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Abstract 

A methodology for dating copper/bronze archaeological objects aged under atmospheric 

environments using electrochemical impedance spectroscopy (EIS) is described. The 

method is based on the measurement of resistance associated to the growth of corrosion 

layers in EIS recorded upon immersion of the pieces in mineral water and applying a 

bias potential for the reduction of dissolved oxygen. Theoretical expressions for the 

time variation of such resistance following a potential rate law are presented. Equivalent 

expressions are derived and applied for estimating the variation of the tenorite/cuprite 

ratio from their specific voltammetric signals using voltammetry of microparticles data. 

Calibration curves were constructed from a set of well-documented coins. 

 

 

Keywords: Archaeological copper; Electrochemical Impedance Spectroscopy; 

Voltammetry of microparticles; Dating; Conservation-restoration.  
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Introduction 

Absolute dating of archaeological objects and works of art is of obvious significance in 

the fields of archeometry and conservation/restoration of cultural heritage. Although 

this analytical target can be achieved for several materials using methods based on 

radioactive series and luminescence techniques [1-3], dating of metals can only be 

performed using the 
14

C radiocarbon method when the metal sample is accompanied by 

traces of organic matter. The above methods can be complemented with those based on 

the analysis of the extent of ageing processes, pioneered by the Friedman and Smith’s 

obsidian method for dating ceramics [4]. The same orientation was recently applied by 

Reich et al. [5] for dating archaeological lead using measurements of the Meissner 

effect. 

 

Electrochemical dating was pioneered by Scholz, Brainina, Zakharchuk et al. [6] who 

proposed an electrochemical method for dating ceramic materials based on the 

voltammetry of microparticles (VMP), methodology. This is a solid-sate 

electrochemical technique developed by Scholz et al. which provides information on the 

mineralogical and chemical composition of sparingly soluble solids [7-9] whose high 

sensitivity prompted its extensive use for archaeometric analysis [10].  

 

In previous reports, we have described the possibility of using the capabilities of VMP 

for dating archaeological lead [11] and copper/bronze artifacts [12]. In both cases, specific 

voltammetric signatures of corrosion products forming the primary and secondary patinas 

were determined, the ratio between the secondary and primary components growing 

according to potential laws, in agreement with studies on long-term corrosion of metals 

[13-15]. Combination of VMP with electrochemical impedance spectroscopy, a technique 

used for monitoring corrosion in archaeological metals [16-19], was previously discussed 

to date archaeological lead [20]. These methods involve a series of simplifying 

assumptions, in particular that the ageing occurred under ‘smooth’, uniform conditions of 

corrosion. Irregularities in the corrosion conditions and formation of different corrosion 

products, however, can alter significantly the ageing pattern thus resulting in the non-

applicability of proposed dating methods. This is particularly relevant in the case of copper 

and bronze objects, for which the proposed methodology is based on the determination of 

the tenorite/cuprite ratio [12]. In this case, the frequent appearance of localized or even 
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extensive corrosion yielding malachite, atacamite, brochantite, etc. can result in distorted 

dating [12]. The purpose of the current report is to describe a methodology for correcting 

such effects using EIS based on the measurement of resistance associated to the 

corrosion layers progressively growing with time under assumed uniform corrosion 

conditions. In order to apply for dating archaeological objects, EIS were recorded upon 

immersion of the pieces in mineral water, a procedure recommended ensuring their 

morphological, structural and chemical integrity [21] and applying a bias potential for 

the reduction of dissolved oxygen.  

The current formulation is based on studies on the electrochemical response of 

archaeological copper and bronze [22-25] and long-term metal corrosion [26-31]. Here, the 

modeling of corrosion processes was formulated in terms of the kinetics of the 

metal/primary patina and primary patina/secondary patina interfaces [32] so that 

theoretical expressions for the time variation of EIS and VMP parameters were derived.  

EIS analysis can be viewed in the context of modeling of the corrosion of metals. In 

particular, the High Field Model (HFM) [24] and the Point Defect Model (PDM) [33-

36], which provides a good account of the growth of the passive films on metal surfaces 

predicting the evolution of the corrosion process as a function of time, as recently 

reviewed [37]. A calibration curve was constructed from a set of coins from a private 

collection. Calibration curves from EIS and VMP data were compared and applied to 

date a fragment from a bronze sculpture providing from the Roman site of Valeria 

(Spain, 1
st
 century AC) and a series of copper vessels, dated ca. 1260 (Mamluk period) 

from Jordan. 

 

Experimental 

Electrochemical instrumentation and procedures 

Voltammetry of microparticles experiments were performed at sample-modified paraffin-

impregnated graphite electrodes using commercial graphite bars (Staedtler Mars 200 HB, 

2.0 mm diameter) immersed into 0.25 M HAc/NaAc aqueous solution at pH 4.75, 

previously degasified by bubbling Ar. EIS experiments were performed in 0.10 M NaClO4 

and mineral water from Bejís (Comunitat Valenciana, Spain) using a modified cell, 

adapted for partial immersion of metallic objects, already described [38]. All 
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electrochemical measurements were carried out using a CH I660 potentiostat. A standard 

three-electrode arrangement was used with a platinum auxiliary electrode and a Ag/AgCl 

(3M NaCl) reference electrode. For VMP measurements, few nanograms of sample were 

abrasively transferred to the surface of the graphite bar using the ‘one-touch’ sampling 

procedure already described [39-41]. 

EIS measurements were performed, using the aforementioned instrument, in the 0.01 to 

100000 Hz frequency range with amplitude of 10 mV at different potentials between +1.00 

and 1.00 V upon partial immersion of the archaeological piece into the electrolyte. For 

this purpose, the coins used for calibration purposes were suspended from an insulating 

tong and immersed to a certain depth and served as a working electrode upon connection 

to a conventional crocodile clamp. For each piece, experiments were performed for three 

different immersion depths and varying the position of the clamp but maintaining an 

immersed area of ca. 1 cm
2
. Three repeated experiments were performed for each one of 

these (depth plus clamp position) configurations. Prior to each EIS experiment, an 

equilibration time of 15 min was taken. Air-saturated mineral water from Bejís (Valencian 

Community, Spain) was used (Composition: dry residual 159 mg/L, HCO3

: 163 mg/L, 

SO4
2

: 16 mg/L, Cl

: mg/L, SiO2: 4.3 mg/L, Ca

2+
: 47 mg/L, Mg

2+
: 6.2 mg/L, Na

+
: 2.8 

mg/L. 

 

Samples 

A series of coins from the Antonio Doménech-Francés private collection were used. The 

coins, all of low numismatic value, accomplished several basic conditions: i) uniform 

aspect with no features of strong localized corrosion; ii) existence of no previous 

cleaning/stabilization treatments. The basic data for the studied coins are listed in Table 1. 

Two archaeological samples, consisting of a fragment of a bronze sculpture from the site 

of Valeria (1
st
 century AC, Spain) and powdered corrosion products extracted in Jordan 

from bronze vessels of the Mamluk period (see Figure 1) were also used. In both cases, 

only VMP measurements were performed. Control experiments were performed in 5 

eurocent coins distinguishing between ‘fresh’ (retaining the metallic luster) and ‘aged’ 

(with opaque surface). 
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Theoretical model 

Kinetic equations 

It will be assumed that, under ‘ordinary’ atmospheric corrosion conditions, copper and 

bronze samples form a primary patina of cuprite (Cu2O) which subsequently grows 

being partially oxidized to tenorite (CuO) forming a secondary patina, as schematically 

depicted in Figure 2. The Cu2O to CuO oxidation is a thermodynamically spontaneous 

process favored by the prolonged contact of the artifacts with a CO2-rich atmosphere as 

well as with calcareous materials [42-44]. The proposed kinetic model is based on the 

assumptions [32]: i) there are simultaneous/consecutive interfacial reactions occurring 

at the metal/primary patina (M/PP) and primary patina/secondary patina (PP/SP) 

boundaries; ii) kinetic potential laws apply for such reactions. This second hypothesis is 

supported by abundant literature on long-term corrosion of metals [35-41]. Introducing 

the mole amount of primary corrosion product by surface unit, y, the rate equation for 

the patination process at the base metal/primary patina interface can be expressed as: 

)1(
d

d α

1

BM/SP









yK

t

y
 

We will be also assumed that the secondary tenorite patina is formed at the expense of 

the primary cuprite layer when the primary patina is thick enough so that the formation 

of tenorite (at an amount of z mole per surface unit) occurs independently from the 

kinetics of processes occurring at the metal/primary patina interface. As far as the 

overall reaction is 2Cu2O + O2  4CuO, one can write the rate equations [12]: 
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Integration of the second equation between z = 0 and y and t = 0 and t leads to: 

(3)]2)1[( 1

1
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  tKz  

Assuming that the process of formation of secondary patina starts when an amount yo of 

primary patina is formed, the net amount of cuprite at a time t will be: 
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Kinetic analysis of VMP data 

As already described, the voltammetric response of samples from the corrosion layers in 

contact with aqueous acetate buffer consists of cathodic peaks at 0.10 (I) and ca.  

0.45 V vs. Ag/AgCl (II) [12,32], as shown in Figure 3 for an archaeological sample. 

The first signal corresponds to the reduction of cuprite, malachite, atacamite, etc. while 

the second can be attributed to the reduction of tenorite. Accordingly, the above 

equations can be correlated with voltammetric data assuming that the peak current (or 

the peak area) of the processes I and II is proportional to the respective amount of 

secondary and primary patina by unit of surface area, one can write: 

(5)])1[(])1[((I) β1

1

2

β1

o
α1

1

1Ip

  tKytKgGi   

(6)]2)1[()( 1

1

2

  tKgGIIi IIp  

In these equations, GI, GII represent ‘electrochemical’ constants depending on the 

electrochemical process and the conditions (electrolyte, square wave frequency, etc.) in 

which the corresponding signal is recorded and g denotes the amount of sample attached 

to the electrode. Accordingly, the ip(II)/ip(I) ratio would be: 
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Assuming      , one can use the approximate expression: 

(8)
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As far as both the ip(I) and  ip(II) currents were measured from the base line of the peak 

I, as previously described, a constant correction factor, G, has to be added. Then, the 

final calibration equation was: 
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A more realistic description would include the formation of other secondary corrosion 

products such as atacamite, malachite, etc. which are formed in the secondary patina 

competing with the formation of tenorite. One can assume that a rate law of the type: 

)10(
d

d
3

PP/SP
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also applies. Assuming that this secondary product provides a reduction signal 

essentially indistinguishable from that of cuprite, as occurring for azurite, malachite, 

brochantite and the minerals of the atacamite group [45,46], that the reactions of 

formation of tenorite and that product occurs in separate regions of the patina (in 

agreement with the observation of separate corroded regions in coins, etc.), and that all 

the exponents of the individual potential rate laws are similar, the ip(II)/ip(I) ratio ( = I) 

should be: 
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Kinetic analysis of EIS data 

For reasons of repeatability, EIS data were taken at potentials where the reduction of the 

corrosion patinas could occur to some extent (vide infra). Such data can be interpreted 

using an equivalent circuit in which the coin behaves as a cathode connected to the 

external anode completing the electrochemical cell, thus differing from those usually 

used, operating at the OCP, where both anodic and cathodic processes were accounted 

[18,19]. Then, the metal forming the coin will be assumed to be entirely covered by a 

passive layer of cuprite and a secondary patina constituted by other products.  

 

Attempts to fit experimental data to models typically used for modeling corroded metal 

surfaces [47-50] were unsuccessful. Accordingly,  
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Attempts to fit experimental data to models typically used for modeling corroded metal 

surfaces [47-50] were unsuccessful so that models used to describe layered mixtures of 

metal oxides created by anodic growth on metal surfaces [51-53] and other layered 

systems such as dye-sensitivized solar cells [54] and polyaniline films [55], were tested. 

The resulting equivalent circuit, schematized in Figure 4, includes a solution resistance 

(Rs), a charge transfer resistance at the metal/primary corrosion patina interface (Rmp) 

connected in parallel to a double layer capacitive element (Qdl) and in series to an 

impedance composed by a parallel association of a constant phase element (Qps), a 

resistance (Rps), both describing the effect of the secondary corrosion layer/electrolyte 

interface, and a series combination of a solution/secondary patina resistance (Rss) and a 

Warburg element. This last would be representative of the resistance and charge 

diffusion through the secondary patina, assumed to have some porosity. The above main 

sub-circuit was accompanied by a parallel combination of a resistance R1 and a constant 

phase element Q1, representative of the clamp-coin connection, as used for modeling the 

electrolyte influence in dye-sensitivized solar cells [54]. Constant phase elements were 

used in place of capacitors in order to account for non-ideal capacitive behavior of the 

interfacial charge transfer mechanism associated with the nonuniform distribution of 

current which arises as a result of surface roughness, impurities, dislocations or grain 

boundaries [47-50]. 

Using this model, satisfactorily fitted to experimental data (vide infra), one can expect 

that the resistance associated to the primary plus secondary patina, Rps, increased upon 

increasing the total thickness of the corrosion layers. Adapting the model from Lee and 

Pyun [56], previously described for highly corroded iron [38], the resistance by unit of 

surface area of primary and secondary patinas, Rp(t), Rs(t), could be expressed by means 

of single expressions in terms of the thickness of such layers at time t, respectively, 

p(t), s(t), and the conductivities of the materials forming the patinas, p, s. In the case 

of moderate copper/bronze corrosion, one can assume that a nonporous primary patina 

forms a continuous cover on the base metal so that: 

)12(/)()( pp  ttR p  

The secondary patina, however, can have some porosity. To account the possible 

permeation of the secondary corrosion layer by the electrolyte, the porosity, defined as 
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the volume fraction occupied by the corrosion products [49,50], of the different layers 

was introduced. Accordingly, the contribution to the resistance of the electrolyte filling 

the pores is expressed in terms of the electrolyte conductivity el. Finally, the degree of 

coverage of the primary patina by the secondary one is represented by means of the 

fraction of covered surface area, s. As a result, the resistance by surface area unit of the 

secondary patina would be: 

)13(}
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In the case of moderate copper/bronze corrosion, one can simplify the above expression 

upon assuming that the porosity of the corrosion layers is low (s  p  1) and that the 

coverage of the primary patina by the secondary patina is complete (s  1). Combining 

the above equations with the kinetic equations (3) and (4), and introducing the densities 

of the primary and secondary patinas, p, s, one obtains: 
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When     , one can take as a reasonable approximation: 
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Equation (15) defines a single potential rate law. It should be emphasized, however, that 

apart from the aforementioned simplifying assumptions, it is presumed that the primary 

and secondary corrosion layers remain homogeneous during the entire corrosion 

process; i.e., that their densities and conductivities are time-independent. 

 

Errors 

Using the usual theory for error propagation, and assuming fixed values of the 

exponents in the kinetic equations, we can consider that the relative uncertainty in the 

time measurement, t/t, will be function of the uncertainty in the peak current ratio and 

the time. Introducing I = ip(II)/ip(I) and taking: 
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where I/I, represents the relative uncertainty of the peak current ratio which in turn 

could be considered as time-dependent. Under the VMP experimental conditions, one 

can assume that the uncertainty in the individual measurements of ip(I) and ip(II) is the 

same (ip) so that: 
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Assuming that the sum of the above peak currents is the same in all experiments (a 

reasonable assumption for VMP experiments performed via ‘one-touch’ sampling), one 

can obtain: 
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As far as the relative uncertainty in peak current measurements, ip/ip, can be taken as 

constant, one can arrive to the following relationship: 
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Which express the theoretical time variation of the uncertainty in time estimations from 

VMP data. Figure 5a shows the theoretical variation of the ‘intrinsic’ contribution of the 

aging (from Eq. (17)), peak current ratio (from Eq. (19)) and the resulting uncertainty 

(Eq. (20)) assuming for ip/ip a reasonable value of 2% using A = 2.3; B = 1000, and a = 

b = 0.95. 

 

In the case of EIS experiments, we can rewrite eq. (15) as: 
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(21))( 1
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 DtCtR  

Taking the uncertainty in resistance measurements, R/R, as a constant, the relative 

uncertainty in time measurements at a given  value would be: 
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Here, the ‘intrinsic’ contribution of aging, given by the term in brackets in Eq. (22) 

decreases with time. Our experimental data (vide infra) using replicate EIS experiments 

revealed that the relative uncertainty of the resistance increased upon increasing time, as 

a result of the increase in the dispersion of the measurements. The time variation of such 

terms and the resulting t/t are depicted in Fig. 5b taking C = 500, D = 100,  = 0.07. 

 

It is pertinent to note that additional factors of error should be accounted. In particular, 

the uncertainty in the surface area immersed, possibly accompanied by microchanges in 

the position of the wet/dry line of the coin during EIS measurements, thus enhancing the 

uncertainty associated to resistance measurements using EIS data. 

 

Results and discussion 

VMP experiments 

VMP experiments at paraffin-impregnated graphite electrodes modified with samples 

taken from the ‘one-touch’ technique reproduced the features previously described 

[12,45,46]. Figure 3 shows the SWV for samples from a copper vessel (Jordan, Mamluk 

period) in contact with aqueous acetate and phosphate buffers.  In acetate buffer, cathodic 

peaks at ca. 0.10 V vs. Ag/AgCl (I) and 0.45 V (II) appear. The first peak corresponds 

to the reduction of cuprite (Cu2O), the ubiquitous component of the primary copper patina 

[57,58], accompanied by copper hydroxicarbonates (azurite, malachite) and 

hydroxichlorides (the atacamite group of minerals), whereas the peak II corresponds to the 

reduction of tenorite (CuO). In few cases, nantokite (CuCl) appears as a corrosion product, 
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characterized by a cathodic peak at ca. 0.30 V (III) which becomes particularly well 

defined in phosphate buffer [59]. 

As previously described, the tenorite to cuprite ratio, estimated from the peak current ratio 

between the signals II and I, ip(II)/ip(I), can be used to estimate the age of a copper object. 

Figure 6 shows the position of the archaeological samples in this study, a fragment of a 

bronze sculpture from the site of Valeria (1
st
 century AC, Spain) and corrosion products 

extracted from bronze vessel of the Mamluk period (see Figure 1), in the calibration curve 

constructed from already reported data [12]. The age of such objects determined from the 

calibration graph agrees well with that determined from the archaeological context. 

 

EIS experiments 

EIS experiments were performed in this study upon immersion of the coins in mineral 

water as described in the Experimental section. To ensure that the recorded data fulfill 

the constraints of the linear systems theory (LST), the Kramers-Kronig (K-K) 

transforms were applied [60,61], thus denoting that, under our experimental conditions, 

the LST constraints were satisfied. 

 

EIS data were recorded for eurocent coins using different bias potentials and electrolyte 

media, including 0.10 M aqueous phosphate buffer at pH 7.0 and 0.10 M NaClO4. After 

equilibration for 15 min, the EIS curves showed an excellent repeatability for replicate 

experiments performed for a fixed set of conditions. However, experiments varying the 

immersion level and the position of the connecting clamp, although maintaining the 

general profile of Nyquist and Bode plots, produced significant variations in the 

numerical values of the impedance parameters. These features can be seen in Figure 7, 

where the Nyquist and Bode plots of replicate experiments for a eurocent coin in two 

different immersion plus clamp configurations are shown. For reasons of repeatability 

and by the non-aggressive characteristic of the electrolyte, mineral water was selected 

and the wet area was fixed to 1 cm
2
. As previously noted, the uncertainty in the 

immersed area and microfluctuations in the wet/dry line would influence significantly 

the values of several EIS parameters. The potential of 0.60 V was selected for such 

EIS experiments because at this potential there is opportunity for promoting the 
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electrochemical reduction of dissolved oxygen [62,63], which could act as a redox 

probe, with minimal influence of the proton-assisted reduction of copper corrosion 

products. This was confirmed by voltammograms recorded for eurocent coins in 

mineral water. 

 

As previously noted, experimental EIS data diverged from models typically used for 

modeling corroded metal surfaces [47-50]. This can be attributed, at least partially, to 

the influence of the clamp contact which is mainly responsible for the high-frequency 

loop in the Nyquist graphs and the increase of phase angle in the same region of the 

Bode plot (see Figs. 7 and 8). 

 

Figure 8 compares the experimental Nyquist and Bode plots for coin ADF09 with 

theoretical ones from the model in Figure 4. The Nyquist representations consisted in 

two consecutive capacitive-depressed semicircle loops whereas the phase angle exhibits 

a maximum at low-intermediate frequencies (vide infra) subsequent to an initial 

maximum at high frequencies. As can be seen in Figure 8, the proposed equivalent 

circuit provides a satisfactory fit with experimental data for archaeological metal pieces 

after washing. Unfortunately, using the aforementioned modeling for replicate EIS 

experiments for a given coin produced significant variations in the values of the circuit 

elements from data fitting. Representative values from three replicate experiments were: 

Rs = 50  cm
2

, R1 = 1900  cm
2

, Q1 = 4.2  10
-9

 F cm
2

, ncorr = 0.90, Rmp = 8400  

cm
2

, Rps = 25000  cm
2

, Rss = 6 k cm
2

, W = 1.0 x 10
12

  cm
2

, Qps = 2.5  10
-11

 F 

cm
2

, npas = 0.76, Qdl = 2.9  10
-6

 F cm
2

, ncorr = 0.70. The relatively low averaged value 

of the solution resistance could result from the ‘clamp effect’ associated to the coin 

contact. This effect is influential on the EIS response at high frequencies, just where the 

solution resistance is determinant of the total impedance, and probably produces an 

underestimate of the solution resistance. 

 

As previously noted, EIS experiments were sensitive to changes in the immersion level 

and position of the clamp connection of the coins. This resulted, as described for highly 

corroded iron [28], in regular variations between different EIS parameters for each one 

of the coins. This can be seen in Figure 9, where the experimental values of the 

maximum phase angle, max, and the logarithm of the total impedance at 0.1 Hz (Z1 in the 
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following) are depicted for replicate EIS experiments from ‘fresh’ and ‘aged’ eurocent 

coins and coin ADF06, dated in 1916. Z1 would be roughly representative of the limiting 

interfacial resistance at the very low frequency (Zreal,f0), resulting from the sum of the 

contributions of the ionic resistance of the electrolyte and the electronic resistance 

contribution from the electrode, as has been described for porous electrodes [64]. 

 

For dating purposes, the variation with the corrosion time of the EIS parameters was 

studied. Attempts to construct calibration plots resulted in graphs such as in Figure 10, 

where the variation of the maximum phase angle at intermediate frequencies with the 

age of several coins is depicted. Data for replicate EIS experiments resulted, as 

previously noted, in large dispersions so that, although data suggest a systematic 

variation of frequency-dependent impedance parameters with time, even fitting 

reasonable to potential laws (see continuous curve in Figure 10), the accuracy for dating 

purposes was in general low. Similar results were obtained using the module of the 

impedance at the low frequency limit, in this case suffering from relatively high data 

dispersion in the spectra (see Figs. 7 and 8). The proposed theoretical modeling, 

however, produced a reasonable agreement with experimental data using resistance 

parameters. This can be seen in Figure 11 where it is depicted the time variation of the 

mean value of the apparent charge transfer resistance, Rct
app

, from five replicate EIS 

experiments. This quantity, which would be equivalent to the sum of Rp(t) plus Rs(t) in 

Eqs. (14) and (15), can be derived from the fitting of experimental EIS data to the 

equivalent circuit in Fig. 4 or, approximately, from the diameter of the main loop in the 

Nyquist plots such as in Fig. 8a. The last criterion provided minor dispersion than the 

former and was used for calibration purposes. The corresponding calibration graph is 

shown in Fig. 11 where experimental Rct
app

 data for coins in this study is plotted as a 

function of the corrosion time. One can see in this figure that, with except of few coins 

showing large separations, the majority of the can be placed close to a potential 

calibration curve fitting to Eq. (21) inserting C = 500, D = 100,  = 0.07. Correlation 

with VMP experiments showed that coins abruptly separated from this tendency are 

those containing relatively high amounts of corrosion products other than cuprite and 

tenorite. 
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Conclusions 

 

A method for dating copper/bronze archaeological objects based on electrochemical 

impedance spectroscopy (EIS) measurements is described and tested for a series of 

coins of known age. EIS measurements for coins in contact with mineral water under 

the application of a bias potential able to promote the electrochemical reduction of 

dissolved oxygen provide spectra which can be modeled in terms of resistance and 

constant phase elements associated to the metal/primary corrosion patina interface and 

the secondary corrosion layer/electrolyte interface. The resistance of the primary and 

secondary patinas calculated from experimental EIS data for a series of coins since the 

16
th

 century can be correlated with the age of the coin assuming uniform conditions of 

corrosion, thus providing resistance/time calibration curves usable for dating purposes.  

Calibration curves from EIS data were satisfactorily compared with those obtained from 

the measurement of the variation of the tenorite/cuprite ratio using the specific 

voltammetric signals of such compounds by means of the voltammetry of microparticles 

(VMP) technique. Calibration graphs can be fitted in both cases to potential rate laws 

with a common exponent of 0.07. The application of such techniques for dating 

archaeological copper/bronze artifacts is conditioned, however, by the uncertainty in the 

electrochemical measurements and the validity of the simplifying assumptions used to 

correlate electrochemical parameters with aging time. Corrosion under smooth, uniform 

atmospheric conditions is required for a judicious application of the described 

methodology in the archaeology domain. 
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Table 1. Studied coins from the Antonio Doménech Francés collection. 
a
the date used 

for calibration purposes was that indicated or the central date in the provided interval. 

 

Reference Coin data Country Year
a
 

ADF01 Philippus IV Spain 1663 

ADF03 Carolus IV Spain 1793 

ADF04 Carolus IV Spain 1803 

ADF06 Republique Française, 5 cts. France 1916 

ADF07 Napoleon III, 5 cts France 1864 

ADF08 Republique Française, 10 cts. France 1916 

ADF09 Philippus IV Spain 1664 

ADF10 Republique Française, 10 cts. France 1871 

ADF11 Isabel II, 5 cts Spain 1868 

ADF12 Republique Française, 5 cts. France 1904 

ADF13 Carolas I, 20 reis Portugal 1892 

ADF14 Emmanuel de Rohan Rohan-

Polduc 

1770 

ADF15 2 cts/2 gramos Spain 1870 

ADF16 Philippus V Spain 1709 

ADF18 Helvetic Republic,  1 ct. Swiss 1962 

ADF19 Victoria, half penny England 1890 

ADF20 Isabel II Spain 1849 

ADF21 George V, one cent Hong 

Kong 

1924 
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Figures 

 

Figure 1. Photograph of copper vessels, dated ca. 1260 (Mamluk period) from Jordan 

(Phot. Abd Al Rahman Al Srouji). 

 

Figure 2. Simplified scheme illustrating the kinetic model used for describing the 

ageing of copper/bronze artifacts. 

 

Figure 3. SWV for: a-c) samples from a copper vessel (Jordan, Mamluk period), and d) 

nantokite, attached to graphite bars in contact with a,b) 0.25 M HAc/NaAc, pH 4.75; c,d) 

0.10 M potassium phosphate buffer, pH 7.0. Potential scan initiated at +0.75 V in the 

negative direction; potential step increment 4 mV; square wave amplitude 25 mV; 

frequency 5 Hz. 

 

Figure 4. Equivalent circuit used to model EIS data for coins immersed into mineral 

water at an applied potential of 0.60 V. 

 

Figure 5. Theoretical variation of the different contributions to the dating relative 

uncertainty for: a) VMP and b) EIS experiments. a) From Eq. (20) taking A = 2.3; B = 

1000, and a = b = 0.95 and assuming ip/ip = 0.02; b) From Eq. (22) taking C = 500, D 

= 100,  = 0.07. 

 

Figure 6. Dating of samples from copper vessel (dated 1260) and a fragment from a 

Roman sculpture (dated ca. 50) using the calibration graph for copper dating using 

voltammetric data reported in [12] (triangles). Red squares denote data points for the 

samples.  

Figure 7. a) Nyquist and b) Bode plots for a eurocent coin immersed into air-saturated 

mineral water upon application of a bias potential of 0.60 V. Data correspond to two 

replicate experiments with two different immersion plus clamp configurations (filled 

and empty figures, respectively). 
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Figure 8. Experimental EIS of coin ADF08 immersed into mineral water (solid circles) 

and theoretical spectra (red lines) using the the equivalent circuit in Figure 4 inserting Rs = 

10  cm
2

, R1 = 1882  cm
2

, Q1 = 4.2  10
-9

 F cm
2

, ncorr = 0.90, Rmp = 8368  cm
2

, 

Rps = 24930  cm
2

, Rss = 6 k cm
2

, W = 1.02 x 10
12

  cm
2

, Qps = 2.5  10
-11

 F 

cm
2

, npas = 0.76, Qdl = 2.9  10
-6

 F cm
2

, ncorr = 0.69. Applied potential 0.60 V. 

 

Figure 9. Values of the maximum phase angle and the logarithm of the total impedance at 

0.1 Hz for replicate EIS experiments from ‘fresh’ (rhombs) and ‘aged’ (squares) eurocent 

coins and coin ADF06 (triangles), dated in 1916. 

 

Figure 10. Variation of the maximum phase angle at intermediate frequencies with the 

nominal age of several coins in this study. From five replicate EIS experiments for each 

coin in contact with mineral water. The continuous curve corresponds to the fit of the data 

to a potential equation. 

 

Figure 11. Calibration graph using the mean value of the apparent charge transfer 

resistance (Rct
app

, see text) from five replicate EIS experiments for coins in this study. The 

continuous curve corresponds to the fit of the data to Eq. (21), inserting C = 500, D = 100, 

 = 0.07. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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Figure 8. 
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Figure 9. 
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Figure 10. 
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Figure 11. 
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