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ABSTRACT

Determining the ages of past eruptions of active volcanoes whose slopes were historically
inhabited is vitally important for investigating the relationships between eruptive phenomena and
human settlements. During its almost three-millennia-long history, Catania—the biggest city
lying at the toe of Etna volcano—was directly impacted only once by the huge lava flow
emplaced during the A.D. 1669 [[Author: GSA places A.D. before the year. This was
changed throughout. Periods after A.D., B.C., and B.P. were added, and commas were
removed from 4-digit numbers in keeping with GSA style.]| Etna flank eruption. However,
other lava flows reached the present-day Catania urban district in prehistoric ages before the
founding of the city in Greek times (729/728 B.C., i.e., 2679/2678 yr B.P.). In this work, the
Holocene lava flows of Barriera del Bosco, Larmisi, and San Giovanni Galermo, which are
exposed in the Catania urban district, were paleomagnetically investigated at 12 sites (120
oriented cores). Paleomagnetic dating was obtained by comparing flow-mean paleomagnetic
directions to updated geomagnetic reference models for the Holocene. The Barriera del Bosco
flow turns out to represent the oldest eruptive event and is paleomagnetically dated to the
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11,234-10,941 yr B.P. and 8395-8236 yr B.P. age intervals. The mean paleomagnetic directions
from the San Giovanni Galermo and Larmisi flows overlap when statistical uncertainties are
considered [[OK?]]. This datum, along with geologic, geochemical, and petrologic evidence,
implies that the two lava flows can be considered as parts of a single lava field that erupted in a
narrow time window between 5494 yr B.P. and 5387 yr B.P. The emplacement of such a huge
lava flow field may have buried several Neolithic settlements, which would thus explain the
scarce occurrence of archaeological sites of that age found below the town of Catania.
INTRODUCTION

Mount Etna is the largest continental basaltic volcano in Europe and one of the most
active in the world. It covers an area of ~1200 km? and has a maximum diameter of 45 km and a
height of 3328 m above sea level (a.s.l.) (Fig. 1). During its eruptive history of the last 220 ka,
Etna was characterized by magmas of predominantly basaltic composition and by volcanic
events of variable intensity and magnitude that ranged from fissural to central activity, effusive
to explosive phenomena, and strombolian to plinian eruptions (Branca et al., 2011a, 2011b; De
Beni et al., 2011). The detailed knowledge of Etna’s eruptive activity in the past 2700 years
provided by historical accounts shows that the long-term behavior of the volcano, usually
characterized by frequent and moderate summit eruptions, is accompanied by the occurrence of
large flank eruptions such as that of A.D. 1669 (Branca and Del Carlo, 2005; Proietti et al., 2011;
Branca and Abate, 2019). The SE Etna flank (Fig. 1), which is currently the most densely
populated, is the volcano sector characterized by the highest number of flank eruptions in
historical times. The town of Catania, which is located at the toe of the SE Etna flank and now
hosts more than 330,000 inhabitants, was only directly impacted by the A.D. 1669 lava flow and
was threatened in the twelfth century A.D. by the Mt. Arsi di Santa Maria lava flow (Branca et
al., 2011b, 2016). As a consequence, Etna volcano hazard map (Del Negro et al., 2013) assigns a
low-medium [[low to medium?]] probability of lava flow inundation to the present-day Catania
urban area. The low frequency of lava flow invasions and favorable climatological, hydrological,
and pedological conditions have allowed the development of human settlements at such
peripheral areas of the volcano since the Neolithic epoch (Branca et al., 2017).

Less is known about the chronology of lava flows that reached the Catania area in
prehistoric times. Although several studies were carried out on the Holocene Etna lavas exposed
within the Catania urban district (Monaco et al., 2000; Tanguy et al., 2003, 2007, 2012; Speranza
et al., 2006; Branca et al., 2011b, 2016), dating of volcanics from the town and its surroundings
is limited. The aim of our work is to reconstruct the age of the prehistoric lavas on which the city
of Catania is built by means of paleomagnetism using a dating/correlation tool for volcanic
products of the last 14,000 years that has been used increasingly during the last 30 years to study
volcanos in Italy and worldwide (Jurado-Chichay et al., 1996; Gonzalez et al., 1997; Zanella,
1998[[Zanella, 1998 is not in the reference list.]|; Tanguy et al., 2003, 2007; Speranza et al.,
2006, 2008; Pavon-Carrasco and Villasante-Marcos, 2010; Di Chiara et al., 2014; Greve and
Turner, 2017; Pinton et al., 2018; Branca et al., 2019; Risica et al., 2019, 2020, among many
others). To corroborate our dating results, paleomagnetic results were compared with geological,
geochemical, and archaeological evidence to properly define the Holocene eruptive history of the
Catania urban area in relation to the human settlements that have developed since prehistoric
times.

GEOLOGICAL SETTING OF THE CATANIA AREA

The geological map of Etna volcano by Branca et al. (2011b), the third in the history of

Etna’s geological cartography (Branca and Abate, 2019), along with the volcanic evolution
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summarized by Branca et al. (2011a), documents an updated and accurate reconstruction of the
stratigraphy of the volcano. The last 15 ka were characterized by the activity of the “Mongibello
volcano,” the most recent lithosomatic unit of Etna, which represents the currently active center
of volcanic activity (Il Piano Synthem, stratovolcano phase of Branca et al., 2011a). The
Mongibello volcano generated scoria cones, pyroclastic fallout deposits, and lava flows
extending onto over 85% of the Etna surface. Two principal tephra layers, largely spread over
the eastern and southeastern sectors of the volcanic edifice, were used to stratigraphically
constrain the ages of the Mongibello lava flows. The older flow is correlated to a 3930 + 60 “C
yr B.P. sub-plinian eruption (FS [[Provide words for FS rather than using acronym.]]
pyroclastic fall deposit in Coltelli et al., 2000), whereas the younger is associated with the 122
B.C. (2072 yr B.P.) basaltic plinian eruption (FG [[Provide words for FG rather than using
acronym.]|] tephra layer in Coltelli et al., 1998, 2000).

The stratigraphic sequence of the lower SE flank of Etna starts with marine marly clays
evolving to littoral sands and continental polygenetic conglomerates; this succession represents
the Pleistocene regressive phase (Fig. 1). The oldest Etna volcanics exposed at Catania are lava
flows that belong to the Timpe phase (Branca et al., 2011a, 2011b) and lie on the early—middle
Pleistocene marly clays and crop out discontinuously along the northern suburbs of the town.
Radiometric (Ar/Ar) dating of such lavas yielded a result of ca. 130 ka (De Beni et al., 2011).
However, the volcanics exposed over the lower SE Etna flank are predominantly represented by
younger lava flows emplaced between 15 ka B.P. and 3.9 ka B.P. (lower member of the
Pietracannone Formation of Branca et al., 2011b) and between 3.9 ka B.P. and the 122 B.C.
(2072 yr B.P.) tephra layer (upper member of the Pietracannone Formation of Branca et al.,
2011b). During the last 2 ka, several historical lava flows emplaced in the area between the
towns of Nicolosi, Trecastagni, San Giovanni La Punta, and Mascalucia (Fig. 1). In particular, in
the late Roman epoch, the Monpeloso, S.G. La Punta, and Piazza Sant’ Alfio lava flows (mp, sq,
and 10 in Fig. 1) erupted at around A.D. 300 and A.D. 450, respectively. Considering the A.D.
300 + 100 paleomagnetic age by Tanguy et al. (2012), the Monpeloso lava flow could be
associated with the A.D. 252 eruption quoted in the historical sources. Among all of the lava
flows of the Middle Ages, only the Mt. Arsi di Santa Maria flow (sm in Fig. 1) reached the
Ionian coast at the Ognina locality (~2.3 km NE of the Medieval town of Catania), and this
occurred during the twelfth century A.D. During later centuries, the A.D. 1408 lava flow caused
considerable damage to cultivated lands and to the village of Pedara, and the A.D. 1537 lava
flow damaged the Nicolosi and Monpilieri villages. The best known eruptive event of the
historical period occurred in A.D. 1669 and affected the lower SE flank of Etna. The 17-km-long
A.D. 1669 lava flow covered ~40 km? of a highly urbanized and agriculturally productive area,
destroying several towns and the SW part of Catania itself (Branca et al., 2013, 2015b).
STRATIGRAPHIC AND CHRONOLOGICAL CONSTRAINTS OF THE
PREHISTORIC CATANIA LAVA FLOWS

Considered as a natural laboratory for volcanologists and geophysicists, Mt. Etna has
been one of the most studied volcanoes in the world since the eighteenth century (Branca and
Abate, 2019). Thanks to the presence of inhabited zones on its flanks for some 2700 yr B.P., the
eruptive events of the volcano were occasionally reported by historical documents that date back
to the Greek colonization (Tanguy, 1981; Guidoboni et al., 2014). Some of these documents
described the effects of the eruptions on the city of Catania, which was begun as a Greek colony
in 729/728 B.C. (2679/2678 yr B.P.) with the name of Katané (Privitera, 2010). Thus, the
availability of historical sources documenting numerous eruptive events and subsequent
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interpretations by different historians led to many errors and false ages (Guidoboni et al., 2014;
Tanguy et al., 2012; Branca and Abate, 2019). It has been demonstrated that by integrating
geological, historical, radiometric, and paleomagnetic analyses it is possible to adequately
resolve doubts about the ages of debated volcanic products (Tanguy, 1969, 1980; Tanguy et al.,
1985, 2003, 2007, 2012; Condomines and Tanguy, 1995; Condomines et al., 2005; Speranza et
al., 2006; Branca and Vigliotti, 2015; Branca et al., 2015a, 2016).

Geological investigations performed by Sartorius von Waltershausen (1843—1861),
author of the first geological map of Mt. Etna, helped to first link historical accounts to several
lava flows produced by flank eruptions (Sartorius von Waltershausen, 1843). In particular, von
Waltershausen deemed the information on the eruptive phenomena described in the Greek-
Roman and early Middle Age sources too general and difficult to interpret; consequently, the
oldest lava flow the author was able to robustly date was related to the year A.D. 1285 (Branca
and Abate, 2019). Later authors devoted themselves to the study and interpretation of Etna lava
flows of the Catania area. In the earliest geological map of the city, which was published at a
scale of 1:21,276, Sciuto Patti (1872) erroneously attributed some lava flows that reached the
town to a Roman age (122 B.C., i.e., 2072 yr B.P. and A.D. 253). Such incorrect age attributions
conditioned later age interpretations that were made in the geological maps of the twentieth
century even though just a few years after the publication of Patti’s map archaeological
investigations evidenced the presence of prehistoric settlements in the lava flows that Patti had
attributed to the Roman age (for detail see Branca et al., 2016; Branca and Abate, 2019). As a
consequence, in the second geological map of Etna at the 1:50,000 scale by Romano et al.
(1979), several Greek-Roman ages (693 B.C., i.e., 2643 yr B.P.; 425 B.C., i.e., 2375 yr B.P.; 122
B.C.,i.e., 2072 yr B.P.; and A.D. 252-253) were erroneously assigned to some lava fields
mapped in the urban area of Catania due to the interpretation of both the historical catalogues of
Etna’s eruptions and the previous geological maps (Branca and Abate, 2019). Similarly, in the
recent geological map of Catania published at the 1:10,000 scale by Monaco et al. (1999, 2000),
the authors adopted Patti’s incorrect A.D. 252 age attribution for an exposed lava flow.

In the most recent 1:50,000 scale geological map of Mt. Etna, Branca et al. (2011Db),
using an interdisciplinary approach including stratigraphy, revised historic analysis, and
radiometric dating of the lavas, showed that 85% of lavas attributed to the Greek-Roman times
until the sixteenth century A.D. are in fact either prehistoric or several centuries older. In
particular, according to Branca et al. (2011b), the urban area of Catania is formed by two main
lava flow fields of prehistoric age named Barriera del Bosco and Larmisi (bb and la in Fig. 1,
respectively, Pietracannone Formation lower member, stratigraphic age between 15 ka B.P. and
3.9 ka B.P.) that are characterized by several archacological artifacts from the Neolithic to the
Greek and Roman ages lying above (Branca et al., 2016). A restricted portion of the coast at the
Ognina locality is formed by a lava flow, named Ognina (og in Fig. 1), which was emplaced in
the same stratigraphic age interval (15-3.9 ka BP) as the Barriera del Bosco and Larmisi flows.
An additional prehistoric lava flow, named San Giovanni Galermo (le in Fig. 1), outcrops in the
northwestern sector of Catania. Early Bronze age archaeological artifacts were found within its
lava tubes, and the flow was dated by *°Ra->**Th technique at 2700 B.C. (+960/~750), i.e.,
5610-3900 yr B.P. (Sample 090 of Tanguy et al., 2007).

In this work we focused on the Barriera del Bosco, Larmisi, and San Giovanni Galermo
prehistoric lava flows (available age constraints are summarized in Table 1). The lower age
boundary of the Barriera del Bosco flow is poorly known; however, the lava flow is considered
to be part of the Pietracannone Formation, whose lower bound is dated at the AMS-constrained
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ages of 15,420 + 60 yr B.P. and 15,050 + 70 yr B.P. (D1a and D2a pumice layers, respectively,
in Coltelli et al., 2000). The Middle Neolithic artifacts (6950-5950 yr B.P.; Privitera and La
Rosa, 2007; Branciforti, 2010; Frasca, 2015; Nicoletti, 2015) found below the Benedettini
Monastery, which lies above the Barriera del Bosco flow, provide the upper bound flow age.

The Larmisi flow frontal portion forms a 2-km-long and 10—15-km-high cliff (“Larmisi
cliff”’) that lies over a depositional marine platform located at 5 m below sea level (SG [[Provide
full term for SG rather than abbreviation.]] layer in Monaco et al., 2000). Considering the
relative sea level change curve of Lambeck et al. (2004), the sea was ~6 m below the present
level in prehistoric times (8500—-6500 yr B.P.). Modifying the Lambeck curve for a regional
Holocene uplift rate of 1.2—1.4 mm/yr for eastern Sicily, the marine platform is inferred to have a
7500-7000 yr B.P. age (C. Monaco, 2020, personal commun.), which implies that the Larmisi
flow is younger than 75007000 yr B.P. Several Late Copper Age artifacts (4550—4250 yr B.P.;
Privitera and La Rosa, 2007) found inside some lava tubes distributed along this lava flow can be
considered to represent the upper bound age of the Larmisi flow.

The San Giovanni Galermo flow had been previously dated at 5610-3900 yr B.P. by
22°Ra-*"Th dating (site 090 of Tanguy et al., 2007). In addition, the presence of pottery dating
back to the Early Bronze Age (39503350 yr B.P.; Privitera and La Rosa, 2007) confirms the
radiometric upper bound age.

To sum up, available geological, archaeological, and radiometric evidence constrains the
Barriera del Bosco, Larmisi, and San Giovanni Galermo flows to the 13,950-6950 yr B.P.,
75004550 yr B.P., and 5610-3950 yr B.P. age ranges, respectively.

PRINCIPLES OF PALEOMAGNETIC DATING

Paleomagnetic dating is based on the fundamental assumption that remanent
magnetization, acquired by volcanic rocks at the time of their emplacement and cooling, is
parallel to the Earth’s local magnetic field direction (e.g., Butler, 1992). Thus, comparing
paleomagnetic directions recorded by volcanics and independently available reference curves
showing the paleo-secular variation (PSV) swings of the geomagnetic field direction (some tens
of degrees in declination and inclination at Sicily coordinates, Bucur, 1994; Gallet et al., 2002;
Tanguy et al., 2003) during the last millennia can provide one or more emplacement age ranges
within a given input time window. PSV reference curves were obtained by archeomagnetism,
paleomagnetism of well-dated volcanics, and paleomagnetism of cores drilled within lacustrine
successions deposited at a high sedimentation rate. Directional PSV data have regional validity
and are abundant in Europe, where a wealth of reference data was gathered in past decades (e.g.,
Speranza et al., 2008). Thus, the accuracy of paleomagnetic dating is strictly dependent upon the
availability of neighbor reference PSV data and reaches maximum reliability and potentiality for
European volcanoes.

In the last few years, paleomagnetic dating was routinely done using the SHA.DIF.14k
global PSV reference model (Pavon-Carrasco et al., 2014) that extends back to the last 14 ka and
discards reference sedimentary data, which is a possible source of bias. As the last 14 ka is
virtually the same time range in which all three of the lava flows studied fall (Barriera del Bosco,
Larmisi, and San Giovanni Galermo), the SHA.DIF.14k model was chosen for this work.

In the last three decades, paleomagnetic dating has been applied increasingly to date
volcanic products worldwide in Iceland (Thompson and Turner, 1985; Pinton et al., 2018), the
Canary Islands (Soler et al., 1984; Pavon-Carrasco and Villasante-Marcos, 2010; Risica et al.,
2020), the Azores (Di Chiara et al., 2012, 2014), New Zealand (Cox, 1969; McClelland et al.,
2004; Greve and Turner, 2017), Hawaii (Doell and Cox, 1963; Holcomb et al., 1986; Jurado-
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Chichay et al., 1996), and Mexico (Gonzalez et al., 1997; Bohnel et al., 2016; Mahgoub et al.,
2017). Eruptive products from famous Italian volcanoes were paleomagnetically investigated:
Vesuvius (Hoye, 1981; Incoronato et al., 2002; Tanguy et al., 2003; Principe et al., 2004),
Stromboli (Speranza et al., 2004, 2008; Arrighi et al., 2004[[Arrighi et al., 2004 is not in the
reference list. 2006 here?]]; Risica et al., 2019), Vulcano (Zanella and Lanza, 1994; Arrighi et
al., 2006), and Pantelleria (Speranza et al., 2010, 2012). On Etna, several flank eruptions of the
past 2400 years were paleomagnetically dated (Chevallier, 1925; Rolph and Shaw, 1986;
Incoronato et al., 2002; Speranza et al., 2006; Tanguy et al., 1985, 2003, 2007, 2012; Branca et
al., 2011a, 2015a, 2019).

SAMPLING AND METHODS

In June 2019, we paleomagnetically sampled four sites from each of the three prehistoric
Etna lava flows (Barriera del Bosco, San Giovanni Galermo, and Larmisi) exposed in the Catania
urban district for a total of 12 sites (Fig. 1 and Table 1). We carefully selected the sampling
outcrops to investigate several single flow units from the same lava field and focused on massive
cores of lava flow units, where post-emplacement tilt, i.e., the main bias source of paleomagnetic
dating (e.g., Pinton et al., 2018), is unlikely to occur.

Sites ETN23, 24, 25, and 26 were located at the Barriera del Bosco flow. Collection at
site ETN23 was conducted in a single lava flow unit along Viale della Regione just north of the
cemetery (Fig. 2A); at the same site, sandy sediments (likely the San Giorgio sands of Branca et
al., 2011a) were burnt by the underlying hot lava flow through the degassing process and form
the so-called “lithophysae” (Fig. 2B). Site ETN24 was sampled near San Severio Villa (Cibali
neighborhood) at a small outcrop along the street floor; site ETN25 was sampled near Guglielmo
Oberdan Street in a lava flow unit outcrop; site ETN26 was sampled along Santa Maria La
Grande Street, where a massive core of basaltic lava characterized by joints is exposed.

Sites ETN27, 28, 29, and 33 are located in the San Giovanni Galermo flow. Site ETN27
was sampled at the crossroads of Santa Sofia Street and Fratelli Vivaldi Street from a single lava
flow unit; collection at sites ETN28 and ETN29 was conducted along Sebastiano Catania Street
and Via della Misericordia Street, respectively; site ETN33 was sampled at Egadi Street (San
Nullo locality) from the massive basaltic lava core outcrops of three overlapping flow units (Fig.
2D) characterized by a ropy surface on their roofs (Fig. 2E).

Finally, four sites were sampled in the Larmisi lava flow: site ETN30 comprises several
overlapping lava flow units along Don Luigi Sturzo Street (Fig. 2G-2H); site ETN31 was
sampled along Via dei Miti Street, where three lobes with alternating massive cores and welded
autobreccias crop out; site ETN32 in Gioeni Park lies in a wide lava field consisting of several
flow units; and collection at site ETN34 sampled some lava lobes exposed near Justice Palace
along Ramondetta Street.

Samples were collected by drilling 2.5-cm-diameter cores with a gas-powered portable
drill cooled by water. At each site we systematically drilled 10 cores for a total number of 120
cores. All cores collected were spaced along the outcrop over a length of few meters to tens of
meters and oriented in situ using both a magnetic compass and a sun compass. The comparison
between sun and magnetic compass readings translates into local magnetic field declinations
varying from 24° to —35° (4.8° on average), which compares to the regional geomagnetic field
declination at Etna (D=3°) extrapolated for June 2019 from the International Geomagnetic
Reference Field model
(https://www.ngdc.noaa.gov/geomag/calculators/magcalc.shtml#igrfwmm; accessed April 2021).
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Cores were cut into standard cylindrical specimens, and the natural remanent
magnetization (NRM) of one specimen per core was measured in the shielded room of the
Paleomagnetic Laboratory of Istituto Nazionale di Geofisica e Vulcanologia in Rome using a 2G
Enterprises direct current superconducting quantum interference device cryogenic
magnetometer. All specimens were demagnetized by alternating field (AF) cleaning with 10
steps until a maximum AF peak of 120 mT was reached.

AF demagnetization data were plotted on orthogonal demagnetization diagrams
(Zijderveld, 1967) and equal area projections, and magnetization components were isolated
through principal component analysis (Kirschvink, 1980). Site-mean and lava flow-mean
paleomagnetic directions (calculated by averaging all individual characteristic remanent
magnetization [ChRM] direction components from the same flow) were computed using Fisher’s
(1953) statistics.

Paleomagnetic dating was performed using the Matlab tool developed by Pavon-Carrasco
etal. (2011). The SHA.DIF.14k global model used in this work (Pavon-Carrasco et al., 2014)
spans the 12,000 B.C.—A.D. 1900 (13,950-50 yr B.P.) period and relies on archaecomagnetic and
well-dated volcanic paleomagnetic data from the GEOMAGIAS0v2 data set (Donadini et al.,
2006; Korhonen et al., 2008).

For two specimens from each lava flow (a total of six specimens), we also measured the
variation of the low-field magnetic susceptibility during a heating and cooling cycle performed
in air at a room temperature of up to 700 °C using an AGICO MK 1-FA Kappabridge coupled
with a CS-3 furnace. The Curie temperature (T.) of the magnetic minerals present in the samples
was determined from the thermomagnetic curves (Fig. S1') as the temperature, or range of
temperatures, at which paramagnetic behavior starts to dominate, following the approach
outlined by Petrovsky and Kapicka (2006).

For one specimen per site, hysteresis loops were also measured (Fig. S2; see footnote 1)
using a Princeton Measurement Corporation MicroMag alternating gradient magnetometer
(Model 2900) with a maximum applied field of 1 T. The acquired hysteresis parameters are
saturation magnetization (Mj), saturation remanent magnetization (M), and coercive force (B.).
Coercitivity remanence parameter B, was measured by aquiring an isothermal remanent
magnetization (IRM) and subsequent back-field DC remagnetization (both in a succession of
fieldsup to 1 T).

Rock blocks at some paleomagnetic sites were also gathered for petrographic analyses:
11 samples from Barriera del Bosco flow (sites ETN23, ETN24, ETN25, and ETN26), one from
San Giovanni Galermo flow (site ETN27), and three from Larmisi flow (sites ETN30 and
ETN31). Thirty-um-thick rock sections were obtained from each block at the Thin Section
Laboratory of the Roma Tre University.

RESULTS
Petrographic Analyses

For all three lava flows studied, petrographic analyses show porphyritic and phaneritic
texture with large phenocrysts (2—7 mm) inside a hypocrystalline groundmass (Figs. 2C—2F and
21 [[OK?]] and Fig. S3; see footnote 1). The predominant phenocrysts are plagioclases (P1) with
minor clinopyroxenes (Cpx), olivines (Ol), and opaque oxides (Ox), which comprise the
common mineralogical assemblage of Etna products (Corsaro and Pompilio, 2004). The Barriera
del Bosco lava flow (Fig. 2C and Fig. S3) presents a porphyricity index (P.I. = total phenocryst
abundance expressed in volume %) of around 30% with elongated plagioclases (labradorite, 3—6
mm) constituting 80%—-90% and euhedral clinopyroxenes/olivines representing 10%—20% (2—4
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mm). The Pl/Cpx+Ol ratio ranges from 9 to 4. The groundmass, which forms 70% of the rock
volume, is characterized by an intersertal texture in which plagioclase microlites form a network
whose intergranular spaces are filled with mafic minerals and/or volcanic glass. Groundmass
microlites have the same paragenesis of phenocrysts.

In the San Giovanni Galermo lava flow (Fig. 2F), mafic minerals are more abundant,
with a Pl/Cpx+OI+Ox ratio of 1.5-1.9. The P.1I. is 40%—45%, which is greater than that of the
Barriera del Bosco flow, with plagioclase being the most abundant phenocrysts (60%—65%,
andesine, 3—5 mm) followed by euhedral clinopyroxenes (20%—-22%, augite to aegirine-augite,
3—4 mm), and sub-rounded olivines (15%—18%, 1-3 mm). Pyroxenes are often arranged as
glomeroporphyritic aggregates with phenocrysts bracketed in groups. The groundmass (55%—
60% of the total volume) presents an intersertal structure with paragenesis of microlites (<0.5
mm) similar to that of phenocrysts (60% plagioclase; 30% clinopyroxene; 10% olivine).

The Larmisi lava flow (Fig. 2I) has Pl/Cpx+OI+Ox ratios of between 1 and 1.9 and a P.I.
of 40-45%, which fully overlap those of San Giovanni Galermo. Elongated plagioclases are
always the predominant phenocrysts (60%—65%, andesine, 2—6 mm), followed by euhedral
clinopyroxenes (30%—-20%, augite to aegirine-augite, 1-5 mm, sometimes in glomeroporphyritic
aggregates) and sub-rounded olivines (10%—-20%, 0.5-3 mm). The groundmass forms 55-60% of
the rock and shows an intersertal texture with paragenesis of microlites (<0.5 mm) similar to that
of phenocrysts (50%—-60% plagioclase; 30% clinopyroxene; 10%—-20% olivine).

Magnetic Properties

Almost all thermomagnetic curves show an irreversible variation trend during heating-
cooling cycles, which indicates magnetic mineralogy changes during heating (Fig. S1). Samples
ETN2301 and ETN3007 show similar heating-cooling cycles and T, of 580 °C, which is
characteristic of magnetite. In the remaining samples, multiple T.s are apparent in the 150-500
°C temperature range likely due to the occurrence of minerals belonging to the titano-magnetite
series. Moreover, noticeable magnetization above the magnetite T, in samples ETN2301,
ETN3007, ETN3203, and ETN3310 may be associated with the occurrence of hematite,
contributing to magnetic susceptibility to a lesser degree. To sum up, thermomagnetic analyses
show that magnetite and Ti-magnetites are the predominant magnetic minerals of the lava flows
investigated.

All samples analyzed show low coercive force values (B.) ranging between 4.6 mT and
26 mT. The great variation in magnetization and coercivity parameters suggests a wide range of
magnetic behaviors. Some specimens (ETN2304, ETN2504, ETN3007, and ETN3107) show
hysteresis cycles with a noticeably wide shape related to single-domain (SD) grains (Fig. S2A),
while other samples (ETN2604 and ETN2810) have narrower hysteresis loops that are typical of
multi-domain (MD) grains (Fig. S2B). Remaining specimens display intermediate magnetic
behaviors between these two end members (Figs. S2C-S2D). Hysteresis parameters were plotted
in a Day plot (Day et al., 1977; Dunlop, 2002a, 2002b; Fig. S2E) of saturation remanence to
saturation magnetization (M;s / Ms) against the ratio of remanent coercive force to coercive force
(Ber / Be). All of the samples follow the theoretical mixing curves for SD and MD magnetite
(Fes04), with the exception of a single specimen (ETN3405) lying on a TM60 titanomagnetite
(i.e., Fe;4TixO4, with x = 0.6) mixing curve.

Paleomagnetic Directions

In all AF-cleaned specimens, a well-defined ChRM was isolated in the 20—120 mT field
interval (Fig. 3). More than 90% of magnetic remanence was removed at 100 mT, thus pointing
to low-coercivity minerals as main magnetic carriers. However, for ~10% of the samples (mostly
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from sites ETN25, ETN30, and ETN31), only 75%—-80% of NRM is removed at the maximum
available 120 mT alternating field (see ETN3102 specimen in Fig. 3), which suggests the
occurrence of both low- and high-coercivity minerals. Given the not negligible amount of
hematite documented by some thermomagnetic curves (Fig. S1), the high-coercivity fraction is
possibly represented by both hematite and SD and/or deuterically oxidized titanomagnetite (e.g.,
Dunlop and Ozdemir, 2001).

Site-mean declinations (except at site ETN26) vary from —9.1° (site ETN31) to 15.0°
(ETN25), and inclinations range from 40.4° (ETN23) to 60.8° (ETN34; Fig. 4A and Table 2).
Site ETN26 at the Barriera del Bosco flow shows a scattered direction that lies 26°-27° apart
from the directions of the remaining three sites from the same flow. This site was sampled in an
isolated, 8-m-long outcrop left along the urban Via Santa Maria La Grande Road and thus was
most likely tilted after emplacement. Site ETN26 was thus considered an outlier and discarded
from further consideration. The a5 values relative to the mean paleomagnetic directions
evaluated for each site range between 2.7° and 7.1° (5.0° on average, Fig. 4A and Table 2),
whereas they vary from 2.6° to 3.2° depending on the [[OK?]] lava flow (average 2.9°, Fig. 4B
and Table 2).

DISCUSSION
Age Determinations

Our paleomagnetic data reveal that the Larmisi and San Giovanni Galermo lava flows
share overlapping paleomagnetic directions (Figs. 4A—4B); thus, the question arises of whether
the two lava flows in fact belong to the same lava field. Indeed, while two significantly different
paleomagnetic directions from two volcanic units are definitive proof of distinct emplacement
age (with a 100-200 year time resolution, e.g., Speranza et al., 2012), similar paleomagnetic
directions may either indicate coeval emplacement or be related to the characteristics of the
geomagnetic field that may reoccupy the same directions a few centuries or millennia later
(Butler, 1992).

Some statistical tests are used to verify whether two data sets share a common mean
direction. The most widely used is the F-test (Watson, 1956), recently adopted by Larrea et al.
(2019), which compares a statistic parameter, F, with tabulated values for the chosen significance
level. Another test, considered to be more statistically reliable (Tauxe et al., 2018) and used here,
is the Watson test or V,, test (Watson, 1983). In the simplest terms, if two data sets share a
common mean direction, then the statistic parameter Vy, (that increases with growing difference
between the mean directions of the two data sets) will be lower than a critical value (Vi)
determined through the Monte Carlo simulation (see Supplemental Material S4 for the detailed
theory and calculation process; see footnote 1). We applied the Watson test, using the PmagPy
function of Tauxe et al. (2016), to the Larmisi and San Giovanni Galermo directions to examine
if these two data sets share a common mean direction. The obtained Vy, value (5.5) is smaller
than the Vi (6.2) (see Supplemental Material S4 for the results). consequently, the two data sets
share a common mean direction.

We also note that petrographic analyses indeed suggest similar characteristics of the two
flows, although this is not a conclusive criterion given the similarity of most Etna lava flows
(Corsaro and Pompilio, 2004). Both lavas have a porphyricity index of 40%—45%, plagioclase
phenocryst content ranging from 60% (Larmisi flow) to 65% (San Galermo Galermo flow), high
amounts of mafic minerals (Pl/Cpx+OI+Ox ratio of ~1-1.9), and clinopyroxenes in places
arranged as glomeroporphyritic aggregates. Moreover, it must be recalled that there is no field
evidence of stratigraphic boundaries between the two lava flows.
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Finally, geochemical data from the literature for the two flows show nearly identical
chemical compositions (Corsaro and Cristofolini, 1993; Table S1; see footnote 1), which further
confirms that the two lava flows can reliably be considered products of the same eruption.

We conclude that the San Giovanni Galermo and Larmisi flows belong to the same
volcanic unit emplaced during a single eruptive event. Thus, we calculated a single mean
paleomagnetic direction for the San Giovanni Galermo-Larmisi lava flows (Fig. 4C) by
averaging the 76 reliable ChRMs obtained from the two flows.

Eruption ages were obtained by comparing mean paleomagnetic directions from the
Barriera del Bosco and San Giovanni Galermo-Larmisi flows to field direction values expected
at Etna considering the SHA.DIF.14k global model (Fig. 5; Pavon-Carrasco et al., 2014) by
using the “archaeo_dating” Matlab tool.

Three age intervals were obtained for the Barriera del Bosco flow: 11,234-10,941 yr
B.P., 8395-8236 yr B.P., and 7309-6950 yr B.P. (Table 2 and Fig. 5). Conversely, two possible
age windows between 5610 yr B.P. and 4550 yr B.P. (i.e., the input time window overlapping
both individual time windows from the two flows) were obtained for the San Giovanni Galermo-
Larmisi lava flow (Table 2 and Fig. 5).

In Figure 6, the paleomagnetic ages are compared with input time windows arising from
archaeological/radiometric ages reported in the literature from the Barriera del Bosco and San
Giovanni Galermo-Larmisi lava flows. Although all of the paleomagnetically inferred ages are
equally probable, the presence of Middle Neolithic finds (6950-5950 yr B.P.) on the Barriera del
Bosco lava flow allows us to rule out its youngest age interval (7309—-6950 yr B.P.), which is
temporally too close to enable the communities of that period to settle there. The most likely
paleomagnetic ages of the Barriera del Bosco flow are then 11,234-10,941 yr B.P. and 8395—
8236 yr B.P. (bold contour boxes in Fig. 6). Both age determinations are in agreement with the
oldest human presences recognized in the Catania area and suggest that the Barriera del Bosco
lava flow was emplaced during the early stage of the Holocene epoch and was afterwards widely
covered by lacustrine and alluvial deposits (Fig. 1).

Concerning the San Giovanni Galermo-Larmisi lava flow, the ***Ra/***Th age (5610
3900 yr B.P.) of Tanguy et al. (2007) overlaps with both paleomagnetic age intervals.
Furthermore, following the same criterion previously adopted for the Barriera del Bosco flow,
the youngest age span (5125-4550 yr B.P.) of the San Giovanni Galermo-Larmisi lava flow is
very close to the Late Copper Age artifacts (4550—4250 yr B.P.) discovered on the lava flow
itself and consequently should be discarded. Accordingly, the only paleomagnetic age for the
San Giovanni Galermo-Larmisi flow that is consistent with both geologic and archaeologic
evidence is the narrow 54945387 yr B.P. age window (Fig. 6).

Archeological Implications

The new paleomagnetic datings, cross-correlated with both archaeological and geological
evidence, allow constraints on the age of the prehistoric lava flow that was emplaced where the
urban district of Catania later developed. Undistinguishable paleomagnetic directions, along with
petrographic and geochemical evidence, show that the San Giovanni Galermo and Larmisi lava
flows, which had been considered to be related to distinct eruptions (Branca et al., 2011b), form
in fact a unique wide lava field generated by a flank eruption in Etna’s SE lower slope between
5494 yr B.P. and 5387 yr B.P. (Fig. 7). This wide lava field almost entirely covered the Barriera
del Bosco flow, whose paleomagnetic age ranges from 11,234-8236 yr B.P.

In addition, the new datings of the lavas lying below the metropolitan district of the town
of Catania explain the scarce distribution of Neolithic archaeological sites found in this area of
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the volcano. Archaeological sites here are limited to the Mt. Vergine hill, where the Benedettini
Monastery is located (Fig. 7). At this site, the human colonization of the Barriera del Bosco lava
flow started in the Middle Neolithic (Branciforti, 2010; Nicoletti, 2015). The emplacement of the
wide San Giovanni Galermo-Larmisi lava flow radically modified the morphological setting of
the Late Neolithic landscape and probably masked further evidence of the human presence in this
sector of the Etnean coast during the Neolithic period. In fact, the oldest traces of human
colonization on the San Giovanni Galermo-Larmisi lava flow date back to the Upper Copper and
Early Bronze periods (Fig. 7). This new morphological and geological setting represented the
substratum of the following human settlements until the foundation of the Greek colony of
Katané in 729/728 B.C. (2679/2678 yr B.P.). Since the founding of the town 2700 years ago, the
interaction between volcanic events and urban development has been very limited [[OK?]]
(Branca et al., 2016). In fact, during the Greek-Roman domination (from the eighth century B.C.
to the fifth century A.D.), only the 122 B.C. (2072 yr B.P.) Plinian eruption produced significant
pyroclastic fallout that severely damaged the town (Coltelli et al., 1998; Guidoboni et al., 2014).
After a millennium passed without any eruptive event, in the twelfth century A.D. the Mt. Arsi di
Santa Maria lava flow reached the Ionian coast ~3.5 km north of the Medieval town (Fig. 7).
Finally, in A.D. 1669, a lower flank eruption generated a 17-km-long lava flow that impacted
Catania (Branca et al., 2015b, 2016).

CONCLUSION

The urban area of Catania, with its 330,000 citizens, is the main inhabited zone around
the Etna volcano. Our new paleomagnetic data, coupled with geological and petrographic
evidence from the Holocene lava flows emplaced within the present metropolitan district of
Catania, define their ages and highlight the eruption timing in relation to the human presence in
the prehistoric epoch. Moreover, the new paleomagnetic datings have significantly improved
knowledge of the geochronology of Holocene lava flows exposed within the Catania urban
district.

The oldest archaeological evidence of human presence in this area dates back to the
Middle Neolithic ages (6950—5950 yr B.P.) and lies on the lava field known as Barriera del
Bosco, which yields a paleomagnetic age range of between 11,234 and 8236 yr B.P. Above this
lava flow we have correlated to the same eruptive event two lava flows that are interpreted so far
as distinct, which are known as the San Giovanni Galermo and Larmisi flows. When considered
together, the two flows are paleomagnetically dated to a narrow age range between 5494 yr B.P.
and 5387 yr B.P. The emplacement of such a wide lava field almost covered the Barriera del
Bosco flow and highly impacted the Catania area; the flow reached the Ionian Sea. Even though
the San Giovanni Galermo-Larmisi lava flow caused significant changes in the morphological
setting of this sector of Etna’s SE coast during the late Neolithic age, continuous development of
the human presence is evidenced by the Early Bronze age (3950-3350 yr B.P.) archaeological
artifacts discovered in the lava tubes of this flow. A few centuries later, the Chalcidian (Greek)
settlers founded the town of Katang on the Barriera del Bosco lava flow in 729/728 B.C./2679 yr
B.P.

ACKNOWLEDGMENTS

We are grateful to Cristina Proietti for her support in compiling the geological maps
presented in Figures 1 and 7. Many thanks go to Carmelo Monaco for the helpful discussion on
the depositional marine platform underlying the San Giovanni Galermo-Larmisi flow.
Alessandro Todrani is acknowledged for his help with the Watson test computation. Rosa Anna
Corsaro kindly provided published geochemical data from the lava flows studied. We are

Page 11 of 19



505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550

DOI:10.1130/B36026.1

grateful to three anonymous reviewers, to the GSA Bulletin associate editor, and to science

editor Brad Singer for providing careful comments on the manuscript that helped to strengthen

the conclusions of our work.

REFERENCES CITED

Arrighi, S., Tanguy, J.C., and Rosi, M., 2006, Eruptions of the last 2200 years at Vulcano and
Vulcanello (Aeolian Islands, Italy) dated by high-accuracy archeomagnetism: Physics of the
Earth and Planetary Interiors, v. 159, no. 34, p. 225-233,
https://doi.org/10.1016/1.pepi.2006.07.010.

[[Not cited?]]Baag, C., Helsley, C.E., Xu, S.Z., and Lienert, B.R., 1995, Deflection of
paleomagnetic directions due to magnetization of the underlying terrain: Journal of
Geophysical Research: Solid Earth, v. 100, no. B6, p. 10013-10027
https://doi.org/10.1029/95JB00148.

Bohnel, H., Pavon-Carrasco, F.J., Sieron, K., and Mahgoub, A.N., 2016, Palaecomagnetic dating
of two recent lava flows from Ceboruco volcano, western Mexico: Geophysical Journal
International, v. 207, no. 2, p. 1203-1215, https://doi.org/10.1093/gji/ggw310.

Branca, S., and Abate, T., 2019, Current knowledge of Etna’s flank eruptions (Italy) occurring
over the past 2,500 years. From the iconographies of the XVII century to modern geological
cartography: Journal of Volcanology and Geothermal Research, v. 385, p. 159-178,
https://doi.org/10.1016/j.jvolgeores.2017.11.004.

Branca, S., and Del Carlo, P., 2005, Types of eruptions of Etna Volcano AD 1670-2003:
Implications for short-term eruptive behaviour: Bulletin of Volcanology, v. 67, no. 8,

p. 732742, https://doi.org/10.1007/s00445-005-0412-z7.

Branca, S., and Vigliotti, L., 2015, Finding of an historical document describing an eruption in
the NW flank of Etna in July 1643 AD: Timing, location and volcanic products: Bulletin of
Volcanology, v. 77, article no. 95, https://doi.org/10.1007/s00445-015-0979-y.

Branca, S., Coltelli, M., and Groppelli, G., 2011a, Geological evolution of a complex basaltic
stratovolcano: Mount Etna, Italy: Italian Journal of Geosciences, v. 130, no. 3, p. 306317,
https://doi.org/10.3301/1JG.2011.13.

Branca, S., Coltelli, M., Groppelli, G., and Lentini, F., 2011b, Geological map of Etna volcano,
1: 50,000 scale: Italian Journal of Geosciences, v. 130, no. 3, p. 265-291,
https://doi.org/10.3301/1JG.2011.15.

Branca, S., De Beni, E., and Proietti, C., 2013, The large and destructive 1669 AD eruption at
Etna volcano: Reconstruction of the lava flow field evolution and effusion rate trend:
Bulletin of Volcanology, v. 75, article no. 64, p. 1-16, https://doi.org/10.1007/s00445-013-
0694-5.

Branca, S., Condomines, M., and Tanguy, J.C., 2015a, Flank eruptions of Mt. Etna during the
Greek—Roman and Early Medieval periods: New data from “*°Ra—>"Th datiﬁg and
archacomagnetism: Journal of Volcanology and Geothermal Research, v. 304, p. 265-271,
https://doi.org/10.1016/].jvolgeores.2015.09.002.

Branca, S., Azzaro, R., De Beni, E., Chester, D., and Duncan, A., 2015b, Impacts of 1669
eruption and the 1693 earthquakes on the Etna Region, (Eastern Sicily, Italy): An example
of recovery and response of a small area to extreme events: Journal of Volcanology and
Geothermal Research, v. 303, p. 25-40, https://doi.org/10.1016/j.jvolgeores.2015.07.020.

Branca, S., Branciforti, M.G., Chiavetta, A.F., and Corsaro, R.A., 2016, The geology of the 2nd
century AD amphitheater area of Catania, Italy: Historical eruptions affecting the urban
district: Geoarchaeology, v. 31, no. 1, p. 3—16 https://doi.org/10.1002/gea.21534.

Page 12 of 19


Fabio Speranza1
Sottolineato



551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596

DOI:10.1130/B36026.1

Branca, S., Chester, D.K., De Beni, E., and Duncan, A., 2017, Landforms and landscapes of
Mount Etna (Sicily): Relationships between a volcano, its environment and human activity,
in Soldati, M., and Marchetti, M., eds., Landscapes and Landforms of Mount Etna (Sicily):
Relationships Between a Volcano, Its Environment and Human Activity: Berlin, Heidelberg,
Springer, XXI, p. 467478, https://doi.org/10.1007/978-3-319-26194-2_40.

Branca, S., Caracciolo, F.D., Malaguti, A., and Speranza, F., 2019, Constraining age and volume
of lava flow invasions of the Alcantara valley, Etna volcano (Italy). New insights from
paleomagnetic dating and 3-D magnetic modelling: Journal of Volcanology and Geothermal
Research, v. 374, p. 13-25, https://doi.org/10.1016/j.jvolgeores.2019.02.009.

Branciforti, M.G., 2010, Da Katane a Catina, in Branciforti, M.G., and La Rosa, V., eds., Tra
lava e mare. Contributi all’archaiologhia di Catania: Catania, Le Nove Muse Editrice, p.
135-258.

Bucur, 1., 1994, The direction of the terrestrial magnetic field in France, during the last 21
centuries. Recent progress: Physics of the Earth and Planetary Interiors, v. 87, no. 1-2,

p. 95-109 https://doi.org/10.1016/0031-9201(94)90024-8.

Butler, R.F., 1992, Paleomagnetism: Magnetic Domains to Geologic Terranes: Boston,
Blackwell Scientific Publications, 238 p.

Chevallier, R., 1925, L’aimantation des laves de 1’Etna et I’orientation du champ terrestre en
Sicile du XIIéme au XVIIéme siecle: Paris, University of Paris, 163 p.

Coltelli, M., Del Carlo, P., and Vezzoli, L., 1998, Discovery of a Plinian basaltic eruption of
Roman age at Etna volcano, Italy: Geology, v. 26, no. 12, p. 1095-1098,
https://doi.org/10.1130/0091-7613(1998)026<1095:DOAPBE>2.3.CO;2.

Coltelli, M., Del Carlo, P., and Vezzoli, L., 2000, Stratigraphic constraints for explosive activity
in the past 100 ka at Etna Volcano, Italy: International Journal of Earth Sciences, v. 89,
no. 3, p. 665—-677, https://doi.org/10.1007/s005310000117.

Condomines, M., and Tanguy, J.C., 1995, Magma dynamics at Mt Etna: constraints from U-Th-
Ra-Pb radioactive disequilibria and Sr isotopes in historical lavas: Earth and Planetary
Science Letters, v. 132, no. 14, p. 2541, https://doi.org/10.1016/0012-821X(95)00052-E.

Condomines, M., Gauthier, P.J., Tanguy, J.C., Gertisser, R., Thouret, J.C., Berthommier, P., and
Camus, G., 2005, **°Ra or **°Ra/Ba dating of Holocene volcanic rocks: Application to Mt.
Etna and Merapi volcanoes: Earth and Planetary Science Letters, v. 230, no. 34, p. 289—
300, https://doi.org/10.1016/j.epsl.2004.12.002.

Corsaro, R.A., and Cristofolini, R., 1993, Nuovi dati petrochimici ed isotopici sulla successione
del Mongibello Recente: Bollettino dell’ Accademia Gioenia di Scienze Naturali, v. 341, no.
26, p. 185-225.

Corsaro, R.A., and Pompilio, M., 2004, Magma dynamics in the shallow plumbing system of Mt.
Etna as recorded by compositional variations in volcanics of recent summit activity (1995—
1999): Journal of Volcanology and Geothermal Research, v. 137, no. 1-3, p. 55-71,
https://doi.org/10.1016/].jvolgeores.2004.05.008.

Cox, A., 1969, A paleomagnetic study of secular variation in New Zealand: Earth and Planetary
Science Letters, v. 6, no. 4, p. 257-267, https://doi.org/10.1016/0012-821X(69)90165-4.

Day, R., Fuller, M., and Schmidt, V.A., 1977, Hysteresis properties of titanomagnetites: Grain-
size and compositional dependence: Physics of the Earth and Planetary Interiors, v. 13,
no. 4, p. 260-267, https://doi.org/10.1016/0031-9201(77)90108-X.

De Beni, E., Branca, S., Coltelli, M., Groppelli, G., and Wijbrans, J.R., 2011, A Ar isotopic
dating of Etna volcanic succession: Italian Journal of Geosciences, v. 130, no. 3, p. 292-305,

Page 13 of 19



597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642

DOI:10.1130/B36026.1

https://doi.org/10.3301/1JG.2011.14.

Del Negro, C., Cappello, A., Neri, M., Bilotta, G., Hérault, A., and Canci, G., 2013, Lava flow
hazards at Mount Etna: Constraints imposed by eruptive history and numerical simulations:
Scientific Reports, v. 3, no. 3493, p. 1-8, https://doi.org/10.1038/srep03493.

Di Chiara, A., Speranza, F., and Porreca, M., 2012, Paleomagnetic secular variation at the
Azores during the last 3 ka: Journal of Geophysical Research: Solid Earth, v. 117, no. B7,
https://doi.org/10.1029/2012JB009285.

Di Chiara, A., Speranza, F., Porreca, M., Pimentel, A., D’Ajello Caracciolo, F., and Pacheco, J.,
2014, Constraining chronology and time-space evolution of Holocene volcanic activity on
the Capelo Peninsula (Faial Island, Azores): The paleomagnetic contribution: Geological
Society of America Bulletin, v. 126, no. 9-10, p. 1164—-1180,
https://doi.org/10.1130/B30933.1.

Doell, R.R., and Cox, A., 1963, The accuracy of the paleomagnetic method as evaluated from
historic Hawaiian lava flows: Journal of Geophysical Research, v. 68, no. 7, p. 1997-2009,
https://doi.org/10.1029/JZ0681007p01997.

Donadini, F., Korhonen, K., Riisager, P., and Pesonen, L.J., 2006, Database for Holocene
geomagnetic intensity information: Eos (Transactions, American Geophysical Union), v. 87,
no. 14, p. 137-143, https://doi.org/10.1029/2006EOQ140002.

Dunlop, D.J., 2002a, Theory and application of the Day plot (Mrs/Ms versus Her/Hc) 1.
Theoretical curves and tests using titanomagnetite data: Journal of Geophysical Research:
Solid Earth, v. 107, no. B3, p. EPM 4-1-EPM 4-22, https://doi.org/10.1029/2001JB000486.

Dunlop, D.J., 2002b, Theory and application of the Day plot (Mrs/Ms versus Hcr/Hc) 2.
Application to data for rocks, sediments, and soils: Journal of Geophysical Research: Solid
Earth, v. 107, no. B3, p. EPM 5-1-EPM 5-15, https://doi.org/10.1029/2001JB000487.

Dunlop, D.J., and Ozdemir, O., 2001, Rock Magnetism: Fundamentals and Frontiers:
Cambridge, UK, Cambridge University Press, 573 p.

Fisher, R.A., 1953, Dispersion on a sphere: Proceedings of the Royal Society A: Mathematical,
Physical, and Engineering Sciences, v. 217, no. 1130, p. 295-305,
https://doi.org/10.1098/rspa.1953.0064.

Frasca, M., 2015, Gli scavi all’interno dell’ex monastero dei Benedettini e lo sviluppo urbano di
Catania antica, in Nicoletti, F., Catania Antica: Nuove prospettive di ricerca: Palermo,
Regione siciliana, Assessorato dei beni culturali e dell’identita siciliana, Dipartimento dei
beni culturali e dell’identita siciliana, p. 163—177.

Gallet, Y., Genevey, A., and Le Goff, M., 2002, Three millennia of directional variation of the
Earth’s magnetic field in western Europe as revealed by archeological artefacts: Physics of
the Earth and Planetary Interiors, v. 131, no. 1, p. 81-89, https://doi.org/10.1016/S0031-
9201(02)00030-4.

[[Not cited?]]Giannitrapani, E., and lanni, F., 2011, La tarda eta del Rame nella Sicilia centrale:
Atti della XLIII Riunione Scientifica: I’Eta del Rame in Italia, p. 271-278.

Gonzalez, S., Sherwood, G., Bohnel, H., and Schnepp, E., 1997, Palacosecular variation in
Central Mexico over the last 30,000 years: The record from lavas: Geophysical Journal
International, v. 130, no. 1, p. 201-219, https://doi.org/10.1111/].1365-
246X.1997.tb00999.x.

Greve, A., and Turner, G.M., 2017, New and revised palacomagnetic secular variation records
from post-glacial volcanic materials in New Zealand: Physics of the Earth and Planetary
Interiors, v. 269, p. 1-17, https://doi.org/10.1016/j.pepi.2017.05.009.

Page 14 of 19



643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688

DOI:10.1130/B36026.1

Guidoboni, E., Ciuccarelli, C., Mariotti, D., Comastri, A., and Bianchi, M.G., 2014, L’Etna nella
Storia. Catalogo delle eruzioni dall’antichita alla fine del XVII secolo: Bologna, Italy,
Bononia University Press, p. 1121.

[[Not cited?]||Hagstrum, J.T., and Champion, D.E., 1994, Paleomagnetic correlation of Late
Quaternary lava flows in the lower east rift zone of Kilauea Volcano, Hawaii: Journal of
Geophysical Research: Solid Earth, v. 99, B11, p. 21679-21690,
https://doi.org/10.1029/94JB01852.

Holcomb, R., Champion, D., and McWilliams, M., 1986, Dating recent Hawaiian lava flows
using paleomagnetic secular variation: Geological Society of America Bulletin, v. 97, no. 7,
p. 829839, https://doi.org/10.1130/0016-7606(1986)97<829:DRHLFU>2.0.CO:2.

Hoye, G.S., 1981, Archacomagnetic secular variation record of Mount Vesuvius: Nature, v. 291,
p. 216218, https://doi.org/10.1038/291216a0.

Incoronato, A., Angelino, A., Romano, R., Romano, A., Sauna, R., Vanacore, G., and
Vecchione, C., 2002, Retrieving geomagnetic secular variations from lava flows: Evidence
from Mounts Arso, Etna and Vesuvius (southern Italy): Geophysical Journal International,
v. 149, no. 3, p. 724-730, https://doi.org/10.1046/1.1365-246X.2002.01672.x.

Jurado-Chichay, Z., Urrutia-Fucugauchi, J., and Rowland, S.K., 1996, A paleomagnetic study of
the Pohue Bay flow and its associated coastal cones, Mauna Loa volcano, Hawaii:
Constraints on their origin and temporal relationships: Physics of the Earth and Planetary
Interiors, v. 097, no. 1-4, p. 269-277, https://doi.org/10.1016/0031-9201(95)03135-9.

Kirschvink, J.L., 1980, The least-squares line and plane and the analysis of palacomagnetic data:
Geophysical Journal International, v. 62, no. 3, p. 699-718, https://doi.org/10.1111/].1365-
246X.1980.tb02601 .x.

[[Not cited?]]Knudsen, M.F., Jacobsen, B.H., and Abrahamsen, N., 2003, Palaecomagnetic
distortion modelling and possible recovery by inversion: Physics of the Earth and Planetary
Interiors, v. 135, no. 1, p. 55-73, https://doi.org/10.1016/S0031-9201(02)00203-0.

Korhonen, K., Donadini, F., Riisager, P., and Pesonen, L.J., 2008, GEOMAGIAS50: An
archeointensity database with PHP and MySQL: Geochemistry, Geophysics, Geosystems,
v. 9, no. 4, https://doi.org/10.1029/2007GC001893.

Lambeck, K., Antonioli, F., Purcell, A., and Silenzi, S., 2004, Sea-level change along the Italian
coast for the past 10,000 yr: Quaternary Science Reviews, v. 23, no. 14-15, p. 1567-1598,
https://doi.org/10.1016/j.quascirev.2004.02.009.

[[Not cited?]]Lanza, R., and Meloni, A., 2006, The Earth’s Magnetism. An Introduction for
Geologists: Berlin, Heidelberg, Springer-Verlag, 278 p.

Larrea, P., Siebe, C., Judrez-Arriaga, E., Salinas, S., Ibarra, H., and Bohnel, H., 2019, The ~ AD
500-700 (Late Classic) El Astillero and El Pedregal volcanoes (Michoacan, Mexico): A new
monogenetic cluster in the making?: Bulletin of Volcanology, v. 81, no. 10, p. 1-19,
https://doi.org/10.1007/s00445-019-1318-5.

Mahgoub, A.N., Bohnel, H., Siebe, C., and Chevrel, M.O., 2017, Paleomagnetic study of El
Metate shield volcano (Michoacan, Mexico) confirms its monogenetic nature and young age
(~ 1250 CE): Journal of Volcanology and Geothermal Research, v. 336, p. 209-218,
https://doi.org/10.1016/j.jvolgeores.2017.02.024.

McClelland, E., Wilson, C.J., and Bardot, L., 2004, Palaeotemperature determinations for the
1.8-ka Taupo ignimbrite, New Zealand, and implications for the emplacement history of a
high-velocity pyroclastic flow: Bulletin of Volcanology, v. 66, no. 6, p. 492-513,
https://doi.org/10.1007/s00445-003-0335-5.

Page 15 of 19



689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734

DOI:10.1130/B36026.1

[[Not cited?]]McConnell, B.E., 1995, La Muculufa II: Excavation and Survey 1988—-1991—The
Castelluccian Village and Other Areas: Providence, Rhode Island, USA, Brown University
Center for Old World Archaelogy and Art, 210 p.

Monaco, C., Catalano, S., De Guidi, G., Gresta, S., Langer, H., and Tortorici, L., 1999, The
Geological Map of the Urban Area of Catania (Eastern Sicily): Florence, Italy, SELCA
[[Pages?]].

Monaco, C., Catalano, S., De Guidi, G., Gresta, S., Langer, H., and Tortorici, L., 2000, The
geological map of the urban area of Catania (Eastern Sicily): Morphotectonic and
seismotectonic implications: Memorie della Societa Geologica Italiana, v. 55, p. 425-438.

Nicoletti, F., 2015, L’acropoli di Catania nella preistoria, in Nicoletti, F., eds., Catania Antica.
Nuove prospettive di ricerca: Palermo, Italy, Assessorato dei beni culturali e dell’identita
siciliana, p. 33-98.

Pavén-Carrasco, F.J., and Villasante-Marcos, V., 2010, Geomagnetic secular variation in the
Canary Islands: Paleomagnetic data, models and application to paleomagnetic dating: Fisica
de la Tierra, v. 22, p. 59-80.

Pavon-Carrasco, F.J., Rodriguez-Gonzalez, J., Osete, M.L., and Torta, J.M., 2011, A Matlab tool
for archacomagnetic dating: Journal of Archaeological Science, v. 38, no. 2, p. 408419,
https://doi.org/10.1016/].jas.2010.09.021.

Pavon-Carrasco, F.J., Osete, M.L., Torta, J.M., and De Santis, A., 2014, A geomagnetic field
model for the Holocene based on archacomagnetic and lava flow data: Earth and Planetary
Science Letters, v. 388, p. 98—109, https://doi.org/10.1016/j.epsl.2013.11.046.

Petrovsky, E., and Kapicka, A., 2006, On determination of the Curie point from thermomagnetic
curves: Journal of Geophysical Research: Solid Earth, v. 111, no. B12,
https://doi.org/10.1029/2006JB004507.

Pinton, A., Giordano, G., Speranza, F., and Pérdarson, b., 2018, Paleomagnetism of Holocene
lava flows from the Reykjanes Peninsula and the Tungnaé lava sequence (Iceland):
Implications for flow correlation and ages: Bulletin of Volcanology, v. 80, p. 10,
https://doi.org/10.1007/s00445-017-1187-8.

Principe, C., Tanguy, J.C., Arrighi, S., Paiotti, A., Le Goff, M., and Zoppi, U., 2004, Chronology
of Vesuvius’ activity from AD 79 to 1631 based on archeomagnetism of lavas and historical
sources: Bulletin of Volcanology, v. 66, no. 8, p. 703—724, https://doi.org/10.1007/s00445-
004-0348-8.

Privitera, F., 2010, I disiecta membra delle eta piu antiche: [ area urbana fra Neolitico e Bronzo
medio, in Branciforti, M.G., and La Rosa, V., eds., Tra lava e Mare: Contributi
all’archaiologhia di Catania: Catania, [taly, Le Nove Muse Editrice, p. 45-62.

Privitera, F., and La Rosa, V., 2007, In ima Tartara. Preistoria e legenda delle grotte etnee:
Palermo, Italy, Regione siciliana, Assessorato dei beni culturali e dell’identita siciliana,
Dipartimento dei beni culturali e dell’identita siciliana, 310 p.

Proietti, C., De Beni, E., Coltelli, M., and Branca, S., 2011, The flank eruption history of Etna
(1610-2006) as a constraint on lava-flow hazard: Annals of Geophysics, v. 54, no. 5,

p. 480490, https://doi.org/10.4401/ag-5333.

Reimer, P.J., et al., 2013, IntCal13 and Marinel3 radiocarbon age calibration curves 0—50,000
years cal BP: Radiocarbon, v. 55, no. 4, p. 1869-1887,
https://doi.org/10.2458/azu_js_rc.55.16947.

Risica, G., Speranza, F., Giordano, G., De Astis, G., and Lucchi, F., 2019, Palacomagnetic dating
of the Neostromboli succession: Journal of Volcanology and Geothermal Research, v. 371,

Page 16 of 19



735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780

DOI:10.1130/B36026.1

p. 229-244, https://doi.org/10.1016/j.jvolgeores.2018.12.009.

Risica, G., Di Roberto, A., Speranza, F., Del Carlo, P., Pompilio, M., Meletlidis, S., and Rosi,
M., 2020, Refining the Holocene eruptive activity at Tenerife (Canary Islands): The
contribution of palaecomagnetism: Journal of Volcanology and Geothermal Research, v. 401,
no. 106930, https://doi.org/10.1016/j.jvolgeores.2020.106930.

Rolph, T.C., and Shaw, J., 1986, Variations of the geomagnetic field in Sicily: Journal of
Geomagnetism and Geoelectricity, v. 38, p. 1269—1277, https://doi.org/10.5636/jgg.38.1269.

Romano, R., Lentini, F., and Sturiale, C., et al., 1979, Carta geologica del Monte Etna: Progetto
Finalizzato Geodinamica, Istituto Internazionale di Vulcanologia, C.N.R (Catania), scale
1:50,000, 1 sheet, in Memorie della Societa Geologica Italiana, 23 (1982).

Sartorius von Waltershausen, W., 1843, Atlas des Aetna: Berlin, Gottingen, Weimar.

Sciuto Patti, C., 1872, Carta geologica della citta di Catania e dintorni di essa: Atti Acc. Gioenia
Sci. Nat. Catania [[Please provide full title without abbreviations.]], v. 3, no. 7, p. 141-
190.

Soler, V., Carracedo, J.C., and Heller, F., 1984, Geomagnetic secular variation in historical lavas
from the Canary Islands: Geophysical Journal International, v. 78, no. 1, p. 313-318,
https://doi.org/10.1111/].1365-246X.1984.tb06487 .x.

Speranza, F., Pompilio, M., and Sagnotti, L., 2004, Paleomagnetism of spatter lavas from
Stromboli volcano (Aeolian Islands, Italy): Implications for the age of paroxysmal
eruptions: Geophysical Research Letters, v. 31, no. 2,
https://doi.org/10.1029/2003GL018944.

Speranza, F., Branca, S., Coltelli, M., D’Ajello Caracciolo, F., and Vigliotti, L., 2006, How
accurate is “paleomagnetic dating”? New evidence from historical lavas from Mount Etna:
Journal of Geophysical Research: Solid Earth, v. 111, no. B12,
https://doi.org/10.1029/2006JB004496.

Speranza, F., Pompilio, M., Caracciolo, F.D., and Sagnotti, L., 2008, Holocene eruptive history
of the Stromboli volcano: Constraints from paleomagnetic dating: Journal of Geophysical
Research: Solid Earth, v. 113, no. B9,
https://doi.org/10.1029/2006JB00449610.1029/2007JB005139.

Speranza, F., Landi, P., Caracciolo, F.D.A., and Pignatelli, A., 2010, Paleomagnetic dating of the
most recent silicic eruptive activity at Pantelleria (Strait of Sicily): Bulletin of Volcanology,
v. 72, no. 7, p. 847-858, https://doi.org/10.1007/s00445-010-0368-5.

Speranza, F., Di Chiara, A., and Rotolo, S.G., 2012, Correlation of welded ignimbrites on
Pantelleria (Strait of Sicily) using paleomagnetism: Bulletin of Volcanology, v. 74, no. 2,

p. 341-357, https://doi.org/10.1007/s00445-011-0521-9.

Tanguy, J.C., 1969, Sur I’aimantation des laves de 1’Etna et I’orientation du champ magnétique
terrestre en Sicile de 1300 a 1800: Comptes rendus de I’ Acadamie Science de Paris B, v.
268, p. 197-200.

Tanguy, J.C., 1980, L’Etna: Etude pétrologique et paléomagnétique [Ph.D. thesis]: Paris,
University of Pierre and Marie Curie, 636 p.

Tanguy, J.C., 1981, Les éruptions historiques de I’Etna: Chronologie et localisation: Bulletin
Volcanologique, v. 44, no. 3, p. 585—640, https://doi.org/10.1007/BF02600588.

Tanguy, J.C., and Le Goff, M., 2004, Distortion of the geomagnetic field in volcanic terrains: An
experimental study of the Mount Etna stratovolcano: Physics of the Earth and Planetary
Interiors, v. 141, no. 1, p. 59-70, https://doi.org/10.1016/j.pepi.2003.10.003.

Tanguy, J.C., Bucur, 1., and Thompson, J.F.C., 1985, Geomagnetic secular variation in Sicily and

Page 17 of 19



781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826

DOI:10.1130/B36026.1

revised ages of historic lavas from Mount Etna: Nature, v. 318, no. 6045, p. 453455,
https://doi.org/10.1038/318453a0.

Tanguy, J.C., Le Goff, M., Principe, C., Arrighi, S., Chillemi, V., Paiotti, A., La Delfa, S., and
Patane, G., 2003, Archeomagnetic dating of Mediterranean volcanics of the last 2100 years:
Validity and limits: Earth and Planetary Science Letters, v. 211, no. 1-2, p. 111-124,
https://doi.org/10.1016/S0012-821X(03)00186-9.

Tanguy, J.C., Condomines, M., Le Goff, M., Chillemi, V., La Delfa, S., and Patan¢, G., 2007,
Mount Etna eruptions of the last 2,750 years: Revised chronology and location through
archeomagnetic and 22Ra-""Th dating: Bulletin of Volcanology, v. 70, no. 1, p. 55-83,
https://doi.org/10.1007/s00445-007-0121-x.

Tanguy, J.C., Condomines, M., Branca, S., La Delfa, S., and Coltelli, M., 2012, New
archeomagnetic and *°Ra->**Th dating of recent lavas for the Geological map of Etna
volcano: Italian Journal of Geosciences, v. 131, no. 2, p. 241-257,
https://doi.org/10.3301/1JG.2012.01.

Tauxe, L., Shaar, R., Jonestrask, L., Swanson-Hysell, N.L., Minnett, R., Koppers, A.A.P.,
Constable, C.G., Jarboe, N., Gaastra, K., and Fairchild, L., 2016, PmagPy: Software package
for paleomagnetic data analysis and a bridge to the Magnetics Information Consortium
(MaglIC) Database: Geochemistry, Geophysics, Geosystems, v. 17, no. 6, p. 2450-2463,
https://doi.org/10.1002/2016GC006307.

Tauxe, L., Banerjee, S. K., Butler, R.F., and Van der Voo, R., 2018, Essentials of
Paleomagnetism, 5th Web Edition, https://earthref.org/MaglC/books/Tauxe/Essentials/
(accessed April 2021).

Thompson, R., and Turner, G.M., 1985, Icelandic Holocene palacomagnetism: Physics of the
Earth and Planetary Interiors, v. 38, p. 250-261, https://doi.org/10.1016/0031-
9201(85)90072-X.

[[Not cited?]]Valet, J.P., and Soler, V., 1999, Magnetic anomalies of lava fields in the Canary
islands. Possible consequences for paleomagnetic records: Physics of the Earth and
Planetary Interiors, v. 115, no. 2, p. 109-118, https://doi.org/10.1016/S0031-
9201(99)00071-0.

Watson, G.S., 1956, A test for randomness of directions: Geophysical Supplements to the
Monthly Notices of the Royal Astronomical Society, v. 7, no. 4, p. 160-161,
https://doi.org/10.1111/].1365-246X.1956.tb05561 .x.

Watson, G., 1983, Statistics on Spheres: New York, Wiley, The University of Arkansas Lecture
Notes in the Mathematical Sciences, v. 6, 238 p.

Zanella, E., and Lanza, R., 1994, Remanent and induced magnetization in the volcanites of
Lipari and Vulcano (Aeolian Islands): Annals of Geophysics, v. 37, no. 5,
https://doi.org/10.4401/ag-4163.

Zijderveld, J.D.A., 1967, AC demagnetization of rocks: Analysis of results, in Runcorn, S.K.,
Creer, K.M., and Collinson, D.W., eds., Methods in Palacomagnetism: Amsterdam,
Elsevier, p. 254-286.

Figure 1. Geological map shows the lower southeastern flank of Mt. Etna volcano (modified

from Branca et al., 2011b, 2016). The locations of the paleomagnetic sampling sites are also

shown: Barriera del Bosco (circles), Larmisi (triangles), and San Giovanni Galermo (asterisks).

Figure 2. Representative photographs show the outcrops, lithologic details, and thin sections

(cross-polarized light) of each lava flow. (A—C) Barriera del Bosco flow images show: (A) a

flow unit with its massive core and upper autoclastic breccias; (B) particular of sedimentary
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deposit (contoured by a white line) burned by underlying unit through “lithophysae” degassing
process; (C) thin section with a detail of the porphyritic texture (note the abundance of
plagioclase phenocrysts). (D—F) San Giovanni Galermo flow photographs show: (D) view of a
flow outcrop; (E) particular of lava flow roof characterized by ropy surface; (F) thin section with
a porphyritic texture and plagioclase (P1), clinopyroxenes (Cpx), and olivine (Ol) phenocrysts.
(G-I) Larmisi flow photographs represent: (G) a 3-m-high outcrop characterized by several
stacked flow units with alternating massive cores and autobreccias; (H) detail showing the high
vesicularity of the lava flow (a 2.5-cm-diameter paleomagnetic drill hole is visible); (I) thin
section showing a porphyritic texture with plagioclase, clinopyroxene, and olivine phenocrysts.
Figure 3. Orthogonal vector diagrams show representative alternating field demagnetization data
and in situ coordinates. Black and white dots indicate projections of paleomagnetic directions
onto the horizontal and vertical planes, respectively. NRM-—natural remanent magnetization.
Figure 4. (A) Equal-area projections (lower hemisphere) of site-mean paleomagnetic directions
from the three lava flows are shown. Ellipses around the paleomagnetic directions are the
projections of the relative ogs cones. (B—C) Projection of flow-mean paleomagnetic directions
obtained by averaging (B) all characteristic remanent magnetizations (ChRMs) from each lava
flow and then (C) considering the San Giovanni Galermo and Larmisi flows together. Ellipses
around the paleomagnetic directions are the projections of the relative ags cones. All
paleomagnetic directions are listed in Table 2.

Figure 5. Paleomagnetic dating results of the Barriera del Bosco and San Giovanni Galermo-
Larmisi flows are shown according to the Pavon-Carrasco et al. (2011) method and software and
the Pavon-Carrasco et al. (2014) paleo-secular variation (PSV) reference model. In each panel,
PSV curves for the declination (left-hand panel) and the inclination (right-hand panel) are shown
as thick light gray lines (thin light gray lines indicate associated errors at the 95% confidence
level) with the probability density curves (in gray-shade below each PSV). Paleomagnetic
declination and inclination values are shown in the PSV graphs as dark gray straight lines; the
light gray straight lines above and below are the 95% associated errors. In the probability density
graphs the 95% confidence level is shown as a light gray straight line. Ages are in yr B.P.
(present is A.D. 1950).

Figure 6. Overall framework of the paleomagnetically inferred ages for the Barriera del Bosco,
Larmisi, San Giovanni Galermo, and San Giovanni Galermo-Larmisi flows (more likely age
intervals are shown with bold countour boxes; see text for details). Dashed boxes indicate the
lava flows’ input time windows. Arrows represent the archaeologically constrained ages. The
two dark gray straight lines are the lower and upper age constraints shared by the San Giovanni
Galermo and Larmisi flows, respectively, which were used to date the new unified San Giovanni
Galermo-Larmisi lava flow. Ages are in yr B.P. (present is A.D. 1950).

Figure 7. Updated geological map of the Catania urban district (modified from Branca et al.,
2011b) considers the new paleomagnetic data and includes the locations of archaeological sites
recognized within the lava flows (modified from Branca et al., 2016).
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