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Abstract We present high-resolution elastic models and relocated seismicity of a very active segment
of the Apennines normal faulting system, computed via transdimensional local earthquake tomography
(trans-D LET). Trans-D LET, a fully nonlinear approach to seismic tomography, robustly constrains
high-velocity anomalies and inversions of P wave velocity, i.e., decreases of VP with depth, without
introducing bias due to, e.g., a starting model, and giving the possibility to investigate the relation
between fault structure, seismicity, and fluids. Changes in seismicity rate and recurring seismic swarms
are frequent in the Apennines extensional belt. Deep fluids, upwelling from the delaminating continental
lithosphere, are thought to be responsible for seismicity clustering in the upper crust and lubrication
of normal faults during swarms and large earthquakes. We focus on the tectonic role played by the Alto
Tiberina low-angle normal fault (ATF), finding displacements across the fault consistent with long-term
accommodation of deformation. Our results show that recent seismic swarms affecting the area occur
within a 3 km thick, high VP∕VS, densely cracked, and overpressurized evaporitic layer, composed of
dolostones and anhydrites. A persistent low VP , low VP∕VS volume, present on top of and along the ATF
low-angle detachment, traces the location of mantle-derived CO2, the upward flux of which contributes to
cracking within the evaporitic layer.

1. Introduction

The northern central Apennines is a slowly deforming region of the central Mediterranean, where stretch-
ing of the mountain range is paired with compression on the Adriatic front [D’Agostino et al., 2009; Bennett
et al., 2012; D’Agostino et al., 2014]. Seismicity and extension align along the Apennines crest (Figure 1a), with
frequent moderate- to large-magnitude earthquakes that develop on a fragmented system of shortly elon-
gated normal faults. The striking correspondence between high geochemical flux, mantle anomalies, and
seismicity supports the idea that seismicity is sustained by migration of fluids within the crust [Chiodini et al.,
2004; Chiarabba and Chiodini, 2013], originating from a process of dehydration in the mantle wedge [see also
Piana Agostinetti et al., 2011; Carannante et al., 2013; Piana Agostinetti, 2015]. The extensional region along
the belt corresponds to the eastward limit of the dehydrating mantle wedge [Piana Agostinetti et al., 2008;
Piana Agostinetti, 2015], supporting the hypothesis that deep and surface processes are dynamically linked
(Figure 1b). Accredited models indicate that extension is accommodated by east dipping low-angle normal
faults [e.g., Collettini et al., 2006], the northeasternmost of which is the Alto Tiberina fault (ATF) [Boncio et al.,
2000], paired with high-angle normal segments located in the hanging wall of the low-angle faults (Figure 1b).
Presently, the effective role of the fault in accommodating deformation is still uncertain as well as its seismo-
genic potential, since large historical earthquakes are not documented for a significant portion of the fault
Catalogo Parametrico Terremoti Italiani (CPTI) [Rovida et al., 2011]. In fact, the mechanics of such unfavorably
oriented faults is controversial [Collettini and Sibson, 2001; Holdsworth, 2004; Collettini and Holdsworth, 2004].
GPS velocities show evidences that at least partially, the low-angle fault is creeping [Hreinsdottir and Bennett,
2009], although discerning whether locked patches are located along the ATF or on conjugate faults is difficult
[Anderlini et al., 2016].
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Figure 1. (a) Seismicity of the northern Apennines and deep velocity anomalies from Carannante et al. [2013]. Black lines are the deformation vectors from
D’Agostino et al. [2014], and the trace of the profile in Figure 1b is shown, ATf = Alto Tiberina fault, AM = Adria mantle, and TM = Tyrrhenian mantle. (b) Vertical
section across the area using the same earthquake data.

Parallel to the uncertain role of the ATF, further challenging issues are the relation of this detachment with
seismic swarms that diffusely occur on its hanging wall and the general potential for large earthquakes. The
ATF near-fault observatory (Taboo project) [see Chiaraluce et al., 2014] favored the addressing of this task
by allowing high-quality data that captured seismic swarms that recently occurred [Marzorati et al., 2014].
Starting from 2010, the recrudescent seismicity featured peculiar patterns of migration and change in the
magnitude frequency distribution of earthquakes [De Gori et al., 2015] evocative of critically stressed patches.
Furthermore, fluid migration has been evoked as an explanation for seismicity rate changes observed in the
Apennines [Lombardi et al., 2010; Chiarabba et al., 2015] and propagation of seismicity and swarms during
normal faulting seismic sequences [Antonioli et al., 2005; Chiarabba et al., 2009; Malagnini et al., 2012].

While the concern for the risk associated with the swarms remains high, the connection between this recrude-
scent activity and locked segments merits a full addressing using robustly constrained seismic velocity models
and catalogues of relocated seismicity. Local earthquake tomography (LET) is a worldwide used tool for com-
pleting tasks such as simultaneous location of microseismicity and determination of elastic parameters at
depth. Linearized LET algorithms have been applied in the past to microseismic data recorded along the ATF
[e.g., Piccinini et al., 2003; Moretti et al., 2009]. However, linearized inversion techniques applied to LET suffer
from well-known drawbacks, e.g., bias introduced by the user-defined starting model, which can prevent a
reliable determination of seismic velocity at depth in complex tectonic setting where, e.g., velocity inversion
at depth are expected. The aim of this study is to try to define how earthquakes, swarms, and fluids are related,
mapping crustal structure and fluid pressure along the fault system.

We compute a very high resolution image of the ATF fault system by applying a recently developed transdi-
mensional LET (trans-D LET), a fully nonlinear technique [Piana Agostinetti et al., 2015], to high-quality data
set available for the area (Figure 1a) [Chiaraluce et al., 2007]. Such data set has been recorded during the
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Figure 2. (a) Geologic map of the study area; major fault traces are shown. Seismic stations (green triangles) and earthquakes used in the tomography (dots)
are shown. The main deep wells (orange circles: Mount Civitello, San Donato, Perugia 2, and Burano 1) and the traces of cross sections used in the paper are
indicated. Squares are the location of large-magnitude (M 6) historical earthquakes, with the year of occurrence. Note that the central portion of the ATF lacks
historical events. (b) Model inversion and relocation setup: seismic stations (red triangles) and hypocenters (black dots) used for the 3-D tomography (left) and
for relocation of the 2009–2011 swarm (right).

“Cittá di Castello” 2000–2001 experiment [Piccinini et al., 2003]. Synthetic tests are used to illustrate how
Trans-D LET can robustly map the seismic velocity anomalies at depth and avoid bias due to the choice of
an erroneous starting model. Using the retrieved 3-D VP and VP∕VS models, we relocate one of the most
recent swarms occurred in the period 2009–2011. Velocity anomalies and location of the swarm activity are
discussed in relation to migration of deep fluids within the crust.

Since early Miocene, the northern central Apennine belt (Figure 1a) developed following the eastward
migration of a compressional-extensional pair [e.g., Barchi et al., 2006], interpreted as a consequence of
delamination retreat [Chiarabba et al., 2014] during the west directed Apennines subduction [Doglioni
et al., 1999].

The thrust and fold belt is composed of four main geological units [Mirabella et al., 2011, Figure 1]: (1) the top
of the basement, mainly clastic rocks of late Paleozoic-middle Triassic age; (2) evaporites dated back to Triassic
age; (3) a carbonate multilayer platform, lower Jurassic-Oligocene; and (4) early Miocene foredeep turbidites.
These units are involved in compressional structures at variable scales, with a regional-scale thrust doubling
the evaporitic and the underlying uppermost basement and forming the internal Calcareous ridge [Bosellini,
2004]. Starting in the Pliocene, complex deformations, related to the low-angle ATF, intersected the tectonic
pile. Synthetic and antithetic high-angle normal faults dissected the main geological units as secondary faults
of the ATF [e.g., Barchi et al., 1999; Barchi and Ciaccio, 2009].

The ATF is about 70 km long gently (15∘–20∘) NE dipping fault, which bounds the western flank of the high
Tiber Quaternary basin (Figure 2a). Evidence from different disciplines and both geophysical and geological
records trace back the initial activity of the ATF to 3 Ma [e.g., Boncio et al., 2000; Brozzetti et al., 2009]. Both
creep and low- to moderate-magnitude earthquakes are thought to be responsible for the accommodation
of the present-day extension of 2.5–3.0 mm/yr [Chiaraluce et al., 2007; D’Agostino et al., 2009; Hreinsdottir and
Bennett, 2009; Anderlini et al., 2016].

2. Data and Methods

We used microearthquakes and arrival time data acquired by passive experiments along the ATF system to
develop VP and VP∕VS models with a fully nonlinear trans-D LET [Piana Agostinetti et al., 2015].

First arrivals of local P and S waves were recorded by a dense seismic network during the 2001–2002
(Figure 2b) [Piccinini et al., 2003]. This data set is used as input to the tomographic inversion. The advantages
of using the 2001–2002 experiment data reside in a more uniform distribution of seismic stations and in
the possibility to directly compare the new results with those obtained by linearized schemes [Moretti et al.,
2009]. Moreover, we relocated the seismicity that occurred in the study area during the 2009–2011 sequence
of seismic swarms (Figure 2b) [Marzorati et al., 2014; Carannante et al., 2013]. The newly derived 3-D velocity
mean posterior model is used as elastic model in the relocation process. Details on the relocation process are
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reported in Appendix E. For the inversion, we used a total of 14,839 P phases and 14,343 S wave from 1262
M> 2.5 events detected at 58 stations (Figure 2b). Uncertainties on phase pickings vary from 0.02 s to 0.3 s.
There are two fundamental key points for using the trans-D LET developed by Piana Agostinetti et al. [2015].
Trans-D LET does not require any subjective damping or smoothing parameter, leaving the resolution and
uncertainties in the elastic models to be completely dictated by the data. Moreover, trans-D LET is fully non-
linear and developed in a Bayesian framework; thus, the results do not display dependence from the starting
model. Here we briefly illustrate the algorithm, referring to Piana Agostinetti et al. [2015] and Giacomuzzi [2013]
for details. Trans-D LET permits simultaneous computation of earthquake and elastic parameters from the
observed P wave and S wave arrival times. Earthquake parameters comprise the 3-D location of each event,
while the velocity model is parameterized by a 3-D distribution of Voronois cells, whose position and num-
ber are considered as unknowns (see also Bodin et al. [2009] for a 2-D example). The ensemble of Voronois
cells is rasterized on a regular grid to allow forward modeling with a pseudobending ray tracer [Evans et al.,
1994]. The algorithm is a Reversible Jump Markov chain Monte Carlo method (RjMcMC) to sample the param-
eter space, by model generation along parallel Markov chains. Here we used 20 independent Markov chains.
Reversible jump methods allow to sample models with a different number of parameters (i.e., Voronoi elastic
cells) along the Markov chain. The approach is developed in a Bayesian framework, given a prior probability
distribution and a measure of the fit to the data (i.e., a likelihood function). This fact means that the target
of the inversion is the full posterior probability distribution (PPD) of the investigated parameters, i.e., seismic
velocities and earthquake locations, rather than a best fit model. It is worth noticing that RjMcMC algorithms
assume that the number of unknowns is an unknown itself, leaving the number of parameters free to adapt to
the information contained in the data and, thus, avoiding the imposition of subjective dumping/smoothing
operators [Malinverno, 2002; Sambridge et al., 2006; Bodin and Sambridge, 2009]. The lack of any subjective
regularization of the solutions and a realistic estimation of the uncertainties in the model parameters are key
advantages of this methodology [Bodin et al., 2012a]. The magnitude of uncertainties in the data is also con-
sidered an unknown, so that only relative values of uncertainties between different picking classes are set by
the user (the so-called Hierarchical Bayes approach) [see Bodin et al., 2012b]. Each Markov chain is initializated
from a different point in the model space, randomly extracted from the prior distributions. A candidate model
is then generated perturbing the previous one according to an arbitrary probabilistic recipe (see Appendix A)
and is accepted or rejected according to the Metropolis-Hasting rule [Gallagher et al., 2009]. Models gener-
ated along the Markov chains are considered samples of the PPD when the misfit along every chain becomes
almost stationary. In a postprocessing step, inferences on the PPD are drawn from the ensemble of models
sampled from the PPD (e.g., 1-D marginal PPD and parameters correlation). An arbitrary grid is used to com-
pute the PPD of the elastic parameters at evenly space points (node). Prior probability distributions are also
defined for each node for both VP and VP∕VS parameters. Defining a prior probability distribution for the elas-
tic parameters allows direct comparison with the PPD, highlighting the regions where the data improve our
knowledge of the elastic structure at depth. Details on the application are reported in Piana Agostinetti et al.
[2015] and in Appendix A.

2.1. Prior Information
Gaussian prior distributions are used for all the physical parameters, i.e., elastic properties in the investigated
volume and the hypocentral parameters of the events. A dense background grid is used to define the priors
for the elastic parameters at depth, with a spacing between the nodes as small as 1 km on the vertical between
0 and 8 km depth and 2 km below. On the horizontal longitude-latitude plane, the grid nodes are spaced by
2 km. The investigated volume is 16 km in depth and 90 × 90 on the horizontal plane. Finer resolution is not
allowed by the data resolving power [Moretti et al., 2009].

Prior distributions for VP and VP∕VS are defined as a mean prior value and a prior standard deviation. These
two values are associated to each single node. Mean prior values for the VP increase with depth, defining a
1-D model with a positive linear trend downward (i.e., there are no lateral variation in the prior on VP and
VP∕VS). The prior standard deviation on VP is kept fixed to 0.5 km/s for all the grid nodes. For the VP∕VS, we
chose a mean prior value for all the grid nodes, 1.84, based on previous studies [Piccinini et al., 2003], and a
prior standard deviation as large as 0.1. We use the same prior probability distribution for both synthetic tests
and inversion of field measurements. It is worth noting that the mean prior on VP has not been selected as the
“best” 1-D P wave velocity profile for locating the events (i.e., the 1-D P wave velocity profile which minimizes
the residuals of all events). To avoid any bias, we selected a mean prior in agreement with previous crustal
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investigations along the Apennines [e.g., Piccinini et al., 2009, 2014]. Parameters associated to hypocentral
coordinates are defined as follows. Mean prior values have been computed via widely used location routine
[Lahr, 1989] (Hypoellipse). In this way, the number of samples needed to the RjMcMC to reach the global
maximum of the likelihood function is reduced. To locate the events via Hypoellipse, we used the mean prior
1-D elastic models. Prior standard deviations for hypocentral parameters are set as 2 km for focal depth and
1.5 km for epicentral coordinates.

3. Results

We present the application of the trans-D LET to both synthetic data and field measurements. First, we invert
synthetic data to illustrate how the algorithm can robustly retrieve seismic velocity anomalies at depth with
realistic uncertainties. Also, a synthetic test is dedicated to prove the independence of the final results from
the prior information in comparison with classical linearized LET algorithms where the choice of the starting
model can introduce a bias in the solution. In a second step, we use field measurement to obtain the PPD of the
elastic parameters within the investigated volume. Uncertainties on the posterior values are also computed
to assess the well-resolved rock volumes. The posterior mean 3-D model is then compared to borehole data
and previous elastic model of the ATF.

3.1. Synthetic Tests
The reliability of the computed models has been verified with synthetic tests and looking at the posterior
standard deviation of computed parameters. In fact, if this value is smaller than the prior standard deviation
within a portion of the investigated volume, we can safely assume that data contain information of the elastic
structure within such volume and the elastic parameters are therefore resolved. We adopted a synthetic model
for tracing synthetic traveltime with heterogeneities in both VP and VP∕VS parameters (Figures 3 and 4). Mainly,
the synthetic model is composed of two high-VP bodies, resembling a single formation dipping to the NE, and
a sharp contrast in VP∕VS. On top of the VP anomalies, we introduced a basin-shaped low-VP anomaly close to
the surface, with a velocity contrast of about 20%, which mimics the presence of Quaternary sediments along
the Tiber valley and surrounding extensional basins. High-VP anomalies have a velocity contrast of about 10%
with respect to the local mean prior value. The model in VP∕VS has a steep lateral transition of 10%. While the
two models can verify the capability of resolving structures close to the real subsurface heterogeneities, we
also performed Appendix C: a synthetic test using anomalies with a reduced size, to illustrate how the RjMcMC
works on small-scale anomalies. Events distribution in the 3-D volume has been kept almost identical to the
observed one, but a smaller number of events (228) has been used to speed up computations. A Gaussian
noise is added to the predicted data, with standard deviation associated to weights of the observed data.
Details of the synthetic test setup are given in Appendix B.

Figures 3 and 4 show the results of the synthetic tests. Full colors are used for the portion of the investigated
volume where the posterior standard deviation is smaller than half the prior value, while not resolved volumes
are masked using a white shade. The synthetic tests show that the standard deviations for both VP and VP∕VS

are small in the central area and indicate that the reliability of the recovered structure across the ATF is very
high. Moreover, the “true” anomalies (Figure 3) are very well reproduced in the VP model from the surface
down to 10 km depth. Also, the VP∕VS contrast is reproduced while some smearing on peripheral borders
occurs. Vertical section across the fault shows that the synthetic structure is well reproduced for either VP and
VP∕VS models (Figure 4).
3.1.1. Dependence on A Priori Velocity Model
A complementary synthetic experiment has been designed to test the dependance from prior information of
the results from a RjMcMC inversion. Such results are compared to the outcomes from a linearized inversion
technique, to verify the dependency from the starting model. With respect to the previous synthetic test,
we only changed the mean prior values for the VP as shown in Figure 5. In this case, the prior mean values
display a zone with reduced VP at about 5–7 km depth. We highlight that the use of a different prior mean
value for the VP does not automatically imply that the RjMcMC sampling starts from a different model. Indeed,
the starting point in the model space is randomly extracted from the prior probability distributions and, in
case the two priors overlap, it could be the same in the two tests for some chains. On the other hand, prior
probability distributions play a fundamental role in the recipe of the RjMcMC sampling when a new elastic
nucleus is created (see Appendix A) and, thus, their influence is not limited to the initial “burn-in” phase. We
refer to Piana Agostinetti et al. [2015] for details. To compare the results of this new synthetic test, the old values
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Figure 3. (first and second columns) Synthetic models and (third and fourth columns) recovered VP and VP∕VS structures shown on horizontal layers at selected
depth. Mean posterior values of VP (Figure 3, first and third columns) and VP∕VS (Figure 3, second and fourth columns) at selected depth. The white regions
correspond to not resolved regions (posterior standard deviation equals to prior standard deviation), the shaded areas correspond to regions where the posterior
standard deviation is less than the prior standard deviation, and full color regions correspond to well-resolved regions, where the posterior standard deviation
amounts to less than half of the prior standard deviation.
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Figure 4. (top row) Synthetic models and VP and VP∕VS structures plotted on a vertical cross section (see Figure 3 for the location). Black circles and red triangles
mark respectively earthquakes and stations located in between 2 km from the section. (top and middle rows) Mean posterior values and (bottom row) standard
deviations of (left column) VP and (right column) VP∕VS and earthquake hypocentral coordinates. In Figure 4 (top and middle rows) the white regions correspond
to not resolved region (posterior standard deviation equals to prior standard deviation), the shaded area correspond to regions where the posterior standard
deviation is less than the prior standard deviation, and full color region corresponds to well-resolved regions where the posterior standard deviation amounts to
less than half of the prior standard deviation.

of the mean prior for VP and the new one are used as starting model of a well-known linearized algorithm for
local earthquake tomography [Evans et al., 1994] (SIMULPS), also used in a previous study of the ATF area [see
Moretti et al., 2009].

Figure 5 shows the results obtained using the RjMcMC (Figure 5b) and the two different prior information,
together with the results obtained using SIMULPS (Figure 5c) and the two different starting models. We
observe that the posterior mean values for VP obtained at the end of the two RjMcMC samplings look very sim-
ilar, both in geometrical structures and in absolute VP values (Figure 5b). Conversely, the two results obtained
using SIMULPS display striking differences, suggesting that the starting model strongly biased the final result
(Figure 5c). The basin-shaped anomaly presents increased intensity and reduced thickness, in the SIMULPS
case, while it is stable in the two RjMcMC cases, with a posterior mean within ±4% from the true value. In the
case of the RjMcMC algorithm, it is also worth noticing how the high-VP body is resolved. In fact, the mean
prior values at the depth of the high-VP body are 5.2 and 6.2 km/s in the two tests (associated to a prior stan-
dard deviation of 𝜎 = 0.5 km/s, which translates in a 99% confidence interval of 3.2–7.2 and 4.2–8.2 km/s,
respectively). Indeed, the results show the same posterior mean value of 6.9 km/s for the high-VP body. This
demonstrate the low-level dependance of the results from the prior informations, obtained using the RjMcMC
algorithm. Anyhow, the two tests present a different extension of the well-resolved volumes, i.e., where the
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Figure 5. Inversions of synthetic data using different starting models or prior VP models. (a) Starting model for SIMULPS and mean prior information for the
RjMcMC tomography; note that the two tests differ only for the low-VP channel at about 6–7 km depth. (b) Models obtained with the RjMcMC code. (c) Models
obtained with the SIMULPS code.

posterior standard deviation is lower than the prior standard deviation. We observe that using SIMULPS, the
depth of the events is shifted downward due to the presence of the low-VP layer, highlighting that the differ-
ences between the two algorithms are not limited to the elastic models. The test demonstrates that the results
from the trans-D LET are less dependent from subjective choices or a priori information with respect to lin-
earized techniques. To better illustrate how the RjMcMC algorithm works, we also include a detailed analysis
of the results obtained inverting the field measurements with the two different priors on VP reported above
(Appendix D).

3.2. Inversion of Field Measurements
Results of the inversion of field measurements are shown in horizontal slices of the 3-D VP and VP∕VS mean
posterior models (Figure 6). In this figure, well-resolved regions of the investigated volumes are represented
with fully illuminated colors, i.e., the regions where the posterior standard deviation is no larger thant 50% of
the prior standard deviation. Shaded colors indicate less resolved area where the posterior standard devia-
tion lies between 50% and 90% of the prior standard deviation. White regions map the portion of the volume
where no significant information are extracted from the data; i.e., prior and posterior standard deviation are
almost identical. Maps of the posterior standard deviation are presented in Appendix A (Figure A2). In the
very shallow crust (1 km depth), VP anomalies seem to follow a NW-SE trend. Spots of very low VP < 3.5 km/s
are found in the central portion of the study area (marked with “A” in Figure 6), bounded to the NE by a
high-velocity anomaly (VP > 6.0 km/s) at the border of the resolved region (“B”). At the same depth, VP∕VS

shows a remarkable high value (>1.95) in the SE end of the resolved region. Such anomaly in VP∕VS extends in
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Figure 6. Inversion of field measurements. The posterior mean models (left column) VP and (right column) VP∕VS on
horizontal cross sections at 1, 3, and 5 and 7 km depth. Color regions are areas where the posterior standard deviation is
less than the prior standard deviation. Events belonging to the 2000–2001 seismic activity, used in the inversion, are
reported as black dots. Letters indicate the main anomalies discussed in this study.
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depth to about 4 km (“C”). In the depth range between 3 and 5 km, the VP map presents a high-velocity
anomaly, elongated in the NW-SE direction (“D”). Such anomaly lies closer to the ATF at shallower depth and
is shifted toward the NE at 5 km depth. Closely associated to this anomaly, a high-VP∕VS (>1.85) region, at 3
and 5 km depth, is shown in the maps. Finally, at 7 km depth, two spots of low VP and low VP∕VS are found in
the central portion of the study area (“E”).

In the following, we interpret the mean posterior velocity model presented above using the deep borehole
data available for the area [see Bally et al., 1986; Mariucci et al., 2008, and references therein]. The 4 km thick
sedimentary sequence consists of (top to bottom) (i) Quaternary continental sediments filling the Tiber and
Gubbio basins (VP < 3 km/s), (ii) Miocene foredeep units and carbonate multilayer (VP in the range 3.4–4
and 5–6 km/s, respectively), and (iii) Triassic evaporites (1.5–2 km thick) and dolomites (Vp > 6.1 km/s). Vp

and Vp∕Vs values of the evaporitic sequence show strong variability (from 5.8 to 6.4 km/s for anhydrite and
6–7 km/s for dolostones [see Trippetta et al., 2010]), depending on the composition, pressure, and fluids sat-
uration. The VP∕VS ratio seems to be independent of confining pressure, with average values of 1.8 to 2.2 for
either sulphates and dolostone in dry and saturated conditions, respectively.

A phylladic basement is found beneath the evaporitic succession in two deep wells (Perugia2 and San Donato;
see Figure 2), penetrated for a thickness of 1.5 km [Mirabella et al., 2004, 2011]. For such basement rocks,
VP value is expected in the range 4.8–5.2 km/s, as seen by borehole sonic log data. This fact implies that a
velocity inversion at depth such as basement rocks should be lower P wave velocity with respect to overlying
evaporites. While direct measurements of the phyllitic basement are not available, we expect low VP∕VS values
for the metamorphosed siliciclastic rocks (VP∕VS < 1.76 [Christensen, 1996]). Thus, a velocity inversion and a
sharp change from high to low VP∕VS values should mark the bottom of the evaporitic layer. The crystalline
basement has never been sampled by any borehole in the study area, and thus, its properties and nature are
still debated. A VP value of about 6.0 km/s has been estimated from Deep Seismic Sounding (DSS) refraction
data [Ponziani et al., 1995].

The reliable portion of the velocity model, according to standard errors and synthetic tests, is shown in hori-
zontal slices (Figure 6). In light of the reported subsurface data, the main anomalies in VP and VP∕VS described
above can be interpreted as follows. We found a strong correlation between the rocks outcropping in the area
and the VP model at shallow (< 1 km) depth. The continental fillings of Quaternary basins could be mapped
as a very low VP (<3.5 km/s, labeled with A in Figure 6). Conversely, the carbonates outcropping in the NE and
SW of the study area display the same trend as the high-VP anomaly (VP = 5.0–5.7 km/s), with a NW-SE trend-
ing direction (B). At greater depths, high-VP (>6.0) and high-VP∕VS anomalies prevail at depth between 3 and
6 km, defining the geometry and extent of Triassic evaporites (D). At depths below 6 km, both VP and VP∕VS

decrease, with low-VP , low-VP∕VS spots in the central part of the model, underneath the ATf (E). In the south-
ern region and west of the Gubbio fault, we observe a strong high-VP∕VS ratio anomaly, which extends from
surface to about 4–5 km depth within the Mesozoic carbonates and evaporitic rocks (C).

Absolute P wave velocities retrieved by the trans-D LET inversion and the regional pattern of the resolved
anomalies can be compared to laboratory measurements of VP in sedimentary rocks and subsurface images
from active seismics to support our interpretation. The velocity model close to the Burano 1 well indicates
VP = 5 km/s [Trippetta et al., 2010] evaporitic rocks at 600 m depth, strongly consistent with borehole data.
In our model, the high-VP anomaly in the NE at shallow depth (B) correlates with the Calcareous ridge and its
compressional structure as seen from active seismic profiles [Tavani et al., 2008]. The Vp model close to the
Monte Civitello well shows velocity of 3.8–4 km/s overlaying a steep gradient at 1–2 km depth with veloc-
ities up to 6.2 km/s a 2 km depth. This is fully consistent with the stratigraphy of the well, where evaporitic
rocks (VP > 6.1 km/s) underlay the Marnoso Arenacea formation (VP = 3.9 km/s) at 2 km depth. The Marnoso
Arenacea formation (siliciclastic composition) has generally low VP∕VS values, while the evaporitic layer has
high-VP∕VS values, in agreement with strong fluid overpressure [Trippetta et al., 2010, 2013].

The interpretation of the deeper part of the model is more speculative. According to the different values of
VP∕VS between the evaporitic layer and the phyllitic basement, we locate the basement top by the drop of
VP∕VS at depth (VP∕Vs < 1.80). The top of the basement defined by active seismic profiles corroborates our
interpretation, as seen in Figure 7 [Mirabella et al., 2004, 2011]. Regions with a clear VP reversal and very low
VP∕VS mark the philladic uppermost sheet of basement, whereas regions with normal-to-low VP∕VS and high
VP might represent a deeper crystalline basement which composition is unknown and speculative.
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Figure 7. Constraints for the interpretation of the tomographic models. (top and middle) VP and VP∕VS profiles (section b in Figure 2b) across the area and
(bottom) interpreted profile and migrated section by Mirabella et al. [2011]. In Figure 7 (top and middle), red lines dipping toward southwest indicate the main
antithetic faults of the ATF. Black dots indicate the 2009–2011 relocated seismic events. Civ well is the Mount Civitello deep well, with the horizon of main
lithology that helps in calibrating the velocity model. A sketch of the lithostratigtraphy of Civ well is redrawn on the right of Figure 7 (top and middle).

A consequence of our interpretation and reconstruction is the doubling of the evaporites layer beneath the
Calcareous ridge (Figure 7). In fact, the absence of such doubling would put the top of the basement directly
in the middle of the high-VP∕VS anomaly. What is notable is the striking similarity between the thickness of
the evaporites unit and vertical extension of the high VP∕VS in our posterior mean model (labeled evap in
Figure 7).
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4. Discussion

The nonlinear tomography yields a highly resolved image of the Alto Tiberina fault system. The main advan-
tages of this new method are the image definition directly guided by ray sampling and the lack of dependence
on initial models or regularization in the inversion. Although model visualization is shown in layers, the param-
eterization is not regular but follows directly ray sampling and resolution. Thus, lateral offset or velocity
contrasts, even those with a very small scale, are real and not artifacts. The retrieved image is also independent
on starting models and thus not biased by, eventually wrong, a priori information.

Borehole data and seismic reflection profiles [Mirabella et al., 2004, 2011] help in calibrating the velocity mod-
els and constraining the interpretation (Figure 7). The absolute values of P wave velocity perfectly fit with
values measured in situ and in laboratory [Trippetta et al., 2010]. The surficial crust is dominated by low-velocity
anomalies ascribable to the sedimentary infillings of the Tiber and Gubbio basins. The gross upper crust struc-
ture and basins geometry are shaped by the compressional tectonics, upon which the Quaternary extension
superposed. In the northern portion of the model, the resolution is consistent also in the ATF footwall permit-
ting to resolve velocity contrasts across the fault which suggest that a minimum of 1–2 km of displacement
has been accumulated on the low-angle fault. In the southern part, the resolved volume is located east of
the fault emersion and only the low-velocity Gubbio Quaternary basin is recovered, a 1–2 km thick struc-
ture formed by activity on normal fault segments bounding the calcareous spine of the Gubbio anticline
(Figure 8, profile c), which superpose to the original compressional shape of the syncline. The overall geom-
etry of the shallow basins is consistent with prolonged activity on the ATF. Vertical offsets in the top of the
Mesozoic carbonates are visible across steep splays of the fault (sections a and b in Figure 8). Similar offsets
are not visible across the high-angle antithetic segments suggesting the Gubbio flat at very shallow depths,
as also suggested by Mirabella et al. [2004]. The displacements across the ATF are evident in the northern por-
tion of the fault (section a), only slightly in the southern portion (section c), and not in the central portion
(section b). Since historical earthquakes are not documented in the central area, creeping on the ATF might
prevail at depth coupled with a partitioning of deformation on different shallow antithetic segments in the
ATF hanging wall.

On top of the ATF, seismic swarms repeatedly struck the system in the past years [Marzorati et al., 2014; De
Gori et al., 2015]. During these swarms, seismicity increased only on the high-angle segments in the ATF hang-
ing wall and not on the detachment itself [see Marzorati et al., 2014, Figure 7]. Seismic rate raises for almost
1 month to an average of 50 events per day and then decays to the background value of two to four events
per day. Magnitudes over the monthly period are limited (e.g., 30 events of MW > 2 during the Pietralunga
sequence) [Marzorati et al., 2014]. At local scale, seismicity migration displays highly variable values, from 0.1
to 0.7 km/d over a weekly period, indicating different processes probably characterized by brittle deformation
and fluid flow [Marzorati et al., 2014]. Migration occurs on well-defined structure toward a northwest direction
following the local strike of the Apennines orogen. The same patter of seismicity migration, from southeast to
northwest parallel to the orogen strike, has been found at a more regional scale within the Gubbio fault sys-
tem [De Gori et al., 2015, Figure 3]. Our results permit to finely resolve the 3 km thick layer, between 3 and 6 km
depth, of high-VP and high-VP∕VS anomalies which track the extent of the Mesozoic carbonates and the Trias-
sic evaporitic rocks (Figures 8 and 9). The carbonate-evaporitic multilayer is involved in the eastward trending
thrust which spines the Gubbio anticline and more to the east the Calcareous ridge (Figure 8).

The swarm-type seismicity is fully confined within this layer and prevalently aligns on conjugate sets of
high-angle normal faults, which cut entirely through the layer from about 2–3 to 6 km depth (Figure 9). These
fault segments end at the base of the layer, which seems not displaced, and their mechanical connection with
the ATF is not evident.

Underneath the high-VP∕VS evaporitic layer (6–9 km depth), a broad low-VP , low-VP∕VS volume is present
(Figures 7 and 8). We explain this anomaly by fracturing of gas-bearing rocks induced by increasing pore
pressure, which decreases compressibility [Dvorkin et al., 1999; Wang et al., 2012; Trippetta et al., 2013]. The
anomaly is suggestive of patches of CO2-rich rocks stored along the ATF detachment and beneath the seis-
mic swarming layer [Chiarabba and Chiodini, 2013]. According to Chiaraluce et al. [2007], short-lived frictional
instabilities triggered by fluid overpressures lead to the creation of isolated velocity strengthening portions on
the ATF consistent with the onset of microseismicity. Fluids migration from the low-VP∕VS patches along the
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Figure 8. Vertical sections (VP and VP∕VS) across the fault system (traces in Figure 2b). Black dots indicate the 2009–2011 seismic events relocated using the 3-D
posterior mean model. Color regions are areas where the posterior standard deviation is less than the prior standard deviation. Tmf = top of the carbonate
multilayer, Tev = top of the evaporitic layer, Tbas = top of the basement, and evap = evaporates layer, drawn accordingly to geologic reconstructions (see
Figure 7). The ATF fault, the Gubbio normal fault (Gt), and the main thrusts are traced. Main antithetic faults are also plotted as red lines dipping toward
southwest. (lower right panel) Map view of the profiles.

ATF promotes a sudden increase of the pore pressure within the evaporitic layer that drives prolonged seis-
mic sequences. The northwestward migration of seismicity during the 2009–2011 seismic swarms [Marzorati
et al., 2014] is consistent with this mechanism.

Our interpretation gives a leading role to fluids in the weakening processes, a role previously proposed by
Miller et al. [2004] and Mirabella et al. [2004]. The fluid-driven cracking of evaporitic rocks resembles that of arti-
ficial fracking and promotes the ATF as an analog for studying seismicity induced by change in fluid pressure.
Future investigations of these processes will include the analysis of new data from the near-fault observatory
operating in the area [Chiaraluce et al., 2015].
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Figure 9. The same as Figure 8 but along the fault system (trace in Figures 2b and 8). Note the relation between the low-VP and low-VP∕VS patches along the ATF
and the seismicity, migrating northwestward during the 2009–2011 swarm, and confined within the evaporitic layer. The arrow on top indicates the regional
trend of seismicity migration [De Gori et al., 2015].

4.1. Conclusion
The velocity models computed by nonlinear tomography help defining with a high resolution the structure
of the Alto Tiberina low-angle normal fault system (ATF).

1. The warping of anomalies in the crust permits to resolve a significant displacement on steep splays of the
ATF, indicating that the extensional detachment played a key role during the Quaternary.

2. The lack of lateral continuity of these displacements, and their absence in shallow fault splays along the
central portion of the ATF, combined with the absence of historical earthquakes, might suggest a creeping
attitude of the detachment, resulting in a reduced potential for large rupture.

3. Seismic swarms frequently striking the system are restricted to the hanging wall of the ATF and originate
on high-angle normal faulting segments totally confined within the Triassic evaporitic layer.

In our model the swarms are driven by fluid overpressure within the fluid-saturated layer, triggered by input
from deep fluids released along the detachment.
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Figure A1. Misfit function evolution during the sampling of the parameters space. Each series of points represents the misfit related to the models accepted
along one of the 20 Markov chains. The inset highlights the effects of the “simulated annealing” scheme, with a higher oscillating trend in the misfit due to the
higher probability to accept candidate models characterized by a likelihood function value lower than that of the current model. The vertical red line divides
models generated during the burn-in phase, which are not considered samples of the PPD, from models generated when the misfit has reached a stationary
state, which are considered as distributed according to the PPD.

Appendix A: A RjMcMC Recipe of Sampling

We used 20 Markov chains, each one starting from a different model drawn from the prior distribution. During
the sampling of the model space, the candidate models are designed according to the moves and the proposal
distributions described below. Several different recipes of sampling of the parameter space have been tested.
The recipe that allowed a faster achievement of the convergence and a balanced sampling between elastic
and earthquake parameters is composed of six moves having different probabilities of being selected. When
a candidate model is created, one of the six moves is randomly picked and the current model is perturbed
according to such move.

1. Move 1 (probability 0.25): perturbation of both the VP and the VP∕VS of 1 Voronoi’s cell every 100 cells
existing in the current model. The candidate model is proposed following a “nested-metropolis” approach
(see Piana Agostinetti and Malinverno [2010, Appendix A2] for details) with a standard deviation that
amounts to 25% of the standard deviation of the priors.

2. Move 2 (probability 0.20): perturbation of the spatial location of one randomly selected nucleus. Each one
of the nucleus coordinates is uniformly perturbed around its current position, with a maximum perturba-
tion equal to 0.005 (in a-dimensional units). In dimensional coordinates, this means that each coordinate is
moved from the current position up to about 450 m.
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Figure A2. Inversion of field measurements. Posterior standard deviation for VP and VP∕VS in the investigated volumes, presented as horizontal slices at different
depths.

3. Move 3 (probability 0.075): birth of up to five nuclei whose positions are randomly chosen in the space. The
values of VP and VP∕VS are extracted from the priors.

4. Move 4 (probability 0.075): death of up to five nuclei.
5. Move 5 (probability 0.20): perturbation of the epicentral coordinates of one earthquake according a and

nested-metropolis approach with standard deviations equal to 10% of the standard deviation of the priors.
6. Move 6 (probability 0.20): perturbation of the depth of one earthquake with a proposal similar to that

described for Move 5.

The origin times of the earthquakes are estimated for each candidate model in order to minimize the misfit
between calculated and observed traveltimes [Piana Agostinetti et al., 2015].

A1. RjMcMC Sampling of the PPD and Data Misfit
We run 20 Markov chains of about 5×105 models/chain. After a burn-in phase of 2×105 models/chain, when
the sampling algorithm has been judged to converge, we collected every twentieth models/chain of the gen-
erated 3 × 105 models/chain. Then, the total number of PPD samples consists in 3 × 105 models. The misfit
level reached by the chains during the postburn-in phase is in the range 30,000–34,000. We estimated four
parameters (x, y, z, and t) of 1262 events and five parameters (x, y, z, VP , and VP∕VS) of a number of Voronoi’s
cells in the range 800–1100, depending on both the chain and the individual model. Since the total num-
ber of estimated parameters is in the range 9000–10,500 and the number of data is 29,182, this misfit level
corresponds to a normalized chi-square misfit measure in the range 1.5–1.8 (Figure A1).
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The 1-D marginal PPDs for each one of the investigated parameters are derived from the ensemble of col-
lected models. In this paper, we analyze and discuss posterior mean and standard deviation values related
to each of the model parameters, but the full PPD has been computed for each parameters, allowing, e.g., to
check for binomial distributions and correlation between parameters. As previously described, the individual
models characterized by different Voronoi’s tessellation are all rasterized on the regular grid and the mean and
standard deviation value of the 1-D marginal PPD over the velocity parameters (VP and VP∕VS) are computed
for each one of the grid nodes. If the posterior standard deviation is less than the prior standard deviation,
some new information over the model parameter is added by the data to the prior information. Otherwise, if
the posterior standard deviation is equal to the prior, no additional information has been added to our a pri-
ori knowledge of the model parameter, and the elastic structure is locally considered unresolved. Standard
deviation for velocity parameters is shown in Figure A2.

As regards the event parameters, the posterior standard deviations are always less than the prior standard
deviations for all the four hypocentral parameters. Posterior standard deviations amount to 80–150 m for
event latitude and longitude and 200–400 m for event depth. About 50 earthquakes have posterior standard
deviation of at least one of the hypocentral coordinates greater than 0.5 km.

Appendix B: Synthetic Tests Setup and Misfit Evolution

The prior location of the earthquakes has been defined in this way: the three coordinates of each event and
the origin times used to calculate the synthetic arrival times have been randomly perturbed, using Gaussian
distributions with zero mean and standard deviation equal to 1.5 km for longitude and latitude, 2.5 km for focal
depth, and 0.25 s for origin time. These newly perturbed event parameters have been considered as mean
values in the prior Gaussian distribution. The standard deviation values of the prior Gaussian distribution are
set equal to the perturbation described above.

Finally, the prior distribution for the number of Voronoi’s cells is a uniform distribution in between 1 and 1000.
The prior distributions related to the spatial position of the nuclei are uniform distributions over the entire
investigated volume, i.e., the Voronoi cells can freely move in the complete volume. Both horizontal and ver-
tical coordinates are normalized to one, implying a strongly different scaling, due to the different lengths of
the relative axes. The spatial extension of the problem, defined by the size of the background regular grid, is
90 km × 90 km × 16 km.

B1. Misfit Evolution and Convergence Assessment
A simulated annealing scheme (within the burn-in phase) is applied to speed up the computation during
the first part (about 105 models/chain) of the sampling. Samples extracted during the simulated annealing
phase are clearly excluded from the computation of the PPD. Convergence has been achieved after about
2 × 105 models/chain, as testified by both the misfit evolution and the difference in the acceptance ratios
between models accepted by a decrease of the misfit and models accepted by an increase of the misfit. After
the convergence, the overall acceptance ratio is equal to 0.21 and the acceptance ratio related to a misfit
increase is equal to 0.09, i.e., almost the half of the total acceptance ratio. Every twentieth model of the 2.5×105

models/chain accepted during the postburn-in phase has been collected to produce the PPD. The thinning
of the chain is required in order to reduce the dependence between the collected models. The misfit level
reached by the chains during the postburn-in phase is in the range 5200–6200. The estimated parameters are
912 event parameters (four parameters for each of the 228 events) and five parameters (x, y, z, VP , and VP∕VS)
for a number of Voronoi’s cells in the range 200–300, depending on both the chain and the individual model.
Since the total number of estimated parameters is in the range 1100–1600 and the number of data is 6670,
this misfit level corresponds to a normalized chi-square misfit measure in the range 0.93–1.22.

Appendix C: Synthetic Test Using 5 × 5 km P Wave Velocity Anomalies

The inversion algorithm inversion is based on importance sampling of solutions from the PPD. In this frame-
work, a large number of samples is extracted and analyzed to compute robust estimators of the full PPD for
selected model parameters, e.g., the P wave velocity at a certain depth. Moreover, the algorithm includes the
possibility of sampling models with different spatial resolution (i.e., a different number of elastic nuclei within
the investigated volume). The combination of these characteristic gives to the algorithm a built-in “adaptive”
behavior. Thus, the portion of the volume, for which the data contain some information, displays a PPD con-
siderably different from the prior probability distribution. In comparison with more standard (“linearized”)
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Figure C1. Inversion of synthetic data, with reduced anomaly size. (a and b) The true models used to compute synthetic P and S phases. (c and d) The mean
posterior model computed from the full PPD. As in Figure 4, the white shaded areas represent portions of the volume where the standard deviation is equal to
the prior standard deviation. The shaded areas correspond to regions where the posterior standard deviation is less than the prior standard deviation and full
color regions correspond to well-resolved volumes where the posterior standard deviation amounts to less than half of the prior standard deviation.

approaches, the “resolution” of the velocity anomalies at depth is not dictated by the anomalies dimension,
but only by data themselves. To illustrate this characteristic, a new synthetic test is presented, with reduced
dimensions for the anomalies at depth. In this case, we kept the magnitudes of the anomalies and their posi-
tion at depth as in the original synthetic test presented in section 3.1. On the horizontal plane, the two VP

anomalies are set closer to each other (2 km along the X axis). The setup of the synthetic test is kept as in the
original test and presented in Appendix B. As in the original synthetic test, we used 228 events for a total of
3405 P phases and 3265 S phases.

In Figure C1, we display the true model used to compute the synthetic data set and the mean PPD for both
VP and VP∕VS. In both Figure C1c and C1d, the true model is well resolved in depth. For the VP model, the two

Figure C2. Inversion of synthetic data, with reduced anomaly size. PPD of the number of elastic nuclei within the 3-D
volume.
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Figure D1. Inversion of field measurements using two different prior informations on P wave velocity. In each panel,
circles and diamonds refer to results obtained with the mean prior VP shown as “TEST 1” and “TEST 2” in Figure 5a,
respectively. The grey band indicates the results obtained in section 3.2 after 3 × 105 models. Symbols and error bars
indicate the mean and standard deviation of (a) VP and (b) VP∕VS in a 10 × 10 × 3 km volumes at 7 km depth, as
computed along the RjMcMC sampling. Red and black arrows show the values of the VP at 7 km depth for the two prior
information used in the inversion. Dashed horizontal lines indicate the prior VP and VP∕VS values at 7 km depth used in
the inversion presented in section 3.2.

positive anomalies are not completely separated indicating that such small distance (2 km) could be a lower
limit of the horizontal resolution. We also observe that the area where the posterior standard deviation is equal
to the prior standard deviation (i.e., “not resolved” volumes) is similar to the one in the original synthetic test,
as expected, for both VP and VP∕VS models. In Figure C2, we show the PPD for the number of elastic nuclei
within the investigated volume. In this test, the mean posterior of the number of elastic nuclei is slightly larger
than the value reported for the original synthetic test. In general, the “number of unknowns” is strongly related
to the error in the data (i.e., larger errors imply a smaller number of unknowns needed to fit the data), as
reported in Piana Agostinetti and Malinverno [2010] and Bodin et al. [2012b] for 1-D modeling. Here we argue
that the PPD for the number of unknowns could be also related to the geometry of the 3-D anomalies, both
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Figure E1. Relocation of local seismicity. (a–c) Frequency histograms for the difference between the original location and the relocated events: latitude
(Figure E1a), longitude (Figure E1b), and focal depth (Figure E1c). (d–f ) Frequency histograms for the posterior standard deviation of the event parameters:
latitude (Figure E1d), longitude (Figure E1e), and focal depth (Figure E1f ).

in relative position and dimension. In fact, the density of elastic nuclei is usually larger along the anomalies
interfaces. This behavior will be a focus for future investigations.

Appendix D: Inversion of Field Measurements Using Two Different Priors
on P Wave Velocity

Prior probability distributions play a critical role in Bayesian inferences, as they contribute with the likelihood
function to determine the posterior probability distribution. Such dependence of the PPD over the priors can
be usually expressed in terms of posterior standard deviation of the investigated parameters, an estimator
commonly used to evaluate the uncertainties on the investigated parameters. This means that using two dif-
ferent priors, even if the two PPDs for elastic moduli within a portion of the investigated volume display similar
mean posterior values, they could have different posterior standard deviations if the two prior information are
strongly different. To illustrate this effect, we compare the evolution of the RjMcMC sampling for eight inde-
pendent chains using two different prior information (i.e., four chains for each prior information). We use as
input data the field measurements presented in section 3.2 and the two prior VP models shown in Figure 5. In
Figure D1, we plot the results collected during the sampling of 4×105 models per chain. Results are expressed
as the mean value and standard deviation of the VP and VP∕VS in a 10 × 10 × 3 km volume centered at the
critical depth of 7 km, where the two priors show different mean value for VP (6.1 and 5.3 km/s; see black and
red arrows in Figure D1a), but not for VP∕VS. According to this hypothesis, we do not recognize any significant
difference for the VP∕VS results obtained by the two families of chains (Figure D1b). Conversely, for the VP ,
the evolution of the two families is striking different (Figure D1a). At the very beginning of the chain, where
models are extracted from the priors, the two families of chains are sampling different values of VP within
the investigated volumes. As the chains proceed, the mean values of the VP sampled by the two families of
chains becomes much more similar, even if the standard deviation seems always slightly larger for the chains
that used a mean prior information on VP = 5.3 km/s, more distant to the final value found in section 3.2
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Figure E2. Relocation of local seismicity. Map and vertical section of the (a and c) original event locations and (b and d) relocated events. A red cross in
Figure E2b indicates the region where relocated events are found aligned in two parallel lines. The inset in Figure E2b indicates the mapped area and the trace of
the profile shown in Figures E2c and E2d.

(grey bars). In this case, we suggest that the use of different priors does not strongly influence the final
results, probably given by the fact that while the mean prior values for VP are different, their difference,
ΔVP = 0.8 km/s, is not too far from their prior standard deviation (0.5 km/s).

Appendix E: Details on the Relocation of the Seismicity That Occurred Between 2009
and 2011 in the Study Area

Recently, the area of the Gubbio basin has been struck by a number of small-magnitude seismic sequences
and seismic swarms. Some of them have been deeply investigated in term of magnitudes, energy, and seis-
micity migration [e.g., Marzorati et al., 2014]. We relocate the seismic activity that occurred during one of these
swarms with our velocity model, by using data recorded at both permanent and temporary seismic stations
(Figure 2) [see also Carannante et al., 2013]. The catalogue consists of 5172 events for a total of 65,402 P phases
and 64,730 S phases. Events have been previously located using a 1-D model [De Luca et al., 2009] and the
Hypoellipse code [Lahr, 1989]. The output hypocentral positions from Hypoellipse have been used as mean
prior probability distribution in the following McMC event location. Relocation process is based, for each event
separately, on a McMC sampling of the four hypocentral parameters driven by a Metropolis algorithm samples.
Prior standard deviations have been set as follows: 1.0 km for both longitude and latitude of the epicenter,
2.0 km for the focal depth, and 0.25 s for the origin time. We used the mean posterior model for VP and VP∕VS

found in section 3.2 (Figure 6), and the code simulps [Evans et al., 1994], for computing the forward solution.
For each event, a McMC chain of about 105 models has been collected. Posterior values of the hypocentral
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Figure E3. Relocation of local seismicity. Close-up (map and vertical profile) on the seismic sequence that occurred near
Pietralunga in April 2010. Colors indicate the origin time of the seismic events from 1 April 2010. Grey arrows show the
direction of the migration of the seismicity during the sequence. The inset in Figure E3a indicates the mapped area.

parameters have been computed from the models in the second half of the chain. In Figure E1, we show the
statistics of the relocation process, in terms of the difference of the prior and posterior mean values for the
hypocentral parameters and their posterior standard deviation. Horizontal parameters (longitude and lati-
tude) are generally variated less than 1.5 km, while focal depth displays variation as large as 3 km. As expected,
the posterior standard deviation of the depth of the events is generally larger than the same estimator for
the horizontal parameters. In Figure E2, we plot the prelocation and postlocation of the seismic events, both
in maps and a vertical profile similar to profile (d) in Figure 9. From the comparison of the two catalogues on
map, prerelocation and postrelocation (Figures E2a and E2b, respectively), we observe a robust clustering of
the seismicity after the relocation. As an example, a red cross indicates two parallel alignments of events which
could define two parallel fault segments. The output of the relocation process is extremely interesting if we
consider that no constrain by nearby events is imposed (i.e., each event is relocated alone), contrary to what is
routinely done in widely used algorithms [e.g., HypoDD, Waldhauser, 2001]. Along the profile (Figures E2c and
E2d), the comparison of the results from the relocation process with preprocessed location shows (a) that the
depth of the events located with Hypoellipse display a strong bias toward 4 km depth, where the 1-D model
has a sharp change [De Luca et al., 2009]. This can be seen as a horizontal alignment of events at such depth in
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Figure E2c. Such feature is no more present in the relocated catalogue. Moreover, the relocated events seem
to depict a more uniform distribution within a NW dipping 3 km thick layer at 3–5 km depth. This feature cor-
relates with the interpreted evaporitic layer in the elastic model presented in section 3.2. Finally, we present
the migration of seismicity at local scale during the Pietralunga sequence [Marzorati et al., 2014]. In Figure E3,
the local seismicity that occurred in April 2010 in the Pietralunga area is plotted in map and vertical section.
The events clearly define a NW dipping pattern in time, as indicated by the grey arrows.
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