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Abstract: We report the occurrence of several sand liquefaction structures, such as sand dikes, in
the stratigraphic record of the Campi Flegrei volcano, located both inside and outside the caldera.
Five sites were analyzed within the caldera and two outside. The grain size analysis of the sand
fillings indicates that these deposits are very fine-to-coarse sands generally poorly sorted. All of the
granulometry curves fall within the field of the liquefiable, loose sediments. Frequently, dikes are
characterized by two fillings: a rim showing poorly sorted finer sands and a core with extremely
poorly sorted coarser sediments. We suggest that seismic-related liquefaction processes triggered
the injection of these sand dikes during unrest episodes in the last 15 kyr. In particular, the sand
dikes located outside the caldera, characterized by larger thicknesses and lengths, mark an important
extensional episode, probably associated with the caldera formation during the Neapolitan Yellow
Tuff eruption at 15 ka. Furthermore, liquefaction structures within the caldera are related to the
seismic activity, probably occurring during the Agnano–Monte Spina caldera formation and the
volcano-tectonic ground deformation, predating Epoch 3b (4.3 ka) and the Monte Nuovo (1538 CE)
eruptions. This study highlights that these seismic-related liquefaction structures are common within
the volcanic record of the Campi Flegrei, suggesting that the sand source can be both the widespread
marine succession underlying the Epoch 3 deposits in the caldera central sector and the primary ash
layers extensively present in the volcanic record.

Keywords: sand dikes; sand liquefaction; Campi Felgrei; caldera; volcanoes

1. Introduction

Seismic shaking can produce many effects on the ground; amongst others, one of
the most spectacular is sand liquefaction, consisting of the fluidization of water-saturated
sandy deposits and an injection into the host rock (e.g., [1]). This phenomenon can cause,
in urbanized areas, severe damage to buildings and other facilities (e.g., [2,3] and ref-
erences therein). Seismically induced liquefaction occurs when loose sandy sediments
behave like a liquid if subjected to a seismic shock as a consequence of the abrupt increase
of the pore-water pressure that nullifies the sediment’s rigidity (e.g., [4–13]). However,
sand is suitable to liquefy if it is water-saturated, and its granulometric curve lies in a
specific grain size range [14]. Seismic-related liquefaction and soft-sediment deforma-
tion phenomena are common worldwide [12], especially in orogenic chains where earth-
quakes frequently occur [8,13]. In such environments, liquefaction processes usually occur
starting from moderate seismic magnitudes (Ms ≥ 4.2; [8]). In volcanic environments,
sand liquefaction is typically associated with tectonic earthquakes (e.g., [15,16]); how-
ever, in some cases, volcano-tectonic unrests can also produce sustained seismic activity
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and are able to trigger liquefaction and soft-sediment deformation. In volcanic settings,
earthquakes result from a large variety of processes, from hydrothermal system pressure
variations [17], magma intrusion and migration, energetic volcanic eruptions, and volcano-
tectonic and caldera collapses at different scales [18,19]. Volcanic unrests are characterized
by several concurrent processes, including ground deformation and an increase in hy-
drothermal and seismic activity [20]. This is particularly true for the long-lived calderas,
where several unrest episodes are recorded by a complex stratigraphic record hosting
different generations of deformation structures. This is the case of the Campi Flegrei
(CF), a 12 km-wide caldera whose structure was controlled by the caldera-forming erup-
tions of Campanian Ignimbrite and Neapolitan Yellow Tuff that occurred at 40 and 15 ka,
respectively [21–23]. The subsequent volcano-tectonic activity was expressed by more
than 70 monogenic eruptions, including the Plinian eruptions of Pomici Principali (12 ka)
and Agnano–Monte Spina (4.55 ka) that formed two minor calderas [24]. These events
produced different deformation structures, mainly represented by faults and fractures and
characterized by different orientations and displacements that shaped the morphology
of the caldera floor. However, particular kinds of deformation structures, such as sand
dikes, are reported in the CF [19]. These structures have been interpreted as related to
paleoliquefaction episodes that triggered the formation of sand injections along the frac-
tures and faults [19]. This study aims to provide evidence of such structures within the
volcanic record of the CF and mark that sand liquefaction is not a rare process within the
history of the CF and, hence, it has to be considered as a further potential hazard in the risk
assessment of future unrest crises.

2. Geological Setting

The Tyrrhenian margin of the southern Apennines in the Campania region [25,26]
hosts the Campi Flegrei caldera (CFc; [19,27,28]), Somma-Vesuvio (e.g., [29,30]), and Ischia
Island (e.g., [31]), three active volcanoes surrounding the urban area of Naples. The onset of
volcanism at the CFc is dated back to 80-100 ka [32,33], with scattered explosive and subor-
dinately effusive volcanism across the Neapolitan area (e.g., [21,34]). Two large ignimbrite
eruptions mark the evolution of this volcanic field, namely the Campanian Ignimbrite at
40 ka (CI; [23,35]) and the Neapolitan Yellow Tuff at 15 ka (NYT; [22]). These eruptions
created a nested caldera that first formed with the CI eruption, subsequently reactivated
by the NYT [36,37]. These eruptions dispersed a large amount of ash toward the southern
Apennines and beyond, representing exceptional tephrostratigraphic markers (e.g., [38]).
Very intense volcanism followed the NYT eruption, whose location was mostly controlled
by the position of the caldera rims and preexisting structures [37,39–41]. The volcanic
evolution of the last 15 kyr is composed of three periods of activity, called Epochs [24,42,43],
and was interrupted by centuries-to-millennia quiescence periods. The volcanic activity
in Epochs 1, 2, and 3 occurred at 14.9–10.6, 9.6–9.1, and 5.5–3.7 ka, respectively ([41] and
references therein). Epoch 3 was further subdivided into Epoch 3a and 3b due to a signifi-
cant pause and ground deformation following the Agnano–Monte Spina eruption (AMS,
4.55 ka; [27,44]). Remarkably, volcanism was coupled with significant ground deformation,
which appears to be confined within the caldera rim [45]. The volcano-tectonic evolution
resulted in a continuous interplay between volcanism and marine sedimentation. The
record of the ground deformation is exceptionally well-recorded onshore by the marine-
transitional La Starza Unit ([28] and references therein) and offshore, where over one-third
of the caldera is submerged beneath the present-day Pozzuoli Gulf [46–48]. These succes-
sions recorded several phases of marine ingressions and regressions related to sea-level
rise [49] and ground deformation [28,47]. After millennia of repose, the CFc produced its
last eruption in historical times in 1538 CE, with the formation of the volcano of Monte
Nuovo [50]. This eruption was preceded and accompanied by earthquakes that caused
severe damage to the buildings, as reported by the historical chronicles [50]. Since 1950,
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the CFc activity has been characterized by a net uplift of ~380 cm centred at the town of
Pozzuoli [51] and intense seismic and hydrothermal activity, especially in the Solfatara [52]
and Pisciarelli areas [53,54]. More than 16,000 recorded earthquakes occurred in the 1982–
1984 crisis, with a maximum magnitude of 4.2 Ml [39]. Subsequently, the seismic activity
ended synchronously with a general caldera ground subsidence until 2005, when the uplift
renewed. The ongoing unrest generally shows lesser seismicity than the 1982–1984 activity,
with a maximum magnitude of 3.6 Md in 2022 [51].

3. Materials and Methods

We report the occurrence of sand dikes in different outcrops, both in the central sector
of the CFc (sites 1 to 5; Figure 1) and outside (sites 6 and 7; Figure 1). We collected several
samples of sands within the analyzed dikes to carry out a grain-size analysis. We used
the sieve analysis to estimate the cumulative curves of passing sediment percentage. In
order to evaluate the median grain size and sorting and the uniformity coefficients, we
defined the grain sizes D10, D16, D50, D60, and D84 as corresponding to the 10-16-50-60-84%
of passing sediments. Subsequently, we calculated the median diameter corresponding
to the grain size D50, the sorting coefficient Sc estimated as (D84/D16)1/2 [55], and, finally,
the uniformity coefficient Uc calculated as D10/D60. Sands are generally formed by white
to grey ash with abundant sanidine and biotite crystal fragments. The coarser sands in
site 7 (the Zaccaria quarry) include subangular fragments of obsidian, dense glass shards,
pumice, and lavas. In site 1 (COPIN area), sponge spicules are present in the sands.
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4. Results
4.1. Grain Size Analysis

The grain size curves are shown in Figure 2a. Most profiles have an upward convex shape;
others show linear or downward convex curves. All the curves indicate that these deposits
are characterized by dominant granular particles in the range of sands. Figure 2b shows the
scatter plot of median grain size, Φ (log2(D50)) vs. the sorting coefficient, Sc. According to the
classification of [56], 61% of median grain sizes fall in the range of very fine to fine sands. The
sorting coefficient is classified according to [55]. The samples are dominantly very poorly sorted
(71%), and only some COPIN (site 1) samples are poorly sorted (13%; Figure 2b). In particular,
we observed that overall, the sands sampled in the dike rims are finer and relatively more sorted
compared to the cores. To investigate if the grain size curves fall in the liquefaction probability
field [14], we divided the grain-size curve according to their uniformity coefficient; the first
group is characterized by a Uc < 3.5 (Figure 2c) and the second by a Uc > 3.5 (Figure 2d). The
majority of the grain size curves have a Uc > 3.5, and only five samples of COPIN and one of
the Gauro (site 5) show a Uc < 3.5.
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4.2. Structures

The first analyzed outcrop is located in the COPIN area (site 1), between the Gauro
volcano to the North and the coast of Pozzuoli to the South (Figure 1). Here, the sedimentary
succession is characterized by the La Starza marine-transitional deposits (12–5.86 ka; [28]),
covered by the continental volcanic sequences of Epoch 3 [28]. The succession hosts
several deformation structures [19], including faults, sand dikes, sand injections, and sand
volcanoes (Figure 3). A major E-W trending dike is present (Figure 3a) with a thickness
of ~16 cm within the paleosol overlying the AMS deposits (4.55 ka). It is characterized
by a medium sand core bounded by two thin fine sand rims. Other smaller dikes are
present running along a ~E-W direction (Figure 3b). Some thick dikes are dismembered
within the paleosol (Figure 3c). The main dike has fed a sand volcano covering the paleosol
(Figure 3d), defined by a 50 cm height and gently dipping flanks. This structure is covered
by the AVS deposits (4.28 ka). A zoomed section of the volcano flank shows a layered
upward coarsening deposit (Figure 3e). During the excavation of the gallery joining the
Gauro area to the Pozzuoli harbour, several sand dikes and injections were found in the
La Starza succession [19]. In particular, sand injections in the footwall of normal faults are
common features (Figure 3f), as well as sand dikes showing normal offsets (hybrid faults)
(Figure 3g).

The second site is located to the South of the Cigliano volcano (Cupa Cigliano, site 2 in
Figure 1). Here, the Astroni succession (4.2 ka; [57]) is made of alternations of thin-bedded
ash layers and stratified pumice lapilli beds. These deposits are cross-cut by an ~E-W
normal fault zone dipping to the South. It includes an array of normal faults forming a dip
relay zone [58] that displaces the tephra layers up to 1.5 m.

A 10 cm thick sand dike is located in its footwall with an N-S direction (Figure 4a). The
dike is characterized by medium sand showing some anastomosing thin internal layers of
fine sand within a medium sand matrix embedding pumice lapilli (Figure 4c). In the Terme
di Agnano (site 3 in Figure 1), the Costa San Domenico volcanic succession (~9.5 ka; CSD;
Epoch 2; [43]) is exposed along a road cut. It is made of thinly stratified ash and pumice
lapilli layers, hosting sand dikes thinning upward (Figure 4c) and sand injections in the
footwall of the ~E-W conjugate normal faults (Figure 4d).

The area around the La Pietra (site 4 in Figure 1) is defined by the tuff lithosome of
La Pietra (14 ka) covered by the La Starza Unit and the Epoch 3a volcanics, which are, in
turn, composed of alternate accretionary lapilli-bearing ash layers and paleosols. Here, the
deposits host several faults showing normal and reverse kinematics characterized by an
NW-SE to E-W directions. Several sand injections are associated with these faults and are
commonly hydrothermally altered (Figure 4a).

Site 5 (Figure 1) is located along the inner southern slope of the Gauro tuff cone (14 ka).
The tuff is covered by primary and reworked pyroclastic products of the Epoch 3 eruptions,
including Cigliano (CIG, 5.25 ka), Monte Sant’Angelo (MSA, 4.9 ka), Paleoastroni 2 (PA2,
4.7 ka), and AMS (4.55 ka) tephra. These products are made of ash and pumice lapilli
layers, interbedded to paleosol and humified layers. The pyroclastic succession hosts
different sand dikes (Figure 5b–g). The larger one (Figure 5b) shows a peculiar ramp-
flat geometry, defined by two ramps bounding a flat-lying that is parallel to the volcanic
layering. Another feature that characterizes this structure is the disarticulation of several
parts (Figure 5c). A minor E-W-directed Neptunian sand dike is associated with a normal
fault with centimetric displacement within the MSA and PA2 tephra layers (Figure 5d).
Another major dike (Figure 5e) cross-cuts the CIG and MSA tephra, with a thickness of
~12 cm. It is composed of different sand injections with downward convex laminations
(Figure 4f); the core is defined by coarser sands than the rim, showing finer sands and,
locally, tiny fingers (Figure 5g). The Punta Marmolite lava dome (site 6 in Figure 1) is located
along the northern caldera rim, North of the Quarto Plain. Here, a pre-CI succession is
exposed and is constituted by lava and breccia deposits, hosting some thin sand dikes
(Figure 6a).
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Figure 3. COPIN area (site 1). (a,b) Sand dike within the paleosol covering the AMS deposits and
stereographic projection of dike boundaries. (c) Dismembered sand dike. (d) Sand volcano with
feeding dike. (e) A section of the sand volcano flank. (f) Sand injections in the footwall of normal
faults. (g) Hybrid normal fault with sand injection and stereographic projection of fault planes.
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Figure 4. Cupa Cigliano (site 2): (a) ~E-W normal fault cross-cutting Astroni (AST) tephra and the
sand dike, and stereographic projection of fault planes; (b) view along the strike of the sand dike; (c)
Terme Agnano (site 3): sand dike thinning upward within the Costa San Domenico (CSD) tephra;
(d) EW conjugate normal faults with associated sand injections in the footwall, and stereographic
projection of fault planes.
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tephra and stereographic projection of fault planes. Gauro volcano (site 5): (b) panoramic view of a 
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Figure 5. La Pietra (site 4): (a) sand injections associated with several faults within Agnano 1-2
tephra and stereographic projection of fault planes. Gauro volcano (site 5): (b) panoramic view
of a ramp-flat sand dike within Cigliano (CIG) tephra; (c) particular of the dismembered dike;
(d) Neptunian dike and normal faults within Paleoastroni2 (PA2) and Monte Sant’Angelo (MSA)
tephra, and stereographic projection of dike boundaries; (e) sand dike with dewatering structures
within MSA and Cigliano tephra, and stereographic projection of dike boundaries; (f) particular of
the dike showing the downward convex lamination; (g) particular of the dike showing the coarser
core and finer rim with a small finger.
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bottom to the top by the Breccia Museo Unit of CI, several pre-NYT tephra and paleosol, 
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dikes are present in a 0.15 km2 area, of which eight were measured and sampled (Figure 
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Figure 6. Punta Marmolite (site 6): (a) sand dike within the breccia deposit of the Punta Marmolite
lava dome. Zaccaria quarry (site 7): (b–d) sand dikes within the pre-NYT and NYT tephra layers;
(e) sand dike cross-cutting the Breccia Museo Unit of the Campanian Ignimbrite deposit; (f) sand
dike hosted in the NYT with a length larger than 22 m. Stereographic projections of dike boundaries
are shown in (b–f).

Finally, site 7 is located outside the CFc, within a pozzolana quarry (the Zaccaria quarry;
Figure 1). The area is characterized by a pyroclastic succession formed from the bottom to the top
by the Breccia Museo Unit of CI, several pre-NYT tephra and paleosol, and the unconsolidated
pyroclastic deposit of NYT (pozzolana). Here, several major sand dikes are present in a 0.15 km2

area, of which eight were measured and sampled (Figure 6b–f). The largest sand dikes are
characterized by a thickness ranging between 18 and 33 cm. In some cases, dikes are formed
by the coalescence of two dikes (Figure 6c). Usually, the contact between the dikes and
the host rock is sharp (see the inset of Figure 6b). All the dikes are formed by two sand
sediments, a rim of a few centimetres formed by finer sands, and a core with a coarser grain
size (Figure 6b–e). They are very steep (the mean is 85◦ of the dip) with an orientation of
NW-SE, NE-SW, N-S, and E-W, and they reach lengths exceeding 22 m (Figure 6f).
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5. Discussion

We found several sites where sand dikes are exposed; they are mostly located in the
central part of the CFc, whereas others are along the CI rim and outside the caldera. The
first group (sites 1–5) includes sand dikes hosted within the volcanic successions younger
than NYT (15 ka), whereas the second group (sites 6–7) encompasses dikes within the
NYT or older tephra. Most of the dikes are associated with faults, suggesting a close
relationship between the origin of these structures and the different faulting episodes that
have characterized the CFc’s evolution in the last 15 kyr [19]. One of the most outstanding
outcrops is located in the COPIN area (Figure 1). Here, several structures, such as dikes,
sand volcanoes, and faults, occur (Figure 3). The presence of a sand volcano fed by a
sub-vertical dike is evidence of liquefaction processes that allow liquified sediments to
migrate upward (e.g., [59]). The main dike (Figure 3a) shows two different sand grain sizes,
finer along the contact with the host rock and coarser in the central part. Such different
granulometry is also observed in the section of the sand volcano flanks (Figure 3e), with the
finer one located in the lower part. Such features suggest two steps of emplacement during
liquefaction processes, with the former characterized by finer sands and the latter involving
coarser sands. Soft-sediment deformation is observed as sand injections in the footwall
of normal faults (Figure 3f) and sand dikes featuring normal displacement (Figure 3g).
According to [19], the sediments forming the sand volcanoes and the dike fillings are the
marine sands of the La Starza Unit. The presence of sponge spicules within the dike’s
fillings corroborates this interpretation.

Due to the evidence that sand dikes and volcanoes are hosted within the AMS tephra
(4.55 ka) and are sealed by AVS (4.28 ka) deposits, [19] associated the emplacement of these
structures with an unrest episode that occurred before the eruption of the AVS. Furthermore,
such structures are coupled with faults showing the same cross-cutting relationships with
the volcanic record [19]. Following the Plinian eruption of AMS, which was associated with
the formation of a minor caldera [60], the CF was affected by subsidence witnessed by the
marine ingression and sedimentation of the marine/transitional deposit of the Pozzuoli
Unit [44]. Offshore, this unit frequently appears as massive gravity flow deposits embedded
between the AMS and AVS (Figure 7a), suggesting that a significant instability of the coastal
sector characterized this unrest event. Such features indicate that the paleoliquefaction
process was triggered by earthquakes associated with the unrest predating the start of
Epoch 3b. In addition, sand dikes and related normal faults mark a ground extension
that can be imaged as associated with a lateral spreading. The latter process is frequently
coupled with liquefaction and gravitational instability along coastal environments [61,62].

The sand dike located in site 2 is hosted in the AST succession (Figure 3a). It is
genetically related to the normal fault zone; in fact, it is orthogonal to the fault planes and
intrudes within the fault zone lens (Figure 3a), probably due to the more intense fracturing
of this sediment volume. The sand injection does not continue upward in the hanging
wall, suggesting it migrated horizontally following the E-W-directed relay zone. Therefore,
the liquefaction episode that caused the sand injection is subsequent to the faulting. The
E-W faults are widespread in the whole central sector of the CF caldera [37,54] and are
thought to be associated with the ground deformation of the Epoch 3b and the one the last
eruption of Monte Nuovo at 1538 CE. It follows that the sand injection probably occurred
triggered by a liquefaction process associated with the intense seismic activity anticipating
the eruption [50]. The sand injections of site 3 (Figure 1) occur as single dikes with a tip
tapering upward (Figure 3c) or as injections in the footwall of conjugate normal faults
(Figure 3d) that clearly indicate an upward flow. A similar interpretation can be proposed
for the dikes in the La Pietra outcrop (site 4), where sand injections are associated with
faulting (Figure 4a). These structures are located in the hanging wall of a major normal fault
that lowered the Epoch 3’s successions with respect to the La Pietra lithosome (14 ka; [42])
toward the Agnano caldera, located to the North.
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For sites 2–4, located within the CF caldera, it is reasonable to assume that the injected
sands come from the marine/transitional La Starza sediments located just under the Epoch
3 deposits along the coast [28] and below the Epoch 2 inland [24], such as is indicated
by the map of the spatial distribution (Figure 7b). However, we cannot exclude that the
liquefied sands for these sites may come from volcanic ash layers because they are very
poorly sorted sands (Figure 6b), a feature very common to volcanic deposits [63]. We can
hypothesize that these structures, located along the rim of the Agnano Plain, have formed
during the AMS eruption that formed this minor caldera.

Dikes observed in the Gauro volcano are hosted in the Epoch 3 deposits covering the
volcanic edifice. The main dike (Figure 5b) shows a ramp-flat geometry, indicating that
the liquefied sand came from below with a liquid pressure capable of creating a flat-lying
fracture. The entire dike shows evidence of dismembering, suggesting that the deformation
episode triggered a general ground instability, also marked by Neptunian dikes and minor
normal faults (Figure 5d). In some cases (Figure 5e), the dike shows downward convex
layers of alternating finer and coarser sands (Figure 5f), suggesting a possible later outflow
of the sands after the injection (dewatering process, [64]). Because the outcrop is located
at more than 300 m a.s.l., and the Gauro Tuff is several hundred meters thick, we can rule
out a deep provenance of liquefied sands; instead, we argue that the liquefaction process
affected water-saturated ash layers in surficial and/or perched aquifers.

Dikes located outside the CF caldera (sites 6 and 7) are hosted in a pre-CI deposit
(Punta Marmolite) and within the CI and NYT (Zaccaria quarry). In the first site, the
thickness is of few centimetres, but in the quarry, these structures show thicknesses of
several tens of centimetres (up to 33 cm). Two sand fillings characterize all the dikes; the
rims are defined by very fine to fine sands, whereas the cores are by medium to coarse
sands (Figures 2b and 6b). The rim sands are very poorly sorted, and the core sands are
generally extremely poorly sorted (Figure 2b). Such structures, showing a different grain
size along the rim and core, are very similar to the dikes of site 1, and, like the latter
structures, the Zaccaria quarry dikes can be interpreted as related to a similar process
defined by seismic-related sand liquefaction with two injection steps, the former of finer
sands and the latter of coarser sands. The large dike thicknesses and the widespread
occurrence suggest that they were associated with a relevant extensional event. The lack
of normal faults and a dike-parallel slip indicates that the process was characterized only
by horizontal movements, such as lateral spreading. The length of these structures is
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at least 30 m, indicating that the source of the liquefied sands is located at depth. The
granulometry and sorting features of the dike sands, and the occurrence of obsidian within
the coarser deposits, indicate that they probably originated from coarse volcanic ash layers
located within the Breccia Museo Unit. We suggest that the trigger event that produced
the liquefaction process of the dikes could be related to the NYT caldera formation or, less
likely, to a regional tectonic seismic activity. In the former scenario, the last phases of the
eruption and caldera-formation produced a radial extension outside the caldera and intense
seismic activity that caused lateral spreading, sand liquefaction, and the upward migration
of liquefied sands along fissures, randomly oriented.

The frequent occurrence of dikes formed by sands with two different grain sizes, finer
along the rim and coarser in the core, can be associated with the grain size segregation
phenomenon during the liquefaction process [65]. Segregation may occur both within the
source layer and the dike itself [66,67], with the finer sediments moving and forming an
infiltration layer and being injected upward, followed by the coarser sediments.

The widespread occurrence of structures associated with seismic-related liquefaction
in the CF volcano indicates that this process is common during unrest periods. The
structures located outside the caldera probably testify to volcano-tectonic events associated
with the caldera formation, whereas the dikes located inside the CF caldera are related
to minor deformation episodes, such as the unrest periods related to the Agnano Monte
Spina eruption and the caldera formation (4.55 ka), or the seismo-volcanic unrest predating
the eruptions of Epoch 3b (4.3 ka) and Monte Nuovo (1538 CE). Such evidence advises
considering the seismic-related liquefaction as a process that can occur during volcano-
tectonic unrests, taking into account, also, that the liquefiable sands can be not only the
marine deposits of the La Starza succession located in the coastal/central caldera area
but also the ash layers extensively occurring in the volcanic record within and outside
the caldera.

6. Conclusions

The active volcano of Campi Flegrei hosts several sand dikes characterized by thick-
nesses ranging from a few to tens of centimetres, frequently associated with normal faults.
These structures show fillings of sands, generally poorly sorted and with fine grain sizes.
We associated these structures with a liquefaction process triggered by seismic activity.
The grain size analysis indicates that the sand fillings fall within the field of potentially
liquefiable sediments. We analyzed different outcrops, including sites within and outside
the caldera. In the first case, we suggest that these structures are linked to unrest episodes
occurring during Epoch 3 and in historical times. In particular, stratigraphic and structural
evidence indicates that the sand dikes in the COPIN area are related to the unrest episode
predating Epoch 3b, following a subsidence period marked by marine ingression and the
deposition of the Pozzuoli Unit (4.4 ka). The deformation event is evidenced by the normal
faults coupled with the sand dikes and the gravity flow of Pozzuoli Unit deposits along the
seacoast in the Pozzuoli Gulf. Other sand dikes cross-cutting the Epoch 2 and 3a deposits
can be related to the ground deformation following the Agnano–Monte Spina caldera
formation (4.55 ka). Finally, sand dikes hosted in the pre-CI, CI, and NYT deposits testify
to an important deformation event that could have occurred during the NYT caldera for-
mation (15 ka). This deformation was dominantly expressed by tensile fractures filled with
liquefied sands, suggesting a lateral spreading ground deformation for this area. Several
dikes are characterized by internal sand layering with finer rims and coarser cores. We
interpret this feature as a result of the grain size segregation phenomenon occurring during
the liquefaction process. Finally, we emphasize that sand liquefaction is a common process
within the volcano-tectonic evolution of the CFc, and, as such, it has to be considered as a
further hazard during seismo-volcanic unrests.
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