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Abstract

We update the last present-day stress map for Italy relatively to the area of 2016 Amatrice seismic
sequence (central Italy) taking into account a large number of earthquakes occurred from August 24 to
October 3, 2016. In particular in this paper, we discuss the new stress data from crustal earthquake focal
mechanisms selecting those with Magnitude > 4.0; at the same time, we revise the borehole data, analyze
the stratigraphic profiles and the relative sonic logs in 4 deep wells located close to the Amatrice sequence
along the Apennine belt and toward east along the Adriatic foredeep. From these data we consider the P-
wave velocity trend with depth and estimate rock density following an empirical relationship. Then we
calculate the overburden stress magnitude for each well. The new present-day stress indicators confirm the
presence of prevalent normal faulting regime and better define the local stress field in the area,
highlighting a slight rotation from NE-SW to ENE-WSW of extension. The analysis evidences that the
lithostatic gradient gradually changes from ~26 MPa/km in the belt to less than 23 MPa/km along the
Adriatic foredeep. Finally, at a depth of 5 km we estimate the vertical stress magnitude varying from 130
MPa to 114 moving from the Apennine belt to the Adriatic foredeep. Although the wells are very close
each other they show different P wave velocities from the belt to the foredeep with values ~7km/s and ~4
kmy/s at 5 km depth, respectively.

I. INTRODUCTION

his paper combines present-day stress

data from 2016 Amatrice seismic se-

quence (until October 31, 2016) and some
information retrieved from the analysis of
some deep wells in two different geologic
context: the Apennine belt, where the earth-
quakes occurred, and the contiguous east-
ward Apennine foredeep.

Along the entire central Apennine belt (Fig.
1) the main active process is the ~NE-SW ex-
tension, well defined by several normal
faulting focal plane solutions and fault data.
NE-SW compression is limited to the exter-
nal areas, along the northern Apennine front
(from the Po Plain up to ~42.5° latitude) and
also toward the central Adriatic Sea, with a
localized well-depicted N-S compression
[Montone and Mariucci 2016]. This exten-
sional-compressional pairing is nowadays
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well defined and recognizable through the
distribution of earthquake focal mechanisms
and other present-day stress data, mainly
breakouts [Frepoli et al., 1997; Lavecchia et
al., 2004; Montone and Mariucci, 2016].

In this paper we consider 4 deep wells, locat-
ed in the 2016 Amatrice area and along the
contiguous foredeep (Fig. 1). Data from all
wells include information relative to the stra-
tigraphy and physical properties deduced
from down-hole logs such as resistivity,
gamma ray and sonic log. In particular, the
sonic log curves display P-wave travel-times
versus depth, from which we estimate the
rock densities of the sequence crossed by
each well; then we use density to determine
the vertical stress magnitude.

Very close to the Amatrice seismic sequence,
two deep wells were analyzed [Mariucci et
al.,, 2010] in order to define the minimum
horizontal stress orientation (Shmin) through
the breakout analysis (Fig. 2). The boreholes,
Campotosto (C) and Varoni (V), about 2500
m and 5700 m deep respectively, cross the
entire Umbria-Marche succession from the
flysch (arenaceous-clayey unit) belonging to
“Laga Fm.” (Lower Messinian) to the Mid-
dle-Lower Trias Dolomites (the deepest one).
The breakout zones were identified at a
depth range between 1.4 and 4.6 km and the
results show an Shmin N81+22° and N74+10°
oriented for V and C wells, respectively (Fig.
2).

In northern Italy, the analysis of several deep
wells [Montone and Mariucci 2015] allowed
to estimate the vertical stress magnitude (Sv)
by the integration of derived rock densities
from the surface to the bottom of each ana-
lyzed well. In the area mentioned above, the
lithostatic gradient gradually changes from a
maximum of 26 MPa/km in the northern
Apennine belt to a minimum of 21 MPa/km

in the Po Plain and Adriatic region. Conse-
quently, moving from the Apennine area to
the Adriatic coast, values of lithostatic pres-
sure from 130 to 105 MPa have been estimat-
ed for instance at a depth of 5 km. The esti-
mated rock density in that sector of the Ap-
ennine belt ranged from 2.65 to 2.33 g/cm3
(Montone and Mariucci 2015) in good
agreement with the result found in central
Italy (Umbria - Marche Apennines) by other
authors [Federico and Pauselli 1998; Pauselli
et al. 2010].

II. DAaTA ANALYSIS AND RESULTS

I1.1 FAULT PLANE SOLUTIONS - HORIZONTAL
STRESS ORIENTATIONS

We have updated the recent Italian present-
day stress map [Montone and Mariucci,
2016] by adding the Shmin orientations in-
ferred from the focal mechanisms of M>4
earthquakes of the ongoing sequence, with a
maximum depth of 11 km (Table 1). We have
taken into account the available Quick Re-
gional Centroid Moment Tensors
[http:/ /autorcmt.bo.ingv.it/ quicks.html,
Pondrelli et al., 2006] for homogeneity with
the other focal mechanism data already pub-
lished in the previous stress maps. Ten mo-
ment tensors have been added up to October
3rd, 2016. To identify the minimum horizon-
tal stress (Shmin) azimuth and the tectonic
regime we use the plunge of the P, T and B
axes applying the criteria of Zoback [1992].
Following the World Stress Map guidelines
[Heidbach et al. 2010], all data are well con-
strained but they are assigned C quality as
“single event solutions” [McKenzie, 1969; see
also Montone et al. 2012 for a detailed expla-
nation].
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Figure 1. Present-day stress in central Italy. Minimum horizontal stress (Shmin) orientations [Montone and Mariucci,
2016) and the two mainshocks of the Amatrice seismic sequence until October 3™, 2016 [BSI, 2016]. Normal faulting
regime: Shmin=sigma 3, Strike-slip: Shmin= sigma 3; Thrust: Shmin= sigma 2. Location of the boreholes analysed in
this study: A, Atri; CC, Colle Casone; C. Campotosto; V, Varoni.

The focal mechanisms are "normal-faulting"
except a strike-slip mechanism in the eastern
part of the seismic sequence area; the in-
ferred Shmin orientations point out a general
extension perpendicular to the Apennines
with orientations from N48° to N76°. Only
one normal faulting event M4.4 shows a
NW-SE extension. The Shmin orientations
from earthquake data show a good agree-
ment with those from borehole data alt-
hough they refer to different depths. In fact

as mentioned before, the reviewed borehole
breakout data from the two wells available in
the area (C and V wells) show an Shmin
ENE-WSW oriented (N81° and N74°), only
slightly different from the earthquake axes

(Fig. 2).
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Figure 2. The 2016 Italian stress map and the new minimum horizontal stress (Shmin) orientations inferred from the
available focal mechanisms of ten earthquakes with Mw=>4 [http://autorcmt.bo.inguv.it/quicks.html]. Numbers as in Table
1. Bold circles are the event n. 1 and n. 2 of Figure 1 and Table 1. V and C stand for Varoni and Campotosto wells. See

legend in Figure 1.

I1.2 SONIC LOG - P-WAVE VELOCITY AND
VERTICAL STRESS MAGNITUDE

We have analysed sonic log data of the two
deep boreholes within the area of the seismic
sequence (V and C in Fig. 1) and, for compar-
ison, two wells to an easternmost location (A
and CC in Fig. 1), in the foredeep. Sonic log
data are among the most important in situ
measurements of rock properties and pro-

vide a reliable image of in situ conditions at
depth, notwithstanding their limits mainly
due to the investigated rock volume and the
tool working frequency.

We have inferred the P-wave velocity (Vp)
values at depth from homogeneous sonic log
(slowness) intervals and, using an empirical
relation for sedimentary rocks based on
borehole measurements [Gardner et al.,
1974], we have estimated rock density.
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Table 1. Earthquake focal mechanism data

Time Depth
N Date UTC Mw (km) LatN LonE Shmin Q TR
1 24-08-2016 01:36 6.0 8 42,71 13,22 61 C NF
2 24-08-2016 02:33 54 9 42,79 13,15 48 C NF
3 24-08-2016 04:06 4.3 8 42,77 13,12 63 C NF
4 24-08-2016 17:46 4.4 10 42,66 13,22 72 C NF
5 25-08-2016 03:17 4.5 10 42,75 13,21 76 C NF
6 25-08-2016 12:36 4.4 10 42,60 13,29 56 C NF
7 26-08-2016 04:28 4.8 11 42,60 13,29 52 C NF
8 28-08-2016 15:55 44 9 42,82 13,24 124 C NF
9 03-09-2016 01:34 4.3 11 42,78 13,13 73 C NF
10 03-09-2016 10:18 4.5 9 42,87 13,21 65 C SS

Shmin: minimum horizontal stress; Q: data quality; TR: Tectonic Regime;
NF: normal faulting; SS: strike-slip faulting. See also Figure 2.

The two boreholes in the belt penetrate the
whole sedimentary sequence of the region
but the youngest units, whereas the two
boreholes in the foredeep cross the Plio-
Quaternary sedimentary units only (Fig. 3).
In the first 5 km, the Vp clearly shows this
setting with values varying from around 4
km/s to about 7 km/s in the Apennines; in
the foredeep Vp is about 2 km/s and reaches
maximum values around 5 km/s. The values
increase with depth irregularly with many
inversions. It is noteworthy the abrupt Vp
increase in well CC around 1.5 km and the
low velocity zone in V well at about 5.5 km.
The magnitude of the vertical stress (Sv) is
usually estimated from the lithostatic pres-
sure [e.g. Cornet and Rockel, 2012]. As sug-

gested by the inversion of several earthquake
focal mechanisms, we are confident that in
the Apennine belt the three principal stresses
are perpendicular to each other with one be-
ing in a vertical orientation [e.g. Frepoli and
Amato, 1997], then we have evaluated the
magnitude of Sv from the cumulated weight
of overburden in the four selected wells.

The Sv values at depth show two different
trends that reflect the different geological
stratigraphic sequences (Fig. 4): in the Apen-
nines the gradient is ~26 MPa/km whereas
in the Adpriatic foredeep is ~23 MPa/km, re-
sulting in a magnitude at 5 km around 130
MPa in the epicentral area and about 114
MPa close to the Adriatic coast.
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Figure 3. Stratigraphic sequence and P-wave velocity (Vp) at depth along V, C, CC, and A wells (see Figure 1 for loca-

tion) as inferred from sonic log.

III. DISCUSSION AND CONCLUSIONS

The new present-day stress data cover an ar-
ea with very few information, characterized
by a prevailing normal faulting regime with
a NE-SW to ENE-WSW extension. The focal
mechanisms of the main events (with M>4)
of the Amatrice seismic sequence agree with
this tectonic regime, except one strike-slip
mechanism, showing N48° to N76° Shmin
orientation

[http:/lautorcmt.bo.ingv.it/quicks.html]. ~ Also
the TDMT focal mechanisms of event M= 3.9

of the Amatrice sequence [Scognamiglio et
al., 2016] agree with this trend. The earth-
quake focal mechanism forecast [Roselli and
Mariucci, 2016], computed before the ongo-
ing sequence, shows a general agreement
among the computed and predicted horizon-
tal stress axes.

We have analysed in detail the sonic and
stratigraphic logs of four deep wells, two lo-
cated in the area of the Amatrice seismic se-
quence and two close to Adriatic coast. In
particular, the sonic measurements provide a
reliable image of in situ conditions that allow
describing some physical properties of the
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first kilometers of the crust, as P-wave ve-
locity and vertical stress magnitude.

Along the boreholes, in the first 5 km, the Vp
shows values varying from around 4 km/s
to about 7 km/s in the Apennines, whereas
in the foredeep Vp is about 2 km/s reaching
maximum values of ~5 km/s. Vp increases
with depth irregularly with many inversions,
like the abrupt increase around 1.5 km in
well CC and the low velocity zone at about
5.5 km in V well. The few available data do
not allow obtaining a clear interpretation of
the results although they could be related to
different lithologies, or a different fluid con-
tent or highly fractured zones. In CC well the
estimated velocity change correspond to dif-
ferent lithologies within the Early Pliocene
succession. The low velocity interval, about
50 m thick, in V borehole is very reliable but
not clearly associated to the lithologies: it oc-
curs at the base of the dolomite interval, a
highly fractured zone, then possibly charac-
terized by a different fluid content. The P-
wave velocity variations with depth in the
shallow crust are often neglected by 1D ve-
locity models where a unique Vp value is as-
signed to the layer down to about 5 km (e.g.
BSI, 2016)

Concerning the estimated lithostatic gradi-
ent, we have found 26 MPa/km and 23
MPa/km in the belt and foredeep, respec-
tively, in agreement with the values inferred
in the northern Apennine belt and in the Po
Plain by Montone and Mariucci [2015].
Moving from the Apennine area to the Adri-
atic coast, we observe a difference of ~15
MPa of lithostatic pressure, for instance at a
depth of 5 km (Fig. 4). This can imply that
toward the foredeep, because the extensional
tectonic regime is confined to the axial belt,
even though the SHmax gradient was still
the same (within the range of the Sv gradi-

ents relative to the Apennines and the
foredeep), the relative magnitude of the
principal stress axes would change into a
strike-slip or compressive tectonic regime.
Unfortunately no data are available in this
sector of the belt to estimate the Shmin mag-
nitude, while further analysis could be per-
formed in the foredeep area.

Very interesting is the comparison among
the three different stress indicators available
in this area: active fault measurements at sur-
face, breakout data at intermediate depth
and T-axes from earthquake focal mecha-
nisms in the deep crust. Earthquake focal
mechanisms and breakouts are in good
agreement also with the coseismic ruptures
mapped for more than 5.2 km along the Mt.
Vettore Fault System characterized by
N160°-striking normal faults, SW-dipping
[EMERGEO, 2016], revealing a homogeneous
stress field orientations for the entire crust
along the depth.

Quaternary faults [e.g. Galadini et al., 2001]
together with the breakouts, the previous
seismic sequences and the past seismicity in-
dicate a small rotation of Shmin orientation.
In fact, from ~NE, in the southernmost part,
for instance in the area of the 2009 L'Aquila
seismic sequence, Shmin changes to ~ENE in
the northern sector (1979 Norcia earth-
quakes), up to the wells and the 2016
Amatrice sequence area. The previous hy-
pothesis [Mariucci et al., 2010] based only on
deep well data has been confirmed: in this
area occurs a slight rotation of horizontal
stress axes with respect to the northern and
southern sectors. The new focal mechanisms
define the picture suggested in the past by
only two boreholes enhancing the role of
breakouts as reliable stress indicators in
those areas where other information are few.



ANNALS OF GEOPHYSICS, 59, FAST TRACK 5, 2016; DOI: 10.4401/ag-7235

Sv (MPa)

20 40 60

80 100 120 160

1000 +

2000

3000 H

depth(m)

4000

5000 A

hydrostatic
pore pressure

6000

Figure 4. Vertical stress (Sv) estimated from sonic log data.
CC); 2, is relative to the wells in the Apennine belt (V and C).
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