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ABSTRACT

The formation of the “expansion breccia” observed in the Lower Cretaceous 
Maiolica limestone in the Umbria-Marches region of Italy is attributable to a fluid-
assisted brecciation process that occurred during the late Miocene exhumation of the 
Northern Apennines. The hydrothermal fluids probably originated as brine solutions 
trapped in the Burano anhydrite while it was in a plastic state. The migration of the 
Burano from the plastic to the brittle domain during unroofing resulted in libera-
tion and injection of over-pressured hydrothermal fluids into the overlying limestone, 
causing hydraulic fracturing. Mapping of breccia morphology along a 400-m transect 
showed structures produced by different flow regimes, with chaotic and mosaic brec-
cia characterizing the core parts of the section and mineral-filled fractures and veins 
in the margins. Based on the clast size in the chaotic breccia, the estimated veloci-
ties for fluidizing the aggregates of clasts and sustaining the clasts in suspension are, 
respectively, 15 cm/s and 65 cm/s. Crack growth was probably the main mechanism 
for the fragmentation of the limestone. Explosion fracturing patterns were only spo-
radically observed in the breccia, indicating substantial heat loss of the over- pressured 
fluids during their ascent to the Earth’s surface.
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INTRODUCTION

Breccia can occur in a wide variety of geological settings. 
Breccia layers concordant with a stratigraphic sequence are gen-
erally the products of sedimentological or volcanic processes. 
Discordant and incoherent breccia bodies, on the other hand, are 
often the results of karst collapse, tectonic faulting, or hydrother-
mal fluid injection. In recent years, the process of fluid-assisted 
brecciation has received much attention from geologists and geo-
physicists (Sibson, 1996; Jébrak, 1997; Clark and James, 2003; 
Shukla and Sharma, 2018; Peacock et al., 2019). For the geo-
physicist, brecciation reveals information on the role played by 
lithospheric fluids in triggering fault motions and earthquakes. 
The size and morphology of the clasts, as well as the clast-matrix-
void ratios of a breccia can provide information on the kinemat-
ics of the fault motion and the hydrodynamic processes leading 
to the brecciation. Economic geologists are interested in breccias 
formed in hydrothermal environments, because these breccias 
are commonly associated with metallic ore deposits (e.g., Kal-
liokoski and Rehn, 1987; Scheepers and Cuney, 1992; Jébrak et 
al., 1996; Fournier, 1999; Tămaș and Milési, 2002; Zhang et al., 
2007; Costa et al., 2014; Sutarto et al., 2015; Grare et al., 2018; 
Müller et al., 2018). The formations of low- and high-sulphida-
tion ores, as well as the concentration of gold and other metallic 
ores, around a magmatic body are reported to be controlled by 
hydraulic condition of the phreatomagmatic processes (see John 
et al., 2018, for a detailed summary). While fluid-assisted brec-
ciation can occur in compressional, extensional, and strike-slip 
settings (Peacock et al., 2019), breccias formed in amagmatic 
ways, especially those lacking metallic mineralization, are a rela-
tively little studied topic.

Earlier papers described in detail the field observations 
and geochemistry of breccia in the Lower Cretaceous Maiolica 
limestone at several localities in the Umbria-Marches region of 
the Northern Apennines, Italy (Alvarez et al., 2019; Belza et al., 

2019; Fig. 1, modified from Alvarez et al., 2019, fig. 1.). The 
term “expansion breccia” was used for these rocks, because they 
gave evidence of expansion in all directions, as if the breccia-
tion did not involve the presence of any deviatoric stresses. The 
breccia is not associated with any known magmatism or metal-
logenesis of the region. Unlike most hydrothermal breccias with 
cracks and veins filled by secondary silica, the breccia matrix is 
primarily sparry calcite, suggesting the involvement of supercrit-
ical CO

2
 in the precipitation process (Alvarez et al., 2016). The 

brecciation evidently formed by hydraulic fracturing of the lime-
stone followed by rapid precipitation of calcite in the fractures. 
We conclude below that fluid-assisted brecciation was probably 
caused by sudden changes in subsurface physical environment 
resulting from breaching of over-pressured fluid traps in certain 
stratigraphic units.

The present paper discusses the hydrodynamical implica-
tions of the Maiolica breccia and proposes a model for its for-
mation. We draw on studies of fluid-assisted brecciation in other 
parts of the world that are relevant to the formation of the Maiol-
ica breccia and consider the hydrodynamic implications of the 
structural characteristics of the breccia. Specifically, this paper 
complements the earlier reports of Alvarez et al. (2016, 2019) 
and Belza et al. (2019) by presenting discussions about (1) the 
fluid-flow dynamics associated with the formation of the Maiol-
ica breccia, (2) the P-T path of the over-pressured fluids from 
observed fracturing patterns, and (3) a model for brecciation in 
the context of the regional geology and stratigraphy.

CLASSIFICATION OF BRECCIAS

Breccia is a rock consisting of broken fragments embedded 
in a matrix of fine-grained particles or a cement of secondary 
minerals. Breccias develop in the brittle domain of the crust, when 
applied stress is greater than the elastic strength of the rock and 
when the rate of deformation is too fast to allow  accommodation 

Figure 1. Occurrences of fluid-assisted 
breccia in the Umbria-Marche Apen-
nines, based on maps in fig. 1 in Alvarez 
et al. (2019). MC—Matelica-Camerino. 
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of elastic strain through plasticity. An important point, critical to 
the discussion that follows, is that breccias do not form in the 
plastic domain, where high temperature or slow deformation rate 
enables the strain to occur by dislocation creep, grain boundary 
sliding, and grain rotation at a microscopic level without ruptur-
ing the rock at a mesoscopic scale. Volcanic and sedimentary 
breccias form through primary geological processes, and other 
major genetic types of breccia include collapse breccia, hydro-
thermal breccia, impact breccia, and explosion breccia. Fault 
breccias, as described in the Sibson-Scholz fault zone model 
(Sibson, 1977; Scholz, 1988; Imber et al., 2001), are commonly 
formed by kinematic processes. Since different subdisciplines of 
the geosciences may categorize breccias based on specific crite-
ria and applications, classification schemes of breccias are some-
times complex and confusing (Ollier, 2007; Yang et al., 2017; 
Shukla and Sharma, 2018). In addition, a breccia that formed by 
one process can be altered in subsequent geological processes, 
and the brecciation and mineralization may not be cogenic with 
each other. For instance, the brecciation and mineralization of the 
solution-collapse breccia pipes in Arizona and that of the Wer-
necke breccia in Yukon probably occurred in separate geological 
events at different time periods (Wenrich, 1985; Laughton et al., 
2005; Hunt et al., 2005, 2011).

Some classification schemes of breccia require a priori 
knowledge of the breccia’s causal origin. Breccias that formed in 
hydrothermal conditions can be classified into phreatomagmatic, 
magmatic-phreatic, and phreatic breccias based on the compo-
nents of magmatic volatiles and the origin of the hydrothermal 

fluids (Tămaș and Milési, 2002; Ollier, 2007). The distinctions 
among these breccias are based on whether the brecciation was 
incurred by direct encounter between water and magma, as well 
as the presence of magmatic volatiles in the hydrothermal fluid 
(see classification by Earth Science Australia at http://earthsci 
.org/mineral/rockmin/breccia/breccia.html). Jébrak (1997) pro-
posed a comprehensive morphological classification of breccias 
based on the physical brecciation processes in hydrothermal 
vein-type deposits and stated that fluid-assisted hydraulic frac-
turing and critical fracturing, both caused by abrupt variations 
in fluid pressure, commonly produce in situ fragmentation of the 
host rocks and rapid precipitation of secondary minerals in the 
fractures. These classification schemes, however, are not readily 
applicable in the field description of breccia.

A morphological classification of breccia without specify-
ing the genetic origin of the breccia and based upon the scheme 
devised by Sibson (1986) was proposed by Mort and Woodcock 
(2008) and Woodcock and Mort (2008). The scheme defines 
three types of breccia—crackle, mosaic, and chaotic breccia—
based on the clast-infill ratio, with the roundness and amount of 
rotation of the clasts in the breccia used as additional qualifiers. 
The scheme also distinguishes among breccia, cataclasite, and 
“fault veins” on the basis of the size and percentage of clasts in 
the rock (Fig. 2). Clasts are defined to have a nominal diameter 
>2 mm, following the conventional definition of granules in the 
Wentworth Grain Size Scale. The infill may be a fine crushed 
matrix or cement. A kinematic rock comprising mostly crushed 
material of size <2 mm is considered a cataclasite. Fault veins 

Figure 2. Ternary system for mor-
phological classification of kinematic 
breccia and cataclasite (modified after 
Woodcock and Mort, 2008).

http://earthsci.org/mineral/rockmin/breccia/breccia.html
http://earthsci.org/mineral/rockmin/breccia/breccia.html
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are basically mineral-filled fractures with less than 30% clasts, 
which often exhibit a preferred orientation but not any significant 
shear displacement. For crackle breccia and mosaic breccia that 
have >75% and 60%–75% clasts respectively, the clasts gener-
ally display no rotation and rounding, and adjacent fragments 
often would fit together. Chaotic breccia contains less than 60% 
clasts. Rotation and rounding of clasts are common in the chaotic 
breccia, indicating a certain extent of transportation of the clasts 
by the fluid.

Cockade breccia is a special kind of chaotic breccia con-
taining clasts retained in a suspension state during the growth of 
secondary minerals. Breccias with cockade texture display over-
growths of secondary minerals, sometimes in concentric bands, 
forming a mantle around the clast fragments. The clast fragments 
are not in contact with each other, and the interstitial spaces 
among the banded mantle are filled by the same secondary min-
eral as the mantle overgrowths (Frenzel and Woodcock, 2014). 
Cockade breccia was reported to form in dilatational faults with 
fast-ascending fluids that kept the clasts in suspension (Cox and 
Munroe, 2016). The presence or absence of cockade texture may 
therefore reveal whether the brecciation occurred in a dilatational 
or compressional setting, and the distribution of various types of 
breccia within a brecciation zone can shed lights on the spatial 
variation of the hydrodynamical environment within the zone, as 
we will discuss below for the Colle gli Scoglie transect (location 
shown in Fig. 1). 

NORTHERN APENNINES STRATIGRAPHY

An overview of the regional stratigraphy can provide geo-
logical context for discussion of fluid-assisted brecciation in the 
Maiolica limestone in the Umbria-Marche Apennines of North-
ern Italy. Such overviews are provided by Alvarez (1991), Centa-
more et al. (2002), Billi and Tiberti (2009), Molli et al. (2010), 
and Guerrera et al. (2012), among others. As described in the 
concise summary of Northern Apennines stratigraphy by Conti et 
al. (2020), an essentially continuous succession of platform-type 
sedimentary formations was deposited on the Umbria-Marche 
basement from Triassic to Paleogene time, spanning an interval 
of over 200 m.y. (Fig. 3). This generally conformable sedimentary 
sequence begins with the Upper Triassic Burano, a >2 km thick 
sequence of anhydrite, dolomites and marls formed in a lagoon-
sabkha complex (Anelli et al., 1994, as cited in Conti et al., 2020).

During the first two stages of the Early Jurassic (Hettangian 
and Sinemurian), the region was a passive marine margin, with 
thick, shallow-water limestone beds several hundred meters in 
total thickness deposited on top of the Burano. The massive lime-
stone known as the Calcare Massiccio is in turn overlain by a 
sequence of thinner-bedded sedimentary formations formed dur-
ing a transition from shallow-water to pelagic conditions and rep-
resenting the rest of the Jurassic. This transition was accompanied 
by extension and differential subsidence, causing the platform to 
break up into a series of small basins separated by tilted fault 
blocks whose crests formed a linear chain of seamounts (San-

tantonio and Carminati, 2011). The Jurassic sequence overlying 
the Calcare Massiccio is represented by a series of pelagic cherty 
limestones, marly limestones, micritic limestones, and calcaren-
ites. The Complete Sequence, with a total thickness of a few hun-
dred meters, was deposited in the basins, and the much thinner 
Condensed Sequence, comprising marl and limestone layers and 
called the Bugarone, was deposited on the seamounts.

The extensional faulting that affected the carbonate platform 
ended by about the beginning of Cretaceous time and was fol-
lowed by deposition of the Maiolica, which is ~400 m thick in the 
basins and <100 m thick on seamounts. The Maiolica, the main 
focus of this chapter, consists predominantly of 10–50 cm thick 
beds of micritic limestone containing abundant black chert nod-
ules. The limestone beds are separated from each other by thin 
black clay partings. The overlying Marne a Fucoidi is marked by 
a succession of black, green, and red marlstones with thin inter-
calations of limestones. The dark-colored and red marly layers 
were formed respectively during times of anoxic and oxygenated 
conditions (Giorgioni et al., 2017). The Marne a Fucoidi is in turn 
overlain by the Late Cretaceous–Paleogene pelagic limestones of 
the Scaglia sequence. It should be noted that the Umbria-Marche 
sedimentary sequence has recorded multiple events of synsedi-
mentary deformation associated with extensional tectonics since 
the Jurassic (Baldanza et al., 1982; Decandia, 1982; Montanari 
et al., 1989; Tavarnelli and Peacock, 1999; Scisciani et al., 2001; 
Mirabella et al., 2004; Centamore et al., 2009; Tognaccini et al., 
2019). Some of the synsedimentary faults controlling the thick-
ness and facies differences within the Scaglia sequence also 
extend into the underlying Marne a Fucoidi and Maiolica (Tavar-
nelli, 1996).

It is important to highlight the roles played by the Burano and 
the Marne a Fucoidi in the process of brecciation in the Maiolica. 
The Calcare Massiccio overlying the Burano is, on a large scale, 
the most permeable formation in the area (Dragoni and Verdac-
chi, 1990; Cantucci et al., 2016). The post-Massiccio Jurassic 
sequence, with its alternations of limestone and marly forma-
tions, has relatively low permeability, while the Marne a Fucoidi 
behaves as an aquiclude above the Maiolica. The Calcare Mas-
siccio and Maiolica therefore form the aquifers, while the Marne 
a Fucoidi forms a 50 m thick aquiclude, essentially isolating the 
Maiolica aquifer from the rocks above. The Calcare  Massiccio–
Upper Jurassic units–Maiolica-Marne a Fucoidi sequence repre-
sents an aquifer-aquitard-aquifer-aquiclude sequence as depicted 
in Figure 3. As discussed later in the Model of Maiolica Breccia 
Formation section, the Burano can readily deform in a plastic 
manner, which probably accounts for the source of the fluids 
responsible for the brecciation. The Marne a Fucoidi, on the other 
hand, forms the cap rock above the Maiolica, which facilitated 
the accumulation of over-pressured fluids in the Maiolica.

OCCURRENCES AND TIMING OF THE BRECCIA

The breccia reported by Alvarez et al. (2016, 2019) occurs 
primarily in the form of subvertical dike-like bodies in the 
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 Maiolica. In some places, the breccia dikes stand out as resis-
tant white walls, referred to as “breccia walls” by Alvarez et al. 
(2019). The two largest breccia bodies form dike-like structures 
exposed intermittently on the crests of the Monte Catria and 
Monte Cucco anticlines (Fig. 1). The Monte Catria wall extends 
for 5.5 km from Fonte della Vernosa across the summit of Monte 
Catria and down the spur of the Corno di Catria, to the canyon of 
the Sentino River. The Monte Cucco wall extends for 2.5 km from 
the south slope of Monte Cucco to Balza delle Lecce near Sigillo. 
Two other occurrences of interest are at Balzone del Lupo near 
Sigillo and on the road from Frontale to Monte San Vicino (Alva-
rez et al., 2019). The Balza delle Lecce wall provides a unique 
3D exposure of the breccia body that has not yet been studied in 
detail because of technical difficulties of access. In one place, the 
Monte Cucco wall is crossed by a rough service track along the 
south flank of the minor ridge of Colle gli Scoglie (43°21.514′N, 
12°45.260′E, 1243 m elevation). Low road cuts along this track 

provide a unique transect extending for ~400 m across the brec-
cia body; these exposures are described in Alvarez et al. (2019) 
and in the present chapter. The breccias at this locality generally 
comprise angular to subangular clasts ranging in diameter from a 
few mm up to 10 cm. The majority of the breccias observed are 
crackle and mosaic breccia, with chaotic breccias occurring in 
sporadic locations. Sometimes all three kinds of breccia can be 
found in the same exposure, showing that the hydrothermal flow 
regimes can vary greatly in different parts of the rock (Fig. 4).

The occurrences of the breccia walls along the crests of the 
anticlines suggest a causal relation between the brecciation and 
anticline development (although we cannot exclude the possibil-
ity that there may be breccias in synclines not exposed at the 
surface). Hydrothermal fluid injection producing the brecciation 
probably followed preexisting, fold-axis parallel extension faults. 
The lack of calcite twinning in the vein fills reported by Alvarez 
et al. (2019) has shed light on the depth for the occurrence of 

Figure 3. Triassic–Paleogene stratigraphy of the Umbria-
Marche Apennines and hydrological nature of the main 
units.
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the brecciation. Groshong (1975) suggested a minimum devia-
toric stress of 7 MPa for calcite twinning to form. Beaudoin et 
al. (2016) interpreted the experimental results obtained by Rowe 
and Rutter (1990) on calcite twinning as implying a minimum 
differential stress of 10 MPa for twining to occur. Since twinning 
structure was not observed in the vein calcite of the Maiolica, the 
brecciation probably occurred at a shallow depth at deviatoric 
stresses <7–10 MPa. The decrease in burial depth of the Maiolica 
was probably associated with the uplift and exhumation of the 
Northern Apennines. We may therefore suggest that the breccia-
tion was a relatively late-stage event, occurring during Miocene 
or later tectonic deformation.

HYDRODYNAMIC IMPLICATIONS OF  
MAIOLICA BRECCIA

Flow Regimes of Hydrothermal Fluids

The flow regimes that occurred in various parts of the brec-
cia body during its formation are manifested in the occurrence of 
different types of breccia along the Colle gli Scoglie track (Fig. 
5; Alvarez et al., 2019, fig. 14). This transect is ~400 m long, 

Figure 4. Rock slabs of a sample from Fonte della Vernosa near Monte 
Catria show the presence of three kinds of breccia in the same rock.

with a well-exposed “solution tectonite” at chainage 105 m,  
dividing the breccia into an interior (eastern) and an exterior 
(western) section. This solution tectonite displays a distinctive 
S-C fabric and abundant presence of stylolites and marks the 
boundary between veined limestones and breccia (Alvarez et 
al., 2019). The limestones in the exterior section are not brecci-
ated and show mineral-filled fractures and veins with preferred 
orientations, probably formed by mineral recrystallization in 
pre existing fractures. In the interior section, crackle breccia is 
pervasive, suggesting extensive crack development in the lime-
stones incurred by the hydraulic fracturing. The interior sec-
tion also consists of a 30 m wide core zone located at chainage 
110–145 m and fringed by a marginal zone on each side. The 
core zone is marked by the presence of both mosaic and chaotic 
breccias, while the exposures in the fringe zones are character-
ized mainly by mosaic and crackle breccias.

The multiple types of breccia present in the same brec-
cia body reveal spatially or temporally varying hydrodynamic 
regimes in the brecciation process. Peacock et al. (2019) sug-
gested that extension in directions dictated by the preexisting 
faults implies a fluid pressure exceeding that of the least com-
pressive stress, and when the breccia dike merges into a vein net-
work, the fluid pressure was greater than that of the maximum 
compressive stress. The distribution of the various breccia types 
along the transect at Colle gli Scoglie reveals a gradient in the 
fluid regimes. As shown in the generalized model in Figure 6, the 
core zone of the interior section represents a high-flow regime 
zone dominated by chaotic and mosaic breccia. Individual veins 
of chaotic breccias display characteristics of fluidization and 
transport of the clasts. This high flow–regime zone is flanked by 
a low flow–regime zone dominated by crackle breccia on each 
side. In the expansion breccia, the fluid pressure is greater than 
the maximum principal stress and fractures developed in multi-
ple directions oblivious to preexisting discontinuities in the rock. 
In the exterior section where mineral-filled fractures and veins 
instead of breccia are present, the fluid pressure was relatively 
smaller than that of the interior section but still greater than the 
minimum principal stress.

Tectonic Implications: Pumping vs Valving Events

In the conventional Coulomb failure model, fracturing occurs 
when the differential stress is greater than the shear strength of 
the rock. Such a critical condition can be produced either by 
increasing the maximum principal stress or by decreasing the 
minimal principal stress. The presence of preexisting fractures in 
a rock mass can reduce the elastic moduli and the tensile strength 
of the rock, and dictate the orientation of new ruptures. Cheng 
(2019) demonstrated a tendency for the dominant failure mode in 
rocks with preexisting fractures to change from shear failure to 
tensile failure. The injection of over-pressured fluids into exist-
ing fractures can increase the normal stress on the fracture walls. 
Continuous increase in the fluid pressure may cause at least 
one of the principal stresses to become tensional and produce a 
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 tensile stress sufficient to cause crack propagation at crack tips. 
On the other hand, a sudden increase in the porosity of the rock 
in a certain direction can decrease the confining pressure in that 
direction. In both cases, the differential stress can be modified to 
a level exceeding the tensile or shear strength of the rock, causing 
the rock to fail.

The hydrothermal fluids in fault zones may play one of two 
different roles in faulting events: seismic (fault) pumping or seis-
mic (fault) valving (Sibson et al., 1975; Sibson, 1977, 1981). 
In seismic pumping, an earthquake plays an active role in the 
fracturing process. Fault movements associated with an earth-
quake produce a sudden increase in porosity and a reduction in 
fluid pressure, which in turn, result in implosive spalling of the 
wall rocks of the fault—a process referred to as critical fractur-

ing by Jébrak (1997). Over-pressured fluids from below are then 
pumped into rupture-induced porosity along the fault. This kind 
of seismic or fault pumping is characteristic of a high-dilation 
tectonic environment, in particular where normal faulting or 
outer-arc stretching is taking place.

For the seismic (fault) valving process, the fault forms the 
closure and sealing mechanism against the fluid flow. Over-
pressured hydrothermal fluid forces itself into existing fractures, 
leading to an increase in the differential stress and further fractur-
ing or fault failures. The drop in the fluid pressure caused by the 
sudden fracturing allows the fault to collapse and close off the 
fluid conduit, and the fluid pressures to be maintained at a high 
level. Fault valving is often episodic in nature and occurs in a set-
ting with a continuous supply of hydrothermal fluids.

Figure 5. Interpretation of breccia types along the Colle gli Scoglie transect. The interpretation is superposed upon fig. 14 
in Alvarez et al. (2019). The core zone of the interior section is located at chainage 110–140 m.

Figure 6. Generalized model of the Colle gli Scoglie transect showing breccia formed by different flow regimes. Min.—minimum.
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We may determine from the morphological types of the 
Maiolica breccia whether the brecciation occurred by critical 
fracturing (fault pumping) or hydraulic fracturing (fault valv-
ing). Cockade breccia with mantle overgrowth around the clasts 
often provides insights into the fracturing state of a hydrothermal 
system, since it often forms from clast fluidization in rupture- 
controlled faults (Frenzel and Woodcock, 2014; Cox and Mun-
roe, 2016; Berger and Herwegh, 2019). In this study, however, 
we have not seen any breccia with cockade texture in the Maiol-
ica breccia. The absence of cockade breccia hence argues against 
significant fault dilation in the brecciation process, since the 
clasts were not suspended in the fluids long enough to allow man-
tle overgrowths to form around them. On the other hand, the per-
vasive presence of crackle breccia in the Maiolica breccia implies 
a condition of high fluid pressure sustained continuously in the 
brecciation process. We may infer from the field observations 
that the fluid-assisted brecciation in the Maiolica was achieved 
by an increase in fluid pressure (hydraulic fracturing) rather than 
an increase in porosity (critical fracturing), and that fault valving 
instead of fault pumping was the dominant process for the brec-
ciation. This also implies steady injections of hydrothermal fluids 
to sustain over-hydrostatic pressures in the brecciation process.

Estimates of Fluid Velocity

The formation of the Maiolica breccia conceivably com-
prised two stages: (1) fragmentation of the wall rock by over-
pressured fluids, and (2) entrainment and transport of loosened 
clasts in the hydrothermal veins. Clast entrainment—the fluidi-
zation of aggregates of clasts—occurs when the drag force of 
the fluid flow overcomes the interparticle friction of the clasts. It 
is possible to determine analytically the fluid velocity from the 
grain size of the clasts and the hydrodynamical parameters of the 
fluid system, assuming the clasts behave as a cohesionless packed 
bed within the conduits of the fluid flow. Below a particular fluid 
flow rate referred to as the minimum fluidization velocity, the 
clasts remain densely packed and fluid flow occurs through the 
pore spaces in the rock. The gradual increase in the fluid velocity 
results in an increasing drag on the clasts and eventually causes 
the aggregates of clasts to become “fluidized.”

The analytical solution for computing the minimum fluidiza-
tion velocity is commonly based on the Ergun Equation (Ergun, 
1952), which was first derived to estimate the pressure drop 
of fluid passing through a packed bed of particles (clasts) in a 
nuclear reactor. The Ergun Equation is given by

 ΔP = 150
(1−ε)2µνL

ε3ϕ2D
P

2
+ 1.75

(1−ε)ρ
S
ν2L

ε3ϕD
P

, (1)

 
in which ΔP is the pressure drop as the fluid passes through the 
packed bed of clasts, ε is the voidage (porosity), ν is the fluid 
velocity, µ is the fluid viscosity, L is the length of the channel, ϕ 
is the clast sphericity, and D

P
 is the clast diameter. The two terms 

in Equation 1 correspond to the contributions from the laminar 
and turbulent flow, respectively.

The balance between the weight of the clasts in the fluid and 
the upward force exerted on the clasts can be expressed by

 ΔP = (1 − ε)(ρ
S
 − ρ

f
)Lɡ, (2)

in which ρ
S
 and ρ

f
 are the density of the solid and fluid, respec-

tively, and ɡ is gravitational acceleration. Many experiments 
in chemical engineering have demonstrated the efficacy of the 
Ergun Equation to predict the fluidization velocity for various 
clast size and flow regimes. The Ergun Equation has also been 
modified into various forms to account for variations in clast size 
and shape, and geometry of the fluid channel. A detailed review 
of the empirical coefficients used in the Ergun Equation is given 
by Quinn (2014).

For geological applications, the Ergun Equation or its modi-
fied forms are used in diverse situations to study the velocity 
needed for sediment motions, pyroclastic current flow, lique-
faction of slope material, and fluidization of fault gouge, etc. 
(Allen, 1982; Cheng, 2003; Valverde, 2015; Breard et al., 2019). 
In particular, the two equations above are often modified for the 
computation of ν, the fluid velocity needed to stimulate clast 
entrainment in a fluid system. For a channel flow with relatively 
large clast size, turbulent flow dominates and the first term in the 
Equation can be ignored, leading to a simplified expression that 
can be used to estimate the fluidization velocity in a channel of 
packed clasts, i.e.,

 ν = √(
ϕD

P
(ρ

S
−ρ

f
)ɡε3

1.75ρ
f

). (3)

The sphericity ϕ is dependent on the clast geometry and var-
ies mostly between 1.0 and 2.5 for natural sediment (Gidaspow, 
1994; Zheng and Hryciw, 2015). Since most of the other parame-
ters in Equation 3 can be derived readily, the minimal fluidization 
velocity can be estimated from clast size. Berger and Herwegh 
(2019) estimated the velocity needed for suspension of clasts of 
2.5 mm size to be ~0.11 m/s in a cockade breccia. Oliver et al. 
(2006) applied Equation 3 above to obtain a velocity of ~20 m/s 
for fluidizing breccia clasts in the Cloncurry Fault of Australia.

The minimum fluidization velocity is found to be sensi-
tively related to the size of the clasts as well as the porosity of the 
packed clasts. Figure 7 shows the computed fluidization velocity 
plotted against clast size at submeter range for initial porosity 
values of 0.2, 0.5 and 0.7, assuming a value of 1.0 for sphericity, 
and 2600 kg/m3 and 1000 kg/m3 for bulk density of the clasts and 
the fluid, respectively. The porosity values are found to affect the 
minimum fluidization velocity by a factor of 2–5 (Fig. 7). Also, 
the fluidization velocity needed for clast entrainment is smaller 
for a bed with lower porosity, since a low-porosity bed results in 
a greater pressure drop by the same fluid velocity.

The velocity required to sustain entrained clasts in the fluid 
flow, however, differs from the minimal fluidization velocity 
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needed for the clast entrainment. Once the aggregate of clasts is 
fluidized, the porosity of the bed increases, and a greater veloc-
ity is needed to sustain the clasts in the fluid. The fluid veloc-
ity needed for keeping the clasts in suspension can be estimated 
from the settling velocity of the clasts, which is about an order 
of magnitude greater than the fluidization velocity (Allen, 1982). 
The settling velocity, ν

S
, depends on the particle diameter D

p
 as 

well as the drag coefficient, C
d
 , a dimensionless parameter gov-

erned by the flow regime and particle geometry (Gabitto and 
Tsouris, 2008):

 ν
S
 = √(

4(ρ
S
−ρ

f
)ɡD

P

3C
d

). (4)

Many studies show that the values of C
d
 range between 

0.5 and 2, with cylindrical clasts approaching a value of 1.0 for 
intermediate to turbulent flow conditions. For a C

d
 of 1.0, the 

settling velocity obtained is found to be greater than the fluidiza-
tion velocity by approximately a factor of 5 in the present study. 
While the velocity needed is obviously far smaller in horizontal 
conduits, the settling velocity yields the minimum velocity to 
transport the clasts in vertical conduits.

The largest clasts involved in the fluidized flow can be used 
as an indication of the minimum fluid velocity achieved in the 
hydrothermal system. As shown in Figure 5 (redrawn from fig. 
14 in Alvarez et al., 2019), the samples along the section in Colle 
gli Scoglie comprise several kinds of breccia with different clast 
sizes. The breccias with very large clasts are simply fractured 
into crackle breccias. Mosaic breccias are observed to contain 
clasts with a nominal diameter of 3–4 cm. The largest clasts in 
the chaotic breccia that are found to be rounded are ~2 cm in 
diameter. As shown in Figure 7, using 2 cm for D

p
 and porosity 

values of 0.2, 0.5 and 0.7, the estimated minimum fluid veloci-

Figure 7. Minimum fluidization velocity and settling velocity for vari-
ous sized clasts plotted for porosity of 0.2, 0.5 and 0.7 and drag coef-
ficient Cd = 1.0.

ties for the clast entrainment are in the range of 2–24 cm/s, and a 
velocity of ~65 cm/s (~2.3 km/h) was obtained for sustaining the 
clast in suspension in vertical veins.

Fragmentation Mechanisms

The analysis given in the “Estimates of Fluid Velocity” sec-
tion yields estimated velocities for entrainment and suspension of 
clasts, assuming the clasts form a packed bed with no cohesion 
or internal strength. A separate mechanism, however, is needed 
for fragmentation of limestone into broken clasts in the first 
place. Fragmentation can occur when the external stress exceeds 
the tensile strength of the rock. As discussed in the Occurrences 
and Timing of the Breccia section, the deviatoric stress of the 
Maiolica breccia was less than 7–10 MPa, based on the presence 
of stylolites and the absence of twinning in the calcite matrix, 
essentially confining the brecciation to occur within 500 m of the 
surface. The deviatoric stress at such a shallow depth is unlikely 
large enough to rupture the limestone directly. The fragmenta-
tion was probably achieved by fluid-assisted crack formation and 
crack-tip propagation.

Preexisting discontinuities in the rock, including faults, 
joints, cleavages, stylolites, and micro-fissures, are all vulnerable 
to the crack growth process. Analytical studies of fault mechanics 
generally point to the existence of very large deviatoric stresses 
at fault tips, which can overcome the tensile strength of the rock 
readily. At the tips, crack growth can be achieved by pulling apart 
the fracture planes (Patrício and Mattheij, 2007). Hence, the pre-
existence of cracks in rocks can enable crack growth at stresses 
lower than that required for slip or twinning. For the case of the 
Maiolica breccia, the over-pressured fluid probably produced a 
widening and infilling of the fractures, leading to formation of 
crackle and mosaic breccias. The limestone continued to frac-
ture until some of the clasts broke away from the host rock and 
became completely bounded by veins.

As shown by Abé et al. (1976), a constantly high fluid pres-
sure is needed to sustain the crack growth process, which also 
requires rapid closure of any newly formed fractures to sustain 
the high fluid pressure. A sudden decrease in the partial pressure 
of CO

2
 associated with newly formed fractures could, in turn, 

facilitate rapid precipitation of calcite in newly formed veins. 
The presence of dissolved silica may play a role in expediting 
the carbonate precipitation as well as the polymorphic species of 
the carbonate. The carbonate precipitated in a low-temperature 
“pure” system without silica is likely vaterite and aragonite. Over 
time, vaterite would convert to the more stable phase of calcite. 
The experimental work by Kellermeier et al. (2013) shows that 
silica can increase the growth rate of calcite and inhibit the for-
mation of the other polymorphs. High fluid temperatures may 
also lead to rapid calcite growth with the presence of dissolved 
silica (Lakshtanov and Stipp, 2010). In all cases, the rapid forma-
tion of calcite cement in the cracks probably inhibited fluid flow 
and enabled high fluid pressure to be sustained during the brec-
ciation of the Maiolica.
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Explosion Fractures

The fracturing pattern in the breccia may bear information 
on the stress configuration during the brecciation process. In 
cases where new veins or fractures are formed by expansion of 
preexisting cracks, the orientation of the veins or fractures is gov-
erned by the orientation of the cracks, and in cases where tensile 
fracturing of intact rock takes place, fracture orientation is con-
trolled by the configuration of the stress field. In the mosaic brec-
cias of the Maiolica, some vein and fracture patterns are found 
to resemble the pattern formed during explosions accompanying 
quarry blasts. In quarry blasts, the conversion of chemical energy 
into gaseous expansion can produce a shock wave with a pres-
sure in the range of 0.5–50 GPa, readily overcoming the tensile 
strength of near-surface rocks (Saharan et al. 2006). As shown in 
the example in Figure 8, an explosion fracturing pattern generally 
comprises a cavity in the epicenter, a crushed annulus with dense 

fractures and an exterior zone with radial cracks (Loorents et al., 
2000; Mitelman and Elmo, 2014; Saharan et al. 2006).

Figure 9 shows a fracturing pattern in the Maiolica lime-
stone exposed in the Frontale locality that closely resembles 
an explosion fracturing pattern. In this exposure, crackle brec-
cia and mosaic breccia with relatively larger clasts are present 
around several chaotic breccia veins. The clasts in the chaotic 
breccias are relatively more rounded and smaller in size. On the 
right side of the picture, some fractures are found to radiate from 
a nucleus. The cavity was filled by sparry calcite and clasts. The 
fracture pattern is not exactly radial, as in the example in Figure 
8B, since the fractures were apparently affected by preexisting 
discontinuities in the limestone. Alvarez et al. (2016) pointed out 
that the conversion from liquid to gas in the carbonate could pro-
duce a substantial volumetric change and pressure. The explosive 
rupturing could be caused by sudden reduction of the fluid pres-
sure, causing the superheated fluid to reach the water saturation 

Figure 8. (A) Generalized pattern of explosion fractures showing a central cavity, a crushed annulus, and a zone of radial 
fractures. (B) Example of an explosion fracturing pattern in a quartz dike in Hong Kong.

Figure 9. (A) Suspicious explosion fractures in Maiolica limestone near Frontale. (B) The interpretative diagram showing the annulus, which is 
filled by matrix and cement, and radial crack zone.
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line and producing a boiling liquid expanding vapor explosion 
(BLEVE) similar to the explosion of a fractured gas tank.

We may assume that the liquid-gas transformation occurs 
below the supercritical temperature of water of 374 °C, since 
above that temperature, water and steam are indistinguishable 
from each other. Assuming a temperature of 200 °C, liquid boil-
ing occurs at ~1.55 MPa. At that liquid-vapor boundary, the spe-
cific volume is 0.0012 m3/kg and 0.1276 m3/kg, respectively, for 
saturated water and steam, yielding an expansion ratio of ~110. 
The space confinement in the fractures necessarily results in a 
sudden increase in pressure by 110×, fracturing the rocks in the 
vicinity of the vaporization center and producing a rupture pat-
tern that is unaffected by the local deviatoric stress state.

The presence of explosion fracture patterns in an exposure 
is conducive to the determination of the P-T path of the over-
pressured hydrothermal fluids. Vaporization occurs when the 
over-pressured fluids reach the water saturation line in the phase 
diagram of water. Suppose the water fluids originate at a depth 
of ~5 km with an initial temperature of 200 °C and at a pressure 
of 130 MPa. The fluids may follow one of the three P-T paths in 
their ascent to the earth’s surface. For path A in Figure 10, the 
fluids ascend very quickly through fractures and pores to reach 
the saturation line, maintaining a steady temperature at close to  
200 °C. The vaporization is essentially incurred by the reduction 
in the pressure. In this case, we may expect intensive occurrence 
of fractures due to expanding vapor explosion. For Path B, the 
over-pressured fluids lose heat by conduction and convection 
while ascending through the brittle zone and reach the satura-
tion line at a lower temperature and pressure. Explosion fractur-
ing still occurs but likely at a relatively lower intensity compared 
to that of Path A. For Path C, the over-pressured fluids ascend 
through the brittle zone with a velocity sufficiently slow to enable 

much heat loss during the ascent. The fluids are maintained in a 
liquid state and likely emerge on the surface as high-temperature 
spring water without vaporization. No explosion fractures are 
expected to be present in the rock in such a scenario.

Explosion-fracturing structures are not commonly present in 
the Maiolica breccia. The example shown in Figure 9 plausibly 
resulted from explosion fracturing and can only be regarded as 
a suspicious case. We may infer that the over-pressured fluids 
producing the brecciation in the Maiolica limestone probably fol-
lowed a P-T path similar to Path C in Figure 10. Only in isolated 
vents or fractures may the fluids have reached the saturation line 
to produce explosion fracturing, while the majority of the brec-
ciation occurred with the hydrothermal fluids never reaching the 
water saturation line, and therefore emerging onto the surface as 
spring water.

MODEL OF MAIOLICA BRECCIA FORMATION

A key question pertaining to the fluid-assisted formation 
of the Maiolica breccia is the origin of the hydrothermal fluids 
for hydraulic fracturing. Recent studies showed that expulsion 
of fluids from the plastic zone by sudden increases in porosity 
and permeability can form channelized fluid flows at veloci-
ties much greater than the background flow rate determined by 
Darcy’s Law (Connolly and Podladchikov, 2015; Chakraborty, 
2017; Jordan et al., 2018). The rapid fluid flow is also found to 
be associated with high fluid pressure close to lithostatic pres-
sure. Peacock et al. (2019) showed that when the fluids in two 
rock masses with markedly different fluid pressure connect sud-
denly to form a single fluid column, fluid-assisted brecciation 
can occur in the higher rock mass. Geological processes such as 
earthquakes, magmatism, and devolatilization during regional 

Figure 10. Possible P-T paths of over-
pressured water plotted on the phase 
diagram of water. For Paths A and B, 
water-steam transformation occurs when 
the fluids reach the water saturation line. 
For Path C, the over-pressured fluids 
lose heat rapidly and allow the fluids to 
remain in a liquid state before reaching 
Earth’s surface.



110 Lung Sang Chan et al.

metamorphism may also produce fluid flow (Connolly, 1997). 
Fournier (1999) presented a model on the formation of hydro-
thermal breccia associated with extensive silicification and min-
eralization by breaching water seals in the plastic zone. In the 
model, the depth of the brittle-plastic (B-P) transition around a 
magmatic body depends on material, temperature, creep rate, and 
stress configuration. Progressive cooling of the magmatic body 
can result in a deepening of the B-P boundary, causing crustal 
material to migrate from the plastic domain to the brittle domain 
and liberation of over-pressured fluids from the B-P transition 
zone. Such a fluid injection process would probably produce 
hydraulic fracturing rather than pore inflation (Bailey, 1990).

There are no known magmatic events in the Umbria-
Marches region that could have led to deepening of the B-P 
boundary by crustal cooling. However, the deepening could 
be accomplished by unroofing, either by erosion of the cover 
or tectonically by large-scale normal faulting, which has been 
an important feature in the very young history of the Umbria-
Marche Apennines. The crustal B-P boundary is generally 
located at crustal depths of 10–15 km (Sibson 1977). Kusznir 
and Park (1986) and Scuderi et al. (2015) show that multiple or 
localized B-P transitions can exist in the crust. For the Umbria-
Marches region, the Triassic Burano could achieve plasticity at 
fairly shallow depth. The study by Chester (1988) shows that 
halite can deform by dislocation creep at normal stress below 
50 MPa, causing halite to behave in a plastic manner at very 
shallow depths. The fluid inclusion study by Lugli (2001) also 
reveals a paleotemperature of ~300 °C experienced by the 
Burano. At that temperature and depth, Burano would behave 
as a plastic material. For that reason, the brittle-plastic transi-
tion for the Burano may conceivably be present at a relatively 
shallow depth compared with that in crystalline rocks. Santan-
tonio and Carminati (2011) show the termination of the faults 
forming the seamounts and basins at the Burano, hence imply-
ing a plastic state of the Burano during the Early Jurassic. Lugli 
(2001) also showed that Burano experienced a deepening dur-
ing the Oligocene, attaining a burial depth of over 10 km, fol-
lowed by shallowing to ~500 m during late- to post-Miocene 
time. Such depth changes may have caused the Burano to fol-
low a brittle-plastic-brittle path in its geological history.

The high plasticity of the Burano would cause the rock to 
deform by plastic flow, resulting in very low permeability (Fig. 
11A). Brine solutions trapped in sealed cavities or lenses of high-
porosity dolostones surrounded by evaporite inside the Burano 
were under lithostatic pressure at a gradient of ~27 MPa/km. The 
migration of the Burano into the brittle field during the exhu-
mation of the Northern Apennines would have caused a sudden 
increase in permeability and breaching of the water pockets (Fig. 
11B). A sudden connection with fractures in the brittle zone can 
expose the water to the hydrostatic pressure, resulting in over-
pressured fluids being injected into the fracture systems. If the 
water is in a supercritical state, the water can penetrate fractures 
readily since supercritical water has no surface tension. Super-
critical water also has relatively greater dissolving ability. The 

reversal from a supercritical to a liquid state can result in exten-
sive precipitation of the dissolved material.

The high-pressure hydrothermal brines liberated from the 
Burano would quickly ascend through the Calcare Massiccio and 
the Maiolica (Fig. 11B). The Marne a Fucoidi, as an aquiclude, 
rendered further upward migration of the fluids difficult and 
resulted in accumulation of over-pressured fluids in the Maiolica, 
causing hydraulic fracturing in the limestone. The Calcare Mas-
siccio was not brecciated because of the presence of faults and 
conduits that allowed through-flow of the hydrothermal brine. It 
is also generally thick-bedded, making it relatively more diffi-
cult to fracture hydraulically on a large scale. Ladeira and Price 
(1981) and Petrie et al. (2012), among others, demonstrate such 
an inverse relation between fracture density and bed thickness. 
The Maiolica, being relatively thin-bedded, was readily frac-
tured, accounting for the presence of extensive brecciation. The 
Scaglia sequence above the Marne a Fucoidi was affected when 
the fluids found their way into the Scaglia sequence. Locally, the 
hydrothermal brines might follow preexisting faults in the Marne 
e Fucoidi, forming subvertical breccia zones extending into the 
Scaglia (Fig. 11B), as exemplified by the breccia wall at Balzone 
del Lupo near Sigillo.

CONCLUSION

This study proposes Neogene exhumation of the Apennines 
that brought the Burano evaporites up from a depth below the B-P 
transition to a depth above the B-P transition as the cause of fluid-
assisted brecciation in the Maiolica Limestone. The fluctuation 
of the B-P transition, which could be a transient or a permanent 
phenomenon, can have significant implications for a wide range 
of geological processes. Earthquake-induced transient increase 
in the depth of the B-P boundary was reported by Cheng and 
Ben-Zion (2019) and Zielke et al. (2018). In such an incident, 
the extension of fault-slip into the plastic domain may cause a 
temporary deepening of the B-P transition. Subsequent deforma-
tion may gradually revert the rocks back to a plastic state. The 
deepening of the B-P zone caused by crustal exhumation is prob-
ably a more permanent one. The model can be used to explain 
the occurrences of hydrothermal mineralization in amagmatic 
regions. Chan (2019) attributed the extensive hot spring activi-
ties in Guangdong Province in China to a similar deepening of 
the B-P transition. The concept offers a plausible explanation for 
hot springs observed in many nonvolcanic regions of the world.

This chapter complements earlier reports by Alvarez et al. 
(2016, 2019) and Belza et al. (2019) on the field description and 
geochemical study of the Maiolica breccia with an analysis of the 
hydrodynamical implications of the brecciation process. The key 
inferences in this chapter are as follow.

1. Different flow regimes are recorded in the breccia transect 
of Colle gli Scoglie, with crackle breccia pervading the lime-
stone, and mosaic and chaotic breccias characterizing a high-flow 
regime in the core zone of the transect. Mineral-filled fractures 
and veins occurred in the marginal zones of the breccia body.
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2. The lack of cockade-texture breccia implies sustainment 
of high hydraulic pressures in the fractures. Fault-valving rather 
than pumping was likely the dominant seismic state associated 
with the brecciation.

3. Based on the breccia morphology and clast sizes, the fluid 
velocity attained was ~2–24 cm/s for fluidization of the clasts and 
~65 cm/s (~2.3 km/h) for sustaining the clasts in motion.

4. Explosion fracturing patterns formed by expanding 
vapor explosion at shallow crustal depths are not common in 
the Maiolica breccia. The bulk of the hydrothermal fluids prob-
ably found its way onto Earth’s surface without vaporization in 
the subsurface.

5. The Burano anhydrite probably constitutes the source of 
the hydrothermal fluids.

6. The fluid-assisted brecciation was probably associated 
with exhumation of the Umbria-Marche Apennines, which 
caused a deepening of the B-P transition and breaching of water 
seals in the plastic zones, especially in the Burano anhydrite.

7. The rheological transition from plastic to brittle domain 
experienced by the Burano during the late Miocene could have 

resulted in liberation of trapped brines at lithostatic conditions 
and the hydraulic injection events.

8. The contrast in permeability between Marne a Fucoidi 
and Maiolica resulted in the accumulation of over-pressured flu-
ids in the Maiolica and brecciation of the limestone.

9. Where an existing fault cut through the Marne a Fucoidi, 
over-pressured fluids ascended into the Scaglia sequence, form-
ing breccia dikes in the Scaglia.

While some of the interferences above are necessarily 
speculative, this study highlights the possibility of integrating 
cross-disciplinary findings and field observations in recon-
struction of geological models, and points to topics for further 
research and analyses.
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Figure 11. Model of formation of the Maiolica breccia. (A) Pre-exhumation situation with brittle-plastic (B-P) transition 
located approximately at the top of the Burano formation. The deep burial depth kept the Burano in a plastic state, and the 
low permeability caused water to be encapsulated in isolated pockets. (B) Deepening of the B-P transition resulting from 
crustal exhumation (A) caused the Burano to migrate into the brittle domain (B), which led to breaching of water seals (C) 
and fluid injection of brine solution into the overlying limestones. Fluid pressure accumulated at the top of the Maiolica 
with the Marne a Fucoidi acting as an impermeable cap rock, producing the brecciation (D). Some over-pressured fluids 
ascended through the Marne a Fucoidi along faults to form breccia dikes in the overlying Scaglia sequence (E). 
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