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Abstract

In the present work we have coupled PIXE with ®ssion track dating to characterise obsidian artefacts from about 40

archaeological sites of Colombia and Ecuador. PIXE analysis, carried out with the external beam line of the AGLAE

tandem accelerator, yields the content in about 15 elements with Z > 8, whereas ®ssion track dating is applied to ages in

excess of about 10 000 years. About 120 artefacts were investigated by PIXE, of which 50 were dated by ®ssion tracks.

Ages and compositions were compared to those of obsidians from all known geological sources of the region. We show

that this double characterisation allows us to determine the number of obsidian sources exploited in an ancient past and

to give some insight into obsidian circulation. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

An important issue in archaeology deals with
the sources of raw materials used for lithic in-
dustry. Among the great variety of analytical
techniques applied to provenience studies, PIXE
appears as a powerful one, because of its high
sensitivity, its non-destructive character and its
relatively easy implementation. In particular, this
technique was successfully applied to the deter-

mination of obsidian sources since the very be-
ginning of its availability in the early seventies,
®rst for obsidian from Meso±America [1] and
then on a wider regional scale, for those from the
Paci®c area [2±4]. Concerning South America,
PIXE was already used for obsidian provenience
studies in Chile [5]. The present study, started in
1996 [6], deals with obsidian sourcing in Colom-
bia and Ecuador and relies on the use of the
AGLAE PIXE facility of the Laboratoire de
Recherche des Mus�ees de France. Obsidians can
also be characterised by their formation age as
determined by ®ssion-track (FT) dating [7]. We
found by using these two techniques that some
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artefacts which have indistinguishable PIXE
chemical compositions may have di�erent FT
ages and thus must come from di�erent sources.
We show that this combination of methods gives
some insight into the use of potential obsidian
sources by pre-hispanic cultures of the region
considered.

2. Archaeological background and sampling

The sources of obsidian in South America are
linked to the Andean belt. In the region considered
in this work, they are associated with volcanoes of
the central Cordillera of Colombia and the Cor-
dillera Real of Ecuador. The ®rst evidence for the
use of obsidian in stone tool industry in the
equatorial Andes seems to date from the ®rst hu-
man settlements known, about 10 000 BC [8]. Al-
though after Salazar [9] the use of obsidian in
Ecuador was initially restricted to geographical
areas in the vicinity of obsidian sources, obsidian
artefacts were present from the Paci®c coast to the
Amazonian piedmonts of the Andes since the
Formative Period (starting some 3500 BC). They
were still encountered in many archaeological sites
dating from the Spanish conquest (see Fig. 1).
However, it is during the Regional Development
period (from 1500 BC to 500 AD) that obsidian
appears to have been the most extensively used [9].
Little is known about obsidian circulation. On the
basis of XRF and/or INAA characterisation of
about 166 artefacts from 10 Ecuadorian sites
[10,11], it was concluded that the Mullumica and
Quiscatola sources accounted for more than 95%
of the investigated samples, and that three un-
known sources had to be invoked to account for
the rest of the data. INAA analysis revealed that
obsidian artefacts from two archaeological sites of
the Cauca valley in Colombia could originate from
the nearby source of R�õo Hondo [12]. Obsidian
characterisation by ®ssion tracks started in the
eighties [13,14]. But it was only in 1994 that FT
was explicitly applied to provenience studies [15].
Presently, from FT data, it is estimated that at
least seven sources were used by prehispanic cul-
tures in Southern Colombia and Ecuador. The

combination of PIXE and FT dating allows one to
point out the advantages and limitations of each
approach [16].

The results we present here deal mainly with
obsidian artefacts of the Regional Development
period; indeed among the 23 sites involved, 13
pertain to this period, seven to the Formative pe-
riod and three to the Integration period. All these
samples have been supplied to us by the archae-
ologists working on these sites or have been col-
lected on the ®eld by one of us (O.D.) and their
location is given in Fig. 1.

Fig. 1. Schematic map showing the location of the archaeo-

logical sites and obsidian sources sampled. The Ecuadorian

sources mentionned are located within less than 400 km2 in the

Sierra de Guaman�õ. Arrows joining archaeological sites to

sources indicate that at least one artefact from these sites could

be traced back to a known source (see text).

L. Bellot-Gurlet et al. / Nucl. Instr. and Meth. in Phys. Res. B 150 (1999) 616±621 617



3. PIXE analysis

The AGLAE facility of the Laboratoire de
Recherche des Mus�ees de France is based on a 2
MV tandem accelerator (Pelletron 6SDH-2) built
by National Electrostatics. Obsidian samples were
analysed with an external proton beam [17] im-
pinging perpendicularly to the surface. The exit
window is made of a 10-lm thick Al foil and the
sample is placed at 3 mm from it and maintained
in a helium atmosphere to reduce absorption of
incident protons and emitted X-rays. Under these
conditions, the initial proton energy of 3 MeV is
reduced to 2.85 MeV at the impact point. Two
Si(Li) detectors oriented at 45°C to the proton
beam record the X-ray spectrum, being dedicated
respectively, to the low energy X-rays (0.3±10 keV)
from low-Z major elements of the matrix, and the
high energy X-rays (5±40 keV) emitted by trace
elements. Using routinely a 0.5 mm beam diameter
and a constant proton dose, each acquisition takes
roughly 10 min. X-rays spectra are processed with
the GUPIX software [18].

Since we directly analyse hard rock fragments it
is not straightforward to use ordinary interna-
tional geological standards, available as powders,
to control the accuracy of our measurements. In-
stead we used obsidian pieces distributed between
laboratories in the framework of an international
intercalibration program (Glascock, 1997, in
preparation). Reproducibility of data was checked
by duplicate measurements on a particular sample
(obsidian sample from the Quiscatola±Yanaurcu
source).

Archaeological samples are mostly waste ¯akes
remaining after stone tool production or in rare
cases as genuine tools of typically a few centimeter
for the largest dimension and a thickness less than
0.5±1 cm. Whenever ®ssion track dating (FT) is
necessary for source discrimination, small samples
are cut as slices with a wire or diamond saw for
both PIXE and FT measurements. In that case,
PIXE analysis is performed on microprobe-quality
diamond polished slices embedded in epoxy resin.
For some artefacts non-destructive analysis is
absolutely needed for their archaeological impor-
tance. Because of the conchoidal fracture of ob-
sidians it is always possible to ®nd a ¯at surface at

the scale of the beam spot for an analysis on nat-
ural cleaned surfaces. In order to account for
possible local heterogeneity the composition of
each sample is measured on three points.

Under these conditions the content of 15 major,
minor and trace elements: Na, Al, Si, Cl, K, Ca,
Ti, Mn, Fe, Zn, Ga, Rb, Sr, Zr and Ba can be
determined. The precision given by GUPIX varies
between 1% and 8%, according to the analysed
element. This is of the same order as the dispersion
observed between several measurements on the
same sample. Two elements, namely Cl and Ba,
were discarded for obsidian source identi®cation
because of their high variability observed in some
samples: the content in Ba is sometimes highly
variable within the same sample and that in Cl is
measured with a large uncertainty (10±15%),
partly due to contents near to the detection limit.

About 8% of the artefacts were analysed non-
destructively using only the sole PIXE technique.
Their chemical composition always corresponded
to one or another of the compositional groups
de®ned by all the other samples. This suggests that
the PIXE data obtained on natural surfaces of
artefacts are representative of their bulk compo-
sition and thus that burial has no signi®cant e�ect
on the elemental concentration in the sample near-
surface region.

4. Fission track dating

Obsidians are dated with the usual ``di�erence''
procedure in which a fragment containing unan-
nealed fossil ®ssion tracks is irradiated in a ther-
mal neutron ¯ux [19]. The facility used for our
experiments is the Orph�ee nuclear reactor of the
Centre d'Etudes de Saclay. Fission tracks are
etched under the same conditions (HF 20% at
40°C for 90±150 s) in an irradiated and an unir-
radiated polished fragments, thus containing re-
spectively fossil+induced tracks and fossil tracks
only. The comparison of the diameter distributions
of fossil ®ssion tracks (originating from the 238U
spontaneous ®ssion) and of the induced ones
(produced by the ®ssion of 235U with thermal
neutrons) reveals nearly always a shortening of
fossil tracks as compared to freshly produced ones.
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This is the consequence of an aging process of the
fossil tracks under natural conditions. We there-
fore apply the plateau-technique of dating [20],
which takes into account this e�ect, to obtain the
obsidian formation age. All track measurements
are done by optical microscopy in transmission
mode and 1250x magni®cation. More details on
our experimental procedure are given elsewhere
[21].

There is a sampling bias in the FT character-
isation of obsidians relative to PIXE. Whereas all
samples are relevant to PIXE analysis, some have
to be rejected for FT dating for various reasons:
opacity, presence of many crystallites and/or
track-like bubbles making track identi®cation un-
certain, spurious tracks revealed during the hy-
dro¯uoric acid etching process, etc. Thus only
about 75% of the artefacts selected for FT analysis
could be dated.

5. Results

We analysed by PIXE a total of 22 source
samples, coming from Colombia (R�õo Hondo) and
Ecuador (the 6 sources of the Sierra de Guaman�õ).
At the same time 142 artefacts from 35 Ecuadorian
and 10 Colombian archaeological sites (Fig. 1)

were also analysed. Binary diagrams like the Mn
vs. Sr given in Fig. 2, can usefully illustrate the
compositional data and clearly reveal clustering.
Indeed the sources sampled de®ne seven discrete
compositional groups. One source, Mullumica,
presents the unusual characteristic of an hetero-
geneous composition as shown by its extended
compositional ®eld. This heterogeneity was previ-
ously mentioned by Asaro et al. [10] and inter-
preted by these authors as the result of an
incomplete mixing of two magmas. The composi-
tion of some artefacts is similar to that of known
sources: R�õo Hondo, Quiscatola±Yanaurcu,
Mullumica and Callejones. Only three of them
exhibit a composition very di�erent from that of
the sources reported in Fig. 1.

The consideration of ®ssion track ages leads to
a more complex situation. Ecuadorian sources
were dated by Bigazzi et al. [22] and the R�õo
Hondo source by Dorighel et al. [21]. Fourty one
artefacts from 25 sites were dated [15,21 and un-
pub data]. The 3D diagram of Fig. 3 shows the
combination of compositional and geochronolog-
ical data. Artefacts with the same compositional
characteristics sometimes split into di�erent age
groups, implying sources not present in Fig. 1. For
14 artefacts only, age and composition match a
known source from which they might come. The

Fig. 2. Binary diagram plotting the Sr content vs. Mn in all the investigated artefacts and source samples. The extended Mullumica

source ®eld is secant over that of an important group of artefacts. When dated by FT, artefacts from this group show in general

corrected ages in the 0.25±0.30 Ma (18 samples) rather than ages concordant with that of the Mullumica ¯ow (5 samples), implying that

most of them come from another source.
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27 other dated artefacts need to be related to three
unknown sources. One of these sources, with an
age in the range 0.25±0.30 Ma, is represented by 22
samples from 16 archaeological sites.

6. Archaeological implications

The ®rst implication of the experimental ap-
proach we followed is illustrated by the compari-
son of Figs. 2 and 3: using only PIXE analysis for
obsidian provenience studies in the area consid-
ered might lead to an erroneous source attribution,
as several sources of di�erent ages appear to have
indistinguishable chemical compositions. Fission
track dating may help to discriminate between
these sources, but a signi®cant fraction of artefacts
cannot be dated. However, in spite of these limi-
tations, some conclusions may be drawn from the
above PIXE-FT methodology.

First, ancient men living in the investigated area
used more obsidian sources than those we know.
Whether this is due to a better knowledge of local
sources or to the consequence of already estab-
lished ``long-distances'' trade systems, remains to
be ascertained. Second, the major source of our
artefacts collection (shaded areas of Fig. 1) is still
unknown. 0.25±0.30 Ma as old one and not the
Mullumica source has been postulated by previous
authors [10,11]. Third, in the Southern Colombia

valley of the Rio Cauca, ¯owing northwards be-
tween two cordilleras and closed in the south by
high mountains, only one source seems to corres-
pond to the archaeological artefacts, that of Rio
Hondo, located in the high Cauca valley.

Thus the combination of PIXE/FT dating al-
lows us to reveal some trends of the obsidian
source distribution in archaeological sites of
Southern Colombia and Ecuador. However, some
samples are not suitable for this methodology and
other potentially complementary techniques of
obsidian characterisation are presently under
study in (Refs. [23,24] and unpublished data). We
hope that a multiparametric approach involving
dating, geochemical and structural analyses of
obsidian might help in the future to infer unam-
biguously obsidian provenance.
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