
Citation: Porcaro, M.; Cesareo, R.;

Bustamante, A.; Brunetti, A.

Characterization of an Ancient

Bimetallic Alloy from Moche

Civilization (Peru). Materials 2023, 16,

7211. https://doi.org/10.3390/

ma16227211

Received: 25 October 2023

Revised: 10 November 2023

Accepted: 15 November 2023

Published: 17 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Characterization of an Ancient Bimetallic Alloy from Moche
Civilization (Peru)
Marta Porcaro 1,* , Roberto Cesareo 2,†, Angel Bustamante 3 and Antonio Brunetti 4,*

1 Department of the Earth Sciences, University “La Sapienza” of Rome, 00185 Roma, Italy
2 University of Sassari, 07100 Sassari, Italy; roberto.cesareo@gmail.com
3 Solid State Physics Department, National University of San Marcos, Lima 15081, Peru; angelbd1@gmail.com
4 Biomedical Sciences Department, University of Sassari, 07100 Sassari, Italy
* Correspondence: marta.porcaro@uniroma1.it (M.P.); brunetti@uniss.it (A.B.)
† Retired.

Abstract: The Moche civilization in Peru developed marvelous metallurgy, primarily using alloys
of gold, copper and silver, with the most famous of them called Tumbaga, which resembles pure
gold after a depletion process on its surface. However, they also created objects with more standard
single-layer alloys or gilding. To distinguish between these techniques in a non-destructive manner is
essential. Here, we analyzed a thigh protector, composed of two parts, one seemingly in silver and the
other seemingly in gold. The sample was analyzed using X-ray fluorescence measurements integrated
with Monte Carlo simulation. The results show that the silver part is formed of a silver-based alloy
covered in a corrosion layer, while the gold part is made of Tumbaga. Moreover, for the first time, the
gold profiles of different Tumbaga gold objects, from the same burial, were compared, allowing us to
obtain information about the standardization of their manufacture.

Keywords: ED-XRF; Monte Carlo simulation; spectroscopy; Tumbaga

1. Introduction

The Moche civilization emerged approximately a thousand years before the Incan
civilization, around the first century AD, and flourished until the seventh century in
northern Peru [1–3]. During this period, it developed thriving architecture, characterized
by numerous pyramids and an irrigation network that enabled them to overcome the arid
environment. Probably the most notable part of their artistic production is linked to the
production of ceramics, often finely decorated, depicting deities and anthropomorphic and
zoomorphic figures, where the resemblance to real figures is remarkable. Many military
figures and combat scenes are also represented, attesting to how important military activity
was for this population. Alongside ceramic production, they also developed flourishing
and distinctive metallurgy [2]. The same technological quality achieved in ceramics was at
least matched, if not surpassed, by metallurgical production. The latter was particularly
focused on the use of the triad of copper–silver–gold, materials used both separately and
in alloy form, with varying percentages used to achieve the desired color of the artifact. It
must be remembered that the Moon and the Sun were considered deities and were often
represented through their colors [1,2]. In particular, the Moche civilization developed an
alloy called Tumbaga, composed of a dominant amount of copper, typically ranging from
60% to 80%, and smaller quantities of gold and silver; however, visually, it resembled
pure gold, and much more rarely, pure silver [4–8]. This effect was achieved through a
chemical process, using some natural elements, which caused oxidation of the copper,
which could then be removed from the surface. After removal, the remaining material
exhibited strong porosity, which was reduced through subsequent processing (heating
and hammering). This technique, in addition to the truly remarkable aesthetic aspect,
allowed for the production of artifacts highly resistant to corrosion, to the extent that
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even today, they appear to be made of pure gold or an alloy where the amount of gold is
dominant. The Moche themselves also used gilding, which, as is typical for ancient metal
objects exposed to the environment, is almost always discovered considerably corroded,
often losing a substantial part of its gold coating. The production of Tumbaga alloys, a
name incidentally coined by Spanish conquistadors, is actually widespread in much of the
Americas, particularly in Central America, such as in Colombia. Despite their uniqueness,
spread and importance, Tumbaga artifacts have been relatively understudied. This is also
due to the great difficulty encountered in studying these objects outside of a museum,
effectively limiting the study to the use of portable instrumentation. Beyond its historical
importance, the Tumbaga alloy is of great interest in modern technology, for example, in
the production of electrodes [9,10].

The sample studied in this work is a so-called thigh protector. It is divided vertically
into two parts, one in a silver color and one in a golden color (see Figure 1), symbolizing
the importance of the Moon–Sun symbology for this civilization.

Figure 1. Bimetallic thigh protector. It is composed of two parts, one in silver color (left side) and
one in golden color (right side), symbolizing the duality of Moon–Sun.

This artifact is part of the treasure discovered in the Royal Tomb of Sipan, which is the
burial site of high-ranking Moche dignitaries and leaders [1]. This tomb features a complex
architecture, consisting of multiple levels totaling fourteen tombs, containing different
generations of the ‘Lords of Sipan’, but generally just called the Lord of Sipan tomb. The
mummies were adorned with incredibly valuable grave goods and offerings. The thigh
protector comes from the funerary equipment of a mummy representing a warrior priest. It
was the first object of its kind (two parts, gold–silver), previously only represented in many
Moche images. Given the uniqueness of the piece, its characterization can provide valuable
information about Moche metallurgy. It is currently housed in the Royal Museum of Sipan
and, due to its rarity, cannot be sampled or taken out of the museum. For this reason, it
was decided to employ a non-destructive technique based on portable instrumentation,
i.e., X-ray Fluorescence (XRF or Energy-Dispersive XRF, EDXRF) spectrometry. XRF is a
non-destructive technique capable of determining the elemental content of the analyzed
sample. It is based on the interaction of X-ray radiation with matter.

For the range of energies used in this work, only three types of interactions can
take place: photoelectric and scattering (both elastic and inelastic). One of the possible
consequences of photoelectric interaction is the production of fluorescence photons. The
energy of the fluorescence photons is characteristic of a specific chemical element, and
thus, can be used for identification. Inelastic scattering will produce photons with energy
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lower than the photon that produced them, and they are not directly related to a specific
chemical element. Elastic or Rayleigh interactions will not affect the energy of the photon
that produced them and will not have a distinguishable or significant effect. All these
phenomena are represented by a histogram, called a spectrum, showing the number of
photons versus their energy. In addition to the peak contributions, which were explained
earlier, and which aid in the identification and quantification of the chemical components of
the examined sample, the background also plays an important role. This is primarily due to
photon scattering and is not directly associated with a specific chemical element. However,
it can be utilized to obtain information about “invisible” chemical components, which refers
to undetectable fluorescence photons, specifically elements with a low atomic number. For
example, the intensity of the background can be used to estimate the thickness of protective
coatings used to shield the surface of ancient metals from corrosion (see reference [11]).
These materials are composed of lightweight elements that do not produce measurable
fluorescence photons with conventional XRF in air, but they alter the fluorescence photons
emitted by the ‘heavy’ chemical elements of the metal. Of course, it is not possible to
determine exactly the materials that make up the protective coating unless the chemical
formula is known in advance. Only the average atomic number of it is known; however,
this is sufficient to describe the behavior of the protective coating quite well.

The experimental measurements will also be simulated using the Monte Carlo tech-
nique, following a protocol that has already been applied in the analysis of various types of
metals, including Tumbaga, yielding results significantly superior to those achievable with
XRF alone [4]. The term ‘Monte Carlo method’ encompasses simulation techniques based
on a probabilistic approach for problems of practically any nature that cannot be addressed
via analytical approaches. Generally, problems with high dimensionality, meaning a very
large number of parameters, fall into this category. Given this, it can be understood that
there is an enormous number of Monte Carlo algorithms, each specialized for a specific
class of problems. For the type of measurement conducted in this work, the Monte Carlo
algorithm must be capable of simulating the interaction of X-ray radiation with matter,
particularly predicting possible multiple interactions within the material, a phenomenon
that is entirely unmanageable using analytical techniques, requiring complex multiple
integrations. The protocol used will be described in detail in the next section.

2. Materials and Methods

The XRF system used here was developed at the University of Sassari. It is based
on a silicon drift detector (1-2-3 SDD from Amptek, Bedford, MA, USA) and a rhodium
transmission anode X-ray tube (Mini-X from Amptek, Bedford, MA, USA). The system
allows for variable geometry, making it easily adaptable to the morphology of the surface to
be analyzed. Having a flexible geometry is particularly important when analyzing cultural
heritage because, in general, these are objects with complex morphology and, as a result,
some parts are difficult to access using fixed-geometry instruments like those in commercial
portable XRF systems. The typical setup involves placing the detector vertically about
2 cm from the surface, without any collimation or filter, and positioning the X-ray tube
at an angle between 30 and 45 degrees relative to the detector and about 2 cm from the
surface itself. The position of the detector, perpendicular to the surface, along with the
relatively wide focal spot size, allows for the minimization of effects due to non-smooth
surfaces, for example, with corrosion. In fact, envisioning a ‘rough’ surface, the collection
of photons, especially those with low energy, would be affected not only by the internal
structure of the sample but also by an irregular ‘peaks and valleys’ structure typical of
non-smooth surfaces. To better explain this point, imagine a photon emerging from a
‘valley’ on the surface that, on its way to the detector, encounters the side of a ‘mountain’
it must pass through. This means that the attenuation experienced within the sample is
further compounded by the transverse traversal of the ‘mountain’. Additionally, with the
same composition, the attenuation will be higher for photons of lower energy, resulting in
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the potential non-uniform alteration of detected photons, and thus, introducing an error in
the estimation of concentrations.

The tube operates at 40 kV with a variable current between 5 and 20 µA. The tube
is collimated with a cylindrical collimator with a diameter of 1 mm, without any filter.
The decision not to filter either the tube or the detector was made in order to utilize all
the information present in the complete X-ray spectrum, primarily in the background, as
described in the previous section.

The Monte Carlo simulation involves reproducing the measurement geometry, de-
scribing the emission from the X-ray tube, modeling the detector response and, finally,
creating a sample model. The most critical part is characterizing the emission from the tube
because it has a significant influence on the accuracy of the simulation.

However, characterizing the emission of a tube is not an easy task. In our case, we
started by selecting the operating voltage to be used, which is 40 kV, at the minimum
current because the latter does not significantly influence the shape of the emitted spectrum.
Then, we positioned the detector that would be used in front of the tube output, but at
a distance of about 1.2 m. Placing the detector far away serves to reduce the number of
photons per second reaching the surface of the tube, which decreases with the square of the
distance, as an excessive number of photons would increase the detector’s dead time, i.e.,
the time during which the detector is unable to record and distinguish photons, resulting
in the loss of many potential counts and the incorrect identification of photons with the
sum energy of two or more photons. An increase in dead time can also cause significant
distortions in the shape of the peak, thereby impairing the system’s performance.

However, placing the detector far away means experiencing air attenuation in the tube–
detector path. Attenuation can be mathematically corrected provided there is a sufficient
number of photons reaching the detector, which does not occur for lower energies, such as
in the case of the X-ray tube used here with a rhodium anode, for the L fluorescence lines
emitted by the tube. In general, the absence, and therefore, the low likelihood of simulating
low-energy X-ray tube emissions is not a major issue unless the concentrations of light
elements, such as sulfur, or the fluorescence emissions of heavier elements at low energy,
for example, the silver L lines when the K lines, are not available. In the measurements
considered here, light elements or low-energy emissions are not important, except for
the silver L lines. Thus, to obtain a well-characterized spectrum of the tube emission,
an iterative procedure was adopted. Measurements were taken on a reference bronze
sample under the same experimental conditions that would later be used for measurements
on the Moche artifact. The measurement of the tube emission in air at a 1.2 m distance,
corrected for attenuation introduced by the air itself, was used as the input for the Monte
Carlo simulation of the experimental measurement. The spectrum obtained, for the above-
mentioned problems, is not an accurate reproduction of the measurement. Therefore, the
tube spectrum was iteratively corrected until a perfect simulation was achieved. When this
happens, the spectrum of the tube obtained is a good representation of what is actually
emitted. This long and complex process must be repeated whenever the tube’s operating
voltage is changed. In theory, it is possible to take other approaches, such as simulating
the operation of the tube itself based on data provided by the manufacturer, always using
Monte Carlo. This approach would allow us to obtain emission spectra for each energy
at the cost of simulation time (which is very long, in the order of a week). However, as
mentioned before, it is conditioned by the availability of the technical data of the X-ray
tube from the manufacturer, which are not often available. Currently, we are also exploring
this path, but this approach was not used in this work.

The models for the X-ray tube emission, the geometry and the detector response will
remain constant during the simulation. Only the sample model will vary depending on the
quality of the simulated spectrum compared to the measured one. The initial model of the
sample will primarily rely on observations, including the color and shape of the corrosion,
as well as the fluorescence peaks in the measured spectrum. After this initial phase, an
iterative cycle will be initiated based on the following steps:
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(a) Monte Carlo simulation of the real experiment.
(b) Comparison of the simulated spectrum with the measured one.
(c) If differences are identified, in terms of the chi-square test or similar, the struc-

ture/composition of the sample will be modified, and the cycle will be repeated.

Using a traditional Monte Carlo code, i.e., a general-purpose one, even if created for the
interaction of photons with matter, the execution of a single cycle would require from a few
hours to several days of simulation, effectively rendering this approach impractical [12–14].
To address this type of issue, some fast Monte Carlo methods have been developed based
on so-called variance-reduction techniques [15–19]. In this work, we utilized the code called
XRMC [19]. It allows for simulating any type of X-ray experiment up to about 100 keV,
from X-ray Fluorescence to phase-contrast tomography, to give two examples. In our case,
simulating an XRF experiment with a spectrum quality similar, in a statistical sense, to the
experimental one takes about 10–20 s on a standard laptop. XRMC leverages the XRaylib
library as a database of atomic parameters involved in the simulation [20]. Initially developed
at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, XRaylib is now
constantly updated and used by a broad international community of users.

A separate discussion is required for the choice of the sample model, because both
metal alloys composing the sample can be Tumbaga (silver and gold Tumbaga). The
initial assumption for the sample composition starts from the sample observation. It is
evident that the part that appears to be silver has a layer of corrosion, while the part that
appears to be gold or gilded shows slightly darker areas, likely due to surface emergence
and consequent copper corrosion, indicating an alloy containing copper. Based on these
observations, various models were tested for the two alloys, ranging from a simple double
layer (alloy plus corrosion or, in the case of gold, gilding) to seven-layer Tumbaga models
simulating the typical Tumbaga concentration gradient [4]. As demonstrated in a previous
study [4], Monte Carlo simulations are perfectly capable of distinguishing between gilding
and Tumbaga, as well as between gradient models with different numbers or thicknesses
of layers. When simulating a gradient, the thickness of individual layers is in the order
of a micron or less and may vary from layer to layer. However, using a seven-layer
model, each with its own thickness and the same components, in our case, gold, silver
and copper, with relatively small variations in concentrations between the layers, means
dealing with 28 parameters that need to be adjusted at each interaction. This means that,
although each individual simulation lasts a short time, the total simulation time required
to achieve the best fit can be lengthy. Unfortunately, these adjustments cannot be made
automatically. This complexity might lead one to believe that there could be multiple
solutions to the same problem, indicating what is known as an ill-posed problem. However,
in reality, the sensitivity to parameter variations, even in such a complex structure, is very
high. Therefore, it is relatively straightforward to differentiate between similar solutions.
This explanation will be addressed in the upcoming sections, precisely determining the
minimum concentration variations based on the layer being considered.

3. Results and Discussion

In this section, we report the results obtained using the XRF measurements and Monte
Carlo simulations for the two parts of the object, separately. In both cases, several structures
were considered, ranging from a single-layer alloy to a complex gradient-like structure
formed of up to seven layers. Actually, after testing the 7-layer model, models with 9 and
11 layers were also tested, but no improvements were achieved. For this reason, they will
not be discussed here.

3.1. Silver Side

The silver surface is apparently covered in certain areas by a layer of corrosion, partially
removed during restoration [21–23]. For the Monte Carlo simulation of this part of the
object, essentially, two classes of models were used: a double layer composed of a corrosion
patina and a silver-based alloy, and a gradient model (silver Tumbaga) using models with
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four, five and seven layers. In Figure 2, a comparison of the best simulation for each of the
models of the sample with different numbers of layers is reported, together with the real
measurements. The figure clearly shows the different effects on the peak amplitudes of
the various models, with the real measurement being well matched only by the two-layer
model. Large differences in the low-energy part of the spectra, mainly in the K-line peaks
of the copper, are clearly evident. The best model result from these simulations is shown
in Figure 3 alongside the measured spectrum. It was obtained via the two-layer model,
which is a corrosion patina covering a silver-based alloy. The composition of the two layers
is reported in Table 1. The first layer is essentially composed of oxides; thus, the main
components are oxygen, carbon and hydrogen. The actual contents of these elements are
impossible to establish via Monte Carlo simulation, which determines a mean Z value. For
this reason, in the first layer, as reported in Table 1, only the heavy and detectable elements,
in terms of fluorescence signal, are reported.

Figure 2. Thigh protector—silver area. Comparison of different models for the sample structure.
To better highlight the quality of the fit, only the measurement and the simulation spectra with
two layers are represented with a solid line.

Table 1. Double-layer silver alloy structure. The first layer is the corrosion (patina) layer. All the
values are expressed as percentages (%). Chemical elements with a concentration lower than 0.1% are
not reported.

Layer No.# S Ca Cr Cu Zn Ag Au Pb

1 0.88 0.45 0.1 9.5 - 14.4 0.85 -
2 - - - 30.0 0.2 66.2 3.4 0.2

3.2. Gold Side

Even the gold side of the artifacts was simulated according to different models, ranging
from a single layer to seven layers. In Figure 4, a comparison of some of these configurations
is presented. Only the part of the spectra where the differences are more significant (7–12 keV),
corresponding to the copper and gold peaks, is reported, although smaller differences are also
observed for the silver peaks. The Tumbaga seven-layer model performs better than others
when compared to the experimental spectrum, and both are shown in Figure 5. Even in this
clearly different case, performance similar to that observed with the silver alloy is noticed,
confirming the capability of the Monte Carlo simulation to discriminate Tumbaga (whether it
be silver or gold-based) from simpler multilayer structures.
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Figure 3. Thigh protector. Comparison of measured spectrum (dashed line) and simulated spectrum
(solid line). The Monte Carlo simulation is based on a two-layer model of the sample.

Figure 4. Thigh protector—gold area. Comparison of different models for the sample structure.

The influence of different slopes of the gradient was also studied, and the results are
shown in Figure 6. Differences of as little as 5% are easily detected. In Figure 7 and Table 2,
the best gradient, and layer-by-layer concentration, are reported.

Table 2. Seven-layer gold alloy structure. All the values are expressed as percentages (%).

Layer No. Cr Fe Ni Cu Ag Au

1 0.1 0.21 0.22 4.0 35.9 55.8
2 - 0.1 - 14.0 32.7 53.25
3 - - - 34.6 17.0 48.3
4 - - - 47.0 11.0 42.0
5 - - - 53.0 8.0 39.0
6 - - - 57.0 6.0 37.0
7 - - - 67.0 3.0 30.0
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Figure 5. Thigh protector—gold area. Comparison of measured spectrum (dashed line) and simulated
spectrum (solid line). The peaks between 4 and 6 keV and those around 16 keV are due to escape,
diffraction and pile-up phenomena, respectively, which is why they were not considered when
creating the fit.

Figure 6. Thigh protector—gold area: Tumbaga model (seven layers) with different slopes of the
gradient, expressed a percentage of the change with respect to the best, unchanged slope.

It is of interest to establish the minimum change in the concentration detectable in each
layer. In order to determine this, the first upper layer and the last one were considered, and
the gold content was changed one layer at a time. As expected, the minimum changes in the
latter inner layer are higher than in the first layer. A minimum variation of 1% in the gold
content is detected for the inner layer. This value decreases to 0.02% for the first layer, which
is considerably lower than the corresponding statistical Poissonian error in the measured
spectrum, intrinsic to the interaction phenomena. This confirms the high sensitivity of
this approach. Based on this fact, it seems of interest to compare the Tumbaga profile of
the sample examined here with others published in a previous paper [4]. The results are
summarized in Figure 8. The gradient profiles can be grouped into two sets: one composed
of the Brain, Chin, Tooth protection, Eye protectors, Nose decoration 09 and Nose protection
samples (see ref. [4] for the description and pictures), while the other forms a separate set.
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Clearly, all the samples represented in Figure 8 are similar and all are Tumbaga. However,
while the gradient profile is similar, some of them exhibit a higher surface concentration of
gold (Brain, Nose decoration 09 and Chin), indicating better depletion action. In one case,
the Brain sample, this is due to the different alloy containing more gold.

Figure 7. Thigh protector—gold area. Concentration gradient of gold (Au), silver (Ag) and copper
(Cu) as a function of depth. You can see the phenomenon of surface enrichment of the gold, compared
to the innermost areas of the alloy.

Figure 8. Gold profile of gold concentration of Tumbaga alloys from the same burial. The name
is the same as in ref. [4]. The symbols indicate the relative thickness of each layer composing the
gradient profile.

This type of analysis, conducted for the first time to the best of our knowledge, will
provide a new tool for the study of this kind of metallurgy.

4. Conclusions

In this paper, a unique bimetallic artifact manufactured by the Moche civilization was
studied. Its significance lies not only in its uniqueness, but also in its contribution to the
development of metallurgy in Central America. The sample, composed of two sides, was
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analyzed non-destructively using XRF spectroscopy coupled with Monte Carlo simulations.
This approach has once again demonstrated its effectiveness in the analysis of complex
multilayered structures such as Tumbaga gold, where it is impossible to sample the artifacts
or move them outside the Museum. For the first time, the sensitivity of Monte Carlo
simulation of the Tumbaga profile to gold concentration changes in just one layer was
tested, revealing that variations of concentration as low as 1% are detectable in the inner
layer, thus confirming the quality and sensitiveness of this approach. Furthermore, for
the first time, to the best of our knowledge, a comparison with other Tumbaga objects
from the same burial site was conducted to observe differences in the profiles of gold
concentration between the samples. It was possible to group all the objects analyzed here
and in a previous work into two sets, where the larger set shows the same composition
of the alloy and even the same kind of gold concentration profile, thus proving a certain
degree of standardization in the manufacturing technique. This, in principle, paves the
way to the recognition of the artisan and, consequently, the provenience of these artifacts.

Author Contributions: Conceptualization, A.B. (Antonio Brunetti) and R.C.; methodology, A.B.
(Antonio Brunetti) and M.P.; software, A.B. (Antonio Brunetti); validation, M.P., R.C. and A.B.
(Antonio Brunetti); formal analysis, M.P. and A.B. (Antonio Brunetti); investigation, A.B. (Antonio
Brunetti), R.C. and A.B. (Angel Bustamante); resources, A.B. (Antonio Brunetti), R.C. and A.B. (Angel
Bustamante); data curation, M.P. and A.B. (Antonio Brunetti); writing—original draft preparation,
A.B. (Antonio Brunetti) and M.P.; writing—review and editing; A.B. (Antonio Brunetti), R.C. and
M.P.; visualization, M.P.; supervision, A.B. (Antonio Brunetti) and R.C.; project administration, A.B.
(Antonio Brunetti); funding acquisition, A.B. (Antonio Brunetti) and R.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data used in this paper will be made available upon request.

Acknowledgments: We would like to thank Johnny Aldan of the Sipan Museum for his support
with the artifacts examined during the measurements and for providing us with some photos of
the artifacts.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Alva, W. Descubrimiento e Investigación; Tumba Real of Lord of Sipan Museum: Lambayeque, Peru, 2015.
2. Benson, E.P. The Worlds of the Moche on the North Coast of Peru; University of Texas Press: Austin, TX, USA, 2012.
3. Jones, J. (Ed.) The Jan Mitchell Collection, the Art Precolombian Gold; The Metropolitan Museum of Art: New York, NY, USA, 1985.
4. Brunetti, A.; Porcaro, M.; Bustamante, A.; Stegel, G.; Cesareo, R. Combining X-ray Fluorescence and Monte Carlo Simulation

Methods to Differentiate between Tumbaga and Gold-Alloy or Gildings. Materials 2022, 15, 4452. [CrossRef] [PubMed]
5. Scott, D.A. The deterioration of gold alloys and some aspects of their conservation. Stud. Conserv. 1983, 28, 194–203.
6. Scott, D.A. Gold and Platinum Metallurgy of Ancient Colombia and Ecuador; Conservation Science Press: Truckee, CA, USA, 2012.
7. Hörz, G.; Kallfass, M. The treasure of gold and silver artifacts from the Royal Tombs of Sipán, Peru—A study on the Moche

metalworking techniques. Mater. Charact. 2000, 45, 391–419. [CrossRef]
8. Cesareo, R.; de Assis, J.T.; Roldán, C.; Bustamante, A.D.; Brunetti, A.; Schiavon, N. Multilayered samples reconstructed by

measuring Kα/Kβ or Lα/Lβ X-ray intensity ratios by EDXRF. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At.
2013, 312, 15–22. [CrossRef]

9. Guisbiers, G.; Mejia-Rosales, S.; Khanal, S.; Ruiz-Zepeda, F.; Whetten, R.L.; Yacaman, M.J. Gold-Copper Nano-Alloy, Tumbaga, in
The Era of Nano: Phase Diagram and Segregation. Nano Lett. 2014, 14, 6718–6726. [CrossRef] [PubMed]

10. Morales-Guio, C.G.; Cave, E.R.; Nitopi, S.A.; Feaster, J.T.; Wang, L.; Kuhl, K.P.; Jaramillo, T.F. Improved CO2 reduction activity
towards C2+ alcohols on a tandem gold on copper electrocatalyst. Nat. Catal. 2018, 1, 764–771. [CrossRef]

11. Brunetti, A.; Golosio, B.; Schoonjans, T.; Oliva, P. Use of Monte Carlo simulations for Cultural Heritage X-ray fluorescence analysis.
Spectrochim. Acta-Part B At. Spectrosc. 2015, 108, 15–20. [CrossRef]

12. Sempau, J.; Fernandez-Varea, J.M.; Acosta, E.; Salvat, F. Experimental benchmarks of the Monte Carlo code PENELOPE. Nucl.
Instrum. Methods B 2003, 207, 107–123. [CrossRef]

https://doi.org/10.3390/ma15134452
https://www.ncbi.nlm.nih.gov/pubmed/35806576
https://doi.org/10.1016/S1044-5803(00)00093-0
https://doi.org/10.1016/j.nimb.2013.06.019
https://doi.org/10.1021/nl503584q
https://www.ncbi.nlm.nih.gov/pubmed/25338111
https://doi.org/10.1038/s41929-018-0139-9
https://doi.org/10.1016/j.sab.2015.03.014
https://doi.org/10.1016/S0168-583X(03)00453-1


Materials 2023, 16, 7211 11 of 11

13. Gardner, R.P.; Doster, J.M. Reduction of matrix effects in x-ray fluorescence analysis by the monte carlo, fundamental parameters
method. Adv. X Ray Anal. 1979, 22, 343–356. [CrossRef]

14. Gardner, R.P.; Doster, J.M. The complete spectral response for EDXRF Systems-Calculation by Monte Carlo and Analysis
applications. 1 Homogeneous samples. X-ray Spectro. 1982, 11, 173–180.

15. Vincze, K.; Janssen, K.; Adams, F. A General Monte Carlo Simulation of Energy-Dispersive X-ray Fluorescence Spectrometers-I.
Unpolarized Radiation, Homogeneous Samples. Spectrochim. Acta Part B 1993, 48, 553–573. [CrossRef]

16. Schoonjans, T.; Solé, V.A.; Sanchez del Rio, M.; Vincze, L.; del Rio, M.S.; Appel, K.; Ferrero, C. A General Monte-Carlo Simulation
of Energy-Dispersive X-ray-Fluorescence Spectrometers Part 6. Quantification through iterative simulations. Spectrochim. Acta
Part B 2013, 82, 36–41. [CrossRef]

17. Fernandez, J.E.; Molinari, V.; Bastiano, M.; Scot, V. MCSHAPE: A Monte Carlo code for simulation of polarized photon transport.
Adv. X-Ray Anal. 2003, 46, 363–368.

18. NEA. PENELOPE 2018: A Code System for Monte Carlo Simulation of Electron and Photon Transport: Workshop Proceedings, Barcelona,
Spain, 28 January–1 February 2019; OECD Publishing: Paris, France, 2019. [CrossRef]

19. Golosio, B.; Schoonjans, T.; Brunetti, A.; Oliva, P.; Masala, G.L. Monte Carlo simulation of X-ray imaging and spectroscopy
experiments using quadric geometry and variance reduction techniques. Comput. Phys. Commun. 2014, 185, 1044–1052. [CrossRef]

20. Schoonjans, T.; Brunetti, A.; Golosio, B.; Rio, M.S.D.; Solé, V.A.; Ferrero, C.; Vincze, L. The xraylib library for X-ray-matter
interactions. Recent developments. Spectrochim. Acta—Part At. Spectrosc. 2011, 66, 776–784. [CrossRef]

21. Vassiliou, P.; Gouda, V. 11-Ancient silver artefacts: Corrosion processes and preservation strategies. In European Federation of
Corrosion (EFC) Series, Corrosion and Conservation of Cultural Heritage Metallic Artefacts; Dillmann, P., Watkinson, D., Angelini, E.,
Adriaens, A., Eds.; Woodhead Publishing: Sawston, UK, 2013; pp. 213–235.

22. Hedges, R.E.M. On the occurrence of bromine in corroded silver. Stud. Conserv. 1976, 21, 44–46.
23. Ingo, G.M.; Riccucci, C.; Pascucci, M.; Messina, E.; Giuliani, C.; Fierro, G.; Di Carlo, G. Integrated analytical methodologies for the

study of the corrosion products naturally grown on Roman Ag-based artefacts. Appl. Surf. Sci. 2018, 446, 279–286. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1154/S0376030800016712
https://doi.org/10.1016/0584-8547(93)80060-8
https://doi.org/10.1016/j.sab.2012.12.011
https://doi.org/10.1787/32da5043-en
https://doi.org/10.1016/j.cpc.2013.10.034
https://doi.org/10.1016/j.sab.2011.09.011
https://doi.org/10.1016/j.apsusc.2017.11.066

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Silver Side 
	Gold Side 

	Conclusions 
	References

