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Abstract: We present the lead isotopic composition of ceramic fragments from the Kyrenia shipwreck
(Cyprus), selected from three chemical groups related to the Rhodes and Alimos regions (Greece).
Fragments of the lead sheathing covering the ship’s hull and biogenic material formed on some of
the ceramic sherds, were analyzed along with sherds from the Rhodes and Alimos source areas for
comparison. The objective of this paper was to evaluate the impact of the seawater environment
on the isotopic signature of the ceramics, and on our ability to use lead isotopes to source ceramics
recovered from seawater. The results showed that the lead isotopic composition of the shipwreck
ceramics was modified by its prolonged proximity to the lead hull sheathing. The lead signature of
filtering marine organisms encrusted on the ceramics provided support for this hypothesis.
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1. Introduction

Since her discovery in 1967 off the northern coast of Cyprus (Figure 1), the Kyrenia
shipwreck and her cargo have been subject of scientific studies focusing on questions
related to the hull structure and carpentry techniques, repairs made to the ship over time,
material used for her construction, the nature of her cargo, and her journey before she
sank off the northern coast of Cyprus, 2200 years ago [1-6]. Over 400 amphorae and other
ceramic wares including plates and cooking wares, were recovered during the excavations
and subjected to multiple analyses, to identify their provenance and contribute to our
understanding of the ship’s journey [6].

The elemental chemistry of ceramics from the shipwreck was previously character-
ized by neutron activation analysis (NAA), with different approaches to data treatment
necessary for assigning the ceramics to possible sources [7]. The examination of the NAA
results and their comparison with reference groups of ceramics from multiple sources in
the Mediterranean suggests at least 11 different provenances for the ceramics found on the
shipwreck. In order to achieve this comparison, multiple elements had to be removed, as
their concentrations were likely to have been affected by the interaction with seawater. Pre-
vious studies of ceramics recovered from underwater have demonstrated that the content
in multiple elements can be depleted or enriched [8-12], which makes it difficult to apply
this technique for the purpose of provenance, in this particular context.

Lead isotopic analyses have the ability to provide clues on both contamination and
provenance of the material from the shipwreck. However, it is well-established that
anthropic activities have modified the natural seawater lead isotopic signature and isotopic
analyses have long been employed to identify the source of lead present in the marine
environment [13-17]. Lead isotopes are also used as a tracer in archaeological science,
where they allow tracing of the origin of artifacts by relating them to their geological raw
material [18-22]. The recent application of isotopic analysis to archaeological ceramics from
multiple contexts in the Eastern Mediterranean and Ancient Mexico, demonstrates that
lead isotopes constitute a powerful analytical tool to both discriminate between ceramics of
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different origins and to relate ceramics to their source, either by comparison with ceramics
of known origin or their raw materials [23,24].
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Figure 1. Map and location of the Kyrenia shipwreck.

In this study, we characterize the lead isotopic composition of ceramics recovered
from a shipwreck to identify the source of the lead present in these artifacts. Other goals
of the study include sourcing the ceramics from the Kyrenia shipwreck in particular, and
examining the potential for lead isotopic analysis of ceramics from underwater contexts.
For these purposes, lead isotopic analysis was conducted on—(1) ceramics from three
different chemical groups assigned to different sources based on NAA, (2) ceramics of
known provenance that were used to assign the provenance of some of the ceramics
based on NAA, (3) fragments of the lead sheathing that was covering the hull of the ship,
and (4) a calcium carbonate encrustation formed by marine organisms that developed on
the ceramics.

2. Materials and Methods
2.1. Material

Thirteen ceramic fragments were selected for lead isotope analysis, from among three
different chemical groups defined by the recent NAA results [7]. Using an analysis of the
Euclidean distance search, the groups investigated here were proposed to be assigned
based on elemental chemistry, respectively, to the Rhodes region (group 1, six sherds),
to the Alimos, Athens, or Rhodes regions (group 2, five sherds), and to the Attic region
(group 3, two sherds).

In addition, as reference groups, six sherds from Alimos and five from Rhodes were
analyzed to characterize their lead isotopic composition. The ceramic sherds from Alimos
analyzed here correspond to the Late Helladic period and were dated to approximately
1250-1100 BC. They are fragments of closed vessels, dipper, amphora, and stirrup jars
that were excavated at Kontopigado. The ceramic sherds from Rhodes correspond to the
Hellenistic period and were dated to approximately 400-100 BC. They are fragments of
transport amphora and were excavated at Rhodes Town or Villanova. Two fragments of the
lead sheathing that was protecting the hull of the ship were also analyzed. The application
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of lead sheathing to protect the hull from marine mollusks was common in the Roman
period [25] and was employed to protect that of the Kyrenia ship [1]. Finally, one sample of
the calcareous deposit formed by marine organisms (skeletons of Bryozoans, tubes of sea
worms and conical shell of barnacles) present on some ceramic fragments, was characterized
for both lead concentrations and lead isotopes.

2.2. Sample Preparation
2.2.1. Ceramic Assemblage from the Shipwreck and from the Reference Sites

The sherds from the Kyrenia shipwreck were cleaned mechanically using a microdrill
equipped with a diamond bit, rinsed with ACS grade methanol and mQ water, and were
allowed to dry at room temperature. A rapid surface chemical cleaning was then applied
by immersing the fragments in 10 mL of 0.5 M HNOj; in a PFA Savillex®vial for a brief
moment, rinsed with mQ water and immersed in 10 ml of mQ water for deeper rinsing.
Samples were dried at room temperature. The sherds from Rhodes and Alimos were
cleaned mechanically using a micro drill equipped with a diamond bit, rinsed with PA
methanol and mQ water, and were allowed to dry at room temperature. All dried sherds
were then ground in an agate mortar. The powders were calcined at 550 °C and finally
dried at 105 °C for 24 h. Around 250 mg of powder was digested using 4 mL 24HF, with
1 mL 14N HNOj in microwave vessels (190°C for 35 min) and evaporated at 90 °C. The
residues were re-digested in 6 ml 6N HCI and transferred to Savillex®vials that were placed
on a hot plate at 125 °C for 48 h, and then evaporated at 90 °C.

2.2.2. Marine Calcareous Deposit

Some of the ceramics were covered by a composite calcareous deposit built by marine
organisms. Small fragments of the deposit were carefully isolated from one ceramic
(sherd P69). The organisms present on that specific sherd were identified as calcareous
skeletons of Bryozoans, calcareous tubes of sea worms, and the calcareous conical shell of
barnacles [26,27] (Mauro La Russa, pers. com.) (Figure 2). The isolated fragments were
examined under a binocular microscope to ensure they were free from minerals/particles
from the ceramic. They were then rinsed using mQ water, briefly cleaned using diluted
Optima grade HCI, rinsed with mQ water, and dried at 105 °C for 24 h. They were
then gently ground in an agate mortar. The deposit was digested in HNOj3, evaporated,
re-dissolved in 6N HCI, and evaporated at 90 °C.

2.2.3. Lead Sheathing

Two pieces of the lead sheathing identified as “AIF lead sheathing plotted 5B” and
“AHU lead sheathing plotted 6B” were analyzed. A fragment of each piece was isolated
using a razor blade and carefully selected from areas that were not too weathered. The
two fragments were scraped with the razor blade to mechanically remove as much of the
surface deposit as possible. They were then rinsed with mQ water, PA methanol, mQ water,
and leached using 5% Optima Grade HCI for 10 min, rinsed five times with mQ water
and dried in the oven at 105 °C, for 24 h. Two chips of 15-20 mg were isolated from each
fragment using a razor blade. Each chip was transferred in a tube for a deeper chemical
cleaning cycle using 6N HCI Optima and with mQ water (2 times), followed by drying in
the oven at 105 °C. The four chips were then digested in 2 mL 6N HCI optima at 80 °C for
four days, using a graphite warming unit. An aliquot of each solution was taken to obtain
approximately 2000 ng of Pb and evaporated in Savillex®vials at 90 °C.
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Figure 2. Example of marine organism shells developed on some Kyrenia ceramics. Circled in blue—zones with calcareous

skeletons of Bryozoans, circled in red—calcareous tube of sea worm (Polychaetes), and circled in green—conical calcareous

shell of Barnacle (Mauro La Russa, pers. com.).

2.3. Lead Isotope Analyses

The dry residues of all samples (ceramics, marine organisms, and lead sheathing)
were redigested in 2 mL of HBr and the lead was extracted using AG1-X8 resin loaded on
polypropylene columns, using a protocol adapted from Weis et al. [28]. The Pb eluates were
evaporated to dryness, the residues were re-digested in 14N HNO3, evaporated, and re-
dissolved in 0.05N HNOj3. Solutions were analyzed on the Nu Plasma II (Nu Instruments)
multi collector—inductively coupled plasma—mass spectrometer, in operation at MURR.
The SRM981 lead isotopic standard was analyzed multiple times at the beginning of
each analytical session, and during analytical sessions after every two samples. Samples
and standards were spiked with a Tl solution of the SRM997 and prepared to obtain
approximately 250 ng g ! of Pb and 62 ng g~ ! in TL. All values obtained for samples and
standard were corrected for mass fractionation using the 2°°T1/23T] recommended value
2.38714 (NIST). Measurements were also corrected for isobaric interference of mercury at
mass 204. Values obtained for the SRM981 were 36.699 + 0.009 (2SD), 15.490 + 0.002 (2SD),
and 16.939 + 0.004, for 208Pb /204Pp, 207Pp, /204Ppy, and 200Pb /204PD, respectively. The ratios
measured for the samples were finally corrected by standard bracketing [28,29], using the
recommended values from Galer and Abouchami [30]. One duplicate (i.e., entire procedure
applied twice to the same sample) and four replicates (i.e., repeated measurement of the
same solution) were analyzed to evaluate the reproducibility of the method (Table 1).
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2.4. Elemental Analysis of the Ceramics

A fraction of the parent solution prepared for isotopic analyses was aliquoted for
elemental analysis. The Pb concentrations were measured in the Kyrenia ceramic sherds
and the calcium carbonate deposit formed by marine organisms. The Pb concentrations
were measured by ICP-MS using a PerkinElmer NexIon 300X operated in KED mode.
Solutions were prepared in 3% HNOj3 and internal standards of Sc, In, and Tl were added
to the samples. The detection limits were below 0.51 ng Pb.

3. Results
3.1. Kyrenia Samples

Among the ceramic samples from the Kyrenia shipwreck, two groups and a singleton
are identified, based on their lead isotopic composition (Figure 3 and Table 1).
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Figure 3. Three-isotope plots for the Kyrenia ceramics presented based on the chemical groups iden-
tified by NAA, ceramics from Rhodes and Alimos, the lead from the sheathing, and marine organism
shells developed on the Kyrenia ceramics. The values for the anchor are from van Duivenvoorde [5].
(a) 208Pb/206Pb vs 207Pb/206Pb, (b) 207Pb/204Pb vs 206Pb/204Pb.
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One isotopic group is composed of seven samples including five samples of the NAA
Group 2, one sample from NAA Group 1, and one sample from NAA Group 3. The lead
isotopic composition of this assemblage varies between 15.6807 and 15.6851, between
18.8359 and 18.8577, between 2.06172 and 2.06444, and between 0.83169 and 0.83262, for
207p}, /204 ppy, 206, /204, 208p), /206 and 207 Phb /206Pb ratios, respectively (Figure 3 and
Table 1). In the NAA Group 2 fragments, the lead concentration varies between 26.1 ppm
and 151.8 ppm, and it is 49.3 ppm in the sample from Group 1 and 112.6 ppm for the
sample from Group 3 (Table 1).

A second isotopic group is composed of five samples from the NAA Group 1. The lead
isotopic composition of this group varies between 15.6793 and 15.6832, between 18.8677 and
18.8877, between 2.06210 and 2.06356, and between 0.83032 and 0.83113, for 207Pb /204Pb,
206py, /204pp, 208pY, /206 and 297Pb /206Pb ratios, respectively (Figure 3 and Table 1). The
lead concentration in the assemblage varies between 13.7 ppm and 22.8 ppm (Table 1).

The singleton from NAA Group 3 has a lead isotopic composition that presents the
values of 15.6792, 18.7715, 2.07314, and 0.83527, for 27Pb /2**Pb, 2%6Pb /204Pb, 205 Pb /206,
and 2%Pb /2%Pb ratios, respectively (Figure 3 and Table 1), and a lead concentration of
26.7 ppm (Table 1).

3.2. Reference Ceramics from Rhodes and Alimos

The ceramics from Rhodes and Alimos are separated in two groups. One is composed
of four samples from Rhodes. The lead isotopic composition of this group varies between
15.6680 and 15.6803, between 18.7889 and 18.8142, between 2.06646 and 2.07007, and
between 0.83344 and 0.83415, for 27Pb /204Pb, 206Pb /294Pb, 208Pb /206Pb, and 27Pb/2%6Pb
ratios, respectively (Figure 3 and Table 1). The second one is composed of the six samples
from Alimos and one sample from Rhodes. The lead isotopic composition of this group
varies between 15.6714 and 15.6835, between 18.7362 and 18.7532, between 2.07228 and
2.07644, and between 0.83586 and 0.83650, for 27Pb /2%4Pb, 29°Pb /204Pb, 208Pb /29Pb, and
207Pb /296Pb ratios, respectively (Figure 3 and Table 1).

3.3. Lead Sheathing and Calcium Carbonate Deposit

The four lead sheathing samples and the calcareous deposit on the ceramics form a
narrow group with a lead isotopic composition that varies between 15.6838 and 15.6891,
between 18.8526 and 18.8570, between 2.06048 and 2.06150, and between 0.83182 and
0.83202, for 207Pb /204Pb, 206Pb /204Pb, 208Pb /206Pb, and 27Pb /2%Pb ratios, respectively
(Figure 3 and Table 1). The lead isotopic composition of the lead sheathing also corresponds
with that of the lead used in the anchors of the shipwreck [5].

4. Discussion

Groups 1 and 2 have a very similar composition in 2/Pb/?%Pb and 2%Pb/2%Pb,
but Group 1 has more radiogenic values for 2°°Pb/204Pb and less radiogenic ones for
207Pb /2%Pb ratio. The range of variation for each group is very small. The two samples
from Group 3 present two distinct isotopic compositions.

The recent elemental chemistry results suggest that Group 1 has closest affinities
with jars from Rhodes and Group 2 with ceramics from Alimos, Rhodes, or Attica [7].
When compared to the ceramic samples from Rhodes and Alimos analyzed here, none
of the samples from Groups 1 and 2 has a lead isotopic composition compatible with the
samples from these sources, with both groups from the shipwreck having more radiogenic
206Pb /204Pb and less radiogenic 2%8Pb /2%Pb and 27Pb /2%Pb values. Based on elemental
chemistry, Group 3 has the closest affinities with Attica. One of the samples from Group 3
has an isotopic signature compatible with that of the material from Alimos. However, the
second sample does not have a compatible signature, instead has one that overlaps with
samples from Group 2. In terms of provenance, these results do not allow an association
with Rhodes over Alimos. The absence of compatibility between Group 1 and the few
samples from Rhodes do not, however, exclude the island as a source. At this stage, only
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one type of Rhodian jar is used for comparison and likely does not represent the diversity
of clays available on the island. The geology of Rhodes is composed of sedimentary rocks,
including limestones and flysch (some of which underwent some degree of metamorphism)
of different geological age, deposits of lacustrine origins, and the occurrence of ophiolite
and diverse quaternary sediments [31], which are likely to provide clays with diverse lead
isotopic composition. The samples used here to represent the ceramic production in Rhodes
are therefore limited and the analysis of representative clay sources from the island would
be necessary to confirm a possible Rhodian origin using lead isotopes. The compatibility
between the Rhodes samples and the ceramics from Group 1 are observed, however, based
on the elemental chemistry.

The discrepancy between the findings of the elemental analysis and the lead isotopes
may be the result of a modification of the isotopic composition of the ceramics. The lead
isotopic composition of the samples from Group 2 overlaps with that of the isotopic com-
position of the lead sheathing, the anchor, and the shells from the marine organisms, but is
also compatible with a mixing between the composition of Alimos/Rhodes ceramics and
the lead from the sheathing. One sample from Group 1 has a composition similar to that
of the sheathing. The other samples from this group, however, do not have a signature
that overlaps with that of the sheathing, and their signature is also incompatible with that
of a mixing that would result from Alimos/Rhodes as one of the end-members and the
lead from the sheathing as the second end-member. For Group 3, the sample that presents
the highest lead concentration (sample P19/29, 112.6 g g~ 1) has the exact same signature
as the lead sheathing, for all ratios. The other sample (sample P121) has a lead isotopic
composition that is close to that of the Alimos samples. The lead concentration within a
single group is variable (especially in Group 2 and Group 3), which could indicate an en-
richment in lead, due to a contamination of the ceramics while underwater. This possibility
is further investigated by examining how the isotopic composition varies in relation to the
Pb concentration (Figure 4). The plot presenting the isotopic composition vs. 1/[Pb] shows
that in Group 1, the 2%Pb /2%4Pb and 2°°Pb /24Pb values are less radiogenic when the Pb
concentration increases but no effect is observed on 20’Pb/?*Pb (Figure 4). In Group 2,
when the Pb concentration increases, the 2%Pb/2%4Pb values are less radiogenic and the
207Pb /204Pb values are more radiogenic, but no effect is observed on the 2°°Pb/24Pb ratio
(Figure 4). In Group 3, the sample presenting high lead concentration (112.6 pg g_l) has
a less radiogenic 2%Pb/2%Pb value and more radiogenic 2%/Pb/2*Pb and 2%°Pb/2*Pb
values than the sample presenting lower Pb concentration (26.7 ug g~!) (Figure 4). In all
three groups, when an increase in lead content correlates with a variation in the isotopic
ratio, the ratios shift towards the lead isotopic composition of the lead from the sheathing,
which is also that of the shells of the marine organisms that encrusted the ceramics. The
combination of the lead concentrations to that of the lead isotopic ratios observed here is
compatible with a contamination of the body of some ceramics by lead from the sheathing.

A recent study conducted on seawater columns surrounding a modern shipwreck
showed evidence of contamination of the seawater dissolved and particulate phases, by the
metals originating from the ship’s hull weathering [32]. In this study, the authors demon-
strated that the lead concentrations in the seawater increased from the top to the bottom of
the water column, and were also higher downstream from the shipwreck [32]. Similarly,
we propose that water in close proximity to the shipwreck may have weathered the lead
sheathing, increasing the content of this element in both the dissolved and particulate
fraction of the seawater.

Lead in seawater is mainly present in the dissolved fraction where it preferentially
bonds with organic ligands. In the inorganic complexes, lead is mainly present as PbCO3 or
chlorides [33-35]. Lead present in the dissolved fraction of seawater can be incorporated in
the tissues and shells of the filtering marine organisms that act as bio-accumulators. Nu-
merous studies have used mussels as bio-indicators to monitor pollution related to modern
human activities [36—42]. Barnacles, or Bryozoans, such as those developed on the ceramics
from the shipwreck, also accumulate metals in the bio-mineralizations they produce [43].
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The sample of calcium carbonate encrustations formed by marine organisms analyzed here
presented a lead concentration of 217 ug g~ 1. This concentration was abnormally high and
above the concentrations reported in the tissues and shells, in modern contexts [36,41,43-46].
This likely results from a lead accumulation by the organisms that developed on the surface
of the ceramics, over time, and attests for a contamination of the surrounding seawater by
the lead from the sheathing. The presence of bio-colonization and bio-mineralization on
underwater artifacts can lead to their alteration [47]. An evaluation of the possible impact of
these encrustations on the chemical alteration of the ceramics should also be examined. In
the present case, the fragment of encrustation was sampled on a ceramic presenting lower
lead concentration, which does not indicate an impact of the encrustations at this point.
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Figure 4. Lead isotopic composition vs. lead concentration. (a) 2%8Pb/2%4Pb vs. 1/[Pb] (ug g~ 1),
(b) 27Pb /204Pb vs 1/[Pb] (ng gfl), and (c) 2%°Pb /204Pb vs 1/[Pb] (ng gfl). Note: The concentrations
are reported as 1/[Pb] (ug g~1), so higher concentrations are on the left-side of the x-axis. The
red vertical trait symbolizes the lead isotopic composition of the lead sheathing, the light-brown
vertical trait symbolizes the lead isotopic composition of the anchor (values reported from van
Duivenvoorde [5]). The other symbols are similar to the symbols used in Figure 3.
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The results of this first characterization of the lead isotopic signature of underwater
ceramics demonstrates the need to consider multiple factors that can affect the original
signature of clay-based artifacts in marine contexts. The signature of all potential contribut-
ing lead sources, including the duration of the stay underwater, alteration, and biogenic
processes, may influence the resulting isotopic composition of the ceramic. This could
affect the efficiency of this tool to source clay-based artifacts in this environment and the
approach deserves further investigation. This includes characterization of the conditions
of burial (presence of sediments to cover the ceramics); development and application of
a leaching protocol to eliminate Pb related to post-immersion contamination, as applied
to underwater rocks [48]; characterization of the potential clay source or further ceramic
types from the potential sources; and examination of the potential impact of biogenic
encrustations on the surface of objects, on their chemical composition.

5. Conclusions

This first study of lead isotopic composition of underwater archaeological ceramics
from the Kyrenia shipwreck reveals a contamination of the assemblage by lead present in
the environment. The evidence supports the lead sheathing that was covering the hull as
this source. The proximity of the sheathing to the analyzed materials and their prolonged
underwater context (23 centuries) were likely the two main factors that influenced the
contamination. This was supported by the lead content and signature of the filtering
organisms that accumulated the lead present in the surrounding seawater in their tissues
and shells, formed encrustations on the ceramics, and also showed the impact of the lead
from the sheathing. At least one ceramic did not show the same signs of alteration.

More broadly, this study demonstrates that the application of lead isotopic analysis
to underwater ceramics is promising, pending the characterization of surrounding lead
sources and weathering processes that might affect any particular clay-based artifacts.

Further assessment of the usefulness of lead isotope analysis for sourcing ceramics
that have been long submerged in seawater is needed. The use of a leaching procedure and
the isotopic and elemental characterization of both the leachate and the leached ceramic
would be an essential next step. The possible contribution of the development of marine
organism shells to the alteration of the chemical signature of clay-based artifacts also
deserves examination. In the specific context of the Kyrenia shipwreck, further isotopic
characterization of ceramics of known production or raw material would be a useful second
phase in this research, as well as a microstructural analysis of the ceramic body of the
potsherds. Due to the anthropic impact on the lead cycle and the presence of lead in
marine contexts, another critical step in similar contexts would be the characterization
of the seawater isotopic composition, either by analyzing the water body in proximity
of a shipwreck or that of marine organism encrustations that have developed on the
archaeological material or in the vicinity of the material.
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