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a b s t r a c t

We found Bronze Age lake sediments from the Agro Pontino graben (Central Italy) to contain a thin
(2e3 cm) continuous tephra layer composed of lithics, crystals and minor volcanic glass. Teph-
rochronological and compositional constraints strongly suggest that this layer represents the Avellino
pumice eruption, which has also been identified in Central Italian lake cores. Its provenance is corrob-
orated by electron-microprobe analyses performed on juvenile pumice grains, showing that the tephra
layer is probably the distal equivalent of the EU2 event of the Avellino eruption. We used multiple 14C age
estimations of two lacustrine sequences with intercalated tephra layer, from the western border zone
(Migliara 44.5) and the centre of the former lake (Campo Inferiore), for in tandem dating of this eruption,
employing the OxCal code, which yielded a robust age of 3945 � 10 calBP (1995 � 10 calBC). To date, this
is the only study providing both a terminus post and terminus ante quem of this precision, also demon-
strating the advantage of dating distal tephra layers in a clear stratigraphic context over proximal
deposits in sequences with major stratigraphic hiatuses. Our new results underscore the importance of
the Avellino tephra layer as a precise time marker for studies on the Early Bronze Age of Central Italy.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The Avellino eruption of Somma-Vesuvius was a catastrophic
Plinian event of similar magnitude as the famous AD 79 eruption
(e.g. Lirer et al., 1973; Rolandi et al., 1993; Cioni et al. 2000; Sulpizio
et al., 2010a). In the past decade, major Early Bronze Age sites and
settlements were found underneath its proximal pyroclastic
deposits. Some of these are exceptionally well preserved and
represent early analogues of Pompeii (e.g. Albore Livadie et al.,
1998; Albore Livadie, 2002; Di Vito et al., 2009).

Several eruption phases have been recognized from the prox-
imal deposits (e.g. Cioni et al. 2000; Sulpizio et al., 2008): an
opening magmatic phase (EU1), a Plinian magmatic phase (EU2, 3
and 4) and a phreatomagmatic phase (EU5). The fallout deposits of
the Plinian-type units are by far themost voluminous and comprise
geochemically distinct white (EU2) and grey (EU3) well-sorted
All rights reserved.
pumice fragments. The distal ‘Avellino pumice layer’ is known as an
important tephrochronological marker bed for the Early Bronze
Age and has been recognized in many major Late-Holocene sedi-
ment cores from central and southern Italy (e.g. from Lago di
Accesa, Magny et al., 2007; Lago di Mezzano, Ramrath et al., 1999;
Lago di Albano and Lago di Nemi, Calanchi et al., 1996; Lago Grande
di Monticchio, Wulf et al., 2008; Sulmona Basin, Giaccio et al.,
2009), the Balkans (Lake Shkodra, Sulpizio et al., 2010c) as well as
in marine cores from the Adriatic Sea (see Sulpizio et al., 2008 for
a recent review). It is marked by highly vesicular porphyritic
pumice, a relatively large crystal content (including sanidine,
pyroxene, amphibole and garnet), and a mildly SiO2-undersatu-
rated composition showing a transition from phonolitic for earlier
deposited white pumice to tephri-phonolitic for subsequently
deposited grey pumice. High Al2O3 (>23 wt.%) and low CaO
(�2 wt.%) contents in glasses are distinctive features relative to
glass compositions of other major eruptions of Somma-Vesuvius
(e.g. Santacroce et al., 2008; Giaccio et al., 2009).

Most information concerning the age of the eruption comes
from 14C dating of organic matter associated with its deposits.
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Nearly all 14C dates pertain to organic carbon from paleosols, more
or less carbonized plant/wood remains from archaeological sites,
and skeletal material of animals or humans (e.g. Passariello et al.,
2009, 2010). These materials originate from proximal ash
sequences withmajor hiatuses. Passariello et al. (2009) reviewed all
published 14C ages, which range from 3360 � 40 (Vogel et al., 1990)
to 3920� 50 (Watts et al., 1996). Passariello et al. (2010) concluded,
also based on new dates of bones of goats killed by the eruption,
that this eruption dates to ‘3550 � 20 BP, which calibrates to
1935e1880 BC (1s)’. However, in a slightly earlier review paper on
the distal tephrostratigraphy of Somma-Vesuvius, Santacroce et al.
(2008) concluded that the best ages available ‘yield an averaged age
of 4365 � 40 cal yr BP, which must be considered a maximum age’.
Based on this conclusion, Sulpizio et al. (2008) stated that the
Avellino eruption has ‘a best estimated maximum age of 3930 � 20
14C yr BP (4370 � 40 cal yr BP)’.

The uncertainty on the age of the Avellino eruption might be
solved by 14C dating of continuous sedimentary sequences with an
intercalated Avellino pumice layer, as for example encountered in
the lakes of Monticchio, the Colli Albani andMezzano. However, 14C
ages from such sequences are scarce (Sulpizio et al., 2008) and
inconclusive. This is exemplified by the AMS radiocarbon dating on
Abies seeds overlying the TM-4 tephra (Avellino pumice layer) in
the Monticchio record, which yielded an age of 3920 � 50 BP
(4514e4159 cal BP, 2s error range; Watts et al., 1996). According to
Wulf et al. (2004), the varve-based age of the layer is 4310 BP, given
as 4310 � 220 cal yr BP in Wulf et al. (2008). These ages are
considerably higher than the age published in Passariello et al.
(2010), but agree with the maximum age of Sulpizio et al. (2008).

These quoted ages illustrate the somewhat confusing way in
which 14C dates have been presented in the extensive literature on
the tephrochronology of Somma-Vesuvius. Also, conventions
regarding the use of units for reported 14C ages were not always
properly applied (see also materials and methods).

In this paper, we present a new series of 14C dates obtained from
lacustrine sequences with an intercalated tephra layer in the Agro
Pontino, which provide a robust date for the Avellino eruption.

2. Regional setting

The Agro Pontino in Southern Lazio, Central Italy, consists of
a higher complex of Pleistocene marine terraces in the SW and an
elongated, low-lying graben in the NE, the Agro Pontino s.s. (see
Fig. 1). This graben contains Holocene sediments that initially filled
in valleys formed during the preceding Glacial, and, with ongoing
sea level rise and closure of the Holocene beach ridge near Terra-
cina, gradually expanded over the earlier Pleistocene deposits. In
the central part of the graben, the Mid to Late-Holocene sequence is
dominated by peats and peaty clays, formed in predominantly
lacustrine environment (Sevink et al., 1984; Eisner and Kamermans,
2004). Since 2005, the Holocene palaeogeographic evolution of the
graben and its Bronze Age to Late Roman occupation are investi-
gated in detail within the framework of the ‘Hidden Landscape’
project of the University of Groningen, the Netherlands.

In 2008, the first author discovered a thin tephra layer in
a trench dug in a clayey Holocene infill of a small river incision near
the Via Migliara 44.5. Once recognized, we found the same layer in
many subsequent borings and, in 2009, in several large trenches in
a clear Early Bronze Age context. In one of these trenches (Campo
Inferiore), it occurred intercalated in lacustrine deposits containing
abundant plant and tree remains, ideally suited for 14C dating.
Further detailed studies on the distribution and palaeoecology of
the lacustrine deposits showed that during the Early Bronze Age
and contemporaneous with the volcanic eruption a large shallow
inland lake existed, reaching a level of about 3m a.s.l.
3. Materials and methods

3.1. Sites and materials

In the trench at Via Migliara 44.5 (see Fig. 2a), a thin (ca 2 cm)
layer of fine sandy, non-differentiated greyish-white tephra (layer
3) is intercalated in black, pyritic clay (layers 2 and 4). This clay rests
on greyish, less organic and non-pyritic reduced clay (layer 1). The
layers 2 and 4 are composed of very fine laminae (<0.1 mm), highly
indicative for a lacustrine origin. The tephra layer (layer 3) has
sharp upper and lower boundaries, lacks internal stratification, is
largely composed of lithics, single crystals and minor glass, and as
a whole is only slightly weathered (see Table 2 for composition).
Though in vertical sections the tephra layer seems rather discon-
tinuous (Fig. 2a), horizontal sections clearly show that it is
a continuous layer with small ‘gaps’.

About 10 cm above the tephra layer a second, thicker and
discontinuous layer (layer 5) of reworked coarse pumiceous frag-
ments occurs. These fragments are strongly weathered and
impregnated by iron(hydr)oxides, presumably liberated upon
oxidation of the originally pyritic clay (layer 6) that covers this
younger layer. Layer 6 has been deposited prior to the Roman
Republic Period, as o.a. evidenced by the occurrence of ceramic
fragments from that period in the overlying plough layer (layer 7).

In the summer of 2009, during an archaeological reconnaissance
by C. Anastasia on behalf of the Soprintendenza alle Antichità,
a large number of deep trenches were dug at Campo Inferiore. The
characteristic sequence of layers, observed in many trenches, is
shown in Fig. 2b. A thin, continuous layer of greyish-white tephra,
macroscopically identical to the tephra layer at Migliara 44.5,
overlies a lacustrine sequence of highly fossiliferous peaty clays to
clays (shells, plant leafs and seeds, tree trunks and branches) and is
covered by more or less decomposed peat. The upper layers consist
of reddish-brown colluvial clay, containing ceramics from the
Republican Roman Period. The groundwater level is just above the
tephra layer, which explains that organic matter in the overlying
strata is strongly decomposed and unsuited for reliable 14C dating
in most places. However, peat is still fairly well preserved in some
small and shallow depressions.

At Campo Inferiore, wood samples for AMS dating were taken
from trunks in the sediment below the tephra layer (see Fig. 2c).
Tree species encountered include Alnus, Fraxinus and Salix.
Abundant perfectly preserved Alnus leaves were found immedi-
ately below the tephra layer in the clayey sediment. Thesewere also
sampled for AMS dating. Lastly, relatively well-conserved peat was
sampled immediately above the tephra layer (sample 10).

Locations of the two trenches are shown in Fig. 1. A full
description of the sedimentary sequences and their archaeological
context, and other relevant trenches and sections (with the tephra
layer) will be published elsewhere (Feiken, in preparation).

3.2. Methods

Trenches were dug mechanically (Campo Inferiore, 2009) or by
hand (Migliara 44.5, 2008), described and photographed. Samples
for 14C dating and thin sections were collected in metal boxes and
as individual samples. Thin sections were prepared according to
Murphy (1986).

Standard grain-size distributions of the tephra layers were
obtained by dry sieving, after treatment with H2O2 to remove
organic matter, 1 M HCl to remove carbonates and dispersion with
Na-hexametaphosphate, followed by wet sieving over a 50 mm
sieve to remove non-volcanic fines and, particularly, secondary
weathering products (e.g. weathered volcanic glass, clay aggre-
gates, FeeMn concretions, pyrite nodules). Upon this pretreatment,



Fig. 1. Location of the area and sites sampled. 1 ¼ Higher complex of marine terraces (Early to Mid Pleistocene sediments); 2 ¼ Agro Pontino s.s. (graben with Late Pleistocene
and Holocene deposits); 3 ¼ Mountains (mostly Mesozoic limestones). Coordinates of sample sites: Migliara 44.5: 41
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the original grain-size distribution of the tephra (as observed in the
field) appeared to be significantly modified, and the sand fraction
(<0.42 mm) was strongly reduced and enriched in crystals, as was
inferred from a comparison with microscopic observations of non-
treated samples. Fig. 2f gives an impression of the original grain-
size distribution of this tephra layer.

For study of their mineralogy, chemistry and particle
morphology, samples from Migliara 44.5 (layers 3 and 5) were
treated with H2O2 to remove organic matter and prudently wet
sieved over a 50 mm sieve to remove fines (mostly clay). The residue
was split into approximate size fractions (>1 mm, 1e0.42 mm and
<0.42 mm) by brief wet sieving, avoiding the breakdown of the
tender tephra particles. The approximate 1e0.42 mm fractions
therefore contained significant amounts of finer particles. The
approximate size fraction <0.42 mm of layer 3 appeared to largely
consist of rather weathered tephra particles and clay aggregates,
while the whole of layer 5 consisted of weathered pumiceous
material, unsuited for geochemical analysis. Electron-microprobe
analyses were therefore limited to the approximate 1e0.42 mm
fraction of layer 3.

3.2.1. Determination of the tephra glass composition
Electron-microprobe analyses were performed using a Jeol 8600

Superprobe at the Department of Earth Sciences at Utrecht
University, fittedwith fivewavelength dispersive spectrometers. An
energy-dispersive detection system was used for rapid identifica-
tion of phases. Tephra particles, mounted on glass plates and pol-
ished before analysis, were thoroughly screened for the presence of
juvenile pumice grains. Glass compositions were determined at an
acceleration voltage of 15 kV and a beam current of 10 nA. Loss of
sodium was minimised by using a 5-mm defocused beam and by
moving the sample duringmeasurements. The procedures included
a full matrix correction routine, and instrumental performance was
monitored with the rhyolite reference glass VG-568.
3.2.2. Radiocarbon dating
Radiocarbon dating was carried out at the Centre for Isotope

Research at Groningen University. Before the actual 14C measure-
ment, the sample materials were chemically pretreated in order to
isolate the datable fraction, and to remove contaminants (Mook
and Streurman, 1983). The routine treatment of samples consisted
of the following steps: (i) with Acid (HCl) in order to remove soil
carbonate and possibly infiltrated humic acids; (ii) with Alkali
(NaOH) to remove e.g. soil humates; (iii) with Acid (HCl) to remove
any CO2 absorbed during step (ii). This sequence is referred to as the
“AAA” treatment.

After the chemical pretreatment, the samples were combusted
and turned into CO2. One sample was large enough to be dated by
the conventional method (laboratory code GrN); here the 14C
radioactivity in the CO2 was measured by proportional gas count-
ing. All other samples were analysed by Accelerator Mass Spec-
trometry (laboratory code GrA). Here the combustion took place by
an Elemental Analyzer (EA), coupled on-line with a stable isotope
Mass Spectrometer (MS). The EA was also used for purifying the
CO2 (Aerts-Bijma et al., 2001). In addition, the EA/MS system
enabled precise measurements of the d13C-values. The CO2 was
reduced to graphite by reacting under excess H2 gas (Aerts-Bijma
et al., 2001). This graphite was pressed into target holders, which
were placed in the ion source of the AMS. The Groningen AMS
facility is based on a 2.5 MV accelerator, and measures the 14C
concentration in the graphite (Van der Plicht et al., 2000).

The results are reported in conventional Radiocarbon years,
which include correction for isotopic fractionation using the stable
isotope ratio d13C, and usage of the conventional half-life (Mook
and Van der Plicht, 1999). The 14C dates are reported in years BP.
They need to be calibrated into calendar ages using the recom-
mended calibration curve intcal09 (Reimer et al., 2009). The cali-
brated dates are reported in calBP, being calendar ages with respect
to 1950 AD (Mook, 1986), and in calBC.



Fig. 2. Profiles and thin sections 2a: Migliara 44.5 with location of 14C samples indicated by (1, 2 and 3); 2b: Characteristic Campo Inferiore sequence with tephra layer; 2c: Tree
trunks at Campo Inferiore with tephra layer (right, white arrow). Upper large trunk just below ash layer was sampled. 2d: Migliara 44.5. Laminated sediment of layer 2; 2e: Lower
boundary of tephra of layer 3 with predominantly sand-size crystals; 2f: Dense tephra of layer 3 with abundant fine matrix.
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4. Results

Grain-size distributions, presented in Fig. 3, demonstrate that
the tephra layers at Migliara 44.5 and Campo Inferiore only
partially consist of sand-size tephra particles (24 and 32%, respec-
tively) and that the granulometry of the sand fraction is remarkably
similar, pointing to a common origin. Amounts of organic matter,
carbonates, pyrite and other materials that dissolve upon the
standard pretreatment employed are considerable (18 and 35%
resp.), as are amounts of clay to silt-size materials (<50 mm).
Carbonate content at Campo Inferiore is relatively high, while
carbonates are absent in the Migliara 44.5 tephra layer. Organic C
and pyrite are relatively high at Migliara 44.5. In both samples, the
small coarse sand fraction largely consists of up to 2 mm large
biotite flakes.

4.1. 14C dating

Table 1 lists the 14C dating results. Age differences between the
samples from Migliara 44.5 are small, being close to the analytical
Fig. 3. Grain-size distribution of the tephra layers at Migliara 44.5 (44.5) and Campo Inferio
(dissolved) material in weight % of the total soil (left); sand fractions (fraction boundaries
error of themethod. Rather than the strongly developed lamination
suggests, sediment influx must have been significant, since about
10 cm clay was deposited within a period of several decades.

Sample 5 from Campo Inferiore concerns the core and outer
rings (2e5) of a large trunk (see Fig. 2), which were dated at
3715 � 15 BP and 3690 � 15 BP respectively. Sample 8, taken from
a smaller trunk or thick branch (its precise nature could not be
established with certainty) slightly higher in the stratigraphy
yielded 3565 � 20 BP. The leaves from immediately below the
tephra layer were dated at 3585 � 20 BP. Sample 10 concerns
wood fragments from the peat immediately above the tephra
layer.

4.2. Tephra composition

The investigated size fraction (largely 0.42e1 mm) consists
predominantly of clay aggregates, single crystals and lithics. The
morphology of mineral ghosts and vesicles indicate that the clay
represents altered tephra. According to estimates from electron-
backscatter images and EDS identification, the single crystals are
re (Campo). Mineral fractions >50 mm (sand), <50 mm (silt þ clay), and total extracted
in mm) as % of the total sand fraction (right).



Table 1
Results from 14C analyses. GrA: Groningen AMS; GrN: Groningen conventional. Repeated 14C datings of a single sample, indicated by multiple laboratory codes, were averaged.
The results are rounded to the nearest 5.

Site Sample Material Lab code 14C age (BP) Error (1-sigma) d13 (&)

Migliara 44.5 1 Peat GrA-46200, 46201 3565 25 �27.79
Migliara 44.5 2 Peat GrA-46203, 46205 3685 25 �27.1
Migliara 44.5 3 Peat GrA-46206, 46208 3635 25 �27.75
Campo inferiore 5, rings 2e5 Wood GrA-45042, 45032, 45254, 45255 3715 15 �27.49
Campo inferiore 5, core Wood GrA-45007, 45008, 45259, 45260 3690 15 �27.07
Campo inferiore 8 Wood GrA-45003, 45006, 45256, 45257 3565 20 �24.94
Campo inferiore 8 Leaves GrA-45134, 45265, 45266 3585 20 �29.49
Campo inferiore 10 Wood GrA-46210 3610 30 �28.98
Campo inferiore 10 Wood GrN-32454 3635 40 �27.58

J. Sevink et al. / Quaternary Science Reviews 30 (2011) 1035e10461040
predominantly K-feldspar, while amphibole, magnetite, garnet
(melanite), titanite, orthopyroxene and quartz are present as well.

Juvenile pumice particles in the size fraction of the studied
sample are scarce, having an abundance of less than 1%. Seven
grains with largest dimensions between 60 and 300 mm were
investigated in detail. They are composed of crystalline phases and
fresh vesicular glass (Fig. 4). K-feldspar, clinopyroxene, amphibole,
and biotite reach relatively large sizes as microphenocryst, while
leucite, sodalite, and apatite were only found as small microliths in
the glassy groundmass. Some of the pumice grains show signs of
incipient alteration into clayish material similar to that of the
completely altered particles in this tephra layer.

Multiple analyses of groundmass glass, performed in five of the
pumice particles yielded a coherent result in terms of major-
element composition. The data for 13 individual spot analyses
performed in 5 grains are reported in Table 2. The compositions
obtained for three of the spots (#32, 33 and 36) showed
conspicuous deviations for some of the oxides, which we attribute
to ‘contamination’ by minute microliths during these measure-
ments. These data will therefore not be included in further
discussion.

Based on volatile-free normalized values for the 10 remaining
analyses, the glasses contain on average 56.7 wt.% SiO2 (1 standard
deviation ¼ 0.7), 7.2 wt.% Na2O (1 s.d. ¼ 0.5) and 7.0 wt.% K2O (1
s.d. ¼ 0.3), which classifies them as phonolites in a TAS diagram
(Fig. 5a). The CaO contents are typically low (virtually all <2 wt.%),
while Al2O3 contents are high (23e25 wt.%). The alkali-rich, silica-
undersaturated signature is consistent with the predominant
character of evolved magmas produced by Quaternary volcanic
centres in Central-Southern Italy (e.g., Peccerillo, 2005).
Table 2
Compositions of groundmass glass in pumice particles fromMigliara 44.5, obtained byWD
with all Fe taken as FeO. Spots marked with * are suspect, as deviating results for som
concentrations. The average concentration was calculated from the remaining ‘clean’ spo

spot # SiO2 TiO2 Al2O3 MgO CaO FeO

Grain 1 30 57.8 0.15 23.8 0.07 1.4 1.9
31 57.0 0.16 23.9 0.06 1.5 2.0
32* 52.8 0.63 24.2 2.74 1.1 3.8
33* 58.0 0.18 23.2 0.43 2.6 2.3

Grain 2 36* 60.5 0.17 25.4 0.08 1.4 2.2
37 58.0 0.18 24.5 0.09 1.7 2.4

Grain 3 38 55.7 0.14 23.9 0.09 1.5 1.9
39 56.3 0.15 24.2 0.10 1.6 1.8
40 56.9 0.17 24.5 0.07 1.2 2.0
41 56.1 0.14 24.8 0.06 1.4 2.0

Grain 4 42 56.7 0.19 23.7 0.10 1.5 2.0
43 56.2 0.16 24.1 0.09 1.5 1.9

Grain 6 44 56.2 0.16 24.5 0.07 2.1 2.0
average std. dev. n¼ 10 56.7 0.16 24.2 0.08 1.5 2.0

0.7 0.02 0.4 0.02 0.2 0.2
5. Discussion

We will first address the origin of the tephra layers in the
context of the depositional environment, then examine the
compositional match with the Avellino eruption, and finally discuss
our new age constraints for this major event.
5.1. Single eruption or not?

At Migliara 44.5 and Campo Inferiore the tephra was deposited
in a lake, which reached a level of about 3m a.s.l. All other Holocene
Pontinian sections in which we found an equivalent tephra layer
were situated within this lake area or in lower river courses just
outside (e.g. Trattura Canio). A second, pumice-rich tephra layer,
such as at Migliara 44.5 (layer 5), was only encountered in the
western margin of the former lake and nowhere else, and in all
cases occurred up to about 1 dm above the lower tephra layer
(Feiken, in preparation). This presence of two separate tephra layers
poses the question of whether they represent distinct eruptions or
a single event.

The abundant pyrite in the lake deposits, observed at Migliara
44.5, can be attributed to the combination of anoxic, marshy
conditions and high sulphur content of many karstic springs that
drained into the lake at the foot of the Monte Lepini (Boni et al.,
1980). This testifies to the large size of the lake since the sulphur-
charged waters must have reached as far as Migliara 44.5. Palae-
oecological studies on molluscs and pollen showed that the lake
was shallow, stagnant, and open at this site.

The presence of a second, pumice-rich tephra layer at Migliara
44.5 can be explained by fractionation of light pumice from denser
S electron-microprobe analysis. Data are normalized to 100% on a volatile-free basis
e of the oxides point to possible contributions from groundmass minerals to their
ts. b.d.l. ¼ below detection limit.

MnO Na2O K2O P2O5 Sum K2O/Na2O K2OþNa2O

0.19 7.6 7.0 b.d.l. 100 0.92 14.6
0.15 8.0 7.2 0.00 100 0.90 15.2
0.12 6.7 7.8 0.02 100 1.16 14.5
0.08 6.0 7.3 0.00 100 1.22 13.3
0.14 3.7 6.4 0.01 100 1.73 10.1
0.11 6.5 6.5 0.00 100 1.00 13.0
0.12 7.5 7.4 0.03 100 0.97 15.0
0.16 6.7 7.4 0.03 100 1.10 14.1
0.08 6.7 7.1 0.03 100 1.06 13.8
0.13 7.3 6.6 0.05 100 0.90 13.9
0.13 7.3 7.1 0.01 100 0.97 14.4
0.15 7.3 7.0 0.01 100 0.96 14.3
0.12 6.5 6.7 0.07 100 1.02 13.3
0.13 7.2 7.0 0.03 100 0.98 14.2
0.03 0.5 0.3 0.02 100 0.06 0.7
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particles in the water column. Porous pumice fragments, falling
into open lake water, must have floated on its surface for some time
and drifted onshore by the prevailing (eastern) winds, where they
eventually concentrated. Their floating capability was confirmed
experimentally by tests on relatively fresh fragments from layer 5 at
Migliara 44.5. In fact, deposition of pumice drift on shores of surface
water bodies is a well-known phenomenon (Bathrellos et al., 2009;
Bottari and Carveni, 2009). Denser particles settled on the lake
bottom to produce the continuous tephra layer (layer 3). Such
a segregation did not occur in the case of tephra fall onto marsh
vegetation (e.g. Campo Inferiore) or on land (lower river courses),
which explains the absence of the second, pumice-rich layer in
these environments. The observed limited age difference between
the layers 3 and 5 at Migliara 44.5 is fully in line with the above
explanation. The observations imply that such a process of frac-
tionation between pumice and lithics should be taken into account
in tephrostratigraphic studies of sediment cores from Central
Italian lakes or the Adriatic Sea.

5.2. Tephrostratigraphic correlation

Prominent tephra deposits in many tephrostratigraphic records
across the Italian region commonly originated from Somma-
Vesuvius, the Phlegrean Fields and Ischia Island. The compositions
of products erupted from the latter two centres are typically
trachytic in the time interval of interest (e.g., Poli et al., 1987;
Peccerillo, 2005; Turney et al., 2008 and references therein), as
opposed to the phonolitic signature of the Agro Pontino pumice
particles. This contrast, together with other major-element differ-
ences, excludes the Phlegrean Fields and Ischia Island as possible
sources.

Major Plinian eruptions from the Somma-Vesuvius complex
with potential relevance are the “Pomici di Base” (ca 22,000 years
BP), the “Mercato Pumice”, the “Avellino Pumice”, and the “Pompeii
Pumice” (A.D. 79). Less explosive, “inter-Plinian” eruptions marked
the intervals between these four events. Despite the overall
potassic, silica-undersaturated character of Somma-Vesuvius
products, there are conspicuous variations in tephra compositions,
which provide a solid basis for stratigraphic correlation purposes
(e.g., Santacroce et al., 2008). Comparing the well-documented
glass compositions for all of these Plinian and inter-Plinian erup-
tions (Santacroce et al., 2008; Sulpizio et al., 2008) with the pumice
glasses of the Agro Pontino tephra layer enables us to identify the
eruptive event that was responsible for its deposition. The major-
element compositions found correspond closely to those that
characterise the Avellino Pumice, as illustrated in Fig. 5aeb.
Although its glasses show a range in compositions, it is the only
eruption that produced the low CaO (<2 wt.%) together with high
Al2O3 (>23 wt.%) concentrations that mark the Agro Pontino
pumice glass. In addition, the assemblage of (micro-) phenocrysts
in the pumice, in particular the coexistence of leucite and sodalite
microliths in the glassy groundmass, as well as the dominance of K-
feldspar and the presence of amphibole, titanite andmelanite in the
population of loose crystals further substantiate the provenance of
the ash. Taken all these features together, the studied tephra layer
unequivocally matches with the Avellino eruption. Admixture of
non-juvenile crystals from shattered lava fragments or of local
origin explains the presence of remaining isolated minerals such as
quartz and orthopyroxene.

Other distal tephra layers of the Avellino eruption have been
identified in various marine and lacustrine sediment sequences as
well as in terrestrial exposures across Italy and adjacent areas.
Deposits with documented glass compositions include those from
several marine cores in the Adriatic Sea (Calanchi et al., 1998;
Calanchi and Dinelli, 2008), Lago Grande di Monticchio (Wulf
et al., 2004), Lago di Nemi (Calanchi et al., 1996), Lago di Mezzano
(Sulpizio et al., 2008), Lago dell’Accesa (Magny et al., 2007), Sul-
mona Basin (Giaccio et al., 2009), Pian di Pecore and Basento basin
(Sulpizio et al., 2008) and Lake Shkodra in Albania-Macedonia
(Sulpizio et al., 2010c). As illustrated in Fig. 6aeb, the glass
compositions of the Agro Pontino pumice particles are similar to
their equivalents from Lago Grande di Monticchio, Lago di Nemi,
Lago dell’Accesa, Lago di Mezzano (a-layer) and the majority of
Sulmona Basin compositions. Except for Monticchio, all of these
locations are situated northwest to north from Somma-Vesuvius.
The data cluster of these collective deposits overlaps with the glass
compositions of EU2 (Fig. 6aeb), the second of six eruption units
identified in proximal stratigraphic successions produced by the
Avellino event (Cioni et al., 2000). The EU2 unit represents the first
Plinian fall deposit of the magmatic phase of the eruption (EU2-
EU4), which was preceded by an opening phase (EU1) and followed
by a final phreatomagmatic phase (EU5-EU6). As documented in
Cioni et al. (2000), the Plinian fall underwent a transition from
a phonolitic, porphyritic, sanidine-rich white pumice (EU2) to
a tephri-phonolitic sanidine-rich grey pumice carrying more
pyroxene (EU3).

The share of lithics in proximal EU2 deposits tends to be low,
whereas such clasts are abundant in EU3 sequences (Cioni et al.,
2000; Sulpizio et al., 2008). Although this seems to contradict
with the high abundance of lithics and the very low number of
juvenile pumice particles in the studied Agro Pontino sample, it is
likely that estimated proportions were biased relative to the orig-
inal tephra composition by sorting during atmospheric transport,
segregation between pumice and lithics during deposition in the
lake water column (see discussion above) and possibly by
restricting our observations to the selected size fraction.

The distal ashes deposited to the north and northwest of
Somma-Vesuvius have been associated with the EU5 phreato-
magmatic phase and may have been dispersed in these directions
by low-level winds as fallout from pyroclastic density currents
(Sulpizio et al., 2010b). Bimodal compositions of glass shards from
the Avellino tephra at Lago di Mezzano (Sulpizio et al., 2008) and
Sulmona (Giaccio et al., 2009), similar to the proximal EU5 deposits,
would support this. As illustrated in Fig. 6, one endmember (EU5a)
overlaps the EU2-EU3 compositions, while the other (EU5b) is
Al2O3-poorer (and SiO2-richer) and presumably represents dis-
rupted older products of the Schiava eruption (Sulpizio et al., 2008).
A link between the Agro Pontino tephra and EU5 is questionable,
since the analysed glasses are not only restricted to EU2-type
compositions but also lack the EU5b variety, considered diagnostic
for the final phreatomagmatic phase. In general, more detailed
work is needed to establish if precise correlations exist between
distal Avellino deposits and the eruption units distinguished in
near-vent areas.
5.3. Dating the Avellino eruption

Each of the two sites studied represent stratigraphic sequences
with an intercalated Avellino tephra layer, which were not only
dated individually but are also cross-correlated with exceptional
precision, given that the same layer was deposited in the same large
paleo-lake. This enables us to investigate the sequences in tandem
and to derive a robust absolute date for the Avellino eruption,
provided that the dates obtained for the various samples are ‘true’
dates. The latter requires, for example, that the samples analysed
are not contaminated with older or younger organic matter, and do
not consist of or contain reworked (older) material. Furthermore,
hard water and reservoir effects can induce serious bias in 14C
datings of lake sediments with low organic carbon content, taken
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Fig. 4. Electron-backscatter images of juvenile pumice particles from Migliara 44.5 showing significant crystallinity and vesicularity. Microphenocrysts and microliths are sur-
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Fig. 5. Pumice glass compositions of the Agro Pontino ash layer (this work) compared
with pumice glasses from major Plinian and “inter-Plinian” eruptions of Somma-
Vesuvius in a total alkalies-SiO2 (TAS) classification diagram (a) and an Al2O3eCaO
diagram (b). Plotted data are normalized to 100% on a volatile-free basis with all Fe
taken as FeO. Fields for explosive eruptions from various centres in the Phlegrean
Fields are shown for comparison. Note that the Agro Pontino compositions overlap
only with the Avellino eruption. Data sources: Santacroce et al. (2008), Turney et al.
(2008), Sulpizio et al. (2010c), and references therein.

Fig. 6. Comparison of glass compositions of Agro Pontino pumice with Avellino glass
compositions from proximal and distal ash deposits in SiO2eCaO (a) and Al2O3eCaO
(b) diagrams. Plotted data are normalized to 100% on a volatile-free basis with all Fe
taken as FeO. Field for explosive eruptions from various centres in the Phlegrean Fields
is shown for comparison. Note that the Agro Pontino compositions correspond closely
to the proximal EU2 deposit (Cioni et al., 2000) and to other distal ashes representing
the Avellino “white pumice”, such as described in the Sulmona Basin and in lacustrine
sediments of Lago Grande di Monticchio, Lago dell’ Accesa, Lago di Nemi and Lagi di
Messano (“a-layer”). Field for explosive eruptions from various centres in the Phle-
grean Fields is shown to illustrate contrasts with most of the Avellino compositions.
Data sources: Calanchi et al. (1996, 1998), Wulf et al. (2004), Magny et al. (2007),
Calanchi and Dinelli (2008), Sulpizio et al. (2008, 2010c), Turney et al. (2008),
Giaccio et al. (2009) and references therein.
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from lakes with long water residence times (e.g. Wohlfahrt, 1996;
Lowe and Walker, 1997).

The Migliara 44.5 samples are from a still reduced, pyritic and
finely laminated sediment (layers 2 and 4) originally deposited in
a stagnant, anoxic shallow lake. Studies of plantmacro-remains and
pollen (Feiken, in preparation) showed that this lake held a sparse
aquatic vegetation, typical for stagnant, anoxic water, while its
shores held a reed-dominated subaquatic vegetation. The minimal
wave action and virtual absence of wind-induced currents that
a shallow water body requires to become anoxic (e.g. Capone and
Kiene, 1988), preclude reworking and incorporation of older
organic material into the layers studied, as well as any significant
reservoir effects. In the field and in thin sections (cf. Fig. 2b, d and e),
the layers 2, 3 and 4 lacked any indication for post-depositional
bioturbation or rooting. Moreover, rooting in such impervious, still
anoxic pyritic clay, which is a toxic environment for plant roots, is
unlikely to have occurred at any stage in the past. Lastly, the layers
analysed are relatively rich in organicmatter (about 10%) and free of
lime, thus excluding hard water effects.



Fig. 8. Final calibrated 14C dating for the Avellino eruption: the probability distribution
with 1s and 2s uncertainties.
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At Campo Inferiore, the same lake held a much more extensive
vegetation and its water was oxygenated, as evidenced by its fauna
and flora (Feiken, in preparation), and largely of karstic origin (e.g.
abundant mollusc shells and lime concretions in the lower layer).
The local, quite dense vegetation was subaquatic, with common
trees (e.g. Alnus and Salix) evidenced by the abundance of well-
conserved trunks, branches and leafs below the tephra layer, and by
common wood fragments in the overlying, partially decomposed
peat. Conditions can be described as a low-energy environment,
considering the quite dense vegetation (Feiken, in preparation), the
fine texture of the sediment (silty clay), the continuous, undis-
turbed nature of the tephra layer over a large area, and the occur-
rence of completely preserved Alnus leafs, more or less randomly
embedded in the sediment. The water being very hard and super-
saturated with lime, bulk analysis of peat samples would yield
unreliable datings. This was evidenced by 14C ages obtained by AMS
for seeds of Ceratophyllum submersum, an aquatic plant, from the
peat layer above the tephra (sample 10) that resulted in far too high
ages (Sevink et al., in preparation). To exclude hard water effects,
samples analysed were confined to wood (trunk, branch or large
fragment) that was pretreated to remove all potential contami-
nants, and to the intact Alnus leafs.
Fig. 7. Calibrated 14C dating for the sections at Migliara 4
The OxCal code (Bronk Ramsey, 2008, 2009 and references
therein) is particularly suited for an optimal estimation of the age of
strata in stratigraphic sequences with multiple 14C datings, and has
already been employed to date the Avellino eruption by Passariello
4.5 and Campo Inferiore, employing the OxCal code.
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et al. (2009, 2010). Using this code, we analysed both series of
interrelated dates (Figs. 7 and 8), which yielded a calibrated date for
the stratigraphical position of the Avellino tephra layer of
3945 � 10 calBP (1995 � 10 calBC). We consider this age to be truly
robust because of (a) the circumstantial evidence discussed above
against reworking or any other process that could have compro-
mised the 14C datings, and (b) even more decisive, the stability of
the dating results obtained on multiple samples from two sections.
To date, this is the only study providing both a terminus post and
terminus ante quem of this precision.

Our age is consistent with several earlier results, notably the
recent date (1935e1880 calBC, 1s) by Passariello et al. (2009, 2010)
and the preceding study by Andronico et al. (1995), but it is
considerably more precise (1s range of about 20 calendar years).
Our results imply that earlier estimates regarding the terminus post
quem for the Avellino eruption (Santacroce et al., 2008; Sulpizio
et al., 2008) were based on datings that lacked sufficient preci-
sion (uncertainty of ca 420 years).

This new, precise and robust age has implications for the chro-
nology of Middle to Late-Holocene sections of well-studied lake-
sediment cores such as those from the Lago Grande di Monticchio
and lake Shkodra (Albania-Macedonia). The Avellino tephra layer in
the Monticchio core, which holds a major record of the Late
Quaternary climatic history of the Central Mediterranean area and
is widely used for long-distance correlations, was varve-dated at
4310 � 220 yr BP by Wulf et al. (2004, 2008), while 14C dating of
Abies seed yielded an age of 4514e4159 calBP, 2s error range
(Watts et al., 1996). These ages are considerably older than our age,
suggesting that the Late-Holocene chronology inferred from the
Monticchio core needs revision. For the lake Shkodra chronology
(Sulpizio et al., 2010c), the assumed age of the Avellino Pumice
eruption is 3940e3860 calBP, which is slightly lower (about 90
years) and less precise than our date.

The results presented here demonstrate the advantages of
dating distal tephra layers in a well-constrained stratigraphic
context over dating proximal deposits in sequences with major
stratigraphic hiatuses. They furthermore underscore the impor-
tance of the Avellino tephra layer as a major time marker in studies
on the Early Bronze Age of Central and Southern Italy, which allows
for precise correlations of well-dated archaeological sites.
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