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Abstract An innovative methodological approach based

on XRF measurements using a polychromatic X-ray beam

combined with simulation tests based on an ultra-fast

custom-made Monte Carlo code has been used to charac-

terize the bulk chemical composition of restored (i.e.,

cleaned) and unrestored multilayered Peruvian metallic

artifacts belonging to the twelfth- and thirteenth-century

AD funerary complex of Chornancap–Chotuna in northern

Peru. The multilayered structure was represented by a

metal substrate covered by surface corrosion patinas and/or

a layer from past protective treatments. The aim of the

study was to assess whether this new approach could be

used to overcome some of the limitations highlighted in

previous research performed using monochromatic X-ray

beam on patina-free and protective treatment-free metal

artifacts in obtaining reliable data both on the composition

on the bulk metals and on surface layers thickness. Results

from the analytical campaign have led to a reformulation of

previous hypotheses about the structure and composition of

the metal used to create the Peruvian artifacts under

investigation.

1 Introduction

In late 2011, excavations directed by the archeologist Carlos

Wester La Torre, director of the Brüning National Archae-

ological Museum of the Ministry of Culture of Peru, dis-

covered a new funerary complex in the Chornancap–

Chotuna archeological site situated in the region of Lam-

bayeque, on the north coast of Peru. Anthropological anal-

ysis suggested the human remains as belonging to a woman

between 25 and 30 years old who lived in the twelfth and

thirteenth centuries AD, corresponding to the last period of

the Lambayeque culture. The Chornancap Priestess, as she

was named by the discoverers, was buried together with a

vast array of metal artifacts including gold and copper

jewelry (Fig. 1). A gold scepter was also found confirming

the high rank of the person buried at the site. All the metal

objects belonging to the trousseau of the priestess displayed

the highest quality in terms of workmanship and beauty. The

tomb had been submerged for about eight centuries below

groundwater level, making it the first known occurrence in

Latin America of a water-filled tomb. In recent years, other

tombs of high-ranked personalities have been discovered in

the area adding importance to the whole site and increasing

our knowledge of the Lambayeque culture.

In this paper, an X-ray fluorescence (XRF) study of

selected metal objects found in the burial is reported and

discussed. Here we use XRF measurements together with

simulations performed with a custom fast Monte Carlo

code. This approach allows a more accurate analysis of the

sample in any experimental condition, as in the model, an

oxide layer as well as a protective layer can be easily

introduced. A better description of the method used will be

given in the next section.

XRF is a non destructive analytical technique well

known in Cultural Heritage as well as in many other
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research areas [1–11]. Performing quantitative XRF anal-

yses on archeological and Cultural Heritage metallic arti-

facts is, however, a particularly challenging task due to

their often complex multilayered internal structures where

‘‘layers’’ may include a substrate made up of different

metals (i.e., gold on silver, gold on copper) intentionally

juxtaposed by the object makers, surface patinas caused by

environmental corrosion agents (rich in Ag sulfides, oxides

and/or chlorides compounds) and/or protective treatments

applied in past conservation interventions [12–14]. In cases

where both the separation between two or more adjacent

layers is not well defined and/or when the layers are very

thin, meaningful results on the bulk metal composition are

even more difficult to obtain. In order to estimate the layer

thickness and composition in multilayered archeological

and Cultural Heritage metal materials, a standard method

has been proposed in recent years by Cesareo et al. [15]:

This methodological approach was based on estimating

changes in the theoretical ratios of selected fluorescence

line intensities due to the attenuation of the layers crossed

by the radiation. However, this method is strongly depen-

dent on the XRF setup used (monochromatic X-ray beam)

and on the level of monochromatization of the X-ray beam

obtained by placing a filter in the output of the X-ray tube

which in turn affects the quality of the results. Moreover, in

these studies, the metal objects were analyzed after

cleaning and removal of any outer corrosion patinas (often

containing corrosion products in the form of metal chlo-

rides, sulfides and oxides) and/or of protective layers pre-

sent. The methodological approach adopted in the current

study involving Monte Carlo simulation tests does not

require any constraint on the setup or on the XRF excita-

tion spectrum. Moreover, it can and has been applied also

to a unique set of metal artifacts before and without the

need for cumbersome and potentially damaging cleaning

procedures [12].

2 Methods

The shape of the spectrum exciting the sample depends on

the kind of interactions occurred. One of the possible

results of the photoelectric interaction is the production of a

fluorescence photon. These photons will be represented by

a peak centered around the characteristic energy on the

detected spectrum. The other types of interaction will

essentially produce a background superimposed to the

peaks. Both fluorescence peaks and background are

important for sample characterization. In the case of peaks,

the area under the peak is roughly related to the percentage

of the chemical contents inside the sample, while the

scattering contribution can be also attributed to that part of

the sample content that does not produce peaks, the so-

called obscure matrix of the sample. In the case of the

metallic object discussed here, the scattering is mainly due

to the protective film and the oxidation patina and so can be

used, for example, to determine the thickness of such

layers. For this reason and unlike other approaches reported

in the literature, we have used a polychromatic beam [5, 7].

Our approach is based on the use of a Monte Carlo (MC)

simulation following a probabilistic simulation of the

X-ray interaction with matter [16–23]. Usually, several

millions of photons are simulated in order to be able to

reproduce a good simulation of real experiments. These

codes are able to simulate a variety of X-ray experimental

setups, but this lack of specialization has the drawback that,

in order to achieve an adequate simulation of an XRF

analysis, a considerable amount of simulation time (in the

order of several hours or days) is usually required. To

overcome this problem, several specialized MC codes have

been developed. They are able to simulate a reduced set of

X-ray experiments, say for energy less than 100 keV.

Nevertheless, this limitation does not introduce a true

restraint on the XRF experiments that can be performed,

because these are usually performed at energies around

40–50 keV, at least for Cultural Heritage applications. The

great advantage is a dramatic increase in the speed of the

simulation run with an XRF analysis adequately simulated

in just a couple of minutes. This time is comparable to the

experimental acquisition time and so, in such a sense, the

simulation can be regarded as performed in real time.

There are, to the best of our knowledge, two of such fast

MC codes [20–23]. The first has been developed just for

XRF experiments, while the second one can be also used to

simulate radiographic, CT and phase contrast simulations.

Both codes are based on the Xraylib database [24, 25].

Here we use the second one called XRMC [20, 21]. Before

running the simulation, any MC code requires a detailed

description of both sample’s composition and structure.

From the point of view of the authors, one of the most

critical parameters in this respect is the X-ray spectrum

emitted by the source. Here we use the real spectrum

emitted from the source, corrected for the air attenuation as

well as for the tube and detector windows attenuations. Its

correctness has been tested on several well-known artifacts.

The estimate of the quality of the simulation is evaluated

by comparing the simulated and measured spectra. When

the simulated spectrum matches the experimental one

almost exactly, the sample will be determined in both

composition and structures. The first part of comparison is

based just on visual observation of the spectra, which is

then further tested by a Chi-squared test. The match must

be as much accurate as possible, because there could be

several sets of compositions and structures able to produce

a spectrum similar to the experimental one and, in this

sense, several different models must be tested: only the
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simulation of structure/composition producing the spec-

trum nearest to the experimental one will be considered as

the correct one. The accuracy of the matching is particu-

larly important in the case of multilayered structures where

an element can be present in more than one layer such as,

for example, in the presence of surface-corroded metals

like the Peruvian metallic artifacts under investigation.

XRMC is also able to simulate arbitrarily rough surfaces

that are often found in Cultural Heritage samples. This

code has been used jointly with a portable X-ray instru-

mentation. The use of portable XRF systems is mandatory

when the samples cannot be moved from their storage site.

The portable X-ray instrumentation used here is formed by

an SDD coupled with a DSP multichannel analyzer (1–2–3

system manufactured by Amptek) and an Ag anode X-ray

tube (mini-X manufactured by Amptek). The detector is

placed vertically in front of sample (90�), and the X-ray

tube is placed at about 30�, both 2–3 cm from the sample

surface, depending on the accessibility of the sample. The

system is connected to a notebook computer where the

Monte Carlo code is also stored. Each Monte Carlo simu-

lation lasts 1–2 min, producing a simulation of quality

comparable to the experimental spectrum where the

acquisition takes 4–6 min.

3 Results and discussion

The following objects found in the Priestess sepulture were

analyzed: two bimetallic vases, one of which underwent

restoration, and three earrings. The analysis of the two

vases is particularly important because they allowed to test

the Monte Carlo capability to simulate multilayered

structures even before restoration as is the case with the

unrestored vase. Both vases are characterized by a series of

gold and silver areas (Fig. 2). Besides the layer of oxides

covering parts of one of the vases (silver alloy zones), each

zone, whether restored or not, can be considered as a

multilayered one with each layer characterized by more

than one chemical element. This typology is typical of

Peruvian metallic artifacts, which often display a specific

multilayered structure, i.e., that of a gilded metal and/or of

the so-called Tumbaga gold artifacts. The latter consist of a

particular type of multilayered objects which are formed by

a gold layer at the surface superimposed to a copper–gold

alloy (or, more rarely, silver–gold alloy) substrate. The

superficial gold layer was probably obtained by chemically

attacking the surface of the alloy (following a yet unknown

methodology) and removing in the case of a gold and

copper alloy, for example, the copper from the surface. The

structure obtained in such a way appears to be made of pure

gold, and it preserves its original aspect unaltered until

today, while the gilded artifacts show evident signs of

corrosion. Each vase has been examined in all its parts

composing it and also at the interfaces between two adja-

cent zones in order to detect the presence of any different

material used as a soldering, as suggested by the archeol-

ogist. However, some extraneous material, such as lead,

was found.

In Fig. 3, the experimental setup and the spectrum

acquired from the unrestored vase at the corroded silver

surface are reported. The experimental spectrum appears to

be composed essentially by copper (Fig. 3b). The MC fit is

practically identical to the experimental one, except for the

pile-up peaks around 15 keV and the escape peak around

7 keV, which the MC code is not able to simulate in its

present version. Several tests on different structure/com-

position models have been performed, including a gradient-

like model based on a seven-layer structure. In the model,

each layer is considered to be homogeneous. This could be

considered as a limitation because the composition of

metallic artifacts is often not homogenous, but it can be

overcome by taking measurements at several points on the

surface and, in this sense, the estimate obtained should be

considered as representing the bulk composition of the

Fig. 1 Priestess of Chornancap sepulture Fig. 2 Bimetallic vases
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sample. For the spectrum reported in Fig. 3, the best Monte

Carlo model is assuming the presence of a 20-lm-thick

corrosion layer with 40 % of Cu and 10 % of Ag, and a

second layer formed by 95 % of Ag, 3 % of Cu, 1 % of Au,

0.5 % of Pb, 0.2 % of Br and 0.05 % of Fe, i.e., an almost

pure Ag silver but with still some contribution from the

corrosion patinas as evidenced by the presence of Br which

has been reported as being often present in such patinas

[26]. The high abundance of Cu at the surface can be

explained by Cu migration from the inner layer.

The experimental setup and the spectra acquired at the

silver surface of the restored vase are shown in Fig. 4a, b.

Compared to the spectrum in Fig. 3b, where the corrosion

layer was superimposed to the silver alloy, here the silver

contribution is considerably stronger than the copper one.

Moreover, the surface has been covered by a protective

layer (Paraloid-like). In Fig. 4c, the MC simulation is

shown as superimposed to the experimental spectrum. In

this case, the multilayered model used is formed by a

Paraloid layer superimposed to a silver alloy layer. The

MC simulation estimates the thickness of the protective

layer as being 10 lm thick. The underlying layer is formed

by Ag (93 %), Cu (5 %), Au (1 %) and Pb (0.5 %). This

result is similar to the one obtained from the oxidized silver

surface from the other vase. Thus, the Monte Carlo simu-

lation proves itself as a valid auxiliary tool for the restorer.

Of course, the estimate cannot be not as precise when the

same material is present in more than one layer. In this

case, the relative amounts of the same chemical element in

the two layers can change without observable changes in

the simulated spectrum, especially if it is in trace concen-

tration in one of the layers. However, the error cannot be

large due to the effect of the top-layer absorption on the

underlying layer emission, especially at low energies. Let

us explain this better. Let us suppose that a gold layer is

superimposed to a copper layer and X-ray photons from the

Cu layer (Cu-Ka and Cu-Kb) are emitted. These photons, in

order to be detected, must travel across the gold layer to

reach the detector. The rate of attenuation from a material

is energy dependent and photons at lower energy (Cu-Ka)

will be attenuated more than those at higher energy (Cu-

Kb). Thus, the intensity of each peak detected will be
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Fig. 3 Unrestored Au–Ag vase. XRF measurements of the oxidized

silver surface. a Setup; b experimental and simulated spectra
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Fig. 4 Restored Au–Ag vase. XRF measurements of the silver

surface. a Setup; b experimental and simulated spectra
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different from the one expected from a pure Cu object

without any surface layer. This effect makes it possible to

predict the thickness of the attenuating layer. Just to

explain better this approach, two examples are shown in

Fig. 5. The sample simulated is a multilayered one repre-

senting a real case: a Paraloid layer with Ag contamination,

an almost pure gold layer and finally an Ag–Cu–Au alloy

as a third layer. This simulation is compared to the one

coming from a sample composed only by the third layer.

The two K-line peaks of Cu undergo different attenuations

with respect to the monolayer sample, with the Ka more

attenuated with respect to the Kb. This is due to the position

of Cu in the multilayered structure. In this case, the Cu is

present only in the second and in the third layer and so its

fluorescence emission is attenuated by the first and second

layers. In Fig. 5b, the effect on the attenuation is shown on

the Ag L- and K-lines of the simulated spectrum. In this

case, two effects can be observed: the lack of simulated Ag

L-lines around 3 keV and the different attenuation of the

Ag K-lines. The first effect reveals that, in the real sample,

the silver must be present just in the first layer because of

the very low energies of the Ag L-lines that cannot be

detected if the silver is present only in the second and/or

the third layers, due to the attenuation of the first layer. Of

course, this does not hold true for any kind of sample. In

fact, if the first layer is very thin and/or is made up of light

elements, the Ag L-lines from the second layer could be

detected, even if the effect of the attenuation of the first

layer would be always noticeable. The second effect, being

the Ag K-lines more penetrating than the Ag L-lines,

indicates the effect of the attenuation of the first and/or the

second layer if Ag is present at least in the third layer. Let

us come back to the sample depicted in Fig. 4. The Cu in

the oxide layer will be attenuated in a different way than

the one present in the Ag layer. Thus, the Cu concentration

in each layer of the model must be modulated according to

the relative Cu peak amplitudes. In any case, it is always

mandatory to obtain statistically relevant data, i.e., intense,

well-defined peaks.
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Fig. 5 Effect of the layer attenuation on a multilayer structure vs a

monolayer. a Cu-K peaks attenuation by Au layer; b Ag-K and Ag-L

peaks attenuation by Au layer
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Fig. 6 Gold earring. a Experimental setup; b experimental spectrum

and MC simulation
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In Fig. 6a, the first of the earrings samples is shown. In

Fig. 6b, the experimental and the Monte Carlo simulation

are reported, each superimposed to other.

This earring displays a very complex structure: a first

layer, 20 lm thick, made up of a protective layer with

inclusion of Ag, Cu and Au besides other elements in

minor concentrations; a second layer, 2 lm thick, formed

essentially by Au; and a third layer formed by Ag and Au.

It appears to be an example of depleted alloy, with the

silver having been removed from the surface as no gilding

has been observed. In this case, a small amount of chlorine

and sulfur was also noticed.

In Fig. 7a, b, the picture of another earring, the experi-

mental and MC simulation spectrum are reported. Despite

the fact that its appearance is very similar to the previous

earring, its conservation state is better than the other one.

The object appears to be formed by a 100-lm-thick Paraloid

layer, a 2-lm-thick layer (Cu (20 %), Br (1.0 %), Au

(79 %)) and a Cu (40.0 %) and Ag (60 %) layer, without the

presence of gold in appreciable concentrations. Of course in

this case too, several other structure/composition sample

models have been considered. At a visual examination, the

earring structure found in the previous example is similar to

the one in Fig. 6a, but the Ag and the Au concentrations in

the first layer are considerably lower and, in this case, the

protective layer does not show any contamination. Thus, in

this case, we have two similar earrings, but in a different

state of conservation. Even in this case, a small amount of

chlorine and sulfur was also noticed.

In Fig. 8, the last of the earrings studied here is shown

together with the experimental and MC simulation. In this

case, the object appears to be formed by a 100-lm-thick

chlorine and sulfur-rich surface layer and a second layer

essentially formed by Ag. The first layer contains Ag and

Cu both as sulfides and as chlorides, together with Br

(found in many other objects in the burial). The second

layer, besides Ag (89 %), contains also Cu (10 %) and Ni,

Fe, Bi, Pb and Bi in minor concentrations (\1 %). Thus,

this earring can be considered as an almost pure Ag

artifact.
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Fig. 7 Gold earring. a Experimental setup; b experimental spectrum

and MC simulation
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Fig. 8 Silver earring. a Experimental setup; b experimental spectrum

and MC simulation
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4 Conclusions

In this paper an innovative analytical approach combining

XRF measurements with an ultra-fast Monte Carlo simu-

lation has been applied to study selected metal objects from

the tomb of Chornancap Priestess in Peru. It allows for a

simultaneous description of the composition and the

structure of the object examined, and it is of particular

importance for this class of samples that are always com-

posed of complex multilayer structures. It is also possible

to confirm the archeological hypothesis regarding the

technology used, i.e., essentially about Tumbaga or gilding,

while in other cases our XRF studies have given a different

estimate of composition and structure with respect to the

expected one. The tool can be also used before restoration,

thus acting as an auxiliary tool for restorers. In the near

future, all the samples from the sepulture will be examined

as well as some previously examined (with standard XRF

approaches) samples from other sites to gain a better

understanding of the technology used by the ancient civi-

lization in Peru.
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