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Abstract Twenty five years ago, close to the northern Peru-
vian town of Lambayeque (Huaca Rajada) beneath two large
and eroded pyramids, built of adobe mud bricks, Professor
Alva discovered the world-famous unlooted pre-Columbian
burial chambers of the Royal Tombs of Sipan. The tombs
contained a large amount of objects of exceptional artis-
tic and historical value including the greatest intact num-
ber of gold and silver artefacts in the Americas to be con-
sidered one of the most important archaeological discover-
ies of the last century. Some copper based objects coated
with thin layers of gold have been studied by means of
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the combined use of analytical techniques such as opti-
cal microscopy (OM), scanning electron microscopy cou-
pled with energy dispersive X-ray micro-analysis (SEM-
EDS), X-ray photoelectron spectroscopy (XPS), and X-ray
diffraction (XRD) in order to identify the chemical com-
position and the manufacturing processes of the gold layer
as well as the corrosion products formed during the long-
term burial. The micro-chemical and structural results give
useful information about the manufacturing techniques used
by the Moche metalsmiths to modify the surface chemi-
cal composition of the coated artefacts likely based on the
depletion gilding process carried out by oxidising the sur-
face copper containing the noble metal and etching away
the copper oxides. Furthermore, the results reveal that the
main degradation agent is the ubiquitous chlorine and that
copper has been almost completely transformed during the
burial into mineral species giving rise to the formation of
stratified structures constituted by different mineral phases
such as cuprous oxide (Cu2O) and copper carbonates [azu-
rite (Cu3(CO3)2(OH)2 and malachite (CuCO3Cu(OH)2)]
as well as dangerous chlorine-based compounds such as
nantokite (CuCl) and atacamite (Cu2(OH)3Cl) polymorphs.
These information evidence the strict interaction of the al-
loying elements with the soil components as well as the oc-
currence of the copper cyclic corrosion as post-burial degra-
dation phenomenon. The present study confirms that the
combined use of micro-chemical and micro-structural in-
vestigation techniques such as SEM-EDS, XPS, XRD, and
OM can be successfully used to investigate the technologi-
cal manufacturing processes of the ancient coated artefacts
and to achieve information about degradation agents and
mechanisms useful to define tailored conservation strate-
gies possibly including new, more reliable, and safer ma-
terials.
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1 Introduction

Before the Inca Empire (1430 AD), the following civili-
sations flourished and fell in the Central Andean region,
roughly corresponding to today’s Peru: Chavín, Moche,
Sicán, and Chimù [1–4]. One of the most important among
them was the Moche culture (100–700 AD), which was agri-
culturally based with a significant production of elaborated
painted ceramics, metal works, constructions, and irrigation
systems and evolved in the oasis river valleys located on the
arid north coast between the Andes and the Pacific Ocean
[1–4].

The Moche society was stratified and organised with high
degree of specialisation of labour and was governed by an
aristocracy including priests, warriors, and legal authorities.
They were sophisticated metalsmiths whose skill has been
extraordinarily demonstrated by the amazing artefacts found
in the Royal Tombs of Sipán [5–8]. Indeed, 25 years ago,
in the northern Peruvian town of Lambayeque (Huaca Ra-
jada) beneath two large and eroded pyramids, built of adobe
mud bricks, Professor Alva discovered the world-famous
pre-Columbian burial unlooted chambers of the Lords of
Sipan [5–9].

The tombs contained a large amount of ceremonial and
ornamental objects of exceptional artistic and historical
value including the greatest intact number of gold artefacts
in the Americas to be considered one of the most important
archaeological discoveries of the last century. The excava-
tions yielded many metal objects of utmost relevance such as
a copper sceptre, gilded jewels such as a pectoral, necklaces,
nose rings, ear rings, helmets, falconry, bracelets, and a col-
lar of gold owl heads and many other ornamental objects as
well as hundreds of decorated ceramic vessels [5–9].

This discovery revolutionised the Moche studies offering
the opportunity to investigate a wide panorama of objects
of the highest quality and value produced by using the most
sophisticate skill of the Moche civilisation [1–9] that have
invested a large effort in metal working, thus demonstrating
that these objects must have a strong relevance and value for
them [9].

In order to identify chemical composition, metallurgical
features, manufacturing processes and corrosion products
formed during the long-term burial of some relevant cop-
per based objects coated with thin layers of gold, the arte-
facts have been first studied in situ by X-ray fluorescence
(XRF) analysis [10, 11] at the Museum of the Royal Tombs
of Sipan, located in Lambayeque Chiclayo (Perù), and then
the objects have been sampled to be studied by means of
the combined use of analytical laboratory techniques such
as optical microscopy (OM), scanning electron microscopy
coupled with energy dispersive X-ray micro-analysis (SEM-
EDS), X-ray photoelectron spectroscopy (XPS), and X-ray
diffraction (XRD) [12–14]. The aim of the scientific activi-
ties was also to achieve information useful to ascertain the

actual conservation state of the artefacts, after the long term
burial, and to provide recommendations for the selection
of tailored and reliable conservation methods and materials
[15–19].

2 Experimental methods

Small fragments were carefully sampled from some se-
lected artefacts at the Museum of the Royal Tombs of
Sipan, located in Lambayeque Chiclayo, and submitted to
different treatments according to the specific requirements
of the following analytical techniques: X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), optical
microscopy (OM), scanning electron microscopy (SEM),
and field emission scanning electron microscopy (FE-SEM)
equipped with backscattered (BSE) and secondary elec-
tron (SED) detectors and an energy dispersive spectrometer
(EDS) sensitive to elements from carbon to uranium [20–
24].

In order to prepare cross-section of materials, representa-
tive fragments were embedded in epoxy resin for 24 hours
and sectioned by using a diamond saw in order to pre-
serve the micro-chemical structure and the surface features.
The sections were polished with silicon carbide papers until
1200 grit and the final polishing was performed with dia-
mond pastes up to 1.4 µm [20, 21, 23].

Both SEM-EDS and FE-SEM-EDS characterisations
were carried out by a Cambridge 360 scanning electron mi-
croscope equipped with a LaB6 filament and a high bril-
liance LEO 1530 field emission scanning electron micro-
scope apparatus equipped with an energy dispersive X-ray
spectrometer (EDS) INCA 250 and INCA 450, respec-
tively, and a four sectors backscattered electron detector
(BSE). Samples were coated with a thin layer of carbon
or chromium in order to avoid charging effects. The carbon
coating was deposited by using an Emitech sputter coater
K550 unit, a K 250 carbon coating attachment and a car-
bon cord at a pressure of 1 × 10−2 mbar in order to produce
a carbon film with a constant thickness of about 3.0 nm.
The Cr coating was deposited by using a Bal-Tech SCD 500
equipped with turbo pumping for ultra clean preparations at
a pressure of 5×10−3 mbar in order to produce a chromium
film with a constant thickness of about 0.5 nm [20, 21, 23].

The structural identification of crystalline phases was de-
termined by a Siemens 5000 X-ray powder diffractometer
using a Ni-filtered Cu Kα radiation (λ = 1.5418 Å). Angular
values in the range between 10◦ and 80◦ in additive mode,
a step size of 0.05◦ and a sampling time of 2 s were the
experimental parameters used for data acquisition. In order
to identify the crystalline species, X-ray diffraction patterns
analysis was carried out by using electronic databases.

XPS investigations were carried out using an ESCALAB
MkII (Thermo-VG Scientific Ltd., UK) spectrometer
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equipped with a standard non-monochromatised Al Kα ex-
citation source and a 5-channeltron detection system [22–
24].

3 Results and discussion

Moche artisans used different copper alloys with silver
and/or gold in a wide range of composition to produce the
objects whose surface chemical and structural nature was
in some cases modified by depositing a thin layer of pre-
cious metal [25–30]. The Moche metalsmiths adopted vari-
ous methods including depletion gilding based on the copper
removal [25, 26] or the electrochemical formation of a noble
metal film onto a copper surface as proposed by Lechtman
and co-workers [27–29]. The aim of these surface treatments
could be cultural, political, religious, or ideological due also
to the symbolic meaning of the colour of the metal surface
[11, 25, 26].

The attention of the Italian–Peruvian team has been fo-
cused on the objects consisting of hammered copper sheet
metal coated with a thin layer of gold that are typical arte-
facts made by Moche that were the most sophisticated met-
alsmiths of the Central Andean region at that time.

The studied objects have been selected from those found
in different tombs including that of the Lord of Sipan (grave
T-03) that is considered to be one of the richest, relevant and
untouched by the thieves burial tomb of the pre-Inca period.
Due to the relevance of the artefacts found at Sipan and their
unique and outstanding value nature, particular attention has
been paid to select the fragments for the analysis without
causing damage to the artefacts.

The selected objects are characterised by a high copper
content and are almost completely covered by a green patina
constituted by copper corrosion products that only in few
and small areas allows to observe the presence of a thin layer
of gold in the near-surface.

In Fig. 1, the optical images (OM) show some examples
of the typical aspect of the samples used in this investigation
constituted by small fragments of broken high status objects
found in the funeral outfits of the Warrior Priest and Young
Warrior tombs, T-14 and T-15, respectively that represented
the social and political rank of the deceased during his life
and for the afterlife [5–8].

The images reveal that the artifacts were structurally
composed by a Cu-based substrate whose chemical com-
position cannot be determined because the matrix has been
completely mineralised during the long-term burial [12–19].
The optical images disclose also the presence of a thin gold
layer under the thick patina composed by copper corrosion
products and soil residues and encrustations.

Figures 2, 3, 4, and 5 show some selected optical micro-
graphs (OM), back scattered scanning electron microscopy

(BSE SEM) images and EDS spectra of a cross-sectioned
fragment from the dress of the Warrior Priest (T-14) and of
the owl-crown of the Young Warrior (T-15) that reveal a sur-
face continuous metallic thin layer and rare localised enrich-
ments in the form of halos.

The OM images shown in Figs. 2 and 4 reveal the com-
plete mineralisation of the artefact with the formation of
different copper corrosion products such as cuprous ox-
ide (brownish–red, Cu2O), blue-greenish copper carbonates
[i.e. azurite (Cu3(CO3)2(OH)2 and malachite (CuCO3Cu
(OH)2)] and dangerous chlorine-based compounds such as
nantokite (yellow–orange, CuCl) and atacamite (greenish,
Cu2(OH)3Cl) polymorphs [12–14, 31, 32]. It is worth men-
tioning that all the examined fragments were heavy dete-
riorated and almost completely transformed into corrosion
products and do not exhibit large areas of residual metallic
core.

Other information can be achieved from the high reso-
lution BSE SEM image shown in Fig. 3 that discloses the
presence of a thin gold layer produced likely via depletion
gilding carried out in ancient times by Moche metalsmiths.
Indeed, the presence of Au and Ag enriched areas in the
bulk of the copper sheet shown in Fig. 3 could demonstrate
the use of a depletion gilding process to produce a thin gold
layer on the surface of the artifact. Indeed, the EDS spec-
trum E of the metallic relic areas located in the central zone
of the copper ally sheet shows the presence of few percents
of Au and Ag suggesting the use of depletion gilding. The
EDS spectrum F confirms this hypothesis revealing the pres-
ence of Au and Ag local enrichments formed by the selec-
tive copper corrosion that has concentrated the noble metals
[25–30].

The gold layer marks the original surface of the object
and the BSE SEM image reveals also the presence of a
gold gradient increasing from the inside to the outside of
the artefact suggesting the use of a Cu/Au alloy with a low
amount of silver purposely produced to be submitted to the
surface depletion gilding technique. Furthermore, the high
resolution BSE SEM image of the area under the gold layer
and the EDS spectra shown in Fig. 5 reveal the presence of
nano-particles of gold dispersed in copper–chloride species
formed by the complete corrosion of the Cu–Au alloy used
by Moche metalsmiths to carry out the depletion gilding pro-
cess and to induce the surface gold enrichment by selective
removal of copper from the near-surface regions of the ob-
ject.

By comparing these BSE SEM image and EDS spectra
with those shown in Fig. 6 that shows OM and BSE SEM
images and EDS spectra of a cross-sectioned fragment of a
copper based artefact from the tomb of the Lord of Sipan (T-
03), it is possible to observe the different chemical composi-
tion of the gold thin layers. Indeed, this latter object is char-
acterised by a noticeable content of silver thus indicating
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Fig. 1 Some examples of the fragments sampled from the funeral out-
fits of the Warrior Priest and Young Warrior tombs: a dress fragment
(first row) and an owl-crown (second row). The optical images dis-

close the presence of the original surface of the thin gold layer under
the thick patina constituted by greenish copper corrosion products

the use of copper alloys characterised by different amounts
of Au and Ag with respect to the dress and owl-crown found
in tombs T-14 and T-15.

These results could reflect the skill of the metallurgists
to produce alloys in a wide range of chemical composi-
tions [33–36]. Moreover, the results achieved from the study
of uncoated copper objects that are composed by pure Cu
without the presence of noble metals allow to rule out that
gold and silver were casually accessory elements and, there-
fore, it is possible to suggest an intentional addition of Au
and Ag.

These data demonstrate clearly that on the base of their
sophisticate and high grade, even though empirical, skill the
Moche metallurgists without having any knowledge regard-
ing the chemical-physical processes involved and the metal-
lurgy of the Cu-based alloys were capable of systematically
manipulating these alloys even at a micro- and nano-scale
dimension for the tailored production of artefacts with de-
fined esthetical and symbolical features.

Finally, the above described results could support the hy-
pothesis that depletion gilding was the technique used by
Moche metalsmiths to produce the coated artefacts and that
a copper alloy with gold (low carat) and a lower amount
of silver was submitted to several cycles of beating and
heating to form in air a layer of oxides (cuprite, Cu2O,
or tenorite, CuO). The removal of these superficial prod-
ucts, with acids extracted from plant juices, allowed the pro-
gressive formation of a gold and silver enriched surface so
that the artefacts seemed to be completely made of pure
gold.

For what concerns, the copper corrosion products formed
during the long-term burial, the presence of the above men-
tioned different compounds has been observed via OM
and confirmed by XRD investigation whose results are
shown in Fig. 7. These latter results clearly show the pres-
ence of cuprous oxide (Cu2O), copper carbonates [i.e. azu-
rite (Cu3(CO3)2(OH)2 and malachite (CuCO3Cu(OH)2)]
and dangerous chlorine-based compounds such as nantokite



Gold coated copper artifacts from the Royal Tombs of Sipán (Huaca Rajada, Perù) 881

Fig. 2 Optical micrographs (OM, dark and bright field observation)
and back scattered scanning electron microscopy (BSE SEM) image
of a cross-sectioned fragment from the dress of the Warrior Priest
(T 14-B) that reveal on the external region of a continuous metallic
thin metallic layer embedded in the copper corrosion products. The
OM images reveal the complete mineralisation of the artefact with the

formation of different copper corrosion products such as cuprous ox-
ide (brownish–red, Cu2O) and dangerous chlorine-based compounds
such as nantokite (orange–yellow, CuCl) and atacamite (greenish,
Cu2(OH)3Cl) polymorphs. Only the thin gold layer withstood the cor-
rosion phenomena thus marking the original surface of the object

(CuCl) and atacamite (Cu2(OH)3Cl) polymorphs [12–14,
31, 32].

Furthermore, the assignment of the surface chemical
state of the corrosion products have been also achieved via
XPS characterisation that have excluded the presence of tin
species [37, 38] or of other elements such as As, Sb, and
Pb and, therefore, have ruled out the use of a Cu-Sn alloy

[31, 32, 37, 38] or the use of an impure Cu-based alloy [33–
35].

XPS has been used to achieve other chemical information
about the patina surface nature and has confirmed the hy-
groscopic nature of the archaeological corrosion products.
The lineshape analysis of the O 1s photoemission peaks
(not shown) evidences both the presence of anhydrous and
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Fig. 3 Back scattered scanning electron microscopy (BSE SEM)
images and energy dispersive spectra (EDS) of a cross-sectioned frag-
ment from the dress of the Warrior Priest (T 14-B) that disclose the
presence of a surface gold thin layer with a low amount of silver. The
high resolution image reveal the progressive gold enrichment on the
external surface of the object due to the deposition process carried out
in ancient times by Moche metalsmiths. The EDS spectrum E of the

metallic relic areas located in the central zone of the copper ally sheet
shows the presence of Au and Ag and could demonstrate the use of a
depletion gilding process to produce a thin gold layer on the surface of
the artefact. The EDS spectrum F confirms this hypothesis revealing
the presence of Au and Ag local enrichments formed by the selective
copper corrosion that has concentrated the noble metals
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Fig. 4 OM (dark and bright
field observation) image of a
cross-sectioned fragment from
the crown of the Young Warrior
(T 15-B) that reveal a surface
metallic thin layer. The OM
images reveal the complete
mineralisation of the artefact
with the formation of different
copper corrosion products such
as cuprous oxide (Cu2O),
copper carbonates (i.e. azurite
(Cu3(CO3)2(OH)2 and
malachite (CuCO3Cu(OH)2)]
and dangerous chlorine-based
compounds such as nantokite
(CuCl) and atacamite
(Cu2(OH)3Cl) polymorphs

hydrated metallic oxides at the surface, their co-existence
being disclosed by the two-component of the O 1 s band
peaked at about 531.1 eV and 532.2 ± 0.3 eV, typical of O–
Met and O–H or H2O chemical bonding, respectively [31,
37, 38].

The XPS spectral features for copper (not shown) such
as binding energy (BE) and lineshape of the Cu 2p3/2 sig-
nal and its shake-up satellite, the kinetic energy of the Cu

LMM signal and the α′ Auger parameters of the patinas re-
veal the presence of Cu (II) corrosion products such as cop-
per oxychlorides and carbonates, moreover, the Cu 2p sig-
nal is characterised by the typical intense shake-up satellites
[39–42] confirming the assignment to Cu (II) species. Fur-
thermore, the modified α′ Auger parameters for silicon and
aluminium are 1713.3 ± 0.1 eV and 1461.5 eV, respectively.
As expected, these results are quite similar to those for illite
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Fig. 5 Back scattered scanning electron microscopy (BSE SEM) im-
ages and energy dispersive spectra (EDS) of a cross-sectioned fragment
from the owl-crown of the Young Warrior (T 15-B) that disclose the
presence of a surface gold thin layer with a low amount of silver. The
high resolution image of the area under the gold layer reveals the pres-

ence of copper-chloride species which are dispersed nano-particles of
gold coming from the complete corrosion of the Cu–Au alloy used by
Moche metalsmiths to induce the surface gold enrichment likely via
depletion gilding process
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Fig. 6 OM images (first row, surface, and dark field observation) of a
fragment of a copper based artefact form the tomb of the Lord of Sipan
(T-03) that disclose the presence of the thin gold layer under the thick
patina constituted by copper corrosion products. The images show
that the artefact has been completely mineralised with the formation
of different copper corrosion products. BSE images and EDS spectra

(second and third row) of the cross-sectioned fragment reveal a gold
thin layer with a noticeable content of silver that could indicates the
use of copper alloys with different amounts of Au and Ag and reflects
the skill of the metallurgists to produce alloys in a wide range of chem-
ical compositions
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Fig. 7 XRD patterns of the surface of the dress of the Warrior Priest
(T-14) and of the owl-crown of the Young Warrior, the patterns show
the presence of different copper corrosion products and a weak signal
of gold

(layered forms of micaceous clay minerals) that is a typical
soil constituent [43, 44].

The above described results show that different copper
corrosion products have grown during the long term archae-
ological burial due to the intense and selective dissolution of
copper that, in many cases, induce the formation of a strat-
ified structure, whose internal zone is mainly composed of
cuprous oxide and copper chlorides [12, 32, 45].

The external patina is formed by the interaction between
soil constituents (Cl, S, Si, Ca, Fe, P, Al, K, CO2) and copper
corrosion products. The presence of these elements demon-
strate a strict interaction between soil constituents and arte-
facts corrosion products that could be enhanced by the effect
of a long-term burial in a chlorine-enriched soil and the use
of fertilisers used for the sugar plantations surrounding the
archaeological site. These latter chemical compounds are
dangerous for chemical-physical stability of the metallic ar-
chaeological artefacts, both for their high solubility and for
the high ionic conductivity of their solutions as well as for

the role played by the reactive cuprous chloride (CuCl) that
induces the dangerous cyclic copper corrosion phenomenon,
the so- called “bronze disease” [13–19, 32, 45].

The degradation phenomena are fatherly enhanced by the
contact between different metals, such as the gold super-
ficial coating and the copper-based alloy of the bulk. This
galvanic coupling of different metals, speeded up the copper
corrosion process.

As a consequence of the joining between Au or Ag and
Cu-based alloy, the behaviour and the rate of corrosion of
copper is remarkably influenced by the intimate contact be-
tween metals with different electrochemical potential and
electrically connected by an electrolyte. This contact in-
duces the less noble metal (Cu) to become anodic and the
current will flow from the more noble cathodic metal (Au)
to Cu, thus inducing its preferential corrosion. The amount
of current which flows and the extent of corrosion depend on
many variables, such as chemical-physical parameters of the
burial context, the presence and the nature of the electrolyte
and the micro-chemical structure of the alloy [12, 45].

4 Conclusions

Some copper-based objects coated with a thin layer of gold
found during the archaeological excavation of the Royal
Tombs of Sipan have been studied by means of the combined
use of analytical techniques such as optical microscopy
(OM), scanning electron microscopy coupled with energy
dispersive X-ray micro-analysis (SEM-EDS), X-ray photo-
electron spectroscopy (XPS), and X-ray diffraction (XRD).

The aim of the studies was to identify the chemical com-
position and manufacturing processes of the gold layer as
well as the corrosion products formed during the long-term
burial.

The micro-chemical and structural results give useful in-
formation to identify the manufacturing techniques used by
the Moche metalsmiths to modify the surface chemical com-
position of the coated artefacts based likely based on the de-
pletion gilding process carried out by oxidising the surface
copper containing the noble metal and etching away the cop-
per oxides.

Furthermore, the results reveal that the main degra-
dation agent is the ubiquitous chlorine and that copper
has been almost completely transformed during the burial
into mineral species giving rise to the formation of strati-
fied structures constituted by different mineral phases such
as cuprous oxide (Cu2O) and copper carbonates [azurite
(Cu3(CO3)2(OH)2 and malachite (CuCO3Cu(OH)2)] as
well as dangerous chlorine-based compounds such as nan-
tokite (CuCl) and atacamite (Cu2(OH)3Cl) polymorphs that
induce the cyclic corrosion reaction of copper (“bronze
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disease”). Furthermore, an electrochemical corrosion phe-
nomenon induced by the intimate contact of different met-
als, was proposed.

From a conservation point of view, the results suggest
that these artefacts must be kept under a well-controlled at-
mosphere and its conservation state must be continuously
monitored and further, to maintain the integrity of the ob-
jects, mechanical stresses and vibrations must be avoided,
as well as their transportation.
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