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Abstract The present study was focused to analyze frac-
tures and faults in the Campi Flegrei calderas presently
hosting several volcanic edifices, such as lava domes, sco-
ria, and tuff cones. A complex network of fractures and
faults affects the volcanic rocks, mostly as planar with
highly variable density. Frequently faults appearing as con-
jugate structures showing normal kinematics often asso-
ciated with ductile deformation such as drag folds and
deflexed layers, suggesting a syn-eruption deformation.
However, the most of faults, mainly hosted along the cal-
dera/crater rims, are very steep with dominant normal and
secondary reverse movements. The fracture pattern indi-
cates a slight prevalence of NE-SW and NW-SE direc-
tions, but N—S and E-W trends also occur. Fractures and
faults found in rocks older than 15 ka (Neapolitan Yellow
Tuff included), measured in western and eastern sectors of
the study area, indicate a rotation of ca. 30° of the main
directions among these two sectors. For the faults occurring
along the caldera/crater rims, we suggest a kinematic evo-
lution characterized by the reactivation of tensile fractures
previously formed in response to both regional extension
and locale resurgent dome. Finally, normal faults located in
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the central sector of caldera, between La Starza and Acca-
demia localities, cutting the youngest volcanic deposits,
indicate a constant NNE-SSW extension probably related
to the caldera resurgence.
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Introduction

The Campanian Plain, a Pliocene—Pleistocene graben
located in the westernmost sector of the southern Apen-
nines (e.g., Cinque et al. 1993), and its extension in the
Tyrrhenian Sea (Gulf of Naples) (Fig. 1), were the loca-
tion of intense volcanic activity starting from 250 ka and
characterized by hundreds of eruptions. The morphology of
Campi Flegrei and Bay of Naples mainly results from two
large Pleistocene eruptions of the Campanian Ignimbrite
(CI) and Neapolitan Yellow Tuff (NYT), and related cal-
dera collapses, followed by many smaller eruptions focused
only in the Campi Flegrei area (Di Vito et al. 1999). It is
common opinion that all volcanic activities are related to
extension following the back-arc opening of the Tyrrhe-
nian Sea (Cosentino et al. 1984; Vitale and Ciarcia 2013).
This deformation is testified by pervasive brittle structures,
such as tensile fractures and normal faults, affecting all
volcanic rocks (e.g., Cosentino et al. 1984; Acocella et al.
1999). A significant increase in studies of volcano-tectonic
deformation in Campi Flegrei occurred immediately after
the Pozzuoli bradyseismic (slow ground movement) crisis
in 1982-1984, calling attention to the non-random pattern
of fractures and faults (Cosentino et al. 1984; Calcaterra
et al. 1988; Di Vito et al. 1999; Orsi et al. 1999; Acocella
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Fig. 1 Geological sketch map
of the Campanian Plain (modi-
fied from Vitale and Ciarcia
2013; Orsi et al. 1996)
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et al. 1999; Acocella 2008, 2010) and suggesting a possible
regional stress control on brittle deformation.

This study aims to define the contribution of local ver-
sus regional stress field in the deformation history of CF
and Napoli area by means of detailed structural analyses
of presently fracture network affecting volcanic rocks and
clarify the relationships between caldera/crater evolution,
fractures and faults.

Geological setting

In this area of Phlegrean Volcanic District (including
Campi Flegrei, Procida and Ischia islands, Fig. 1), volcan-
ism started since 200 ka ago. Volcanoclastic successions
cropping out in several sectors of the southern Apennines
(Rolandi et al. 2003) are the geological record of volcanic
activity within the Campanian Plain as old as 250 ka. The
Campi Flegrei volcanic field was mainly set up by two
caldera collapses following the CI and NYT mayor erup-
tions. The boundary of these calderas is partly visible on
land (Fig. 2) representing also the outer limit for the vol-
canism younger than 15 ka. Many volcanic edifices vari-
ably preserved that were formed by different type erup-
tions are located within the CI caldera (Fig. 2). These vents
range from small scoria cones to tuff ring and tuff cones,
with an elevation of more than 300 m a.s.l. (Gauro crater,
Fig. 2). The Campi Flegrei volcanism was mainly fed by
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trachibasaltic to trachytic—phonolitic magmas (Smith et al.
2011 and reference therein) from upper crustal chambers
between 8 and 3 km depth (e.g., Arienzo et al. 2010).

The volcanic activity in Campi Flegrei (Fig. 3), as
recorded in exposed sections, began in a period prior to
80 ka (Neapolitan volcanoes; Scarpati et al. 2012). In the
period between 80 and 39 ka, several volcanic edifices
were formed (Fig. 2), including lava and scoria of San
Martino, tuff cones of Miliscola and Vitafumo (Monte di
Procida), lava domes of Cuma, Punta Marmolite (north of
Quarto Plain), and tuff cones of the city of Naples (C.so
V.E. di Savoia, Monte Echia and Capodimonte; Rosi and
Sbrana 1987; Perrotta et al. 2010; Scarpati et al. 2012).
Around 39 ka in Campi Flegrei, the CI eruption occurred
(Fisher et al. 1993; Rosi et al. 1996; Civetta et al. 1997; De
Vivo et al. 2001), resulting in the largest explosive erup-
tion of the Mediterranean area over the past 200,000 years.
More than 300 km? of magma and volcanic ash were emit-
ted during this eruption, with deposits extending eastward
into Russia (Giaccio et al. 2008; Costa et al. 2012). The
magma chamber that fed the eruption was located between
6 and 8 km depth (Marianelli et al. 2006), and its partial
depletion led to the formation of the Campi Flegrei cal-
dera (Fig. 2). The caldera margins were the subject of
various interpretations in recent literature (e.g., Rosi and
Sbrana 1987; Orsi et al. 1996; Perrotta et al. 2006; Aco-
cella 2008) differing mainly in the definition of the eastern
sector of the collapsed area, with particular reference to
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Fig. 2 Simplified geological map of Campi Flegrei and city of
Naples including measurement sites (modified after Orsi et al. 1996).
The subdivision of W and E sectors of the analyzed area is shown
(dotted line). Regional fault traces are inferred by gravimetric linea-

the inclusion or exclusion of the city of Naples in the area
affected by the collapse. Some authors (Lirer et al. 1987;
Rolandi et al. 2003) exclude the formation of a caldera in
relation to the CI eruption, identifying caldera formation
at around 15 ka linked to the NYT (Deino et al. 2004) and
other previous eruptions (Fig. 3). The NYT eruption was
the last dramatic event in the history of the caldera. This
phreatoplinian to phreatomagmatic event erupted about
40 km? of magma. The tuff, which covered an area of
about 1,000 km?, is generally zeolitized and is commonly
used as building material forming the skeleton of the city
of Naples. The NYT event led to a further collapse of the
Campi Flegrei caldera (Orsi et al. 1992; Scarpati et al.
1993) whose margin is probably exposed only along the
eastern edge of the Bagnoli plain (Fig. 2). Likely, this rela-
tively intense eruption reactivated further collapses within
the CI caldera.

I
14.15 14.2

14.25

ments (Florio et al. 1999), morphological structures such as caldera
and crater rims and sea seismic profiles (Milia et al. 2000; Bruno
et al. 2003; Sacchi et al. 2009). See the supplementary data for names
and geographic coordinates of each site

Following the eruption of the NYT, activity within the
caldera generated at least 70 volcanic eruptions (Fig. 3)
mainly concentrated in discrete periods alternating with
periods of quiescence of variable length (Di Vito et al.
1999; Isaia et al. 2009). The eruption of Monte Nuovo
in 1538 A.D. represents the last eruption of the caldera.
The volcanic activity of Campi Flegrei was characterized
mainly by explosive eruptions with less frequent effusive
events. During the last 15,000 years, there have been only
two high-magnitude eruptions characterized by Plinian
phases (Fig. 3; Agnano-Pomici Principali and Agnano-
Monte Spina; Di Vito et al. 1999; De Vita et al. 1999) and
medium- and low-magnitude eruptions were predominant.
The variability of the events is evidenced by the different
areal distributions of deposits and different volumes of
magma erupted during eruptions that only for high-mag-
nitude event exceeded 1 km® (Orsi et al. 2004; Di Renzo
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Fig. 3 Schematic time log showing main deformation and volcanic
events occurred in Campi Flegrei from 80 ka to the Recent (after Orsi
et al. 2004, modified)

et al. 2011). The location of eruptive vents has changed
over time, most recently being concentrated in the central-
eastern part of the caldera, with respect to the western sec-
tor but at least in one case simultaneous eruptions in the
two different sectors of the caldera occurred (Isaia et al.
2009; Vilardo et al. 2010).

The caldera was characterized by ground deformation
that resulted in a total uplift greater than 100 m in its cen-
tral part during the last 10,500 years. The main epoch of
volcanism was anticipated by resurgence episodes resulting
in meters to tens of meters of uplift (Di Vito et al. 1999;
Isaia et al. 2009) in response to magma movements at
depth. Even over several decades before the Monte Nuovo
eruption, ground uplift attained several meters (e.g. Dvorak
and Gasparini 1991; Morhange et al. 2006; Guidoboni and
Ciuccarelli 2011).

Following the 1538 eruption, Campi Flegrei entered a
phase of subsidence that continued until 1950 (Del Gaudio
et al. 2010). Recently, slow ground movement (bradyseism)
occurred in this area, with two major bradyseismic crises
(1970-1972 and 1982-1984) accompanied by an increase
in seismicity and 3.5 m of ground uplift (Barberi et al.
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Fig. 4 Some examples of fractures in volcanic rocks. a—b Two nearly p
orthogonal fracture sets in a well-lithified ash layers at Acquamorta
and Monte di Procida cliff (group 1), respectively. ¢ Meter-sized
spaced fractures in massive NYT, Torregaveta (group 2). d Fracture
filled by hydrothermal cement in Agnano-Monte Spina ash layers,
Solfataral (group 3). e Variable fracture density in different lithified
layers, Trentaremi deposits (group 2), Lido Polal. f Cooling joints in
lava deposits, Accademia (group 3). g Fracture related to a ring fault
bounding the Agnano caldera in Monte Sant'Angelo deposits and
moderately NE-dipping fractures in Solfatara deposits, Pisciarellil

1984, 1989; Berrino et al. 1984), forcing the partial evacu-
ation the town of Pozzuoli (Fig. 2). Short-term episodes of
uplift, with a cumulative vertical displacement of few tens
of cm for each event, have occurred in the last 30 years and
are currently underway. On the dynamics of the unrest epi-
sodes, many geophysical and geochemical data were pro-
duced and discussed (see among others Orsi et al. 1999;
Battaglia et al. 2006; Bodnar et al. 2007; Vilardo et al.
2010; Chiodini et al. 2012). The migration of magmatic or
hydrothermal fluids as triggering factor for this unrest epi-
sode is still debated, as well as the structural pattern that
favored the degassing and deformation of the central sector
of the caldera. The widespread fumarolic and hydrother-
mal activity, the historic eruption of Monte Nuovo, and the
recent bradyseismic crises are the main volcanic phenom-
ena indicating that the magmatic system of Campi Flegrei
remains active.

Structural analyses

All volcanic rocks were divided into three main groups
according to their ages: rocks older than 39 ka includ-
ing the CI (group 1); rocks with ages ranging between 39
and 15 ka and encompassing the NYT (group 2); rocks
younger than 15 ka (group 3). Volcanic rocks in the study
area are characterized by a complex network of meso-
scale fractures and faults (Figs. 4, 5, 6, 7). More than
8,000 attitudes of planar structures were collected at 189
outcrops (see supplementary data) spread over Campi
Flegrei and city of Naples (Fig. 2). Because of intense
urbanization, most of available outcrops are located along
the coastline, in quarries, in tunnels and caves, in pro-
tected areas such as natural reserves and archeological
sites, and finally in preserved outcrops framed between
old and new buildings.

Fractures and faults

Most of fractures (>90 %) are steeply dipping (dip >60°;
Fig. 8) with apertures up to a maximum of 30 cm, locally
filled with volcanic or hydrothermal deposits (e.g., Figs. 4d,
Se, 6g). Generally fractures, in well-bedded deposits, are
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fracture

: - + Monte Echia deposits
(g (group.1)

Fig. 5 Some examples of faults in volcanic rocks. a Normal fault, its (group 3), Solfataral. e Normal fault and filled fracture in NYT
Monte Echia (group I). b Normal faults deflecting volcanic lay- (group 2), Casalannol. f Main normal fault with several antithetic
ers, Parco Grifeol (group I). ¢ Reverse fault, Monte di Procida cliff structures in Monte Echia tuff (group 1) sealed by massive NYT
(group 1). d Conjugate normal faults in Agnano-Monte Spina depos- (group 2), Castel dell’Ovo. g Line drawing of the previous picture
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Fig. 6 Some examples of faults in volcanic rocks (group 3). Terme La Pietra. e Normal fault showing striations, Solfatara deposits, Pisci-
di Agnano: a syn-eruption listric domino normal faults; b conjugate arelli2. f Zoom of previous picture. g Normal fault and filled fracture
normal faults. ¢ Reverse fault, Ciglianol. d Conjugate normal faults, in Astroni deposits, Cigliano4
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Fig. 7 Normal faults cutting Astroni deposits, Via Antiniana
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orthogonal to the layering ending against bedding surfaces
(Fig. 4a, b, e), whereas in homogeneous deposits such as
the NYT, fractures show metric lengths and spacing of
several meters and vertical to moderately dipping attitudes
(Fig. 4c). The naked-eye evaluation of fracture intensity
indicates that this feature is highly variable: in centimeter-
grained and weakly lithified rocks (e.g., pumiceous depos-
its), it shows very low values (1-5 fractures per meter); on
the contrary, fine-grained rocks such as lithified ashes can
show high values of density (up to 150 fractures per meter;
Fig. 4a, b, e, g). It is very common to see alternating lay-
ers showing contrasting fracture density values (Fig. 4a,
b, e). In order to estimate the fracture density variability, a
statistical analysis, by means of the scan line method, was
carried out across a main ring fault bounding the Agnano

S

Fig. 9 Scan line (marked by a dotted line) drawn across a main ring fault bounding the Agnano caldera (Pisciarellil). The inset shows the fre-

quency diagram of calculated fracture density
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caldera (Fig. 4g). Here, 2-m-thick damage zone is hosted in
the footwall of a normal fault. The fracture density, calcu-
lated across a 17-meter-long scan line (Fig. 9), shows val-
ues from 60 to 100 fractures per meter away from the fault
zone, up to 150 fractures per meter in the damage zone. In
the same outcrop (Fig. 4g), moderately dipping fractures
occur in the Solfatara deposits, often evolving into normal
faults with small displacements (Fig. 6e, f). This kind of
fractures usually occurs also in other outcrops character-
ized by moderately to steeply dipping strata. Other types of
fractures include (1) cooling joints, hosted in massive lava
deposits and characterized by a uniform fracture spacing
(e.g., Fig. 41), (2) non-conventional fractures (sensu Price
and Cosgrove 1990) related to the anthropic activity, such
as mining, often showing by a non-planar geometry, and
(3) neo-formed fractures related to slope instability. The (2)
and (3) fracture types were not considered in the following
analysis.

The most of analyzed faults (Figs. 5a, b, d, e, f, 6a, b, d, e,
g) show dip angles exceeding 60° (Fig. 8) generally forming
conjugate sets with a conjugation angle (26) ranging between
10° and 60°. A dominant dip-slip kinematics for all analyzed
structure can be assumed according to: (1) occasional stri-
ated surfaces (slickensides) (Fig. 6e, f); (2) occurrence of
conjugate faults showing sub-horizontal intersection lines
(e.g., Figs. 5d, f, 6b, d), indicating that the slip was paral-
lel to the fault dip line (e.g., Ragan 2009); (3) occurrence of
fault-related brittle—ductile deformation such as drag folds or
deflexed layers (Fig. 5b) characterized by sub-horizontal fold
axes. Furthermore, ductile structures associated with faults
in weakly lithified volcanic sediments record deformation
synchronous with volcanic eruption. An example is shown
in the Fig. 6a, where syn-sedimentary listric normal faults,
detached on the same layer, generated domino structures
sealed by sediments related to the same volcanic event. Other
syn-sedimentary structures are fault-related tensile fractures
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filled by the same volcanic sediment (Fig. 5e), while other
filled fractures indicate a material injection from the bottom
(e.g., Fig. 6g). For all faults, normal kinematics was domi-
nant, even if for the almost vertical faults, occurring mainly
along the caldera/crater rims, a reverse movement is not rare
(Figs. 5c, 6¢). The majority of analyzed faults are hosted
in volcanic structures; however, some young structures are
located in the central sector of caldera, between La Starza
and Accademia localities (Fig. 2), often cutting the Astroni
deposits and characterized by normal kinematics and centim-
eter to meter displacements (Figs. 6g, 7).

Orientation and paleostress analyses

Here, we present the statistical analysis of fractures and
faults. Structures were analyzed by means of stereographic
projections of poles to planes, relative contour plots and
rose diagrams of both fracture directions and dips. In order
to obtain an estimation of the extension orientation (eigen-
vector S3) related to the tensile fractures, the Bingham anal-
ysis (Bingham 1974) was carried out. Further information
about extension was obtained by means of P-B-T inversion
method (Angelier and Mechler 1977) applied on fault data.

Fractures

A synoptic view of principal fracture directions (indicated
by means of orientated lines) for all analyzed outcrops in
Campi Flegrei and city of Naples is shown in the Fig. 10a.
The three main fracture directions, the total number of
recorded fractures, and the maximum frequency value (in
percentage) of the main direction (i.e., longest rose slice of
the corresponding rose diagram) are listed in the supple-
mentary data.

Fracture data indicate a large azimuth scattering
(Fig. 10a), although some trends persist for long distances,
such as in the city of Naples (including the Posillipo prom-
ontory) where longitudinal directions prevail, or along the
Pianura—Capodimonte lineament where the ENE-WSW
direction is well recorded. In the whole area of Campi
Flegrei, N30-50E and N110-130E directions are very
common.

In order to analyze the relationship between frac-
ture orientations and ages of hosting rocks, all fractures
were analyzed and separated in three main groups (group
1 age >39 ka; 15 ka < group 2 age <39 ka; group 3
age <15 ka; Fig. 11).

Fractures are generally very steep for all groups (mainly
70°-90° of dip) and characterized by the prevailing direc-
tions for the groups 1, 2, and 3 of (1) N150E; (2) N170E
and N50E; (3) N30E; (4) and N110OE, respectively, with a
maximum frequency of ca. 13 % for all groups.

It is worth noting that fractures of groups 1 and 2 show
different main directions in the western and eastern sectors
of the study area (separated in Fig. 2 by a dotted line). For
the group 1, N-S and secondarily E-W directions prevail
in the western sector (Fig. 12a—c), whereas NW-SE and
secondarily NE-SW directions are dominant in the east-
ern sector (Fig. 12d—f). This difference is observed also
for the group 2 where NNE-SSW (Fig. 12g—i) and N170
(Fig. 12j-1) directions prevail in the western and eastern
sectors, respectively. On the contrary, fracture frequency
peaks of rose diagrams for the group 3 are very similar in
both sectors (Fig. 12m, r).

In order to obtain information about the extension direc-
tion from fracture data in every measurement site, S; eigen-
vector attitudes were calculated by means of the Bingham
analysis (Bingham 1974). Stereographic projections of all
S5 vectors, grouped according to the volcanic rock age host-
ing the fractures, were carried out (Fig. 13). For the group 1
(Fig. 13a), ENE-WSW and N-S are the main S, directions,
similarly for the group 2 (Fig. 13b), the ENE-WSW direc-
tion is dominant, whereas for the group 3 (Fig. 13c), the
NE-SW and NW-SE directions prevail. In order to obtain
an overall view of all extension directions, estimated by
Bingham analysis, all S5 directions were placed in the map
of analyzed area (Fig. 10b) (see supplementary data for
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Fig. 14 Stereographic projections of recorded faults for each group
(Angelier representation, lower hemisphere, equiareal net) and rela-
tive P-B-T plots (results are listed in the Table 1). Group I a Acqua-

the S5 vector attitude in every measurement site). A linear
interpolation of data was carried out using a 30 x 30 grid
(Fig. 10c).

Faults

The most of fault planes show N-S, E-W, NW-SE, and
NE-SW main directions (Figs. 14, 15). Usually faults are
characterized by a normal movement, whereas steeply dip-
ping faults can show also a reverse kinematics. In order to
obtain information about the paleostress regime, the P-B—-T
technique was applied to fault data including reactivated
and neo-formed structures. This method provides the three
strain axis directions for each individual fault (plane ori-
entation, slip orientation, and kinematics): P (maximum
shortening), 7 (maximum stretching), and B (intermediate
axis, orthogonal to the P-T plane). The orientation of each
strain axis was calculated using a defined fracture angle
0. Analyses were done using the software TectonicsFP
1.75.1166 (Reiter and Acs 1996-2013), which allows cal-
culation of the best-fit angle 8 minimizing the sum of all
misfit angles between the measured slip direction and the
maximum calculated shear stress.
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The paleostress analysis invariably shows a vertical
maximum shortening (P) and a variable sub-horizontal
extension (7) (Table 1; Figs. 14, 15). Calculated best-fit
angle 6 shows an almost Gaussian frequency distribution
characterized by a mean value of 20° (Fig. 16).

It is worth to note as the youngest normal faults located
between La Starza and Accademia (Fig. 2), characterized
always by normal kinematics and centimeter up to met-
ric displacements (Figs. 6g, 7), indicate a constant NNE—
SSW extension such as resulting by the P-B-T inversion
(Fig. 15h, x).

Discussion

Several meso-scale faults are characterized by high dip
angles (Fig. 8), suggesting that some of them can be the
reactivation of inherited structures such as tensile fractures
generally showing steep or vertical attitudes (Figs. 8, 11).
Such high dip angles are inconsistent with those of normal
faults formed in the shallow crust levels (Anderson 1905),
generally characterized by dip angles of 60°. Furthermore,
0 angle, i.e., the angle forming the principal stress S; with
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Fig. 15 Stereographic projections of recorded faults for each group
(Angelier representation, lower hemisphere, equiareal net) and rela-
tive P—B-T plots (results are listed in the Table 1). Group 3 a La Schi-
ana; b Punta Epitaffio; ¢ Bacoli2; d Bacoli6; e Bacoli3; f Starza3; g

Ciglianol; h Cigliano4; i Cigliano2; j Cigliano5; k Senga2; 1 Solfa-
tara Nord2; m Hotel Gli Dei; n Solfatara Nordl; o Solfatara Sud; p
Pisciarelli2; q Pisciarellil; r Via P. S. Gennarol; s Astroni8; t La Pie-
tra; u Nisida; v Terme di Agnano; w Bagnoli Futura2; x Via Antiniana
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Table 1 List of numerical

- Site Group n P % B % T % 6°
results of P—B-T analysis on

fault data shown in the Figs. 14 Acquamorta 1 6 229/86 95 35203 98  081/04 94 42

and 13 Monte di Procida 1 11 276/88 99  188/00 98  098/03 98 12

Soccavo Arin2 1 14 356/87 99 250/00 78 159/05 69 28

Parco Grifeol 1 12 262/88 99 142/00 90  052/02 88 14

C.soVE. di Savoia 1 18 032/84 96 143/00 68  233/07 64 16

Monte Echia 1 49  223/88 98  123/00 71  033/02 70 20

Castel dell’Ovo 1 11 225/84 95 320000 92  050/06 96 34

Cupa Orlando 2 4 258/80 100  168/00 98  078/02 98 1l

Casalannol 2 6 230/89 99 328/00 97  058/01 96 16

Lido Polal 2 27 252/87 99  164/00 98  074/03 96 14

La Schiana 3 19 322/89 97 306000 41  036/00 39 20

Punta Epitaffio 3 5 152/88 98 227/00 75 317002 73 14

Bacoli2 3 4 31082 8 00700 89  097/08 77 22

Bacoli6 3 5 154/85 96 093/00 95 00305 92 30

Bacoli3 3 3 194/89 99 08000 98  350/01 97 6

Starza3 3 9 122/88 98 225/00 95  315/03 94 24

Ciglianol 3 14 190/84 97 289/00 66  019/09 65 14

Cigliano4 3 15 341/90 98 28500 91 19500 89 22

Cigliano2 3 16 204/84 97 113/00 93  023/07 90 24

Cigliano5 3 6  003/88 100  092/00 95  182/02 95 20

Senga2 3 4 156/80 99 067/00 72 33714 73 20

Solfatara Nord2 3 23 197/89 99 329/00 45  059/01 44 16

Hotel Gli Dei 3 35 074/89 98  098/00 84  188/01 82 26

Solfatara Nord1 3 21 314/89 99 132/00 51  222/01 51 10

Solfatara Sud 3 48 214/86 89  304/04 17  049/08 13 10

Pisciarelli2 3 40 049/87 97 122/00 84 21203 81 18

Pisciarellil 3 16 342/86 95  076/00 45  167/09 43 18

ViaP.S. Gennarol 3 9 173/89 98 039/00 88  309/01 8 18

Astroni8 3 5 269/88 100  351/00 97  081/01 96 20

La Pietra 3 12 231/85 97 161/00 57  070/04 54 18

Nisida 3 17 055/88 94 328/00 83  238/02 78 24

Terme di Agnano 3 20 338/89 96 266/00 96  176/01 92 26

Bagnoli Futura2 3 4 079/88 98  323/00 98 23302 96 18

Via Antiniana 3 17 239/90 99 291/00 98  021/00 97 10

the fault plane, such as resulting from the P—B-T analysis
(Fig. 16), shows frequently values <30° with a mean value
of 20°. These types of faults are very common in volcanic
settings (e.g., Gudmundsson 1987) and have been observed
also in several analogical experiments (see Acocella 2007
for a review). According to Hardy (2013) such faults, char-
acterized by steep planes and low conjugation angles, can
form as response of a footwall collapse related to a nor-
mal faulting in the basement (Fig. 18), such as resulting
in the caldera/crater formation. In such a model, steep ten-
sile fractures, formed along the topographic surface, join
with upward propagating normal faults enucleated in the
basement.

Some analyzed faults can be considered as ring faults
bounding the caldera planes such as the structure shown
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in the Fig. 4g located in the Pisciarelli outcrop along the
western rim of Agnano caldera. This fault has formed a
2-meter-thick damage zone in the footwall with a fracture
density increasing from the host rock toward the fault plane
(Fig. 9). At larger scale only, some faults indicate extension
about orthogonal to the CI and NYT caldera rims (Fig. 17),
whereas others, such as for the Nisida and Bagnoli areas
(Fig. 2), provide extensions about parallel to the SE caldera
edge. Other faults, such as those located between Baia and
Punta Epitaffio (Fig. 2), indicate meridian and longitudinal
extensions (Fig. 17) without a clear relationship with the
SW edge of the CI caldera. Outside of CI caldera merid-
ian, extensions are recorded in the Monte di Procida cliff
(Fig. 17) whereas NE-SW extension prevails in the city of
Naples.
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Meso-scale faults occurring close to the volcanic edi-
fices (e.g., Monte di Procida, Monte Echia, Nisida, Agnano,
Fig. 2) are frequently associated with brittle—ductile struc-
tures suggesting a syn-eruption deformation. The brittle
deformation in the NYT exposures is very scarce, with
faults observed only in few places such as the Casalanno
and Posillipo areas located along the NE and SE border of
the CI caldera, respectively (Figs. 2, 17); these rocks are
far from the NYT caldera, presently buried under younger
volcanic structures (Fig. 2). We propose that these rocks
did not recorded the successive deformation related to the
younger volcanic activity (ages <15 ka) because it was
mostly localized within NYT caldera (e.g., Di Vito et al.
1999).

Meso-scale faults of group 1 (age >39 ka), occurring
in the eastern sector (city of Naples, close to C.so V.E.
di Savoia and Monte Echia, Fig. 2) and in the westernmost
sector (Monte di Procida area, Fig. 2), indicate NE-SW and
WSW-ENE extensions, respectively (Figs. 14, 17). These
different directions of extension, for W and E sectors of
the caldera (Fig. 2), are characterized by an angle of about
30° between them, the same angle measured between the
fracture frequency peaks of the rose diagrams in the two
sectors for groups 1 and 2 (Fig. 12c, f, i, 1). This difference
could result from (1) a local change of the stress field or
(2) a post-NYT deformation of the westernmost sector of
Campi Flegrei, probably as consequence of the resurgence
of the central sector of the caldera.

Further information on stress field resulted from Bing-
ham and P-B-T analyses carried out on fracture and fault
data, respectively. The stereographic projections of S
eigenvectors (Fig. 13) indicate that the stress field was
similar for fracture development hosted in rocks of groups
1 and 2 (age >15 ka) characterized by an about main

ENE-WSW extension (Fig. 13a, b). On the other hand, the
stress field related to the fractures in younger rocks (age
<15 ka) was characterized by two main NE-SW and NW-
SE extensions (Fig. 13c).

The occurrence of two mutually orthogonal fracture sets
can be a consequence of a local exchange between interme-
diate (0,) and minimum (o3) stress axes close to the grow-
ing fractures, without invoking a rotation of the remote
stress field (Caputo 1995). However, also at regional scale,
two orthogonal fault sets (characterized by NW-SE and
NE-SW directions, respectively) are widely present (e.g.,
Fig. 1). The NW-SE “Apennine” faults are generally con-
sidered as associated with the Tyrrhenian back-arc opening
from the Middle Tortonian to the Present (e.g., Vitale and
Ciarcia 2013 and references therein), whereas the NE-SW
“anti-Apennine” structures are interpreted as (1) trans-
fer faults connecting NW-SE planes (e.g., Acocella et al.
1999) or (2) normal faults related to the Pliocene—Quater-
nary opening of the Marsili Basin, located southward of the
study area (e.g., Casciello et al. 2006). The occurrence of a
secondary extension in several outcrops close to the erup-
tion vents results also from the P—-B-T analysis (Figs. 14,
15). The occurrence of steep faults with a general normal
and occasional reverse kinematics within a radial normal
stress regime well fit with the caldera/crater collapse mod-
els described by several authors (among others Geyer and
Marti 2008; Acocella 2008 and reference therein).

The moderate dispersion of fracture directions, observed
in the most of sites, can be related to local effects on the
stress field as consequence of (1) heterogeneity and ani-
sotropy of the host rocks and (2) successive deformations
associated with the younger volcano-tectonic processes
among other dome resurgence phenomena (Vilardo et al.
2010). On the other hand, the slight prevalence of “Apen-
nine” (NW-SE) and “anti-Apennine” (NE-SW) trends,
such as resulting both from the fracture direction (Fig. 11)
and S5 vector (Fig. 13) analyses, suggests that the control
on fracture distribution by a regional stress field is partially
covered by local stress fields. All these features indicate a
complex strain evolution strictly related to the sequence of
eruptive events, which probably led to a strongly change in
the previous “regional” structure orientations following sig-
nificant deformation phases related to the major eruptions.
Furthermore, it should be stressed as the youngest faults,
localized in the central sector of caldera, indicate a NNE—
SSW extension probably related to the very recent uplift
phenomena characterized by maximum values of vertical
and horizontal ground velocities in the Pozzuoli (Fig. 2)
and the area between La Starza and Accademia, respec-
tively (Vilardo et al. 2010).

The kinematic and orientation analyses carried out from
this study on faults and fractures hosted in the volcanic
rocks of Campi Flegrei suggest a caldera development
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Fig. 17 Map of extension directions (7 axis trends) resulting from the P—B—T analysis

strongly controlled by preexisting structures. According
to experiments on the influence of inherited planar struc-
tures on the caldera formation (e.g., Holohan et al. 2005),
we envisage a piecemeal model (Fig. 19) characterized by
a polygonal caldera outline in good agreement for both the
ca. 12-km-wide CI caldera and the smaller calderas/craters
(Fig. 2). The piecemeal collapse has the inherited NW-SE,
NE-SW, and secondarily N-S and E-W fractures, which
exerted a strong control on the dynamics of the caldera
evolution. Caldera/crater collapse reactivated steep pla-
nar structures previously formed in response to both the
regional extensional regime and local deformation related
to a resurgent dome. These fractures, turned in faults with
normal and secondarily reverse kinematics, were formed
before or during the eruption and allowed the development
of a caldera with a quite rounded segmented rim (Fig. 19).
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Conclusions

The detailed structural analysis of fractures and faults in
Campi Flegrei and city of Naples allowed the reconstruc-
tion of a complex strain pattern characterized by deforma-
tion structures formed in different stages of the volcanic
history. Normally, tensile fractures appear in two mutually
orthogonal sets, generally both being orthogonal to the vol-
canic bedding. The fracture density is highly variable with
an increase close to the main fault bounding caldera/crater
rims. Recorded faults include both very steep and moder-
ately dipping conjugate planes, most of them with normal
kinematics. Ductile deformation, such as that expressed by
drag folds or deflexed layers, is associated with syn-erup-
tion faults growth. The widespread lack of faults within the
NYT deposits suggests that the exposed NYT deposits are
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Fig. 18 Model of conjugate steep normal faults associated to the cal-
dera/crater collapse (from Hardy 2013; modified)

Fig. 19 Piecemeal caldera collapse controlled by inherited structures

far from the caldera rim, presently buried under younger
volcanic rocks of Campi Flegrei.

The fracture direction analysis indicates that the study
area is characterized by a large dispersion of planar trends,
with some sectors showing preferred orientations. In some
cases, fractures are parallel or orthogonal to the caldera
boundaries, but in the most of cases, the main fracture
directions indicate a complex interaction between caldera
development and the ‘“regional” stress regime. Accord-
ing to their spatial distribution, fractures of groups 1 and
2 show preferred orientations differing of ca. 30° for the
western and eastern sectors of the investigated area. On the
contrary, younger fractures (group 3) show a prevalence
of “Apennine” (NW-SE) and “anti-Apennine” (NE-SW)
directions. Youngest normal faults within the central sector
of caldera indicate a local NNE-SSW extension probably
related to the resurgence phenomena. Many of the recorded
fractures and faults played an important role reactivating
during the volcano-tectonic processes leading to the for-
mation of both main piecemeal caldera structure of Campi
Flegrei and small size calderas and craters.
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