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Figure 1. Geological setting. (a) Geological setting of the study area. Inset shows location 732 

of the study area in Italy, wherein red faults are main active normal faults and black faults 733 

are main thrusts. See, below the map, a geological cross-section through the study area, 734 

showing that the studied exposure is located at the hanging wall of a normal fault system 735 



with active CO2-rich springs and vents. (b) Photograph of the Ciorlano active CO2-rich spring 736 

nearby the studied rock exposure (see the map for its location). (c) Geochemical data from 737 

the Ciorlano spring and nearby springs (see the Hydrothermal Setting section for further 738 

information). Data plotted in this diagram are in Table S1. 739 

 740 
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Figure 2. Exposure scale photographs (see also Videos S1-S4 and Virtual Outcrops S1-742 

S4). (a, b) Panoramic views of the pulverized dolostones showing domal and chimney-like 743 

structures (pulverized pockets in the text) within bedded dolostone. Note the unconformity 744 

between the carbonates and the overlying Quaternary slope debris deposits. Three Schmidt 745 



polar plots (lower hemisphere; Table S3) in (a) show, from left to right, attitudes of bedding 746 

surfaces, normal faults, and joints (represented as contours to joint poles), respectively, 747 

measured along the studied exposure. (c, d) Pockets of pulverized dolostones where 748 

primary structures such as bedding are still preserved although finely pulverized. 749 
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Figure 3. Exposure scale photographs (see also Videos S1-S4 and Virtual Outcrops S1-752 

S4). (a) Pockets of pulverized dolostones embedded within highly fractured dolostone beds. 753 

(b) Pulverized dolostones with preserved pebble-like clasts of host rock. (c) Boundary 754 

between the pulverized dolostones and the fractured host rock. (d) Detail of pulverized 755 



dolostones showing scratches created by the hammer to test the physical status of the rock. 756 

(e) Antiformal clay-rich layer at the top of a pocket of pulverized dolostones. (f) Lens of highly 757 

fractured host rock preserved within pulverized dolostones. 758 
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Figure 4. Microscopic photographs (see also Figs. S1-S4). (a,b) Distal carbonate host rock 761 

showing primary depositional features and evidence of diagenetic dolomitization. (c) Coarse 762 

secondary dolomite filling a void within distal carbonate host rock. (d) Proximal fractured 763 

host rock collected close to the pulverized dolostones, showing a banded texture. (e) Detail 764 

of banded texture showing fine-grained dolomite crystals. (f) Mosaic or crackle-like texture 765 

within the fine-grained dolomite crystals. (g,h) Calcite crystals filling a fracture and showing 766 

a dull red zoned luminescence color. 767 
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Figure 5. Microscopic photographs (see also Figs. S1-S4). (a-c) Microscale texture of the 770 

distal carbonate host rock showing fine-grained dolomite crystals cut, in (a), by a calcite filled 771 

vein. (d) Proximal host rock showing a banded texture with alternating bands made of fine 772 

dolomite grains cemented by microcrystalline calcite. (e,f) Details of the fine dolomite grains 773 



showing a mosaic or crackle-like texture with sharp grain boundaries (e) and a diffuse 774 

boundary between the dolomite grains and the microcrystalline calcite (f). (g) Calcite filled 775 

vein cutting the banded texture. (h,i) Proximal host rock showing lenses of fine dolomite 776 

grains with a crackle-like texture, sharp grain boundaries, and lack of microcrystalline calcite 777 

between the crystals. Compare these microphotographs with figure S2d in Coppola et al., 778 

(2021). (j) Detail of fine dolomite grains showing a crackle-like (or masaic) texture and lack 779 

of microcrystalline calcite between the grains. (k,l) Details of the pulverized and incohesive 780 

dolostones characterized by fine dolomite grains with rhomboidal shapes and sharp 781 

boundaries. 782 
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Figure 6. Grain size distributions (see also Figs. S5-S18 and Tables S4-S5). (a) Dolomite 785 

grains (i.e. crystals) from distal host rock (2D analysis). (b) Dolostone grains (mostly crystal 786 

aggregates, more rarely single crystals) from cemented crackle breccias in the proximal host 787 

rock (2D analysis). (c) Dolostone grains (mostly crystal aggregates, more rarely single 788 

crystals) from incohesive pulverized pockets of rocks (3D analysis). 789 
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Figure 7. X-ray semiquantitative analysis of distal (e.g. Figs. 4a-4c) and proximal (e.g. Figs. 792 

5d-5i) carbonate host rocks, pulverized rocks (e.g. Figs. 5k and 5l), and shales (or clay-rich 793 

layers; e.g. Fig. 3e) interbedded with dolostone layers (Table S6). Dol-dolomite, Cal-calcite, 794 

Sheet-Sheet silicate, Hem-hematite, Qz-quartz. Numbers refer to average values. 795 
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Figure 8. Geochemical data (Tables S7 and S8). (a) Diagram showing 13C vs. 18O values. 798 

Note that pulverized carbonates have the same 13C and 18O values of those from distal 799 



and proximal host rocks (bulk analyses). Micro-subsamples (punctual analysis) of calcite 800 

precipitates from sample A1.1 (Fig. S19; proximal host rock) show a large variability of 13C 801 

values and 18O values lower than those of all other samples. (b) Diagram showing 13C 802 

and 18O values vs. the sampling distance along the microscale transect (sample A1.1; Fig. 803 

S19). (d) Diagram for the concentration of minor elements. (e) REE concentration vs. 804 

Sample/PAAS showing that all the analyzed samples (pulverized carbonates and host 805 

rocks) are in the range of REE value or marine carbonates of the central Apennines (bulk 806 

chemical analysis). (f) La/Sm vs. La/Yb diagram showing that all samples have a late 807 

diagenetic imprint (bulk chemical analysis). 808 
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Figure 9. Comparison of grain size distributions between the pulverized rocks studied in this 811 

work (average curve in blue) and other fault-related pulverized rocks from the San Andreas 812 

Fault in California (Reches and Dewers, 2005; Williams et al., 2021), the Salzach-Ennstal-813 

Mariazell-Puchberg (SEMP) fault system in the Northern Calcareous Alps, Austria 814 

(Schrockenfuchs et al., 2015), the Bosman Fault in South Africa (Reches and Dewers, 815 

2005), and the Arima Takatsuki Line in Japan (Muto et al., 2015). For comparison, the grain 816 

size distribution curves of carbonate cataclasites and gouges from tectonically active 817 

localities in Italy (Cortinovis et al., 2021) are also plotted. Compared to fault-related 818 

cataclasites and gouges, the pulverized rocks have narrower grain size ranges and 819 

symmetrical, unimodal distributions. 820 
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Figure 10. Synthetic model of dolostone pulverization. During inter- to pre-seismic stages, 823 

CO2-rich gases accumulate and become pressurized in pockets of microporous dolostones 824 

at the top of a bicarbonate-rich aquifer. Likely during coseismic stages, the rock volume is 825 

rapidly decompressed and, where the permeability is sufficiently low to prevent a rapid 826 

escape of the gas from the rock, the trapped gas itself rapidly expand within the dolomitic 827 

rock, pulverizing it in situ. Soon after this stage, the decompression as well as the new 828 

porosity generated by the pulverization attracts the bicarbonate-rich waters, which rapidly 829 

degas (CO2) and precipitate a microcrystalline calcite cement that fossilizes the newly 830 

pulverized rock forming a cemented micro-mosaic or micro-crackle breccia. The 831 

cementation is so rapid that forms a sort of impermeable halo around the pocket of 832 

incoherent pulverized dolostone, preventing its cementation. 833 
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