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.
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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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162
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).
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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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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 |

252 MMMMWMMW&M) ~atthrowghrsubsidence

254 Reewﬁlyﬂhﬂzmmﬁmmﬂﬁ?ﬁmm drilling m—te—Sei-&peum-a%e& four successively

255  superimposed floors, rangmg from the Augustan age (31 BC-14 AD) to that of the Sevcn 5]93 -235
Amate 2 Galar\u

256 AD), threms mdlcatl% &IC progressive subsidence ofthrenrarafact (Fig. 3} I“}TWW@O]

ow

o

258  the scalevel—and— u‘Uul this—cpoch we wittfotfow the historical traces of further Subsidence and
g 6 Swewss he Ypgeimove

259 subsequent-uphfi—Fhe Fesutting time evolution of the approximate level of the|4™ floor ef—the

260 -S-em-peum s I\.p\ntbu TIT ‘."15. 6. Wlso-tmrthrs flb‘du., as—for-the Fig. 3, Cac mrher-refers—to-a gi‘.:cn \CM hbﬂ
261 fstorics S i cvel-(se pendix 2 -Fronrhistorica-iformmation

262 we-lmow-tha-t-ﬂwﬂ‘""‘ﬂ‘br Sllb‘s]dt,d below ## sea level in the 5th century, &=, (aboul 200 years after
By e hime 1) had (avorval
263 its construction during the Severi Agd.,Whemthe#tirtivor reached atevetof 3.6 m bsl, aeesnd the
boreor Sedywen \r\oxd covered the bare s¢
264  7th century AD) the[columns were wrapped-bytayersof sedimentary mater Lals,(whlch formed the so-

265  called "hll"?l’mawando]a (947) T ¥ T Telatve-soas
Colowd e hode . e X e
eezrs-ta-l—zrrca‘é'lmf I.I.i.thodomcs attachred-thre paréof»é)lunmsa{-ﬂwc-rrrc’m sea icch@xctwucn 3.6

sedimentary m&l—l&lﬂ—fﬁ-ﬂ—ﬂiﬂmm‘fﬁﬂ This process occurred until the 9th century AD, when

o7
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

the fourth floor was located to a depth of 6.3 m below sea lcvclitmﬁmhmwmmvnﬁ (R

b)), Creanng 4 . Qbont 2FeaTha ko
and 6.30 (-bcc_:ae—“ue—red—aﬂww—nr-ﬁg—q-e&—amf‘cmttd—a pitted band’ above the

conclusiont by Morhange ct al. (1999; 2%),wﬁo-lfypw&md-a-%gmﬁ-eﬁﬁﬂlplm, of several meters, decie)



278

T

current sea level

o 6.44
22 Sl 3 floor

a 5.00

. 2" floor
-3.0 m slm T oo =
-3.5 m slm = T { BT
level (I b.C. -1 a.C "LO e 2I|BO

S mslm — — sea level (I b.C.-18.C.) 7" '.., 2 -

279 : il
280  Fig. 5 - Floors underlying columns of Serapee (redrawn from Amato and Gialanella, 2013).
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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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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).
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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
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g Volcanic materials p—
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! - > 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
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