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INTRODUCTION

In 2006 and 2009, a joint Russian–Mongolian
expedition studied burials of the aristocracy of the
Xiongnu, a nomadic people who populated the terri�
tory of Central Asia in the past.

The excavation site was located in the Noin�Ula
mountains of northern Mongolia. The grave fields
were at a height of 1500 meters in the Sutszukte river
valley. All tumuli were dated to between the first cen�
tury BC and the first century AD. Thorough studies
were completed at three tumuli of the Xiongnu aris�
tocracy (no. 11, 20, and 31). All of these tumuli had
been almost completely robbed soon after their con�
struction, so the bodies of the people buried there were
missing, along with many valuable items. Neverthe�
less, a considerable number of metal items (iron,
bronze, copper, silver, and gold�plated objects) were
found. The depths of the burials were 6 meters (tumu�
lus no. 11), 13 meters (tumulus no. 31) and 18 meters
(tumulus no. 20) (1).

These burials are unique primarily in the diversity
of excavated organic material: locks and plaits of hair,
bone and tooth enamel fragments, plant residue, and
textile fragments (Polosmak, 2009). The hair found in
the tumuli obviously did not belong to the individuals
buried there, as one tumulus might contain up to
40 different plait of hair [2]. But all of the hair discov�
ered in the tumuli belonged to contemporaries of the
individuals buried there and are a unique source of
information. Analysis of hair as the most abundant
material available could shed light on aspects of the

culture and lifestyle of the Xiongnu people and their
interaction with the environment.

DIAGENESIS OF THE ORGANIC OBJECTS

Hair

Hair is one of the biological tissues most resistant to
decomposition [3]. Keratin, the protein of hair, can
retain its structure [3–6] for even thousands of years
[7]. However, certain changes can occur post mortem,
including heavy metal contamination and different
taphonomic processes.

Hair can absorb and accumulate metal ions of both
endogenous (from inner sources, via the hair roots)
and exogenous (from external sources in the environ�
ment) origin. It is known that the preservation of
materials such as skin, hair, and textiles in burial sites
is often linked to the presence of metal cations when
metal items are located in the immediate proximity
[3, 8].

Hair’s capacity for absorption results in the accu�
mulation of cations from the environment. For exam�
ple, studies by I.M. Kempson et al. [9] found high
contents of copper in hair (up to 3000 µg/g) after plac�
ing it in river water, even though the content of copper
in both the water and the hair was only several µg/g.

Possible changes in the elemental composition of
hair can result from leaching�out, ion exchange
and/or the sedimentation of inorganic compounds
[9, 10–13].
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There have been many studies of the elemental
composition of hair, but such studies of ancient hair
are very rare, due to the relatively small amounts of it
found among archaeological material. Researchers are
most often interested in the reasons behind the abnor�
mally high content of certain chemical elements in
hair [3, 14, 15].

A variety of methods are used in studies, including
those involving X�rays: X�ray fluorescent analysis
[8, 9, 15, 16], X�ray diffraction [3, 15, 17, 18], and
X�ray absorption spectroscopy (XANES and EXAFS)
[3]. The latter two are very seldom encountered in the
literature, due probably to the complexity of organic
material and the consequent difficulty of interpreting
oscillations in the gathered spectra.

Bones and Tooth Enamel

Unlike the diagenesis of hair, that of bones is well�
understood [19]. Bone tissue is 30% organic matter
[20]. It is known that collagen, the protein of bone tis�
sue, can persist long after the burial [21–23].

Tooth enamel is even less susceptible to degrada�
tion than bone tissue, though it is not completely
immune from the diagenetic process [20, 24–26]. The
content of organic matter in enamel is 1% [27–29].
The extracellular organic matrix contains several pro�
teins, many of which are specific only to enamel
[28, 30, 31].

The samples of tooth crowns found in tumulus
no. 20 had degraded dentin, and only the tooth
enamel remained.

DEGRADING OF COPPER AND BRONZE 
ITEMS IN THE BURIAL ENVIRONMENT

Relative to normal levels, an abnormally high con�
tent of copper (up to 1.6% by weight) was found in all
of the studied samples of hair, tooth enamel, and tex�
tile fragments [32–34]. The high levels of iron in the
samples can evidently be explained by the effect of the
burials’ immediate environment: clay with high con�
centrations of the element’s oxides.

Numerous items of metalwork were found at the
burial sites, including bronze and copper items. At one
time, the barrows probably contained substantial
amounts of such items, but they were either looted or
destroyed. The hair in the burials was in the immediate
proximity of these objects.

The soils in the region are heavy with clay; in addi�
tion, the burials’ were often flooded with ground water
as a result of their location in the river valley. All finds
were thus discovered in wet clay [1], which can serve as
an environment for the transport of metal cations (the
pH of the burial environment was close to neutral).

Since the 1970s, several authors have attempted to
shed light on the mechanisms behind the long�term
corrosion of objects made of bronze and copper alloys

[35]. There are several types of chemical compounds
that are likely to form under these conditions: nanto�
kite CuCl under a layer of cuprite Cu2O [37, 38];
cupric oxide CuO [39]; covellite CuS (when there is
an excess of sulfide in the environment) [36, 40, 41];
malachite Cu2(CO3)(OH)2 [36, 38, 42]; and atacamite
Cu2Cl(OH)3 [36, 38].

Copper

Copper is an essential chemical element. It is usu�
ally present in biological systems as a divalent cation
[43]: normally, copper is bound to proteins or other
organic compounds; free copper(II) ions are not to be
found [44]. The metal is involved in the synthesis of
collagen and elastin [45, 46].

Copper plays an important role in the formation
and growth of hair and fur [47–49], and in hair pig�
mentation, via its involvement in the synthesis of mel�
anin [50]. Copper is coordinated by such ligands as
amines and thiolates, and by ionized peptides and
carboxylates. It is known that hair contains both car�
boxyl and amine groups (up to 16% nitrogen), and is
11–18% S�containing amino acids (cysteine and
methionine) [51].

Normal copper content in hair ranges from 1 to
100 µg/g, while acute copper poisoning can result in
concentrations as high as 1200–1300 µg/g [52, 53].

It is known that the Xiongnu used copper and
bronze items for household needs, including cooking
[54, 55], so there could well have been an endogenous
effect on the copper content in a person’s hair during
his or her lifetime.

One of the main aims of our study was thus to
determine sources of elevated concentrations of cop�
per in hair (and other objects of organic origin) and
decide whether they were endogenous or exogenous.

EXPERIMENTAL

SRXRF

All measurements were done on the experimental
SRXRF analysis station of the VEPP�3 electron–
positron storage ring at the Budker Institute of
Nuclear Physics, Siberian Branch, Russian Academy
of Sciences. The VEPP�3 parameters are Eex = 2 GeV,
B = 2 T, and Ie = 100 mA.

Measurements were done in the open air. The
SRXRF analysis station is equipped with a monochro�
mator which is a Si (111) channel�cut monocrystal.
The maximum beam size is 2 × 5 mm2; the energy of
excitation is 8–42keV. The elements detected range
from K to U. The energy resolution of the semicon�
ductor Si (Li) detector is 145 eV at 5.9 keV.

The following finds of organic origin were exam�
ined: from tumulus no. 20, nine locks of human hair
(sample nos. 4–12) and two samples of tooth enamel;
from tumulus no. 31, two locks of hair (sample nos. 3
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and 13), a fragment of woolen cloth, a fragment of
human bone, two local samples of clay, and two sam�
ples of millet grains; from tumulus no. 11, one fragment
of human bone. An analysis was also performed for sev�
eral human bone fragments from burials of Xiongnu
commoners (barrow nos. 1, 36, 64, 70, 71, and 77).

Sample Processing

Hair samples were washed several times in deion�
ized water, then placed in ethanol for two minutes and
washed again in deionized water to remove any surface
contaminants. The samples were then dried at a tem�
perature of 45°C, after which they were ground in an
agate mortar for 20 min; 20 mg of the dry powder was
pressed into tablets 8 mm in diameter using a hydraulic
press (mass per unit area is 0.04 g/cm2). The tablets
were placed between two layers of mylar and mounted
in a fluoroplastic ring.

Samples of clay and woolen cloth were also pre�
pared following the same procedure.

Additional preprocessing that included mechanical
surface cleaning, abrading, washing in distilled water,
and a sodium acetate buffer was used for the bone and
tooth tissue samples [56].

Concentrations of the chemical elements in the
samples were calculated using external standards. The
internationally certified reference materials were three
standard human hair samples, NCS ZC 81002b
Human Hair (China), NCS DC 73347 Human Hair
(China), and NIES 5 Human Hair (Japan); beef liver
standard NIST 1577 Bovine Liver (United States) was
also used to assay the concentrations of copper, large
quantities of which were contained in the hair samples
[57]. Clay samples were assayed against standard refer�
ence samples 381�93 BIL�1 Lake Baikal Sediment
(Russia), NIES 2 Pond Sediment (Japan), and the
standard soil sample IAEA Soil 7.

The samples of tooth enamel and bones were
assayed using IRMM BCR 032 Phosphorite (United
States), a sedimentary rock containing mostly phos�
phate minerals of the apatite group (the main mineral
component of teeth and bones).

High Resolution X�ray Computed Tomography

High�resolution X�ray computed tomography was
used to visualize inhomogeneities such as pores and
inclusions in the archaeological samples of hair
on the micrometer scale. This technique was applied
on the Microscopy and Microtomography Station of
the VEPP�3 electron�positron storage ring at the Bud�
ker Institute of Nuclear Physics’ Siberian Center for
Synchrotron and Terahertz Radiation.

Scanning Electron Microscopy (SEM)

A Hitachi Type II S�3400N scanning electron
microscope was used to study the morphology and dis�
tribution of chemical elements in the hair samples (in
cross section).

X�ray Absorption Spectroscopy (XANES and EXAFS)

XANES and EXAFS spectra (transmission and flu�
orescent) of the Cu K�edge for our samples were
obtained on the VEPP�3 EXAFS Spectroscopy Sta�
tion. A channel�cut Si (111) monocrystal was used as
a monochromator. All EXAFS and XANES spectra
were registered with steps of ~1.5 eV and ~0.3 eV,
respectively.

All of the EXAFS spectra were processed according
to the standard procedure in [58, 59]. Curve fitting for
calculations of the interatomic distances and coordi�
nation numbers was performed using the EXCURV92
software [60] for k2χ(k) in the wavenumber interval of
3.0–12.0 Å–1 after prelimiary Fourier filtration, using
known X�ray results for bulk samples.

Micro�SRXRF

Micro�SRXRF analysis [61] was applied on the
VEPP�3 SRXRF Elemental Analysis Station in confo�
cal geometry, allowing us to scan a hair both along its
length and in cross section without destroying this
unique archaeological material.

The spatial resolution of the X�ray confocal micro�
scope was on the order of 10 µm. The method was used
to describe the distribution of copper in the cross sec�
tion of a hair from tumulus no. 20. The hair sample
was placed in slots cut in a Teflon carrier ring,
stretched, and fixed in position. The energy of excita�
tion was 19 keV. The thickness of this particular hair
sample was on the order of 100 µm; the scanning step
was 5 µm; and the time of spectrum accumulation at
each point was 150 s.

RESULTS AND DISCUSSION

SRXRF

All results obtained via SRXRF are presented in
Table 1 (the limits of detection for Cr, Ni, Se, Rb and
Hg were 0.70, 0.40, 0.20, 0.09 and 0.25 µg/g, respec�
tively). All samples of human hair found in the barrows
of the aristocracy display extremely high levels of cop�
per (up to 1.6% by weight) with low contents of zinc,
relative to the results for modern man. The normal
copper content in the hair of people today falls in the
interval of 1.06 to 146 µg /g [32–34]. Elevated copper
levels were also found in the samples of woolen cloth
and tooth enamel from the burials of the aristocracy,
while the content of copper in the clay did not exceed
normal levels.
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The normal Bronze Age levels of copper in bones
[62, 63] and tooth enamel [64] are also presented in
Table 1.

Additional washing was used to distinguish exoge�
nous and endogenous influences for hair samples with
high copper contents. We chose a procedure that used
nonionic detergent (Triton X�100) with further ethyl�
ene diamine tetraacetate treatment (EDTA), since
this removes exogenous copper from hair samples
most efficiently [65, 66]. As can be seen from Table 2,
more than half the copper content is washed out of the
hair samples, indicating the exogenous origin of the
element’s accumulation in the hair.

High Resolution X�ray Computed Tomography

The results from high resolution X�ray computed
tomography are shown in Fig. 1 as a 3D image and a
plain projection of a hair stem (from tumulus no. 20).
It can be seen that the hair sample was hollow along its
full length. A similar situation was observed in [15] in
studying the hair of a mummy: the inner structure of
the hair was missing. The inner structure (medulla) of
hair consists mostly of the lipid fraction that is least
resistant to microbiological and chemical actions
[3, 13, 67, 68] and is especially subject to biodegrada�
tion. Unlike the lipid component, hair keratin can last
for even thousands of years [4–6], so we may assume
here that we were seeing only the keratin carcass of
the hair.

Scanning Electron Microscopy (SEM)

Figure 2 shows our SEM results for a human hair
sample from tumulus no. 20. Data is presented only for
the elements with the highest concentrations. It can be
seen that sulfur is distributed uniformly (we know that
hair contains S�containing amino acids, cysteine and
methionine). Aluminum and silicon were deposited
on the hair surface as a result of it being buried in clay,
as has also been noted by other researchers [9, 15].

Copper is distributed uniform over the cross section
of hair, allowing us to assume it had an exogenous
source (in the external environment).

Little is known regarding the reactivity of Cu with
respect to hair keratin fibers. It has been reported that
Cu2+ ions are bound mostly to the carboxylic groups of
keratin and lipids.

XANES

The XANES and EXAFS spectra of the K�edge of
copper for the hair and tooth enamel samples are
shown in Figs. 3 and 4, respectively.

Table 2. Results from washing with nonionic detergent and EDTA (hair samples 3 and 8)

S K Ca Mn Fe Cu Zn

Thickness of hair = 85–110 µm

Human hair no. 3, barrow no. 31 47000 250 1000 73 5300 5600 43

Human hair no. 3 after washing with Triton 
X�100 and EDTA

46800 95 950 35 4500 2800 39

Thickness of hair, 65–80 µm

Human hair no. 8, barrow no. 20 39000 200 2100 8.3 2200 12 000 43

Human hair no. 8 after washing with Triton 
X�100 and EDTA

36000 90 500 1.2 750 6300 23

Sr %, relative standard deviation 30 18 16 20 14 16 10

100 μm

Fig. 1. Human hair from the burial of Xiongnu aristocracy
(tumulus no. 20). Results from high�resolution X�ray
computed tomography.
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Figure 3 shows normalized XANES results
(Cu K�edge) for (a) samples of hair and (b) tooth
enamel from the burial of Xiongnu aristocracy (tumu�
lus no. 20), along with standards of (f) copper foil,
(d, e) copper oxides, and (c) a model Cu–FeOx ⋅ (H2O)y

catalyst.

A detailed comparative analysis of our XANES
spectra and data from the literature (for inorganic and
metal�organic copper compounds) allows us to sug�
gest that the XANES spectra of the hair and tooth
enamel are almost identical; minor differences are
observed in the locations and forms of peaks. The local
copper surroundings were obviously identical for these
samples. No signs were found of either metallic copper
or its oxides (the Cu2O and/or CuO phases).

Both XANES spectra of our samples have the
most in common with the spectrum obtained for
Cu–FeOx ⋅ (H2O)y catalyst (a mixed oxide system)
[69]. It was established earlier that the copper in such
catalysts is in the Cu2+ charge state and a distorted
octahedral coordination (4 + 2). Such coordination is
characteristic of both inorganic mixed oxides and
hydroxide copper nanosystems (nonstoichiometric sys�
tems or mixed phases) and metal–organic copper com�
plexes (with such ligands as oxygen and/or nitrogen).

The copper in our samples of hair and tooth
enamel was probably in the Cu2+ charge state and sur�
rounded by ligands of light atoms (O/N) in distorted
octahedral geometry (4 + 2).
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Fig. 2. Distribution of chemical elements in the cross section of a hair sample from the burial of Xiongnu aristocracy (tumulus
no. 20). SEM results.
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(f) standard samples of CuO, Cu2O, and Cu, respectively.
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EXAFS

Figures 4a, 4b show the radial distribution func�
tions for our samples. Three distinct peaks are visible:
the first peak (at 1.2–2.0 Å) corresponds to Cu–O and
Cu–N distances, while other two peaks with lower
amplitudes (in the regions of ~2.0–2.8 Å and ~2.8–
4.0 Å) can be attributed to the Cu–O distances (to the
more distant vertices of the octahedron) and those of
Cu—Cu, respectively.

All of the data from XANES and EXAFS agree with
those in the literature for Cu complexes with amino
acids, including the data on interatomic distances and
types of coordination [35, 46].

Micro�SRXRF

Figure 5 shows the distribution of copper in a hair
cross section obtained via micro�SRXRF (scanning
step, 5 µm). The hair was hollow inside (as in the SEM

images). The distribution of copper was almost uni�
form (the light area covering a considerable part of the
cross section), supporting our assumption of its exog�
enous origin [8, 70].

CONCLUSIONS

According to the SRXRF results, all hair samples
from the burials of the aristocracy of the Xiongnu peo�
ple display abnormally high copper contents.

Considering the pH of the surroundings and other
conditions of the burials, our XAFS results, and the
data from the literature, we may assume that the pres�
ence inorganic compounds like pure copper oxides
(I and II), sulfides, sulfates, chlorides, phosphates, sil�
icates, and hydrocarbonates (which might have been
found) can be ruled out. In addition, the EXAFS
results indicate that the first interatomic distance
belongs to Cu–O and Cu–N; the second, to the
Cu⎯O distance in a distorted octahedral geometry.

Even though such inorganic copper compounds as
mixed oxide and hydroxide systems (nonstoichiomet�
ric or mixed different phases) cannot be completely
ruled out, Cu is in this case probably coordinated by
functional groups of amino acids. Our results fit well
with models describing Cu complexes with amino
acids, indicating the binding of Cu to such proteins as
hair keratin or glycoproteins.

The copper content in the hair from the burials of
the Xiongnu people considerably exceed that in nor�
mal human hair even for cases of acute copper poison�
ing. The homogeneity of the copper distribution for
the hair cross section in the SEM and micro�SRXRF
images testifies to a probable external source of its
intake by the hair. The high copper concentrations in
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Fig. 4. Radial distribution function showing the immediate
environment of copper atoms in the following samples:
(a) human hair from tumulus no. 20; (b) tooth enamel
from tumulus no. 20; (c) Cu–FeOx · (H2O)y catalyst
(mixed oxide system), distorted octahedron; (d), (e), (f)
standard samples of CuO, Cu2O, and Cu, respectively.
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the hair of the Xiongnu people can apparently be
explained by the effects of the environment in the area
of the burials, due to the proximity of copper and
bronze items. An endogenous source of copper intake
by the hair is in this case unlikely.
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