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Rome, 9th February 2022  

Dear Editor,  

We are pleased to submit the manuscript “Chemical interaction driven by deep fluids in the damage 
zone of a seismogenic carbonate fault” as a potential contribution to the Journal of Structural 
Geology.  

Remobilization of fluids along faults promotes dissolution and mobility of major and minor 
components that induce precipitation of authigenic minerals in the proximities of the volume of rocks 
percolated by fluids (i.e., reaction front).  
Faults are the main structures that control fluid mobility through the crust. Fluid flow percolating 
along faults, potentially modulated by the seismic cycle, promote fluid-rock interaction with the 
dissolution and mobility of both major and minor elements. Thus, the study of fluid-rock interactions 
along faults allows to investigate the structure of principal fluid pathways and how fluid channeling 
may vary within a specific fault zone. Moreover, investigation of synkinematic mineral assemblages 
may be used to define the compositions, temperatures and redox conditions of fluids and trace their 
origin and depth.  
In spite of the vast of literature on geochemical characterization of fluids in seismogenic faults, works 
that tie together structural mesoscale-to-microscale characterization of faults, characterization of fluid 
temperatures/compositions and mobility of elements in the altered host rock induced, are not 
common.  
 
In the present manuscript we document the internal architecture of the large seismogenic Gubbio fault 
(northern Appennines, Italy) that hosts minor hybrid faults and veins registering intense fluid flow. 
Fluid inclusion analysis, trace element mobility and noble gas geochemistry of these veins record the 
upwelling of deep-derived fluids, mainly crustal, and diagenetic hot fluids along the fault and 
associated host rock alteration. These findings reveal the crustal-scale cycle of fluids in a large 
seismogenic fault, previously undocumented in the actively extending Northern Apennines. 
 
None of the submitted material has been published or is under consideration for publication 
elsewhere.  
 
With Best Regards,  
 
Barbara Marchesini  

(corresponding author, barbara.marchesini@uniroma1.it) 

 on the behalf of all co-Authors  
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Abstract 27 

  Mesoscale evidence of interaction between deep fluids with carbonate rocks can be used to 28 

study fluid circulation in seismogenic faults and eventually envisage the role of fluids in triggering 29 

seismic events. In this view, we studied fluid-induced secondary bleaching processes occurring along 30 

minor strike-slip faults cutting through red pelagic limestones of the Umbria-Marche carbonate 31 

sequence within the damage zone of the active Gubbio normal fault (northern Apennines), exhumed 32 

from c. 2 km depth. Bleaching is enhanced by the exploitation of inherited stylolitic seams by fluids 33 

and is favored by the progressive leaching and mobilization of primary components (i.e., Ca, Fe, Pb, 34 

and Cu) and the precipitation of authigenic baryte due to temperature and/or redox potential contrast.  35 

Analysis of fluid inclusions trapped in calcite veins associated with the strike-slip faults precipitated 36 

from a H2O–NaCl-bearing fluid(s), with low salinity (1.22-2.57 wt%NaCleq) and a range of trapping 37 

temperature between 95°C and 298°C. Analysis of noble gases from synkinematic calcite suggests a 38 

mixed contribution between deep-derived fluids, mainly crustal, and diagenetic fluids containing 39 

sulphides and CO2. We speculate that bleaching was a by-product of the circulation of such aggressive 40 

deep-derived fluids with mixed contributions, likely mobilized during seismic event(s) and injected 41 

into the damage zone at shallow depths.  42 

 43 

1. Introduction 44 

Fluid circulation in the crust is controlled by faults and fault zones as they can act as barriers, 45 

conduits, or combined conduit-barrier systems (e.g., Caine et al. 1996) for natural fluids, such as 46 

hydrothermal fluids, hydrocarbons, groundwaters (e.g., Randolph and Johnson 1989; Antonellini and 47 

Aydin 1994; Moretti et al. 1998; Rossetti et al. 2011; Balsamo et al. 2013) and contaminants (e.g., 48 

Tellam and Barker 2006). The hydraulic behavior of faults may change in space and time as it is deeply 49 

influenced by the internal architecture of fault zones (e.g., Caine et al. 1996; Faulkner et al. 2010) and 50 

by its evolution during fault activity (i.e., strain localization and healing). Infiltration of fluids along 51 

structural discontinuities in the crust may induce dissolution/leaching and mobility of primary 52 
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components as well as precipitation of new mineral phases as a byproduct (e.g., Sibson 1987; Molli et 53 

al. 2010; Rossetti et al. 2011; Balsamo et al. 2013; Smith et al. 2013; Williams et al. 2017; Marchesini 54 

et al. 2022), which may induce severe modification of the hydraulic properties and permeability 55 

potential of faults. 56 

Fluids can be mobilized during seismic rupturing of the brittle carapace and they can infiltrate the crust 57 

exploiting the network of faults and fractures formed during multiple rupturing events. (e.g., Miller et 58 

al. 2004). Such a dynamic fluid mobilization, in particular, allows fluid re-distribution and mixing 59 

between different fluid reservoirs (i.e., mantle, crustal, meteoric; Menzies et al. 2014; Barberio et al. 60 

2017; Smeraglia et al. 2018). Synkinematic and authigenic mineralizations associated with faults as 61 

well as accidentally trapped fluid inclusions in fault rocks may record crucial information regarding 62 

faulting conditions, fluid origin, and their circulation paths in the crust (e.g., Rossetti et al. 2011; 63 

Smeraglia et al. 2018; Lucca et al. 2019; Marchesini et al. 2019).  64 

In this paper, we examine a key exposure of the Gubbio fault (GF), a ∼22 km long, potentially-65 

seismogenic normal fault belonging to the Umbria fault system of the Northern Apennines (Collettini 66 

et al. 2003; Barchi & Mirabella, 2009; Fig. 1a), that exhibits excellent examples of structurally-67 

controlled chemical alteration in carbonate rocks and fluid circulation within an active extensional 68 

tectonic setting. We combine structural and microstructural analyses with geochemical analysis of 69 

synkinematic fluids and authigenic minerals to reconstruct the circulation of fluids within this sector 70 

of the GF and the fluid origin. We conclude that seismic events induce the co-seismic disruption of 71 

multiple seals at various depths, forcing the interaction and mixing between fluids derived from various 72 

sources. Thus, fluids infiltrate through the upper crust exploiting both major and minor discontinuity 73 

associated with fault zones, chemically interacting with rocks.  74 

 75 

2. Geological setting  76 

2.1 Northern Apennines 77 
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The Northern Apennines are an arc-shaped, NW–SE-oriented, NE-verging fold-thrust belt, 78 

which is part of the Apennines chain that originated in the framework of the convergence between the 79 

Adria microplate and the European margin. The mechanisms responsible for the formation of the 80 

Northern Apennines are commonly interpreted to be the W-directed subduction of the Adria microplate 81 

lithosphere below the Sardinia-Corsica continental block belonging to the European margin (Carminati 82 

& Doglioni, 2012) possibly associated with lithospheric delamination (Faccenda et al., 2009). 83 

Following the slab retreat, compression in the Apenninic wedge migrated towards E-NE witnessed by 84 

the age of the foredeep deposits (Middle Miocene to present from the inner Northern Apennines to the 85 

present-day Adriatic sea foredeep; Ricci Lucchi, 1986).  86 

Our study area is located in the Umbria-Marche Apennines, representing the outer part of the 87 

Northern Apennines (e.g., Barchi, 2010), and formed by NW–SE-oriented, E-NE verging thrusting 88 

that involved Upper Triassic-Middle Miocene pre-orogenic, mostly carbonate sequences of the 89 

Adriatic plate continental margin and the Miocene to Pliocene synorogenic turbiditic deposits.  90 

The stratigraphic column of the Umbria-Marche Apennines is bottomed by Triassic sabkha 91 

deposits, which are constituted by an alternance of dolostones and anhydrites (Burano Fm., Martinis 92 

& Pieri, 1964), which are separated by the underlying Hercynian crystalline basement by a complex 93 

succession of Late Paleozoic-Middle Triassic continental and/or shallow marine clastic deposits (e.g., 94 

Vai, 2001). The Burano evaporites are also characterized by minor Ca-sulphides, clay-rich horizons 95 

associated with organic matter, native sulfur and pyrite (San Donato 1 well, Fig. 1b; 96 

https://www.videpi.com/deposito/pozzi/profili/pdf/s.donato_001.pdf). The Triassic evaporites are 97 

overlayed by Upper Liassic to Eocene carbonates. This carbonate multilayer is composed by the 98 

massive platform limestones of the Calcare Massiccio Fm. (Early Jurassic) deposited in a shallow 99 

water, carbonate platform environment, followed by a thick succession of well-layered pelagic 100 

limestones, marls and cherts of Jurassic-Eocene age. The upper part of this pelagic multilayer, exposed 101 

in our study area, includes (bottom to top) the thick-layered whitish limestones of the Maiolica Fm.  102 

(Late Jurassic-Early Cretaceous), the marly limestones and marls of the Marne a Fucoidi Fm. (Aptian-103 
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Albian) and of the calcareous Scaglia Group (Late Cretaceous-Early Tertiary) (Santantonio & 104 

Carminati, 2011). The lower Liassic–Eocene carbonates are overlayed by Oligocene to lower Miocene 105 

Marly Group and by the Miocene (Burdigalian-Serravallian) turbidites of the Marnoso Arenacea Fm 106 

(Ricci Lucchi, 1986). 107 

Since Early Pliocene time, the internal and axial part of the Northern Apennines has undergone 108 

extension and crustal thinning roughly coaxial with the previous compressional phase (e.g., Elter et 109 

al., 1975; Barchi, 2010). Crustal extension is accommodated by a system of NW–SE-oriented 110 

extensional faults, that produced small-scale intra-mountain basins (in the present-day rear of the 111 

chain) to wide asymmetric basins to the W (e.g., Tiber Valley, and Tuscany basins). Extension is 112 

currently active in the axial part of northern and central Apennines, where most of the historical and 113 

present seismicity is related to the activity of NW-SE- to NNW-SSE trending normal faults (e.g., 114 

Barchi et al. 1998; Barchi et al., 2006; Chiarabba et al., 2009; Chiaraluce et al., 2017; Fig. 1a). The 115 

Gubbio fault, main focus of this contribution, is an active normal fault of the Umbria-Marche 116 

Apennines, which in 1984 experienced a Ms 5.2 (Haessler et al., 1988) earthquake, with a hypocenter 117 

located 10 km south of the town of Gubbio at 7 km depth.  This event was attributed to slip along the 118 

Gubbio fault (e.g., Collettini et al., 2003; Fig. 1a), although the role of the main GF on local seismicity 119 

is still debated (Pucci et al., 2003).  120 

 121 

2.2 The Gubbio Fault 122 

The Gubbio normal fault bounds the NW-SE margin of the Gubbio valley (Fig. 2a). The GF is a 123 

∼22 km long, active fault segment, striking NNW-SSE (∼ N130°) (Collettini et al. 2003; Fig. 1a) that 124 

dissects the backlimb of the Gubbio anticline and juxtaposes Lower Cretaceous-Oligocene carbonate 125 

multilayers of the Marne a Fucoidi and the Scaglia group Fms. (Fig. 2c) in the footwall against 126 

Quaternary fluvio-lacustrine and slope debris deposits in the hangingwall (Figs. 2a, c).  127 

The estimated maximum cumulative displacement of 3.2 km has been accommodated at the centre of 128 

the Gubbio Basin, as a result of a complex, long-lasting tectonic history (Collettini et al. 2003; 129 
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Mirabella et al. 2004). At depth, the GF shows a listric geometry, with average dips of 60-70° at the 130 

surface and 10-15° at depth of ∼ 4 km, where it reactivates a pre-existing thrust fault (Mirabella et al. 131 

2004). Seismic profile interpretation suggest that the GF is antithetic to the E-dipping, low-angle 132 

Altotiberina Fault (Barchi et al., 1998; Fig. 1b), which is the major extensional fault in the Umbria-133 

Marche Apennines.  134 

Here we focus on an exceptionally well-exposed section of the Gubbio fault zone located in its central 135 

part close to the Gubbio town cemetery (lon. 12.3551; lat. 43.2040; Fig. 2a). In this area, the GF shows 136 

a complex fault architecture and evidence of fluid-fault interaction, potentially controlled by 137 

earthquake rupture along the fault zone. 138 

 139 

3. Methods 140 

We collected structural measurements of major and minor faults, bedding, calcite veins and S-C 141 

planes from fault core and damage zone. We refer the terms “fault core” to the volume of highly strain 142 

rocks in which primary structures are not recognizable anymore in the immediate proximity of each 143 

Principal Slip Surface (PSS). “Damage zone” is conversely referred to the deformed volume of rocks 144 

in the tectonic lens in which the primary structures, mostly bedding, are still recognizable.  145 

We sampled calcite veins associated with minor strike-slip faults (Gub01; Gub02; Fig. 4a) and 146 

their alteration haloes (Gub01; Fig. 4a) to study the origin of fluids, their circulation through the 147 

Gubbio fault, fluid origin and their possible role during seismic events. We applied the following 148 

microanalytical techniques: i) microstructural analysis of veins and alteration fronts by optical 149 

petrography and cold cathodoluminescence; ii) microthermometry of fluid inclusions to define the 150 

composition and temperature of synkinematic fluids , analysis of minor gaseous species (He, Ne, and 151 

Ar concentrations and isotope ratios); iii) bulk rock mineralogy of pristine and altered rocks by X-ray 152 

diffraction analysis; iv) Laser ablation inductively coupled plasma mass spectrometry to investigate 153 

the spatial distribution of major, minor and trace elements across reaction fronts. The analytical 154 

methods are fully described in the Supplementary Material. 155 
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4. Fault zone architecture  156 

In the studied outcrop, the displacement of the Gubbio Fault is accommodated by at least three 157 

distinct principal slip surfaces (PSSs; Fig. 2a), which bound two sigmoidal tectonic lenses of variable 158 

thickness (Fig. 2a). PSS are individuated by sharp, continuous striated surfaces between different 159 

lithologies within the fault zone. The dip of the PSSs changes with involved lithologies from 60° in 160 

more competent pelagic limestones (Scaglia Bianca and Scaglia Rossa Fms.) to 40° in less competent 161 

Marne a Fucoidi Fm. marls (Fig. 2a). 162 

Across the fault zone, deformation of the host rocks increases towards the PSSs forming fault core 163 

zones up to 1 m thick (e.g., cemented breccias, foliated cataclasites, gouge). The variability in fault 164 

rocks is due to lithological changes of the juxtaposed formations (Fig. 3).  165 

The bottom tectonic lens is bounded by the lowermost and the intermediate PSSs here named PSS*** 166 

and PSS**, respectively (Figs. 2b.c). The lowermost PSS*** (Fig. 2c) puts in contact marls and pelagic 167 

limestones (from bottom to top: the Marne a Fucoidi Fm., the Scaglia Bianca and Scaglia Rossa Fm.) 168 

at the footwall with a tectonic slice composed of deformed Scaglia Bianca and Scaglia Rossa Fms 169 

(Figs., 2c, 3a). At the Marne a Fucoidi-Scaglia Bianca contact (across PSS*** Fig. 3b) we observe a 170 

10-50 cm thick layer of foliated cataclasites formed at expenses of the Marne a Fucoidi Fm, which is 171 

in contact with 50- 60 cm thick cemented cataclasites derived from the Scaglia Bianca Fm (Fig. 3b). 172 

In the upper part of the outcrop, along with the PSS***, the fault core is also composed of foliated 173 

cataclasites/breccias derived from the Scaglia Rossa Fm that contain anastomosing shear planes with 174 

S-CC’ geometries right below PSS*** (Fig. 3c-d).  175 

The intermediate tectonic lens is bounded by the PSS** and the frontal PSS* (Fig. 2b-c). The PSS** 176 

juxtaposes rocks from the Scaglia Rossa and the Scaglia Variegata Fms at the hangingwall with Scaglia 177 

Bianca and a thin slice of Scaglia Rossa at the footwall (Figs. 2b-c). Cemented cataclasite/breccias 178 

derived from the Scaglia Rossa Fm. are associated with the PSS** (Fig. 3e). In the upper part of the 179 

tectonic lens, the fault core above the PSS** consists of a white-pinkish gouge derived from the Scaglia 180 

Variegata Fm. (Fig. 3e).  181 
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The upper tectonic lens is defined by the uppermost slip surface PSS* (Figs. 2a-c), which juxtaposes 182 

the Quaternary-Pleistocene deposits of the Gubbio basin at the hangingwall with the Scaglia group at 183 

the footwall (Fig. 2c). The fault scarp of the PSS* is not outcropping in the study area but it is hinted 184 

by the sharp contact with the flat-lying quaternary of the valley. 185 

The tectonic lenses between the PSSs are characterized by rocks in which bedding is deformed but still 186 

well recognizable. They are affected by extensive calcite vein networks and are dissected by minor 187 

faults and fractures (both synthetic Riedel-type faults and subvertical strike-slip fault systems with 188 

small displacement; Figs. 4a-b). Strike-slip faults are commonly sealed by multiple generations of 189 

calcite veins and are interrupted by the PSSs, indicating that they are limited to the fault zone. Strike-190 

slip faults in the outer lens are marked by alteration haloes 20-30 cm thick, which cause local bleaching 191 

of the red limestones (Fig. 4a). Strike-slip faults are organized into conjugate systems, with left-lateral 192 

strike-slip faults striking from SW-NE to WSW-ESE and right-lateral strike-slip faults striking from 193 

NW-SW to ENE-WSW (Fig. 4c). This system of conjugate strike-slip faults shows small dihedral 194 

angles. Faults are also at high-angle to bedding and to the bounding PSSs (Fig. 4c). 195 

Calcite veins filling strike-slip faults are 2-15 cm thick and show a milky-white appearance (Figs. 4d-196 

e). They are sealed by both blocky crystals and slickenfibers connected by shear fractures (i.e., fault-197 

fracture meshes; Sibson, 1996; Fig. 4e). Breccia and cataclasite bodies locally occur in contractional 198 

stepovers (Fig. 4f). The continuous vein sealing and the small dihedral angle of this strike-slip fault 199 

system both indicate a hybrid-tensional local stress field in fluid overpressure conditions. 200 

Stylolites have been observed in the damage zone and they are mostly parallel or sub-parallel to 201 

bedding and likely related to burial. Hand sample observations suggest that stylolitic seams enhance 202 

bleaching and alteration front propagation, working as inherited permeable structures (see below, Fig. 203 

8a).  204 

 205 

 206 

 207 
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 208 
5. Vein microstructures 209 

Conjugate strike-slip faults with bleaching haloes are filled by calcite veins with crack-seal 210 

progressive opening texture (e.g., Ramsay, 1980; Fig. 5a), showing two distinct generations of calcite. 211 

The first generation has a milky-white appearance, whereas the second one is translucid (Fig. 5a). 212 

Lithons and cataclastic fragments of bleached red limestones are incorporated and reworked within the 213 

vein (Fig. 5a). Two distinct principal slip zones (PSZs) 1-1.5 mm thick can be identified (Fig. 5b).  214 

Calcite grains are widely affected by mechanical twinning, with twins of various thicknesses. We 215 

observed two distinct generations of calcite twins, one with thin, straight narrow lamellae (< 1 μm; 216 

type I, Figs. 5c) and another one characterized by thicker lamellae (2-6 μm; type II, Figs. 5c-d). Calcite 217 

grains with type II twins locally show lobate and irregular boundaries, in particular at the contact 218 

between grains of calcite with thick and thin twins (Figs. 5c-d). Calcite grains with thinner twins locally 219 

substitute and grow above calcite grains with thicker twins (Fig. 4d). Locally, relicts of calcite with 220 

thicker twins locally occur in the core of large calcite grains much fewer and thinner twins (Fig. 5a). 221 

Different cathodoluminescence (CT) points to the presence of at least two distinct generations 222 

of calcite crystals (Figs. 6a-b). The calcite vein shows an overall high luminescence apart from 223 

localized areas with dull luminescence (Fig. 6a). In particular, dull luminescence is observed in 224 

correspondence of a second generation of epitaxial calcite crystals that are mainly arranged in veinlets 225 

and along the grain boundaries of larger calcite grains (Fig. 6b-c). Epitaxial calcite is poorly affected 226 

by twinning (Fig. 6c), whereas calcite grains in the main vein are intensely strained and twins are 227 

marked by very high luminescence (Fig. 6a).  228 

 229 

6. Fluid inclusion analysis 230 

6.1. Fluid inclusion petrography and micro-thermometry  231 

Fluid inclusions occur as isolated units and as groups of cogenetic fluid inclusions (i.e., fluid 232 

inclusion assemblage, FIA).  233 
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Fluid inclusions were studied in both generations of calcite identified by CT analysis (Fig. 6). In the 234 

calcite grains with high luminescence fluid inclusions are generally empty showing irregular 235 

morphology, typical of decrepitation (e.g., Bodnar 1989). However, in relicts of calcite grains with 236 

thicker twins (Fig. 7a), isolated inclusions survived to the decrepitation (Fig. 7b). This type of fluid 237 

inclusions can be interpreted as relict primary fluid inclusions. Fluid inclusions contain a two-phase 238 

fluid (liquid–vapor) and have a maximum size between 20 and 45 µm and a volume fraction, ϕ, ranging 239 

between 5% and 10 % (Fig. 7b). 240 

On the contrary, fluid inclusions trapped in the dull calcite veinlets (Fig. 7c) are present as FIAs. This 241 

second type of fluid inclusions has been interpreted as primary fluid inclusions. Fluid inclusions 242 

contain a two-phase fluid (liquid–vapor) and have a maximum size between 10 and 25 µm and a 243 

volume fraction, ϕ, ranging between 5 and 15 % (Fig. 7d). 244 

Micro-thermometric measurements were only collected from fluid inclusions trapped within 245 

the relict calcite grains with thick twins and within the dull calcite generation. The melting temperature 246 

of ice (Tmice) ranges between -0.7 and -1.5 °C, which corresponds to a salinity value between 1.22 247 

wt% NaCleq and 2.57 wt% NaCleq (Table 1). Final homogenization (Thtot) occurred into the liquid 248 

phase and between 95°C and 214°C (Table 1). A single inclusion yielded Thtot of 298°C and 249 

homogenization occurred into the vapor phase (Table 1). 250 

 251 

6.2. Noble gases in fluid inclusions 252 

The concentrations of the light noble gases (He, Ne, Ar), and 3He/4He, 4He/20Ne, 40Ar/36Ar isotope 253 

ratios within fluid inclusions hosted in calcite veins associated with bleaching (samples Gub01 and 254 

Gub02) are reported in the Supplementary Material (Table S1), whereas the He ratios are plotted in 255 

Fig. 8. 256 

The 4He, 20Ne and 40Ar concentrations in the two samples are 3.06 x 10-12 mol/g and 4.61 x 10-12 mol/g, 257 

1.45 x 10-13 mol/g and 2.50 x 10-13 mol/g and 7.22 10-11 mol/g and 1.45 10-10 mol/g, respectively. The 258 

4He/20Ne ratios (i.e., ranging between 18.46 and 21.05) are 58 to 66 times greater than the typical 259 
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4He/20Ne ratio in the atmosphere (4He/20Ne =0.318; Table S1), indicating that the atmospheric He 260 

component trapped into the fluid inclusions of the calcite is low (Fig. 8). Furthermore, using the 261 

equation of Ballentine and Burnard, (2002) for the production of 4He, based on the U and Th 262 

concentrations in the Gubbio veins (Table S1; Craddock et al., 2020) together with the estimated ages 263 

of the studied veins (up to about 360 kyr; Craddock et al., 2020) we computed the amounts of 4He 264 

produced in calcite over time. These amounts are 7.04 x 10-16 mol/g (sample Gub 02) and 4.81 x 10-15 265 

mol/g (Gub_01) respectively, at least two orders of magnitude lower than the measured values (Table 266 

S2). Therefore, we exclude any significant contamination of radiogenic 4He due to the production of 267 

U and Th decay after the development of the veins.  268 

The He isotopic ratio (3He/4He) of the two samples are both 0.05Ra (where Ra is the He isotopic ratio 269 

in the atmosphere, 1.39 x 10-6). These values are in the field of the crustal fluids (Fig. 8) and in a 270 

3He/4He vs. 4He/20Ne diagram the two samples fall along the mixing line between the air end member 271 

(3He/4He =1Ra, 4He/20Ne =0.318; Fig. 8) and the crustal end member (3He/4He =0.01-0.03Ra, 4He/20Ne 272 

> 1000; Fig. 8).  273 

 274 

7. Mineralogical and chemical analysis along the reaction front 275 

Chemical alteration of red limestones occurs as a reaction front that departs from the calcite vein 276 

and progressively alters the host rock (Fig. 9a). Alteration exploits the traces of stylolitic seams, 277 

progressively diffusing into wall rock. As a result, reddish-colored sigmoidal relicts of the host rock 278 

are visible in the hand-sample (Fig. 9a).  279 

 280 

7.1. Mineralogical assemblage of pristine and bleached rocks 281 

The mineralogical assemblage of altered and unaltered fault wall rocks was analyzed by XRD 282 

diffraction to define the mineralogical alteration associated with the fracturing and fluid infiltration. 283 

Pulverized rock samples were obtained by in situ micro-drilling of the relicts of the pristine rock (* in 284 

Fig. 9a) and of the altered rock (** in Fig. 9a). Samples were also collected along the stylolitic seams 285 
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located in the altered front (Fig. 9a) and from the pristine Scaglia Variegata Fm. in the footwall of the 286 

Gubbio fault (Table 2). Selected XRD patterns are reported in Figures 9b-c, e-f, and Table 3 provides 287 

a summary of the identified minerals and semiquantitative estimations.  288 

The pristine rock is characterized by calcite (95%), and minor amounts of phyllosilicate minerals (2%, 289 

i.e., K-white mica, mixed layer illite-smectite), quartz (2%), and hematite (1%) with traces of albite 290 

(Table 2).  291 

Relicts of pinkish limestone show lower calcite contents (91%), and higher phyllosilicate amounts 292 

(6%) than the pristine rock, minor amounts of quartz (2%), hematite (1%), and traces of albite (Fig. 293 

9b-c and Table 2). On the other hand, the altered (bleached) rock is composed of calcite (91%), 294 

phyllosilicate minerals (7%), and quartz (2%) with traces of baryte and albite (Fig. 9e-f; Table 3). No 295 

iron oxides were observed. 296 

SEM analysis in the bleached rock shows that the baryte is present as euhedral crystals, in the form of 297 

single crystals (Fig. 9g) or as aggregate of crystals (Fig. 9h). Baryte single crystals are clogging the 298 

porosity of the wall rock (Fig. 9g), whereas aggregates of baryte crystals are mainly arranged along 299 

stylolitic seams (Fig. 9h). Baryte grain size ranges from a few microns to about 100 microns. SEM 300 

analysis in the relicts of pristine rock shows a highly porous wall rock without the occurrence of 301 

sulphates (Fig. 9d). 302 

 303 

7.2. Element distribution 304 

LA-ICP-MS analysis started from the pinkish limestone and continued towards the alteration front 305 

until the yellowish-grey bleached limestone (Fig. 8).  306 

We analyzed the chemical distribution of Ca, Si, Na, Mg, Mn, Al, K, Fe, Ba, Li, Be, Ti, Cr, Co, Ni, 307 

Cu, Zn, Rb, Sr, Y, Zr, Nb, Cs, Pb, Th, U.  308 

The most significant variations of element concentrations are observed for Fe, Cu, Pb and Ba (Fig. 10). 309 

Fe shows a linear decreasing trend from the relicts of pinkish limestone to bleached limestone with 310 

concentration ranging between 6000 and 3200 ppm in the pinkish limestones to 4000-2400 ppm in the 311 
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bleached area (green profile of Fig. 10). The same linear decreasing trend has been observed for the 312 

spatial distribution of Cu and Pb across the alteration front (Fig. 10). Cu shows a concentration of 14 313 

ppm in the pinkish limestone to 4 ppm in the bleached area (Fig. 10), whereas Pb shows a decrease in 314 

concentration from ca. 6 ppm to <3 ppm (Fig. 10). 315 

On the contrary, Ba concentration sharply increases in correspondence of the bleached area, 316 

consistently with the occurrence of baryte that is observed by XRD and SEM analyses (Fig. 10f). Ba 317 

concentration in this enriched area ranges between 100 and 700 ppm (pink profile of Fig. 10).  318 

 319 

8. Discussion 320 

8.1. Fault architecture and fluid flow 321 

The Gubbio Fault displays a complex architecture in which distinct lenses of less deformed rocks 322 

are bounded by principal slip surfaces associated with different types of fault rocks (Fig. 3). The 323 

intermediate lens bounded by PSS** and PSS* (Figs. 2c) is disarticulated by minor fractures and 324 

conjugate strike-slip faults, both associated with multi-stage opening veins (Fig. 4a). The hybrid strike-325 

slip faults are the only structures in the damage zone associated with bleaching (formation of 326 

centimetric alteration haloes at their boundaries; Figs. 4b), whereas minor veins are not associated with 327 

alteration of the host rock (Fig. 4b).  328 

The presence of hybrid faults indicates a local tensional state of stress, potentially due to transient 329 

high-fluid pressure controlled by the internal structure of the Gubbio fault zone. Major faults 330 

commonly behave as important fluid conduits in many geological scenarios (e.g., Caine 1996; Sibson 331 

1996; Faulkner et al., 2010). Fluid circulation within a volume of fractured rocks is directly linked to 332 

fault architecture and connected to the orientation and aperture of fractures (Caine et al., 1996). In 333 

general, the damage zone is the most permeable region of the fault zone, because of the occurrence of 334 

highly fractured rocks without the intense comminution and alteration documented along fault cores, 335 

(e.g., Mitchell and Faulkner, 2009). In the case of the Gubbio Fault, the presence of veins in the tectonic 336 

lenses suggests that the volume of maximum permeability could be embedded between the PSSs. 337 
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Fluids are thus channelized along the Gubbio Fault, within localized minor structures cutting across a 338 

relatively coherent volume of rocks (i.e., damage zone), rather than diffuse zones of breccia and 339 

cataclasites (i.e., fault core). The combination of well-developed fault rocks along PSSs (Fig. 3b, d, e) 340 

and localized high-permeability minor faults may result in a combined conduit-barrier fault zone 341 

(Caine, 1996).  342 

Tectonic lenses documented in the Gubbio fault zone are formed either by 1) cemented breccias and 343 

cataclasites (e.g., lens between PSS*** and PSS**; Fig. 2), formed at the expenses of relatively 344 

phyllosilicate-poor and competent lithologies (Scaglia Bianca and Scaglia Rossa Fm.) or 2) by rather 345 

coherent units of phyllosilicate-rich, well-bedded limestone (Marne a Fucoidi and Scaglia Variegata 346 

Fm.) that undergo folding, pressure-solution and flexural slip in addition to minor faulting. This short 347 

wavelength heterogeneity in the fault zone and permeability architecture may localize fluid flow in a 348 

restricted volume, as suggested by the widespread evidence of alteration associated with strike slip 349 

faults in the intermediate tectonic lens. This fault zone structure heterogeneity is consistent with the 350 

mechanical heterogeneity induced by variable lithologies in carbonate multilayers well documented 351 

for the GF as well for other major thrust faults in the Northern Apennines (Tesei et al., 2013; Bullock 352 

et al., 2014) and elsewhere (e.g., Hadizadeh, 1994; Lacroix et al., 2011). 353 

Regarding the origin of these conjugate sets of strike-slip faults, we envision two hypotheses. These 354 

structures may be formed during orogenic shortening, as suggested for this area by De Paola et al. 355 

(2006), and reactivated during the post-orogenic extensional stage. In this scenario, strike-slip faults 356 

may form by reactivating preexisting structures and/or as minor transversal structures (i.e., tear faults) 357 

during folding and thrusting as documented in the compressive front of the Apennines during late-358 

Miocene (e.g., Tavani et al. 2012).  359 

Another possibility is that these strike-slip faults and associated calcite veins are exclusively post-360 

orogenic and formed due to a local rotation of the extensional stress field within the damage zone. In 361 

this case, strike-slip structures may have accommodated the differential movement of the tectonic 362 

lenses and their formation may be favored by local high-fluid pressure in low-permeability lithologies 363 
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and/or by stress rotations in the immediate aftermath of an earthquake (e.g., Asano et al. 2011). This 364 

hypothesis seems to be the most valid because it is in agreement with the U-Th in situ ages of 365 

synkinematic calcite veins in the Gubbio fault core and our He isotope data. U/Th measurements 366 

indicate ages between 357,000 yrs and 235,000 yrs indicating an origin related to the post-orogenic 367 

extensional stage of the northern Apennines (Craddock et al. 2020). The He isotopic signature recorded 368 

in our fluid inclusions is similar to that observed in the present-day gas manifestation in springs of the 369 

northernmost sector of the Apennines (Northern and Southern Umbria in Fig. 8; Italiano et al., 2009; 370 

Ventura-Bordenca et al., 2019) strengthening post-orogenic origin of our vein system. 371 

 372 

8.2 Temperature and composition of fluids 373 

Field and microstructural evidence and fluid inclusion analysis indicate that calcite veins associated 374 

with strike-slip faults precipitated from a H2O–NaCl-bearing fluid, with low salinity (1.22-2.57 375 

wt%NaCleq; Table 1). Aside from small variability of salinity, microthermometric results indicate a 376 

wide range of trapping temperatures, between 95°C and 298°C (Table 1). This suggests the circulation 377 

and trapping of multiple fluid-batches or post-entrapment re-equilibration of fluid inclusions (Bakker 378 

and Jansen, 1990; Diamond et al., 2010). Experimental works on post-entrapment re-equilibration 379 

processes on synthetic fluid inclusions have shown that fluid inclusions that experienced re-380 

equilibration change their micro-thermometric properties (e.g., Vitik and Bodnar, 1998). In particular, 381 

post-entrapment re-equilibration of fluid inclusions induces a progressive increment of the 382 

homogenization temperature and salinity (Vitik and Bodnar, 1998; Bakker and Jansen 1994). 383 

However, our microthermometric dataset shows that higher salinities do not always correspond to 384 

higher homogenization temperatures (Table 1). Therefore, re-equilibration, if present, has not 385 

completely altered fluid inclusion properties. It has been proved from synthetic and natural samples 386 

that only severe deformation conditions produce a complete obliteration of fluid inclusion micro-387 

thermometric properties (Diamond et al. 2010; Tarantola et al. 2010; 2012; Bakker 2017). Some fluid 388 

inclusions trapped in the system may still survive to post-entrapment re-equilibration processes and 389 
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preserve information about the original fluids (e.g., Vitik and Bodnar, 1998; Van Noten et al. 2011; 390 

Marchesini et al. 2019).  391 

Our microthermometric results show that the majority of Thtot is >100°C. We thus speculate that the 392 

minimum temperature of fluid trapping was presumably between the range 107-185°C, despite higher 393 

temperature >200°C has been measured (Table 1). We interpret this wide range on the homogenization 394 

temperature as evidence of multiple fluid batches at different temperature that rose along the GF. This 395 

is also consistent with the cathodoluminescence analysis that highlights the presence of at least two 396 

distinct calcite generations (Fig. 6). Our microthermometric data are in agreement, although slightly 397 

higher, with the temperature estimates derived by clumped isotope analysis of calcite veins from the 398 

Gubbio footwall (Riegel et al., 2022) showing temperatures of vein formation ranging between 87°C 399 

and 160 °C. 400 

Temperatures of calcite veins in minor structures within the GF are significantly higher than maximum 401 

temperatures experienced by the surrounding wall rocks at maximum burial conditions. Paleothermal 402 

indicators derived from organic and inorganic portions of sediments such as vitrinite reflectance and 403 

mixed layer illite-smectite indicate that the Cretaceous rocks of the Umbria-Marche succession in this 404 

and nearby areas underwent maximum temperatures between 80°C and 100°C (corresponding to a 405 

modeled depth of 3-4 km; Aldega et al., 2007; Corrado et al., 2010; Caricchi et al., 2015). A similar 406 

temperature range has been recorded by a microthermometric study of fluid inclusions in calcite veins 407 

associated with strike-slip faults in another exposure of the GF (i.e., 65-95°C; Bussolotto et al. 2007). 408 

Moreover, apatite fission-tracks in the Marnoso Arenacea Fm. are not reset indicating that the 409 

maximum burial temperature was lower than 110°C (Zattin et al., 2002). These burial temperatures are 410 

also consistent with temperature measured at the bottom of the Monte Civitello well (i.e., 110 °C at 411 

5590 m b.s.l.), located 10 km to the west of the Gubbio town (Fig. 1a). 412 

Considering a present-day geothermal gradient of 20°C/km (i.e., consistent with the estimates from 413 

the Mt. Civitello deep borehole) and the most probable range of homogenization temperatures of fluid 414 
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inclusions (i.e., 107-185°C) we suggest that fluids in the GF rose from depths of ca. 5 km to 9 km, 415 

although we do not exclude the hypothesis that fluids with T >200°C may derive from greater depths. 416 

 417 

8.3. Fault-driven fluid rock interaction in the Gubbio Fault 418 

Red pigment in Scaglia Rossa and Scaglia Variegata Fms. come from tiny amounts of Fe (Fe ≤ 419 

0.1%), which is contained in thin hematite grains (e.g., Hu et al. 2009). We observed that bleaching of 420 

these limestones mainly occurs in the damage zone of the tectonic lens embedded between principal 421 

slip surfaces of the GF. Bleaching arises by alteration halos along minor hybrid faults and fractures 422 

systems (Fig. 4). Hand sample observations also indicate that secondary fluid-rock interaction is 423 

locally enhanced by the exploitation of pre-existing structures, such as pressure-solution seams (Fig. 424 

8a). 425 

At the microscale, XRD analysis showed that the altered portions of the rock are depleted by hematite 426 

and enriched in baryte with respect to the pristine rock. Accordingly, LA-ICP-MS transects across the 427 

alteration front confirm a progressive decrease of Fe, and to a lesser extent of Pb and Cu, and an 428 

increase in Ba from the pristine rock towards the alteration halo (Fig. 10). Therefore, bleaching of red 429 

limestones occurs by the dissolution of hematite (Fe2O3) and precipitation of authigenic sulphides, 430 

such as baryte (BaSO4) in a “chemical damage zone” close to these secondary faults. We suggest that 431 

this chemical damage zone is the result of interaction between a hot reducing (acid) fluid(s) containing 432 

crustal He ascending along the faults and the host rock with oxidizing conditions of minerals and pore 433 

fluid. This interaction causes a local and transient change of pH and redox conditions that could control 434 

the observed mineralogical changes. 435 

Secondary bleaching of red limestone and sandstone is a common consequence of hematite coatings 436 

dissolution by chemical interaction with acid-reduced fluids (e.g., Haszeldine et al. 2005; Wigley et 437 

al. 2012; Rainoldi et al., 2014). At low-pH conditions, Fe3+ is reduced into Fe2+ and becomes highly 438 

soluble and can be easily mobilized by the circulating fluid phase (e.g., Balsamo et al. 2013; Yoshida 439 

et al., 2018). In our system, the reduction of Fe is documented by the presence of a second generation 440 
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of calcite veinlets with a dull luminescence within the cement sealing the hybrid strike-slip faults (Fig. 441 

6). In carbonate rocks, Fe2+ is one of the main “quenchers” in calcite: i.e., trace elements that suppress 442 

luminescence “activators” (Pb, Mn), thus leading to a lower net luminescence (e.g., Machel 1985).  443 

Similar fluid-driven secondary alteration of red carbonates and sandstones has been documented both 444 

in natural environments (e.g., Chan 2000; Wendler et al., 2012; Wigley et al., 2013; Rainoldi et al., 445 

2014) and at laboratory conditions (e.g., Shebl and Surdam, 1996). Such an alteration has been 446 

correlated to the presence of reducing extra formational fluids that are capable of reacting with host 447 

rocks to dissolve hematite, including hydrocarbons, H2S, organic acids, and CO2 (Elmore et al., 1989; 448 

Lee and Bethke, 1994; Garden et al., 2001; Beitler et al., 2005; Rainoldi et al. 2014). Moreover, 449 

dissolution of hematite is strongly enhanced by the presence of bicarbonate ions in solution, which is 450 

in turn favored by the dissolution of carbonates in the presence of CO2-rich fluids (e.g., Bruno et al., 451 

1992). 452 

The progressive dissolution of calcite and hematite at the reaction front produces secondary porosity 453 

in the carbonate matrix (Fig. 8d), where authigenic baryte precipitates and fills the pores (Figs. 8g-h). 454 

This process may be analogous to depositional/diagenetic conditions in which precipitation of baryte 455 

is enhanced at the oxic-anoxic boundary, where Ba-rich reducing waters interact with sulfate-rich 456 

(oxidic) waters (Paytan et al., 2002; Griffith and Paytan, 2012). Therefore, in the GF, baryte 457 

precipitation may occur at the boundary between the hot reducing fluids percolating from the fault-458 

fracture systems and the cold oxic pore fluids in the host rocks. This is also consistent with 459 

remobilization of diagenetic baryte by the action of magmatic and hydrothermal fluids, observed along 460 

fault zones and precipitation at oceanic hydrothermal vents, under the condition of cooling and/or 461 

increasing redox potential (e.g., Goodfellow et al., 1993; Cansu and Öztürk 2020).  462 

 463 

8.4. Fluid sources and potential implication for flow during the seismic cycle   464 

Considering the wide range of trapping temperature measured in fluid inclusions (i.e., 95°C -465 

298°C), the He isotopic ratio, the complex alteration mineralogy and the present-day geothermal 466 
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gradient we can infer a crustal provenance of the fluids, from distinct reservoirs and/or a mixed 467 

contribution between them. 468 

Fluids may be stored in multiple sedimentary and/or structural traps (i.e., reservoirs) at various depths. 469 

We suggest that a first reservoir can be located in the Anidriti di Burano Fm. (Fig. 11a), and its origin 470 

is related to burial diagenesis (Fig. 11a). In the study area, this formation is constituted by alternating 471 

dolostones and anhydrites with several clay-rich horizons with minor organic matter, native sulfur, and 472 

pyrite (San Donato 1 well, Fig. 1b). The dehydration of clay minerals (e.g., Meneghini et al. 2012) and 473 

the sulfate reduction of the organic matter in the Anidriti di Burano Fm. with burial are possible sources 474 

of aqueous fluids and natural gases, such as methane (CH4), in deep-seated environments (reaction 1; 475 

Fig. 11a)   476 

(1) Ca2+ + 2SO4
2- + 2H2O+ 2CH4 + 2H+ ⇔ 2H2S + CaCO3 + CO2 + 5H2O 477 

that mix within the reservoirs with He that degas over long time from the whole crust or He 478 

preferentially released from the rocks of the fault zones (e.g., Caracausi and Paternoster, 2015; Buttitta 479 

et al., 2020). 480 

Clay mineral-dewatering and sulfate reduction by thermogenic oxidation of the organic matter begin 481 

at 80°C -100°C and may continue up to 180°C (e.g., Machel 2001; Wynn et al., 2010). These reactions 482 

may thus induce the formation of a free and potentially overpressured fluid phase in the system, stored 483 

in fluid pockets (Fig. 11a) that may trigger seismic events (e.g., Sibson 1990). When fluids are released, 484 

the hydrogen sulfide (H2S) is oxidized into sulfuric acid (H2SO4) because of the interaction with the 485 

water table (reaction 2, Fig. 11a): 486 

(2) H2S + 2O2 ⇔H2SO4
 (SO42- + 2H+ in aqueous solution)  487 

Sulfate-rich fluids at high temperatures may interact with the Anidriti di Burano Fm. containing 488 

diagenetic baryte, mobilizing Ba2+ ions. Ba-rich fluids may then precipitate baryte (reaction 3, Fig. 489 

11a): 490 

(3) Ba2++ SO4
2− ⇔	BaSO4 491 
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at low temperature (T < 100°C; Blount 1977) and/or increased redox potential conditions (Fig. 11c) at 492 

shallower depths within the rocks of the Scaglia Group.  493 

Additional sources of Ba, in this scenario, may be the anoxic levels of the Marne a Fucoidi Fm. and 494 

the Bonarelli anoxic horizon in the Scaglia Bianca Fm. where sulfate reduction (i.e., decomposition) 495 

of organic matter during diagenesis gives rise to the release of biogenic barium (i.e., Torres et al. 1996), 496 

leading to high Ba concentrations in pore fluids (Fig. 11b). 497 

 The higher homogenization temperature measured in fluid inclusions (T>200 °C) allows us to 498 

propose a further source of fluids from deeper structural levels. We propose that deep-derived fluids 499 

may be potentially stored at the low-permeability boundary between the upper basement and Anidriti 500 

di Burano Fm. and released during a seismic event (Fig. 11d). We speculate that deep-derived CO2-501 

rich fluids may interact with the fluids hosted in the Anidriti di Burano Fm. (reaction 4, Fig. 11d): 502 

(4) CaSO4 + 2 CO2 (deep) + 2H2O ⇔ Ca2+ + 2(HCO3)- + SO42- + 2H+ 503 

As a result of this reaction, an excess of calcium bicarbonate may be transported by the advecting fluid 504 

and precipitate the calcite veins sealing the minor faults in the Gubbio fault zone (Fig. 4). At the same 505 

time, bicarbonate-rich waters would enhance the dissolution of hematite and potentially other mineral 506 

phases containing Cu and Pb, as observed from LA-ICP-MS trends (Fig. 11). Analogously to the 507 

previous scenario, the sulfate-rich fluids may interact with the diagenetic barium and secondary baryte 508 

may precipitate from Ba2+-rich fluids at the reaction front (Figs. 11c-d). 509 

The seismically active Umbria-Marche area is characterized by an anomalous flux of CO2 the 510 

emission of CO2 has been directly linked to extensional tectonics of the mountain chain where fluid 511 

release is controlled by the seismic cycle (e.g., Miller et al., 2004; Chiodini et al., 2020). The 512 

anomalous flux of CO2 originally derived from an internal source (i.e., carbonate dissolution) and by 513 

an external deeper source, potentially from a degassing mantle (e.g., Chiodini et al. 2000; Chiodini et 514 

al. 2004). In the case of the Gubbio fault, the He isotopic signature indicates a crustal origin of fluids 515 

(Fig. 8) and it fit with the He isotopic signature in fluids emitted from the high flux CO2 gas emissions 516 

in the north of Umbria (e.g., Italiano et al., 2008).  However, crustal contamination of the original 517 
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isotopic signal of a deeper fluid source has been documented in other areas of the norther Apennines 518 

(e.g., Chiarabba & Chiodini 2013). The same contamination process by crustal derived fluids and/or 519 

long period of residence times of the fluids in the crust cannot be excluded also for the Gubbio area. 520 

However, because further isotopic analysis on calcite mineralizations associated with the Gubbio fault 521 

are necessary to investigate on a potentially deeper source connected to the Gubbio fault we are not 522 

providing any further speculation on that. 523 

To summarize, we suggest that the co-seismic disruption of impermeable barriers (i.e., seals) trapping 524 

overpressured fluids at depth may induce the release of CO2-H2SO4-rich fluids trapped in crustal 525 

reservoirs located at various depths. The disruption of multiple seals may generate the interaction and 526 

mixing between different fluids from different depths and sources, generating synkinematic fluid(s) 527 

with mixed contributions. Fluids may thus infiltrate through the upper crust exploiting the 528 

interconnected network of major and minor faults and fractures associated with fault zones, like 529 

observed in the GF.  530 

 531 
 532 

9. Conclusions 533 

We document that geometrical complexities in carbonate-bearing faults and distinct fault rocks 534 

formed at expenses of carbonate multilayer may promote local variations in permeability. In particular 535 

we show that also fractures and minor faults with negligible displacement in the damage zone of the 536 

Gubbio Fault may experience intense microscale alteration of the host rock, which may strongly 537 

change the physical and chemical properties of the pristine rock and its permeability, especially in the 538 

case of a fracture system in a reservoir. 539 

Fluid inclusion analysis, He geochemistry and alteration mineralogy in calcite veins from low-540 

displacement faults within the damage zone of the GF suggest fast coseismic upwelling of deep fluids, 541 

presumably resulting from a mixture of crustal-derived and diagenetic fluids and of, potentially, deeper 542 

sourced CO2.  The rising of fluids in chemical and thermal disequilibrium with the host rock enhanced 543 

the mobilization of primary minor components (i.e., hematite) and trace elements (i.e., Cu and Pb) and 544 



22 
 

the precipitation of authigenic minerals (i.e., baryte) at the reaction front, resulting in bleaching of 545 

reddish lithologies. We propose that secondary bleaching in carbonate rocks may potentially represent 546 

exhumed evidence of an episodic fluid flow of deep-derived and chemically reactive fluids along faults 547 

in seismically active regions of the Apennines. 548 

To conclude, this study highlights the importance of combing the analysis of the volume of physical 549 

damage (volume of rocks affected by e.g., fractures, mechanical comminution) with that affected by 550 

chemical alteration when dealing with the definition/reconstruction of the critical rock volume 551 

interested by earthquake-related processes, here named “chemical damage zone”.  552 
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• Precipitation of authigenic baryte in secondary pores in the alteration halo 
• Bleaching of reddish limestones is tectonically controlled  
• Bleaching as exhumed evidence of circulation of deep-derived CO2-rich fluids in seismic 

faults 
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Figure 1. (a) Structural sketch of the Umbria-Marche domain and of the seismogenic Umbria Fault 
System (modified from Barchi et al. 2001). Focal mechanisms and magnitudes are for the 1997, 
Colfiorito sequence from Ekström et al. (1998) and for the 1984 Gubbio earthquake from Dziewonski 
et al. (1985) and ISC (2001). Blue line indicates the trace of the geological cross-section shown in 
panel (b). (b) Geological cross-section showing the geometry at depth of the exposed structures, in 
particular the Altotiberina low angle normal fault (ATF) and the Gubbio fault. Borehole locations 
are also reported. Modified after Mirabella et al. 2011.  Near the bottom of the S. Donato borehole, 
fluid overpressure of ∼	99MPa was encountered at depth of 4763m within the Burano Fm. (l= 0.85; 
Trippetta et al., 2013). 
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Figure 2 (a) Simplified geological map of the Gubbio area, showing the traces of main thrusts and 
normal faults and the trace of the Gubbio normal fault.  (b) Aerial view of the Gubbio fault 
architecture exposed at the Gubbio Cemetery (lon. 12.597367, lat. 43.344523). The three main 
principal slip surfaces (PSS*, PSS**, PSS***) that are accommodating slip are marked in red 
(source: Google Earth). Lower hemisphere, equiangular projections show the orientation of the 
outcropping PSS*** and PSS** and their average attitude (red projections indicate calculated 
average attitudes) and the orientation of S-C-C’ planes in the fault zone (S-, C- and C’ planes are 
indicated in blue, green and pink projections, respectively). (c) Schematic cross-section across the 
Gubbio fault zone and simplified stratigraphy of the outcropping lithologies. 
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Figure 3. Overview of the fault rocks and their distribution in the Gubbio fault zone. (a) NE-SW view 
of the internal architecture of the Gubbio fault and involved lithologies. (b) The lower boundary of 
the PSS*** is marked by foliated fault gouge derived from the Marne a Fucoidi Fm. (c) In the upper 
part of the outcrop along the PSS*** the fault core is composed of a foliated cataclasite/breccias and 
(d) cemented breccias derived from the Scaglia Rossa Fm that contain anastomosing S-CC’ planes. 
(e) The fault core above the PSS** consists of a white-pinkish gouge derived from the Scaglia 
Variegata Fm (f) Deformed volume of pelagic limestones within the intermediate PSS**. Limestones 
of the Scaglia Variegata Fm. are here deformed by a combination of flexural slip and synthetic minor 
faults with R and P geometries suggesting drag during normal slip. 
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Figure 4. (a) NW-SE view of the intensity of fractured volume of rocks between PSS*** and PSS**. 
The volume is affected by a complex system of fractures, calcite veins and by a set of conjugate strike-
slip faults associated with calcite veins. Bleaching of the host rock occurs along the traces of the 
strike-slip faults. (b) Simplified sketch of the intermediate volume of rocks affected by veining and by 
conjugate strike-slip fault system and of the associated alteration haloes. (c) Lower hemisphere 
equiangular projections of major conjugate strike-slip faults associated with bleaching haloes, 
calcite veins with no alteration haloes, bedding and average attitude of the Gubbio fault. (d) Strike-
slip faults are cemented by 2-3 cm thick calcite veins. (e) Synkinematic veins are constituted by 
tensional calcite veins with both blocky crystals and slickenfibers connected by shear fractures. Shear 
fractures are visible in incipient faults only. (f) Breccia and cataclasite bodies occur in contractional 
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stepovers. Yellow rectangles in panel (a) identify the location of the samples used for microstructural 
investigation (Gub01; Gub02). 
 



 
Figure 5. Microstructural analysis of a representative calcite vein associated with strike-slip fault 
system (Sample: Gb02_A). (a) Calcite vein has a composite texture typical of progressive and 
episodic opening (i.e., crack-seal). Sigmoidal fragments of the Scaglia Variegata FM limestones are 
incorporated and reworked within the vein, indicating sinistral shear. (b) Photomicrograph (plane 
polarized light) of calcite vein. A millimeter-thick principal slip zone (PSZ) is characterized by calcite 
with elongated texture. The PSZ is crosscut by a second calcite vein with blocky texture. White dotted 
rectangle indicates the location of panel c. (c) Calcite is characterized by two distinct generations of 
twins of variable thickness. Close to the PSZ, calcite with thicker twins locally occur in the core of 
large calcite grains with thinner twins. (d) Within the blocky vein, relict of calcite grains with thicker 
twins are partially resorbed and overprinted by a second generation of calcite with thinner twins. 
Resorption fronts are visible at the external boundary of the calcite grain on the right. 
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Figure 6. (a) Plane polarized light microphotograph of a calcite vein associated with strike-slip fault 
(Sample: Gb02_B), integrated by a continuous cathodoluminescence imaging across the vein. (b) 
Cathodoluminescence shows the presence of at least two distinct generation of calcite. One 
generation has a dull luminescence, whereas the second one is bright. Calcite twins are marked by 
very high brightness. (c) Corresponding petrographic image of cathodoluminescence spot analysis. 
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Figure 7. Petrographic analysis of fluid inclusions trapped within (a-b) relicts of calcite grains with 
thick twins and within (c-d) dull luminescent calcite veinlets. Fluid inclusions are present as (b) 
cogenetic group of fluid inclusions (i.e., Fluid Inclusion Assemblage, FIA) and as (d) isolated fluid 
inclusions. 
 

Figure Click here to access/download;Figure;Figure 7.pdf

https://www.editorialmanager.com/sg/download.aspx?id=60350&guid=154951cb-99e4-444d-b7b2-d4f12edc6eb6&scheme=1
https://www.editorialmanager.com/sg/download.aspx?id=60350&guid=154951cb-99e4-444d-b7b2-d4f12edc6eb6&scheme=1


 
Figure 8. 4He/20Ne vs. 3He/4He (R/Ra) ratio diagram. The mantle He end member is representative 
of the Sub Continental Lithospheric Mantle (SCLM, 3He/4He = 6.1Ra ± 0.9; Gautheron and Moreira, 
2002). The crustal He end member is 0.01-0.03 Ra, being Ra the He isotopic ration in atmosphere 
(1.39x10-6). The two solid black lines are representative of Air-Mantle and Air-Crust Mixings. The 
equations used for computing the two components mixing are from Sano and Yamamoto 1997. The 
dotted lines are representative of mixing between Air and deep components that are composed of 
different proportions of crust and mantle end member (25% to 95%, the red numbers are the 
percentage of the crustal component). Data from north and south Umbria are from Italiano et al., 
2009 and Ventura Bordenca, 2019. 
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Figure 9. X-ray diffraction analysis across the alteration front and SEM analysis (Sample: Gb01). 
(a) The alteration front is irregular and marked by progressive bleaching of red carbonates. Pristine 
rock is located in the left side of the sample whereas the calcite vein associated with a strike-slip fault 
is at the right side of the sample. Pink and grey circles indicate the locations of the in-situ drillings. 
(b) XRD pattern of relict of the pristine rock, where (c) primary hematite has been detected. (d) SEM 
images of relict of the pristine rock with no evidence of baryte. (e) XRD pattern of altered rock 
showing the presence of baryte in the bleached areas (f). Hematite was not observed. (d) SEM 
analysis in the altered area shows that baryte occurs as (g) single grains within secondary pores in 
the carbonate matrix and as (h) aggregates of crystals with disequilibrium texture. Cal – calcite; Brt 
– baryte; Hem – hematite; Ab – albite; I-S – mixed layers illite-smectite; Kwm – K-white mica; Qz – 
quartz.  
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Figure 10. LA-ICPMS chemical transects of Fe, Cu, Pb and Ba across the alteration front. Data 
acquisition started from the relict of pinkish limestone (to the left) towards the bleached zone 
(yellowish-grey area, to the right). Data show a progressive decrease in concentrations of iron, 
copper and lead towards the bleached area, whereas barium shows an abrupt increase in 
concentration approaching the bleached area. 
 



 

Figure 11.  Hypothetical scenarios for the origin of the synkinematic fluids rising along the Gubbio 
fault and the chemical interaction between fluid(s) and carbonate host rock. (a) Fluids may derive 
from the Anidridi di Burano Fm. by sulfate reduction of the organic matter and dewatering of clay 
minerals. Released fluids are trapped within the Anidridi di Burano causing the formation of pockets 
of fluids under overpressure conditions. Fluids are released during potential seismic events, after the 
rupturing of the structural seal. (b) Ascending fluids interact with anoxic layers enriched in 
diagenetic baryte. Diagenetic baryte is dissolved and fluid(s) are enriched in Ba2+, (c) causing the 
precipitation of baryte at the boundary between the hot reducing fluids percolating from the fault-
fracture systems and the cold oxic pore fluids in the host rock. (d) Synkinematic fluids may derived 
from deeper sources, located somewhere in the basement. 1-2-3-4 are referring to the chemical 
reactions described in the main text. 
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Table 1 Summary of the microthermometric properties of fluid inclusions 

Calcite type 
Luminescence Tmice 

(°C) 
Thtot 
(°C) 

Homogenization 
type  

Salinity (wt% 
NaCleq) 

relict bright -0.7 n.o. n.o. 1.22 
veinlet dull -1.4 214 into L phase   2.41 
relict bright -1.5 n.o. n.o. 2.57 
relict bright -1.5 n.o. n.o. 2.57 

veinlet dull -1.0 130 into L phase   1.74 
veinlet dull -1.0 185 into L phase   1.74 
relict bright n.o. 95 into L phase   n.o. 

veinlet dull n.o. 116 into L phase   n.o. 
relict bright -0.85 n.o. n.o. 1.48 

veinlet dull n.o. 107 into L phase   n.o. 
veinlet dull -0.7 298 into V phase   1.22 

n.o.: not observed 
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Table 2. X-ray semiquantitative analysis of pristine and altered rocks. Acronyms: Cal: calcite; Qz: 
quartz; Phy: phyllosilicates; Brt: Baryte; Ab: albite; Hem: hematite; tr-traces (<1%). 
 

Sample Latitude Longitude Location Formation  
 

Rock type whole-rock composition (%wt.) 
   Cal Qz Phy Brt Ab Hem 

Altered rock** 12.3551 43.2040 Gubbio 
Cemetery 

Lower SV 
Fm. limestone 91 2 7 tr tr - 

Relict of 
pristine rock* 12.3551 43.2040 Gubbio 

Cemetery 
Lower SV 

Fm. limestone 91 2 6 - tr 1 

Pristine 12.3616 43.2100 Gubbio 
Cemetery 

Lower SV 
Fm. limestone 95 2 2 - tr 1 
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