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Abstract Temperature distribution at depth is of key importance for characterizing the crust, defining
its mechanical behavior and deformation. Temperature can be retrieved by heat flow measurements in
boreholes that are sparse, shallow, and have limited reliability, especially in active and recently active 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 constrain the crustal
thermal structure. We use Rayleigh wave dispersion curves and receiver functions, jointly inverted with a
transdimensional Monte Carlo Markov Chain algorithm, to retrieve the Vg and V,/V; within the crust in
the Italian peninsula. The high values (>1.9) of V,,/V suggest the presence of filled-fluid cracks in the
middle and lower crust. Intracrustal discontinuities associated with large values of V,,/V are interpreted
as the @ — f quartz transition and used to estimate geothermal gradients. These are in agreement with the
temperatures inferred from shear wave velocities and exhibit a behavior consistent with the known tectonic
and geodynamic setting of the Italian peninsula. We argue that such methods, based on seismological
observables, provide a viable alternative to heat flow measurements for inferring crustal thermal structure.

1. Introduction

Unraveling the thermochemical structure of the crust is fundamental for understanding of its tectonic, mag-
matic, and geodynamical processes, both at local and global scales. Crustal rheological behavior holds direct
implications for deformation between plates, the storage of mechanical stress, and, consequently, the over-
all seismicity. Moreover, the crust influences magmatic processes, controlling their spatial and temporal
evolution, the chemical signature of magmas, their emplacement, and eruptive style.

Within the crust, the temperature distribution controls the depth of the brittle-to-ductile transition
(BDT; Rutter, 1986), marking the change from elastic (related to earthquakes nucleation) to plastic behav-
ior. On time scales larger than fault rupture, temperature is the key factor affecting the viscosity and flow of
the lower, ductile portion of the crust, with direct implications for processes such as exhumation and delam-
ination (Ranalli, 2000). Our understanding of the respective contribution of crust and mantle to isostatic
adjustments (i.e., uplift and subsidence on regional scales) is informed by our knowledge of the thermal
structure at depth (Lachenbruch & Morgan, 1990). However, temperature is also a function of heat pro-
duction of radiogenic isotopes, is related to the upwelling (or percolation) of fluids through fault systems,
is affected by the heat flux from the mantle and by the accumulation of partial melts within the crust.
The discrimination of the different contributions is rather challenging (for a more detailed discussion see
Lachenbruch, 1970). Despite its importance, temperature is only poorly known at depth and it is commonly
inferred via heat flow measurements in boreholes, assuming a purely conductive heat transfer mechanism.
However, heat flow data are scarce, have poor spatial representativeness, and suffer from systematic errors
due to the measurement technique employed in the borehole (Stein, 1995). Particularly in active regions, the
assumption of a purely conductive heat transfer does not hold due to the prominent role of fluid upwelling
(advection), as suggested by the typically high values of heat flow in these areas.

To overcome the limitations of heat flow measurements, a more accurate and spatially representative
method is desirable. In this regard, an approach based on seismic velocities can provide better coverage and
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less uncertainty. An attempt in this direction is made by Schutt et al.
(2018) who used travel time anomalies of Pn waves for the retrieval of
temperature at the Moho in western Unites States. In our work, we inte-
grate two types of seismological data and infer the temperatures at depth
by two independent methods: (i) detecting the seismic evidence of the
temperature-driven transition of the quartz from the « to g form and
(ii) using thermodynamics for translating seismic velocities into tem-
perature. Specifically, we jointly invert dispersion curves of Rayleigh
surface waves (SWD; from Molinari et al., 2015) and Ps receiver functions
(RFs) using a reversible-jump Markov Chain Monte Carlo (rj-MCMC).
The inversion method does not require strong prior information on the
geometry of the subsurface structure and treats the number of model
parameters as an unknown. The Bayesian nature of the inversion also

1Sea
% The target of our study is the Italian peninsula (Figure 1), an area of recent

) ):.-,f"""“"é'j 7 AN tectonic activity and associated seismic and magmatic activities that are

fundamental for understanding the broader contest of the central western
Mediterranean. The Italian peninsula formed as a result of the Alpine and

36° 1 Apennine orogenic events, involving the African and European plates

1 I . 20° since the Cretaceous. In the past 15 Ma, the Appenine thrust rotated

0 counterclockwise, causing the opening of the Tyrrhenian Sea basin. From

Figure 1. The tectonic setting of the Italian peninsula, modified from the Eocene-Oligocene until the present, relevant volcanomagmatic activ-

Faccenna et al. (2014).

ity occurred in several areas, such as the Tyrrhenian Sea basin, Aeolian

Arc, Tuscany region, and the Neapolitan area, all of which are currently
characterized by high heat flow measured at surface. A wealth of studies have been carried out to define
the subsurface properties and structure, including those based on seismic reflection and refraction (Briickl
etal., 2007; Waldhauser et al., 1998), P wave travel time tomography (Gualtieri et al., 2014; Serretti & Morelli,
2011), and high-resolution studies based on local earthquake arrivals (Diehl et al., 2009; Di Stefano et al.,
2009). Crustal structure across the Apennines orogen has been also investigated through RFs (e.g., Piana
Agostinetti et al., 2008). An integration of different seismological methods is attempted in Piana Agostinetti
and Faccenna (2018) to define the depth and geometry of the Moho. The CROP project (Finetti, 2005) shed
light on intracrustal features 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 Kistle
et al. (2018) used ambient noise to obtain the shear velocity distribution at depth. Despite the abundance of
data, interpretation is made difficult by uneven coverage, varying resolution, and sensitivity of each method.

2. Data and Method

Among the wealth of seismic data available for the Italian peninsula, we rely on the database of Rayleigh
phase velocities used in Molinari et al. (2015). These are retrieved from ambient noise (more details in the
following section) and posses near-ideal coverage across the Italian peninsula as well as sensitivity to crustal
depths. To recover the V,,/V at depth and increase the resolution of the ambient noise data, we integrate
that database with RFs. In fact, RFs provide information on potentially sharp seismic discontinuities at
depth. Isotropic, one-dimensional velocity profiles are obtained by joint inversion of the two data sets, using
a1j-MCMC that does not require any prior discretization of the subsurface model. The number of layers is an
unknown itself and, theoretically, is only constrained by the data when the prior information do not provide
any restriction (Bodin & Sambridge, 2009; Gao & Lekic, 2018). The estimates of shear velocity and V,/V
ratio at depth are obtained as a posterior probability density function, indicating both their robustness and
uncertainty. Finally, we use the information on shear waves velocity and V,/V ratio both for detecting the
quartz transformation to be used as a geothermometer and for estimating absolute temperatures through
thermodynamics.

2.1. RFs
Teleseismic RFs from a number of permanent and temporary seismic networks have been collected to cre-
ate a homogeneous database covering peninsular Italy (Piana Agostinetti et al., 2008; Di Bona et al., 2008;
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Piana Agostinetti, 2015; Piana Agostinetti & Amato, 2009; Steckler et al., 2008). We only considered stations
with more than two years of continuous raw-data availability, to ensure good back azimuthal coverage. To
emphasize the high-frequency around 1 Hz, a Gaussian filter is used with parameter a = 2 (the higher the
value, the larger the width of the filter and the frequency content of the output; Ligorria & Ammon, 1999).
Following Bianchi et al. (2010), we extracted back azimuthal harmonic from each data set and obtained
a single RF (the first angular harmonics, k = 0) that represents the 1-D, horizontally layered, isotropic
structure beneath the seismic section (Park & Levin, 2016a). The uncertainty on each k = 0 harmonics
is estimated by bootstrap resampling (Efron & Tibshirani, 1991; Licciardi et al., 2014), while data correla-
tion along each RF is obtained by deconvolution of the vertical component with itself (Piana Agostinetti &
Malinverno, 2010). The uncertainty on k = 0 harmonics and correlation function are then used to build the
covariance matrix that allows the computation of the likelihood between data and model predictions during
inversion (Piana Agostinetti & Malinverno, 2018). The forward solver used in the inversion routine is based
on the Thomson-Haskell propagator matrix (Haskell, 1953; Thomson, 1950) for isotropic and horizontally
layered media.

2.2. Dispersion Curves

The dispersion curves of Rayleigh phase velocities are computed by Molinari et al. (2015) from 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 on an evenly spaced 0.25° x 0.25° grid, for a period range
of 5-45 s that is ideal for crustal imaging. At the locations where RFs are available, we interpolate the phase
velocities at each frequency to obtain the dispersion curves to be used in the joint inversion. When dis-
persion curves were extracted from ambient noise recordings, the uncertainty on phase velocities was not
evaluated. In this study, we assign an uncertainty of 0.03 km/s (~1%) to the SWD curves. It is worth noting
that this value is rather conservative given the precision of the ambient noise method with even station cov-
erage and recordings that are long in duration. Moreover, we assume that noise is uncorrelated across all
frequencies/periods (i.e., a diagonal covariance matrix of the errors for SWD data; see below).

2.3. The Joint Inversion Strategy

2.3.1. The rj-MCMC Algorithm

We employ the approach presented in Bodin et al. (2012) based on a rj-MCMC scheme for the joint inversion
of RF and SWD curves. The inversion problem is formulated with a Bayesian framework, where the final
solution is represented by a posterior probability density function and is sampled through a transdimen-
sional approach (Malinverno, 2002), that is, 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 solu-
tion (Piana Agostinetti & Malinverno, 2010). The rationale behind 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 Bayes' theorem (Bayes & Price, 1763):

p(mldobs) & p(dobslm) X p(m) (1)

where p(m|d,,) is the posterior density function (expressed as the probability of having the model parame-
ters in m, given the observed data); p(d,,,|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

1 —@(m)
(dypsIm) = e { } . )
p(ds] o Xp >

C is the covariance 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 d ;, and forward estimation g(m) from the model,
expressed as the Mahalanobis distance (Mahalanobis, 1936):

$(m) = (gm) — d,)"'C7'(g(m) - d ) 3

The posterior density p(m|d,,) cannot be directly computed; hence, it is sampled iteratively. At each step,
the 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
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Table 1

Prior Density Distribution and Standard Deviation of the Perturbation
Allowed in Each Iteration of the rj-MCMC Inversion Algorithm

Prior Perturbation
Parameter (uniform probability) (st. dev.)
Vg (km/s) 1.5-4.7 0.12
Vp/Vs 1.6-2.1 0.10
Density (g/cm?) 2.4-3.1 3
Layer depth (km) 0-75 0.6

Note. 1j-MCMC = reversible-jump Markov Chain Monte Carlo.

a reliable estimation of the posterior density. The Metropolis-Hasting criterion (Hastings, 1970; Metropolis
etal., 1953) is used to decide on the retention of a candidate model for the ith 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, and remove a layer. For
every option, the new velocity (and/or layer depth) is drawn from a Gaussian distribution centered on the
current value of each parameter. In Table 1 we show the prior, uniform, probability function of each variable
we invert for, together with the perturbation allowed (in terms of standard deviation) for generating the
candidate models along the chain. The possibility that the number of layers can indeed vary along the chain
embodies the transdimensionality of the inversion algorithm. Despite the fact that we invert our data set for
density, we do not consider it for further interpretation, due to the low sensitivity of both RFs and SWD to
that parameter.

With respect to Bodin et al. (2012), we employ the rj-MCMC algorithm strategy with some modifications,
motivated by our specific needs and observations. Bodin et al. (2012) keep the ratio V,/V fixed in order to
decrease the computational cost of the inversion. Following Piana Agostinetti & Malinverno (2010, 2018)
and Gao and Lekic (2018), we decide to treat V,/Vy as a variable that can be randomly perturbed along
the chain. As a matter of fact, both laboratory experiments (Peng & Redfern, 2013; Ohno et al., 2006) and
thermodynamic modeling (Diaferia & Cammarano, 2017) suggest that V,,/V, can strongly vary at crustal
depths as a result of the phase transition of quartz from its « to § form. Therefore, given the scope of this
study, we find that fixing V}, /V at an arbitrary value will hamper an unbiased interpretation. Moreover, the
algorithm in Bodin et al. (2012) is hierarchical, meaning that data error of both RFs and dispersion curves
is itself an unknown that is estimated by inversion. However, this is not the case for our algorithm, which
allows us to decrease the computational demand. Instead, we rely on the estimates of data variance of RFs
and dispersion curves.

Additionally, we modify the approach proposed in Bodin et al. (2012) so that models that are implausible are
rejected before computing their forward response. Criteria for rejection are (i) top layer denser and/or faster
than deepest layer, (ii) V, >8.5 km/s, and (iii) Vi >5 km/s. Thus, only models that are geologically mean-
ingful are actually compared against the data, speeding up the convergence of the inversion and with no
significant or undesired effects on the prior. Through dedicated tests, we find the optimal values for the per-
turbation of model parameters, in order to maximize the algorithm's efficiency of convergence (see Table 1).
Smaller perturbations would require many iterations for convergence, whereas large perturbations inhibit
the convergence itself (the algorithm would not be able to fully explore the regions with high likelihood).
The amplitude of perturbation of model parameters along the chain results in an overall model acceptance
rate around 33%. For each location, we run 10 independent chains, with 500,000 iterations each, on the DT2
supercomputer at the University of Maryland. For the first 90,000 iterations, models are not saved 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. We assess convergence by compar-
ing ensemble characteristics across more (30) and longer (1,500,000 iterations) chains, validating that their
properties do not differ from those obtained using settings detailed above. Adding more and longer chains
does not result in a significant gain in terms of sampling of the posterior density.
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2.4. Thermodynamics

We use thermodynamic modeling to predict absolute temperatures at depth from seismic velocities. We
employ the code Perple_X (Connolly, 2009), an algorithm that is based on Gibbs free energy minimiza-
tion for the calculation of (i) the stable mineral association at any P-T, given a certain chemical composition
and (ii) the density and seismic velocities of the resulting mineralogical aggregate. For our specific appli-
cation to a crustal domain, we implement in Perple_X the thermodynamic database from Holland and
Powell (1998), which accounts for the experimentally constrained shear moduli of Hacker and Abers (2004)
and the data from Ohno et al. (2006) regarding the peculiar behavior of quartz at the a to # transition
(T~ 580 °C). We assume the crustal composition of Rudnick and Gao (2003), parametrized into the upper,
middle, and lower continental crust. To this composition, we introduce 1% of H,O, thus allowing the mod-
eling of hydrated minerals (e.g., amphibole) and the formation of melt for a more realistic representation of
the actual crust at high temperature. The assessment of the main parameters, that is, water and composi-
tion in addition to temperature and pressure, has been carried out by Guerri et al. (2015) and Diaferia and
Cammarano (2017).

We correct the observed V to account for porosity. In doing this, we increase the seismically inferred veloc-
ities to the values expected for rock that is a pore-free mineralogical aggregate, which is the underlying
approximation in thermodynamic modeling. Porosity as a function of depth is estimated with the empirical,
quadratic formula in Vitovtova et al. (2014):

log = —0.65 — 0.16h + 0.0019k> 4

where ¢ is the porosity (%)and h the depth in kilometers. Porosity at depth is then used to correct the
observed shear wave velocities using the empirical relation V., = Vg + 7.07¢ in Castagna et al. (1985).
After such correction, the observed velocities can be fitted to those modeled through thermodynamics and
the corresponding temperature estimated.

3. Results

To estimate the crustal temperature from our seismic observations, we need to accurately characterize the
shear wave velocities and V), /V ratio of the subsurface. Therefore, it is important to first analyze the perfor-
mance of the Bayesian inversion in fitting the observed data. The misfit between 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 both RFs and surface wave dispersion. In the discussion, we
provide a possible explanation for these observations. A comparison between observed and inverted data for
all the 50 stations are given in the supporting information (Figure S1). Inversion results at these stations are
also given in the supporting information (Figure S2), together with the corresponding model from Molinari
et al. (2015) as a comparison.

In order to evaluate the fits to different data sets, we plot the misfit of the mean inverted model with the
observed RFs and SWD at each station, normalized to the highest misfit recorded. Results are shown in
Figure 2. The fit to the RFs (Figure 2, left panel) is particularly good in the southeastern part of the peninsula
(e.g., MRVN station in the supporting information) and in specific locations of the Adriatic and Tyrrhenian
sides of the 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, it can be seen that stations in the Northern
Apennines have the worst fit, especially at longer periods. Interestingly, this is the area where also the RFs
fit is rather poor. Tork 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 major structural complexities
are expected.

Based on data misfit and visual inspection of results, we select 19 stations that are most reliable for the
interpretation phase. Considering the mean V profile of the ensemble solution at all 19 stations, Vg shows
a clear bimodal distribution with distinct peaks at 3.3 and 4.3 km/s (see Figure 3, left panel), reflecting the
sensitivity of the data to both crustal and upper mantle depths. The V,,/V ratios show a more unimodal
pattern with a peak at 1.76 (Figure 3, right panel), though higher values between 1.85 and 1.95 are also
frequently found.
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Figure 2. Misfit between the prediction of the mean model after inversion, for receiver functions (left) and surface
waves dispersion curves (right). The misfits are normalized so that the maximum is unity. 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, the
dispersion curve misfit is also higher (especially at longer periods), though generally good for the whole data set.
Considering the combined misfit of both RF and SWD, we focus on 19 stations with best data fits. RF = receiver
function; SWD = Rayleigh surface wave.

36°N

An example of the inversion outcome is shown in Figure 4 for the station AOL situated in the Adriatic side
of the Apennines. The panels on the left-hand side and in the center represent the posterior probabilities for
Vs and V,/V, respectively. The solid line indicates the mean model of the ensemble solution and the dashed
line is its uncertainty in units of ¢. On the right, the panel shows p(discontinuity), the posterior probability
of having an interface. The V structure is rather homogeneous in the first 19 km, probably reflecting the
low sensitivity of ambient noise in imaging small velocity changes in such depth range, rather than an actual

02— inverted 0.25 — inverted
prior prior
20.15 0.2
5 0.15
S 0.1
o 0.1
o
0.05 0.05
0 ! 0 I"' !
1 2 3 4 5 16 1.8 2 2.2
Vg (km/s) VPNS

Figure 3. Histograms of the Vg and Vp/V retrieved after reversible-jump Markov Chain Monte Carlo inversion of
surface waves data and receiver functions. The shaded areas are the uniform prior distributions for the two variables
(see Table 1).
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Figure 4. Ensemble solution in terms of posterior probability density function for Vg, Vp/V (with 1o uncertainty) and
discontinuity, as a function of depth, at station AOI on the Adriatic side of the Apennines. The velocity jump at 19 km
(and associated increase in Vp/Vy) 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.

homogeneity of the crust. The jump in Vg and V,,/Vy at 19 km and the narrow peak in the discontinuity
probability suggests a sharp interface that is well constrained by the data. The transition to mantle velocities
occurs at around 27-km depth. Here, the smeared p(discontinuity) over ~5 km suggests a transitional Moho
rather than a sharp interface, a feature that we observe in the majority of the locations. 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 V,/V against V and their depth (Figure 5). Three
main regions can be easily recognized, corresponding to the upper crust, middle, and lower crust, and upper
mantle. To find meaningful boundaries among these regions, we use a
k-means cluster analysis (Lloyd, 1982) with k=3 and a L, criterion (i.e.,

. . ,J-M‘CMC invelrsion ' I ) ' aept o sum of absolute difference). The clusters’ boundaries and centroids (i.e.,

X Cluster centroids 1 i median of the clusters) are indicated in 6 by the dashed lines and crosses.

ol L * EPcrust (BrSCher formula) 4 oo : :z . The shallow crust shows the higher variability for V,/Vy, having values

| ° .. °° ,;Jn : o ranging from 1.68 to 1.95-2. Considering their centroids, shallow crust

shallow crust 1* mantle " and mantle have similar mean values of V,/Vy, around 1.8. Interest-

o 19T ‘ié crust : . ingly, the mean V,/V for the mantle is in close agreement with the ratio

En_ L y, 1 , of V and Vy at these depths given in both global models such PREM
> sl r Y : x | (Dziewonski & Anderson, 1981) and IASPEI91 (Kennett, 1991).

. : The rest of the crust shows a rather distinct behavior, with remarkably

I * | higher V,,/Vs, bounded in the 1.85-2.05 range (Figure 5). Such high val-

1.7F ¥ ] ues are anomalous compared to expectations. For comparison, we plot

L i the V,/V and V as in EPcrust (Molinari & Morelli, 2011). In this model

of the European crust, velocities at depth are mainly retrieved from P

1‘§ 5 2 2:5 3 3f5 ;‘ 4f5 5 wave data and then converted to Vi by fourth-degree polynomial fit pro-

Vg (km/s) posed by Brocher (2005). The poor fit between our results and those

Figure 5. V/V against Vg at depth (see color scale) after inversion for all
the locations. Three main regions are easily recognized, as also identified by
k-means cluster analysis (crosses are the cluster centroids; dashed lines
indicate the clusters boundaries). The shallow crust shows high variability
of Vp/Vy ratio, with an average value that is comparable to that at mantle
depth. The rest of the crust shows systematically higher values of V»/Vs, in

obtained using the analytic formulation of Brocher (2005) in Molinari
and Morelli (2011) is indicative of the geological heterogeneity of the sub-
surface, which translates into complex relationships between geophysical
variables (here V,/V ratio and V). Such complexity cannot be repro-
duced by an empirical formula but can be imaged if complementary data
sets are used, as is done in this study.

the range 1.9-2. For the sake of comparison, the Vp/Vg and Vg from

EPcrust are reported: they follow the fourth-degree polynomial formula
from Brocher (2005) used in EPcrust (Molinari & Morelli, 2011) to convert
Vp to V. 1j-MCMC = reversible-jump Markov Chain Monte Carlo.

The use of RFs better constrains the depth of sharp velocity transitions.
We explore the characteristics of the observed seismic discontinuities in
terms of changes in Vg and V,,/V (Figure 6). On the left panel, we show
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Figure 6. 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 4, 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 intracrustal 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 intracrustal depth shows also the higher V/V (see right
panel). These are possibly indicative of the phase transition of quartz and used for the estimation of the geothermal
gradient.

the depth of the major discontinuities and the V5 underneath. The color indicates the “discontinuity factor,”
a quantity that we introduce to measure the strength and uncertainty of interface in our ensemble solution.
It is the product of the of p(discontinuity) and the corresponding V 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 Vg < 3.8 km/s show the highest discontinuity factor, suggesting
that they are strong and well constrained. Contrarily, low values of discontinuity factor are found at shallow
depths, as well as at the Moho and underneath, indicating less abrupt changes in seismic velocity. In the
right panel of Figure 6, the detected discontinuities are shown according to the associated variationin V}, / V.
The velocity jumps within the crust have systematically high V,,/V (up to 2), whereas those detected in the
mantle and the shallow crust have ratio around 1.8.

For further interpretation in terms, we select all the locations where seismic discontinuities are the strongest
and well imaged at a depth of at least 10 km, having V smaller than 3.8 km and (iii) V},/V greater than 1.8.
For nine stations over 19, we find a crustal interface that satisfies these criteria. We interpret these seismic
discontinuities to be caused by the transition of quartz from the a to § phase. We discuss this further in
section 4.3.

4. Discussion

4.1. Data Integration: Pros and Cons

The integration of two seismological data sets has lead to important observations on both the potential and
drawbacks of a joint inversion approach. At about half of our locations, the Bayesian inversion method pro-
vided a model of the subsurface that fits both the RFs and SWD data well. Considering all the stations,
the normalized total misfit reveals a clear spatial pattern in the data fit (see Figure 2). For SWD data alone
(Figure 2, right), at all stations our models show an overall good concordance with observed data. Stations
in the Northern Apennines (NA) represent the only exception due to their relatively higher misfit, espe-
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cially in the 30- to 40-s period range. At these stations, the misfit of RFs (Figure 2, left) is among the highest,
suggesting that our inversion algorithm could not provide a model that fits both the RF and SWD data suf-
ficiently well. We speculate that the reason can be found in the complex geological and tectonic setting
of this area. Here, at the transition between the Apennine and Alpine orogen (Vignaroli et al., 2008), the
subduction of the steep, Adriatic slab is ongoing (as attested by the compressive mechanism of seismicity),
underneath the active front of the NW-SE trending fold-and-thrust belt. Our modeling of RFs is based on
the assumption that seismic interfaces are flat, and this assumption might be violated in this complex envi-
ronment. Anisotropy is another element that may affect both the observed Rayleigh wave phase velocities
and RFs but is not accounted for in our modeling. For this area, the harmonic decomposition of the trans-
verse component of RFs over the entire azimuthal range (Bianchi et al., 2010) revealed a NE-SW trending
symmetry axis. Moreover, Plomerova et al. (2006) pointed out a complex anisotropy pattern from SKS split-
ting. Therefore, the thick and tectonized accretionary prism in the North Apenninic front may hinder the
retrieval of a satisfactory model from RFs and jointly fit a complementary observable such as SWD data.
Moreover, the thick sedimentary layer of the Po Plain that overlies the North Apenninic thrust represents
another element of complexity. The arrivals recorded at the edge of the basin (that is the case for our sta-
tions in the NA) can be contaminated by reverberations that mask the P-to-S conversions at the Moho and
intracrustal discontinuities.

Ifthe 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. Our Bayesian approach
performed particularly well in the Apulian platform (southeast Italy) as well as in several coastal areas in
the Tyrrhenian and Adriatic sides of the Apenninic orogen. In these settings, the successful integration of
the complementary data sets might be the consequence of a simpler geological setting. For example, all
stations located in the Apulian platform score the lowest misfit. As a matter of fact, this area is a geologi-
cally stable, undeformed foreland consisting of a thick, horizontally layered carbonate succession from the
Meso-Cenozoic (Mariotti & Doglioni, 2000). In the literature, there are no indications of seismic anisotropy
that might complicate seismic wave propagation. The low-angle/horizontal layering of the carbonate suc-
cession, as well as the rather regular Moho, represent an ideal case for the RF method. It is worth noting
that the Moho depth estimates obtained from our joint inversion are generally shallower (about 5km) than
those obtained from the inversion of RF data only along the Apulian platform (Amato et al., 2014) and at
the AOI station (Piana Agostinetti & Amato, 2009). We speculate that this difference might be attributed to
different assumptions on the error statistics of the RF and SWD data. In fact, assuming a diagonal matrix
for the error covariance in SWD data, while having a more realistic full covariance matrix for the RF data,
means considering the SWD data more informative than RF data, implying that SWD data need to be fit-
ted to a higher degree of precision during the rj-MCMC sampling. As discussed in Gosselin et al. (2017), a
covariance matrix that is not diagonal should be more realistic for SWD errors as well.

4.2. Vp [ Vg Ratio Within the Crust

For our interpretation, we focus on 19 stations where the inverted models show good agreement with both
the RFs and SWD data. From our inferred velocities the crust appears rather peculiar and heterogeneous,
with distinct seismic domains, likely arising from differences in lithology and mineralogical assemblages.
Our results in Figure 5 are similar to those reported in Hacker et al. (2015; see Figure 6) suggesting the role of
lithology and mineralogical assemblage in controlling seismic properties. Nonetheless, the strong overlap in
seismic wave speeds of different rock types hinders a clear detection of lithological/mineralogical properties
from seismic velocities.

The low V,/V we observe in the shallow crust can be indicative of high quartz content (Birch, 1966;
Christensen, 1982), a scenario that fits with an expected chemical stratification of the crust. On the other
hand, the higher V},,/V at deeper depth can be partly explained with a decrease in quartz and increase in
plagioclase content (Kern & Schenk, 1988). However, the presence of partial melts in the middle and lower
portions of the crust can cause the high V,,/V we observe, a hypothesis that is not supported by any major
decrease in Vg which would be expected for shear softening due to partial melting.

The anomalously high values we observe within the crust must involve a further mechanism. In Wang et al.
(2012) numerical modeling and laboratory experiments on granite specimens suggest that high V,, /V (>1.9)
can be reached at seismic frequencies if the rock has saturated, randomly oriented, elongated cracks. High
crack density, reaching 0.2-0.25 (volume units), can explain even higher values of V,,/V (>2). To sustain
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crack openings at middle-lower crustal depths, a high pore pressure is
50 necessary, thus suggesting an important role of fluids within the Italian
. crust. Such a scenario is supported by our seismic evidence as well as by
— E deep magnetotellurics soundings. Simpson (1999, and reference therein)
_E) G407 reports several examples of low resistivities (10-20 Qm) in the middle
_8 < and lower crust, implying the presence of fluids in an otherwise highly
o E" resistive medium. In Italy, Patella et al. (2005) observed highly conductive
© g 30 bodies (<10 Qm) below 15-km depth in the Southern Apennines. Here,
% g both the high flux in CO, and the abundant mantle 3He are consistent
< with the hypothesis of a high fluid content, possibly related to man-
8 S 20t tle sources (Italiano et al., 2000). Interestingly, Becken et al. (2008) and
O] g , Ogawa et al. (2001) have observed that seismicity clusters at the transi-
= , ’ + 10 uncertainty tion between highly saturated geological bodies and less permeable ones,
10 . . indicating a direct involvement of fluid migration for the nucleation of
10 20 30 40 50 earthquakes. Finally, results shown in Figure 5 confirm that the use of an
Geothermal gradient empirical formulation (e.g., the polynomial formula from Brocher, 2005)

from thermodynamics (°C/km)

Figure 7. Geothermal gradients estimated from the a-b quartz transition
are compared with those obtained through thermodynamic modeling (see

is unsuitable for deriving either V or V,, from each other when crust is
complex and heterogeneous.

4.3. Temperature at Depth

right panel), shown on the x axis. Except for the stations CING and AOI, Among the detected seismic discontinuities, we observe that those
the two approaches provide similar, highly correlated values. between 10 km and the Moho are the sharpest and best constrained by

our inversion. Moreover, these are associated with high V}/V ratio. Lab-
oratory experiments on single minerals and rock aggregates (Peng & Redfern, 2013; Shen et al., 1993) and
thermodynamic modeling (Diaferia & Cammarano, 2017) suggest that the a—f 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 (e.g., 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 g-form,
the transition is seismically marked by an increase in V,,/V (>1.8 in a porous-free rock aggregate, Diaferia
& Cammarano, 2017) and in V, more than in V. For nine locations, the strongest seismic discontinuities
that we observe at crustal depth can be reasonably associated with the quartz transition. Knowing the tran-
sition temperature, we calculate the geothermal gradient at these locations, shown in Figure 7 (y axis). The
width of the posterior p(discontinuity) at the discontinuity is used to evaluate the uncertainty on the gra-
dient estimation. Since each peak of p(discontinuity) has an approximately Gaussian shape, we take the
standard deviation of the best fitting Gaussian distribution to estimate the uncertainty on the depth of the
interpreted quartz transition. Here the rather sharp posteriors translate into small errors in the estimation of
the geothermal gradient in most of the locations (¢ < 1 °C/km). Interestingly, we derive high thermal gra-
dients, between 30 and 40 °C/km, for stations located in the Tuscan magmatic province where “orogenic”
magmatism took place in the last 8.5 Ma, related to the westward subduction of the Adriatic plate and for-
mation of the Apenninic orogen (Peccerillo & Frezzotti, 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 the presence of conspicuous partial melt
within the crust as a residual phase of the past magmatism.

A high geothermal gradient (34 °C/km) is also observed at the station MMME, which is located 25 km
NE of Mount Etna, a currently active strato-volcano in the Sicilian magmatic province. The so-called Euro-
pean Asthenospheric Reservoir (Lustrino & Wilson, 2007) is believed to be the deep mantle source (>400
km) causing a typical “anorogenic” magmatism (Peccerillo & Frezzotti, 2015) that is poorly affected by the
nearby subduction of the Ionian slab. Such a deep source is compatible with the lower heat flow at surface
(50-60 mW/m?; Della Vedova et al., 2001) than in the Tuscan magmatic province.

At stations PIEI and CERT, we find the lowest values of geothermal gradient, 25 and 29 °C/km respectively.
PIEI is located on the Apennines orogen where the high crustal thickness (35-38 km, Piana Agostinetti &
Amato, 2009) is compatible with the low geothermal gradient we calculate. CERT is in the Roman magmatic
province where modest and rather explosive volcanic activity occurred in the past 1 Ma, now producing
diffuse CO, degassing. This is due to carbonate-contaminated, poorly mobile partial melts in the upper
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mantle that rarely reach the shallow subsurface (Chiodini et al., 2013; Frezzotti et al., 2010), as confirmed
by the moderate heat flow (Della Vedova et al., 2001).

For the stations CING and AOI we obtain very high geothermal gradients. Considering AOI as an example
(Figure 4), the cause of the seismic discontinuity at 20 km is probably other than the assumed quartz tran-
sition (e.g., a strong lithological change). In fact, both AOI and the nearby CING are located on 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 « — f quartz transition is tested through a comparison with an
alternative method based on thermodynamics, using the absolute V from the model of Molinari et al. (2015).
It is worth noting that this model, obtained from both phase and group velocities of Rayleigh wave, probably
provides the best constraints on the absolute shear velocity. In Figure 7b, the x axis indicates the geother-
mal gradient obtained through thermodynamics (more details can be found in Diaferia et al., 2019). These
are obtained by robust, linear fitting of lower crustal temperatures (less prone to be incorrect due to a pos-
sible underestimation of porosity) underneath each station, assuming a surface temperature of 18 °C. This
allows to obtain a reasonable and representative value of geothermal gradient from seismic velocities, possi-
bly reducing the bias associated with the specific seismic model used. In fact, as shown in Cammarano and
Guerri (2017), seismic models can have rather different absolute velocities (and likewise the inferred temper-
atures) despite a high degree of similarity in their spatial patterns. The error on the estimate of geothermal
gradient is evaluated considering the 68.3% (1o) confidence interval of the slope of the best fitting line. Tem-
peratures inferences through thermodynamics come with an uncertainty, however the similarity between
the two independent methods is remarkable, as indicated by the vicinity of the estimated geothermal gra-
dients to the one-to-one line. Interestingly, by using thermodynamics we find gradients at stations CING
and AOI that closely resemble the value at the nearby PIEI, as one would expect. This result strengthens the
hypothesis that at CING and AOI stations the @ — f quartz transition method yielded an incorrect tempera-
ture estimate. In the supporting information (Figure S3), we provide a cross section that shows the crustal
temperatures as estimated through the depth of the a — f quartz transition. This is given to better elucidates
both the vertical and lateral variation in temperature across the Italian Peninsula.

The two methods provide highly correlated results (r = 0.98, if CING and AOI are excluded). However,
estimates from the @ — f transition are systematically higher by 3-5 °C/km compared to thermodynamics,
translating in a 90-150 °C temperature difference at 30-km depth. Deciding which approach is superior in
terms of reliability is challenging. The discrepancy we observe can be alternatively interpreted as an over-
estimation of temperature when using the @ — g transition, or an underestimation by thermodynamics. If
the latter is the case, this would suggest that a more mafic chemical composition than that of Rudnick and
Gao (2003) would better fit the temperature values inferred from the « — f transition. We favor this pos-
sible scenario over that of an erroneous porosity correction on the observed V. In fact, at depths where
we infer crustal temperatures, the predicted porosity is negligible (e.g., 8 - 10™*% at 20 km) as well as its
effect on seismic velocities. It is important to note that the two methods we use to infer temperature rely
on seismic observables but are also based on different assumptions whose validity can change depending
on the area. The a — f quartz transition is dominantly temperature dependent and relies on the assump-
tion 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 V,/Vy at the tran-
sition, suggesting that especially within the upper and middle crust the detection of the quartz transition
might be seismically relevant. However, caution is necessary for geologically complex areas with expected
structural and lithological heterogeneity that can undermine the reliability of RFs (from which V,/Vg are
derived) due to the presence of dipping interfaces and anisotropy. Concerning the use of thermodynam-
ics, we assume a three-layer, laterally homogeneous composition for the crust, while its actual composition
can be different and not spatially homogeneous. However, the assumption of a rather uniform crust (espe-
cially the lower crust, from which we fit the geothermal gradient) is reasonable for the sake of temperature
inference. The appropriateness of the two approaches can be confirmed by the coherence of our tempera-
ture inferences with the expectation regarding the Italian magmatic provinces, Apennine orogen, and their
known geological setting.

Either through thermodynamics or on the quartz transition, we believe that the use of seismic velocities
is a viable alternative to the thermal characterization of the crust through heat flow measurements. Heat
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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 information 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 temperature above surface; (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
equation (Chapman, 1986). This approach, commonly used in the literature, neglects other mechanisms of
heat transport, such as advection, that might be relevant especially in the upper crust. As a consequence, in
active areas with relevant geothermal potential (e.g., Tuscan province), the extrapolated temperature within
the crust would be overestimated if heat flow and conduction equation are used. On the other hand, areas
affected by fluid downwelling, favored by the local lithological and topographic setting, would result in
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 the
temperature at depth. It can be relevant in seismically active regions for defining the BDT (Rutter, 1986).
Locating the depth of the BDT is vital to estimating the crustal volumes involved in a coseismic 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 & Park, 1986), especially for what concerns fold-and-thrust belts (Carminati & Siletto, 1997).

5. Limitations

We have observed that geological complexities, combined with the assumption of the used data and limita-
tions of the inversion strategy, can substantially affect our ability to simultaneously fit both observables. For
future research, it is worthwhile to assess whether accounting for seismic anisotropy and dipping interfaces
can better reconcile different RFs and SWD in complex areas.

In order to recover crustal temperatures from our seismic model, we employ a number of assumptions. The
quartz transition as geothermometer must be employed with caution because, though supported by labo-
ratory experiments and thermodynamic modeling, the interpretation of a strong, intracrustal discontinuity
as the quartz transition can be doubtful. It remains impossible to discern with certainty between this min-
eralogical 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, as we
have shown at the AOI and CING stations.

Alternatively, the temperature can be calculated through thermodynamics. Our assumption consists of a
three-layer, laterally homogeneous, hydrated crust may be far from being representative of the actual crust
with its vertical and lateral heterogeneity. For example, the more felsic the assumed composition, the lower
the temperatures that explain the observed shear wave velocities. However, we recover geothermal gradi-
ents that are in agreement with the quartz geothermometer 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 cur-
rent 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 data sets (RFs and
SWD), jointly inverted in a Bayesian framework to retrieve the Vg and V,/Vy at depth.

1. In specific areas, geological complexities hamper 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 V,, / V ratio that we interpret as the evidence of pervasive
fluid-filled cracks. This interpretation is supported by detection of low resistivities in deep magnetotellurics
soundings both, at global and local scales.
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3. Our inversion has imaged strong and well-constrained intracrustal discontinuities. These are used for
the detection of the transition from a to # quartz and calculation of the local geothermal gradients. The
resulting gradients are in agreement with the known geological contest and comparable to those obtained
through thermodynamics.

4. Despite the different assumptions and approximations required by each of the approaches for temper-
ature estimation, these provide comparable results. This demonstrates that the use of seismic data to
obtain crustal temperature is a viable alternative to the extrapolation of heat flow measurements with
a steady-state conduction equation that are affected by limited applicability, data scarcity, and high
uncertainty.
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