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We report combinedmeasurements of petrophysical and geophysical parameters for a 501-m deep borehole lo-
cated on the eastern side of the active Campi Flegrei caldera (Southern Italy), namely (i) in situ permeability by
pumping tests, (ii) laboratory-determined permeability of thedrill core, and (iii) thermal gradients bydistributed
fiber optic and thermocouple sensors. The boreholewas drilled during the Campi Flegrei DeepDrilling Project (in
the framework of the International Continental Scientific Drilling Program) and gives information on the least ex-
plored caldera sector down to pre-caldera deposits. The results allow comparative assessment of permeability
obtained from both borehole (at depth between 422 a 501 m) and laboratory tests (on a core sampled at the
same depth) for permeability values of ~10−13 m2 (borehole test) and ~10−15 m2 (laboratory test) confirm the
scale-dependency of permeability at this site. Additional geochemical and petrophysical determinations (poros-
ity, density, chemistry, mineralogy and texture), together with gas flowmeasurements, corroborate the hypoth-
esis that discrepancies in the permeability values are likely related to in-situ fracturing. The continuous
distributed temperature profile points to a thermal gradient of about 200 °C km−1. Our findings (i) indicate
that scale-dependency of permeability has to be carefully considered in modelling of the hydrothermal system
at Campi Flegrei, and (ii) improve the understanding of caldera dynamics for monitoring and mitigation of this
very high volcanic risk area.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Rock permeability and temperature distribution are essential pa-
rameters for studies of fluid circulation and related crustal processes,
such as stress field changes (e.g., Gudmundsson, 2011) and heat trans-
port (e.g., Ranalli, 1995). In volcanic areas, these parameters may be
used in numerical modelling to assess advection vs. conductive heat
transfer, and locate heat sources (Hayba and Ingebritsen, 1997;
Ingebritsen et al., 2006; Weis, 2015), with attendant implications for
volcano dynamic and hazards.

However, the actual determination of rock permeability is affected
by great uncertainty due to scale effects (e.g., Clauser, 1992; Guéguen
et al., 1996). Laboratory experiments (small scale, i.e. ≤1 m3) typically
underestimate values of permeability with respect to field or in-situ
measurements (large scale, i.e. N N 1 m3) (e.g., Batu, 1998; Ingebritsen
et al., 2006). Heterogeneity of rocks in terms of lithology, voids
interconnectivity and fracturing, aswell as the strong dynamic interplay
between rock, fluid and thermal processes are among the main causes
of uncertainty.

In December 2012, a pilot borehole was drilled on Bagnoli plain, in
the eastern part of the Campi Flegrei caldera (Southern Italy; Fig. 1),
within the Campi Flegrei Deep Drill Project (CFDDP) in the framework
of the International Continental Scientific Drilling Program. The drilling
allowed to (i) measurement of in-situ permeability and (ii) coring for
laboratory permeability estimates. A distributed fiber optic sensor
installed within the borehole allowedmeasurement of the thermal gra-
dient continuously from 0 m–475 m depth.

Such measurements are crucial, particularly on active volcanoes af-
fected by voluminous degassing and ground deformation resulting
from combined effects of magma injection at shallow depth and distur-
bance of the surrounding geothermal system (e.g., Bodnar et al., 2007;
Troiano et al., 2011; D'Auria et al., 2011, 2015; Chiodini et al., 2001,
2016; Kilburn et al., 2017).

The main aim of this paper is to improve the knowledge of physical
properties of rocks hosting the intra-caldera hydrothermal reservoir of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2018.05.003&domain=pdf
https://doi.org/10.1016/j.jvolgeores.2018.05.003
stefano.carlino@ingv.it
Journal logo
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Fig. 1. The caldera of Campi Flegrei. Green lines are the caldera boundaries generated during the Campania Ignimbrite (thin green line) and Neapolitan Yellow Tuff eruptions (thick green
line) respectively. Red lines are the isolines of heatflow inmWm−2 (after Corrado et al., 1998);white and red circles are the shallow (b200m) and deep (N200m) bore-holes drilled during
geothermal exploration between 1940 and 1982 (after Carlino et al., 2012); black circle is the location of most recent CFDDP well. The highest geothermal gradients are localized in the
Mofete and Solfatara-Agnano sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Campi Flegrei and furnish new data that can be used to model caldera
dynamics. Further investigations of geochemical and petrophysical
parameters of the cored rocks, including X-ray diffraction, gas
permeameter measurements, X-ray fluorescence, and electron and
optical microscopy, were carried out to extend previous studies on the
same samples (Mormone et al., 2015). Integration of the whole
dataset - porosity, density, mineralogy, texture, rock geochemistry
and temperature provides a background to discuss the origin of the
scale dependency.

The new acquired data expand the database of petrophysical infor-
mation that derives from (i) outcropping welded tuffs and (ii) cores
and geophysical logs from previous AGIP drillings in the central and
western part of the caldera (AGIP, 1987; Zamora et al., 1994; Vanorio
et al., 2002; Rabaute et al., 2003; Giberti et al., 2006; Peluso and
Arienzo, 2007; Piochi et al., 2014; Montanaro et al., 2017). This inte-
grated database has become fundamental to constrain the various
fluid-dynamical models developed to understand the caldera behaviour
(e.g., Todesco et al., 2004; Troiano et al., 2011; Hurwitz et al., 2007;
Carlino et al., 2015).

2. Geological setting

The Campi Flegrei caldera (Fig. 1), one of the highest volcanic risk
areas worldwide, is a ca. 10 km diameter volcanic depression (Rosi
and Sbrana, 1987) showing signs of unrest over the past few decades
(Corrado et al., 1977; Del Gaudio et al., 2010; D'Auria et al., 2011;
Chiodini et al., 2016; Kilburn et al., 2017).

The caldera-formed depression is filled mostly by pyroclastic and
epiclastic deposits (Rosi and Sbrana, 1987; Piochi et al., 2014). Tuff
and tuffite sequences, made of coarse and fine ashes that may include
variable amount of dm-to-mm sized pumices, scoria fragments and
rare lava clasts, are widespread. The Campanian Ignimbrite is likely
the most important tuff deposits, with widespread distribution within
and outside the caldera; it is at the base of the marine sequence that
testifies to marine invasion at ca 39 ka (Rosi and Sbrana, 1987; Piochi
et al., 2014). Temperature up to 350 °C has been detected at 3000 m
depth inside the caldera (Fig. 1) while geothermal gradients range be-
tween 100 °C km−1 and 250 °C km−1 (AGIP, 1987; Rosi and Sbrana,
1987; Corrado et al., 1998; Carlino et al., 2012). Saline fluids and a
huge release of CO2 (~1500–3000 t d−1) and thermal energy (minimum
of 100MW) characterize the caldera (DeVivo et al., 1989; Chiodini et al.,
2001, 2016).

The caldera has experienced several unrest phases following 15 ka of
frequent volcanic activity includingmost recently in the 1538 CEMonte
Nuovo eruption (Piochi et al., 2014). Volcanic epochs, the last of which
dated between ca. 5 and 3.5 ka, interrupted of up to thousands of
years. Major unrest phases in 1970–72 and 1982–84 recorded ca. 3 m
of maximum cumulative uplift and N16,000 earthquakes (Bianchi
et al., 1987; Del Gaudio et al., 2010; D'Auria et al., 2011, 2015). After a
period dominated by slow subsidence, the uplift resumed in 2006,
with 5 cm/year to 1.5 cm/month of inflation (D'Auria et al., 2011).
Ground dislocation has also been documented prior to the 1538 CE
eruption (Parascandola, 1947; Di Vito et al., 1987; Dvorak and
Gasparini, 1991) and identified in the uplifted La Starza sequence for
the last 5 ka, where marine sediments are now ca. 20 m asl (Rosi and
Sbrana, 1987; Piochi et al., 2014 for a review). These phenomena have
been modeled as due to small magma intrusions into the shallow
crust (Berrino et al., 1984; Woo and Kilburn, 2010; D'Auria et al.,
2015) and/or disturbance of geothermal fluids, possibly driven by
deeper magma (De Natale et al., 1991; Bodnar et al., 2007; Todesco
et al., 2004, 2010; Troiano et al., 2011; Gottsmann et al., 2006;
Chiodini et al., 2016).
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3. The CFDDP well: geometry and lithology

The borehole site is located in the Bagnoli plain in the eastern sector
of the caldera (Fig. 1). The drilling was planned to improve the knowl-
edge of caldera structure and dynamics, as well as to contribute to the
debate regarding the volcanic hazards in Naples (De Natale et al.,
2016). The drilling was carried out by the Baker Hughes Company,
with a 16″ bit, to 33.5 m, 12–1/4″ between 33.5 and 222 m, 8–1/4″
from 222 to 434 m, and 6″ to total depth (501 m) (Fig. 2). The bottom
80mwas equippedwith a cement-free slotted liner allowing direct con-
nection with wall rocks (Fig. 2). At the end of the drilling, the well was
cleaned by circulation of water with anti-corrosion additive to prepare
for permeability testing. Cutting and coring-based stratigraphic recon-
struction has been described in Mormone et al. (2015) and De Natale
et al. (2016). The drilled sequence is younger than 47.4 ka and consists
of pyroclastic deposits intercalated with siliceous fossil-bearing
volcanoclastites between approximately 45 m and 165 m and scoria-
dominated layers between approximately 165 m and 240 m, greenish
tuff deposits between 270m to470mand a cohesive gray tuff to bottom
hole (501 m; Fig. 3). Mormone et al. (2015) also described authigenic
mineralization with pyrite, feldspar, clay minerals and carbonate, simi-
lar to the shallower geothermal alteration facies previously recognized
in the rest of the caldera (Rosi and Sbrana, 1987; De Vivo et al., 1989;
Mormone et al., 2011). The 501 m depth core section used in our labo-
ratory test is from the basal gray tuff. Based on Mormone et al. (2011)
it is a heterogeneous tuff characterized by chaotic coarse-to-fine ashy
matrix including mm-to-cm sized, gray-to-silvery and gray scoria-like
aphyric juvenile fragments with (elongated or tubular) stretched and
sub-rounded vesicles. Phenocrysts consist of alkali feldspar, low abun-
dance of magnetite and rare pyroxene. Clayminerals altered thematrix
and replaced the pumice and matrix glass; they are associated with
quartz microcrysts, pervasive calcite and dolomite (hereafter carbon-
ate), pyrite, apatite and rare earth element bearing sulfides.
Fig. 2. CFDDP borehole section and depth of cored rocks. An uncemented slotted liner at
the bottom allows the contact with the surrounding rocks.
4. Temperature measurement

The temperature profile to 475m depth was obtained using an opti-
cal fiber with distributed remote sensing which exploits the Stimulated
Scattering Brillouin principle (see also Bernini et al., 2008; Carlino et al.,
2016). A Brillouin stimulated scatteringmeasurement is thewavelength
shift of modulated light pulses, determined by temperature of the fiber
core structure (Nikles et al., 1997; Bernini et al., 2008).

The system provides a temperature measurement accuracy of 1 °C
and a spatial resolution of about 1m; and allows continuous and remote
measurements at all depths. The temperature profile recorded using the
optical method was compared with measurements obtained by stan-
dard sensors (thermocouple PT100, accuracy: ±1 °C), to about 410 m
depth. Sediment filling thewell bottom did not allow the thermocouple
to penetrate deeper than 410m. To this depth, the comparison showed
good agreement with the optical distributed temperature sensing
(Fig. 3).

The temperature profile consists of at least four main segments sep-
arated by inflections at 100 m, 210 m and 400 m. The deepest borehole
segment shows an inverse temperature gradient. Two main zones of
lower gradient, or inversion, can be recognized at depths of 100 to
200 m and 400 to 475 m, respectively (Fig. 3). Between 210 and
400 m, the temperature increases linearly, reaching a maximum of
about 110 °C at a depth of about 400 m.

Themeasured temperature at around 430 m depth is comparable to
the value estimated from secondary carbonate mineralization
(Mormone et al., 2015). Deeper (ca. 500m) carbonates indicate slightly
higher temperature values (Mormone et al., 2015) with respect to the
directly measured temperatures (160 °C vs. b120 °C). This suggests
that the geothermal system in the Bagnoli area is stable, perhaps slightly
cooling near bottom hole.

5. Textural, mineralogical and chemical data

The core at 501m depthwas about 90m length and 0.12m in diam-
eter. It appears macroscopically homogeneous in term of texture and
components. Samples were taken at three different points and investi-
gated by X-ray fluorescence (XRF), X-ray diffraction (XRD) and optical
microscopy at the Ludwig-Maximilians-Universität München (LMU),
and by electron microscopy at the Istituto Nazionale di Geofisica e
Vulcanologia in Rome. XRF and XRD data were obtained from whole-
core powders. XRF analysis of the bulk geochemical composition was
conducted on a single sample in light of the nearly homogeneous min-
eralogical assemblage and texture and was performed using a Philips
AnalyticalMagix ProWDX-spectrometer. Tobest analyze samplematrix
and volatile components, both glass tablets and pressed powder were
prepared and measured. For XRD each sample was disaggregated and
ground for 8 min with 10 ml of isopropyl alcohol in a McCrone
Micronising Mill using agate cylinder elements. The powder mount of
the sample was analyzedwith a General Electric XRD 3003 TT X-ray dif-
fractometer (CuKα, graphite monochromator, step-scan 0.0013° 2θ in-
crements per second, counting time 100 s per increment, 30 mA,
40 kV). Phase identification was performed using Match! Software
from CRYSTAL IMPACT.

To visualize sub-micron scale morphological features of the core
sample, we used a JEOL JSM 6500F Field Emission Scanning Emission
Microscope (FE-SEM). The FESEMs is equipped with a very small
beam capable of higher spatial resolution at lower acceleration voltages
and has a more stable electron source than a normal SEM. The nominal
resolution of the FE-SEM is 1.5 and 3 nm at 15 and 1 kV voltage acceler-
ation, respectively. For our application, we used magnifications up to
100,000×, at which point the carbon coating we used started to appear
in the images.

X-ray fluorescence indicates (Table 1) that the 501m core has a tra-
chytic composition (Fig. 4a). The major oxides are within the
established bulk-rock chemistry range for Campi Flegrei juvenile clasts



Fig. 3. Lithology, temperature profile (black line) and total gas (%) along the CFDDPwell. Lithological data are from cutting analysis as synthesized inMormone et al. (2015) and DeNatale
et al. (2016). Temperature sensing is performed through fiber optic distributed sensing. The temperatures (yellow points)measured in theMofete1well in thewestern caldera shown for
comparison. Blue points are the temperature measurements obtained using a thermocouple sensor. The total gas was recorded during the drilling. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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of trachytic compositions, although showing lower Na2O and slightly
higher CaO and K2O contents (see Fig. 4a, b and Table 1). The composi-
tion is similar to the bulk-rock chemistry of previously cored rocks
(Caprarelli et al., 1997).

Qualitative X-ray spectra analysis shows alkali feldspar (microcline,
sanidine, anorthite and albite), calcite, biotite, clinochlore and quartz in
the main mineralogical assemblage (Fig. 5). Further minor phases, such
as clays and phillipsite, were detailed in Mormone et al. (2015).

Optical microscopy images revealed a fine grained and strongly al-
tered matrix, mostly composed of alkali feldspar phenocrysts roughly
Table 1
X-ray fluorescence data from the 501 m depth
core.

Oxide wt%

SiO2 58.8
Al2O3 17.4
Fe2O3 4.3
MnO 0.1
MgO 1.2
CaO 3.1
Na2O 3.0
K2O 6.9
TiO2 0.4
P2O5 0.1
SO3 0.5
LOI-SO3 4.9
Sum 100.7
a millimeter in size with a minor amount of pyroxenes (Fig. 6). Some
small dark gray denser (lithic) grains with variable crystal content are
also present. Alkali feldspars occur as euhedral isolated crystals, often
with a thick argillic rim of alteration (Fig. 6d), while pyroxenes are
anhedral to subeuhedral and are generally broken. Secondary carbonate
appears either as rhombohedral grains precipitating in veins or as pore
filling (Fig. 6b, c and Fig. 7f). Apatite is observed amongprimary and sec-
ondary phases (Fig. 6b) Quartz microcrysts are also very common;
euhedral quartz generation originatedduring a later stage, from second-
ary precipitation within pores under hydrothermal conditions (Fig. 6c).

Both juvenile components and the surroundingmatrix are intensely
altered and replaced by clay mineral phases (Fig. 6, Fig. 7e–f). A very
fine-grained and pervasive zeolitization, mostly dominated by
phillipsite, could explain the compactness of the core at a macroscopic
scale, as suggested by Mormone et al. (2015).

6. Permeability measurements: tests and results

6.1. In situ borehole test

During the permeability test, water was pumped into the well at a
constant flow rate of 38 l min−1, with the BOP (Blow-Out Preventer)
locked, while the pressure variation at well-head was sampled at 2 Hz.
The actual value of pressure at depth is the sum of pump pressure and
column water loading. The hydrostatic pressure is equal to about
50 bar at the bottom of the well (501 m), for water density of about
1000 kgm−3. We selected a relatively low flow rate to avoid rapid



Fig. 4.Diagrams showing (a, b) chemical composition and (c, d) porosity of the new CFDDP (red point) and AGIP cores (data from Caprarelli et al., 1997) compared to bulk-rock data from
magmatic products from Campi Flegrei, Ischia and Procida volcanism; oxides inwt%, porosity in %, depth in km. Asterisks are data on outcropping lavas and tuffs fromVanorio et al. (2002).
Porosity-depth trends for sandstones (dashed lines) and shales (dotted line) are from Magara (1980). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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overpressure, allowing water to flow into the rock formation without
fracturing. This also minimizes any effects of wellbore storage before
the stepped measurement. Due to its short duration, this type of test
generally provides a less accurate estimate, but the results are reliable
to assess the order of magnitude of the permeability (Water Resources
Commission N.S.W., 1980; Ewart, 1994; U.S. Department of the
Interior Bureau of Reclamation, 2001).

The pumping was stopped and started in three steps (Table 2), dur-
ing which pressure drops were observed (Fig. 8). At the beginning of
successive steps, maximum pressures of 8.9, 12.8 and 18.3 bar were
Fig. 5. XRD pattern of the 501 m core sampl
measured, followed by time lapses of 15 to 60 s during which the pres-
sure dropped to 6.3, 4.7 and 8.3 bar respectively (Table 2). For calcula-
tion of permeability, we neglect the volumetric compression of water
and the elastic expansion of the casing.We assume an initial hydrostatic
condition, since the well borehole was water filled to a constant level
(~2 m below ground level). We also neglected any tidal or atmospheric
pressure effect, as the experiment was conducted within about 6 min.
Thus, the repetitive drop of pressure recorded during steps 1, 2 and 3
(Fig. 8), is related to fluid flow through the rocks in contact with the
open section of the well, between 422 m and 501 m depth. We can
e with interpretation of the main peaks.



Fig. 6. Thin-section photomicrographs of 501 m core samples under crossed polar light (X pol). (a) Matrix of secondary clay minerals crosscut by a calcite/dolomite vein; (b) calcites,
dolomites and apatites precipitating within rock voids (b); (c) late-crystallized euhedral quartz within open pore within the matrix altered to clay minerals, X pol + γ (d);
(d) alteration of alkali-feldspar (Afs) to clay minerals, irregular boundary from X pol + gypsum plate γ.
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correlate the maximum and minimum values of pressure (P1 to P6), re-
corded during steps 1, 2 and 3, to the variation of the water column
(Table 2).
Fig. 7. Field emission scanning electronmicroscope images of the 501mcore: (a) feldsparminer
by numerous acicular phillipsite crystals; (c) detail of a veinfilled by phillipsite (bipiramidal gra
filling smectite crystals; (f) isolated carbonate crystal in a clot of clay minerals. Afs: alkali felds
For hydraulic conductivity (K) estimation, we used an equation that
relates K to the decreasing water column level with time. This relation-
ship is widely used to interpret permeability test in wells for permeable
al and round lithic grains in thefineer grainedmatrix; (b) detail of thematrix characterized
ins) and clayminerals (plat grains); (d) feldspar in the acicular phillipsitematrix; (e) pore-
par; Sm: smectite; Cal: carbonate.



Table 2
P1 to P6 are the different values of pressure (bar) recorded during the pumping test for three different steps. h1 and h2 is thewater columnheight (meters) in thewell at different times (t1
and t2 in seconds) and pressure.

Step 1 Step 2 Step 3

P1 P2 h1 h2 t2-t1 ΔP1–2 P3 P4 h1 h2 t2-t1 ΔP3–4 P5 P6 h1 h2 t2-t1 ΔP5–6
8.9 6.3 90 63 15 2.6 12.8 4.7 120.8 40.7 45 8 18.3 8.3 183 83 60 10

282 S. Carlino et al. / Journal of Volcanology and Geothermal Research 357 (2018) 276–286
to semi-permeable fractured rocks (Lefranc, 1936, 1937; Chapuis, 1989;
de Vallejo, 2005), with K obtained as:

K ¼ A
F � t2−t1ð Þ � In

h1
h2

ð1Þ

where A is the well area (m2), h1 and h2 are the water column heights
(m) at times t1 and t2 (s), respectively, and F is a shape factor that
takes into account the experimental geometry:

F ¼ 3 � π � L

In 1:5
L
D
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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L
D
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@
1
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ð2Þ

where L is the length of the open section of the well (79m), and D is the
well diameter (0.15 m).

Fitting Eq. (1) to the data using last squares, for the 3 steps re-
ported in Table 2, we obtained hydraulic conductivity values ranging
from 2 × 10−6 to 4.3 × 10−6 m/s (Table 3).

The conversion between hydraulic conductivity K, and intrinsic per-
meability k, is obtained using the relation:

K ¼ kρg=η ð3Þ

where ρ is water density, g the gravitational acceleration (9.81 m/s2)
and η is the dynamic water viscosity. K is a characteristic of the whole
system, while k is an intrinsic characteristic of the medium. During the
drilling the temperature at the depth of the test was lowered by mud
and water circulation to about 60 °C. At this temperature ρ =
983 kg/m3, and η=8.91 × 10−4 kg/ms−1. Thus we calculated an intrin-
sic permeability range from 1.2 × 10−13 to 2.1 × 10−13 m2 (Table 3).

The permeability inferred from our experiment is an average over
the open-hole section, which roughly corresponds to an exposed sur-
face of 145 m2 along L = 79 m. The obtained values are similar to
Fig. 8. Results of the permeability test at the CFDDP borehole. The diagram shows three steps d
can be related to permeability using analytical relationships (see text for details).
those inferred, at the same crustal depth, from inverse modelling and
measurement in geothermal areas (Ingebritsen and Manning, 2010).

6.2. Laboratory permeability measurements

Laboratory intrinsic permeability (k) measurements were per-
formed at the Ludwig-Maximilians-Universität München. Two cylindri-
cal samples (36–40 mm length, 19–20 mm diameter) were extracted
from the core. Samples were taken parallel to the direction of the
deep drilling, and their end-faces were cut ground flat and parallel
prior to the measurement. The permeability of dry samples was mea-
sured under a confining pressure of 1.0 MPa using a GasPerm (GPE-
100, Vinci Technologies). The device allows for determination of perme-
ability to gas at steady state (constant pressure and flow through the
sample). Amass flowmeter (range 5–500 cm3/min) togetherwith a rel-
ative pressure transmitter (up to 0.69 MPa) was used to sense gas flow
and pressure drop across the sample. Volumetric flow rate measure-
ments were taken under several pressure gradients. Flows for which a
Darcy condition was satisfied (depending on the sample length and
the gasflow rate)were used to determine the permeability. Then the in-
trinsic permeability kgas was calculated for the two samples using
Darcy's law, giving very similar values of 3 × 10−15 and 3.1 × 10−15 m2.

Under the assumption of no interaction between fluid and rock dur-
ing the experiments (Bear, 1988), the hydraulic conductivity Kwater can
be approximated from the gas permeability kgas by using Eq. (3), giving
values of 3.3 × 10−8 and 3.4 × 10−8 m/s.

7. Density-porosity measurements

Bulk and matrix density of the core used for permeability measure-
ments were also determined. Bulk density is calculated from geometri-
cal volume and weight, while the matrix density was obtained by
Helium pycnometry (Ultrapyc Quantachrome). The dry samples were
kept at least 24 h in a vacuum oven at 40 °C to drive off moisture,
uring which the water pumping into the well was started and stopped. The pressure drops



Table 3
Values of permeability obtained from borehole test.

Step K (m/s) k (m2) Δk (m2)

1 4.3 ∗ 10–6 4.3 ∗ 10–13 ±0.1 ∗ 10–13

2 4 ∗ 10–6 4 ∗ 10–13 ±2 ∗ 10–13

3 2 ∗ 10–6 2 ∗ 10–13 ±5 ∗ 10–13
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then allowed to cool to ambient temperature in a desiccator before
being placed inside the pycnometer for measurement at 25 °C. The con-
nected porosity of the sample is calculated using the matrix volume
(Volmatrix) derived by Helium pycnometry and the external sample vol-
ume (Volgeo) as:

Φconnected ¼ Volgeo−Volmatrix
� �

= Volgeo 100
� � ð4Þ

An estimated connected porosity (Φconnected) of about 46%wasmea-
sured. It yields a bulk (ρbulk) and apparent (ρmatrix) density of 1.4 ±
0.02 g/cm3 and 2.6 ± 0.02 g/cm3, respectively.

8. Discussion

The CFDDP core has a bulk density slightly lower than rocks cored
from the same depth elsewhere (1.4 vs. 1.6 g/cm3, respectively) in
agreement with its higher porosity (46% vs. 40%, respectively). Fig. 4c
and d show porosity data as a function of chemistry (4c) and depth
(4d), including new measured values and those from literature, essen-
tially derived by the AGIP dataset (see Rosi and Sbrana, 1987 and com-
plete compilation in Piochi et al., 2014). Rock porosity (and density, not
shown) decreases downward, defining a weak negative relation with
depth. The tendency starts from our porosity value and those from the
outcropping tuff (from 31.4% to 46.23%; Vanorio et al., 2002;
Montanaro et al., 2017) (Fig. 4d).

A relation between density (not shown) and porosity with depth of
burial is recorded in sedimentary basins worldwide (e.g., Maxwell,
1964; Magara, 1980). This relation is associated with compaction that
reduces spacing between voids by both rearrangement of grains and ex-
pulsion of interstitial and/or absorbed fluids (mostly water). The entire
Campi Flegrei porosity-density dataset falls in the field defined by sand-
stone rocks (Magara, 1980), suggesting compaction by burial. However,
considering the caldera setting, the relation of Fig. 4d could also derive
from chemical exchanges among rock and fluid phases that can act
very rapidly relative to sedimentary basins dynamics (Akhmedov,
2009). Our mineralogical and optical investigations show the effect of
secondarymineralization that fills voids (Figs. 6 and 7) and reduces pri-
mary porosity (and increases density). For example, the secondary crys-
tallization of carbonate is reflected by high CaO values (Fig. 4c). This
process, together with argillification (and possibly zeolitization), seals
joints, fractures, and other open spaces.

The lower density, high porosity and low alteration facies
(i.e., zeolitizations and argillifications) of our core with respect to
those measured in the other boreholes (see also Mormone et al., 2011,
2015) derives from the relatively minor role of hydrothermalism, in
agreement with the low frequency of volcanism, in this sector of the
caldera.

The laboratory permeability measurement is within the range of
values measured on welded tuffs outcropping at the Campi Flegrei,
which varies between 5.13 × 10−15 and 8.67 × 10−14 m−2 (Vanorio
et al., 2002; Montanaro et al., 2016). The borehole tests provided a
value of ca. 10−13m−2, higher than themaximum in situ AGIPmeasure-
ment of 3 × 10−14 m−2 in the central-eastern sector of the caldera
(Piochi et al., 2014). This value is also much higher than the range of
10−17 m2 to 10−15 m2 observed in-situ in geothermal reservoirs, al-
though these correspond to a generally lower (ca. 20%) porosity
(Bodvarsson and Witherspoon, 1989; Dobson et al., 2003). The CFDDP
in-situ value is comparable to permeable (~10−13 ÷ 10−12 m2) terrains
characterizing the Campi Flegrei solfataric area (Montanaro et al., 2017).

The discrepancy between laboratory and in-situ values illus-
trates the well-known scale effect in permeability assessment
(e.g., Ingebritsen et al., 2006; Turcotte and Schubert, 2014). As typ-
ically observed, the mean in situ value is 102–103 higher than the
mean value determined by laboratory tests (e.g., Brace, 1984;
Ingebritsen et al., 2006).

Relations between permeability and porosity in this environment
are complex. The presence and development of interconnected voids
determine how fluids flow in the rock. Permeability can be influenced
(increased or decreased) in different ways, such as: secondary mineral-
ization (e.g., Blunt, 2001); breaking/collapse of rock components (pum-
ice, scoria, secondary mineral clots), as observed in laboratory
experiments on Campi Flegrei tuffs (e.g., Vanorio et al., 2002); dissolu-
tion of carbonate within veins by circulating fluid (e.g., Baumann et al.,
1985); and hydration and swelling (e.g., Ohmyoung et al., 2004)
owing to the laminar structure and ion deficiency of argillic phases
(e.g., Brattli and Broch, 1995). However, given that the scale of the in-
situ test was much larger than the dimension of the pores or fracture
spacing, the above mechanisms may represent a second order effect
and contribute little to the observed discrepancy.

The lack of inflection in the pressure-time curve during the perme-
ability test, and the absence of seismic signals during pumping, suggest
that rock fracturing did not occur during the test. Thus, the results re-
flect existing fractures/voids. The inverted temperature gradient
below 400 m may also indicate the occurrence of fractures
(e.g., Barton et al., 1995) as well as the increasing total gas monitored
during drilling by Baker Hughes Company (Fig. 9).

Fluid circulation (Ranalli and Rybach, 2005) and permeability
changes (Ingebritsen et al., 2006) are possible causes for the diverse
temperature gradient zones rather than the reconstructed lithology
(Fig. 3).

Themaximum temperature of about 110 °C at 400mdepth suggests
that the Campi Flegrei geothermal system extends eastward, although
at lower temperatures with respect to the hotter Mofete area in the
western part of the caldera (AGIP, 1987; De Vivo et al., 1989; Carlino
et al., 2012).

9. Volcanological implications

The permeability from AGIP's boreholes at depths between 400 and
500m ranges from10−14 to 10−16m2 (Piochi et al., 2014), and is at least
one order of magnitude smaller than that (10−12 to 10−13m2) obtained
from the CFDDP borehole (Fig.9). The higher permeability values (plot
on the right) are quite scattered, with highest permeability correspond-
ing to the occurrence of fracturing (indicated by red arrows). On the
contrary, the low permeability values (plot on the left) seem to follow
a trend. The latter are mainly associated with the distribution of poros-
ity, which follows a typical decreasing trend with depth. Fracturing is
less dependent on the lithostatic loading and it is related to tensile stress
and rock type. In this case, as typical in volcanic areas, the fractures dis-
tribution is scattered as is the associated permeability (Gudmundsson,
2011). The high permeability value at the CFDDP, associated with sub-
boiling temperature, could owe to the highly fractured caldera margin.
Indeed, the Bagnoli Plain is the surface expression of ring-fault systems
associated with caldera collapse, as suggested by Rosi and Sbrana
(1987), Piochi et al. (2014), and De Natale et al. (2016). Those authors
also recognize the presence of Campanian Ignimbrite deposits at ca.
400 and ca. 750 m beneath the CFDDP and Mofete areas, respectively.
Therefore, the detected permeability values could be explained by the
presence of fractured, relatively hard rocks (welded tuffs) at relatively
shallow levels (b1000 m). This speculation would be supported by the
fact that maximum permeability values –due essentially to fracturing–
are present (i) at a depth of 750 m in the Mofete wells, and (ii) at
400 m in CFDDP well (Fig. 9).



Fig. 9. Depth-dependence of CFDDP and AGIP data for the Campi Flegrei caldera; minimum (left panel) and maximum (right panel) values from AGIP are discriminated. Red arrows
indicate fracturing during AGIP tests (Piochi et al., 2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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An inversion of thermal gradient also occurs at around 400m. Previ-
ous studies (Mormone et al., 2015 and references therein) suggest that
the systemmoves from chemico-physical equilibria to disequilibria be-
tween fluids and hydrothermal crystals downhole. This implies that cir-
culating fluids are cool compared to the neogeneis stage. Several factors
may produce these trends, including: local fluid advection, favoured by
Fig. 10. Simulation of multiphase groundwater flow near a cooling pluton by Hayba and Ingeb
depth of about 800 m for an intruded pluton at 2 km of depth (with dimension of 2 × 1 km) in
percentage. A permeability value of 10−15 m2 sustains a longer-lived and hotter hydrothermal
themeasured high permeability, and cooling by surrounding aquifers or
seawater.

The newly measured permeability values affect modelling of fluxes
and ground deformation (Bodnar et al., 2007; Todesco et al., 2004;
Troiano et al., 2011; D'Auria et al., 2011, 2015; Chiodini et al., 2001,
2016) that rarely invoke fractures (Jasim et al., 2015). Simulations by
ritsen (1997) showing temperature histories for different values of permeability (m2) at a
an initially cool environment. The gray shaded rectangles represent vapour saturation in

system. The thermodynamic conditions are very sensitive to the variation of permeability.
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Hayba and Ingebritsen (1997) evaluated the impact of permeability in
controlling the dynamics of recharge and heat transport within shallow
hydrothermal reservoirs. They show that the hottest and longest-lived
two-phase hydrothermal systems occur when the permeability of host
rocks is ~10−15 m2, consistent with data in Fig. 9 for the central (San
Vito) andwestern (Mofete) caldera sectors. For higher host rock perme-
ability (10−14–10−13 m2), lower-temperature and shorter-lived hydro-
thermal systems occur, because fluid migration is rapid (strong
advection) and great volumes of fluid are quickly swept away from
the magma source (Hayba and Ingebritsen, 1997; Ingebritsen and
Manning, 2010; Fig. 10). Based on results from numerical modelling of
hydrothermal systems in Fig. 10 (Hayba and Ingebritsen, 1997), in the
case of Campi Flegrei, given a permeability of 10−13 m2, a temperature
drop of 50–100 °C (fossil vs. present, i.e. the variation recalculated in
neogenesis vs. measured, respectively), as observed at the CFDDP bot-
tom hole, may require 5000 years. This timing corresponds roughly to
that of the last nearby eruption (Nisida), and is of the same order of
magnitude as volcanic quiescence (ca. 3000–4000 years) observed in
the central sector of the Campi Flegrei caldera. This evaluation implies
that the Bagnoli Plain was only marginally involved in the most recent
volcanism. The permeability field also has implications for the uplift
and seismicity observed inside the caldera. Fluid circulation in caldera
rocks is, sometimes, assumed to be the drivingmechanism for deforma-
tion (Hurwitz et al., 2007; Troiano et al., 2011) and seismicity (D'Auria
et al., 2011). However, the in-situ permeability value of the crust at
500 m, together with fluid-flow modelling of Campi Flegrei unrest and
the low CO2 degassing in the Bagnoli Plain, suggest that the CFDDP is
outside the zone of channelized fluids. These data have implications
for the assessment of the volcanic hazards, perhaps suggesting that
the Bagnoli area is the least hazardous zone for future volcanic unrest,
at least under present conditions in the Campi Flegrei setting.

10. Conclusions

Continuous temperature profiling and comparative measurement of
permeability fromborehole tests and laboratory experiments have been
performed in the framework of the Campi Flegrei Deep Drilling project
(ICDP). In situ borehole tests results at depths between 422 m and
501m, provides a permeability value of ~5 × 10−13 m2, higher than lab-
oratory measurements (~3 × 10−15 m2) accomplished on core from the
same depth. The associated core density and porosity are 1.4 g cm−3

and 46%, respectively. The maximum temperature recorded at about
400 m depth is 110 °C.

The main conclusions of this work can be summarized as the
following:

- the difference in values obtained from in situ and laboratory exper-
iment is consistent with widespread observations that permeability
is a scale-dependent property;

- in situ permeability measurements are representative of larger ele-
mentary volume than laboratory tests and, therefore, laboratory
measurements need to be carefully evaluated before being used in
modelling large scale geothermal circulation;

- the high permeability value obtained from the CFDDP borehole test
is consistent with the inverted thermal gradient between 422 m
and 501 m of depth, which may reflect significant advection in the
medium, andwith the total gas flow recorded during drilling activity
near the bottom of the well;

- since the thermodynamic behaviour of hydrothermal systems is
very sensitive to permeability variations (Hayba and Ingebritsen,
1997), the observed spatial and temporal variation in temperature,
heat flow and surface degassing through the caldera can be also
explained in terms of the varying permeability of subsurface
rocks. Thus, higher values (in Bagnoli Plain N10−15 m2) produce a
shorter-lived and generally cooler hydrothermal circulation,
while lower permeability values (Mofete and San Vito 1 zone
≤10−15 m2) generate a longer-lived hydrothermal system, with
higher temperature and vapour content;

- The comparison of present and fossil temperatures in the borehole
area agrees with the quiescence time of the central sector of caldera.
The Bagnoli Plain may have been only marginally affected by the
input of heat during the most recent volcanic unrests;

- Finally, fiber-optic sensors are proposed as a very useful tool for the
temperaturemeasurement andmonitoring of high temperature and
pressure environments with corrosive fluids (Carlino et al., 2016).

Our results extend the database of physical parameters at Campi
Flegrei caldera, which is fundamental inmodelling the volcano dynamic
and the geothermal reservoir. In particular, the new permeability data
can affect results of modelling used to understand the present caldera
dynamics. This work also highlights the utility of deep drilling in con-
tributing to the knowledge andmonitoring of processes in volcanic area.
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