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Bonini (2009, Structural controls on a carbon dioxide-driven mud volcano field in the Northern Apen-
nines (Pieve Santo Stefano, Italy): relations with pre-existing steep discontinuities and seismicity. Journal
of Structural Geology 31, 44–54) presents a 2D mechanical analysis to infer the failure conditions
responsible for the seismicity distribution during an Mw¼ 4.6 seismic sequence nucleating during 2001
in the Northern Apennines. In my view the mechanical analysis presented in this paper has some
weakness or is not well constrained, in particular: 1) the assumption of a dip angle of 50�, is not
consistent with the activated structures; 2) the Pf¼ s3 condition, difficult to be attained along a cohe-
sionless fault dipping at 50�; 3) the isotropic stress state, i.e. s2¼ s3, that is not consistent with the active
or recent stress field in the area.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In the 2D case where an existing fault, possessing friction equal
to 0.6 (Byerlee, 1978) and containing the s2 axis, lies at a reac-
tivation angle, qr, to s1, optimally oriented faults are located at
qr w 30� (Sibson, 1985). As qr decreases or increases from this
optimal orientation it is more and more difficult to reactivate
a fault: well-oriented and misoriented faults lie in the range
30� < qr< 45� and 45� < qr< 60� respectively. Frictional lock-up is
expected for qr w 60�. In the field of severe misorientation, beyond
frictional lock-up, fault reactivation is possible only when the
tensile fluid pressure condition Pf> s3 is achieved (Sibson, 1985).
The difficulty of maintaining the tensile fluid overpressure condi-
tion should prevent reactivation in the field of severely misoriented
faults (Sibson, 1985; Collettini and Barchi, 2002). This mechanical
analysis is consistent with the absence of moderate-to-large
earthquake ruptures (M> 5.5) on low-angle normal faults
(dip< 30�) where rupture plane is unambiguously discriminated
(Collettini and Sibson, 2001).

From this brief introduction it is evident that the fault dip angle
and the fluid pressure level are crucial considerations during any
mechanical analysis.
ll rights reserved.
2. Discussion on the mechanical analysis

2.1. The assumption of a dip angle of 50�

In Bonini (2009), an Anderson–Byerlee frictional fault reac-
tivation model has been applied in order to explain the seismic
events of the Mw¼ 4.6, San Sepolcro extensional seismic sequence.
The author states that the seismic sequence occurred along the
Altoriberina east-dipping low-angle normal fault, ATF (case 1).
However in the conceptual model of Fig. 5b and Fig. 7a, the ATF is
not shown and the fault that seems to play a key-role in controlling
fluid flow, as a consequence of reactivation processes, is an SW-
dipping normal fault bounding the eastern side of the Upper Tiber
Basin, UTB (case 2).

In case 1, fault reactivation of the ATF, the dip angle of 50� is not
consistent with: 1) the geometry of the mainshock focal mecha-
nism showing a plane dipping at 21� eastward (Ciaccio et al., 2006);
2) the aftershock distribution highlighting a plane dipping in the
range 20�–35� (Heinicke et al., 2006); 3) the geometry of the ATF at
depths> 3 km as imaged by seismic reflection profiles, dip 15�–30�

(Barchi et al., 1998); 4) the geometry of the ATF inferred by
microseismicity, with a mean dip of w15� (Chiaraluce et al., 2007).

In case 2, fault reactivation on the SW-dipping normal fault
bounding the Upper Tiber Basin, the dip angle of 50� is consistent
with the geometry of the fault mapped at the surface, but this fault
was not reactivated during the 2001 seismic sequence, since all the
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Fig. 1. (a) Composite Coulomb–Griffith diagram (mi¼ 0.75; C¼ 20 MPa and T¼ 10 MPa) integrated with the re-shear condition (ms¼ 0.6) of shear stress, s, against effective normal
stress, s0n. Starting from a stable state of stress, Mohr circle 1, l¼ 0, (s1� s3)¼ 30 MPa, during fault loading the reactivation of a fault dipping at 50� (e.g. Mohr circle 2) occurs before
the attainment of the state of stress invoked in Bonini (2009), Mohr circle 3. Intact rock failure slope, mi, rock cohesion, C, rock tensile strength, T. (b) Differential stress (s1� s3),
required for reactivation of the ATF, dip 20� , qr¼ 70� , plotted in a composite Coulomb–Griffith diagram (mi¼ 0.75; C¼ 20 MPa and T¼ 10 MPa) integrated with the re-shear
condition (ms¼ 0.6). Mohr circles are plotted for a pore fluid factor l¼ 0.9 and 0.85. For l¼ 0.85, the condition to form hydrofractures, Pf¼ s3þ T is met. (c) Same boundary
conditions as (b), but with a fault dip¼ 50� (e.g. Bonini, 2009). The Mohr circles have been constructed by using the script presented in Appendix 1.
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earthquakes are located to the east of the surface expression of the
fault and therefore the seismic activity cannot be related to an SW-
dipping normal fault. Thus frictional fault reactivation cannot be
applied to an SW-dipping normal fault, inclined at 50�, to explain
the 2001 seismic sequence.

2.2. Mechanical analysis and the Pf¼s3 condition

The mechanical analysis presented in Bonini (2009); Fig. 6,
seeks to investigate the differential stress and fluid pressure
conditions required for frictional reactivation of a cohesionless
normal fault dipping at 50� (qr¼ 40�, i.e. a well-oriented fault). The
boundary conditions for the analysis are: vertical s1, intact rock
failure slope, mi¼ 0.75, friction coefficient ms¼ 0.6, rock tensile
strength, T¼ 10 MPa, z¼ 5 km. All the Mohr circles presented in
Fig. 6 have a s03¼ 0, meaning that Pf¼ s3. My criticism here is that
in the presence of a well-oriented cohesionless fault, the condition
s03¼ 0 or Pf¼ s3 cannot be reached. To explain this I develop the
same mechanical analysis presented in Bonini (2009) using the
same equations and boundary conditions (Fig. 1 and Appendix 1 for
a script used to reconstruct Mohr circles). Starting from a stable
state of stress (Fig. 1, circle 1), in extensional environment, fault
loading can occur by decreasing s3 and/or increasing fluid pressure,
Pf. However during loading, whatever the increments in s3 or Pf, the
Mohr circle intercepts the re-shear criterion (e.g. circle 2 in Fig. 1),
well before reaching the condition s03¼ 0. The subsequent fault
reactivation will create permeability with fluid pressure drops and
therefore the Mohr circle is shifted to the right and it will be
impossible to attain the state of stress represented by circle 3 (e.g.
Bonini, 2009). In general, fracturing along well or optimally
oriented faults creates permeability and prevents the attainment of
fluid overpressures (e.g. Sibson, 2000; Townend and Zoback, 2000).
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Fluid overpressure in the presence of a well-oriented fault can be
attained if the fault has regained cohesion by cementation
processes (Streit and Cox, 2001). In this case, however, Equations
(1) and (2) reported in Bonini (2009) do not apply (cf. equations
reported in Streit and Cox, 2001).

Collettini and Barchi (2002), for the same fault, presented the
same mechanical analysis reported in Bonini (2009), but for the ATF
dipping at 20�. The analysis suggests that the fault can be reac-
tivated only under very restricted conditions, in general Pf> s3 or
l> 0.85 (Fig. 1b). This state of stress is equal, l¼ 0.85, or more
generally close, l> 0.85, to the one required to form hydrofractures,
i.e. Pf¼ s3þ T (Secor, 1965). The tensile fluid pressure condition,
Pf> s3, is difficult to sustain, and short-lived attainment of Pf> s3,
due to CO2 fluid overpressures has been invoked to explain the
microseismicity along the ATF (Collettini and Barchi, 2002). I
suggest that using the real geometry of the ATF, with a dip 20�–30�

(Fig. 1b) instead of a dip of 50� (Bonini, 2009, Fig. 1c), the fault
reactivation analysis points to a state of stress closer to the one
invoked by Bonini (2009) to interpret part of the microseismicity as
the result of hydrofracturing.

2.3. The isotropic stress state, i.e. s2¼ s3

The seismicity occurred in December 2001, along the NE–SW
Arbia-Val Marecchia Line, AVML, a right-lateral strike-slip struc-
ture, inherited from the previously developed phase of compres-
sional tectonics. I agree that this seismicity occurs along the AVML
and that it is the result of fluid-induced earthquakes during CO2

discharge from a deep source. The geochemical and field data
presented in Heinicke et al. (2006) and Bonini (2009) support this.
However, I think that the interpretation of the earthquakes as NE–
SW trending hydrofractures promoted by an isotropic state of stress
in the horizontal plane, i.e. s2¼ s3 (Bonini, 2009), is unlikely. I think
that the condition s2¼ s3 is not consistent with the active or recent
state of stress in the Northern Apennines. First, the orientation of
active faults mapped at the surface (Barchi, 2000) and stress
inversions on small displacement striated fault surfaces (e.g. Lav-
ecchia et al., 1994; Boncio et al., 2000; Bonini, 2009, Fig. 5) show
a state of stress that is clearly anisotropic in the horizontal plane.
Second, GPS data show a constant NW–SE trending extensional rate
of 2.5–3.5 mm/yr (Hunstad et al., 2003). Third, the focal mecha-
nisms of the major earthquakes of the area (Chiaraluce et al., 2003;
Ciaccio et al., 2006) are consistent with an anisotropic state of
stress.

For the AVML I suggest a different mechanical interpretation on
the basis of experience gained during another seismic sequence
occurring in the same portion of the Northern Apennines, the
Colfiorito 1997–1998 sequence (Chiaraluce et al., 2003). The Col-
fiorito sequence, like San Sepolcro, occurred on NW-trending
normal fault and the two main ruptures are segmented by an NNE–
SSW trending, right-lateral strike-slip fault inherited from the
compressional phase (Chiaraluce et al., 2003; Collettini et al., 2005).
Late in the Colfiorito seismic sequence, this strike-slip fault nucle-
ated a left-lateral strike-slip mainshock and an associated after-
shock sequence with left-lateral strike-slip focal mechanisms.
Static stress change analysis shows that elastic stress perturbations
induced by the occurrence of normal fault earthquakes promoted
the reactivation of the strike-slip structure with left-lateral kine-
matics (Collettini et al., 2005). In addition, the left-lateral sense of
shear along the NNE–SSW trending structure is favoured by the
orientation of the fault relative to the NE–SW trending regional
extension direction (Collettini et al., 2005). Following the experi-
ence of Colfiorito 1997–1998, I therefore suggest that the earth-
quakes along the AVML can be interpreted as fluid-driven, fault
reactivation processes along a pre-existing steeply dipping NE–SW
trending structure inherited from the earlier compressional
tectonic phase.

Appendix. 1

% Matlab script to plot in a composite Coulomb–Griffith diagram
integrated with the re-shear condition Mohr circles that represent
2D frictional reactivation along a fault with a specific dip.

clear

clf

A¼ 40;
 %reactivation angle in degrees

teta¼ (2*pi*A)/360;
 %from degrees to radiant

rho¼ 2600;
 %density of the crust (kg/m3)

g¼ 9.8
 %gravitational acceleration (m/s2)

z¼ 5000
 %focal depth in m

mu¼ 0.6
 %sliding friction coefficient%

lambda¼ 0.4;
 %pore fluid factor%
DifS ¼ð1�mu*tanðtetaÞÞ:=ð1þmu*cotðtetaÞÞ*
rho*g*z*ð1� lambdaÞ

%Equation (2) in Bonini (2009) after Sibson (2000).

DifS ¼ðtanðtetaÞ þ cotðtetaÞÞ:=ð1þmu*cotðtetaÞÞ*
mu*rho*g*z*ð1� lambdaÞ

%Equation (1) in Bonini (2009) after Sibson (2000).
%Parametric equation of a circle%
a¼ Sp3þDifS/2
 %a centre of the Mohr circle

r¼DifS/2
 %radius of the Mohr circle

A¼ 0:1:90;

alfa¼ (2*pi*A)/360;

x¼ a� r*cos(2*alfa)

y1¼ r*sin(2*alfa)

plot(x,y1,‘r’)

hold on
%Coulomb’s criterion
C¼ 20 000 000
 %cohesion of the rocks C¼ 2T in Pa%

mui¼ 0.75
 %internal friction coefficient%

x¼ 0:100 000:80 000 000

y2¼ Cþmui*x

plot(x,y2)

hold on
%reactivation criterion or Amonton law

x¼ 0:100 000:80 000 000
y3¼mu*x
plot(x,y3)
hold on

%Griffith’s criterion%
T¼ 10 000 000
 %tensile strength of the rocks in Pa%

x¼�12 000 000:100 000:0

y4¼ sqrt(4*T*xþ 4*T.^2)

plot (x,y4)

axis equal
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