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Preface

The lithosphere and in particular its shallowest part, the crust, largely contributes to all natural
processes at the surface, including biological ones. Volcanism, CO, degassing, seismic activity and,
ultimately, plate tectonics have deeply shaped our planet, allowing the appearance and the evolution
of life in its superb and diversified forms. This profound connection with the shallow subsurface is
particularly relevant for our species, whose development and sustainability have been relying on, or
have been affected by processes occurring within the crust. The exploitation of natural resources
fueling two industrial revolutions, the humanitarian disaster following a M=9 earthquake in a highly
populated area are just two, non-exhaustive examples of the two-sided connection between the human
civilization and the subsurface.

Owing to its importance for human activities and its interaction with the atmosphere and biosphere,
the crust has been the target of extensive studies to unravel its structure and chemical composition
and to constrain its behavior and role in a variety of disciplines. However, despite its proximity, the
crust is largely inaccessible and our knowledge is still limited if compared to its complex heterogeneity,
as suggested by geophysical and geological evidence. Lithology, mineralogical associations, preferen-
tial mineral arrangement, temperature, pressure, porosity, water content, anisotropy are examples of
properties that, with their spatial variations, largely outnumber the data we can collect at surface,
resulting in uncertain models of the subsurface or even dissimilar reconstructions of a certain property
that still fit the observations equally well.

Temperature is one of the key parameters for characterizing the crustal behavior and its relationship
with the underlying mantle and neighboring plates. As an example, the depth of the transition from
brittle to ductile behavior affects the seismicity of a certain area and, defining the volume of rock
involved in the seismic slip, controls the maximum earthquake magnitude in a certain area. While it
is relatively straightforward to infer past crustal and mantle temperature through studies on xenoliths
and exhumed portion of deep crustal bodies, the understanding of the present-day thermal structure
poses numerous challenges and is only poorly known. In fact, current temperatures at depth are
extrapolated through heat flow measurements in boreholes, that are limited and sparse thus unable

to capture the likely spatial variability of crustal temperature. Moreover, such an approach requires



the assumption of a conductive heat transfer, strictly valid only in cold, cratonic regions where heat
up-flow by advection is assumed to be absent.

Similarly to any material, a varying temperature causes a mineral aggregate to change its stiffness
and rigidity, thus varying the velocity of propagation of P-waves and S-waves. Therefore, the anoma-
lies in seismic wave propagation can be exploited for temperature inference. Moreover, since higher
temperature causes a faster decay of high-frequency amplitude, the attenuation of seismic waves can
be informative on anomalous high temperature at depth. The advantages of using seismic models
are rooted in the more homogeneous coverage of the crust and, although the inherent problems of
non-uniqueness in the inversion process, the highest resolution images of the subsurface. However,
seismic velocities depend on temperature, chemical composition, and pressure through non-linear re-
lationships that must be accurately assessed, as much as the sensitivity of seismic velocities on such
variables at crustal conditions. This can be achieved through thermodynamic modeling, by predicting
the specific mineralogical aggregate and its seismic features in any conditions of pressure, temperature
and chemical composition.

The main motivation of this 3-years long Ph.D. project is assessing and applying an interdisciplinary
approach to map the temperature distribution at crustal depth through a combination of seismic data
and thermodynamics.

The presented work consists of three main chapters, each one preserving the structure of a stand-alone
paper. In Chapter 1, we investigate the sensitivity of seismic observables (e.g. shear wave velocities,
Vs) to temperature at depth, in comparison to other variables such as lithology and water content. This
work represents the experimental basis for further advance in the estimation of crustal temperature
from seismic data. We demonstrated that changes in temperature cause the strongest effect of seismic
velocities compared to all other variables. In addition, we carefully analyze the temperature-driven
transition of quartz from its « to 8 form, proving that is seismically relevant in regions characterized
by hot local conditions and therefore suitable for the estimation of temperature at depth. All results
of this chapter have been published on Tectonics in 2017. In Chapter 2, we apply a joint-inversion
of two different and complementary seismic datasets, receiver functions and Rayleigh wave dispersion
curves, for the Italian peninsula. The inversion scheme relies on a Bayesian framework that allows a
detailed definition of the model uncertainty and does not require any prior parametrization. Building
on our previous relationships, we were able to provide a physically meaningful interpretation of the
seismic model(s) we inverted. The analysis of our results allows us to identify intra-crustal jumps in
Vp /Vs ratio that we interpreted due to the a — 8 quartz transition. We also discuss the possible pitfall
of using different datasets in complex areas, proving the importance of a Bayesian inversion scheme

like the one we use to avoid misinterpretations. The results presented in this chapter Chapter 2 have



been submitted for publications to Journal of Geophysical Research. Finally, Chapter 3 deals with
the temperature distributions at the Moho for the Italian peninsula that is obtained by applying our
thermodynamics-bases relationships to absolute shear wave velocities determined by surface waves in
the lower crust. The new thermal map proves the deep crustal origin of several shallow geothermal
regions. We obtain indeed a very good agreement with the known geological and tectonic framework
of the Italian Peninsula and neighboring regions. Also, we find, for the first time, evidence of a deep
thermal source beneath NW Italy, in the Piedmont area. The results of Chapter 3 show the relia-
bility of our approach to infer crustal temperatures even in complex tectonic regions and have been

assembled in a manuscript submitted to Geophysical Research Letter.



Chapter 1
Seismic signature of the continental crust:
what thermodynamics says.

An example from the Italian peninsula

Abstract

Unraveling the temperature distribution and composition of Earth’s crust is key for understanding
its origin, evolution and mechanical behavior. Models of compressional (Vp) and shear wave (V)
velocity are obtained from seismological studies and can be interpreted in terms of temperature and
composition, using relationship defined through laboratory experiments. These empirical evidences
often do not properly account for the effects driven by temperature, pressure, water content and phase
change of minerals. In this study, we use thermodynamic modeling to properly investigate the role of
these variables in affecting seismic properties, as a tool to guide (joint-) inversion and interpretation
of geophysical data. We find that mineralogical phase transitions can be more seismically relevant
than a change in chemical composition. In particular, the a-8 quartz transition would cause a jump
in acoustic impedance and Vp/Vg ratio >8% , occurring in the 15-25 km depth range, depending
on the thermal gradient. Moreover, in the case of a cold lower crust, the consumption of plagioclase
in favor of high-velocity minerals might represent another relevant seismic discontinuity. Different
chemical compositions proposed for the Italian crust would be seismically indistinguishable, since
they give overlapping seismic properties. Values of Vg<3.6 km/s would imply a strong contribution
of sediments and/or partial melt. The Vg /density ratio shows a narrow variability, suggesting that

densities at depth can be directly derived in first approximation from Vg.



1 Introduction

The Earth’s crust has been largely investigated through geophysical, geochemical and petrological
studies. Nonetheless, the origin, composition and thermal structure of the crust remain unclear be-
cause of its heterogeneity and complex structure (Condie, 2013; Rudnick and Fountain, 1995; Rudnick
and Gao, 2003; Taylor and McLennan, 1985; Windley, 1996). A better understanding of the crust is
fundamental to infer its mechanical behavior, to define its role in plate tectonics and to clarify the
origin of magmas. In addition, better constraints on crustal features help to evaluate the contribution
of the mantle in geodynamical processes as well as to isolate its signal in geophysical investigations
(Ritsema et al., 2009; Tondi et al., 2012). Currently, there is an effort to merge different data and
techniques in a multidisciplinary approach to reduce the ambiguities in crustal models. Examples are
the joint inversion of receiver functions and surface waves (Bodin et al., 2012, 2016; Julia et al., 2000;
Qashqai et al., 2016; Shen et al., 2013), or the simultaneous use of gravity and seismic data (Kaban
et al., 2014; Tesauro et al., 2014; Tiberi et al., 2003; Vernant et al., 2002). To fully benefit from the
combination of different methods, there is a need to reduce the uncertainty of geophysical models by
setting robust and petrologically valid constraints. In order to accomplish this goal, it is essential
to evaluate the contribution of each variable (temperature, pressure, composition, water content and
possible phase transitions) that affects seismic properties. One of the crustal features that we find
not exhaustively explored in existing literature is the role of phase transitions. For example, the a-3
quartz transformation (Shen et al. 1993) can show a clear signal in geophysical observations. In fact,
Vp/Vs anomalies have been recently linked to such transition (Kuo-Chen et al., 2012; Lowrie and
Gussinye, 2011; Mainprice and Casey, 1990; Mechie et al. 2004;). However, the quartz structural
change is not the only possible cause of variation in Vp/Vs and its relevance compared to other sources
of seismic anomalies is not yet fully understood.

A second important point to investigate is whether a mixture of different compositions (as those com-
prised below the wavelength of any seismic method) have seismic velocities that are equivalent to that
of averaged and approximated mineralogical association.

With this work, we attempt to answer the main following questions:

1. Can we detect different chemical compositions within the crust using seismological studies?

2. What are the petrological constraints on the variability of Vp, Vg, density and their relative

ratios?
3. How do phase changes affect seismic properties in the crust?

In this study, we investigate the link between geophysical observables and crustal features, using



thermodynamic modeling as a tool for the prediction of seismic properties in a wide range of pressure
and temperature. Specifically, (i) we explore to which extent the thermo-chemical characteristics of
the crust can be revealed by seismic data, (ii) we determine the role of phase changes and melt, (iii) we
quantify their effects on different seismic observables (i.e., Rayleigh-wave dispersion curves and receiver
functions). Finally, we detail the implications and pitfalls in the interpretation of seismological data
for the crust. In this work we choose the Italian peninsula as a case study, due to the accessibility of
several published estimates of its crustal composition , the presence of large temperature variations and
locally high thermal gradients as well as abundant and reliable seismological observations covering this
area In the following introductory sections, before presenting and discussing our results, we provide an
overview of the role of geophysics in the characterization of the crust, discuss possible constraints on
crustal composition and present the state of the art on the relationships between seismic observables

and material properties.

1.1 Geophysical studies of the crust

Seismic studies and gravimetry have been largely used in the past decades to characterize the crust.
Several crustal models have been proposed in terms of seismic velocities and density such as LITHO1.0
(Pasyanos et al., 2014), CRUST 1.0 (Laske et al., 2013), CRUST 2.0 (Bassin et al., 2000) and GEMMA
(Reguzzoni and Sampietro, 2015). In areas with dense data coverage, models with higher resolution
have been provided such as the EPcrust model (Molinari and Morelli, 2011) and NACr14 (Tesauro et
al., 2014) for the European and North American continent, respectively. The distribution of compres-
sional velocity (Vp) at depth is obtained from the analysis of P-wave arrivals generated by earthquakes
worldwide (teleseismic tomography) and/or from local events within the studied area. The obtained
tomography images generally show good horizontal resolution on the order of tens of kilometers. For
the Ttalian peninsula, regional, high-resolution tomographic studies have been carried out (Di Stefano
et al., 1999, 2009; Gualtieri et al., 2014). In addition, reflection seismic surveys (e.g., CROP project,
(Finetti, 2005) have provided a relevant insight on the crustal structure of this region. Shear-wave
velocities (V) at crustal depth are mainly obtained through the analysis of surface waves, either
generated from earthquakes or retrieved from ambient-noise interferometry (passive method). The
horizontal resolution of the obtained Vg models is generally lower if compared to a Vp tomography.
However, the coverage is higher and more homogeneous, especially when using passive approach. Ex-
amples of recent crustal models from surface wave analysis are Molinari et al. (2015) and Shen and
Ritzwoller (2016), for the Italian region and North America, respectively. Another geophysical tech-
nique employed for crustal studies is based on the analysis of receiver functions (RFs). This method

was introduced in the late seventies (Vinnik, 1977) and largely developed only in the last decade.



It is based on the analysis of converted P and S phases at seismic discontinuities beneath seismic
stations (Zhu and Kanamori, 2000). The RFs method is particularly suitable for detecting sharp layer
boundaries, such as the Moho. Examples of application of this method for the Italian peninsula have
been shown by Piana Agostinetti and Amato (2009) and Bianchi et al. (2010).

As any geophysical method, the aforementioned techniques require an inversion of data to infer a ve-
locity model of the subsurface. Factors such as noise in the data, the high number of parameters in the
inversion problem and uneven illumination of the subsurface require some regularization choices (e.g.,
smoothing) to help the convergence towards a final solution during the inversion procedure (Pasyanos
and Walter, 2002; Vasco et al., 2003). As a consequence, the retrieved models might miss sharp
discontinuities, even if present. Lastly, the solution to the inversion problem is often non-unique, as

several models might explain the observed data equally well.

1.2 Composition of the crust and its determination

Exhumed portions of the crust and xenolith catalogs have been extensively used to infer crustal
composition in terms of main oxides and mineralogical associations (McLennan et al., 2005; Rudnick,
1992; Rudnick and Gao, 2003). It is widely accepted that the average composition of the crust is
andesitic (Rudnick and Gao 2003, 2014). However, both seismological and geological evidence (e.g.,
exhumed portion of the crust and xenolits) show a compositional layering (SiOs content decreasing
with depth while MgO and FeO increasing) suggesting the compositionally distinct upper, middle and
lower crust (Rudnick and Fountain, 1995; Taylor and McLennan, 1985). Considerable uncertainty
exists especially regarding the lower crust. As a matter of fact, most of the information about its
properties relies on xenolith samples whose depth of origin and representativeness of the lower crust
are poorly constrained (Hacker et al., 2015). With respect to the upper and especially middle crust,
their thicknesses or even existence are often questioned.

Besides a globally inferred composition of the Earth’s crust, average chemical compositions have been
also proposed for certain local domains. For this study, we use a range of compositions inferred for the
Italian province, but we anticipate that our results might be extended to other areas. A comprehensive
summary of the complex geological and geodynamic setting of the Italian region is beyond the scope
of this work. Abundant literature is available in this regard and here we only mention some key
points of interest in the context of this work. The current geological setting of the Italian region is
determined by the Alpine and Apennine orogenesis started in the Cretaceous due to the convergence
of the African and European continents (Carminati et al., 2012; Doglioni et al., 1999; Mantovani et
al., 2002). The position of the Italian peninsula results from the counter-clockwise rotation of the

Apenninic front (15 Ma to present) that led to the opening of the Tyrrhenian Sea basin (Carminati et
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al., 1998, 2010, 2012; Doglioni et al., 1998, 1999; Faccenna et al., 2001). Diffuse magmatism occurred
in the Quaternary and is continuing at the present time (Carminati et al., 2010; Peccerillo, 2005).
The recent tectonic evolution resulted in the high thermal gradients in the western Apennines (>150
mW /m?), opposite to the lower values (~ 30-40 mW /m?) found in the foreland areas of the Po Plain,
Adpriatic Coast and the Ionian Sea (Della Vedova et al., 2001). Gravity and seismic data suggest that
the crust is mainly continental, with a Moho at 30 km depth on average. The Alpine belt shows a
higher crustal thickness (45-50 km) while the Ionian and Tyrrhenian Sea are underlain by a (oceanic)
crust around 10 km thick (Scrocca et al., 2003 and references therein). Sassi (2003) provides several
compositional averages based on extensive sampling of exhumed portion of shallow to deep crust,
as in the area of Ivrea Verbano (Fountain, 1976). We will thus consider those averages to infer the

correspondent seismic properties using thermodynamic modeling.

1.3 Merging composition and geophysical observables

Finding a correlation among chemical composition, petrology and seismic velocities has been a matter
of research for decades. Several laboratory experiments explored the change in Vp, Vg and density for
several rock types (taken as representative of different portions of the crust) as a function of pressure
(P) and temperature (T) (Birch, 1961; Christensen and Mooney, 1995; Rudnick and Fountain, 1995).
Empirical relationships have been then derived to associate these variables to Vp, Vg and density
(Brocher, 2005; Ludwig et al., 1970). However, the simultaneous effects of pressure and temperature
are only mildly considered in these studies, albeit P and T show an important role in controlling
seismic velocities at depth. In addition, the empirical observations only span a limited temperature and
pressure range, while in the crust these can be as high as 2-2.5 GPa and 1500 K, respectively. Therefore,
such experimental relationships might not be reliable if applied to the entire crust (Guerri et al., 2015).
Finally, the use of the aforementioned empirical relationship neglects the effects of water and/or melt.
Some studies (i.e., Behn and Kelemen, 2003; Tassara, 2006) have proposed empirical formulas to derive
major oxides content (e.g. SiOs, MgO and CaO) from seismic velocities, or vice-versa. However, as
already shown in the early studies by Birch (1961) and Christensen and Mooney (1995), rocks with
very different composition and mineralogy show overlapping seismic properties. Thus, if such empirical
fits are used, seismic velocities translate in a broad range of SiO2 (for example if Vp=6.4 km/s, silica
content ranges between 53-73 wt% at 20 km, see Behn and Kelemen, 2003). Therefore, the use of
complementary information (such those on Vg and density) and petrological constraints is fundamental
to reduce ambiguities (Afonso et al., 2013). It is worth noting that empirical relations neglect possible
phase transformations that might occur at crustal depths (e.g., quartz transition). Also the role of

melt, not negligible in zones with high thermal gradients, is not taken into account. Lastly, once
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a chemical composition is inferred from observed seismic velocities, its representativeness over the
volume of investigation is not fully understood.

In this work, we use thermodynamic modeling to predict seismic properties at crustal conditions.
Differently from laboratory experiments, this approach allows to evaluate the simultaneous effects of
temperature, pressure, water content, composition and possible phase change. Despite the theoretical
nature of the employed method and the obtained results, important observations can be made to

enhance our comprehension of the properties of crustal rocks at depth.

2 Data and methods

We used thermodynamic modeling based on Gibbs Free Energy minimization (Connolly, 2009), a
technique that predicts the stable mineral assemblage given a certain chemical composition and, self-
consistently, calculates the seismic velocities and density of each mineral, for any point in the P-T
space. The seismic properties of the (synthetic) bulk rock are then obtained by averaging schemes
such as Voigt-Reuss-Hill (Hill, 1952). We used the thermodynamic database from Holland and Powell
(1998) with the shear and bulk moduli of minerals from Hacker and Abers (2004). The database
includes the experimental results from Ohno et al. (2006) that accounts for the anomalous elastic
behavior of quartz at the a-f transition, useful for our specific intent to model crustal, quartz-
bearing rocks. Abers and Hacker (2016) already implemented the peculiar properties of quartz in
a thermodynamic framework, but their approach is not self-consistent since the equilibrium of mineral
species is not assured for the ranges of P and T considered in their work. It must be pointed out
that our method is also not internally consistent since the bulk and shear moduli are experimentally
determined and not calculated as derivatives of the Gibbs free energy. While loosing consistency,
such approach is more flexible and allows the incorporation of experimental information of elastic
properties of minerals that are key to explore the relationships between different physical properties
(e.g. seismic velocities and density) of crustal rocks.

To quantify the role of chemical composition in affecting seismic properties, we considered eight
chemical averages proposed for the Italian province (Sassi, 2003). These compositions refer to different
geological domains (Figure 1) where crustal rocks are sufficiently exposed to provide a meaningful
mean composition for the upper, middle and lower crust. Locations include the Alpine Orogen, the
Calabrian and Sicilian Arc, with lithologies including granitoids, sedimentary and metamorphic rocks.
All compositions include the most abundant seven oxides, representing >99% of the whole chemical
composition (Table 1). For the sake of comparison, we also consider the mean global composition of

the crust proposed by Rudnick and Gao (2003).
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Figure 1: Locations of the considered average chemical compositions of the continental crust proposed for the Italian
Province (listed in Table 1). Data is from Sassi (2003).

For each considered composition we use thermodynamic modeling to retrieve i) the mineralogical
association stable at any crustal P and T condition ii) the seismic properties and density of the bulk
rock. The same procedure above was applied considering the addition of 0.25 wt% of H5O, to allow
the formation of melt at temperature above solidus. Using thermodynamic modeling the migration of
melt is not accounted for, as it is considered in equilibrium with the restitic fraction. This permits to
evaluate the contribution of melt in changing the seismic properties of the bulk rock. We decided to
not consider the case of higher water content. Figure 2 shows Vg as function of temperature at 4 kbar,
for an anhydrous and two wet compositions (0.25 and 1.0 wt% H2O, respectively). At sub-solidus
conditions, a water content higher than 0.25 wt% does not result in appreciable changes in seismic
velocities, albeit giving petrologically different rocks. When the temperature is above the solidus,
melt forms and Vg drastically decreases by the same amount for the two hydrous compositions. This
experiment illustrates that melts exert a dominant influence on seismic velocities, more than water
content itself. Therefore, we opted for a minimum end-member in water content, set to 0.25 wt% in our
thermodynamic modeling. A more detailed analysis of water-driven (second-order) effects on seismic
velocities in the crust can be found in Guerri et al. (2015). The seismic properties obtained from our
modeling are presented in boxplots, one for each rock composition (Figure 3). Each rectangular box
contains 50% of the data, within the 15¢ (25% ) and 3¢ (75% ) quartiles of the cumulative distribution,
in the temperature range of 400-1000 K and for portions of the upper, middle and lower crust.

Our synthetic seismic velocities are compared with those from two seismological models covering

the area of interest. These are the EPcrust model (Molinari and Morelli, 2011) and the one from

13



Molinari et al.(2015), MB from now on. The first is derived from the combination (i.e. weighted
average, see reference for more details) of previous models covering the European continent. It is
relevant to note that the Vg and density of EPcrust are calculated through the empirical formulas of
Brocher (2005) from the Vp. The latter is a shear-wave velocity model derived from ambient-noise
tomography from surface waves. The model is parameterized in upper and lower crust, provides also
Vp (obtained from inversion) and density (fixed at 2.75 and 2.9 g/cm? for the upper and lower crust,
respectively).

We also modeled the Vp/Vg ratio and acoustic impedances to highlight the role of phase transitions
and/or compositional changes as possible seismic discontinuities. Finally, we constructed a whole
synthetic crust parameterized in upper, middle and lower crust, computed the synthetic receiver func-
tions (RFs) and Rayleigh wave dispersion curves along three geothermal gradients, in order to directly

quantify the effects of the considered variables on seismic observables.

Location | Composition | SiO; | A1,O3 | FeO | MgO | CaO | Nay,O | K,0
upper crust
Eastern Peloritani Mountains EPM 66,5 17,6 6,1 2.3 1,9 29 2.8
Serre Calabre SC 68 16,2 5,4 1.5 3,4 2,9 3,6
Western Peloritani Mountains WPM 66,4 18,1 6,3 24 1,7 1,9 3,4
Eastern Alps EA 68,8 16,8 5,1 1.6 1,5 2,6 3,7
Rudnick and Gao (2003) RG 66,6 15.4 5 2,5 3,6 3.3 2,8
middle crust
Central Eastern Alps CEA 65,9 18,8 7.3 2,1 1,2 1,8 3
Peloritani Mountain PM 65,3 19,9 8,1 1.8 0,4 1,2 3,3
Rudnick and Gao (2003) RG 63,5 15 6 3,6 5,3 3.4 2,3
lower crust
Ivrea Verbano Zone AW/ 54,9 18,2 9,8 6,2 7,6 2,1 1,5
Serre Calabre SC 61,8 18,8 8,4 3,4 3,6 2,1 2
Rudnick and Gao (2003) RG 53,4 16,9 8,6 7,2 9,6 2,7 0,6

Note: Arbitrary toponyms are given for each composition

Table 1: Chemical compositions used to model the seismic properties of the upper, middle, and lower crusts
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Figure 2: Shear-wave velocity as a function of temperature at 4 kbar for dry composition and with the addition of 0.25

and 1 wt % H2O. In all cases, chemical composition is that of Rudnick and Gao (2003) for the middle crust.
The presence of melt in the bulk rock is the major player affecting seismic velocity.

3 Results

3.1 Shear Velocity (Vs)

Vs at crustal depths (upper, middle and lower crust) varies between 3.6 and 4.5 km/s when composi-
tions are anhydrous (Figure 3, left panels). A strong variation with temperature, evidenced by larger
'boxes’ in Figure 3, is observed, especially in the upper crust. At relatively shallow depths, adding
water causes the formation of melt at high temperature with the consequent reduction of velocities
(Figure 3, upper left panel). In the middle and lower crust, the influence of water is remarkably less
important, leading to overlapping Vs ranges. The MB model shows a wider distribution of Vg in
the upper crust. This is probably caused by the presence of sediments in the area covered by model,
while we consider only a crystalline crust. The variability of Vg becomes smaller at increasing depth
and Vg are lower than those determined from thermodynamic modeling. For the lower crust, the
Vs range from the MB model is close to those predicted for a hydrated composition. The EPcrust
shear velocities are systematically lower compared to those from thermodynamic modeling. Note that
EPcrust is almost entirely based on Vp, while the Vg values are empirically derived from Brocher’s
relationship (Brocher, 2005). This suggests that the empirical fit might not be able to capture the

variability of Vg within the crust.

3.2 Compressional velocity (Vp)

Results for Vp are not shown as due to their similarity to those for Vg. Compressional wave velocity

changes as a function of temperature exclusively for wet composition, and only in the upper crust.
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The effect of water becomes negligible in the middle and lower crust (where melt conditions are not
reached) and Vp exhibits similar average values and distributions, regardless of the composition. For
an anhydrous crust, Vp is bounded between 6 and 7.7 km/s, in the 5-30 km depth interval: the
lowest value is reached at shallow depth (<15 km) for high temperature (1000 K), while the highest
value corresponds to the base of the crust at a temperature <500 K. In the upper crust, Vp values
of EPcrust are similar to those modelled for wet compositions. In the middle crust, EPcrust has Vp
that are close to those we model for the lower crust. The MB model shows substantially higher Vp
than those derived from thermodynamic modeling, especially in the upper and middle crust. This
discrepancy is likely due to the poor capability of surface waves in retrieving P-wave velocities at

depth, as discussed later (see Discussion section).

3.3 Vg/density

The highest variability of Vg /density ratio is seen mostly in the upper crust and for hydrated compo-
sitions (Figure 3, right panel). Here the ratio ranges from 1 to 1.5. In the middle and lower crust, the
Vs /density ratio varies within a small range, roughly between 1.29 and 1.39, regardless the variable
temperature and composition. The Vs /density obtained from the EPcrust model has also a narrow
distribution, bounded in the same range we find from thermodynamic modeling. A significant dis-
crepancy exists between the Vg /density estimated by MB and those we modelled. This is likely due

to the assumption of fixed densities in the upper and lower crust.

3.4 Vp/Vs

The middle panel in Figure 3 is about the Vp/Vg ratio. The lowest values are reached in the upper
crust, comprised between 1.6 and 1.7. An increasing variability and higher values (up to 1.8) are
observed deeper. For wet compositions, the formation of melt above the solidus (T>800 K) yields
values of about 2. However, at larger depths, both the effects of temperature and water become
negligible and the medians of Vp/Vg ratio stabilize between 1.65-1.75. EPcrust shows a narrow range
of Vp/Vg, and its medians mostly overlap with those obtained from thermodynamic modeling. This
is consistent with the fact the VVg of EPcrust has been empirically derived from Vp. MB shows
particularly high Vp/Vs. We explain this with the inability of data used to derive this model, to
provide plausible Vp at depth. We highlight the effect of quartz transition on the Vp/Vg ratio in
Figure 4. We consider here an anhydrous, simplified crust with the composition for the upper, middle
and lower crust as in Rudnick and Gao (2003). The crust is 35 km thick and it has the compositional

boundaries between upper-middle and middle-lower crust at 15 and 25 km, respectively. We show the
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Figure 3: Boxplots showing the variation of Vg, Vp/Vg, and the Vg/density at temperature between 400 and 1.000
K for portions of the upper, middle, and lower crusts. Compositions labeled with "025" (identified with a
blue-filled bar) contain HoO at 0.25 wt%. The box includes 50% of the data within the first (25%) and third
(75%) quartiles of the cumulative distribution. The black whiskers contain the majority of the data (~99%),
and the red dots are the outliers of the distribution. The median is represented by a red line.

variation of Vp/Vg along three linear geothermal gradients of 10, 30 and 40 K/km. A sharp decrease
followed by an increase of Vp/Vs is observed around 15 km depth for the highest thermal gradient
(i.e. 40 K/km). The same feature occurs at 23 km depth for an average thermal gradient (30 K/km).

An inspection on the mineral association that is stable at these pressures and temperatures confirms
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Figure 4: Variation of the Vp/Vg ratio as a function of depth and thermal gradient. The compositions of the upper,
middle, and lower crusts are from Rudnick and Gao (2003). For an average and high gradient, the sharp
jump at 15 and 23 km is due to the transformation of a-quartz in S-quartz occurring at T = 900-1.000 K.
The effect of quartz transformation masks the one induced by the compositional change at boundaries.

that the change in Vp/Vg is due to a-8 quartz transformation. As shown by experiments in Ohno
(1995), this phase transformation first induces a decrease in compressibility, resulting in a decrease of
Vp/Vs, then is characterized by a rapid increase in Vp/Vg (here up to 1.8) when the transformation
is completed and quartz structure is stable in the stiffer and denser 8 form. We observe that the jump
in Vp/Vg due to the a-f quartz transition is higher than the jump caused by the varying composition

between layer boundaries, which is visible in Figure 4 for the lowest thermal gradient (10 K/km).

3.5 Seismic properties of a mixed chemical composition

Seismic tomography has a notoriously limited resolution, implying that observed seismic velocities
are an average over volumes that include different crustal compositions and lithologies. Therefore, it
is important to test whether an average composition in chemical equilibrium (that could be derived
from a seismic model) would exhibit similar seismic properties and density of a mechanical mixture
of different compositions. To address this point, we consider the compositions of Ivrea-Verbano Zone
and Serre Calabre (here IVZ and SR, respectively) as end-members for the lower crust. We chose
them as they show the highest relative difference in SiO2, CaO and MgO contents (see Table 1). In
our test, we consider the Vg /density ratio, as this is the parameter that is possibly more sensitive to
composition and less to pressure and temperature (see Section 3.3). We computed the Vg/density
ratio of a 1:1 compositional mixture of the chosen end-members, as a function of temperature (Figure

5, black line). We compare this with the behavior of a mechanical mixture, represented by the average
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Vs /density between the end-members (dashed line in Figure 5). In both cases, the Vg/density ratio
change non-linearly with temperature and, more importantly, are completely overlapping. This simple
test shows that an average chemical composition has seismic properties that are indeed approximately

equal to the average seismic features of the end-members.
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Figure 5: Vg /density ratio as a function of temperature for two anhy- drous compositions, Ivrea-Verbano Zone (IVZ)

and Serre Calabre (SR), and for their 1:1 mixture (black). The dotted line represents the arithmetic mean
between the Vg /density ratio of two compositional end-members.

3.6 Acoustic impedance (AI)

In order to show the presence of possible seismic discontinuities, we plot the acoustic impedance,
defined as AI = Vp x density, in a depth-temperature domain (Figure 6). We considered a 35 km-
thick crust with the upper-middle and middle-lower crust transitions at 15 and 25 km, respectively,
and using the compositions given by Rudnick and Gao (2003). The modeled layered crust enables us
to compare the effects of compositional changes vs. phase transitions as possible sources of seismic
discontinuities.

An ATl jump is clearly visible in the upper and middle crust, at a temperature between 850 and
950 K depending on depth. This is due to the quartz transition in the upper and middle crust,
already mentioned for causing an increase in Vp/Vs ratio (see section 3.4). In Figure 6, the dashed
black line indicates the transition temperature that has a gradient of 0.0256 K/bar as defined by
Shen et al. (1993). The higher quartz content in the upper crust (> 20 wt% ) produces here a more
pronounced jump in AI, compared to that of the middle and lower crust where quartz is less abundant.
Interestingly, Figure 6 shows that compositional changes at the layer boundaries produce a relatively

mild jump in AI at the upper-middle crust boundary.
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In conditions of high pressure and low temperature at mid-crustal depth, a sharp increase in Al is
observed. Inspecting the mineral phases that are stable under these conditions (reported in Table 2),
we note that the Al increase is caused by the consumption of plagioclase in favor of clino-pyroxene
and kyanite, both having remarkably high seismic velocities (Vp > 8 km/s). Table 2 also shows that
the presence of water is responsible for the formation of hydrous, high-velocity mineral phases (i.e.,
epidote and amphibole), causing a jump in AI that is 0.1% higher than the anhydrous case. At greater
crustal depths, not modelled in this study, the breakdown of plagioclase would favor the formation of

typical high-pressure mineral species, such as garnet (Behn and Kelemen, 2003).

anhydrous | 0.25 w% H,0
Temperature (K) 600
Pressure (kbar) 4.2 5.7 4.2 5.7
Depth (km) 17 | 23 | 17 2
Acoustic impedance (AI) | 18.5 | 19.7 | 18.2 194
AT jump (% ) 6.7 6.8
quartz 16.3 21 15.4 18.2
ortho-pyrozene 13.5 11.2 9.6 10.1
K-feldspar 155 163 | 154 15.6
plagioclase 49.3 12.8 | 48.9 32.1
clino-pyrozene 5.5  18.16 - 9.9
kyanite 0 21 - 2.7
epidote - - - 4.4
amphibole - - 10.1 6.7
TOT 100.1 100.5 | 99.4 99.7

Table 2: Stable mineral phases and their abundances (% vol) at 600 K and 4.2-5.7 kbar (middle crust), obtained by
thermodynamic modeling. Note: The used chemical composition is from Rudnick and Gao (2003). The jump
in acoustic impedance (AI) is due to the consumption of plagioclase, driven by the increasing pressure in
isothermal condition at mid-crustal depth. In bold: P-T condition used for thermodynamic modeling. In
italic: stable minerals composing the bulk rock
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Figure 6: Acoustic impedance (VP x density) as a function of temperature and depth in a three-layers, 35 km thick
crust with compositions from Rudnick and Gao (2003). The black dotted curve indicates the temperature
a-a quartz transformation temperature from Shen et al. (1993). This phase transition produces a jump in

Al in the upper crust (due to its higher content in quartz), less pronounced in the middle and lower crusts.
Another Al increase occurs at high pressure and low temperature due to the breakdown of plagioclase

4 Discussion

4.1 Constraints on Vp, Vs and density

Based on thermodynamic modeling, we explored the variability of Vp, Vg and density as a function of
temperature, pressure, composition and water content. Our investigation aims to clarify the relative
weight of these variables in controlling seismic velocities and density.

We found that the possibility of discriminating between different compositions within the same crustal
layer is prevented by the overlapping values of Vp and Vg. Our results confirm previous works in lit-
erature (see Introduction). For example, Behn and Kelemen (2003) drew the same conclusion using
an analogous thermodynamic approach. Despite the conclusion that different rocks have similar seis-
mic properties, they proposed experimental fits to obtain chemical composition from observed Vp.
This leads to wide ranges of oxide content that can fit the same value of seismic velocity equally
well. A problem with their approach is the assumption of no water and melt. We believe that this
simplification might hamper the application of such formulas in certain crustal domains. Behn and

Kelemen (2006) also used a thermodynamic approach, now implementing the role of melt and water.
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Our findings are not totally consistent with this study, in terms of modeled seismic velocities and
mineralogical assemblages. The reason may be due to the different compositions and thermodynamic
database used for calculations. For example, in our database we account for the anomalous behavior
of quartz, that may show an important role in controlling seismic velocities within the crust, as will
be discussed later. We show that the seismic properties of the local compositions proposed for the
Ttalian crust closely overlap to those of Rudnick and Gao (2003). This result suggests that an average
global composition can be a reasonable approximation, also at local scale. Indeed, the error made
by assuming a global composition is lower than the uncertainty arising from variations in tempera-
ture and melt, usually unknown at depth and poorly constrained by seismic methods. An additional
uncertainty is due to the limited resolution of any seismic tomography. Any compositional change
within the crust is likely smaller than the wavelength of propagating P- and S-wave. We showed that
it would be impossible to distinguish between a 1:1 mechanical mixture of two rock types and their
compositional average. Thus, when the chemical composition is assumed to be an average of two
end-members, its seismic properties are also the average of the end-members. Observed seismic wave
velocities at depth thus represent an average value over a certain volume, and can be used to infer
the average chemical composition over that volume. Lithological and compositional heterogeneities
considered in this study might be beyond the resolution of any geophysical method. Temperature
and/or phase transitions might play the dominant effect. The unawareness of the limits of geophysical
models can be the principle reason for several misunderstandings between different communities in
geosciences.

Among all factors, temperature is the most dominant in affecting Vp and even more Vg, especially if
water is present. We found that Vg values as low as 3.6 km/s can occur for a hydrated (crystalline)
crust, above solidus temperature (900 K). Therefore, crustal domains with such low Vs might be
likely associated with the presence of partial melt. Low Vp and Vg are typical of sediments (which are
common in the upper crust) and meta-sediments (at lower depth), that are neglected in this study.
Their effects would give rise to distinctive anisotropies that would be visible both in surface-wave
tomography and in receiver function studies. An example is reported in Hacker et al. (2014) where
the low Vg (<3.4 km/s) encountered in a certain portion of the Tibetan crust and the observed 6-7%
radial anisotropy are interpreted as the combined effect of melt and horizontally oriented micas. For
the case of the Italian peninsula, Okeler et al. (2009) pointed out a strong anisotropy (>10% ) in the
Southern Apennines as result of a partially melted crust. The role of temperature must be taken into
account especially in areas with high thermal gradients that can enhance the velocity reduction. It is
the case of the Italian peninsula where anomalous thermal gradients are observed in areas of relevant

magmatism (i.e., southern Tuscany, Tyrrhenian Sea, Aeolian Islands). In Italy, the role of sediments
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can also be relevant. Examples are the basin area of the Po Plain where they reach a thickness of 15
km (Molinari et al., 2015), and the foreland of the Apulian Platform characterized by a 6-7 km thick
carbonatic sequence that then dips under the southern Apennine fold-and-trust belt (Mariotti and
Doglioni, 2000). Note that in our work we did not account for anelasticity, a phenomenon that could
enhance the role of high temperatures in producing low seismic velocities (Karato, 1993; Watanabe,
1993). We are aware that also porosity might play a role in decreasing low seismic velocities, especially
in the top portion of the crust (Guerri et al., 2015).

We found that the Vg /density ratio takes a rather constant value around 1.34 km cm?® s=! g1, despite
the variable temperature, water content and composition. In contrast with our result, Brocher (2005)
found a non-linear, fifth-order polynomial fit between Vg and bulk density. The relation was derived
from laboratory experiments based on a variety of rock types, but neglecting the simultaneous effect
of pressure, temperature, water content, melt and phase changes. On the contrary, in our thermody-
namic approach, we account for these variables at once. Levandowski et al. (2015, 2016) proposed a
correction to the Brocher’s polynomial fit to account for temperature, assuming a constant thermal
conductivity for the whole crust. In regions where conduction is not the only mechanism of heat
transport, such as in zones characterized by large fluid circulation (a common case for the Italian
province), this assumption might be too stringent. On the contrary, the substantial linear dependency
between Vs and density that we have derived, accounts in first approximation for the possible role
of temperature, water and composition. It means that crustal densities might be firstly derived from
a shear-wave velocity model. Of course, the use of gravity data would be necessary to validate and
possibly improve the density model. We acknowledge that a possible reason for the narrow range
of our modelled Vs /density ratio can be related to the thermodynamic database used in this study.
In fact, for some minerals the shear modulus is not available experimentally and their properties
are approximated to those of known minerals with similar structure (Hacker and Abers, 2004). A
comprehensive discussion of the uncertainty of thermodynamic properties of major minerals can be
found in Hacker et al. (2003). However, data do exist for most important crustal minerals, such as
ortho-pyroxene, clino-pyroxene and quartz (Anderson et al., 1992; Bina and Helffrich, 1992; Ohno et
al., 2006). Better constraints on the mechanical behavior of minerals will hopefully give more reliable
predictions on the characteristics of the crust.

The importance of using correct seismic constraints is demonstrated by the comparison of our ther-
modynamic data with two seismic models covering the Italian region. We observed that if seismic
properties are empirically inferred, assumed or poorly constrained, these are inconsistent with what
thermodynamics suggests. A convincing example is given by the Vp/Vg in the MB model. It ranges

from 1.65 to 2.3, whereas both the EPcrust model and our modeled data show a much narrower range,
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centered around 1.7. MB is constructed from surface waves and thus is poorly sensitive to Vp. The
absence of an adequate a-priori constraint during the inversion stage produces unrealistic values of
Vp in the final model. In summary, we suggest that either (i) poorly constrained parameters should
not be presented in the published model because its interpretation (from those unaware of this critical
issue) can translate in wrong conclusions and, (ii) petrologically valid constraints should be used to
narrow the variability of such parameters. Thermodynamic modeling can give a valuable insight in
this regard.

Finally, we stress that our method and results might be hardly applicable to the uppermost crust
where the influence of pore and sediments might be dominant. In this work we simulated a crys-
talline, isotropic, pore-free mineral aggregate. Moreover, we did not take anisotropy into account, an
important feature for seismic data if sediments or meta-sediments are present at depth. More com-
plex thermodynamic modeling tools have been developed (e.g., HeFESTo from Stizrude and Lithgow-
Bertelloni, 2011) to account for the full elastic tensor, but, as discussed earlier, there is a lack of

experimental data in current databases even for isotropic properties.

4.2 Phase-changes as seismic discontinuities

Our results suggest that the a-8 quartz transition has a considerable effect on the bulk properties of a
crustal rock. We found that when the transition temperature (ranging from 850 to 950 K, depending
on pressure) is approached, the Vp/Vg ratio first decreases (<5% ) and then increases up to a value
of 1.8 or more. The depth of the quartz transformation is governed by the thermal gradient. Figure 7
(left panel) clarifies the role of temperature gradient on Vp/Vs when the transition of quartz occurs.
A gradient between from 28 to 40 K/km results in a quartz transition in the middle crust (15-25 km
depth). Importantly, we show that the increase in Vp/Vg due to this transition is higher than that
driven by the compositional layering of the crust. If the thermal gradient is lower than 28 K/km,
the quartz transition would occur in the lower crust. Its mild effect (mild because of the low quartz
content) is masked by an increase in Vp/Vg due to the compositional change at the middle-lower crust
boundary. Mechie et al. (2004) interpreted the high Vp/Vg anomalies observed in Tibetan crust as
evidence of the a-f quartz transition at around 20 km depth. Their interpretation assumes that the
involved crustal rocks have a quartz content that is high enough (>30 % vol) to yield a significant
Vp/Vs anomaly, as shown in Le Maitre (1976). In contrast, our thermodynamic modeling shows that
a significant change in Vp/Vs due to the quartz transition already occurs with less quartz content

(<20% vol).

Even if seismically relevant, the quartz transition is probably difficult to detect. Being not sharp
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Figure 7:

(it occurs over a depth range of 3-5 km, see Figure 4), seismic methods with low vertical resolution
(i.e., surface wave tomography) might not be able to resolve it. However, we think that the use of
receiver functions would be beneficial for the detection the a-f transition. A promising outlook is the
use of this phase change as possible geo-thermometer, as firstly proposed by Mechie et al., (2004). The
detection of this transition can also have major implications to determine crustal rheology at depth.
In fact, close to the transition temperature, the Young’s modulus of quartz decreases by ~ 30% (Peng
and Redfern, 2013). Therefore, if stress is applied, a quartz-bearing rock might undergo a relevant
mechanical weakening near the transition temperature, favoring strain accumulation. An additional
parameter that is affected at quartz transition is thermal conductivity. Gibert and Mainprice (2009)
reported a minimum value of thermal conductivity of quartz at the a-f transition. If confirmed, this
peculiarity would affect the geothermal gradient at the depth of the phase transition. Moreover, the

latent heat absorbed for the transformation could decrease the thermal gradient even more, thickening
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the a-f quartz transition.

the depth interval where the transformation occurs.

The increase in Vp/Vg within the crust cannot be univocally interpreted as the a-8 quartz transition.

Temperature above solidus in a wet crust induces the formation of partial melt, causing a strong
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decrease in Vg and thus an increase in Vp/Vg ratio. Figure 7 (right panel) shows the relative change
in Vp/Vs as a function of depth and temperature gradient in a wet crust. The raise in Vp/Vy is caused
by the presence of melt (~ 1% vol in our thermodynamic calculation) at depths and temperature that
are close to those of the -8 transition. Hence, only considering the Vp/Vg ratio can lead to a
wrong interpretation. Both Vp and Vg datasets must be thus taken into account when interpreting
variations in Vp/Vg. Note that the calculated seismic properties are reliable also at solidus and sub-
solidus conditions. Our thermodynamic computations make use of the comprehensive and extensively
used database from Ghiorso et al. (2002) for phase relations between mineral aggregate and silicate
melts. In contrast, we point out that our modeled Vp/Vs are not reliable for temperatures that
are too high above the solidus. This condition favors the production of large quantity of melt (>
1-2% vol), causing excessively low Vp/Vs in the bulk rock, as those seen in Figure 7 at T>900° C.
The assumption made in our thermodynamic modeling that melt is in equilibrium with the mineral
aggregate is not realistic in this case. Large amount of melt is unstable and tend to migrate from the
restitic fraction.

Beside the quartz transition, we showed that the breakdown of plagioclase can also affect seismic
velocities. Figure 6 and Figure 7 (left panel) shows that it occurs at low temperatures (500- 800 K)
in the lower crust and mildly in the middle crust, causing an increase in acoustic impedance (>10% )
and Vp/Vs(7% ). Here plagioclase is consumed in favor of dense, high-velocity minerals (e.g., clino-
pyroxene). Interestingly, the associated sharp contrast in Al would exceed the effect of a chemical
change at the middle-lower crust boundary. This implies that an observed sharp increase in seismic
velocities is not necessarily associated with a change in chemical composition and/or the formation of
garnet (that we find stable at higher pressures than those presented in our study). We conclude that
the breakdown of plagioclase could play a significant role as seismic discontinuity. It could be even

more relevant for anhydrous compositions, as suggested in Guerri et al. (2015).

4.3 Effects on seismic observables

Can we detect different compositions within the crust? And how do phase-changes affect its seismic
properties? To address these questions, we compute synthetic Rayleigh-wave dispersion curves and
receiver functions using the Vp, Vg and density profiles obtained through thermodynamic modeling.
Surface waves are sensitive to the Vg profile at depth. For forward computation, we use a code
based on Hisada (1994), Lai (1998) and Lai and Riz (1999) that retrieves the Green’s function for a
vertically layered heterogeneous medium. On the other hand, receiver functions are sensitive to seismic
discontinuities underneath seismic stations. We compute RFs using a Thomson-Haskell propagator

matrix for layered media. Figure 8 (b) shows the dispersion curves along three different thermal
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gradients (10, 30 and 40 K/km), for a 35 km-thick crust with composition from Rudnick and Gao
(2003), as so far. The average and high thermal gradients produce almost overlapping dispersion
curves, due to the similar Vg structure at depth regardless the different thermal gradients considered.
Indeed, the Vg profiles in the two cases are almost identical (Figure 8, panel ¢). On the contrary, a
low gradient of 10 K/km is associated with values of Rayleigh phase velocities that are remarkably

higher, especially in the 15-25 s range.
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Figure 8: Synthetic observables calculated for the same crustal composition (Rudnick & Gao, 2003), along different ther-
mal gradients. (a) Synthetic receiver functions (RFs). (b) Synthetic dispersion curves of Rayleigh waves phase
velocity. (¢) Vp, Vg, and density profiles obtained from thermodynamic modeling used for the computation
of the seismic observables.

The key role of quartz transformation emerges when computing synthetic RFs. The average and
high gradients give similar RFs waveforms, both in amplitude and phase. More importantly, these
waveforms are dominated by the quartz transformation that affects both the Vp and Vp/Vs. If such
similar RFs are observed, they would lead to almost identical velocity profile after inversion. The
difference with the case of a cold gradient (10 K/km) is significant. The arrivals are earlier (e.g., up to
2s for the PpShs+PsPhs phase) with respect to the ”warm” waveforms. This is due to the higher Vp
and Vg along the depth profile (see Figure 8, panel ¢). Moreover, amplitudes of phases in the ”cold”
RF are lower, due to the small jump in Al and Vp/Vs occurring at the compositional transitions.
Far from being an exhaustive example, this exercise shows that temperature largely influences seismic
velocities. Same chemical compositions exhibit diverse velocity profiles that are controlled by the

temperature distribution at depth. Temperature defines the seismic properties of minerals, their
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stability and controls mineralogical transformation. Therefore, independent information on the local
temperature gradient is fundamental for an improved and reliable interpretation of seismological data

of the crust.
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5 Limitation and conclusions

In spite of abundant data, the formation, evolution, structure and composition of the crust are still
unclear and matter of debate. Geophysical methods provide biased information because of the strong
non-uniqueness of the retrieved models, model assumptions and non-linearity of relations used to
tie physical and seismic properties. In order to improve the interpretation of geophysical data in a
multi-disciplinary framework, we analyzed the effects of temperature, pressure, composition and water
content on the seismic properties of the crust in a thermodynamically consistent approach. Our major

findings are:

1. Different dry compositions, typical of crystalline crust (note that we do not consider in this
study a variety of sedimentary rocks that can characterize the top portion of the crust) can
be seismically undistinguishable. The variation induced by a different composition is always
lower than that caused by temperature and water content. The global chemical composition
of the crust proposed by Rudnick and Gao (2003) provides similar seismic properties as those
determined at a regional scale. Therefore, it can be used as a reasonable approximation for the

chemical composition also for local studies.

2. In order to infer temperature and/or composition of the crust, it is necessary to use complemen-

tary geophysical datasets and thermodynamic constraints.

3. The Vg /density has an almost constant value around 1.34 for variable temperatures (400-1000
K), pressure, dry composition and water content. In absence of better constraints, this ratio
could be used in joint-inversion of gravity and seismic data assuming a crystalline, pore-free

rock.

4. The a-f quartz transition might represent an important seismic discontinuity in the middle crust
(15-25 km). It is marked by an increase in Vp and Vp/Vg, both larger than those generated by

compositional changes at the upper-middle, middle-lower crust boundaries.

5. The increase in Vp/Vg cannot be univocally referred to the quartz transition. In a wet crust,
the formation of melt causes also a highVp/Vs, due to the decrease in V. Therefore, a correct
interpretation of seismological data must be based also on the joint interpretation of independent

Vp and Vg data to discriminate between the two cases.

6. In the presence of a localized pressure gradient and temperature between 500 and 800 K, the

plagioclase breakdown can produce an increase of acoustic impedance and Vp/Vs in the lower
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crust. The change in seismic properties, also in this case, is higher than that caused by a chemical

transition at the boundary between middle and lower crust.

The use of thermodynamic modeling in this work required some simplifications. Firstly, seismic
properties were modelled assuming the thermodynamic equilibrium of all phases for any pressure
and temperature while, in reality, crustal rocks can be in a metastable condition. Secondly, our
modeling assumes an isotropic and pore-free bulk rock. This simplification might not be valid in
the shallowest crust where mineral might still preserve a preferential orientation and porosity can
significantly decrease seismic velocities. In addition, temperature-induced anelasticity is not accounted
for, and, as already mentioned, we did not thoroughly assess the effects of sedimentary rocks on seismic
velocities, that might not be negligible in the upper crust. The considerations of these effects would be
a matter of further investigation, for a better understanding of crust in terms of its thermo-chemical

characteristics.
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Chapter 2
Seismic constraints on the crustal thermal structure

of the Italian Peninsula

Abstract

Temperature distribution at depth is of key importance to characterize the crust, defining its role and
behavior in relation to neighboring plates and the mantle underneath. Temperature can be retrieved
by heat flow measurements in boreholes, but data are sparse and shallow and do not provide the
necessary coverage and reliability, especially in active and geologically recent areas. Laboratory data
and thermodynamic modeling demonstrate that temperature exerts a strong control on the seismic
properties of rocks, supporting the hypothesis that seismic data can be used to unravel the crustal
thermal structure. We use Rayleigh wave dispersion curves (SWD) and receiver functions (RFs),
jointly inverted with a trans-dimensional Monte Carlo Markov Chain algorithm, to retrieve the Vg
and Vp/Vs at crustal depth for the Italian peninsula. Except for the areas where the geological
complexities have hampered the retrieval of a satisfactory model, the obtained subsurface models
are exploited for the crustal characterization. The high values (> 1.9) of Vp/Vs suggest a relevant
role of filled-fluid cracks in the middle and lower crust. Intra-crustal discontinuities associated with
large values of Vp/Vs are interpreted as the a — 8 quartz transition and used for the estimation of
geothermal gradients. The use of thermodynamics to translate shear-wave velocities into temperature
leads to similar estimates, in agreement with the known tectonic and geodynamic setting of the Italian
Peninsula. Seismological data are therefore a viable alternative to heat flow measurements for the

thermal characterization of the crust.
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1 Introduction

Unraveling the thermo-chemical structure of the crust is fundamental for the understanding of its
tectonic, magmatic and geodynamical processes, both at local and global scales. With its rheological
behavior, the crust has a direct implication on the type of interaction between plates, the storage of
mechanical stress, and, consequently, overall seismicity. Moreover, the crust has effects on magmatic
processes, controlling their spatial and temporal evolution, the chemical signature of magmas, their
emplacement and erupting style.

Temperature is a key parameters for the characterization of the crust. It controls the depth of the
brittle-to-ductile transition (BDT, Rutter| (1986))), marking the change from an elastic behavior (caus-
ing earthquakes) to the plastic one. On larger time scales than fault rupture, temperature is the key
factor affecting the viscosity and flow of the lower, ductile portion of the crust, with direct implica-
tions on processes such as exhumation and delamination (Ranalli, |2000). Our understanding of the
respective contribution of crust and mantle on isostatic adjustments (i.e. uplift and subsidence on re-
gional scale) is bounded by the definition of the thermal structure at depth (Lachenbruch et al.,|{1997).
Moreover, temperature is directly indicative of the enrichment in radiogenic isotopes, the up-welling
(or percolation) of fluids through fault systems, as well as of deep-mantle heat source or accumulation
of partial melts. Despite its importance, temperature is only poorly known at depth and is inferred
through heat flow measurements in boreholes, assuming a purely conductive heat transfer mechanism.
For these reasons, heat flow data is scarce, has poor spatial representativeness and suffers from sys-
tematic errors due to the measurement technique employed in borehole(Stein, [1995). Particularly for
active regions, a purely conductive heat transfer is unrealistic because the generally high values of
heat flow suggest a relevant role of fluid up-welling (advection) as an important, or probably major,
mechanism for heat transfer.

To overcome the limitations of heat flow measurements, a more accurate and spatially representative
method is desirable for temperature estimation, possibly based on observed seismic velocities that
offer better coverage and less uncertainty. In this direction, an attempt is represented by [Schut?
et al.| (2018]), based on anomalies of refracted Pn waves for the retrieval of temperature at Moho in
Western Unites States. With this work, we integrate two different seismic datasets and thermody-
namics, as equations of state in a mineral aggregate are the link between observed seismic velocities
(Diaferia and Cammarano), |2017)) and temperature. Specifically, we jointly invert dispersion curves
of Rayleigh surface waves (SWD) and receiver functions (RFs) using a reversible-jump Markov Chain
Monte Carlo. The inversion method does not require strong prior information on the geometry of the

subsurface structure. Specifically, the number of model parameters is considered as an unknown in
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the inversion. The Bayesian nature of the inversion also allows the estimates of the model parameter

uncertainties. We retrieve temperatures at depth by (i) using thermodynamic modeling, assuming

a crustal composition as in |[Rudnick and Gao| (2003) and (ii) detecting the seismic signature of the

quartz transition, since this mineralogical transformation is mostly temperature-driven and can be
used as geo-thermometer.

The target of our study is the Italian peninsula that, with its recent tectonic history and relevant seis-
mic and magmatic activity, is one of the key spots to understand the evolution of the Mediterranean.
Its formation is the result of the Alpine and Apennine orogenic events, due to the collision of the
African and European plates since the Cretaceous. In the past 15 Ma, the Italian Peninsula rotated
counterclockwise, causing the opening of the Tyrrhenian Sea basin. A relevant volcano-magmatic ac-
tivity started in the Quaternary and still continues, as testified by the diffuse volcanism and the high
heat flow measured at the surface in certain areas. For imaging its structure at depth, and thus better
understand its tectonic and geodynamic setting, the Italian Peninsula has been the target of a wealth

of studies based on seismological investigations. Examples of investigations with seismic reflection

and refraction are found in |Waldhauser et al| (2014) and |Bruckl et al.| (2007), tomographic images

based on P-waves arrivals are provided by |Chiarabba and Amato| (1996)), | Piromallo and Morelli| (2003)),

|Serretti and Morelli| (2011)), |Gualtier: et al.| (2014). Diehl et al.| (2009)) and |Di Stefano et al. (2009))

are examples of high-resolution, local earthquake tomographies, |Piana Agostinetti et al.| (2002))Piand

|Agostinetti and Amato| (2009)) and |Bianchi et al.| (2010) employed receiver functions. An integration

of different seismological methods is attempted in |Spada et al| (2013) to define the depth and ge-

ometry of the Moho. The CROP project 2005) shed light on intra-crustal features through

through deep seismic reflection. While these studies have mainly characterized the crust in terms of

compressional-wave velocities, |Verbeke et al.| (2012)[Molinari et al.| (2015) and |Kastle et al.| (2018))

used ambient noise to obtain the shear-velocity distribution at depth. Despite the abundance of data,
their interpretation is often difficult due to uneven coverage, varying resolution and sensitivity of
each method. In addition, the conversion of seismic velocities into parameters such as water content,

temperature and lithology is a difficult task.

2 Data and method

Among the wealth of seismic data available for the Italian peninsula, we rely on the Rayleigh phase

velocity used in [Molinari et al| (2015). These are retrieved from ambient noise (more details in the

following section), assuring a large coverage across the Italian peninsula and sensitivity to crustal
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depth. To recover the Vp/Vs at depth and increase the resolution of the ambient noise data, we
integrate it with receiver functions. RFs provide information on possible sharp seismic discontinuities
at depth. We jointly invert the two datasets using a reversible-jump Markov chain Monte Carlo
(rj-MCMC) that does not require any prior discretization of the subsurface model. Specifically, the
number of layers is an unknown itself and, theoretically, is only constrained by the data if the prior
information do not provide any restriction (Bodin and Sambridgel 2009; |Gao and Lekicl 2018]). The
depth of the seismic discontinuities is provided as posterior probability density function, providing
an indication of their strength and uncertainty. Finally, we use the inverted shear-wave velocities
profile for i) detecting the quartz transformation ii) and converting of such velocities into absolute

temperature through thermodynamics.

2.1 Receiver Functions

The teleseismic data, recorded in the last 10-12 years by 50 both permanent and temporary stations
from the Istituto Nazionale di Geofisica e Vulcanologica (INGV, Italy), have been used to construct
the RF data-sets. All considered seismic events have at least MW >=5.5, with an epicentral distance
between 30°and 100°. Seismic station with more than two years of data have been considered, to obtain
a good back-azimuthal coverage. For each event, we deconvolve in the frequency domain the vertical
and radial components of the incoming wavefield with a Gaussian filter resulting in a central frequency
of 1 Hz (Di Bonal, [1998). Following Bianchi et al| (2010), we extracted back-azimuthal harmonics
from each data-set, to obtain a single RF (the first angular harmonics, k=0) that represents the 1-
D, horizontally layered, isotropic structure beneath the seismic section (Park and Levin), 2016) . The
uncertainty on each k=0 harmonics is estimated by bootstrap re-sampling, while data correlation along
each RF is obtained by deconvolution of the vertical component with itself. Those two information,
uncertainty on k=0 harmonics and correlation function, are used to build the Covariance matrix of
the RF data, used to compute the likelihood between data and model predictions (Piana Agostinetts
and Malinvernol [2018). The 50 locations are those that provide the best error-statistics and the least
uncertainty on the receiver function waveform. The forward solver used in the inversion routine is
based on the Thomson-Haskell propagator matrix (Thomson, 1950 |Haskell, 1953)) for isotropic and

vertically layered media.

2.2 Dispersion curves

We use ambient-noise recordings with a data coverage that is not dependent on earthquakes distribu-

tion. The dispersion curves of Rayleigh phase velocities are computed by |Molinari et al.| (2015)) from
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the passive, 1-year long recordings (2008) of |Verbeke et al.| (2012) that cover the Alpine area as well
as the majority of the Italian peninsula. Phase velocities are given in the period range of 5-45 s, on
a evenly spaced 0.25° x 0.25° grid. These periods provide a good sensitivity from the upper to lower
crust and beyond. At the location for which RFs are available, we interpolate the phase velocities at

each frequency to obtain the dispersion curves to be used in the joint-inversion.

2.3 The joint-inversion strategy

For the retrieval of the subsurface model from observed data, we use a model-space sampling strategy
based on Bayes’ theorem. Our approach allows a proper and effective sampling of the multivariate
space that constitutes the final model. This is in the form of an ensemble solution and its wideness
is directly indicative of its uncertainty. In comparison with a classical approach based on linearized
inversion, our approach has the advantage of not being trapped in local minima and of providing

estimate of the model uncertainties.

The rj-MCMC algorithm

Owing to our need to invert simultaneously two different datasets, we opt for the approach presented
in |Bodin et al|(2012). The method we adopt employs a reversible jump, Monte Carlo Markov chain
scheme (rj-MCMC) for the joint-inversion of a RF and dispersion curve. The inversion problem is
formulated with a Bayesian framework, where the final solution is represented by a posterior probabil-
ity density function and is sampled through a trans-dimensional approach (Malivernol [2002), i.e. the
number of model unknowns (e.g. the number of layers) is itself unknown. This approach avoids the
requirement of any subjective a-priori discretization of the solution (Piana Agostinetti and Maliverno,
2010). The rationale of the method is to sample the posterior density function, combining our a-priori
knowledge of the subsurface and updating it with the information provided by the data. Formally,

this is expressed by the Bayes theorem (Bayes and Price), [1763):

p(mld,,,) o p(dops [m) x p(m) (1)

where p(m|d ) is the posterior density function (expressed as the probability of having the model
parameters in m, given the observed data); p(doss|m) is the likelihood (the probability of observing
the data, given the model); p(m) is the prior, the information we have about the model in terms of

probabilities, before observing the data. The likelihood is expressed as:

B 1 o, { —0(m)
p(dops|m) = ﬁC'(%)"e p{ 5 }
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C is the co-variance matrix of the data vector (since the error in a RF is strongly correlated, |Di: Bona
(1998)) and ¢(m) is the misfit between the vector of observed data dops and forward estimation g(m)

from the model, expressed as the Mahalanobis distance: (Mahalanobis), [1936)

$(m) = (g(m) — dops) " C ™" (g(m) — dops) 3)

The posterior density p(m|d,,,) cannot be directly computed, hence it is sampled iteratively. At each
step, the current model is randomly perturbed (the Monte Carlo approach) to generate a candidate
model that can be accepted or rejected. Thus, the resulting chain of models (the Markov Chain), if
sufficiently long, will provide a reliable estimation of the posterior density. The Metropolis-Hasting
criterion (Metropolis et al.l [1953; |Hastings), 1970) is used to decide on the retention of a candidate
model for the i*" iteration favoring the proposed model if it leads to a decrease of the misfit with the
observed data.

The perturbation of the current model occurs by randomly choosing among four options: change the
velocity of a layer, change the thickness of a layer, add a layer and propose its velocity, remove a layer.
For every option, the new velocity (and/or layer depth) is drawn from a Gaussian distribution centered
on the current value. In Table [1| we show the (uniform) probability function used as prior for each of
the variables we invert for and their allowed perturbation in terms of standard deviation. The possi-
bility that the number of layers can indeed vary along the chain expresses the trans-dimensionality of
the inversion algorithm.

With respect to |Bodin et al|(2012), we employ the rj-MCMC algorithm strategy with some modifica-
tions, motivated by our specific needs and observations. |Bodin et al.|(2012)) keep the ratio Vp/Vs fixed
for decreasing the computational cost of the inversion. Following |Gao and Lekic¢| (2018]), we decide to
leave Vp /Vg as a variable that can be randomly perturbed along the chain. As a matter of fact, both
laboratory experiments (Ohno et al.l [2006; |Peng and Redfern), |2013) and thermodynamic modeling
(Diaferia and Cammaranol [2017) suggest that Vp/Vg can strongly vary at crustal depth as result of
the phase transition of quartz from its a- to S-form. Therefore, given the scope of this study, we find
that fixing Vp/Vs at a (arbitrary) value will hamper a correct interpretation.

The algorithm in |Bodin et alf (2012) is hierarchical, meaning that data error of both RFs and dis-
persion curves is itself unknown and estimated by the inversion procedure. It is not the case for our
algorithm: this allows us to decrease the computational demand. The decision relies on the good
estimates of data variance for both the RFs and dispersion curves. The average standard deviation
on the RFs waveform is 0.010, that is ~10% of first arrival with the lowest amplitude and ~3% with

respect to the highest one. The uncertainty on the phase velocity of dispersion curves is estimated to
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~0.03 km/s (Molinari - personal communication).

For a proper sampling of the posterior density function for a given location, tens (or hundreds) of
independent chains are run simultaneously, in parallel on a large multi-core computer cluster. In
our case, we have a dataset of more than 50 RFs and dispersion curves, which require a prohibitive
computational cost if we want to follow the procedure of |Bodin et al.|(2012)), where the joint-inversion
is carried out for only one location. For this study, we looked for an optimal trade-off between a sat-
isfactory sampling of the posterior density and the required computational cost by means of a series
of tests for a sample station.

First, we modify the approach proposed in |Bodin et al.| (2012) so that models that are implausible
(i.e. the shallowest layer faster and/or denser than the deepest) are rejected before computing their
forward response. Thus, only models that are geologically meaningful are actually compared against
the data, improving the convergence of the inversion. Second, through dedicated tests, we find the
values of the perturbation that maximize the efficiency of the algorithm (shown in Table . Smaller
perturbations would require many iterations for convergence, whereas large perturbations inhibit the
converge itself (the algorithm reaches and leaves the high-likelihood region of the model space). The
amount of perturbation allowed on the different model parameters are realistic and comparable to the
uncertainties over the measurements and result in an overall model acceptance rate around 33%. For
each location, we run ten independent chains, with 500,000 iterations each, on the DT2 supercom-
puter from the University of Maryland. For the first 90.000 iterations, models are not retained for
the posterior ("burn-in phase"). Along the remaining iterations, the misfit stabilizes at a sufficiently
low plateau, implying that the high-likelihood region of the model space is reached. The inversion
converges with these settings because the results were substantially similar to those obtained in a test
with more (30) and longer chains(1.5e6 iterations). Adding more and longer chains does not result in

a significant gain in terms of sampling of the posterior density.

Prior Perturbation
(uniform probability) (st. dev.)
Vs (km/s) 15-47 0.12
Vp/Vs 1.6-21 0.10
density (g/cm?) 24-31 0.003
layer depth (km) - 0.6

Table 1: Prior density distribution and standard deviation of the perturbation allowed in each iteration of the rj-MCMC
inversion algorithm
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2.4 Thermodynamics

We use thermodynamic modeling to predict the absolute temperatures at depth from seismic velocities.
We employ the code Perple_X (Connoly, [2009), an algorithm that is based on Gibbs Free energy
minimization for the calculation of i) the stable mineral association at any P-T, given a certain
chemical composition, ii) the density and seismic velocities of the resulting mineralogical aggregate.
We assume the model of |Rudnick and Gao| (2003]) as crustal composition, parametrized in upper,
middle and lower continental crust. Originally, the crustal composition from |Rudnick and Gao|(2003])
is provided as dry. We add 1% of H50, thus allowing the modeling of hydrated mineralogical phases
(e.g. amphibole) for a more realistic representation of the actual crust. The assessment of the main
parameters, i.e. water and composition in addition to temperature and pressure, has been carried out
by |Guerri et al.| (2015) and |Diaferia and Cammarano| (2017)).
We correct the observed Vg to account for porosity. In doing this, we increase the seismic velocities as if
the rock was a pore-free mineralogical aggregate, that is the approximation made in thermodynamic
modeling. Porosity as a function of depth is estimated with the empirical, quadratic formula in
Vitovtova et al.| (2014):

logp = —0.65 — 0.16h + 0.0019h2 (4)

where ¢ is the porosity and h the depth in km. Known the porosity at depth, we compensate the effect
of porosity on the shear wave velocities using the empirical relation Vgeorr = Vg + 7.07¢ in |Castagna
et al|(1985). After such correction, the observed velocities can be matched to those modeled through

thermodynamics for temperature inferences.

3 Results

In order to estimate the crustal temperature from our seismic observations, we need to accurately
characterize the shear wave velocities and Vp/Vs ratio of the subsurface. Therefore, it is important
to first analyze the performance of the Bayesian inversion in fitting the observed data. The misfit be-
tween observed data and forward response of the inverted model is not homogeneous across locations.
In several cases, it is rather difficult to retrieve a subsurface model that reconciles sufficiently well both
receiver functions and surface-wave dispersion. In the discussion, we provide a possible explanation

for these observations.

In order to compare the ability to fit the different datasets, we normalize the misfit of RFs, SWD

and their sum with respect to the highest misfit recorded. Results are shown in Figure [[] The RFs
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fit (Figur left panel) is particularly good in the south-eastern part of the peninsula (see station
MRVN in Figure [1)) and in specific locations of the eastern and western Apennines. In the rest of
the Peninsula, the RFs are very complex and more difficult to fit. The SWD data misfit is generally
very low for all stations. However, looking at the normalized misfit (Figure[l} right panel), it emerges
that the area in the Northern Apennines has the worse fit, especially at longer periods (e.g., see the

small panel for the station PARC in Figure . Interestingly, this is the area where also the RFs fit

is rather poor. |Qashqai et al| (2018)) have pointed out similar difficulties in jointly fitting dispersion
curves and RFs for certain locations in the Central-Western United States where,supposedly, major
structural complexities are expected.

We use the normalized sum of the RFs and SWD misfit as a guide for the evaluation of the perfor-
mance of the joint-inversion across locations (Figure |1} right panel). We select 19 locations having
normalized misfit <0.3 where, therefore, the models are able to reconcile both RFs and SWD. We
argue that the interpretation of the obtained inverted models in these stations can lead to a more
reliable interpretation of the complex variability of seismic velocities within the crust.

The inverted Vg for all the 19 stations shows a bi-modal distribution with distinct peaks at 3.3 and
4.3 km/s (see Figure [2| left panel), reflecting the sensitivity of the data to both crustal and mantle
depths. The Vp/Vg ratios show a more uni-modal pattern with its peak of 1.76 (Figure right panel),
though higher values between 1.85 - 1.95 are also frequent. The posterior probability density function

of Vg indicates the presence of three to five major layers in most of the locations. The increase of Vg
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Figure 1: Misfit between the observed data and forward response of the mean model after inversion, for receiver functions
(left), surface waves dispersion curves (centre) and combination of both (left). The normalization is carried
out with respect to the location with the maximum misfit. The RFs in the central and northern part of
the Apennines are systematically more difficult to fit than in the rest of the peninsula. Here, also the
misfit with the dispersion curves is higher (especially at longer periods), though generally good for the whole
dataset. Considering the combined misfit of both RF and SWD, we decide to retain the first best 20 locations
(normalized misfit < 0.3) to allow a reliable interpretation of the subsurface model.
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Figure 3: Station AOI, western Apennines. Ensemble solution in terms of posterior probability density function for
Vs, Vp (with 1o uncertainty) and discontinuity, as a function of depth. The velocity jump at 19 km is well
constrained as confirmed by the sharp increase in probability of an interface. On the contrary, the deeper
jumps in velocity are more gradual and their depths show higher uncertainty, confirmed by the smearing of
the discontinuity probability over a large depth interval.

at the Moho is not always sharp but often gradual on a 3-5 km depth range.

An example of the inversion outcome is shown in Figure [3| for the station AOI, situated in the eastern

Apennines. The panels on the left-hand side and in the center represent the posterior probabilities

for Vg and Vp, respectively. The solid line indicates the mean model of the ensemble solution and the

dashed line is its uncertainty in terms of units of o. On the right, the panel shows p(discontinuity),
the posterior probability of having an interface. The jump in Vg and Vp at 19 km and the narrow

peak in the discontinuity probability suggests a sharp interface that is well constrained by the data.

Around 27 km depth Vg reaches typical mantle velocities. Here the smeared p(discontinuity) over the
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5 km suggest a transitional Moho rather than a sharp interface.Other probable discontinuities, albeit
with a weak impedance contrast, occur deeper, around 35 and 45 km depth.

For the best 19 stations, we plot all the inverted values of Vp/Vg against Vg and their depth (Figure
E[). Three main regions can be easily recognized and they roughly correspond to the shallow crust,
middle and lower crust and mantle domains. To better image these regions, we use k-means cluster
analysis for setting their boundaries and centroids (respectively the dashed lines and crosses in Figure
5). The shallow crust shows the higher variability for Vp/Vg, having values from 1.68 and (rarely)
as high as 1.95-2. Considering their centroids, shallow crust and mantle have similar mean values of

Vp/Vs, around 1.8. Interestingly, the mean Vp/Vs for the mantle is in perfect agreement with the

global averages at these depths from the PREM (Dziewonski and Andersonl, |1981) and IASPEI91

(Kennettl |1991) models.

The rest of the crust shows a rather distinct behavior. Vp/Vs shows here remarkably higher values,

bounded in the 1.85-2.05 range (Figure . Such high values are clearly anomalous compared to ex-

pectations. For example, as a comparison, we plot the Vp/Vg and Vg as in EPcrust (from

|and Morelli| (2011))). In this model of the European crust, velocities at depth are mainly retrieved

from P-wave tomography and then converted to Vi by 4*"-degree polynomial fit proposed by [Brocher]

(2005)). The poor misfit between our results and those obtained in (Molinari and Morelli, 2011)) is in-

dicative of the geological heterogeneity of the subsurface, which translates into complex and non-linear
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Figure 4: Vp/Vs against Vg at depth (see color-scale) after inversion for all the locations. Three main regions are easily
recognized, as also identified by cluster analysis (crosses are the cluster centroids, dashed lines indicates the
clusters boundaries). The shallow crust shows high variability of Vp/Vg ratio, with an average value that is
comparable to that at mantle depth. The rest of the crust shows systematically higher values of Vp/Vg, in
the range 1.9-2. For the sake of comparison, the Vp/Vg and Vg from EPcrust are reported: they follow the
4th degree polynomial formula from [Brocher]| used in EPcrust (Molinari and Morellil [2011) to convert
Vp to Vg
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relationships between geophysical variables (here Vp/Vg ratio and Vg). The amount of complexity is
well imaged by the dispersion of our data, see Figure[d] and it results from the integration of different
geophysical methods, but cannot be retrieved if an empirical formula is used.

The use of RFs allows to better constrain the depth of sharp velocity transitions. We explore the char-
acteristics of the observed seismic discontinuities in terms of change in Vg and Vp/Vs (Figure . On
the left panel, we show the depth of the major discontinuities and the Vg underneath. The color scale
is according to the "discontinuity factor", a quantity that we introduce to measure the strength and
the uncertainty of the interface in our posterior solution. It is the product of the of p(discontinuity)
and the corresponding Vs jump in a depth interval of 2 km around the interface. Thus, a gradual
and/or poorly constrained interface scores a low "discontinuity factor". The interfaces between 10
and 30 km depth with Vs < 3.8 kmm/s show the highest discontinuity factor, suggesting strong and
well constrained seismic interfaces within the crust. Contrarily, low values of discontinuity factor are
found at shallow depth, at and below the Moho indicating less abrupt changes in seismic velocity. In
Figure [p| right panel, the detected discontinuities are shown according to their Vp/Vg. The velocity
jumps within the crust are systematically associated to high Vp/Vs (up to 2), whereas those referred
to the mantle and the shallow crust have values around 1.8.

Our data suggests that the Italian crust has rather distinct seismic properties that we can exploit
for its characterization. In particular, we select all the locations where such discontinuities are the
strongest and well imaged i) at a depth of at least 10 km, ii) with Vg smaller than 3.8 km and iii)
Vp/Vs greater than 1.8. For nine stations over 19, we find a crustal interface that satisfies these
criteria. We assume these seismic discontinuities as caused by the transition of quartz from the « to

(3 phase. We discuss this further in section
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Figure 5: Left: The Vg underneath a discontinuity are reported as a function of the depth of the seismic interface for all
inverted location. The ’discontinuity factor’ is the product of the discontinuity probability (see Figure 3, left
panel) and the velocity jump in a depth interval of 2 km around the interface. Therefore, the discontinuity
factor is a measure of the strength of the velocity jump and its constraint by data inversion. The discontinuities
at intra-crustal depths (10-30 km) are well constrained, as opposed to those of the mantle and shallow crust.
In both cases the velocity jump is lower and/or its depth is more uncertain. The seismic interfaces at intra-
crustal depth shows also the higher Vp/Vg (see right panel). These are possibly indicative of the phase
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4 Discussion
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Seismic constraints are necessary to infer subsurface temperatures. Our combination of receiver func-

tions and dispersion curves of Rayleigh waves in a Bayesian inversion framework provides information

on Vg structure, Vp/Vs ratio and the possibility of having intra-crustal discontinuities within the

crust. This information, jointly used with an accurate relationship between temperature and seismic

velocities, which do account for mineralogical phase transitions as well, is able, in principle, to get a

new insight on the thermal structure of the Italian crust.

Our approach potentially allows an even coverage of the studied region, as opposed to temperature

estimates from classical heat flow measurements that are spatially limited, often uncertain and unre-

liable especially in geologically active areas.

4.1 Data integration: pros and cons

Our attempt to integrate two seismological datasets has lead to important observations on both the

potential and drawbacks of such an approach. For about half of our locations, the Bayesian inversion

method provided a model of the subsurface that fits well both the RFs and SWD data. Considering
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all the stations, the normalization of the total misfit reveals a clear spatial pattern in the data fit
(see Figure . For SWD data alone (Figure [1} center), our models show an overall good concordance
with observed data at all stations. Stations in the Northern Apennines (NA) represent the only
exception due to their relatively higher misfit, especially in the 30-40 s period range. Here, also
the combined misfit with RFs is among the highest, suggesting that our inversion algorithm did not
provide a model that reconciles both the RF and SWD data sufficiently well. We speculate that
the reason can be found in the complexity of the geological and tectonic setting of this area, at the
transition between the Apenninic and Alpine orogen (|Vignaroli et al. |2014). The NA represent the
active front of the NW-SE trending fold-and-thrust where the compressive seismicity suggests the
ongoing, steep, subduction of the Adriatic slab. Particularly, the retrieval of RFs from converted
P-to-S waves is based on the assumption that model interfaces are flat, and this assumption might
fail in this environment. Anisotropy is another element that may affect both the observed Rayleigh
wave phase velocities and RFs but is not accounted for. For this area, the harmonic decomposition
of the transverse component of RFs over the entire azimuthal range (Bianch: et al., |2010) revealed a
NE-SW trending symmetry axis. Moreover, |Plomerova et al.| (2006]) pointed out a complex anisotropy
pattern from SK S splitting that can affect the arrival used to calculate RF waveforms. In conclusion,
the thick and tectonized accretionary prism in the North Apenninic front and the anisotropic crust
and mantle underneath may hinder the retrieval of a satisfactory model from RFs (that encode only
the 1-D isotropic approximation of the actual structure at depth) and jointly fitting a complementary
observable, SWD in this case.

The thick sedimentary layer of the Po Plain that overlays the North Apenninic thrust represents
another element of complexity. Arrivals recorded at the edge of such sedimentary basin (that is
the case for our stations in the NA) can be contaminated by reverberations that mask the P-to-S
conversions at the Moho and intra-crustal discontinuities. More specifically, the reverberations would
have different amplitude depending on the direction of the seismic wave arrival, due to the abrupt
change in thickness of the sedimentary pile at the basin edge (Yu et all [2015). Only the use of
ad-hoc resonance filter prior the stacking of RFs over the azimuthal range may mitigate the effect
of such reverberation. We learn from such findings and our study that, while data integration must
be encouraged (as experiments on synthetics are often promising), the inherent complexities of the
subsurface limit our capability to image them. This conclusion has also been drawn by |Eilon et al.
(2018) and |Qashqai et alf(2018) when attempting to combine different dataset in complex areas.

If the integration of RFs and SWD has been particularly challenging in specific, geologically complex
areas in the Italian peninsula, several locations are clearly on the other side of the spectrum. In

fact, our Bayesian approach performed particularly well in the Apulian platform as well as in several
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coastal areas in the western and eastern side of the Apenninic orogen. Here, our successful integration
of such different but complementary datasets might be the consequence of a simpler geological setting.
For example, all stations located in the Apulian platform (in the south est of the Italian peninsula)
score the lowest misfit. As a matter of fact, this area is a geologically stable, undeformed foreland
consisting of a thick, horizontally layered carbonate succession from the Meso-Cenozoic (Mariotti and
Doglionsl 2000). In literature, there are no indications of seismic anisostropy that might complicate
seismic wave propagation and the low angle/horizontal layering of the carbonate succession as well as

the rather regular Moho represent an ideal case for the retrieval and use of RFs.

4.2 Vp/Vs ratio within the crust

For our interpretation, we select 19 stations where the low total misfit indicates a good agreement
with both the RFs and SWD. While the mean values of Vp/Vs and Vg for the mantle are in agreement
with those of global models, the crust appears rather peculiar and heterogeneous, with well distinct
seismic domains. We speculate that varying mineralogical assemblages can be the reason of such
distinct seismic patterns. The low Vp/Vg we observe in the shallow crust can be indicative of higher
quartz content (Birch), (1966} |Christensen), [1982)), a scenario that fits with a chemical stratification of
the crust. Higher Vp/Vg at deeper depth is coherent with less abundant quartz but more plagioclase
Kern and Schenk| (1991)). However, the anomalous high values we observe within the crust must
invoke a further mechanism. In|Wang et al.| (2014]) numerical modeling and laboratory experiments
on granite specimen suggest that high Vp/Vs (>1.9) can be reached at seismic frequencies if the
rock has saturated, randomly oriented, elongated cracks. High crack density, reaching 0.2-0.3, can
explain even higher values of Vp/Vs (>2). To sustain crack openings at middle-lower crustal depths,
a high pore-pressure is necessary, thus suggesting an important role of fluids within the Italian crust.
This would be a scenario supported by our seismic evidence and deep magnetotellurics sounding at
both global and local scale. |Simpson| (1999)(and references therein) reports several examples of low
resistivities (10-20 Qm) in the middle and lower crust, implying the presence of fluids in an otherwise
highly resistive medium. In Italy, |Patella et al.|(2005) observed highly conductive bodies (<10 Qm) at
depth >15 km in the Southern Apennines. Here, both the high flux in CO5 and the abundant mantle
3He are consistent with the hypothesis of a pervasive presence of fluid, possibly fed by mantle sources
(Italiano et al.,2000). Interestingly, |Becken et al|(2008) and |Ogawa et alf(2001) have observed that
seismicity clusters at the transition between highly saturated geological bodies and less permeable
ones, indicating a direct involvement of fluid migration in the nucleation of earthquakes. We discard
the hypothesis of high Vp/Vs caused by partial melts in middle and lower portions of the crust. In

fact, we do not usually observe any major decrease in Vg as an indication of shear softening due to
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partial melting.

4.3 Temperature at depth

We have observed that the seismic discontinuities comprised between 10 km and the Moho are the
sharpest that we observe in the region of interest, and are well constrained by our inversion. More-

over, these are associated with high Vp/Vs ratio. Both laboratory experiments on single mineral and

rock aggregates(Shen et all [1993; |Peng and Redfern| |2013) and thermodynamic modeling (Diaferia

land Cammaranol, [2017) suggest that the oo — 5 quartz transition is the major, seismically relevant

phase change that can occur within the crust. The transition temperature is T, = 575°C' at ambient

pressure and varies with a gradient of 0.0256°C /bar (for example T, = 702°C at 20 km and 777°C

at 30 km), according to the laboratory experiments of |Shen et al.| (1993). Since quartz is stiffer in

its S-form, the transition is seismically marked by an increase in Vp/Vs (>1.8 in a porous-free rock

aggregate, |Diaferia and Cammarano| (2017)) and in both Vp and Vs. For nine locations, the strongest

seismic discontinuity that we observe at crustal depth can be reasonably associated with the quartz
transition. Knowing the transition temperature, we calculate the geothermal gradient at these loca-
tions, see Figure [6] (y-axis). The width of the posterior p(discontinuity) at the discontinuity is used
to evaluate the uncertainty on the gradient estimation. Since each peak of p(discontinuity) has an
approximate Gaussian shape, we take the standard deviation of the best fitting Gaussian distribution
as a measure of the uncertainty on the depth of the interpreted quartz transition. Here the rather
sharp posteriors translate in small errors in the estimation of geothermal gradient in most of the
locations (o <1°C/km). Interestingly, we derive high thermal gradients, between 30 and 40°C/km,
for stations located within the Tuscan magmatic province. Here, an "orogenic" magmatism took

place in the last 8.5 Ma, related to the westward subduction of the Adriatic plate and formation of

the Apenninic orogen (Peccerillo and Frezzottil, 2015). The chemical signatures of both intrusive and

extrusive magmatic products indicate heterogeneous mantle sources with the contamination of crustal

melts and fractional crystallization within the crust. Currently, the substantial geothermal activity

and the high heat flow (>100 mW/m?, |Della Vedova et al. (2001)) suggest a pervasive partial melt at

crustal depth as residual phase of the past magmatism.

A high geothermal gradient (34°C/km) is also observed at the station MMME. Interestingly, this
station is located 25 km NE of Mt. Etna, a currently active strato-volcano in the contest of the
Sicilian magmatic province. The so-called European Asthenospheric Reservoir (EAR,
) is believed to be the deep mantle source (>400 km) causing a typical "anorogenic"

magmatism (Peccerillo and Frezzotti, |2015) that is poorly affected by the nearby subduction of the

Tonian slab. Such deep source is compatible with the heat flow at surface 50-60 mW /m?, | Della Vedova
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Figure 6: Assuming that discontinuities at 9 locations are caused by the transition of quartz, known their depth and
the temperature of transition at such depth, the geothermal gradient is estimated (y-axis). Such values are
compared against those obtained with an alternative method based on thermodynamic modeling (x-axis):
shear wave velocities in the lower crust are translated into temperatures assuming a wet (1 wt%) chemical
composition from Rudnick and Gao (2003) and fitted with a robust, weighted linear model. Except for the
stations CING and AOI, the two approaches provide similar, highly correlated values.

(2001)), as compared to the Tuscan magmatic province.

At stations PIEI and CERT we find the lowest values of geothermal gradient, 25 and 29°C/km respec-

tively. PIEI is located on the Apennines orogen where the high crustal thickness (35-38 km,

|Agostinetti and Amato| (2009))) is compatible with the low geothermal gradient we calculate. CERT is

in the Roman magmatic province, characterized by rare and explosive volcanic activity in the past 1 Ma
and a current, diffuse CO> degassing. This is the results of the reaction of carbonate-contaminated,

poorly mobile partial melts in the upper mantle that rarely reach the shallow subsurface(Frezzotti

let al.,|2010} |Chiodini et all|2013), as confirmed by the moderate heat flow (Della Vedova et al.l 2001)).

For the stations CING and AOI we calculate very high geothermal gradients. Considering AOI as
an example (Figure , the cause of the seismic discontinuity at 20 km is probably other than the
assumed quartz transition (e.g. a strong lithological change). In fact, both AOI and the nearby CING
are located in the front of the strongly tectonized, Apenninic wedge where the seismic signature of
the quartz transition might be obliterated by the likely strong lithological heterogeneity occurring at
depth.

The reliability of our approach based on the a— 3 as geo-thermometer is tested through a comparison
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with an alternative method. We take the Vs model of |[Molinari et al.|(2015) for the lower crust, correct
for the porosity contribution and estimate temperatures at depth through thermodynamic modeling,
assuming a hydrous chemical composition from |Rudnick and Gao| (2003). Figure |§| (x-axis) indicates
the geothermal gradients obtained by a robust, weighted linear fit of the lower crustal temperature.
The error on the gradient estimation is evaluated considering the 68.3% (1o) confidence interval of
the angular coefficient (i.e. the geothermal gradient) of the best fitting line. Though the higher uncer-
tainty on the estimation made through thermodynamics, the similarity between the two independent
methods is remarkable, as indicated by the vicinity of the estimated geothermal gradients to the line
of perfect resemblance. Interestingly, with thermodynamics we find gradients at stations CING and
AOI that now closely resemble the value at the nearby PIEI, as one would expect, as opposed to the
case when the quartz transition is used. This result strengthens the hypothesis that at stations CING
and AOI the o — 3 transition has led to wrong temperature estimation.

The two alternative methods provide highly correlated results (r=0.98, if CING and AOI are ex-
cluded). However, estimates from the o — 3 transition are systematically higher of 3-5°C/km com-
pared to thermodynamics, translating in 90-150°C temperature difference at 30 km depth. However,
deciding which approach is superior in terms of reliability is challenging. The discrepancy we observe
can be alternatively interpreted as an overestimation of temperature if the o — 3 transition is used,
or an underestimation by thermodynamics. Both methods rely on seismic observables but are based
on different, peculiar assumptions. Thus, their performance can differ depending on the area of study
and the validity of such assumptions. The detection of the o — § transition requires profiles of Vg
and Vp/Vs with sufficient high-resolution. The transition of quartz is only temperature dependent
and implies the assumption of sufficient modal quartz in the bulk rock. In [Diaferia and Cammarano
(2017) we demonstrated that a quartz content below <20% vol is already sufficient to produce an
appreciable increase in Vp/Vg at the transition, suggesting that especially within the upper and mid-
dle crust the detection of the quartz transition might be seismically relevant. However, caution is
necessary in geologically complex areas with expected structural and lithological heterogeneity that
can undermine the reliability of RFs (from which Vp/Vg are derived) due to the presence of dipping
interfaces and anisotropies. Moreover, a strong lithological change at depth can be misinterpreted
as the quartz transition, leading to erroneous estimation of temperature gradients. Concerning the
use of thermodynamics, we assume a unique crustal composition for the lower crust, whilst its actual
composition and water content can be spatially heterogeneous. However, the assumption of a rather
uniform lower crust is reasonable for the sake of temperature inference, as suggested by the fact that
the geothermal gradients we obtain for the Italian magmatic provinces and at the front of the Apen-

ninic orogen are plausible and in agreement with the known geological setting.

99



Either based on thermodynamics or on the quartz transition, we believe that the use of seismic veloci-
ties is a viable alternative to the thermal characterization of the crust through heat flow measurements.
Heat flow is obtained through temperature measurements in geothermal and exploration boreholes
during the drilling process, mostly assuming the thermal conductivity of the drilled rock (Stein,{1995)).
This method suffers from a series of critical issues: i) boreholes are scarce and represent punctual in-
formation with a limited spatial representativeness, ii) the majority of boreholes do not exceed a few
hundred meter depths, where rocks might still record the seasonal and secular fluctuations of temper-
ature at surface, undermining the reliability of the temperature measures, iii) mud circulation during
the drilling process obliterates the geothermal profile, requiring a certain time for it to be restored.
Temperature is extrapolated beyond the borehole depth applying a steady-state heat conduction equa-
tion (Chapmanl, 1986)). This approach, diffusely used in literature neglects other mechanisms of heat
transport, such as advection, that might be relevant especially in the upper crust. Here the local
geothermal gradient can be increased by hot fluid up-welling or flattened by meteoric percolation.
As a consequence, in active areas with relevant geothermal potential (e.g. Tuscan province), the
extrapolated temperature within the crust would be too high if heat flow and conduction equation
are used. On the other hand, areas affected by fluid down-welling, favored by the local lithological
and topographic setting, would result in a relevant underestimation of the geothermal gradients and
temperature at depths. Other sources of uncertainty arise from the required assumptions on the heat
produced by radioactive isotopes and the thermal conductivity of crustal rocks.

Our method exploits the abundance of seismic data and their large coverage to assess temperature dis-
tribution at depth. Temperature is a major parameter in seismically active regions where it controls
the brittle-to-ductile transition (BDT, |Rutter| (1986)), which marks the transition from an elastic
behavior (prone to cause earthquakes) to the plastic one. Locating the depth of the BDT is vital
to estimate the crustal volumes involved in co-seismic slip, allowing the evaluation of the maximum
expected earthquake magnitude in a certain area (Doglioni et al. 2011). A correct assessment of the
BDT is also fundamental for understanding the mechanics of crustal deformation (Kusznir and Parkl,

1986)), especially for what concerns fold-and-thrust belts (Carminati and Silettol, [1997)).

5 Limitations

We have observed that the geological complexities and the intrinsic limitations of the employed inver-
sion strategy strongly control the possibility of fitting, simultaneously, two distinct seismic datasets.
For future research, it is worthwhile to assess whether accounting for seismic anisotropies and dipping

interfaces can better reconcile different RFs and SWD in complex areas.
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In order to recover crustal temperatures from our seismic model, we employ a number of assumptions.
Regarding the quartz transition as current geo-thermometer, it must be used with caution because,
though supported by laboratory experiments and thermodynamic modeling, the interpretation of a
strong, intra-crustal discontinuity as the quartz transition is doubtful. It remains impossible to dis-
cern with certainty between this mineralogical transformation and changes in lithology or chemical
composition. As a result, misinterpreting a lithological change as the quartz transition can lead to
erroneous estimates of geothermal gradients.

Alternatively, the temperature can be calculated through thermodynamics. Our assumption regards
the homogeneous, hydrated lower crust that might not be representative of the actual vertical and
lateral variation in chemical composition. However, we recover geothermal gradients that are in agree-

ment with the quartz geo-thermometer and that are plausible at locations where the latter failed.

6 Conclusions

The thermal characterization of the Italian crust is of key importance for a better understanding of
its current geological setting and evolution. However, it is challenging due to the sparsity of heat flow
data, their uncertainty and the strong underlying assumptions.

We attempted an alternative approach based on the combination of two distinct seismic datasets (RFs

and SWD), jointly inverted in Bayesian framework to retrieve the Vg and Vp/Vg at depth.

1. Geological complexities have hampered the recovery of a satisfactory subsurface model that fits
both RFs and SWD data. Conversely, in stable or less tectonized areas the integration of these

data has been successful.

2. The middle and lower crust exhibit high values of Vp/Vg ratio that we interpret as the evidence of
pervasive fluid-filled cracks. This supports the observed low-resistivities in deep magnetotellurics

soundings both, at global and local scales.

3. Our inversion has imaged strong and well constrained intra-crustal discontinuities. These are
used for the detection of the transition from a to 5 quartz and calculation of the local geothermal
gradients. These are in agreement with the known geological contest and comparable to the

gradients obtained through thermodynamics.

4. Despite the different assumptions and approximations required by each of the approaches for
temperature estimation, these provide comparable results. This demonstrates that the use of

seismic data to obtain crustal temperature is a viable alternative to heat flow measurements and
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steady-state conduction equation that are affected by limited applicability, data scarcity and

high uncertainty.
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Chapter 3
Thermal structure of a vanishing subduction system.
An example of seismically-derived crustal temperature in the

Italian peninsula.

Abstract

We determine the thermal structure of the crust beneath the Italian peninsula combining the shear
velocity model of |Molinari et al| (2015) with thermodynamic modeling, assuming a global average
crustal composition with no lateral variations. Our model, presented in terms of Moho tempera-
ture and crustal thermal gradients, shows a very good agreement with the known thermal anomalies
associated with the back-arc spreading during the Apennine subduction. In addition, we envisage
anomalously high temperatures at the Moho in NW Italy (T>800°C at 30 km), at the transition
between the Alps and Apennine orogens. The lowest temperatures (corresponding to geothermal
gradients <19°C/km) are obtained in the still active but slow-convergent portion of the northern
Apennine. The Moho increase its temperature moving southwards along the Apennine chain, con-
sistently with the evidence of a ceased subduction and consequent rebalancing of the once depressed

isotherms along the slab.
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1 Introduction

The temperature of the crust and lithospheric mantle at a convergent margin is complex, being al-

tered by the down-welling of cold lithosphere material into the mantle. As such, the thermal field is

depressed in the subduction zone and upraise in the back-arc regions (Currie and Hyndman), 2006).

Subduction velocity, shear stress along plate contact (Peacockl [1996)), delamination of the lithospheric

mantle from the crust (Bird, |1979)) and by their 3-D settings (Kincaid and Griffiths, |2003) are all

parameters that may influence the temperature field. Moreover, this can be function of the specific
stage of convergence process, controlling the rheological behavior of the involved plates as well as the
amount and spatio-temporal evolution of seismicity at depth.

In literature, the inference of lithospheric temperature relied on heat flow measurements only or to-

gether with complementary data, such as gravity and seismic velocities (Zeyen et al. 1994} |Sobolev

let all (1997} [Fullea et all [2009; [Simmons et all [2009). While this approach might be adequate in

old, stable continental areas (Chapmanl, [1986} [Jagoutz and Mareschall [2010), their utility in regions

characterized by recent and on-going tectonic activity is limited. Moreover, several issues undermine
the reliability and applicability of temperature estimates from heat flow. For example, the local to-
pographic and geological setting can diminish the measured heat flow at the surface because of the
percolation of meteoric water, while fluid up-welling can increase heat flow. Moreover, borehole data
are sparse and extremely shallow in some cases (reaching few hundreds meters depth), therefore their

vertical and lateral representativeness is rather poor.

Both laboratory experiments and thermodynamic modeling(Birch| [2012; |Christensen and Mooneyl

(1986} |[Rudnick and Fountain| [1995) show that temperature exerts a major control on the elastic be-

havior of rocks. Anomalies in seismic velocities can be therefore used for inferring temperature at
depth. However, chemical composition, as well as water content and mineral association, also con-
tributes to the bulk seismic properties of rocks. Thermodynamic modeling allows a more quantitative
approach, by considering the simultaneous contribution of those variables and leading to more robust

estimates of temperature. Employing thermodynamic modeling in our previous work (Diaferia and

|Cammarano), |2017), we have shown that a different chemical composition within the same crustal

layers is not expected to produce a substantial change in seismic velocities. As a consequence, the
more pronounced, first-order effect driven by temperature might justify overlooking chemical change
for the sake of temperature inference at crustal depth. Based on this premise, we convert shear-wave
velocities (V) into crustal temperature, obtaining the Moho thermal structure and thermal gradients
across the Italian Peninsula. The Italian Apennines chain is a key tectonic site to understand the way

the temperature field is depressed over a complex active margin. In fact, the style and mechanism of
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convergence change dramatically along strike over few hundreds of kilometers. Beneath the Alps, we
have a collision which is still active only in the Venetian-Friuli region. Beneath the northern Apen-
nines, the Adria plate is slowly subducting/delaminating beneath the Tyrrhenian side. In the Central
Apennines, subduction probably vanished a couple of million years ago and slab most probably broke
off (Wortel and Spakman), |2000)). Finally, beneath Calabria we have active oceanic subduction. All
this lateral change provide different sources for a variation of the thermal field along strike.

Our analysis provides a new picture of the temperature field and geothermal gradient over the Apen-
nines and the Alps. A particularly interesting result we anticipate is the high value of the Moho
temperature, showing a rather uniform distribution with a value exceeding 800°C. Exceptions are
limited to a small region on the Tyrrhenian side. This high value and the rather uniform Moho tem-
peratures are due to the fact that in the regions with lower temperature gradient the Moho is deeper
and vice-versa. Moreover, we identify anomalous zones in correspondence of recent/active volcanic
activity, in the Molasse basin and we also identify a zone with anomalously high crustal temperatures

below the Piedmont area (NW Italy).

2 Method

On the basis of thermodynamical modeling, we convert Vg at depth into temperature using non-linear
relationships between the seismic properties of a mineralogical aggregate and the pressure-temperature
conditions encountered at crustal depth. We implement the seismic model of |Molinar: et al| (2015,
obtained through the inversion of phase and group velocities of Rayleigh waves from 1-years long
recording of ambient noise that allows an optimal sensitivity for the whole crust. Ambient noise data
are inverted with a Neighborhood Algorithm (Sambridgel |1999; | Wathelet), |2008), covering almost the
entire peninsula with a 0.25° x 0.25° grid spacing. Further details can be found in [Molinari et al.
(2015) and references therein.

We use thermodynamic modeling to predict the absolute temperatures at depth from seismic velocities.
Predictions are made via Perple_X (Connolyl [2009), a code based on Gibbs Free energy minimization
for the computation of the stable mineral association and its correspondent seismic properties, for any
P-T condition. At each location the crust, whose thickness is retrieved form the model of [Molinari
et al.|(2015)), is subdivided in three layers (upper, middle, lower crust) of equal thickness. The chemical
composition of these layers (required for thermodynamic modeling) is assumed as the global average
proposed by |Rudnick and Gao| (2003)) with the addition of 1 wt% H>O.

The higher sensitivity of Vg to temperature rather than to chemical composition implies that the

assumption of a single chemical composition does not translate into significant uncertainty when
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inferring temperature from thermodynamic modeling (Diaferia and Cammaranol, [2017). We correct

the observed Vg to account for porosity, using the empirical formulas proposed by
(2014) and |Castagna et al| (1985).

In agreement with previous findings (e.g. |Guerri et al| (2015)), temperature estimates in the upper

and middle crust are significantly higher than plausible temperatures. The reasons for this result

are several. The applied porosity correction probably underestimates the actual porosity effects at

these depths (Diaferia and Cammarano), [2017). In addition, it is likely that the shallow portion of

the crust is in a metastable state and/or with chemical contamination by sedimentary compositions,
causing Vg that are lower than those modeled with thermodynamics at these depths. On the other
side, the temperatures inferred in the lower crust appear realistic and allow us to map the lateral
temperature variations of the region. We infer temperatures through a robust, linear and weighted
fit of the estimates made in the P-T plane for the lower crust. Though the characteristics of the
lower crust are poorly constrained, it is reasonable to expect higher chemical homogeneity and limited
porosity (as opposed to the shallower portion), a condition that resembles the pore-free, chemically

homogeneous representation assumed with thermodynamic modeling.
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3 Results and Discussion

In Figure [1] (left), we present the Moho depth according to the shear wave velocity model of |Molinari
et al.| (2015). At these depths we calculate the temperature using thermodynamic modeling (Figure
(right)). As expected, we observe the highest Moho temperatures (>850°C) in the Alps and Apen-
nines chains, where the Moho reaches depths >40 km. Such a hot Moho underneath the Apennines is
consistent with the high temperature invoked by |Mele et al.| (1996) to explain the strong attenuation
of Pn phases. Analogously to our findings, in the Western United States |Schutt et al| (2018) found
temperatures above 850°C at locations with a thick crust. A clear correlation between Moho depth
and its temperature is evident in the scatter plot (Figure[l, upper side). The majority of data-points
lies along the 21°C/km geotherm that can be considered, therefore, as an average geothermal gradient

across the Italian peninsula.

3.1 Good correlation with existing data?

A small, yet relevant portion of the inferred Moho temperature does not correlate with depth, suggest-
ing an anomalous hot Moho and thus higher geothermal gradients. In Figure[2]we plot the temperature
anomaly at the Moho, calculated with respect to the reference thermal gradient of 21°C/km. The
anomalous zones perfectly correlate with the well known Italian magmatic provinces.

The anomaly with the largest extent corresponds to the Tuscan magmatic province where both intru-
sive and extrusive events occurred in the past 8.5 Ma because of the subduction process in the Apen-
nines (Peccerillo and Frezzotti, [2015)). The area is characterized by a large heat flow (>100mW /m?2,
Della Vedova et al.| (2001)) and the presence of major, high enthalpy geothermal fields (Larderello,
Travale-Radicondoli and Monte Amiata), which are used for electricity production (Cataldi et al.l
1995). The vigorous up-welling of steam and hot water is also documented in hundreds of exploration
boreholes (ViDEPI - http://unmig.sviluppoeconomico.gov.it/videpi/videpi.asp, shown in Figure |2)),
and suggests the ongoing stagnation of melts within the shallow crust. The thermal anomaly we find
at the Moho (> 250°C higher than reference temperature) suggests a deeper source for the heat, of
which the stagnating partial melts within the upper crust are only the shallow expression. A Moho
with relatively high temperature results in rather high geothermal gradients (see Figure [3]), as high as
40-45°C/km in the whole province.

According to our results, the strongest thermal anomaly corresponds to the Southern Tyrrhenian Sea.
Here the shallow Moho (10-15 km depth) exceeds 800°C, resulting in a geothermal gradient above

50°C/km. The Tyrrhenian basin opened due to the counter-clockwise rotation of the Apenninic com-
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Figure 1: Left: Contour plot of Moho depths obtained from the shear-waves velocities model of |Molinari et al.| (2015).
Right: Temperature at the Moho, obtained from the shear-wave velocities in the lower crust and thermody-
namic modeling, assuming the chemical composition of |Rudnick and Gaol| (2003)). The highest temperatures
(exceeding 900°C) correspond to thickenned portion of the crust along the Alpine and Apennine belts. In the
upper side, the scatter plot of depth of the Moho vs. its temperature and its temperature shows that majority
of the data are correlated and lies along the 21°C/km geotherm. Data-points with low correlation lay along
hotter geotherms and depict an anomalously hot Moho.

pressive front in the past 15 Ma (e.g. |Carminati et al.| (1998, 2010) and |Faccenna et al| (2001))). The
moderate crustal thickness and high heat flow support the hypothesis of a relevant crustal thinning
and extensive spreading (Catalds et all [1995]), followed by basaltic volcanism in the abyssal plain (e.g.
Marsili and Vavilov seamounts) in addition to the calc-alkaline, subduction-related volcanism in the
nearby Aeolian Arc. It is worth noting that the presence of a hot crust-mantle boundary has been
suggested to explain the severe attenuation of Sn phases observed by |Mele et al.| (1997)).

Another thermal anomaly is observed in the northern Alpine foreland, which corresponds to the
Molasse basin. Here, the average geothermal gradient is estimated to be ~32°C/km (Agemar et al.l
2012)), which is compatible with the Moho temperature we obtain for this region (T~800-900°C, for
a Moho raging between 25-30 km depth). The area has the most promising geothermal potential
in Germany (Schellschmidt et all [2010) because of the karstified, south-dipping Jurassic limestone
aquifer underlying the whole basin (Birn| 2013). With a depth ranging between 1.5 and 5 km, the
temperature of the aquifer ranges between 85-140°C and has permitted an extensive exploitation for
heat and, recently, electricity generation (e.g. Unterhaching power plant, |Wolfgramm et al.| (2007)).

Also in this case, the amount and the extent of the thermal anomaly indicate a deep source for such
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Figure 2: Absolute temperature anomaly of the Moho with respect to the a reference gradient of 21°C/km (see scatter
plot in Figure. The areas showing an anomalously hot Moho represent well the magmatic Provinces of the
Italian peninsula. Here, the highest values of heat flow are found, with diffuse past and current volcanism and
evidences of hot water and gas in boreholes for geothermal exploration. Other areas with anomalous Moho

temperature correspond to the Piedmont region, at the junction between the Apennines and southern Alps
thrusts and to the Molasse basin.

3.2 A newly imaged thermal anomaly in NW Italy

The anomalies discussed so far well agree with the volcanism, heat flow anomalies, the tectonic and
geodynamic setting of the Italian peninsula and neighboring regions. Interestingly, we also identify a
new, unexpected minor anomaly in correspondence of north-western Italy (Piedmont region). Here,

we obtain a Moho temperature exceeding 800°C at ~25 km depth. This region is sandwiched between
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Figure 3: Map of geothermal gradient inferred from thermodynamic using shear wave velocities in the lower crust. High
values (>40°C/km) are found in the Tuscan and Tyrrhenian magmatic provinces. Relatively hot gradients
are also found in the Piedmont region, at the junction between the Apennines and southern Alps thrusts and
to the Molasse basin.

the Alpine chain, to the west, and the Apennines in the eastern part, where the Moho rapidly deepens
at >40 km depth at both sides. Surface heat flow is not anomalous and thus has not motivated
any assessment of the geothermal potential of this area. Assuming a purely conductive heat transfer
, the average heat flow in the area (~65 mW /m?, see Figure implies 680°C at the
Moho, around 100°C lower than our estimates. We speculate that the reason for such discrepancy can
be ascribed to the underestimated heat flow, obtained through an insufficient number of boreholes,
that cannot capture the complexity of the area with its localized hot fluid ascents
. It cannot be fully excluded that the low, crustal Vg that are recorded in the area might be

caused by a possible seismic anisotropy rather than a high-temperature anomaly at depth. A better
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seismic characterization would be beneficial for supporting one scenario over the other. The hydroge-
ological and geochemical characteristics of the localized thermal springs that are present in the area
seem to support our observations. The hydrothermal system of Acqui Terme, with a water outlet of
91/s at 70°C (Dominco et al., |1980)), is located on the southern border of the thermal anomaly we dis-
covered. Geochemical evidence suggests that the fluid originates from a geothermal reservoir at 2-3 km
depth and 130-140°, and, while ascending, mix and cool down with percolating meteoric water (Maring
et al.l2000). The reservoir is trapped underneath a sequence of tertiary marine sediments (comprising
gypsum-bearing evaporites) that acts as an effective seal (Marini et all [2000). Sparse local springs
(such as Acqui Terme) occur, therefore, only where permeability increases, i.e. along localized NW
and W-trending, normal and strike-slip faults (Piana et al., [1997)) that cross the entire sedimentary
overburden. Our observation agrees with the available data of the few boreholes drilled for oil and gas
exploration (ViDEPI - http://unmig.sviluppoeconomico.gov.it /videpi/videpi.asp). Their bottom-hole
temperatures indicate medium to high geothermal gradients that are compatible with our findings.
For example, a temperature of 109°C at 3802 m is found through the "Sommariva del Bosco 001"
borehole (gradient: 28°C/km). In "Valghera 001", at 732 m the registered temperature was 34°C.
In conclusion, our findings appear to suggest the necessity of more in-depth studies of the area, for
clarifying the origin of its thermal anomaly and its implication in the context of the transition from
the Alpine to Apenninic orogen. |Vignaroli| (2008) propose that this area and the nearby Voltri Massif
on its southern side have undergone a substantial extension during the counter-clockwise migration
of the Apenninic front, favored by the toroidal flow of the asthenospheric mantle during the roll-back
of the Adriatic slab.

A compositional rather than a thermal anomaly causing the low Vs in the Piedmont area cannot be
fully excluded. |Speranza et al. (2016 imaged a large magnetic anomaly (>50 nT) that is explained
with the presence of a large serpentinized body at shallow depth. Since Vg and Vp decrease with the
degree of serpentinization (Christensen), 2004), such methamorphism can explain the low velocities
seen in this area by |Molinari et al.|(2015) and in|Zhao et al.|(2015). Coincidentally, the latter interpret
such low velocities as indicative of a serpentinized Adriatic mantle ("Ivrea Body",|Closs and Labrouste
(1963)) reaching crustal depth, above the subducting continental slab of the European plate. In this
scenario, the role of temperature can still be relevant, though of second order. In fact [Speranza et al.
(2016)), after filtering out the magnetic effect induced by the shallow serpentized body, retrieved Curie
temperature (~550°C) at shallow depths that implies high geothermal gradients (>40°C/km), com-
parable to those we obtain from seismic velocities and thermodynamics. Such temperatures can be
explained with the upraised geotherms due to the emplacement of the Adriatic mantle at crustal depth.

Concluding, the existing geophysical evidence and our finding are not contradictory and suggests a

78



mixed contribution of lithological and temperature driven effect in generating low seismic velocities

in the Piedmont region owing its peculiar position in the contest of the Alpine-Apennine transition.

3.3 Varying thermal structure along strike: the case of the Apennine oro-

gen

With the envisioned thermal structure across the Apennine chain, several observations can be made
in the context of the geodynamic evolution of the area. The transition from the Central to Northern
Apennine (slightly above the 44° parallel) is accompanied by a decrease in Moho temperature (around
100°C), whilst its depth remains basically the same (~ 40 km) along the orogen front. Consequently,
the geothermal gradient decreases northwards by 3-4°C/km, reaching values as low as 19°C/km within
the Po Plain, where the front of the thrust is underneath a thick sedimentary cover (Molinari et al.,
2015). This is the only part of the Apennine system where the subduction of the Adriatic slab is
ongoing, as suggested by geological evidence and the compressive seismicity (Doglioni et al., {1999;
Minelli and Faccennal, |2010; |Chiarabba et al., |2005; |Bennet et all 2012), with an overall convergence
rate in the order of mm/year (Picotti and Pazzaglia), 2008). |[Faccenna et al.| (2001) have shown that
the entire Apennine subduction system must have decreased its convergent velocity from a peak of few
cm/year, when the oceanic crust was entirely consumed and more buoyant continental crust started
to be subducted. Such low convergent rate must enhance the role of heat conduction through the
lithosphere, rebalancing the isotherms (depressed due to the subduction of the cold slab (Peacock!
1996)) and gradually increases the geothermal gradient. This scenario is coherent with the geothermal
gradients we observe, that are substantially higher than those inferred for the initial, fast-convergent
stage of the Apennine subduction.

What is the fate of a vanishing subduction, when the positively buoyant continental crust can be no
longer subducted? The answer can be found southward, in the Central Apennine, where we find higher
crustal temperature and hotter geothermal gradients. The current seismicity suggests an extensional
regime juxtaposed to the uplift of the entire area. Slab break-off might have occurred, or subduction
might have culminated in the delamination of cold lithospheric material (Wortel and Spakman, [2000;
Guirtzman and Nurl |2001). The higher geothermal gradients that we observe along strike seem to
favor the latter scenario. Indeed, the foundering of the cold, gravitationally unstable lower lithosphere
might have led to the upwards and eastwards migration of hot asthenospheric material, increasing
temperature underneath the orogen and explaining the thermal anomaly at the Moho (>100°C). Re-

garding temperature-driven gravitational instability, |Jagoutz and Behn|(2013) and |Jull and Kelemen
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(2001)) showed that if the temperature at Moho is >900°C, a density contrast <300 kg/m® can lead to
the foundering of 1-10 km of lower crust in a 1-10 Ma time window, due to the activation of vertical
viscous flow. This implies that a hot orogen might be affected by the delamination of dense portion of
the deep crust into a more buoyant upper mantle, contributing to the differentiation of the crust. This
process might be particularly evident in the thickest portion of the Apennine orogen where the Moho
exceed 45-50 km depth and density at lower crust reached the highest values (>3000 g/cm?, according
to our thermodynamic calculation) and thus the strongest density contrast with the underlying hot
mantle.

A mantle wedge that is more towards the chain than expected has been recently pointed out by [Piand
Agostinetti and Faccennal (2018) through the analysis of active/passive seismic data. However, while
the role of asthenosphere in contributing to the thermal structure and uplift of the Central Apennine
might remain speculative, the extent and characteristics of the nearby Tuscan Magmatic province
must invoke a deep source of heat. As a matter of fact, the strong attenuation (Mele et al., [1996),
low Vp (Di Stefano et al., [2009), large heat flow(Della Vedova et al.,|2001) and the relevant thermal
anomaly we observe suggest an up-welling of hot asthenosphere (reaching depth as shallow as ~50
km), the same that might pervade eastward, intrude and replace the delaminated portion of the lower

crust underneath the Central Apennine orogen.

4 Conclusions

We used shear-wave velocities and thermodynamics to retrieve the thermal structure of the crust,
that we have presented in terms of temperature at the Moho. Our methodology remedies to the data
scarcity and overall limitations of temperature extrapolation from heat flow measurements.

The highest Moho temperatures are found at the base of the thick crust along the Alps and Apennines,
a scenario that reconciles with the attenuation of refracted Pn phases observed in other studies.
Using the average ~21°C/km geotherm as a reference, we have imaged the zones of anomalously high-
temperature at the Moho. These regions correspond to the well known magmatic Italian provinces,
namely the Tuscan area and the Tyrrhenian basin. We also highlight a thermal anomaly at the base
of the crust in the Molasse basin (Southern Germany), known for its relevant geothermal potential.
We find the smallest, yet relevant, anomaly in the Piedmont region (NW Italy), at the transition
between the Alpine and Apennine belts. This zone is not regarded as a potentially interesting location
for geothermal exploitation. However, well documented hot fluid up-welling and hydrogeological
evidence indicate a geothermal gradient that is higher than the average for the Italian peninsula. The

hypothesis of a thermal anomaly does not contradict the possible presence of a shallow serpentinized
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upper mantle that, beside the high crustal temperature, might contribute in explaining the low seismic
velocities.

Crustal temperature increase moving southward along the Apennine chain. This can be an evidence
of the ceased convergence along the Central Apennine, as opposed to the northern Apennine where
the cold slab is still slowly subducting. In spite of the apparently strong assumption of a chemically
homogeneous lower crust for the thermodynamic calculation, our approach has shown the capability of
imaging the deep crustal thermal structure of the Italian peninsula. In view of the geologic and tectonic
complexity of the studied area, we foresee that our methodology can be applied also to other regions.
This approach can bypass the limitations and scarcity of heat flow measurement, and contribute to
a better understanding of crustal behavior, evolution and relation with the mantle underneath and

neighboring plates.

APPENDIX A: Thermodynamic modeling and conversion of
seismic velocities to temperature

Given a certain chemical composition, the stable mineral association can be obtained by imposing the
minimization of the Gibbs Free Energy of the system. Following this criterion, the code Perple_X
(Connoly, |2009)) solves iteratively the thermodynamics equation of state in any given range of pressure
and temperature, assessing which minerals are stable in such condition and their amount. For each
of the minerals constituting the modeled bulk rock, the Vp and Vg are function of the adiabatic bulk
modulus (K) and density (p), both related to the derivatives of the Gibbs Free Energy with respect

to pressure and temperature. More specifically:

_ e[t [ (o 0a\]) "
0P | 0G? | oP2 P 0T
oP
P:N% (2)

where G is the Gibbs Free energy and N is the molar weight. Regarding the shear modulus pu:

_ o ,0n
“_MO+T87T+P87P (3)

where pg, g—éi and g—l‘é are constants evaluated through laboratory experiments. Known the com-
pressional and shear wave velocities of each mineral composing the modeled rock, its bulk seismic

properties are calculated through Voigt-Ross-Hill (Hill, [1952)) averaging scheme. For our specific ap-
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plication to crustal domain, we implement the thermodynamic database from [Holland and Powell|

(1998), augmented with the experimentally constrained shear moduli provided by |Hacker and Abers|

(2004), including the experiments from |Ohno et al. (2006)) regarding the pecualiar behavior of quartz

at its transition from the a to 8 form around 580°C. By matching the observed Vg profiles with the
modeled velocities in the P-T space, seismic velocities are finally converted into temperature that
are compatible with such observation. The thermal gradients are obtained by fitting the inferred
temperatures with a robust linear equation and a data weighting (inverse of the uncertainty of each

temperature estimation on the P-T space).
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