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PURIFICATION OF ARCHAEOLOGICAL LEAD
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The study of the complex method of deep purification of archaeological lead, developed at the NSC KIPT, is
described. The obtained results on the refining and application of purified ancient lead are presented. Pilot batches
of ancient Greek and Roman lead of purity >99.9996...99.998 wt.% were produced for growing perfect crystals of
aNphWO, and *"PbMoO,, that are used as scintillation detectors for recording rare events in modern low-
background experiments. The most interesting experiment is RES-NOVA aimed at detecting neutrinos from
astrophysical sources such as supernova (SN) collapse using cryogenic detectors made on the basis of archeological
lead (*“"PbWO,). A method of oxidizing refinement of metals is proposed, which can be used for additional removal
of chemical and radioactive impurities U, Th, “°K from lead.

PACS: 81.20.Ym, 71.55.Ak, 64.70.D-,F

INTRODUCTION

At present, there is growing interest in physics
without accelerators with a very low frequency of
events, for example, in experiments with solar and
terrestrial neutrinos, double beta decay (Bf), the search
for dark matter. Many open-ended questions in modern
physics can be further resolved only by the methods
capable to filter out the weak signal from background
and noise. This is especially true for experiments based
on the detection of ionizing particles. In this case, false
counts owing to environmental radioactivity, internal
contamination of the detector and shielding material,
from the air environment (radon), from cosmic rays, or
from neutrons can obscure the readings of the signals of
interest.

In the early 1960s, Ge(Li) and Si(Li) crystals, and
later high-purity Ge crystals, revolutionized the nuclear
field due to their high energy resolution. The latest
generation of detector technologies are cryogenic
detectors, which developed in various laboratories
around the world. They achieve even higher energy
resolution, as they are able to register phonons, thermal
fragments of an ionizing event. In many fields, the
above detectors are used for studies with very low event
rates. Therefore, these detectors require a low
background.

The occurring everywhere presence of primary
radionuclides in ores and other raw stock leads to a wide
range of contamination of the final product. With some
exceptions, the main radioactive impurities are usually
K U, and Th with most of their daughter nuclides. To
protect detectors against external gamma radiation the
shielding materials are used. The number of materials
suitable for reducing ambient y-ray emission is very
limited, especially when cost is taken into account.
Without taking into account such exotic elements as
tungsten or tantalum then the mercury, iron, copper, and
lead are suitable shielding elements for one reason or
another. Pb is the best shielding material because of its
high atomic number, reasonable cost and mechanical
properties. In addition, it has a low neutron cross section
and a low probability of interaction with cosmic rays,
including the formation of radionuclides by activation.

Unfortunately, its own radioactivity, as a rule, is not
insignificant.

The nature and origin of this contamination have
been thoroughly studied by many authors. A consistent
general result is that only *°Pb with its daughter
nuclides °Bi and #°Po is responsible for lead's proper
radioactivity. Due to the long half-life of ?°Pb (22.3
years), the content of these nuclides in lead can be much
higher than expected from secular equilibrium [1]. The
concentrations of 2°Pb reported in the literature range
from the detection limit of the corresponding detector to
2500 Ba-kg™ [2]. Johnson and Matthey companies [3]
succeeded in producing expensive lead for use in the
electronics industry with an activity lower by more than
two orders of magnitude (0.4 Bq-kg™) compared to
normal commercial specimens.

An alternative to modern certified lead is ancient
lead, which has undergone multiple decays, so *°Pb is
almost completely absent. The availability of such lead,
however, is very limited, as “sources of supply” such as
the cargo of sunken ships or the ballast of sailing ships
are rare. However, an extremely large cargo of ancient
Roman lead [4] and ancient Greek lead [5] was also
discovered. The content of ?°Pb in Roman lead was
measured by a bolometer and was found to be less than
20 mBq-kg? [6]. In ancient Greek lead, assuming
secular equilibrium of the *U decay chain in lead, the
activity of “°Pb via U can be limited to
< (5...14) mBq-kg™ before melting and, with a caveat,
< (0.2...0.9) mBq-kg™ after melting. The data presented
show the lowest lead contamination with the isotope
21%h, ever reported. The archaeological lead, having
such low radioactive contamination without additional
purification, is used as a shielding material for detectors
in low-background experiments.

However, the chemical purity of ancient lead [2, 4—
6] with the base metal content of 99.0...99.8 wt.% is far
different from the specifications for the raw compounds
used to grow PbWO, and PbMoO, crystalline
scintillators. In order to produce high-quality crystals, it
is necessary to ensure the level of raw materials purity
at least 99.995 wt.%.

The purpose of the work is to present the
comprehensive method of deep purification developed
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at NSC KIPT and the results obtained for the refining
and application of purified ancient lead in modern low-
background experiments for the registration of rare
events.

EXPERIMENT

Producing high-purity lead requires the use of multi-
stage processes combining various methods of fine
purification.

Electrolytic methods [7] make it possible producing
lead with a total content of metal impurities in the
amount of 1...100 ppm, however, to obtain metal with a
concentration of impurities that meets modern
requirements, an additional purification is necessary. In
addition, it is inevitable the release of harmful gases and
vapors in the electrochemical lead refining methods, so
careful safety precautions are required.

To remove certain impurities (As, Te, Zn) from lead,
it is effective heating it in a vacuum at the temperatures
of 750...1250 K. However, during the vacuum heating,
a weak removal of such impurities as Bi, Mg, and Sb is
observed [8].

The zone recrystallization method is also used for
lead purification. The refining of lead by zone melting
have been devoted with many works where the behavior
of Sn, Cu, Ag, Au, Mg, Na, Bi, Sb was studied
quantitatively, and Co, Ni, Fe, Ge, Cd, As done
qualitatively. Impurities which are difficult to remove
during zone recrystallization of lead are Sn, Sh, Bi, Mg,
as well as Na, what have a distribution coefficient near
unity (k ~ 1) [9]. The drawback of the method is the low
yield (60...70%) of a suitable product.

One of the effective techniques of refining metals,
including lead, is the vacuum distillation method [10-
12]. This method involves industrial production with
obtaining highly pure grades of lead [13].

Therefore, for the fine cleaning of archaeological
lead, we developed a complex refining method based on
distillation. The peculiarity of lead is that it belongs to
fusible metals (T = 600.5 K) and it is characterized
by low vapor pressure at the melting temperature
(4.3-107 Pa) [14]. Calculations show that acceptable
evaporation rates of fusible metals in distillation
processes correspond to their vapor pressure at
27...80 Pa, which for lead corresponds to the melt
temperature of 1200...1250 K. These data were initial
ones for choosing the distillation process temperature,
the value of which was chosen to be ~ 1220 K.

At this temperature, the calculations of the
separation coefficients o; of impurities in lead were
performed, which are divided into easy-volatile with
a; <1 and heavy-volatile with a; >1. In particular,
according to the calculated data, it can be concluded that
the closest easy-volatile impurities are barium and
thallium, and the closest heavy-volatile impurity is
manganese. According to this criterion, the efficiency of
these impurities removal from lead by vacuum
distillation would be low. For all other impurities, the
calculated purification ratio is 100 or more times, which
should correspond to a significant removal of these
impurities. Calculations of the efficiency of Pb melt
purification from easy-volatile impurities depending on
the residue fraction, as well as the efficiency of

condensate purification from heavy-volatile impurities
depending on the fraction of distillation [15-17] were
also made. The above features and calculations were the
reason for the search for a new approach to the
development of a distillation device for refining and the
selection of lead distillation process modes.

Thus, a special device was developed for the
refining of lead by a complex method which includes
melting the metal and its filtration followed by
distillation in a vacuum. The simplified diagram and
operation of the device are described in detail in papers
[15, 17-19].

The initial lead was subjected to preliminary
filtration in a vacuum in a separate device that combines
filtration and pouring of the metal into measuring
ingots. Such a filtration procedure, on the one hand,
leads to additional (3-5times) removing metal
impurities from Pb, and on the other hand, to the
removal of oxidizing impurities, which leads to an
increase in the productivity of refining processes.

Then the filtered lead was placed in a crucible, the
chamber of the installation was evacuated to a vacuum
and during refining the pressure was maintained in it at
no more than 10" Pa. The lead melt was heated to
1220 K, at the same time it evaporates and condenses in
the condenser in the form of refined metal (Figure,b).

When lead evaporates up to 95% of the initial
loading, the heavy-volatile impurities (Cu, Fe, Si, Ni,
Co, V, Cr, Au, Ag, Al, TI, Sb, Bi, Li, Sn, Mn, etc.)
which remain in the lead residue in the crucible are
deleted from it. Easy-volatile impurities (Na, K, P, As,
Se, Te, Cd, Zn, etc.) that enter in the condenser with
lead during its condensation are removed from the
condenser volume by evaporation during the refining
process at the condensate temperature (Tcong = 0.8 Teyap)-

Archaeological Greek lead found at the bottom of
the Black Sea near the southern coast of Crimea among
the remains of a Greek ship of the first century BC was
subjected to a fine cleaning process [5]. Comparison of
the measurement data of the work [5] with the known
ratios of lead isotopes 2°°Pb/*’Pb and “®®Pb/*®Pb for
various deposits of antiquity [20, 21], allowed us to
assume that the revealed lead was extracted from the
silver-lead ore deposit on Mount Lavrion forty
kilometers southeast of Athens (Attica, Greece). Such
lead was found in the amount of 0.2 t, which is now in
Ukraine.

The object of research was also ancient Roman lead,
discovered by archaeologists in 1988 at the bottom of
the Mediterranean Sea near the Sardinia Island on a
sunken 36-meter ship sailed from Spain to Italy. Among
the cargo being transported on the ship, there were more
than 1500 lead ingots weighing ~33 kg each (see
Figure,a). The ship with lead which was on it, lay for
about two thousand years at the bottom of the sea at the
depth of 30 m, beautifully shielded from exposure to
cosmic rays [22]. This valuable metal is available in
Italy [23] at the Gran Sasso National Laboratory (about
4 t) and at the Archeology Department of the Ministry
for Cultural Assets of Cagliari (about 33 t).

The elemental composition of lead before and after
refining was monitored by inductively coupled plasma
mass spectrometry (ICP-MS) at the Gran Sasso National

16 ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne1(149)



Laboratory (NLGS, Italy) and laser mass spectrometry
(LMS) at the NSC KIPT of NASU.

RESULTS AND DISCUSSION

The results of the analysis of archaeological lead
before and after refining are presented in the Table.

It should be noted that the main impurities in the
initial Roman lead are the elements Cu, Ag, Sn, Sb, the
removal efficiency of them is ~ 100-600 times (see
Table). The purity of the initial lead by the total amount
of impurities is 99.7 wt.%. The purity of lead after
refining, taking into account these and other impurities,
is > 99.998 wt.%.

The initial Roman lead also contains a number of
impurities (Na, K, Ca, S, As), the removal efficiency of
them is low — 1.5-2.5 times. This situation for sodium

can be explained by the fact that its content is at the
limit of sensibility of the determination method, and
calcium, sulfur and arsenic are probably transferred to
the refined metal in the form of stable compounds.
Nevertheless, the proposed lead refining procedure
(heating, filtration and double distillation) provides high
(more than 100 times) efficiency of metal purification.

Figure shows photos of Roman archaeological lead
bars with epigraphy [22] (a) and the resulting distillates
of purified lead [24] (b).

For deep purification of archaeological Greek lead,
the same approach was used as for Roman lead [17, 18,
25].

Content of major impurity elements (ppm) in ancient Roman and Greek lead before
and after refining by vacuum distillation

Element _ Roman lead _ _ Qreek lead _
before refining after refining before refining after refining

Na 0.05 0.05 - -
Mg 0.08 <0.03 <1 <5
Al 0.12 0.009 <1 <1
Si 0.044 <0.04 1 0.08
S 0.76 0.4 - -

K 0.1 0.045 0.5 0.3
Ca 0.2 0.16 <5 <5
Ti - - <05 <05
Mn 0.12 <0.07 <0.05 <0.05
Fe 0.1 <0.08 <0.09 <0.09
Co - - <0.01 <0.01
Ni 0.37 <01 <01 <01
Cr - - <0.1 <0.1
Zn <0.2 <0.2 <03 <03
Cu 23 <0.05 200 0.3
As 1.6 0.8 - -
Ag 300 <05 80 0.7
Cd <0.8 <0.8 <0.05 <0.05
Sn 1800 7.7 - -

Sh 560 6.3 230 <0.6

NP, wt.% >99.7 >99.998 >99.94 > 99.9996

b
Roman lead bars (a) and purified lead distillates weighing ~ 1 kg each (b)

In ancient Greek Pb, according to the content of the
main impurities in the initial material and their removal
efficiency, a similar pattern to Roman lead is observed.
The difference in the percentage composition of the
initial lead is explained by the fact that Greek Pb was

remelted with elements of the process of removing
various contaminants and inclusions from it before
distillation [5]. As follows from the Table, the purity of
the initial Greek lead was >99.94 wt.%, and after
refining, that of lead is >99.9996 wt.%. The main
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impurities in Greek lead are Cu, Sh, and Ag. After
refining, their concentrations are significantly reduced
by more than 10-500 times. The content of other
impurities in purified lead is below the sensibility limit
of the analysis methods: for Rb, Y, Zr, Nb, Ru, Pt,
Au < 1-102 ppm; for Sc, In, Te <0.1 ppm; and for Se,
Pd < 1ppm.

Thus, the above results demonstrate that the
complex method of fine cleaning of archaeological lead
by vacuum distillation developed at NSC KIPT makes it
possible to obtain the final product of purified ancient
lead by two orders of magnitude cleaner than the initial
metal.

It should be emphasized that there is a possibility of
additional purification of archaeological lead before the
distillation process by removal of both chemical and
radioactive elements U, Th, K, using the method of
oxidative refining of metals proposed in the patent [26].

The proposed method can be applied to reduce by
5-10 times the content of chemical and radioactive
impurities in such metals as Au, Ag, In, Ga, Cu, Mn, Sn,
Pb, Bi, etc. and in their alloys in the amount of 0.2 to
2.5 kg, depending on the needs for the refined material.
At the same time, the yield of refined product is almost
1009%.

The pilot batches of ancient Greek and Roman lead
with the purity of >99.9996...99.998 wt.%, obtained by
a complex method, are suitable for growing perfect
scintillation crystals of *PbWO, and **"PbMoO,, and
they are successfully used in many modern international
experiments, that is confirmed by a number of scientific
papers.

The authors of paper [27] conducted a study of the
effectiveness of an *PbMoQ, crystal made using
additionally purified ancient Roman lead as a promising
scintillation bolometer for searching for the neutrinoless
double B-decay (0v2p) of the **°Mo isotope.

Nph\WO, crystals found a successful application as
light guides in a low-phonon experiment to search for
double beta decay in ®Cd using the ®°CdwoO,
scintillator in the Gran Sasso underground laboratory
[24, 28].

The large-mass *“"PbwO, crystal grown from
purified ancient Greek Pb operates as a cryogenic
particle detector. The detector demonstrated excellent
energy resolution below 1% over a wide energy range
within 2.6...7 MeV.

The measured internal impurities of the crystal were
used to estimate the background in the Region of
Interest (Rol) for the detection of SN. This detector
allows you to reach a background level that is by 7-9
times lower than the background target of the newest
RES-NOVA experiment [29, 30]. The RES-NOVA
experiment is aimed for detecting neutrinos from
astrophysical sources, such as SN collapse, using
cryogenic detectors made on the base of archeological
lead (*“"PbWO,), via Coherent Elastic neutrino-Nucleus
Scattering (CEVNS) [29].

The RES-NOVA neutrino telescope will be installed
deep in the underground Gran Sasso Laboratory
(LNGS), Italy, where cover rocks of 3600 m.w.e. (meter
of water equivalent) provide 10°fold suppression of
cosmic radiation compared to sea level. The main

background source in **"PbWO, crystals is expected to
be Pb itself, particularly *°Pb, the naturally occurring
radionuclide of the ?*®U decay chain. Commercial Pb
with low background content cannot be used for the
experiment due to the internal predominant
concentration of °Ph. The potential of the promising
research project RES-NOVA for the detection of
supernova neutrinos had been explored in papers [29—
32].

CONCLUSIONS

The results of the scientific research work performed
at the NSC KIPT on the development of a purification
method of ancient lead by filtration and vacuum
distillation using a specially developed device for the
implementation of this method are presented. A method
of oxidizing refining of lead is proposed for additional
purification from chemically active impurities,
including radioactive U, Th, “K.

The results of research on obtaining pilot batches of
ancient Greek and Roman lead of a purity
>099.9996...99.998 wt.% for growing perfect crystals of
ahphWO, and *“"PbMo0O, as scintillation detectors for
low-background experiments on the registration of rare
events are presented.

The results of the application of **"PbMo0O, and
aNph\WO, scintillation  crystals  using  purified
archaeological Roman and Greek lead are given. Of
particular interest is the newest RES-NOVA experiment
aimed at detecting neutrinos from astrophysical sources,
such as SN collapse, using cryogenic detectors made on
the base of ancient lead (*"PbwQ,), via Coherent
Elastic neutrino Nucleus Scattering (CEvVNS) as a
detection channel.
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OYUCTKA APXEOJIOI'TYHOI'O CBUHIIIO
O.11. Llepbans, /.0. Cononixin,

OmnmcaHo AOCTiIKEHHS KOMIUIEKCHOTO METOIy TIHOOKOi OYHCTKH apXeOoJOTIYHOTO CBHHIIO, PO3POOICHOTO Y
HHII X®TI. IlpeacraBneHo onep:kaHi pe3yabTaTd 3 padiHyBaHHA 1 3aCTOCYBaHHS OYHIIEHOTO CTapOAABHBOTO
ceuHIO. OTpMMaHO  [MOCHiAHI TWapTil AaHTUYHOTO TPEIBKOTO 1  PHUMCBKOTO  CBHHINIO  YHCTOTOIO
>99.9996...99.998 mac.% s BUpoLyBaHHS qockoHanux kpucranis "PhWO, i ***PbMo0Qy,, siki BUKOPHCTOBYIOTh Y
SIKOCTI CIMHTHJLILIHHHUX JETEKTOPIB /I peecTpanii piiKiCHUX TO/IH y cydacHUX HU3bKO(OHOBHX €KCIIEpHMEHTaX.
Haii6inbm nikasuii exciepumeT RES-NOV A crnipsiMoBaHuil Ha BUSIBICHHSI HEHTPUHO Bifl acTpO(Di3NYHUX JKepel,
Takux sK koianc cynepHoBoi (CH), 3a momoMororo KpioreHHHMX JETEKTOpiB, IO BHIOTOBJIEHI Ha OCHOBI
apxeonoriuroro cuHIo (*P*PhWO,). 3anponoHoBaHo crocid OKUCIIOBAIBHOTO padiHyBaHHS METANIB, KU MOXKe
OyTH BUKOPUCTAHUHN JUIsl JOJATKOBOTO OUHMIIICHHS CBHHITIO BiJ XIMIUHUX 1 pagioakTuBHUX qoMimiok U, Th, K,
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