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Highlights

Electrochemical dating of archaeological gold samples is based on the voltammetry of
immobilized particles.
Samples from the Mapungubwe Gold Collection (1200–1290 CE) and Santa Llúcia
archaeological site (600-550 BCE) were studied.
Peak potentials and peak currents for gold oxidation in 0.10 M HCl are used.

Abstract

This report proposes a refined method to date archaeological gold samples based on the Tafel
analysis of the ascending part of voltammetric curves corresponding to the oxidation of
surface flakes of gold in contact with hydrochloric acid aqueous electrolyte. This allows
estimating the equilibrium potential of gold oxidation correcting for irreversibility effects.
This equilibrium potential can be correlated with the coverage of adsorbed oxygen species
and hence the estimated age of the gold samples. A satisfactory potential/time calibration
graph was constructed from a set of archaeological samples including two sets of samples
from the Mapungubwe Gold Collection, South Africa (1200–1290 CE) and Santa Llúcia,
Alcalà de Xivert in Spain (dated back 600-550 BCE) sites. The dated samples come not only
from different continents, but their ages also cover more than 3000 years.
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1. Introduction

Dating of ancient metals is an important analytical aim in archaeology, historical and
conservation science, arts and other related disciplines. This is a real challenge due to the
unavailability of the majority of techniques (e.g., radiocarbon, uranium decay,
thermoluminescence, obsidian hydration) to date metals [1,2]. Recently, methods for dating
lead using the Meissner superconducting effect [3], and gold based on He, U, and Th analysis
[4,5] have been described. However, these methods suffer from the need of rather large
amounts of samples (some hundred milligrams), thus requiring an invasive (destructive)
sampling procedure. Here a minimally invasive sampling and electrochemical analysis
method is proposed, which requires just a few nanograms.

Aimed to complement the existing techniques for metal dating, the application of solid state
voltammetry for dating lead [6], copper/bronze [7], and gold [8] samples has been previously
described. These methods exploit the high sensitivity of the voltammetry of immobilized
particles (VIMP) [[9], [10], [11]], a solid state electrochemistry technique that provides
sensitive responses restricting the sampling to only a few nanograms collected on the metal
surface by means of graphite leads [12,13]. Based on this methodology, widely used in the
analysis of archaeological, historic and art objects in the science of conservation and
restoration field [14,15], and primarily proposed as applicable to date ceramic materials [16],
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chronological information on lead-bronze statuary [17] and coinage [18], gold altarpieces
[19] and embroidery [20] has been made available.

As all other ‘chemical’ dating methods, e.g., the obsidian hydration and amino acid
racemization [21,22], the application of these voltammetric methodologies requires the
assumptions that the chemical conditions were rather constant over time. A second aspect to
be accounted for is that the composition of the corrosion layers of metals depends in general
on the depth with a concomitant effect on the voltammetric responses [23].

In this context, electrochemical dating of archaeological gold is of particular interest because
its voltammetric behaviour is rather well known [[24], [25], [26], [27], [28], [29], [30], [31],
[32], [33], [34], [35], [36], [37], [38], [39]], and, due to its noble character, the aging of this
metal is much less sensitive to the ‘local’ physico-chemical conditions and their possible
fluctuations over the entire time span to be dated. However, the electrochemical response of
archaeological gold artefacts can be sensitive to the composition of the base metal (silver
content in particular) and the manufacturing process. Archaeological gold alloys (gold-silver,
gold-copper, gold-copper-silver) deteriorate in different ways which enhances the difficulties
of preservation and their dating. As a result, previous data using a set of gold coins and
different archaeological objects, provided a calibration graph with relatively high dispersion
[8]. Here, an improved electrochemical methodology for archaeological gold dating is
reported based on: i) refined peak current measurements, and ii) the Tafel analysis of the
voltammetric curves.

In the current work, a series of samples from the Museum of Fine Arts of Castelló (Spain),
Museum of Mannheim (Germany), and University of Pretoria Museums (South Africa) were
studied. These include two sets of particularly relevant samples: the Mapungubwe Gold
Collection (Republic of South Africa), dated back to 1200–1290 CE [40,41], and the
collection from the Santa Llúcia, Alcalà de Xivert (Spain), dating back to 600-550 BCE [42].
These correspond to objects recovered from burials having in principle the same age thus
prompting the study of the influence of possible differences in manufacturing and/or
composition of the objects in the dating.

It is pertinent to underline that, by reasons of conservation, the sampling (consisting of
pressing a graphite electrode onto the surface of the objects, as previously applied [[14], [15],
[16], [17], [18], [19], [20]]) was limited to three spots in each archaeological object. As a
result, we obtained three replicate voltammetric measurements for each sample/object. The
sampling was carried out in the museums by the researchers of the respective institutions and
the electrodes were mailed to the University of Valencia where the voltammetric
measurements were performed. Due to the limited number of accessible samples, we used the
three-step voltammetric protocol in 0.10 M HCl solution already described [8] in order to
maximize the analytical signals able to be processed. In order to test the suitability of the
proposed dating methodology, one of the samples, one wire ring (MA01, “im Grafenwald”
Hermeskeil) from the Rheinische Landesmuseum Trier was taken as a problem sample. This
sample is representative of a frequent problem in archaeology: the disposal of samples
coming from non-professional excavations or corresponding to sites with ill-defined
stratigraphy. As judged by its archaeological context, the estimated age of sample MA01 was
30–150 BCE. However, as far as the relation of the object with the context was not entirely
known, there was uncertainty about its age. Accordingly, this sample was treated as a
problem sample of unknown age by the electrochemistry research team.
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The detailed description of the samples is provided in Table 1. Voltammetric data are
combined with Raman spectroscopy and focusing ion beam-field emission scanning electron
microscope (FIB-FESEM) and high resolution field emission scanning electron microscopy
(HRFESM-EDX). By the aforementioned reasons of conservation, these techniques were
applied only to contemporary gold objects taken as a reference.

Table 1. Characteristics of the gold samples in this study. MA: Mannheim Museum; SA:
Mapungubwe Collection, University of Pretoria Museums (South Africa), Sample MA01 corresponds
to a ring from the Rheinische Landesmuseum Trier; SLL: Santa Llúcia, Alcalà de Xivert, Museu de
Belles Arts de Castelló; PC: private collections.

Sample Description/Catalogue number Date
SL01 Ingot, SLL18-1 h 575 BCE
SL02 Ingot, SLl18-1a 575 BCE
SL03 Ingot, SLl18-1c 575 BCE
SL04 Ingot, SLl18-1e 575 BCE
SL05 Ingot, SLl18-1 g 575 BCE
MU01 Gold foil, Mapungubwe Hill grave area (M1 A620) 1200-1290 CE
MU02 Gold foil, Mapungubwe Hill grave area (M1 A620) 1200-1290 CE
MU03 Gold foil, Mapungubwe Hill grave area (M1 A620) 1200-1290 CE
MU04 Gold foil, Mapungubwe Hill grave area (M1 A620) 1200-1290 CE
MU05 Gold foil, Mapungubwe Hill grave area (M1 A620) 1200-1290 CE
MU06 Gold helix, Mapungubwe Hill grave area (M7 A623) 1200-1290 CE

MA01 Ring “im Grafenwald"
Hermeskeil, WP129

MA02 Lamina, MA184402 1600 BCE
MA03 Lamina, MA184414 1300-1400 BCE
MA04 Lamina, MA184428 1300-1400 BCE
MA05 Torq (Lydia-a) 650 BCE
MA06 Bullets added to torq (Lydia-b) modern
MA07 Three bullets (‘Pilonquitos’) 900-1300 BCE
MA08 Figurine, MA446 modern
MA09 Torq from Chatonnaye, MA458 Ha D2/3 (600–500/480 BCE)
MA10 Foil, MA510 Ha D3 (550–480/500 BCE)
MA11 Foil, MA512 Ha D3 (550–480/500 BCE)
Z01 RingPC 1960 CE
Z02 MedalPC 1902 CE
Z03 RingPC 1988 CE
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2. Experimental details

2.1. Samples

Samples were taken from different gold objects from private collections (Z01-Z03), the
Mapungubwe Gold Collection (MU01-MU06, Pretoria, South Africa), dated back to 1200–
1290 CE [40,41], the collection from the Santa Llúcia (SL01 to SL05) at the Museum of Fine
Arts of Castelló (Spain) and the Museum of Mannheim (MA01 to MA11). The samples
included one recognized forgery (MA08) of undetermined ‘modern’ age, and one wire ring
(MA01, “im Grafenwald” Hermeskeil) from the Rheinische Landesmuseum Trier that was
tentatively dated back to 30-150 BCE. This sample was considered as a problem sample and
all its study was performed without knowledge of its real age. The sampling was performed
in situ on uncleaned (or smoothly cleaned with a brush) surfaces under controlled measures in
a museum environment and the graphite lead bars were submitted for analyses.

2.2. Instrumentation and methods

Voltammetric experiments were performed at 298 ± 1 K in a three-electrode cell using a CH
I660 potentiostat (Cambria Scientific, Llwynhendy, Llanelli UK) with a graphite working
electrode, to the surface of which flakes of the gold surface have been transferred, a platinum
wire auxiliary electrode, and an Ag/AgCl (3 M NaCl) reference electrode. 0.10 M HCl
aqueous solution was used as a supporting electrolyte. To test the possibility of in-field
measurements using available portable equipments, deaeration was optionally performed by
bubbling Ar during 10–15 min prior to electrochemical runs. Sampling was performed in situ
by lightly pressing graphite bars of diameter 2 mm (Faber-Castell, HS pencil leads) over
plain surfaces of the archaeological samples in a controlled manner thus avoiding surface
damage or appreciable abrasion. The resultant graphite mark is wiped off with ethanol or
distilled water and the sampling spot remained visually unaffected on the gold surface.
Sampling was conducted on both ends of the graphite bar permitting the duplication of
measurements, the graphite bars were placed in Eppendorf vials for sending for analysis.

Raman spectra of samples Z02 and Z03 were obtained by means of XPlora Horiba MTB
model using a 532 nm laser for excitation and keeping the samples in backscattering
geometry at room temperature. A 100 confocal microscope objective was used to focus the
excitation laser on the sample and to collect the scattered light to the spectrometer with
exposure times between 5 and 20 s, 10–50 acquisitions, and laser power varying between 30
and 90 mW, respectively. Data acquisition was carried out with the LabSpec 6 Spectroscopy
Suite from Horiba MTB. For Raman depth measurements, samples were mounted on an x,y
motorized stage, with z-displacement controlled with a piezo-transducer on the objective. The
confocal pinhole diameter was 20.0 cm, and the slit width was 10.0 cm.

The surface analysis runs to characterise the micromorphology and variations in the
elemental composition in the surface and sub-surface of samples Z02 and Z03 was carried out
by performing trenches using a field emission scanning electron microscope coupled to a
focused ion beam Zeiss (Orsay Physics Kleindiek Oxford Instruments), model Auriga
compact equipment. The operating conditions were: voltage, 30 kV and current intensity,
500 A and 20 nA in FIB to generate the focused beam of Ga ions. The Ga beam impacts
perpendicularly on the plane of the vertical wall of the trench by tilting the stage 54° where
the object is placed. A voltage of 2 kV was used in FESEM to acquire electron images. For
protecting the surface of the gold object during the application of the Ga beam the area where
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the trench was performed was previously coated with a Pt layer with a thickness of 300 nm in
an area of (8 × 10) m.

The energy dispersive X-ray microanalysis was performed in trenches with a high resolution
field emission scanning electron microscope (HRFESM-EDX) Zeiss (Orsay Physics
Kleindiek Oxford Instruments) model GeminiSEM 500 with an Oxford-Instrument X-ray
microanalysis, which was controlled by the Aztec software. A voltage of 5 kV and a working
distance of 6–7 mm were applied. The ZAF method was followed to correct the
interelemental effects in the semiquantitative microanalysis. A counting time of 100 s was
used. The secondary electron images and X-ray spectra were obtained in cross-sections. The
latter were acquired in the spot mode.

3. Results and discussion

3.1. Voltammetric pattern

Voltammetric data were taking following the three-step protocol previously described [8]
consisting in the successive recording of the anodic-cathodic-anodic linear sweep
voltammograms (LSVs) at sample-modified graphite electrodes immersed into 0.10 M HCl
air-saturated aqueous solution. This sequence is illustrated in Fig. S1 (Supplementary
information) for sample SL01. The voltammograms show common features for all studied
samples (see Supplementary information, Fig. S2), without large differences between
archaeological and ‘modern’ samples Z01-Z03 (see Fig. 4 and Fig. S3 in Supplementary
information). The typical response is illustrated in Fig. 1 for the Mapungubwe sample MU01
(a) and the modern sample Z03 (b): In the initial positive-going potential scan, a weak
stripping signal appears at 0.03 V vs. Ag/AgCl (AAg (1)) preceding a broad peak at 0.98 V
(AAu (1)) which precedes the prominent rising current at potentials above 1.25 V,
corresponding to the oxygen evolution reaction (OER). No significant differences in the
voltammetric response were obtained between air-saturated and deoxygenated solutions.
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Fig. 1. LSV of gold samples attached to graphite electrode in contact with air-saturated 0.10 M HCl.
a) First (black line) and second (red line) anodic LSVs of the Mapungubwe sample MU01. b)
Successive anodic scans on sample Z03. The insets show the detail of the region of potentials where
the Ag stripping occurs. The dotted lines are the base lines used for current measurements. Potential
scan rate 50 mV s 1.

Due to the high chloride concentration in the electrolyte, and based on blank experiments at
silver electrodes, the signal AAg (1) can be attributed to the oxidation of Ag to AgCl, the
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inverse process determining the appearance of the peak CAg in cathodic scans (see Fig. S1 in
Supplementary information). In turn, the peak AAu (1) corresponds to the oxidation of Au. In
the presence of noncomplexing electrolytes this process yields a gold oxide monolayer
[25,26,37,38] but in concentrated chloride media the oxidation leads to Au(III)-chloride
complexes [24,38]. For simplicity, this can be represented as follows:

 (1)

 This electrochemical behaviour is reflected in secondary electron images of gold plates
shown in Fig. 2 corresponding to sample Z02 (a gold medal manufactured in 1902)
transferred onto a graphite bar in contact with 0.10 M HCl before (Fig. 2a) and after (Fig. 2b)
application of a potential input of +1.25 V for 5 min. Voltammetric data on Z01-Z03 samples
at potential scan rates between 5 and 500 mV s 1 in HCl solutions of concentrations between
0.01 and 1.0 M denoted that the repeatability in replicate experiments slightly increases on
increasing scan rate while the signal-to-background ratio for peak AAu (1) increases upon
lowering the scan rate while the rate of Au dissolution increases with HCl concentration.
Accordingly, the potential scan rate of 50 mV s 1 and 0.10 M HCl were selected to promote a
significant but partial oxidative dissolution of gold (Fig. 2a,b) and a compromise between
peak resolution and repeatability.

Fig. 2. a,b) Secondary electron images of gold plates from a medal fabricated in 1902 (sample Z02)
abrasively transferred onto a graphite bar in contact with 0.10 M HCl aqueous solution: c) before and
d) after application of a potential step of +1.25 V for 5 min. c,d) Detail of the signal AAu (1) recorded
in the first anodic LSVs (three replicate experiments) of samples c) SL03 and d) SL05 attached to
graphite electrode in contact with air-saturated 0.10 M HCl. Potential scan rate 50 mV s 1.



9

If repeated anodic LSVs are performed, the signal AAu decreases progressively whereas the
AAg process increases in height and a second signal ca. 0.80 V (A*) appears. As can be seen
in Fig. 1b for sample Z03, the intensity of the peak AAg increases notably from the first to the
second scan, further increasing slowly or even remaining almost constant. These features can
be interpreted by considering: i) that the dissolved silver may remain near the surface and
form a UPD layer increasing its effective concentration, and ii) the general phenomenon of
desilvering affecting gold objects (vide infra). Accordingly, there will be an Ag concentration
gradient in the gold laminas; as the oxidative dissolution of gold advances, more deeper
layers of the gold laminas (see again Fig. 2a and b) will be exposed to the electrolyte and the
AAg/CAg signals increase in successive scans tending apparently to a limiting value.

The signal AAu*(2) can be attributed to the oxidation of active gold sites associated to
coordinatively unsaturated surface atoms [27,[30], [31], [32], [33], [34], [35], [36]] whose
proportion is enhanced in the second scan as a result of the successive oxidative dissolution-
reductive deposition-oxidative dissolution processes occurring during the sequence of the
applied voltammetric runs [8]. In turn, the enhancement of the Ag stripping from the first to
the second scan can be interpreted as a consequence of the generalized desilvering of gold. In
the first scan the intensity of the peak AAg (1) is representative of the surface concentration of
Ag, while ideally, the limiting value of the peak current after several scans will be
representative bulk concentration of Ag in the metal with some contribution of the Ag
redeposited in the first cathodic scan from the silver ions released in the precedent anodic
scans. For simplicity, the intensity of the signal AAg (2) will be taken as roughly
representative of the Ag content in the object.

3.2. Peak current analysis and site characterization

The homogeneity of the voltammetric responses recorded for archaeological gold samples is
illustrated by LSVs in Figs. S2 and S3 (Supplementary information). A detailed analysis of
the voltammetric curves reveals subtle but consistent differences in the profile of the signals
AAu (1). As can be seen in Fig. 2c and d, where the first anodic LSVs recorded on samples
SL03 and b) SL05 are depicted, these two samples, both coming from the Santa Llúcia
archaeological site, display clearly different peak potentials and peak profiles. This is in
contrast with samples from the Mapungubwe site, which display an essentially identical
voltammetric response. Given the common archaeological origin of each one of these sets of
samples, both found buried at the same site, the most plausible hypothesis is that the
differences between samples from the Santa Llúcia site can be attributed to differences in the
microcrystalline shape and size distribution, surface roughness, etc. in turn resulting from the
differences in the composition and manufacturing technique applied to the piece, as observed
for copper/bronze coins (see Refs. [18,22,23] and references herein).

It is pertinent to note that the presence of impurities can distort the observed voltammetric
response. Our experimental data, however (see Fig. 1, Fig. 2, Fig. 3, Fig. 4, S1 to S3), consist
of homogeneous responses where no additional signals due to trace metals nor electroactive
organic compounds (humic materials, for instance) are detected and no differences were
detected by comparing archaeological samples with ‘clean’ microcrystalline gold surfaces
(samples Z02, Z03). In this context, although different peak potentials have been reported for
single crystal gold electrodes with different electrochemically accessible planes ((111) (110),
etc.), [25,26,35,39], their influence in the case of microcrystalline, ‘non-clean’ archaeological
gold is probably negligible.
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Fig. 3. First (black line) and second (red line) anodic LSVs of samples a) MA03 (dated back to 1300-
1400 BCE); b) MA07 (‘pilonquitos’ dated back to 900-1300 BCE); c) SL05 (dated back to 575 BCE);
d) MA01 (unknown age) attached to graphite electrode in contact with air-saturated 0.10 M HCl.
Potential scan rate 50 mV s 1.

The above features imply that any attempt to date gold objects has necessarily to compensate
the differences in composition and manufacturing processes. The existence of a voltammetric
response dependent on age and manufacturing technique is illustrated in Fig. 3 where the
voltammograms of samples MA03 (dated back to 1300-1400 BCE); b) MA07 (‘pilonquitos’
dated back to 900-1300 BCE); c) SL05 (dated back to 575 BCE); d) MA01 (unknown age)
are depicted. Here, one can see the existence of significant differences between the position
and relative height (i.e. the ratio between the respective peak currents) of the peaks, in
particular of peaks AAu (1), AAu (2), AAg (2). The variations in the position and the profile of
the peak AAu (1) can be seen in Fig. 4, where the voltammograms of samples a) Z03; b)
MA01; c) MA05; d) MA06, are depicted. The voltammograms of MA05 a necklace dated
back to (650 BCE), and MA06, a ‘modern’ piece added to the same exhibit different profiles
in turn differing from those of sample Z03, a ring fabricated in 1988 and the problem sample
MA01.



11

Fig. 4. Detail of the signal AAu (1) recorded in the first anodic LSVs of the following samples: a) Z03;
b) MA01; c) MA05; d) MA06, attached to graphite electrode in contact with air-saturated 0.10 M
HCl. Potential scan rate 50 mV s 1. Three replicate measurements of each gold sample are
superimposed.

One aspect to be taken into account, however, is the possible influence of the total
composition of the archaeological metal as well as its deterioration. The presence of silver,
which acts as a sacrificial element during corrosion, can be influential on the ageing of gold
[43]. In order to account for this possible effect, we tested the variability of the ratio between
the peak currents for the oxidation processes AAg (2) and AAu (1), iAg (2)/iAu (1). It should be
noted that, as far as the net amount of gold sample transferred onto the graphite surface
cannot be accurately controlled, only peak current ratios can be used for quantification
purposes. The peak currents were measured relative to the base lines depicted in Fig. 1a.
These were taken without background subtraction because the scratching of the graphite
surface during sampling on gold objects results in a ‘true’ background current differing from
that recorded at the unmodified graphite electrode.

Peak current data reveal significant differences between the different studied samples. The iAg
(2)/iAu (1) ratio can be taken, in principle, as representative of the bulk Ag/Au composition
because, as previously noted, the desilvering process implies that the intensity of the peak
AAg (1) does not reflect the bulk Ag proportion in the metal alloy. Interestingly, the samples
from the same provenance can be grouped considering simultaneously the iAg (2)/iAu (1) ratio
and the ratio between the sum of the intensities iAu (2) and iAu*(2) and iAu (1).
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The corresponding two-dimensional diagram for selected sets of the studied samples is
represented in Fig. 5. Remarkably, the Ag content is particularly low in all Mapungubwe
samples and in sample MA01. This is a particularly interesting sample of unknown origin and
age which will be studied in detail (vide infra). The opposite case is constituted by samples
MA07 (three gold bullets, ‘pilonquitos’, dated back to 900-1300 BCE), presenting high Ag
contents.

Fig. 5. Two-dimensional diagram containing the ratios [iAu (2) + iAu*(2)]/iAu (1) and iAg (2)/iAu (1) for
several individual gold samples and the samples from Mapungubwe and Santa Llúcia sites.

Noticeably, the voltammetric response of both the Mapungubwe and Santa Llúcia sets of
samples produced homogeneous responses when the intensity of the gold-localized peaks AAu
(1), AAu (2) and AAu*(2) are considered. This can be seen in Fig. 6, where iAu*(2) is plotted vs.
iAu (2). Although with relatively high dispersion –derived mainly from differences in
manufacturing– the data points of the ‘young’ samples Z01-Z03 (from objects dated in the
20th century) can be grouped around a tendency curve (see Fig. 6a) separated from all
samples. In turn, the data points of samples from the Mapungubwe gold collection,
corresponding to a common origin and a narrow period of time, define a different well-
defined curve (Fig. 6b). Consistently, the Santa Llúcia samples, also of the same provenance
and attributed to a narrow period of time, fall within a different tendency curve (Fig. 6c) that,
as in the precedent cases, can be fitted to a potential function (continuous lines in Fig. 6).
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Fig. 6. Plots of the peak current of the process AAu*(2) vs. the peak current for the signal AAu (2)
corresponding to gold samples in this study taken from voltammetric data such as in Fig. 1, Fig. 2,
underlining different sub-sets of data. a) squares: ‘modern’ samples Z01-Z03; b) squares:
Mapungubwe samples; c) squares: Santa Llúcia samples; d) squares: sample MA01; triangles: sample
MA08. The continuous lines correspond to the fit of data points represented by squares to a potential
curve.

Two individual samples of particular interest are underlined in Fig. 6d. Sample MA08
corresponds to a recognized modern falsification of an ancient object whereas sample MA01
corresponds to a ring of unknown age with suspect of forgery. In the case of sample MA08,
the data points (triangles in Fig. 6d) clearly fall within the tendency graph defined by modern
samples consistently with its recognized character of forgery. The data points of sample
MA01 (squares in Fig. 6d), however, defined a tendency curve differing from the ‘modern’
curve. This feature and the extremely low Ag content (see Fig. 5) of this sample suggest that
it can be considered as genuinely ‘old’ from the electrochemical point of view.

Similar grouping of gold samples was obtained using plots of the sum iAu (2) + iAu*(2) vs. iAu
(1). This can be seen in Fig. 7 for samples: a) of objects dated in the 20th century, b)
Mapungubwe (1200–1290 CE) samples, and c) Santa Llúcia (600-550 BCE) samples. In spite
of relatively large dispersion, each set of samples appears to define tendency lines whose
slopes increase with the age of the objects. To interpret the grouping of experimental peak
current data around tendency lines it has to be taken into account that in the described VIMP
experiments it is not possible to control the net amount of metal sample transferred in each
sampling onto the graphite surface. Then, the depth reached during the sampling process and
hence, the composition of the external gold region varies from one replicate measurement to
another.
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Fig. 7. Variation of the sum of the peak currents for the signals AAu (2) and AAu*(2), iAu (2) + iAu*(2)
with the peak current for the process AAu (1), iAu (1), for selected sets of samples in this study taken in
voltammetric data such as in Fig. 1 a) Samples Z01-Z03 of the 20th century; b) Mapungubwe (1200–
1290 CE) samples (squares) and sample MA01 (circles); c) Santa Llúcia (575 BCE) samples.
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3.3. Surface analysis

Voltammetric data suggest that there are oxygen species in the surface of gold objects which
are distributed following a given in depth pattern. In order to test this view, gold surfaces
were examined by means of FIB-FESEM and HRFESM-EDX techniques. Fig. 8a shows the
secondary electron image of the obverse of a religious medal dated back from 1902 (sample
Z02) in the area in which was performed the trench by fast ion bombardment. Porosity
characteristic of the delicate work of goldsmithing was avoided and a polished area was
selected as shown in Fig. 8b. Fig. 8c depicts a general view of the trench of (5 × 5) m. The
dimensions selected in the present work accomplish the requirements of quasi-non invasive
method for analysis of art and archaeological objects and enable the study of the surface and
subsurface of the object that fall within the range of only a few hundred of nm. The image
shows the Pt protective coating (marked by an arrow in Fig. 8c) and the granular
micromorphology of the Au–Ag–Cu alloy used in the medal and some connected porosity
with a clear elongated shape almost parallel to the surface. That was probably due to the
stress at which the blank was subjected during the goldsmith work for decorating the field of
the medal.

Fig. 8. a) Secondary electron image of the obverse of a religious medal dated back from 1902 in the
area in which was performed the trench; b) polished area selected for performing the trench; c)
general view of the trench of (5 × 5 m) with the Pt protecting layer; d) spots for obtaining the X-ray
spectra that perform the elemental deep profiling in the surface and sub-surface of the medal.

For performing the elemental deep profiling using the X-ray microanalysis in the surface and
sub-surface of the medal a zone exempt of porosity was selected as shown in detail in Fig. 8d.
Six X-ray spectra were acquired in spot mode at different deepness and the weight %
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oxygen/alloy ratio was calculated from the data provided by the X-ray microanalysis system
of the HRFESM which are graphically shown in Fig. 9 (inset).

Fig. 9. Raman spectrum of a gold medal dated to 1902. Exposure time 15 s, 40 acquisitions and laser
power 60 mW. Inset: Variation of the oxygen/gold mass ratio determined in the trench in Fig. 6d by
HRFESM-EDX with depth.

Raman spectroscopy data reveals the variation with depth of the relative abundance of the
different oxygen species, in particular, the Raman signatures at 361 cm 1 and 449 cm 1

associated to ·O adsorbed on Au (111) and Au (211) faces, O–O band at
800 cm 1corresponding to·OOH and O2 band at 1000 cm 1 and the bands at 650 and
635 cm 1, characterizing Au(OH)3 and Au2O3 [[44], [45], [46]]. These spectral signatures can
be seen in Fig. 9, corresponding to sample Z02. Raman measurements at different depths
using a x,y,z-motorized stage, revealed that the intensity of the bands associated to adsorbed
·O, OH, OOH and O2 tends to decrease with depth whereas the bands of Au(OH)3 and Au2O3
increase [8]. Consistently with the assumption that oxygen species are confined to a narrow
region in the surface/subsurface region of gold objects, the oxygen/gold mass ratio
determined by HRFESM-EDX decreased sharply in the first 100 nm from the surface of the
medal (see inset in Fig. 9). Although Raman and HRFESM-EDX data were only accessible
for samples Z02 and Z03, their main results, presence of oxygen species adsorbed onto gold
surfaces and sharp oxygen concentration gradients in the external gold layer, respectively,
can be reasonably assumed to apply for all samples in view of the homogeneous
voltammetric response recorded for archaeological samples.
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These considerations are also consistent with the variation of the Ag/Au molar ratio
(proportional to the iAg (2)/iAu (1) ratio) with the depth, represented by the absolute value of
iAu (1). A comparison of data for the Mapungubwe and Santa Llúcia samples is depicted in
Fig. S4 of Supplementary information. One can see that the Santa Llúcia samples exhibit a
relatively large variability in the average Ag/Au ratio whereas for the Mapungubwe samples,
this ratio is confined to a narrow range between 0.05 and 0.12, consistent with analytical data
denoting that Mapungubwe gold samples exhibit a high gold purity with the silver content
ranging between 2% and 12% [40,41]. It is important to acknowledge that the silver trace
element content is not always the result of intentional alloying, but is considered a
contaminant element present (confirmed by energy dispersive X-Ray or EDS) in the
Mapungubwe gold material since a relatively higher silver content occurs naturally in South
African gold deposits [47]. In southern African archaeological contexts, the result of
contamination could be from the melting process, recycling or mixing gold from various
sources as reported in comparison with other sites as statistical sampling of gold artefacts
differ from natural gold signatures as the Mapungubwe gold samples have elevated Pt
concentrations than the natural samples [48]. In contrast, there was no local production of
gold in Santa Llúcia and these samples presented higher silver contents with relatively high
variability.

Although our voltammetric data characterise Au and Ag responses, it is possible to conjecture
that other minority components can influence the aging process. On first examination, this
influence can be assumed to be in general low because the ‘noble’ character of Au results in
the preferential oxidation of silver, copper, etc. in the environment forming soluble products
which can be released. This gives rise to the well-known phenomenon of the desilvering
affecting archaeological objects [49,50] which results in the depletion of the content of Ag
(and other oxidizable minority components) in the surface of gold objects.

3.4. Tafel analysis

For dating purposes, the described analysis has the problem that the results are subject to the
manufacturing process, leading to relatively high data dispersion. In order to get a better age-
dependent response, we have chosen a different approach, i.e., the Tafel analysis of
voltammetric curves. The term Tafel analysis is used here in its wide meaning as a method to
derive kinetic parameters of an electrochemical process using the linear logi vs. E
representations in voltammetric curves (and no necessarily under steady-state conditions).
For this purpose, the electrochemical oxidation of gold that proceeds simply through the
process described by Eq. (1) is considered. Assuming for simplicity that a unique prevailing
complex of stoichiometry AuCl(3 x  is formed and introducing the equilibrium constant x for
the complexation process: Au3+

(aq) + xCl (aq)  AuCl(3 x
(aq), the corresponding Nernst

equation can be written as:

(2)

For a ‘clean’ gold surface, aAu = 1, but for an aged surface it is reasonable to expect that
aAu < 1 and the formal electrode potential, E°’Au{O} will vary. Assuming that the ageing of
gold is mainly due to the formation of O-adsorbates, a highly simplified possibility would be
to take  , aox being the effective activity of oxygen adsorbates. Then,
Eq. (2) leads to:
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(3)

This means that the gold ageing, in principle, is represented by the increase of aox with time.
As far as this quantity can be assumed to increase monotonically with age, under fixed
electrochemical conditions, the variation of E°’Au{O} (or, equivalently, the difference
E°’Au{O} E°’Au) with the aging time can be used for dating gold objects. Assuming that the
surface of gold incorporates oxygen adsorbates (O·, HO·, etc.) so that the surface coverage
increases monotonically with age (at this stage we neglect oxygen spillover phenomena), and
adopting the Lagergren equation for adsorption, consisting of a first-order rate law [8], one
can write , where k represents the rate constant for the first-order
adsorption kinetics and H, Q are two constant, adjustable parameters. Combining this
expression with Eq. (7) one obtains:

(4)

equation which relates the ageing time with the variation of the equilibrium potential for the
chloride-assisted gold oxidation.

The determination of these formal potentials, however, is made difficult by the fact that the
electrochemical process described by Eq. (1) cannot be considered as reversible under our
experimental conditions. One first approach could be the use of the Laviron equation that
reflects the variation of the peak potential (Ep) with potential scan rate (v) [51]:

(5)

where E°’ represents the formal electrode potential,  the electron transfer coefficient, k° the
electrochemical rate constant, A the electrode surface area, and the other symbols have their
usual meaning.

The application of this equation implies the performance of voltammograms at different
potential scan rates on sample-modified electrodes. Since, even using the minimally invasive
VIMP protocol the study of archaeological objects requires to take a limited number of
samples, we adopted a different approach based on the Tafel analysis of the voltammetric
curve at a given potential scan rate. The expression for the current at an applied potential E is
[52]:

(6)

Here, o represents the surface area (mol cm 2) of the electroactive species assumed to be
uniformly distributed onto the electrode surface. This is not exactly the situation in our case,
where micrometer-sized gold laminas adhere to the surface of the graphite electrode (see
Fig. 2). Under these circumstances, the peak current can be described by:

(7)
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where C is a numerical coefficient associated to the shape and size distribution of the gold
plates on the graphite surface.

At the initial portion of the voltammetric wave (Tafel region), one can use as a simplified
form of Eq. (6):

(8)

Then, combining Eqs. (7), (8) one obtains:

(9)

Equation that predicts a linear dependence of ln(i/ip) on E, whose slope s equals to nF/RT.
The ordinate at the origin r will be:

           (10)

Then, the formal electrode potential equals to the abscissa at the origin (= r/s) minus a
correction factor: i.e.:

          (11)

The relevant result is that, assuming that there are no large differences in the value of
(RT/ nF)ln (k°RT/Cn AFv) of the different samples, a calibration graph can be constructed
simply by taking the characteristic formal potentials, Eccp, defined from the Tafel plots of
ln(i/ip) vs. E, as:

         (12)

In all cases, Tafel plots of ln(i/ip) vs. E produced representations with satisfactory linearity in
terms of correlation coefficients (see Fig. S5 of Supplementary information). Representative
data are provided in Table S1 of Supplementary information.

3.5. Calibration graphs

Data in Fig. 7 suggest that the slope of the iAu (2) + iAu*(2) vs. iAu (1) linear representations
increase with age (0.37 ± 0.05 for samples Z01-Z03, 0.68 ± 0.16 for Mapungubwe samples,
0.83 ± 0.07 for Santa Llúcia samples). The problem for age calibration purposes is the
relatively large dispersion in the values of the peak currents, thus requiring the disposal of a
set of samples from the same site for obtaining a reasonable slope in the representation.

Fig. 10a shows the calibration graph obtained for the characteristic potentials Eccp based in
the previous Tafel analysis. To some extent surprisingly, this representations tends to show
potentials increasing monotonically with the age further slowly decreasing at ages above
1500 years, approximately. A similar qualitative variation was obtained in the representations
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of peak potentials (Ep) for the peak AAu (1) vs. age, provided as Fig. S6 in Supplementary
information. Interestingly, the dispersion in the values of Eccp is lower than the dispersion of
the values of Ep, thus denoting that the Tafel correction compensates significantly the
reversibility deviations.

Fig. 10. a) Calibration graph based on the potential Eccp calculated applying Tafel analysis of
voltammetric data such as in Fig. 1. The continuous line represents the theoretical curve inserting
B = 0.41, ka = 0.0012 years 1 and kb = 0.0021 years 1 into Eq. (16). b) calibration graph based on the
slope (s) of the linear dependencies [iAu (2)+iAu*(2)] vs. iAu (1) (cf. Fig. 7). This graph was constructed
by fitting the data for samples for which more than 3 data points were available: ‘modern’ samples
Z01-Z03, ‘Pilonquitos’ (MA07), Mapungubwe samples and Santa Llúcia samples. Solid squares:
experimental data used for constructing the calibration curves; squares: data points for the problem
sample MA01. The arrows mark the age estimated for this sample using the corresponding calibration
graphs.
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The peculiar profile of the calibration graphs based on potential measurements can tentatively
be interpreted on assuming that a slow spillover phenomenon consisting of the diffusion of
O-adsorbed species within the subsurface gold layers can operate. This would follow a
scheme proposed to interpret the formation of electrochemically active gold sites via place
exchange [27,31,32,34] and catalytic and oxygen interfacial transfer effects on metal oxides
deposited on gold electrodes [53,54], and is consistent with the aforementioned data from
Raman spectroscopy [8,[44], [45], [46]] and electron microscopy denoting the existence of
different O-adsorbates and a gradient of O concentration in the external layers of gold
objects. Although there are various superimposed processes associated to the adsorption of
different oxygen species in different surface sites, their subsequent diffusion/interchange into
subsurface regions, we can adopt a simplified scheme representing the gold aging associated
to oxygen functionalities in terms of two successive reactions:

           (13)

where ka, kb denote the respective rate constants. On first examination, the activity of Au can
be evaluated in terms of the degree of O coverage of the surface as the ratio between the
actual surface density of O species,  and the maximum attainable surface density of such
species, o. Under conditions of first-order kinetics, the effective activity of Au could be
described by an equation of the type:

         (14)

This equation predicts that the effective surface coverage of O adsorbates will diminish with
time (age) after reaching a certain minimum level. Combining Eq. (14) with Eq. (3), we
obtain

        (15)

or, equivalently:

         (16)

where B is an adjustable parameter. This simplified model agrees well with experimental data
so that the age variation of Eccp values in Fig. 10a can be satisfactorily reproduced from Eq.
(16) taking n = 0.50 (the usual value for non-reversible electron transfer processes),
B = 0.41, ka = 0.0012 years 1 and kb = 0.0021 years 1.

In Fig. 10b, a second calibration graph, based on the representation of the slope (s) of the
linear dependencies of iAu (2) + iAu*(2) vs. iAu (1) (cf. Fig. 7) vs. time, is depicted. Since the
determination of s requires a reasonable number of data points, this representation is
restricted to sets of ‘modern’ samples Z01-Z03, the three ‘Pilonquitos’ (MA07, three
sampling spots for each one) and the Mapungubwe (MU01 to MU06) and Santa Llúcia
(SL01-to SL05) collections. This second calibration graph can in principle be rationalized on
the basis of the previous kinetic model. Since the iAu*(2) current is representative of the
generation of active defect sites, it should be proportional to the sum of those associated to
adsorbed oxygen and those generated by their subsequent diffusion/interchange; i.e.:
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           (17)

thus suggesting a continuous growth of iAu (2) + iAu*(2) on iAu (1).

Inserting the data from three replicate measurements for the problem sample MA01:
Eccp = 1303 ± 16 mV, and s = 0.81 ± 0.17, one obtains a common age of 1900 ± 100 years
using both calibration graphs in Fig. 10, thus denoting that this problem sample was
genuinely of archaeological origin, and entirely consistent with the attribution of this sample
made by the archaeologists to a period between 30 BCE and 150 BCE.

4. Conclusions

The proposed new nano-invasive method for electrochemical dating of archaeological gold is
based on the age dependence of the equilibrium potential of gold oxidative dissolution in HCl
electrolytes. That dissolution is affected by oxygen species adsorbed on the metal surface,
and it is quantified relative to the ‘clean’ gold surface. Applying a correction for
irreversibility based on the Tafel analysis of the voltammetric curve, the obtained equilibrium
potentials vary monotonically with the age for a series of gold samples coming from different
museums and collections. In particular, this methodology yields a satisfactory dating for
samples of the archaeological sites of Mapungubwe Gold Collection, dated back to 1200–
1290 CE and the collection from the Santa Llúcia, Alcalà de Xivert (Spain) dated back 600-
550 BCE and different samples from the Mannheim Museum covering a time span of ca.
3500 years. The most remarkable result is that samples could be satisfactorily dated, which
not only come from different continents, but the ages of which cover more than 3000 years.
This clearly highlights that the storage conditions are of surprisingly little effect, of course,
provided that the surface has not been polished or treated otherwise in a destructive way. It is
also noteworthy that the sampling has been performed by different local scientists, which
clearly shows the robustness of this dating approach.
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