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ABSTRACT

Exhumed faults in granitoids along the Lanterman Fault-Rennick Graben Fault system (northern Victoria Land,
Antarctica) show superposed ductile to brittle deformation and pervasive hydrothermal fluid-rock interaction.
These processes triggered multiple brittle slip events producing crosscutting epidote and prehnite-rich fault
veins, ultracataclasites and pseudotachylytes of crushing origin. Combined microstructural and minerochemical
investigations on fault damage zones show three types of alteration: (i) albitization of K-feldspar and Ca-
plagioclase; (ii) crystallization of prehnite and calcite in veins; (iii) alteration of magmatic phases by second-
ary hydrous minerals (e.g. chlorite, white mica, epidote and prehnite). The fault experienced various episodes of
strain weakening and hardening, due to alteration of minerals and precipitation of epidote and prehnite within
ultracataclastic intervals, at decreasing temperature conditions (200 < T°C < 450) and varying CO» fugacity of
the fluids. Cyclic crystallization of epidote/prehnite within the fault cores caused cementation and locking of
faults, concentration of deformation at weaker horizons and a progressive broadening of the fault zone. Our
results indicate that multiple co-seismic slip and syntectonic fluid flow very likely occurred prior to the Cenozoic
brittle reactivation of inherited anisotropies in the northern Victoria Land crust along the Lanterman Fault-
Rennick Graben Fault system and underlines its high potential for polyphasicity.

1. Introduction

The presence of mineralization after fluid-rock interaction within
fault rocks plays an important role both on fault permeability and on
fault mechanics (e.g. seismic vs. aseismic behaviour). These features are
fundamental in the study of fault dynamics. Faults or fault zones, in
particular, can be important conduits for fluid flow in the lithosphere (e.
g., Kerrich, 1986; Caine et al., 1996; McCaig, 1997), and, in this context,
hydrothermal mineralization and alteration processes (by possibly
CO2-saturated fluids) have a high potential in influencing the rheolog-
ical response of the crust and the mechanics of faults. In addition to the
normal-shear stress and possible fluid overpressure, hydrothermal pro-
cesses may facilitate the shear failure propagation due to mechanical

weakening and dissolution of the wall rock, generating earthquake
swarms (Sibson 2000; Heinicke et al., 2009; Chiodini et al., 2020). Some
authors suggest that hydrothermal alteration in fluid-filled fracture
zones can reduce the friction of asperities and fissures by dissolving
crystal edges and/or by argillitization (e.g., Heinicke et al., 2009).
Heinicke et al. (2009) propose that friction is not reduced where no
alteration processes affect the host-rock, and increased stress must be
accumulated before failure of pre-existing ruptures occurs. As a result,
fewer earthquakes with higher magnitudes will be generated in the
latter case (Heinicke et al., 2009). However, sealing of fractures and
pore space in fault rocks after the crystallization of new phases in time
periods between seismic events leads to a decrease of permeability and
generation of pods of abnormally pressured fluids, which may have a
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fundamental role in the initiation of large earthquakes (Bruhn et al.,
1994). It has been observed, however, that both the mineralogical
composition of the altered zone and the accumulation of damage and
degree of healing are important factors controlling the mechanical
properties of a fault (i.e. fault-proximal weakening vs. strengthening)
and the mobility of chemical elements along it (Arancibia et al., 2014;
Callahan et al., 2019): for instance, strength increases when mineral
precipitation reduces microfracture porosity to <10-15% of total
microfracture area (Faulkner et al., 2008; Holland and Urai, 2010;
Callahan et al., 2019).

Mass transfer processes and mineral reactions are enhanced by long
term fluid-rock interaction during interseismic periods; mineral re-
actions gradually modify the composition and texture of fault rocks,
controlling their mechanical properties and accommodating aseismic
creep (e.g., Sibson, 1977; Wintsch et al., 1995; Collettini et al., 2009;
Gratier et al., 2011; Mittempergher et al., 2014). P- and S-wave veloc-
ities also decrease in hydrothermally altered fault rock relative to the
wall rock (Bruhn et al., 1994).

Several types of mineralizations, with the potential presence of
phyllosilicates, can occur along faults according to depth, P-T conditions
of formation and chemistry of the circulating fluid. In particular, when
present in significant amounts, phyllosilicate minerals influence fault
strength by facilitating shear localization in the weak fault rock matrix
(Shimamoto and Logan, 1981; Gapais, 1989; Moore and Byerlee, 1989;
Blenkinsop and Sibson, 1992; Tembe et al., 2010; Cavailhes et al., 2013;
Sanchez-Roa et al., 2017).

Exhumed faults provide measures to investigate the interplay among
the aforementioned fault deformation mechanisms, fluid-rock interac-
tion processes and mass redistribution along faults at depth. Here, we
provide the microstructural, mineralogical and petrological description
of an exhumed hydrothermally altered fault rock inside a monzogranite
to granodiorite of the Granite Harbour Intrusives (GHI) from the eastern
margin of the Rennick Graben in the Lanterman Range (northern Vic-
toria Land, Antarctica). The multiple cm-thick fault zone is part of a
regional ENE-WSW km-scale fault system that transects the Lanterman
Range and is characterized by a polyphase deformation history accom-
panied by multi-stage fluid circulation and periods of inter-slip cemen-
tation by hydrous minerals. The persistent fluid-rock interaction during
slip along this fault produced cross-cutting calcite-epidote-prehnite-rich
ultracataclasite layers, microveins and pseudotachylytes.

The aim of this work is to highlight how the occurrence of epidote-
and prehnite-rich hydrothermal alterations can affect the mechanical
behaviour of faults, inducing the hardening of the fault rock. We also
show that the presence of randomly growing phyllosilicates (i.e. pre-
hnite) apparently does not trigger major phases of slip, but does
contribute to the overall strengthening of the fault. The study, further-
more, provides new insights into the deformation mechanisms of
epidote and prehnite within a polyphase fluid-assisted tectonic
environment.

2. Geological background

Northern Victoria Land (nVL) is located at the Pacific end of the
Transantarctic Mountains. Its basement results from the juxtaposition of
three lithotectonic units during the late Neoproterozoic to early Paleo-
zoic Ross Orogeny (e.g., Bradshaw and Laird, 1983; Weaver et al., 1984;
Bradshaw et al., 1985; GANOVEX Team, 1987; Kleinschmidt and Tes-
sensohn, 1987; Stump, 1995; Capponi et al., 1999; Roland et al., 2004;
Federico et al., 2006, 2010). These are, from W to the E, the poly-
metamorphic and magmatic Wilson Terrane, the central island-arc- or
arc/back-arc-related metasedimentary to —volcanic Bowers Terrane, and
the external turbidite succession of the Robertson Bay Terrane (e.g.,
Wright et al., 1984; Borg and Stump, 1987; GANOVEX Team, 1987;
Black and Sheraton, 1990; Capponi et al., 1999; Di Vincenzo and Rocchi,
1999; Rocchi et al., 2003, 2011; Roland et al., 2004; Schiissler et al.,
2004; Federico et al., 2006; Bracciali et al., 2009; Goodge et al., 2012,

2020; Estrada et al., 2016) (Fig. 1).

The boundaries between these units consist of two major faults or
shear zones that are characterized by a polyphase and long-lasting his-
tory. The Lanterman Fault separates the Wilson and the Bowers terranes
(e.g., Capponi et al., 1999; Rossetti et al., 2002), whereas the Leap Year
Fault, as the western termination of the larger Millen Shear Zone, defines
the boundary between the Bowers and Robertson Bay terranes (e.g.,
Crispini et al., 2014; Phillips et al., 2014).

The Lanterman Fault, which is the main subject of this study, is best
exposed in the north-eastern Lanterman Range, located on the eastern
shoulder of the Rennick Graben (Tessensohn et al., 1981; Rossetti et al.,
2003) (Fig. 2). The Lanterman Range mainly consists of high-grade
polymetamorphic gneisses and amphibolites of the Wilson Terrane (e.
g., Grew and Sandiford, 1984; Roland et al., 1984; Kleinschmidt et al.,
1987; GANOVEX Team, 1987), which are intruded by predominantly
I-type granitoids (e.g., Borg and Stump, 1987; Borg et al., 1987; Vetter
and Tessensohn, 1987; Armienti et al., 1990). The contact between the
Wilson Terrane and the Bowers Terrane, in the north-eastern Lanterman
Range, is characterized by a tectonic melange that comprises
ultra-high-pressure mafic to ultramafic rocks enclosed as bodies and
discontinuous layers in gneisses as well as highly deformed low-grade
metaconglomerates of mafic to felsic compositions (Gibson, 1984,
1987; Ricci et al., 1996; Capponi et al., 1994, 1997, 1999; Di Vincenzo
et al., 1997; Talarico et al., 2004; Palmeri et al., 2011). The different
rock slices are separated by a narrow network of anastomosing faults
and shear zones of the Lanterman Fault (Capponi et al., 1999; Rossetti
et al., 2002). This fault or fault zone, which can be traced from the
Pennell coast at the Pacific Ocean along the eastern margin of the
Rennick Glacier and the western Bowers Mountains into the Lanterman
Range and finds its southern continuation in the Mountaineer Range
(Capponi et al., 1999; Rossetti et al., 2002), is interpreted as a major
NNW-SSE striking structure that transects both the whole nVL crust and
the Cenozoic rift basin of the Ross Sea (Storti et al., 2006).

The kinematics of the Lanterman Fault zone has been long debated,
although there is now consensus that it experienced a polyphase ductile
to brittle tectonic evolution that likely started at least at ca. 480 Ma
during the late Ross Orogeny (Capponi et al., 1999; Rossetti et al., 2002;
Crispini et al., 2007). Structural evidence suggests that the Lanterman
Fault was first a thrust fault juxtaposing the Wilson Terrane over the
Bowers Terrane (e.g., Tessensohn, 1984; Gibson et al., 1984; Capponi
et al., 1999). One meter to a few tens of meters thick shear and fault
zones indicate subsequent late- and/or post-Ross-age and up to
low-grade left-lateral transtensional shearing which caused the trans-
formation of mafic and ultramafic rocks into lenses of chlorite-actinolite
schists, mylonite (mostly listvenites) and minor cataclasite (Capponi
et al., 1999; Crispini and Capponi, 2002; Ghiribelli et al., 2002; Pour
et al., 2019). Finally, Cenozoic (post-50-40 Ma) brittle extensional/-
transtensional to dextral strike-slip tectonics, as possible response to the
onshore prolongation of intra-oceanic facture zones in the Pacific Ocean,
affected the whole of nVL and the Ross Sea crust (e.g., Salvini et al.,
1997; Rossetti et al., 2006; Storti et al., 2007). This latest episode of
tectonism has led to a complex NNW-SSE to NW-SE striking anasto-
mosing dextral fault pattern reactivating inherited anisotropies within
the Paleozoic basement and contributing to the formation of the Rennick
Graben as a narrow extensional to transtensional basin (Rossetti et al.,
2002, 2003). In this model, the northern segment of the Lanterman Fault
coincides with the eastern boundary fault of the Rennick Graben, i.e. the
Rennick Graben Fault (RGF) in this study (Figs. 1 and 2). Along-strike
bending of the whole Lanterman Fault-Rennick Graben Fault system
from NNW-SSE directions to NW-SE to E-W directions in the Lanterman
Range corresponds to partitioning of strain and progressive transition
from strike-slip-related dominant extension and transtension to local
dominant transpression in the Lanterman Range, resulting in a km-scale
push-up structure and well-expressed anastomosing fault strands in the
intra-fault sections (Capponi et al., 1999; Rossetti et al., 2002, 2003;
Crispini et al., 2014). Alternative models interpret the opening of the
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Fig. 1. Schematic geological map of northern Victoria Land (modified after Pertusati et al., 2016). The inset shows the location of northern Victoria Land

in Antarctica.

Rennick Graben and the Ross Sea rift basins as pull-aparts linked to
Cretaceous NW-SE trending left-lateral strike-slip faulting reactivating
inherited structures in nVL (Tessensohn, 1994; Ferraccioli and Bozzo,
2003).

Generally, main fault surfaces dip westward and are associated with
cataclasites and fault gouges (Rossetti et al., 2003; Federico et al., 2010).
Steeply dipping subsidiary faults in the damage zones show mostly small
displacement (some centimetres) along single shear surfaces and larger
displacement (ten of metres) in composite fault zones with decimetre-to
metre-thick cataclastic cores, which are compatible with sinistral sense
of shear (Federico et al., 2010) overprinted by NW-SE directed dextral
shear (Rossetti et al., 2003; Storti et al., 2006). Recently, GPS data
indicate active left-lateral strike-slip motion in the NNW-SSE segment of
the Lanterman Fault in the Lanterman Range (Dubbini et al., 2010).

Both major regional-scale lineaments and intra-terrane fault systems

in nVL are associated with hydrothermal/metasomatic alteration zones,
syntectonic mineralizations and deformation zones with ultra-
cataclasites and pseudotachylytes (Crispini and Capponi, 2002; Di Vin-
cenzo et al., 2004, 2013; Federico et al., 2010; Crispini et al., 2011,
2014; Pour et al., 2019). The hydrothermal/metasomatic alterations
affect mainly the damage zone of faults and are often associated with
diffuse networks of syntectonic polyphase veins. Four main types of
alterations can be distinguished (Crispini et al., 2011, 2018; Malatesta
et al., 2018a; Pour et al., 2019): (i) foliated listvenites after carbonation
processes of mafic and ultramafic rocks along brittle-ductile shear zones;
(ii) Mg-Ca-Fe carbonation and/or silicification of metavolcanic rocks
associated with syntectonic carbonate coatings on fault planes, hy-
draulic brecciation, and quartz-carbonate veining; (iii) epidote-bearing
slickensides, epidote veining and epidotization in low-grade meta-
basalts and in amphibolites in the Lanterman Range and the Bowers
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Fig. 2. A) Sketch map with the location of the
damage zones where the hydrothermal alteration
and veining is more intense (modified after Federico
et al., 2010 and Pour et al., 2019). B) Example of a
fault zone in granitoids from the north-western side
of the Lanterman Range. Note the pink alteration of
granite (see text for explanation) and NNE-SSW
slickensides with concordant epidote-prehnite
fault vein mineralization (labeled 1 in Fig. 2C).
RGF: trace of NNW-SSE brittle fault sets oriented
parallel to the Rennick Graben and Lanterman Fault
and cross-cutting the fault vein (labeled 2 in
Fig. 2C); subparallel Riedel shears are compatible

with dominant dextral strike-slip along these faults.
C) Fault-slip data (planes and striae with slip di-
rection) of (B) are shown as great circles and arrows
in lower hemisphere stereographic projections
(Win-Tensor software, Delvaux and Sperner, 2003).
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)

Mountains; (iv) epidote-chlorite-prehnite-bearing cataclastites, ultra-
cataclastites, and indurated gouges in fault cores, with saussuritization
of K-feldspar in the wallrock of granitoid rocks.

3. Material and Methods
3.1. Sample collection, preparation and preliminary study

Structural investigations, collection of data and sampling were
accomplished during joint Italian (PNRA) - German (GANOVEX) Sci-
entific Expeditions in Antarctica. Nine rock samples from fault systems
transecting the Lanterman Range were prepared to obtain polished thin
sections (Fig. 2). The samples were cut normal to the foliation/layering
and the fault zone and parallel to the minerals preferred orientation and

lineation and minerals
elongation

the strike-slip lineation (i.e. XZ plane, Fig. 3A). Using a polarising optical
microscope, we defined the main microstructural, petrographical and
mineralogical characteristics of the wall- and the fault-rock. We later
selected three representative samples (LAN 11, 281214GL1 and
281214GL1D - hereafter GL1 and GL1D, respectively; Figs. 2A and 3A,
B, C) to further investigate the fault rock characteristics using multi-
approach analytical techniques (i.e. EMPA-WDS, XRD and EBSD ana-
lyses). Here, we show the results of the two samples LAN 11 and
281214GL1), which we considered to be the most significant and
peculiar ones with regard to the key targets of this study.
Micro-chemical analyses were performed taking advantage of an
Electron Microprobe (JEOL 8200 Super Probe) at the ‘Ardito Desio’
Earth Sciences Department (University of Milan, Italy) that used a WDS
system; the working conditions were set at 15 kV accelerating voltage
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and 4.9 nA beam current; natural minerals were used as standards.

Qualitative bulk mineralogical analyses on pulverized fault rock
from the samples were done by X-ray diffraction (XRD) using a Philips
PW3710 diffractometer, current 20 mA and voltage 40 kv, at the Uni-
versity of Genoa (Italy) as well as a PANalytical X’Pert PRO MDP
diffractometer (Co-Ka radiation generated at 40 kV and 40 mA) at BGR
in Hannover (Germany). Table 1 shows the analyses of representative
minerals and Supplementary Fig. 1 includes representative XRD patterns
of LAN 11 and GL1 samples.

3.2. EBSD analyses

Electron backscattered diffraction (EBSD) analysis was carried out
using a CamScan X500FE CrystalProbe with an Oxford/HKL EBSD sys-
tem and the AZtecHKL acquisition software by Oxford Instruments
operating at “Géosciences Montpellier” in Montpellier University
(France). The operating conditions of the SEM/EBSD were set at 15 kV
accelerating voltage, and 3.5 nA beam current. In individual EBSD scans
the step size varied between 0,3 and 2 pm. EBSD data were first pro-
cessed using the CHANNELS5 software from Oxford Instruments HKL to
remove isolated single pixels and to increase the indexation rate by
filling automatically the non-indexed pixel having at least 6 neighbours
indexed for single phase. The EBSD data were then processed using the
MTEX toolbox (version 4.5.2) in MATLABTM [e.g., Hielscher and
Schaeben, 2008; Mainprice et al., 2015]. Grains smaller than two pixels
were discarded and a 10° threshold angle between neighbouring pixels
was used to automatically identify grain boundaries.

The crystallographic preferred orientation (CPO) and grain misori-
entation analysis of the main mineral phases (i.e., epidote, prehnite,
albite, K-feldspar, quartz, and calcite) in the fault zone were measured
on the oriented thin sections, cut parallel to the main slip zone and
parallel to mineral lineation (i.e. XZ plane of the strain ellipsoid,
Fig. 3A). The misorientation is quantified using the misorientation of
each pixel with respect to the mean orientation of pixels within a single
grain (mis2mean). Grain Orientation Spread (GOS) values represent the
average of mis2mean within a single grain. Deformation is further
charaterized by plotting the 2°~10° misorientation rotation axes in the
crystallographic reference frame (Inverse Pole Figures). The CPO are
displayed as equal area, lower hemisphere projections, representing the
Orientation Distribution Function (ODF) using the average orientation
of each grain. From the six total areas analyzed in LAN 11 and GL1
samples (i.e., three areas in each sample), we selected one sub-area in
LAN 11 and one in GL1 samples, that well represent epidote- and
prehnite-rich ultracataclasites (hereafter UCTs) and pseudotachylyte
layers, respectively, for EBSD mapping,. Indexation rate ranges between
62% in pseudotachylyte-layers area to 93% in the epidote- and prehnite-
rich UCTs areas.

4. Results

4.1. Fault zone structure

For this study we selected two fault zones, considered as part of the
Lanterman Fault-Rennick Graben Fault system, cropping out on the
western shoulder of the Lanterman Range (Figs. 1 and 2). They have the
same structural features and orientation, i.e. they are multicore miner-
alized fault zones in granitoid rocks of the GHI (Fig. 2A-C).

The studied samples derive from the northwestern corner of the
Lanterman Range at the eastern margin of the Rennick Graben (Fig. 2A).
Crosscutting relationships there indicate an older conjugate fault system
with coeval fault epidote-prehnite vein mineralization, which is over-
printed by brittle NNW-SSE striking extensional and dextral and con-
jugate sinistral strike-slip faults (e.g.; Fig. 2B and C). These younger
faults are most likely related to Cenozoic tectonics along the Lanterman
Fault-Rennick Graben Fault system (Rossetti et al., 2002, 2003). The
older system may thus be of pre-Cenozoic age.

The host-granitoid rocks affected by the fault zones have a hypi-
diomorphic texture and consists of pluri-mm-size euhedral to subhedral
crystals of prevailing white plagioclase, light-pink K-feldspar and minor
grey quartz and black biotite crystals. The fault zones occur in conjugate
sets, Riedel shears or splay fault veins with evidence of multiple kine-
matics. They are about 3-5 cm thick, show slickensides and are char-
acterized by a strong asymmetry (Fig. 3). A ~1.5 cm-thick fault core has
a sharp contact with the host-rock on one side, whereas the other side
consists of a 0.5 cm-thick transitional zone; the damage zones affecting
the fault wall-rocks on both sides of the fault core are 0.5-1 cm-thick
(Fig. 3A-C and A’-C'). In one sample (GL1D), there are crosscutting cores
of two different fault generations, which are separated by a transitional
zone (Fig. 3C, C'). The damage zones are characterized by a dark-pink
stain and by microcracks, filled mainly by epidote, which depart from
the fault core and affect the first millimeters of the wall-rock; there,
macroscopically grey quartz crystals and dark-pink K-feldspar predom-
inate. The transitional zone is characterized by light-green layers of
ultracataclasites (about 500 pm-thick) wrapping mm-to cm-size frag-
ments of the wall-rock (Fig. 3). The fault core consists of different gen-
erations of mm-wide (a) dark- and (b) light-green ultracataclasite layers,
(c) whitish calcite veins with superposed slip zones. In GL1 sample light-
green layers (b) prevail over dark-green UCT (a), whereas mm-thick very
dark-green layer including UCT, relict mylonite and very dark-green to
black-colored layers (d) mark the contact between the fault core and the
wall-rock (Fig. 3B, B'). The dark-green layers (a) are epidote-rich and
preserve pluri-um to mm-size relicts of wall-rock minerals and calcite
clasts, the latter deriving from the cataclasis of calcite veins (c); these
layers are boudinaged inside light-green layers (b). Light-green layers
(b) consist of different generations of UCT (light-to dark-brown at the
optical microscope), including tens of pm-size clasts of randomly ori-
ented wall-rock minerals in a prehnite-rich matrix. The clasts are sub-
angular with an irregular shape and locally with embayed margins. UCT
generations differ mainly in the grain-size of prehnite in the matrix
(about 10-80 pm in size), which generally decreases in the younger
generations. UCT with coarser prehnite are boudinaged and disrupted in
UCT with increasingly smaller prehnite crystals, forming mm-size clasts
that are locally rotated at high angle compared to the new brittle shear
zone (Fig. 4A); prehnite-filled syntaxial veins and vugs that randomly
crosscut the UCT. Very dark-green- to black-colored layers (d) appear
very cloudy and dark at the optical microscope. They have sharp con-
tacts with UCT layers, cutting both dark-, light-green layers and prehnite
veins and producing micro-injection veins in the UCTs (Fig. 4B); layers
(d) consist of slightly oriented pluri-pm-size irregular clasts of wall-rock
and alteration minerals (i.e., K-feldspar, quartz, plagioclase, epidote,
allanite and minor calcite, sphene, apatite and zircons) in a matrix of
sub-ym to pm-size clasts of wall-rock crystals, prehnite and minor
chlorite. These layers occur mainly at the contact between the fault core
and the wall-rock and are highly asymmetric, focusing on one side of the
fault core, where mylonite relicts, fluidal structures and anastomosing
surfaces can be observed.

4.2. Microstructures

4.2.1. Wall-rock

The granitoid rock (monzogranite to granodiorite) has a hypidio-
morphic texture consisting of pluri-mm-size euhedral to subhedral
crystals of K-feldspar, plagioclase, quartz, biotite and minor zircon,
opaque minerals and apatite with pm-to pluri-um-size inclusions of
quartz plus glass. K-feldspar, plagioclase and biotite (in decreasing order
of abundance) prevail in the wall-rock far from the fault core. The
magmatic minerals are increasingly altered approaching the fault zone,
and K-feldspar, quartz and plagioclase become the predominant phases.

Biotite is fully replaced by pre-kinematic chlorite, white mica,
sphene and locally by prehnite (Figs. 4C and 5A). Dark pink crystals
consist of K-feldspar, which is pseudomorphically replaced by Na-rich
plagioclase (albite), and are particularly abundant close to the fault



Table 1

Electron microprobe analyses of representative minerals from the wall rock and the fault zone.

K-Feldspar Plagioclase Epidote Allanite Prehnite White mica Chlorite
Wall rock Fault rock Wall rock Fault Wall rock Fault Faultrock  Wall rock Fault rock  Veins Wall rock Wall  Fault rock
rock rock rock
LAN 11 281214GL1 281214GL1 LAN 11 281214GL1 281214GL1  281214GL1 281214GL1 LAN  281214GL1 LAN  281214GL1
11 11
Ba- Ba- Ba-poor Na- Na- Na- Fe- Fe- Fe-rich Fe- Core Rim Core Rim After  After K-Fs
rich poor poor rich  rich poor  rich ext. rich bt
core core Core core
m 2) ) 2)
Si02 65.86 67.09 66.09 Si02 59.28 67.30 70.15 SiO2 38.35 38.20 37.87 38.10 33.65 42.06 43.29 43.90 42.52 4297 SiO2 47.21 45.39 Si02 29.45 29.26
TiO2  0.01 0.00 0.05 TiO2  0.04 0.01 0.00 TiO2 0.00 0.11 0.05 0.09 076 0.12 0.07 0.17 0.00 0.00 TiO2 0.39 0.01 TiO2 0.03 0.77
Al203 18.69 18.58 18.03 Al203 24.13 19.92 20.07 AI203 2555 23.17 2233 21.18 14.77 17.10 22.85 22.47 19.53 22.51 AlI203 28.51 39.60 Al203 17.23 16.59
Cr203 0.00 0.00 0.05 Cr203 0.02 0.00 0.00 Cr203 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 Cr203 0.00 0.00 Cr203 0.02 0.03
FeO 0.00 0.00 0.25 FeO 0.08 0.00 0.14 FeO 9.79 1211 13.14 14.42 15.87 9.58 2.69 2.47 6.25 3.02 FeO 6.30 0.51 FeO 24.84 27.52
MgO  0.02 0.00 0.01 MgO  0.00 0.00 0.01 MgO 0.02 0.04 0.00 0.00  0.09 0.00 0.04 0.04 0.02 0.01 MgO 2.48 0.00 MgO 16.30 13.20
MnO  0.06 0.00 0.04 MnO  0.00 0.00 0.06 MnO 040 046 0.26 0.08 0.25 0.03 0.00 0.09 0.04 0.00 MnO 0.04 0.00 MnO 0.46 0.49
CaO 0.09 0.02 0.12 Cao 5.88 0.22 0.31 CaO 22.42 2237 2254 2257 13.11 25.81 26.90 25.97 26.54 26.67 CaO 0.12 0.00 CaOo 0.16 0.09
Na20 1.35 0.12 0.10 Na20 8.02 11.67 11.11 Na20 0.00 0.01 0.01 0.03  0.00 0.09 0.02 0.03 0.01 0.04 Na20 0.19 0.23 Na20 0.02 0.02
K20 14.21 15.81 15.80 K20 0.20 0.10 0.14 K20 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 K20 10.28 10.37 K20 0.04 0.48
Sum 100.28 101.63 100.56 Sum 97.66 99.22 101.99 Sum 96.54 96.53 96.21 96.48 78.51 94.79 95.86 95.14 94.92 95.27 Sum 95.52 96.12 Sum 88.55 88.45
Pr203 0.00 0.00 0.02 Pr203 0.00 0.00 0.00 Pr203 0.00 0.00 0.00 0.00 0.64 nd. nd  0.00 nd. nd  Pr203 0.00 0.02 Pr203 0.00 0.06
Nd203 0.01 0.00 0.04 Nd203 0.00 0.00 0.00 Nd203 0.00 0.00 0.14 0.02  3.07 nd. nd  0.05 nd. nd  Nd203 0.01 0.08 Nd203 0.03 0.00
Rb20  0.00 0.00 0.00 Rb20 0.039 0.05 0.00 Rb20 0.00 0.00 0.00 0.00 0.00 n.d. n.d. 0.00 n.d. n.d. Rb20 0.00 0.06 Rb20 0.00 0.00
La203 0.00 0.04 0.02 La203 0.0368 0.07 0.05 La203 0.00 0.00 0.00 0.00 4.91 n.d. n.d. 0.08 n.d. n.d. La203 0.00 0.00 La203 0.00 0.06
Cs20  0.00 0.04 0.01 Cs20  0.0489 0.11 0.05 Cs20 0.00 0.00 0.00 0.00 9.43 nd. nd  0.02 nd. nd Cs20 0.00 0.03 Cs20 0.05 0.00
Ce203 0.20 0.08 0.00 Ce203 0.00 0.03  0.00 Ce203 0.00 0.00 0.02 0.00 0.08 nd. nd  0.00 nd. nd  Ce203 0.15 0.06 Ce203 0.00 0.00
BaO 0.53 0.00 0.04 BaO 0.0249 0.04 0.00 BaO 0.02 0.04 0.01 0.00 0.00 n.d. n.d. 0.00 n.d. n.d. BaO 0.19 0.09 BaO 0.00 0.00
Sum 101.02 101.79 100.69 Sum 97.81 99.51 102.09 Sum 96.56 96.58 96.39 96.50 96.64 94.79 95.86 95.30 94.92 95.27 Sum 95.87 96.47 Sum 88.63 88.57
Si 3.01 3.03 3.03 Si 2.70 2.97 3.00 Si 3.05 3.07 3.06 3.09 332 3.02 299 3.05 3.02 299 Si 6.37 5.94 Si 6.10 6.18
Ti 0.00 0.00 0.00 Ti 0.00 0.00 0.00 Ti 0.00 0.01 0.00 0.01 0.06 0.01 0.00 0.01 0.00 0.00 Ti 0.04 0.00 Ti 0.00 0.12
Al 1.01 0.99 0.97 Al 1.30 1.04 1.01 Al 239 219 213 2.02 172 1.45 1.86 1.84 1.63 1.85 Al 453 6.10 Al 421 413
Cr 0.00 0.00 0.00 Cr 0.00 0.00 0.00 Cr 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 Cr 0.00 0.00 Cr 0.00 0.00
Fe 0.00 0.00 0.01 Fe 0.00 0.00 0.01 Fe 0.59 073 0.80 0.88 1.18 0.52 0.14 0.13 0.33 0.16 Fe 0.64 0.05 Fe 431 4.86
Mg 0.00 0.00 0.00 Mg 0.00 0.00 0.00 Mg 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 Mg 0.50 0.00 Mg 5.04 4.16
Mn 0.00 0.00 0.00 Mn 0.00 0.00 0.00 Mn 0.03 0.03 0.02 0.01 0.02 0.00 0.00 0.01 0.00 0.00 Mn 0.01  0.00 Mn 0.08 0.09
Ca 0.00 0.00 0.01 Ca 0.29 0.01 0.01 Ca 1.91 1.92 195 1.96 1.38 1.99 199 1.93 2.02 199 Ca 0.02 0.00 Ca 0.04 0.02
Na 0.12 0.01 0.01 Na 0.71 1.00 0.92 Na 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 Na 0.05 0.06 Na 0.01 0.01
K 0.83 0.91 0.92 K 0.01 0.01 0.01 K 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 K 1.77 173 K 0.01 0.13
\Y 0.00 0.00 0.00 A 0.00 0.00 0.00 \Y 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 V 0.00 0.00 A 0.00 0.00
Sum 4.97 4.94 4.95 Sum 5.01 502 4.96 Sum 796 796 7.97 7.96 7.68 7.00 7.00 6.96 7.00 7.00 Sum 13.93 13.88 Sum 19.80 19.70
XNa 71.17 98.95 98.49 Xep 59.85 79.18 86.10 97.59 Mg + 1.14 0.05 XFe 0.46 0.54
Fetot
Xcz 40.15 20.82 1390 2.41

n.d. = not determined.
XNa = Na/(Na + Ca)Xep=(Fe/(Fe-+(Al(VI)-2)))*100.
Xczo=(Al(VD)-2/(Al(VI)-2+Fe)*100.
XFe = Fe/(Fe + Mg).



Fig. 4. Photomicrographs of the main representa-
tive minerals both in the wall- and in the fault rock.
A) Rotated clast in prh-rich UCTs, preserving layers
of older prh-rich UCTs (parallel polarized nicols). B)
Injection veins departing from the pseudotachylyte
layer and crosscutting the prh-rich UCTs (parallel
polarized nicols). C) Chl and prh after bt, replacing
albitized K-fs. K-fs is pervasively replaced by ab
(parallel polarized nicols). D) Ep + chl microvein
cutting the damage zone (parallel polarized nicols).
E) Myrmekite in a K-fs clast wrapped by pseudo-
tachylytes (crossed polarized nicols). F) Relation-
ship between ep- and prh-rich UCT layers in the
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zone; there, K-feldspar occurs only as relicts inside Na-rich plagioclase
and is locally overgrown by white mica, chlorite, prehnite, epidote and
sphene (i.e., saussuritization). Calcic plagioclase is almost completely
replaced by Na-rich plagioclase (i.e., albitization).

4.2.2. Damage and transitional zones

In the damage and transitional zones, the alteration of primary
minerals and the content of epidote and prehnite replacing them in-
crease proportionally to the proximity to the fault core.

The damage zones are characterized by (i) ductile to brittle-ductile
pm-thick shear zones and (ii) microveins and microcracks. Both cut
the host granitoid rock and are oriented mostly subparallel to or
departing from the fault core. The following features were observed in
particular:

@

(i)

fault core, and ep-rich vein in the damage zone
(parallel polarized nicols). G) Insight of prh-rich
UCTs crosscut by prh-bearing veins. Various gen-
erations of UCTs, with variably sized prh crystals
matrix, and wall-rock clasts are visible (parallel
polarized nicols). H) Vein of prh + gtz cutting prh-
rich UCT (parallel polarized nicols). Mineral ab-
breviations are after Kretz (1983).

ataclasite

Ductile to brittle-ductile deformation is testified by undulatory
extinction of quartz, flame-microperthites in K-feldspar, micro-
shear zones in albitized K-feldspar, and kinked chlorite crystals;
quartz shows subgrains, irregular grain boundaries with bulges
and aggregates of pluri-pm-size new grains.

Microfractures, locally including about a hundred pm-size syn-to
post-kinematic prehnite or epidote, crosscut the primary min-
erals; K-feldspars show microveins (50 pm-thick) of syn-
kinematic prehnite + sphene or epidote. Both calcic plagioclase
and K-feldspars are crosscut by syntaxial pm-thick veins including
cross-prismatic crystals of Na-rich plagioclase. Quartz is highly
fractured and preserves abundant fluid inclusions trails, mostly
subparallel to the fault zone. Thicker (500 pm-thick) microveins,
propagating from the fault core and crosscutting primary



Fig. 5. Electron back-scattered images of the main
minerals in the altered fault zone. A) Chl + ep +
wm + spn overgrowing albitized K-fs. B) Ep-rich
UCT; compositionally zoned ep replaces clasts of
wall-rock minerals (e.g. K-fs, ab). C) Prh-rich UCT
including clasts of cal and ep and of wall-rock
minerals. D) Insight of prh-rich UCT with tens of
pm-size randomly oriented prh crystals replacing K-
fs, qtz and ep clasts. E) Prh + ep vein cutting prh-
rich UCTs; prh crystals show compositional varia-
tions from the core to the rim. F) Insight of pseu-
dotachylyte layer made by 10 pm-size prevailing K-
fs and ab clasts in a matrix of sub-ym to pm-size
grains of wall-rock-forming minerals and prehnite
crystals.

prh (Fe-Cr
poor; Si,Al rich)

18Apm

minerals, include euhedral to subhedral 100 pm-size epidote
grains plus sphene and locally chlorite (Fig. 4D).

The deformed areas observed in the damage zone occur also in the
transitional zone. There, myrmekite textures are abundant both in
albitized K-feldspar crystals and grains (Fig. 4E).

The UCT layers in the transitional zone contain clasts of Na-rich
plagioclase, K-feldspar, apatite and allanite; chlorite, epidote, prehnite
and quartz of the matrix replace the above phases. Sphene and apatite in
mm-size synkinematically grew along pm-thick layers marking the
contact between the UCT and the wall-rock.

4.2.3. Fault core
Dark-green UCT (a) consist of 10 pm-to 100 pm-size euhedral to
subhedral pre-to syn-kinematic epidote that replaces subordered relicts
of randomly oriented wall-rock minerals such as plagioclase, K-feldspar
(replaced by Na-rich plagioclase), quartz and calcite (Figs. 4F and 5B).
UCTs in the light-green layers (b) wrap around dark-green layers and
consist of:

- mm-size mylonite domains including plastically deformed K-
feldspar;

- tens of pm-size clasts both of the wall-rock/damage zone (i.e., K-
feldspar, Na-rich plagioclase, quartz), and of epidote-rich layers and
calcite (Fig. 5C);

- minor apatite, sphene and pm-size zircons.

All these elements are surrounded by a matrix consisting of randomly
oriented post-kinematic prehnite + minor chlorite; prehnite replaces all
the clasts of the wall-rock/damage zone (Figs. 4G and 5D). All genera-
tions of UCTs are matrix-supported and differ only in the size of prehnite
(10-80 pm-size).

Syntaxial veins and vugs crosscutting the UCTs are filled either by
100 pm-size euhedral prehnite + minor quartz (Fig. 4H), or by 100 pm-
size euhedral prehnite and minor tens of pm-size euhedral epidote, the
last growing from the walls of the veins/vugs (Fig. 5E). Sub-mm-thick
calcite veins (c), from syn-to post-prehnite veins, affect the fault core.

Very dark-green to black-colored layers (d), interpreted here as
altered fossil pseudotachylytes (e.g.; Fondriest et al., 2020) or pseudo-
tachylytes of crushing origin, sharply transect UCTs. Pseudotachylytes
of crushing origin, which consist of ultracataclastic material and
resemble in appearance those formed by friction melting during seismic
events, can be generated by crushing and rapid injection accompanied
by fluidization of the fine-grained material during seismic faulting, with
little or no evidence of melting (e.g., Lin, 2011).



The pseudotachylytes layers consist of pm-to pluri-pm-size embayed
clasts of wall-rock minerals (i.e., K-feldspar, quartz, plagioclase, epidote,
allanite and minor calcite, sphene, apatite and zircons) in a matrix of
sub-pm to pm-size clasts of wall-rock, sub-pm size prehnite and minor
chlorite crystals (Fig. 5F). Compared to the UCT layers, prehnite in the
matrix is subordered and tiny clasts of wall-rock minerals prevail. Layers
(d) wrap around domains of relict mylonite forming fluidal structures;
there, mylonite domains consist of mm-size sigmoidal clasts including
deformed K-feldspar with pressure shadows of recrystallized Na-rich
plagioclase and white mica, chlorite, apatite, zircons (Fig. 6A-B).

4.3. Mineral chemistry

4.3.1. K-feldspar

K-feldspar, occurring either in the wall-rock or in the fault zone, can
be chemically classified as orthoclase/microcline (Fig. 7). Together with
plagioclase, it is one of the main constituents of the wall-rock, damage
and transitional zones, and it can be observed as clasts in the UCTs and
in pseudotachylyte layers. No significant chemical variations occur be-
tween K-feldspar in the wall-rock or in the UCTs. K-feldspar is generally
replaced by Na-rich plagioclase, chlorite, white mica, and prehnite. K-
feldspar is either: (A) Ba-rich (<0.53 wt %) when pervasevely replaced
by Na-rich plagioclase with a composition from Xy, = 71 to Xy, = 99
(photo GL1c2-2); (B) Ba-poor with scarce exsolutions of Na-rich
plagioclase generally starting from the core of the crystal. Both Ba-rich
and Ba-poor K-feldspar are present as clasts in the UCTs.

The pinkish color of the crystals, visible at the macro-scale, is related
to the abundance of Na-rich plagioclase exsolution (microperthite).

4.3.2. Plagioclase

Plagioclase is one of the main components of the wall-rock, damage
and transitional zones, occurs as clasts in the UCTs or as recrystallized
crystals in the pressure shadows of K-feldspar in relict mylonite wrapped
by pseudotachylytes.

Primary Ca-rich plagioclase (Xna = Na/(Na + Ca) = 71) is almost
completely pseudomorphically replaced either by albite (i.e. albitized
plagioclase) or K-feldspar, locally resulting in a chessboard-like texture;
relict Ca-rich plagioclase is only present in the wall-rock.

The majority of plagioclase both in the wall-rock and in the fault
zone has an almost pure albitic composition (Xna = 99) (Fig. 7), with
about 0.1 wt% Ce preserved in the core. There are no significant
chemical variations between albite in the wall-rock or in the fault zone.
Albite replacing K-feldspar is riddled with micro-pores, inducing a
turbid appearance at the optical microscope and a pinkish color at the
hand sample.

4.3.3. Epidote
Epidote occurs either as an alteration product of K-feldspar in the
wall-rock, damage and transitional zones, infill of microveins nucleating

from the fault core and crosscutting the damage zone, or replacing
minerals of clasts or as clasts in the fault core. Epidote has an Fe-rich
composition, with X, (i.e. Fe/(Fe+(Al(VI)-2))*100) generally in the
range 53-100, but locally preserving Al-rich composition (Xe, = 46);
epidote records a decrease from the core to the rim of Si, Ti, Al, Cr, Mg,
Mn, Ba and an increase of Fe, Ca, Nd, Ce (Fig. 7). No significant chemical
variation exists between epidote in the wall-rock or in the fault rock
except for the core of epidote in the wall-rock that is richer in Mn
compared to epidote occurring in other structural sites; locally this
epidote is enriched in Ce and La. Locally, epidote is surrounded by
allanite coronas and includes tiny zircons and sphene.

4.3.4. Prehnite

Prehnite occurs either as an alteration phase in the wall-rock, dam-
age and transitional zones, the main consistituent of UCTs matrix or the
infill of vugs and veins cutting the fault core; it occurs also in pseudo-
tachylyte layers matrix. It is generally characterized by a compositional
variation from the core to the rim, with Fe, Ti and Mn decreasing, and Si,
Al, Ca increasing, respectively, independently of the structural site
where it occurs (Fig. 7). Mm-thick “veins” of prehnite rich in Si, Al and
poor in Fe and Cr randomly crosscut prehnite in vugs.

4.3.5. White mica and chlorite

White mica is a minor mineralogical phase in both the wall-rock and
the fault zone. It replaces biotite and overgrows K-feldspar, occurring
either as pm- (after K-feldspar) to hundreds of pm-size (after biotite)
crystals. White mica is a muscovite with two main high-Si compositions
(Si = 5.94-6.17 a. p.f.u.), being therefore somewhat more phengitic in
composition than typical magmatic muscovite (Fig. 7). Crystals after
biotite, growing with chlorite, have generally a higher Fe (and Mg)
content, whereas white mica replacing K-feldspar has lower Mg and Fe.
In the (Mg + Feyo) vs Si diagram, some white micas plot along the line
representing the ideal celadonitic substitution, whereas others are
shifted from it suggesting that a small amount of Fe3* may be present.

Chlorite, occurring as some hundred pm-size crystals, replaces bio-
tite and overgrows K-feldspar in the wall-rock, damage and transitional
zones; pm-size chlorite was detected in the UCTs either in equilibrium
with prehnite in the matrix or associated to K-feldspar clasts. Chlorite
has been classified as pycnochlorite, having Fe/(Fe + Mg) = 0,4-0,6.

4.4. EBSD analyses

4.4.1. Epidote- and prehnite-rich UCTs

As described in “Material and Methods”, for the EBSD mapping, we
selected two areas representative of two main domains of the studied
structures, i.e. the epidote- and prehnite-rich UCT and the pseudo-
tachylyte layers (Fig. 8).

In the UCT domain (Fig. 9), the EBSD phase map shows the occur-
rence of epidote-, prehnite- and K-feldspar-rich layers. K-feldspar-rich

Fig. 6. A-B) Pseudotachylyte layers cutting UCTs and wrapping sigmoidal clasts made by wall-rock minerals (e.g. K-fs with ab tails); A: parallel polarized nicols; B:

crossed polarized nicols.
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Fig. 7. Classification diagrams of representative minerals (i.e. A: feldspars, B: prehnite, C: epidote and D: white mica). Fig. 7A shows the composition of relict Ca-

plagioclase, albite and K-feldspar.

Ep-rich ultracataclasite ~ Ep-rich veins

Wall-rock

Prh-rich ultracataclasite

Pseudotachylyte

Fig. 8. Schematic representation of the studied damage zones with the location
of sub-areas used for the EBSD maps of Figs. 9 and 10.

layers (i.e. mylonite relicts) include coarse-grained deformed K-feldspar
(30-250 pm-sized) with subgrains and mostly undeformed 10 pm-size
grains (GOS mean = 0.71; GOS median = 0.23; GOS max = 14.86), as
shown by phase maps in Fig. 9B. K-feldspar shows a strong CPO
(Fig. 9E): the [100] axes are subparallel to the Z direction (i.e. normal to
the XY plane and shear zone walls, Fig. 3A), with (100) being thus
subparallel to the XY plane (i.e. foliation plane); (010)-poles are strongly
concentrated around the Y direction, i.e., subparallel to the XZ plane (i.
e., normal to the shear zone and parallel to the lineation, Fig. 3A). (001)-
poles suggest that the corresponding planes are subparallel to the YZ
plane (i.e. almost normal to the fault zone walls) and therefore [001] are
subparallel to the X direction. This CPO is consistent with a foliation
marked by the alignment of (100) planes and a lineation defined by
[001] axes.

Epidote occurs as weakly plastically deformed crystals (1), replaced
by epidote (2) that is undeformed (GOS mean = 0.78, GOS median =
0.34, GOS max = 11.36). Deformed epidote (1) develops subgrains. Both
epidote (1) and (2) are randomly oriented (Fig. 9F).

Prehnite is present as coarse plastically deformed crystals, i.e. pre-
hnite (1) which develop subgrains (GOS mean = 0,59, GOS median =
0,38, GOS max = 7,13). Undeformed prehnite (2) replaces prehnite (1).

Both prehnite (1) and (2) are randomly oriented (Fig. 9G). The prehnite
orientation maps reveals that a high amount of prehnite crystals has a
tabular habit (see Supplementary Fig. 2).

Inside epidote- and prehnite-rich layers, clasts of deformed K-feld-
spar, albite, quartz and calcite have no significant crystallographic
preferred orientation.

4.4.2. Pseudotachylyte

The most representative minerals, providing key information about
texture of the pseudotachylyte layers are K-feldspar, albite and prehnite
(Fig. 10A-D).

Coarser K-feldspar crystals are plastically deformed around the [001]
axis (Fig. 10B), producing numerous subgrains (GOS mean = 1.01, GOS
median = 0.62, GOS max = 10.88). K-feldspar is characterized by a
strong concentration of [100] axes, (010)- and (001)-poles (Fig. 10E):
[100] axes are parallel to the X direction (i.e. maximum elongation di-
rection, see Fig. 3A); (010) planes are subparallel to the XY plane; (001)
planes are subparallel to the XZ plane (i.e. normal to the slip plane,
Fig. 3A). This CPO is consistent with a foliation marked by the alignment
of (010) planes and a lineation defined by [100] axes. The CPO of K-
feldspar in this area is almost orthogonal compared to the CPO observed
in K-feldspar-rich layers preserved in UCTs (see previous paragraph;
Fig. 9), possibly resulting from the activation of distinct slip systems.

Albite shows a quite strong concentration of [100] axes, (010)- and
to a lesser extent (001)-poles, slightly rotated compared to those of K-
feldspar (Fig. 10F). Coarser albite crystals are deformed around several
axes, consistent with the activation of multiple slip systems (GOS mean
= 0.98, GOS median = 0.58, GOS max = 12.82).

Prehnite shows a weak but relatively well-defined CPO, with a
maximum of the [001] axes (Fig. 10G) sub-parallel to the Z direction and
therefore normal to the shear zone. In general, coarser prehnite is slighly
plastically deformed (GOS mean = 0.70, GOS median = 0.41, GOS max
= 9.21) around the [010] axis (Fig. 10 D).
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5. Discussion

5.1. Alterations of wall- and fault-rock

The microstructural and petrographical analysis of wall-rock and
fault rocks highlighted that, during all the activity stages of the shear

zone, fluids interacted with the rock leading to the alteration of primary
magmatic minerals.

We detected three main types of alteration that produced typical
hydrothermal associations (e.g. Ciesielczuk, 2007): (i) the albitization of
K-feldspar and of Ca-plagioclase; (ii) the crystallization of calcite
(mainly in veins); (iii) the alteration of magmatic phases by secondary



hydrous minerals (e.g. chlorite, white mica, epidote and prehnite).
(i) Albitization of K-feldspar and Ca-plagioclase

Albitization was the first alteration process affecting the rock and
probably occurred mainly in conjunction with a first ductile deformation
event, as testified by albite-rich pressure shadows of K-feldspar por-
phyroclasts. Albite veins cutting albitized K-feldspar, however, suggest
that this alteration was also synchronous to brittle deformation events,
affecting the damage and transitional zones.

The pervasive replacement of K-feldspar and Ca-plagioclase by albite
(i.e. albitization process) is a well-known phenomenon in both sedi-
mentary basins and igneous and metamorphic rocks (e.g. Voll 1969;
Saigal et al., 1988; Lee and Parsons, 1997; Holness, 2003). This process
is thought to occur at low temperature during circulation of meta-
somatic fluids; in this case, albite is typically untwinned (except where it
overgrowths twinned plagioclase), close to pure end-member composi-
tion, and is commonly highly microporous (e.g. Kastner and Siever
1979; Saigal et al., 1988; Holness, 2003). All these characteristics are
applicable to our observations.

This replacement could occur according to the following reactions:

K-feldspar 4+ Nat = albite + K (e.g. Aagaard et al., 1990; Simpson and
Wintsch, 1989; Holness, 2003), or (€8}

1.0 Ca-plagioclase + 1.2 SiO; + 0.6 Na™
= 1.3 albite + 0.3 Ca>*(Ferry, 1979) )

Reaction (1) could be triggered either by the influx of Na-rich fluids,
or by a temperature gradient (infiltration of a cooler surface fluid in
chemical equilibrium with the rock) in a lithology containing two alkali
feldspar phases, where fluid flow results in redistribution of alkalis
(Holness, 2003 and references therein).

Reaction (2) is favoured by the increase in a*ya/ a?* ¢, which could
have been achieved through (i) the precipitation of calcite in veins, and/
or (ii) flux of NaCl-rich brines, which were derived either from external
sources (Barton and Johnson 1996) or exsolved from the granitic magma
(Hay et al., 1988; Aslund et al., 1995; Morad et al., 2010).

Since we do not have sufficient evidence for the occurrence of two
different alkali feldspars in our samples, we suppose that the possible
explanation for the albititization process could be the influx of Na-rich
fluids, which triggered the albititization of K-feldspar and possibly of
Ca-plagioclase.

We moreover observed that K-feldspar and Ca-plagioclase are mostly
albitized rather than saussuritized: the first process is thought to be most
substantial in granitic rocks that contain little or no biotite (Morad et al.,
2010) as in our case. In fact, the small amounts of chloritized biotite do
not favour the formation of sericite and epidote, and hence results
merely in albitization rather than saussuritization of plagioclase.

(ii) Crystallization of calcite

Calcite, now occurring either as clasts inside UCTs or in veins cutting
UCTs, precipitated in veins along the main shear zone after ductile
deformation, according to the reaction (Bruhn et al., 1994):

Ca>*+C0,+H,0—CaCOj5 (calcite) +2H™" 3)

where the partial pressure of CO in the circulating fluid controlled the
stability of calcite; a drop in fluid pressure, probably caused by frac-
turing, would have thus forced the boiling of the solution, the release of
COq-rich vapors, later favoring the precipitation of calcite (Bruhn et al.,
1994; Lowenstern, 2001).

(iii) Alteration of magmatic phases by secondary hydrous minerals

The replacement of magmatic phases by secondary hydrous minerals

(i.e. chlorite, white mica, epidote and prehnite) occurred at different
stages during the evolution of the rock: chlorite, and possibly white
mica, were pre-to post brittle-ductile events, whereas epidote and pre-
hnite grew syn-to post-brittle-ductile and brittle deformations. This
alteration process can be partly explained by the following reactions
(Bruhn et al., 1994; Ciesielczuk, 2007):

3KAISi;0g (K-feldspar) + 2H' = KAI13Si30,¢(OH), (white mica) 4+ 2K +
6Si0; (quartz); 4

2KAISi;05 (K-feldspar) + 5Mg?" + 8H,0 = MgsAl,Si30,0(OH)g (chlorite)
+ 2Kt + 8H' + 3SI0; (quartz); (5)

3KAISi303 (K-feldspar) + 202> + H,0 = Ca,Al3Si301,(OH) (epidote) +
3K* 4+ H + 6Si0; (quartz); (6)

biotite + Ca?" + H,0 + H" = chlorite + sphene + HySiO, + Fe*' + K1(7)

Ca-plagioclase + H4SiO4 + Fe?* 4+ K* = white mica + prehnite + H,O +
HT (8

The above reactions are driven by changes in temperature, pressure
and fluid composi-tion. Reactions (4) to (6) describe the formation of
low Mg-Fe white mica, chlorite and epidote replacing K-feldspar, and
imply the interaction of magmatic minerals with metasomatic fluids rich
in Ca and Mg, where Ca was probably partially provided by the albiti-
zation reaction of Ca-plagioclase and Mg in part by biotite breakdown.
In fact, biotite was in fact completely replaced by chlorite, sphene, and
later prehnite and phengitic white mica, based on reactions (7) (8). The
above reactions would cause the crystallization of new quartz if fluids
are saturated with respect to quartz (Bruhn et al., 1994), which would
explain the occurrence of new quartz in UCT layers cutting the transi-
tional zone, indicating localized mobility of SiO5 during fault slip.

With decreasing T and/or fcog, prehnite replaced epidote and calcite,
based on the reaction:

calcite + epidote + quartz + H,O = prehnite + CO, (Cho and Liou, 1987)(9)

allowing the introduction of a subsequent reaction to explain the
chemical variation of epidote and prehnite (Fig. 7):

Fe-prehnite 4 Fe-poor epidote = Al-prehnite + Fe-rich epidote (Harper, 1995).
(10)

According to what was experimentally observed by Liou et al. (1983)
for the system CaO-FeO-Fe;03-Al,03-Si0o-H,0, the Fe3*/(Fe3*+ Al)
ratio in epidote varies as functions of temperature, Pgyiq and fop. With
decreasing temperature and more oxidizing conditions, epidote should
be in fact enriched in Fe3*, as observed in epidote in our fault rock.

In general, the occurrence of Fe-rich epidote thus suggests formation
conditions under elevated fo, and low Pcoo (Liou et al., 1983). On the
other side, a high Pcop would favour the precipitation of carbonates,
triggered by a drop in fluid pressure: the CO, released after prehnite-in
reaction (8) would have thus triggered the precipitation of calcite in new
veins cutting prehnite-rich UCTs.

The hydrothermal alterations both of the wall- and fault-rock were
thus triggered by the continuous interaction of the rock with meta-
somatic fluids, which occurred both during the ductile and the brittle
deformation events. The movements along the superposed shear zones
caused sufficient dilatation of grain boundaries and microcracks to
generate an interconnected porosity and microcracks.

5.2. Thermobaric conditions of deformation and fluid-rock interaction

The P-T conditions at which ductile deformation started to affect the
monzogranite/granodiorite can be roughly derived by information from
both myrmekite textures, deformed quartz and microperthites in the
damage and transitional zones, and relicts of mylonite preserved inside
UCTs. Myrmekites in granitoids, testifying to the occurrence of stress-



concentration sites during progressive deformation (Simpson and
Wintsch, 1989), were inferred to develop mainly at upper greenschist to
amphibolite facies conditions, even if there is no agreement on a precise
estimate of temperature in the literature (i.e., T > 450-500 °C; Harlov
and Wirth, 2000; Wirth and Voll, 1987; Cesare et al., 2002; Menegon
et al., 2006). The textures of quartz in the damage and transitional zones
(e.g., subgrains, bulges testifying grain boundary migration, undulose
extinction) suggest dynamic recrystallization and deformation temper-
atures in the range of 300-400 °C (Passchier and Trouw, 2005).
K-feldspar crystals in mylonite relicts suggest temperature of deforma-
tion of T > 400-450 °C, which are the values at which this mineral
become to be effectively plastically deformed (Fitzgerald and Smitz,
1993) and references therein; (Menegon et al., 2008).

CPO of K-feldspar gives very few information about thermobaric
conditions: experimental studies (Tullis, 1983 and references therein)
and the analysis of recrystallized natural aggregates have shown that the
most common active slip plane, over a wide range of temperature and
pressures (500-800 °C; 2-8 kbar), is (010) and that slip directions are
[101], [100], [001] and [010] (e.g. Sacerdoti et al., 1980; Schulmann
etal., 1996; Franek et al., 2006), in good accordance with the active slip
system observed in K-feldspar wrapped by pseudotachylytes ([100]
(010)). The CPO observed in K-feldspar from mylonite preserved in
epidote- and prehnite-rich UCTs ([001] (100)) does not fit with any of
the known active slip systems, being orthogonal to that of mylonites in
UCTs. The different slip systems observed in UCTs and pseudotachy-
lytes, respectively, could be probably related either to different defor-
mation mechanisms (e.g., dislocation creep vs dissolution-precipitation
creep), that acted in the same range of P-T conditions (mid-crustal
conditions) (Menegon et al., 2008) or to a combination of a creep (i.e.
dissolution-precipitation creep) with rigid body rotation of mineral
grains, that produced a CPO in a deforming aggregate at low shear strain
values (Bons and den Brok, 2000; Menegon et al., 2008).

Based on our observations, we therefore propose that deformation
within the ductile shear zone occurred at temperatures around 400 °C, i.
e. at upper greenschist facies conditions, suggested also by the presence
of microperthites in K-feldspar (Passchier and Trouw, 2005).

The thermobaric conditions of fluid-rock interaction during ductile
and brittle-ductile deformation can instead be derived from the condi-
tions of formation of albite pressure shadows of K-feldspar preserved in
UCTs and of albite microveins (i.e. albitization process). Albitization of
primary minerals or Na-metasomatism occur in granites at T < 450 °C
(Petersson and Eliasson, 1997; Kaur et al., 2012; Lee and Parsons, 1997;
Nijland and Touret, 2001; Boulvais et al., 2007). The precipitation of
calcite, probably in veins, occurred after the development of ductile
shear zones, and therefore at T < 400 °C.

The fluid-rock interaction conditions, at which secondary hydrous
minerals formed, is constrained at high temperatures by biotite break-
down reaction to form chlorite (post-ductile), that is thought to occur
below approximately 400 °C (Spear, 1993). The formation of secondary
alteration minerals continued at brittle-ductile and brittle conditions
with the crystallization of white mica, epidote and prehnite. Hydro-
thermal mineral assemblages similar to what we observed in the fault
rock (i.e. chlorite, epidote and white mica) give temperatures between
300 and 350 °C (Bruhn et al., 1994), atlow greenschist facies conditions;
this temperature range agrees with the values proposed for the forma-
tion of Fe-rich epidote (Liou et al., 1983). The phengitic composition of
white mica after biotite points to a high temperature of crystallization
(Morad et al., 2010), confirming its formation in a hydrothermal system
(Dempster et al., 1994; Gomes and Neiva 2000; Viana et al., 2007).

The stability conditions of prehnite are instead well constrained by
the prehnite-in reaction at T < 350 °C (2-8 kbar) (Liou et al., 1983) and
by the reaction for breakdown of prehnite to laumontite (the latter not
observed in our rock), at T = 200 °C (Rusinov, 1965).

The metasomatic reactions observed in our wall- and fault rock thus
suggest that the fluid-rock interaction started roughly at T < 450 °C (i.e.
albitization) during ductile deformation and it continues to act with

decreasing temperature in a brittle environment, until at least the
crystallization of prehnite (T > 200 °C).

5.3. Model for fault zone evolution

The studied fault zone recorded several activation steps, each one
characterized by pervasive fluid-rock interaction and by hydrothermal
alteration affecting both the damage and transitional zones, and the
fault core (Fig. 11).

As testified by mylonite clasts with deformed K-feldspar in UCTs, a
possibly sub-(?) cm-thick mylonitic shear zone in the monzogranite/
granodiorite, possibly nucleating on some surface precursors (e.g. frac-
tures or compositional layers) (Pennacchioni and Mancktelow, 2018),
acted as a “weak” zone along which the fault later developed (TO,
Fig. 11). The formation of the main mylonitic shear zone and of the
minor shear zones in the present damage zone was followed by the
circulation of metasomatic fluids, causing the progressive alteration of
wall-rock minerals first by albite and later by secondary hydrous phases
(e.g. chlorite, white mica, epidote, prehnite) (T0, Fig. 11). The following
brittle-ductile to brittle stages, at progressively decreasing temperature
conditions, were recorded in the shear zone:

i) COg-rich fluid-assisted precipitation of calcite in veins along the
mylonitic shear zone (T1, Fig. 11): the occurrence of calcite clasts
replaced by epidote and prehnite suggests that calcite veins were
present before the development of epidote-rich UCTs. The calcite
veins could have acted therefore as another weak surface in the
rock, which was later used by the fault.

(ii) epidote (1)-rich UCTs and epidote-rich veins formation; later dynamic
crystallization of epidote (2) with alteration of wall-rock minerals
(T2A-T2B, Fig. 11); several hypotheses can be proposed to explain
the genetic mechanism of epidote-rich UCTs:

(a) formation of a major epidote (1)-filled vein and minor
epidote veins in the former wall-rock;

(b) formation of a metasomatic alteration halo in the former
wall-rock, in which epidote (1) overgrew primary minerals
after the localized percolation of fluids in microfractures;

(c) development of an UCT in the rock along the mylonitic shear
zone, and subsequent interaction with fluids that caused the
formation of epidote (1) replacing first the matrix of UCT and
later the clasts.

We propose that hypothesis (c) is the most likely (i.e., UCT inter-
acting with fluids): the interaction of percolating fluids with the
numerous reactive surfaces available after the occurrence of micro-
fractures (b) or cataclasis (¢) would have caused the almost complete
alteration of the rock minerals by epidote, preserving only some relicts
or clasts; however, the occurrence of microcracks filled by epidote in the
present damage zone seems to be more compatible with the formation of
a former UCT (c). Moreover, this hypothesis matches the occurrence of
calcite clasts pertaining to a former vein that was possibly fragmented by
the fault. We exclude the first hypothesis (a) because the wall-rock
mineral relicts and the calcite clasts, which are still inside the epidote-
rich layers, should be fragments of the vein walls, which is poorly
probable if the layers were related to a major vein.

The continuous shearing along the fault later caused the deformation
of epidote (1) and the crystallization of epidote (2).

(iii) Boudinage of epidote-rich UCTs and formation of prehnite-rich UCTs
(T3A, Fig. 11): the ongoing brittle-ductile deformation along the
fault caused the boudinage of epidote-rich layers and the
involvement of increasing volumes of the host-rock, with the
formation of new UCTs. The matrix of UCTs was gradually
replaced mainly by post-kinematic prehnite after the continuous
interaction with fluids.
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The cyclic activation of the fault and its more and more pervasive
activity produced the repeated boudinage of the fault core, the plastic
deformation of former prehnite (1) crystals and the formation of
different generations of prehnite-rich UCTs with increasingly smaller
clasts and prehnite (2) crystals.

(iv) Formation of prehnite-epidote-quartz/calcite veins (T3B, Fig. 11):
veins/vugs, hosting prehnite, epidote and quartz crystals, prob-
ably opened either after the increase in pore fluid-pressure that
reduced the brittle strength of the grains aggregate (Philippot and
van Roermund, 1992; Malatesta et al., 2018b) or in response of
fault-related dilation. New veins, filled by calcite, later opened
after the presence of CO2-rich fluids. The possible increase in pore
fluid-pressure can be either related to the deformation-induced
grain-size reduction of the fault core (Caine et al., 1996) or to
the crystallization of prehnite in UCT matrix; both can in fact
decrease the permeability by sealing off the pore spaces (Philip-
pot and Selverstone, 1991).

(v) Pseudotachylyte formation at the fault core-wall rock boundary (T4,
Fig. 11): the fault zone was finally affected by possibly coseismic
slip that caused the comminution of part of the fault rock and of
the wall-rock, with the formation of pseudotachylyte layers of
crushing origin at the fault core-wall rock boundary, showing
micro-injection veins and sharp contacts with UCTs. In the
pseudotachylyte, prehnite in the matrix is weakly oriented,
showing a preferred orientation of the [001] axes normal to the
fault zone walls: this could suggest a passive orientation of pre-
hnite crystals during fluidal flux of ultra fine-grained material.

The rapid fluidization along pseudotachylyte layers, as observed at
several fault zones worldwide (Lin, 2011), is also suggested by the
dramatic grain size decrease of prehnite in pseudotachylytes (sub-pm
size) compared to UCTs (10-80 pm-size) and by the strong grain size

reduction of wall-rock material in pseudotachylyte matrix (sub-ym to
pm-size clasts). The presence of comparable textures in pseudotachylyte
layers and in injection vein filling material suggests the possible pres-
ence of fluids during pseudotachylyte formation. In contrast, if pseu-
dotachylytes formed at dry conditions, we would have expected
different textures for the material inside the injection veins and in the
layers, respectively (i.e. a stronger orientation of prehnite in the layers
compared to prehnite in the injection veins).

Fault rocks characterized by injection veins of fine-grained and
ultrafine-grained material have been globally observed, for example
pseudotachylytes of crushing origin with little or no direct evidence for
melting, fault breccia zones, ultracataclastic veins generated by coseis-
mic comminution with little melting, accompanied by rapid fluidization
in the coseismic shear zone, micro-injection veins of fault gouge (Sibson,
1986; Lin, 1996, 2011; Janssen et al., 2010) and have been related to
seismic events. The correlation of seismic events and the comminution
and grain-size reduction through pulverization along a fault plane has
been documented by natural evidence (e.g., Ujiie, 2007; Lin 2011; Rowe
et al., 2012), and by experimental works (e.g., Mizoguchi et al., 2007).
Recently, Fondriest et al. (2020) documented experimentally that fluids
percolation and strong hydrothermal alteration in exhumed faults can
transform pseudotachylytes into apparent cataclastic to ultracataclastic
injection veins.

Indeed, the conversion of the kinetic energy of comminution during
seismic slip to heat (Rice, 2006) produce the thermal expansion of the
fluids present along the fault, as well as the ultrafine- and fine-grained
materials along the principal zone of slip; they become fluidized to
form a gas-solid-liquid system that migrated into fractures under the
high thermal fluid pressure within the fault zone (Lin, 1996, 2008, 2011,
2019; Ujiie, 2007); micro-injection veins may represent hydraulic frac-
turing normal to the least principal stress (Ujiie, 2007). As observed in
other coseismic fault zones (Lin, 2011) and in experimental work
(Mizoguchi et al., 2007), the coseismic slip and the fluidization were



very localized and focused in a mm-wide layer (<5 mm). However,
experiments on granitoid cataclasites under mid-crustal conditions
showed that pseudotachylytes form also at slow creep and that they are
therefore not necessarily correlated with earthquake occurrences (Pec
et al., 2012).

The aforementioned results have important implications on the
ongoing investigations and still debated polyphasicity of the longlived
fault systems in this part of the Transantarctic Mountains. As outlined
before, the Lanterman Fault-Rennick Graben Fault system represents a
long-lived structural element in the nVL crust, which experienced mul-
tiple phases of activities from the late Ediacaran-early Paleozoic Ross
Orogeny up to Recent times (Capponi et al., 1999; Rossetti et al., 2003;
Storti et al., 2006; Crispini et al., 2007; Dubbini et al., 2010; Federico
et al., 2010). The present structural architecture of the Lanterman
Fault-Rennick Graben Fault system can be related to regional NNW-SSE
to NW-SE trending brittle dextral strike-slip faulting that affected the
nVL crust in the Cenozoic (Rossetti et al., 2002, 2003). Strain parti-
tioning along this system, which transects nVL from the coast at the
Pacific Ocean into the Ross Sea (Fig. 1), triggered the formation of the
Rennick Graben as a narrow basin in extensional/transtensional do-
mains and km-scale uplifted blocks in domains of local transpression, as
for example in the Lanterman Range (Rossetti et al., 2002). Our results
demonstrate that brittle dextral strike-slip faulting and E-W directed
extension along the Cenozoic Lanterman Fault-Rennick Graben system
postdates older fault structures and the epidote/prehnite fault vein
mineralizations described in this study. Therefore, our results indicate
the presence of co-seismic slip and syntectonic fluid flow pre-dating
Cenozoic brittle reactivations of inherited structures along the Lanter-
man Fault-Rennick Graben Fault system. This may - at least in some part
- question the scenario given by Di Vincenzo et al. (2013), who proposed
a more than 390 Ma long period of apparent tectonic quiescence and no
obvious co-seismic slip along faults on the western Ross Sea rift shoulder
between the late Ordovician/early Silurian and the Eocene. However,
syntectonic fault vein formation and faulting may in fact be linked to
either late solid-state deformation of the host granitoid rock in the early
Paleozoic, or it may relate to even much younger tectonics affecting nvVL
in the middle to late Paleozoic and the Mesozoic. In fact, the presence of
regional post-Ross-orogenic tectonism connected with increased fluid
flow, elevated geothermal gadients and/or fault reactivation of inheri-
ted anisotropies has in fact been proposed by several authors for the
Devonian-Carboniferous, the Permian, the Jurassic, and the Cretaceous
(e.g., Walker, 1983; Tessensohn, 1994; Capponi et al., 1999; Molzahn
et al., 1999; Fleming et al., 1999; Lisker et al., 2006; Laufer et al., 2006;
Lisker and Laufer, 2013; Elliot et al., 2017). However, since robust
geochronological data as well as combined petrological, geo- and
isotope-chemical data of the studied fault veins and related structures
are still not widely available, a more precise timing and a link to distinct
tectonic regional events or further indications on source and evolution of
the fluids cannot be given here so far.

5.4. Implications on fault mechanics

The multiple activity stages along the core of the studied cm-thick
fault, as observed by cross-cutting relationships between the different
generations of UCTs, microveins and pseudotachylytes, were charac-
terized by periods of seismic slip, cyclically alternating with the
cementation of microveins and UCTs matrix after the crystallization of
hydrothermal minerals (i.e. calcite, epidote and prehnite) in the
permeable fault core. In this context, UCTs and pseudotachylytes
possibly represent episodes of seismic rupture of the fault (Chester and
Chester, 1998; Lin, 2011), and the transition from UCTs to pseudo-
tachylytes may be the record of an abrupt change in the magnitude of
shear strain with increasing displacement along the fault (keeping other
parameters as constant) (Chester and Chester, 1998).

The fault experienced several episodes of weakening and hardening,
at gradually decreasing temperature conditions: cataclasis, which

progressively reduces the grain size, is generally considered to produce
strain softening (Steffen et al., 2001); episodes of cataclasis alternated
with episodes of cementation of the matrix, the latter of which caused
strain hardening (Ramsay, 1967).

The first episode of strain hardening was the crystallization of
epidote (1) partly replacing the UCTs matrix. The following dynamic
crystallization of epidote (2), probably by fluid-assisted grain boundary
diffusion creep, caused a subsequent weakening, which was used by the
new slip with the formation of new UCTs accompanied by percolation of
fluids. The precipitation of prehnite crystals intergrown with clasts of
the host rock, cyclically “locked” the fault (fault hardening), shifting
deformation to weaker horizons (e.g. fault core-wallrock contact) and
causing the progressive broadening of the fault zone.

Rocks that deform by grain reorganization (denser packing) and
cataclasis develop fault planes, which are stronger than the surrounding
(strain hardening) and produce broader fault rocks as movement con-
tinues (Sverdrup et al., 1997).

The presence of prehnite as mineral within the matrix and in veins,
occupying about 30-40% of the fault core, should play a major role in
affecting the fault movement. Prehnite is in fact a layer silicate (Deer
et al., 2013), and experiments have revealed the weakening behaviour
of phyllosilicates, especially in water-saturated conditions, which can
also enhance surface displacement (Smeraglia et al., 2017). So, a new
fault slip event should initiate within phyllosilicate-rich regions in wet
conditions. In this study, however, we observed that pseudotachylyte
veins, i.e. possibly seismic slip, developed still at the contact between
the fault core and the wallrock. We suggest that the relatively low
amount of prehnite (and its texture) played a major role in this context,
not favoring the localization of slip along UCTs horizons. As observed for
chlorite-rich fault rocks (Fagereng and Ikari, 2020), a higher volume
fraction of prehnite could have instead focused deformation inside
prehnite-rich UCTs.

6. Conclusions

We provide a microstructural, mineralogical and petrological study
of a fault rock, representing an exhumed fault zone in monzogranite/
granodiorite of the Granite Harbour Intrusives of nVL in Antarctica. This
fault zone belongs to the Lanterman Fault-Rennick Graben Fault system
and was affected by pervasive hydrothermal fluid-rock interaction
processes, which triggered multiple episodes of brittle slip and produced
crosscutting UCTs and pseudotachylyte layers of crushing origin. The
slip zone used a pristine mylonitic shear zone that acted as preferential
pathway for fluid infiltration. The Na—CO»-rich percolating fluid, pro-
duced the progressive albitization and later alteration of the host-rock
minerals by chlorite, white mica, epidote and prehnite and the precip-
itation of epidote in microveins cutting the damage zone.

The reaction of hydrothermal fluids during interslip periods with the
highly porous matrix of UCTs caused the crystallization of epidote and
prehnite, resulting in the decrease of fault core permeability and its
embrittlement, testified by prehnite-bearing veins. The fault was hence
marked by cyclic softening (after cataclasis) and strengthening of the
fault core after the crystallization of epidote and prehnite, thus possibly
leading to alternating episodes of seismic rupture to interseismic periods
characterized by a strong fluid-rock interaction, which facilitated the
next seismic slip event. Pseudotachylytes possibly represent stronger
seismic slip events that produced considerable grain size reduction,
formation of injection veins and fluidal structures in the ultra-fine-
grained matrix. In this regard, it may be hypothesized that some pseu-
dotachylites could be related to a lack or reduction of hydrothermal
processes and consequently greater accumulation of strain prior to a
larger rupture (cf. Heinicke et al., 2009). This example shows how
several deformation events, first ductile and later brittle, can be
concentrated and strongly localized in a relatevely thin (i.e. multiple
cm-thick) shear zone.

The hydrothermal fluids, interacting with the rock during both



ductile and brittle shear episodes, recorded gradually decreasing tem-
perature (from T < 450 °C) and varying CO; fugacity, as testified by the
different alteration processes observed.

This study proves how the interplay between syntectonic alteration
of mineral and precipitation of new minerals in the damage zone can
control fault rheology. The precipitation of randomly growing weaker
minerals such as phyllosilicate/prehnite produced hardening rather
than softening. This suggests that the amount of secondary weaker
minerals, their texture and the fluid content play an important role as
well in the control of the fault rheology.

From a regional perspective, our results indicate that co-seismic slip
and syntectonic fluid flow occurred prior to Cenozoic brittle reactivation
of inherited anisotropies in the nVL crust along the Lanterman Fault-
Rennick Graben Fault system. The results further demonstrate the
high potential of the crust for polyphase reactivation of pre-existing
discontinuities in the Ross orogenic-age basement units and the
younger, post-Ross-orogenic rocks in nVL.
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