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Key Points:

+ Tectonic extension and wastewater injection in the Val d’Agri oilfield is simulated
by numerical modeling.

« Fluid diffusion is strongly dependent on the active stress field and the geological
structure in which fluids are injected.

« Different types of fault deformation act in the Val d’Agri oilfield as a response to
fluid injection (mixed-mode fault slip behavior).
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Abstract

The Val d’Agri basin hosts an oil-field, the largest in onshore Europe, and it is one of

the areas of highest seismic hazard in Italy. In an unproductive marginal portion of the
reservoir, wastewater is re-injected by a high-rate well. Since the beginning of re-injection
in June 2006, a spatio-temporal correlation between microseismicity (M < 2.2) and
wastewater injection has been observed (suggesting induced seismicity). In this paper

we perform a slip-tendency analysis on the fault system involved in the induced seismic-
ity through a coupled fluid-flow and geomechanical numerical model simulating the stress
partitioning due to the tectonic forces and to the fluid injection. The model results show
that the fluid diffusion is strongly dependent on the active stress field and the geolog-

ical structure in which fluids are injected, which conditioned the occurrence of seismic-

ity that aligned on a small portion of a NE-dipping fault. However, another fault located
closer to the injection well and where no seismicity were detected, is the better well-oriented
fault with the active stress field and, also, the one more susceptible to the pore pressure
increase. These results suggest different types of fault deformation acting in the Val d’Agri
oilfield as response to the fluid injection (i.e., a mixed-mode fault slip behavior). Under-
standing the stress partitioning in tectonically active regions where underground activ-
ities such as fluid injection are ongoing is fundamental to give strong constraints for the
discrimination between natural and induced seismicity, and finally for a more reliable

and robust definition of seismic hazard.

1 Introduction

Natural and anthropogenic alterations of the underground equilibrium can reac-
tivate faults and cause earthquakes ((Grigoli et al., 2018; Keranen & Weingarten, 2018;
Keranen et al., 2014; Ellsworth, 2013; Carder, 1945; Amos et al., 2014; Council, 2013)
among others). Natural factors are related to the stress changes due to plate tectonics,
while among the anthropogenic factors the most common are the stress changes induced
by water table fluctuations and by the removal and the injection of fluids in the deep sub-
surface caused by hydrocarbons wastewater disposal, hydraulic fracturing, reservoir im-
poundment, extraction-injection of fluids associated to geothermal exploitation, and min-
ing. Nuclear tests are reported to be able to induce from moderate to even large mag-
nitude events as well (e.g.(Grigoli et al., 2017)). The seismicity associated with anthro-
pogenic activities often raised concern not only within the scientific community but also
within the society in general (Suckale, 2009; Grigoli et al., 2017). Since the astonishing
evolution and dramatic increase of the underground activities in the last decades, espe-
cially with the increase of shale-gas-related activities, several cases of induced and trig-
gered seismicity related to injection of wastewater from hydrocarbon exploitation into
deep wells have been reported (e.g. the M,,5.7 Prague, Oklahoma and M,,5.3 Raton basin,
Colorado sequences, (Keranen et al., 2013; Rubinstein et al., 2014)). The long-term wa-
ter disposal by high-rate injection wells can in fact induce small-to-moderate earthquakes,
remobilizing pre-existing faults as a consequence of pore pressure increase (Ellsworth,
2013; Evans, 1970; Healy et al., 1968; Raleigh et al., 1976). In such scenarios, the mod-
eling of the interaction between fluid diffusion into the injection reservoirs and the ex-
isting discontinuities plays a fundamental role into the understanding of the mechanism
of the induced seismicity, as well as a more reliable evaluation of the associated hazard
(Juanes et al., 2016; J. B. Altmann et al., 2010; J. Altmann et al., 2014; Rutqvist et al.,
2016; Rinaldi et al., 2015; Cappa & Rutqvist, 2011b, 2011a; Vilarrasa et al., 2016; Ri-
naldi et al., 2014).

In this contribution we explore such relationship integrating more than five years
of data available from induced seismicity studies in the Val d’Agri oilfield, in Italy, (Improta
et al., 2017; Diehl et al., 2017; Buttinelli et al., 2016; Clarke et al., 2014) to constrain
a 3-D coupled fluid flow and geomechanical numerical model able to simulate the stress
perturbations caused by wastewater injection. The model is built using a real topographic
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surface, stratigraphic horizons and fault geometries deduced by local cross sections pub-
lished by Buttinelli et al. (2016). In addition, the fault zones are modeled taking into
account the differences between the hydro-mechanical properties of the damage zone and
the fault core. An analysis of slip tendency is performed on the numerical results, with
the objective of understanding which faults are more susceptible to the stress changes
induced by the fluid injection and the possible physical mechanisms that induced the seis-
micity.

The paper is structured as follows: Sect. 2 describes the geological and seismolog-
ical background of the region where the Val d’Agri oilfield is located; Sect. 3 lists the
governing equations the numerical method and the data used to perform the coupled fluid
flow and geomechanical simulations; Sect. 4 describes the results, including a sensitiv-
ity analysis of some uncertain variables (initial stress field, material properties), and also
an analysis on the discrimination between the contribution of the tectonic forces and fluid-
injection on the total slip tendency of the fault system; Sect. 5 contains the discussion
of the numerical results, suggesting a fault deformation model acting in the Val d’Agri
oilfield as response to the fluid injection; Sect. 6 draws the conclusions.

2 Geological and Seismological Background

The Val d’Agri (VDA) is a Quaternary basin developed within the southern Apen-
nines thrust-and-fold belt (Figure 1), when an extensional phase followed a Mio-Pliocene
compression (Brozzetti (2011); Patacca and Scandone (1989) among others). The gen-
eral architecture of the area consists of a pile of thrust sheets mainly constituted by the
calcareous sedimentary units of internal Apennine Platforms, the Lagonegro Basin and
foredeep flysch deposits all together stacked over the Inner Apulian Platform limestones
units (API, Figure 1B). The Late Pliocene-Early Pleistocene compressional phase is re-
sponsible for the development of N-to NW-trending thrusts (with antithetic back thrusts)
mainly within the Apulian platforms (Noguera & Rea, 2000; Mazzoli et al., 2001; Shiner
et al., 2004). The buried API is separated from the upper units by a mélange clayey layer
that locally reaches a thickness of ~1500 m. The recent VDA extensional basin is shaped
by two active and opposite dipping, high-angle range-bounding fault systems: the East-
ern Agri (EAFS) and the Monti della Maddalena (MMFS, Figure 1) (Cello et al., 2003;
Maschio et al., 2005). Large normal-faulting earthquakes occurred along the axial sec-
tor of the southern Apennines and struck the VDA area, the last of which is the 1857
M,,7 event (Improta et al., 2014). Instrumental seismicity catalogues report only rare
and sparse low-magnitude earthquakes (M; < 3, Figure 1A; (Improta et al., 2015)).
High-resolution studies of background seismicity evidenced that the shallow seismicity
is spatially correlated with the southernmost fault segments of the MMFS (Figure 1B).
Additional low-magnitude seismicity was related to the seasonal variations of the Per-
tusillo water impoundment located a few kilometers to the South of the oilfield (Valoroso
et al., 2009, 2011) (Figure 1A). Moreover, since June 2006 a spatio-temporal relation
between microseismicity (M <2.2) and the wastewater re-injection by a high-rate well
(60 k to 80 k m3/month; Costa Molina 2, CM2; Figure 2) into an unproductive marginal
portion of the reservoir has been observed (Stabile et al., 2014; Improta et al., 2015, 2017;
Buttinelli et al., 2016). Here, hypocenters align on a NE-dipping back-thrust (fault F1;
Figure 2b) located few kilometers from the well (Buttinelli et al., 2016). The induced
events are mainly located on the NW side of a NE-SW transfer zone that, hence, could
act as a structural barrier (Caine et al., 1996) for fluid diffusion into the reservoir. How-
ever, a controversial aspect is that no significant events are recorded along the princi-
pal thrust fault (fault F2, Figure 2b) located very close (100 m) to injection well and with
similar dip to the back-thrust (50°—60°). Fault orientation, pore pressure, stress field
and sliding friction coefficient are the parameters that affect the frictional reactivation
of brittle faults (Anderson, 1905; Sibson, 1985). In the last years a large amount of ge-
ological, geophysical and seismological data have been produced by induced seismicity
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studies (Johann et al., 2018; Goebel et al., 2017; Barbour et al., 2017; Buttinelli et al.,
2016; Norbeck & Horne, 2016; Improta et al., 2015; Guglielmi et al., 2015; Ellsworth, 2013;
Majer et al., 2007). These studies have given a great contribution to the understanding

of the physical processes triggered by fluid-structure interaction in active fault zones. Fric-
tional laboratory experiments on fault rock samples have shown that the style of defor-
mation (e.g. stick-slip or creeping) can change in presence of fluids (Scuderi & Collet-

tini, 2016). In addition, high-precision seismicity locations coupled with the interpreta-
tion of high-resolution seismic profiles have allowed to understand the spatial-temporal
evolution of the permeability inside complex fault systems (Buttinelli et al., 2016; Im-

prota et al., 2015).

3 Model Description

The geometry consists of a block of 9 x 12 x 9 km with the surface topography
on the top and different layers representing the main hydrological units: the permeable
storage aquifer (L3), the low-permeable cap rocks (L2) and the upper and basal aquifers
(L1 and L4 respectively; Figure 3a). The storage aquifer is cut by a fault system that
is characterized by four 40—60° dipping faults and a subvertical transfer zone (Figure
3b). The computational domain is characterized entirely by a frictional-porous-elastic

rheology (Vadacca et al., 2018; ABAQUS, 2013).

The model domain (€2) contains the fault cores as embedded surfaces (I'). On the
two sides of the I' surfaces, quantities like pore pressure (py) and displacement (u) can
take different (and thus discontinuous) values. On the fault, when referring to values of
a variable on the hanging wall side, the superscript ‘¥’ will be used. Similarly, ‘= will
denote the foot wall. At each time, we can identify two different portions of I', depend-
ing on the status of each point on I' with respect to the stress. The part of the surface
that is sliding is indicated by I'g, the part that remains locked is indicated by I';,. The

system of equation that is solved numerically is:

V-(o'(u)+pd)+prg =0 in Q (1a)
1 Opy  Oey(u) k B .
e T e Wfo —prg )| =rpsf in Q2 (1b)
ut —u =d onI'p (1c)
d
/
= —HUr O, —— on FS (1d)
d
E_ . _
— u—prf nr = —(p; —py) onT (le)

Eq.(1a) is the momentum conservation equation, and contains the effective stress ten-

sor o/ (u) (o’

= 0 — pyé, where o is the total stress), the gravitational acceleration g

and the density of the bulk p,. Here, § is the unit tensor. The dependence of ¢’ on u is
expressed, for the poro-elastic medium, as the double inner product of the fourth order

modulus tensor C%" and the strain e:

o' =C¥ :e(u), (2)

where the ij-th element of € is defined as:

1 8ui
€ — =
J 2 6l‘j

ou,;
+54). 0

while C%", for an isotropic and elastic response can be written as a function of the Young

modulus F and Poisson ratio v:
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Table 1: Hydro-mechanical properties of the layers. Rock density ps, Young modulus F,
Poisson ratio v, Bulk modulus K¢, porosity ¢ and permeability k.

Layer ps[kg/m3] E[GPa] v K¢[GPa] ¢ k[m?]
L1 2520 32.16 0.30 2.2 0.1 1015
L2 2610 49.16 0.28 2.2 0.08 1071
L3 2830 84.35 0.26 2.2 0.05 107
L4 2830 84.35 0.26 2.2 0.049 10716

Table 2: Hydro-mechanical properties of the fault zones. Rock density p,, Young mod-
ulus F, Poisson ratio v, Bulk modulus K, porosity ¢, damage zone kg and fault core
permeabilities k..

Layer pslkg/m?®]  E[GPa] v K¢|GPa] ¢ kq[m?]  k.[m?]
Fault zone 2550 41.39 0.30 2.2 0.052 10°% 10719
E E 1 1
dr __ . . 8. - _ ..
Cijkl - 2(1 ¥ Z/) (5lk5jl + 5zl5ﬂc) + 3 <(1 — 2V) (1 T Z/)) 5'Lj5k‘l' (4)

Eq.(1b) comes from the conservation of the fluid mass, where the fluid flow velocity is
expressed by the Darcy equation. The first and second left hand side terms are account-
ing for the variation in the rock porosity: M takes into account the bulk compressibil-
ity of the medium, and the time derivative of the volumetric strain (e, = V - u) takes
into account the deformation of the skeleton. On the right hand side, p¢ f is the injec-
tion rate of the fluid. Eq.(1c¢) and Eq.(1d) describe the two possible conditions for the
fault displacement.

The two equations are derived from Amonton’s law, which states that the ratio of
the shear stress over the normal stress of a sliding fault cannot exceed the friction co-
efficient,

< ps (5)

3q\‘ R

where o/, = (on) - n is the effective normal stress (n is the normal vector to the fault
surface; o, is positive in compression), 7 = on—o,n is the shear stress, and p is the
sliding friction coefficient. The fault thus is locked for /o), < us while it slides when

the condition (5) is verified as an equality. This translates in the constitutive equations
(1c) and (1d): a fixed value d for the displacement jump is imposed in the case of locked
fault (Eq. 1c), while on the sliding portion of the fault the stress is kept as the limit tan-
gential traction prescribed by Amonton’s law (Eq 1d) along the direction of the displace-
ment time derivative d, i.e. the slip velocity. Given the dramatic change in the stress
tensor that a fault that starts sliding can generate, and the discontinuous behavior caused
by the threshold us, the numerical solution of the system must be carried out iteratively
in order to reach a consistent result that accounts for the coupled effects. The last equa-
tion, Eq.(1le), comes from the requirement of a continuous fluid velocity through the fault
surface. The flow tangential to the surface I', considered its negligible width and low per-
meability, is neglected. The hydro-mechanical properties of the different lithological lay-
ers and fault zones are shown in table 1 and 2 respectively. Based on inequality (5) we
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define the slip tendency (ST), as the ratio of shear stress to normal stress acting on the
plane of weakness:

ST =r71/a,,. (6)

The slip tendency indicates if a fault is in a stable or unstable state of stress: if ST <

s the state of stress is stable and no slip occurs along the fault plane. Otherwise, if ST >
s the strength of the fault is overcome and slip starts to propagate along the fault plane
(Vadacca et al., 2018; Moeck et al., 2009; Collettini & Trippetta, 2007; Lisle & Srivas-
tava, 2004; Morris et al., 1996). We use a static friction constitutive model where p is
constant and equal to 0.6, which is a typical value for faults within carbonate rocks (Scuderi
& Collettini, 2016). The static friction model is strongly simplified if compared to the
more realistic constitutive models as the rate- and state-dependent friction law (Dieterich,
1979; Ruina, 1983; Marone, 1998) that allow to describe the fault behavior along the en-
tire seismic cycle. However, in this work we are more interested in understanding the stress
field evolution along the faults before slip occurs. The finite element software ABAQUS
(ABAQUS, 2013) is used to carry out the numerical simulations. The volume is meshed
by 3.3 million of tetrahedral elements with characteristic length varying from 100 me-

ter in the storage aquifer to 500 meter away from it. The nodes along the fault surfaces
are split in two following the split-node technique as described in Vadacca et al. (2018).
This condition is necessary in order to model the deformation along the faults via fric-
tional contacts. While fault cores are represented by frictional contacts with zero thick-
ness, the damage zones are instead represented by a 100 meter thick layer parallel to the
fault surfaces. A crucial point for study cases located in active tectonic regions is the de-
scription of the stress partitioning operated by tectonic forces on the fault system. The
simulation takes care of this aspect by including an additional step to initialize the stress
field. Indeed, the simulation is performed in three subsequent steps. In the first one, we
apply a gravitational loading on the entire domain (geostatic step) considering a hydro-
static initial pore pressure. The stress field resulting from this stage is defined as uni-
axial strain reference frame (Engelder, 1993) and characterized by the following effec-

tive principal vertical stress:

Sy, = Psgz — puwy?, (7)
where p; is the density of the rocks, p,, is the density of water, g is the gravity acceler-
ation and z is the depth. The principal horizontal stresses can be calculated as follows:

v
S == (12 ) 5. )
where v is Poisson’s ratio. In this first step, the boundary conditions applied to the model
are the following: the upper boundary (topographic surface) is free to move in all the
directions, while the lateral boundaries of the mesh and the bottom are kept fixed in the
perpendicular direction. After this first step, the system is at equilibrium and the so-
lution is used as the initial condition for the second step. In the second step we stretch

the model (crustal extension is simulated) for 600 years, applying a constant horizon-

tal velocity of 3 mmyr~! on the NE lateral boundary (Figure 3), according to the present-
day strain rate and kinematics of the region (Hunstad et al., 2003; Ferranti et al., 2008).
At the end of the second step we obtain a normal faulting stress regime where S;, > S}, >
S}, (Anderson, 1905) with the minimum principal horizontal stress axis S}, oriented NE-
SW (Mariucci & Montone, 2016) (Figure 4a-b). The orientation and magnitude of the
principal stress axis is crucial in the slip tendency analysis. For this reason this step is
fundamental to obtain a realistic present-day stress field. Indeed, without the extension
step, the stress field resulting by the geostatic step would be of normal faulting type but
with a strong rotation of horizontal principal stress axis due to boundary effects of the
model. After the second step, the system is at equilibrium and the solution is used as
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the initial condition for the third step (injection step). Fluid injection is simulated by

a source term applied at one node at a depth of almost 3100 m into the storage aquifer,
close to the F2 fault zone (3b). The volume rates of injected water follow the average
trend reported in Stabile et al. (2014) and Improta et al. (2015): linear increase of 500
m3/day to 1800 m?/day from June 2006 to April 2008; 1800 m?/day from April 2008

to June 2010; linear increase of 1800 m?/day to 2400 m?/day from June 2010 to Decem-
ber 2013 (Figure 6A).

Different model configurations are considered. In the Model-1 (M1) the initial stress
field and the hydro-mechanical properties have the reference values as stated above in
this section. In addition, in the third step (injection step) the tectonic loading is turned
off in order to only evaluate the fluid-injection contribution on the stress perturbations
in the storage aquifer. In the Model-2 (M2) and Model-3 (M3) we consider two differ-
ent initial stress fields by changing the duration of the tectonic extension in the second
step (200 and 400 years respectively). In this way, it is possible to investigate the effects
of the initial stress field on the slip tendency values computed on the faults. In the Model-
4 (M4), the storage aquifer and fault damage zones permeability values are one order
of magnitude smaller than the reference model, in accordance to the range of permeabil-
ity values for fractured limestones ((Improta et al., 2015) and references therein). Finally,
we run two additional models. In Model-5 (M5) we turned on the tectonic loading in the
third step but considered null fluid injection rates. In Model-6 (M6), tectonics and fluid-
injection contributions are considered together. In this way, we can discriminate between
the tectonic and the fluid-injection contributions to the variation of the total slip-tendency.

4 Model Results
4.1 Reference model

Figure 5a-b shows the spatial distribution of the pore pressure change on the fault
system for two time snapshots of the M1 (reference model). Pore pressure change for a
given time is computed as the difference between the pore pressure at that time and the
pore pressure at the time ¢ = 0 before the first injection step. At time ¢t = 3.8 years
(half the simulation), the effects of fluid diffusion are located mainly on the faults F1,
F2 and F5. The maximum pore pressure increase of 0.8 MPa is located at the top of the
fault F2, in proximity to the injection point. On F1, a maximum pore pressure increase
of 0.55 MPa occurs on the bottom of the fault in proximity of the conjunction with fault
F2. The fault F5 reaches the maximum values of pore pressure increase close to the top
tip line like F1, but with smaller values (0.5 MPa). At end of the simulation (¢t = 7.6
years) the pore pressure increase reaches a peak value of 1.3 MPa on the fault F2. On
the fault F1, the pore pressure front propagates from the bottom to the top, reaching
a maximum pore pressure increase of 0.89 MPa. It is observable that the fluids cannot
diffuse in the normal direction to the fault F5 due to the low permeability of the fault
core, but they propagate in the direction tangential to the fault F'5 through the more
permeable damage zone. With this mechanism, the F3 and F4 faults are also reached
by the fluids and their pore pressure gradient is perturbed. Figure 5c-d shows the spa-
tial distribution of the slip tendency change for the same time frames described above.
The slip tendency change for a given time is computed, similarly to pore pressure, as the
difference between the slip tendency at that time and the slip tendency at the time ¢t =
0. The obtained value is then divided for the fault friction coefficient (¢ = 0.6). In this
way, the value of slip tendency change gives information about the fluid injection con-
tribution to the fault stability. The distribution of the slip tendency change reflects closely
the pore pressure one. The larger values are located mainly along the F2 with maximum
values of 0.011 close to the injection point at t=3.8 year and 0.02 at the end of the sim-
ulation. F1 present larger values in the central and lower part of the fault with values
of ~ 0.005 at ¢ = 3.8 year and values of ~ 0.01 at the end of the simulation (t = 7.6
year). In general, our model gives low values of slip tendency change, even on the faults
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F1 and F2 that are well-oriented with the active stress field and are the closest to the
injection point. F5 presents very low values of slip tendency change due to the fact that
it is poorly oriented with respect to the stress field.

Figures 6a-d show the time evolution of the changes in pore pressure, effective nor-
mal stress, shear stress and slip tendency for a set of 9 points. The points are divided
in 3 groups of 3, and each group is located on a different fault: F1, F2 and F5. The points
on same fault are chosen at three different depths: 3000 m, 3400 m and 3800 m (see Fig-
ure 3b for the locations). Figure 6a shows the pore pressure change compared with the
fluid injection rates (black line). The pore pressure increase follows the injection rates
for all points, with a more direct effect for points closer to the injection point (id F2b-
M1, green square in the graph). It is important to observe that even if the points Fla-
M1 and F1b-M1 are located closer to the injection point, the largest increase of pore pres-
sure on the F1 fault is observed at the deepest point (Flc-M1, blue triangles). This is
due to the larger permeability of the F2-fault damage zone with respect to the storage
aquifer, so that the damage zone acts as a preferential pathway for the fluid migration:
the injected fluids leak into the F2 damage zone, but due to the low permeability of the
fault core they cannot migrate across the fault plane and thus propagate in the tangen-
tial direction reaching the F1-fault in depth. From that the fluids move into F1 dam-
age zone and propagate upward. For the F5 fault zone, the fluid diffusion process is sim-
ilar to the F2-fault one, but with a larger pore pressure increase in the shallower part
of the fault. Figure 6b shows the time evolution of the effective normal stress change.
Depending on the pore pressure front, the effective normal stress decreases everywhere
with a maximum drop of 0.92 MPa at the end of the simulation, close to the injection
point (on the F2-fault). The shear stress is also affected (Figure 6¢) by the fluid injec-
tion, although that variation is small compared to the effective normal stress one. The
change At assumes positive values (shear stress increase) on the F5 transfer zone and
negative values (Shear stress decrease) on the F1 and F2 dipping faults.

4.2 Initial stress field effects

In this section we compare the results of the model M1, whose results are shown
in the previous section, with those of the models M2 and M3 (Figure 7) that differ by
the initial stress fields as they have been subjected to a different duration of the tectonic
extension phase during the second step of the simulation (200 and 400 years respectively).
By doing this comparison, we expect to assess the influence of the initial stress field on
the stability of the fault once the injection starts. We remark that in the M1 we con-
sider a duration of the tectonic extension of 600 years which is consistent with the oc-
currence time of moderate earthquakes for the main seismogenetic faults in the Val D’Agri
region (DISS-Working-Group, 2018). This amount of extension also resulted in the align-
ment of the minimum principal stress axis in the NE-SW direction (similarly to what
is evinceable from the borehole breakouts data; 2,4). In order to make the comparison
in Figure 7 we show the data for the middle sample point (point b located at a depth
of 3400 m, see Figure 3) for each of the previously analyzed faults (F1, F2 and F5).

We observe that the variations of pore pressure, effective normal and shear stress
are similar for all the models considered. Larger differences between the models can be
observed in the slip tendency change, in particular on the F1 and F2 faults (Figure 7d
). In fact, in M1 these faults present larger values of slip tendency change than in M2
and M3. In particular we observe that the larger is the duration of the tectonic exten-
sion the larger is the value of slip tendency. This shows that not only the absolute value
of slip tendency is larger in the case of larger initial extension, as it can be easily expected,
but that also the relative change of slip tendency due to the injection is increased as well.
This is due to the fact that, when extension is applied on the faults F1 and F2, it increases
slightly the shear stress and reduces the normal stress, and the relative importance that
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the perturbation in the pore pressure has on the effective normal stress increases, and
in turn this influences the slip tendency because of Equation (6).

4.3 Effects of the storage aquifer and fault damage zone permeability
changes

The values of permeability play a major role in the fluid diffusion process. For this
reason, in Figure 8 we compare the results of the model M1 (reference model) with those
of M4, where the storage aquifer and fault damage zones permeability values are decreased
of one order of magnitude (107!% and 10~'# respectively), consistently with the range

of permeability values for fractured limestones ((Improta et al., 2015) and references therein).

All the other parameters, including the initial stress field are the same of MI.

In Figure 8a we observe that the pore pressure increases in the M4, in particular
for the point located on the F2 fault (F2b-M4), which is closer to the injection point and
encased between surfaces of low permeability. Here, the pore pressure changes reaches
values of 7.8 MPa at the end of the simulation versus a maximum of 1.3 MPa in the M1.
The effective normal stress decreases accordingly to the increase of pore pressure, reach-
ing the value of -4.5 MPa for the point on F2 (F2b-M4; Figure 8b). Note that also the
values of shear stress change significantly (Figure 8c) as a consequence of the decrease
in permeability in the material around the faults (Zoback, 2007). In M4, the slip ten-
dency increases of one order of magnitude with respect to M1, with maximum values close
to 0.1 (Figure 8d).

4.4 Discriminating between fluid-induced, tectonic and total slip ten-
dency

In all the numerical models previously described, the tectonic forces were switched
off during the third step (injection phase), in order to isolate the contribution of fluid
injection on fault stability. Geomechanical modeling gives us the possibility to discrim-
inate and quantify the tectonic contribution from the fluid-injection one on the slip ten-
dency changes. For this reason, in Figure 9 we compare the results of M1 with those of
the models M5 and M6. In M5, the tectonic loading is active in the third step but no
fluid injection is simulated. Whereas, in M6, we simulate both the tectonic loading and
fluid injection. Figures 9a-b-c-d show the time evolution of the changes of pore pressure,
effective normal stress, shear stress, and slip tendency for the mid sample point of each
fault. In Figure 9a it is possible to see that the pore pressure change reaches the same
values for the M1 and M6, whereas M5 present null variations as no fluid is injected from
the well. In Figure 9b and Figure 9c the effects of the tectonic loading on the variation
of the normal and shear stress along the faults are well visible. These variations reach
maximum values in the range of 0.05-0-08 MPa. As shown in Figure 9d, the values of
slip tendency change in M6 is approximately the sum of the values in M1 and M5. The
combined contributions of the tectonic loading and fluid injection bring the F1 fault to
reach a maximum slip tendency change of 0.024. A deviation of about one order of mag-
nitude between the maximum slip tendency change of M1 (0.019) and M5 (0.005) shows
that fluid injection can be an important factor in the seismicity generation (induced seis-
micity; Improta et al. (2015)).

5 Discussion
5.1 Fault zone architecture and fluid diffusion process

The results of the numerical simulation give important information on the possi-
ble induced seismicity mechanisms active during fluid injection in the Val d’Agri oilfield
and on the seismic potential of the fault system affected by the fluid diffusion process.
Coupled fluid flow-geomechanical simulations represent a key instrument to understand



370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

406

407

408

409

410

411

413

414

416

417

418

419

420

421

422

the hydro-mechanical interaction between geological structure and fluid diffusion in the
subsurface (Juanes et al., 2016; Rutqvist et al., 2016; Rinaldi et al., 2015; J. Altmann

et al., 2014; Cappa & Rutqvist, 2011b, 2011a). In this work, we underline the importance
of modeling the fault zone as a multilayer (damage zone-fault core) characterized by dif-
ferent hydro-mechanical properties. This approach has been also adopted successfully

by Vilarrasa et al. (2016) and Rinaldi et al. (2014) to define the best location where to
inject CO5 in relation to the fault stability. In the Val d’Agri oilfield, the injection of wastew-
ater close to the F2 fault affects the diffusion of fluids into the F1 fault zone, triggering
possible earthquakes. Indeed, the fault core, characterized by low permeability, acts like
a geological barrier (Caine et al., 1996) for fluid migration in the NE direction (normal
to the fault plane). On the contrary, the damage zone allows the migration of fluids in
the direction tangential to the fault plane. Given the structural setting of the fault sys-
tem, the F1 and F2 damage zones intersect at almost 4 km of depth representing a unique
conduit for the fluid circulation. This aspect is well evident in Figure 5 where the pore
pressure increase occurs from the bottom to the top of the F1 fault plane as consequence
of the continuous inflow of fluid from the F2 damage zone. As a consequence, the slip
tendency also increases (Figure 5d). The fluid diffusion process modeled in this work is
in a good agreement with the correlation detected between fluid injection rates and mi-
croseismicity (Improta et al., 2015) and the observed migration of seismicity from the
deeper to the shallower part of the F1 fault zone (Buttinelli et al., 2016). Another im-
portant result concerns the role of the F5 transfer zone (Figure 3b) in the compartmen-
talization of the fluids in the storage aquifer. This fault is misoriented (Anderson, 1905;
Sibson, 1985) with the active stress field in the region (Figure 4b) and this means that

it is less likely to reactivate than the other dipping faults. This is shown in Figure 6d
where the maximum values of slip tendency change obtained on the F5 fault are of 0.002.
However, even if the F5 fault is far from the reactivation, its role as hydrological bar-
rier is fundamental in the redistribution of the stress in the storage aquifer due to fluid
injection. Indeed, the transfer zone prevents the migration of fluids toward S in the di-
rection normal to the fault plane. In this way, pore pressure increases mainly on the N-
side of the fault as shown in Figure 5 and this can explain why the large amount of mi-
croseismicity is concentrated on that side of the fault (Figure 2a).

5.2 Hypothesis of mixed-mode fault slip behavior

There are some discrepancies between observation and the presented numerical re-
sults. Figure 10 shows that the maximum values of slip tendency change (ST}nq. = 0.025)
are located on the top of F2 fault where no induced seismicity is observed (Figure 10).
Indeed the larger amount of microseismicity is well aligned on the F1 fault back-thrust
where the maximum values of ST (ST;q. = 0.012) are smaller compared to the F2 fault.
The lack of seismicity on the shallower part of the F2 fault can be justified by a mechan-
ical model (Figure 10) where the F2 fault is supposed to react with an aseismic creep-
ing deformation, while the F1 fault reacts with a seismic creeping deformation. If we hy-
pothesize that the F2 fault is characterized by velocity strengthening behavior (Dieterich,
1979; Ruina, 1983), an increase in fluid pressure would promote fault creep. Then, the
stress transfer generated by the aseismic slip along the F2 fault, together with fluid dif-
fusion into the damage zone, would reactivate the F1 fault in depth with a mixed-mode
slip behavior: fault creep and microseismicity on fault patches that could be more prone
to develop frictional instabilities. Finally, earthquakes would propagate upward into the
F1 fault zone with the same combined effect of stress transfer and fluid diffusion described
for the F2 fault. As described by Scuderi and Collettini (2016), for carbonate-bearing
faults unstable fault slip might result from velocity weakening gouge at higher temper-
ature (Verberne et al., 2015), sharp and localized slipping zones (Tesei et al., 2014) or
strongly cemented fault portions (Carpenter et al., 2014). There is at least one case where
this behavior has been observed: Guglielmi et al. (2015) describe an experiment along
a well instrumented natural carbonate-bearing fault, where the increase of fluid pressure,
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induced by fluid injection, promoted aseismic slip along the fault, inducing microseis-
micity on adjacent regions as a secondary effect. In addition, recent studies based on rock
deformation experiments have shown that the slip mode can change depending on the
fluid pressure into the fault zone (Scuderi & Collettini, 2016). In particular, with the in-
crease of pore pressure, the friction rate parameter (a-b) evolves from velocity strength-
ening to velocity neutral behavior and the critical slip distance (D..) decreases contribut-
ing to a transition from stable sliding to frictional instability (Scuderi & Collettini, 2016).
The proposed mechanical model can be also used to justify some intriguing features that
characterize the first days of the fluid injection. In fact, Buttinelli et al. (2016) and Improta
et al. (2015, 2017) have shown that the Costa Molina 2 injection well case study is char-
acterized by a quasi-instantaneous onset of induced seismicity (i.e., hours from initia-

tion of injection). In addition, the swarms recorded during the initial, daily injection tests
(initial 10 days of injection) that cluster on the basal portion of fault F2, have a rate that
correlates strictly to hourly injection data (pressure and rate) with a time delay of a few
hours. In Figure 11 we compare the slip tendency change with the microseismicity in the
first four weeks of the fluid injection. In the first week, we observe that the seismic swarm
is located in the deepest part of the F2 fault where the values of slip tendency change

are initially lower (11a). The swarm in the depth can be due to dynamic effects that start
acting as soon as the injection begins, due to an increase of local permeability parallel

to the F2 fault plane as the fault itself moves because of aseismic creep. Successively (11b-
¢), the microseismicity migrates in the shallower layers along the F1 fault where a slip
tendency increase is observed (11d). Even if the initial dynamic effects are not included,
our model results show a strict correlation between the amount of seismic events and the
simulated slip tendency changes (Figure 12). In fact, we observe that the slope of the

slip tendency change curves are more steeps in the first week (Figure 12a) where the larger
amount of seismicity is detected (Figure 12d).

5.3 Seismic potential induced by fluid injection in active tectonic regions

The numerical results show that the fluid injection (with or without the contribute
of the tectonic loading) induces small variations in the values of slip tendency during the
7.6 years of the simulation (Figure 5, 10). Specifically, the contribution of fluid injection
alone amounts to a maximum slip tendency increase of 0.019 on the F2 fault. Consid-
ering also the tectonic loading, the maximum slip tendency reaches values of 0.024, again
on the F2 fault. These values are far from the condition of fault reactivation (ST/u =
1.0), considering a sliding friction coefficient of © = 0.6 (that is typical for carbonate-
bearing faults (Scuderi & Collettini, 2016)). In this work, we analyze the slip tendency
only in terms of variation due to the uncertainty of some variables as the sliding friction
coeflicient and initial stress field. For this reason, the seismic potential induced by fluid
injection should be discussed with caution. In fact, sliding friction can change depend-
ing on the rate and state parameters (Dieterich, 1979; Ruina, 1983; Scholz, 1989; Marone,
1998), which in turn change depend on the pore pressure conditions (Scuderi & Collet-
tini, 2016). In addition, the real stress field is unknown, and even if it has been simu-
lated in agreement with spatial data on large regional scale (Mariucci & Montone, 2016),
detailed analysis including local borehole breakouts and other well data could better con-
strain it. Notwithstanding the limits of the tectonic extension simulation in the model,
it still gives information that are useful in the understanding of the stress partitioning
within the fault system. This aspect is very important because, as shown in Figure 7,
the maximum slip tendency increment due to fluid injection occurs in the area with the
largest values of slip tendency due to the extension, suggesting a strict correlation be-
tween fluid propagation and the inherited tectonic stress field.

In addition to the aspects described above, there is another process than can af-
fect the stress field and hence the slip tendency on the faults and that must be consid-
ered. The injection zone is located at the southern margin of the oilfield. Following Improta
et al. (2017), a very large amount of oil and brine has been removed since the late '90s
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from the southern part of the hydrocarbon reservoir, specifically from high production
wells located to the W of the injection well and a few kilometers apart from the induced
seismicity cluster. Several modelling studies have shown the importance of considering
the combined effect of fluid production and injection in reproducing properly the pore
pressure (e.g the Cavone oilfield case study investigated by Juanes et al. (2016)). The
effects of fluid production on the fault stability are an actual and intriguing problem still
under discussion by the scientific community. In fact, if on one hand fluid production
can stabilize the faults as a direct effect of the effective normal stress increase (see equa-
tion 6), on the other hand that can generate a local shear stress increase as an indirect
effect of the poroelastic response of the material (J. Altmann et al., 2014, 2014). This
complex effect is strictly dependent on the distance of the fluid source and on the archi-
tecture of the fault system. For this reason the application of geomechanical models to
realistic cases is going to become essential. At the present time, fluid production data
in Val d’Agri oilfield are not published and availables. These data if available could im-
prove the representativity of our simulations of a sensible amount.

6 Conclusions

The Val d’Agri oil field is located in an area with high seismic risk. From 2006 the
area has been interested by induced seismicity due to fluid injection in an unproductive
well. This makes this area a great opportunity to shed new lights on the discrimination
between natural and induced seismicity, as well as to study of the interaction between
injected fluids and geological structures. The numerical model results show that fluid
diffusion is strongly dependent on the active stress field and the geological structure in
which fluids are injected, which conditioned the occurrence of seismicity that aligned on
a strict portion of a back-thrust. Slip tendency analysis shows that the thrust fault (F2
fault) located below the back-thrust and closer to the injection point with respect to the
back-thrust is the one more susceptible to the pore pressure increase. The mismatch with
the fluid injection-induced microseismicity could suggest a prevalent aseismic slip behav-
ior associated to this fault and a mixed-mode slip behavior along the backthrust. We also
modeled an important role played by other vertical structures present into the injection
reservoir, which enhanced the compartmentalization favoring the overpressuring of the
system and leading the directivity of the pore pressure diffusion into the the reservoir
volumes. Such analysis is of high importance since it might give strong constraints for
the discrimination between natural and induced seismicity. This is much more necessary
in active tectonic areas as the Southern Apennines where underground human activi-
ties are ongoing, also for a more reliable and robust definition of seismic hazard consid-
ering human induced seismicity.
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Figure 1: (A) Geological map of the Val d’Agri (VDA) region reporting: seismic sta-
tions (triangles), the 2001- 2014 seismicity as a function of hypocentral depth (coloured
circles), exploration wells (yellow circles). The red lines on wells indicate minimum hor-
izontal stress directions inferred from borehole breakouts. Blue lines report the traces of

2 sections shown in Figure 1B and 2B. The dashed square show the area of the numer-
ical models. (B) Schematic geological section across the VDA illustrating the axial and
external sectors of the southern Apennines. TR-Permo-Triassic clastic sequences. APE-
External Apulia Platform (Mesozoic-Tertiary), API-Internal Apulia Platform (Mesozoic-
Tertiary); MPterr- Late Miocene-Lower Pliocene terrigenous unconformable deposits
covering the APT; MEL-IRP: melange layer (Late Miocene-Lower Pliocene) and undiffer-
entiated Miocene Flysch; LB-Lagonegro basin units (Mesozoic-Paleogene); APP-internal
Apennine Platform (Mesozoic-Tertiary); EFC-marly-calcareous sequences and Miocene
flysch deposits (External Flysch Complex); ALL-WT-allochthonous units of the Internal
Apenninic Nappe (Albidona Formation, Eocene-Miocene) and related wedge-top deposits
(Gorgoglione Formation, Middle-Upper Miocene); QB-VDA Quaternary basin; CM2-Costa
Molina 2 well; TR1-Tempa Rossa 1 well; TV1-Tempa del Vento 1 well. The geometries of
the faults with ids 1 to 5 are used in the numerical simulation (modified after Buttinelli et
al., 2016).
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Figure 2: (A) Structural map of the top of API in the injection area and distribution

of the 2006-2014 induced seismicity (In both panels the green star depicts the ML 2.0
event accompanied by the focal mechanism). The map shows the main SW-dipping re-
verse faults, the sub-vertical transverse fault (dashed line), the NE-dipping back-thrust
related to the induced seismicity and deep wells with associated borehole breakouts. Sec-
tion traces in blue color. (B) Interpretation of the depth converted vertical slice extracted
from the 3D seismic volume tied to the CM2 well. The section trace is showed in Figure
1A (section B). The blue dots depict hypocenters of the 20062014 seismicity occurred
close to the CM2 well. Main seismographic unit code references can be found in Figure 1
(modified after Buttinelli et al. (2016) ).

injection point N

injection point

Figure 3: (A) Computational domain. L1, L2, L3 and L4 represent the main hydrologi-
cal units: the permeable storage aquifer (L3), the low-permeable cap rocks (L2) and the
upper and basal aquifers (L1 and L4 respectively). The black point located between the
F1 and F2 fault represents the fluid injection point. Faults are shown in red. (B) Fault
system geometry used in the numerical simulation. The colored dots on F1, F2 and F5
represent the location where different physical quantities are analyzed in the next sec-
tions.

,197



Present-day stress field: extension step

I Max. principal stress axis [ Mid. principal stress axis [Jll Min. principal stress axis

Figure 4: Stress field computed at the extension step (A-B). In red, green and blue are
shown the maximum, middle and minimum principal stress axes respectively. The maxi-
mum principal stress axis is vertical consistently with the extensional stress regime in the
Val d’Agri region. Also, the maximum principal stress increases with the depth in compli-
ance with the lithostatic load. Note that, at the end of the extension step, the minimum
horizontal stress axis is well oriented in the NE-direction, and this is consistent with the
well breakouts directions shown in Figure 2A.
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Figure 5: Spatial distribution of the pore pressure change on the fault system for two
time snapshots: (A) 3.8 year; (B) 7.6 years (the end of the simulated injection phase).
The pore pressure change for a given time is computed as the difference between the pore
pressure at that time and the pore pressure at the time t=0 just preceding the first in-
jection step. Spatial distribution of the slip tendency change on the fault system for two
time snapshots: (A) 3.8 year; (B) 7.6 years (the end of the simulated injection phase).
Similarly to the pore pressure change, the slip tendency change for a given time is com-
puted as the difference between the slip tendency at that time and the slip tendency at
the time t=0. The difference is then divided for the friction coefficient (@ = 0.6).
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Figure 6: Time evolution of the changes in (A) pore pressure, (B) effective normal stress,
(C) shear stress and (D) slip tendency for a set of 9 points. Of those, 3 points are located
on the fault F1 (light-blue, blue and dark blue lines), 3 are on the fault F2 (light green,
green ad dark green lines) and the last 3 are on the fault F5 (indicated by orange, red and
plum lines). For each set of points on a fault, one is at about 3000m, another at ~3400m
and the last one at ~3800m (see Figure 3b for the locations). The black line represents
the fluid injection rates, rescaled in order to fit with the other quantities in the graph.
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Figure 7: Comparison between the Model-1 (M1), Model-2 (M2) and Model-3 (M3) re-
sults. The time evolution of the changes in (A) pore pressure, (B) effective normal stress,
(C) shear stress and (D) slip tendency is here shown only for the point b on the F1, F2
and F5 faults (see Figure 3b for the locations). The black line represents the fluid injec-
tion rates, rescaled in order to fit with the other quantities in the graph.
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Figure 8: Comparison between the Model-1 (M1) and Model-4 (M4) results. The time
evolution of the changes in (A) pore pressure, (B) effective normal stress, (C) shear stress
and (D) slip tendency is here shown only for the point b on the F1, F2 and F5 faults (see
Figure 3b for the locations). The black line represents the fluid injection rates, rescaled in
order to fit with the other quantities in the graph.
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Figure 9: Comparison between the Model-1 (M1), Model-5 (M5) and Model-4 (M6) re-
sults. The time evolution of the changes in (A) pore pressure, (B) effective normal stress,
(C) shear stress and (D) slip tendency is here shown only for the mid point (b) on the
F1, F2 and F5 faults (see Figure 3b for The black line represents the fluid injection rates,
rescaled in order to fit with the other quantities in the graph. the locations).
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Figure 10: Mixed-mode fault slip model proposed to explain the induced seismicity in the
Val d’Agri oilfield. F2 fault reactivates with an aseismic creeping deformation, while the
F1 fault reactivates with a seismic creeping deformation. The plot shows the slip tendency
change computed at the end of the simulation of the Model-6, where both the tectonic
loading and fluid injection is simulated. Black dots indicate seismic events from June 2006
to December 2013, taken from the work of Improta et al. (2017).
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Figure 11: Time evolution of the microseismicity and slip tendency change computed

in the first 30 days of the simulation. Yellow, pink, red and white dots indicate seismic
events after 7, 14, 21 and 30 days respectively from the beginning of the fluid-injection in
the CM2 well (Improta et al., 2017).
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Figure 12: Comparison between the slip tendency change computed in the Model-6 (A)
and the microseismicity (C) in the first 30 days. The same comparison is shown in figures
(B) and (D) but for the entire duration of the simulation (7.6 years). here, the values of
slip tendency change are shown for different points located on the F1, F2 and F3 faults
(see location in Figure 3b). The purple and green histograms show all the seismic events
and only those located on the F1 fault respectively, that occurred from 2 June 2006 (be-
ginning of the fluid injection) to 30 December 2013 (seismic data from Improta et al.,
2017)
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