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Precious metals determination in ancient coins
by portable ED-XRF spectroscopy
with a 238Pu source

Détermination des métaux précieux dans les monnaies anciennes par spectroscopie

ED-XRF portable avec une source de *>*Pu

Paulo S. PARrREIRA*, Carlos R. AproLoNT*, Rejane M. LoBO VIEIRA™,
Rosa B. Scorzerir***, Laetitia LE CoORRE™* and Maria Filomena GUERRA****

Abstract: A portable X-ray fluorescence system (pXRF) was employed to analyse a set of gold, silver and billon coins from the collection of the
Museu Histdrico Nacional do Rio de Janeiro (MHN), struck during the Brasil Colénia period, under the Dutch occupation, and in Portuguese
mints under the reigns of Fernando I (1367 to 1383) and his successor Joao I (1383 to 1433). The experimental setup consisted of a mini Si-PIN
detector and a radioactive source of ?**Pu for the excitation of the samples. The aim of the study was to test the possibilities and limitations of
this portable system for the determination of the coins’ base alloys, and to verify whether the results obtained were consistent with historical
facts. The Brasil Coldnia period coins show about 80.5% gold and 96.8% silver. For the Portuguese coins, we could identify a possible monetary
debasement during the reign of Joao I. No matrix corrections were made for these preliminary results.

Résumé : Un équipement portable i fluorescence X (pFX) a été utilisé pour lanalyse de monnaies en or, en argent et en billon appartenant a la collection
du Museu Histérico Nacional de Rio de Janeiro (MHN). Certaines de ces monnaies ont été frappées au Brésil pendant la période Brasil Coldnia et sous
loccupation hollandaise, alors que d'autres ont été frappées au Portugal sous les régnes de Ferdinand I (1367-1383) et de son successeur Jean I (1383-
1433). Le montage expérimental est constitué d'un mini détecteur Si-PIN et d’'une source radioactive de ?5Pu, dont la radiation émise est utilisée comme
source d'excitation. Le but de ce travail est double : vérifier les possibilités et les limites de ce systéme portable lors qu'il sagit de dérerminer les alliages
constitutifs de monnaies en métal précieux et vérifier les rapports entre l'évolution des compositions des monnaies et les différents faits historiques. Les
monnaies appartenant & la période Brasil Colonia sont constituées de 80,5% d'or et de 96,8% dargent et les monnaies frappées au Portugal montrent
une dévaluation sous Jean I.

Keywords: coins, fineness, gold, silver, X-ray fluorescence.
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1. INTRODUCTION

Among the analytical techniques used in the studies of
cultural heritage objects, energy dispersive X-ray fluores-
cence (ED-XRF) is a very versatile one due to its portable
configuration allowing iz situ measurements. /n situ experi-
mental setups (Cesareo er al., 2007; Karydas, 2007) have
been used to perform analyses in specific situations, such as
in the case of large sculptures, frescos, paintings, etc., and
to characterise metallic alloys, as well as several pigments.
In the present work we used a handmade portable X-ray
fluorescence system (pXRF) (Neiva ez al., 2005; Appoloni
et al., 2007) to analyse a set of gold, silver and billon coins
from the collection of the Museu Histérico Nacional do Rio
de Janeiro (MHN).

The analyses were carried out in the Numismatic
Department of the MHN, and the aim of the study was to
test the possibilities and limitations of this portable system
for the determination of the coins’ base alloys, and to verify
whether the results obtained were consistent with historical
facts. The assessment of this portable system was accom-
plished by comparing some of the compositions obtained in
this work with the compositions obtained for the same coins
with a fixed ED-XRE as well as results from the literature
on similar coins.

Figure 1: (See colour plate) Images of the
gold coin of 4000 Réis from the Brasil
Colénia period (top) and silver coin from
the reign of Fernando I, Portugal (bot-
tom), showing the obverse and reverse
sides, respectively.

Figure 1 : (Voir planche couleur) Images
de lavers et du revers des monnaies d'or de
4000 Réis de la période Brasil Colonia (en
haut) et d'argent du régne de Ferdinand I,
Portugal (en bas).
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The base alloys were determined for coins struck during
the Brasil Colénia period (from 1500 to independence, in
1822) and during the Dutch occupation (since the inva-
sion of Bahia in 1624 to the insurrection of Pernambuco
in 1654), as well as for Portuguese coins struck in Portugal
during the reigns of Fernando I (1367 to 1383) and his suc-
cessor Jodo I (1383 to 1433). Figure 1 shows the pictures of
a 4000 Réis gold coin (Brasil Colénia period, Bahia, 1695)
and a silver coin of Real ‘with FR’ (Reign of Fernando I).

For the coins struck in Brazil, it was intended to verify
whether a change in composition is visible with the moving
of the royal mint from Bahia to Rio de Janeiro in 1698,
to Pernambuco in 1700, and to Rio de Janeiro in 1702,
before the discovery of gold in Minas Gerais, as well as to
obtain the first results on the quality of the coins struck by
the Dutch during the siege of Pernambuco, the so-called
‘obsidional coins’, the first coins bearing the name of Brazil.

Concerning the Portuguese coins, it was under Fernando
I that a first reform of the Portuguese monetary system was
observed. This reform, related to the war in Spain, is said
to have resulted in a general debasement of the coins that
was strengthened under Joao I, Fernando’s successor. The

analysis of coins struck under these two kings should allow
verifying this assumption. For a first approach to those ques-
tions, a set of the coins and their dates of issue were selected
in collaboration with the Numismatic Department of the
MHN as follows.
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Brasil Colénia period

Four coins minted in Bahia (BA), Pernambuco (PE) and
Rio de Janeiro (R]) were analysed. One is a silver coin of 640
Réis, and three are gold coins of 4000 Réis, struck under
Pedro II of Portugal.

Dutch occupation period

'The obsidional coins, also called necessity currencies, were
the first emissions minted in Brazilian territory with the ins-
cription of the name Brasil (Vieira ez al., 2007). These coins
are rectangular plates. Three gold and three silver coins of
different values were analysed.

Fernando I

Five silver coins of Real ‘with FR’, one coin of half Forte,
and one coin of half Real ‘with F were analysed.

Joao 1

For this period, a total of six billon coins were analysed:
two coins of Real of three and half /ibras, one coin of half
Real of ten soldos, one coin of a quarter Real Cruzado, and
two coins of half Real Cruzado.

2. EXPERIMENTAL

The experimental setup consisted of a 7 mm? Si-PIN
detector (FWHM of 265 eV for the 6.4 keV Fe line) and a
95 mCi annular radioactive source of >**Pu (13.6 and 17.2
keV lines) for the excitation of the samples, arranged in a
specific handmade system (PXRF-LFNA-01). The focus
of the radiation beam strikes an area of approximately 180
mm?, while the coins have surfaces with areas ranging from
314 to 962 mm?; thus, the focus of the radiation beam cov-
ers between 57% and 19% of the coins’ area, respectively.

For each piece, one measurement was carried out at the
centre of the obverse and another one at the centre of the
reverse, with 1000 s of excitation-detection time. The spec-
tra were processed by AXIL (IAEA, free access software) and
the results were expressed in weight percent. The Au and Ag
contents were determined by using their Lat lines and Cu
by using its Ko line.

The quantitative analysis was performed applying the
well-known formula of the fundamental parameters to all
the identified elements, without the matrix correction term.
The results were scaled to the unit, equation 1, to obtain

relative values, based on Millazzo’s work (Milazzo, 2004),
with the difference that in the present case, instead of the
pure massive standards for the determination of the ele-
ments’ concentrations, experimental sensitivity curves, S,
were used.

Wi ¢ (1)

t= 1
2C,

Where

C, is the concentration of the i element;

W, is the relative concentration of i element (%).

Experimental sensitivities S, were obtained for each of the
elements that constitute the gold and silver coins, employing
MICROMATTER™ standards (thin film standards of the
elements and compounds for use in the calibration of X-ray
fluorescence (XRF) equipment). The sensitivities obtained
for the K and L lines are shown in Figures 2 and 3, respec-
tively.

In the present work, the calculations were performed
with no matrix corrections. This means no corrections
for the self absorption of the characteristics X-rays by the
matrix, and no corrections for the enhancement effects
(fluorescence produced by heavier elements over lighter
elements in the matrix). This approach does not signifi-
cantly interfere with the quantification of the major ele-
ments Au and Ag of the coins, the main objective of this
work, since they are present in high concentrations in the
gold and silver coins, respectively, as can be seen in the
following discussion of the results.

S, = 0.003(22) - 0.0942(2) + 0.7291

rZ = 0.9989
= 1,2 7
5 oo ]
5 o
E_ 0,6 1
S 04 17
4 02 A
0 T T T 1
15 20 25 30 35

Atomic number (Z)

Figure 2: Calculated sensitivity for the K lines.
Figure 2 : Sensibilité calculée pour les lignes K.
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Figure 3: Calculated sensitivity for the L lines.
Figure 3 : Sensibilité calculée pour les lignes L. ¢ 0 5 10 15 20

3. RESULTS AND DISCUSSION

Figures 4 and 5 show typical spectra of gold and silver
coins where the Cu lines and the lines of the excitation
source are also presented.

The average detection limits for the major elements Au,
Ag and Cu were 3.2%, 36.1%, and 1.3% respectively for
Au, Ag and billon coins matrix.

The results obtained for the Au, Ag and Cu contents are
shown in Table 1. The reported results are the average of the
two measurements performed on each coin, and its standard
deviation. It was also possible to verify the occurrence of
some other elements in the X-ray fluorescence spectra, such
as Ca, Fe, Hg and Pb, even if in much smaller concentra-
tions, a matrix correction being necessary for their correct
quantification.

Table 1 shows that all gold coins struck under the Dutch
occupation have a homogeneous composition, containing
on average 90.3% Au, 8.3% Ag and 0.6% Cu. The value of
the coin is obtained by simply changing the gold weight. For
example, for a coin of 11 Florins we could measure 1.87 g,
while for a coin of VI Florins we could measure 3.72 g. The
same situation was verified for the silver coins.

Measurements of Ag and Au contents for the coins struck
during the Dutch occupation were also carried out using the
fixed ED-XREF system of the Instituto Nacional de Tecnologia
(INT). The values obtained for gold and silver contents,
shown in Table 2, are on average 87.9% and 94.8%, respec-
tively, while the values determined with the portable system
were 90.4% and 87.7%. It can be seen that the results obtai-
ned with the PXRF system for Au in the coins of ///and VI
Florins show a difference of 2 to 4% from those reported by
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Figure 4: Typical spectrum obtained for gold coins.
Figure 4 : Spectre typique des monnaies en or.
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Figure 5: Typical spectrum obtained for silver coins.
Figure 5 : Spectre typique des monnaies en argent.

the INT, while for the content of Ag in the coin of X soldos,
the difference was about 7%. This comparison shows that
the simplified choice of no matrix correction was appro-
priate for the purpose of this work.

For the gold and silver coins struck during the Brasil
Colénia period (1695-1702), an average of 96.8% and
80.5%, for gold and silver contents, respectively, were
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Table 2: Results obtained with the INT stationary EDXRF system.
Tablean 2 : Résultars obtenus avec le systémes fixe de l'INT.

determined, while for the period from 1695 to 1698, the
values obtained by Guerra (2004) were 91.5% and 93.3%,
for coins minted in Bahia. When the results for Cu concen-
trations are compared, those obtained with PXRF vary
from 0.7 to 2.2% for gold coins, while those obtained by
Guerra (2004) vary from 0.9 to 1.7%. These last results were
obtained by PAA (Proton Activated Analysis) and TENAA
(Thermalised Fast Neutron Activated Analysis), which are
absolute techniques with detection limits in the range of the
ppmy; however, both techniques use the induction of nuclear
reactions and require the use of a particle accelerator to carry
out the analysis.

Concerning the question of whether there was a change in
composition of the coins struck in Brazil with the moving
of the royal mint from Bahia to Rio de Janeiro in 1698, to
Pernambuco in 1700, and to Rio de Janeiro in 1702, it can
be observed in Table 1 that there is no difference between
gold coins from 1695 and 1699, but that they are diffe-
rent from the gold coin from 1702, which has a greater Au
content.

Origin Denomination Diz:i:f Weight g Au % Ag % Cu %
1 Flori 1] 1646 1.83 89.6£0.3 9.6£1.5 0.49+0.04
orins 2| 1645 1.87 91.0:0.3 7.8:1.7 0.39:0.04
Dutch occupation | VI Florins 1645 3.72 90.5+0.3 7614 0.800.04
1645-1654 1 1654 12.04 0.700.04 88.3%5.7 10.0£0.1
XXXX Sol
Soldos 2| 1654 _ 1.820.1 86.7£5.2 9.7+0.1
X Soldos 1654 — 0.5:0.1 88.12.2 10.9:0.1
4000 Réis (PE) 1702 8.17 98.8+0.2 - 0.67£0.02
Byasil Colénia 4000 Réis (BA) 1695 8.03 95.8+0.2 1.7£0.5 1.70+0.02
1695-1702 4000 Réis (R]) 1699 8.01 95.720.2 _ 2.19+0.03
640 Reis (PE) 1701 18.39 0.420.1 81:16 17.1:0.1
— 3.5 4.1£0.1 84+14 8.7+0.1
— 347 1.20:0.04 772 21.0£0.1
Portugal Real with FR — 3,51 3.900.04 79,8+1,5 14.720.1
King Fernando I — 3.55 1.620.1 76+3 21.2+0.1
1367-1383 — 3.49 1.2:0.1 82.5:2.1 15.2+0.1
Y Forte — 1.64 0.7+0.1 83.0+3.7 14.6+0.1 Table 1: Results obtained for Au,
V5 Real with F — 1.84 1.1:0.1 82.6:2.8 15.1£0.1 . .
— X 142038 S4720.1 Ag and Cu concentrations with
1of 3% i ' — 2 S
Real of 3% libras — 1.84 — 27106 93.8:0.1 pXRE
Portugal 4 Real of 10 soldos — 19 0.200.04 39.2¢1.2 59.9+0.1 Tableau 1 : Résultats obtenus pour
King Jodo [ X R )
1383-1433 Y% of Real cruzado — 0.44 — 15.4+1.4 83.7+0.2 les concentrations d’Au, dAg et de
— 2.18 — 10.4£0.9 79.7£0.1 C EX.
1 u par .
V2 Real cruzado — 1.89 — 6.8:0.7 90.30.1 parp
Origin Denomination Au % Ag % Cu % . X .
T 8500 | 1075 | 045 Regarding the coins struck in Portugal under Fernando I
I1I Florins . : : and Jodo I, in the work of Norma Botelho Portugal (2000),
Dutch occupation 2| 889 | 1025 | 03 it is assumed that due to large expenditures incurred because
1645 -1654 | VI Florins 86.82 | 12.08 | 0.61 . b Castile. agl *p d £ the col
of wars with Castile, internal crises and conquest of the colo-
XXXX Soldos \ 1 0.19 | 9477 | 455 ’ q

nies in Africa, the debasement observed during the reign of
Joao I was more important than the debasement observed
under his predecessor Fernando I. This monetary debase-
ment was experimentally demonstrated in this work and
can be seen in Table 1. Hence, the average concentrations
of Ag and Cu, 80.6% and 15.8%, respectively, during the
reign of King Fernando I, changed to 14.8% and 82.0%,
respectively, during the reign of King Joao I.

These results show the replacement of silver by copper in
the monetary alloys used under the reign of King Joio I. For
some of the analysed coins, it was also possible to verify the
presence of Ca, Fe, Hg and Pb, but the concentrations of
these elements are close to the detection limits of our system
and are strongly affected by the matrix, taking into account
the expected higher deviations of pXRF systems (Kump ez
al., 2005). Therefore, the lack of precision in these measu-
rements would also influence the accuracy of the results for
the major elements Au and Ag, since in this methodology
the relative determination takes into account all the ele-
ments observed in the X-ray spectra. In addition to this, the
presence of Ca is generally related to the cleaning processes
performed in museums, and the Fe contents may be affec-
ted by many other phenomena than metallurgical processes.
Only Hg and Pb could provide useful information on the
metals and on the extraction techniques.
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4. CONCLUSIONS

The first results obtained with our portable XRF sys-
tem for the measurement of major element (Au, Ag
and Cu) concentrations in gold and silver monetary
alloys showed a good agreement with the results obtai-
ned for the same coins by ED-XRF (Energy Dispersive
X-Ray Fluorescence) using a fixed system, as well as with
those previously published for coins from the same period,
analysed with nuclear activation techniques.

We must however denote that the advantage of this por-
table system is the fact that in situ measurements can be
carried out with a relatively high analytical speed without
moving the object from the museum to the laboratory. This
portable system proved to be a viable technique in the study
of coins, but the results may still be improved by considering
matrix corrections, i.e. corrections for self-absorption and
enhancement effects.

The more significant limitation of this system (and any
portable system) is the fact that it is not possible to obtain
reliable results for minor elements, due to the low activity of
the radioactive source (or X-ray tube power of other pXRF
systems). This limitation could, in part, be improved for
future analysis by applying matrix correction.

The first results related to the quality of the X soldos coin
struck by the Dutch during the siege of Pernambuco were
obtained, results which can be included among similar data
for Ag and Au coins already measured (Vieira 2007). These
coins represent the so-called ‘obsidional coins’, the first coins
bearing the name of Brazil.

Results indicates that there was no change in the com-
position of the coins struck in Brazil with the moving of
the royal mint from Bahia to Rio de Janeiro in 1698 and
to Pernambuco in 1700, but there was an increase in gold
content after the returning of the royal mint to Rio de
Janeiro in 1702.

The results obtained for the silver coins struck in Portugal in the
14"-15% century verified the assumption that a higher
monetary debasement was observed during the reign of Jodo
I than during the reign of his predecessor, Fernando I.
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