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a b s t r a c t

Tribological analysis is employed in a pilot study of the technological steps involved in the manufacture
of a polished obsidian bracelet from Aşıklı Höyük, an Aceramic Neolithic site in Central Anatolia (8300
e7500 cal. B.C.). The study includes morphological analysis of the bracelet, based on profile measure-
ments, and identifications of wear variations indicated by surface topographic features and parameters.
The manufacturing skill that is revealed suggests early appearance of a regional tradition of obsidian
working, which reached its full development in the 6th millennium cal. B.C. with the production of
various ornamental objects, including mirrors and vessels. The cultural record and location of Aşıklı
Höyük make the site important for our understanding of the technological developments during the
early Neolithic in Anatolia.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Artifacts of personal adornment, mirrors, and vessels made from
polished obsidian occur in Anatolian sites of the 7th and 6th
millennia cal. B.C. and are considered expressions of remarkable
stone craft skills developed during this period (Healey, 2000, 2007;
Vedder, 2005). Recently, a fragment of obsidian bracelet with highly
polished surface and complex morphology (Fig. 1), dating back to
the 8th millennium cal. B.C., was discovered at Aşıklı Höyük in
Central Anatolia, indicating a greater antiquity for the practice of
obsidian polishing.

Aşıklı Höyük is a 3.5e4 ha settlement mound situated at an
elevation of about 1100 m above sea level in the Melendiz valley in
Aksaray province, within the territory of ancient Cappadocia (Fig. 2;
Esin and Harmankaya, 1999, 2007; Esin et al., 1991; Todd, 1966). At
distances of 19 and 25 km from the site are located, respectively,
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Nenezi Da�g and Göllü Da�g, two of the main sources of the obsidian
traded in the eastern Mediterranean region during the Neolithic
period (Cauvin et al., 1998; Renfrew et al., 1966). Aşıklı Höyük
preserves more than 10m of well stratified deposits assigned to the
Aceramic Neolithic and dated by more than 80 14C dates to about
8300e7500 cal. B.C. Excavations conducted in 1989e2000 by Ufuk
Esin (Istanbul University) covered a total area of 1.6 ha, making
Aşıklı Höyük one of the most extensively investigated Neolithic
settlements in Anatolia. Work continued on a smaller scale until
2004 under the direction of Nur Balkan and concentrated on the
earliest phases of occupation. In 2010, excavations resumed under
Mihriban Özbaşaran and continue to date. The finds include well-
preserved mudbrick (kerpiç) architecture; human burials; as well
as large collections of faunal and botanical remains, stone tools, and
ornaments. A general stability in the subsistence economy of the
village, with some diachronic changes in resource use and selec-
tion, has been observed. Specifically, the importance of wild and
domestic cereals, wild grasses, legumes, and fruits in the diet (van
Zeist and de Roller, 1995, 2003) and an unusual level of control over
wild ovicaprids, which pinpoints “proto-domestication”
(Buitenhuis, 1997), have been noted. The stone industries were
produced by means of uni- and bidirectional debitage from
obsidians fromGöllü Da�g and, to a lesser degree, Nenezi Da�g (Abbès
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Fig. 1. Fragment of obsidian bracelet from Aşıklı Höyük. The casted missing edge appears light in color. Dimensions are in mm.
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et al., 1999; Balcı, 2010; Balkan-Atlı, 1994; Yıldırım-Balcı, 2007). The
ornaments were mainly beads made from limestone and volcanic
rocks and used for bracelets and necklaces or pendants. Obsidian
was only identified on the specimen examined below, the sole solid
bracelet from the site. Contrary to the beads, which were found in
burial contexts, the obsidian bracelet was recovered from Building
T of the “Public Area”, a communal space in the southern part of the
site (Fig. 3).

The bracelet was made from high quality green obsidian. Since
it is a museum piece that cannot be transported for study, the
source of the obsidian has not been identified through geochem-
ical analysis. Green obsidians of different aspects are found on the
nearby Nenezi Da�g as well as Nemrut Da�g and the Bingöl region in
Eastern Anatolia, 400e550 km away from Aşıklı Höyük. If these
two latter sources were employed, the possibility that the bracelet
was obtained through exchange should be considered. In that case,
it would predate the earliest imports of Eastern Anatolian obsidian
in Central Anatolia, now known from Çatalhöyük and dated at
Fig. 2. Locations of sites mentioned in the text: 1. Aşıklı Höyük; 2. Kömürcü-Kaletepe; 3. Ç
9. Cafer Höyük; 10. Çayonü; 11. Arpachiyah. The small square sets the locations of Nenezi D
7000e6300 cal. B.C. (Carter et al., 2008). Identifying the tech-
nology devised to produce the Aşıklı Höyük specimen is funda-
mental for understanding the appearance of the obsidian polishing
craft. In this paper, we use tribological analysis in order to identify
and classify the manufacturing technique. This analysis is selected
because of its suitability to studies of the wear on stone. It also
permits observations to be carried out on replicas of objects from
museum collections, which cannot be directly analyzed.

2. Description of the bracelet fragment

The fragment lacks part of an edge, which was completed with
resin during restoration (Fig. 1). Its length is 43 mm and its
maximum width 33 mm. The internal diameter is estimated
100 mm (with an approximation error of 5%), which confirms that
the object could be worn on the wrist or the arm as bracelet. Based
on these measurements, a minimumvolume of 315 cm3 of obsidian
was estimated necessary to make the bracelet.
atalhöyük; 4. Kültepe; 5. Domuztepe; 6. Tell Halula; 7. Tell Sabi Abyad; 8. Kumartepe;
a�g and Göllü Da�g.



Fig. 3. (a) Plastered and painted floor from the second building phase of Building T, with which the obsidian bracelet has been associated; (b) mudbrick foundation walls associated
with the floor.

L. Astruc et al. / Journal of Archaeological Science 38 (2011) 3415e3424 3417
An annular ridge, shaped on the outer surface of the bracelet,
divides its width into two unequal parts measuring 17.7 and
15.3 mm and described below as zones A and B, respectively. The
apex of the ridge is rounded and its slopes become concave toward
the base, the breadth of which is 10mm. Themaximum thickness of
the fragment, at the level of the ridge, is 9 mm and the minimum
thickness, near the edges of the bracelet, which were thinned
during the manufacture, 1.5 mm. Macroscopically, the object’s
surface appears highly smoothed and glossy. Observation with
a 10� hand-lens permits to identify zones with different degrees of
polishing and surface morphology. The external surface is shiny
with narrow, dotted or continuous, concentric striations which run
parallel to the bracelet’s edges and the annular ridge. On the same
surface, the thinned edges exhibit a relatively mat abraded surface,
which is 3e5mm inwidth. The abrasion consists of slightly oblique,
narrow, and shallow striations with mat bottoms and irregular
edges. The ridge is shiny with oblique striations. The apex was
rounded by grinding narrow facets. The inner side of the bracelet is
also smoothed but appears less shiny because of the presence of
mat striations and pits caused by post-depositional damage.

3. Methodology

Tribological techniques developed for industrial applications
permit a multi-scale analysis and provide adequate explanations of
the wear and deformation of solid materials (Georges, 2000). They
combine qualitative and quantitative methods in order to assess
wear variations and conditions. Therefore, tribological analysis
enhances our understanding of the wear on ancient tools,
Fig. 4. Instruments used for optical observatio
traditionally studied using a qualitative approach (see, e.g., Keeley,
1980; Gassin, 1996; Plisson and van Gijn, 1989). In this study, we
use surface topography and profile measurements in order to
evaluate the control of the bracelet’s symmetry during the manu-
facture, and identify variations in surface topography, issued from
different stages of the production sequence (e.g., D’Errico et al.,
2000). This analysis allowed us to evaluate the manufacturing
skills involved in the production. For optical observation of thewear,
two different scales of measurement were employed: macro-scale
analysis with a confocal microscope allowing for measurements of
maximum lateral resolution of 10 nm and a resolution in Z of 3 mm
(Fig. 4a) andmicro-scale analysis carried out with an interferometer
which permits measurements of a maximum lateral resolution of
2 nmwith a resolution in Z of 1 mm (Fig. 4b). In both cases, the size
of the measured areas was adapted to the worn surface. The study
was conducted on selected areas of the bracelet, replicated using
Silflo� silicone, which is a high quality impression material. Positive
casts were then made in UREOL FC 52 AB resin. Cast reliability was
evaluated by several optical measurements of the topography of the
worn surfaces. To compare topographies, we use the statistical
parameters of Mean Roughness (Spa) and Porosity (i.e., surface area
of pores by surface unit), and automatic detection of striations (Stout
et al., 1993; Zahouani, 1998; Zahouani et al., 1999). Our analysis was
conducted in the Laboratoire de Tribologie et Dynamique des
Systèmes, Ecole Centrale de Lyon. Since 1996, this laboratory
undertakes basic research on ancient stone technology in collabo-
rationwith CNRS and university archeologists (Anderson et al., 1998,
2006; Astruc and Vargiolu, 2004; Astruc et al., 2001, 2002, 2003;
Morero et al., 2008; Procopiou et al., 1998; Vargiolu et al., 2007).
n at the (a) macro- and (b) micro-scales.



Fig. 5. Extraction of topographical profiles, evaluation of the degree of symmetry, and estimation of the internal and external diameters of the bracelet.
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3.1. Degree of symmetry of the bracelet

The height of the circular arc of the bracelet was calculated by
extracting topographical profiles along the external diameter of the
object (Fig. 5). Measurements were taken every 1 mmwithin zone
A and zone B. Values vary between 1.5 and 2.2 mm for the former
zone and indicate that the control of the bracelet’s symmetry
during the manufacture was very high but not complete. The
measurements within zone B show that the restoration did not
respect the artifact’s profile.

Transverse profiles show the same degree of symmetry
control. The concavities formed on the slopes of the annular
ridge have very similar angles (a1 ¼ 125� and a2 ¼ 124�; Fig. 6),
but the radius of curvature is 7.3 mm on zone A and 5 mm on
zone B. This difference is significant when the transverse
Fig. 6. Annular ridge: transverse profile and dimensions. The angle (a
profiles are compared to reconstructed symmetrical profiles
(Fig. 7a).

Asymmetry indicated by differences in the radius of curvature of
the ridge slopes and the width of zones A and B is related to vari-
ations in surface state (Fig. 7b). The 2D images of areas of
8.5 � 4.5 mm, obtained with the interferometer, show, for zone A,
a smooth, highly polished surface without peculiar defects and, for
zone B, a comparatively rough surface with longitudinal striations.
This difference is more clearly shown by the extracted profiles, very
regular and with low amplitude in the first case, irregular and
pitted in the second. To quantify the difference we used the
parameter of Spa which is 0.67 mm for the smooth surface and
2.1 mm for the rough one (Fig. 7c). Spa, Porosity, and striation
patterns allowed us to examine if different surface states corre-
spond to different stages of manufacture.
) and radius of curvature (R) of the concave slopes are indicated.



Fig. 7. Annular ridge: transverse profile and surface state.
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Table 1
Porosity and Mean Roughness for 13 areas sampled on the external and internal surfaces and on the edges of the bracelet.

L. Astruc et al. / Journal of Archaeological Science 38 (2011) 3415e34243420
3.2. Comparative study of surface topographies

Eight areas of 900 � 900 mm (1e8; Table 1) were sampled for
study on the outer side of the bracelet and three (aec) on the
internal.

3.2.1. Porosity and Spa
Wear features, Porosity, and Spa differentiate areas 1, 8, and 6

from areas 2e5 and 7 (Table 1; Figs. 8 and 9). Porosity on areas 1, 8,
and 6 shows a greater number of depressions, identified as pecking
marks used to roughout the bracelet. Spa demonstrates different
amounts of polishing of the object’s surface at the final stage of the
production and permits to classify the sampled areas according to
the degree of finishing, from the lowest to the highest, as follows: 6,
1, 8, 3, 4, 2, 5, and 7. Areas 5 and 7 within zone B show the highest
degree of polishing and area 6 the lowest owing to the presence of
a flaw produced in a previous stage of the work. The degree of
polishing is low on the thinned areas 1 and 8 along the bracelet’s
edges and intermediate on the edges themselves, C and D, and the
areas 3, 4, and 2 within zone A. On the inner side of the bracelet,
area a shows increased porosity, comparable to that of area 6. Areas
b and c present an intermediate degree of finishing, similar to that
of areas 3, 4, and 2. The inner side of the ring exhibits a rather mat
aspect as a result of post-depositional damage (see also section 2).

3.2.2. Striation patterns
All of the 3D images extracted exhibit polishing striations. In

zones A and B, the striations have the same orientation. Striation
Fig. 8. 3D images of the areas sampled on the external surface of the bracelet. T
orientation, depth, and width were observed using automatic
detection of striations. This analysis provided information about
the finishing of the bracelet, the external surface of which displayed
parallel striations with specific orientations of 80e100� on zone A
and 80� on zone B (Fig. 10). These orientations indicate very similar
movements used for polishing. The lowest density of striations,
which indicates thorough polishing, was observed on zone B (2.5%),
specifically the areas with the lowest Spa, with the exception of
area 6. Zone B shows the highest degree of polishing.

On the ridge, the depths and widths of the striations are similar
but their orientation varies (Fig. 11). The angles measured for the
slope of zone B fluctuate between 20� and 50�. On the opposite
slope, they are 20e30� and 140�. These variations show that the
craftsman employed different movements to finish curved forms.
The tools and abrasives employed were the same.

The inner side of the bracelet was less polished. The orientation of
the striations averages 70� and their widths and depths are generally
greater than on the outer side. Such differences may reflect varia-
tions in the time of working, the grain size of the abrasive material,
and the amount and type of lubricants used for polishing.

4. Identification of the manufacturing process

The nature and distribution of the wear marks indicate that
three techniques were employed consecutively to shape and finish
the bracelet. These techniques are: pecking, grinding, and polish-
ing. Each technique is responsible for partial or complete obliter-
ation of the marks produced by previous work. Therefore, it is
he less smoothed surfaces are shown at the upper right side of the figure.



Fig. 9. Porosity and Mean Roughness for the areas sampled on the external surface of the bracelet.
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possible that flaking was used prior to or in combination with
pecking in order to obtain the volume of obsidian required to make
the bracelet and that flake negatives were removed during pecking
and grinding. Drillingwas also perhaps used tomake the hole of the
bracelet. It must be noted, however, that perforation marks are not
preserved on the bracelet and drilling is only known from Bronze
Age sites, where it was employed to hollow vessels (Healey, 2000).

Pecking, identified on areas 6 and 1 (cf. Porosity; Fig. 8), was
employed to shape the annular ridge. Pecking is awell-known stage
of the production of mirrors and vessels in the 6th millennium cal.
B.C. in Eastern Anatolia (Domuztepe; Healey, 2000), and of vessels
in the Hittite period in Central Anatolia (Kültepe; personal obser-
vation, Kayseri Museum). Grinding was used after pecking. The
abrasionmarks are best preserved on area 6which is rough (cf. Spa)
with wide striations. Areas 1 and 8 were probably more intensively
ground. Our data do not permit distinction between coarse and fine
Fig. 10. Automatic detection of striations on three areas of the bracelet. The me
grinding (Vedder, 2005). Finally, the glossy surface of the bracelet
(Fig. 8, all areas) was obtained by polishing: the surface became
more homogeneous using finer abrasives. Areas 2, 3, 4, 5, and 7
indicate only slightly different degrees of finishing.

In sum, different tools and abrasives were used for grinding and
polishing. Differences in striation patterns indicate different move-
ments employed for polishing. The formation of concentric stria-
tions with consistent orientation and the profiles extracted point to
use of mechanical devices for grinding and polishing. These data
differentiate the Aşıklı Höyük bracelet from the Çatalhöyük mirrors
(6520e6220 cal. B.C.; Cessford, 2001; Vedder, 2005). The manufac-
ture of these objects involved flaking and “a relatively simple tech-
nology in a manner analogous to the production of contemporary
ground-stone tools and other items” (Vedder, 2005: 597). The tools
used to obtain the complex form of the Aşıklı Höyük bracelet indi-
cate higher technical input. Experiments showed that approximately
an depths and widths calculated for three classes of depths are indicated.



Fig. 11. Automatic detection of striations on the slopes of the annular ridge. The mean depths and widths calculated for three classes of depths are indicated.
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7 h of work were required to obtain a good mirror surface. The time
spent in the shaping of the bracelet is not as yet estimated.

5. Discussion

Our study produced evidence for skilled work of the obsidian
bracelet from Aşıklı Höyük. This evidence is:

� The choice of high quality obsidian
� The use of different movements and abrasive materials for
making the bracelet

� The creation of a complex form and the control of symmetry
during the shaping

� The near absence of manufacturing errors and the ability to
deal with defects
The artisan could maintain a constant angle while pecking and
grinding and control the radius of curvature on the slopes of the
ridge despite width differences between zones A and B and the
flaw on zone B. The use of mechanical devices for grinding and
polishing is also anticipated and experimentation can help identify
the tools and abrasives employed. These results are consistent
with the idea that the bracelet was not produced by a novice but
an experienced artisan and cannot therefore be an isolated
product. Intra- and inter-site comparisons of stone ornaments and
other artifacts sites provide a basis for research into the variability
and development of the stone-working techniques. Moreover,
differences in the raw materials, morphology, and manufacturing
techniques of the ornaments embody behavioral and cultural
variability and manufacturing processes connected to distribution
and consumption patterns allow the archaeologists to
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comprehend social relations and interaction (e.g., Alarashi,
Chambrade, 2010). At Aşıklı Höyük, the raw materials, shapes,
and uses of the beads indicate diversity in ornament production.
Apart from local limestone and volcanic rocks of different colors
and hardnesses, beads were also sometimes made from native
copper, marine shell, and deer teeth (Esin, 1995). Evidence for
skilled work is scarce. Ten beads made from cornelian (a material
harder than obsidian) and found in a burial show high technical
input in manufacture. It is unlikely that these beads are local
products, since there are no cornelian sources in Central Anatolia.
They are highly polished and bear a carefully drilled bi-conical
perforation made with a mechanical device. The technical input
is in this case more important than for the cornelian disk beads
from the 6th millennium cal. B.C. Kumartepe workshop in Eastern
Anatolia, which present conical perforations made using
mechanical drilling and indirect percussion with tamponoir (Calley
and Grace, 1988). The morphology and perforations of some of the
Aşıklı Höyük cornelian beads resemble those of the yellowish
chalcedony bead found together with a copper lunula pendant in
burial 4 J-E32 at Tell Halula in the Middle Euphrates valley, dated
at about 7500 cal. B.C. (Molist et al., 2009: Fig. 4). Both Tell Halula
and Aşıklı Höyük produced evidence of use of metal ornaments
and acquisition through exchange of high quality stone beads in
the 8th millennium cal. B.C. These objects were found in burials.
As was noted above, the form and depositional context of the
Aşıklı Höyük bracelet are unique for the site. Although the bracelet
cannot be associated with specific finds in Building T, the
communal character of the structure let us hypothesize that this
personal ornament was used to represent the user’s special status
or role.

Several different stone artifacts also show acquired technical
know-how and skilled production in Anatolia during the period
under examination. These artifacts are considered to be markers of
individual identities and differentiate Central from Eastern Anato-
lia. They include the highly standardized obsidian blades produced
from naviform cores on the Kaletepe-Kömürcü workshop, dated at
8290e7960 cal. B.C. (Balkan-Atlı and Binder, 2001; Binder, 2002);
the projectile points of Central Anatolia, which bear sometimes
marks of hunters or knappers, dated to the 8th-7th millennia cal.
B.C. (Ataman, 1988; Balkan-Atlı et al., 1999, 2008, 2009; Carter,
2000); and the large blades produced by pressure with lever and
dated in Eastern Anatolia as early as 8500 cal. B.C. and in High
Mesopotamia in the 7th millennium (Altınbilek et al., in press;
Astruc, 2011; Binder, 2007). Identity markers are also the 7th
millennium cal. B.C. mirrors of Çatalhöyük and the 6th millennium
cal. B.C. vessels, links, and pendants of the Halafian Culture of
Domuztepe and Tell Arpachiyah (Healey, 2000). Evidence about the
manufacture and distribution of stone bracelets is scant. Fragments
of obsidian bracelets have been found in the Pottery Neolithic levels
at Çayonü Tepesi in the High Valleys (Aslı Erim-Özdo�gan, personal
communication 6/06/2011) but have not been analyzed. Stone
bracelets with complex forms were analyzed from the 7th millen-
nium cal. B.C. contexts at Cafer Höyük (Maréchal, 1985). The anal-
ysis showed that complex morphologies are culture-specific. The
Aşıklı Höyük bracelet may then come from Eastern Anatolia.

6. Conclusions

Multi-scale analysis of wear variations on the obsidian bracelet
from Aşıklı Höyük revealed a complex manufacturing method. The
bracelet’s symmetry, the movements executed during the manu-
facture, as well as the probable use of mechanical devices for
grinding and polishing open the possibility to discuss the produc-
tion of this artifact in relation to technological specialization in
Anatolia during the early Neolithic. The form and anticipated
sources of the raw material of the Aşıklı Höyük bracelet point to
long distance trade. Aşıklı Höyük is one of the few excavated sites
for the 9th-8th millennia cal. B.C. in Central Anatolia and the most
extensively investigated one. Continuation of scientific work on the
stone artifacts fromvarious sites in Anatolia is necessary in order to
discover patterns of production and distribution. In particular,
comparisons with other sites can help identify different forms of
social differentiation in Central and Eastern Anatolia during the
Neolithic (Hodder, 2006: 179).
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