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In the past decade (2000e2010), research within the scope of the ’Hidden Landscapes’ project by RUG
archaeologists provided important information on the Holocene history of the Agro Pontino graben. This
information complemented earlier studies byDutch Universities (UvA, RUG andUL). The grabenwas found
to hold important tephrochronological, palaeoecological and archaeological archives, which deserve to be
studied in more detail. This is demonstrated by the recent robust dating of the Avellino pumice layer at
3945 � 10 cal BP obtained from this archive (Sevink et al., 2011) and by the complex denudation record
resulting from early land use in its hinterland. An overview is given of the recent knowledge on the Bronze
Age to recent landscape that existed in the graben and of the major Early Bronze Age sites, of which most
were associated with a large lake. Doubts have grown about the reliability of the existing chronological
framework derived from earlier pollen cores by conventional radiocarbon dating. These doubts are dis-
cussed in the context of results from recent research, with emphasis on the ’hardwater effect’ that has been
largely neglected in the earlier studies. The main current research topics are indicated.

� 2013 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Following earlier studies on the soils and Quaternary geology of
the Pontine region by Sevink and co-workers from the University of
Amsterdam, the Netherlands (Sevink et al., 1982, 1984; Arnoldus-
Huyzendveld et al., 1985; de Wit et al., 1987; Sevink et al., 1991),
Dutch archaeologists extensively studied this region for its rich
occupation history, also paying attention to its palaeoecology (Eisner
et al., 1984, 1986; Voorrips et al., 1991; Attema, 1993; Kamermans,
1993; van Leusen, 2002; van Joolen, 2003; Eisner and Kamermans,
2004). More recently, within the scope of the ‘Hidden Landscapes’
(HL) project by the University of Groningen, the Netherlands, partic-
ular attentionwas paid to the Agro Pontino graben (see Fig. 1), which
from the earlier studies was already known to hold an important
Holocene archaeological and palaeoecological archive. Early results of
this project have been published in Attema et al. (2011).

Within the HL-project, the aim is to reconstruct the environ-
mental conditions and vegetation from the Bronze Age onward, as
well as the developmentof the graben under the influence of human-
nd INQUA. All rights reserved.
induced erosion and sedimentation. From about 2000 BC (Early
Bronze Age) onward, a large shallow inland lake appeared to have
existed, fed by local rivers and karst springs, and with several asso-
ciated archaeological sites, including one at Tratturo Caniò (Feiken
et al., 2012). This lake and its marshy borders were found to be
contemporary with the Avellino pumice eruption. An ash layer from
that eruptionwas discovered at many sites in the graben and acts as
a very precise tephrochronological marker. The Avellino pumice
eruption (AV) and other Bronze Age eruptions from Central Italian
volcanoes have been thoroughly studied and characterized by e.g.
Sulpizio et al. (2008) and Santacroce et al. (2008). The distal AV-layer
in the Agro Pontino graben could be identified as such by matching
its chemical and mineralogical composition with the extensive re-
cord on Bronze Age tephra reported in the above mentioned studies.

In the Agro Pontino graben, this AV-layer is a very conspicuous
1e2 cm thick, greyish-creamish yellow layer of fine sandy, pyro-
clastic material with abundant lithics. The lithics largely consist of
sanidine and pyroxene crystals, with a minor amount of dark mica.
The mica crystals are up to 2 mm large and as such very charac-
teristic and easily recognizable. Based on radiocarbon dating of
over- and underlying organic materials at the sites Migliara 44.5
and Campo inferiore, the age of the AV-layer was established at
3945 � 10 cal BP (1995 � 10 cal BC) (Sevink et al., 2011). For a more
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Fig. 1. Location of the area and sites. 1 ¼ higher marine terraces; 2 ¼ Agro Pontino graben; 3 ¼ Monti Lepini.
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extensive discussion of its composition and dating, reference is
made to Sevink et al. (2011).

Later, the lake became gradually filled in with fluvio-colluvial
deposits and peat, thus potentially providing a detailed record of
the land use history and associated colluvial phases. In the lake
deposits, non-aerated organic materials are often exceptionally
well preserved and identifiable at plant species or genus level. They
comprise such elements as large tree trunks (up to 30 cm and more
in diameter), leaves and seeds.

The AV-layer was the first Holocene tephrochronological marker
that was identified in the Agro Pontino, and had not been identified
in the earlier sediment cores for which pollen diagrams were
published (see Section 5). Ages of their various pollen zones and
associated shifts in vegetation and climate, as well as correlations
between cores, were only based on dates obtained through con-
ventional radiocarbon analysis on bulk samples (see Table 1). This
generated doubts about the reliability of these dates for which
‘hard water’ effects cannot be excluded, as well as about the
Table 1
Radiocarbon dates of the Campo inferiore, Laghi di Vescovo and Mezzaluna 3 sites. AAA

Site Lab number Material C%

Campo inferiore GrA-46212 Wood (AAA) 45.6
GrA-46213 Seeds Ceratophyllum submersum 49.8
GrA-46214 Alkaline fraction 43.7
GrN-32453 Coarse wood 51.5
GrN-32454 Fragment of large branch/trunk 48.7
GrN-32455 Alkaline fraction 44.4
GrA-45211 Wood (AAA) 25.8
GrA-45261 Wood (AAA) 21.4
GrA-45264 Wood (AAA) 29.1

Laghi di Vescovo GrN-32655 Chara
GrN-32654 Travertine

Mezzaluna 3 GrA-51584 Lime gyttja above AV 0.8
GrA-51585 Lime gyttja below AV 5.1
GrA-51586 Lime gyttja on top of peat 1
GrA-51749 Wood from top of peat 55.9
presumed ages of prehistoric land use phases that were earlier
distinguished (see e.g. Attema et al., 2011).

In this paper, the current knowledge on the Bronze Age ge-
ography of the graben and its later development is summarized.
Major sites, several of which were studied within the context of
the HL-project are described, paying particular attention to their
position in the landscape and numerical dating. We then discuss
the impact of ‘hard water’ on radiocarbon dates from the Agro
Pontino, on which new data are presented. An overview is given
of the various published pollen records, including the location of
these cores in the palaeolandscape, their dating and the reli-
ability of this dating. Lastly, current research on the topics
mentioned and its wider implications for Central Italy are briefly
summarized.

Radiocarbon dates presented in this paper were all carried out
by the Centre for Isotope Research (CIO) at the Groningen State
University, Netherlands. Results were calibrated using the Calib Rev
6.1.0 software (http://calib.qub.ac.uk/).
¼ Acid-Alkali-Acid treatment. Calibration was by Calib Rev 6.1.0.

14C age BP (1-sigma) cal BP (1-sigma) d13C

4540 � 35 5070e5180/5275e5310 �28.61
10,495 � 45 12,410e12,540 �28.78
4325 � 35 4845e4960 �28.12
3855 � 35 4160e4400 �27.49
3635 � 40 3890e3985/4050e4065 �27.58
4320 � 60 4840e4960 �28.2
4220 � 40 4655e4665/4705e4755/4810e4845 �28.11
4300 � 40 4830e4880/4940e4955 �28.27
4725 � 40 5330e5375/5450e5480/5530e5580 �27.95
4615 � 75 5080e5160/5280e5470 �26.86
7400 � 60 8175e8315 0.85
9365 � 45 10,520e10,655 �0.55

10,045 � 45 11,405e11,700 0.32
9825 � 45 11,205e11,250 0.67
3565 � 35 3780e3785/3830e3920 �27.16

http://calib.qub.ac.uk/
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2. The Bronze Age and later palaeogeography of the Agro
Pontino graben

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 graben’
(see Fig. 1). This graben contains Holocene sediments that initially
filled in valleys formed during the preceding Glacial. With ongoing
sea level rise and closure of the Holocene beach ridge near Terra-
cina, these sediments gradually expanded over the earlier Pleisto-
cene deposits (Sevink et al., 1984). In the central part of the graben,
the sequence is dominated by peats and peaty clays, largely
deposited in a shallow lacustrine environment (Sevink et al., 1984;
van Joolen, 2003; Feiken et al., 2012). Associated are fluvial deposits
of low-energy rivers, that originated in the nearby Colli Albani and
Monti Lepini and drained into the lake. Subsequently, these lacus-
trine and associated fluvial deposits were gradually covered by
a complex of colluvio-alluvial sediments that are typically reddish-
brown and largely derived from soils in the hilly to mountainous
hinterland (Sevink et al., 1984; van Leusen, 2002; van Joolen, 2003;
Feiken et al., 2012). Land degradation induced by large-scale
transformation of the natural vegetation into agricultural land is
responsible for this massive sedimentation. This transformation
and associated processes have been extensively studied in the
context of the HL-project. A summary review is given in Attema
et al. (2011).

The Italian Early Bronze Age of southern Lazio is generally
described as having started around 2350 BC, and its early phase is
assumed to have lasted until about 1700 BC (e.g. Guidi and
Whitehouse, 1996; Angle and Guidi, 2007). The extensive
occurrence of the AV-layer in the Agro Pontino graben thus
allowed for a fairly precise reconstruction of the landscape
around 2000 BC, i.e. in the Early Bronze Age. This is demon-
strated by Fig. 2, which provides a landscape reconstruction at
around 3600 BP and also reflects the Early Bronze Age landscape.
The post-Bronze Age development of the graben and its lake not
only depended on the influx of colluvio-alluvial sediment, but
also on the development, over time and in relation to sea level
change, of the coastal barrier near Terracina that blocked the
outlet of the graben. Moreover, successive attempts (from Early
Roman times until the twentieth century) to reclaim the Agro
Pontino graben through large-scale land reclamation also had
a major impact. During the Late Holocene and particularly in
historic times, truly lacustrine environments (i.e. with open wa-
ter) were far more limited in size and probably largely restricted,
as they are now, to the areas with karst springs at the foot of the
Monte Lepini (see e.g. van Joolen, 2003). This explains the scar-
city of sediment sequences that cover the Late Holocene in the
existing palaeorecords (see Section 5), the colluvio-alluvial de-
posits containing no or very few pollen.

Also based on earlier studies such as van Joolen (2003), but
particularly on his own results, Feiken produced maps (see Fig. 2)
showing several stages in the Bronze Age and later history of the
central part of the graben in which the lake existed (Feiken, in
preparation). In the lake deposits and associated fluvial deposits,
the AV-layer was found in many pits and trenches. Major sections
studied are briefly described below.

3. Major sections

Emphasis in this description is on sedimentary sequence,
marker bed and dating, rather than on archaeological remains. The
latter were described elsewhere or will be described in forth-
coming papers. Sites are from the central part of the lake (Campo
inferiore, Mezzaluna 3, and Ricci), from its margin (Migliara 44.5)
and from the associated riverine area (Tratturo Caniò). Locations
are given in Fig. 1.

Campo inferiore (41�2800600N; 13�300900E) has been described
by Sevink et al. (2011). Details on its fauna and flora are given in
Feiken (in preparation). It comprises a shallow-water lacustrine
sequence with abundant remains of logged trees and more or less
peaty, fine textured beds (see Fig. 3a and b). Apart from these
wooden ‘artefacts’, Anastasia (personal communication), who
discovered the site, did not find in situ datable archaeological
materials in this sequence. A thin, intercalated AV-layer is pre-
sent in the upper part, covering the layer with large tree trunks
and branches. The lacustrine sequence is covered by a thick de-
posit of reddish-brown colluvio-alluvial clays that may have
begun to be deposited during the Iron Age (Anastasia, pers.
comm.). The lake must have been shallow and was fed by karst
waters, as indicated by the faunal and floral remains (Feiken, in
preparation). The AV-layer was found at a depth of about
150 cm below the land surface and about 60 cm below the top of
the lacustrine deposits.

Mezzaluna 3 (41�2603300N; 13�0701100E) is a section along a ditch
in the vicinity of two earlier Mezzaluna cores, of which the Mez-
zaluna 1 core was studied by Eisner and Kamermans (2004). The
new core consists of more or less oxidized peat (about 30 cm) over
a layer of lime gyttja, which is about 50 cm thick and holds the
AV-layer at a depth of about 65 cm below the land surface (Fig. 4).
The gyttja layer rests upon peat that contains many tree trunks,
branches, and roots. The thickness of this underlying peat could not
be established but is >1 m. Bakels and Kuijper are currently
studying the fauna and flora of this site.

Ricci (41�2704300N; 13�0201500E) is a large, recently excavated
(2011) irrigation water basin (50 � 40 m and up to 4 m deep) with
a sequence of reddish-brown gravelly colluvio-alluvial clays (up
to 150 cm thick) over a thick sequence of sediments deposited in
a shallow-water, aquatic environment. The latter sequence holds
the AV-layer (at about 2 m below the land surface) and rests on
a lithoid tuff (see Fig. 5). The clayey, highly calcareous beds are
rich in plant macro-remains, notably tree trunks, branches, and
roots. Fluvial incursions were visible in the form of channels with
sandy loamy to loamy fills. These contained abundant shells,
largely of snails and fresh water molluscs, and indicate the feed-
ing of the shallow-water lake or marsh by karst waters. Directly
below the AV-layer, Early Bronze Age pottery was found (Anas-
tasia, pers. comm.). Evidence for early slash-and-burn agriculture
was found in the form of burnt peat layers (Fig. 6) that had also
been found by Feiken in cores and trenches from the same area
(Feiken et al., 2012). The AV-layer, which was very well preserved
throughout the large pit, is overlain by about 50 cm reduced and
more or less peaty sediment testifying to the continued existence
of shallow-water to marshy conditions after the deposition of the
pumice, just as at Campo inferiore. The origin and age of the
lithoid tuff at its base, about 1.5 m below the AV-layer, is not
known. Details on its composition and potential origin will be
published elsewhere.

Migliara 44.5 (4�2605400N; 13�0005000E) is a section in a trench
from the western margin of the lake with highly organic, pyritic
clays and with an intercalated AV-layer at approximately 110 cm
below the land surface. The lake deposits are covered by more or
less colluvial clays, deposited under aerobic conditions and holding
early Roman and later artefacts. The section (see Fig. 7) is exten-
sively described in Sevink et al. (2011).

Tratturo Caniò (41�2902200N; 12�5903700E) is a NEeSW running
trench dug across a palaeochannel and its levee adjacent to
a well-known archaeological site. Below a complex series of
colluvio-alluvial layers holding abundant archaeological remains,
a palaeosurface was found. This comprised a former riverbed with



Fig. 2. Palaeogeographic reconstructions of the central Agro Pontino graben for the Bronze Age, Iron age and Republican period. Red dots in lower map indicate Bronze age sites;
green dots in upper map indicate Roman sites. After Feiken (in preparation).
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a coarse textured fill with abundant shells of snails and fresh
water molluscs, and an adjacent levee with loamy clays to clays,
further away from the river grading into a river basin with heavy
clays. In the levee deposits, a thin layer of volcanic ash was
observed at about 2 m below the land surface (see Fig. 8). This
layer was identified as the AV-layer on the basis of its texture and
mineralogical composition, and its association with archaeo-
logical materials that typologically dated from the Early Bronze
Age. For an extensive description, reference is made to Feiken
et al. (2012).



Fig. 3. Campo Inferiore site. a) Section with Avellino pumice layer, indicated with arrow; b) Logs below the Avellino pumice layer (indicated with arrow).
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Based on the elevations at which the AV-layer occurred, the
extent of the former lake at about 2000 BC could be recon-
structed, roughly at 2 m asl, as well as the margin between the
lake and the fluvial plain to the NW (see also Fig. 2). The sites
described testify to the excellent preservation of the AV-layer in
the predominantly shallow-water lake deposits, and to its sig-
nificance as marker bed.

4. ‘Hard water’ and its relevance for radiocarbon dating of
Holocene materials from the Agro Pontino graben

Water from karst springs today forms an important component
of the total water discharge into the graben, and did so in the past of
the discharge into the ancient lake and associated marshlands (see
2). Geochemical studies of these spring waters showed that they
hold relatively high concentrations of ancient carbon dioxide, and
hard water effects (Shotton, 1972) are therefore to be expected
upon radiocarbon dating materials from lacustrine to fluvial envi-
ronments that received such waters. Duchi et al. (1991) for example
studied the groundwater geochemistry of Southern Lazio and
extensively described the contribution of ‘fossil’ CO2 derived from
ancient aquifers and released from carbonate rocks that act as
reservoirs in the Monti Lepini and substratum of the Agro Pontino.
These authors furthermore stress that, “the gaseous phases, of
which CO2 is the main constituent, offer proof of ongoing meta-
morphic processes in the region of the Alban Hills, and turn out to
be the most representative indicators of processes going on at
depth”. In a more detailed and recent study, Tuccumei et al. (2005)
showed for the Laghi di Vescovo (for location see Fig. 1) that
groundwater fluxes into these lakes are considerable, and that
these are associated with the upsurge of deep-seated fluids rich in
CO2 and H2S. In both studies this is reflected in exceptionally high
values for bicarbonate in the karst spring waters.

Aquatic plants and organisms such as bacteria, algae, and di-
atoms, which live in lakes and marshes fed by water containing
ancient carbon, have a higher estimated radiocarbon age than their
true age (‘hard water effect’), whereas terrestrial plants and or-
ganisms taking their carbon dioxide only from the atmosphere will
not show such a phenomenon, unless atmospheric carbon dioxide
levels are affected by gaseous emanations (see also Shotton, 1972).
The latter, however, have not been reported for the Agro Pontino
graben and are unlikely to play a role. Core samples of sediments
from lakes and marshes that are fed by karst springs carrying
ancient carbon, such as in the Agro Pontino graben, generally
contain a mixture of remains from both aquatic and terrestrial or-
ganisms. Conventional radiocarbon analysis of such ‘mixed’ sam-
ples thus will not provide a reliable estimate of their age. Contrarily,
AMS dating of remains of terrestrial plants is much more likely to
produce such reliable estimates.

Here, results are reported for two sections that are relevant for
the potential hard water effect and its impact on estimated
radiocarbon ages of their materials. Of particular relevance is the
occurrence of the AV-layer in these sections, allowing for inter-
site correlation. Furthermore, several recent materials (plant
and travertine) were studied from karst springs at Laghi di Ves-
covo to assess the current hard water effect. Samples were pre-
treated through extraction by acid and alkali (AAA). For several
samples alkali extracts were analysed to assess the potential role
of contamination by humic acids. For details on the methods
used, reference is made to Sevink et al. (2011). Groningen AMS
dates are designated by laboratory code GrA; conventional dates
by GrN.

a) Campo inferiore (for results, see Table 1):

Peat samples from directly above the AV-layer contained more
or less decomposed wood fragments. These fragments were first
analysed in bulk, yielding ages of about 4200 BP and older, with
a maximum age of 4725 BP (GrA 45211, 45261, 45264, 46212).
Extracts from alkaline extractions yielded ages of 4320 to 4325 BP
(GrN 32455 and GrA 46214). The peat contained seeds of Cera-
tophyllum submersum, an aquatic plant, which yielded an age of



Fig. 4. Mezzaluna 3 section. The Avellino pumice layer (A) is indicated with an arrow.

Fig. 5. Ricci section: AV ¼ Avellino pumice layer.

Fig. 6. Burnt peat in the Ricci section, below the Avellino pumice layer (AV).
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10,495 BP (GrA46213). A large (Ø 5 cm), very well preserved wood
sample, probably from an alder trunk, yielded an age of 3855 BP
(GrN 32453), and a subsample from the core of a larger (Ø 8 cm)
piece of exceptionally well-conserved trunk/branch (probably
also alder) yielded an age of 3635 BP (GrN 32454). The latter date
was used for estimation of the age of the AV-layer (Sevink et al.,
2011).

b) Mezzaluna 3:

Samples were taken from lime gyttja directly above and below
the AV-layer (GrA 51584, 51585), and from the bottom of this gyttja
layer (GrA 51586) and directly adjacent wood from the peat below
(GrA 51749). Results are presented in Table 1. Most striking is the
highly deviating v13C value for the gyttja samples.
c) Laghi di Vescovo (41�2701400N; 13�702800E; see Fig. 1):

Two samples were studied.

- Recent (living) Chara (GrN 32655), a gray-green branched
multicellular algae that is often confused with submerged
flowering plants but has no flower and will not extend above
the water surface. Encrustations with calcium carbonate,



Fig. 7. Migliara 44.5 section with the Avellino ash layer and location of 14C samples.

Fig. 8. Tratturo Caniò section with Avellino pumice layer in levee deposits (white ar-
row) and overlying Bronze age occupation layer with abundant ceramics. For details,
see Feiken et al. (2012).
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typical for Chara, were removed by treatment with acid, prior
to its radiocarbon age estimation.

- Recently formed travertine from one of the lakes (GrN 32654),
surrounding living leaves of rush (probably Schoenoplectus
lacustris (L.) Palla). Here, as at Mezzaluna 2, the v13C value is
remarkably high for the secondary calcium carbonate, whereas
in the Chara sample it is rather normal.

Hard water effects can be established for the samples from the
Campo inferiore and Mezzaluna 3 by comparing their radio-
carbon ages with the age established for the AV-layer (Sevink
et al., 2011) and for those from the Laghi di Vescovo simply on
the basis of their measured radiocarbon age, their true age being
2011 CE or, in case of the travertine, at most a few decades earlier.
Evidently, for radiocarbon dating of such recent samples the
nuclear bomb effect (Reimer et al., 2004) may play a role. How-
ever, this effect is opposite to the hard water effect, leading to
younger ages (higher 14C values) than those based on standard
calibration. The offset in radiocarbon age due to hard water thus
might even be larger than the observed error in measured radi-
ocarbon age.

5. Existing Holocene paleorecords from the Agro Pontino

The earliest and most complete Holocene pollen record from
the graben is that from the Mezzaluna core, studied by Eisner
et al. (1984, 1986), Hunt and Eisner (1991) and Eisner and
Kamermans (2004). van Joolen (2003) studied a core from the
nearby Laghi di Vescovo, Haagsma (1993) studied a core from
Monticchio near Sermoneta. Another core is from a site near
Campoverde in the northwestern border zone of the Agro Pontino
graben. It was taken in “a dried-up lake, which lies in tuff de-
posits, surrounded by lagoonal deposits” (Veenman, in Attema,
1993). This core is also discussed in Attema et al. (2011). van
Joolen (2003) studied further cores from the coastal strip to the
SW of the graben, but only the Lago di Fogliano core near Latina
may be relevant for the palaeorecord of the Agro Pontino, the
other core being located south of Ardea, about 20 km from the
nearest Agro Pontino core (Campoverde) and 40e50 km from the
other Agro Pontino cores.

Most cores from the Agro Pontino graben cover only part of
the Holocene and have limited time control in terms of radio-
carbon dating, with the only exception of the Mezzaluna and
Campoverde cores. All dates were performed on bulk samples by
the conventional method (no AMS). Furthermore, none have been
independently dated on the basis of included tephra layers. The
Mezzaluna 1 core contained two ‘volcanic layers’ described as
‘with granules of tephra, or volcanic ash’, from 640 to 630 cm and
again from 570 to 560 cm. However, the origin of these layers was
uncertain.

Results for the cores from the Agro Pontino (see Table 2) are
currently being reinterpreted by Bakels, and an attempt is made to
correlate the various pollen records and vegetation history derived
from these cores into a more regional record. Here, attention is
focused on the available radiocarbon dating, and the kind of ma-
terial onwhich the dating was performed. These data are presented
in Table 2.

The Mezzaluna 1, Laghi di Vescovo and Monticchio cores are all
from sites close to the foot of theMonti Lepini with its karst springs,



Table 2
Radiocarbon dates for samples from relevant published Agro Pontino cores. ‘Section’ refers to the part of the core for which pollen diagramswere published. All dates have been
(re)calibrated using Calib Rev 6.1.0.

Site Source Location Core/Section
in cm

Sample depth
in cm

Material 14C age BP cal BP (1-sigma)

Monticchio Haagsma in Attema
et al. 2011

41�3203700 N
12�5805200 E

120e1134 core
130e340 section

226 Clay 2090 � 30 2005e2115
240e245 Clay 2240 � 60 2160e2335
940e945 Peat 8015 � 45 8780e9005

Campoverde Veenman 2002 41�3204500 N
12�4401100 E

27e432 core
70e250 section

95e110 Clay 1915 � 145 1630e2040
155e160 Clay 4050 � 120 4420e4810
180e185 Clay 3730 � 100 3930e4240
241e249 Clay 3480 � 90 3640e3860
335e339 Clay 3100 � 50 3265e3375
385e390 Clay 4690 � 70 5320e5575

Laghi di Vescovo van Joolen (2003) 41�27015-2000 N
13�7025-3000 E

0e355 core
210e280 section

227e228 Peat 2290 � 100 2150e2460
240e243 Peat 2130 � 70 2000e2160/2260e2300
261e264 Peat 2390 � 70 2340e2610/2640e2680
292e294 Peat 2510 � 180 2360e2760
336e340 Peat 2680 � 70 2745e2850

Mezzaluna Eisner and Kamermans
2004

Approx.
41�270 N
13�6-70 E

0e910 core
and section

101 Peat 4730 � 60 5330e5380/5450e5580
251 Peat 6450 � 120 7260e7470
464 Peat 9860 � 130 11,170e11,600
616 Peat 11,590 � 220 13,260e13,700
666 Peat 13,080 � 500 15,250e16,350
769 Peat 15,850 � 500 18,570e19,530
871e874 Clay 34,650 � 950 38,700e40,850

Lago di Fogliano van Joolen, 2003 Approx.
41�240 N
12�540 E

0e805 core
70e280 section

127e129 Peaty clay 2360 � 60 2330e2490/2645e2655
219.5e222 Clay 3400 � 100 3490e3820
270e278 Peat 3590 � 160 3650e4140
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and Holocene deposits encountered in the sections invariably were
formed in lacustrine or marshy environments. Calcium carbonate
content or even its presence was not established. Only in the
Mezzaluna core were older, pre-Holocene sediments encountered.
For the Campoverde core, the situation is less clear, as travertine
abounds in the hinterland and the discharge feeding the former
lake consisted largely of groundwater originating from the Colli
Albani, noted for its high fluxes of CO2 (e.g. Funiciello et al., 2003;
Tuccimei et al., 2006; Carapezza et al., 2008).

The Lago di Fogliano core consists of lagoonal or near lagoonal
sediment. The coastal lagoon was largely fed by precipitation and
run-off from local rivers, until the early 20th century when it was
connected to the sea and became brackish. Moreover, nearly all soils
in the adjacent complex of marine terraces are impermeable, and if
not, are deeply decalcified (Sevink et al., 1984). Limestones and
similar carbonate rocks do not occur at relatively limited depth (less
than a few hundred meters), nor do karst springs exist. Lastly, being
near to the coast, wave action is strong and exchange of CO2 with
the atmosphere therefore rapid. In summary, neither a relevant hard
water effect, nor a marine reservoir effect is to be expected.

6. Discussion

The data presented in Table 1 show that the Chara sample from
the Laghi di Vescovo exhibits a hard water effect in the order of at
least 5.2 ky, and the travertine sample one of at least 8.2 ky. The
samples fromMezzaluna 3 demonstrate similar extreme differences
between true and measured ages: the gyttja has a radiocarbon age
that is about 7 ky older than its true age, based on comparisonwith
the intercalated Avellino pumice layer as well as with the age of the
wood sample (GrA 51749). Comparisonof the values obtained for the
various samples from Campo inferiore with the age of the AV-layer
points to an effect that ranges from about 8.5 ky for the seeds of
the aquatic species Ceratophyllum submersum, to between 0.2 and
1.2 ky for samples that apparently contain a certain amount of
organic material originating from aquatic species and/or organisms.

These results are in line with the important role of ‘fossil CO2’-
charged karst waters in these environments, discussed before. They
demonstrate that conventional radiocarbon analyses on bulk
samples from such environments are very likely to be in serious
error, and that even AMS dates may be in error if samples are
slightly contaminated with ‘old’ organic material. Evidently, the
effect will depend on factors such as the relative contribution of
‘hard’ karst water and the distance towards its source, since ex-
change with atmospheric CO2 will occur and excess ‘fossil carbon’
may precipitate in the form of gyttja and travertine.

The data for the Campoverde core show amarked decrease of the
estimated age with depth that puzzled Veenman (1996), who first
published this core. She mentioned a potential hard water effect,
but did not reach the conclusion that most of her radiocarbon ages
are too old due to this effect and probably only the youngerdates are
relatively reliable, i.e. 1.8 ka BP for the 95e110 section and 3.3 ka BP
for the section from 335 to 339 cm. Attema et al. (2011) rather
tentatively attributed the ‘reversed’ sequence to erosion of ‘older’
material (‘inverted sediment’) and its subsequent deposition in the
lake. However, this explanation cannot account for the relatively
young age of the upper sample, requiring a sudden lack of such
oldermaterial or a sudden end to such sediment input into the lake.

As stated earlier, discharge from the Colli Albani contains sig-
nificant ‘fossil CO2’. Groundwater from that upstream area is linked
to massive travertine formation near Cisterna, and in the foot-
slopes, where Campoverde is located, may easily induce radio-
carbon ages that are far too old (see e.g. Minissale et al., 2002).
Changes in discharge fluxes and chemical composition can easily
explain the aberrant age pattern in the Campoverde core. Whatever
the correct explanation is, the period covered by this core most
likely is considerably shorter than was assumed by Veenman (from
about 1.8 to 3.2 ka cal BP), and than the 1.9 to 4.7 ka suggested by
Attema et al. (2011. Moreover, both 1.8 and 3.2 ka are maximum
ages, and true ages might be lower. Such a younger time frame
would be fully in line with the apparent absence of the AV-layer
(3945 cal BP) in this core.

As to the Monticchio and Laghi di Vescovo cores: both sites lie in
the footslope of the Monti Lepini and concern lacustrine deposits
formed in environments that must have received a considerable
influx of karst water. This is particularly evident for the Laghi di
Vescovo core (Tuccimei et al., 2005). Observations on the current
impact of hard water on estimated radiocarbon ages at this site lead
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to serious doubts about the reliability of the radiocarbon ages given
by van Joolen (2003) for her Laghi di Vescovo core, which probably
are far too old. The estimated age for recent Chara, very common in
these lakes, is double that of the presumably oldest sample of van
Joolen (2003), implying that even a moderate contribution of
such Chara to a recent deposit is sufficient for estimated ages as
found by Joolen to occur.

Whereas the Campoverde, Monticchio and Laghi di Vescovo cores
cover only a rather short time span, the Mezzaluna 1 core extends
into the Pleistocene. For that reason, the chronostratigraphy of this
important core is discussed in more detail.

Comparing the Mezzaluna 1 core (M1) with the Mezzaluna 3
section (M3), thefirst observation is thatwhereas inM3 theAV-layer
is present, occurring at a depth of about 65 cm, itwas not observed in
M1, though the estimated age at 101 cm depth is roughly between
5.3 and 5.6 cal BP, i.e. earlier than the AV-eruption. Assuming
a similar sedimentation rate at both M1 andM2, which are adjacent
and in a similar (more or less lacustrine) environment, this latter
date seems to be fairly reliable. Dates for the lower section of the
M1 core, however, are much more problematic for several reasons:

- In M1 two tephra layers are described at respectively 560e
570 cm (around 12,000 cal BP) and 630e640 cm (around
15,000 cal BP). Known major eruptions for relevant time spans
include the Agnano Pumici Principali, which is known to date
from 12,360 cal BP (Zanchetta et al., 2011), and the Tufo Giallo
Napolitano (TGN) from 14,900 � 0.4 cal BP (Deino et al., 2004).
Whereas the Tufo Giallo Napolitano might be encountered in
the Agro Pontino, the Agnano Pumici Principali has never been
reported so far NW of its eruption centre.

- More fundamental problems are encounteredwhen comparing
well-established Holocene sea level curves with the presumed
levels of the Agro Pontino lake for earlier phases. According to
Eisner and Kamermans (2004), at the M1 site, following upon
an erosional phase attributed to a low sea level and associated
fluvial dissection during the last Glacial, a lake formed at a level
of about �5 m a.s.l. (�7.70 m in the core) and around 16 ka BP.
Its level was linked to the sea level at Terracina, where the
valley draining the interior Agro Pontino graben ran and still
runs into the sea (see also Sevink et al., 1984). The difference in
altitude between sea level and lake level may have been in the
order of about 2 m (the current difference), the beach ridge
blocking drainage. Thus for a lake level at �5 m asl, a sea level
of about �7 m asl or slightly higher must be inferred.

Antonioli et al. (2002) found for NW-Sicily that a sea level
at �7 m asl was reached at about 7 ka cal BP, whereas for Sardinia
Antonioli et al. (2007) found an age of about 7e8 ka cal BP. Lambeck
et al. (2004), in an authoritative review paper on sea level change
along the Italian coast, report similar ages for Anzio and Fondi, near
the Agro Pontino. Moreover, around 16 ka BP (Eisner and
Kamermans, 2004), the sea level would have been at or near
a glacial low (around �100 m asl). Clearly, it must be excluded that
at such low sea level, with maximal fluvial dissection and erosion
indeed evidenced in the Mezzaluna 1 core, a lake would have
formed with a level at �7 to �8 m asl. Another implication is that
the formation of the lake at its earliest might date back to around
7e8 ka BP. The difference (16 ka versus 7e8 ka BP) is in the order of
themaximumdifferences between estimated and true ages that we
observed in connection with hard water effects in lacustrine
samples.

In summary, the time frame for the Mezzaluna 1 core as pub-
lished by Eisner and Kamermans (2004) is unreliable and most
probably in serious error due to hard water effects. However, clear
possibilities exist for an improved dating because of the reported
presence of volcanic ash layers in its lower section, and potential
presence of the AV-layer.

7. Conclusions

This research showed that the Agro Pontino graben holds an
excellent palaeoecological archive, with important archaeological
sites and a tephrochronological marker bed (the Avellino pumice
layer, 1995 � 10 cal BC) allowing for very precise correlation of
sections that date from the Early Bronze Age onward. Moreover,
earlier tephra layers might allow for robust dating of earlier parts
(Early to Mid Holocene) of its archive. Current research aims to
identify these earlier tephra layers and to assess their suitability for
dating the older archive.

This study provides a very clear example of the major impact of
‘hard water’ on estimations of radiocarbon ages for materials that
are ‘contaminated’ by aquatic plants or organisms such as algae.
These materials were widely encountered in those parts of the
graben where lakes or marshes were partially or completely fed by
waters from karst springs. In consequence, reliable estimated ages
for materials from such environments can only be obtained
through radiocarbon dating on non-contaminated, identifiable
parts of terrestrial plants, which formost samples implies the use of
AMS instead of the conventional radiocarbon method. Clearly, the
combination of such radiocarbon dates with tephrochronological
marker beds provides the best opportunity for developing a correct
chronological framework.

Similar conclusions were drawn in many recent studies on cores
from Italian crater lakes (e.g. Chondrogianni et al., 1996; Guilizzoni
et al., 2002; Giaccio et al., 2009; Sadori et al., 2011). Very recently, in
their detailed discussion of the occurrence and age of the AV-layer
in Central Italy, Zanchetta et al. (2012) provide important infor-
mation on the problems encountered when comparing dates
derived from lacustrine deposits with those from terrestrial origin,
and also stress the need for reliable identification of tephra layers. In
a wider context, the conclusions are in line with those from studies
on the marine reservoir effect (e.g. Siani et al., 2001; Lowe et al.,
2007), which also stress the importance of well-dated tephra layers.

For all existing Holocene pollen records from the Agro Pontino
graben, including the Mezzaluna 1 core published by Eisner and
Kamermans (2004), implications of these results are that esti-
mated radiocarbon ages are unreliable. Additional circumstantial
evidence for unreliable ages established by conventional radio-
carbon dating for the Mid- en Early Holocene lake sediments in the
Mezzaluna 1 core is provided by the clear discrepancy between
inferred Holocene lake levels and modern sea level curves for the
central Mediterranean.

Evidently, pollen zones, as identified for the various cores on
the basis of the pollen assemblages encountered, may still be used
for regional correlations and, in combination with well-dated
cores, can provide information on the timing of Late Quaternary
climate changes and of human impacts on the vegetation of the
Agro Pontino and adjacent areas. Estimated ages for the Lago di
Fogliano (van Joolen, 2003; Attema et al., 2011) might be reliable,
not being influenced by karst waters, and might serve to date
transitions between pollen zones. However, the radiocarbon dates
cover a time span of only about 1.5 ky and there is no independent
check based on the occurrence of the AV-layer, which might have
occurred in this core given its age, but was not observed. The only
solution therefore is to obtain reliable dates for pollen zones by
studying new cores or sections, such as those from Ricci and
Mezzaluna 3. This is the aim of the current research, which
additionally attempts to produce a regional correlation of the
pollen zones for the earlier cores, using results from these new
cores.
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