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An experimental investigation has been conductedfor the purpose of assessing what influence, if any,
the main metal working techniques have on the lead isotope composition. Smelting, whereby the lead is

separatedfrom the galena ore, prolonged melting and the segregation that accompanies the solidification
of ingots, have been considered. Isotope ratios have been determined using the ICP-MS technique.

The findings show that metalworking does not produce any significant changes in lead isotope ratios
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that might influence lead provenancing.
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Lead isotope analysis by means of ICP-MS (inductively
couple plasma-mass spectrometry) or TI-MS (thermal ioni-
zation-mass spectrometry) t1-31 is proving to be one of the
most promising methods for identifying the mining region
(or, at the best, the actual ore deposit in a given region) from
which the raw material for making metal (lead, silver copper
or bronze) artefacts originated 14-131. The reliability of this
method depends basically on two factors:
. the lead isotope composition C08Pb/206Pb, 

207Pb/206Pb e
206PbP04Pb) is sufficiently constant and characteristic to
allow to distinguish between minerals of different geo-
graphic origin and possibly between different ore deposits
in the same region;

. the original isotope ratios do not change during me-
talworkin-g, notably: smelting, melting e re-melting.

This paperàms at providing a-contribution to the sJcond of
these. In fact, there is considerable disagreement among
workers in this field as to the significance ofpossible altera-
tions to the lead isotope composition induced by metallurgi-
cal processes. For instance, Barnes [14] ruled out that in the
transition from galena to metallic lead and from metallic
lead to lead oxides used for pigments any changes occurred
in the lead isotope composition, beyond the limits of experi-
mental error. More recently however, Budd [15] argued on
theoretical grounds that appreciable alterations do take pla-
ce, especially in metallurgical processes where the metal un-
dergoes intense vaporization. Similar problems have been
recently addressed by Gale [2] in regard to certain aspècts
of tin metallurgy.
In an attempt to elucidate this problem, lead isotope analy-
ses have been performed on samples of lead taken during
the following operations reproduced in the laboratory:
. smelting and hence the passage from galena to metallic lead;
. remelting of metallic lead in an airflow, thus with signifi-

cant losses due to evaporation;
. ingotcasting, with posiible segregation.
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Galena smelting - A well crystallized galena, fragmented
into rough cubes was placed in an aluminium crucible. A ga-
lena and coal charge was used throughout, in successive sta-
ges. AHeraeus furnace was employed with Heraeus Thermi-
con P controller. Temperature was maintained at 700"C and
measured with a thermocouple placed in the crucible. A con-
stant airflow of 4300 mVmin was supplied and measured
with a Gilmont Instruments Flowmeter, provided with steel
float. The smelting process lasted four and a half hours with
yield of 237o.
Lead melting and re-meltins - Two experiments were car-
ried out at temperatures of 550" and 950'C. Electrolytic
lead, supplied by the SAMIM foundry at S. Gavino (Caglia-
ri), was "contaminated" with various elements.
The first experiment was conducted in a steel crucible under
constant airflow. Four samplings were done during the test
which lasted 90 minutes. Lead loss by evaporation amoun-
ted to 7Ea of the metal introduced as charge.
In the experiment at 950'C, again on impure lead, the air
supply was suspended as this would have immediately for-
med a thick and hard oxides layer on the surface, thereby re-
ducing lead loss by evaporation. Six samplings were done
during the experiment which lasted 70 minutes. Evaporation
loss was 27o.
Ingot casting - Two castings were carried out, one using
electrolytic lead, the other lead containing different propor-
tions of impurities, for obtaining two ingots each, one moul-
ded in a steel shell, the other cooled slowly in a mould of re-
fractory material. The ingots were 95 mm high with diame-
ter of 13 mm. They were sampled at three points along the
longitudinal axis (bottom mid-height and top). The samples
were then analyzed by means of ICP-MS for determining
the isotopic ratios and the chemical elements Ni, Cu, Zn, As,
Ag, Cd, Sn, Sb, Te, Cs, Tl, Bi.

I C P -M S a na I yt i c dete rmination s
Samples weighing roughly 100 mg were dissolved in 4 ml of
a solution containing 1:1 by volume of ultrapure ARISTAR
BDH nitric acid and deionized distilled water (conductivity
<0,08 pS). They were digested for 12 hours at7O"C in Nage
Company Teflon FEP capsules covered with a watchglass.
The solution was made up to 50 ml and then diluted to obtain
a final concentration of about 100 pgA Pb in water with l7o
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HNO3. This amount of lead allows to obtain counts of over
100,000 and consequently isotopic ratios with acceptable re-
lative errors for the puryose of this work [3].
A standard NBS reference sample "Common Lead Isotopic
Standard" (SRM 981) was solubilized following the same
procedure and a blank was prepared. The laboratory mate-
rials were washed and conditioned using laboratory deter-
gents and lN HCI and HNO, solutions. A Perkin Elmer
SCIEX ELAN 5000 ICP-MS was used for measuring isoro-
pic ratios. Operating conditions and data acquisition modes
are shown in Table 1.

lsotopic RSD%''R$'tr%ìì'':.','ììll
ratios (st) r(ltJ 

'r:,,,,,,,r,,

,t:.9,:242 :, 0.10-0.45 0.416
,;,9;'l;;',77'. 0.13+0.57 0. 175'0,097 0.10+0.49 0.221

Condition ',,.:rì,.r:ììvtl]tiéf .::ua:riì.

il00w
0.85 llmin
0.90 l/min
15.00 l/min
Cross-Flow

Nickel
20 ms
r000

3

Peak hopping

Table 1-Operatíng conditions and mass spectrometer seîtling for
measuring Pb isotopes.

Tab. l -Condizioni oiperative e dí acquisizione dati dello
speîtrometro di massa per la misura deglí isotopi del piombo.

The lead isotope ratios of the different samples were standar-
dized with the SRM 981 certified values introduced, after the
blank, every five real samples .Short time accuracy was eva-
luated repeating measurements ten times on the same sample
and expressed as percent relative standard deviation (RSD7o),
while long term accuracy was calculated measuring the same
standard and calculating the RSDTo (Table 2).

Table 2 - Isotopic ratios and RSDVo over the short (st) and long
(lt) term. For comparison, data reported in the líterature* [ I ] for
a similar archeomeÍrical use are shown.

Tab.2 - Rapporti isotopici e RSDTo per tempi brevi (st) e lunghí
(lt). Per confronto sono riportati datí di letteratura* [1] per un
analogo uso archeometrico.
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Smelting was carried out on a sample of galena from the
Montevecchio mine, one of the traditional and oldest centres
of the extractive industry in Sardinia. This particular ore is
well characteúzed, the lead isotope ratios having been deter-
mined by a number of workers. Table 3 shows the isotopic
ratios obtained during this experiment and those of the me-
tallic lead determined during the laboratory smelting
test.The data obtained for the galena further confirm the
lead isotope fingerprint ofthis ore deposit. Passing from ga-
lena to lead does not produce alterations such as to question
the mineral provenancing,at least in a regional context, as
can be seen from the data given in Table 4. Possible changes
to isotopic ratios induced by prolonged melting of the metal
have been studied at temperatures of 550 e 950"C.
Lead weight losses measured after heat treatment were 77o
atd27o respectively.
The results are shown in Table 5, while Fig. I shows the
lead isotope rutio 208/204, which have greater difference in
mass, and can thus be taken as indicative ofpossible fractio-
nation. Error bars of measures are shown.

Data source:

Region

208t207 '.'. "','.',2o111l}6r,,:':,,':,,',,

0:8593 r 0.003 t

0:8640 t 0.0027
é.aato r o,ooos
0.8616 È 0,00t8
0,8è!3 t O.OOtZ

0"8623 r 0.0003

..''.''..'r.r,'..'X0ff ?S€:i:i:l.i:i:ti,

t8.2094 È 0.0693
t8.0680 r 0.0589
t8.t865 r0.0t06
t8.t546 r 0.0499
18.t908 r 0.048t
18.1580 r 0.0057

t8.t749 0.0470
t8.2275 0.0429
r8.3057 0.0 r50
r8.455 r 0.096 r

t8.02t t 0.0742
17.9577 0.t537
t8.0258 0.0807
t8.2t74 0.t t73
r8.7499 0.028s

r8.7934 0.05 I I

r8.3330 0.0 r44
t8.7524 0.0 t56
t8. r924 0.0 r0 r

t8.7368 0.0287
t8.7326 0.0 t63
r8. r773 0.03 r3

Table 3 - Lead isotope composition of
Montevecchio galena and the lead obtained
in the laboratory.

Tab. 3 - Composizione isotopica della
galena di Monteyecchio e del píombo
ottenuto in laboratorio.

Table 4 - Average lead isotope ratios
for dffirent mining regions of Sardinia
and nearby Mediterranean regions.
[ 1,4,6,7,9, 1 0, 1 1, ] 7, r 8, I 9,20,2 1,22 l

Tab.4 - Medie dei rapporri isoropici
del piombo per dffirenti zone
mineralo giche della Sarde gna
e delle vicine regioni del Meditenaneo
[ 1,4,6,7,9, 10, 1 1, I 7, I 8, I 9,20,2 1,22 I

2081W7

2:1077*O00?6 0.8613 0.0016
2ì1000:0,0030 0.8577 0.00 t7
,?;1011"10.0049 0.85640.001 I

'210992,0;0061 
0.84960.0023

2r,,1,'1,'60 0.0065 0.8686 0.0041
,2lt084 0,1422 0.8715 0.0072
r2:,:1,11,63',0;0052 0.86840.0038
2.t030 0.0072 0.8594 0.0052
2.082t 00092 0.8374 0.0009

2.07 t 3 0.0034 0.8344 o.O0 t5
,L1049 0:0060 0.8560 0.0018
2:0795 0,0014 0.836 I 0.0002
2. t02 t 0.00 t3 0.8596 0.0004
2:0857 0;0022 0.8383 0.0008
'?,0807,00020 0.83660.0004

"2099900023 0.85950.0006

14
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?07€5,000t7 0.8354 0.0007 r8.8r69 0.0334
20695,000r4 0.83420.0006 t8.78t20.0t77
20592 00023 0.83 I 5 0.000s r 8.8544 0.0309
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Temp.oC Time,min

0.8636 t8.r208
0.8640 t8.t259
0.8646 r8.0939
0.8633 t8.0934
0.8685 t8.0778

0.8607 t7.84t9
0.8606 r8.08s3
0.8662 17.9n7
0.8649 t7.9447
0.8637 t7.94og
0.8636 t7.9579

Table 5 - Isotopic ratios of samples subjected to prolonged
melting.

Tab 5 - Rapporti isotopici di campioni sottoposti a fusione
prolungata.

Here too, the variations in the data characterizing the lead
isotope composition were found to be insignificant as far as

metal provenancing is concerned.
As for the differences observed on the samples removed
from the longitudinal axis of a cylindrical ingot, the results
are shown in Table 6.
Again the values never vary to the extent that they might in-
fluence identification of the source of the metal.
Table 7 gives the chemical composition of the elements pre-
sent in proportions greater than 10 ppm determined for sam-
ples removed from the longitudinal axis of the ingot cooled
slowly.
The percent variation with respect to the top of the ingot,
taken as 100, is also shown.
Some physical properties of the trace elements significant
for the discussion are shown in Table 8. The mean atomic
weight of lead is 2Ol .2 while its density in the liquid state is
10.7 glcm3 at32'7 "C and 10.1 glcm3 af 80"C. Obviously, the
chemical elements having atomic weight and density close
to those of lead (Tl and Bi) will not be subject to gravity se-
gregation. Only those elements much lighter than lead (Ni,
Cu and Ag) will undergo significant variations in concentra-
tion, being enriched in the upper parl of the ingot and de-
creasing down the ingot. On the other hand Sb undergoes
fractionation because, in spite of its relatively high specific
weight, its density in the liquid state is rather low.
These data are interesting not only in relation to the correct
interpretation of the analytic data determined for the neces-
sarily small samples that can usually be removed from ar-
chaeological finds, but they also further substantiate the
conclusion that fractionation based on the slight differences
in mass attributable to the different lead isotopes, can be

Table 6 - Isotopic composition of the samples
removed from the longitudinal axis

of the in I o t s' 
tr?' 

"î:"i 
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Tab.6 - ComposiTione isoîopica di campioní

prelevati lungo l' as se longitudinale
dei lingotti (RC; raffreddamento rapido;

-SC : raffreddamento lento).

Position

38,2

38

37,8

3',7,6

37,4

37,2

37

36,8

366

Fíg. I a - 208204 ratio as indicator of possible fractionation fro
the experiments at 550 "C.

Fig. 1a - Rapporto 208/204 quale possibíle indicatore del

frafionamento per gli esperimenti a 550'C.

Fig. 1 a - 208/204 ratio as índícator of possible fractionation fro
Ihe experimenîs at 950 "C.

Fig. la - Rapporto 208/204 quale possibile indicatore del

frazionamento per gli esperimenti a 950 "C.

considered uninfluential in identifying the source of the ga-
lena employed.
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The findings of the present study indicate that metalworking
(galena smelting, lead melting and remelting, ingot casting)
does not have any appreciable effect on lead isotope ratios.
In particular, during smelting no significant changes have
been observed in the isotopic ratios in the passage from ga-
lena to the metal. A slight alteration in the 208Pb/204Pb ra-
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t1.1,aì< , ' 10.8540

2:l:A72,, 10.85 l9
2:0t8s 0.8517
2.0963 0.8544

2;ll',35 0.e527
?,,1139 0.8520

2.\,A74 0.8545
2:'106'1 0.8543

t8.0967 38.1364
18.0967 38.1326

t8.05 r r 37.8808
t8.007 t 37.7491

I 8. t084 38.27 14

t8.0846 38.2284

t8.1979 38.3494
r8. I 985 38.3270

3.1,1,33

2,ri0z9

2,1ilo
,2:1,ffi7

0.8525 r8. r084 38.2676
0.85ó2 18.0369 38.0197

0.8563 18.1657 38.3485
0.s501 r8.r675 38.3288

c{

rl

:r:.2$8.98

.,.iìt:!0t0

':irL0966
:i.]]:i]:tptp'::2:,1t003

]ll:ìì, ì,]iì.:iìtl]'r.la094'l

i..'.:l..t:''l..ìi.?o95!

38,2

38

37,8

31,6

É

31,2

31

36,8

36,6
30 40

fime (min)
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80

25

62

6t

6l

r00

98

98

Position Ni%Cu%Ag o/

,, t2t.2 204.4 208.9

6;44-6.32 I l.l-10.8 9.78-9.30
728 - 4t2 - 500 -
917"C 65t "C 900'C

Table 7 - Composition (ppm) and percent
variation respect to the top of the ingot of
trace elements determined in samples
removed from the longitudinal axis of the
ingot.

Tab.7 - Composizione (ppm) e variazione
percentuale deglí elementí in ftacce di
campioni prelevati lungo I' as se longitudínale
del lingotto ríspetto alla parte sommitale.

Ttble 8 -Physical properties of sígníficance
for the discussion (CRC, 1970).

Tab.8 - Propríetàfisiche significative per la
discussíone (CRC, 1970).

t'00'' 468

,73"' ttt
.:72', .,'t 17

24 t00

24 t00

24 t00r
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tio, adopted as an index of fractionation during prolonged
melting experiments, has been observed at 550'C, probably
close to the temperature at which ancient metalsmiths re-
melted lead. At 950'C on the other hand, the ratio remains
practically constant, demonstrating that no fractionation
takes place under these conditions. Although some fractio-
nation has been observed in the samples removed from the
longitudinal axis of cylindrical lead ingots cooled in two dif-
ferent ways, but not to the extent that it could mislead metal
provenancing.
The distribution of the chemical elements accompanying
lead in ingot casting suggested that if it does takè place,
fractionation is essentially due to the laws of gravity and to
the density in the liquid state.
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kr determinazione dei rapporti isotopici del piombo, tramite
ICP-MS o TI-MS [1-3] si sta rivelando uno dei metodi più
promettenti per riconoscere I'area mineraria (o persino, nei
casi piùfavorevoli, il singolo giacimento di una regione mine-
raria) dalla quale deriva la materia prima impiegata per la
realizzazione dei manufatti metallici (in piombo, argento, ra-
me o bronzo). Particolarmente intenso è il lavoro di ricerca
ed il dibctttito conceftiente la preistoria del Meditenaneo [4-
131 Due sono i principali fattori alla base della ffidabilità
di questo metodo:
- l'esistenza di un set di rapporti isotopici del piombo

(08 Pbl06 Pb, 207 Pbl06 Pb e 206 P6PM PbS sfficíentemente co-
stante e distintivo tra le diverse aree minerarie (ed even-
tualmente anche tra singoli giacimenti);

- la conservazíone dei rapporti ísotopici originari nel corso
delle operazioni metallurgiche: smelting, melting e re-mel-
ting.

ln presente comunicazione intende fornire un contributo rí-
guardo la conoscenza di questo secondo fattore. Sono infatti
presenti in letteralura alcune valutazioni decisamente discor-
dnnti riguardo alla significatività di eventualí modificazioni
indotte dnlle operazioni metallurgiche sul set dei rapporti iso-
topici del piombo. Ad esempio, mentre Bames[14] escludeva
che nelle operazioni di passaggio dalla galena al piombo me-
tallico e da questo all'ossido impiegabile come pigmento vi
fossero modfficazioni dei rapporti isotopici, entro i limiti del-
I'errore sperimentale, più recentemente Budd []51 ritiene,
sulla base di alcune considerazioni teoriche, che queste mo-
difi c azioni siano v ic ev ersa appreuabili, sopr(tttutto c onside -

rando quelle lavorazioni nelle quali ritíene che íl metallo sia
soggetto ad intensa vaporizzazione. Problemi analoghi sono
stati recentemente affrontati da Gale [2] per quanto concerne
alcuni aspetti della metallurgia dello stagno.
Per fornire un contributo a dirimere questi problemi, in que'
sto lavoro sono stale eseguite determinazioni di rapporti íso-
topici su campioni di piombo prelevati nel corso delle seguen-
ti operazioni simulate in laboratorio:
- l'operazione di smelting e quindi iI passaggio da galena a

piombo metallico;
- la rifusione del piombo metallico in condizioni di corrente

di aria e quindi diforte perdita per evaporazione
- il getto in língotti, con I'eventuale segregazione.
Le dimensioni dei lingotti sono state: alteua 95 mm e diame-
tro 13 mm. I lingottí sono stati campionati lungo l'asse longi'
ndinale a tre alteue: fondo, metà altezza e sommità. I cam-
pioni così ottenuti sono stati analiuati tramite ICP-MS per la
determinazione dei rapporti isotopici e degli elementi chimi-
ci: Ni, Cu, Zn, As, Ag, Cd, Sn, Sb, Te, Cs, Tl, Bi.
Iz condizioni operative e di acquisizione dati sono riportate
in tabella l
Iz operazioni di smelting sono state condotte su un campione
di galena della miniera di Montevecchio, uno dei centri tradí-

zionali e più antíchi della attività estrattiva della Sardegna,
che attualmente risulta essere ben caratterizzata da diversi ri-
cercatori, quanto a rapporti isoîopici del piombo. Iú tabella
3 riporta i rapporti isotopici ottenuti nel corso di questa spe-
rimentazione e quelli del campione di piombo metallico otte'
nuto nel corso della operazione di smelting condotta in labo-
ratorio.
I dati sulla galena confermano ulteriormente la caratteristica
isotopica di questo giacimento. Il passaggio galena -> piom-
bo non risulta avere comport(tto modificazioni tali da far in-
sorgere dubbi sulla provenienza del mínerale, perlomeno per
quanto riguarda I'ambito regionale, come può conslatarsi
considerando i dati ríportati nella tabella 4.

Il fenomeno della eventuale modificazione dei rapporti isoto-
pici durante fusione prolungata di metallo è stato convenien-
temente studiato alle temperature di 550 e 950"C. I'e perdite
in peso registrate alla fine del tempo di trattamento sono ri-
sultate, rispettivamente, del 77o e del 27o. I risultati otlenuti
sono riportati nella tabella 5, mentre la fig.l riporta l'anda-
mento del rapporto tra gli isotopi 208 e 204, caratterizzati
dalla maggiore dffirenza di massa, e quindi assimilabile ad
indice dell' eventuale frazionamento.
Anche in questo caso è quindi possibile riscontrare che le mo-
dificazioni indotte sul set dei valori caratteriuanti la compo-
sizione isotopica del metallo sono del tutto inilevanti per
quanto concerne lavalutazione della sua origíne
Per quanto conceme le dffirenze riscontrabili sui campioni
prelevati lungo l'asse longitudinale dí un lingotto cilindrico,
si sono riscontrati i risultati riportati nella tabella 6. Si con-
stata che le variazioni non sono mai di entità tale da alterare
una a ggi ud i cazi on e d i p rove n i e nza.

La tabella 7 riporta la composizione chimica degli elementi
presenti in tenore > l0 ppm, da campíoni prelevati lungo
l'asse longitudinale del língotto raffreddato lentamente. E ri'
portata anche la variazione percentuale assunta pari a 100 il
valore della parte alta, ed alcuni datífisici rilevanti per la dí-
scussione. II peso atomico medio del piombo è 207.2, mentre
la sua densità allo stato liquido è 10.7 g/cm3 a 327 "C e l0.l
g/cm3 a 80"C. È evidente che glí elementi chimici che presen-
tano peso atomico e densità prossimi a quelli del piombo (Tl e
Bi) non sono soggetti ad alcunfenomeno di segregazione gra-
vitativa. Solo gli elementi decisamente più leggeri del piombo
(Ni, Cu, e Ag) sono soggetti a signfficative variazioni di con-
centrazione, con arricchimento nella pafte alta del lingotto e

conseguente impoverimento in quella bassa. L'Sb è invece
soggetto ad un netto frazionamento in quanto pur avendo un
peso specifico relativamente alto ha comunque un valore
piuttosto basso della densità allo stato liquido.

Questi dati, oltre all'evidente interesse connesso alla corretta
interpretazione dei dati analitici di campioni necessariamente
Iimitati che è ordinariamente possibile prelevare dai reperti
archeologici, supporîano ulteriormente la conclusione che un

frazionamento basato sulle lievi dffirenze di massa associa-
bili ai dffirenti isotopi del piombo è da ritenersi non rilevan-
te aifini della associazione di reperti di questo genere con la

fonte della galena.
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