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A B S T R A C T   

Several regions around the globe are characterized by a seismically active lower crust, at depths where litho
logical and thermal conditions suggest stress release by ductile flow. The Gargano Promontory (GP, southern 
Italy) is an example where a recently installed seismic network has recorded an intense seismic activity at depths 
between 20 and 30 km, i.e. in the lower crust. The GP is located in proximity of the Gargano-Dubrovnik line
ament, a seismogenic zone separating the central and southern Adriatic basins. These two basins constitute sites 
of sediments accumulation since Tertiary times. Another important basin in the region is represented by the 
Apennine foredeep, that includes the Candelaro area. We analyze the possible mechanisms controlling the dis
tribution of seismicity in the GP to identify the factors that make the lower crust seismically active. To this aim, 
we construct a thermo-rheological model of a layered continental crust, calibrated on the basis of geometrical, 
lithological and thermal constraints. The model takes into account various crustal lithologies, the presence of 
fluids in the crystalline basement, lateral variations of geotherm and stress field. The numerical simulations show 
that the presence of fluids is a key factor controlling the cluster of seismicity in the lower crust. Moreover, the 
presence of water in the upper crystalline basement and sedimentary cover provides a plausible explanation for 
upper crustal seismicity in a zone of very high heat flow SW of the GP. The distribution of the seismicity is 
probably affected by the composition of the crystalline basement, with mafic bodies injected into the crust during 
the Paleocene magmatic phase that affected the Mediterranean region. In addition, fluid accumulation and 
overpressure may occur along detachment levels in the lower crust, leading to clustering of the earthquakes. 
Based on our findings, we hypothesize that the presence of hydrous diapiric upwelling(s) in the upper mantle can 
feed a deep fluid circulation system, inducing lower crustal seismicity.   

1. Introduction 

The continental lower crust has historically been considered a weak 
layer, transferring stresses between the brittle upper crust and the lith
ospheric mantle via ductile flow (Burov, 2011). In this framework, the 
lack of seismicity is one of the main features of the lower crust. Earth
quake hypocenters are not frequently detected in the lower crust and the 
correlation between depth of crustal seismicity, temperature and rock 
deformation mechanisms has led to the common view that the lower 
continental crystalline basement is in a ductile regime (Chen and Mol
nar, 1983). This is true in many continental areas, especially where the 
geothermal gradient is particularly high, as for instance in the 

Pannonian Basin of central Europe (Cloetingh and Burov, 1996; Lenkey 
et al., 2002). On the other hand, recent studies demonstrate that seis
micity nucleated in the continental lower crust occurs in several loca
tions around the globe (e.g. Simpson, 1999), including some major rift 
zones, such as the East African rift (Shudofsky et al., 1987; Craig and 
Jackson, 2021; Muluneh et al., 2021), Baikal rift (Déverchère et al., 
2001; Radziminovich et al., 2013), Rhine rift (Deichmann, 1992; Ani
kiev et al., 2020, and references therein) and the Dead Sea rift (Alder
sons et al., 2003; Salamon et al., 2003; Hofstetter et al., 2012). 

The causes behind the nucleation of earthquakes in the lower crust 
are still a matter of an intense debate (e.g. Simpson, 1999; Campbell 
et al., 2020). The most common proposed mechanisms so far include 
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thermal-runaway plastic instability, dehydration reactions with subse
quent increase in fluid pressure, local stress redistribution, transient 
high differential stress values and eclogitisation reactions (Campbell 
et al., 2020, and references therein).Fluid presence and circulation in the 
lower crust is one of the mechanisms that may promote seismicity (e.g. 
Audin et al., 2002; Gardonio et al., 2018; Benson et al., 2020, and ref
erences therein). In this context, it is of particular importance to 
distinguish between short-term and long-term effects of fluids on host 
rocks. The former is mostly mechanical and the presence of inter
connected fluid phases decreases the shear stress needed to produce rock 
failure, favoring the likelihood of faulting and sliding (e.g. Ranalli, 
1995; El Hariri et al., 2010; Van Dinther et al., 2013). On the other hand, 
on a longer time scale, host rocks can be subjected to hydrolithic 
weakening effects and therefore their strength can be significantly 
reduced (Tullis and Yund, 1989; Girard et al., 2013). Furthermore, fluids 
can exert a long term chemical effect by triggering metamorphic re
actions and producing rheologically weaker rocks where deformation 
will mostly occur by viscous creep (e.g. Jamtveit et al., 2019; Wang 
et al., 2020). This is especially true for water, whereas the effect of CO2 
on host rocks is more controversial (e.g. Chernak et al., 2009). There
fore, the study of fluid-crust interaction is pivotal to assess the seismic 
hazard in seismically active regions. In addition, fluids in the continental 
crust can form pore networks along grain edges and fluid percolation by 
either porous flow or surface energy-driven infiltration can affect elec
trical and thermal properties in the lower crust (e.g. Watson and Brenan, 
1987). These mechanisms are preferably localized in the lower crust 
within shear zones, where creep cavitation and subgrain rotation 
recrystallization during mylonite formation lead to increased porosity 
(Menegon et al., 2015; Gilgannon et al., 2020). 

One of the areas where seismicity has been detected in the lower 
crust is the Gargano Promontory (GP) of southern Italy. The GP is 
located in proximity of the Gargano-Dubrovnik lineament, a zone that 
separates the central and southern Adriatic basins (Oldow et al., 2002), 
formed in Neogene to Quaternary times and both characterized by 
strong crustal subsidence (Bertotti et al., 2001). Overall, the Adriatic 
plate is the site of very significant accumulations of Tertiary to Qua
ternary sediments that can be classified in three main sedimentary ba
sins: the Apennine foredeep, that includes the Candelaro area and is 
adjacent to the Mesozoic carbonates (e.g. Murge limestones and GP) 
outcropping in the NE, the central Adriatic basin, located N of the GP, 
and the South Adriatic basin, located NE of the GP. The central and south 
basins’ geometries and subsidence patterns point out that the Adriatic 
crust has undergone episodes of lithospheric buckling (Cloetingh and 
Burov, 2011) at least since Miocene. Specifically, in the GP the inversion 
of pre-existing, steep normal faults led to a first phase of vertical 
movements, followed by a major phase of shortening that began in the 
Langhian and ended before the middle-late Pliocene (Bertotti et al., 
1999). Inversion of extensional basins, reactivation of pre-existing faults 
and upthrusting of crustal blocks are common features in orogenic 
evolution, as in the case of collisional coupling between Alpine and 
Pyrenean orogens with their forelands (e.g. Ziegler et al., 1995, and 
references therein) and can occur at notable distance, constituting a 
mechanism for intraplate deformation (Ziegler et al., 1998). This occurs 
also in areas adjacent to GP, where the late Pliocene to late Quaternary 
tectonic activity consists of forelandward propagation of the Apennine 
detachment, involving the inversion of inherited structures rooted in the 
basement (Scrocca et al., 2007). The GP is historically characterized by 
earthquakes with magnitude Mw < 6.5, some of them associated with 

Fig. 1. A) Map of the Gargano promontory. 
Inset shows its location (red square) with 
respect to the Adria and Apulian microplates 
(brown area, Ad = Adria microplate, Ap =
Apulian microplate, Apn = Apennines, 
HB=Hyblean block, IS=Ionian Sea) (D’Agostino 
et al., 2008); the red segment is the Gargano- 
Dubrovnik lineament (GDL) (after Battaglia 
et al., 2004). Earthquakes are indicated by small 
circles colored according to depth (Miccolis 
et al., 2021). Triangles represent the GSN 
network seismic stations (IV: blue, OT: green). 
Grey lines are the isolines of surface heat flow 
(mW m− 2) (Della Vedova et al., 2001). Red 
lines are the main faults (AF = Apricena Fault; 
CF=Candelaro Fault; MF = Mattinata Fault; 
SF=Sannicandro Fault; TF = Tremiti Fault, 
modified from Miccolis et al. (2021)). Blue star 
indicates Punta delle Pietre Nere (PPN). The A-B 
black segment is the trace of the vertical crustal 
section in panel A and B. B) Vertical cross- 
section along the A-B section: hypocenters 
(black circles) and focal mechanisms are pro
jected over the vertical plane (red = normal; 
green = transcurrent; light blue = transpressive; 
dark blue = compressive; black = unknown). 
Red line indicates the CF, green line and green 
area indicate the MF fractured zone (after 
Miccolis et al. (2021)). C) Map of strain rate in 
the GP and surrounding areas, calculated from 
GPS data Cecere (2018). (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the web version of this 
article.)   
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two main E-W fault systems: the Mattinata Fault and the Tremiti Fault 
(Del Gaudio et al., 2007). Until 2013, only two seismic stations of the 
Italian National Seismic Network (international code IV) were operating 
on the GP (MSAG, SGRT) (Fig. 1A). As a consequence, a high degree of 
inaccuracy was unavoidable in the detection and localization of the GP 
earthquakes. The seismic coverage of the region was largely improved 
with the installation of the OTRIONS seismic network (international 
code OT) in 2013. This network includes 12 seismic stations, equipped 
with a short-period Lennartz 3D-V seismometer and a 24-bit SL06/SARA 
data-logger. In June 2015 two of these stations were moved northward, 
improving the seismic monitoring of the norther part of the GP. Since 
January 2019, all the waveform data and station metadata are archived 
and distributed by the INGV node of EIDA (see Filippucci et al., 2021b, 
for further details). Stations of OT network and of IV network co-work to 
form the Gargano Seismic Network (GSN in Fig. 1A). 

A comprehensive, high quality seismic catalogue of 635 earthquakes 
has been produced by merging several event databases (de Lorenzo 
et al., 2017; Filippucci et al., 2021b) and relocating the catalogues using 
the 1D velocity model of the GP (de Lorenzo et al., 2017). Earthquake 
locations have an average horizontal error of 0.5 km and an average 
vertical error of 0.6 km, with average residuals of 0.2 s. Earthquakes 
have local vertical magnitude Mlv ranging between 0.1 and 2.8 and local 
magnitude Ml between 0.5 and 3.6, with two exceptions of major 
earthquakes (April 23, 2017, Mlv = 4.0 and April 18, 2020, Ml = 3.7), 
and the 90% of earthquakes with Ml and Mlv < 2.0 (see Miccolis et al., 
2021, for further details).This recorded seismicity (Filippucci et al., 
2019a,b, 2021a,b; Miccolis et al., 2021) highlights an intense micro- 
earthquake activity in the whole GP at depths greater than 20 km 
(Fig. 1B). Hypocenters gently deepen toward the NE reaching depths of 
about 30 km (Fig. 1B). Focal mechanisms of earthquakes occurring in 
the NE part of the GP show thrust faulting kinematics (Filippucci et al., 
2020; Miccolis et al., 2021). Conversely, seismic activity SW of the GP is 
markedly shallower and less intense, following a high angle lineament 
with maximum depth around 20 km and affecting an area located along 
the Candelaro Fault (CF in Fig. 1B), with focal mechanisms showing 
normal faulting kinematics. Previous studies of these two lineaments 
suggest that they are not part of a single major structure, but rather two 
distinct structures with different genesis and characteristics (Filippucci 
et al., 2021b; Miccolis et al., 2021). Microseismicity in the region is 
associated with very low values of strain rate at the surface. On the basis 
of GPS data in the GP, estimates for strain rate in the promontory are 
lower than the ones in the Apennines of around one magnitude order 
(Fig. 1C, Cecere, 2018). 

A very high surface heat flow is measured in the CF area where this 
shallow seismicity is observed, with values that may exceed 100 
mW m− 2 (Fig. 1A). In this area the presence of water in crustal rocks has 
been observed (Tripaldi, 2020). Therefore, the high surface heat flow 
has been attributed to thermal conductivity increase and heat transport 
at shallow depth in the sedimentary cover due to fluid circulation (Della 
Vedova et al., 2001). On the other side, fluid presence at greater depth 
has not been unambiguously identified (Tripaldi, 2020). 

A first attempt to study the GP crustal rheology was conducted by 
Dragoni et al. (1996) with an analytical 1D model. In this study a 
temperature-dependent viscosity was implemented and a transcurrent 
stress field and an average surface heat flow of 60 mWm− 2 were adopted 
for the area. Recently this model was updated by Filippucci et al. 
(2019b), utilizing the heat flow map of Della Vedova et al. (2001) and 
subdividing the GP area in two different surface heat flow zones. 

In this paper we present a numerical 2D thermo-rheological model, 
taking into account the effects of thermal, lithological and tectonic 
variations, both lateral and vertical, on rock strength with pore fluid 
pressure under hydrostatic and near-lithostatic conditions, adopting the 
GP as a test bed. This approach allows us to evaluate the rheological 
effect of lithology, cohesion loss and fluid presence, and implications for 
seismicity and surface heat flow in the region. With our model we 
calculate thermal structure and brittle-ductile strength distribution in 

2D, in order to better understand what are the factors leading to a brittle 
behavior of the GP crust and therefore to generation of seismicity during 
plastic deformation. We show that earthquake clusters at lower crustal 
depths are probably triggered by high pore fluid pressure, in combina
tion with the presence of mafic bodies injecting the crystalline 
basement. 

2. Tectonic framework 

The GP is part of the Adria platform (Fig. 1A), a region that consti
tutes the foreland-foredeep area of three orogenic systems: Alps to the N, 
Apennines to the W and Dinarides to the E (e.g. D’Agostino et al., 2008, 
and references therein). During the Eurasia-Africa convergence, the 
Adria plate acted as an indenter (Aliaj, 2006; Stein and Sella, 2006) and 
moved coherently with the African plate at least until late Miocene 
(Babbucci et al., 2004). Subsequently, the development of the westward 
Anatolian-Aegean-Balkan system resulted in decoupling of Adria from 
the Africa plate and a clockwise rotation of Adria with respect to Eur
asia. As a consequence of this event, Adria movement changed to a 
counterclockwise rotation during late Pliocene to early Pleistocene, due 
to the plate collision with the southern parts of the Apennines (D’Ag
ostino et al., 2008, and references therein). Although the current plate 
configuration in the Adria region is still controversial, recent studies 
suggest that Adria is today separated in two blocks along the Gargano- 
Dubrovnik lineament (Fig. 1A) (Oldow et al., 2002). Seismological 
and geodetic studies point out that at present day the Apulian sector 
moves independently from northern Adria, in a framework where Apulia 
moves coherently with the Ionian Sea and the Hyblean block (D’Ag
ostino et al., 2008). The separation between Adria and Africa has been 
identified along the Apulian Escarpment (e.g. Battaglia et al., 2004) or 
alternatively in a region of diffuse deformation in the Ionian Sea (Stein 
and Sella, 2006). 

In this framework, the GP represents a region located at the 
boundary between the northern and southern Adriatic subplates. The GP 
represents the most elevated part of the Apulian foreland, with 
maximum height around 1000 m, and is structured in an elongated 
anticline affected by faults trending NW-SE, E-W and subordinately NE- 
SW (Argnani et al., 2009). The nature and development sequence of the 
GP fault system is still a matter of debate. Some studies highlight the role 
of strike-slip motion along E-W major faults, e.g. the Mattinata and 
Rignano faults (Brankman and Aydin, 2004). Other studies emphasise 
the contribution of compressive deformation related to the stress field 
from the Dinarides, with direction N-S and NE-SW (e.g. Bertotti et al., 
1999). The most recent sediments occurring in the GP are shallow water 
marine deposits of late Miocene age, exposed today at 100 m height 
above sea level. Therefore, the onset of uplift in the region might have 
started during late Miocene to Pliocene, with a minimum estimated 
uplift rate 0.1 mm/yr (Bertotti et al., 1999, and references therein). 

Two superimposed extensional phases can be observed in the GP. 
The first one is characterized by NE-SW extension, probably occurring 
during late Cretaceous (Winter and Tapponnier, 1991), whereas the 
second was directed NW-SE during Paleogene (Argnani et al., 2009). 
Extension precedes a phase of compression during late Miocene- 
Pliocene, both onshore and offshore (Bertotti et al., 1999; Brankman 
and Aydin, 2004). The compressive phase is coupled with thrusting 
along NW-trending, SW-verging high angle faults, and inversion of pre- 
existing normal faults (Bertotti et al., 1999; Brankman and Aydin, 2004). 
This is a common trend in the southern Mesozoic Tethyan margin in 
Apulia and North Africa (e.g. Roure et al., 2004; Scrocca et al., 2007; 
Roure et al., 2012), where the increase in hinterland/foreland coupling 
led to the reactivation of older structures in the lower plate (Roure et al., 
2012, and references therein). Contractional deformation can also be 
traced in the central Adriatic domain, in proximity of the GP, where a 
thin-skinned tectonic phase superimposes the older Cretaceous and 
Tertiary inversions of normal faults (Scrocca et al., 2007). 

At present day, low to moderate seismicity is recorded in Apulia. On 
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the other hand, the GP historical seismicity is much more intense, with 
about 15 earthquakes characterized by MW > 5.5 since 1361 (Rovida 
et al., 2019). The hypocentral depths and other features of the largest 
earthquakes in the region show that the present-day stress field affecting 
the basement of the GP is mostly compressional. In addition, clusters of 
shallow extensional earthquakes have been recently detected SW of the 
promontory (Heidbach et al., 2019; Filippucci et al., 2020; Miccolis 
et al., 2021). 

The GP was affected by anorogenic magmatism during Paleocene. 
This magmatic phase did not only occur in the GP, but is rather wide
spread throughout the Mediterranean and surrounding regions and is 
commonly referred as the Circum-Mediterranean Anorogenic Cenozoic 
Igneous (CiMACI) province (Lustrino and Wilson, 2007, and references 
therein). Gravimetric studies detected positive anomalies in the entire 
Apulian area (Tassis et al., 2013), which have been interpreted as 
resulting from the emplacement of mafic igneous bodies at various 
depths in the crust (Loddo et al., 1996). The GP igneous bodies crop out 
in Punta delle Pietre Nere (Fig. 1A), intruding upper Triassic sedimen
tary successions, and consist of amphibole-bearing alkali-gabbros and 
alkali-syenite rocks of age 58 and 62 Ma respectively, with lamprophyric 
affinity (Mazzeo et al., 2018, and references therein). The gabbroic body 
contains subordinated pyroxenite and is interpreted as part of a more 
extensive layered intrusion (De Fino et al., 1981). 

Due to major compositional differences (Mazzeo et al., 2018) and the 
long time span between the emplacement of gabbros and alkali-syenites 
(Bigazzi et al., 1996), it is unlikely that there is a genetic link between 
the two igneous bodies. These rocks show geochemical affinity with 
ocean island basalts series and an intermediate composition between 
depleted mantle material, enriched material and Hi-μ sources, with 
particularly pronounced latter one. A recent study (Mazzeo et al., 2018) 
suggests that these rocks might derive from partial melting of an 
amphibole-rich lithospheric mantle at depths exceeding 70–90 km and 
pressure of 2.5–3.5 GPa, corresponding to the spinel-garnet transition 
depth. The geodynamic conditions leading to partial melting are still a 
matter of debate. However, there exists a general consensus on mantle 
plume components characterizing these rocks (e.g. Lustrino and Wilson, 
2007). Given the small volume and short duration of magmatic activity 
in the GP, a mantle diapir impinging the area may have small size and/or 
low potential temperature, making its detection difficult (e.g. Kuritani 

et al., 2017; Koptev et al., 2021). 
These factors have been taken into account in the heterogeneous 

stress field and in the lithological composition adopted in our numerical 
simulations. 

3. The model 

The investigated crustal section has a length of 60 km and width of 
32 km (Fig. 2) with SW-NE orientation following the A-B lineament 
(Fig. 1B). The seismicity distribution follows a vertical trend SW of the 
GP and a deep sub-horizontal distribution toward NE. 

We test the hypothesis that seismicity in the GP can be related not 
only to the interactions between lithology and stress conditions in the 
region, but also to fracturing and fluid presence. Therefore, we include 
in the model the presence of zones where fracking and fluids occur (light 
blue zones in Fig. 2), taking into account their effect on rock thermal and 
rheological parameters (pore fluid factor λ, cohesion factor S, thermal 
conductivity ki, Table 1). The size and shape of these zones are based on 
hypocenter locations in the GP (Fig. 1). The crustal section consists of 6- 
layers, each characterized by different lithologies and corresponding 
different thermal and mechanical parameters. Thickness and petrolog
ical parameters of each layer correspond to crustal characteristics of the 
Adria plate and, where possible, to the constraints from geophysical data 
for the GP. The 3 top layers represent the sedimentary cover of the Adria 
crust, whereas the 3 layers underneath represent the crystalline base
ment. The sedimentary cover overlays a Hercynian basement that has 
been documented for the Apulian margin in a number of previous 
studies (e.g. Schenk, 1981). Further information on the petrological 
characteristics of the GP crust is available in Appendix A, while minerals 
percentage for each layer and corresponding rheological parameters are 
specified in Table 2. The lithologies constituting the crustal layers are 
given in Amato et al. (2014) and Morsili (2016) while the relative pa
rameters are given in Table 1. 

We construct a steady-state 2D thermal model providing the tem
perature field and surface heat flow in a multilayered crust (see Fig. 2 for 
details). The temperature T(x,z) is calculated, taking into account the 
characteristics of each i-th layer, by the steady state heat equation: 

Fig. 2. Sketch of the model. Horizontal lines: the dashed red lines indicate the i-th layers boundary (z = zi), the solid red line indicates the boundary between the 
sedimentary cover and the crystalline basement (z = z3). Vertical lines: the green (x = xt3) and magenta (x = xt4) dashed lines indicate the two vertical profiles where 
significant model results are calculated, the black dashed line (x = xt2) indicates the boundary between extensional and compressional tectonic regime. The light blue 
area is affected by the presence of fluids, fracturing or both. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 
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Table 1 
Parameters of the model. A) independent on layer, B) dependent on layer. (*Amato et al. (2014); **Carmichael (2017); †Clauser and Huenges (1995); 
††Gerya (2009); ‡ Ranalli (1995); ‡ ‡Smith and Faulkner (2010) and references therein).  

A    

Parameter Symbol Value U.m. 

Surface temperature (z = 0) T0 20 ∘C 
Base temperature (z = z6) (Geotherm I and II) Tb 500 ∘C 
Base temperature (z = z6) (Geotherm III and IV) Tb 450 ∘C 
Surface Radiogenic heat production (z = 0) H0 2 μW m− 3 

Acceleration of gravity g 9.8 m s− 2 

Characteristic depth D 12 km 
Gas constant R 8.314 J K− 1mol− 1 

Thermal expansion coefficient†† α 5 ⋅ 10− 6 K− 1 

Friction coefficient‡‡ κ 0.5 – 
Strain rate‡ ε̇ 10− 14 s− 1 

Solver minimal residual ζ 10− 6 – 
Cohesion factor** (fractured; unfractured) Sf; Su 10; 75 MPa 
Pore fluid factor** (dry; wet) λd; λw 0.4; 0.8 –   

B    

Parameter Symbol Layer i U.m. 

1 2 3 4 5 6 

Layer depth bottom zi 2.5* 5.5* 8 16 24 32 km 
Layer thickness thi 5.5* 3* 2.5 8 8 8 km 
Layer depth bottom (case D) zi 2.5* 5.5* 8 14 20 32 km 
Layer thickness (case D) thi 5.5* 3* 2.5 6 6 12 km 
Surface density** ρ0i 2450 2250 2500 2750 2800 2900 kg m− 3 

Specific heat at c. p. Cpi 800 800 800 1000 1000 1000 J K− 1 kg− 1 

Conductivity† (dry) kdi 2.1 2.0 2.5 2.7 2.5 2.4 W K− 1 m− 1  

Table 2 
A) Parameters adopted for each case. Bold characters indicate variations in parameters with respect to the preceding case. B) Mineral assemblage and resulting 
rheological parameters for each layer. Ai, ni and Qi values relative to single minerals are given in Lavecchia et al. (2016) and references therein. See text for the 
description of the methodology adopted to calculate Ai, ni, and Qi. Cc = calcite, Qtz = quartz, Dm = dolomite, Mc = phyllosilicates, Ab = albite, Als = aluminosilicates, 
An = anorthite, Px = pyroxene, Ol = olivine, Grt = garnet.  

A    

Parameter Symbol Cases U.m. 

A B C D E F G 

Geotherm I I II III IV IV IV  
Depth bottom of layer 4 z4 16 16 16 14 16 16 16 km 
Depth bottom of layer 5 z5 24 24 24 20 24 24 24 km 
Base temperature Tb 500 500 500 450 450 450 450 ∘C 

Cohesion factor Unfractured Su 75 75 75 75 75 75 75  
Fractured Sf – 10 10 10 10 10 10 MPa 

Pore fluid factor Dry λd 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
Wet λw – – 0.8 0.8 0.8 0.8 0.8 

– Presence of mafic rocks No No No No No Yes Yes 
Sedimentary protholith in layer 5 No No No No No No Yes    

B     

Layer Composition Ai ni Qi 

i % vol MPa− ns− 1 − kJ mol− 1 

1 Cc65, Qtz10, Dm25 2.4 ⋅ 10− 1 3.28 182 
2 Qtz20, Dm80 3.3 ⋅ 10− 6 3.18 161 
3 Cc10, Mc30, Qtz30, Dm10, Ab20 1.7 ⋅ 10− 6 6.23 163 
4 Cc5, Mc35, Qtz35, Ab15, Als5, An5 6.9 ⋅ 10− 8 7.15 173 
5 Mc15, Qtz30, Ab35, An20 3.4 ⋅ 10− 6 5.00 204 
5 (case F) Mc10, Qtz20, Ab23, An23, Px20, Ol4 1.2 ⋅ 10− 10 4.26 236 
5 (case G) Mc24, Qtz19, Ab21, An9, Px23, Ol4 2.7 ⋅ 10− 5 5.37 212 
6 Mc12, Qtz25, Ab25, Als7, Grt14, Px14, Ol3 2.8 ⋅ 10− 4 4.70 269 
6 (case F) Mc8, Qtz17, Ab16, Als5, Grt9, Px29, Ol5 1.9 ⋅ 10− 3 4.10 269  
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∇⋅
(

ki

ρCpi
∇T

)

= H (1)  

where ki is the thermal conductivity for each i-th layer and is equal to kdi 
or kwi = 3kdi depending on fluid-unsaturated or saturated condition 
respectively (Clauser and Huenges, 1995, and references therein), ρ is 
the density, Cpi is the specific heat at constant pressure and H is the 
radiogenic heat production, given by: 

H(z) = H0exp
(
−

z
D

)
(2)  

where H0 is the radiogenic heat production at the Earth’s surface, D is 
the characteristic depth and z is the depth. The density ρ(x,z) is 
temperature-dependent, according to the equation: 

ρ(x, z) = ρ0i{1 − α[T(x, z) − T0 ] } (3)  

where ρ0i is the density of rocks at surface temperature and pressure and 
α is the thermal expansion coefficient for crustal rocks. T(x,z) is calcu
lated with the boundary conditions T(x,0) = T0 at the surface and T(x, 
z6) = Tb at the base. Temperature at the base of continental crust shows a 
wide range of variations (e.g. Pasquale et al., 1990; Schutt et al., 2018; 
Gruber et al., 2021). Two values of Tb (450 and 500 ∘C) have been 
adopted to test the sensitivity of the models to base temperatures. These 
values are chosen to best fit the calculated heat flow at surface with the 
surface heat flow values measured in the GP region (Della Vedova et al., 
2001). 

We numerically solved Eq. (1) by using FreeFEM++ (Hecht, 2012) a 
software specifically designed to solve systems of partial differential 
equations (PDEs). This software is based on the finite element method to 
solve linear and nonlinear multi-equation systems in an automated 
framework, and provides mesh generators and easy geometric input. 
The mesh adopted for the model is composed of triangular elements and 
it is based on the Delaunay-Voronoi algorithm. This ensures the mini
mization of sliver triangles in the model domain, and therefore improves 
the accuracy and speed of the PDEs solver. Several element sizes have 
been tested to obtain an accurate solution and a fast calculation speed. 
We have verified that a valid choice is represented by a mesh built from 
elements with edges of 250 m around the domain boundaries. Therefore, 
this size has been adopted for all simulations. The solver implemented is 
the generalized minimal residual method, with an imposed minimal 
residual ζ = 10− 6. 

The heat flow q(x,z) is computed by: 

q(x, z) = ki∇T(x, z) (4)  

and its surface vertical component q0(x,0) is compared with the surface 
heat flow map (Della Vedova et al., 2001) along the A-B lineament 
(Fig. 1B) in order to validate the geothermal model. 

We adopt a rheological model to evaluate the brittle-ductile behavior 
of the crustal section. The differential shear stress Δσm(x,z) for faulting, 
which is the fault strength, is calculated by adopting the Coulomb- 
Navier criterion (Yin and Ranalli, 1992): 

Δσm(x, z) =
2κρgz(1 − λ) + 2S

(κ2 + 1)
1
2 ± κ

(5)  

where κ is the coefficient of steady sliding friction, g is the acceleration of 
gravity, λ is the pore fluid coefficient and corresponds to λd or λw 
depending on hydrostatic or near-lithostatic conditions respectively, S is 
the cohesion coefficient and corresponds to Su or Sf depending on 
unfractured or fractured conditions respectively. The values of S and λ 
(Table 2) are independent on lithology and vary in proximity of the 

simulated seismogenic structures (Fig. 2). We take into account the drop 
of Δσm due to fractures through the coefficient S and due to fluid pres
ence through the coefficient λ. Several values of λ have been tested to 
determine when pore fluid pressure is high enough to cause a switch in 
the rheology of the lower crust, from hydrostatic (λ=0.4) to near- 
lithostatic (λ=0.8) values. Fracturing and faulting can induce porosity 
and subsequently determine a loss of cohesion, favoring a brittle regime. 
The stress field pattern (Miccolis et al., 2021) shows a compressive 
regime for the NE part of the GP, whereas evidence of an extensive 
regime exists for the SW part of the GP (Filippucci et al., 2020). The 
deformation regime exerts a primary control over rock strength in 
geodynamically active regions (e.g. Neely and Stein, 2021). Therefore, 
compressional/extensional deformation is modeled by introducing a ±
operator in Eq. (5) (+ for extension, − for compression). 

Under the assumption of power-law creep, the maximum tectonic 
differential shear stress ΔσM(x,z) is calculated by adopting the Dorn 
equation (Gerya, 2009; Filippucci et al., 2019b): 

ΔσM(x, z) =
(

ε̇
Ai

)
1
ni exp

(
Qi

niRT

)

(6)  

where ε̇ is the strain rate, ni is the exponent of the rheological power-law 
creep, Ai is the Dorn parameter, Qi is the activation energy, R is the gas 
constant and T is the absolute temperature. Each lithology is poly
mineralic and each mineral composing the crust layers has distinct 
values of rheological parameters. Therefore, the parameters of minerals 
and their volume percentage are used to calculate Ai, ni and Qi for each 
layer. The details of the averaging method are fully described in Ji et al. 
(2003). The strain rate ε̇ = 10− 14 s− 1 is an average value for geo
dynamically active areas (e.g. Ranalli, 1995; Fagereng and Biggs, 2019). 

The rheological behavior of the crust can be defined by the minimum 
differential stress 

σd(x, z) = min[ΔσM(x, z) ;Δσm(x, z) ] (7)  

representing the crustal strength. For σd(x,z) = ΔσM(x,z) the rheological 
behavior is brittle; while for σd(x,z) = Δσm(x,z) the rheological behavior 
is ductile. As a consequence the crustal rheology can be represented by 
the step function 

Rh(xz) =
{

0, if σd = ΔσM(x z)
1, if σd = Δσm(x z) (8)  

4. Results 

The parameters adopted in each simulation case are summarized in 
Table 2A. In our simulations the crust is composed of layers with 
thickness thi and bottom depth zi. The layer thickness is kept constant in 
all the simulations, except for the case D (Table 2A). In order to evaluate 
the effect of parameters on rheology we adopt four different geotherms, 
assuming two different values of Tb and pore fluid pressure at either 
hydrostatic or near-lithostatic conditions in correspondence of low 
cohesion zones (light blue area of Fig. 2). For each geotherm we test the 
effect of variations in cohesion factor S, pore fluid factor λ, thickness of 
the crystalline basement layers (th4, th5, th6) and petrological composi
tion on σd and Rh. A flow chart in Appendix B (Fig. B.1) summarizes the 
procedure followed for the model development and the obtained results. 
The results of the model are shown in Figs. 3–6 and Appendix C. 

4.1. Crustal strength σd 

When rocks are subjected to compression, the maximum value of 
σd in the sedimentary cover is constant independent of the investigated 
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setting, with σd ≈ 360 MPa. Differently, in the same layer σd is signifi
cantly lower when extension occurs and is subjected to large variations. 
In unfractured conditions (case A), σd ≈ 150 MPa, whereas σd ≈ 60 MPa 
in regions with low cohesion (case B) and σd ≈ 20 MPa in near-lithostatic 
conditions (cases C-G). The strength σd calculated in the crystalline 
basement is significantly lower than in the sedimentary cover in 
compressive areas. In the basement, the calculated maximum value of 
σd is less than 260 MPa (cases A and B) and further decreases to 140 MPa 
when fluids are present in the lower crust (case C). A rise in σd takes 
place when a colder geotherm is adopted (cases D-G). It results in 
σd between 160 MPa when either a granodiorite or metasedimentary 
middle crust is implemented (cases E and G), and 220 MPa when we 
investigate a thicker lower crust (case D). One exception is when mafic 
rocks are present in the basement (case F). In this simulation, the change 
of basement composition, and in particular the presence of pyroxene and 
olivine, lead to values of σd of approximately 500 MPa in a thin layer at 
the top of the injected middle crust. 

4.2. Crustal rheology Rh 

All simulations show a brittle behavior for most of the sedimentary 
cover in both compressional and extensional settings. The brittle-ductile 
transition is located at a depth of 6 km and its depth variations, due to 
changes in the geotherm and compressional-to-extensional setup, are 
negligible. The crystalline basement retains a ductile behavior in the 
absence of fluids, regardless of the adopted geotherm. This can be 
promptly observed in unfractured, dry conditions (case A). Low values 
of cohesion (case B) in the extensional domain can lead to a deepening of 

the brittle-ductile transition to a depth of 10 km and the appearance of 
thin brittle layers deeper in the crystalline basement. However, the 
domain subjected to compression is totally unaffected by low cohesion. 

The presence of fluids exerts a more profound effect on the crustal 
rheology and can cause a change to thick brittle layers in the previously 
ductile crystalline basement. In the lower crust, fluids cause an increase 
in thermal conductivity and, therefore, variations in geotherm (case C). 
This is combined with high values of the pore fluid factor and causes 
well-developed brittle regions where the crust is subjected to extension. 
In contrast, where compression occurs and Tb = 500∘C, the crust is only 
slightly affected by fluids. Consequently, the ductile behavior is still 
retained, except for very high values of λ = 0.8. In this scenario,a thin 
brittle layer marks the boundary between middle and lower crust. In 
order to test the sensitivity of the model to different geotherms, a colder 
temperature field has been implemented, based on a temperature at the 
bottom of the crust Tb = 450∘C (geotherm III and IV, cases D-G). In the 
resulting simulations the combined effect of high thermal conductivity, 
high pore fluid factor, low cohesion and low temperatures causes thick 
brittle layers in the extensional domain of the model (case D). These 
layers affect both the middle and the lower crust, with depths between 
20 km and 30 km. On the other hand, where compression occurs only the 
lower crust shows a brittle behavior in a 4 km thick layer, whereas the 
middle crust rheology remains unaffected by fluid presence. The brittle 
region within the crystalline basement is well defined, but still too thin 
to be compatible with the presence of the seismogenic layer at the base 
of the GP crust. Therefore, we tested the sensitivity of this region’s 
thickness to variations in crustal composition and lower crust thickness. 
When the lower crust extends from a depth of 20 km down to the base of 

Fig. 3. Geotherm I and Cases A and B. 
Upper panel: 2D Temperature T(x,z), 
surface heat flow q0(x), temperature T(z) 
along the black vertical dashed lines. Tb 
= 500∘C. Lower panels: rheological 
structure Rh(x,z), differential stress σd(z) 
with colours referring to the vertical 
dashed lines. Horizontal dashed lines 
refer to the brittle-to-ductile boundary 
(color blue) and to the ductile-to-brittle 
boundary (color red) for increasing 
depth. Case A: dry unfractured condition, 
Case B: dry fractured condition in the 
light blue area of Fig. 2. The parameters 
adopted to plot the graphs are shown in 
Tables 1, 2. (For interpretation of the 
references to color in this figure legend, 
the reader is referred to the web version 
of this article.)   
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Fig. 4. Geotherm II and Case C. Upper 
panel: 2D Temperature T(x,z), surface 
heat flow q0(x), temperature T(z) with 
colours referring to the vertical dashed 
lines. Tb = 500∘C. Lower panels: rheo
logical structure Rh(x,z), differential 
stress σd(z) with colours referring to the 
vertical dashed lines. Horizontal dashed 
lines refer to the brittle-to-ductile 
boundary (color blue) and to the 
ductile-to-brittle boundary (color red) for 
increasing depth. Case C: wet and frac
tured condition in the light blu area of 
Fig. 2. The parameters adopted to plot 
the graphs are shown in Tables 1, 2. (For 
interpretation of the references to color 
in this figure legend, the reader is 
referred to the web version of this 
article.)   

Fig. 5. Geotherm III and Case D. Upper 
panel: 2D Temperature T(x,z), surface 
heat flow q0(x), temperature T(z) with 
colours referring to the vertical dashed 
lines. Tb = 450∘C. Lower panels: rheo
logical structure Rh(x,z), differential 
stress σd(z) with colours referring to the 
vertical dashed lines. Horizontal dashed 
lines refer to the brittle-to-ductile 
boundary (color blue) and to the 
ductile-to-brittle boundary (color red) for 
increasing depth. Case D: wet and frac
tured condition in the light blue area of 
Fig. 2, lower crust thicker. The parame
ters adopted to plot the graphs are shown 
in Tables 1, 2. (For interpretation of the 
references to color in this figure legend, 
the reader is referred to the web version 
of this article.)   
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Fig. 6. Geotherm IV and Cases E, F, G. Upper panel: 2D 
Temperature T(x,z), surface heat flow q0(x), tempera
ture T(z) with colours referring to the vertical dashed 
lines. Tb = 450∘C. Lower panels: rheological structure 
Rh(x,z), differential stress σd(z) with colours referring 
to the vertical dashed lines. Horizontal dashed lines 
refer to the brittle-to-ductile boundary (color blue) and 
to the ductile-to-brittle boundary (color red) for 
increasing depth. For all cases: wet and fractured con
dition in the light blue area of Fig. 2. Case F: Gabbros. 
Case G: Gabbros+metasediment. The parameters 
adopted to plot the graphs are shown in Tables 1, 2. 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the web version 
of this article.)   
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the model, it overlaps the region of fluid presence (case C). As a result, 
the brittle layer has a thickness of 8–10 km, with its upper boundary 
coinciding with the middle-lower crust boundary. The presence of mafic 
rocks in the GP has been taken into consideration by carrying out sim
ulations where they constitute part of the crystalline basement, up to 
35% vol (cases F and G). There is a high degree of uncertainty on the 
characteristics of the mafic rocks intruding the Apulian basement. 
However, reflective magmatic bodies have been detected at mid-crustal 
depth in previous seismic studies (Finetti and Del Ben, 2005), while a 
thick band of parallel reflectors has been detected in the lower crust and 
interpreted as layering (Amato et al., 2014). For these reasons, the mafic 
component has been added at middle and lower crust depth. In addition, 
simulations where mafic rocks are also present in the upper crust and in 
variable %vol are included in Appendix C (Fig. C.1). All these simula
tions are characterized by a significant increase in rock strength, with 
values exceeding 500 MPa in the middle crust (case F). Moreover, brittle 
behavior is no longer confined within the lower crust, but now it also 
affects the middle crust, in both the compressional and extensional do
mains, in a similar fashion to the layered,”corset-like” model proposed 
by Meissner and Kern (2008). As a consequence, the simulated brittle 
layer can exceed a thickness of 10 km. On the other hand, a metasedi
mentary middle crust composition (case G) still retains a ductile 
rheology, even if partly constituted by mafic rocks. Therefore, in this 
simulation the brittle layer is significantly thinner than the preceding 
cases and does not exceed a thickness of 6 km. Further simulations have 
been carried out to test the sensitivity of rheology variations to fluid 
presence and strain rate (Fig. C.1 in Appendix C). These additional 
simulations confirm the pivotal role of fluids to promote a brittle 
rheological behavior at depth in the crust, even when mafic rocks are 
present in the entire crystalline basement or the deformation rate is very 
high. 

We tested the effect of variations in S and λ on σd where the crys
talline basement is partly composed of mafic rocks for a percentage of 
35%vol, and for geotherms calculated on the basis of a temperature at 
the base of the model of 500∘C (Fig. C.2 a, c and e) and 450∘C (Fig. C.2 b, 
d and f). In areas where extension occurs, (Fig. C.2 a and b), a decrease in 
S is enough to generate drops in σd and rheological variations from 
ductile to brittle behavior, regardless of the adopted geotherm. In 
contrast, regions where compression occurs retain a ductile behavior 
regardless of the cohesion value or geotherm adopted. An increase in λ 
leads to a further expansion of the ductile field in regions of the model 
subjected to extension (Fig. C.2 c and d). Where compression occurs, the 
effect of λ increase is almost negligible when the adopted temperature at 

the base of the model is 500∘C (Fig. C.2 e). When λ is very high and for 
lower temperatures, a switch of rheological behavior from ductile to 
brittle occurs (Fig. C.2 f). 

4.3. Effects of geotherms on surface heat flow q0 

Fluid presence has a significant effect on the thermal state of the 
crust. Therefore, by influencing the values of thermal conductivity of 
rocks, fluids also affect the heat flow in the crust. In areas where water is 
not present, we calculate a value of surface heat flow q0 ≈ 30mW m− 2 

(geotherm I). Differently, the presence of fluids at the bottom of the 
model leads to higher thermal conductivity and higher temperatures in 
the fluid rich layer (geotherm II). This is accompanied by a value of 
surface heat flow q0 ≈ 40mW m− 2. When a region rich in fluids covers 
the whole crustal thickness, the increase in thermal conductivity is 
significant enough to determine a large rise in surface heat flow, with q0 
≈ 110 mW m− 2 when Tb = 500∘C (geotherm II), and q0 ≈ 100 mW m− 2 

when Tb = 450∘C (geotherms III and IV). This effect is partly mitigated 
by lower values of thermal gradient, especially where the horizontal and 
vertical fluid-rich intervals intersect. 

5. Discussion 

We investigated the effect of fluid presence, thermal state, lithology, 
fractures and heterogeneous tectonic stress regime on crustal rheolog
ical properties in the GP, comparing our results with the recorded seis
micity distribution and surface heat flow measured in the area (see for 
details the workflow in Appendix B, Fig. B.1). Our results are illustrated 
in Fig. 8. With this study we provide a rheological model that highlights 
the main mechanisms generating: 1) the presence of layers within the GP 
lower crust where earthquakes can potentially nucleate, and 2) the 
marked heat flow anomaly in the area SW of the GP. 

Rheological models, obtained by using geotherms III and IV, which 
reproduce the observed surface heat flow, are able to explain brittle 
deformation not only in the domain SW of the GP but also in the NE 
(Figs. 5 case D, 6 case F) and show some differences among them. It 
appears that the main parameters affecting the rheological behavior of 
the crust are the water presence (ki and λ) and the temperature at the 
base of the crust Tb. The petrological composition and layer thickness 
variations affect the thickness of the brittle layer in the lower crust, 
improving the match with the observed deep seismicity (Figs. 5 case D, 6 
case F). 

Fig. 7. Comparison between surface vertical heat flow q0(xt3) and q0(xt4) calculated by the model (bars) and reported in Della Vedova et al. (2001) (dashed lines). 
The green and magenta colours refer to the points x = xt3 and x = xt4 shown in Fig. 2 respectively. Case D represents the best agreement between calculated and 
measured values of q0. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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5.1. Rheology of the GP: Implications for seismicity and surface heat flow 

As pointed out above the new seismic data acquired by the GSN 
(Fig. 1A) show that the seismicity of the GP can be subdivided into two 
main clusters. A first cluster is located in the area SW of the GP and is 
characterized by a microseismicity involving the whole crust down to a 
depth of 20 km (Miccolis et al., 2021) and surface heat flow q0 ≈ 100 
mW m− 2 (Della Vedova et al., 2001). A second cluster involves the 
whole GP, and is characterized by deep microseismicity in the middle- 
lower crust (Miccolis et al., 2021), slightly more intense than the ac
tivity observed SW of GP, and surface heat flow q0 ≈ 40 mW m− 2 (Della 
Vedova et al., 2001) with foci distributed along a layer gently dipping 
NE, at depth between 20 and 30 km (Miccolis et al., 2021). 

Cases A and B do not match with the observed surface heat flow and 
do not produce the expected brittle layer in the lower crust NE of the GP 
(Figs. 3, 7). Nevertheless, these cases are useful to better understand the 
role of the model parameters. In case A, brittle behavior is confined 
within the sedimentary cover only, at depth shallower than 7–8 km. 
Case B shows that, in presence of rock fracturing, a decrease in cohesion 
factor S triggers an expansion of the brittle field down to upper crustal 
depths and in the middle and lower crust a ductile behavior is retained 
even for fractured condition S = Sf, which is incompatible with the deep 
seismic activity in the GP. 

A comparison between the calculated surface heat flow and the 
values reported in Della Vedova et al. (2001) is shown in Fig. 7. For the 
cases A and B q0(x) = 33 mW m− 2. This value is comparable with heat 
flow data in the GP, but values in the region SW of the GP are much 
higher. The high surface heat flow measured in this area could be 
possibly explained by 1) a heat source at depth, such as melts injected in 
the crust, and 2) a water circulation system transporting heat at a 
shallower depth and increasing thermal conductivity in a water-rock 
phase system. Although the presence of magmatic bodies has been 
detected both buried (e.g. Loddo et al., 1996) and outcropping in Apulia 
(e.g. De Fino et al., 1981; Lustrino and Wilson, 2007, and reference 
therein), there is no recorded magmatic activity younger than 58 Ma in 
the region. In addition, the presence of buried hot magmatic bodies 
would increase temperature and favour ductile behavior in host rocks. 
Therefore, the presence of a shallow water circulation system appears to 
be a more suitable explanation for both the seismic activity and the high 
heat flow near the Candelaro and Apricena faults. 

A pivotal role of the interaction between fluids and temperature is 
shown in cases C-G, where the pore fluid pressure in the middle/lower 
crust is in near-lithostatic conditions and therefore S = Sf, k = kw and λ =
λw. In case C, the lower crust shows brittle behavior in the extensional 
zone (x < xt2), with a ductile behavior almost entirely in the compres
sional zone. However, the seismically active region in the lower crust 
has a thickness of around 20 km, presumably overlapping the lower and 
middle crust. In simulations where the upper, middle and lower crust 
have approximately the same thickness, a granodiorite middle crust 
composition strongly favors brittle behavior in an extensional zone (x >
xt2) and when temperature Tb = 450∘C (geotherm III, case D). A brittle 
rheology may also occur in a compressional zone when the middle crust 
is injected with mafic material (case F) or if the lower crust is particu
larly thick (case D). It should be noted that the presence of gabbroic 
rocks in the basement investigated in case F is consistent with the 
gravimetric anomaly observed both regionally and locally (Loddo et al., 
1996; Tassis et al., 2013). It is also important to note that brittle 
behavior is not predicted when the middle crust is composed of meta
morphic rocks derived from sedimentary protholiths, even when injec
ted by mafic rocks (case G). Therefore, it appears that the middle crust 
has a granodiorite composition and that mafic intrusions could be 
widespread in the crystalline basement at least at a middle crustal depth 
(case F). 

Our model predicts that brittle deformation is dominant in the 
sedimentary cover and can further expand down to upper crustal depths 
where rocks have low cohesion, controlling the distribution of 

earthquakes at shallow depths in both hydrostatic and near-lithostatic 
conditions. Differently, the middle and lower crust retain a ductile 
rheology even where the cohesion factor is low (S = Sf). The lower 
crustal composition is dominated by granulite facies metamorphic rocks, 
which are nominally dry for a wide range of heat flow and heat pro
duction conditions (e.g. Jamtveit et al., 2018). Under such conditions, 
the rheological behavior will be controlled by the strength of the dry 
mineral assemblage composing the lower crustal rocks, which can 
exceed 1 GPa (Ranalli and Murphy, 1987). Earthquakes in the lower 
crust are thus favored for very high strain rate values, so that the stress 
threshold for brittle behavior is lower than the one for ductile flow and 
therefore rock deformation occurs by faulting. Alternatively, a seismo
genic lower crust may be present when there are factors that signifi
cantly decrease the stress threshold for brittle behavior in granulite 
facies rocks. Jamtveit et al. (2018) proposed a mechanism for seismicity 
generation in the lower crust, in response to major earthquakes at 
shallower depths followed by aftershock propagation and structural 
transformation in the lower crust. A remarkable characteristic of the GP, 
however, is the absence of earthquakes at depths shallower than 20 km 
in areas other than SW of the promontory, and a diffused seismicity at 
greater depth. In addition, our model highlights a predominant ductile 
behavior of rocks overlying the lower crust up to the sedimentary cover. 
Based on our results, it appears that an increase in pore fluid pressure λ 
may constitute a suitable mechanism for rock weakening and subse
quent rheology switch from ductile to brittle in the lower crust. High 
values of λ may occur for a number of reasons, including metamorphic 
dehydration reaction and volumetric expansion (e.g Gao and Wang, 
2017, and references therein) or presence of pressurized cracks below 
layers of impervious rocks (Zencher et al., 2006). Previous studies also 
show a relationship between pore pressure, faults and stress tensor 
orientation (Byrelee, 1992). Lastly, tectonic events, such as tectonic 
compaction in the foreland and variations in fracture systems charac
teristics can cause remarkable variations in fluid circulation and pres
sure (e.g. Roure et al., 2005). In our case, the thick ductile sedimentary 
cover and basement above the brittle layer suggests low permeability of 
rocks overlying the fluid-rich lower crust and therefore a stagnation of 
fluids in mechanical equilibrium with the surrounding rocks. The pres
ence of fluids in the lower crust has been well documented in a number 
of seismic, magnetotelluric and electric studies (e.g. Simpson, 1999, and 
references therein) and has been invoked as a trigger for an increase in 
strain (e.g. Iio et al., 2002) and, potentially, seismicity in many different 
areas (e.g. Deichmann, 1992; Balfour et al., 2015). This is favored in 
geodynamic conditions where short-lived, pulsating weakening mech
anisms occur (e.g. Noda et al., 2009) and lead to rapid pore fluid pres
sure variations (Chen and Nur, 1992, and references therein). At the 
same time, earthquakes in the CF area are less frequent and less ener
getic than earthquakes occurring in the lower crust of the GP. Therefore, 
we are inclined to rule out stress transfer from the CF to the lower crust 
as main trigger for deeper seismic activity in the GP, although its 
contribution cannot be excluded. Further studies are evidently needed to 
better assess the stress transfer role in GP earthquake generation. 

In presence of shallow fluid, seismic activity should be not confined 
only to the lower crust, but it should be more evenly distributed across 
the crust as it happens in the CF. In contrast, in the GP shallow seismic 
activity does not occur and, therefore another fluid source is necessary 
to generate the observed seismicity. 

5.2. Origin of fluids and dipping of the lower crust seismogenic layer 

Our results show that the rheological behavior of the GP crystalline 
basement largely depends on the presence of fluids at depth. However, a 
fluid source beneath the promontory has not been unambiguously 
identified. The GP magmatic phase during Palaeogene times was not 
only restricted to the small dykes today exposed in Punta delle Pietre 
Nere. It is part of a much more extended magmatic phase, affecting 
broad sectors in the Adriatic domain (Improta et al., 2014, and 
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references therein) and surrounding regions referred as CiMACI prov
ince. The source of this anorogenic magmatic activity is still a matter of 
debate, but there is a general consensus on mantle plume components 
characterizing these rocks (e.g. Lustrino and Wilson, 2007). The mantle 
plumes which may have contributed to the CiMACI province magmatism 
are often characterized by modest dimensions and low potential tem
perature, and are therefore difficult to detect (e.g. Kuritani et al., 2017; 
Koptev et al., 2021). Given the magmatic history of the GP, we hypo
tesize that small, local mantle diapiric upwellings or hydrous plumes (e. 
g. Kuritani et al., 2017, 2019; Cloetingh et al., 2022) could provide 
volatiles in the lower crust and determine the seismicity that charac
terizes the area. Obviously, further studies are needed to validate this 
hypothesis. 

Hypocenters beneath the GP show a distribution along a low-angle 
NE-dipping interval. The orientation of this layer is coherent with 
regional thrust structures affecting Gargano at shallower depth, gener
ated during middle to upper Miocene NE-SW contractional deformation 
(Bertotti et al., 1999). Previous studies suggest that aqueous fluids in the 
continental crust can percolate by porous flow or surface energy-driven 
infiltration (Watson and Brenan, 1987). These mechanisms are further 
enhanced along shear zones, where subgrain rotation recrystallization 
during mylonite formation gives rise to creep cavities (Gilgannon et al., 
2020). Therefore, the earthquake hypocenters distribution seems to 
suggest the presence of one or more pre-existing deep structures, reac
tivated by present-day tectonics and where fluids can concentrate 
(Fig. 8). The activity of such structures can be related to phases of 
viscous deformation alternate to phases of brittle failure, possibly due to 
events of charge/discharge of fluids. The characteristics of this deep 
seismogenic structure and its depth makes its interpretation challenging. 
Thick-skinned tectonics has been invoked for the last compressional 
phases of the Apennines-foreland system, where deep faulting involving 
the basement exerts a control over shallower deformation style (Coward 
et al., 1999, e.g.). This interpretation is opposed to a mode of thin- 
skinned tectonics, where the base of the Mesozoic sedimentary cover 
constitutes a detachment level of contractional deformation, super
imposed on the older Cretaceous to Tertiary inversion of normal faults 
(e.g. Scrocca et al., 2007). In a thick-skinned tectonic phase, this seis
mogenic layer may reflect active strain along a very deep, low-angle 
detachment level, accommodating deformation that is not detected at 
surface. Similar foreland inversion tectonics involving the basement 
occurs in several other regions around the globe (e.g. Roure et al., 2009, 
and references therein), such as the Atlas domain (Khomsi et al., 2019), 
Pyrenees (e.g. Odlum et al., 2019) and Tucumán basin (Iaffa et al., 
2011). Shear structures that resemble the seismically active structure in 

the GP has been observed N of the study area, in the central Adriatic 
upper crust at a depth of 8 km (Finetti and Del Ben, 2005). In contrast, 
no low-angle structures have been detected in the northern and southern 
Adriatic basement. Therefore, this structure may represent the deepest 
detachment level in the Adriatic foreland, that can be generated by an 
anomalous stress field. Such a scenario may further support the hy
pothesis of small scale mantle diapirs, generating local strain that is 
accommodated along a deep detachment level without transfer to 
shallower depths in the basement and sedimentary cover. Follow-up 
studies should address open questions on the tectonic setting of the 
Apulian basement, in particular concerning the characteristics of thick- 
skinned tectonics phases in the GP and mantle flow beneath the region. 
This study is focused on a set of data collected in a period of around 8 
years on the GP. Although the current model fits well the resulting ob
servations, it could be further tested in future studies, when larger data 
sets will be available for the seismicity, isostatic movements and relative 
motion of the GP and Adriatic plate on a broader scale. 

6. Conclusions 

In our study we present a steady-state thermo-rheological model of 
the GP region, to assess the effect of temperature, lithology, tectonic 
variations and fluid presence on crustal rheology and rock strength. This 
study provides new insight on geophysical observations accounting for 
the ongoing crustal deformations in the Apennines foreland. Our model 
provides a novel interpretation of the peculiar seismic pattern and the 
remarkable differences in heat flow values in the study area. We 
calculated the temperature, strength distribution and rheology to better 
comprehend the mechanisms that can lead to a seismic response of the 
GP crust to deformation. Our findings suggest that the prime conditions 
for the observed seismicity in the GP lower crust are: presence of fluids 
at near-lithostatic pressure, low temperatures at the base of the crust and 
a mafic component in the crystalline basement. Low values of fluid 
pressure can lead to brittle behavior in shallow levels of the GP crust, but 
not with the characteristics observed in the region SW of the GP. In 
addition, a brittle, low-strength lower crust can be generated only by 
assuming the presence of fluids in the deepest parts of the basement. 
This is a plausible alternative mechanism for deep seismicity by stress 
transfer, given the absence of shallow earthquakes and the ductile 
behavior characterizing the upper basement and lower sedimentary 
cover in the GP. An improved correspondence between heat flow values, 
hypocenters distribution and thickness of brittle layers in the lower crust 
is obtained when temperatures at the base of the model do not exceed 
450 ∘C. The presence of a mafic component in the Apulian basement is 

Fig. 8. Conceptual framework for the lithology, tectonic 
structures and role of fluids for crustal seismicity, illustrated 
by schematic cross-section of the studied area, inferred from 
our model. Moho is taken at a depth of 32 km. The presence of 
fractures and faults affects the sedimentary cover and shallow 
levels of the crystalline basement. The basement is partly 
composed of mafic rocks. The fractures can represent favor
able intervals for fluid circulation. In proximity of the crustal 
base, a deep fluid source can provide fluids that collect along 
shear zones, where porosity is greater than in the surrounding 
rocks. Hatched areas mark the envelope of the depth distri
bution of seismicity.   
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another element that contributes to increase the lower crustal strength, 
and promotes brittle behavior and a seismogenic response during 
deformation. Due to the significant depth where fluid presence occurs 
and the lack of shallow seismicity in the GP, it is likely that the fluid 
source is located beneath the crust. Taking into account the history of 
magmatism that characterizes the GP during Paleocene, we hypothesize 
that fluid sources are located in the mantle and may persist up to the 
present day. This requires further investigation by studies aimed to 
resolve the state of the mantle beneath the GP and the Apulian foreland. 
This can also lead to better insights into rheological characteristics of the 
lower crust in other areas, especially in the CiMACI province. 

The links between stress release, rock deformation and seismic ac
tivity are still poorly investigated in the lower crust. Due to the opera
tion of the GSN that records a continuous low energy seismicity, the GP 
constitutes a fairly unique opportunity for the interpretation of the 
mechanisms leading to earthquake nucleation in the lower crust. 
Therefore, further study of the GP can provide valuable keys for inter
pretation of rheological patterns and seismic activity in other areas, 
especially where seismicity is triggered by fluid presence and fluid 
sources are not well identified. 
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Appendix A. Lithologies constituting the crustal layers 

In our simulations the rheological behavior of the rocks constituting each layer is calculated on the basis of a polymineralic composition of the GP 
crust. More in detail, we assume a polyphase composition of each model layer, taking into account the rheological parameters of each mineral and 
their volume percentage in the rocks. The mineral assemblage and the volume percentage of minerals composing the layers are based on average 
compositions for the lithologies occurring in the GP (e.g. Philpotts and Ague, 2009) and are illustrated in Table 2.  

1. Carbonate rocks (limestone and dolostone), locally interbedded with chert layers, with age ranging between upper Jurassic and Eocene. These 
rocks are by far the most common lithologies outcropping in the GP. Locally they can be covered by Quaternary sediments, that are discontinuous 
and with modest thickness and are not incorporated in the simulations.  

2. Anhydrite, limestones and dolostones, corresponding to the Anidriti di Burano formation. These rocks have upper Triassic age (Carnian-Rhaetian) 
and variable thickness.  

3. Permo-Triassic clastic continental rocks. In the lowermost part, this formation is constituted by low degree phyllites, with possible presence of 
intrusive bodies.  

4. Upper crust phyllites, micaschists and paragneisses with intercalate metavolcanic rocks and marbles.  
5. Carboniferous plutonic rocks with composition varying from granite to granodiorite and tonalite. Peralouminous rocks are present, as well as 

aluminosilicates.  
6. Granulite-facies metapelites and migmatites, with alouminous paragneiss and minor metabasites and metacarbonatic rocks. In the upper part, the 

granulite rocks show an overprint under amphibolite-facies conditions. 

The Anidriti di Burano and the Permo-Triassic rocks have been drilled by two wells in the Murge area (Puglia 1 well, Patacca and Scandone, 2007) 
and in the Northern GP (Gargano 1 well, Bosellini and Morsilli, 2001, and references therein). In addition, the Sannicandro 1 well reached a thick 
succession of anhydrite and dolostone being part of the Anidriti di Burano formation. These thick Paleozoic and Triassic formations have also been 
detected in the southern (Patacca and Scandone, 2007) and central Apennines (Patacca et al., 2008). Diapirism of the Anidriti di Burano formation has 
been detected in proximity of the Punta delle Pietre Nere outcrop (Festa et al., 2019), as well as the adjacent region of the Tremiti Islands (Festa et al., 
2014; Teofilo et al., 2016) and central Adriatic (Scrocca et al., 2007). However, there is no other evidence of diapirs in other sectors of the GP, 
therefore the formation has been modeled as horizontal in our simulations. Based of the available data in the GP and surrounding regions, the presence 
of the Anidriti di Burano formation does not lead to any anomaly in heat flow, irrespective of the structural relationships with adjacent rocks. This is a 
remarkable difference with respect to other areas where the high values of thermal conductivity of evaporites produces thermal anomalies (Guil
lou-Frottier et al., 2010; Bonté et al., 2012, e.g.), and may be due to the variable, locally high fraction of dolostone embedded in the formation, as 
shown in the Gargano 1 and Foresta Umbra 1 wells (Bosellini and Morsilli, 2001, and references therein). In some of the simulations (case F and G and 
Appendix C, Fig. C.1), we tested the rheological effect that the presence of mafic rocks can exert on the basement. This has been done by adopting a 
mineral assemblage for the middle and lower crust composed of gabbro for a volume percentage up to 35% vol., and the remaining volume constituted 
by the lithologies described above. 
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Appendix B. Procedure followed to develop the model

Fig. B.1. Flow chart summarizing the procedure followed to develop the model.  
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Appendix C. Crustal rheology Rh(x,z) and effect of S and λ on σd

Fig. C.1. Crustal rheology Rh(x,z) in addition to the cases shown in Figs. 3–6 in the main text. Mafic material is intruded in the entire crystalline basement for 
different volume percentages: C1 10%, C2 20%, C3 30%, C4-C6 35%. For C5 and C6 dry condition is considered with λ = 0.4 in the entire crust. In C6 a strain rate 
ε̇ = 10− 13 s− 1 is adopted. All other parameters are given in Tables 1, 2.  
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Fig. C.2. σd versus z plots for simulations where the lower and middle crust are composed of mafic rocks with a percentage of 35% vol. Panels a, b, c and d are for x 
= xt3 while panels e and f are for x = xt4 (see Fig. 2). The adopted parameters are: a) Tb = 500∘C, λ = 0.4; b) Tb = 450∘C, λ = 0.4; c and e) Tb = 500∘C, S = 10 MPa; 
d and f) Tb = 450∘C, S = 10 MPa. 
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