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Abstract

The voltammetry of microparticles (VIMP) methodology was applied to a set of submicrosamples from the corrosion layers of
copper artifacts from the archaeological site of La Vital (Gandia, Spain), dated back to 4200 to 3900 BP, attached to graphite
electrodes in contact with aqueous acetate buffer at pH 4.50. Signals for the reduction of cuprite plus malachite, dominating the
composition of the corrosion layers, and tenorite, were used for grouping the samples. A model to describe their relative
concentrations assuming gradients following a potential law is proposed and tested with experimental data. Correlation of
VIMP sample grouping with lead isotope data in literature permitted to discriminate archaeological samples depending on the

provenance of raw materials and the manufacturing process.

Keywords Electrochemistry - Archaeometry - Metal provenance - Isotope analysis - Corrosion products

Introduction

The determination of the geographical origin of raw materials,
mining activities, manufacturing technology, chronology, and/
or trade routes is common targets in the study of archaeolog-
ical objects made of metals [1, 2]. The chemical composition
and metallographic structure are important analytical targets
for which different techniques have been applied [3, 4], usu-
ally combined in multi-technique approaches [5, 6]. In partic-
ular, isotope analysis from inductively coupled plasma-mass
spectrometry (MC-ICP-MS) technique has emerged as a very
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powerful tool for these purposes, lead [7-10] and, to a lesser
extent, copper [11, 12], being the elements usually used to
study several archeological metals.

Several of these techniques require a more or less extensive
sampling within the metal core. As far as deep sampling is not
allowed or seriously restricted for archaeological artifacts,
there is a continuous interest in developing non-invasive or
minimally invasive techniques [13, 14]. This implies that the
archaeometric information has to be derived from the analysis
of the physicochemical properties of the metal patina of cor-
rosion [15-17].

In this context, the voltammetry of immobilized particles
(VIMP), a solid-state electrochemical methodology developed
by Scholz et al. [18-20], has been applied to the study of metal
patinas [21-25]. The interest of this technique derives from its
high sensitivity and its requirement of amounts of sample at
the sub-microgram level which make it minimally invasive,
prompting its application for archacometry, conservation, and
restoration, as described in different reviews [26-29]. In par-
ticular, the VIMP has been recently applied for discriminating
between different monetary emissions of silver [30-32] and
bronze/copper [33-36] coins and dating copper/bronze [37,
38], lead [39], and gold [40—42] archaeological objects, as
recently revised [43]. Archacometric applications of VIMP
combined with electrochemical impedance spectroscopy
(EIS) have been also reported [44—46].
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Here a study correlating the grouping of archaeological
samples is reported using VIMP with prior analytical data
using X-ray fluorescence spectroscopy (XRF), scanning elec-
tron microscopy (SEM), and lead isotope analysis [47] on a
series of bronze objects from the site of La Vital (Gandia,
Spain). This archaeological site is particularly interesting be-
cause it presents the first evidences for copper metallurgy in
the Iberian Peninsula [47, 48]. From the 14 radiocarbon dates
obtained, we can assume a time span ranging from ca. 4200 to
3900 cal. BP [48]. This includes from the beginning of the
Chalcolithic to the Bell Beaker period. Copper metallurgy is
present from the beginning, including melting pots, metallur-
gical waste, and tools. The location of the site, next to the
mouth of the Serpis river, gives it a special importance in
investigating the supply routes for copper ore, absent in the
region.

Although lead isotope analysis offers difficulties derived
from the use of additives and/or ore mixtures, the reuse of
the metals, isotope fractionation during ore processing and
manufacturing of the objects, and environmental
paleocontamination [49-51], this technique can be considered
as a logical reference for validating studies on the provenance
and distribution of archaeological objects. Specifically, the
idea is to contrast the provenance data derived from lead iso-
tope analysis with the minimally invasive VIMP analysis of
the patinas of the objects.

Experimental
Samples

A set of 8 objects from La Vital site were studied (see Table 1).
These were three residues of metallurgical activities and 5
tools (one ax, one chisel, one dagger, and two awls). All of
them were analyzed using XRF, SEM, and lead isotope anal-
ysis, and parallel radiocarbon dating of organic residuals was
available [48].

Instrumentation and methods

Electrochemical experiments were performed at 298 K in air-
saturated aqueous 0.25 M sodium acetate buffer (Panreac) at
pH 4.75 using a three-electrode cell connected to a CH 1660C
potentiostat (Cambria Scientific, LIwynhendy, Llanelli, UK).
The electrolyte was renewed after each electrochemical run to
avoid contamination due to metal ions eventually released to
the solution phase during electrochemical turnovers. To test
the possibility of using portable equipment, no deaeration was
performed. Square wave voltammograms (SWVs) and cyclic
voltammograms (CVs) were obtained on sample-modified
graphite electrodes, a platinum wire counterelectrode, and an
Ag/AgCl (3 M NaCl) reference electrode completing the
three-electrode arrangement.

Sampling was performed with commercial paraffin-
impregnated graphite bars (Alpino, HB type, 2.0 mm diame-
ter) by pressing and lightly rotating it onto a region of the
sample surface during ca. 5 s. One, two, or three samples were
taken for each coin depending on the availability of regions of
uniformly hued surface. VIMP for reference materials was
carried out using conventional VIMP protocols [18, 19] by
powdering an amount of 1-2 mg of the solid in an agate
mortar and pestle, and extending it on the agate mortar
forming a spot of finely distributed material. Then, the lower
end of the graphite electrode was gently rubbed over that spot
of sample and finally rinsed with water to remove ill-adhered
particles. Sample-modified graphite bars were then dipped
into the electrochemical cell so that only the lower end of
the electrode was in contact with the electrolyte solution.

The IR spectra in the ATR mode of the samples were ob-
tained using a Vertex 70 (Bruker Optik GmbH, Germany)
Fourier-transform infrared spectrometer with an FR-DTGS
(fast recovery deuterated triglycine sulfate) temperature-
stabilized coated detector and an MKII Golden Gate attenuat-
ed total reflectance (ATR) accessory. A total of 32 scans were
collected at a resolution of 4 cm™' and the spectra were proc-
essed using the OPUS 5.0/IR software (Bruker Optik GmbH,
Germany).

Table 1 Description of the

samples from La Vital Sample Description  2°’Pb/**°Pb Isotopic type ~ Radiocarbon age ~ Ag (Wt%)  As (Wt%)

archaeological site and reported

age from radiocarbon analysis of PA12342  Bur 0.841 C 4180 + 50 BP 0.124 0.25

accompanying organic materials PA12487  Awl 0,839 B Unavailable 0.239 1.8

44, 43] PA12489  Chisel 0.842 C Unavailable 0.124 bl
PA12491 Ax 0.847 D 3959 + 24 BP 0.147 0.38
PA12492 Awl 0.853 D 3959 + 24 BP 0.129 0.14
PA12471 Sphaerule 0.849 D 4040 + 40 BP 0.168 b.l
PA12475 Sphaerule 0.837 A 4040 + 40 BP 0.187 0.93
PA12473 Dagger Unavailable 3830 +£40 BP 0.272 1.78
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Results and discussion

Age, composition of the metal core, and corrosion
products

The studied samples presented a uniform green patina, often
locally darker, indicative of a relatively advanced but homo-
geneous corrosion under burial conditions. The infrared spec-
tra (see Fig. 1) was dominated by the bands due to the carbon-
ate group at 1391, 868, and 713 cmfl, denoting the presence
of malachite as a main corrosion product accompanied by
calcite and clayey minerals, identified by their absorption
bands of Si-O group at 1020 (shoulder) and 1006 cm .
Weak cuprite (630 cm ') and tenorite 620 cm ') bands were
also recorded. Such copper corrosion products display weak
infrared signals [52, 53] but their presence is consistent with
the usual corrosion scheme consisting of a primary patina of
cuprite further developing a secondary patina where this min-
eral is progressively replaced by other corrosion products
[14].

The analysis of the metal core revealed a high content of Cu
(98-100 wt%) accompanied by low amounts of As (below 1.8
wt%), Pb (below 1 wt%), and Ag (between 0.12 and 0.24
wt%) [47]. Four samples were suitable for '*C dating. The
age of sample PA12473 was estimated as 3830 = 40 BP and
that of samples PA12491 and PA 12492 was estimated as 3959
+ 24 BP (the date is a mean of two radiocarbon dates obtained
from the same burial bone); samples PA12471 and 12475
come from the same pit dated in 4040 + 40 BP. These two
dates could be statistically of the same age. On the other side,
sample PA12342 could be earlier according with the radiocar-
bon date obtained from a neighbor pit (4180 + 50 BP). And
finally, the dagger (sample PA12473) could be the most recent
documented at the site. It comes from a burial associated with
a Bell Beaker pot. Such data are provided as a Supplementary
information (Table S.1) [48].
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Fig. 1 ATR-FTIR spectrum of sample PA12487

Lead isotope analysis

Reported data of the lead isotope analysis of the studied
samples are summarized in Supplementary information,
Table S.2 [47]. Correlation with data for minerals of
mines in the SE region of Iberia led to attribute sample
PA12475 to ALCOLEA 6 mine; PA12471 to an un-
known mine, but in the SE of Iberia; and PA12487
probably to the Almizaraque area, once again in the
SE of Iberia [47]. Figure 2 depicts the plots of (a)
29%pp/2 %P vs. *°7Pb/*°°Pb and (b) *°°Pb/***Pb vs.
207pb/2°°Ph for the studied La Vital samples. One can
see that, in agreement with results for other systems in
the Mediterranean area [54, 55], data points for the
studied samples fall within the diagonals of the dia-
grams in both representations. The studied samples can
be grouped in the same four sectors labeled as follows:
group A: sample P12475; group B: sample PA12487,
group C: samples PA12342 and PA12489; and group
D: samples PA12471, PA12491, and PA12492.

On comparing the above grouping with elemental compo-
sition data, one can see that, as depicted in Fig. 3a, where the
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Fig. 2 Plots of a 2*®Pb/2%°Pb vs. 2°’Pb/>°°Pb and b 2°°Pb/***Pb vs.
207pp/2%Ph for samples in this study from data in [44]
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Fig. 3 Plots of a the percentage of Ag and b the percentage of As in the
metal core of La Vital samples vs. the 2°’Pb/2°°Pb isotopic ratio from data
in [44]

percentage (wt%) of Ag is plotted vs. the *°’Pb/*°°Pb ratio, it
appears that, although the Ag content is constrained to a nar-
row range, there is a certain correlation between the two quan-
tities. As far as, in contrast to As and Sb (vide infra), Ag is not
significantly released during the manufacturing of objects, the
above data suggest that the raw materials proceed from differ-
ent sources from a relatively restricted geographical area.
Figure 3 b shows a representation of the percentage (wt%)
of As vs. the 2°’Pb/?°Pb ratio. Here, there is a sharp contrast
between samples of the isotopic types A and B, having rela-
tively high As contents, and samples of the types C and D, all
with As contents below 0.5 wt%. Similar results were obtain-
ed for the Sb content. Since both elements experience loss by
thermal stress, their low contents in samples C and D can be
considered as indicative of the recycling of metal objects.
Interestingly, sample PA12473 for which there are no avail-
able lead isotope data was characterized by As and Sb con-
tents close to those of sample PA12487, ascribed to the isoto-
pic type B (see Table 1). This coincidence, treated in detail
below, suggests a common source of the raw materials.

@ Springer

Voltammetric pattern

Figure 4 depicts the square wave voltammograms (three rep-
licate experiments) for submicrosamples from the corrosion
layer of PA12489 attached to graphite electrodes in contact
with air-saturated 0.25 M aqueous acetate buffer at pH 4.50.
Upon scanning the potential from + 1.25 V vs. Ag/AgCl in the
negative direction, a main cathodic peak appears at — 0.10 V
vs. Ag/AgCl (Ccy;) which is followed by a shoulder at — 0.30
(Ccu2) and a wave peaked at — 0.70 V (C,,) with a shoulder at
ca. — 0.55V (Cpy,). Upon scanning the potential from—1.05V
in the positive direction, a sharp anodic signal appears at 0.0 V
(Acu), often exhibiting some degree of peak splitting, preced-
ed by a shoulder at — 0.50 V (Apy). At the negative and pos-
itive extreme potentials, the rising currents for the hydrogen
evolution reaction (HER) and oxygen evolution reaction
(OER) respectively appear. This voltammetric response can
be interpreted on the basis of abundant literature on the elec-
trochemistry of copper and lead corrosion products so that the
peak Ccy can be attributed to the reduction of cuprite (Cu,0)
superimposed to the reduction of copper corrosion products of
minerals of the malachite, brochantite, and/or atacamite fam-
ilies [21-25]. The signal Cc,, corresponds to the reduction of
tenorite (CuO) [32-36] whereas the signal Cp,, corresponds to
the reduction of lead corrosion products, mainly litharge ac-
companied by minerals of the anglesite and cerussite families
[38, 56]. The cathodic signal C,, can be attributed to the

a) c,, HER
C
CCuZ ?1 l
OER

ACu

1.2 0.6 0.0
E / Vvs. Ag|AgCI

Fig. 4 Square wave voltammograms (three replicate experiments) for
submicrosamples from the corrosion layer of PA12489 attached to
graphite electrodes immersed into air-saturated 0.25 M HAc/NaAc, pH
4.50. Potential scan initiated at a + 1.25 V in the negative direction and b
—1.05 V in the positive direction. Potential step increment 4 mV, square
wave amplitude 25 mV, frequency 5 Hz. The dotted lines represent the
baselines used for peak current measurements
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reduction of dissolved oxygen, a well-known electrochemical
process. In the positive-going potential scan voltammograms,
the peaks Apy, and Ac, correspond to the oxidative dissolution
of the deposits of Pb and Cu metals electrochemically formed
in the reduction of the corrosion products.

Modeling corrosion pattern

As can be seen in Fig. 4, replicate sampling on the same object
produces similar but not identical voltammograms. This fea-
ture obeys, as previously described, to the abrasive nature of
the sampling process, which results in the transference of var-
iable amounts of corrosion products to the electrode surface.
The measurement of peak currents for the signals Ccy1, Ccuo,
App, and A, was made using the baselines depicted in Fig. 4
taking the corresponding maximum in the current/potential
curve. This criterion was adopted based on the existence of
small peak potential shifts (less than 15-20 mV) obtained in
replicate experiments on the same sample. These can be at-
tributed, as already discussed [56], to the different uncompen-
sated ohmic drops associated with the different net amounts of
nonconducting metal corrosion products transferred onto the
graphite electrode surface.

Measurement of the peak currents (7) for the processes Ccy;
and Cc, indicated that the peak current ratio, {(Ccy)/i(Ccur),
decreased on increasing the absolute value of the current
i(Ccyy) resulting in i(Ccyn)/i(Ceyy) vs. i(Ceyr) plots such as
in Fig. 5a, corresponding to the entire set of objects of La Vital
site grouped by isotopic types. Fit of experimental data to a
potential law yields clearly separated curves for each one of
the isotopic types. Within each isotopic type, the different
samples provide essentially coincident tendency lines, as can
be seen in Fig. 5b for samples of type D.

This variation can be interpreted taking into account that
the i{(Ccw)/i(Ceyy) ratio represents the quotient between the
amounts of tenorite and the sum of cuprite and malachite
existing in the sampled corrosion layer. Since the total amount
of these components will depend on the penetration of the
graphite bar in the corrosion layers, the observed variation of
i(Ccw)/i(Ccyr) on i(Ceyp) can be interpreted as representative
of a gradient in the concentration of the different corrosion
products.

This interpretation is consistent with the recognized nature
of copper and bronze corrosion in burial environments. Here,
the corrosion proceeds via formation of a primary patina of
cuprite further forming a secondary patina where cuprite is
accompanied by other corrosion products, usually of the fam-
ilies of malachite, atacamite, and/or brochantite [14]. The for-
mation of tenorite from cuprite is a thermodynamically spon-
taneous process whose occurrence is favored by the contact
with an O,-rich atmosphere and/or carbonate-rich environ-
ments [57]. This means that the proportion of tenorite in the
corrosion layers will increase from deeper to surface corrosion
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Fig. 5 Variation of the i(Cc,)/i(Ccy;) current ratio on i(Ccyy) for a the
entire set of objects of La Vital site grouped by isotopic types and b the
individual samples of the isotopic type D. Data points from 3—5 replicate
voltammograms such as in Fig. 4 for each sample. Continuous lines
represent the curves resulting from the fit of experimental data to a po-
tential law for each sample. Error bars are omitted for clarity

layers so that opposite concentration gradients of cuprite and
tenorite will appear in the corrosion layers of coins, as already
described [32-36].

However, in contrast with previously studied systems, con-
stituted by moderately corroded series of copper/bronze coins
[32-36], the archaeological artifacts studied here contain a
uniform, but relatively gross secondary patina mainly formed
by malachite. Accordingly, one can model differently this sys-
tem in terms of the formation of a primary patina of cuprite
(where there is, presumably, a gradient of crystallinity and
hydration degree) giving rise, in a process driven by O, plus
H,O diffusion, to the formation of a secondary patina with a
competitive formation of tenorite and malachite, as schema-
tized in Fig. 6. Then, the number of tenorite grains per volume
unit in the secondary patina, n.,,, and the corresponding quan-
tity for malachite grains, 7,5, can be assumed to increase from
0 in the primary/secondary patina boundary, located at a deep
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0,, H,0 diffusion

Cu,0 + CO, + H,0 + 1/20, > CuCO,-Cu(OH),

Cu,0 +1/20, - CuO

Gradient of crystallinity
and hydration of cuprite

Primary patina

Base metal

Fig. 6 Scheme for modeling corrosion of copper objects in this study

» = 0 to values ny, and n5 at the external surface of the

secondary patina (y = 0), whereas the number of grains per
volume unit of cuprite, 7oy, Will decrease from its value in the
primary patina ng, to a surface value of n3f. Assuming that
the formation of secondary corrosion products follows com-
peting potential rate laws, introducing a non-dimensional

depth, z =1 — /6, one can write:

Mien = Mign 2" (1)
Nmal = n:flzﬁ (2)
N = Ny~ (Mien 2 + M) (3)

When a graphite bar of section S is pressed onto the corro-
sion layers of an object, a net volume V of corrosion products
was transferred to the electrode surface so that, ideally, V =
bSz, where z denotes the depth reached in the sampling and b
reflects the adherence of the material forming the corrosion
layers. Since the currents measured in VIMP experiments can
be considered as proportional to the total number of respective
grains adhered to the graphite bar, the peak area or (peak
current) of the signal C¢,; (cuprite plus malachite) and Cc,
(tenorite) can be written as:

Z Z
i(CCuz) = E';etenntendv = gbten&ennf;fSZadz (4)

(Ecupncup + Emalnmal)dv =

Z
sup sup sup

(J; {bcupffcup ngupi (nten =+ nmalzﬂ)] + bmalgmalnmalz‘g}SdZ
(5)

where €ien, Ecup, and £y represent electrochemical con-
stants characterizing the reduction processes of tenorite,

@ Springer

cuprite, and malachite to copper metal. These constants de-
pend on the electrochemical conditions (electrolyte, tempera-
ture, potential scan rate, etc.). Integration of Egs. (4) and (5)
yields:

. btenftensntsup 1
C n) = en +a 6
i(Cew) =——— =2 (6)
) nsupzl+oc
l(CCul) = bcupscupS |:ngupz_ tlen?:|
nsuPZlJrB
+ (bmalsma]_bcup{':cup) Taii-iﬁ (7)

Under our experimental conditions, malachite is the largely
prevailing component of the secondary patina, so that one can
approximate:

sup 1+
Al

i(CCul )szmalEmal W

i(CCu2) N (1 -+ ﬂ)l+a7ﬁbten5tennf2np l(CC I)OFﬁ
X ~ — - a~f Y
(Can) ™ (1+ )5 by 2y () ™

©)

This equation predicts a potential variation of the of
i(Ccw)/i(Ccyy) ratio on i(Ceyy).

Using the same type of graphite bar and identical electro-
chemical conditions of experimentation, S and the €, b terms
will be the same for each series of samples, but the parameters
Ny, o, v, and 3 will be dependent on the characteristics of
the corrosion layer, in turn depending on the composition of
the base metal, its metallographic structure, and the “corrosion

history” of the artifact.

Correlation between isotope analysis
and voltammetric data

The series of objects studied here were characterized by the
following: (i) the uniformity of the base metal composition
(98-100 wt% Cu) [47]; (ii) the apparent uniformity of the
corrosion process and the relative similarity in the age (the
dated objects cover a period between 3830 + 40 and 4180 +
50 BP years) [48]. In these circumstances, although there is no
expectance, in view of the low Pb content in the base metal
composition, of a direct influence of the isotopic composition
of lead in the electrochemical response, it is reasonable to
expect that the differences in the chemical composition of
the raw materials and the manufacturing process will be
reflected in textural differences in the produced metallic
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material, in turn resulting in differences in the voltammetric
response of objects submitted to a common “corrosion histo-
ry,” as evidenced in silver [30-32] and bronze [33-36] coins.

Consistently with the foregoing set of considerations, plots
of log[i(Ccu)/i(Ceyr)] vs. logi(Ceyp) for the studied samples
were grouped along straight lines, as depicted in Fig. 7. This
figure indicates that there is a regular variation of such param-
eters, thus suggesting that the values of the slope (equal to o —
f3, according to Eq. (9)) are related to those of the ngy and ;o
values, consistently with the idea that all these parameters
define the characteristics of the corrosion response of the ob-
ject in turn depending on the composition of the raw material
and the type of metallurgical processing.

The statistical parameters for the regression analysis ap-
plied to log[i(Ccuw2)/i(Ccur)] vs. logi(Ceyp) plots are summa-
rized in Table 2. In order to test the possibility of an electro-
chemical grouping similar to the isotopic grouping, the slopes
and ordinates at the origin of the above representations were
used to construct the two-dimensional diagram in Fig. 8.
Remarkably, data points for isotopic types A, C, and D de-
fined straight lines with different slopes and ordinates at the
origin so that the electrochemical grouping illustrated in Fig. 8
becomes clearly similar to the isotopic grouping depicted in
Fig. 2 a and b. Comparison of such data with isotope ratios
and elemental composition indicates:

(a) Samples of the isotopic type C, from a burr and a chisel
characterized by low As and Sb contents, also present a
common electrochemical pattern, thus suggesting the use
of a similar raw material and manufacturing procedure.
Then, it appears reasonable to conjecture that the age of
sample PA 12489, for which no 14C data were available,
was similar to that of sample PA12342 (4180 = 50 BP).

— 0.4
g A /\ Isotopic type D
Q
3 B Isotopic type C
3 02 g
e
D
°
0.0
> Pat2473
-0.2 )
[0 PA12487 Isotopictype B
A\ PA12475  Isotopic type A
-04 T : T
0.6 0.8 1.0 1.2

10g (i(Cour) / 1A)

Fig. 7 Variation of log[i(Ccy2)/i(Ccy1)] on logi(Cey) for La Vital
samples under study from voltammetric data in the conditions such as
in Fig. 4

Table 2  Statistical parameters for the fit to a potential law of log[i(C,)/
i(Cy)] vs. logi(Cy) straight lines for the studied series of individual La
Vital samples as well as joining the data points for the objects isotopic
types C and D. N represents the number of data points corresponding to
sampling in different spots on the archaeological object

Series N Ordinate at the origin ~ Slope r
Isotopic type A

PA12475 5 (0.88+0.04) —1.09 £0.05) 0.996
Isotopic type B

PA12487 5  (0.57+0.11) —0.67£0.11) 0.98
Isotopic type C 12 (0.52 + 0.05) —0.62 £0.06) 0.96
PA12489 8  (0.53+0.05) —0.62 £0.05) 0.97
PA12342 4  (06+0.3) —0.6 £0.3) 0.70
Isotopic type D 16 (1.02 + 0.06) —1.10+0.06) 0.98
PA12471 4 (1.12£0.19) —1.21+£0.19) 0.96
PA12491 7 (1.05+0.09) —1.13+£0.10) 098
PA12492 5 (0.90+0.16) —-0.97£0.15) 095
Isotopic type unknown

PA12473 3 (0.74+0.04) —0.60 £ 0.03) 0.998

(b) Although having low As and Sb contents, there were
differences in the age and chemical composition of sam-
ples of the isotopic type D. Presumably, such samples
used similar raw materials (as suggested by the similar
isotopic composition) but the objects were manufactured
in different times and ages (3959 + 24 BP for samples
BP12491 and P12492, and 4040 + 40 BP for sample
PA12471). Consistently, these samples occupied a posi-
tion clearly separated from the above group in the dia-
gram in Fig. 8 but having separations in their positions in
that diagram.

(¢) The data point in the electrochemical diagram of sample
PA 12487, which corresponds to the isotopic type B, was
close to that of the isotopic type C. As far as the isotopic

0.4
PA12342 (C)
PA12489 (G 3
061 NL_pu.-f PA12473
-~
B A
-0.8 PA12487 (B)
................. PA12492 (D)
o PA12491 (D)
PA12475 (A)
1.2
PAT2471 D)
14 , ' ' '
04 06 0.8 10 12

(e]e)

Fig. 8 Variation of the slope (SL) of the log[i(Ccy2)/i(Ccur)] vs.
logi(Ccyp) linear representations on the ordinate at the origin (OO) of
the same for La Vital samples
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and chemical composition of PA12487 was clearly dif-
ferent to C samples, the electrochemical similarity sug-
gests that this object, although using a different raw ma-
terial, was manufactured using a metallurgical methodol-
ogy similar to that used in the production of samples
PA12432 and PA12489.

(d) The position of sample PA12473, whose isotopic com-
position was unavailable, was close to that representative
of sample PA12487 (isotopic type B). Given the coinci-
dence in the Ag, As, and Sb composition and the elec-
trochemical response (see Tables 1 and 2), it appears
reasonable to conjecture that both samples used a similar
raw material and undergo similar manufacturing proce-
dure and possibly age.

(e) The object of the isotopic type A, PA12475, produced a
clearly different straight line in the log[i(Ccy2)/i(Ccuy)]
vs. logi(Ccyp) representation. The slope of the corre-
sponding straight line was similar to that defined for the
objects of the isotopic type C but the ordinate at the
origin was clearly different. As far as sample PA12475
was a sphaerule similar to PA12471, it appears reason-
able to identify these objects as remainings of the metal-
lurgical process so that sample PA12475 would have
been produced similarly to samples of the isotopic type
D but using a raw material of different provenance.

This last hypothesis would be consistent with the chronolog-
ical distribution of the sources of raw materials depicted in Fig.
9. On studying the variation of the *’Pb/***Pb ratio, represen-
tative of the isotopic type, on the radiocarbon age (Fig. 9a), one
can see that the oldest samples (PA12342 and PA12489)
corresponded to the isotopic type D. Apparently, this source
was replaced in the next period (roughly, between 3900 and
4100 BP) by two other sources, corresponding to the isotopic
types A and C. Finally, after ca. 3900 BP, samples PA12473 and
PA12487, which can be considered on the basis of chemical
composition and electrochemical data as made from the same
raw material and age (3830 + 40 BP), defined the isotopic type
B, thus suggesting that different sources were successively used
in the studied period. This scheme appears to be similar to that
depicted in Fig. 9b where the slope of the log[i(Ccyo)/i(Ceyr)]
vs. logi(Ccy1) linear representations was correlated to the radio-
carbon age of the samples. Again, samples of the isotopic types
A and D become grouped in the 3900 BP—4100 BP period,
clearly separated from samples of the types B and C.

Although, obviously, a more extensive set of samples
would be necessary for testing the above considerations, the
above data suggest that electrochemical data can complement
and be correlated to chemical composition and isotope ratios
for grouping of metal samples yielding information of archae-
ological value regarding the provenance of raw material and
the characteristics of the manufacturing process.
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Fig. 9 Chronological variation of a the 2*’Pb/***Pb isotope ratio (data
from ref. [44]), and b the slope of the log[i(Ccy2)/i(Ccyr)] vs. 1ogi(Ceur)
linear representations for La Vital samples in this study. Radiocarbon ages
from ref. [45]
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Conclusions

Voltammetric data for submicrosamples from the corrosion
layers of copper artifacts from the archacological site of La
Vital (Gandia, Spain), of particular interest as presenting the
first evidences for copper metallurgy in the Iberian Peninsula,
can be used for grouping it. The variation of the intensities of
the voltammetric signals corresponding to the reduction of
cuprite plus malachite and tenorite recorded upon attachment
of samples to graphite electrodes in contact with aqueous ac-
etate buffer at pH 4.50 can be modeled assuming the presence
of concentration gradients of the different corrosion products
in the secondary patina governed by potential rate laws. These
voltammetric features considered as sensitive to both the prov-
enance of the raw materials and the type of manufacturing
process. Electrochemical grouping can be correlated satisfac-
torily with provenances derived from independent available
data on lead isotope and chemical composition analyses.
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