Review of Rolandi et al., The 1538 eruption at Campi Flegrei resurgent caldera: implications for
future unrest and eruptive scenarios.

Summary

The revised version of the manuscript naturally divides into two parts. One part successfully
highlights the meticulous reconstruction of ground movement and seismicity before Campi
Flegrei’s only historical eruption. The results provide an important new reference for constraining
interpretations of the volcano’s current unrest and deserve to be published after modest changes
to the English.

The other part is more speculative and draws conclusions beyond those possible from the new
reconstructions. | recommend that this part is severely edited to avoid distracting from the merits
of the new data; it can then be recast as offering interpretations to be tested, rather than
affirmations. As in its earlier version, the text keeps slipping into a negative approach by insisting
that the ideas of others are wrong. This is not objective. A positive approach can be achieved by
focussing on the merits of the authors’ new reconstruction, regardless of the alternatives. | have
made copious comments on the manuscript, mainly to illustrate how subediting might enhance
the flow of the text. The streamlined version should be ready for publication.

Specific Comments
Please see the annotated manuscript for additional recommendations on editing the text.

Section 2. Caldera formation.

This section on the history of Campi Flegrei is more detailed than necessary. The information is
fine, but doesn’t follow naturally from the introduction. The main point seems to argue that
prehistoric ground movements are consistent with the displacement of a central block — which is
later used to interpret historic unrest. If that is correct, | would shorten this section and start
around Line 78 with something like “Ground movement since caldera collapse is consistent with
the centre of the caldera behaving as a single block (REFS)”. The description of magma chemistry
isn’t obviously relevant here.

Section 3. Reconstructing ground movement before the eruption in 1538.

Lines 142-154. What type of new evidence did later studies use to modify Parascandola’s 1947
reconstruction (e.g., information from additional contemporary accounts). Specific details do not
need to be described: citations to papers will suffice. The authors could then note that (1) the later
reconstructions were still based on partial data sets and (2) the new work uses a more
comprehensive data set (and so provides a test of previous interpretations). Stating this here will
simplify the later discussion of Fig. 13 and avoid repetition when comparing new and old
reconstructions.

Lines 169-177. These repeat previous text. I'd consider omitting this paragraph and starting at Line
178.



Lines 491-492 (Figure 13). Fig. 13 shows only three of the five reconstructions mentioned in the
text. To highlight how the new work clarifies previous ambiguities, please add the reconstructions
by Dvorak & Mastrolorenzo (1991) and Bellucci et al. (2006).

Section 4*. Schematic model for the preparatory phases of the 1538 eruption.
[*Check formatting. The numbering of sections has been set back to “2”.]

Lines 504-594. This section makes the case for movement along faults to be a major influence on
observed patterns of ground deformation (as had previously been proposed by some of the
authors). However, it loses focus by intermittently mentioning that alternative models are wrong.
The assertion has not been justified. It would require a full account of the alternative models and
their assumptions. | would simplify the section by concentrating on the evidence for block
movement. The commentary on alternative interpretations can be omitted. This would make the
text easier to follow and also allow the authors to highlight that their reconstruction demonstrates
that fault-bounded movement is a realistic interpretation.

Lines 545-548. These lines can be omitted. The authors can support their interpretation, but they
have NOT shown alternative views to be incorrect. That needs a separate paper in its own right. |
would simply concentrate on the authors’ reconstruction and their description of (and terminology
for) the stratigraphy. The discussion of terms is a distraction about terminology, in that
deformation models are distinguished by the values of physical properties used, such as elastic
modulus, and not by their qualitative description. Moreover, the later assertions that the lithoid
tuff is heavily fractured calls into question the relevance of the distinction being made here.

Lines 561-574. Try omitting these lines. | don’t see they add anything new to what has previously
been written. The previous and following paragraphs would then be linked through the references
to Battaglia et al. (2008).

Lines 589-591. References to mush are out of place here. The rest of the section describes
observations. No mush has been observed and its presence is speculative. | would omit these lines
and leave speculations about mush to the final discussion.

Section 5.2. The preparatory phases of the 1538 eruption.
This section would be better placed after the reconstruction of pre-eruptive seismicity and will be
discussed later.

Section 5.3. The eruption of Monte Nuovo.

It’s not clear why this section has been included. | can’t help feeling it belongs in another paper.
The account of the eruption is interesting but, as far as | can tell, does not add to the information
already available in the published literature. Unless the authors have a pressing need to keep the
account, | would consider removing it, so that this paper can focus on the novelty of the new
reconstructions before the eruption.



Section 6 (?) The seismicity before and after the 1538 eruption

(Please check numbering of sections; it appears as “3” at the moment)

This section nicely compares the seismicity in the century before the 1538 eruption with events
recorded during the current unrest. Transforming the size of historic events from intensities to
magnitudes is a neat way to compare with modern methods for characterising the size of an
earthquake.

The classification into long-, medium- and short-term sequences is instructive and relevant to
understanding current unrest. However, | would reorganise the text so that the characteristics of
each sequence is presented before offering an overall interpretation. Thus, | would group together
Lines 827-830, 835-844 and 861-865 and integrate them into the final discussion after Section 6.2.

Section 6.2. The post-eruption seismicity.

Lines 869-872 can be omitted. Start with something like “Post-eruption seismicity was recorded
in...”. | suggest combining this as a final paragraph to the previous section, rather than keeping it as
a standalone section.

Sections 7 and 5.2

[I’'m assuming Section 7 starts on Line 880]

These sections repeat themselves and could easily be combined into an interpretation of events
preceding the 1538 eruption. For example, Lines 885-901 could be followed by text connecting the
reconstructed ground uplift and seismicity before 1538 to a following summary of Lines 827-830,
835-844 and 861-86. This will identify water, gas and magma as favoured sources of overpressure
at depth. The role of gas and water can summarised by combining Lines 622-626 and 637-646
(from Section 5.2); the role of magma can the be described succinctly in terms of ascent from a
main reservoir to form shallow intrusions. The descriptions can then lead to the two scenarios
(Sections 7.1 and 7.2).

The interpretations in Lines 589-621 and 626-677 are speculative at the level of detail presented.
They may very well be reasonable, but the supporting evidence is superficial and so the arguments
lack conviction (especially when compared with the painstaking reconstruction of behaviour before
1538): in particular, the insistence that small shallow sills can consist of magmatic mush after more
than a few years is not fully justified. For example, sills intruded at depths of c. 3 km are shallow
enough for their mean thicknesses to be similar to the amounts of surface uplift they produce —
namely a few metres. Even under the conditions of slowest cooling by conduction, such bodies are
expected to have solidified completely within years (remember the magma has only to cool below
its solidus to be completely solid). For such conditions, the assumption that magma remains as
mush that can be remobilised is not very strong. | thus strongly recommend the authors reduce
this text by about 50-70% - or even remove it altogether. Just as for the description of the 1538
eruption, it feels as though it belongs to a separate paper.

Incidentally, in Lines 700-705, the notion of repeated intrusions of small bodies, rather than the
growth of a single shallow source has been applied by several authors to the unrest since 1950

3



(Woo & Kilburn, (2010) and other references): applying it also to before 1538 shows how
comparisons between 1430-1538 and 1950-Present may be valuable in both directions, and not
only from 1430-1538 to 1950-Present.

Sections 7.1 & 7.2. Scenarios

Lines 913-920. See comments above about “mush”.

Lines 928-951. None of this text follows from the results of the current study. The arguments are
generic and really need to be developed further to be convincing. They are not essential to
justifying the importance of the new reconstructions. Omitting them would produce a better
focussed paper.

Lines 961-967. The description of the results in Kilburn et al. (2023) is misleading. As it happens,
significant seismicity resumed at Campi Flegrei in 2017 as had been expected. There is no basis for
the statement in Line 967 that “the system would already have collapsed”. | suggest removing the
whole comment.

Lines 968-973. The logic of the argument and its implicit assumptions need to be more clearly
articulated. For instance, the authors are assuming that the crust was equally relaxed in 1430 and
1950. Maybe it was; maybe it wasn’t. The assumption, though, must be made explicit. | also don’t
follow the logic that “conditions [are] too gradual to culminate in an actual eruption” (Line 971).
Supporting evidence is essential here given that the statement is used to suggest that unrest may
continue for another century or more. [Have the authors anticipated the notion of viscoelastic
behaviour, which only appears in the conclusions?]

Conclusions

[Please check numbering of section headings]

Lines 997-1012. The text contains additional information about the scenarios. This should be
moved to the earlier sections which introduce the scenarios. Viscoelastic behaviour has not
previously been mentioned and ought not to appear for the first time in the conclusions. The
conclusions could thus be shortened to Lines 979-996, followed by Lines 1016-1018, adding to the
list (1) that the outcome of the current unrest is uncertain and two scenarios can be identified, and
(2) that, in the case of an eruption, post eruptive seismicity may continue to present a significant
hazard (from Section 6.2).
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Abstract

The recent unrest in the Campi Flegrei caldera which began several decades ago, poses a high risk to
a denscly populated area, due to significant uplift, very shallow earthquakes of intermediate
magnitude and the potential for an eruption. Given the high population density, it is crucial, especially
for civil defense purposes! to consider realistic scenarios for the evolution of these phenomena,
particularly scismicity and potential eruptions. The eruption of 1538, the only historical cruption in
the arca, provides a valuable basis for understanding how unrest episodes in this caldera may cvolve
toward an eruption. In this paper, we provide a new historical reconstruction of the precursory
phenomena of the 1538 eruption, analyzed considering recent volcanological observations and results
obtained in the last few decades. This allows us to build a coherent picture of the mechanism and

possible evolution of the present unrest, including expected seismicity, ground uplift and cruptions.

" Our work identifies two main alternative scenarios, providing a robust guideline for civil protection

measures, and facilitating the development of effective emergency plans in this highly risky area.
1. Introduction

The Campi Flegrei arca has been a benchmark of modern geology and volcanology since the middle
XVIII century, due to the clear evidence of significant ground movements, associated with both uplift
and subsidence, imprinted on the columns of the ancient Roman Market (Macellum; hereafter also

called

¢) in the town of Pozzuoli. These movements were famously
depicted on th¢ cover of Charles Lyell’s semitrat-bootk, ‘Principles of Geology’. By the XIX century,
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30 it became evident that the impressive relative movements between sea level and ground were due to

31 ground uplift and subsidence. Consequently, numerous efforts have been made to reconstruct the

32 timeline of these movements, during the centuries. One of the most convincing reconstructions was

33 proposed by Parascandola (1947), later modlﬁcd by Dvorak and Mastrolorenzo (1991), Morhange et

34 al. (2006 Bclluc01 et al. (2006) and, mox-e' rccc tly, Di Vito et al. (2016 H@m#er—#lﬂese
(2009, Bellei o4 gl (2006) coqaly 2016)

\ frowa eau:.
35  reconslr uctaons 5, mﬁd#-@fk&h&%bedy@#hﬁeﬂeﬁwm

N\
g: 3@#@ Thede-signifreand ground movements have predominantly involved a long-

f;:\«.{. 37 lex m txc;nd of subsidence, punctuated by occasional episodes of rapid sreund: uplift, culminating in Tz,
Widhnesd

L | o 38 ti%: only ‘c/:lpimn ocearred T tistorteat-tines, in 1538 (Di Vito et al., 2016). After the 1538 eruption,
i

42 —39  anew period of subsidence began, which was interrupted in 1950, when a new series of uplift episodes

}5e
40 commenced (Del Gaudio et al., 2010). Two major uplift episodes occurred between 1969-1972 and

41 1982-1984, characterized by sigaifreant-and rapid uplift (with a cumulative uplift of about 3.5 m)

s Oy T
42 accompanied @Theb@ events led to the evacuation of 3000 residents from the  (952-%%
Przede

43 oldest part of Pozzuoli town (Rione Terra), in 1970, and the entire town of Pozzuoli comprising Clanfy.

44 40.000 people, in 1984 (Barberi ct al., 1984). After approximately 20 years of subsidence, a new
45  uplift phase began in 2005-2006, with a much lower uplift rate (less than 0.01 metels per month on
46  average, compared to about 0.06 meters Jcr month ] m the 1970s and 1980s), but | onﬁstmg and still
Contlawng Ak the bme of ot (%kx 1023
47  oengetrg. This new unrest has bccn accompdmcd by progressively i mcreaknhsmsmwl ucjgj has
48  substantially intensified, both in frequency and maximum magnitude (Troise et al.., 2019 ervolino
Y auency B (e tiwiace LA bagan

45  etal,2024). T

reached M=4.4 on May 20, 2024, osejthe maximum ground
evel attained at the end of 1984 was reached (in July 2022) and surpassed. The progressively
oV

E maximum magmtu

ncreasing seismicity confirms the predictions of Kilburn et al. (2017) and Troise et al. (2019), who
based their forecast on the correspondence of the ground level with stress levels at depth. This seismic
53  activity represents a significant and continuous hazard for the cdifices in such a densely populated
54 area, given the very shallow depth of the earthquakes (about 2-3 km), Furthermore, the current crisis
55 poses an even higher threat as it could potentially be a precursor to a future eruption in the area.

56  The present study j§ aim& to reconstruct and interpret the e\inlibﬁfaw—aﬂd—a-fmuhﬂin.h_lp_t;gﬂ% bul—

57 This analysis follows three main paths: i) the accurate reconstruction, of the ground movements in th\

- -

58  this area since early historical times, using historical testimonies and documentation; 1) the accurate l\%*"(;gm

59 reconstruction of the uplift movements that evolved from 1430 to 1538, accompanied and followed 6% vSra¥
Wy

60 by significant seismic events; iii) the analysis of stratigraphic and geophysical parameters, which, hapeen
61  although collected in the recent era, provide important clements for the reconstruction and

62  interpretation of the unrest related to the 1538 eruption.

Nr
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Finally, the interpretation of the events preceding, dc and following the 1538 eruption is

used to provide insight into possible evolution scenarios for the present unrest, yrehstartectr 950
acs-stH-i-progress (Troise et al., 2019; Scarpa et al., 2022)

2. Caldera formation and post-caldera volcanic activity 14 ka - 3.7 ka
Campi Flegrei is an active caldera to the west of Naples in southern Italy. About 12-14 km
across, its southern third is submerged beneath the Bay of Pozzuoli. Following the most
recent, and likely only (Rolandi et al., 2020a; 2020b; De Natale et al., 2016), episode of
caldera formation, i.e. the Neapolitan Yellow Tuff eruption 15 ka, some 70 eruptions (linked
to 35 visible vents) have occurred across the caldera floor, ranging from the effusion of lava
domes to explosive hydro-magmatic eruptions (Di Vito et al., 1999; Smith et al., 2011; Isaia
etal., 2015). The most recent eruption occurred in 1538, producing the cone of Monte Nuovo
(Di Vito et al., 1987; 2016). The caldera collapse resulted in many new fractures, which
gradually became eruptive vents. Through these vents, the eruptions continued, exhibiting
the characteristics of a volcanic field (Druitt and Sparks, 1984), resulting in the so-called
post-caldera activity. Dome-shaped uplift of NYT occurred after the caldera formation in the
central zone of Campi Flegrei, with uplift up to hundreds of meters on the caldera floor (Rolandi
ctal., 2020b). The significant uplift involved a large intra-calderic NYT block, making Campi Flegrei
a typical example of resurgent caldera (Luongo et al., 1991; Orsi et al., 1996; 1999; Acocella (2010);
Rolandi et al., 2020b). The post-caldera activity gave rise to numerous craters, predominantly
tuff cones and tuff rings (Fig. la,b), displaying the typical characters of monogenic
volecanoes (Marti et al., 2016). Within Car i Flegrei, 35 small eruptive centers have been
identified, since the NYT eruption (Di Vito et al., 1999; Smith et al., 2012), producing about
70 eruptions. The magmas associated with these eruptions are typically trachytes and alkali
trachytes, with smaller amounts of latite and phonolite (Di Girolamo et al., 1984; Rosi and
Sbrana, 1987: D’ Antonio et al., 1999). The post-caldera cruptions can be then classified
in two periods, occurring between 14 ka and 8.2 ka BP and 5.8 and 3.7 ka BP., respectively.
with an interval of significant subsidence without eruptions from 8.2 to 5.8 ka BP

(Rolandi et al., 2020Db).
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Fig. 1 — Top: Location map of the study area with indication of relevant toponyms and
major volcano-tectonic and morpho-structural lineaments associated with the Campi
Flegrei caldera. Bottom: Map of Campi Flegrei caldera. Red circles indicate the eraters of
the first post-caldera volcanic phase, blue triangles indicate the craters of the second phase.
The red hatched area represents the resurgent block of NYT extended in the Pozzuoli Bay.
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99
100 The second post-caldera eruptive phase was preceded by the uplift of 30m, above sea
101 level, of La Starza marine terrace (Cinque et al., 1983; Rolandi et al., 2020b). The
102 distribution of eruptive centers reveals that, during the first post-caldera phase, they were
103 distributed around the resurgent block. In the second phase, among thirteen volcanic edifices,
104  seven occurred within the resurgent area (Fig. 1).
105 It seems likely that the second post-caldera phase (5.8 - 3.7 ka) can be considered the primary

106  refergnce for defining possible future eruptive scenarios, following the eruption of 1538 AD.

107
108 3. Subsidence and uplift evolution before the 1538 eruption
109 3.1 Previous interpretations

110 Modern research on ground movements ac Campi Flegrei caldera started with the detailed
111 studies by Parascandola (1943; 1947), the latter drawing mainly on earlicr work by Niccolini
112 (1846). The 1943 study primarily focused on historical documents describing  the
113 subsidence of the ancient Greek-Roman road known as ‘Via Herculea’, which was located
114  near the Averno volcano, and contributed to the formation of Lake Lucrino. (F\D . 3)

115  The Via Herculea, in use since Greek times (beginning in the 8th century BC) and remaining
116  important throughout the Roman times, serves as fundamental historical marker for
117  assessing ground movements west of Pozzuoli. The detailed history of this road,
118 reconstructed from numerous historical sources and included in the supplementary material,
119 provides insights into its subsidence over the centuries

pooably
120 The road ran along a narrow strip of land, #rkety formed by coastal aggradation of

121 volcaniclastic sandy deposits (Parascandola, 1943) primarily from the 5 ka and 3.7 ka

122 eruptions of the Averno and C Miseno volcanoes (Insi ot al,, 2006; Di Vito et al.,
eruptions of the Averno and Capo Miseno O'ﬁlgod%?s 5r:tz‘),nga ct a 5 Di --—-*"’”L.ucf-wo?
123 2011; Sacchi et al., 2014; Di Girolamo et al., 1984)y which eventually created a lake (Fig.

124 2a). Given its elevation just a few meters above sea level, subsidence significantly affected
125  its usability, with frequent disruptions documented in historical records. These records
126  provide crucial evidence of the evolution of ground subsidence in this area over the
127  centuries.

128 The Greeks arriving from Euboea in the 8th century BCy initially settled on the island of

129 Ischia (Pithecusa), before founding th of Cuma, the first Greek colony in Magna

130 Gracecia and the entire western Mediterrandan. [From this time the narrow land strip served
the cultivated countryside around
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131 as a road known as the Via Herculea, providing acctss

132 Pozzuoli (Fig. 2b).



133 Parascandola (1943) emphasize‘d the continuous subsidence of the Via Herculea, using
134 historical accounts from Petrarca (1341) and Boccaccio (1355-1373) to establish that the
135 road had already sunk below sea level by their time. He also noted that Via Herculea did not
136 re-emerge during the uplift accompanying the 1538 eruption, suggesting that the ground
137 uplift in this area was insufficient to compensate for the secular subsidence.

138 In his later work, Parascandola (1947) presented a detailed reconstruction of ground
prhichh has ;nvxdcd A Covmman Sk vu\ Po\u._l-

&k .

139 movements in Pozzuoli, ee for subsequent studies on P
140 this subject. According to Parascandola (1947) the maximum subgidence gccurred dur é

Lby MRETHR Piee kSt o PIEAEAIRA & Jgﬁ’—/’}_‘
141 the [X century. — 4

142 The first paper to propose an alternative model for ground movements at Campi Flegrei was

143 published by Dvorak and Mastrolorenzo (1991). They propose simplified and constant rates

He difrat

144 of subsidence and uplift, suggesting that the maximum subside‘ncc occurred at the end of

. " bivelve Salls
145 15th century. . 9 CLatin ga,ﬂg.)

»

146 Morhange et al. (1999; 2006), based on radiocarbon dating of @shd-ls, identified
147 an additional episode of ground uplift between 650 and 800 AD. Bellucci et al. (2006) later

0 — Yoy BERE .

readmn fe

148  integrited thé ground deformation model of Dvorak and Mastrolorenzo (1991) with the

s Hhe uve 1f by parh

149 lindings of Morhange et al. (1999; 2006) into a unified framework.

150 More recently, Di Vito et al. (2016) pmpgfd a new reconstruction of ground movements,

151 which will be discussed in more detail I-H-t-hs-ibl-lewmg-papa.g.l.aphg Thcnr model suggests that

152 the maximum subsidence occurred in 1251 AD. They also l'rypre-l-hemmi'that subsidence at
153 Campi Flegrei began around 35 BC, and that the ground at the Monte Nuovo vent uplifted by

oxplarn Trat Pea
ntevpretnms

154 approximately 19 meters immediately, before the 1538 eruption.
155

156 3.2 Reconstructing the ground movements with the whole available data set
157 - i :

158
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160
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163

164 congtrain® @m the reconstruction of past ground movements 15 presently very
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3.2.1 Ground movements at Averno

The first evidence of subsidence in the Campi Flegrei area dates back Greek times, as reported by
Diodoro Siculo (VIII century BC) and is related to the area in front of the Averno Lake, and of the
1538 eruption which generated the Monte Nuovo cone. We will start to describe the historical
documents to shed light on the ground movements in this area, then we will reconstruct ground
movements in the most deformed, central Pozzuoli area.

A fundamental historical marker for inferring the ground movements west of Pozzuoli, as already

mentioned, is the Via Herculea. Diodoro Siculo (see Appendix 1) reported that, already at the times
of first Greek settlements, i.e. 8" century BC, continuous subsidence affected this arca, thus

generating problems to the practicability of Via Herculea.
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"In Roman times, since the beginning of the Ist century BC, the body of water enclosed by the Via
Herculea, purchased by Sergio Orata, played an important role in fish-farming since 90 BC, taking
the name of Lucrino, much larger than the present-day Lake Lucrino. After his death, due—te
continuous subsidence which menaced both the practicability of the Via Herculea and the fish farming
aclivitics._—ﬁw new owners around 50 BC turned to the Roman Senate calling for appropriate
interventions. For this purpose, in the period 48-44 BC Julius Caesar was commissioned, then
building a barrier (Opus Pilarum) and special shutters to protect the road and the Lucrino Lake from
sea ingression (see Appendix 1). Towards the end of the same century, for military purposes, in 37
BC Agrippa cut both the Via Herculea and the barrier with the crater of Avernus. Having understood,
unlike Julius Caesar, the continuous subsidence of the Via Herculea, which at the end of the century
was only few meters above sea level (Fig. 2¢), Agrippa also increased its height (Strabo, 1™ century
BC). About four centuries later, Theodoric (King of the Ostrogoths), upon request for the protection
of fish farming, restored the dam by increasing again the height of via Herculea with respect to the
sea level (Parascandola, 1943).

Pue-to-comtintrous—subsidenee, the Via Herculea finally sank below the sea level between 6™ - 7th
century A.D, when the sea penetrated the crater of Averno, the Lake Lucrino having disappeared (Fig.
2d). Proof of the disappearance of the Via Herculea and of the Lucrino Lake was also testified by
Boccaceio, who lived in the Naples arca from 1327 to 1341 AD and described the Averno arca in its
geographical book ‘De montibus’ (...to Avernus, connected in ancient times with the nearby lake

Lucrino where it recalls the waters of portus lulius).



198

199

200
201
202
203
204
205

8 cent. B.C.

1 cent. B.C.

‘ig. 2 - a,b,e,d) position and shape of the via Herculea, Luerino and Averno lakes,along 33
centuries. The red star indicates the central point around which the volcanic edifice of 1538 was

formed.

Via Herculea never rose above the sea level again, despite the large uplift phase occurred before and

during the 1538 eruption (see Fig. 2d).
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century AD (Fig. 3). Bl date of submersion around 6-7th century is @sm consistent with the

observations r-speﬂ;‘ed—by Parascandola (1943), imeieating that the tad=steip=ed’ Via Herculea stifl 0573

emerred above sea level for much of the 6th centur J
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Fig. 3 — Diagram showing the trend of ground movements at the Via Herculea, as referred to sea level,
along 33 centuries. Numbers on the curve indicate the times of references for the inferred level:
they are synthetically reported in Table 1 and extensively explained in Appendix 1. Dashed lines
represent hypothesized subsidences: the first one connecting to the likely initial elevation, the second
one showing the likely subsidence path in absence of the restoration works (points 4 and 6), the third

one showing the likely uplift linked to 1538 eruption.

Number Time Lvent Reference source Reported by

| 3.7 ka and after Formation of the coastal | This paper
bar

2 8" century BC Subsidence of the via Diodorus Siculus Parascandola, 1943
Herculea (Book 1V)
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239
240
241
242

243

lak

60 BC

Sergio Orata, owner of
the *Luerino” lake fish
farm, asked the Senate
to have via Herculea
repaired, because at
around 2 m asl. Cesare
repaired it

Parascandola, 1943

37BC

Agrippa raised the level
of via Herculea

Strabone

Parascandola, 1943

12 BC

Abandonment of Portus

LAY B . -
Julius and Lucrino fish

farming, because of
accelerated subsidence
of via Herculea

Aucelli, 2020

6

496 AD

Theodoric, King of
Gotes, repaired and
raised level of via
Herculea

Cassiodorus, Varia

Book 1

Parascandola, 1943

7-8

556 AD

Failed attempts to
restore fish farming in
the Lucrino lake: the
level of Dam was too
low b

Parascandola, 1943

9

1341-1348

Petrarca and Boccaccio
writings indicate via
Herculea was about 5-6
m bsl

Boccaccio, 1355-1373

Parascandola, 1943

15" century

Uplift starts, but
Lucrino lake however
disappeared and via
Herculea never re-
emerged

Several chroniclers of
the time

Parascandola, 1943

Table 1 - Sinthetic sketch of the main historical sources used to reconstruct the ground

deformations shown in Fig.3 (see Appendix 1 for more details).

40°49' N

14°05" E

14°06'E 14°0T'E

LUC :

Gauro

Pozzuoli




244 Fig. 4 — Shaded reflief map of the coastal area of the Pozzuoli Bay based on high resolution

245  multibeam bathymetry (Somma et al., 2016). Arrows indicate the submerged remains of the

246 breakwater pilae of the via Herculea. Do Yoo mesn Pre wiele AL N
247 or e Yy to the wesh of
Pozzutu 2

248  3.2.2 Ground movements at Pozzuoli
Ropnan hmes to 1938,

250 Mﬂﬂwhilu Via Herculea records the most ancient subsidence the best evidence for

X
251  subsidence in the Pozzuoli auca where maximum ground movements m recorded, comes from e
Rowman wmavket Place, Sera peo |
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Amate 2 Galar\u
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o
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same period, hroweves-the ground subsidence caused the-flooding-by thermal and rain waters| & the
Agnano plain, as-areatoeated-to cast of Pozzuoli, dﬂd‘f@‘?ﬂ‘l‘féﬁlﬂﬂ'ﬂﬁb‘%{%f ajlake (Annecchino,

1931). This exent mdlcatcﬂ a general persistence of subsidence in the Pozzuoli arca, whieh-was—n

Ty cfear IE conturics, as MgnIge fetorical

deewments—restrred-here (Fig. 7ajp: : Appendix 2) Suchrdataatso contradict the
e ] i

in the period 7"-8"" century. (ai{-hou5\\ Mog bomye ot od. (206 Al gueshiowed ther &
PYENTNS Wted prerminion i
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280  Fig. 5 - Floors underlying columns of Serapee (redrawn from Amato and Gialanella, 2013).

281 The dotted part of the column indicates the boring due to colonies of Lithodomus Litophagus.
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we can make a rough estimate of the portion of columns below the sea level at that time, faking into

account that a significant part of the columns is submerged. Historical records fro
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excavations, tsee-fartirer) indicate that the buried part of the columns amounted to abou{ 10 ni~(see—
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Fig. 6 — Diagram of the level of first (until the building of the fourth floor) and fourth floor of

the Serapeum The arrows indicate the limits of the submersion corresponding to the part of the

columns bored by lithodomes. Numbers on the curve indicate the times of references for the

inferred level: they are synthetically reported in Table 2 and extensively explained in the

Appendix 2. Dates marked on the right indicate the times of occurrence of major earthquakes.

Number

Time

FEvent

Reference source

1

230 AD

The third floor of
Serapeum was at a
level of only about |
m asl, often invaded
by water: it was then
built the fourth floor,
located at 2 m asl

Amato and
Gialanella, 2013

394 AD

The fourth floor is
invaded by the sca.
Important works to

Camodeca, 1987;
Caruso, 2004




restore the banks and
protect them by
coastal
embankments

>

VI-VII century

Putcoli almost
depopulated. People
refuged in a fortified
citadel, surrounded
by sea:the Acropolis
of Riore Terra

Varriale, 2004

VHI-X century

Due to continuous
subsidence, Agnano
Plain was invaded by
water, transforming
into a lake

Annccchino, 1931

X1 century

The sea increasily
surrounided Rione
Terra, which
appeared like a
castle. The Arab
geographer Fdrisi in
his Opus
Geographicum,
describing Pozzuoli
as a "eastle”

Varnale, 2004

X1 century

Subsidence
continues: Benjamin
ben Yonah de
Tudela, passing
through Pozzuoh,
described: tarves et
Jora in acqua
demersa quae in
media quonduam
Suerant

Russo Mailer C.,
1979; Caruso, 2004

X1 century

Subsidence
continues: Niccold
Jamsilla (Historia de
rebus gestis
Frederici 1T
imperatoris
ejeusque filorum
Corradiet Manfredi
Apuliaeet Siciline
regnum) describes
the places between
Agnano and
Pozzuoli as follows:
...videlicet
Puatheolum mari
mantibusigue
inaccessibilius
cirenmgiague
conclusum. ..

Fuiano, 1951

1327-1341

Boceaccio reported
descripttons as the
lower part Gi' Puteoli
being completely
submerged

Mancusi, 1987

9

1430

The 1430 gouache
“Bagno del

Di Bonite and
Giamminelli, 1992




Cantaricllo’ shows
the Serspeum

* oy o
columii submerged
for about 10 meters.
A

(441

A deseription
indicates that “the
sea covered the
littoral plain, today
called Starza’

De Jorio, 1820

313

314  Table 2: Sinthetic sketch of the main historical sources used to reconstruct the ground

315 deformations shown in Fig.6 (see Historical Appendix 2 for more details).
316 The Vopedwik 2 m Cow&\&\'td\ o} Pyoele i@z dfpaa%s Bevowa
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Fresmr.
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foe yeon o

319 Mefeﬂw_ﬁm presence of trawling fishermen +a-the-seere (Fig. 7b) suggests thﬁt—b@‘l dcpth{-h,si-edld

More{ianm

320 setexeeed 2 m (the maximum water depth for this type of fishing not far from the beach). Given that

321  the total height of the columns is 12.7 m, we estimate that the emerged part of the column in 1430
322 was around 2.0-3.0 m (Fig. 7a,c).
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4 250m
4.50 __1430Sealevel
2.00
- [p—
g Volcanic materials p—
“20 «7 . deposited by leaching  1hird filled
! - > ke 1.
Vulcanites and
limestone incrustation Second filled
4.00
Vulcanites and .
limestone incrustation First filled
325 c)
326
327 Fig. 7 - Gouache of de' Balneis Puteolanum from 1430: a) Stumps of the Serapeum columns
328

that protrude from the sea to a height of 2-3m, b) Fishing from the shore, highlighted in the



329  box, indicates a draft depth of approximately 2m of sea, ¢) Reconstruction of the submerged,

330  emerging and buried parts of the columns (see text for complete explaination).
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33
333 | Conscruentty, W(l fer“i}}ft in 1430 AD the floor was about 10 m (+/-1 m) below sea level (Fig. 6).
334 | Such—deductrom,derived Trom the contextrepres fg. 7a, ca :

and B cundistenb Wik &

335 -d-e*a-r]—m-t-h-th.c.hr.].p—&f-ﬂw topographlc map of tie Poxzuoh arca in Roman times (|Soncc]11 2007)
336 | (Fig. 8a). B Wi o4 | +etw
337
338 ap of Pozzuoli from the Roman era (I11-1V century). The map shows the lower part
339 the emporium which extends along the Puteolana bank (RP), until reaching the base of the
340 [ hill, the so-called Starza plain (P) and the upper part of the Rione Terra cliff (RT) which, in
341 [ turn, connects with the upper hilly part of the Starza terrace arca (TS). b) Part of the previous

342
343

map, limited to the Emporium Area, in the Middle Age (after Aucelli et al., 2020, and Taravgra,
2021). c) the same area shown in b around 1430, during which the hill areas (TS, RT) were
344 | surrounded at the base by the sea, according to a description of the lower area of Pozzuoli from
345 \ 1441 "the sea covered the littoral pl&in, today called Starza" (after De Jorio, 1820; Dvorak and

346 astrolorenzo, 1991). d) sketch of the profile A-B shown in c: the sea extended behind the

'A'&U( Yone V“&Q-u\.e.nw_ +o ‘{Sotflm.\\{a(?.b(ﬁ‘) > G“Qh"“ R‘ft"\



347 Serapeum on the plain of La Starza hill, intersecting the columns at a height of 10m (also

348  shown).

349 UN’C.‘L b ol Ywb o (SUVLJH,W)M“
350

351 ﬁl‘/

1e map (contour lines of Sm), shows that in the period of greatest development the city included the

352 Greek Acropolis (the ancient Dicearchia nowadays called Rione Terra), with a maximum height of

o . Seidpes,
353 40 m asl, the lower part of the city, i.e. the western area overlooking the-&nc-}@n-t-eﬂnfeﬁm—and—ﬁﬁ
354  Serepewn(RonmmTaccium-placed-rearthe-bay area, and the upper city or‘z the Starza terrace, with

Mayor " pulobe L QH Al an
355q4 clevation between 30-50 m asl The latter was the site of

356 {lamphxthcqtre stadium, for um; necxopol:s wed). From this map, eonstdermygonty-thearcaof e woﬁ?—J
357 tmpertmmr{tower partamd-amphitheater-tupperpart), a sketch of topographical relief above the sea

358  level (in Roman times, Fig. 8b) and underlying sea level (in 1430 AD, Fig. 8¢) has been obtained ad.
359  desertbud as follows: Sermpeo

360 - from profile A-B ofEig-deras-reported-nrFia-~84, the 4th floor of the Sef&peunm-can be located at
361 _::Jﬂzp:{:l‘.:n‘;f—LOm packcd in the sediments that form the Ripa Puteolana (RP), with the columns
362 protruding from the same sediments for 4.5m, of which approximately 2m are sea water. ft—is
363 ~md-tczrted—a+&ma+e}y,—t-hﬂ{-she—§_éa level intersects the columns of~the—Serapetnr at a height of
364  approximately 10 m, connecting with the contour line of 10 ny on the La Starza Plain (P) (Fig. 8c.d).
365 - Fig. 8c also aﬂ:m:um.high!igh? the morphological conditions of the Rione Terra, which, as we
366  have already observed, has been described by the chroniclers who visited this place from the 11th to

367  the 13th century as "an unapproachable mountain completely surrounded by the sea” (Fuiano, 1951;

——

368  Varriale, 2004, in Appendix 2). fdicate tevrera) diffecones from preouy
o D u-e.u:m Vvt y,
369  The historical data presented here Iighttgh an-evotation of dre ground movements hethesrenrvery

370  dithk

371 the most recent work on such an argument (Di Vito et al 2016), who made the following claims:
372 1) the subsidence in the area started in 35 BC;
373 2} the local uplift in the area of the 1538 vent, from 1536 to 1538, amounted to about 19 m.;

374 3) the maximum subsidence was reached in 1251.

. ) . ez Wvident
375  The first claim is in contrast with SO CTICES; i 1 historical dectrtrrents:
376 thas already at the timeg of Greek colonization (end of 8th century BC)ftlﬂ Via Herculea wsed-by
377 Greeks, showed signs of subsidcnc;&s;ce Diodoro Siculo in Appendix 1) (Fig. 2); bmiting-ourschves

379 Giulio Cesare himself was sent by the Roman Senate in 48 BG to fix the problem, which was ,‘esolved
' el
Bvenbual ( . )
Tlovde e -, -
'r“w. Com @AW bt wv%'cu previnid Al

bRl AFTEL  rechon b datin
Whal- hopaon adov 152K, .



380 1m3;c..cms.tw-c-twe4y by Agrippa in 37 BC, raising the surface of the Via Herculea with respect to the

381  sea level (see agatn detailed explanation in Appendix 1).
The St-comd Ao ﬁp@w—mrS* Uwn rea W e :
. e 2, because ua-ease-duphlt in the Monte Nuovo

382 a2 ‘ :
6u Lk howe Veouted L e dvd
383 area higher than few meters|the Via Herculea would-have-risen-baek above the sea level (Fig. 3d)y he¥oretlel

384  ~Efarrr3), %‘- mlly,t-not confirmed by the testimonies collected until 1430, which instead indicate thek ¥~

385  eopkmuattemofth

WBomto and Giamminelli, 1992; Bellucci et al., 2006).
386 C‘W\'W\?’ sg\gs)clfwu:_ conhnueed h-'-:}c!\md\ "&5\

Mare dessiccatum
(dried up sea)

W floor+— — — -
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387
388 Fig. 9 — The uprise of the land (marked by the two arrows on the sides) was observed and

389 described by Loffredo Ferrante in 1530: "the sea was very close to the plain which was at the foot

390  of the Starza hill”. In this context, the 4th floor of the Serapeum had reached a height of

Can
391  approximately 4 m above sea level. / 1 ‘L"‘l“:“‘a ;?\-\id 'P,:_ﬂepv!m;f %’"“Wk
392 TUv L Cons vt (i coe S
393 |From—omr Toconstruetion—based—an_reliable historical documentation, we demonstraie that the
394  |hypothesis that maximum submergence depth of the 4th floor of the Serapeum was reached in the 9
395 0th century, proposed by Parascandola (1947) and Amato and Gialanella (2013), is not realistic. No

396 i} is the hypothesis by Di Vito et al. (2016), who place the date of the transition between subsidencf

397 cnd uplift in the 13th century and precisely in 12‘5] S T R Oy \nl-ot?%(m
o4 Bvva ke £ TIASS 0 (1391) D-w‘,

398 OLll findings ¢ datifg the starting phase of uphff"ﬁxound 1436):(16 also supported by the decumenteds el

399  occurrence of the first|documented powerful fearthquake in 1448 (Colletta, 1988: see also next. Cavot)

400  paragraph), which induced King Ferdinand I of Aragon to suspend the so—callcd (a
401 mediaeval tax collected for cach fire lit by a family unit; see Colletta, 1988). We know -a=feet, from be

402  recent unrcsti, that earthquakes only occur during the uplift phases at'Campi Flegrei (".E‘misc-,:ﬂ e:t L}l}
’ , s O <"

403 2019). It is also well known that, between 15¢  nd 151 I, the municipality of Pozzuoli granted(the

404hewlandg that emerged, as a result of the increasingly “drying up sea” (Fig. 9), expardingtieuvaittble
405  lapd—to—eitizensTequesting e (Parascandola, 1947). BeHueei—et—al—2006)y-and Dvorak and
406 ‘P@ﬁTS’[TO‘i‘U‘I‘CI’rZ[T(“b%ﬂﬁ%%@%@%&@—f@pﬁ#@é—%dﬂ%ﬁ—ﬂf@ﬂﬂd%Qﬂf’htﬂ%r“th'c—bvgﬁTmng"OfﬂTc‘

407 wplift phase; so- the-data-presented-here(partly already used by Bellucer et al., 2006 and Troiscctal.
SrmeriF
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410  Thehext important quesl;on 1S t%v was the 4th floor of the Serapadh above sea level as ear rly as at
411 thq beginning of 16w century? Parascandola (1947) answered this question through a sentence found
412 in 511 account by Loffredo Ferrante from 1580: In 1503 the sea was very close to the plain which was
413 at the foot of the Stfg:% :21311) (Fig. 8). So, it can be deduced that the floor of the Serapéﬁm irthe 1563
414 was just above sea [evel, that is, it had risen about 1Um in about 73 years, with a rate of 136 mm/y.
415 There is clear evidence that the uplift phase continued until 1538, when the eruption occurred. The
+416 maximum uplift occurred in the Pozzuoli area, close to the Rione Terra cliff, that-up-te-the—3538 and bad

eakatd 4y matn &9
417  eruptenroacied IR TiEvator irthe orderof-5=6Trmast Fig6). T-6 w b |5§8~ b-)

At
% 418 l-n—bhe-nmty'wrf'rcrrrg‘Avemo to the west, the uplift, as-already-said, was unable to eatscemersion von 3@
above Yea

419 &t the Via I-]crculea/ mm%ﬁ%ﬂm&dwﬁmﬁqaﬁ{h&cmm

e east € Po Lm f.
421 Seefor-o-f’-ﬁ-rc‘ca-{-dem,lét Nisida island,fthc pier did not emerge above seca level (Parascandola 1947).

Hewee T8 (3 hawe,
422 Femdwrrwwry likely that the uplift phase had a bell-shaped trend, very similar to what we [see in the

423 recent unrests, exeep-for.amarked—additionauphiftat—the—vent Site, jUst beforethe—craption— L
424 (Patascamtiote4943) —heveverimited-to-atotat-of abottF-mmaxinrmm-—pessibly_due to upward @W

. —p NEQ GBS CLOSING TALAGRIR & |  Loca lome oWtk b futse Sike &1 MNuovo
426 . T e ; 1mm~cobr.mh_b’ (g hons 2 btfae ta  ewp b g
427 l. Ground movements after the 1538 eruption ( Povscawlhola 144D -~ aik\;lée -

428 The period between the end of the 16th century and the beginning of the 17th century lacks &= written
c\ucume‘ni—n e 44 ok

429 ﬂ—tes-l-rl—y-m?_t-hc ground movements at Pozzuoli. It is likely that afiesthe—-538

He tuv
430  crOptomTE subs;dcnce-phﬂs-e star t&q pwmmmﬁmeeﬁéedﬂﬁﬁﬂﬂ ""ﬁo
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432 @e oldestone by Car raio,6 dﬂ'h:d 1584 (Fig. 10a)qwi=rre+1-l-rrgh-l-rghts the Rione Terra in the foreground,
Cb.\kmpwaﬂ] Pq,“h\,ﬁ_s '\"“"‘d"— comslmmls o :Bzcc yen Subnndey w b—c_ann v

*Ghe Dome & Tashobrewzo (1981
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with the Neronian pier whtelrermesges almost completely above sea level, which means for about 5-6 M.
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Fig. 10 — a) Engraving by Cartaro (1584) showing the Neronian pier at the base of the Rione
Terra, emerging from the sea for 5-6m, showing 10 of the 15 piles of which it was made up in
roman epoch, b) The remains of the pier piles, without the upper arches, highlighted in an
engraving from the mid-18th century, ¢) Detail of the same piles highlighted in another
engraving from the same period, where the height of the 1-2m piles is observed in more detail,
subject to marked erosion

The p«;q' ale

H-also appears still partially complete, with about half pylons still connected wnh:f.\rchcs (Opus
Pilarum). In comparison, paintings from the middle XVIII century (Fig. 10b ,c) *epert the pier
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451 Fig. 11 - a) View of the Gulf of Pozzuoli and the Cape Miseno peninsula (Hamilton 1776).
452 Both the remains of the Neronian pier and the newly excavated Serapeo are also visible

453
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455 FKig. 12 — Illustration of Serapeum, as excavated in the three-year period 1750-1753. It can be
456 noted that the height of the lighter parts of the columns, including the pitted band of the
457  lithodomes, is preserved by oxidatibn, because packed by the just removed sediments. The
458  darker upper part, oxidized since staying outside the cover, has a height of approximately
459 2.50m, estimated on the same figure. This leads us to consider that the pack of sediments
460  removed had a thickness of approximately 10m, that is, the height of the hill where the vineyard

C %a

461 of the three columns was located before the excav . tion (Niccolini, 1842).



42 Fg (L ale Twdiates Hak Hve £1000 of Hhie Serapeo was alwmesr abtre Same
463 F-i-em—bh-e—eeﬁ';y:.;. SO Uf FJ:' 10a_with10b and 10c it can be deduced that-the Roman Opus m]drum

464 underwenta-subsidemceofaboutd=s-m—from-1586-te-+750. lewel ad e prer 1w VF35 0,
It level in 1538

Heerrre WA - asl i 1350
466 c.anlbc. estimated ag5 — 6 m. abovc. sea ]cvcl (F/g, 6) w%&emﬂ%ﬁ‘l‘t‘s‘lmtﬂ‘d'be-&t about Im abevesea

467  tewel, with an estimated submdemé{ P@)~ l 7'5() of about 4-5 m. This appreximate estlmatm is hwgwcr
) Cons)stent LAtk (‘5"‘:!*))
468  confizmed by Parascandola- (1947 whe-teperts-some measurements by Niccolini (1 846ﬂ who tound

469  the 4th floor of Serapeo to have a height above sea level varying in the range 0.9 - 0.6m throughout

470  the l‘%th ucntuly I-t—ea-n—t—hen—be—ée@-@eé—ﬂaﬁl@xrmg; the three-years-of-the cxcavqiiouh" 12) the

'H'{Hﬁw' nas At Mﬁ
471 ] oor eea-l«d%&bee(éppx oximately at 0.7 m above sea level. DEE=T

T\(\emlha\\ 4~S w8 JobSrdenve "W— ) Mﬂﬂ \ww-c wamq
473 | staeted after 1580, seﬁ-l-& have HAHH . t, around the middle of
Umh\

afpeo
478 [ the 17 centiiyit sbeedy had a value of 2 -5 m, and-then-storwecdovwowards T T-OF T
475 | eentorymtitth1750) WWAT 8 Novk EvipencE 27 TWS concivttan iy appederd

. . ; NG s ST - T . . .
476 Itis also interesting to compare the aviragc subsidence rate before 1430 with that obscwegz*&cr 1538

2

477 él 1950. The overall rate of subsidence after 1538 is about 2 cm/year, almost double with respect to
478 that observed before 1430. However, when excluding the first phase of sharp subsidence occurred

479  just after the 1538 eruption, the subsidence rate becomes very similar to that observed since the roman
480  erauntil 1430. = See comment M E“’é‘ \3.

i
281 | Wearehenceableto-describe inmoredetail the-whele-evolution-ofsround-mrevenmentsar thie Pozzuoli
(=]
. ) ) . e sl o et N . e e o,
482 | arca-sineeReoman-times—including—the-pertod-fottowimgthe 538 cruptromand Tt oday-—sueh a

483 | reconstruetion-s-shownimFigT3c Thparticular, regarding the post-1538 subsidence phase, the data
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M). Data from the levelling

surveys were still provided also during the occurrence of the most recent untf:st phases, i.c. in 1950 -
52,1969 — 72, 1982 -84 and until 2001. Since 2001, continuous measurements ay¢ provided by GPS Sb\w
ARITE see-Fig—3b:0) installed at Rione Terra (Del Gaudio et al 20103f, %) Pmdvdng S BATE
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Fig. 13 a) Reconstruction of the ground level of the Serapeum floor, with respect to the mean

sea level (blue line), as proposed by Parascandola (1947); b) Reconstruction of the Serapeum

floor ground level, recently proposed by Di Vito et al. (2016); ¢) Reconstruction of the ground

level of the Serapeum 1V floor, since 111 century A.D. to present, inferred by this study. Each
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point in the diagram corresponds to an appropriate historical indication reported in Table 1

and in the Appendix 2.
2. Schematic model for the preparatory phases of the 1538 eruption

2.1 Dynamics of the resurgent block in response to temperature and pressure

perturbations | oot - a N 1“:\(

T}(e 6‘01111(1 deformation at Campi F leg;rei,< d c g the 1538
T appens fo have ben ) a % o l
eruption, has-beep: y concentrated in a small area f few km & radius around Pozzuoli, just Srmloy
o -Flr\ui-.o‘tkwd wige Unpelt Sma f= 1970 7 2 ‘ i
as-duringthe recentunrests (De Natale et al., 2001; 2006; 2019). Such a concentration agrees with
the presence of a resurgent block. Waovegn €n du\fv.ﬁ,_ A el
Evidence for thefmvelvententinthe Campi Flegrei unrest episodes of a resurgent block|cemes-feem

oy gt gl k{-ci -
thoJ~ : ing by De Natale and Pingue (1993)J I-heseﬁ:ﬁms pointed out that

the concentration of the uplift in a small area, the high uplift values, and the invariance of the uplift
: o et qmmfc\-dl'* Lot
and subsidence shape, as well as of the seismic arca, dteated the up and down movement of a

tesmrgent blocks bordered by ring faults focusmg the-occurrenec-of-earthauakes (see also De Natale
et al., 1997; Beauducel et al., 2004; Troise et al., 2003; Folch and Gottsmann, 2006)] Some authors

516
517
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proposed that ground deformations could be explained also without any effect of bordering faults
(Berrino et al., 19847 Bi et-al, 1987; Amoruso et al,, 2008, 20447 Woo & Kilburn, 2010);
however, most of these models required som: ‘~d hoc™diStrbution of rock rigidity, sometimes not
realistic (see De Natale et al., 1991), orrequired an unrealistic constancy of the Souree-geometry able
to explain the remarkahle-cofistancy, during several decades or centuries, of the shape of deformation

during beth uplift and subsidence (sec De Natale et al., 2006). All of these models, in additiog[do‘lm-f\

explaimthe pecutarshrape of Thie seismic area, being almost elliptical around the most uplifted area.

[nrecent-tinres—new evidence has been coltected about the location and limits of the resurgent block
¢ ieral2 - -Ffrrl‘l‘rc'rmoxc,ﬁptive high-resolution reflection seismic surveys have peinted-

525
526
527
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529
530
531
532

eut-and imaged the presence, in the Gulf of Pozzuoli, of an inner resurgent antiformal structure or
“block” bounded by a 1-2 km wide inward-dipping ring fault system associated with the caldera
border, whose limits have been also documented by the survey (Sacchi et al., 2014 Steinmann et al,
2016; Sacchi et al., 2020a). Further constraints for the extent on-land of the resurgent block come
from stratigraphié evidence. In ‘particu]ar, the old well CF-23, drilled in the Agnano area, presents
about 900 m of NYT deposits, topped by only " m of more recent deposits (Rolandi et al. 2020b).
The presence of uplifted, thick layers of NYT, characterizes the stratigraphy of all the wells contained

in the resurgent block (Fig.14a.b.c), thus allowing to map its extent on-land, although only the CF-
Jose Show Youg evidume Baat for

ot & Vespigumt bloek. You¢
ﬁ\g;fb povnt Tlma\- e _\Vd":\r‘i,)l{:mw
IS tonhskant Lk 6 pgeva how - PO T Wy

Aot obar Waoel eAS.
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583 23, by far the deepest one, clarifies the whole thickness of the NYT deposits in the resurgent arca
534  (Fig. l4a,c,d).
535  The extent of the resurgent block on-land appears also reasonably well defined by a wlear-relatise

536  gravimetric maximum {Capuano etal., 2013} Mis-eruet - edl ent
A wmd alto .fwauo

restrgent block, mostly detached from the external caldera rocks, rsrespomsitteTor the almost

538  constant, highly concentrated shape of ground displacement, during both uplift and subsidence. [Fire-

540 —alse-TFretse-et-als2003). Fig. 15a-c shows how the resurgent block is well cwm& by pdsqwc
541 semmc data (Fig. 15b, ) and by carthquake locations (Fig. 15a). (’C}mi—e e g, 2003)

542 The presence of the central, resurgent block significantly affects the dynamical behavior in response
543 to temperature and pressure perturbations. This is particularly evident in the central, most deformed

544 and seismic area, where the shallow crust involves approximately 1.5 km of lithoid tuff{ This

il

545 LOlll['ldlctb stibstructiire models plOpOSGd by various anthors (Rosiand Sbrana, 1987; Vanorio et al.,
546 |2002; Lima et al., 2021; Kilburn et al. 2023) which afien assume a thick shallow layer of loose

547  [pyroclastics from recent eruptions, typically represented by the stratigraphy of well SV (sec Fig.
548 [ l4e). Dor THESE STIAL USE THe Sawms PHSIeal 1PERTIES As ¢RIERS |

549  The physical state of the shallow structure within the resurgent block can be inferred by seismic
550  tomography analyses presented by several authors (e.g. Aster and Mayer, 1998; Vanorio et al., 2005:
551  Vinciguerra et al., 2006; Battaglia et al., 2008; Cald and Tramelli, 2018). These analyses consistently
552 indicate a high Vp/Vs ratio centered below Pozzuoli town down to 1-2 km, interpreted as highly water

553  saturated tuff,
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554
555  Fig. 14 - a) Location of the wells explored within the resurgent tuff block, as reported in

556 literature; b) Stratigraphy of the CF23 (S10) well, within the resurgent block; c) Stratigraphy
557  of the SV-1 well, outside the resurgent block, which highlights a stratigraphy where the NY'T
558  tuff blocks are not present with significant thicknesses; d-¢) Profiles in the resurgent block

559  which highlight the shallow depth of NYT because of the resurgence.

560

561 [ Of particular significance is the work by Vinciguerra et al. (2006) which compared the results of

562 | seismic tomography with laboratory tests. They demonstrated that the tuffs present in the central area
563 [ of the Campi Flegrei caldera can be either water or gas saturated, and that inclastic pore collapse and
564 | cracking produced by mechanical and thermal stress can significantly alter the velocity properties of
565 \ Campi Flegrei tuffs at depth. The effect on velocities becomes significant when the temperature rises
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566  sufficiently to induce physical changes, such as volume change and the generation of free water

567  associated with the dehydration of zeolite phases. This can lead to thermal crack damage (see also

568  Chiodini et al., 2015; Moretti et al., 2018), further affecting the dynamic behavior of the area. At

569  higher depths, the well CF-23 indicates the presence of pyroclastic deposits from a depth of

570  approximately 1.5 km to at least 1.8 km, where a temperature of 300°C was measured (Fig. 14b).

571 Likely, at even greater depths of about 3km, marine silt and clay layers induce silica mineralization

572 and the formation of low-permeability horizons. Due to the high temperatures, estimated to be at least

573  400°C, these layers undergo thermal alteration, forming a thermo-metamorphosed layer (Fournier,

574 1999; Lima et al., 2021; Cannatelli et al., 2020) 2 de gou meaw

q v aevle

575 h—rmp&mﬂ-t—-t&mfc-t-hﬂt Battaglia et al. (2008) interpreted a low Vp/Vs body, fxtcndméto about 3~ A S

576 [ 4 km of depth, as due to the presence of fractured overpressured gas-bearing formations, confirming

577 [ the data of Vanorio et al. (2005). This depth range of 3-4 km likely represents a primary accuwu]ation
\
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582 Fig. 15 — a) Campi Flegrei map showing the approximate limits of the resurgent block (area in
583  the yellow ellipse), which concentrates ground deformation and seismicity. b) The N-S and ¢)
584  W-E profiles of the high-resolution seismic survey, showing the offshore signature of the NY'T
585 ring fault system and resurgent structure (froni Sacchi et al., 2014, 20202, 2020b; Steinmann et
586  al., 2016). 2
588 K for shallow intruded magma, which is unable to reach the surface and instcad forms magma sills
589  (Woo and Kilburn, 2010; Di Vito-et al., 2016; Troise et al., 2019; Kilburn et al., 2023). The magma
590  at this depth o be in a mush state, i.e. solidified but still at temperature high enough to be
591  remobilized By the inflow of new magma or hot magmatic fluids (De Natale et al., 2004),
592 At even grefiter depths, approximately between 7 - 8 km, the main magma chamber is located. This
; P,
593  chamber cantains both liquid magma and residual mush from past erupn%ns (Judenherc and Zollo, e
594 2004). Zollo ¢k oh- 2
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595

596 5.2 The preparatory phases of the 1538 eruption
597 A tentative model can be now constructed for the preparatory phases of the 1538 eruption, which
598  accounts for all available data. It is shown in Fig. 16, and can be summarized as follows:
599  the Pozzuoli area experienced a long period of subsidence, beginning at the end of the second phase
600  of post-caldera volcanism (3.7 ka B.P.) and lasting until 1430 AD. This subsidence was likely triggered
601 by the collapse of the upper and middle crustal blocks into_the underlying magma chzxmbcr, situated
602  deep within the limestone basement at depths of 7-8 km (J o ] 2004). 'B# viscoelastic
603 hehavi(?{' of the shell encasing the magma chamber may have also contributed to the subsidence, along
604  with the decrease in magma volume due to cooling and crystallization (Fig. 16a).
605  Since the end of the second phase of post-caldera volcanism, approximately 3.7 ky ago, the primary
606  magma chamber, located at 7-8 km of depth, likely contains a mixture of liquid magma and mush. It's ,;
g 607  important to note that mush refers to a non-eruptible phase of trachytic magma, composed of 25%— “-é i
2 608  55% volume by crystals (Marsh, 1996; Bachmann and Huber, 2016; Cashman et al., 2017; Edmonds —E g
g 609 ctal, 2019). When heated by several tens of degrees, typically through the injection of hotter magma. 0 R
V1 610  mush can revert to a liquid state, thereby regaining the ability to trigger a volcanic eruption (e.g. De g Z
.E. 611 Natale et al., 2004; Caricchi et al., 2014). However, the way the mush is rejuvenated by intrusion plays ‘T’E
é 612  a fundamental role in this mechanism (Parmigiani et al., 2014). One plausible scenario is that the new é E
é 613  magma from the deeper crustal levels forms sills at the base of the mush, revitalizing it through the ,18; L
é 614 supply of heat, but not of magmatic mass, i.c. only exsolution occurs (Bachmann and Bergantz, 2006; -? _g
32 615  Bergantz, 1939; Burgisser and Bergantz, 2011; Huber et al., 2011; Bachmann and Huber, 2016; g ¥
32 616  Cashman etal,, 2017; Carrara et al., 2020). To explain the rapid uplift observed in the interval between J £
g g 617 1430 and 1538, the temperature contrast between the two layers could play a fundamental role: the g t
§§ 618  mafic melt positioned at the base, being hotter than the overlaying layer, undergoes cooling and ﬁ» 8
;é 619  crystallization, leading to an increase in the volatile content (primarily H20 and CO2) of the residual § %
2 620  melt (Fig. 16b). Lower ductile rocks tend to deform gradually, allowing magmatic gases to permeate e }
e 621 into the brittle zone above, thereby inducing a thermo-metamorphic separation layer, e
622 A scismic anomaly displaying low Vp/Vs at approximately(4 km‘det-_ptj\(Battaina et al., 2008)
623  indicates the presence of supercritical fluids. Earthquakes are clustered above such a depth, -
624  suggesting the presence of fractured rocks ri . This condition likely results in
625  triggering additional earthquakes (Fig. 16a): a similar condition has been often hypothesized to occur
626  in the Yellowstone volcano (Shelly and Hurwitz, 2022}, and is explained in the following. Intense
627  degassing from the main magma chamber would lead td increased pressure in the shallow aquifers
628  forming the large hydrothermal system, just as hypothes|zed for recent unrest (Moretti et al., 2017;
Foe \Hw\k-é = -gm.dwf-S / 4 ?\’:{u‘;)
bur ve bk cutr?a:s‘oun&td\ g, 34 km
- ow Liwgs
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629  2018); moreover, the rise in temperature would cause the water contained in the tuffs' zeolites to
630  convert into steam, generating additional overpressure. Such a situation is shown by the CF-23 well,
631  where its stratigraphy indicates the presence of a magmatic layer approximately 30 m thick beneath
632  the overlying tuff blocks, which are approximately 1.5 km thick (Fig. 14b).

633 It is noteworthy, when considering the correct stratigraphy of the resurgent block as represented by
634  the CF-23 well, that some previous models suggesting the presence of two low-permeability layers
635  at depth (Vanorio and Kanitpanyacharoen, 2015; Kilburn et al., 2023), inferred from the SV1 well
636 (which is situated outside of the resurgent block) (Fig. 14a), can-be-questioned. Therefore, ‘\
637  magmatic gases may not necessarily be restricted to below the th@_ 253 o
638  (Kilburn et al., 2023), but may instead accumu':2 at shallower levels beneath the “summit™ magma g
639  intrusion at a depth of about 2.5-3.0 km.”. Consequently, at the base of the magma body. conditionsq__"\ i cjwf-lv

spread brittle deformation of this layer due to uplift, L‘i"’fm*ﬁu

640  of high temperature and pressure result 1
641  making it highly permeable by fracturing (Fig. 16b). Nor ek deffntt. = Qi":

642  Finally, super-compressed magmatic gases were likely contained within an approximately 2.5 km
S

643  thick fragile zone, while a limited release of the increased pressure occurred directly through the v,

644  fractures connecting the intermediate depth area with the Solfatara and Pisciarelli areas, resulting in E::‘“ .
v

645  the escape of CO2-rich vapqr. A similar mechanism has been evidenced in the recent unrest, by the Sj;fj‘gt :
o X5 b

646  reported.increase in fumarolic ';cti'vity and in the CO2/H:0 ratio (Chiodini et al. 202T).

647 Following this hypothesis, it is noteworthy that, at a depth of 1.8 km, the CF23 drill-hole indicates a
648 yery high temperature of 300°C, not far from the supercritical temperature. It is plausible that, if the ‘
649  temperature significantly increases, due to the supply of deeper, hot magmatic fluids, the water
650  contained in the basal part of the tuff block cou.d reach supereritical conditions, leading to thermal
651  fracturing within the tuff block (Vinciguerra et al., 2006), over a certain thickness (Fig. 16b).

652  As previously mentioned, the increase of pressure resulting from such intense heating caused by deeper

m—

653  magmatic fluids should be attributed to both the overpressure of shallow aquifers and the vaporization
3 _y T : . . This & ket
654  of water contained in the zeolites, likely in the form of superheated steam.
w H'ELE - g \ ) b STECOLHTIWVE |
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esulting from the input of new magma and/or fv-d
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655

656 | The pressure increase in th¢ main magma chamber,

657 | magmatic fluids as explained, can igger the formation of magma dykes (Troise et al., 2019).

658 | The progressive intrusion of several magma dykes likely leads to the ascent of magma towards the
659 | surface. This process may be further facilitated by phreatic explosions caused by the heating of
660 | shallow aquifers, resulting in depressurization pulses. Intruding magma may encounter layers that are
661 | more resistant to penetration at certain depths. In this case further magma intrusion may be inhibited

662 \_and lateral expansion, to form sills, may occur (<iretener, 1969). Previous studics of recent unrests
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have indicated that depths between 2.5 and 4 km, close to the upper limit of the ductile zone, are

locations where magma intrusions can halt (Woo aﬁd Kilburn, 2010; Troise et al., 2019). Before the

| 538 eruption, a small plumbing system, in the form of flattened intrusions near the contact between

a lower ductile zone and an upper brittle zone in a high-pressure environment, was hypothesized (Fig.

16b) (Pasquare et al., 1988). From such a shallower magma chamber, magma can further progress

upward towards the surface. A dynamic in which early intrusions in the shallow crust create small

plumbing systems (i.e. stalled intrusions), from which a dyke later propagates, bringing a small

quantity of magma to the surface, is typical of monogenic volcanoes (Marti et al., 2016). The ability

of intruded magma sills to erupt at surface is also influenced by the relatively short timescale of sill

solidification, typically in the order of few tens of years (Troise et al., 2019).

Shallow solidified magma sills, in the form of mush

pm———

magma and/or of hot deeper magma fluids. The significant uplift preceding the 1538 eruption,
amounting to more than 16 meters in the initial phase involving the entire resurgent block, if

interpreted solely in terms of magma intrusion, would suggest a total intruded volume, in the shallow

an be remobilized due to the arrival of new

plumbing system, on the order of some cubic kilorneters of magma (Bellucci et al., 2006).
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Fig. 16 — Schematic cross sections of the hydrothermal and magmatic systems underlying the
Campi Flegrei resurgent block in the 1538 AD; showing:

a) Process of gas sparging according to Bachmann and Bergantz (2006) model, related to the
transfer of hot gas from a mafic intrusion underplating the trachytic mush and the hypothesized
relation with earthquake swarms of the exsolved fluids, accumulated at lithostatic pressures in
the ductile region and episodically injected into the brittle crust at very high strain rates. The
sudden increase of fluid pressure, in the brittle region, can trigger earthquake swarms in the 2-
4 km depth range.

b) Remobilization of mush by mafic magmas then occurs, so the magma remobilized from the
mush accumulates at the top, fueling its rise upward to accumulate, in a sill-like shape, along
the ductile-brittle transition surface. Eruption from the magma sill is then likely to occur at the

fauited borders of the resurgent block. “ N 0
Ves . Buk wleve U P migh  now o

However, despite such a large upliffysuggesting however high volumes of shallow intruded magma,

the eruption of 1538 only producéd about 0.03 km?® of pyroclastic deposits (see next section). This
discrepa ] rpests that fmultiple sill intrusions occurred over more than one century, with

ng to the eventual eruption. Only the most recent intrusion

most of them solidifying without conifi
; some-port gma mush from prior intrusions remobilized by subsequent heating,

would have fed the eruption.

Also interesting is to note that, after the 1538 eruption, ground subsidence recovered only 8 meiers,

i.e. one half of the former total ground uplift. This means that about one half of the total uplift weas

hose

tkety caused by thermally pressurized gas and water (shallow aquifers), perturbed by hot fluids
coming from the deeper (7-8 km) magma chamber; the remaining, unrecovered uplift, should have
been caused by shallow magma intrusion. It is the same process hypothesized for recent unrests: in
particular, the 1982-1984 l.lp"lift&shdﬁved a subsranient subsidence about ong half than the former uplift,
interpreted as the deflation of formerly pressurized water and gas (Troise et-al., 2019).

Another characteristic of eruptions from small monogenic volcanoes is their difficulty to be
forecasted, as they occur at unexpected locations (Marti et al., 2016). Both distinctive traits were

evident in the eruption of Monte Nuovo, which represents a prototype of a small monogenic volcano
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6L The seismicpl b — uplifand-t i
We can classify the preesrsery carthquake sequences into H&&mm 10[1&. term, medium-term
and short-term precursors. X H‘CTC‘\“M Seale ? s Iflb_gm'h
- The ptwrse=af long-term seismic precursors started inf 1448, mmmmm 468 -
1470, when-a—paroxysmal seismic—phase-oeenrred VII) (Guldobom and Ciuccarelli, 2011

Francisconi et al., 2019) (Fig. 19a — interval A), l""‘;""'k')'
itk Vi 400ou3 fD”:bm

Fhts culminated rte-imteTtse fumarolic-hydrothermal activity reeerded at the Solfatarg, veleane—TFhe
that caun ied ‘\“ o

dectdyms
| ehﬁm-ke]-e-s—repml widespread damage to the vegetation, buﬂmmmmd-mfcd—m

tn Sdrmvw\dmﬂ areas lv\d_tq\-g_ NE ~f

all-the-areas-surrettndirg-thevofcamo. This a . g Poazuol
Clec e

a broadening of the arca aﬁcctc,d by intense degassing,(Francisconi et al., 2019). l-ﬁ—H?‘-S-Anothu (Chae )

sg;,mac phase was rcportcd (Guidoboni, 2020), with maximum intensity lo = IV - V, Gverthe
aceef-omh Fhe rett 20 Years.
f'cﬂ\‘rrwrrrg-ﬂvvm;v-;’ufm\ ground uplift Lﬁ‘ruuubu at @ aceeterated late This period suimied with a

strong seismic phase eeewrri#g in October 1498, reaching eelﬁ-tdei-&bk maximum mtcnmty{[o VIIJ.

/}l ‘gw intensity qclsmlcq'Jh'aﬂc then followed durmg-the-perrod 1499 nhle’S (maxnwn intensity lo =
bw
Vj (Fig. 19a — interval A). Such a Ionﬁ—tcrm precursory phase @e-trl-d-hkd-y—bt-nﬁm-prcfed—a s mainly
e
dre m-—mtt.n&e debdsmn‘s__,*eﬁmrrg-frcrm the deep magma chamber md—pfegre‘iﬂwd-y mcreasing

1Vt
pressure in the shallow layers of the geothermal system, w1thoufs15mf1m%?uoml ibution from chrect

n ?}'5 ollowed, !')J

magma intrusion at shallow depth.
g p G evge o &8

- AfterthisfirstinTtiatformg-term-precursary ph_~ a new phase of Medium-term precursors fetowed:

This-phase—was-charaeterized-ly-stromger seismic events in 1505 and 1508, wiieh-werc of higher
Han before
intensity with-respeetto-the-previowsones (maximum intensity lo = VIII) (Guidoboni and Ciuccarelli,
11). Additionatby—thercwasa Bster ground uplift durtng-tris-pertod, resul-t—rig in scrious damage
Coun

to buildings and/ several casualties. This seismic phase could have been caused by either a higher

stress associated with increased uplift itvc‘l,lor magma intrusion, from the deep magma chamber into

shallower levels. This intrusion could have produced higher stress resulting in seismic activity of
greater intensity. Although it is obviously difficult to identify, from historic sources alone, the
respective roles of the deep degassing into the hydrothermal system versus shallow magma intrusion,
we believe that the reported evidence of vegetation damage and increased degassing in the first phase

and the increase of earthquake intensity in the second phase, indicate respectively a main contribution
of degassing perturbing the hydrothermal system, in the first phase, and of shallow magma intrusion
in the second phase. This phase ended in 1520,  h a medium intensity carthquake (lo = V-VI) (Fig.

19a — interval B)..
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Fig. 19 — a) Reported earthquakes occurred before and after the 1538 eruption (after
Guidoboni and Ciuccarelli, 2011). The computed intensities of these earthquakes have been
converted in magnitudes using the considerations made in the appendix 3. b) Highest magnitude
earthquakes (M23.5) occurred since 1950 to present.

P.ss;b11
After 16 years of relative seismic quiescence, Hkety characterized by low-intensity earthquakes not
reported in chronicles, a short-term precursory phase began in 1536. It started with continuous
seismicity, without major damage (lo = IIT -IV), continuing with similar features until the early 1537.
It is possible that this last seismic phase, characterized by relatively low magnitude, was caused by
low-frequency seismicity, resulting from magma oscillations during the fractures opening (scc
Chouet, 1996). This seismicity became more frequent just before the eruption. In February of the

same year, the seismic activity peaked with stronger events (Io = VI - VII), accompanied by an



861  increase in the fumarolic activity at Solfatara. This provides evidence that this seismicity could be
862  again related to perturbations in the hydrothermal system. A final increase in seismic activity (lo =
863  VIII), began in mid-June 1538, accompanied by a localized, significant additional ground uplift at
864  the eruption site, located 3 km away from the center of previous maximum uplift (Fig. [9a - interval
865‘ C) (Parascandola, 1943, Rolandi ct al., 1986; Guidoboni and Ciuccarelli, 201 1; Guidobeni, 2020).
e Lomack be jush frod et
867 Ny net Shok to bt
868 6.2 The post-eruption seismicity E\-—FEC\‘S e g""’ SR
869 | We will now consider the seismic phase following e eruption just described, which we WEil indicate
870 [ as the aftereffect of the 1538 eruption \Thi
871 | the-deepmagma—chamber,andfor-byIew Tpisodes of shallow magma Intrusion not reaching the
872 AT 1t began in 1564 with earthquakes of medium intensity (Io =V - V1), followed by a
873 | phase of lower intensity 2 years later. In 1570 seismic intensity increased (lo = VI - VII), causing
874 | damage to the buildings of the city of Pozzuoli. Between 1575 and 1580 a new phasc of low seismic
875 intensity began, culminating, in 1582, with two carthquakes, respectively of intensity lo = VII - VIIL
876 | These earthquakes caused partial collapses in several houses and serious damage to churches and
877 | buildings, as well as numerous casualties (Parascandola, 1943; Guidoboni e Cucciarelli, 2010;
878 \ Guidoboni, 2020).
879
880 4. Comparison of precursory phases of 1538 eruption with current unrest
881 Tie evolution of the ground movement and seisiiicity
882 eVOTUTIoN of e same regen; nmtt:h
883 —_phases at fhe_G&Ha-[&i—-P]‘CgTUi‘UEﬂ'd'CTa.QIHmOH features between the mcclicval and present-day untg .
884  phases-are-desertbed-irthefollowing: m@ﬁ {“M"i‘-a r*i“"‘é:‘::u‘"r’; ;’—&: b&ﬂm‘ r;“\ e ALtk w)"\\l
885  The main similarity is that the seismicity, ﬂﬁﬁ%ﬂé&%ﬁe&é’s{ﬂw has been clearly correlated Pt
886  both with the total uplift and the uplift rate; it is practically absent in periods of subsidence (Dvorak ety
887  and Gasparini, 1991; Kilburn et al., 2017; Troisc et al., 2019U
888 (We found, in particular, that seismicity of period 1950-2024 is on the same order than the period
b th
889  [430-1503, whe : , was the first phase of preparation &F"fb&
890  the 1538 eruption. Although the t:et-a—i—&meﬁm of uplift in the period 1430-1503, gbowtt0-m3, was more
891  thairdouble than the total uplift recorded since 1950-2023, ofabout-d-tm., the seismicity in the two
892 'ﬁods has been remarkably comparable. The maximum magnitude, cently occurred on
893 ay 20", 2024, j8 in fact very similar to the maximum magnitude reconstructyd for the period 1430-
894

1503 (Fig.19a interval A and Fig.19b interyatA”). Adywt ko
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It is also interesting to compare the average uplift rate before the 1538 eruption with that observed
since 1950 to present. In particular, we can compare the average uplift rate occurred in the first 70-
73 years, since 1430 to 1503, with that observed since 1950 till now. In the period 1430-1503
maximum ground uplift was about 10 m, thus implying an average uplif; {:ate of about 13.5 em/year;
actually, the average ground uplift since 1950 has been less than halfy 6.1 cm/yeal, l't"rﬁmywry

o ?m e @)v’c’f?j TS E:?s Seea lncw.auui 14-9 f going
an-mage—upl—#tt——:—a&e—e

f about 12-20 cm/year.

Another common feature is that both seismic phases, as well as ground uplift,Gan be mostly ascribe
to the effect of pressurized hydroﬂmcm’zai fluids (Moretti et al., 2017; 2018; Troise et al., 2019). So,
till now there is a close analogy between the ‘long term precursory phase’ preceding the 153§ eruption
and the recent unrest 1950-2023; the only clear difference is, as we already noted, the muth lower

cumulative uplift (and consequently average uplift rate) of the recent unrest.

Such observations led us to consider two possible scenarios for the evolution of the present unrest.

DD MaLE Mot conrrncog, O

7.1 First scenario

S ALIO Lwmpt a2
The first scenario would imply that the present unrest progresses towards a new eruption. Although
there is, presently, no evidence for shallow magmadntrusions occurring during the present unrest
since 2006 (see Moretti et al., 2017, 2018; Troisc ct al., 2019}, a new shallow magma intrusion, in
the near future, cannot be ruled out[;—rrother possibility is that the mush, which should be present at

ow depth, could be re-mobilised by hot fluids coming from the main magma chamber, the-way—we—-
exphatred-mtheprevious paragrapts: Troise et al. (2019), showed in fact evidence for a likely shallow

wagma intrusion occurred at about 3 km of depth, during the 1982-1984 unrest, with a volume of

gbout 0.03 km”, i.e. the same order of magnitude of the erupted volume in the 1538 event\The same
authors calculated, in agreement with other authors (Woo and Kilburn, 2010: Moretti et al., 2013;

Moretti et al., 2018), that such a sill intrusion should have solidifi

years, Le. around 2003. If the actual unrest will progress towapds an eruption, it is also very likely
that seismicity will increase, in frequency and magnitudespossibly reaching magnitudes around 5 or
even higher. Earthquakes of magnitude 3, in this gréa, would occur at very shallow depths (not higher
than about 3 km), so producing high intepsifies (higher than VIIl MCS, see Fig. 19). Finally, from a

civil protection perspective, we muSt also take into account the possible onset of a post-eruptive
{

seismic phase, which after th¢"1538 cruption lasted more than about 40 years.{In conjunction with the

prefigured scenario, Mfe problem of forecasting the position of a new eruptive vent is also extremely
relevant becaus€, in principle, it could be opening in any sector of the caldera. Despite the indications

contaiped in several probabilistic studies on the subject (Alberico et al., 2002; Selva et al., 2011}, we
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963  of cumulative number of earthquakes as a function of cumulative uplift, that such critical value would
964  have been reached apd overcome in 2015. Besides any speculation on their interpretations, it is clear
965  that, il the internal stress had really overcome the critical level in 2015, considering the large
966  additional uplift cumulated since then (about 0.90 m.), and hence the considerable incremental stress,

c‘df The very high deformation

967  thews would

| S

968  occurred before the 1538, namely 16 m plus the localized uplift occurred just at the vent site before

969  the eruption, seems to indicate that the critical stress level, at that time, w8 much higher than the one
970 presently reached. So, if it could be assumed the medium strength today is similar, there is a
971 possibility that the progression towards eruption conditions is too gradual to culminate in an actual

972 eruption, and the unrest may cease before reaching that point; or, however, that the time to reach the

973 critical stage will be much longer (200-250 years, instead of about 100). hehy lovger @
974 5. Conclusion

975  In this paper, we have presented a detailed reconstruction of the ground deformation, and a
976  comprehensive analysis of the main observations characterizing the events before, durin g and after the
977 1538 Monte Nuovo eruption, the only eruption occurred at Campi Flegrei caldera in historical times.
978  This reconstruction, based on clear historical evidence, has allowed us to correct some widely diffused
979  but questionable reconstructions, found in the past and recent literature.. Specifically, we demonstrated
980  that subsidence in the area began, at least, during the Greek colonization (VIII century BC) and
981  persisted through Roman times, with documentation dating back to 90 BC. Additionally, we
982 reconstructed the evolution of ground deformation at Pozzuoli harbor during the Middle Age,
983  demonstrating that maximum subsidence occurred around 1430. We also tracked the ground level from
984 1430 until the first half of the 19" century, using historical data on the height of the Serapeum floor
985  relative to sea level.

986  Furthermore, by reconstructing the subsidence and uplift of the Via Herculea, based on ancient
987  chronicles, we provided clear evidence indicating that the local uplift preceding the eruption at the
988  Monte Nuovo site, situated near Via Herculea, did not exceed 5-7 meters, since Via Herculea never
989 re-emerged from sea before and during the eruption. This evidence disproves claims in recent literature
990  (Di Vito et al., 2016), that suggested local uplift around M. Nuovo reached elevations as high as 19 m
991  immediately before the eruption.

992 Our reconstruction of geophysical anomalies (mainly ground displacement and seismicity) preceding
993 and following the 1538 eruption has been tentatively interpreted in comparison with observations and
994  data collected during the recent unrests. This approach enables the formulation of two possible
995  scenarios for the evolution of the present unrest, which, so far, has shown notable similarities to the

996  long-term precursors of the 1538 eruption.
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929  must consider they are biased by the assumption of stationary conditions, which is implied in any
930 probability computation based on the frequency of past events; they just rely on the most frequent
931 vent locations of the past. As the most evident example that such probabilistic determinations have a
932  poor reliability, it is enough to note that, on the basis of similar calculations, the site of the 1538
933 Monte Nuovo eruption would have never been predicted. A more reliable indication of the most likely
934  future vent could come from the most seismic areas, because they reflect the areas of maximum shear
935  stress. In this perspective', the Solfatara-Agnano area (sec Fig. 15a), which is by far the most
936  seismically active one, could be the most probable site for future vent opening. However, the most
937  effective way to address this problem would be the prompt determination of localized uplift in

938 addition to the usual bell-shaped one centered on Pozzuoli harbor. Although some recent cruptions

939  (e.g.at Hekla volcano: Wonderman, 2000) show that the rise of magma from several km to the surface
940  can be so fast to be practically useless for civil protection purposes, localized and considerable ground
941  uplift was actually observed before the 1538 eruption, making it likely that this precursor will be

942  observed before a future eruption in the area.

943  We must however consider the possibility that, even without new shallow magma intrusions,@ﬁm” \"
944 immm&the increase of pressure for aquifer heating above the critical
945  threshold could produce a phreatic eruption. Phreatic eruptions arc in general very difficult to
946  forecast, and also to detect from the past geological record. However, there is some robust indication
947  for at least one phreatic cruption occurred in the area, in 1198 (Scandone et al., 2010); it is also
948  realistic that most of the phreatomagmatic eruptions in the area started as phreatic eruptions, as
949  explained in previous paragraphs. The phreatic scenario deserves maximum attention for the current
950 evolution of the CF unrest, because of its serious implications for civil defense purposes, and for the

951 even higher difficulty to be forecasted, with respect to a magmatic eruption.

952

953 7.2 Second scenario

954  As an alternative scenario, we should consider the one which stops. sometimes without evolving
955  towards an eruption. Despite the similarity of the recent unrest with the first phase leading to the 1538
956  cruption, we could in fact consider the notable difference in the cumulative uplift between the past
957  and present unrests: 10 m., as compared with less than 4.5 m. The level of ground uplift is critical,
958  because it indicates the level of stress accumulated underground. As pointed out by Kilburn et al.
959  (2017), when the level of stress reaches a critical value, the medium rheology becomes totally fragile

960 and any small amount of incremental stress ca) cause the collapse (i.e. the catastrophic fracturing) of

961  the shallow crust, thus producing the cruption. Actually, we don’t know the critical stress level for

962  the shallow crust at Campi Flegrei. Kilburn et al. (2023) claimed, from the observation of the trend

Bk Hee jdex 98 Shil vald | Iwdeed, 2013-201F Saw

The retuen of S st Cerminty, T SN
54 h N [
22N Contitznt WAER a %\\ﬂ.‘-\lrw ‘ !



o
‘“‘&

(; ‘;p ak
997  The first scenario involves the progression of phenomena towards an eptiption, suggesting that, in the
998  near future, earthquakes with magnitude up to 5 or slightly higher/may occur, both preceding the

> alternative scenario, implies that

999  ecruption and persisting for several decades afterward. Conversely, tl
1000 the unrest may cease before an eruption occurs. This possibility if supported by the fact that ground
1001 uplift observed from 1950 to 2024, compared with the uplift occyrred over an equivalent period from
1002 1430 to 1503, 1s significantly lower (4.3 m as compared to [0 m)/ Since the overpressure in the system
1003  is somewhat proportional to the amount of uplift, it is plausible that the recent unrest has not reached

1004  the critical value for catastrophic fracture of shallow rocks. In agdition, if cumulative stress increases

S

1005  too slowly, a substantial amount of previous stress c+n be clear cé depending on v1scochxuc lClﬂXﬁtlj
1006  and its characteristic times. While the exact critical threshold and viscoelastic relaxation time remain
1007  unknown, they can be tentatively inferred from the maximum deformation observed before the 1538
1008  eruption. The bell-shaped cumulative vertical displacement centered at Pozzuoli, before the 1538
1009  eruption, was much larger, reaching 16 m., compared to the about 4.5 m recorded from 1950 to 2024,
1010 This substantial difference, assuming the rheology and strength of shallow rocks in the 0-3 km depth _'\
1011 range remain unchanged, would suggest that we are currently far from reaching the critical stress
1012 threshold necessary for an eruption.

1013
1014

1015 pyroclastic flows travelling some km on flat ground.

1016 Finally, this work put in evidence that the most critical events, with civil defense implications, we

1017  could reasonably expect in case of a future eruption, are the following:

1018 1) increasing scismic activity and M § events / - THS 1S THe 1

1019 Can yon oantck oW
1020  Byphreaticeruption followed by a phrcato-magmaticone Gontl fartnac sl 7
1021 ypyrociastc flows travelling more than 3 km, Inside Thie cafdermeven-tn-ecase-ofa-small, VEI=2
1022 ~— Sttt - ell kaown .
m - Ler s
1023 Nob yreally neew Defortadrc and oy
Aot esa
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