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ARTICLE INFO ABSTRACT

A common issue in non-destructive surface analysis of historical silver coins is depletion of Cu from the near-
surface areas, which in turn results in higher Ag content at a coin’s surface. This paper reports a non-destructive
analytical strategy using uXRF for identification of Ag and Cu surface enrichments and depletions by comparing
peak intensity ratios of Ag Ka/Ag La, Cu Ka/Ag Ka and Cu La/Ag La for coins and Ag-Cu standards of similar
composition. Our characterization of coins from different contexts and chronologies shows that a multi-standard
approach provides the most reliable identification of surface enrichment of Ag and depletion of Cu. Coins
possessing Ag surface enrichment were further analysed with LA-ICP-MS to determine any differences in trace
element composition between the cores and surface of the coins. We show that the near-surface regions of these
coins are enriched in Au and depleted in Co, Ni, As, and Pt relative to their cores. These systematics allow for a
more robust assessment of the degree of silver coin surface alteration critically important in measuring the
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original composition of historical silver coins.

1. Introduction

Silver played an important role as an exchange medium in Ancient
and Medieval pre-monetary and monetary economies. Coins therefore
are useful for developing a better understanding of political history,
economy, and development of commerce. Archaeometric studies of
silver coins reveal information regarding the interactions, technology,
and economy at particular points in history [1-4]. Since authentic
historical coins are limited and rare items, the chemical analysis of the
objects should ideally preserve the integrity of a coin, while giving
reliable analytical information about its composition. However, surface
treatments, conservation actions as well as environmental and galvanic
corrosion have been shown to alter the surface composition of a silver
coin and thus affect the reliability of non-destructive surface analysis
techniques [2,5-14]. The condition of preservation of coins may be
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affected by exposure to groundwater, soils and/or air due to the dif-
ference in electrode potential between Ag and Cu in a two-phase alloy,
which may cause the Cu-rich phase to leach to the surface and corrode
when exposed to the environmental influences. To the contrary, surface
Ag enrichment was sometimes intentionally produced, the most
common methods being exposing Ag-Cu coins to high temperatures for
a prolong period of time in an oxidizing atmosphere [2,15,16] or
blanching the coins in vinegar or citric acid [17,18]. Cu from near-
surface areas can be oxidized and form primary corrosion products such
as cuprite (Cu,O) and tenorite (CuO). Subsequently removing this
corrosion produces an Ag-rich coin surfaces depleted in Cu. Such pro-
duction methods are referred in literature as depletion silvering, while
silver surface enrichment (SSE) is used as a general term to described
Ag enrichment, whether it be intentional or post-depositional. In cases
where coins exhibit such phenomena, surface analysis by non-
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destructive techniques lead to inaccurate elemental concentrations of
the major constituents such as Ag and Cu [7]. The surface enrichment in
historical coins has been studied extensively with a variety of destruc-
tive and non-destructive archaeometrical techniques. An overview of
surface enrichment research and how it has affected the study of Roman
silver coins can be found in Butcher & Ponting [2]. During the past two
decades, a number of studies were dedicated to understand the for-
mation of enrichment, and its effects on the analytical results in coins
studied using non-destructive techniques [5-7,10,12-16,19-22].

This study assesses the application of XRF Ag Ka and La peak in-
tensities method in detecting near-surface enrichment in historical
silver coins by pairing coins and different standards with varying con-
tent of Ag and Cu. We further combine this method with character-
ization of Cu Ka and La peak intensities to provide additional con-
straints on the nature of near-surface alteration. We show that that the
most robust results are obtained when employing multiple standards
spanning a large range in Ag and Cu concentrations. For a subset of
coins exhibiting near-surface enrichment in Ag, we determined minor
and trace element concentrations of surface and interior regions by
laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS). These results give insights into element mobility, generally, during
alteration of historical silver artifacts critically important in provenance
and debasing studies.

1.1. Background

Several studies have examined the reliability of non-destructive
spectroscopic analysis of silver coins. Linke et al. [14,19-21] present a
non-destructive method for surface enrichment identification using the
X-ray Fluorescence (XRF) technique. The study used the ratio of peak
intensities of Ag Ka and Ag La to determine the presence or absence of
silver enrichment by comparing values obtained from different in-
formation depths of Ag-Cu coins with a standard of similar composition.
Other non-destructive analytical methods such as NAA, XRF, EDXS,
PGAA and PIXE/PIGE have been used to retrieve the qualitative and
quantitative composition from varying information depths in coins
[21,23-28]. For instance, Klockenkémper et al. [13] studied Roman
imperial coins with WDXRF and EPMA-EDS to compare the composi-
tion of silver coins at 30 pm and 3 pm depths. For analytical methods
based on x-ray spectroscopy, the information depth depends on several
factors including the energy of the primary incident radiation, ab-
sorption coefficient, energy of secondary x-rays, atmosphere, and ma-
trix composition; thus making it dependent on Beer-Lambert law [29].
The secondary radiation produced is relatively weak, and it further
changes depending of the matrix in the sample. The main characteristic
x-rays for Ag are the Ka and La lines that emit fluorescence with dif-
ferent photon energies and thus come from different depths of a matrix.

Stern was first to suggest that Ag Ka and Ag La peak intensities can
theoretically be used to assess the difference between the surface and
bulk composition of a coin [30]. As seen in Fig. 1, for a homogenous
sample both Ag Ka and Ag La interact with a matrix in the same
manner despite the Ag La radiation (energy 3.0 keV) mostly originating
from a depth of up to 2 pm, while the higher energy Ag Ka radiation
(energy 22.2 keV) reaches up to 100 um in a 80 wt% Ag — 20 wt% Cu
matrix composition [19]. The information depths of Ag Ka and Ag La
decrease with the increase of Cu content in an alloy. For objects ex-
hibiting surface enrichment, the Ag La will derive from the shallow Ag-
rich matrix, while Ag Ka will also interact with the deeper Cu-rich
matrix, hence the peak intensity of Ag Ka will attenuate. By calculating
the ratio of Ag Ka/Ag La intensities, it is possible to obtain information
on the degree of depletion once the ratio is compared with the Ag Ko/
Ag La ratio for a non-corroded standard of a similar composition. The
difference between the ratios obtained for the enriched surface of a coin
and the standard describe the degree of Cu depletion. Besides studies
done by Linke et al., this proposed method has been applied in only a
small number of studies [10,31,32].

12

Nuclear Inst. and Methods in Physics Research B 478 (2020) 11-20

Besides the major alloy components, minor and trace elements in Ag
coins yield critical information about the type and provenance of Ag
ores, extraction technology (e.g. cupellation), and metals used in al-
loying [24,33]. Important tracers for silver provenance include Au and
Bi, but due to the often similar composition of silver-producing ores and
the effect of trace element fractionation, combining these with lead
isotope analysis is more powerful [33,34]. Au/Bi ratios can be useful in
distinguishing coins from different sources of silver [31]. However,
experiments have demonstrated that whereas the content of Au does
not change significantly after smelting and cupellation, Bi follows Pb
concentrations by gradually decreasing after each cycle of cupellation,
though it is rarely completely removed [35,36]. Experiments using LA-
ICP-MS depth profile analysis on medieval silver coins with SSE show a
decrease in Au with depth, while Bi and Pb concentrations remain
constant [10]. Large differences in the surface enrichment thus may
influence the ability to identify different silver groups and a quick and
non-destructive screening method such as XRF holds great potential for
studying the fineness of silver coins. Such a method can be used to
identify potential outliers in larger studies and would allow researchers
to identify optimal analytical and sampling strategies for obtaining
reliable chemical composition of silver coins.

A fundamental component of the Ag Ka/Ag La method is the se-
lection of an appropriate standard. The majority of historical silver
coins were produced with a degree of standardization and with this in
mind, the optimal standard will have a similar composition to the ori-
ginal composition of the silver coins. Coins that exhibit surface en-
richment can have significantly different Ag and Cu concentrations,
hence the original composition of the core of a coin can be difficult to
determine with non-destructive analytical techniques. In such cases,
choosing a standard with a similar composition as the historical coins
can be difficult, unless the core composition of coins is determined
beforehand with another technique.

2. Materials and methods

Our study was performed on 12 historical silver-copper alloyed
coins (7 Roman denarii, 3 Sassanid coins and 2 early Islamic coins)
acquired from a private collector (Table 1). Coins with different
chronologies, provenance and composition were used in order to ex-
plore the tendency of different types of coins to exhibit silver surface
enrichment, as well as to note the efficiency of Ag Ka and Ag La method
on coins with varying composition. From the 12 coins, 10 (all coins
except for coins Abb and Rom 103) were sampled with a jewellery saw
on the rim of the coin to obtain a section perpendicular to the flat coin
without damaging the relief. These were mounted in epoxy resin,
ground with silicon carbide paper with progressively finer grit sizes
(180, 220, 550, 1000) and polished on a surface coated with increas-
ingly finer diamond spray (6 um, 3 pm, 1 pm, % um). After each
grinding and polishing steps, samples were cleaned in an ultrasonic
bath for the duration of 5 sec.

For all measurements, a number of Ag-Cu standards with different
composition were used. The reference materials (RMs) were acquired
from MBH Analytical Ltd. The composition of standards 133X AGAL A,
133X AGA2 A, 133X AGA3 A and 131X AGP1 B are given in
Supplement 1. Previous studies that dealt with archaeometric analysis
of Roman, Sassanid and Islamic coins [2,37,38] show a wide range of
silver compositions, which is why a range of standards are needed.

2.1. Micro X-ray fluorescence (1-XRF)

We used the benchtop Bruker M4 Tornado p-XRF for all measure-
ments. The Bruker M4 Tornado operates with a Rh target x-ray tube ata
maximum power of 30 W and polycapillary optics that yield a spot size
of 20 pm. Analyses are made using the area mapping mode with a
voltage of 50 kV and tube current of 600 pA in a near-vacuum condition
(20 mbar) enabled by a pressure-controlled diaphragm pump. X-rays



M. Hrnjié, et al.

Detector

Nuclear Inst. and Methods in Physics Research B 478 (2020) 11-20

Fig. 1. Schematic illustration showing the XRF in-
formation depth of Ag Ka and Ag La lines in 80 wt%
Ag — 20 wt% Cu matrix for a Ag enriched coin. Ka
radiation derives from the depth of c. 100 pm, while
lower energy La radiation results from the depth of c.
2 um. Orange areas = Cu-rich phase, grey
matrix = Ag-rich phase. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1

The percent deviation of Ag Ka/Ag La ratios of different silver coins from the Ag Ka/Ag La ratios gathered from non-corroded Ag alloy standards. The table is colour
coded to highlight the difference. The gradient scale — red/orange indicate silver surface enrichment (SSE), yellow/pale green show coins where surface and bulk Ag

composition do not differ, dark green suggests the presence of a corrosion layer on the surface.

) e UXRF Ag (wt%) 133X 133X 133X 131X
Object Ruler Abbreviation* AgK/AgL
surface  core AGA1 AGA2 AGA3 AGP1-1
133X AGA1 / / 77.37 / 0.1045 / / / /
133X AGA2 / / 86.97 / 0.1053 / / / /
133X AGA3 / / 90.53 / 0.1007 / / / /
131X AGP1 / / 99.34 / 0.0943 / / / /
Roman (107-108 AD) Traianus (98-117 AD) Rom 107 95.00 74.85 0.0966 -4.1 2.4
Roman (103-111 AD) Traianus (98-117 AD) Rom 103 93.64 / 0.0993 -5.0 -5.7 -14 5.2
Roman (157-158 AD) Antoninus Pius (138-161 AD) Rom 157 93.70 68.49 0.1007 -3.6 -4.3 0.0 6.8
Roman (155 AD) Antoninus Pius (138-161 AD) Rom 155 94.23 73.25 0.1029 -1.6 -2.2 2.2 9.1
Roman (140-143 AD) Antoninus Pius (138-161 AD) Rom 140 94.44 92.81 0.1036 -0.9 -1.5 2.9 9.9
Roman (141 AD) Antoninus Pius (138-161 AD) Rom 141 97.33 82.64 0.1092 4.5 3.8 8.4 15.8
Roman (unidentified) unidentified Rom cor 94.92 94.21 0.1167 11.6 10.8 15.8 23.7
Sas la 96.37 95.56 0.1132 8.3 7.5 12.4 20.0
Sasanian drachma (unknown) unidentified
Sas 1b 96.19 95.56 0.1144 9.4 8.7 13.6 213
Sas 2a 91.93 84.41 0.1227 17.4 16.6 21.8 30.1
Sasanian drachma (unknown) unidentified
Sas 2b / 84.41 0.1444 38.2 37.2 43.4
Sas 3a 95.59 95.40 0.1431 36.9 36.0 42.1
Sasanian drachma (unknown) unidentified
Sas 3b 95.70 95.40 0.1339 28.1 27.2 33.0 42.0
Umaa 93.35 93.83
Umayyad dirham (95 AH/713 Al-Walid | (86-105 AH/705- 0.1163 11.2 104 154 232
AD), Darabjird, 723AD) Umab 94.19 93.83 0.1141 9.1 8.4 132 20.9
Abb a 98.18 /
Abbasid dirham (187 AH/803 AD),  Harun al-Rashid (170-193 0.1124 7.5 6.8 116 19.2
Madinat as-Salam, AH/786-809 AD) Abb b 98.16 / 0.1115 6.7 5.9 10.7 182
* a =obverse, b = reverse
SSE COR
| a

13
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Roman denarius (155 AD)

are detected with the 60 mm? XFlash® dual silicon-drift detector system
and data is processed using M4 Tornado analysis software 1.5.

The p-XRF analysis were done in two ways. Firstly, in order to be
able to validate the reliability of the Ag Ka/Ag La method for identi-
fication of SSE, cross-sections of 10 coins were taken and analyzed with
the purpose of identifying changes in Ag and Cu concentrations from
surface to core illustrated by the multi-elemental maps. An illustration
of sampling and p-XRF elemental mapping can be seen in Fig. 2. Due to
differences in coin thickness, analyses or mapping varied in area size
and duration (10 to 20 min) with a fix step size of 20 um and dwell time
of 10 ms/pixel. Afterwards, u-XRF analysis were performed on surface
areas of coins and standards to determine Ag Ka and Ag La intensity
ratios. For this purpose, the selected area for analysis was 6.7x7.0 mm,
with a step size of 30 um (spatial resolution 233x233 pixels) for 15 min
with a dwell time 10 ms/pixel. Ag Ka/Ag La of standards were ob-
tained by analysing every standard five times. After producing the Ag
Ka/Ag Lo intensity ratios of coins and standards, the percent deviation
of values was calculated from the ratios obtained from different stan-
dards. Cu Ka and Cu La were also measured in the effort to explore the
possibility to account for the presence of corrosion on the surface of
coins.

The detection threshold of the low energy peak Cu La was de-
termined by producing a calibration curve of Cu Ka and Cu La mea-
sured in standards, which in homogenous matrix should have con-
current intensities. The lowest Cu La peak intensity measured in
unknown coin samples was larger than the lowest detected Cu La in-
tensity (=above detection threshold) in nearly pure silver standards
(131X AGP1 B). Detection threshold and more analytical details are
now outlined in Supplement 1. As shown in Supplement 1, Ag is mea-
sured in all standards to determine the reproducibility of the instru-
ment, which deemed satisfactory for the present purpose.

2.2. LA-ICP-MS

Trace elements abundance was determined by laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICP-MS) using an
Agilent 7900 Quadrupole ICP-MS coupled to Resonetics 193 nm laser at
the Aarhus Geochemistry and Isotope Research (AGiR) Platform,
Aarhus University. Instrumental calibration and tuning were accom-
plished using the certified reference material NIST 612. Oxide forma-
tion was monitored using the 2**Th0/?*2Th ratio. A total of 31 masses
(®*Mg, Z’Al, i, “*Ti, %°Cr, %Mn, ¥Fe, %Co, N, 53Cu, %Zn, 72Ge,
75AS, 77Se, 103Rh, IOSPd, 106Pd’ HICd, 114Cd, 113In, 1151n’ 11851.1’ IZISb,
125, 128Tg 130Te 194py 195pt 1974y, 296pp, 209B{) were acquired.
Mg, 7Al, “®Ti, “"Fe, "?Ge, '°Rh, '°°Pd, '*Cd and '*’In are not
considered in the discussion (but are reported in the Supplement 1) due
to their polyatomic/isobaric interferences [39,40]. Typically we ana-
lysed the core or centre of the sample five times and rim or near surface
area three times with a 72 pm laser spot operating at 10 Hz repetition
rate, 80 mJ laser energy with 50% attenuated value for a fluence of
approximately 5 J/cm? Each ablation sequence consisted of 20 sec

14
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Fig. 2. Sampling of a silver coin. The middle age
shows the cross-section image of a coins, while image
on the right is an example of a XRF elemental map.
The samples were also analysed with LA-ICP-MS
(marked with green dots on the image of the cross-
section). (For interpretation of the references to color
in this figure legend, the reader is referred to the web
version of this article.)

2 mm

background acquisition, 35 sec sampling time, and 25 sec washout.

For processing time resolved signal obtained from LA-ICP-MS, a
data reduction software Iolite v. 3.32 [41] was used to inspect and
quantify the composition of trace elements. Due to some analytes (e.g.,
rare earth elements) with background signals of zero counts per second,
the approach of Howell et al. was used to estimate the limit of detection
(LOD) [42]. For quantification and instrumental performance mea-
surement (accuracy and precision), six silver standards from MBH
Analytical Ltd. were included in the analysis. Standards 133X AGAL,
133X AGA2, 133X AGAS3 are silver-alloy standards, while 131X AGP1,
131X AGP2, 131X AGP3 were pure silver standards. For data reduction
in Iolite, the time resolved signal was quantified with 133X AGA1, 133X
AGA2 and 133X AGA3 using Pb and Ag as internal standards, resulting
in six different quantifications. Each standard was analysed five times,
from which the median was calculated for every quantification and
compared to the reported composition of the standards. The best mat-
ched results were selected, which in this case is 133X AGA3 with Ag as
the internal standard. Analysis of standards and the analytical re-
producibility are reported in Supplement 1.

3. Results and discussion
3.1. Silver surface enrichment

3.1.1. uXRF

The pXRF analysis at the cross-section showed that coin samples
Rom 107, Rom 141, Rom 155, Rom 157, and Sas 2a have a higher
content of Ag at the surface than in the core (Table 1). As seen in Fig. 3,
coins Rom 107, Rom 140, Rom 141, Rom 155, Rom 157 and Sas 2
display different levels of Cu depletion in near-surface areas with
varying thicknesses and homogeneity. In the case of Roman denarii;
Rom 107, Rom 155 and Rom 157 have discernible enriched zones,
while for Rom 140 the distinction is less apparent. The layer is c. 80 um
thick and more abundant in Cu than depleted areas in other coins. Coins
Rom 107 and Rom 155 have an even and relatively thick enriched
layer, while the thickness of enriched areas in Rom 157 varies from 70
to 550 pum across the near-surface area. Besides enriched areas, ele-
mental mapping of Sas 2 shows the presence of a corrosion layer with a
variable thickness. In the case of Rom 141, the elemental map shows
almost complete depletion of Cu from the hearth of the coin, with a few
Cu corrosion pockets present in the interior. The enrichment is not
limited to the near-surface area as it reaches the core of the coin. The
elemental map of Sas 1, Sas 3 and Uma coins do not show traces of
enrichment. Ag and Cu are evenly distributed in the near-surface and
bulk areas.

The non-destructive surface intensity measurements of Ag Ka and
Ag La peaks from coins were compared to the Ag Ka/Ag La ratio
measured from silver-alloy reference materials (RM); coins exhibiting
no enriched surface should have similar matrixes and have the same
ratio to the most comparable standard. A lower Ag Ka/Ag La ratio
relative to the standard suggests the presence of a surface enrichment.
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Rom 155

Rom 157

Rom 107

Rom 140

"‘“

Rom cor

Rom 141

Sas 1

~

Sas 2

Sas 3 2 mm

Uma 1 mm

Fig. 3. uXRF elemental maps of coin cross-sections showing the distribution of
Ag and Cu.

The difference between ratios of coins and standards are presented as
percent deviation in Table 1, while the visual representation of the
difference is shown in Fig. 4 where coins with enrichment were marked
red. The negative percentage deviation suggests the occurrence of
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Rom 103
Rom 107
Rom 140
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Coin type

Fig. 4. Ag Ka/Ag La ratios of silver coins for this study compared to ratios
obtained for the silver standards. Coins for which the surface enrichment is
confirmed in the cross-section analysis are shown in red. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

surface enrichment on a coin, while a large positive percentage devia-
tion indicates the presence of a corrosion layer. As explained by Linke
and Schreiner [14], the difference in intensity ratios between coin’s
surface and silver standards can be used to assess the degree of deple-
tion or the presence of corrosion layers on the coin’s surface. This can
be illustrated for sample Rom 140. Here, the surface contains a rela-
tively small enrichment, which is also confirmed with the uXRF results
of bulk and surface areas of Rom 140. For all coins with enrichment, the
thickness of layers vary, but are relatively well explained by the degree
of percentage deviation. However, this should not be extrapolated to
predict the theoretical thickness of the enrichment as it mainly refers to
the amount of Cu depletion and not to the depth of the layer. A layer of
enrichment can be thin, but strongly depleted in Cu. The same can be
said in cases where Cu depletion processes occur deeper in a coin, but
with a significant amount of Cu still remaining. Factors such as com-
position, galvanic corrosion or intentional surface treatment have an
effect on the amount and depth of Cu depletion [6].

As mentioned previously, measuring the Ag Ka/Ag La ratios require
comparison to standards of similar composition and matrix. Even
though the coins analysed are different when it comes to the prove-
nance, the pXRF analysis of the coin surfaces suggest all coins to be very
or extra fine by the European grading system. Comparing intensity ra-
tios show that the identification of surface enrichment in coins depends
on the standard with which they are compared. When coins were
compared to 133X AGA1 and 133X AGA2 standards, 5 Roman denarii
had a lower ratio value and percentage deviation, indicating the pre-
sence of surface enrichment (Fig. 4 and Table 1). The enrichment was
not detected in coins Rom 141 and Sas 2. In Rom 141, the depletion of
Cu through enrichment and corrosion is thicker than the theoretical
XRF information depth, while Sas 2 has a much larger ratio value due to
the presence of corrosion. 133X AGA1 and 133X AGA2 can be con-
sidered to be very fine in terms of Ag content, but still less pure than
133X AGA3 and 131X AGP1. With 133X AGA3 enrichment was de-
tected only for Rom 103 and Rom 107. 131X AGP1 is an extremely fine
standard, and in this group, none of the values indicate the presence of
surface enrichment. Early Islamic coins (Uma and Abb) do not deviate
significantly from the Ag Ka/Ag La ratios obtained from standards. Sas
2 and Sas3 have a larger positive deviation that suggests the presence of
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a corrosion layer, which is also visually discernible.

The presence of corrosion in a coin can prevent the XRF analysis
from acquiring accurate peak intensity values. Cu will separate from the
Ag matrix during enrichment and form corrosion products on the sur-
face. Corrosion layers formed from the segregated Cu will affect the
intensity of Ag fluorescence radiation, especially L-lines [43]. As seen in
Fig. 5, by measuring the intensity of Cu Ka and Cu La peaks and
combining them with Ag lines, it is possible to account for the influence
of Cu corrosion products in the spectrum. The information depth of Cu
lines attenuates with the increase of Ag content in an Ag-Cu alloy. For
Cu Ka radiation (energy 8.04 keV) the information depth in an 80 wt%
Ag — 20 wt% Cu matrix is approximately 16 um [19]. In Fig. 5 the Cu
Ka/Ag Ko ratios are plotted together with Cu La/Ag La values taken
from coins and standards. The linear correlation of ratios Cu Ka/Ag Ka
to Cu La/Ag La would equal to 1 in an ideally homogenous matrix as
the peak intensity of L lines would increase synchronously with the
intensity of K lines. For instance, silver standards used in the study form
a regression line with a high coefficient of determination
(R%2 = 0.9998). For non-homogenous matrices, the position in the Cu
Ka/Ag Ka to Cu La/Ag La biplot would change according to the
composition of the matrix. In the case of surface enrichment, the Ag La
will have higher than standard peak intensity comparing to Ag Ka,
while inverse goes for Cu Ka and Cu La due to Cu depletion from the
surface. Because of this, coins that exhibit surface enrichment are po-
sitioned below the regression line, while the ones without enrichment
lie above the line. In the case of Rom 141, the enrichment is larger than
the information depth of Ag secondary radiation. Likewise, examination
of Sas 2 in cross-section confirms near-surface enrichment; however,
due to the corrosion present on the surface, it was not possible to ac-
curately measure Ag Ka/Ag La ratio. For Sas 2b, it was possible to
identify the surface enrichment despite the presence of corrosion by
combining the information of both Ag and Cu lines. Presence of a Cu
corrosion layer on surface in an enriched coin might contribute to a low
detection of Ag La x-rays. This in turn would lower the peak intensity of
Ag La comparing to Ag Ka, resulting in Ag Ka/Ag La ratio appearing as

Nuclear Inst. and Methods in Physics Research B 478 (2020) 11-20

Fig. 5. A biplot of Cu Ka/Ag Ka and Cu La/Ag La
ratios obtained from coins and standards. Coin with
no enrichment plot above the regression line, while
most of the coins with enrichment are positioned
below. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)

AGA1

20

16

depleted of Ag rather than enriched. However, the inversion also occurs
with Cu La and Cu Ka that when combined with Ag Ka and La peaks
compensates for the presence of corrosion. On the other hand, Sas 2a is
positioned above the regression line. As the corrosion thickness appears
similar on the both sides of the coins, it is likely that besides Cu cor-
rosion products surface also contains significant amounts of Ag,S that
would influence the energy intensity detected from Ag lines.

3.2. Trace element behaviour

3.2.1. LA-ICP-MS

The result from the centre and rim of sample profile were compared
by displaying the abundance of individual elements per coin (Figs. 6
and 7). The results of four coins that exhibit SSE are presented (Rom
107, Rom 140, Rom 155, Rom 157), while the results of the analysis can
be found in Supplement 1.

In his study of SSE in 16th century Portuguese silver coins, Borges
et al. [10] conducted elemental depth profiling with LA-ICP-MS with
the purpose of studying the superficial Cu depleted level present at a
greater depth. The study also reported the difference in the behaviour
of minor and trace elements (Au, Pb, Bi, Hg) from a larger depth in the
coins. In the case of three coins, Au content decreased with increasing
depth, whereas in a Roman denarii, the enriched layer was so sub-
stantial that depth profiling might not have reached the unaffected core
of a coin. Ablation of the core and the surface allows for a more reliable
comparison of quantitative changed in minor and trace elements.

The most relevant trace elements for studying the provenance of
silver are Au and Bi. These derive from argentiferous ores from which
silver was originally extracted. The behaviour of the elements during
smelting, cupellation and melting are discussed elsewhere [24,36]. The
LA-ICP-MS analysis shows that Au content substantially increases in the
Ag enriched areas. Such behaviour is also noticed even in when the
amount of Au is ~ 280 ppm. Rom 155 contains the largest amount of Au
in the group. The Au amount in the enriched layers is larger by a factor
of 2 when compared to the core. Due to the almost identical radii, Au
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and Ag form complete solid solution, while Ag and Cu have a con- enrichment in two coins — Rom 140 and Rom 157. In Rom 157, one
siderable miscibility gap [44]. point has a noticeably higher amount of Bi on the surface. However,
Bi shows relatively little difference between the core and zone of this could be due to a heterogeneous distribution of Bi in the Ag alloy. A
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similar behaviour is seen in Pb, with a similar jump in quantity in the
coin Rom 157. Another element commonly detected in Ag-Cu coins is
Zn. Only in Rom 140 was it possible to notice significant difference
between the core and the rim composition of coins. In the other coins
analysed, a significant difference in Zn could not be detected between
the surface and the core.

Other trace elements affected by surface enrichment include Co, Ni
and As, which are all depleted towards the coin surface relative to core.
Co, Ni and As are common tracers in Cu ores and only associated with
silver ores if Ag was extracted from cerargyrite (AgCl) or argentite
(Ag»S). In the enrichment process, they follow Cu as these decrease
within the enriched areas. Platinum (Pt) is also depleted in the enriched
areas, similar to the Cu group trace elements. A previous study of trace
elements in silver coins have suggested a possible correlation between
Ag and Pt [45], whereas Pernicka [46] relates platinum group metals
(PGE) to the presence of alluvial Au. Pernicka attributes the PGEs in
silver to cases where silver was separated from high Ag native gold
coming from alluvial deposits through the process of cementation [46].
However, in the coins analysed here, Au and Pt have a negative cor-
relation suggesting that Pt was depleted from the surface together with
Cu. Further studies are necessary to fully explore the relationship be-
tween Au and Pt in historical silver objects.

4. Conclusion

Non-destructive identification of silver surface enrichment was
successfully confirmed through the Ag Ka/Ag La intensity ratio com-
parison. As reported in previous studies, the deviation is indicative of
the amount of Cu depletion rather than the thickness of enriched areas.
We show that the choice of standard is critical for correctly determining
surface enrichment when measuring Ag Ka/Ag La peak ratios. In the
cases of surface screening a large number of Ag-Cu coins, the researcher
or conservator should consider the compositional heterogeneity of the
coins and ideally use multiple standards for assessing the surface en-
richment. The Ag alloy standards must have original composition of the
studied coins. For the Roman coins studied here, we show Ag contents
to differ by up to 50% for the core relative to the enriched surface.
Thus, by considering standards with a range in Ag and Cu concentra-
tions, it is possible to account for the compositional discrepancy be-
tween the surface and the core of unknown coins. In enriched coins
where corrosion is present on the surface, combining Ag lines with the
values obtained from Cu Ka and Cu La can be used to identify the
surface enrichment below the corrosion layer.

Besides Ag and Cu, surface enrichment also affects minor and trace
elements such as e.g. Au, which may be enriched by a factor of 2 at the
enriched surface. This can result in an overestimation of Au and be
misleading for silver provenance interpretations if based on analytical
results from the surface. The study did not detect significant differences
in Pb, Bi and Zn concentrations at surface versus core, whereas trace
elements such as Co, Ni and As show depletion in enriched areas. As
these elements are mainly associated with Cu and Cu ores, it is sug-
gested that most likely they are leached together with Cu from the
surface.

The effect of enrichment not only affects Ag and Cu concentrations,
but also the concentration of important trace element Au. Identifying
coins that exhibit such behaviour is therefore not only critical for
studying aspects of past economies such as fineness and debasement,
but also for provenance interpretations. A multi-standard approach al-
lows researchers to circumvent this issue by identifying the coins where
enrichment is present, thus influencing their final coin selections for
analytical investigations.
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