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ABSTRACT: A methodology for dating archeological lead artifacts based on the
voltammetry of microparticles is described. This methodology is based on the comparison of the height of speciﬁc voltammetric features from PbO2 and PbO corrosion
products formed under long-term alteration conditions. Calibration of the method was
performed with the help of a series of well-documented lead pieces from the funds of
diﬀerent museums of the Comunitat Valenciana (Spain) covering from the ﬁfth century
B.C. to present day. The variation of peak currents with the time of corrosion can be ﬁtted
to the same potential rate law as that found by Reich (R = 0.070 ( 0.005), using
measurements on the Meissner fraction in the superconducting state of lead. The
proposed electrochemical methodology enables the dating of archeological lead artifacts
with a time-dependent uncertainty estimated to be (150 years for the most ancient
samples in this study.

T

he dating of metal artifacts is an important analytical target in
archaeometric studies. Radiocarbon, the uranium!lead
radioactive series, and luminescence analysis are the main techniques used for absolute dating.1,2 In this context, although iron
artifacts occasionally were dated by the 14C method performed on
the traces of charcoal found in those objects, dating procedures for
archeological artifacts made of copper, iron, tin, gold, or lead do not
exist.3 In addition to the methods listed above, chemical evaluation
of the extent of corrosion in archeological artifacts can provide
insight into the duration of the corrosion process by using several
simplifying assumptions. This is the case of the obsidian method
developed by Friedman and Smith for dating ceramics.4 Reich et al.3
used measurements on the Meissner fraction in the superconducting state of lead to evaluate the mass of the uncorroded metal in the
sample in order to estimate the age of the archeological lead artifacts.
In this report, we present a procedure for dating archeological
lead artifacts based on the numerical variation of speciﬁc features
in the voltammetric response of sample-modiﬁed graphite electrodes immersed into aqueous electrolytes. As an antecedent,
Scholz et al.5 proposed a method for dating based on the
electrochemical monitoring of the generation of point defects
in ceramic materials. In this report, the voltammetry of microparticles (VMP) methodology is used. This technique, developed by Scholz et al.,6,7 can be used for obtaining qualitative and
quantitative information from samples of works of art.8,9 Using a
“graphite pencil” variant of VMP,10,11 an essentially noninvasive
analysis can be performed on a few nanograms of sample.
Lead was used widely in antiquity. Initially, it was mainly
devoted to silver extraction via cupellation procedures, but since
r XXXX American Chemical Society

the Iron Age, lead has been produced for ﬁshing nets, anchors,
sling bullets, fastening iron clamps in the walls of buildings, water
pipes, jewelry, and cult ﬁgures.12,13 Lead metal oﬀers a signiﬁcant
resistance to corrosion in many environments when it is exposed
to the atmosphere, soil, fresh water, and seawater as a result of the
formation of relatively insoluble ﬁlms of primary corrosion
products in the initial stages of exposure, which then protect it
from further attack.
The corrosion products of lead oﬀer well-deﬁned electrochemical responses under VMP conditions.14!17 In previous reports, we described the use of speciﬁc voltammetric signatures
for the authentication of archeological lead18 and the identiﬁcation of corrosion products.19 Here, the time variation of voltammetric signatures speciﬁcally attributed to PbO2 (or possibly
PbOn (1 < n < 2)) and PbO species, formed during prolonged
corrosion, is used for dating archeological lead artifacts. It should
be noted that the interaction between the metal and the corrosion agents and pollutants results in chemical, electrochemical, or
even biological corrosion processes, which can be accompanied
by various pedological processes (recrystallization, segregation,
desegregation, cementation, or monolithization) giving rise to a
more or less complex patina of corrosion products. In general,
one can distinguish between a primary patina, which is formed in
the atmospheric environment during the usual handling of the
piece, and a secondary patina, which is formed during the last
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period of utilization or the initial stages of pedological processes.
This can be accompanied by the patina of corrosion which results
from processes of diﬀusion!segregation!deposition.20
Diﬀerent speciﬁc VMP signatures from PbO2 and PbO
forming the corrosion layers of lead artifacts have been correlated
with the corrosion time. These include the direct reduction
signals for the diﬀerent lead oxides in contact with an aqueous
acetate buﬀer and the catalytic eﬀects in the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) in contact
with a phosphate buﬀer. It should be noted that the proposed
methodology involves, as well as all other proposed dating
methods,1!5 samples whose composition and conditions of
aging can be considered similar and that it requires calibration
from well-documented samples accomplishing the above
conditions.1!5
The application of the proposed methodology involves two
main assumptions: (a) the corrosion process has occurred under
quite similar conditions for all samples, and (b) corrosion
proceeded uniformly through time. Calibration curves were
obtained from a set of samples from the funds of the Prehistory
Museum of Valencia, Archaeological Museum of Borriana, Museum
of Montcada, and Bellas Artes Museum of Castell!
o (all from the
Comunitat Valenciana, Spain), covering from the Iberian times
(5th century B.C.) to contemporary time. Samples were selected
from lead fragments (0.02!0.10 g) that were separated accidentally by the restorers from the original pieces during the process
of extraction, cleaning, or conservative treatment of the archeological pieces. Such fragments are systematically conserved and
catalogued by the archeologists and conservators of the museums.
The original pieces were all found under burial conditions in the
Comunitat Valenciana (Spain) in calcareous soils. Because of the
corrosion processes often associated with restorative treatments and
aggressive environments in museum cabinets,21!23 only pristine
archeological lead pieces were used for calibration. The selection
of samples for time calibration was performed following these
ﬁve criteria: (a) the lead artifacts corroded under burial conditions in chalk soils from a Valencian region; (b) litharge-based
patination is present on the artifacts; (c) no cleaning or restorative treatments have been applied to the artiﬁcats; (d) the artifacts have not been exposed to corrosion in the museum
environment; (e) there is unambiguous dating of the artifacts.
The characteristics and dating of the studied samples of archeological lead can be found in the Supporting Information.

Figure 1. SWVs for graphite electrodes modiﬁed by means of the onetouch methodology for the following: (a) contemporary lead (S.1); (b)
the Visigothic sample from the Punta de l’Illa (S.10) immersed into 0.50
M HAc/NaAc, pH 4.85. The potential scan was initiated at þ1.45 V in
the negative direction. The potential step increment was 4 mV; the
square wave amplitude was 25 mV; and the frequency was 5 Hz.

which were subjected to restoration/conservation procedures in
recent times and, therefore, possess an altered patina, have also
been tested but were not used for time calibration.

’ RESULTS AND DISCUSSION
General Voltammetric Pattern. Figure 1 compares the
voltammetric responses for (a) a contemporary patinated lead
(S.1 in the Supporting Information) and (b) a genuine archeological sample from the Visigothic period (6th century A.D.,
sample S.10) when the potential is scanned from þ1.45 V vs
AgCl/Ag in the negative direction. For contemporary lead, a
main reduction peak appears at !0.55 V (I) accompanied by a
cathodic shoulder at !0.95 V (II), near the rising current for
solvent discharge. For samples of archeological lead, these peaks
are accompanied by a cathodic shoulder at !0.70 V (III) and
preceded by overlapping peaks at þ1.10 and þ0.90 (IVa and IVb,
respectively) and þ0.75 V (V) while peak II becomes significantly
enhanced.
To rationalize this response, it should be taken into account that
lead passivation leads to a porous PbO layer, so that, depending on
the size of these pores, thermodynamic and kinetic passivation
mechanisms can occur.24!28 In the thermodynamic mechanism,
relatively small pores are formed so that the patina acts as a
semipermeable membrane that allows H2O, Hþ, OH!, and Pb2þ
ions. In kinetic passivation, all of the ions can move freely through
the pores so that when the ﬂow of lead ions is suﬃciently high, the
reaction proceeds at the pore oriﬁce near the electrolyte, thus
resulting in electrode potentials close to !0.95 V.24!28
Accordingly, peak I can be attributed to the reduction of the
semipermeable PbO patina, whereas the electrochemical processes II and III can be associated with the reduction of diﬀerent
layers of porous corrosion products. The electrochemical reduction of PbO to Pb can be described in terms of a topotactic solid
state transformation of lead oxide to lead metal without a
morphological disintegration, superimposed to reduction involving intermediate Pb2þ ions in solution phase further reduced to
lead metal.15!17 The formation of a gross permeable layer of
corrosion products under burial conditions would explain the
enhancement of the reduction signal at !0.95 V (peak II)

’ EXPERIMENTAL SECTION
The electrochemical experiments were performed with samplemodiﬁed graphite electrodes at 298 K in a conventional threeelectrode cell under an argon atmosphere, using reagents and
equipment described in the Supporting Information. The VMP
experiments were performed at paraﬃn-impregnated graphite electrodes (PIGEs)6,7 upon the mechanical transferring of a few
nanograms of sample by means of the one-touch methodology
already described.19 Fragments (typically 10!20 mg) of the selected
samples were used to modify graphite electrodes by placing them on
an agate mortar and pressing the graphite bar on the lead fragments.
Samples include three contemporary pieces (S.1!S.3 in the
Supporting Information) stored in university buildings, 14
genuine archeological samples (S.3!S.17), and three forgeries
found in archeological sites (S.18!S.20). Calibration was performed with pristine, nonrestored archeological samples
(S.3!S.6 and S.9!S.16). Archaeological samples S.7, S.8, and S.17,
B
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observed in archeological lead. All of processes I!III can be, in
principle, represented by means of the following equation:
PbOðsÞ þ 2Hþ ðaqÞ þ 2e! f PbðsÞ þ H2 O

ð1Þ

The overlapping peaks IVa and IVb can be attributed to the
electrochemical reduction of PbO2 that is electrochemically generated at potentials above þ1.0 V by the oxidation of the PbO patina
(and also of the Pb2þ ions in solution29), as judged upon
comparison of voltammograms for patinated lead with those for
litharge-modiﬁed electrodes.19 Accordingly, the ubiquitous peaks
IVa and IVb are recorded in all lead samples. The formation of
R- and β-PbO2 and substoichiometric lead oxides30,31 can explain
the multiple peak proﬁle observed for PbO2-modiﬁed electrodes
immersed in an acetate buﬀer. Remarkably, whereas in contemporary lead such peaks remain isolated in the positive region of
potentials, in archeological lead, peaks IVa and IVb are followed
by a weak peak at þ0.75 V (peak V). This peak, which appears
clearly marked in the voltammograms of PbO2 blanks, in agreement
with literature,14,18 can be attributed to the reduction of PbOn
species formed as a result of the (slow) natural corrosion process
occurring as a result of contact with the atmosphere and soil during a
prolonged time. The electrochemical reduction of PbO2 can be
formulated as the following:
PbO2 ðsÞ þ 2xHþ ðaqÞ þ 2xe! f PbO2!x ðsÞ þ xH2 O

Figure 2. Plots of iII/iI vs t1/(1þR) for contemporary lead and archeological samples in this study. From SWVs at graphite electrodes
modiﬁed with the samples via one-touch methodology. Electrolyte
0.50 M HAc/NaAc, pH 4.85. Potential scan initiated at þ1.25 V in
the negative direction; potential step increment 4 mV; square wave
amplitude 25 mV; frequency 5 Hz.

ð2Þ

24,32

The absence of PbO2 in “young” patinas
where (0.6 < x < 1).
can be used as an authentication test for archeological lead because
peak V is absent in voltammograms of contemporary lead and
forgeries where lead has been eventually subjected to “accelerated”
corrosion procedures. Upon scanning the potential in the positive
direction, stripping oxidation peaks for antimony, arsenic, bismuth,
and copper accompanies the stripping of lead in archeological
lead, thus providing an additional criterion for authentication
(see Supporting Information).18
Voltammetric Dating. Let us assume that the surface of the
lead artifact is initially covered by a patina formed during its
handling as a result of exposure to the atmospheric environment.
This patina, mainly formed by litharge, will be referred to as base
patina in the text that follows. Let us assume that the artifact was
further exposed to prolonged, uniform corrosion so that an
additional layer of corrosion products is formed; this is a situation
that is probably operative for lead artifacts buried in buffered
carbonate soils.3 Accordingly, one can assume that the peak
height (or the peak area) of process II (iII) is representative,
under fixed electrochemical conditions (electrolyte, potential
scan rate, etc.), of the amount of corrosion layer plus base patina
formed during the corrosion period under burial conditions. In
turn, the height of peak I (iI) would be representative of the
amount of base patina. Then, one can assume the following:
!
"
iII
ybase þ ycorr
ycorr
¼ K3
¼ K3 1 þ
ð3Þ
iI
ybase
ybase

Figure 3. CVs for graphite electrodes modiﬁed by means of the onetouch methodology for contemporary lead (sample S.1 in the Supporting Information, dotted lines) and the archeological sample from the
Tossal de Sant Miquel (sample S.12, continuous lines) immersed in (a) a
0.50 M potassium phosphate buﬀer with pH 7.00 and (b) a 5.0 mM
salicylic acid solution in a 0.50 M potassium phosphate buﬀer with pH
7.00. The potential scan rate was 100 mV/s.

given here:3,33
dycorr =dt ¼ K2 ycorr R

ð4Þ

Integration between t = 0, y = 0 and t, y yields the following
equation:
ycorr ¼ ½K2 ð1 þ RÞt'1=ð1 þ RÞ

where ycorr and ybase represent the mass of the corroded metal by
surface unit during the prolonged corrosion process and that of
the initial patination step, respectively.
Now, let us assume that the advance of the corrosion process is
related to the archeological age of the object or, more precisely,
to the time of corrosion, t. Assuming that the corrosion process is
based on the local existence of an electrochemical cell which
comprises a junction of metallic oxide to a metal surface and the
oxygen/water couple, the corrosion rate follows the potential law

ð5Þ

Because there is no possibility of control of the amount of
sample transferred to the electrode in the one-touch experiments, only the peak current (or the peak area) ratios can be used
for relative quantiﬁcation purposes. Combining eqs 3 and 5
yields the following:
iII
¼ K3 f1 þ K4 ½K2 ð1 þ RÞt'1=ð1 þ RÞ g
ð6Þ
iI
C
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Figure 4. Plots of (iHER/iOER)t1/(1þR) vs t1/(1þR) for samples in this
study from CV data using conditions such as those in Figure 6.

Figure 6. Variation of the (a) iII/iI ratio for SQWVs in acetate buﬀer
and (b) iHER/iOER ratio for electrocatalytic CV experiments in a
phosphate buﬀer with the corrosion time for genuine unrestored lead
samples (squares), genuine restored samples (solid squares), and
forgeries (solid rhombuses).

Figure 2 shows the representation of experimental iII/iI vs
t1/(1þR) for diﬀerent R values. The best linear ﬁt was obtained for
R = 0.070, a value that is identical to that obtained by Reich et al.3
using measurements on the Meissner fraction in the superconducting state of lead.
Electrocatalytic Dating. Electrocatalytic tests were performed to
exploit the recognized catalytic ability of the involved materials.
PbO2 has been used as electrocatalytic material for different
oxidation processes, in particular, the oxygen evolution reaction
(OER),34,35 whereas lead metal catalyzes the hydrogen evolution
reaction (HER).36!38 Under our experimental conditions, the
relationship between the catalytic currents for HER and OER
reactions could be representative of the PbO/PbO2 ratio in the
sample and, in turn, representative of the age of the piece. In
Figure 3a shows the CVs obtained for contemporary lead and a
sample from the Tossal de Sant Miquel (Iberian period, 2nd!4th
century B.C.), immersed in a phosphate buffer at pH 7.00. Consistent with the aforementioned growing presence of PbO2 in aged
lead, the current above þ1.0 V for OER is enhanced in archeological
lead with respect to that for contemporary lead, while the HER
current at !1.0 V exhibits the inverse variation. This last feature can
be attributed to the blocking effect exerted by the corrosion patina
on the catalytic activity of the metal.
Repeatability tests, however, produced 5!10% standard deviation in the quotient between the extreme currents for the HER
and OER reactions, iHER/iOER. Interestingly, the repeatability
was signiﬁcantly increased (standard deviations ranging 2!5%)
by introducing a radical scavenger, salicylic acid, whose oxidation
precedes the OER (see Figure 3b). This possibly is due to its

Figure 5. Comparison of deconvoluted CVs for air-saturated 0.10 M
Bu4NPF6/MeCN at sample S.1 of contemporary lead (a, continuous
line) and Visigothic sample S.10 (b, continuous line) attached to
graphite bars using the one-touch sampling with the CV at the
unmodiﬁed graphite electrode (a and b, dotted line). Potential scan
rate 50 mV/s. Insets represent the corresponding subtracted current/
potential curve. Arrows indicate the direction of the potential scan.

where K4 = K3/ybase. Assuming that the mass of young patina by
surface unit, ybase, is essentially identical for all samples (vide
infra), eq 6 predicts a linear relationship between the iII/iI ratio
and t1/(1þR) for the appropriate value of the coeﬃcient R.
D
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reaction with adsorbable OH•, which causes a decrease of the
anodic generation of O2.37,39
Under ﬁxed electrochemical conditions, the iHER/iOER ratio
should be representative of the quotient between the amount of
PbO2 generated during the corrosion process and the total lead
(the parent deposit plus that electrochemically generated by
reduction of lead oxides) accumulated in the electrochemical run.
Under the previous assumptions one can write the following:
!
"
iHER
1 þ kt 1=ð1 þ RÞ
ð7Þ
¼A
iOER
kt 1=ð1 þ RÞ

ing, because this should be similar for the contemporary and
archeological lead. Although no detailed mechanistic studies of
the reduction of O2 dissolved in organic solvents at lead are
available, Pavlov et al.45,46 have reported that the kinetics of the
equivalent process in aqueous media is controlled by oxygen
diﬀusion through the thin liquid ﬁlm covering microparticulate
deposits and impeded charge transfer through the electric double
layer. On the basis of these results it appears reasonable to
attribute the diﬀerences in the voltammetric response for contemporary and archeological lead with regard to the O2 reduction
to the corresponding diﬀerences in the texture and porosity of
the corrosion patina covering lead metal.
Calibration. The dating of archeological lead from voltammetric data can be obtained from calibration curves using the
parameters introduced in the precedent sections. Figure 6
compares the variation with the corrosion time of the iII/iI
ratio for SQWVs in acetate buffer, shown in part a, with the
iHER/iOER ratio for electrocatalytic CV experiments in a phosphate buffer for genuine unrestored lead samples, genuine
restored samples, and forgeries, shown in part b. Data points
for genuine unrestored lead samples for both the iII/iI and the
iHER/iOER ratios can be satisfactorily represented by eqs 6 and 7,
respectively, using R = 0.070 ( 0.005, which is a value in
agreement with the results of Reich et al.3 Remarkably, data
points for genuine restored samples fall in regions clearly separated
from the above. Similarly, using the corrosion time corresponding
to the archeological site where the forgeries were found, data points
for these samples fall far from those for genuine unrestored lead
samples.
For both the iII/iI) and iHER/iOER ratios, experimental data
points deﬁne an apparent continuous variation of the respective
peak current ratios with the corrosion time, thus deﬁning reasonable calibration curves for dating purposes. It should be noted,
however, that the electrochemical dating described here is
conditioned to the validity of the previously indicated simplifying
assumptions.
The uncertainty in time measurements, Δt, can be related to
both the uncertainty in the peak current ratio measurement, Δr
(r = iII/iI), and the uncertainty in the R exponent, ΔR, which is in
turn related to the analysis of the calibration data. Using the usual
development of the theory of error propagation, one can obtain
the relative uncertainty in the time derived from the potential
relationship expressed by eq 8:

This equation predicts a linear dependence between (iHER/
iOER)t1/(1þR) and t1/(1þR). Experimental data are shown in
Figure 4. It should be emphasized that, in spite of data dispersion,
unrestored samples used for calibration can be ﬁtted to a linear
(iHER/iOER)t1/(1þR) vs t1/(1þR) plot. Remarkably, the best ﬁt of
experimental data is obtained for R = 0.070.
A complementary method to characterize pristine archeological lead can be obtained using the voltammetric responses
associated with the electrochemical reduction of O2 in nonaqueous solvents. This is a well-known electrochemical process
consisting of a one-electron reversible reduction leading to O2• !
radical anion which, in the presence of water traces, is followed by
subsequent oxidation of the superoxide radical anion to hydroperoxyde and hydroxide anions.40,41 For our purposes, the
relevant point to emphasize is that this electrochemical process
provides an in situ method for generating reactive radicals, which
then inﬂuence the electrochemical response of the electrode, in
particular, its electrocatalytic behavior, as recently reported by
Scholz et al.42!44 Following this line of reasoning, one can expect
that the O2 to O2•! reduction process at lead-modiﬁed electrodes can be inﬂuenced by the nature of the modiﬁer and that,
conversely, the catalytic ability of the patinated metal can be
modiﬁed as a result of the generation of radicals on its surface.
Figure 5 compares the CVs recorded at an unmodiﬁed electrode
(dotted lines in parts a and b), for contemporary lead
(continuous line in part a) and sample S.10 (continuous line in
part b) immersed into air-saturated 0.10 M Bu4NPF6/MeCN.
While contemporary lead moderately enhances both the cathodic and anodic peaks for the O2/O2•! couple, all archeological
samples display the opposite eﬀect on this process. Such diﬀerences cannot be attributed to possible variations in the eﬀective
surface area of the graphite electrode resulting from its scratch-

Δt
K3 f1 þ K4 ½K2 βt'1=β gðΔr=rÞ þ K4 ½K2 β!ð1 þ 2RÞ=β t 1=β '½ln t ! ln β þ β ln k ! 1'ðΔR=RÞ
¼
t
β!R=β K4 ½K2 t'ð1 þ 1RÞ
where β = 1 þ R. Similarly, for eq 7, introducing the uncertainty
in the iHER/iOER ratio, Δs, one can obtain the following:
! "
! "
Δt
Δs
R ln t ΔR
1=1 þ R
¼ ð1 þ RÞð1 þ kt
þ
ð9Þ
Þ
t
s
1þR R

ð8Þ

samples in this study, similar to those usually handled in
archaeometry.

’ CONCLUSIONS
The application of the voltammetry of microparticles to
nanosamples from lead artifacts produces speciﬁc signatures
for archeological lead, in particular, characteristic reduction
signals for PbOn and porous PbO formed during the corrosion
process under burial conditions. Peak current ratios using the
voltammetric peaks recorded for lead samples in contact with
aqueous acetate buﬀer exhibit systematic variations with the time
of corrosion for a series of lead samples that proceed from
diﬀerent archeological sites in the Valencia region (Spain).
Electrocatalytic currents for the hydrogen evolution and
oxygen evolution reactions in an aqueous phosphate buﬀer also

According to the above expressions, and using parameters
from calibration lines in Figures 2 (R = 0.070 ( 0.005; K3 = 0.223 (
0.015; K4K20.935 = (3.25 ( 0.15) * 10!4) and 4 (A = 0.481 (
0.016; k = 0.016 ( 0.002), the variation of the relative uncertainty in time measurement, Δt/t, can be estimated from the
relative uncertainty of the iII/iI and iHER/iOER ratios and that for
R, ΔR/R. Theoretical calculations using the above parameters
yield to age-dependent uncertainties in corrosion time measurement which reach values of ca. (150 years for the more ancient
E
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provide systematic variations with the corrosion time. The dating
of the lead pieces can be obtained from such data by assuming
that uniform environmental conditions acted during their corrosion process. For the studied set of samples, the potential law
holds for the formation of PbO and PbO2 during the corrosion
process. It should be noted, however, that the proposed methodology is restricted to sets of samples with similar composition
and conditions of aging.
In spite of the limitations associated with the simplifying
assumptions introduced for electrochemical lead dating, the
proposed methodology can provide a reasonable approach for
establishing a systematic chronology of lead artifacts.
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