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Abstract Megathrust shear zones are the main fluid transport pathways during the seismic cycle and play a
key role in controlling physicochemical alteration. Defining fluid‐rock interaction in wall rocks provides
evidence for unraveling the hydrogeology of shear zones and their link to active fluid circulation. We analyzed
the variation in concentration, grain size and assemblages of magnetic minerals in the wall rocks of a shallow
megathrust (the Sestola Vidiciatico shear zone) where no evidence of high‐frictional heating has been recorded.
The Sestola Vidiciatico shear zone preserves evidence of active fluid circulation and stress‐switch during the
last brittle phases of the Early to Middle Miocene subduction of the Adriatic plate beneath the frontal prism of
the European plate. Magnetic properties indicate low bulk heat transfer during the seismic cycle. Changes in
magnetic mineral concentrations highlight iron depletion from clay minerals and dissolution of iron‐oxides for
interaction with exotic fluids during the coseismic phase. The relative distribution of Fe‐oxides and goethite
suggests migration of Fe‐enriched fluids along fractures during the coseismic/postseismic phase, followed by
precipitation for interaction with local fluids. Subsequent alteration and weathering of magnetic minerals,
accompanied by the formation of hematite and maghemite, are related to partial oxidation during the
interseismic phase. Heterogeneity in magnetic mineral distribution supports active fluid circulation during
repeated seismic events and/or exhumation. Rock magnetic characterization of wall rocks in exhumed
megathrust represents a promising tool to better understand the role of fluid migration and redox conditions
during seismic cycles in subduction zones.

Plain Language Summary Megathrust shear zones are key pathways for fluid movement during
earthquakes. When fluids interact with the surrounding rocks, they cause changes in the physical and chemical
properties of the rocks. Studying the magnetic properties of rocks along these zones can provide valuable
insights into fluid movement and chemical changes during earthquakes. In our study, changes in magnetic
properties suggest the circulation of fluids in disequilibrium through fractured zones during earthquakes,
causing iron loss from clay minerals and dissolution of magnetic minerals. After earthquakes, interactions with
local fluids lead to precipitation of new minerals and the alteration of existing magnetic minerals.

1. Introduction
In active convergent margins, intraplate shear zones at shallow levels, including megathrusts, represent prefer-
ential migration pathways for large volumes of fluid (e.g., Moore & Vrolijk, 1992; Ranero et al., 2008; Saffer &
Tobin, 2011). Fluids transport heat and elements, interact with the wall rock, and lead to mineral transformations
and precipitation, which in turn induce changes in the physicochemical and mechanical properties of fault rocks
(Fulton & Brodsky, 2016; Meneghini et al., 2020; Sibson, 2013; Vannucchi et al., 2012). In exhumed intraplate
shear zones and megathrusts, several studies have analyzed the internal texture (Meneghini et al., 2007; Mit-
tempergher et al., 2018; Vannucchi et al., 2008, 2009), fluid inclusions (Moore et al., 2007; Raimbourg
et al., 2018) and geochemistry of tectonic veins, revealing active fluid circulation related to major seismic cycles,
with cyclical variations in permeability, pressure regimes, fluid sources, and redox conditions (e.g., Cerchiari
et al., 2020; Ujiie & Kimura, 2014; Vannucchi et al., 2010; Yamaguchi et al., 2011). Geochemical and isotopic
records in calcite veins testify both the localized transport of external exotic fluids along faults and evidence of
postseismic local buffering (i.e., Cerchiari et al., 2020). Integration with wall rock geochemistry and
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microstructure analyses provides a continuous record of fluid‐rock interaction pathways during the seismic cycle
(Charpentier et al., 2024; Raimbourg et al., 2018; Tartaglia et al., 2020). In addition, changes in relative con-
centrations, grain size, and assemblages of magnetic minerals, as revealed by rock magnetic measurements, can
provide high‐resolution insights into changes in the physicochemical conditions (e.g., redox conditions, pH of
fluids, and temperature) that occurred in the wall rocks during coseismic, postseismic and interseismic phases
(e.g., Chen et al., 2019; Chou et al., 2012; Greve et al., 2021; Yang, Yang, et al., 2016), as well as upon weathering
(Liu et al., 2022).

The interaction between fault rock and circulating fluids can induce selective dissolution of Fe‐bearing minerals,
enriching the fluids in Fe2+ and resulting in the precipitation of new minerals such as fine‐grained iron‐oxides
(e.g., magnetite), iron‐oxyhydroxides (e.g., goethite), and/or sulfides (e.g., pyrite or pyrrhotite), leading to
changes in magnetic properties (e.g., Yang et al., 2020). Increased susceptibility and magnetization of fault rocks
has been widely linked to the enrichment of newly formed ferrimagnetic minerals (Chou et al., 2012; Mishima
et al., 2009; Tanikawa et al., 2008; Yang, Yang, et al., 2016). In contrast, decreased susceptibility and magne-
tization proxies have been observed in proximity of fault‐zones, suggesting magnetite depletion and Fe2+

incorporation in Fe‐rich clay minerals (Yang, Dekkers, & Zhang, 2016). Low concentrations of ferrimagnetic
minerals may also result from anaerobic oxidation of methane during drainage of fluids, reducing greigite to
paramagnetic pyrite (Greve et al., 2021), under these conditions, fine‐grained (SD) magnetite is dissolved as well.
Percolation of hot acqueous fluids (T > 350°C) during coseismic phases leads to alteration/transformation of
pyrite to pyrrhotite, siderite to magnetite, and to partial oxidation of magnetite (Chou et al., 2012; Tanikawa
et al., 2008; Yang et al., 2018). Additionally, cooling of hot coseismic fluids has been observed to induce goethite
enrichment (Chou et al., 2012). Finally, localized and intense shearing can result in mechanical grain size
reduction of ferromagnetic s.l. particles from multidomain (MD) to single domain (SD) or even super-
paramagnetic (SP), with magnetic properties changing as grain size and grain internal stress vary (e.g., Jackson
et al., 1993; Till et al., 2012). In particular, grain size reduction of ferrimagnetic particles to SP state can lead to
increased susceptibility (Chou et al., 2014; Hirono et al., 2006; Yang et al., 2020).

So far, most rock magnetic studies have focused on shear zones that experienced seismic frictional heating to
estimate the peak temperature along slip surfaces (e.g., Hirono et al., 2009; Mishima et al., 2006; Yang, Dekkers,
& Zhang, 2016) and to investigate thermal decomposition of Fe‐bearing minerals linked to increased suscepti-
bility (e.g., Chou et al., 2012; Mishima et al., 2009; Tanikawa et al., 2008; Yan et al., 2023). This study in-
vestigates how fluid circulation may have induced variations in magnetic properties in two sectors of an exhumed
megathrust shear zone that experienced low maximum temperatures (120–150°C) and where no evidence of
frictional heating or high‐temperature alteration was identified (Remitti et al., 2013; Vannucchi et al., 2008). We
discuss variations in magnetic mineral assemblages of wall rocks and changes in their concentration and grain size
at increasing distances from localized fluid transport and vein precipitation zones. Additionally, we explore the
potential for rock magnetic techniques to record fluid‐rock interaction processes (e.g., alteration, leaching, and
neoformation of minerals), and to trace fluid pathways during seismic cycles.

2. Geological Setting and Background
The Sestola‐Vidiciatico tectonic Unit (SVU), exposed in the Northern Apennines (Italy; Figure 1), represents an
exhumed analogue of present‐day plate boundary shear zones formed during the Early to Middle Miocene
subduction of the Adria microplate beneath the frontal margin of the European plate (Vannucchi et al., 2008). The
SVU appears as a map‐scale tectonic mélange, about 200–500 m thick, comprising superposed lenticular tectonic
slices separated by anastomosing shear surfaces (Remitti et al., 2013; Vannucchi et al., 2008). Its lithology
consists mainly of shale and marl from the overthrusting accretionary complex (Ligurian and Subligurian Units)
and associated slope deposits (Remitti et al., 2012; Vannucchi et al., 2008). Paleothermal indicators, such as
vitrinite reflectance, clay‐mineral geothermometers, and apatite fission track analysis (Botti et al., 2004; Carlini
et al., 2013; Reutter et al., 1991; Thomson et al., 2010), suggest that sediments within the SVU and its footwall
reached maximum temperatures of about 120–150°C, indicative of burial depths around 5 km. These values
support the interpretation of the SVU as an equivalent to the shallower portion of modern seismogenic mega-
thrusts (Mittempergher et al., 2018; Vannucchi et al., 2008).

Field observations reveal the progressive evolution of deformation during its activity, from early pre‐litification
deformation stage to brittle faulting (Cerchiari et al., 2020; Mittempergher et al., 2018). All deformation phases
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were coupled with circulation of considerable volumes of fluids. Integration with geochemical analyses of calcite
veins provides insights into active fluid circulation, changes in fluid origins, and stress‐regime variations during
different phases of the seismic cycle. Particularly in the last brittle phase, crosscutting calcite veins along major
faults and fractures reflect repeated faulting episodes driven by cyclical rises and drops in fluid pressure, stress‐
switching, and mineral precipitation (Cerchiari et al., 2020; Mittempergher et al., 2018; Vannucchi et al., 2008).

Stable isotope analyses (δ13C and δ18O; see Vannucchi et al., 2010) of calcite veins and wall rocks suggest the
likely influx of deep diagenetic fluids, possibly released by smectite dewatering at depth, buffered by the fault
wall rocks. Geochemical (major and trace elements) analyses of veins in the basal thrust zone highlight fluid
circulation and stress‐switching during repeated seismic‐cycles (Cerchiari et al., 2020). During the coseismic
phase, exotic fluids under reducing condition, in disequilibrium with the wall rocks, migrated along the major

Figure 1. (a) Simplified structural map of the Northern Apennines (modified from Remitti et al. (2013)) and (b) its geographic location; sketches of the main structural
features and the relative positions of the sampling‐sites at (c) Vidiciatico (modified from Mittempergher et al., 2018) and (d) Gova (modified from Robustelli Test &
Zanella, 2021); (e, f) detailed photos of the basal thrust of the SVU cropping out at Vidiciatico; (g) close‐up of the basal décollement at Gova showing the contact
between the Civago marls and the underlying sheared sandstones.
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fault, followed by a switching in stress field. In the postseismic phase, extensional veins recorded circulation of
local fluid equilibrated with the wall rock. These fluids were locally modified by sorption reactions and pressure‐
solution processes. Finally, during the reloading phase, fluid pressure increases, restoring the compressional
regime.

3. Samples and Rock Magnetic Approaches
3.1. Samples Location and Characteristics

Sampling was conducted in two representative sectors exposing the basal thrust of the SVU (Figure 1), where its
evolution is well‐constrained by previous fieldwork and mesoscale structural studies (e.g., Mittempergher
et al., 2018; Remitti et al., 2012; Vannucchi et al., 2008), paleothermal estimations (Carlini et al., 2013; Reutter
et al., 1991), and geochemical analyses from calcite veins (Cerchiari et al., 2020; Vannucchi et al., 2010).
Additionally, preliminary rock magnetic mineralogical experiments conducted at the same outcrops (Robustelli
Test & Zanella, 2021) confirm the suitability of the magnetic properties of the sediments within the SVU to record
variations in faulting processes.

Multiple hand‐samples were collected from both the footwall and hangingwall of the basal thrust, separating the
SVU from the underlying Adria sedimentary cover, along three transects perpendicular to the main thrust
(Figures 1c and 1d). Each transect comprises multiple sites positioned at progressively increasing distances from
the basal thrust. Site names include the transect number and an acronym indicating the structural position or origin
of the tectonic slice (U = Underthrusting sediments; S = Sheared sandstones; B = SVU). Sites are further
numbered according to their relative distance from the basal thrust (e.g., T1‐B1, T1‐B2 and T1‐B3).

Two transects (Transects 1 and 2) were sampled at Vidiciatico (44°10′16.13″N–10°51′42.42″E, Figures 1a and
1c). In the hanging wall of the basal thrust, samples were taken from the marls of the prism slope incorporated
within the SVU (e.g., MarmoretoMarls and/or CivagoMarls; Plesi et al., 2002; Vannucchi et al., 2010), which are
characterized by a penetrative fabric consisting of rhombohedral lithons separated by shear fractures and cut by
localized shear zones subparallel to the main faults (Figures 1e and 1f). In the footwall, the collected samples
consist of poorly deformed turbidites from the Umbrian‐Tuscan sedimentary succession (Botti et al., 2011).

The third transect is located within the Gova tectonic window (44°20′12.08″N–10°31′37.99″E; Figures 1a and
1d). In the hanging wall of the basal thrust, samples were collected from the first tectonic slice of marls inside the
SVU, characterized by a well‐developed pressure‐solution cleavage (Figure 1g), bounding rhombohedral to lens‐
shaped lithons. The pervasive tectonic fabric is cut by extensional veinlets associated with hydraulic fracturing
(Remitti et al., 2012; Vannucchi et al., 2010). Additional samples were taken from a layer of sheared sandstones
pinched along the basal thrust, demonstrating incomplete lithification of the foredeep turbidites during the early
stages of thrust activity (Remitti et al., 2012). Finally, three sites at progressively increasing distance from the
basal thrust were sampled from the undeformed turbiditic layers of the footwall (Gova sandstones; Cornamusini
et al., 2018; Plesi, 2002).

3.2. Magnetic Mineralogy Investigation

Rock magnetic experiments were conducted to evaluate variations in magnetic mineral assemblages, concen-
tration, and grain size induced by fluid‐rock interaction with distance from the main thrusts. Bulk mass‐
normalized magnetic susceptibility (χ, units of m3/kg) was measured with a KLY‐3 Kappabridge (operating at
875 Hz and 300 A/m; AGICO) to provide information on the concentration of para‐, dia‐ or ferri‐magnetic
minerals (Tarling & Hrouda, 1993; Thompson & Oldfield, 1986; see Text S1 in Supporting Information S1).
Room temperature field‐ and frequency‐dependence of magnetic susceptibility χwas measured at three operating
frequencies (976, 3,904 and 15,616 Hz) as a function of field increase from 2 to 700 A/m, 2 to 350 A/m, and 2 to
200 A/m for each respective frequency, using a MFK2‐FA (AGICO). The field dependence of magnetic sus-
ceptibility, expressed by the parameter Va (details in Text S3 in Supporting Information S1), can be used to detect
the presence of pyrrhotite and titanomagnetite (e.g., Hrouda et al., 2006; Jackson et al., 1998; Worm et al., 1993).
Frequency‐dependent magnetic susceptibility (χfd; Dearing et al., 1996; Text S2 in Supporting Information S1)
was calculated to identify the contribution of SP particles over SD and MD grains (Dearing et al., 1996;
Maher, 1988; Thompson & Oldfield, 1986; Text S2 in Supporting Information S1).
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Natural remanent magnetization (NRM) was measured with a JR‐6 spinner magnetometer, followed by stepwise
static alternating field (AF) demagnetization steps up to 100 mT to identify the median destructive field (MDF), a
proxy for coercivity (Text S3 in Supporting Information S1). To define variations in ferrimagnetic mineral (e.g.,
magnetite) concentrations, anhysteretic remanent magnetization (ARM) was imparted at 100 mT with a bias
direct field of 0.1 mT. AF demagnetization of ARM and IRM imparted at 100 mT was performed to further
constrain the grain size and genesis of magnetic mineral assemblages. On selected specimens from each site,
isothermal remanent magnetization (IRM) acquisition curves were obtained using a pulse magnetizer at pro-
gressively increasing field steps up to a saturation remanent magnetization (SIRM) of 1.5 T. Backfield remanent
curves were measured to detect the coercivity of remanence (Bcr; Text S3 in Supporting Information S1) by
applying progressively increasing backfields up to − 0.3 T. Log‐normal probability density functions (PDFs) were
fitted to the gradient of the acquisition data and evaluated against the corresponding cumulative distribution
functions (CDFs) using the Bilardello (2025) CoercivityUnmixing code, which includes residual analysis and
component intersection detection to discriminate magnetic components, their mean remanent coercivity (Bh) and
dispersion parameter (DP) (Heslop et al., 2002; Kruiver et al., 2001; Text S3 in Supporting Information S1;
Table S1). The remanence curves were also used to calculate remanence ratios (S‐ratios, Thompson & Old-
field, 1986; HIRM, Robinson, 1986; L‐ratio, Liu et al., 2007; Table S2) using the SIRM and backfield IRMs at
100 and 300 mT to evaluate the relative contributions of high‐ and low‐coercivity phases (King & Channell, 1991;
Liu et al., 2019; Text S3 in Supporting Information S1).

Hysteresis loops were acquired at room temperature using a vibrating sample magnetometer (VSM, Lake Shore
7410 at the INRiM, Italy, and Lake Shore 8600 at the IRM) with a maximum applied field Bmax= 1.5 T, to further
investigate the rock magnetic properties and estimate the magnetic domain‐state (i.e., grain size of magnetic
minerals) (Day et al., 1977; Dunlop, 2002a, 2002b). The high‐field magnetic susceptibility (χhf; defined by the
slope of the hysteresis loops above 700 mT) and the “ferrimagnetic susceptibility” (χferri = χ–χhf; Text S1 in
Supporting Information S1) are used as proxies for the contributions of dia‐/para‐magnetic and ferrimagnetic
minerals to the bulk susceptibility, respectively. Ferrimagnetic susceptibility is used to normalize grain‐size and
field‐ and frequency dependent parameters (see Text S2 and S3 in Supporting Information S1) to correct for the
paramagnetic clay minerals contribution (e.g., χfd‐normalized, Dearing et al., 1996; Maxbauer et al., 2016a;
Yamazaki & Ioka, 1997). Additional hysteresis cycles at room temperature were measured after thermal treat-
ments under vacuum at increasing maximum temperatures between 150 and 650°C in 100°C steps to assess
changes in the magnetic properties with increasing temperature. Each thermal treatment was performed, by
heating the samples for 1 hr with a vacuum furnace. Interpretation of hysteresis loops was performed with the
HystLab software (Paterson et al., 2018). Advanced processing options (e.g., automatic loop centering, drift and
high‐field slope corrections, and loop fitting) were applied following the approach described by Paterson
et al. (2018) and Jackson and Solheid (2010). Only hysteresis loops with raw loop quality factor Q > 2 and
ferromagnetic loop factor Qf > 1 were considered reliable for calculating hysteresis parameters. Saturation
magnetization (Ms), saturation remanent magnetization (Mrs) and coercivity (Bc) were extracted and plotted as
Mrs/Ms versus Bcr/Bc (i.e., Day plot; Day et al., 1977; Dunlop, 2002a, 2002b), allowing estimation of the domain‐
state. Hysteresis ratios were used to calculate the DJH ratio (see Table S2 and Text S3 in Supporting Informa-
tion S1) to identify the occurrence of iron sulfides (Housen & Musgrave, 1996). First‐Order Reversal Curves
(FORC) were also measured on selected samples and processed using the VARIFORC software (Egli, 2013,
2023).

Low‐temperature measurements were conducted using a Quantum Designs Magnetic Properties Measurement
System (MPMS‐XL) at the Institute for RockMagnetism (IRM) at the University of Minnesota. Field cooled (FC)
remanence experiments were performed by applying a 2.5 T field while cooling the specimens from 300 to 10 K
and measuring the magnetic remanence as the specimens warmed back to 300 K (in zero field). After cooling the
specimens to 10 K in zero field, a low‐temperature SIRM (LT‐SIRM) at 2.5 T was imparted. The remanence was
subsequently measured while warming up to room temperature in zero field (i.e., zero‐field cooled (ZFC)
remanence). Finally, a SIRM of 2.5 T was imparted at room temperature (RT‐SIRM at 300 K) and the remanence
was measured during a cooling‐warming cycle (300–10–300 K) in zero field. This procedure is particularly
suitable for identifying diagnostic magnetic phase transitions indicative of magnetite (Verwey transition, TV
∼120 K; Verwey, 1939; Muxworthy &McClelland, 2000), hematite (Morin transition, TM ∼260 K; Morin, 1950;
Özdemir et al., 2008), or monoclinic pyrrhotite (Besnus transition, TB ∼34 K; Dekkers, 1989; Rochette
et al., 1990). Additional information on magnetic particle grain size or concentration can be assessed trough
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several parameters (δFC/δZFC, Carter‐Stiglitz et al., 2004; Moskowitz et al., 1993; RLT, Smirnov, 2009; PMZFC,
Aubourg & Pozzi, 2010; Memory Ratio, Dunlop & Argyle, 1991; RI ratio, Dekkers, 1989; Liu et al., 2006; G%,
Aubourg et al., 2021; see details in Text S1–S3 of Supporting Information S1 and Table S1).

Stepwise thermomagnetic susceptibility (χ–T) curves were acquired in argon during heating‐cooling cycles to
successive elevated temperatures (increments of 50°C from 150 to 350°C and then 700°C) using a KLY‐2
Kappabridge equipped with a CS2 furnace at IRM (University of Minnesota). Stepwise χ–T is used to deter-
mine the Curie/Néel temperatures of the magnetic minerals in our samples and to quantify thermochemical
alteration during heating (alteration indexes, A40, δχ, Am, and δcr; Table S2; Text S4 in Supporting Informa-
tion S1). Alteration temperatures can inform about the presence of thermally unstable magnetic minerals such as
pyrite and goethite (Özdemir &Dunlop, 2000; Spassov &Hus, 2006; Yang et al., 2018) and/or potentially be used
as a paleo/geothermometer (Hrouda et al., 2003; Spassov & Hus, 2006; Yang, Dekkers, & Zhang, 2016).

3.3. Scanning Electron Microscopy

Scanning electron microscope (SEM) observations, coupled with energy‐dispersive spectrometry (EDS) mea-
surements, were performed on thin sections from selected sites, including both the footwall and hangingwall, and
at different distances from the basal thrust. Microprobe analyses were acquired using a SEM JEOL IT300LV,
EDS Oxford Instruments Inca Energy 200, X‐act SDD detector. For this kind of detector, the Aztec Energy
version 6.0 SP1 provided with Oxford Instruments Aztec Feature ® package was used. Operating conditions are
15 keV with 5 nA current and EDS process time of 1 µsec, 105 counts/sec, and a live time of 50 s. Multispectral
image analysis was performed on representative samples in SEM‐EDS using the package Feature of the software
Aztec. The analytical conditions for the multispectral images were as follows: accelerating voltage = 15 kV,
probe current = 2 nA, working distance = 10 mm, LiveTime (LT) = 3 s. Thresholds were automatically
established after visual inspection of back scattered electron (BSE) photomosaics.

The obtained elemental analyses were used to semi‐quantitatively assess the composition of different mineral-
ogical phases, with a particular focus on iron sulfides and total iron content.

4. Results
4.1. Magnetic Mineralogy (Assemblages, Concentration, and Domain States)

Marls from the hangingwall and sandstones of the footwall are characterized by bulk susceptibility (χ and χhf)
values comprised between 3.75 and 13.00 × 10− 8 m3/kg (Table S3; Figure 2 and Figure S1 in Supporting In-
formation S1), with values mainly controlled by the paramagnetic contribution (mean χhf/χ about 92% and 83%,
respectively). Ferromagnetic s.l. phases occur in low amounts, as indicated by concentration proxies (e.g.,
χferri < 4.10 × 10− 8 m3/kg, NRM < 34.18 × 10− 8 Am2/kg and Ms = 6.25 ± 4.63 × 10

− 4 Am2/kg; Figure 2 and
Figure S1 in Supporting Information S1; Table S3). ARM and SIRM values vary among lithologies, being lower
in sandstones (Figure 2; Table S3).

Hysteresis loops at room temperature display a predominant paramagnetic behavior (Figure S4c in Supporting
Information S1), with the ferrimagnetic component insufficient to define reliable hysteresis parameters in some
samples. Hysteresis curves saturate between 0.3 and 0.6 T, with a narrow shape indicative of low‐coercivity
phases such as (titano‐)magnetite. Only a few Marmoreto marls samples (T1‐B3 in Figure S4c in Supporting
Information S1) show wider loops with wasp‐waisted shape, reflecting a mixture of low‐ and high‐coercivity
phases (Roberts et al., 1995).

The saturation ratio S0.3 (∼0.90 ± 0.12; Table S5) and coercivity analyses (Figures S5 and S6 in Supporting
Information S1) indicate that remanent magnetizations are dominated by minerals with coercivities <0.3 T (e.g.,
titano‐magnetites), with the high‐coercivity fraction (>0.3 T) < 20% in most samples. Coercivity analysis
(Figures S5–S7a in Supporting Information S1) reveals two dominant low‐coercivity components: (a) a minor
soft/low‐coercivity phase (Bsoft = 17 ± 9%; Bh = 1.29 ± 0.05 log10 units; DP = 0.30 ± 0.05) with values typical
of detrital (titano‐)magnetite (Egli, 2004a; Xue et al., 2024); (b) a dominant intermediate‐coercivity component
(Binter = 73 ± 11%; Bh = 1.77 ± 0.05 log10 units; DP = 0.26 ± 0.03), likely representing the superposition of
biogenic soft and biogenic hard components, as inferred from ARM coercivity analysis (Figures S7a and S8d in
Supporting Information S1; Egli, 2004a; Kruiver et al., 2001; Maxbauer et al., 2016b). Va‐normalized values (3%–
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44%) support varying amounts of titano‐magnetite (Hrouda et al., 2006), being higher in Vidiciatico Transect 2
(Figure S3d in Supporting Information S1). Overall, Ti‐content varies between pure magnetite to relatively Ti‐
rich magnetite (Figure S9b in Supporting Information S1). Mineral‐diagnostic plots (Figures S7b and S7c in

Figure 2. Plots of representative rock‐magnetic parameters versus distance from the main thrust plane (a–i) at Vidiciatico and (j–r) Gova. Squares connected by dotted
lines (a–h) refer to data from Vidiciatico Transect 2. See details in Figures S1–S3 of Supporting Information S1. (a, j) Magnetic susceptibility ( χ) in gray and
“ferrimagnetic susceptibility” ( χferri) in orange; (b, k) saturation isothermal remanent magnetization (SIRM) in orange and IRM imparted at 100 mT in gray; (c, l)
anhysteretic remanent magnetization (ARM); (d, m) ARM/SIRM ratio in gray and ARM/IRM ratio in orange; (e, n) χa/IRM ratio; (f, o) frequency‐dependent magnetic
susceptibility ( χfd) in gray and χfd‐normalized in orange; (g, p) coercivity of remanence (Bcr) in orange and median destructive field (MDF) in gray; (h, q) L‐ratio in gray
and S‐ratio S0.3 in orange; (i, r) stacked area chart of relative contributions [%] of the magnetic components unmixed from the IRM; Bsoft, Binter, and Bhard correspond to
the low‐, intermediate‐ and high‐coercivity component, respectively.
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Supporting Information S1) confirm a dominant (titano‐)magnetite assemblage, with local occurrence of greigite
in few samples, particularly in the lower plate sandstones.

Significant content of high‐coercivity minerals is observed in sandstones (HIRM = 53.50 ± 21.77 A/m, L‐ra-
tio = 0.25 ± 0.14) and Site T1‐B3 (L‐ratio = 0.70; S0.3 = 0.51).

Coercivity analysis (Figures S5–S7a in Supporting Information S1) reveal two distinct high‐coercivity compo-
nents with values typical of hematite or goethite: (a) a first hard/high‐coercivity phase (Bharda; Bh = 2.42 ± 0.15
log10 units; DP = 0.19 ± 0.04); (b) a second hard component with distinct higher coercivity (Bhardb;
Bh = 3.12 ± 0.13 log10 units; DP = 0.15 ± 0.05). The 1.5 T maximum field used for coercivity analysis is likely
insufficient to fully capture the median field of the highest‐coercivity component, which appears to be larger,
suggesting goethite (e.g., Figure S5 in Supporting Information S1).

Hysteresis parameters (Mrs/Ms = 0.12 ± 0.07) are characteristic of pseudo single domain (PSD) or vortex state
magnetite grains (Dunlop, 2002a). Typical PSD values are determined by grain‐size parameters (Table S4), such
as SIRM/χferri = 5.81 ± 3.11 kA/m, ARM/χferri = 0.49 ± 0.40 kA/m, and ARM/IRM = 0.10 ± 0.03. These
parameters tend to be higher in marls compared to sandstones and vary according to structural position (Figure 2
and Figure S2 in Supporting Information S1).

In contrast, most samples show χa/IRM > 1 mm/A (Table S4) and easier demagnetization of IRM curves with
MDFARM/MDFIRM ratios >1 (Figure S8 in Supporting Information S1), suggesting significant contribution of SD
magnetite grains (Egli & Lowrie, 2002; Xu & Dunlop, 1995). However, low DJH values (<0.12) exclude the
dominance of high‐coercivity SD iron sulfides (e.g., greigite and pyrrhotite; Housen & Musgrave, 1996).

Diagrams of stacked FORCmeasurements (Figure S9a in Supporting Information S1), although somewhat noisy,
display an asymmetrical triangular contour shape spreading along the Bu axis with a central peak reaching Bc
around 80–100 mT, consistent with mixed PSD‐SD magnetite grains (Egli, 2021; Muxworthy & Dunlop, 2002;
Roberts et al., 1995).

Frequency‐dependent magnetic susceptibility varies between lithologies. χfd and χfd‐normalized are <6% in sand-
stones (Table S4; Figure 2 and Figure S3 in Supporting Information S1), excluding dominance of SP particles
(Maxbauer et al., 2016a) or pyrrhotite (Worm et al., 1993). However, in marls, elevated χfd‐normalized (13.12 ±
14.91%) along with variations in χerri/Ms indicate the local occurrence of SP magnetite grains.

4.2. Low‐Temperature Experiments

The FC and ZFC remanence curves display decay of remanence upon warming (Figures 3a and 4a). FC curves
exhibit higher magnetization than ZFC, both converging at ∼250–300 K, suggesting the occurrence of goethite
(Liu et al., 2006). Most samples show a drop at ∼124 K, consistent with the Verwey transition (Tv) of magnetite
(Muxworthy &McClelland, 2000; Verwey, 1939). The absence of a clear Tv in some samples (Figures 3a and 4a)
is indirect evidence of the presence of Ti‐magnetite and/or more oxidized magnetite/maghemite (Chang
et al., 2013). The remanence loss across the Verwey transition (δ; see Figure S10 in Supporting Information S1
and Table S5) is <0.8 for δFC and <0.4 for δZFC, with variations with structural position.

The values of low‐temperature remanence ratios (δFC/δZFC = 1.71 ± 0.55; RLT = 2.31 ± 1.01; Figure S10 in
Supporting Information S1; Table S5) support the occurrence of significant SD contributions mixed with PSD
magnetite grains (Housen & Moskowitz, 2006; Smirnov, 2009). In marls, variations are observed according to
distance from the basal décollement, with RLT markedly varying between 1.18 and 4.37, confirming the presence
of SD to PSD magnetite mixtures and goethite (Jackson et al., 2011; Smirnov, 2009).

The remanence loss between 10 and 35 K differs among lithologies, with values about 0.48 ± 0.05 in sandstones
and 0.65 ± 0.13 in marls (Figure S10 in Supporting Information S1; Table S5). Overall, mean PMZFC values of
about 0.61 and the absence of a Besnus transition preclude the presence of pyrrhotite (Aubourg & Pozzi, 2010).

The RT‐SIRM cooling curves (Figures 3b and 4b) show an initial gradual increase in magnetization, followed by
a faint to well‐developed loss at ∼120 K, then a continuous increase down to 10 K. Sheared sandstones at Gova
show two drops in the cooling curves at 126 and 247 K, consistent with the Verwey and Morin transition,
respectively (Figure 4b). A similar trend is observed in the footwall at Vidiciatico (Figure 3b). Upon warming, the
remanence is not completely recovered passing through the Verwey transition, with a remanence loss of about
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8%–19% (Memory ratio = 0.88 ± 0.04; Figure S10 in Supporting Information S1 and Table S5), followed by a
monotonic decrease from 120 to 300 K. The remanent magnetization on cooling generally increases by >7%,
indicating that goethite constitutes an appreciable portion of the SIRM (Dekkers, 1989). Marls show increases in
magnetization of ∼14 ± 8%, while some sandstones also exhibit a significant SIRM loss during cooling to 10 K

Figure 3. (a) Representatives FC‐ZFC (blue and red, respectively) with first derivatives (dark and light gray, respectively), (b) RT‐SIRM remanence (black/green are
cooling/warming data, respectively), and (c) stepwise thermomagnetic susceptibility curves (solid/dotted are heating/cooling curves, respectively; details in Figure S11
of Supporting Information S1) from the Vidiciatico Sector (Transect 1 and 2). Lithological units and relative position of the samples are reported on the left.
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(Figures 3b and 4b). At Vidiciatico, the magnetization increases are generally less intense, with higher values
(∼10%) at sites T1‐B1 and T2‐B1 (Figure 3b and Figure S10f in Supporting Information S1). At Gova
(Figure 4b), some samples show a monotonic increase in magnetization and a faint inflection close to the Tv with
magnetization increases >30% in the footwall and at site T3‐B3 (Figure 4b; Table S5). The goethite proxy (G%;
Aubourg et al., 2021) is significantly higher at Gova, ranging from 4% to 20%. In contrast, at Vidiciatico, G% is
typically <11% (Figure S10 in Supporting Information S1; Table S5).

4.3. High‐Temperature Experiments

The stepwise χ–T cycles are almost reversible and exhibit a paramagnetic hyperbolic behavior up to a maximum
temperature of 350–450°C (Figures 3c and 4c, Figures S11a and S12a in Supporting Information S1), suggesting
negligible alteration (alteration indices <10%; A40, δχ, Am, and δcr; Table S7 in Supporting Information S1) at

Figure 4. (a) Representatives FC‐ZFC with first derivative, (b) RT‐SIRM remanence, and (c) stepwise thermomagnetic susceptibility curves from the Gova Tectonic
Window (see Figure S12 in Supporting Information S1 for details). Details as in the caption of Figure 3.
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these temperatures. Suceptibility starts to increase above ∼350°C and reaches maximum values between 500 and
550°C, suggesting the thermal decomposition/breakdown of iron‐bearing paramagnetic minerals, such as pyrite
and/or clays and neoformation of ferrimagnetic minerals (e.g., magnetite; Tanikawa et al., 2008; Yang, Dekkers,
& Zhang, 2016). Only a few marl samples start to alter at about 350°C (T1‐B3 in Figure S11 of Supporting
Information S1 and T3‐B1 in Figure S12 of Supporting Information S1), showing A40 and δχ = 17%–22%,
Am = 12%–19%, and δcr = 19%–31%. In most samples, χ becomes nearly zero at about 600°C, indicating the
presence and/or neoformation of magnetite. Some specimens show a significant loss of χ at 580–600°C but
reaches zero at 700°C, suggesting the local occurrence of hematite (e.g., T3‐U1 in Figure S12 of Supporting
Information S1); however, this might be a product of thermal alteration.

Overall, the heating‐cooling cycles to 700°C show irreversible curves with abrupt increases in χ upon cooling,
suggesting significant neoformation of magnetite during the thermal treatment.

Different behaviors are observed in the cooling curves depending on the lithology: In sandstones, χ increases
sharply at 580–600°C to an order of magnitude higher, followed by a slight increase, reaching maximum values at
350–400°C (e.g., Figure 4c); Marls display an initial rapid increase in susceptibility between 580 and 550°C,
followed by a monotonic increase with decreasing temperature, with a peak between 300 and 350°C (Figures 3c
and 4c).

Hysteresis loops after stepwise thermal treatments (Figure 5a) reveal low saturation magnetization (Ms) up to
350°C with values < 1.84 × 10− 3 Am2/kg. At low temperature steps, the signal is dominated by paramagnetic
behavior, with slight increases in Ms from Tmax = 250°C (Figure S13 in Supporting Information S1). Hysteresis
parameters (Ms, Bc, and Mrs/Ms) significantly increases after the 450°C step (Figure 5). Overall, the Ms values
after the 650°C step are two orders of magnitude higher than the initial values (Figure 5a). At the 650°C thermal
step, the hysteresis loops show a pot‐bellied shape (shape parameter δhyst < 0) and are characterized by

Figure 5. (a) Hysteresis loops after stepwise thermal treatment. Loops are corrected for the high‐field slope. Raw data are reported in Figure S13 of Supporting
Information S1. Hysteresis paramenters (b) Bc and (c)Mrs/Ms versus distance from the basal décollement. Lithological units are also reported. See Figure 1 for samples
position.
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Bc < 30 mT, supporting the neoformation of low‐coercivity ferrimagnetic minerals (e.g., magnetite) as the final
alteration product of paramagnetic minerals.

The intensity of alteration and intermediate products differs between lithologies and with distance from the main
thrust plane (Figure 5).

In the footwall, the hysteresis loops widen at 450°C with changes in Bc from <10 to 27 mT and 62 mT at site T3‐
U3 and T3‐U1, respectively. Ms increases significantly after the 550°C step, reaching maximum values of
8.28 × 10− 2 Am2/kg. The sheared sandstones, closer to the main thrust, show higher Bc value of 87 mT at the
550°C step (Figure 5b). Ms increases sharply only after the final thermal step, and the hysteresis loop shape
transitions from wasp‐waisted (δhyst ∼ 1) to pot‐bellied (δhyst about − 0.1; Figure 5a).

In the marls, at greater distance from the basal thrust (Site T3‐B3), hysteresis loops support progressive magnetite
formation after the 350°C step with significant increase during the final thermal step. The hysteresis loop shape is
initially wasp‐waisted (δhyst > 0.5) but becomes pot‐bellied at the 650°C thermal step (Figure 5a). In contrast,
closer to the basal thrust, at the 450°C step, Bc reaches 243 mT and Mrs/Ms ratio attains its highest value of 0.63
(Figures 5b and 5c), suggesting the neoformation of high‐coercivity minerals such as hematite (Özdemir &
Dunlop, 2014) as an intermediate product.

4.4. Scanning Electron Microscopy

Petrographic observations performed using SEM‐EDS analysis reveal the presence of pyrite microcrysts (FeS2)
while no direct evidence of greigite were observed (Figure 6). In the marls of the SVU hanging wall, pyrite occurs
either as isolated crystals (1–10 μm in diameter) or as large aggregates of framboids (∼150–300 μm; Figures 6a
and 6b, and Figure S14a in Supporting Information S1). At the tips of the aggregates, smaller framboids are
distributed along dissolution seams, forming shadow‐like micro‐pyrite tails (Figure 6a) or bounding deformed
domains (Figure S14d in Supporting Information S1). Large aggregates show alteration/recristallization rims
with minor abundance of framboids or their relicts (Figures S14a and S14d in Supporting Information S1).
Elongated pyrite inclusions are observed within deformed phyllosilicates (Figure S14e in Supporting
Information S1).

In contrast, within the sandstones, pyrite framboids are typically isolated and dispersed between clays or within
the carbonate matrix and preserved bioclasts. These framboids show no preferred orientation or specific spatial
distribution (Figures 6c and 6d).

Overall, pyrite is more abundant close to the basal thrust, while Fe content varies among lithologies and
depending on structural position (Figures 6f and 6g).

5. Discussion
This section discusses the distribution of magnetic mineral assemblages, their grain size, and concentration within
the wall rocks relative to the major thrusts. The data set is compared with those from shear zones exhibiting
evidence of frictional heating. Finally, a correlation is proposed between rock magnetic evidence and fluid‐ and
stress‐regimes to elucidate migration pathways, redox‐conditions, and fluid‐rock interactions during the seismic
cycle.

5.1. Magnetic Minerals Distribution Across the SVU Megathrust

The magnetic mineral assemblages across the three transects consist of dominant paramagnetic clays and pyrite,
as indicated by low magnetic susceptibility (χ < 10 × 10− 8 m3/kg), χ‐T cycles, hysteresis loops, and SEM‐EDS
analysis. A significant proportion of low‐coercivity ferrimagnetic minerals (e.g., titano‐magnetite) is present,
along with minor amounts of high‐coercivity phases, such as hematite and goethite. Variations in magnetic
mineral distributions correlate with lithological unit and structural position.

In the hangingwall of the basal thrust, (titano‐)magnetites are the dominant ferromagnetic s.l. phases, as indicated
by high S0.3, low Bcr, HIRM, and L‐ratio values, with a complex primary mixture of likely biogenic (Binter∼ 70%)
and detrital (Bsoft) magnetite combined with titano‐magnetites or slightly oxidized phases (Figure 2 and Figure S3
in Supporting Information S1). The Marmoreto Marls of Vidiciatico likely contain higher content of titano‐
magnetites and/or strongly oxidized magnetite or maghemite, as indicated by the absence of a discernible Tv
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(Chang et al., 2013, Figures 3a), a relative increase in Va‐normalized (particularly at Vidiciatico Transect 2) and an
RI ratio ∼10%, with higher oxidation near the basal décollement (Figure 3b and Figure S10f in Supporting
Information S1).

Concentration trends vary depending on structural position, with minor variations between the two localities. At
Vidiciatico, decreasing χ and Fe content corresponds to decrease in iron‐oxides and Fe‐bearing paramagnetic
minerals close to the main thrust surface (Figures 2a and 6f). Conversely, χ at Gova, and thus the relative con-
centration of Fe‐bearing minerals, is minimum at 3 m from the thrust and increases approaching the major fault
surfaces (Figure 2j). Across all transects, the progressive decreases in χhf and alteration indices (Figure S1 and
Table S7 in Supporting Information S1) near the basal décollement suggest potential Fe2+ depletion from Fe‐
bearing clays and/or pyrite dissolution (Hashimoto & Kaji, 2012; Yang, Dekkers, & Zhang, 2016), compatible
with alteration rims in pyrite large framboids (Figure S14 in Supporting Information S1).

Magnetite concentration increases with distance from basal décollement, as evidenced by increasing ARM,
SIRM, NRM, Fe content, and χferri values upward in the hangingwall (Figure 2 and Figure S1 in Supporting
Information S1).

Figure 6. Backscattered SEM image of: (a, b) large aggregates of framboidal pyrite within the SVU marly domains; isolated framboids in the foredeep turbidites (d, e).
(c) Representative EDS spectrum of pyrite microcrysts and framboids. Plots of relative abundance of Fe and pyrite content versus distance from the main thrust plane
(f) at Vidiciatico and (g) Gova.
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χa/IRM, MDFARM/MDFIRM, δFC/δZFC ratios >1 and high memory ratio values indicate a significant contribution
of SD (titano‐)magnetite mixed to PSD grains (Dunlop & Argyle, 1991; Egli & Lowrie, 2002; Housen &
Moskowitz, 2006), with grain‐size variations depending on structural position. Overall, increasing SIRM/χferri,
ARM/χferri, ARM/IRM, χa/IRM, and MDFARM/MDFIRM support a main trend of relative enrichment in fine‐
grained (titano‐)magnetite with distance from basal décollement (Figure 2 and Figure S2 in Supporting Infor-
mation S1). Minimum values are observed in the central portion of the tectonic slices (around 2–4 m from the
main thrust, whereas a secondary relative enrichment in SD grains can be identified along the main thrust (first
50 cm, e.g. Site T1‐B1 Figure 2 and Figure S2 in Supporting Information S1) from a slight to significant increase
in grain‐size proxies.

In addition, at both Gova and Vidiciatico Transect 2, localized enrichment in fine‐grained magnetite close to the
SP‐SD transition near the basal thrust is indicated by increased χfd (as χfd ∼6%; χfd‐normalized > 30%; Dearing
et al., 1996; Maxbauer et al., 2016a) and χferri/Ms coupled with higher δFC/δZFC and RLT (e.g., Site T3‐B1 in
Figure 2, Figures S2 and S10 of Supporting Information S1). At Vidiciatico Transect 2, the significant localized
enrichment of magnetite nanoparticles near the basal thrust, also reflected by increased PMZFC and pronounced
remanence loss (Site T2‐B1 Figure 3a and Figure S10 in Supporting Information S1), may explain the low ARM/
χferri and ARM/IRM values.

High‐coercivity minerals occur as accessory minerals (Bhard ∼ 3–10%) with relative enrichment close to the main
thrust (first meter upward; Figure 2 and Figure S3 in Supporting Information S1). An exception is represented
by Site T1‐B3 at Vidiciatico, where Bhard constitutes 34% of the total IRM. Low‐temperature measurements (e.g.,
G% and FC‐ZFC curve‐spacing; Figures 3 and 4 and Figure S10 in Supporting Information S1) and high L‐ratio
(∼0.7), and HIRM (>70 A/m) confirm significant goethite content, which may have formed due to interactions
with hotter coseismic fluids (Chou et al., 2012).

Notable differences exhist between the two localities. For example, at Gova, higher RLT and G% support higher
goethite content than at Vidiciatico. Curvature variations in FC curves and the temperature at which they converge
with ZFC curves (Figures 3 and 4) suggest different goethite grain sizes (Guyodo et al., 2003), with nano‐ and
micro‐goethite at Gova and Vidiciatico Transect 1, respectively. Additionally, at Gova, a high RI of 31% supports
the presence of “pure” goethite (absent/limited substitutions; Dekkers, 1989; Kars et al., 2015). Overall, G%
decreases closer to the basal décollement suggest upward relative enrichment of goethite in the hangingwall. In
addition, at Gova and Vidiciatico Transect 2, proxies such as FC‐ZFC curve‐spacing, δFC/δZFC, and RLT indicate a
goethite enrichment also close to the basal décollement (Figures 3 and 4 and Figure S10 in Supporting
Information S1).

The sheared sandstones, just below the basal thrust at Gova, exhibit lower content in both para‐ and fine‐grained
ferrimagnetic minerals (e.g., lower χa, χhf, χferri, ARM, and Fe content) but higher amount in high‐coercivity
phases (e.g., higher SIRM, MDF, and HIRM). The content of magnetite nanoparticles is drastically reduced
than those in the marly units, as reflected by lower χfd (0.4%) and χfd‐normalized (2.45%). Here, the goethite content
is significantly lower, as shown by lower G% and RI ratio, while hematite dominates as the primary high‐
coercivity mineral (Figure 4b). This enrichment may be related to the circulation of hot coseismic fluids, rela-
tively cold interseismic fluids, variations in peak temperature, or weathering (Liu et al., 2022; Tanaka et al., 2001;
Yang et al., 2020; Zamani et al., 2023).

Finally, sandstones in the footwall contains lower concentrations of (titano‐) magnetite and Fe‐bearing clays, as
shown by lower χ, χhf, ARM, Fe content, and χferri (Figures 2 and 6, Figure S2 in Supporting Information S1).
Grain size proxies and remanence loss values indicate a mixture of PSD to SD magnetite grains which are, on
average, slightly coarser than those in the hanging wall, with no significant downward variations with distance
(Figures S2 and S10 in Supporting Information S1). The footwall also contains a higher amount of hematite and/
or goethite, as indicated by higher percentage of the Bhard components. This is evident at Gova, where MDF, Bcr,
HIRM, and L‐ratio values suggest an increase in high‐coercivity minerals, likely controlled by lithology (Figure 2
and Figure S3 in Supporting Information S1). The occurrence of goethite in the footwall, in the first 3 m below the
basal décollement, is documented by spaced FC‐ZFC curves and increasing G% and RLT (Figures 3 and 4, and
Figure S10 in Supporting Information S1).
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5.2. Comparison to Seismogenic Megathrusts Showing Coseismic Frictional Heating

In seismogenic megathrusts, the local occurrence of positive magnetic susceptibility anomalies in wall rocks has
been associated with neoformation of ferrimagnetic phases induced by high‐temperature (T > 400–500°C)
frictional heating during past large earthquakes. Examples include the 1999 Chi‐Chi earthquake (Mw 7.6) along
the Chelungpu Fault (e.g., Chou et al., 2012; Mishima et al., 2009), the 2008 Wenchuan earthquake (Mw 7.9)
along the Yingxiu‐Beichuan and Anxian‐Guanxian Faults (Cai et al., 2019; Liu et al., 2016; Yan et al., 2023), and
the 2011 Tohoku‐oki earthquake (Mw 9.0) along the Japan Trench plate boundary (Yang et al., 2018). In contrast,
in other seismogenic zones such as the Nankai subduction megathrust, the Hikurangi margin, and locally along
the Yingxiu‐Beichuan fault, negative susceptibility anomalies and reducedMs values, comparable to SVU, have
been linked to a low slip rate (<1 m/s) and the absence of thermochemical alterations of Fe‐bearing clays (e.g.,
Hirono et al., 2009; Yang et al., 2012b), anaerobic oxidation induced by methane‐bearing fluids (Coffey
et al., 2021; Greve et al., 2021) or to Fe2+ depletion from clay minerals and pyrite due to fluid circulation (Yang,
Yang, et al., 2016). The latter could explain the decrease in χhf and χferri values near the main slip surfaces in the
marly units of the SVU.

In case of frictional heating, χ‐T cycles are generally reversible up to ∼400–500°C and show reduced neo-
formation of ferrimagnetic minerals (e.g., Yan et al., 2023; Yang, Dekkers, & Zhang, 2016). In contrast, our
results (Figures 3c and 4c), with alteration starting at 350°C, resemble the χ‐T cycles of fault gouges that have not
been subjected to thermal events above 250–400°C (e.g., Tanikawa et al., 2008; Yan et al., 2023; Yang
et al., 2012b), demonstrating the lack of thermal breakdown or decomposition of pyrite (T > 350–500°C;
Bhargava et al., 2009; Yang et al., 2020) and/or Fe‐bearing clays (T > 250–400°C; Hirono et al., 2009; Hirt
et al., 1993; Tanikawa et al., 2008). Indeed, the increase inMs andMrs after thermal treatment from 250 to 350°C
suggests the progressive neoformation of magnetite through termochemical reactions involving Fe3+ adsorbed on
clay surfaces (e.g., smectite; Hirt et al., 1993), supporting reduced bulk specific heat and low coseismic tem-
peratures (<250°C).

Hysteresis loops at RT trace those of gray gouge (characterized by mixed layers of illite/smectite) subjected to
high‐velocity friction (HVF) experiments at low slip rate (0.58–1.08 m/s) and Tmax around 160–250°C,
respectively (Yang et al., 2019). Only after thermal treatment at 450°C, SVU samples close to the major thrusts
(Figure 5) reveal open loops and high Bc and Mrs/Ms values, resembling the illite‐dominated gouge of the
Yingxiu‐Beichuan fault that experienced a Tmax∼ 500°C (Yan et al., 2023). These data constrain the presence of a
significant amount of goethite that altered into hematite during thermal treatment via progressive dehydration:

2αFeOOH ⟺ αFe2O3 + H2O (1)

between 240 and 450°C (Dekkers, 1990; Till et al., 2015; Özdemir & Dunlop, 2000).

The occurrence of goethite in SVU samples is demonstrated by low‐temperature experiments (e.g., spaced ZFC‐
FC curves and a high RI ratio; Figures 3 and 4). Goethite is common in fault gouges of seismogenic zones and has
been linked to cooling of hot (T > 350°C) coseismic fluids and thermal pressurization processes (e.g., Chou
et al., 2014; Mishima et al., 2006; Yan et al., 2023; Zamani et al., 2023; Zhang et al., 2017). However, it is rarely
reported in fault gouge that did not experience temperatures >350°C, where its occurrence may instead be
associated with fluid circulation or secondary alteration (Liu et al., 2014; Yang et al., 2012b).

Our low‐temperature results show similarities with those of fault gouges that experienced temperatures <300–
400°C (e.g., Mishima et al., 2009; Yang et al., 2012a, 2018) and slip‐rate below 1.08 m/s (Tpeak ∼ 250°C; Yang
et al., 2019). The suppressed P‐transition, PMZFC, and RT‐SIRM values, resemble the characteristics of clay-
stones subjected to Tmax between 60 and 350°C (Abdelmalak & Polteau, 2020; Aubourg et al., 2019; Aubourg &
Pozzi, 2010; Blaise et al., 2014), confirming a relatively low temperature for the SVU.

In the SVU, the absence of pyrrhotite (e.g., lack of Besnus transition; Figures 3 and 4) excludes coseismic pyrite
decomposition at T > 500°C (e.g., Chen et al., 2019; Uchida et al., 2024; Yang et al., 2018) and diagenetic
pyrrhotite formation between 250 and 350°C (Aubourg et al., 2019; Roberts, 2015), supporting T < 250°C.
However, the lack of high‐temperature evidence in the studied transects does not completely rule out the
occurrence of frictional heating at other localities or depths, as observed in the Yingxiu‐Beichuan and Anxian‐
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Guanxian Faults, where records of both temperature <250–400°C (Liu et al., 2014; Yang et al., 2012a, Yang
et al., 2012b) and >500°C with pyrrhotite formation have been reported (Yan et al., 2023).

The absence of direct evidence for greigite, coupled with relatively low SIRM/χferri (∼5 kA/m),Mrs/Ms values and
relatively high remanence loss, suggest near‐complete pyritization during burial or due to advection of methane‐
bearing fluids (Kars et al., 2021; Musgrave et al., 2019; Schoonen, 2004).

Pyrite is frequently reported in the fault gouge of seismogenic zones in the form of small isolated framboids or
chains along fractures and deformation bands (e.g., Chen et al., 2016; Chou et al., 2012; Fabbri et al., 2020; Famin
et al., 2021). In cases of high temperature coseismic frictional heating, either a pyrrhotite core or rim has been
observed around or within pyrite grains (Chou et al., 2012; Yan et al., 2023). In contrast, in the SVU, large
(∼150 μm) aggregates of framboidal pyrite, primarily in the sandstones, are associated with preserved bioclasts
(Figure 6d), suggesting a diagenetic origin. Moreover, in marly units, the presence of isolated framboids (1–
10 μm) and shadow‐like pyrite tails (Figure 6a) along deformation bands reveals significant structural control in
their formation but no evidence of thermal alteration are observed.

5.3. Implications for Fluid‐Rock Interaction During the Seismic Cycle

The variations in rock magnetic properties of the wall rocks across the shallower portions of the SVU demonstrate
relatively low maximum bulk heating (T < 250°C) during the seismic cycle, with a limited influence of frictional
heating on the alterations of Fe‐bearing minerals. Instead, the results reveal a history of active fluid circulation and
changes in fluid redox conditions, which can be correlated with fluctuation in fluid pressure.

During the early phases of subduction, the sediments involved in the SVU were fluid‐rich and not completely
lithified (Mittempergher et al., 2018; Vannucchi et al., 2010). Seawater may have been the primary fluid source,
resulting in relatively oxidizing conditions (Fabbri et al., 2020; Yamaguchi et al., 2011). In this context, (titano‐)
magnetites are reported as the main Fe‐bearing oxides, with hematite being minor or absent (e.g., Li et al., 2015;
Shi et al., 2017; Zhao et al., 2013; Figure 7a). Similar magnetic mineralogy has been observed in syn‐orogenic
foredeep turbidites from the Northern Appenines not involved within the SVU (e.g., Caricchi et al., 2016).

Figure 7. Schematic summary of fluid circulation pathways and changes in magnetic minerals across the SVU megathrust due to fluid‐rock interaction during the
seismic cycle: (a) subduction initiation with sedimentary and diagenetic features; (b) coseismic dissolution and deplation processes; (c) postseismic precipitation of Fe‐
bearing minerals; (d) interseismic oxidation and/or weathering.
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The local association of framboidal pyrite with undeformed bioclasts (particularly in sandstones, Figure 6d), the
sparse presence of pyrite within silicate sheets and the occurrence of greigite (even if significantly limited)
suggest that sediments involved within the SVU may have experienced earlier sulfate reduction to some extent
with relatively limited reductive dissolution, as biogenic and detrital magnetites appear to be partially preserved.
In addition, the enrichment in pyrite along deformed domain (especially in marly units, Figure S14 in Supporting
Information S1) is interpreted as a late diagenetic near‐complete pyritization potentially occurred during
embedding in the megathrust and favored by local circulation of methane‐bearing fluids (e.g., Conti et al., 2021).

In this framework, the observed variation in (titano‐)magnetite concentration and grain size between marls and
sandstones is believed to reflect a primary lithological feature (i.e., different detrital and biogenic magnetite
content).

As subduction progresses, sediments undergo compaction, porosity reduction, and fluid expulsion, resulting to
near‐lithostatic overpressure along intraplate shear zones, leading to seismic failure (e.g., Screaton &
Saffer, 2005; Sibson, 2013).

During the coseismic phase, failure and re‐shearing along major faults result in a significant increase in fault‐
parallel permeability and a drop in fluid pressure (Mitchell & Faulkner, 2012; Sibson, 2013). Likely relatively
hot exhotic fluids, potentially from dehydration reactions at depth (Vannucchi et al., 2010), pervade fault zones,
promoting fluid‐rock interaction and depletion processes (Chen et al., 2013; Hashimoto & Kaji, 2012; Yang,
Yang, et al., 2016; Figure 7b). The general decrease in iron‐oxides and Fe‐bearing paramagnetic minerals close to
the main thrust suggest localized processes related to the circulation of fluids in disequilibrium with the wall
rocks.

Selective breakdown/alteration of pyrite and depletion of Fe2+ from clays in the wall rock near the main thrusts is
inferred from lower χhf values, SEM‐EDS and multispectral image analysis and alteration indices (Figures S1 and
S14, and Table S7 in Supporting Information S1). Additionally, the generally low concentration in magnetite and
its overall decrease close to the basal thrusts suggests pervasive to partial corrosion/dissolution of detrital and
biogenic magnetite through reductive chemical alteration (Cornell & Schwertmann, 2003; Otake et al., 2010):

1/3Fe3O4 + 2H+ + 1/3H2 ⟺ Fe2+ + 4/3H2O (2)

potentially enhanced by dissolved sufildes (Poulton et al., 2004):

Fe3O4 + H2S + 6H+ ⟺ 3Fe2+ + S° + 4H2O (3)

To occur, magnetite dissolution requires reducing conditions (suggested by positive Eu2+ anomaly of the shear
veins; Cerchiari et al., 2020) and relatively low pH (potentially favored by local pyrite dissolution; Chou
et al., 2012) to maintain Fe2+ as acqueous phase (Cornell & Schwertmann, 2003; Poulton et al., 2004). These
processes collectively lead to fluid enrichment in Fe2+ during the coseismic phase.

In the immediate postseimic phase, (calcite) veins precipitation reduces slip surfaces permeability, inducing fluids
to flows in adjacent fractured zones (Kimura et al., 1997, 2014; Morris et al., 2003; Screaton & Saffer, 2005).
Local variation in differential stress and pore pressure promotes the switching of stress regime to extentional, so
that fault‐perpendicular fractures and veinlets form in equilibrium with the local fluids (see Cerchiari et al., 2020
for details).

In this framework, the relative enrichments in goethite and SD magnetite with distance (Figures 2 and 4a), may
suggests rapid migration/escape of Fe2+‐enriched fluids, with precipitation promoted by interaction with less
reducing (likely neutral to slightly alkaline) local fluids (Cerchiari et al., 2020; Yamaguchi et al., 2011; Figure 7c).
These conditions allow the oxidation of Fe2+ and the precipitation of iron‐hydroxides at relatively low (<200°C)
temperatures (Cornell & Schwertmann, 2003):

2Fe2+ + 3H2O + 1/2O2 ⟺ 2FeOOH + 4H+ (4)

Additionally, a possible local circulation of CO2‐bearing fluids may promote direct precipitation of goethite over
hematite from Fe2+‐rich solutions (Cornell & Schwertmann, 2003):
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4Fe2+ + O2 + 4CaCO3 + 2H2O ⟺ 4FeOOH + 4Ca2+ + 4CO2 (5)

The latter sourse can possibly be ascribed to decarbonation processes (Zamani et al., 2023) at depth or a com-
bination of pressure solution and local sorption and complexation reactions (Cerchiari et al., 2020).

Correlation between neoformed SDmagnetite with overpressure and upward migration of Fe2+‐enriched fluids in
extensional regimes is corroborated by the magnetic fabric analysis of Robustelli Test and Zanella (2021).
Moreover, local enrichment of goethite and SP magnetite nanoparticles near major thrusts, may aligns with in-
clusion of Fe‐oxides within syntectonic veins (Vannucchi et al., 2010). In addition, the absence of evidence of
high‐temperature frictional heating supports the formation of SP grains via precipitation from a Fe2+ enriched
fluids during the post seismic phase (Chou et al., 2014; Ma et al., 2006).

Finally, during the interseismic phase, fluids are in equilibrium with the wall rocks, mantaining a relativily
oxidizing conditions and neutral to slightly alkaline pH, a compressional regime is recovered, and fluid pressure
increases (Cerchiari et al., 2020; Yamaguchi et al., 2011). Especially in marly units, compaction induces pressure‐
solution of pyrite leading to the formation of dispersed micro‐framboids along dissolution seams (Figure 6a).

Under these conditions, magnetic minerals may be subjected to some degree of alteration and/or weathering (Liu
et al., 2022; Tanaka et al., 2001; Figure 7d). For instance, the occurrence of hematite within sandstones may result
from the oxidation of magnetite due to low‐temperature alteration or surface wheathering:

4Fe3O4 + O2 ⟺ 6Fe2O3 (6)

Hematite formation from magnetite might also be related to local circulation of CO2‐bearing fluids (Liu
et al., 2022):

2Fe3O4 + CO2 ⟺ 3Fe2O3 + CO (7)

The absence of hematite in the marls could be attributed to reduced avalability of oxigen due to their low
permeability. In contrast, low‐temperature oxidation may explain the local presence of partially oxidized
magnetite/maghemite in marls.

Magnetic mineralogy and related concentrations can be modified during subsequent seismic cycles and exhu-
mation, potentially leading to heterogeneities among different outcrops. For example, goethite can form under
oxidizing conditions, for the introduction of meteoric water during exhumation phases (Evans et al., 1997; Tanaka
et al., 2001). This process might partially explain the occurrence of goethite in sandstones, potentially formed as
an early transitional phase in the alteration of ferrihydrite to hematite (Bilardello et al., 2020; Jiang et al., 2018).
Variations in goethite grain size between transects might reflect slightly different redox‐conditions and fluid
temperatures during subsequent seismic events. For example, the higher content of nano‐goethite at Gova, may
suggest precipitation from a relatively colder and neutral fluids (Cornell & Schwertmann, 2003). In contrast, the
higher concentration of coarser‐grained goethite, together with an apparently higher Al‐substitution, at Site T1‐
B3 (at higher distance) might suggest the circulation of slightly hotter and more alkaline fluids along different
surfaces during repeated seismic cycles and/or relvant interaction with the clay‐rich wall rocks (Cornell &
Schwertmann, 2003) during longer interseismic periods, favoring oxidation and weathering. Lastly, the locali-
zation of significant amounts of hematite in the sheared sandstones may result from the dehydration of goethite
(Equation 1) via interaction with relatively hot exhotic fluids during cyclical seismic events (reasonably at T
∼200–300°C; Zamani et al., 2023).

6. Conclusions
We investigated the magnetic properties of fault rocks from an exhumed megathrust shear zone, where no evi-
dence of frictional heating has been recorded, to identify fluid‐induced changes in magnetic mineral assemblages,
concentrations, and grain size induced during seismic cycles. Our results reveal partial preservation of sedi-
mentary and diagenetic features, including undeformed framboidal pyrites and lithologically related variations in
magnetite grain size and concentration. Low concentrations of ferrimagnetic minerals, along with reduced χhf, Fe
content and alteration indices near the main thrusts, suggest Fe2+ depletion from clays and the partial dissolution
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of pyrite and magnetite, driven by the circulation of exhotic coseismic fluids. In contrast, increasing magnetite
and goethite concentration with distance, particularly in the more porous sandstones of the lower plate, indicate
Fe2+‐enriched fluid migration and interaction with local fluids during the postseismic phase. Hematite in sand-
stones and partially oxidized magnetite/maghemite in marls reflect oxidation during prolonged interseismic
phases. Heterogeneities in mineral assemblages and concentrations among localities further support cyclic fluid
circulation linked with successive seismic events.

This study highlights the potential of detailed magnetic analyses to trace fluid circulation during seismic cycles.
However, given the observed heterogeneities between outcrops along the same megathrust shear zone, further
research on both active and exhumed megathrusts with relatively mild temperatures is needed to corroborate these
interpretations and assess their broader significance.

Data Availability Statement
Rock magnetic data are reported in Supporting Information and available at Zenodo (Robustelli Test et al., 2025)
with a Creative Commons Attribution 4.0 International.
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