
Nuclear Instruments and Methods in Physics Research B 331 (2014) 275–279
Contents lists available at ScienceDirect

Nuclear Instruments and Methods in Physics Research B

journal homepage: www.elsevier .com/locate /n imb
PIXE identification of the provenance of ferruginous rocks used
by Neanderthals
0168-583X/$ - see front matter � 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.nimb.2013.11.028

⇑ Corresponding author. Tel.: +32 43663681.
E-mail address: francois.mathis@ulg.ac.be (F. Mathis).
François Mathis a,⇑, Pierre Bodu b, Olivier Dubreuil c, Hélène Salomon d

a Centre Européen d’Archéométrie, University of Liège, Belgium
b ARSCAN, UMR4071 CNRS, MAE, Nanterre, France
c Centre Spatial de Liège, Liège, Belgium
d Service de Préhistoire, University of Liège, Liège, Belgium
a r t i c l e i n f o

Article history:
Received 23 September 2013
Received in revised form 6 November 2013
Accepted 6 November 2013
Available online 3 February 2014

Keywords:
PIXE
Prehistoric pigments
Provenance
Ormesson
Late Mousterian
Iron oxide
a b s t r a c t

Les Bossats, near Ormesson, France, is a newly discovered late Mousterian open air site dated to around
47,000 years ago by thermoluminescence. The archaeological level, fossilized by loess, revealed a rich
industry based on the discoid mode, associated with numerous fragments of red and yellow iron
oxide-rich rocks showing clear traces of powder production (abrasion, striation, scraping), which are
exceptional remains for this remote period. Archeological material and geological samples from the close
environment were studied by PIXE and by petrographical observations made on thin sections. The geo-
logical sources were identified by means of PIXE analyses on two IBA facilities: AGLAE (2 MV tandem) at
the C2RMF in Paris and the cyclotron of the IPNAS (University of Liège). We paid particular attention to
the comparison of results obtained on both installations by using the same set of geological standards and
by a fine evaluation of the limit of detection relative to each trace elements of interest for both experi-
mental set ups. The elemental fingerprint of one geological source of iron-rich concretions corresponds
clearly with the archaeological collection. At least, this investigation demonstrates that the colouring
materials were minutely selected in the close neighbouring of the site by the Neanderthals.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction [16], displaying a rich flaked industry associated with many frag-
1.1. Fingerprinting iron oxide rich-rocks from the Palaeolithic

Colouring materials used by the hunter-gatherers of the Palae-
olithic are commonly refereed as ‘‘ochre’’, although they are iron
oxide-rich rocks. In the past few years, papers focused on the iden-
tification of geochemical fingerprints of archaeological and geolog-
ical colouring rocks by XRF (X-ray Fluorescence) [1], ICP-MS
(Inductively Coupled Plasma Mass Spectrometry) [2–4], neutron
activation analysis [5–8] and PIXE [9–15]. Except for PIXE, sample
preparation is required.

In this paper, we determined, without any preliminary prepara-
tion, the chemical fingerprint of the archaeological ferruginous
stones and geological references extracted in the area surrounding
the Mousterian site, by comparing the analytical results obtained
with AGLAE and the cyclotron in Liège.

1.2. Archaeological context

‘‘Les Bossats’’, in Ormesson is a Late Mousterian settlement,
located in France, 70 km south of Paris, dated around 47,000 B.P.
ments and smoothed, faceted, grooved, striated blocks of iron
oxide-rich stones (Fig. 1), which are relatively uncommon artefacts
for Middle Palaeolithic contexts [17–26].
2. Material and methods

2.1. Geological and archaeological ferruginous rocks

Within the archaeological collection, a single type of raw mate-
rial was identified, made of a succession of different layers, red,
grey and yellow. These morphological and mineral characteristics
are typical of ferruginous concretions formed in continental detri-
tal layers under tropical climatic conditions [27–29]. All the col-
ouring artefacts present the same characteristics.

Archaeological settlement is situated in a geological environ-
ment dominated by Sparnatian detrital formation and Stampian
sandy horizon. Both contexts provide ferruginous rocks manly
sandstones and concretion that were sampled for this study.

The Stampian sand contents punctually ferruginous concretions.
‘‘Les Crottes de Fer’’ in Larchant, some 5 km to the north-west of the
Mousterian camp-site provided geological references (Fig. 2).

The Sparnacian detrital continental formation[30,31] provides
ferruginous concretions and ferruginous sandstones nowadays
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Fig. 1. Ferruginous stones showing traces of abrasion by rubbing and scraping. All
of them were removed from level 4, a late Mousterian camp site.
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situated around 40 km east from the site, in the area of Pont-sur-
Yonne and Villemer.

In order to discriminate the raw ferruginous concretion, major
and trace elements were measured by PIXE, for each geological for-
mation and for archaeological remains to compare their geochem-
ical fingerprints.
Fig. 2. Geological maps with mention of our surveys. The archaeological site is located wi
coloured with orange, the orange spots indicate mention of ancient iron ore exploit. (For i
the web version of this article.)
Therefore, major and trace elemental content was quantified
for:

- Six geological samples from the Stampian.
- 12 Geological samples from the Sparnacian (TRG11 and TRG24

are ferruginous sandstones).
- 11 Ferruginous concretions collected in the Mousterian level 4.

Two to four measures were made for each object taking into
account the different layers (haematite-rich and goethite-rich).
Furthermore, the concretions showing wear traces were preferen-
tially analysed, as they are the most relevant material for investi-
gating procurement strategies, in particular the choices of
materials.
2.2. PIXE experimental set ups: AGLAE (C2RMF, Paris) and Cyclotron
(IPNAS, Liège)

For practical reasons, PIXE experiments were conducted in two
different places: at the AGLAE (Accélérateur Grand Louvre d’Ana-
lyse Elémentaire) facility based in Paris, France and at the PIXE
facility of the University of Liège, Belgium. Therefore, ensuring
comparable working conditions and results was one of the key is-
sues and special care was taken to it during both experimental
work and data treatment.

AGLAE is a 2 MV tandem accelerator as the Belgium facility is an
Azimutal Varying Field cyclotron, both were used to deliver a
3 MeV proton extracted beam. The beam size in Liège is about
1 mm diameter, at AGLAE the beam size is about 50 lm diameter,
to ensure that the volume analysed is almost equivalent and be-
cause the samples are highly heterogeneous, the beam is scanned
over a 1 mm2 area. In both cases, beams are extracted through a
100 nm thick Si3N4 window and Helium is blown between the win-
dow and the sample to avoid beam straggling.
th a blue dot. The Stampian is pink and the sample spots are violet. The Sparnacian is
nterpretation of the references to color in this figure legend, the reader is referred to
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X-ray spectra are recorded by two detectors oriented at 45� to
the beam direction. One is devoted to the low energy X-rays com-
ing from the light elements of the matrix of our samples (Si, Al, Ca,
Fe). The detector is the same in both places, a Si(Li) detector
equipped with an ultra-thin polymer window (AP3.3 from Mox-
tek�), Helium is blown between the sample and the detector to
avoid low energy X-ray absorption. The other detector is devoted
to the detection of high energy X-rays (6–35 keV) emitted by trace
elements and equipped with a selective filter in order to reduce
signal and pile-up coming from major elements. In AGLAE this
detector is a 50 mm2 Si(Li) [32] detector with a Beryllium window,
the chosen filter is a 20 lm thick chromium filter (deposited on
150 lm polymer film) to absorb Fe X-rays and an additional
50 lm thick aluminium filter was used to reduce the secondary
X-rays coming from the Cr filter. At Liège the trace detector is an
Ultra-LEGe detector from Canberra with a 0.3 mm thick Beryllium
window [33]. The chosen filter was a 10 lm thick chromium filter
(mounted on 150 lm polymer film). All the characteristics of the
two set-ups are summarized in Table 1.

PIXE spectra were collected between 10 and 15 min with a
current of about 5 nA at AGLAE and 7 nA in Liège for a total fluence
almost equivalent in both case of about 4 lC.

To compare the results we analysed the same standards (DR-N,
MA-N, BE-N, UB-N which are geological standards from CRPG) and
one archaeological sample (5 points analysed) on both devices to
compare data from both laboratories and these measures
confirmed a very satisfactory reproducibility. The use of selective
Table 1
Characteristic of the two set-ups used.

Beam Beam
size

Scanned
area

Detector low
energy

Filter D
E

AGLAE P 3 MeV 50 lm 1 * 1
mm2

Si(Li) 10 mm2 Ultra thin
window + He

S

Liege P 3 MeV 1 mm Si(Li) 10 mm2 Ultra thin
window + He

U
5

Table 2
PIXE limit of detection (LOD) in ppm for elements heavier than iron for the two set-ups.

Ni Cu Zn Ga As Rb Sr Y Zr

AGLAE 22 8 3 4 8 2 2 3 3
Liège 36 12 10 10 15 20 10 17 18

Fig. 3. PIXE spectra for major (black) and trace (red) elements for the archaeological samp
energy spectrum shows a large panel of trace elements emerging from the background. (
references to color in this figure legend, the reader is referred to the web version of thi
filters gives access to detection limits less than 10 ppm to around
100 ppm according to the elements. They are detailed in Table 2.
Examples of spectra acquired in both places on the same sample
are presented in Fig. 3. The spectra of the matrix are almost equiv-
alent as the spectra of the trace elements are more detailed in
AGLAE with a higher total number of count which can be explained
by a better geometry optimization and a higher solid angle, which
explains the difference we observe on the LOD of traces elements
between both set-ups.

This difference in the limit of detection between both set-ups
was a crucial point in the choice of relevant trace elements for
determining the provenance of iron ores.

Elemental concentrations have been extracted by using GUPIX-
WIN [34]. The elemental concentration of the matrix were calcu-
lated by normalizing to 100% in oxide mode while the traces
elements were calculated by normalizing the iron value to the value
found in the matrix calculation. The automatized treatment was
performed by using TRAUPIXE [32] which run automatically GUPIX-
WIN for the calculation of matrix and traces elements for each point
and extract the concentration, errors and LOD and other parameters
from the GUPIXWIN output files and class them in a table.

3. Provenance of colouring materials

To determine automatically the detection of trace elements
while taking into account the differences in the LOD between the
set-ups we compare the elemental concentration minus its error
etector High
nergy

Filter Current Time of
Aquisition

Total
Fluence

i(Li) 50 mm2 Be window Cr 20 lm
Al 50 lm

5 nA 10–15 min 3–4 lC

ltra-LEGe
0 mm2

Be window Cr 10 lm 7 nA 10 min 4 lC

Nb Mo Ag Sn Sb Ba W Pb Bi

4 3 5 4 9 17 43 59 16
16 26 37 46 40 330 63 87 27

le OR10E40–10. Comparison between AGLAE (left) and Liège (right). (a) AGLAE high
b) Liège high energy spectrum shows less trace elements. (For interpretation of the

s article.)



Fig. 4. (a) The anti-correlation of Al2O3 and Fe2O3 indicate the contribution of weathering of the ferruginous crust. It affects the archaeological collection and the ferruginous
concretion from the Sparnacian. The Sparnacian ferruginous sandstones and the Stampian concretions are not following the same tendency. (b) As2O5/Fe2O3 concentration as
a function of V2O3/Fe2O3 concentration shows a clear discrimination of both geological formations with a confidence ellipse of 1 sigma (1 fit) and (c) plot of the archaeological
samples measured in IPNAS (black) and in AGLAE (red) with a 1 sigma confidence ellipse. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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(Fit Error parameter of Gupix) to the Limit of Detection and we
keep only the values of concentration that passed this test.

The group of provenance are graphically obtained (Fig. 4a) by
plotting an ellipsoid covering all the points of the same provenance
with their error bars calculated using the fit error parameter of
GUPIXWIN, which are reported in Table 3.

Trace element composition provides chemical markers which
are used to establish distinctions between different types of ferru-
ginous rocks, using Pearson test and bivariate plots of iron and
trace elements for each category of material following the method-
ology described in previous studies [5,6,9,10]. All the elements re-
lated to any kind of possible contamination, such as Cl, S, Ca, Ba,
Mn, have been rejected after verification with analysis and obser-
vations using SEM-EDX.

Concerning the major elements, a first discrimination between
the two geological sources can be evidenced by looking at weath-
ering contribution (Al2O3, TiO2) versus Iron oxide content.

The Stampian geological samples present lower iron contents
than the Sparnacians. This latest group is divided into two popula-
tions corresponding to both types of rock (concretions and fer-
rougineous sandstone) present in this formation. The Sparnacian
concretions present a clear anti correlation between Al2O3 or
TiO2 and Fe2O3 (Fig. 4a) characteristic of the weathering processes
of this type of rock as TiO2 replaces SiO2 in the phyllosilicates dur-
ing weathering. Archaeological materials seem to follow the same
behaviour contrary to the Stampian concretions and the Sparna-
cian sandstones.

Looking at the trace elements we determined that Vanadium
(V) and arsenic (As) concentrations are particularly dependant on
iron (Fe) concentrations in the archaeological remains and in Spar-
nacian concretions and sandstones (Table 3). To the contrary,
Stampian samples which present higher content in these elements.
Therefore, these elements allow the discrimination of two coherent
chemical groups of geological sources whatever the type of rocks
(Fig. 4b).

This analysis evidences a chemical match between the ferrugi-
nous concretions and sandstones from the Sparnacian and the
Mousterian concretions. Consequently according to these results,
the Stampian concretions can be ruled out as possible sources of
colouring materials (Fig. 4c).
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Furthermore, as the ferruginous sandstones are not represented
within the archaeological collection, we can assume that only fer-
ruginous concretions were looked for and selected. The supply in
ferruginous concretions seems then likely to be local, at least
5 km away from the camp site, on the other bank of the Loing river.

In addition, one has to note that both discriminating elements
are in sufficient contents to be measured in both detection setups
to allow intercomparison of results.
4. Conclusions

Although the Stampian concretions were available in the near-
est area around the settlement, they were not selected. The selec-
tion of raw ferruginous material therefore indicates that, in order
to transform the raw matrix, some visual and mechanical proper-
ties were privileged such as the high iron oxide content and few
quartz, as well as the little hardness of haematite layers and their
fine crystallisation. All these characteristics seem to have been
favourable for their further transformations, which left use wear
traces consisting in facets, polished surfaces, grooves and negatives
of flakes.

The archaeological collection reveals a systematic sourcing in
the same geological layer, whose outcrops were probably situated
at least 5 km from the camp-site at that time. The Mousterians
therefore neglected the local ferruginous concretions, most proba-
bly available on the site itself (as documented by the excavation in
level 5 during season 2012) or in the neighbouring sandy chaos
from the Stampian. They privileged the use of ferruginous concre-
tions, quite exclusively composed of iron oxides (haematite) and
hydroxides (goethite), which were selected minutely in the out-
crops. We can assume that the collect of ferruginous materials
was not opportunistic because of the choice of raw material made
by the Neanderthals.

Evidencing the geochemical fingerprint of raw ferruginous
rocks requires to analyse many samples. This situation force to per-
form analysis during several campaigns and possibly with different
devices. We demonstrated that the results are reliable, as long as
control of many experimental parameters is ensured.
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