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Abstract Three types of alloys were recognized when ana-
lyzing pre-Columbian artifacts from the North of Peru: gold,
silver, and copper alloys; gilded copper and silver; silvered
copper; tumbaga, i.e., copper or silver enriched on gold at
the surface by depletion gilding. In this paper, a method
is described to differentiate gold alloys from gilded cop-
per and from copper–gold tumbaga, and silver alloys from
silvered copper and copper–silver tumbaga. This method is
based on the use of energy-dispersive X-ray fluorescence,
i.e., on a sophisticated analysis of XRF-spectra carrying
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out an accurate determination of Cu(Kα/Kβ ), Ag(Kα/Kβ ),
Au(Lα/Lβ ), and Au-Lα/Cu-Kα or Ag-Kα/Cu-Kα ratios.
That implies a dedicated software for the quantitative deter-
mination of the area of X-ray peaks. This method was first
checked by a relevant number of standard samples and then
it was applied to pre-Columbian alloys from the North of
Peru.

1 Introduction

On the north coast of present-day Peru (Fig. 1), between the
Andes and the Pacific Ocean, several relevant cultures pros-
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pered approximately between 1200 BC and 1375 AD; the
most important were: Cupisnique (1200–200 BC), Chavín
(1000–200 BC),Vicús (500 BC–100 AD), Frías (400 BC–
100 AD), Moche (100 AD–700 AD), Sicán (700–1375 AD),
and Chimù (900–1470 AD). These cultures were intercon-
nected and characterized by a high metallurgical ability:

Cupinisque The Cupinisque culture that reigned on the
northern coast of Peru is the most ancient culture. In 2007,
I. Alva discovered that people of the Cupinisque culture
had built the “spider god” temple in the Lambayeque val-
ley. I. Shimada calls Cupinisque a possible ancestor of
Moche culture [1];

Chavín and Kuntur Wasi The Chavín was a civilization
developed in the northern Andean highlands of Peru from
about 1000 BC to 200 BC. The most known archaeological
sites of the Chavín culture are Chavín de Huántar, religious
center located in the Andean highlands north of Lima, built
around 900 BC, and Kuntur Wasi, located in the Northern
Mountain of Peru, close to Cajamarca, constructed around
1000–700 BC [3–6] and discovered by J. Tello in 1945, and
then excavated by Y. Onuki [2];

Vicus The Vicús culture (200 BC–400 AD) occupied the
territory of Peru’s northern coastal desert from the upper
Piura as far as the Macarà river and perhaps as far as the
highlands of present day Ecuador. The center of the Vicús
culture has been identified as Cerro Vicús (50 km east of
the city of Piura), and includes the famous site of Loma
Negra. Vicús metalworking was characterized by large ob-
jects manufactured by using the technique of gilding, plat-
ing, and hammering [7, 8];

Moche The Moche (or Mochica) civilization flourished in
areas south of the Vicús, in the Moche and Chicama val-
leys, where its great ceremonial centers have been discov-
ered, from around 100 AD to 700 AD. The Moche were
known as expert metal smiths, and their ability was im-
pressively demonstrated when Walter Alva and coworkers
discovered in 1987 the “Tumbas Reales de Sipán” [9, 10].
Spectacular gold, silver, and copper funerary ornaments
were excavated, and are now exposed in the namesake Mu-
seum, in Lambayeque, close to Chiclayo;

Sican (or Lambayeque) Sicán culture is the name archae-
ologist Izumi Shimada gave to a culture that predated the
Inca in what is now the north coast of Peru between about
750–1375 BC (11). Sicán means “temple of the moon” and
this culture is also referred to as Lambayeque culture, after
the name of the region in Peru. The Sicán culture extended
as far as present day Piura in the north and Trujillo in the
south.

The following may be observed concerning previous
metallurgical analyses of objects from the period ∼1200 BC
to ∼1000 AD [12–41]:

• Various Chavín objects were analyzed [13, 14];

Fig. 1 Map of Peru and ancient north Peru civilizations (in blue) lo-
cated around Chiclayo, Trujillo the Andes and the Ocean

• A limited number of fragments from objects from the
Sipán Moche civilization were analyzed by various de-
structive methods [31–41]; important information was de-
duced from these measurements, i.e.,

(a) Moche metalworking was based primarily upon ob-
jects made of hammered sheet metal;

(b) Besides native gold and native gold–silver alloys
(with some copper), gold and silver were already in-
tentionally alloyed at that time;

(c) The Moche systematically produced very low carat
gold or silver alloys appearing from outside as sil-
ver or gold by depleting the surface from copper;
this alloy is called tumbaga; the low carat alloy was
burned and/or treated with acids extracted from plant
juices, producing a copper oxide which was then re-
moved mechanically, leaving the surface covered with
a thin film of almost pure gold, with a gold con-
centration which decreases continuously with depth
[32–37, 42].

Depletion gilding is a known technique which was used in
many cultures worldwide, and, maybe, as early as the third
millennium BC in Mesopotamia [43].

Many fragments on gold and silver (and also on silvered
gold) of Moche artifacts from Loma Negra were accurately
studied and analyzed by D. Schorsch [35].

Fragments from 17 Moche objects on copper, silver al-
loys and gold alloys from the “Museo Tumbas Reales de
Sipán” have been analyzed by G. Hörz and M. Kallfass
[32, 33].

S. Schlosser et al. [31] analyzed fragments from 30 ob-
jects from the Larco Museum in Lima.
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A general overview of techniques suited to study gildings
is presented in [44].

2 EDXRF-features and experimental set-up

EDXRF is a non-destructive and non-invasive analytical
technique. When metals or alloys are analyzed, it is also a
surface analysis in the sense that the thickness of the alloy
involved in the analysis is of the order of µm to a maximum
of tens of µm. The analytical results are therefore generally
valid in absence of surface enrichment phenomena (patina,
ions migration processes, etc.). The low penetration of flu-
orescent X-rays can be a problem; however, when multilay-
ered samples are analyzed, it can also be an advantage be-
cause the surface layers are of the order of µm.

Being a surface analysis, EDXRF may be able to distin-
guish a gold alloy from gilded copper or tumbaga, and a sil-
ver alloy from a gilded silver, by using the internal ratio of
Au, Cu, and Ag-lines, as described in Sect. 3. EDXRF anal-
ysis should also give the gold thickness value in the case of
gilded copper or tumbaga (in the latter case an “equivalent
thickness” may be evaluated).

In the case of copper-rich gold alloys, of gilded copper
and of copper-rich silver alloys, the results of EDXRF anal-
ysis can be erroneous or affected by large uncertainties.

An energy-dispersive X-ray fluorescence (EDXRF)-
equipment is mainly composed of an X-ray tube, charac-
terized by the anode material, maximum voltage, and cur-
rent, an X-ray detector, defined by energy resolution and
efficiency, and a pulse height analyzer [45, 46]. Portable
EDXRF equipment differs only because the X-ray source
is of small size and low power, and the detector is thermo-
electrically cooled and has small size Si-PIN or Si-drift.

For the first set of measurements (at the Museums of
Sipán and Sicán), the portable equipment was composed of
an X-ray tube (Mini-X or Eclipse II by AMPTEK-Oxford
(46), which is characterized by an Ag-anode, and works at
30 kV and 100 µA maximum voltage and current, and a
Si-PIN detector. For the other measurements, the portable
equipment was composed of a mini X-ray tube [47] with an
Ag-anode, working at 40 kV and 200 µA maximum voltage
and current, and of a 123-Si-drift detector (Fig. 2) [47]. The
X-ray tube output is filtered and collimated. The radiation
protection problem is negligible. The specifics of employed
X-ray detectors are the following:

• Si-PIN is a thermoelectrically cooled detector with about
250 µm and 7 mm2 thickness and area of the Si-crystal,
and a thin Be-window of 12.5 µm with about 180 eV en-
ergy resolution at 6.4 keV. This detector has an efficiency
of 87 %, 24 %, and 8 % at 10, 20, and 30 keV, respec-
tively.

Fig. 2 EDXRF portable equipment during measurements at the Larco
Museum in Lima. It is composed of a Si-drift detector (on the left) and
an X-Ray tube (40 kV, 100 µA maximum). Electronics, including bias
supply and MCA, are in the case of the 123 SDD module)

• Si-drift is a thermoelectrically cooled detector with a
500 µm, 7 mm2 thickness and area of the Si-crystal, and a
thin Be-window, of 12.5 µm with about 125–150 eV en-
ergy resolution at 6.4 keV. This detector has an efficiency
of 97 %, 39 %, and 14 % at 10, 20, and 30 keV, respec-
tively.

The geometrical set-up is shown in Fig. 2. The detector is
put normally to the object surface; the object to be analyzed
is positioned at 1.5–3 cm distance from both the X-ray tube
and detector, and the irradiated area is of the order of about
10–20 mm2. The measuring time ranges from about 50 s
to about 200 s, depending on the sample composition and
size. Standard gold alloys, containing known concentration
of gold, silver and copper, and standard silver alloys, con-
taining known concentration of silver and copper, were em-
ployed for calibration. Also calibrated Au-leafs (each Au-
foil was 0.125 µm thick), silver foils, (each Ag-foil was
0.28 µm thick) and several gilded-copper samples with cali-
brated gilding thickness were employed.

There are, of course, many other analytical techniques for
analysis of alloys, such as ICP, SEM-EDS, metallography,
activation analysis, and others; all of them, however, require
microsampling, which is rarely allowed. Further, the big ad-
vantage of EDXRF analysis is the possibility to analyze an
object in many areas and in a short time.
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3 Theoretical background

3.1 X-ray spectrum of a gold-alloy

The final result of EDXRF analysis of a sample is an X-ray
spectrum containing a set of X-lines for each detectable ele-
ment present in the analyzed object.

In the analysis of Au-alloys (mainly composed of Au, Cu,
and Ag), of Ag-alloys (mainly composed of Ag and Cu), the
following X-ray peaks are generally present: Au-M lines at
2.1 keV; Ag-L lines at 3 and 3.15 keV; Cu-K lines at 8 and
8.9 keV; Au-L lines at 8.5 (Ll), 9.7 (Lα), 10.3 (Lη), 11.44
(Lβ ), 13.4 (Lγ 1), 13.8 keV (Lγ 3); Ag-K lines at 22.1 and
24.9 keV.

Spurious peaks are sometimes present, due to “escape”
or “sum” effect in the detector [48, 49]. The ratio of “es-
cape peak” to the escape originating peak in an Si-detector
is about 0.5–1 %, while the sum effect is one order of mag-
nitude lower, and is, therefore, negligible.

3.2 Measurement of gilding or silvering thickness through
(Kα/Kβ ) or (Lα/Lβ ) ratios or through Au-Lα/Cu-Kα ,
Au-Lα/Ag-Kα or Ag-Kα/Cu-Kα ratios

3.2.1 (Kα/Kβ ) and (Lα/Lβ ) ratios altered due to
self-attenuation

The Kα/Kβ and Lα/Lβ ratios are tabulated [49–53]; they
are calculated (and measured) in the approximation of in-
finitely thin samples, i.e., when secondary interactions in the
sample are negligible. This corresponds approximately to a
thickness less than 1, 0.5, 0.15, and 0.2 µm for Cu (Kα-line),
Ag (Kα-line), Au (Lα-line), and Pb (Lα-line), respectively.

For an element of any thickness, self-attenuation effects
must be considered, i.e., the different attenuation of Kα and
Kβ lines (or Lα and Lβ lines) by this element.

The following theoretical equations may be then de-
duced for Kα/Kβ or Lα/Lβ ratios, due to self-attenuation
[54–56]:

Kα

Kβ

=
(

Kα

Kβ

)
thin

(
μ0 + μ2

μ0 + μ1

)(
1 − e−(μ0+μ1)d

1 − e−(μ0+μ2)d

)
(1)

Lα

Lβ

=
(

Lα

Lβ

)
thin

(
μ0 + μ2

μ0 + μ1

)(
1 − e−(μ0+μ1)d

1 − e−(μ0+μ2)d

)
(2)

where:

• (Kα

Kβ
)thin and (Lα

Lβ
)thin represent the tabulated ratios (valid

for infinitely thin samples);
• μ0 is the linear attenuation coefficient (in cm−1) of the

considered element at incident energy E0 (or mean inci-
dent energy E0); it should be observed that this energy
value is not always easy to determine when using a X-ray
tube, depending on the incident X-ray beam;

• μ1 is the linear attenuation coefficient (in cm−1) of the
considered element, at the energy of its Kα (or Lα) en-
ergy [57];

• μ2 is the linear attenuation coefficient (in cm−1) of the
considered element, at the energy of its Kβ (or Lβ ) radi-
ation, respectively [57];

• d represents the thickness (in cm) of the sample.

The values of Kα

Kβ
and Lα

Lβ
ratios also depend on the X-ray

spectrum from the X-ray tube, according to Eqs. (1) and (2).
To limit this dependence, these ratios are normalized to 1,
and may be specified as:

Cu

(
Kα

Kβ

)
= 0.795

(
1 − e−540d

1 − e−430d

)
(3a)

Ag

(
Kα

Kβ

)
= 0.925

(
1 − e−530d

1 − e−490d

)
(3b)

Au

(
Lα

Lβ

)
= 0.735

(
1 − e−3900d

1 − e−2860d

)
(3c)

In Fig. 3, the auto-attenuation curves for Cu(Kα/Kβ),
Ag(Kα/Kβ), and Au(Lα/Lβ) are reported according to
Eqs. (3a)–(3c).

It is worthwhile to observe that if the sample is not mono-
elemental but, for example, an alloy, then the attenuation co-
efficients of Eqs. (1) and (2) should be calculated according
to the alloy composition, and Eq. (3a)–(3c) may be written
accordingly.

3.2.2 (Kα/Kβ ) and (Lα/Lβ ) ratios altered because of
differential attenuation

When a sheet of metal, of infinite thickness, is covered by a
sheet of another metal, then the ratio (Kα/Kβ ) or (Lα/Lβ )
is further so altered because of the different attenuation of
the α and β-rays by the covering sheet (Fig. 4) [54–56]:

Kα

Kβ

=
(

Kα

Kβ

)
∞

e−(μ1′−μ2′ )d (4)

where

• (Kα/Kβ)∞ is the Kα/Kβ ratio of the most internal metal
sheet, supposedly of infinite thickness; if this sheet is not
of infinite thickness, then self-attenuation effects should
be considered;

• μ1′ is the linear attenuation coefficient of the covering
sheet at the energy of Kα radiation of the element of the
internal sheet;

• μ2′ is the linear attenuation coefficient of the covering
sheet at the energy of Kβ radiation of the element of the
internal sheet;

• d is the thickness (in cm) of the covering sheet.
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Fig. 3 Self-attenuation for
copper, silver and gold:
Cu(Kα/Kβ ), Ag(Kα/Kβ ) and
Au(Lα/Lβ ) ratios versus Cu,
Ag and Au thickness,
respectively, normalized to 1,
according to Eqs. (3a), (3b), (3c)

An equation similar to Eq. (4) may be deduced for the
Lα/Lβ ratio.

To give an example, differential attenuation of Cu-K lines
by Au or by Ag is shown in Fig. 5.

Because (Kα

Kβ
)∞ ratio depends on the incident X-ray

spectrum, it is convenient to normalize to 1 also Eq. (4).
The following equations may be calculated for gilded Cu,
silvered Cu, and gilded Ag:

Cu
Kα

Kβ

= e−930d(Au) (5a)

Cu
Kα

Kβ

= e−560d(Ag) (5b)

Ag
Kα

Kβ

= e−322d(Au) (5c)

3.2.3 Ratios (Au-Lα/Cu-Kα) versus Au thickness, and
(Au-Lα/Ag-Kα) versus Ag-thickness

Another way to experimentally determine, from the X-ray
spectrum, the thickness of the second element b (for exam-
ple, gilding) assuming that the first element a (for example,
copper) has an infinite thickness is to use of the X-ray ratio
of the two elements, Nb/Na , e.g., the ratio (Au-Lα/Cu-Kα).
The generic equation is [54–56, 58]:

Nb/Na = P
(
1 − e−[μ(b0)+μ(bb)]d(b)

)
e[μ(b0)+μ(ba)]d(b) (6)

where

• P is a parameter to be determined according the measure-
ments;

Fig. 4 Scheme of self-attenuation of Cu-K rays and attenuation of
Cu-K rays by a sheet of Au (upper figure) and effect on the Cu K-lines.
The Cu-Kβ line is in both cases less attenuated than the Cu-Kα one

• μb0, μba , and μbb are the linear attenuation coefficients
of element b at incident energy E0, and at energies of α

and β lines of element b.

In the case of gilded copper, the ratio Nb/Na = NAu/NCu is
shown in Fig. 6.

It should be observed that an “anomalous” value for
Kα/Kβ or Lα/Lβ ratios (lower than that with no absorber)
is a certain indication of the presence of an absorbing ma-
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Fig. 5 Copper X-rays
attenuated by gold: Cu(Kα/Kβ )
ratio versus Au-thickness,
normalized to 1, according to
Eq. (5a); copper X-rays
attenuated by silver:
Cu(Kα/Kβ ) ratio versus
Ag-thickness, normalized to 1,
according to Eq. (5b); silver
X-rays attenuated by gold:
Ag(Kα/Kβ ) ratio versus
Au-thickness, normalized to 1,
according to Eq. (5c)

Fig. 6 Au-Lα/CuKα ratio
versus Au-thickness, according
to Eq. (6)

terial, while from (Au-Lα/Cu-Kα) or (Au-Lα/Ag-Kα) ra-

tios a direct, reliable indication of the presence of an ab-

sorber is not possible. However, the latter ratios can be em-

ployed to calculate with a higher precision the thickness of

an absorber, once the anomaly of Kα/Kβ or Lα/Lβ ratios

is demonstrated.

4 From theory to practice: results for pre-Columbian
alloys

4.1 Alloys from the Chavin culture

Gold, silver, and copper alloys from the Chavin culture were
analyzed (1000–200 BC), located in the cultural Association
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Fig. 7 Chavin vessel possibly on silver tumbaga (Museum Enrico
Poli, Lima)

and Museum Enrico Poli in Lima (58), and in the Munici-
pal Museum of Piura [60]. The analysis of single objects is
discussed in details in [56].

Silver-tumbaga objects A silver vessel of the Chavin pe-
riod was analyzed, from the Museum Enrico Poli, Lima
(Fig. 7). The X-ray spectrum shows the presence of copper,
gold, lead (traces), and silver-lines. The internal ratio calcu-
lation of Cu, Au, and Ag is a good example of application
of criteria given in Sect. 3, giving following results:

Cu(Kα/Kβ) = 0.78 → 2.6 µm

Au(Lα/Lβ) = 0.91 → 2.0 µm

Ag(Kα/Kβ) = 0.96 → 1.2 µm

Therefore, the vessel is composed of gilded silver, and cop-
per is not connected to the gilding, but to silver. From these
ratios it turns out that the mean thickness value is 1.9±1 µm.

The silver alloy has the following mean composition:
Ag = 98%, Cu ≤ 1.5 %, Pb = 0.4 %.

Cu-tumbaga or (less probably) gilded copper objects
A complex of six heads was analyzed (Fig. 8). The X-ray
spectra are quite similar, and showed the presence of high
quantity of copper, with lower quantities of zinc and gold,
and traces of silver. The heads are, therefore, possibly on
tumbaga. The following composition was determined for the
Cu-body: Cu = 98.5 %, Zn = 1.5 %, Fe and Ag (traces). The
ratios:

Cu(Kα/Kβ) = 0.91 → 1.0 ± 0.5 µm and

Au(Lα/Lβ) = 0.95 → 1.0 ± 0.3 µm

demonstrate that the heads are composed of Cu-tumbaga or
on gilded copper, and that the equivalent” gilding thickness
(or gilding thickness) is approximately 1.0 ± 0.5 µm.

The copper seems to be quite pure because the traces of
silver belong to the gilding or to the Ag-anode of the X-ray
tube.

Fig. 8 Complex of six small heads of Chavin culture (Museo Poli,
Lima), possibly on tumbaga, or, less probably, on gilded copper. X-ray
tube (top left) and Si-drift X-ray detector (top right) are also visible

4.2 ALLOYS from Vicus and Frias cultures (“Museo
Municipal” of Piura and Museo Larco in Lima)

A gilded copper object The golden feline head with se-
quins, teeth, and tongue from the Museum of Piura (Fig. 9)
shows a sheet, just over the lips, which from the XRF-
spectrum could be a Cu–Au tumbaga.

Successively, two objects from Vicús culture were ana-
lyzed in the Larco Museum (Fig. 10) [61]. Both from the
altered Cu(Kα/Kβ ) and Au(Lα/Lβ ) ratios, it was deduced
that the two sheets are on gilded copper. The following Au-
thickness was determined: 2 µm and < 0.5 µm, respectively.

X-ray spectra show a variable Au/Cu ratio, but an almost
constant (Ag/Cu) ratio = 0.01±0.02, demonstrating that Ag
is related to Cu, and not to Au.

4.2.1 Museo “Tumbas Reales de Sipan”

A relevant number of objects from the “Tumbas Reales de
Sipán” were analyzed, on gold, gilded copper, tumbaga, sil-
ver, and copper alloys. The majority of them originate from
the tomb of the “Señor de Sipán” (code S/T1); several are
from the tomb of the “Sacerdote” (code S/T2); some come
from the tomb of the “Viejo Señor” (S/T3), “Guerrero”, and
other tombs. Analyses of the single objects are shown and
discussed in [56].

Gilded copper objects Only a few analyzed objects from
the “Tumbas reales de Sipán” are surely on gilded copper.
They were identified by the presence of copper alone, in
some analyzed areas, and also by the deteriorated surface. In
many cases, it was also possible to clearly determine the Au-
leaf thickness from both Cu-(Kα/Kβ ) and (NAu-L/NCu-K)
ratios.
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Fig. 9 Golden feline head with sequins, teeth, and tongue. The teeth
are made of copper, with the following composition: Cu = 98.5 %,
As = 1.5 %. Area 1, just above the lips, is possibly on Cu–Au tumbaga

Fig. 10 Two sheets on gilded copper from the Larco Museum
(ML100554 top and ML 100555)

4.3 Alloys from the Moche culture

On gilded copper there are two earrings (S/T2-O:1 and 2),
where only the internal rings and the central heads are on
gold, while the external sides are on gilded copper. From

Fig. 11 Mask made of gilded copper from the tomb number 3. Areas
relatively free of Cu-compounds have been analyzed. A gilding thick-
ness of ∼0.6 µm was determined

the earring on the right, it could be deduced that the gilding
thickness is 1.5 ± 0.5 µm.

A mask which is clearly on gilded copper is shown in
Fig. 11. The gilding composition of this object is: Au ∼
97.5 %, Ag ∼ 2.5 % (Cu, if present in the gilding, cannot
be determined because it is present at high concentration be-
low the gilding). The gilding thickness was measured to be
∼0.5 µm.

A thigh protector with iguanas (S/T3-Cu:71) is also pos-
sibly on gilded copper, and an Au-thickness of 0.1–0.2 µm
was determined. X-ray spectra show a variable Au/Cu ratio,
but an almost constant (Ag/Cu) ratio = 0.01 ± 0.02, demon-
strating that Ag is related to Cu, and not to Au.

Then several sheets on gilded copper were analyzed.
They are characterized by a Cu(Kα/Kβ) = 0.89, corre-
sponding to a gilding thickness of 1.2 ± 0.5 µm. From the
(Au-Lα/Cu-Kα) = 0.06 ratio, it turns out, however, that the
value is 0.5 ± 0.1 µm.

Tumbaga objects The majority of the gold-like alloys from
the “Tumbas reales de Sipán” are on tumbaga, which be-
haves in a similar manner as gilded-Cu for EDXRF analysis.
From the X-ray spectra a “gold-equivalent” thickness1 can
be determined from Cu-Kα/Kβ and from (NAu-L/NCu-K ) ra-
tios. In Table 1, the values of the “equivalent gold-thickness”
are listed, determined by both methods. It should be ob-
served that it is difficult to give a mean composition of

1In the case of gilding (gilded copper or silver) or tumbaga (Cu–Au
or Ag–Au) Au-concentration is respectively sharply or continuously
decreasing from the surface; in the case of tumbaga only an “equiva-
lent” thickness can be determined, which would be the Au-thickness
producing the observed effects.
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Table 1 Tumbaga gold objects (∗): “Au-equivalent” thickness, derived by the various methods described in Sect. 3

Object description and code NAu-Lα /
NCu-Kα

Au-thickness
(in µm)

Cu-Kα/Kβ Au-thickness
(in µm)

Au-Lα/Lβ Au-thickness
(in µm)

Earring with a warrior S/T1-O:2 a (external
ring, internal circle)

1.8 ± 0.5 3.6 ± 0.2 – – – –

Earring with gosling – – – – 0.9 2.4

Earring with a deer S/T1-O: 6a (eye of the
deer, external spheres) (Fig. 12)

1 ± 1 2.9 – – – –

Chin protector S/T1-0:7 (Fig. 13) 1.4 ± 0.5 3 0.86 1.4 ± 0.4 – –

Nose decoration S/T1-0:8 0.7 ± 0.05 2.4 0.84 1.8 – –

Nose decoration S/T1-0:9 (b) 0.8 ± 0.1 2.7 0.78 2.6 – –

Brain container S/T1-O:11 0.8 ± 0.2 2.7 0.84 1.8 – –

Right eye protector S/T1-0:12 (Fig. 14) 0.75 ± 0.05 2.5 – – – –

Nose protection S/T1-0:13 (Fig. 14) 0.75 ± 0.05 2.5 – – – –

Convex nose protector S/T1-0:14 3.1 ± 0.3 4.4 – – – –

Necklace with peanuts S/T1-O:17 (areas
86,88)

1.75 ± 0.6 3.5 0.86 1.4 – –

Left eye protector S/T1-0:18 (Fig. 14) 0.27 ± 0.05 1.7 0.89 1.2 – –

Tooth protection S/T1-0:23 (Fig. 14) 0.75 ± 0.05 2.5 – – – –

Small rattle with a bat S/T1-O:26 0.36 ± 0.1 2.0 0.86 1.6 0.9 2.4

Crown in the form of half moon S/T1-O:28 1.4 ± 0.2 3 0.86 1.6 0.92 2

Necklace with 72 spheres S/T1-0:29 1.2 ± 0.2 3.3 – – 0.86 3.6

Thigh protector S/T1-O: 0.85 ± 0.2 2.6 0.78 2.6 0.91 2.5

Thigh protector on Au and Ag S/T2-O: 5a 0.85 ± 0.05 2.6 0.79 2.4 0.95 1

Small rattle with a bat S/T3-O:8 2.2 3.8 – – – –

Small rattle with a bat S/T3-O:9 2.2 ± 0.6 3.8 0.84 1.8 – –

Big rattle with a bat S/T3-O:10 0.7 ± 0.3 2.4 0.89 1.2 0.94 1.2

Earring with an animal S/T6-O:1A (golden
areas)

0.8 2.7 – – 0.9 2.4

Earring with an animal S/T6-O:1A (eye in
form of a star)

– – – – 0.98 6 ± 2.5

Earring with an animal S/T6-O:1B (golden
areas)

1.15 3.2 – – – –

Earring with a figure S/T6-O:4A (except
external decoration)

1.4 3.0 – – – –

Earing with a figure S/T6-O:4A (corroded
area)

– – – – 0.83 4.8

Cylindrical support for earring S/T6-O:4A 1.7 3.5 – – – –

Earring with a figure S/T6-O:4B (external
decorations)

1.45 ± 0.9 3.1 – – – –

Earring with an animal S/T6-O:6 0.8 2.7 – – – –

Total mean value (µm) 0.9 ± 0.5 2.9 ± 0.6 0.84 ± 0.02 1.8 ± 0.5 0.9 ± 0.04 2.6 ± 0.8

aIn many cases, the counting statistics was not sufficient for extracting all information
bThe following values were obtained in a second series of measurements: Cu-Kα/Kβ = 0.85 ± 0.02, Au-Lα/Lβ = 0.91 ± 0.04, Au-L/Cu-K =
1.03 ± 0.06, with a mean thickness value of 1.8 ± 1.0 µm

the tumbaga objects because it is varying with respect to
depth. Under the hypothesis that at a depth higher than about
10 microns only copper will be present, it appears from the

X-ray spectra that the surface composition is due to a gold–
silver alloy, with the following approximate composition:
Au = 82 ± 5, Ag = 18 ± 5.
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Fig. 12 Earring with a deer, with support (on the left). It is composed
of turquoise and tumbaga

Fig. 13 Chin ornament on tumbaga. The average composition is:
Au = 65 %, Cu = 26 %, Ag = 9 %. This result is compatible with
the analysis of a fragment carried out by Hörz and Kallfass [9]

4.3.1 Museum “Sitio Huaca Rajada” (tomb of the
“Secerdote-Guerrero”) [62]

Gilded copper objects The following objects were ana-
lyzed and identified as composed of gilded copper:

• Earring. This object is very damaged, and was analyzed in
five different areas where gold is still visible. The X-ray
spectrum shows a high content of copper, and low quan-
tities of Au. No Ag is present. This earring is therefore
on gilded copper, with almost pure copper covered with
a sheet of almost pure gold with a thickness, deduced
from the Au-L/Cu-K ratio of about 0.4 µm, and from the
Cu(Kα/Kβ)-ratio = 0.93 ± 0.04 of <0.7 µm.

• Feline head S/T14-Cu:42E. This object was analyzed in
five different areas, and the X-ray spectra show the pres-
ence of high concentrations of Cu, and traces of Au (in
three areas). Where Au is present, an approximate gilding
thickness of 0.15 µm was determined.

• Owl crown S/T corona de buho. This object was ana-
lyzed in four different areas where gold is still visible.

Fig. 14 Protection for the eyes, nose and mouth of the “Señor de
Sipán” on tumbaga. The “equivalent gilding thickness” was measured
to be 2.4 µm

Fig. 15 Nose decoration on tumbaga

The X-ray spectrum shows a high content of Cu, and low
quantities of Au, with a mean ratio Au-L/Cu-K = 0.05,
corresponding to about 0.35 µm gilding thickness. There
is no silver.

Cu–Au tumbaga objects

• Nose decoration, apparently on gold (Fig. 15). This ob-
ject was analyzed in seven different areas, and showed
the typical X-ray spectrum of tumbaga, i.e., high quan-
tities of Cu and Au, with the Au-L/Cu-K ratio of about
2.3, corresponding to an equivalent gold thickness of
about 3.5 µm, and Au(Lα/Lβ) = 0.83 ± 0.02, corre-
sponding to an equivalent thickness of 5 ± 1 µm. The
Cu(Kα/Kβ ) could not be exactly measured because of
the high background. The analysis of a black corrosion
area showed no relevant difference with the other clean
areas.
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Fig. 16 Nose decoration on silvered copper

Silvered copper objects

• Nose decoration (Fig. 16). This object was analyzed in
four different areas. The X-ray spectra showed the pres-
ence of high quantities of Cu and Ag, and traces of Fe,
Au, and Br.

4.4 Sican (or Lambayeque) culture

About 20 objects from the Museum of Sicán [63] and three
from the Museum Larco were analyzed. The majority of
them are on gilded copper, the rest are on gold, tumbaga,
silver, and copper alloys. The analysis of the single objects
is discussed in [56].

Gilded copper objects

• Object in the form of a fan (Fig. 17). The gilding thickness
as determined from the ratios:
Cu(Kα/Kβ) = 0.62 ± 0.1, which corresponds to 5 ±
2.5 µm,
Au-Lα/Cu-Kα = 0.65 which corresponds to 4.5 µm, and
Au-Lα/Cu-Kα = Au-Lα/Lβ = 0.85 which corresponds
4 µm.

Several corrosion areas are present, showing a composition
of about Cu = 98 %, Fe = 2 %.

• Disk (Fig. 18). The gilding thickness was determined
from the ratios:
Cu(Kα/Kβ) = 0.6 ± 0.05 → 5 ± 2 µm,
Au-Lα/Cu-Kα = 2.9 → 4.2 µm.

Several corrosion areas are present, showing a mean compo-
sition of Cu = 99.5 %, As = 0.5 %.

• Second disk (MNS-149). The gilding thickness as deter-
mined from the ratios:
Cu(Kα/Kβ) = 0.93 ± 0.05 → 1 ± 0.4 µm,
Au-Lα/Cu-Kα = 3.0 → 4.5 µm.

Fig. 17 Object in the form of a fan on gilded copper

Fig. 18 Disk on gilded copper

Several corrosion areas are present, showing a mean compo-
sition of Cu = 99.3 %, As = 0.7 %.

• Mask “las ventanas”. The gilding thickness as determined
from the ratios:
Cu(Kα/Kβ) = 0.85 ± 0.04 → 1.6 ± 0.5 µm,
Au-Lα/Cu-Kα = 0.7 → 2.5 µm.

Several areas are corroded, with following mean composi-
tion: Cu = 96 %, As = 4 %.

• Vase “las ventanas”, highly corroded. The gilding thick-
ness as determined from the ratios:
Cu(Kα/Kβ) = 0.83 ± 0.04 → 2 µm,
Au-Lα/Cu-Kα = 0.4 ± 0.05 → 2 µm.

Area 102 is highly corroded, showing the prevailing pres-
ence of Cu, and ratios Au(Lα/Lβ) ∼ 0.45, corresponding
to a silver thickness of about 20 µm (however, a restoration
process may not be excluded). Areas 103 and 104 of the
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same object show the following composition: Cu = 96 %,
As = 4 %;

Cu–Au tumbaga objects Several objects from the Museum
of Sicán are of uncertain composition. They could be on
gilded copper or on tumbaga. In fact, the gilded copper ob-
jects are often identified because of the altered Cu(Kα/Kβ )-
ratio, and because of the presence of highly corroded areas
almost on pure copper. In other cases, the ratio Cu(Kα/Kβ )
is altered, but no corroded areas were detected. These ob-
jects are possibly composed of tumbaga. Among them:

• Vase. The gilding thickness, determined from the Au-Lα/

Cu-Kα = 5.1, is about 6 µm. Anomalous is an area
which seems to be on silvered gold, or restored. In
this area, the ratio Au-Lα/Cu-Kα = 0.05, and the ratio
Au-Lα/Au-Lβ -ratio = 0.5, i.e., quite anomalous.

• Vase twin of the previous one (code MS 17). The X-ray
spectra of the two vases are similar, except for the absence
in this vase of anomalous areas; the gilding thickness is
about 6 µm. It cannot be excluded that the two vases are
on gilded silver alloy (silver plus copper).

• Plumes composed of various vertical sheets (MNS-158)
(Fig. 19). The “equivalent gold thickness”, determined
from the ratios Cu(Kα/Kβ) = 0.73 → 3.2 ± 1.0 µm

Fig. 19 Object composed of various vertical plumes (MNS-158)

Au(Lα/Lβ) = 0.92 → 2 µm, and Au-Lα/Cu-Kα =
3.4 → 4.5 µm. Due to the absence of corrosion areas, it
cannot be excluded that this object is composed of gold.

• Sicán golden mask (Fig. 20), which is the most important
object, on tumbaga.

The details of the mean surface gold thickness are summa-
rized in the following Table 2.

5 How to differentiate gold, gilded copper, and tumbaga

As an example, and on the basis of the X-ray spectra of
gold alloys, gilded copper and Cu–Au tumbaga, the follow-
ing X-ray spectra are shown, corresponding to an average
situation (Fig. 21).

These are average conditions. From a practical point of
view, gold can be always differentiated, mainly on the basis
of Au (Lα/Lβ )-ratio. Gilded copper and tumbaga are not al-
ways easy to differentiate, depending on the Au-thickness,
which is generally thiner in the case of gilded copper. Fur-
thermore, ancient gilded copper objects are often damaged,
and copper is clearly visible.

Fig. 20 Mask of 35 × 22 cm2 made of tumbaga, from the Museum
of Sicán, and analyzed areas. The back side has the same aspect as the
front side, but no areas have been analyzed. The red pigment covering
the mask is cinnabar

Table 2 Mean composition of the various parts of the tumbaga mask of Fig. 20 [63]

Measurement number Au-thickness from Cu-Kα/Kβ Au-thickness from Au-Lα/Cu-Kα Au-thickness from Au-Lα/Lβ

3 (nose) 0.67 ± 0.05 4.2 ± 0.3 0.83 → 4.8 µm

4 (nose) 0.73 ± 0.05 4.4 ± 0.3 0.87 → 3 µm

Nose mean value (3–4) 0.7 ± 0.03 → 3.8 ± 1 µm 5.5 ± 0.2 → 5.9 ± 1 µm 0.85 → 4 µm

8 clean areas 0.84 ± 0.03 1.4 ± 0.3

10 pendant 0.84 ± 0.02 1.5 ± 0.3

Mean value 0.84 ± 00.3 → 1.8 ± 0.9 µm 1.35 ± 0.2 → 2.9 ± 0.7 µm 0.91 → 2.1 µm

Author's personal copy



Multilayered artifacts in the pre-Columbian metallurgy from the North of Peru

Fig. 21 From the top: typical XRF-spectrum of a gold alloy, contain-
ing Ag at a concentration of about 20 % and Cu at a concentration of
about 3 %; gilded copper, characterized by a high Cu-peak and low
intensity Au-L peaks, corresponding to an Au thickness <1 µm; tum-
baga, characterized by Cu-K and Au-L peaks at similar height and a
low quantity of Ag. This spectrum corresponds to an “equivalent Au
thickness” of about 3–4 microns

6 Conclusions on the evolution of pre-Columbian
multilayers

6.1 Gilded copper

It’s not easy for an object on gilded copper to be preserved
during about 2000 years; there is no evidence of the use of
gilded copper by the Chavin and by the Vicus-Frias; a few
objects on gilded Cu from the Moche culture have survived,
having a very thin Cu-layer (<1 µm). On the contrary, sev-
eral objects from the Sican Museum are on gilded copper,
with the characteristic Cu-layer which is relatively thick
(∼5 µm) compared to Moche objects.

6.2 Cu-tumbaga

It is not clear when tumbaga was employed for the first time
in Peru.

Chavin: the complex of six small heads (attributed by
E. Poli to the Chavin culture) could be on tumbaga, with
an equivalent Au thickness of ∼2 µm.

Vicus-Frias: among the analyzed objects of the Vicus-
Frias culture, only the layer over the teeth of the feline head
could be on tumbaga, with a “equivalent Au-thickness of
about 1 µm.

Moche: the Moche made an extensive use of tumbaga
(see Sect. 4.3); many beautiful objects were on tumbaga,
with a mean equivalent Au-thickness of ∼2.5 µm.

Sican: also the Sican knew how to make tumbaga; how-
ever, their metallurgical ability was not at the level of the
Moche; the mean equivalent Au-thickness is ∼3–6 µm.

6.3 Gilded silver or silver-tumbaga

A vessel (supposedly!) of the Chavin period from the Mu-
seum Poli seems to be on gilded silver (or silver-tumbaga),
with an Au-thickness of about 1 µm.

6.4 Silvered copper

Only one object, the nose decoration from “Huaca Rajada”,
i.e., of Moche culture, is on silvered copper; the silver thick-
ness could not be determined.
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