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Abstract. The repeated deformations and seismic unrests at Campi Flegrei caldera (southern Italy) have
been identified due to a fluid injection source in volcano active area. We investigated the role of hot water
injection in the seismic unrests of 1982-1984 with a view to gaining insights into the caldera’s dynamics, by
applying coupled TOUGHREACT-FLAC?P simulator to our computational domain of 10 X 1 x 3 km with a
single-phase steam isothermal (HM) and non-isothermal (THM) simulations comparison. The results
indicated that the overlying caprock blocks the uprising hot water injection, leading to the building up of
pore pressure and shear stress underneath over time. This process substantially modified the ambient stress
regime, strained the caprock, led to microfractures formation which enhanced hydraulic properties of the
system, and ultimately provided conductive migration pathways for hot fluids to pressurize the shallow
overlying fault. The prolonged shear stress accumulation period culminated in shear fracturing, dilation and
fault slips, whose displacements are in order of millimetres to few centimetres. The moment magnitudes of
seismicity generated were generally in order of 3.0. The seismic slips occurred at ~7 and ~6 days under HM
and THM cases, respectively — giving a time delay in the order of ~1 day in the isothermal case. A
comparison of our results for isothermal and non-isothermal cases suggests that seismic slips occurred
generally earlier at higher fluid injection rates and under non-isothermal conditions. Further examinations of
thermal effects showed that fault slips generally occur earlier at higher injection temperatures and/or at high
host rock/fluid injection temperature contrasts. At very low permeabilities (e.g., 107'° m?), fault slips were
delayed and the required time for shear stress accumulation to trigger slips is about 8 days. It is concluded
that an interplay among variables such as injection rates, fluid injection temperatures and caprock
permeabilities determines the timing of a seismic fault slip and associated seismicity at the caldera.

1 Introduction

Campi Flegrei caldera (CFc, southern Italy) is one of the
world’s best known calderas situated on an active
volcano. Fluid injection and magmatic degassing have
been invoked to explain the repeated ground
deformations and seismic unrests at the caldera (e.g., [1-
4]). Since water and carbon dioxide are the major fluid
components of a magmatic system, several numerical
simulation studies involving these fluids, either as a
single phase (or multiphase) or single component (or a
mixture), have been carried out at the CFc to understand
ground deformation and associated seismicity (e.g., [1-
2], [4-8]).

Careful reviews of the literature reveal some
drawbacks in the existing studies related to
homogeneous assumptions of properties for geological
layers in model parameterization, for example, using
uniform permeability in the model, which instead can
significantly vary in such a structurally complex
volcano. This has, however, been partly addressed in
studies by Troiano et al. [6], Coco et al. [8] and Chiodini
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et al. [4]. Besides, the roles of the "caprock", which has
been consistently deduced from rock physics
characterization (e.g., [9]) and seismic tomographic
studies (e.g., [10-11]), has been completely neglected in
the available simulation studies of ground deformation
and seismic unrests at the CFc. To keep the numerical
problem simpler in the current study, we adopted the
approach of Taron et al. [12] to model fluid flow from a
single phase hot water injection under both isothermal
and non-isothermal simulation conditions to explore the
roles of hydro-mechanical (HM) and thermo-hydro-
mechanical (THM) effects in relation to seismic fault
slip and accompanied seismicity. We introduced caprock
properties into our numerical model for the caldera and
tested various values of caprock permeability to
understand its roles in modulating an eruption at the
caldera. =~ We describe our numerical model and
modelling methodology in the next section, and present
the results and discussion afterwards. Our findings
demonstrate that combined thermal and hydro-
mechanical effects drive seismic unrests at the CFc.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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2 Methodology
2.1. Description of Numerical Model for the CFc

The basics of the methodology adopted in this study
have been comprehensively described by Taron et al.
[12]. Tt involves coupling of mechanical deformation
simulator (Fast Langrangian Analysis of Continua in
three dimensions, FLAC3P) with a fluid flow and heat
flow simulator (Transport Of Unsaturated Groundwater
and Heat, TOUGHREACT), and Interpolation Module
where the activities of the simulators are coordinated,
Fig. 1.

A three-dimensional model of 10 km % 1 km X 3
km dimensions (Fig. 2) was built for the CFc, and its
parameterization is based on the data obtained from
drilling and productivity tests by the AGIP Company
([13]), and deductions from rock  physics
characterization ([9]) and seismic tomograhphic studies
([10-11]). The basal aquifer is defined around 2500—
3000 m and overlain by caprock of approximately 500 m
thickness ([10]) at a depth of about 2000-2500 m, and
the middle and upper reservoirs are at depths of 1800—
2000 m and 500-1000 m, respectively (Fig. 2).

An explicit fault architecture was developed by
including in the model a plane of structural weakness
representing the fault with a dip of 60°, whose width was
modelled as 10 m ([14]), and the fault crossed the upper
discretized layers and terminated on top of the caprock
(Fig. 2). The fracture systems at the CFc are
predominantly of normal kinematics and have steep dip
angles which are often greater than 60° ([14-15]). A 60°-
dip fault angle is most preferable in this work, compared
to other tested dip angles (70° and 80°) because it gives
more robust computational results (Fig. 3). The fault
zone was modelled as a single homogeneous entity,
without being partitioned into a fault core and damage
zone, as the variations of properties across these zones
were not the major focus of the present study. The fault
was represented as solid elements with ubiquitous joints
oriented as weak planes, implementing the
recommendations of the approach used by Cappa and
Rutqvist [16] and Gan and Elsworth [17].  Uniform
fracture spacing distributions of 10 m and 0.1 m were
chosen for the host rock and fault zone, respectively,
owing to the caldera-wide scale of the model and using
outcrop analogue observations ([15]). A vertical
injection source was designed and positioned at a depth
of 3 km at the centre of the model, representing injection
of hot water from a deeper feeding system (e.g., a
deformation source at 4 km; [10]).

2.2 Model Settings and Properties

The initial principal stresses in three directions : (x, y,
and z) are 45.5 MPa, 64.0 MPa and 66.0 MPa with their
corresponding stress gradients of 15.0 MPa/km, 20.67
Ma/km and 21.33 MPa/km, respectively. The pore
pressure gradient is assumed as 10.0 MPa/km ([18]). The
model is mechanically stable and at equilibrium under
these simulation conditions.
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Figure 1. FLAC3P- TOUGHREACT coupling model (Taron et
al. [12]).
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Figure 2. Model geometry for the study: (a) 3-D mesh
construction from FLAC3P showing discretization of the model
into six layers and the fault dipping at 60°, (b) 2-D sketch of (a)
showing discretized layers, the fault, and location of the
injection point in the simulation. Permeability (K, m?) values
are from AGIP [13].

The model was then populated with material
properties such as elastic moduli (e.g., shear modulus
and bulk modulus) and Poisson’s ratio; hydraulic
properties (e.g., permeability) as shown in Table 1; and
assigned mechanical properties (cohesion, tensile
strength, friction angle and dilation angle) as shown in
Table 2.

The fault was modelled as a cohesionless (cohesion,
¢ = 0) structural element and assigned a lower internal
friction angle than the matrix. While the matrix was
assigned the Mohr-Coulomb model, the fault was
modelled with the strain-hardening/softening ubiquitous
(subi) joint constitutive model type of FLAC3P.
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250, 300, and 350°C were run under non-isothermal
simulation conditions to assess thermal effects (Table 3,
Case B). As highlighted in Table 1, the caprock
permeability used in this study is 10-'® m? ([9]); however,
we examined the influence of caprock permeabilities in
the range of 107 — 10" m? (Table 3, Case C).

ICEGT 2020
Table 1. Material properties used for the simulation. However, only the results for these conditions, and those
for effects of caprock permeabilities under THM
Parameters Symbols Values References conditions (because of more enhanced influence), are
- - (Umots) more emphasized in this study because of limited space.
I\gztlrlltxp%(;(r;?tl;y i;" E"//Z; gg [2] Seismic fault slips in natural earthquakes are often
Matrix ow (m?) 1.0 % 10-15— [13] discontinuous owing to a slip weakening process. Thus,
permeability 1.0 x 10-14 we developed a friction table and used it to model fault
Fault kr (m2) 1.0 x 10713 [9, 19] slip and seismicity in line with the friction laws of
permeability natural earthquakes (e.g., [26]).
Density p (kg/m®)  1800-2500 [13]
Caprock Table 3. Simulation conditions used for different cases
Matrix porosity o (%) 9-20 (10%) considered in the study under HM and THM conditions.
Matrix k (uD) 2-30 (1.0 x
permeability 107%%) (9] Dip Injection Injection Caprock
ghulk l\l\/ilogimlus IG( Egl; a; } g Case angle (°) rate temperature  Permeability
ear Modulus a ° 2
Poisson’s ratio v(-) 0.16 ke €O )
*Permeability of caprock (in m?) used in this study. 60,70,80 37.5 350 107
A 50.0 350 10-18
100.0 350 1018
150.0 350 10-8
Table 2. Mechanical and thermal properties used for the 60 150.0 200 10-18
simulation. B 150.0 250 10718
150.0 300 1018
Parameters Symbols Values References 150.0 350 10718
(Units) 60 150.0 350 107
Matrix friction angle om (°) 50 [20] C 150.0 350 1018
Fault friction angle o7 (°) 30 [21] 150.0 350 101°
Matrix cohesion cm (MPa) 5.0 [22]
Fault cohesion cr(MPa) 0 [23] 08 . . . . .
Matrix dilation Y (°) 3 [20] " |—Dp angle = 60°|
Fault dilation ¥ (©) 0 [22] @ 7]~ op angie=70° I
Matrix tensile tm (MPa) 2.57" [22] [——Dip angle = 80°
strength S 06- Threshold Stress Ratio L
Fault tensile strength tr (MPa) 0 [23] EE 05 i~ |
Matrix Bulk Modulus K (GPa) 5.26™ [24] 8
Fault Bulk Modulus Ky (GPa) 10.0 [16] 0 04 .
Matrix Shear Gn (GPa) 3.1 [24] £ — i\
Modulus % 031 T
Fault Shear Modulus Gr(GPa) 6.0 [16] O s s [ N
Poisson ratio v(-) 0.30" [24]
Coefficient of A (J/kgK) 40.0 x [25] 0.1+ -
Thermal Expansion 107 0 Fig. (b)
“*Values used for the matrix except for the caprock (See Table ot 102 10° 0t 0 ho e
1)- Time (seconds) :
0.8 : : =
(b) - Dip angle = 60:
2.3 Simulation Scenarios: HM and THM 074 Dpange=Tl |}
—— Dip angle = 80 I'II v
The simulation conditions such as injection rates, £ 061 | .'}\\'\*‘i—-— ]
injection temperatures and the fault’s dip angles used for & 054 } { T~
this study are summarized in Table 3. Of these 8 —
conditions, a dip angle of 60° and injection rate of 150 2 % |
kg/s in Case A produced optimum results (yielding fault é 03-
slip at a reduced time) in the isothermal mode (Fig. 3), 3 o /__ I—
and this allowed the evaluation of the hydro-mechanical 2 /
effect of hot-water injection. While the temperature of oy
the geological layers was held constant, simulation 00
scenarios using varied injection temperatures of 200, 5x10° 5 6x10° x10° 6.5410° 705

Time (seconds)

Figure 3. (a) Comparison of Coulomb stress ratio evolution for
fault dip angles of 60°, 70° and 80° at 150 kg/s injection rate,
and (b) large view of (a) showing the time window of 5.0 x 10°
to 7.0 x 10° seconds - 60°-dip angle has the highest shear
fracturing magnitude and most reduced timing of fault slip.
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3 Results @ ®
3.1 Analyses of Results and Computations l(F\'f Fautt
Results obtained from various simulation scenarios were /) et Fluid pressurization
analysed, and the instability of the fault was assessed by > = = ‘7\
quantifying the evolution of stress state. The shear stress on - e >
(T}, normal stress (g, ), effective normal stress (7)), T Effectve normal sress
and Coulomb stress ratio (1) were obtained using the o

following equations [16]:
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Fe = TS24 [P |
3
D
= i
b

Y1 Y3 f e Y
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[AES SIFrlLl Lyzgliogu (3)

Coulomb stress ratio, y = — )

In these equations, &5 is the minimum principal stress,
o1 is the maximum principal stress, T,., is the x-z plane
shear stress component, & is the direction of the
maximum principal stress from the fault plane (Fig. 4a),
and P is the pore fluid pressure. The expression in Eqn.
(2) is often referred to as the Effective Stress Law
credited to Terzaghi [27].

When combining the effective stress law with the
Coulomb failure criterion ([28]), the conditions for fault
slip to occur at a fault with a specified orientation can be
written as ([16]):

L]

' i
T=0r4+ n_ar’ 5
T &+ UGy,

where T is the threshold shear stress for fault slip, ¢ is

the material cohesion strength, and fi; is the static
coefficient of friction whose magnitude is defined as:

i — TAiF 0 (6)
. — LT i
[ TR E >

where g7 is the internal friction angle.

According to Baisch et al. [29], for normal and shear
stresses resolved along a fault plane, fault slip occurs
when the ratio of shear stress to effective normal stress
(Eqn. 4) exceeds the frictional coefficient of the fault
plane (i.e., 7 = ). This ratio is called the Coulomb
stress ratio ([17]), and it is also referred to as the “slip
tendency” or “ambient stress ratio” ([16]). The friction
angle used in this study was 30° ([21]), corresponding to
a coefficient of internal friction of 0.577. Thus, seismic
fault slip was expected when 7 ~ 0.58.

3.2 Results of HM and THM Simulations

The results for both isothermal and non-isothermal
simulations show that pore pressure took a reasonable
length of time in the order of days (~6 days) to build up
beneath the caprock before it could trigger seismic fault
slips (Figs. 5-7). Hot water injection from depth
produced enhanced pore pressure, which significantly
modified the ambient stress regime while propagating
through the basal reservoir (injection formation), and the

Figure 4. Fault plane stress analysis: (a) resolution of normal
stresses along a fault plane with a given orientation from the
remote principal stresses ([16]), (b) slip failure mechanism by
fluid pressurization ([17]).

hydraulic and mechanical properties of the caprock
allowed it to withstand the rigour of shear stress
accumulation at the caprock/basal aquifer interface.
Figure 5 illustrates that caprock permeability influences
the pore pressure build-up and distribution, and perhaps
controls the timing of fault slips. This figure indicates
that shear fracturing occurred earlier at higher caprock
permeability, while there was a delay in fault slip timing
at low caprock permeabilities (e.g., 10" m?). Figure 6
compares the results of isothermal and non-isothermal
simulations at injection rate of 150 kg/s, suggesting that
there was a thermal delay of ~ 1 day before the onset of
fault slip under isothermal (HM) condition. Figure 7
reveals that seismic slips generally occur at higher fluid
injection temperatures as expected, but the slip timing is
controlled by the contrasts between the host rock
temperature (assumed as 100°C here for a relatively
stable geological formation of geothermal gradient of
~30°C/km at z = 3.0 km) and fluid injection temperature.

4 Discussion of Results

4.1 Roles of Fluid Injection and Caprock in
Seismic Fault Slips

Fluid injections including water injection at high
pressure into injection formation can trigger seismicity
in critically stressed Earth’s crust or along an optimally
oriented fault (e.g., [30]). Also, at an active volcano such
as the CFc, previous studies have established a link
among the ground deformation, subsidence and
seismicity (e.g., [8, 31]). Fluid injection and magmatic
degassing from depth ([3-4]) causes pore pressure front
to expand in the injection formation. This study showed
that pore pressure build-up is associated with shear
accumulation beneath the caprock and accompanied by
compressional and extensional regimes at lower and
upper portions of the caprock, respectively (Fig. 5). The
timing of shear strain sustained by the caprock and onset
of shear fracturing is a function of its permeability and
mechanical strength [9]. However, when the threshold
point is exceeded and the caprock could no longer
withstand the strain effect, microfractures began to
develop, then propagate and coalesce to enhance the
permeability of the caprock. The beached caprock then
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Figure 5. Pore pressure distributions at the end of the hot
water injection for THM simulations at the indicated caprock
permeabilities (K, m?).
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Figure 6. The evolution of fault Coulomb stress ratio:
Comparison of simulation results of HM and THM effects.
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Figure 7. The evolution of fault Coulomb stress: Comparison
of results of THM effects at various indicated injection
temperatures.

provided conductive migration pathways for the rising
hot water to pressurize the shallower overlying fault.
This brought instability to the fault as its frictional
strength diminished, and it then failed. The shear stress
accumulation continued until after ~6 days of hot water
injection before the fault slip occurred (Fig. 6). Such
long periods of stress accumulation are often observed in
advance of volcanic eruptions or earthquakes to the point
where fault criticality is reached and the shear stress
cannot be sustained any longer, and thus rocks tend to
fracture and earthquakes or eruptions occur (e.g., [32]).

Our results also indicate that seismic fault slips
occur at higher fluid injection rates (often with reduced
fault slip timing), and slips were observed at an injection
rate around 100 kg/s (Fig. 8), which is in agreement with
most existing studies carried out under similar conditions
such as an injection temperature of 350°C in the area
(e.g., [1-6, 8]). The works of Todesco et al. [1-2] in
particular arbitrarily increased the injection rate to
simulate the HM and THM effects. The exception is the
study by Afanasyev et al. [7], who introduced MUFITS
simulator that is capable of modelling fluids in
supercritical state.

It is observed in Fig. 5 that the pore pressure
distributions and shear fracturing are dependent on
caprock permeabilities. It takes a longer period (e.g., ~8
days) for pore pressure to build up before shear
fracturing could occur in the more impervious caprock
(very low-permeability sealing formation, e.g., Fig. 5C).
According to Zhou et al. [33], this is not difficult to
explain because the pore pressure front can propagate
more easily into the caprock or perhaps even into the
overlying aquifer when the seal is more permeable.
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Figure 8: Comparison of fault Coulomb stress ratio evolution
for different injection rates under HM condition. Results for the
THM case show that respective fault slips occur earlier in time.

4.2 HM and THM Effects Comparison

The results of this study show that fault slips occurred
earlier under the influence of thermal effects. Figure 6
indicates that the THM effect triggers seismicity earlier,
and there is a time delay of ~1 day before the onset of
seismic fault slip, for example in the HM case. This is
perhaps due to thermal pressurization of the injection
formation (basal aquifer) and thermally-induced stress
accompanied by hot water injection. It was also observed
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that as the injection temperature or thermal contrasts
increased, the time for corresponding fault slips to occur
was reduced (Fig. 7). Thus, we infer that the temperature
differential between the host rock and the injection fluid
may be critical in triggering fault slips by the THM
effect, and this may control spatial distributions of
seismicity with depths. Thus, HM and THM effects may
complement each other in controlling seismicity across
depths in the subsurface of the CFc.

Fault slip analyses revealed that fault displacements
are generally in order of millimetres to occasionally few
centimetres. The magnitudes of seismicity computed
using an empirical equation of Kanamori and Brodsky
[34] are generally in order of 3.0 under both isothermal
and non-isothermal conditions, indicating low- to
moderate-magnitude seismicity. Thus, modelled THM
effects explain the observed microseismicity at the CFc.

5 Conclusions

This study has shown the critical role caprock plays in
modulating an eruption in an active volcano such as
Campi Flegrei. Our results indicate that both hydro-
mechanical and thermal effects are responsible for the
seismic slips, and by extension microseismicity observed
at this caldera. The thermal effect prompts seismic slip
earlier than when only hydro-mechanical effect is
involved. Thus, injection rates, fluid injection
temperatures and caprock permeabilities are critical
factors that determine the timing (and magnitude) of a
seismic fault slip at the CFc. These observations may
also be valid for other similar active volcanoes.

We acknowledge the financial support of the Petroleum
Technology Development Fund (PTDF) Nigeria for this
research.
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