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Abstract 19 

The Mw 7.0 Avezzano earthquake in the Abbruzzo region of Italy claimed ~33,000 lives on 20 

January 13, 1915 making it one of the worst disasters in modern Italian history. The main rupture 21 

occurred along the Venere Fault, characterized by a polished, locally shiny, or powdery fault 22 

mirror showing extensive downdip striations, slickensides, and local reddish iron-oxide/hydroxide 23 

stains. The layer immediately below the mirror is a carbonate ultracataclasite that locally grades 24 

into an unconsolidated carbonate gouge. 25 

This type of carbonate fault mirror typically forms through two distinct synkinematic 26 

processes: i) intense frictional heating causing decarbonation, or ii) progressive grain-size 27 

reduction during slip at seismic velocities. In either case, friction drops substantially after initial 28 

displacement. The first process also results in intense fault pressurization followed by subsequent 29 

drastic drop in normal stress. Despite recent advances, the switch from high-friction/low slip 30 

velocity to low-friction/high slip velocity conditions in carbonate is still not fully understood. 31 

The Venere Fault, characterized by proven friction at seismic slip velocity, provides an ideal 32 

setting to investigate the nature and extent of dynamic weakening processes in carbonate faults. 33 

We use the high temperature sensitivity of iron oxide/hydroxide assemblages, and their magnetic 34 

remanence, to estimate frictional heat. Evidence for seismic slip in iron oxides and temperature 35 

uniformity along the fault surface have been tested through demagnetization experiments and 1D 36 

heat conduction modeling. Our data shows that the fault mirror underwent frictional heating during 37 

the 0.8 m slip event, but that this displacement was insufficient to reach pervasive decarbonation. 38 

We constrain the peak coseismic temperature along the fault plane to <400ºC through 39 

demagnetization experiments and 1D heat conduction modeling. Our results emphasize that 40 

coseismic deformation along natural faults is complex and therefore requires complementary field 41 

observations at multiple scales in order to encompass a broad range of faulting processes. 42 

 43 
Keywords: Avezzano earthquake, Venere Fault, carbonate deformation, frictional heating, seismic slip 44 
Highlights: 45 

- Carbonate fault mirrors form during seismic slip at certain velocities 46 

- TLS data reveals fault mirror's roughness and asymmetric draping structure 47 
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- Frictional heating and decarbonation are not necessary for carbonate fault mirror 48 

development 49 

- Magnetic fabric analysis (AARM) reveals that magnetite dominates as a seismic indicator 50 

- Study shows decarbonation did not play a major role in the 1915 Avezzano earthquake 51 

 52 

1. Introduction 53 

As a major part of the world’s seismicity occurs in carbonates in highly populated regions, it 54 

is increasingly crucial to understand seismic rupture in these rocks (Passelègue et al., 2019). In 55 

Italy, major earthquakes such as the 1915 Mw7.0 Avezzano, the 2009 Mw6.3 L’Aquila, and the 56 

2016 Mw6.6 central Italy earthquakes respectively claimed the lives of ca. 33000, 308, and 289 57 

people. 58 

Friction experiments have significantly improved our understanding of the dynamic slip 59 

behavior of fault rocks under conditions simulating natural slow to fast earthquakes (0.1 to 10 m/s; 60 

Hirose and Shimamoto, 2005; Mizoguchi et al., 2007; Di Toro et al., 2010; 2011; Niemeijer et al., 61 

2012; Passelègue et al., 2019; Chen et al., 2021). Such experiments on carbonates commonly 62 

reproduce the shiny surfaces formed on natural carbonate fault planes, i.e., fault mirrors (Siman-63 

Tov et al., 2013; Pozzi et al., 2018; Passelègue et al., 2019; Ohl et al., 2020). 64 

However, these analog experiments have inherent limitations, including the need for relatively 65 

homogeneous materials, and small sample size (typically only a few centimeters). As a 66 

consequence, they cannot fully capture the complex lithological and geometrical variations present 67 

along natural fault planes. Conversely, field studies have consistently revealed new insights into 68 

seismogenic fault dynamics that cannot be easily accomplished through laboratory experiments 69 

due to scaling issues. In addition, results from drilling projects targeting seismogenic faults, e.g., 70 

SAFOD, Chelungpu, Aigion, Wenchuan, Hikurangi, and the Alpine Fault (Lockner et al., 2011; 71 

Ma et al., 2006; Cornet et al., 2004; Li et al., 2013; Fagereng et al., 2019; Sutherland et al., 2012), 72 

further highlight the limitations of relying on one-dimensional outcrop data to infer large-scale slip 73 

behavior during rupture. 74 

Investigations of carbonate-hosted seismogenic faults at the outcrop scale have provided 75 

critical insights into their slip behavior over geological time (e.g., Rowe et al., 2012; Fondriest et 76 

al., 2015). Most seismogenic faults alternate between locked and creeping states, and 77 

understanding this behavior is vital for risk assessment (e.g., Palyvos et al., 2005). Deformation 78 

experiments have successfully reproduced this stick-slip behavior (Bullock et al., 2014), they 79 

typically focus on asperities determined primarily by material grain size. In contrast, natural fault 80 

asperities are often much larger (Sagy and Broadsky, 2009), suggesting that laboratory 81 

experiments may not fully account for the complexities of seismic slip. Furthermore, experimental 82 

setups are limited by simplified geometries and homogeneous material compositions (Bedford et 83 

al., 2022). Therefore, further investigation of carbonate-hosted seismogenic faults is needed to 84 

elucidate faulting processes at smaller scales. 85 

During large-magnitude seismic events, carbonate-hosted faults respond differently than those 86 

hosted by quartzo-feldspathic rocks (e.g., Passelègue et al., 2019). The latter may undergo 87 

frictional melting and coseismic dynamic weakening (e.g., Sibson, 1975; Hirose and Shimamoto, 88 

2005; Sibson et al., 2006; Spray, 2010; Lavallée et al., 2015). In contrast, carbonate-hosted faults 89 

may undergo decarbonation, resulting from frictional heating above 400ºC (Han et al., 2007; 2010; 90 

Rowe et al., 2012; Kim et al., 2021), which significantly reduces normal stress due to CO2 91 

overpressure hence lubricating the fault surface (Sulem and Famin, 2009; Brantut et al., 2010; Kim 92 

et al., 2021; Gunatilake and Miller, 2022). Sudden lubrification may also lead to supershear 93 
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conditions (Passelègue et al., 2019), thus resulting in increased ground shaking and peak ground 94 

velocities causing greater damage. 95 

In the Abruzzo region, Italy, the extensive exposure, accessibility in the Santilli quarry and the 96 

extent of previous investigations makes the Venere Fault, an ideal natural example to compare to 97 

laboratory experiments (e.g., Agosta and Aydin, 2006; Smith et al., 2011; Cella et al., 2021; 98 

Volatili et al., 2022; Sgobba and Pacor, 2023). Like many faults in Central Italy, the Venere Fault 99 

experienced catastrophic rupture (Mw7), notably causing tens of thousands of casualties in 100 

Avezzano in 1915 (Oddone, 1915; Serva et al., 1986; Moro et al., 2009). Although the average 101 

slip was relatively modest (~0.7 m), the resulting devastation highlights the need for a deeper 102 

understanding of such faults. 103 

Here we investigate the magnetic fabrics of the seismic slip zone, i.e., the fault mirror, in 104 

carbonate fault rocks to determine how coseismic deformation is recorded. Carbonates, being iron-105 

poor, generally do not preserve deformation-related magnetic fabrics well (Borradaile and Jackson, 106 

2004; Yang et al., 2020). At the Venere fault, the challenge consists in acquiring deformation-107 

related magnetic fabrics on rocks made almost entirely of pure calcite (Merico et al., 2020, this 108 

study). We use the anisotropy of anhysteretic remanence magnetization (AARM) to evaluate if 109 

this method provides insights in paleoseismic deformation in fault carbonates. We also assess 110 

frictional heat using thermal demagnetization experiments. 111 
 112 

2. Simplified geological setting 113 
The central Apennine region underwent Neogene fold-and-thrust belt deformation followed 114 

by tectonic inversion marked by extension along numerous NW-SE trending listric normal faults 115 

resulting in formation of intermontane basins (e.g., Carmignani and Kligfield, 1990; Cello et al., 116 

1997; Vezzani et al., 2010; Tortorici et al., 2019; Curzi et al., 2021; Walker et al., 2021; Smeraglia 117 

et al., 2024), although the inversion history of these basins might be more complex (e.g., Scisciani, 118 

2009). Slab retreat and detachment constitute the main drivers of this inversion (e.g., Fellin et al., 119 

2022). The normal faults typically cut through lacustrine/fluvial deposits and produce prominent 120 

carbonate bedrock fault scarps. Most of these faults exhibit relatively modest slip rates (< 1 mm/yr) 121 

and show historic seismic activity (e.g., Galadini and Messina, 1994; Cowie et al., 2017; Carafa et 122 

al., 2020). The largest intermontane basin of the Apennines, the Fucino Basin, developed primarily 123 

as a half graben along the Venere Fault on its Eastern flank. The Tre Monti Fault to the North of 124 

the basin defines its rhomb shape and shares many structural characteristics including bedrock type 125 

and timing of seismic deformation with the Venere Fault (Figure 1; Smith et al., 2011). The Venere 126 

Fault extends across the Fucino Basin from SE to NW and may be genetically connected to the 127 

L’Aquila-Celano fault system to the NW, thereby forming a >40 km-long fault network (Villani 128 

et al., 2015). 129 

The Venere Fault, near the village of Gioia dei Marsi, is a 10 km-long, NW trending, SW 130 

dipping normal fault with a minor right-lateral strike-slip component (Piccardi et al., 1999; 131 

Cavinato et al., 2002; Agosta and Kirschner, 2001) and total rupture length of 38 km (Boncio et 132 

al., 2016). This fault extends ~10 km deep (Ghisetti and Vezzani, 1999) and juxtaposes Meso-133 

Cenozoic platform carbonates in the footwall against the late Pliocene – late Pleistocene fluvio-134 

lacustrine sediments of the Fucino Basin (Galadini and Messina, 1994). Focal mechanism 135 

solutions for the Mw 7.0 1915 earthquake suggest a broadly ENE oriented tension axis (Gasparini 136 

et al., 1985), while trench investigations document purely dip-slip extension (Michetti et al., 1996). 137 

A number of major seismic events have been identified along this fault during the following 138 

intervals 10800-5600 B.C., 6000-3600 B.C., 885-1349 A.D., and 550-885 A.D. (Michetti et al., 139 

1996; Galadini and Galli, 1999). An average displacement rate is estimated to be 0.4–1.0 mm/yr, 140 
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with down-dip slip toward N229º (Michetti et al., 1996; Piccardi et al., 1999). The Venere Fault 141 

(Figure 2) consists of multiple strands sharing similar strike N119º and 46º dip (Agosta and Aydin, 142 

2006). The footwall, exposed along bedrock fault scarps, has been exhumed by ~ 0.6 to 1 km, 143 

indicating that the fault likely experienced a prolonged slip history (Agosta and Aydin, 2006; 144 

Figure 3 - this study). Figure 3E shows the fault macroscopic architecture which consists of the 145 

following structural domains: (1) undeformed rocks, (2) damage zone - gouge, (3) fault core - 146 

breccia and cataclasite, and (4) principal planar slip surface - fault mirror (fm). The fault 147 

architecture consists of a 100-m thick fault damage zone in the footwall showing increasing 148 

deformation intensity towards a <1 m-thick fault core (domains 3 and 4). Also, as suggested by 149 

previous isotope studies (Agosta and Kirschner, 2003), the structural domains of the Venere Fault 150 

are compartmentalized. The authors concluded that fluid infiltration, mostly of meteoric origin, is 151 

particularly detectable in fault mirror, whereas the fault core was impermeable. 152 

In the Santilli quarry (Figure 3A), the Venere Fault presents a ~80 m long continuous 153 

Holocene bedrock fault scarp that was reactivated during the 1915 earthquake with a coseismic 154 

down-dip slip of ~0.8 m (Figure 3A, Serva et al., 1986; 2002; Ward and Valensise, 1989). The 155 

scarp dip angle ranges from ~30 to 70º, with an average of 46º and a consistent strike at ~N119º 156 

(Figure 3). A previously reported 2nd order fault (Volatili et al., 2022), located north of the main 157 

slip zone, is cut by several transverse faults that also bear normal dip-slip slickensides. 158 

 159 

3. Methods 160 
Terrestrial laser scanning (TLS) and unmanned aerial vehicle (UAV) surveys were conducted 161 

under stable weather conditions, with a nearly complete cloud cover that provided diffuse lighting, 162 

over a period of ~8 minutes. The TLS was performed using the FARO Focus 3D X130 terrestrial 163 

laser scanner, at resolution set to 1/4 of its maximum, with an angular scanning step of 0.036°, 164 

resulting in point spacing of ~6.28 mm. Twelve scanning positions ~10 m apart were established, 165 

~6 to 8 m from the fault scarp, along with 8 ground control points measured using a GNSS device 166 

using the RTK method. 167 

For the 3D photogrammetric model, a DJI Mavic 2 Pro UAV was used at a height of 40 m 168 

above ground level combined with oblique imagery (3 flight lines, 45º camera tilt, at a 25 m 169 

distance from the scarp) resulting in 680 images. The photogrammetric model was generated using 170 

Agisoft Metashape software. The orthophotomap was projected onto the plane best fitting the 171 

inclined fault wall. 172 

The joint photogrammetric and TLS surveys were used to provide comprehensive and 173 

continuous structural information across the exposed fault plane (strike and dip) and for further 174 

calculations and interpretations. The point cloud was segmented, and non-fault features, such as 175 

grass or other artefacts large-scale grove marks made by excavator teeth, were removed. Dip and 176 

dip direction values were subsequently assigned to each point by converting the normal vectors in 177 

Cloud Compare software. 178 

Polished petrographic thin-sections were observed with a Leica DM750P optical polarizing 179 

microscope attached to a digital camera and a Hitachi S-3400N II scanning electron microscope. 180 

X-ray diffraction analysis of powdered rocks was performed using a Rigaku Miniflex 600 benchtop 181 

compact diffractometer. 182 

The magnetic measurements were performed at the CEREGE paleomagnetic laboratory. 183 

Thermal demagnetization of Natural Remanent Magnetization (NRM) and Isothermal Remanent 184 

Magnetization (IRM) were conducted in a magnetically shielded room at CEREGE using a 185 

cryogenic superconducting rock magnetometer (SRM) 760 (2G Enterprises) with a 46 mm bore 186 
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and in-line degaussers, sensitive to 10-11 Am2. The process included 22 incremental thermal steps 187 

from room temperature to 800°C, utilizing a TD48SC furnace (ASC Scientific). This method 188 

aimed to reduce magnetic remanence stepwise, providing insights into the coercivity distribution, 189 

unblocking temperatures, thermal stability, and magnetic phase composition. Isothermal remanent 190 

magnetization (IRM) was also thermally demagnetized using the same setup after pulse 191 

magnetization to 3.0 Tesla with a MMPM9 pulse magnetizer (Magnetic Measurements). The 192 

sample underwent alternating field (AF) demagnetization at 200 mT using an LDA5 demagnetizer 193 

(Agico) to eliminate magnetite magnetization, isolating remanence from higher-coercivity 194 

minerals. It then underwent 23 thermal demagnetization steps with the TD48SC furnace. 195 

Samples of the carbonate fault mirror and fault core were oriented in the field using a magnetic 196 

compass for measurements of the anisotropy of anhysteretic remanent magnetization (AARM). 197 

The AARM was measured on 3.5 mm cubes to assess deformation-related changes. The maximum, 198 

intermediate, and minimum axes of the AARM ellipsoid are respectively referred to as J1, J2 and 199 

J3. AARM of 32 oriented cubes (3.5 mm) were measured from two rock samples along the fault 200 

mirror using first an alternating demagnetizing field (AF) with a peak field of 200 mT and an 201 

applied DC magnetic field of 400 μT along predefined axes. An anhysteretic remanent 202 

magnetization (ARM) was imparted and measured along 15 directions: three primary axes (X, Y, 203 

Z), six diagonal directions (e.g., X-Y, X-Z, Y-Z), and six intermediate angles (e.g., 30° and 60°) 204 

according to Jelinek (1981) protocol. After inducing ARM, remanent magnetization was measured 205 

for each sample using the SRM. The AARM tensor was calculated from the intensity and direction 206 

of remanent magnetization in all 15 orientations to compare magnetization intensities using the 207 

Jelínek (1981) method. Eigenvalues and eigenvectors were used to define the principal axes of 208 

remanent anisotropy (J1, J2, J3), thereby characterizing the magnetic anisotropy ellipsoid. Its shape 209 

and orientation aid in interpreting seismic deformation on the fault mirror. Data bootstrapping was 210 

employed to estimate sampling distribution, reduce bias and enhance visualization of AARM data. 211 

Magnetic hysteresis measurements were conducted with a Vibrating Sample Magnetometer 212 

(VSM) 8604 (LakeShore Cryotronics), at fields up to 1 T, on fault mirror samples weighing 130 213 

to 1300 mg. FORCInel v.3.08 (Harrison and Feinberg, 2008) was used to process and display First 214 

Order Reversal Curve (FORC) data. 215 

AF demagnetization of NRM and IRM were performed using the SRM in 13 steps, with 216 

alternating fields increasing from 0 to 70 mT at room temperature in a magnetically shielded 217 

environment. The magnetic moment was measured to monitor changes in direction and magnitude 218 

of remanence, allowing for progressive reduction of remanent magnetization. For IRM 219 

demagnetization, rock samples weighing ~5 g were pulse magnetized to 3 Tesla using a MMPM9 220 

impulse magnetizer. These samples also underwent 13 demagnetization steps up to 70 mT. 221 

In addition, a fully automated, high-resolution uniaxial fluxgate scanner measured uniaxial 222 

magnetic fields on a 12 mm-long slab cut perpendicular to the fault mirror at a spatial resolution 223 

of 5.8 m. These measurements were not performed in a magnetically shielded environment. The 224 

sample was previously magnetized using Helmholtz coils at 0.6 T. The setup included a fluxgate 225 

magnetometer positioned at 2 mm distance from the sample to accurately capture local fields from 226 

remanent magnetization (details in Demory et al., 2019). 227 

The numerical modeling of frictional heat accounts for the heat sink effect of decarbonation 228 

reactions (ΔH = 187 . 103 J/mol). Other modeling methodological details are in Zamani et al. 229 

(2025). 230 

 231 

4. Results 232 

Jo
urn

al 
Pre-

pro
of



Submitted to the Journal of Structural Geology - Virtual Special Issue 

on “Thermochronological and Magnetic Advances on Faulting Processes” - 6/24 

4.1. Photogrammetric and TLS surveys 233 

Drone photography (Figure 2) provides real-time orthographic imagery of the entire Santilli 234 

quarry which is used to identify large-scale fracture patterns and faults as well as local variations 235 

in the strike and dip of the Venere Fault. The main fault plane (Figures 2 and 3A) presents multiple 236 

patches where the glossy part of the principal slip surface was preserved, particularly toward the 237 

bottom third of this natural exposure. Eyewitnesses and historical photographs (e.g., Serva et al., 238 

1986; Amoroso et al., 2016) attest that the 1915 rupture produced a ~0.8 m displacement along 239 

this specific fault scarp. Removal of loose sediment by the quarry owner lead to the lighter color 240 

of the bottom left exposure. The outcrop greyish color results from weathering by atmospheric 241 

agents whereas the brownish color likely originates from soil formation. 242 

The TLS data (Figure 3B) provides a structural map of the fault mirror at very high resolution 243 

(~6 mm/pixel), which allows the visualization of morphological details otherwise unnoticed with 244 

the naked eye. This survey shows that the exposed fault plane has a remarkably consistent dip 245 

angle (45 ± 12º) and a more variable dip direction  (209 ± 17º) (Figure 3). The NW side of the 246 

exposed fault scarp has a generally shallower dip angle of ~35-50º than the SE side (~50-65º) while 247 

the dip angle varies from NNW on the NW side to WSW on the SE side (Figure 3C). The field-248 

measured mean stretching lineation (slickensides) trends N212º with a 42º plunge (Figure 2), 249 

which is in agreement with the TLS-computed mean dip direction that trends at N209º, with a 250 

mean dip angle of 45º (Figure 3B). The roughness map (Suppl. Mat. Figure 3) shows an overall 251 

smooth surface with a roughness <0.005 m and a few patches, < 1 m in size, of higher roughness. 252 

The variations in dip directions show that the fault plane exhibits warping / undulations with an 253 

axis along the dip direction. 254 

 255 

4.2. Macroscopic and microscopic structures 256 

At the Santilli quarry, the Venere Fault plane exposes a surface with distinctively shiny patches 257 

and pervasive downdip shear sense indicators and slickensides that constitute the fault mirror 258 

(Figure 3E). In places, this >2-3 mm-thick fault mirror also shows reddish hematite-goethite 259 

striations parallel to the slickensides (Figure 3F and G). The streak of these minerals on the 260 

carbonates of the fault plane are reddish-brown and to yellow-brown. The slickenside asymmetry 261 

indicates a consistent normal slip sense. In the investigated fault core, we did not observe any 262 

evidence of the pressure-solution seams previously reported by Agosta and Aydin (2006). Also, 263 

hematite and goethite occur only along the fault mirror but were not observed in the fault core. 264 

At the microscopic scale, the host carbonate presents abundant and remarkably well preserved 265 

ooids (Figures 4B and 4C) and a few planktonic foraminifera, genus Globigerina. The remarkable 266 

preservation of these sedimentary particles and microfossils highlights the strong strain 267 

partitioning between the fault mirror and the rest of the rock. The footwall fault core immediately 268 

adjacent to the fault mirror (zone Z1) shows a 10-80 m thick comminuted zone Z1 in which clasts 269 

are less abundant than in the underlying zone Z2 (Figures 4A and B). The Z1 zone shows a distinct 270 

orangish coloration, parallel to the mirror, produced by opaque grains of disseminated iron oxides 271 

and hydroxides. This coloration gradually fades away from the mirror. Z2 porosity consists of 272 

irregularly-shaped vugular pores locally showing a shape preferred orientation (SPO) parallel to 273 

the fault mirror (Figures 4D and 4E). The width of Z2 ranges from 300 to 600 m overall parallel 274 

to the fault mirror. The material from Z1 locally forms injection fingers that cut sharply through Z2 275 

(Figure 4C). While the cause of the locally high porosity in Z2 remains unknown, its spatial 276 

distribution and parallelism with the fault plane points to a previously unreported structural 277 

control. In these carbonates, energy dispersive spectroscopy (EDS) shows that opaque minerals 278 
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form relatively small (~1 m) and scarce, subequant isolated grains that consist exclusively of pure 279 

magnetite (no sulfides). 280 

 281 

4.3. Magnetic susceptibility 282 

The bulk magnetic susceptibility Km of the Venere Fault rocks is reported in Table 1. For the 283 

undeformed footwall limestone, Km was measured on ten samples away from the fault mirror, and 284 

ranges from -5.17 to –2.27  -1.0 × 10-6 [SI] with an average of -3.01  0.90 × 10-6 [SI]. For the 285 

fault core, Km was measured on 9 representative samples, at a distance <20 cm from the fault 286 

mirror, and ranges from -7.88 to -1.22  -0.9 × 10-6 [SI] with an average of -3.61  -0.3 × 10-6 [SI]. 287 

For the fault mirror, Km was measured on 2 representative samples and ranges from 2.30 to 7.95 288 

× 10-6 [SI] with an average of 5.13  2.8 × 10-6 [SI]. These results show that the magnetic 289 

susceptibility of the fault rocks increases markedly towards the fault mirror and that Km is 290 

systematically higher than that of pure calcite. Measurement of the anisotropy of magnetic 291 

susceptibility of these materials was attempted on oriented cubes (3.5 mm) using an Agico MFK1 292 

Kappabridge  instrument but did not yield reproducible results because the anisotropy is dominated 293 

by diamagnetic calcite and below the detection limit of the instrument. 294 

 295 

4.4. Magnetic hysteresis 296 

The magnetic hysteresis parameters were measured on representative samples of fault mirror 297 

(VEN04, VEN06) and fault core (VEN07) (Table 2; Suppl. Mat. Figure 1B). The contribution of 298 

paramagnetic phases was not determined due to large variability in high-field slope between 299 

samples and the dominant diamagnetic contribution. 300 

For the fault core, saturation magnetization (Ms) ranges from 143 to 535 × 10-6 Am2/kg, with 301 

an average of 339 ± 276 × 10-6 Am2/kg, and the saturation magnetic remanence (Mr) ranges from 302 

18 to 35 × 10-6 Am2/kg, with an average of 26.5 ± 10.2 × 10-6 Am2/kg. The magnetic coercivity 303 

(Hc) ranges from 6.2 to 6.7 mT, with an average of 6.45 ± 1.98 × 10-6 Am2/kg, and the coercivity 304 

of remanence (Hcr) ranges from 25.9 to 27.8 mT, with an average of 26.9 ± 1.5 mT.  305 

For the fault mirror, saturation magnetization (Ms) ranges from 68 to 945 × 10-6 Am2/kg, with 306 

an average of 332 ± 276 × 10-6 Am2/kg, and the saturation magnetic remanence (Mr) ranges from 307 

11 to 151 × 10-6 Am2/kg, with an average of 44.6 ± 25.0 × 10-6 Am2/kg. The magnetic coercivity 308 

(Hc) ranges from 7.0 to 12 mT, with an average of 8.94 ± 1.77 × 10-6 Am2/kg, and the coercivity 309 

of remanence (Hcr) ranges from 24.3 to 30.5 mT, with an average of 26.9 ± 1.4 mT. 310 

These results are consistent with the >6 fold increase in magnetic remanence, measured from 311 

the fault core towards the fault mirror, through scanning of VEN04 (Figure 5A). 312 

The FORC diagram for the fault mirror (Suppl. Mat. Figure 1A) shows a superparamagnetic 313 

fringe close and parallel to the Bu axis consistent with presence of nanoscale magnetite and a ridge-314 

shape region parallel to the Bc axis produced by fine-grained hematite or goethite. The IRM 315 

deconvolution (Suppl. Mat. Figure 1D) documents two phases of distinct mean coercivities, Bh1 316 

(~335 mT) and Bh2 (>3.0 T), hence supporting the FORC results. 317 

 318 

4.5. Thermal and AF demagnetization of NRM and IRM 319 

The AF demagnetization of NRM experiments on VEN06 shows a progressive, smooth 320 

decrease in magnetic remanence from 2 to 60 mT, indicative of the presence of low-coercivity 321 

component, such as low-Ti content magnetite (Suppl. Mat. 2A). The remanence jump at 440ºC is 322 

considered a spurious instrument measurement. The AF demagnetization of IRM experiments 323 
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performed on an aliquot specimen of VEN06 (Figure 5B) confirms the smooth and progressive 324 

demagnetization behavior between 2 and 60 mT, which is typical of magnetite. 325 

The thermal demagnetization of NRM experiments on VEN06 shows a ~50% drop in magnetic 326 

remanence below 120ºC, indicative of the presence of goethite, followed by a lack of consistent 327 

demagnetization between 150 and 600ºC, followed by a ~40% loss of magnetization between 600 328 

and 700ºC, indicative of the presence of low-Ti content hematite or maghemite (Suppl. Mat. 2B). 329 

The thermal demagnetization of IRM experiments on VEN06 (Figure 5C) shows a ~40% drop in 330 

magnetic remanence below 120ºC, confirming the presence of goethite, followed by a smooth 331 

demagnetization between 120 and 600ºC, and ultimately a minor loss of magnetization (~5%) 332 

between 600 and 700ºC, which indicates that the magnetization of the high unblocking temperature 333 

phase (maghemite or hematite) was not effectively boosted by the IRM. 334 

 335 

4.6. AARM directional results 336 

The AARM samples of this study (VEN04 and VEN06) were both collected in a straight and 337 

representative segment of the fault (Figure 2). The AARM data (Table 3, Figure 6) shows relatively 338 

small remanent magnetization ~0.7  0.1 × 10-6 Am2 for VEN04 and ~2  0.1 × 10-6 Am2 for 339 

VEN06. These experiments show that the AARM long axes (J1), i.e., AARM magnetic lineation, 340 

are scattered due to the low magnetic mineral content of these carbonates (~0.5 ppm of magnetite, 341 

Tables 2 and 3) and define a partial girdle parallel to the fault plane (Figure 6A, B, F and G). 342 

Despite the scatter of the individual J1 directions, it is noteworthy that the tensorial mean J1 343 

statistically plots within 10º of the mineral striations / slickensides along the fault mirror. As shown 344 

by the bootstrapped data, i.e., higher clustering, the statistical significance of the AARM fabric 345 

improves when the sample number increases from 12 to 20. The mean J3 axis (pole to the AARM 346 

planar fabric) plots within 10º to the pole of the fault plane. The degree of AARM (P’) does not 347 

correlate with Jmean (Figure 6C and H) or the AARM shape parameter, T (Figure 6D and I). Overall, 348 

the symmetry of the AARM fabric is neither prolate nor oblate (Figure 6D and I). 349 

 350 

5. Discussion 351 

 352 

5.1. Significance of carbonate fault mirrors with respect to seismic deformation 353 

In carbonates, and many other rocks, faults tend to have a consistent architecture characterized 354 

by juxtaposed zones with progressively increasing deformation from the undeformed bedrock 355 

(e.g., Fossen, 2010) . The least deformed zone in general referred to as the damage zone, shows a 356 

gradual increase of fracture density towards the most deformed zone. The most deformed zone, 357 

referred to as fault core, exhibits intense fracturing and, in carbonates, generally consists of 358 

cataclasite to ultracataclasite. In many cases, a discrete zone within the fault core referred to as a 359 

principal slip plane account for large displacement over a relatively thin domain. The principal slip 360 

zone is generally coated with slickensides, slickenlines and striated minerals. In some cases, this 361 

slip zone exhibits a highly reflective surface named a fault mirror. The fault architecture is overall 362 

symmetrical with respect to the fault mirror, therefore the damage zone exists both in the footwall 363 

and hanging wall. In carbonate rocks, fault mirrors owe their high optical reflectance to nano-sized 364 

calcite grains (<1 μm) (e.g., Han et al., 2007a,b; Fondriest et al., 2013; Siman-Tov et al., 2013; 365 

Ohl et al., 2020). As shown by deformation experiments, these fault mirrors are produced by two 366 

distinct processes: i) Frictional heating leading to decarbonation and recrystallization of lime into 367 

nano-calcite (Han et al., 2007a,b; Carpenter et al., 2015), and ii) ultra-comminution, coupled with 368 

frictional-heating-induced sintering (Storti et al., 2003; Billi and Storti, 2004; Pozzi et al., 2018). 369 
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Recent studies suggest that carbonate-hosted fault mirrors predominantly form during slip at 370 

seismic velocities (0.1 to 10 m/s), making them potential indicators of paleoseismic activity 371 

(Siman-Tov et al., 2013; 2015; Kuo et al., 2016; Ohl et al., 2020). In the case of the Venere Fault, 372 

mirror formation is directly linked to the 1915 seismic event. This raises the key question of 373 

whether frictional heating or decarbonation is the dominant cause of fault mirror development? 374 

 375 

5.2. Photogrammetric and TLS contributions to structural analysis of the Venere Fault 376 

 The analysis of coseismic deformation along natural seismogenic fault surface requires field 377 

observations, at multiple scale, due to the large number of parameters that may affect seismic 378 

rupture. At the kilometer scale, changes in seismic slip length may cause substantial variations in 379 

the nature of macroscopic rupture indicators (e.g., Del Sole et al., 2025). At the meter scale, 380 

variations in dip angle may also result in profound differences in coseismic frictional heat (e.g., 381 

Zamani et al., 2025). At the microscopic scale, differences in rock composition lead to activation 382 

of distinct deformation mechanisms (e.g., Smeraglia et al., 2017). TLS data provides insights on 383 

deformation processes across several scales at once. The TLS data (Figure 3B) shows that the 384 

mirror has a consistent strike and dip, except on the SE side of the scarp where it becomes more 385 

southerly. The short-wavelength variations in dip direction along the fault plane (Figure 3), form 386 

an asymmetric draping structure, parallel to the dip direction, that probably results from the 387 

previously documented, minor right-lateral strike-slip component of the fault (e.g., Agosta and 388 

Kirchner, 2003). These steps resemble, albeit on a macroscopic scale, of the step fractures 389 

kinematic indicators described by Doblas (1988). The TLS method is also utilized to compute fault 390 

roughness parallel to slip direction using Renard and Candella (2017)’s method. The roughness 391 

map (Suppl. Mat. Figure 3) reveals patches of higher roughness, with no preferred orientation or 392 

shape. Overall, the roughness of the NW third length of the scarp is less than its central and SE 393 

parts. Also, the apparently strong correlation between roughness (Suppl. Mat. Figure 3) and dip 394 

angle (Figure 3C) will be further discussed in a subsequent investigation (Nováková et al., in 395 

preparation). Finally, the Venere fault plane does not show major structural asperities along the 396 

down-dip slip direction, which supports that this is a mature fault that experienced at least four 397 

previous ruptures (see section 2). 398 

 399 

5.3. Numerical quantification of frictional heat 400 

The quantification of frictional heat, and possible ensuing decarbonation, are discussed along 401 

with several characteristics of coseismic slip, including grain size reduction, fluid flow, and fault 402 

plane geometry. The TLS data was used to quantify frictional heat (Qf) along the fault plane (Table 403 

4; Figure 3C). The change of enthalpy (ΔH = 187 × 103 J/mol) associated with decarbonation is 404 

taken from Humphries et al. (2019), a value that generally applies to thermal decomposition of 405 

calcite. Additional calculation details are provided in Zamani et al. (2025). These calculations 406 

show that, with an estimated slip of 0.8 m, due to the modest depth at which the fault scarp was 407 

during the 1915 Avezzano earthquake, the normal stress on the fault plane was most likely a 408 

minimal value and decarbonation would have affected a less than 2 m-thick layer of carbonate 409 

(Table 4). Because this value is about three orders of magnitude smaller than the fault roughness, 410 

decarbonation would have taken place along the Venere fault mirror only in patches corresponding 411 

to asperities or to areas of shallower dip. Despite the fact that the extent of decarbonation was most 412 

likely limited, some microstructures (Figure 4 D and E) resemble those produced in friction-413 

experiments where decarbonation was observed (e.g., Aretusini et al., 2024; Violay et al., 2013). 414 

 415 
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5.4. Previous magnetic investigations on fault rocks and contributions to magnetic susceptibility 416 

Earlier studies on fault rocks established the great potential of magnetic studies for deformation  417 

analysis arising from their high sensitivity to minute physical, thermal and mineralogical changes 418 

(e.g., Borradaile and Jackson, 2004; Levi et al., 2014; Yang et al., 2020). The main challenge in 419 

measuring the anisotropy of magnetic susceptibility (AMS) of diamagnetic rocks, such as 420 

quartzites, limestones, or dolomites, lies in the weakness of their magnetic susceptibility, 421 

combined with the competition between their diamagnetic and minor para- or ferromagnetic 422 

contributions (Hrouda et al., 2004; Martín-Hernández and Ferré, 2007; Schmidt et al., 2007; 423 

Almqvist et al., 2009; Levi and Weinberger, 2011; Issachar et al., 2018; Biedermann et al., 2020; 424 

Zamani et al., 2023). 425 

Another difficulty in isolating the fabric of fault rocks is the standard specimen size generally 426 

required for magnetic measurements, which typically is 2.5 cm diameter cores (e.g., Tarling and 427 

Hrouda, 1993; Molina-Garza et al., 2009). This size requirement put limitations on the scale at 428 

which deformation can be quantified. Nonetheless, improvements in instrumentation sensitivity 429 

recently allowed the anisotropy of magnetic susceptibility measurement of smaller rock volumes 430 

of ca. 40 mm3 (Ferré et al., 2016; Zamanialavijeh et al., 2021; Zhang et al., 2024). In the present 431 

study, the very high sensitivity of SQUID magnetometers is used to push the detection limit of 432 

seismogenic fabrics by performing AARM measurements on 3.5 mm cubes of quasi-pure platform 433 

carbonates containing less than 1 ppm of magnetite. 434 

At the Santilli quarry, the Venere Fault host-carbonates consist of 99.99 % calcite (Table 1). 435 

Using this percentage and the intrinsic magnetic susceptibility of pure calcite (Schmidt et al., 436 

2006), the diamagnetic contribution is calculated as Kdia = -12.08 ± 0.5 × 10-6 [SI]. The 437 

paramagnetic contribution, determined from the high-field slope of magnetic hysteresis 438 

experiments after diamagnetic correction, is Kpara = 0.456 ± 0.005 × 10-6 [SI]. This small 439 

contribution attests to the paucity of paramagnetic phases such as clays, sulfides or iron hydroxides 440 

(e.g., FeOOH) in the limestone. The ferromagnetic contribution to magnetic susceptibility is 441 

overall minor, ~8.62, 8.02 and 16.75 × 10-6 [SI] respectively in the undeformed limestone, fault 442 

core and fault mirror (Table 1). Thermal and AF demagnetization experiments along with IRM 443 

acquisition results indicate that magnetite is the dominant ferromagnetic phase in these rocks with 444 

contributions from goethite and hematite to magnetic remanence being <1% (Figure 5 B and C). 445 

The presence of magnetite, albeit in trace amounts, in the white, undeformed limestone, is 446 

interpreted as evidence for a sedimentary origin. In similar platform carbonates, magnetite 447 

typically originates from bacterial (e.g., Arakaki et al., 2008; Roberts et al., 2013) or atmospheric 448 

detrital sources (e.g., Dinarès-Turell et al., 2003; Hladil et al., 2006). The specific origin of this 449 

sedimentary magnetite remains to be determined. Based on the respective contributions of 450 

diamagnetic, paramagnetic and ferromagnetic minerals to magnetic susceptibility (Table 1), the 451 

AARM arises most likely from shape-preferred orientation (SPO) of magnetite grains. 452 

 453 

5.5. Origin of the magnetic mineral assemblage and AARM significance 454 

The anisotropy of anhysteretic remanent magnetization isolates the ferromagnetic contribution 455 

to magnetic fabric of rocks, particularly in the case of weakly magnetic carbonates (e.g., McCabe 456 

and Jackson, 1985; Aubourg and Robion, 2002; Evans et al., 2003; Borradaile and Jackson, 2010; 457 

Hirt and Almqvist, 2012; Bilardello and Jackson, 2014; Levi et al., 2014; Casas-Sainz et al., 2017; 458 

Issachar et al., 2018; Biedermann et al., 2018; 2020a, b; Mattsson et al., 2021). These studies also 459 

show that in most carbonates, magnetite is the dominant carrier of remanence and AARM. In 460 

undeformed carbonates, that have not been remagnetized by fluids, the AARM arises primarily 461 
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from depositional processes (e.g., Parés et al., 2015). In contrast, in deformed carbonates, the 462 

AARM may arise from authigenic magnetite in pressure-solution structures (e.g., Evans and 463 

Elmore, 2006).  464 

In the Venere Fault carbonates of the Santilli quarry, the presence of preseismic magnetite is 465 

documented through SEM observations (Figure 4), magnetic hysteresis properties (Suppl. Mat. 466 

Figure 1B), IRM deconvolution and thermal and AF demagnetization behavior (Figure 5B). In 467 

addition, at the Santilli quarry, hematite and goethite do not occur away from the fault mirror where 468 

they form slickenlines (Figure 3 F, G, H and I). These two phases must have formed respectively 469 

through oxidation and hydration of prior magnetite in the high porosity ()– high permeability (k) 470 

zone along the fault core-fault damage boundary documented by Agosta and Aydin (2006), Agosta 471 

et al. (2007) and Agosta (2008). The same authors also describe the fault mirror as a hydraulic 472 

barrier, along which fluid flow would be unlikely. Therefore, we conclude that magnetite oxidation 473 

and hydration predates seismic slip, and that hematite and goethite from the fault core were 474 

smeared during the 1915 Avezzano earthquake to form slickensides along the fault mirror. 475 

However, we note that the 1915 Avezzano earthquake might have been triggered by fluid pressure 476 

variations at depth related to the Fucino Lake, as this lake was completed in 1878 (e.g., Robinson 477 

et al., 1915; Boncio et al., 2016; Di Naccio et al., 2020). 478 

As attested by multiple eyewitnesses (e.g., Serva et al., 1986; Amoroso et al., 2016), the ~0.8 479 

m-high fault mirror at the Santilli quarry unarguably formed during the 1915 Avezzano earthquake. 480 

The hematite and goethite slickensides, that are exclusively present on this fault mirror, must, 481 

therefore, have been produced during the 1915 seismic slip event. As magnetite formation predates 482 

seismic slip and its magnetic fabric (AARM) coincides with slickensides, we conclude that it 483 

acquired a new shape fabric during coseismic slip by a deformation mechanism yet to be 484 

determined. The AARM shape factor (neither prolate nor oblate) and the high strain rate / low-485 

temperature of coseismic deformation, together support the rotation of magnetite grains as passive 486 

markers in cataclastic flow rather than a mechanism involving grain plasticity. 487 

The respective contributions of magnetite, hematite, and goethite to AARM remains unclear 488 

but, based on the deconvolution of IRM acquisition, magnetite overwhelms the magnetic 489 

remanence and therefore probably also dominates the AARM. 490 

The interpretation that the AARM fabric mimics coseismic deformation is strongly supported 491 

by the near coaxiality of the AARM principal axes with the fault plane, i.e., pole to fault plane: 492 

N029º, 46º; AARM J3: N032º, 30º for VEN06, and N039º, 32º for VEN04 (Figure 6). Also, the 493 

slickensides (N210º, 43º) coincide with the AARM J1 axes, i.e., N208º, 60º for VEN06 and N154º, 494 

34º for VEN04 (Figure 6). These remarkable results highlight the potential of the AARM approach 495 

to analyze coseismic deformation at a high resolution. Our attempts to further characterize the 496 

shape of magnetite grains using scanning electron microscopy did not yield convincing results due 497 

to the scarcity of grains and their small sizes (generally <500 nm). 498 

Previous studies have shown that the AMS method can quantify deformation at seismic slip 499 

rates using 3.5 mm cubes (e.g., Ferré et al., 2015, 2016; Zamanialavijeh et al., 2021; Zhang et al., 500 

2024; Zamani et al., 2025). In the case of the Venere Fault, the ferromagnetic mineral content is 501 

too low (Km < 100 × 10-6 [SI]) for the AMS method to be used. In other cases of fault rocks where 502 

carbonates are iron-rich, such as for example the Hebgen Lake Fault in Montana (e.g., Zamani et 503 

al., 2025), the AMS accurately records the direction of seismic slip. Finally, this study highlights 504 

the potential of AARM to quantify seismic deformation in materials that are too weakly magnetic 505 

to exhibit a meaningful AMS, such as pure carbonates, or when the ferromagnetic contribution to 506 

AMS is too weak (e.g., Almqvist et al., 2020). 507 
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 508 

5.6. Implications of this study for coseismic decarbonation and deformation 509 

In general, the distribution of frictional heat on natural fault planes tends to be heterogeneous 510 

which ultimately results in flash heating on asperities (e.g., Rice, 2017). However, in the case of 511 

the Venere Fault, the widespread preservation of goethite along the fault mirror attests that overall 512 

frictional heating did not reach the temperature required for goethite to hematite reaction, which 513 

is between 400 and 600ºC (Gialanella et al., 2010; Ponomar, 2018; Walter et al., 2001). This is also 514 

confirmed by thermal demagnetization experiments that confirm the persistence of goethite along 515 

the fault mirror (Figure 5 and Suppl. Fig. 2). Hence, we demonstrate that the magnetic fabric of 516 

the fault mirror developed during seismic slip under moderate thermal conditions (<400ºC). These 517 

thermal conditions are generally not linked to fault weakening due to decarbonation, which in turn 518 

has implications for rupture propagation and seismic hazard assessment (e.g., Del Sole et al., 519 

2024). The moderate thermal conditions inferred from the magnetic study are also consistent with 520 

the development of injection fingers (Figure 4C) that attests of coseismic fluidization due to 521 

ultracataclasic comminution. 522 

Balsamo et al. (2014) also suggested that, as grain-size, porosity and permeability jointly 523 

decrease during increasing deformation, above a certain fabric threshold, coseismic rupture can 524 

propagate along the shallow portions of creeping extensional faults, including through 525 

unconsolidated sediments. This is most likely the case for the Venere Fault. We interpret the 526 

exposed fault mirror at the Santilli quarry as evidence of slip propagating upward along an 527 

extensional fault. 528 

Finally, based on the empirical relationships by Wells and Coppersmith (1994) between surface 529 

rupture length (SRL) and displacement (D), as well as SRL and moment magnitude (Mw) for 530 

normal faults, the 1915 Venere Fault rupture produced a larger magnitude earthquake than 531 

predicted and a shorter surface rupture than expected. We propose that either the displacement was 532 

significantly larger than observed at the Santilli quarry, possibly due to slip partitioning, or that, as 533 

shown elsewhere, the earthquake magnitude could have been amplified if the rupture reached 534 

supershear speed (Bao et al., 2022; Ren et al., 2024). 535 

 536 

6. Conclusion 537 

 538 

Our study provides new insights into seismic slip processes along carbonate-hosted faults, 539 

using the Venere Fault, in the Fucino Basin, as a natural laboratory. The exceptionally well-540 

preserved fault mirror at the Santilli Quarry, formed during the 1915 Avezzano Mw 7.0 541 

earthquake, serves as direct evidence of seismogenic slip in carbonate rocks. Through an 542 

integrated analysis of structural mapping, microstructural observations, magnetic methods, and 543 

thermal modeling, we demonstrate that the mirror formed primarily through extreme grain-size 544 

reduction rather than widespread decarbonation. 545 

Terrestrial laser survey data highlights a fault surface with limited large-scale asperities and a 546 

draping structure that suggests minor right-lateral kinematics in addition to dip-slip motion. 547 

Frictional heating appears moderate (<400°C), as evidenced by the preservation of goethite and 548 

the absence of pervasive decarbonation microstructures. These findings challenge the assumption 549 

that decarbonation would be a dominant weakening mechanism in seismogenic carbonate-hosted 550 

faults, at least in this case, and suggest that ultracomminution and localized fluidization may play 551 

a more significant role. 552 
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Magnetic analyses further reveal that magnetite is the primary carrier of remanence, with the 553 

anisotropy of anhysteretic remanent magnetization (AARM) effectively capturing, for the first 554 

time, the coseismic kinematics of the fault mirror. These results underscore the potential of 555 

AARM as a high-resolution tool for detecting seismic fabrics in carbonate fault zones, even 556 

when the conventional anisotropy of magnetic susceptibility (AMS) method is ineffective due to 557 

weak magnetic susceptibility. 558 

By integrating field and laboratory observations with numerical modeling, our study 559 

advances the understanding of seismic slip in carbonate faults, emphasizing the need for multi-560 

scale investigations. The findings have important implications for seismic hazard assessment, as 561 

they highlight the complex interplay of frictional heating, grain-size reduction, and fluid-rock 562 

interactions in controlling fault weakening mechanisms and rupture propagation. 563 
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List of Figures 575 

 576 

Figure 1. Elevation map of the Fucino Basin with main regional faults and related focal 577 

mechanisms (after Cella et al., 2021 and Volatili et al., 2022). The location of the study area is 578 

shown by the red square. 579 

 580 

Figure 2. Satellite image of the Santilli quarry showing the main normal and transverse faults, 581 

magnetic sample locations and rose diagrams of slickensides. 582 

 583 

Figure 3. A – Drone orthophotograph of the main Venere Fault scarp at the Santilli quarry, 584 

projected on the fault plane. The black line shows areas excluded from the structural analysis due 585 

to surface artefacts including loose sediments, gravel, etc. B – Stereographic projections of fault 586 

plane attitudes computed from Lidar TLS survey (n > 23 x 106 points). C – TLS map of dip angles 587 

with a resolution of 6 mm per measurement. D – TLS map of dip direction (same resolution as C); 588 

the variations in dip directions show that the fault plane exhibits warping / undulations with an 589 

axis along the dip direction. This asymmetric geometry is interpreted as resulting from 590 

synkinematic right-lateral folding of the fault plane. E – Oblique view of the Venere Fault showing 591 

atmospheric alteration of the carbonate (black color) and gravel cover. The fault core (breccia) 592 

locally forms a ~0.3 m-thick zone below the fault mirror (fm). F – Outcrop-scale view of the iron 593 

oxide-hydroxide slickensides. G – Close-up view of the slickensides. H – Transverse macroscopic 594 

view of the fault mirror showing the reddish-orangish thin zone of the fault mirror. I – Calcite and 595 

goethite striations on the fault mirror with fine-grained calcite powder. 596 

 597 

Figure 4. Optical (OPT) and scanning electron microscopy (SEM) images showing on grain sizes 598 

and deformation microstructures in the Venere Fault mirror. A – OPT - VEN06 section 599 
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perpendicular to fault mirror illustrating < 5mm-thick iron oxide-rich fault mirror, presence of 600 

vugs possibly resulting from local decarbonation and coseismic Riedel fractures. B – SEM image 601 

documenting the irregular vugs and a band of plastic, HT deformed calcite parallel to mirror. C – 602 

OPT – Ooliths showing preservation of sedimentary microstructures, carbonate ultracataclasite 603 

injection vein and angular clasts. D – Local development of nanocalcite possibly suggestive of 604 

decarbonation. E – OPT F – OPT- VEN07 high porosity sheared domain with small goethite-rich. 605 

G – OPT – Fault mirror microstructures. - Flow direction of granular material. H – OPT - 606 

Relatively undeformed ooid-rich subdomains (clasts) with carbonate ultracataclasite. 607 

 608 

Figure 5. Magnetic data of the Venere Fault supporting the presence of magnetic remanence 609 

carriers. A – Scan showing distinct increase in magnetic remanence towards the fault mirror. The 610 

purple square on the left represents the average NRM of 3.5 cubes ~10 mm away from the fault 611 

mirror (JNRM = 1.24 × 10-8 A/m) whereas the red square is for cubes ~ 2 mm away from the fault 612 

mirror (~25.4 × 10-8 A/m), hence showing the increase in NRM towards the mirror. B – Alternating 613 

field (AF) demagnetization of isothermal remanent magnetization (IRM, 3 T) showing a smooth 614 

demagnetization behavior characteristic of low coercivity phase. C – Thermal demagnetization of 615 

IRM (3 T) showing loss of magnetization below 120ºC, continuous demagnetization from 120 to 616 

575ºC, followed by drop in magnetization above 600ºC. 617 

 618 

Figure 6. Anisotropy of anhysteretic remanent magnetization (AARM) for two fault mirror 619 

samples: VEN04 (A→E) and VEN06 (F→J). A and F, stereographic projections of AARM 620 

principal axes. B and G, bootstrapped data. C and H, P’ vs Jmean diagrams. D and I, T vs P’ diagram. 621 

E and J, histograms showing distribution of Jmean values. 622 

 623 
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 625 

Table 1. Mineral composition from XRD and bulk magnetic susceptibility of the Venere Fault 626 

rocks. 627 

 628 

Table 2. Magnetic hysteresis parameters of the Venere Fault rocks (mirror). 629 
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Table 3. Anisotropy of anhysteretic remanent magnetization (AARM) of the Venere Fault mirror 631 

(VEN06). 632 
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Table 4. Parameters, units, and equations of frictional heat on the Venere Fault plane. 634 
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Supplementary Material 636 

 637 

Supplemental Material - Figure 1. A - First order reversal curve (FORC) diagram showing a 638 

superparamagnetic fringe ridge-shape region parallel to the Bc axis. B – Dunlop (2002) plot of 639 

magnetic hysteresis ratios Mr/Ms vs Hcr/Hc. C – Isothermal remanent magnetization (IRM) 640 

acquisition. D - Deconvolution of isothermal remanent magnetization (IRM) acquisition using 641 

MaxUnmix showing two components of magnetic remanence with distinct mean coercivities, Bh1 642 

(~335 mT) and Bh2 (>3.0 T). 643 

 644 
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Supplemental Material – Figure 2. Representative stepwise demagnetization experiments of 645 

natural remanent magnetization (NRM). A - AF demagnetization of NRM. B. Thermal 646 

demagnetization of NRM. 647 

 648 

Supplemental Material – Figure 3. Roughness map produced from the TLS data. 649 
 650 
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Table 2. Magnetic hysteresis parameters of the Venere Fault rocks (mirror) 
 

Sample # 
mass 

g 
 
10 

Ms 

-6 Am 2 

 
10 

Ms 

-6 Am 2 /kg 

Mr 

10 -6 Am 2 
 

10 

Mr 

-6 Am 2 /kg 

Hc 

mT 

Hcr 

mT 

Mr/Ms Hcr/Hc Mag* 

ppm 

VEN04_467 0.467 0.187 400 0.0148 32 7.0 30.5 0.079 4.38 0.230 

VEN06_177 0.177 0.167 945 0.0268 151 9.7 26.5 0.160 2.73 0.097 

VEN06_350 0.350 0.024 68 0.0039 11 12.1 26.2 0.163 2.17 1.361 

VEN06_440 0.440 0.172 390 0.0217 49 8.1 27.4 0.126 3.39 0.236 

VEN06_540 0.540 0.071 131 0.0061 11 8.0 27.4 0.087 3.41 0.702 

VEN06_932 0.942 0.200 213 0.0332 35 7.2 25.9 0.166 3.61 0.433 

VEN06_1292 1.292 0.226 175 0.0287 22 10.5 24.3 0.127 2.31 0.527 

VEN07_347 0.347 0.186 535 0.0120 35 6.7 27.8 0.065 4.17 0.172 

VEN07_550 0.550 0.079 143 0.0101 18 6.2 25.9 0.128 4.16 0.642 

min. 0.177 0.024 68 0.0039 11.0 6.22 24.3 0.065 2.174 0.097 

max. 1.292 0.226 945 0.0332 151.3 12.06 30.5 0.166 4.382 1.361 

average 0.567 0.146 333 0.0175 40.6 8.38 26.9 0.122 3.371 0.489 

median 0.467 0.172 213 0.0148 31.6 8.05 26.5 0.127 3.410 0.433 

2 errors 0.719 0.142 574 0.0205 92.6 5.22 14.0 0.084 2.059 0.811 

 

 
Notes: Hc - magnetic coercitive force, Mr - magnetic remanence after saturation, Ms - saturation magnetization, Hcr - coercivity of magnetic remanence, Mag* - 

concentration of magnetite in parts per million calculated assuming that magnetite has a saturation magnetization of 92 Am2/kg. 
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Table 3. Anisotropy of anhysteretic remanent magnetization (AARM) of the Venere Fault mirror (VEN06) 
 

 
Sample # 

mass 

g 

Ji 

10 -6 Am 2 

P' T J1d 

º 

J1i 

º 

J2d 

º 

J2i 

º 

J3d 

º 

J3i 

º 

V
E

N
0
4
 

VEN04S1C02 0.120 0.732 1.05 -0.059 257 11 164 16 22 70 

VEN04S1C04 0.116 0.630 1.06 0.206 15 18 264 48 119 36 

VEN04S1C05 0.116 0.743 1.08 0.599 145 13 247 41 40 46 

VEN04S1C06 0.115 0.510 1.15 -0.039 237 47 330 3 62 43 

VEN04S1C10 0.103 0.619 1.10 0.402 90 6 184 31 350 58 

VEN04S1C14 0.100 0.511 1.11 -0.501 130 19 13 53 231 30 

VEN04S1C15 0.105 0.526 1.36 -0.672 199 48 104 4 11 41 

VEN04S1C17 0.104 0.824 1.08 -0.385 117 4 26 13 224 76 

VEN04S1C19 0.101 0.692 1.09 0.086 170 39 289 30 44 36 

VEN04S1C20 0.100 0.773 1.06 0.353 282 20 162 53 24 29 

VEN04S1C21 0.118 0.762 1.30 -0.537 330 86 86 2 176 3 

 max. 0.120 0.824 1.362 0.599       

min. 0.100 0.510 1.054 -0.672       

average 0.108 0.656 1.117 -0.001       

stdev. 0.008 0.114 0.091 0.415       

 

V
E

N
0
6
 

VEN06S1C01 0.140 1.07 1.07 0.565 318 4 226 27 55 62 

VEN06S1C02 0.120 3.67 1.03 0.273 118 9 215 37 17 51 

VEN06S1C03 0.123 0.70 1.29 0.194 290 54 145 31 45 17 

VEN06S1C04 0.125 0.81 1.08 -0.520 122 8 213 12 357 76 

VEN06S1C05 0.131 0.82 1.07 -0.212 110 10 201 6 322 78 

VEN06S1C07 0.131 0.81 1.09 0.001 132 13 223 8 344 75 

VEN06S1C08 0.125 0.91 1.11 -0.161 118 12 217 35 12 52 

VEN06S1C10 0.114 2.55 1.06 0.315 130 56 246 16 345 29 

VEN06S1C12 0.115 0.74 1.03 0.007 243 5 141 66 335 24 

VEN06S1C13 0.130 0.78 1.22 -0.768 174 36 282 23 37 46 

VEN06S1C14 0.116 0.85 1.56 0.685 241 28 149 4 52 62 

VEN06S1C15 0.122 0.69 1.10 0.362 322 4 229 35 58 54 

VEN06S1C19 0.125 0.74 1.07 0.660 315 10 214 51 53 38 

VEN06S1C20 0.130 0.77 1.04 0.087 317 7 217 55 52 34 

VEN06S1C23 0.125 1.40 1.08 -0.015 178 42 292 24 43 38 

VEN06S1C24 0.121 4.98 1.09 0.380 194 62 35 27 301 9 

VEN06S1C25 0.114 0.71 1.08 0.518 321 6 223 51 55 39 

VEN06S1C27 0.130 0.80 1.11 0.392 193 29 296 22 57 52 

VEN06S1C28 0.130 1.45 1.12 0.009 180 47 287 15 30 39 

VEN06S1C29 0.114 2.87 1.09 -0.495 163 67 54 8 321 22 

 min. 0.114 0.689 1.030 -0.768       

max. 0.140 4.981 1.559 0.685       

average 0.124 1.406 1.142 0.062       

stdev. 0.007 1.184 0.152 0.428       
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m 

Table 1. Composition and bulk magnetic susceptibility of the Venere Fault rocks 

 

XRD - fault mirror cataclasite: calcite Vcal ~ 99.99%, 0.01% other Magnetic susceptibility 

limestone density - p = 2710 kg/m3 K χ 

10-6 [SI] 10-9 . m3.kg-1 

pure calcite (Schmidt et al., 2006) (Kcal ) -12.09 -4.46 

 

VEN02 fault core -6.29 -2.32 

VEN03 fault core -1.22 -0.45 

VEN04 fault mirror (top 3.5 mm) 7.95 2.93 

VEN06 fault mirror (top 3.5 mm) 2.30 0.85 

VEN07 fault core 5.22 1.93 

VEN08 fault core -7.57 -2.79 

VEN09 fault core -3.54 -1.31 

VEN10 fault core -7.15 -2.64 

VEN12 fault core -1.81 -0.67 

VEN13 fault core -7.88 -2.91 

VEN14 fault core -2.26 -0.83 

 

VEN average undeformed limestone (10 samples) -3.01 -1.11 

VEN average fault core (9 samples) -3.61 -1.33 

VEN average fault mirror (2 samples) 5.13 1.89 

 

Km = Kdia + Kpara + Kferro (Equation 1) 

Kdia - diamagnetic susceptibility, Kdia = Kcal × Vcal (Siegesmund et al., 1995) -12.09 -4.46 

Kpara - paramagnetic susceptibility, from hysteresis high-field slope 0.456 0.17 

Kferro - ferromagnetic susceptibility (from Eq. 1) - undeformed limestone 8.62 3.18 

Kferro - ferromagnetic susceptibility (from Eq. 1) - fault core 8.02 2.96 

Kferro - ferromagnetic susceptibility (from Eq. 1) - fault mirror 16.75 6.18 

 

m 
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Table 4. Parameters, units, and equations of frictional heat on the Venere Fault plane 

 

Equations for 43º dip angle 

Wf = Qf + E [Equation (1)4]   

Wf ≈ Qf [Equation (2)4]   

Wf ≈ d . σs [Equation (3)3]   

Qf ≈ d . σs [Equation (4)] 1.22E+04 J 

D = (ĸt)0.5 [Equation (5)3] 3.38 mm 

Qd = CpΔT + ΔH [Equation (6)] 1.46E+06 J 

decarbonated mass over 1 m2 0.004 kg 
thickness of decarbonated rock 1.7 𝜇m 

 
Sources 
1Criado et al. (1995) 
2Stout and Robie (1963) 
3Andersen and Austrheim (2006) 
4Scholtz (2019) 
*field measurements on Venere Fault 
#estimated duration of 1915 seismic slip 

Parameters (symbols) Units 

normal stress (n) kPa 

shear stress (s) kPa 

fault dip angle (θ)* º 

rock density (p) kg/m3 

gravity (g) m/s2 

depth (d) m 

lithostatic stress (a) Pa 

lithostatic stress (a) kPa 

frictional heat produced (Qf) J 

heat-transfer-distance (D) after 10 s# mm 

thermal diffusivity (ĸ) mm2s-1 

time in seconds (t) s 

enthalpy of the reaction (ΔH)1 J/mol 

specific heat (Cp)2 J/kg.℃ 

temperature difference (ΔT) ºC 

molecular weight of dolomite (md) kg 

energy released during faulting (Wf) J 

radiated seismic energy (E) J 

seismic slip (d) m 

thermal energy for decarbonation (Qd) J 

total mass of rock (m) kg 

 

Frictional heat 

13.12 

12.23 

43 

2500 

9.81 

1 

2.45E+04 

24.53 

1.22E+04 

3.38 

1.14 

10 

1.87E+05 

8.54E+02 

525 

0.1844 
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