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Abstract

The voltammetry of immobilized particles (VIMP) is applied to describe the solid state
electrochemistry of brass. This methodology, which involves sampling at the nanogram level, is
applied to discriminate mints/authorities producing different Roman monetary emissions covering
since the Republic (88 BCE) to Domitianus (55-96 CE) Upon attachment to graphite electrodes in
contact with aqueous acetate buffer at pH 4.75, well defined voltammetric responses were obtained
centered on Cu- and Zn-localized signals whose intensity can be correlated to EMP data, being
sensitive to the contents of Zn (15-30 %wt) and Sn (0.01-1.1 %wt). Voltammetric data, combined
with ATR-FTIR and FIB-FESEM/EDS, yield information on the structure of the metal patina and
permit to characterize different monetary emissions being able, in the case of Augustus’ sestertii, to

discriminate between the productions from different monetary authorities.


mailto:caterina.devito@uniroma1.it
mailto:antonio.domenech@uv.es

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

1. Introduction

Brass is a binary Cu-Zn alloy widely used for producing coins since the antiquity [1]. The term
Orichalcum is a classical ancient word to describe a Cu-based alloy with discrete percentage of Zn
(5-28% wt) [2,3], similar to the modern brass. Higher in value than the bronze, this alloy was
melted in the form of ingots [1] and then used to obtain different kinds of objects [4,5]. Orichalcum
was rarely exploited to mint coins in the ancient Hellenistic world and, experimentally, was used by
Caesar and Marcus Antonius. During the monetary reform of Augustus between 15 BCE and 20-23
CE, there was some uncontrolled emission of sestertii, dupondii and semisses. Orichalcum was
regularly used to mint coins, particularly during the monetary reform of Nero (63-65 CE) [6], but
this practice decayed at the end of the lulio-Claudia age. The cementation technique was the usual

manufacturing procedure [2,7].

Given the importance of coins as archaeological remains, the characterization of their composition
and manufacturing technique are analytical targets of interest usually achieved via chemical and
metallographic analysis [8,9] accompanied by electron microscopy, diffraction, different
spectroscopic techniques [10-15] and isotope analysis [16]. Direct analysis of the metal requires
more or less invasive sampling through cross-sections with the concomitant limitations [17]
prompting an increasingly growing interest in techniques that extract archaeometric information

from the physico-chemical analysis of the metal patina [18,19].

The corrosion of brass is a complex problem. Under corrosion, brass usually suffers dezincification,
a process which is believed to proceed via a) dissolution of both Cu and Zn followed by Cu re-
deposition, or, b) selective dissolution of Zn [20]. Interestingly, dezincing reduces the corrosion
resistance of brass due to the formation of a copper metal layer but, in the absence of dezincing, the
accumulation of copper corrosion products enhances the corrosion through an autocatalytic effect
[21]. The presence of low amounts of Sn (and Pb) prevents to some extent the selective corrosion of
zing, as studied in modern [22,23] and archaeological brasses [24]. Here, the soil-induced corrosion

can produce complicated corrosion patterns [5,25].

In this context, the voltammetry of immobilized particles (VIMP), a solid-state electrochemical
methodology developed by Scholz et al. [26-28], has been used for the analysis of metals and metal
corrosion patinas [29-34], including brass [35]. The inherent high sensitivity of VIMP, needing
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amounts of sample at the nanogram level, has prompted its use in the archaeometric domain [36-

38], in particular for tracing, mapping and dating metals [39-42].

Studies on metal coins are focused on the determination of the composition and microstructure of
the base alloy and the identification of the corrosion products using multi-technique approaches
some of which require some destructive sampling [43-45]. In this context, we applied the VIMP
methodology in order to acquire archacometric information based on a minimally invasive (at the
nanogram level) sampling on the metal patina. Application to the discrimination of different
monetary series was described for silver [46], bronze [47-50] and copper [51] coins, but no studies
on orichalcum materials have been done. This is based on the assumption that, under conditions of
similar ‘corrosion history’, subtle differences in the composition and metallographic structure of the
coins result in detectable features of the voltammetric response of the corrosion patina. As a result,
electrochemical grouping of different sets of coins was obtained without disposal of information on

the chemical composition of the metal alloy used in their minting.

The current study was aimed to: i) describe the solid state electrochemistry of orichalcum; ii)
establish discrimination criteria for characterizing different monetary emissions made of brass; iii)
correlate electrochemical with composition data, and iv) test the possible influence of the degree of
corrosion. The question to be elucidated is if it is possible to distinguish different mints and/or
authorities producing brass coins from the minimally invasive VIMP sampling. The established
electrochemical discrimination criteria have been applied to the study of a set of twenty-five Roman
brass coins from private collections, minted between 88 BCE (late Republic) and 96 CE
(Domitianus Emperor). They include five denominations (A4s, Sestertius, Dupondius, Semis and
Quadrans) and include five coins without definite ascription, presenting different degree of
corrosion, with a non-homogeneous patina. Figure 1 shows the obverse and reverse images of the

studied coins.

A sub-set of 11 coins was submitted to partially destructive sampling to determine the composition
by EMP analysis in order to gain more information concerning the corrosion process. Such data
have been complemented by attenuated total reflectance — Fourier transform infrared spectroscopy
(ATR-FTIR) and focusing ion beam-field emission scanning electron microscopy (FIB-FESEM-

EDS) for the characterization of the corrosion layers of the coins.

2. Materials and Experimental



178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236

2.1. Materials

The characteristics of the studied coins from a numismatic point of view are summarized in Table 1.
The coins come originally from different burial environments with no documented cleaning.
Examination at the optical microscope does not show erosion features denoting sandblasting, nor
smoothing associated to intense chemical cleaning. As shown in Figure 1, the obverse and reverse
legends are readable, as they allowed a good numismatic examination, identifying in some cases

both the reigning authority and the issuers responsible for minting operations (7resviri Monetales).

2.2. Instrumentation and experimental methods

ATR-FTIR spectra were obtained to determine the composition of the corrosion products on
microsamples of the corrosion layer of the coins using a Vertex 70 Fourier-transform infrared
spectrometer with an FR-DTGS (fast recovery deuterated triglycine sulphate) temperature-stabilised
coated detector and a MKII Golden Gate ATR accessory. A total of 32 scans were collected at a

resolution of 4 cm! and the spectra were processed using the OPUS/IR software.

In order to study the structure and elemental composition of the metal patina, FIB-FESEM
experiments were carried out with Zeiss (Orsay Physics Kleindiek Oxford Instruments) model
Auriga compact equipment. Such experiments permit to perform a square trench of 10 x 10 um in
the coins surface that enabled the characterization of the microtexture and mineral phases in the
superficial corrosion layer. For generating the focused beam of Ga ions the operating conditions
were voltage, 30 kV and current intensity, 500 pA and 20 nA in the FIB. A voltage of 3 kV was
used in the FESEM for photographs. X-ray linescans were performed in the trench operating with
an Oxford-X Max X-ray microanalysis system coupled to the FESEM controlled by Aztec software.
A voltage of 20 kV and a working distance of 6 -7 mm was used. SEM investigation on cross
sections from the corroded rim to the un-corroded core was performed using a FEI-Quanta 400
(SEM-EDS) instrument, operating at 30 kV, equipped with X-ray energy-dispersive spectroscopy
(Department of Earth Sciences, Sapienza University of Rome, Italy).

To determine the composition of the metal core of 11 of the studied coins, EMP for quantitative
chemical analyses were performed using a Cameca SX50 electron microprobe equipped with five
wavelength-dispersive spectrometers (CNR-IGAG, Rome, c/o Department of Earth Sciences,
Sapienza University of Rome). The operating conditions were: accelerating voltage 15 kV, beam
current 15 nA. Element peaks and background were measured with counting times of 20 and 10s

respectively. Metallic Cu and metallic Zn were used respectively as a reference standard for Cu and
4
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Zn (LIF), galena for Pb (PET), cassiterite for Sn (PET), metallic Ni and metallic co respectively for
Ni and Co (LIF), synthetic GaAs for As (TAP), rhodonite and metallic Mn for Mn (PET), olivine
and synthetic magnetite for Fe (LIF). Matrix corrections were calculated by the PAP method [52],
with software supplied by Microbeams Services. The detection limits under the specified work
conditions vary from 0.05 to 0.1 wt% with standard deviations from 0.02 to 0.04 wt%. The
analytical error was = 1% rel. for the major elements, and it increases as the concentration decreases

up to 10% for trace elements.

Voltammetry of Microparticles were performed at 298 K in a three-electrode cell using a CH 1660C
device (Cambria Scientific, Llwynhendy, Llanelli UK) using air-saturated aqueous 0.25 M
HAc/NaAc aqueous buffer solution (Panreac) at pH 4.75. A sample-modified graphite bar (Alpino,
HB type, 3 mm diameter) was used as a working electrode, the three-electrode arrangement being
completed by a platinum wire auxiliary electrode and an Ag/AgCl (3 M NaCl) reference electrode.
The analysis of coins was carried out by pressing a graphite bar onto selected spots of the coin
surface (regions where no pit corrosion of green products exists) as already described [46-51].
Depending on the number and extension of such spots 3-5 replicate measurements were performed
on each coin. Square wave voltammetry (SWV) was used as a detection mode determining
successively the negative- and the positive-going potential scans using as parameters: potential step

increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz.

3. Results and Discussion

3.1. Composition of patina and corrosion products

The study involves balancing the information on the chemical composition of the coin’s patina, to
be acquired from ATR-FTIR spectra, the elemental composition of the base alloy provided by EMP
analysis and the structure and composition of the subsurface corrosion layers from FIB-FESEM in

order to combine it with VIMP analysis.

The ATR-FTIR measurements were acquired on the patinas of a limited number of coins (i.e., Al,
A2, A3, A9, 1, 2,5, 10, B4, B15, C9, ES, E6, 213, 226, 232), due to the low quantity of collectable
material. Figure 2 shows the IR absorption spectra of samples 1, 10, 213 and 232, representative of
the entire set of the coins. Some spectra revealed the presence of atacamite/clinoatacamite
(Cu2(OH)3Cl) in the patina (bands at 3436, 3330, 3310, 890, 840, 949 and 985 cm™! in Figure 2a
and 2d) and malachite Cu(COs3).Cu(OH), (bands at 3400, 3309, 1486, 1395, 1039, 864, 743 and

5
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703 cm™!' in Fig 2a-c). Furthermore, specific absorption bands can be assigned to different
components of the patina. The band at ~3571 cm™! in sample 1 (Figure 2a) can indicate the presence
of clay materials in the patina, probably as a burial contaminant. The presence of a band at 1584
cm~! can be attributed to the presence of copper carboxylates. Other possibility is the presence of
copper(ll) acetate resulting of the corrosion process due to old cleaning treatments, but the presence
in the spectra of bands of organic compounds resulting from the contact with the human skin oils
and their alteration products of oxalate type (vide infra), denotes the significant maintenance of the

original coin surface

Bands at ~2962 cm™!, ~2923 cm™!, ~2852 cm™! and ~2807 cm™! for the sample 1 (Figure 2a), ~2924
cm! and ~2855 cm™! for the sample 10 (Figure 2b), ~2916 cm™' and ~2848 cm™! for the sample 232
can represent the organic compounds of the patina. The band at ~1738 cm™! for the sample 10, well
visible in Figure 2b, can be assigned to the stretching vibrations of C=0O group, that indicate the
presence of lipids. The occurrence of lipids in the corrosion layer is the result of the contact of the
coin with the human skin oils, present on the hands of the ancient users of these coins when were in
circulation [50]. Moreover, the presence of bands at 1584 and 1541 cm™' (Figure 2c), typical of the
copper and zinc stearates or zinc palmitates, is an evidence of the reactions of free fatty acids
hydrolysed from lipids with Cu(Il) and Zn(II) metal ions released from the coin during corrosion
processes. Finally, the bands at ~1376 and 1364 cm™! (Figure 2a and 2¢) and at ~1319 cm™! (Figure
2¢) can be assigned to the copper and calcium oxalates, respectively. These compounds are the

result of the degradation of lipids to oxalates and further complexation with metal ions [43,50].

A group of selected samples (i.e., 2, 236, B14, B15, E5) were analysed using FIB-FESEM, a nano-
invasive technique, aiming to investigate the corrosion pattern occurring in the first ~10um in depth
of the patina. Figure 3 shows secondary electron images of the trenches obtained with the Ga ion
beam for two representative coins, illustrating different corrosion patterns and semi-quantitative
elemental composition of the patina. Coin 236 (Figure 3a,c) presents a high degree of corrosion in
the external layer. Indeed, the first 3 pm of the patina are characterized by micro-domains with low

amount of Zn, due to a selective de-alloying.

The more porous external layer of coin B14 (Figure 3b,d) extends up to 4 um in deep, due to the
dezincification process in the Zn-rich micro-domains of the alloy. The segregation areas of Cu and
Zn are well visible in the deeper region of the analysed patina. Moreover, all the samples present

small pores and cracks lines, due both to mechanical stress and corrosion process. The patterns are
6
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comparable to the one previously described [44], especially for the samples 2, 236, B15 and E5 that

cannot be analysed using destructive techniques, e.g. EMP analysis on cross sections.

EMP analysis (Table 2) were acquired in the un-corroded metallic nucleus of a sub-set of 11
sacrificed coins, i,e., sectioned as already reported [44]. The content of Zn ranges between 15% and
30% with the concomitant variation in the percentage of Cu, as can be seen in Figure 4. It is
possible to notice a regular variation between the two main component of the alloy, considering
their average values in the un-corroded core of each sample. Nevertheless, taking into account
different periods of minting, Zn and Cu contents in the alloy have an irregular fluctuation of values,
making impossible a grouping of samples. In contrast, the representation of the Sn content vs. the
Zn content (inset in Figure 4), permits to separate the coins in three groups. The first one includes
coins A2, 5, B4, 10, A, B14, and 20, having Sn content below 0.15%; B5 coin has 0.25% of Sn and
coins Al, A3, A9 with content of Sn ranging from 0.7 to 1.1 %.

3.2. Voltammetric pattern

The voltammetric response of coin samples on graphite electrodes was recorded in contact with air-
saturated aqueous 0.25 M HAc/NaAc aqueous buffer solution at pH 4.75. Three replicates were
performed for each coin sampling in three different areas of the same. Figure 4 illustrates the typical
negative- and positive-going potential scan voltammograms for a,b) coin 1, a Caesar’s 4s produced
in 44 BCE and c,d) coin B15, a Tiberius’ Sestertius minted in 22-23 CE. In the initial negative-
going potential scan (Figures 4a,c), cathodic peaks at ca. 0.0 and —0.60 V vs. Ag/AgCl appear,
followed by a prominent rising current at ca. —1.0 V. This last can be attributed to the hydrogen
evolution reaction (HER) whereas the signal at 0.0 V (C1) can be assigned to the reduction of
cuprite and other corrosion products (malachite-, brochantite-, atacamite-type minerals) to copper
metal. The reduction of tenorite (CuO) occurs between —0.4 and —0.5 V [46-51], here appearing as
an ill-defined shoulder (C2). The cathodic wave at —0.60 V (C3) can be mainly attributed to the
reduction of dissolved oxygen (oxygen reduction reaction, ORR) but it is more or less peaked due
to the superposition of the reduction of lead corrosion products [53,54]. In turn, the reduction of
zinc corrosion products will occur at more negative potentials, being indistinguishable from the

HER process under our experimental conditions.

In the positive-going potential scan voltammograms (Figure 4b,d) anodic signals appear between
0.0 and +0.20 V (A1) and at ca. —0.80 V (A2). These signals can in principle be attributed to the

oxidative dissolution (anodic stripping) of the metal deposits (Cu and Zn, respectively) formed at

7
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negative potentials as a result of the reduction of corrosion products. Minor signals at ca. —0.60 V

can be assigned to the presence of Pb (and Sn) corrosion products [53,54].

Interestingly, replicate measurements in different spots of the same coin produced quite similar
voltammetric profiles. Given the relatively large area of sampling (ca. 7 mm?), the sampling
compensate the local differences in roughness (surface features below the um level, see Figure 2)
between different regions of the same coin and between different coins. The relevant point to
emphasize is that the relative height of the different voltammetric signals exhibits small but
significant variations from one sample to another. This can be seen on comparing the series of
replicate voltammograms for coins A9 (4s, Claudius, 10-54 CE) and 213 (Sestertius, Augustus, 16
BCE) presented as a Supplementary Information (Figures S.1 and S.2). Although displaying
common general profiles, the ratio between the intensities of different pairs of signals exhibit

significant variations.

The above differences result from 1) differences in the composition and metallographic treatment of
the base metal alloy and ii) differences in the ‘corrosion history’ of the coin. Assuming that,
sampling in regions of moderate corrosion of the coins, there is possibility of assuming reasonably
uniform conditions of corrosion, we can attempt to group the coins on the basis of the variation of

selected pairs of currents.

3.3. VIMP grouping

For grouping purposes, the intensities of the different voltammetric peaks can be used [46-50]. As a
preliminary requirement for grouping purposes, the self-consistency of voltammetric data has to be
tested. Figure 5 depicts the representation of the peak current for the signals Al and A2, i(Al),
i(A2), vs. the peak current for the process Cl1, i(C1), for coin samples in this study (3 replicate
measurements are presented as separate data points for each sample) using peak current measured in
square wave voltammograms such as in Figure 4. Since, as previously described, the signals C1 and
Al (sum of the two resolved peaks) correspond to copper-centered signals recorded for the same
sample, their peak currents should be proportional. Consistently, the plot of i(Al) vs. i(Cl),
although with some data dispersion, defines a straight line passing by the origin. In contrast, the plot
of of i(A2) vs. i(C1) does not show a comparable variation. Here, the values of the signal A2,

attributed previously to the stripping of Zn, appear as independent on the copper-localized signal

CI.
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In principle, the voltammetric response appears to be directly related to the composition of the base
metal. Figure 6a depicts the plots of i(A2) vs. i(Al) for samples A9, 5, and 10, corresponding,
respectively, to a Claudius’ as, a Tiberius’ Sestertius, and a Claudius’ Sestertius. The data points for
five replicate experiments on each coin fall in a common tendency curve so that the values of i(A2)
relative to those of i(A1) increase on increasing the Zn content on the base metal determined from
EMP analysis (EMPA) of coins cross sections (30.6, 23.3, 18.8 % wt, respectively). This result can
be rationalized on considering that, even after dezincification, the composition of the corrosion
layer of the coins should be representative of the composition of the base metal alloy so that the
stripping peaks for zinc and copper will reflect the relative abundances of such metals in the coin

core.

There is, however, a more complicated situation because the proportion of Sn also plays a
significant role in the electrochemical response. This can be seen in Figure 6b, where the i(A2) vs.
i(A1) plots for samples A9 and B5, this last a Claudius’ as, both containing a 30% wt Zn but clearly
different Sn contents (1.08 and 0.25 %wt), can be compared. One can see in this figure that the
curve for the coin containing the highest Sn content reinforces the overall i(A2)/i(A1) ratio relative
to the other. This is, in principle, consistent with the inhibiting effect exerted by tin on
dezincification of brass [24]: the coin containing the higher Sn content presents a corrosion layer
enriched in Zn. Data in Figure 6 consistent with the foregoing set of considerations taking into
account that the percentage of Zn of the coins Al and A2 is similar (21.30 and 28.03 %wt,
respectively), but their Sn content is clearly different (0.73 %wt for A1 and 0.06 %wt for A2).

The same representation of the In(i(A2)) vs. In(i(A1l)) for Augustus’ Sestertii reveals systematic
differences depending on the emission authority. As can be seen in Figure 7, coins from Asinio
Gallo (235, 236) and Plotius Rufus (226, 232, 240), define two tendency lines which differs from
the line defined by Sestertii from Casius Celler (A3), Gallius Lupercus (213, 228), Gnaeus
Calpurnius Piso (234), and Naevius Surdinus (227) corresponding, apparently, to lower Zn and/or

Sn contents.

In the series of Augustus’ Sestertii there is only disposal of composition data for sample A3,
characterized by a low zinc content (17.32 %wt) and a high tin content (0.72 %wt). Accordingly,
and taking into account the previously described results, it appears reasonable to attribute the
Augustus’ Sestertii minted under the authority of Asinio Gallo and Plotius Rufus to a production

with relatively high Zn and/or Sn contents whereas the production under the authority of Naevius

9
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Surdinus, and Gnaeus Calpurnius Piso, Cassius Celler and Gallius Lupercus, would be
characterized by lower Zn and/or Sn contents. Conjointly considered these results illustrate the

capability of VIMP measurements to discriminate between monetary emissions.

Although studies on copper coins are focused on elemental analysis and microstructure [1-3,43-
45,55-58], prompting the characterization of provenances and ateliers preparing forgeries [58].
Recently, Caponetti et al. concluded that Cd, Ag, Zn, Bi, As, ans Sn are the elements with more
discriminant capacity in regard to grouping orichalcum ingots from the underwater Gela's
archaeological site [1], whereas Griesser et al. [55] have underlined the importance of the casting
technique in the corrosion of leaded copper coins. Conjointly considered, these results can be seen
as consistent with the electrochemical data presented here underlining the importance of the
composition, but also of variations in the minting technique, in the composition and structure of the
metal patina and hence on the voltammetric response which in turn constitutes the basis for the

electrochemical grouping described here for orichalcum coins.

4. Conclusions

All coins displayed a relatively similar corrosion pattern, with prevalence of copper corrosion
products and more or less extensive dezincification, as denoted by FIB-FESEM/EDS data. Indeed,
FESEM analysis shows a high degree corroded patina, characterized by micro-domains with low
amount of Zn and a porous structure due to the progressive de-alloying process. To have a multi-
analytic point of view, a low amount of patina from selected coins was analysed by ATR-FTIR.
Data acquired confirm the prevalence of copper corrosion products compared to zinc products,

confirming the dezincification of the external layers of the samples.

The voltammetric response of submicro-samples from the patina of a series of orichalcum Roman
coins covering from the late Republic to Domitianus in contact with aqueous acetate buffer at pH
4.75 provides distinctive signals for copper corrosion products accompanied by anodic signals
corresponding to the stripping of copper and zinc. The intensity of the later signals can be correlated
to the averaged elemental compositions of the metallic nucleus known for a sub-set of the studied

coins.

Quantitative data obtained by EMP analysis allow to evaluate the real composition of the alloy in

the un-altered core of sample. Here, the ratio Zn/Cu was found to be sensitive to the Zn content

10
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(between 15 and 30 %wt) but also to the Sn content (between 0.01 and 1.08 %wt). Replicate
voltammetric measurements on different points of the studied coins permits to obtain tendency
curves which permit the grouping of coins by emissions and, in the case of Augustus’ Sestertius,

even discriminate between coins emitted under different authorities.
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Figures

Figure 1. The orichalcum coins studied in this work. For samples A1, A2, A3, B4, B5, B14, C9, 5,

10, and 20 see Di Fazio et al. [44]. Numismatic and historic information is reported in Table 1.

Figure 2. ATR-FTIR Spectra of samplel 1 (a), 10 (b), 213 (c), 232 (d) compared with the spectra of

reference materials.

Figure 3. Secondary electron images acquired at 3 kV of the trenches on coins 236 (a,c) and B14
(b,d). Representative X-ray microanalysis carried out in points A (Fig. 3a) and B (Fig. 3b) are
reported. Trench image width 15um, trench image depth 10 um. Spectrum A (Fig 3c): 75.5 wt%
Cu and 5.5 wt% content ; spectrum B (Fig 3d): 76.3 wt% Cu and 3.6 wt% content . Working

conditions: voltage 20kV; working distance: 6 mm.

Figure 4. Relationship between the averaged percentages (% wt) of Zn and Cu determined by
means of EMP of the nucleus of a sub-set of the studied coins. Inset: percentages of Sn and Zn.

Data from [44].

Figure 5. Square wave voltammograms of samples a,b) 1 (4s, Caesar, 45 BCE) and c¢,d) B15
(Sestertius, Tiberius, 22-23 CE) attached to graphite electrode in contact with air-saturated 0.25 M
HAc/NaAc, pH 4.75. Potential scan initiated at a,c) +1.25 V in the negative direction; b,d) —1.25 V
in the positive direction; potential step increment 4 mV; square wave amplitude 25 mV; frequency 5

Hz.

Figure 6. Plots of: i(A1l) vs. i(C1) (squares) and b) i(A2) vs. i(C1) (solid squares) for samples in

this study. From square wave voltammograms in the conditions such as those in Figure 4.

Figure 7. Plots of i(A2) vs. i(Al) for: a) samples A9, 5, and 10; b) samples A9 and B5. Data points
for five independent replicate measurements on each coin using square wave voltammograms such
as in Figure 4b. Continuous lines correspond to the fit of experimental data points to a potential

function.

Figure 8. Plots of In(i(A2)) vs. In(i(Al)) for Augustus’ Sestertii grouped from the emission
authority (coins A3 from Casius Celler, 213 and 228 from Gallius Lupercus, 234 from Gnaeus
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Calpurnius Piso, and 227 from Naevius Surdinus (solid squares), coins 235, 236 from Asinio Gallo

(triangles) and coins 226, 232, 240 from Plotius Rufus (squares). From positive-going potential

scan voltammograms such as in Figure 4b. Continuous lines correspond to the fit of experimental

data points to a straight line.
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Table 1. Historic and numismatic information of the coin samples in this study. The

conservation state is provided from visual test.

Sample | Denomination | Issuer Year Mint Numismatic ref. Conservation

(Authority)
state

Al As (-) Q. Oppius 88 BCE | Laodicea | RRC 550/1-2 Irregular patina

A2 As (Julius C. Clovius 45BCE | Uncertain | RRC 476/1-2 Irregular patina
Caesar)

1 As (Julius - 45BCE | - - Local Pitting corros.
Caesar)

2 As (Julius - 45BCE | - - Local Pitting corros.
Caesar)

A3 Dupondius C. Cassius Celer 16 BCE | Rome RIC I Augustus 375 Irregular patina
(Augustus)

228 Sestertius C. Gallius Lupercus 16 BCE | Rome RIC I Augustus 377 Good
(Augustus)

213 Sestertius C. Gallius Lupercus 16 BCE | Rome RIC I Augustus 377 Good
(Augustus)

235 Sestertius G. Asinio Gallo 16 BCE | Rome RIC I Augustus 370 Good
(Augustus)

236 Sestertius G. Asinio Gallo 16 BCE | Rome RIC I Augustus 370 Good
(Augustus)

234 Sestertius Gnaeus Calpurnius 15BCE | Rome RIC I Augustus 380 Good
(Augustus) Piso

227 Sestertius L. Naevius Surdinus 15BCE | Rome RIC I Augustus 383 Good
(Augustus)

226 Sestertius C. Plotius Rufus 15BCE | Rome RIC I Augustus 387 Local Pitting corros.
(Augustus)

232 Sestertius C. Plotius Rufus 15BCE | Rome RIC I Augustus 387 Local Pitting corros.
(Augustus)

240 Sestertius C. Plotius Rufus 15BCE | Rome RIC I Augustus 387 Good
(Augustus)

5 Sestertius - 22-23 Rome RIC I Tiberius 42 Irregular patina
(Tiberius) CE

ES Sestertius - - - - Good
(Tiberius)

B15 Sestertius - 22-23 Rome RIC I Tiberius 48 Local Pitting corros.



B4

c9

A9

10

BS

Eé6

B14

20

(Tiberius)

Dupondius
(Caligula)

As (Caligula)

As (Claudius)

Sestertius

(Claudius)

Sestertius
(Claudius)

Quadrans
(Claudius)

Semis (Nero)

Sestertius
(Domitianus)

CE

37-41
CE

37-38
CE

41-50
CE

41-50
CE

50-54
CE

62-68
CE

Rome

Rome

Rome

Rome

Rome

Rome

RIC I Gaius/Caligula
56

RIC I Gaius/Caligula
35
RIC I Claudius 100

RIC I Claudius 99 (?)

RIC I Claudius 115

RIC 1, 2 Nero 78

Local Pitting corros.

Irregular patina

Irregular patina

Irregular patina

Irregular patina

Local Pitting corros

Irregular patina

Local Pitting corros.



Table 2. Averaged composition of the metallic nucleus of a sub-set of the studied coins

determined by EMP analysis. From ref. [44].

Sample Authority Year
%Cu %Zn %Sn %Fe

Al Republica = 88 BCE 77,12 21,3 0,73 0,32
A2 Cesar 45 BCE 71,54 28,03 0,06 0,24
A3 Augustus 16 CE 81,52 17,32 0,72 0,34
5 Tiberius 22-23 CE 77,72 21,98 0,09 0,13
B4 Caligula 37-41 CE 82,37 17,32 0,13 0,07
10 Claudius 41-50 CE 80,74 18,78 0,06 0,21
A9 Claudius 40-50 CE 68,19 30,64 1,08 0,01
A Claudius 50 CE 78,83 20,64 0,07 0,34
B5 Claudius 50-54 CE 67,92 20,40 0,19 0,25
B14 Nero 54-68 CE 78,67 20,92 0,04 0,24
20 Domitianus = 81-96 CE 82,32 15,25 2,05 0,28
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Supplementary Information

Figure S.1. Square wave voltammograms (three replicate experiments sampling on
three different spots of each coin) for samples from coin A9 (4s, Claudius, 10-54 AD)
in contact with air-saturated 0.25 M HAc/NaAc, pH 4.75 Potential scan initiated at a-c)
+1.25 V in the negative direction; d-f) —1.25 V in the positive direction; potential step

increment 4 mV; square wave amplitude 25 mV; frequency of 5 Hz.
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Figure S.2. Square wave voltammograms (three replicate experiments sampling on
three different spots of each coin) for samples from coin 213 (Sestercius, Augustus, 16
BC) in contact with air-saturated 0.25 M HAc/NaAc, pH 4.75 Potential scan initiated at
a-c) +1.25 V in the negative direction; d-f) —1.25 V in the positive direction; potential
step increment 4 mV; square wave amplitude 25 mV; frequency of 5 Hz.
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