and mesoscale structure of the
Vidiciatico thrust

The Sestola Vidiciatico Tectonic Unit is interpreted as a plate
boundary shear zone developed in the Northern Apennines in the
Early to Middle Miocene (Vannucchi e al. 2008, and reference
therein), during the underthrusting of the continental Adriatic
microplate below a former accretionary prism (Boccaletti et al.
1971; Coward and Dietrich 1989; Vai and Martini 2001, and
reference therein). The Sestola Vidiciatico Tectonic Unit represents
a complex subduction-zone mélange, which extends for about
200 km parallel to the Northern Apennines and is 200—500 m thick.
The mélange formed by the tectonic reworking and mixing of
different components, including sedimentary mélanges and broken
formation, derived from both the overthrusting inactive accretionary
complex and its slope deposits (Remitti ef al. 2007; Vannucchi et al.
2008; Festa et al. 2019). These intermixed materials are arranged in
superimposing slices bounded by several thrust faults cutting
through the Sestola Vidiciatico Tectonic Unit, which in turn is
bounded by a basal and an upper main thrust (Vannucchi et al.
2008; Remitti et al. 2012). Vitrinite reflectance, apatite fission
tracks and illite crystallinity data (Reutter 1981; Botti et al. 2004;
Vannucchi et al. 2008; Thomson et al. 2010) document that the
Sestola Vidiciatico Tectonic Unit experienced maximum tempera-
tures around 120-150°C, corresponding to about 4—5 km of burial
depth assuming a thermal gradient of 30°C km~".

The basal thrust, bounding the Sestola Vidiciatico Tectonic Unit
from the foredeep sandstone turbidites of the underthrusting
Adriatic plate (Umbria—Tuscan Units), is well exposed in the area
of Vidiciatico, close to the Apennine crest (Fig. 1a; for a detailed
description see Mittempergher et al. 2018), where the Sestola
Vidiciatico Tectonic Unit reached its maximum burial conditions
(Vannucchi et al. 2008). During its shallow depth activity, shear
strain within the Vidiciatico thrust was attained in a heterogeneous
shear zone, at least 1 m thick, involving mainly marls and minor
clay-rich or siltstone domains (Fig. 1b—d). Deformation was partly
accommodated through diffuse shearing, with multiple discontinu-
ous fault strands contemporaneously active. At this stage, a
penetrative fabric developed, consisting of rhombohedral marl
lithons whose long axis is oriented at a low angle (c. 20°) to the
thrust fault (Mittempergher et al. 2018). During a subsequent
(mainly) brittle deformational stage, this fabric and the pre-existing
diffuse deformation structures were overprinted and truncated along
discrete, strain localized, shear zones (Mittempergher et al. 2018;
Figs 1 and 2a). At this stage, deformation partitioned between a
main fault coated by shear veins, a thin layer of strongly foliated,
veined and clay-rich marls and associated minor faults, parallel or at
low angle to the main fault (Fig. 1d).

Mesoscale and microscale thrust structure

The Vidiciatico thrust dips at 20° towards the WNW and is roughly
parallel to the sandstone’s bedding in the footwall (Figs 1a, b, d and
e). The low cutoff angle to the footwall bedding suggests that the
thrust had a footwall-flat geometry, and it was probably shallowly
dipping when active, although its present-day attitude results from
exhumation-related late tilting. Meso- and microstructural

observations focus on the brittle stage of deformation of the
Vidiciatico basal thrust fault (Figs 1f and 2a, b) (see detailed
description by Mittempergher ez al. 2018).

The thrust faults are formed by sub-millimetre scale shear surfaces
coated with clay (described as microtransforms by Fagereng et al.
2010), which accommodate most of the displacement, associated
with shear veins developed inside small dilational jogs. The
overlapping of these shear veins up to a thickness of some
centimetres gives them a striped appearance (Figs 1f and 2c)
(Labaume er al. 1991; Koehn and Passchier 2000). Calcite
slickenlines measured on the main and secondary faults indicate
an overall top-to-the-NE sense of transport (Fig. 1¢). The shear veins
mostly show a crack-and-seal texture, with individual increments
marked by wall-rock-inclusion trails oriented 20°+ 15° to the
microtransforms (Figs 1f, 2¢, d and 3a, b). The opening mode of each
increment is both shear and extensional; that is, hybrid (Ramsay
1980; Ramsay and Huber 1984; Bons et al. 2012). Locally, the infill
of these shear veins consists of a breccia made by fragments of the
wall rock and/or pre-existent veins in a matrix of blocky calcite
crystals (Figs 2b, d and 3a, c). Breccia bodies can be up to 10-20 cm
thick and several decimetres long (Fig. 2b). The lack of evidence for
shearing, together with their location inside dilational jogs, suggests
that these veins correspond to implosion breccias (Sibson 1985,
1987), up to tens of centimetres in both thickness and length.
However, the exact mechanics, kinetics and tectonic significance of
this type of breccia are still unclear. Shear veins with crack-and-seal
growth and with breccia infill are referred to hereafter as ‘crack-and-
seal shear veins’ and ‘breccia shear veins’, respectively.

Two sets of extensional veins have been differentiated based on
their orientation with respect to the main thrust fault (Fig. 2):
(1) low-angle (fault-parallel) extensional veins at less than £30° to
the fault (Figs 2e, g, h and 3d, e) and (2) high-angle (fault-
perpendicular) extensional veins at 70-90° to the fault (Figs 2e, g, h
and 3e). Fault-parallel extensional veins are up to 1 mm thick, with a
wavy, anastomosing appearance, mainly exploiting foliation
surfaces or crosscutting the same foliation at low angle (Figs 2e,
g, h and 3d, e) (Mittempergher et al. 2018). Calcite of these veins
shows a mostly elongated blocky to fibrous texture, in many cases
showing evidence for antitaxial growth (Fig. 2e and f). Fault-
perpendicular extensional veins, which crosscut the fault zone at
high angle (between 60 and 90°), are generally short, bounded by
compositional heterogeneities (Figs 2e, g, h and 3e), and shortened
along fault-parallel dissolution seams, suggesting fault-parallel
flattening (Fig. 2e and g). The calcite cementing these veins is
blocky to elongated blocky. Also, fault-parallel extensional veins
are in many cases gently folded, and locally dislocated by micro-
thrust faults and pressure-solution seams (Figs 2f and 3d, e),
suggesting a component of fault-parallel shortening.

Fault-parallel and fault-perpendicular extensional veins mutually
cut each other and are sealed by calcite with a similar orange
luminescence (Supplementary material, Fig. SM1), suggesting that
they were contemporaneous. Both sets of extensional veins are
crosscut by shear veins (Fig. 2g), but locally shear veins are cut by
extensional veins (Fig. 2g) (Mittempergher ez al. 2018), suggesting
that all the veins are contemporaneous and cyclically active.

At the described brittle stage, the foliation, defined by pressure-
solution seams, is oriented parallel or at low angle to the thrust itself
(Figs 1 and 2e, g, h). A secondary, discontinuous foliation
perpendicular to the fault is visible at the microscale (Fig. 2f).

Geochemistry
Sampling and analytical methods

After detailed microstructural analyses on multiple thin sections by
optical and cathodoluminescence microscope, we selected the
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Fig. 1. Geological context of the Vidiciatico outcrop. (a) Geological map of the study area. The white rectangles highlight the locations of (d) and (e).
(b) Stereoplot of the main structural elements of the Vidiciatico outcrop; namely, the bedding of the underthrusting sandstone, the main fault planes and the
flattening planes within the Sestola Vidiciatico Tectonic Unit. Schmidt equal area, lower hemisphere projection. (¢) Stereoplot of the shear veins and relative
slip vectors, as inferred by the interpretation of calcite slickenfibres. Schmidt equal area, lower hemisphere projection. (d, e) Field photographs of the thrust,
with the location of samples used for REE analysis. (f) Structural sketch and evolutionary interpretation of the meso- and microstructures of the thrust

(modified after Mittempergher et al. 2018).

following samples representative of the different vein types and
crosscutting veining phases (full-page thin-section scans are
provided in the Supplementary material, Figs SM3—-SM7).

(1) Three shear vein samples (Fig. 1d and e for location): (a)
from the main thrust, cutting through the whole thrust fault zone
(Mittempergher et al. 2018) (Sample AC26, Fig. 3b); (b) from a
parallel smaller thrust (Sample AC15, Fig. 3a, with crack-and-seal
shear veins and breccia shear veins); (c) from a decimetre-scale
dilational jog along a low-angle shear fracture in the thrust fault
zone (Sample MC3, breccia shear vein, Figs 2b and 3c¢).

(2) Three extensional vein samples (Fig. 1d and e for location):
(a) 2 mm thick extensional fault-parallel veins (Sample AC3a2,
Fig. 3d); (b) a< Imm thick fault-parallel extensional vein, cut by the
later MC3 breccia (Sample MC3, Fig. 3c); (c) fault-parallel and
fault-perpendicular extensional veins crosscutting each other,
appearing all affected by pressure-solution deformation (Sample
AC19, Fig. 3e).

Major and trace elements in the veins were analysed on 100 um
thick thin sections.

In addition, five wall rock samples surrounding each selected vein
(Samples AC3a2-WR, ACI15-WR, ACI9-WR, AC26-WR and
MC3-WR) were prepared for whole-rock analyses to compare
their trace element abundances with those of the respective veins.

In situ trace element analyses were determined by laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) using
a 213 nm Nd:YAG laser ablation system (NewWave Research)
coupled to a quadrupole ICP-MS system (Thermo Fisher Scientific
X-Series II) housed at the Centro Interdipartimentale Grandi
Strumenti (CIGS) of the University of Modena and Reggio
Emilia. Carbonate specimens were analysed using a laser spot
size of 80 um, a frequency of 10 Hz, a fluence of c. 6 J cm™2 and a
He flux of 0.6 I min~! (Sforna and Lugli 2017; Giovanardi et al.
2018). Prior to each analysis, the sample surface was carefully pre-
ablated to remove possible contaminants. Several spot analyses
were collected for each sample (Fig. 3; Supplementary materials,
Figs SM3—-SM7). In shear veins, points were taken parallel to the
slip direction. In shear veins, particular attention was paid in
selecting points as far as possible from visible wall rock inclusions.
Raw ICP counts were normalized and corrected using **Ca as
internal standard and NIST612 as reference material (reference mass
fractions from Jochum et al. 2007, georem.mpch-mainz.gwdg.de).
Relative standard deviation (RSD) was always better than 10%.

We analysed a large range of major and trace elements and used
some of them to identify calcite contamination by wall-rock micro-
inclusions. This was necessary because of the sampling limitations
of the laser device given that during ablation it is difficult to
distinguish and avoid trails of inclusions in the shear veins and wall
rock clasts of the breccias (Fig. 2¢ and d), or partial breaching of the
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1 mm

Fig. 2. Continued

wall rock of very thin extensional veins (Fig. 3¢). We measured REE in wall rocks were measured in powders obtained by
anomalously high counts of Mg, Fe, Si or K in calcites of AC26 microdrilling of the rock samples carefully avoiding any carbonate
shear vein and MC3 extensional vein and excluded these points vein. About 100 mg of powder were rinsed several times with

from the dataset owing to possible wall rock contamination. MilliQ water, dried overnight and dissolved with a HF-HNO;
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Fig. 2. Meso- and microstructures of the Vidiciatico thrust. (a) Field photograph of the main slip surface of the thrust fault, showing the low-angle foliation
defined by flattened marl lithons and some secondary shear-vein bearing fault surfaces. (b) Field picture of a dilational jog within the thrust fault zone,
bounded by shear veins, where Sample MC3 was collected. (¢) Detail of the internal structure of a shear vein, characterized by crack-and-seal increments lined
by wall rock inclusions connected by micro-shear zones. A rose diagram shows the orientations of crack-and-seal increments (pink) and micro-shear zones
(green) on the corresponding thin section. Cross-polarized light photomicrograph. (d) The texture of a breccia shear vein, with angular clasts dispersed in
calcite matrix. Plane-polarized light photomicrograph. (e) Mutually crosscutting fault-perpendicular (red) and fault-parallel (blue) extensional veins. Fault-
perpendicular extensional veins are shortened and folded. A rose diagram shows the orientation of pressure-solution seams (orange), and fault-parallel (blue)
and fault-perpendicular (red) extensional veins with respect to the fault. (f) Detail of folded and shortened fault-parallel extensional veins, with pressure-
solution seams at high angle to the fault (ps). Plane-polarized light photomicrograph. (g) Thin section scan showing mutual crosscutting relations between
shear veins and fault-perpendicular extensional veins. The inset shows a detail of a fault-perpendicular extensional vein (red) crosscutting a shear vein. Cross-
polarized photomicrographs. A rose diagram shows the orientation of pressure-solution seams (orange), and fault-parallel (blue) and fault-perpendicular (red)
extensional veins with respect to the fault. (h) Detail of the inner part of a marl lithon crosscut by fault-parallel (blue) and fault-perpendicular (red) extensional
veins. A rose diagram shows the orientation of pressure-solution seams (orange), and fault-parallel (blue) and fault-perpendicular (red) extensional veins with
respect to the fault. Details of the method used for making the rose diagrams are given in the Supplementary material, Fig. SM2.

mixture. Solutions were properly diluted and analysed using a
quadrupole ICP-MS X-Series II system housed at the CIGS. Data
were acquired for '3°La, '4°Ce, '*!Pr, “°Nd, '¥’Sm, '>3Eu,'*"Gd,
159Tp, 163Dy, 195Ho, 1%°Er, '%Tm, '72Yb and '"°Lu and calibrated
using a multi-element standard solution of different concentrations
(from 1 to 1000 ppb) combined with !'*In as an internal standard.
Precisions were typically better than 5% RSD.

REE geochemistry

The chondrite-normalized REE patterns of the carbonate veins are
plotted in Figure 4, according to the vein types defined by the
petrostructural observations (for a complete list of REE analyses,
see Supplementary material, Table SM8). Considering all the veins,
the range of REE abundances is very broad, overall spanning one or
two orders of magnitude, and up to one order of magnitude over a
few hundred microns in a single vein. The greatest variability in
REE abundances is recorded in the shear veins, whereas the smallest
range is in the fault-perpendicular extensional veins.

The two samples of crack-and-seal shear veins are characterized
by an Eu anomaly ranging from strongly positive to neutral and
show relatively flat patterns, with variable depletion of heavy REE
(HREE) and flat to strongly enriched light REE (LREE) (Fig. 4a).
All AC26 patterns show a clear Eu positive anomaly, whereas in
AC15 veins the positive Eu anomaly is less pronounced, or absent.
The Eu anomalies are quantified, following Gao and Wedepohl
(1995), as Eu/Eu*=EuN\/SmNX Gdy, where the subscript ‘N’
indicates chondrite-normalized values. Ew/Eu* values higher than
0.9 represent a positive anomaly, values lower than 0.9 a negative
anomaly (Fig. 5a).

The REE patterns of the fault-parallel extensional veins (AC3a2,
MC3 and AC19) can be divided into three groups (Fig. 4¢). Group 1
patterns are enriched in LREE and depleted in HREE, and are
present exclusively in Sample AC3a2. Group 2 patterns are convex-
downward with flat HREE. Group 3 patterns are instead convex-
upward, with flat LREE. Group 2 and 3 patterns are present
indistinctly in Samples MC3 and AC19. Fault-perpendicular
extensional veins are contained only in Sample AC19 and their
REE patterns are indistinguishable from those of Group 3 fault-
parallel extensional veins (Fig. 4d). Most of the breccia shear vein
REE patterns resemble those of AC15 shear veins with crack-and-
seal texture, but they have a variable Eu anomaly ranging from
positive to slightly negative (Fig. 4b).

Wall rock REE patterns show trends consistent with those of
typical sedimentary rocks, with a marked negative Eu anomaly
(McLennan 1989; Plank and Langmuir 1998) (Fig. 4f). We then
compare the REE composition of the wall rocks and their respective
veins by normalizing the REE vein patterns to their respective wall
rock REE abundances (Fig. Sb—e). Changing the normalizing factor
from chondrite to wall rock scales down the overall REE
abundances of the veins (Fig. Sb—e). However, the crack-and-seal

shear veins maintain the positive Eu anomaly (Fig. 5b). The breccia
shear veins also keep their positive or negative Eu anomaly
(Fig. 5c). The extensional veins, instead, show more articulate
trends of enrichment and depletion and some of their patterns
acquire a small positive Eu anomaly (Fig. 5d and e).

Discussion

In this section, we first interpret the geochemical data to identify
possible sources of the vein-crystallizing fluids. We then discuss the
stress and fluid pressure conditions compatible with the observed
structural relationships between the vein sets. Finally, we combine the
geochemical and structural data to propose a model accounting for the
variations in stress and fluid circulation during the seismic cycle.

Geochemistry

The REE compositions of the host rocks are within the range of
comparable shaly sediments, in terms of both abundances and
patterns (Fig. 4f), and in general reflect their mineral content,
derived from weathering, erosion and transport of the upper
continental crust. In contrast, carbonate veins show that a large
variability of REE abundances occurs within the 1 m thick thrust-
related shear zone, with substantial differences between vein types.

The great variability in REE absolute concentrations can be
linked to several factors, which include changes in REE
concentration in solution, fluid oxidation state, temperature of the
fluid, presence of REE-complex species and changes in flow rate
(Henderson 1984). More recently, it has been argued that calcite
crystallization mode, in particular crystallization rate, can also
influence REE concentration in calcite (Barker ez al. 2006; Barker
and Cox 2011). Rapid growth of a crystal promotes the entrapment
of ions concentrated in the near-surface region more effectively,
whereas at a slower rate there is more time for elements in solution to
diffuse through the crystal lattice and prevent the formation of a
compositional zoning (Watson 2004). Therefore, the variability of
the studied veins in terms of REE absolute concentration can be
related to a large number of processes that cannot be individually
discriminated, as also discussed by Barker and Cox (2011).

The REE patterns, whether normalized to chondrite or to the host
rock itself, have some distinctive peculiarities between different
vein types. Shear veins always exhibit Eu positive anomalies,
whereas most extensional veins, both fault-parallel and fault-
perpendicular, are characterized by negative Eu anomalies or do not
present an anomaly (Fig. 5e).

The shear vein REE patterns normalized to wall rocks maintain
the Eu positive anomaly, thus confirming that this feature is not
related to re-equilibrium with the host rock (Fig. 4a). Positive Eu
anomalies in carbonates are generated by the presence of Eu?" in the
fluid, as Eu" is usually taken into the calcite structure in greater
proportion than any other REE**. Divalent Eu is the prevalent
oxidation state for Eu in most crustal fluids at temperatures >200°C
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fault parallel extensional veins
® fault perp. extensional veins
@ breccia shear vein
@ crack and seal shear vein

Fig. 3. Vein and wall rock samples analysed for REE content. Dots
correspond to LA-ICP-MS spots. (a) Sample AC15; (b) Sample AC26;
(¢) Sample MC3; (d) Sample AC3a2; (e) Sample AC19. The full-page
thin-section scans with labelled analysed points can be found in the
Supplementary material, Figs SM3-SM7.

and in reducing environments (Bau 1991; Bau and Méller 1992).
Therefore, positive Eu anomalies recorded along the basal thrust
suggest that hybrid shear veins precipitated from a Eu?*-enriched
fluid formed in disequilibrium with the fault-zone environment,

possibly at a temperature higher than the 150°C maximum of the
Sestola Vidiciatico Tectonic Unit shallow portion. This is consistent
with the structural localization of Vidiciatico shear veins, along
thrust surfaces presumably continuous downdip for several kilo-
metres. The larger Eu positive anomaly in AC26 veins relative to
those of Sample AC15 can be caused by a larger provision of exotic
fluid along the AC26 main thrust than in the AC15 minor fault. A
similar disequilibrium between the shear veins and the relative wall
rocks along the same fault has been previously determined by
oxygen isotope analyses (Vannucchi ez al. 2010).

The small negative Eu anomalies of most of the fault-parallel and
fault-perpendicular extensional veins are similar to those of the wall
rock samples, suggesting that calcite crystallized from a fluid in
equilibrium with the thrust fault-zone environment (Fig. 4c, d and
f). AC19 veins and some MC3 extensional vein patterns appear to
have a small Eu positive anomaly when normalized to their
respective host rock. This could reflect a small contribution of
carbonate from pressure-solution of the shear veins.

LREE enrichments and HREE depletions in calcite veins are due
to the different partition coefficients for the REE depending on their
size (Figs 4 and 5). In fact, LREE enrichments in calcites are mostly
controlled by sorption processes, where LREE are preferentially
assimilated in the crystalline lattice compared with HREE
(Henderson 1984; Bau 1991; Bau and Maller 1992). This process
is clearly recognizable in Group 1 extensional veins, which show
steep chondrite-normalized REE patterns (Fig. 4e).

Enrichments in HREE of the fluids are instead related to
preferential complexing of HREE generally by CO,-bearing fluids,
which form stronger complexes with HREE than with LREE. The
convex-downward patterns of calcites of Group 2 extensional veins
may derive from such CO,-bearing fluids (Fig. 4¢). Some of these
HREE-enriched veins are also characterized by LREE enrichments.
These complex convex-upward patterns could be related to a
combination of sorption and complexation processes. Veins in the
Vidiciatico thrust have indeed all experienced repeated cycles of
pressure-solution that might have modified their original REE
content, through successive depletions of more incompatible LREE
and additions of fluids derived from other dissolved veins. This is
possibly best expressed by MC3 and AC19 veins (Group 2 patterns),
for which we have structural evidence of pressure-solution
processes (Fig. 3¢ and e) and which show LREE and HREE
enrichments when compared with their host rock.

Breccia shear veins are very variable in terms of REE
enrichments and their patterns are mostly similar to those of
crack-and-seal shear veins, but the Eu anomaly varies from positive
to absent (Figs 4b and 5b, e). This might indicate that fluid
crystallizing breccia veins is exotic and travelling along the thrust
fault, but is possibly also affected by contributions from a local
source with no positive Eu anomaly. This could be related to the
mechanism of implosion breccia formation (Sibson 1985): after a
dilational opening along the shear surface, the pressure drop could
gather the surrounding locally derived, not Eu-enriched, fluid (see
for comparison Peltzer e al. 1998).

In summary, crack-and-seal shear vein patterns and Eu positive
anomalies point to a source of hot fluid external to the system, which
fed the incrementally growing veins repeatedly over time.
Conversely, extensional vein Eu negative anomalies and variable
patterns suggest that their fluid source should be internal to the
system and equilibrated to the host rock, but subsequently modified
by sorption and complexation reactions and pressure-solution
processes. Breccia shear veins instead might have crystallized
from a mixed fluid resulting from the combination of hybrid-shear-
type fluids and a local source.

Differences in REE patterns between fault (along shear fractures)
and extensional veins and the presence of the Eu anomaly only in
the fault veins have been recorded in samples from the Mugi
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mélange in the Shimanto Belt, Japan (Yamaguchi er al. 2011).
Integrating REE and C and O isotopes, Yamaguchi ez al. (2011)
suggested the involvement of a large-scale fluid influx, in
disequilibrium with the local fluid, during the precipitation of the
fault veins. Alternatively, they explained the positive Eu anomaly
retained by the fault veins as due to reducing conditions developed
locally along the fault plane, through production of hydrogen by co-
seismic mechano-chemical reactions (Kita et al. 1982). However, a
similar mechanism seems unlikely in the Vidiciatico fault zone
(Tnax <150°C), given that at low temperature the generation of a
positive Eu anomaly would require an extremely low oxygen
fugacity (Bau and Méller 1992).

Structural evolution of the Vidiciatico thrust

Our field and microstructural observations document mutual
crosscutting relationships between different types of structural
features, particularly veins, of the Vidiciatico basal thrust, that are
difficult to reconcile with a single, stationary, orientation of the
principal stress axes during deformation. This suggests a stress-
switching between o; and o3. In fact, the orientation of the fault-
parallel extensional veins and of the discontinuous foliation,
respectively at low and high angle to the main thrust fault
(Fig. 2e-h), as well as the low angle between the crack-and-seal
increments and the microtransforms within shear veins (Fig. 2c), are
all consistent with a 6, oriented at low angle to the Vidiciatico basal
thrust. On the contrary, fault-perpendicular extensional veins and
the pressure-solution cleavage are oriented consistently with a ¢, at
high angle or perpendicular to the basal thrust (Fig. 2e, g and h).
Indeed, the opening of extensional veins occurs perpendicularly to
the least principal stress 63, by hydraulic fracturing (Secor 1965;
Etheridge 1983). The orientation of the most pervasive foliation (i.e.
the pressure-solution cleavage), which is subparallel to the main
thrust fault and coherent with the general flattening described in the
Sestola Vidiciatico Tectonic Unit at regional scale (Vannucchi et al.
2008), may reflect long-term subvertical shortening, rather than
stresses driving fracturing (e.g. Fisher and Byrne 1987; Ujiie 2002;
Fagereng 2013). Therefore, the documented mutual crosscutting
relationships between veins and the orientation of the other, above-
described, microstructures, all coherent with different orientation of
the principal stress axes, might reflect a cyclical stress-switching
during deformation (see also discussion by Ujiie e al. 2018). This
has also been suggested for similar thrust faults around the world
(e.g. Fisher and Byrne 1987; Ujiie 2002; Fagereng 2013).

To represent the stress and pore fluid pressure conditions
compatible with the structural association discussed above, we use
a A-Ao space (Sibson 1998; Cox 2010), where A is the pore fluid
factor and Ac=(c; — 03) is the differential stress. The pore fluid
factor A is defined as A = Py/o,, where Py is the pore fluid pressure
and o, is the vertical load, here calculated for a burial depth of 5 km
(Vannucchi ez al. 2008) and a rock density of 2700 g cm™3.

In several active megathrusts, the main principal stress recon-
structed from focal mechanisms is gently (up to 30°) dipping
towards the trench (Hardebeck 2015). However, as a first-order
approximation, we consider a simplified model where the fault-
parallel extensional veins form when o,=0c3; and the fault-
perpendicular extensional veins form when o,=0; (Fig. 6a). In
these circumstances, normal stress across the fault in the hanging
wall (together with the mean stress) changes from greater than the
vertical stress to less than the vertical stress (Sibson 2013).

Following Sibson (2013), we combined on the same A-Ac graph
the failure and reshear envelopes for compressive (6,=03) and
extensional (o, = 6;) regimes. Brittle shear failure follows the linear
Coulomb criterion (blue line in Fig. 6a) 7= C + u(o,, — Py), where C
is the cohesive strength and yu is the coefficient of internal friction,
here assumed to be 0.75, a representative value for most crustal

rocks (Jaeger et al. 2007). The conditions for hydraulic extensional
fracturing are expressed in the form of Secor (1965) (red lines in
Fig. 6a): (67 —03) < 4T and Py=o05+ T, where T is the tensional
strength. The conditions for hybrid shear—extensional failure are
approximated by the parabolic Griffith failure criterion (Griffith
1924) (green lines in Fig. 6a): (5, — 03)> = 87T](c; — P¢) + (53— Py)].
The failure envelopes were drawn in the A-Ac space following the
recasting of Cox (2010), and adopting the widely used simplifica-
tion C=2T (Secor 1965) (Fig. 6a). Because extensional and hybrid
fractures in the Vidiciatico thrust crosscut mostly marls, we use a
tensional strength of 2 MPa, in the lower range for limestones or
mudstone (Carmichael 1982). The conditions for opening exten-
sional veins perpendicular to the fault zone are met in the
extensional regime, with o, =071, (0, — o) < 4T7=8 MPa, and at
suprahydrostatic to supralithostatic fluid pressures (0.95 <A<
1.015). In contrast, extensional veins parallel to the fault form in
the compressive regime, with o, = 03, (0, — 0,) <47 and supralitho-
static pore pressure (A = 1.015). The opening of hybrid veins related
to the thrust constrains the differential stress to be 47'< (o}, — ) <
5.57, with supralithostatic pore pressure (Fig. 6a). Hybrid-
extensional fracturing along the shear veins should be contempor-
aneous with shear along the microtransform surfaces connecting
them (Koehn and Passchier 2000; Fagereng ef al. 2010), and, more
generally, with shear reactivation of the thrust in the compressional
field. Following the analysis of Sibson (2009, 2013) and Cox
(2010), the criterion for reactivating a pre-existing fault plots as a
straight line in A-Ac space, whose position and slope depend on
fault cohesion Cy, fault friction uy and the reactivation angle 6,
between the fault and #o0,. We assume a relatively low friction p¢s=
0.4, coherent with shear surfaces (i.e. the microtransforms) coated
by clay (mainly illite) minerals (Saffer and Marone 2003; Den
Hartog et al. 2012). The widespread precipitation of calcite along
the shear veins indicates that the fault was not cohesionless, but fault
cohesion was probably lower than that of the wallrock, given that we
observe preferential localization of successive slip episodes along
the same surfaces. The dip of the thrust, and thus its reactivation
angle 6,, is poorly constrained, although probably in the range 10—
20° based on the angle between microtransforms and crack-and-seal
increments (Fig. 2e) and on the footwall flat geometry at the outcrop
scale (Fig. 1).

Therefore, we considered the reactivation envelopes for a thrust
dipping at an average angle of 15° and having cohesion between 2.5
and 3 MPa, allowing the reactivation envelope to intersect the
conditions for forming hybrid fractures, as constrained by the
microstructural evidence for contemporaneous slip along the
microtransforms and hybrid shear—extensional fracturing
(Fig. 6a). The widespread formation of extensional and hybrid
fractures is another indication that cohesionless or low-cohesion
thrusts are absent, otherwise they would be activated before forming
extensional or hybrid fractures, for any loading path (e.g. Sibson
1998, 2013) (Fig. 6a).

A first result of this simplified analysis is that in all its brittle
activity, the Vidiciatico basal thrust worked in conditions of low
differential stresses (less than 11 MPa in absolute value) and high
pore fluid factors (>0.95) (Fig. 6a), similar to the ambient conditions
of shallow active subduction megathrusts as imaged by geophysical
methods (e.g. Saffer and Tobin 2011; Hardebeck 2017). Given the
very low differential stress that can be sustained by the thrust based
on its mode of failure, it is reasonable that even a modest coseismic
drop in shear stress would cause a long-term postseismic rotation of
o) (e.g. Sibson 2013). Postseismic stress rotation owing to the
partial or total release of the shear stress after large megathrust
earthquakes has been widely documented in active settings, where
extensional faults were activated in the wedge and in the outer rise
(e.g. Hasegawa ef al. 2011, 2012; Ide et al. 2011; Hardebeck 2012;
Brodsky et al. 2016, 2020). From the A-Ao diagram, it appears that
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for the burial depth of the Vidiciatico thrust, a drop in differential
stress of about 20 MPa (coherent with seismologically determined
stress drop; Sibson 2013) can cause a complete stress switch from a
compressional to an extensional regime, with the formation of
optimally oriented normal faults (Fig. 6a). However, the considered
dataset derives from a single outcrop and cannot be considered as
representative of the whole shallow megathrust behaviour, which is
probably heterogeneous. More data, hopefully from different fossil
analogues, are necessary to drive more robust conclusions at a larger
scale.

Stress—fluid interplay during the seismic cycle

The geochemical signatures of the vein sets in the Vidiciatico thrust are
strongly correlated with their structural significance. Shear veins,
associated with shear failure along the thrust, bear evidence for the
influx of fluids external to the system, whereas small-scale extensional
veins are cemented by local fluids in equilibrium with the surrounding

phase (modified from Sibson 2013).

rocks, independently of their orientation. Brittle failure mode appears
thus to be strongly coupled with fluid transport, as expected for low-
porosity rocks such as the tectonized marls hosting the Vidiciatico
thrust fault (e.g. Cox 2010; Sibson 2013). Based on the above analysis
of the differential stress—pore fluid pressure conditions necessary to
form the vein sets and their mutually crosscutting relationships, we
propose a model in which the activity of the basal thrust occurred
through the following cyclically repeated phases.

(1) Seismic failure along the thrust. The differential stress—pore
fluid factor conditions are within the area A in Figure 6a, meeting
both the conditions for reshear on the main fault and those for
opening of shear veins inside small dilational jogs. The earthquake
ruptures, which probably nucleated in deeper sectors of the fault,
can cause a drop in differential stress sufficient to switch the stress
state of the area from a subvertical o3 to a subvertical o,. This
differential stress fall is associated with a drop in pore fluid pressure
caused mainly by two factors: the poroelastic relaxation owing to


http://jgs.lyellcollection.org/

Downloaded from http://jgs.lyellcollection.org/ by guest on May 4, 2020

Seismic cycle in a megathrust-zone mélange 657

the drop in mean stress, expressed by the Skempton coefficient (e.g.
Sibson 2013), and the increase in fracture permeability caused by
the coseismic damage (e.g. Sibson 1986; Mitchell and Faulkner
2012). Coseismic fluid drainage is in agreement with the positive
Eu* anomaly of crack-and-seal shear veins and, to a lesser extent, of
implosion breccias, which points to fluids sourced by deeper
reservoirs in disequilibrium with the thrust wall rock (Fig. 6b and c).

(2) Postseismic phase. After the earthquake, as a result of the
simultaneous drop in both differential stress and pore pressure, the
conditions of the faults in A-Ac space are within the area B in
Figure 6a. The fault then undergoes compaction, which causes a
reduction of porosity and consequent pore fluid pressure increase
(e.g. Sleep and Blanpied 1992). An increase in pore fluid pressure
can lead to the onset of extensional failure in the extensional regime,
thus producing fault-perpendicular extensional veins (B in Fig. 6a
and b). The pore pressure excesses are likely to be local and
immediately discharged by the formation of the veins, thus limiting
the increase in pore fluid pressure. The REE patterns of fault-
perpendicular extensional veins are buffered by the wall rock, as
expected for small fractures draining local fluids. Gradually, as fault
strength recovers, tectonic loading causes a gradual increase in oy,
and a reduction in (o, — oy,), and the stress state moves towards C
(arrow in Fig. 6a).

(3) Reloading phase. The increase in o;, owing to tectonic
loading allows the differential stress to decrease in absolute value,
and subsequently to switch to a compressional regime, with pore
fluid pressure limited by the formation of subhorizontal extensional
veins (C in Fig. 6a and b). Accordingly, subhorizontal extensional
veins precipitate calcite from local fluids, in equilibrium with the
wall rock (REE patterns buffered by the host rocks) and affected by
pressure-solution, owing to fault-parallel shortening. Strength, pore
fluid and stress recover in the compressional regime (Fig. 6b). The
formation of extensional veins excludes the contemporaneous
presence of a well-oriented cohesionless fault (e.g. Sibson 1998,
2013). Therefore, at this stage the thrust has regained some cohesion
probably through calcite precipitation.

(4) Back to phase (1). The increase in o;, owing to tectonic
loading causes an increase in differential stress leading to the
reactivation of the thrust (A in Fig. 6).

Concluding remarks

We analysed the petrostructure and geochemical composition of
tectonic veins sampled from an exhumed thrust surface inside the
Sestola Vidiciatico Tectonic Unit fault zone (Northern Apennines,
Italy), which represents a field analogue for the shallow portion
(Tinax around 100-150°C) of subduction megathrusts (Vannucchi
et al. 2008). The combination of REE composition and structural
data suggests the following.

(1) The stress along the fault cyclically switched from a
compressional reverse-slip faulting pre- to syn-failure (o; at low
angle to the fault), to extensional normal-slip faulting post-failure
(o7 at high angle to the fault).

(2) This switching is compatible with a complete release of the
shear stress along the thrust fault surface, as observed in modern
subduction zones (e.g. Lin et al. 2013; Brodsky et al. 2016).

(3) The complete release of shear stress is coherent with a low
differential stress before the event, as constrained by the formation
of vein sets during and before the event.

(4) Thrust activity is correlated with changes in permeability, with
inputs into the system of an external fluid marked by an Eu positive
anomaly, during the main seismic event, and a local fluid source, with
no Eu anomaly, in the post-seismic and reloading phases. A similar
interpretation has been given by Yamaguchi ez al. (2011) to explain
the REE signatures of quartz—calcite veins of the Mugi mélange in the

Shimanto Belt, Japan, which have REE patterns and Eu anomalies
very similar to those of the Vidiciatico shear veins.

To conclude, our results indicate that the combination of
geochemical and structural analyses on veins from megathrust
field analogues represents a promising tool towards a deeper
understanding of the interplay between stress state and fluids in
subduction zones. In particular, the oxidation—reduction behaviour
of Eu is central to identify the redox ambient conditions and trace
possible inputs of external fluids. It remains to be seen whether the
high variability of the REE patterns, which characterize the
Vidiciatico veins, will be confirmed in other similar tectonic
settings. Moreover, our data support that the seismic cycle is closely
dependent on both the reaccumulation of fluid overpressure along
the plate interface and the accumulation of shear—strain along the
megathrust, as proposed by Sibson (2013) for the 2011 Mg 9.0
Tohoku-Oki megathrust rupture.
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