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In this paper we examine ways to predict the distribution of siliceous rock in Europe, using a Bayesian
technique known as ‘Weights-of-Evidence’. We use the technique to classify bedrock geological forma-
tions in terms of their likelihood of yielding tool-quality lithic raw materials, and we use the results to re-
examine possible causes of a west–east cline in maximum lithic raw material transfer distances observed
when comparing sites in both Middle and Upper Palaeolithic Europe. It is evident from our results that
there is a decline in abundance of geological formations highly predictive of tool-quality rock along
a west–east cline, predominantly reflecting a decrease in abundance of Jurassic and Cretaceous chert-
bearing sedimentaries. Our results are consistent with an interpretation of the Upper Palaeolithic record
of transfer distances as indicating special-purpose procurement.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

There is considerable interest in sourcing the rock used to make
stone artefacts found at archaeological sites. Source identification is
done by visual (including petrological) and geochemical analyses,
with reference to known characteristics of rock in host bedrock
formations (Odell, 2000). The resulting frequency distributions of
artefacts made from different raw materials in an assemblage,
materials obtained from sources at differing distances from the
archaeological site, can be used to characterise the mobility strat-
egies, territory sizes, and sometimes also the scale of social
exchange networks of their makers (Féblot-Augustins, 2008, 2009).

Close (2000) distinguishes between direct procurement of raw
materials for stone tools (where the procurement is done by the
group making the finished tools), and indirect procurement by
social exchange. Binford (1979) uses such terms somewhat differ-
ently, using the term ‘direct procurement’ to denote special-
purpose procurement trips made to source locations by the group
making the finished tools, and ‘embedded procurement’ to denote
procurement that takes place in the context of other activities (both
subsistence and social exchange). In this paper we shall use ‘direct’
and ‘indirect’ to refer, respectively, to procurement from geological
source by the group making and using the tool (‘direct’) and to
uke).
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procurement by exchange with another group (‘indirect’), and we
shall use ‘embedded’ and ‘special purpose’ to denote, respectively,
procurement that takes place in the context of other activities and
procurement by special-purpose trips. We shall use ‘transfer
distance’ to mean the distance from the nearest accessible source to
the site at which the lithic artefact was found.

When direct procurement is inferred archaeologically, transfer
distances may be used to infer group mobility in relation to
environmental characteristics such as prey density and season-
ality, or the local abundance and quality of lithic raw materials
(Andrefsky, 1994). Ethnographic observations of direct embedded
procurement are found in Binford’s study of the Nunamiut of
Anaktuvuk Pass, Central Brooks Range, Interior Alaska (Binford,
1978, 1979). Binford’s observations suggested to him that raw
materials for stone tool making were typically obtained by
hunter–gatherers at little or no direct cost: ‘‘procurement of raw
materials is embedded in basic subsistence schedules’’ (1979:
269). Binford contrasted such ‘embedded’ procurement with
special-purpose procurement, commenting of the Nunamiut that
‘‘very rarely, and then only when things have gone wrong, does
one go out into the environment for the express and exclusive
purpose of obtaining raw material for tools’’ (ibid.). The ethno-
graphic record indicates however that direct embedded procure-
ment does not always predominate. Gould’s observations among
the Australian aboriginals of the Western Desert provide
a counter-example of direct special-purpose procurement
(Andrefsky, 1994; Bamforth, 2006):
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‘‘By far the greatest amount of time and effort in the stone tool-
making process occurred during quarrying and transport. Not
only did this behavior involve visits to specific localities where
stone could be quarried and collected, but it also included
transport of the stone back to camp for further shaping and use.
These visits were often planned ahead of time, since quarries
seldom occur in close proximity to waterholes where aborigines
camp in the normal course of their hunting and gathering
routine. Special efforts were made by aborigines to visit quarry
localities, but only when the lithic raw material had something
special about it. White chert was always collected in this
manner, from localities known to lie within a day’s walk of
a habitation base camp. Individual men or small groups of men
made such trips whenever their supplies of this type of raw
material ran low.’’ (Gould, 1978: 230)

The contrasting ethnographic accounts by Binford (1979) and by
Gould (1978) cited above suggest that the frequency of direct
embedded and of direct special-purpose procurement may be
affected by other environmental and social factors. In this paper we
shall explore one hypothesis about such environmental factors,
namely that direct embedded procurement is characteristic of
environments with abundant high-quality lithic raw materials, but
that direct special-purpose procurement characterizes environ-
ments with poorer and sparser local sources. The geology of the
Anaktuvuk Pass is informative in this respect. Examination of the
geology of the Brooks Range mountains points to an abundance of
different varieties of high-quality chert which stretch the whole
length of the range (Porter, 1966; Mull, 1995; Bever, 1998). As Kuntz
et al. (2003: 40) point out, ‘‘there is probably no location along the
northern flank of the Brooks Range where usable chert is not
readily available.’’ Anaktuvuk Pass, the residential base of the
Nunamiut, and all of the annual ranges described by Binford (1983)
appear to be contained within this long strip of chert-bearing
limestone formations (see Fig. 1).

Porter (1966) observes that ‘‘the valley of Anaktuvuk Pass
crosscuts the Brooks Range, Alaska, near longitude 152 degrees,
exposing 6300 feet of Upper Devonian non-marine clastics, 4700
feet of Mississippian marine clastics, carbonates, and chert, and 400
feet of Permian marine clastics.’’ Fig. 1(b) shows the location of
predominantly chert-bearing limestone strata of the Mississipian
Lisburne Group in this region. The topography of the Anaktuvuk
Valley and the surrounding area ensures the coincidence of
migrating herds and raw material sources. Herds migrate through
passes in the Brooks Range which cut through the uplifting
mountains on either side. It is this uplift that exposes the abundant
chert sources in the limestone formations of the Brooks Range. The
topography and geology of the Brooks Range therefore facilitate
embedded procurement. Elsewhere in northern Alaska, however,
tool-quality chert is not locally available, and geochemical prove-
nancing demonstrates that western Brooks Range chert was
transported to archaeological sites as far as 300 km from the quarry
source (Malyk-Selivanova et al., 1998).

Archaeologically, if a rock type is common at a site this is
sometimes taken as indicative of direct procurement (Amick, 1996:
415; Féblot-Augustins, 1997a: 236), and if there is no effect of the
distance transferred on the ways in which different commonly
occurring rock types are used then this is sometimes taken to
indicate direct embedded procurement (e.g. Morrow and Jefferies,
1989; cf. Close, 2000). Féblot-Augustins’ extensive database for the
European Palaeolithic compiles raw material source location data
from numerous primary publications (Féblot-Augustins, 1997a),
and has informed subsequent archaeological generalisations about
hunter–gatherer mobility and land use. One very striking result is
the evidence for systematic differences between regions and
Please cite this article in press as: Duke, C., Steele, J., Geology and lithi
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periods within Palaeolithic Europe in the maximum distances over
which stone was transported between a raw material source, and
the site at which an artefact is recovered. Féblot-Augustins (1997b,
2008) notes that maximum transport distances (MTDs) vary
geographically within both Middle and Upper Palaeolithic Europe,
with longer-distance transfers taking place in central Europe than
in western Europe. Fig. 2 illustrates these contrasts in Upper
Palaeolithic maximum transfer distances for three regions
(Western Europe, West Central Europe and East Central Europe, cf.
Gamble, 1986; see Fig. 7 for their approximate boundaries). Féblot-
Augustins has interpreted such large-scale variation in Paleolithic
transfer distances as reflecting primarily an underlying contrast in
the scale of seasonal hunter–gatherer mobility, with the greater
seasonality of the continental climatic regime that characterizes
central Europe causing hunter–gatherers to move greater distances
in their annual round (the hypothesis is reviewed and updated in
Féblot-Augustins, 2009). This interpretation implies that embedded
procurement (mainly direct, but for some very long-distance
transfers, potentially also indirect) was the main mechanism
whereby raw materials were obtained. The dashed line indicates
the frequency distribution of MTDs in Western Europe that would
be obtained if data from the Auvergne were omitted; Féblot-
Augustins (2008, 2009) argues that the Auvergne is a particularly
rigorous environment within that region, and that the greater
MTDs may relate to longer-distance winter movements into the
areas to the north from which the raw materials derive.

We noted above that our main archaeological hypothesis in this
paper is that embedded procurement is characteristic of environ-
ments with abundant high-quality lithic raw materials, but that
special-purpose procurement characterizes environments with
poorer and sparser local sources. Where special-purpose procure-
ment can be inferred, it implies anticipatory planning for future
stone tool needs. To support an inference of anticipatory planning,
we must demonstrate that the representation in an archaeological
assemblage of material obtained from the more distant sources is
inconsistent with a random walk and random discard process (the
‘neutral model’, Brantingham, 2003). We should also seek to
demonstrate, if usable raw materials are available locally but
nonlocal material is of higher quality, that local and nonlocal rocks
were not used in the same ways, implying that the latter were seen
as functionally non-equivalent to the former.

How can we identify spatial variation in raw material avail-
ability and raw material quality? Some information can be gleaned
from the geological literature. Odell (2000: 270) has observed
wryly that ‘‘The nature of raw material should be an important
consideration for lithic analysts, but we actually spend very little
time deliberating the essence of that with which we do business.
We leave that to geologists, but to our chagrin geologists have
historically never been very intrigued by the types of rocksdflints,
cherts, chalcedoniesdthat interest us.’’ A small literature does
however exist on flint/chert formation processes, and on rates of
production and modern prevalence in different geological forma-
tions. The world-wide production of siliceous deposits, which
eventually lithify into silicites, has varied considerably over
geological time. Hein and Parrish (1987) have reviewed how the
distribution of bedded (or ribbon) chert varied across space and
time. They define siliceous deposits as fine-grained, dominantly
biogenic sediments and sedimentary rocks that include diatom
and radiolarian oozes, diatomaceous and radiolarian earths, por-
cellanite and chert (Hein and Parrish, 1987: 11). In compiling data
on the world-wide distribution of on-land bedded cherts (but
excluding nodular cherts and siliceous shales), they have created
graphs of the distribution of siliceous deposits back through to the
Cambrian period. Although these graphs exclude nodular material
known to be of great importance to prehistoric stone tool-makers
c procurement in Upper Palaeolithic Europe: a weights-of-evidence



Fig. 1. (a) Topography of the Anaktuvuk Pass region; (b) bedrock geology of the same region (after Porter, 1966, Fig. 6). A photograph showing bedrock structure in part of this
region, Kongumuvuk Pass, located at the southern margin of the Siksikpuk and Lisburne exposures, is included in Binford (1978: 88).

C. Duke, J. Steele / Journal of Archaeological Science xxx (2009) 1–12 3

ARTICLE IN PRESS
(such as the flints of the Upper Cretaceous deposits of the Anglo-
Paris basin), they give us a preliminary indication that bedrock
geological formations may be predictive of the occurrence of
usable rock. Fig. 3(a) shows Hein and Parrish’s results for the
frequency of bedded/ribbon (not including nodular) chert occur-
rences by geological period, and Fig. 3(b) shows Raup’s (1976)
estimates of the area of terrestrial bedrock exposures per unit
time, by geological period. Fig. 3(c) then shows the relative
Fig. 2. Regional frequency distributions of Maximum Transfer Distances (MTDs) for Europea
the so-called transitional Middle/Upper Palaeolithic industries such as the Chatelperronian, t
WE, from Germany and Switzerland for WCE, and from Poland, Hungary, eastern Austria, the
bars if MTDs from the Auvergene region were excluded. Redrawn from Féblot-Augustins (2
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productivity of bedded and ribbon cherts by geological period (i.e.
the frequency of these chert occurrences per unit area per unit
time, organized again by geological period). It is clear that
formations from certain periods (such as the Ordovician and
Jurassic) are more likely to contain bedded or ribbon cherts. If we
could extend such a characterization of bedrock geology to predict
the occurrence of a wider range of high-quality rock known to
have been used by prehistoric tool-makers, then we would be able
n Upper Palaeolithic lithic assemblages. There is a single MTD per assemblage. Data for
he Bohunician, and the Szeletian, are included. Data come from France and Belgium for
Czech, and Slovak Republics for ECE. The dashed lines for WE indicate the extent of the
008), Figs. 4 and 5.

c procurement in Upper Palaeolithic Europe: a weights-of-evidence



Fig. 3. (a, upper chart) Hein and Parrish’s (1987) counts of occurrences of bedded/
ribbon (not including nodular) chert, by geological period. (b, centre chart) Raup’s
(1976) estimates of area of terrestrial bedrock exposures per unit time, by geological
period. (c, lower chart) Relative productivity of bedded/ribbon cherts by geological
period (chert occurrences/area/unit time,¼ the ratio of values from the previous two
figures divided by the average ratio for all periods). Key to symbols for geological
systems: C¼ Cambrian, O¼Ordovician, S¼ Silurian, D¼Devonian, C¼ Carboniferous,
P¼ Permian, Tr¼ Triassic, J¼ Jurassic, K¼Cretaceous, T¼ Tertiary.
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to make predictions about regional variation in procurement
strategies and transfer distances for prehistoric groups with
differing levels of anticipatory planning depth.

Consideration of variation in bedrock geology and in the asso-
ciated incidence of siliceous rock also leads us to ask whether there
might be differences in the distribution of siliceous raw materials in
Europe that correlate with the clinal west–east variation in
maximum lithic transfer distances noted by Féblot-Augustins
(1993, 1997a,b, 2008, see Fig. 2). Féblot-Augustins briefly reviewed
Please cite this article in press as: Duke, C., Steele, J., Geology and lithi
based..., J. Archaeol. Sci. (2009), doi:10.1016/j.jas.2009.11.011
the distribution of known sources of raw material in western and
central Europe (Féblot-Augustins, 1997a), but her review does not
relate raw material transfers to the underlying geology of each
region in a quantifiable manner because she worked on the
assumption that raw material procurement was embedded in
subsistence strategies (Binford, 1979). However, if there were
systematic inter-regional contrasts in the incidence of raw mate-
rials due to the underlying geology of these two regions that could
account for correlated variation in maximum transport distances,
then this might be informative of special-purpose procurement
activities (and thus of planning depth).

In this paper we will examine ways to predict the distribution of
siliceous rock in Europe, using a Bayesian technique known as
‘Weights-of-Evidence’. Weights-of-Evidence is implemented in
a GIS, and can be used for predicting the probability of finding
a mineral using the locations of other known occurrences of that
mineral and a digital map representing some physical aspect of the
study area, for example its geology (Bonham-Carter, 1994). Other
archaeological applications include studies by Holmes (2007) and
by Ford et al. (2009). We will use the technique in this paper to
classify bedrock geological formations in terms of their likelihood
of yielding tool-quality lithic raw materials, and we will then use
the results to re-examine possible causes of the west–east cline in
MTDs observed by Féblot-Augustins in Middle and Upper Palae-
olithic Europe.

2. Materials and methods

2.1. Lithic raw material sources

A total of 537 siliceous rock sources were obtained from the
Flintsource.NET database, which concentrates on the siliceous
rocks from continental Europe north of the Alps that were used in
archaeological stone tool assemblages. The database emphasises
sources for chipped stone tools but also includes flint raw materials
used for Neolithic stone axes, while excluding other types of raw
material used for axes such as amphibolite or porphyry. The orig-
inal aim of the Flintsource.NET project was to develop an online
reference collection of the more famous and widely distributed
types of siliceous raw materials used in prehistory for chipped
stone industries across Europe, with special reference to Central
and Northwestern Europe (Rengert Elberg, pers comm.). The
authors use a sampling strategy that involves organising excursions
to regions with well known sources of flint/chert/hornstone,
quartzite, radiolarite, obsidian and ‘other material’. These sources
are sampled along with less well known sources identified from
regional archaeological and geological literature. Additional sample
data has also been supplied to the Flintsource.NET database by
regional experts. A further 59 occurrences of flint recorded by Dr
Marcy Rockman (Rockman, 2003, and pers comm.) and one of us
(CD) were combined with the Flintsource.NET data, to extend the
sample into Northern France and the British Isles. These data were
systematically collected during fieldwork undertaken between
June 2001 and June 2002. The sources were identified based on
examination of published sources (e.g. Féblot-Augustins, 1997a), on
the suggestion of regional experts, and through ‘random’
exploration.

The combined dataset was filtered to remove any duplicate
points and samples with no waypoints or labelled as glacial,
secondary, baltic erratic or unidentified. Glacial, baltic erratic and
secondary samples were removed in order to reduce any bias that
would be introduced by including samples that have been moved
from their geological origin by glacial or any other activity. The
final filtered database is available on request from the first author.
Fig. 4 shows the location of these sources across Europe. There are
c procurement in Upper Palaeolithic Europe: a weights-of-evidence
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a total of 510, of which 386 are flint/chert/hornstone, 34 are
quartzite, 37 are radiolarite, 8 are obsidian, and 45 are other raw
material types (mainly jasper and opalite, but also including
instances of chalcedony, ignimbrite, phonolite, porcellanite and
porphyry). The source locations have been georeferenced by GPS
and were re-projected into the Lambert Azimuthal Equal Area
projection. Whether these locations represent natural outcrops or
man-made outcrops such as road-cuts is not important, because
the aim is to inductively predict the relative probability of tool-
quality siliceous rocks being available in different geological
formations (and not to pinpoint the location of specific sources).
As future sources are discovered they can be used to verify the
model and update it.
2.2. Note on sampling bias

The process of discovery used to generate the raw material
dataset has undoubtedly been biased by accessibility factors (e.g.
roads, property boundaries) and exploration criteria (e.g. deciding
to take samples from archaeologically famous areas). This means
that the sample points are unlikely to represent a spatially
random set of known and unknown points (Coolbaugh et al.,
2007). Coolbaugh et al. (2007) suggest that one way of accounting
for such bias is to factor the ‘degree of exploration’ into any data-
driven predictive models that are used to estimate undiscovered
resources. The samples in our raw material dataset were collected
by a number of different individuals who had different criteria
when looking for and sampling from raw material occurrences.
This makes the development and integration of a degree of
Fig. 4. The raw material source locations used in this analysis. Flint, chert or hornstone (n¼ 3
(mainly jasper and opalite, but also including instances of chalcedony, ignimbrite, phonolit
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exploration map into our predictive model very difficult and
beyond the scope of the present paper. Potential sampling bias
should therefore be borne in mind when interpreting the results
of our model.

2.3. Elevation basemap

The basemap used for this analysis was an elevation dataset for
Europe taken from the USGS HYDRO1K project (USGS, 2000). In
order to properly perform area calculations, the data were pro-
jected into an equal area projection. The Lambert Azimuthal Equal
Area projection was selected for this database, the radius of the
sphere of influence being 6,370,997 m with a Longitude of Origin of
20� 000 0000E and Latitude of Origin of 55� 000 0000N (Steinwand
et al., 1995).

2.4. Geology

The digital geological map used is at a scale of 1:5,000,000 and is
part of the USGS Global GIS dataset for Europe (Hearn et al., 2003).
It was semi-automatically digitised by the United State Geological
Survey from the UNESCO 1:5,000,000 International Geological Map
of Europe (International Geological Map of Europe and the Mediter-
ranean Region at 1:5M, 1971). According to the Global GIS CD (Hearn
et al., 2003),

‘‘the geologic boundaries and a series of latitude–longitude
points of the source map were inked onto a mylar overlay, and
the overlay was scanned at 300 dpi using a large-format scanner
to produce a TIFF image file. The TIFF image was then
86); Quartzite (n¼ 34); Radiolarite (n¼ 37); Obsidian (n¼ 8); Other raw material types
e, porcellanite and porphyry) (n¼ 45).

c procurement in Upper Palaeolithic Europe: a weights-of-evidence



Table 1
Classification categories used in the UNESCO 1:5M geological map of Europe, and the
corresponding classification categories used in the GIS analysis.

Geological
code

Original description Original period Reclassified to

A Archean (undivided) Precambrian Precambrian
ae Acid volcanics unknown

age
Volcanic Unknown volcanic

ai Acid intrusives unknown
age

Undefined Undefined

be Basic volcanics unknown
age

Volcanic Unknown volcanic

bm Basic and ultrabasic
metamorphic rocks

Undefined Undefined

C Carboniferous Carboniferous Carboniferous
CD Devonian–Carboniferous Devonian Devonian–

Carboniferous
Cf Carboniferous Carboniferous Carboniferous
Cf–K Gres nubiens Mesozoic Mesozoic
Cf–P Carboniferous–Permian Carboniferous Carboniferous–

Permian
Cm Cambrian (undivided) Cambrian Cambrian
CmPt CmPt Cambrian Cambrian
C–O Cambrian/Ordovician Cambrian Cambrian
Czi Cenozoic intrusives Cenozoic Cainozoic intrusives
CzMzi Mesozoic–Cenozoic

intrusives
Cenozoic Mesozoic–Cainozoic

intrusives
D Devonian Devonian Devonian
DS Silurian/Devonian Silurian Silurian–Devonian
DSO Devonian–Silurian–

Ordovician
Devonian Devonian–Silurian–

Ordovician
Du Upper Devonian Devonian Devonian
H Holocene Quaternary Quaternary
H2O H2O Water/Ice Water/Ice
Hg Holocene glacial deposits Quaternary Quaternary
Hm Holocene marine deposits Quaternary Quaternary
Hv Holocene volcanics Quaternary Quaternary
ie Intermediate volcanics

unknown age
Volcanic Unknown volcanic

ii Intermediate intrusives
unknown age

Undefined Undefined

Io Io Undefined Undefined
J Jurassic Jurassic Jurassic
J–K Jurassic–Cretaceous Jurassic Jurassic–Cretaceous
Jl Lower Jurassic Jurassic Lower Jurassic
JTr Triassic/Jurassic Triassic Triassic–Jurassic
K Cretaceous Cretaceous Cretaceous
KJ Jurassic–Cretaceous Jurassic Jurassic–Cretaceous
Kl Lower Cretaceous Cretaceous Lower Cretaceous
K–T Cretaceous–Tertiary Cretaceous Cretaceous–Tertiary
Kv Cretaceous volcanic rocks Cretaceous Cretaceous volcanic
M Mesozoic Granodiorite Mesozoic Mesozoic
Mi Mi Mesozoic Mesozoic
Mz Mesozoic Mesozoic Mesozoic
MzCzi Mesozoic–Cenozoic

intrusives
Cenozoic Mesozoic–Cainozoic

intrusives
MzCzv Mesozoic–Cenozoic

volcanics
Cenozoic Mesozoic–Cainozoic

volcanic
MzPz Paleozoic–Mesozoic Paleozoic Paleozoic–Mesozoic
N Neogene Tertiary Neogene
NPg NPg Undefined Undefined
Nv Neogene volcanic Tertiary Neogene volcanic
O Ordovician Ordovician Ordovician
OCm Cambrian/Ordovician Cambrian Cambrian–Ordovician
O–S Ordovician/Silurian Ordovician Ordovician–Silurian
P Permian Permian Permian
Pa–E Palaeocene–Eocene Tertiary Palaeocene–Eocene
pC Precam. C Precambrian Precambrian
pCm Precambrian Precambrian Precambrian
pCmi pCmi Precambrian Precambrian
PG Palaeocene Eocene and

Oligocene
Palaeocene

Pg Palaeogene sedimentary
rocks

Tertiary Palaeogene

PgK PgK Undefined Undefined
Pg–N Palaeogene–Neogene Tertiary Palaeogene–Neogene
Pgv Palaeogene volcanics Tertiary Palaeogene volcanic

Table 1 (continued )

Geological
code

Original description Original period Reclassified to

Pi Pi Paleozoic Paleozoic
Pl Pleistocene Quaternary Quaternary
Plv Pleistocene volcanics Quaternary Pleistocene volcanic
Pt Proterozoic (undivided) Precambrian Precambrian
PtAi PtAi Precambrian Precambrian
P–Tr Permian/Triassic Permian Permian–Triassic
Pv Palaeogene volcanics Tertiary Palaeogene volcanic
Pz Undifferentiated Paleozoic

rocks
Paleozoic Paleozoic

Pzb Paleozoic basic intrusives Paleozoic Paleozoic intrusives
Pzgd Paleozoic Granodiorite Paleozoic Paleozoic
Pzgr Paleozoic Granite Paleozoic Paleozoic
Pz–Mz Paleozoic–Mesozoic Paleozoic Paleozoic–Mesozoic
PzpC Paleozoic/Precambrian Precambrian Paleozoic–

Precambrian
Pzsy Paleozoic Syenite Paleozoic Paleozoic
Q Quaternary Quaternary Quaternary
Qe Quaternary (eolian) Quaternary Quaternary
Qf Quaternary felsic volcanic

rocks
Quaternary Quaternary volcanic

QN Neogene/Quaternary Tertiary Neogene–Quaternary
Qp Pleistocene Quaternary Quaternary
Qsk Quaternary (sahbka) Quaternary Quaternary
QT Quaternary–Tertiary Quaternary Quaternary–Tertiary
QTv Quaternary–Tertiary

volcanics
Quaternary Quaternary–Tertiary

volcanic
Qv Quaternary volcanics Quaternary Quaternary volcanic
S Silurian Silurian Silurian
sd Salt Dome Undefined Undefined
sd Silurian/Devonian Silurian Silurian–Devonian
S–D Silurian/Devonian Silurian Silurian–Devonian
SO Ordovician/Silurian Ordovician Ordovician–Silurian
Str Structure Undefined Undefined
T Tertiary Tertiary Tertiary
Tbv Tertiary basic volcanics Tertiary Tertiary volcanic
Tgd Tertiary Granodiorite Tertiary Tertiary
Tgr Tertiary Granite Tertiary Tertiary
Ti Tertiary intrusive rocks Tertiary Tertiary intrusives
TK Cretaceous–Tertiary Cretaceous Cretaceous–Tertiary
TKi Tertiary–Cretaceous

intrusives
Tertiary Cretaceous–Tertiary

intrusives
TKv Cretaceous–Palaeocene

volcanics
Cretaceous Cretaceous–

Palaeocene volcanics
Tr Triassic Triassic Triassic
Tr–J Triassic/Jurassic Triassic Triassic–Jurassic
TrP Permian/Triassic Permian Permian–Triassic
Tv Tertiary volcanics Tertiary Tertiary volcanic
U Ultramafic rocks undefined Undefined
V Volcanics (age unknown) Volcanic Unknown volcanic
v Volcanics (indeterminate

age)
Volcanic Unknown volcanic

X Precambrian Precambrian Precambrian
XA Precambrian A Precambrian Precambrian
XB Precambrian B Precambrian Precambrian
XB-A Basic and ultrabasic

metamorphic rocks
Undefined Undefined

XB-A Precam. B-A Precambrian Precambrian
XC Precam. C Precambrian Precambrian
XD Precam. D Precambrian Precambrian
X-Pz Precambrian–Paleozoic Precambrian Precambrian
Y Y sedimentary rocks Precambrian Precambrian
Z Z sedimentary rocks Precambrian Precambrian
PZ Undifferentiated Paleozoic

rocks
Paleozoic Paleozoic

PC Precam. C Precambrian Precambrian
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transformed into projection. Polygons were then screen digi-
tized in ArcView. The transformation RMS error in the polygon
file was 2 kilometers. In addition a few island polygons were
then moved to line them with the political boundaries. Because
of the error and the manual manipulations, these geologic
polygons should only be used as a guide.’’
ocurement in Upper Palaeolithic Europe: a weights-of-evidence



Fig. 5. Three scales of geological map showing a reduction in detail from most detailed (a, left) to least detailed (c, right). Map scales are 1:50,000 (left), 1:1,500,000 (middle) and
1:5,000,000 (right). Sources: Carte Geologique de France 1:50,000, Sheet Nos. 941 CARPENTRAS and 967 CAVAILLON, and the equivalent area from the UNESCO maps at 1:1,500,000
and 1:5,000,000 (UNESCO, 1964–2000, 1971).

C. Duke, J. Steele / Journal of Archaeological Science xxx (2009) 1–12 7

ARTICLE IN PRESS
For the present study, this vector-format digital map was re-
projected into the Lambert Azimuthal Equal Area projection and
manually adjusted to align with the elevation basemap. It was then
converted to a raster grid at 1 km grid cell resolution. The raster
map of geological formations was then reclassified into the periods
listed in Table 1.
2.5. Note on data resolution

The level of detail involved in any predictive model of a real
world phenomenon is ultimately a trade-off between the size of
the region to be modelled and the amount of computing power
and time available. In this paper our intention is to generate
a Europe-wide model. The scale of the study area means that
some detail has to be sacrificed. As far as the raw material model
is concerned, this means that the selection of geological maps of
the appropriate scale was necessary. The digital map we use in
the following analysis is at a relatively small scale and was semi-
automatically digitised by the United States Geological Survey
from the UNESCO 1:5,000,000 International Geological Map of
Europe. Very detailed geological digital maps for the whole of
Europe are not available and digitising them would take unfea-
sible amounts of time. For this study it is informative to deter-
mine how much detail is sacrificed as the scale of maps is
reduced, because a reduction in scale may affect the results of the
weights-of-evidence calculations. To do this we can focus on
a specific region and examine how generalized the chosen map is
in comparison to more detailed maps of the same region. Three
different scales of geological map were therefore digitised (Fig. 5):
two adjacent areas covered by 1:50,000 geological maps of south-
west France (Carte Geologique de France 1:50,000, Sheet Nos. 941
CARPENTRAS and 967 CAVAILLON), and the equivalent area from
the UNESCO maps at 1:1,500,000 and 1:5,000,000 (UNESCO,
1964–2000, 1971). The 1:50,000 maps are projected using the
Lambert zone III projection. Full projection information for the
two UNESCO maps was not available. Because of this they were
first rubbersheeted into longitude and latitude co-ordinates with
WGS84 spheroid and datum. This step has to be taken into
consideration because it may introduce locational error into the
analysis. They were then projected into the Lambert zone III
Please cite this article in press as: Duke, C., Steele, J., Geology and lithi
based..., J. Archaeol. Sci. (2009), doi:10.1016/j.jas.2009.11.011
projection. For the purposes of comparison with the UNESCO
maps, the formations on the more detailed maps were reclassified
into major geological periods. The three maps can be seen in
Fig. 5. A visual comparison of these maps demonstrates an
obvious difference between the scales. As resolution coarsens, the
inclusion of smaller outcrops can be seen to decrease. Although
detail is lost, the major formations, for example the Lower
Cretaceous areas, remain similar in overall shape. What is also
noticeable is that, in the smaller scale maps, the smaller Quater-
nary formations have been replaced by the formations that
underlie them. We proceed here on the basis that the loss of
resolution due to using the UNESCO 1:5,000,000 International
Geological Map of Europe is not unduly limiting, because our aim
is to predict the general pattern of raw material source distribu-
tion across Europe.
2.6. The weights-of-evidence method

The Weights-of-Evidence (WofE) technique is implemented in
GIS software, in this case as an extension to ArcMap 9.1 (Environ-
mental Systems Research Institute, Redlands, CA) called ArcSDM
(Sawatzky et al., 2004, ArcSDM version 3.1.85 was used in these
analyses). The technique requires at least one thematic layer (e.g.
a digital map of bedrock geology), and the locations of known
sources of the mineral in question. In this case our thematic layer is
a digital geological map of Europe, and we use a georeferenced
database of the locations where materials such as flint, chert,
quartzite, obsidian and radiolarite have been discovered. The initial
step of the Weights-of-Evidence method involves the calculation of
an estimate of the prior probability of a source occurring based
upon the total number of sources occurring over the whole study
area. Using this prior probability, and the presence or absence of
sources within each geological formation, a posterior probability is
then calculated. From this, odds of occurrence values (logits) are
calculated for each formation and then converted into natural logs.
These natural logs provide positive and negative weights for each
formation (Wþ and W�, respectively). These weights provide an
indication of the relative likelihood of finding the required mineral
within each formation. In formations where Wþ is positive and W�

is negative we can be certain that more occurrences exist than we
c procurement in Upper Palaeolithic Europe: a weights-of-evidence



Table 2
Summary of weights, contrasts, Studentized C and generalization group for each geological class.

Geological class Wþ s (Wþ) W� s (W�) C s (C) CS Group

Cainozoic intrusives 0 0 0 0 0 0 0 W0
Cambrian 0 0 0 0 0 0 0 W0
Cambrian–Ordovician 0 0 0 0 0 0 0 W0
Carboniferous �0.1321 0.2521 0.0062 0.0528 �0.1383 0.2575 �0.5370 W0
Carboniferous–Permian 0 0 0 0 0 0 0 W0
Cretaceous 0.9910 0.0917 �0.2668 0.0628 1.2578 0.1112 11.3140 W4
Cretaceous–Palaeocene volcanic 0 0 0 0 0 0 0 W0
Cretaceous–Tertiary �0.4040 0.7116 0.0026 0.0518 �0.4066 0.7135 �0.5699 W0
Cretaceous–Tertiary intrusives 0 0 0 0 0 0 0 W0
Cretaceous volcanic 0 0 0 0 0 0 0 W0
Devonian �2.7707 1.0006 0.0401 0.0517 �2.8108 1.0019 �2.8054 W0
Devonian–Carboniferous 0 0 0 0 0 0 0 W0
Devonian–Silurian–Ordovician 0 0 0 0 0 0 0 W0
Jurassic 1.4976 0.1228 �0.1658 0.0573 1.6634 0.1355 12.2789 W4
Jurassic–Cretaceous 1.7078 0.3325 �0.0218 0.0523 1.7296 0.3365 5.1392 W4
Lower Cretaceous 0 0 0 0 0 0 0 W0
Lower Jurassic 0 0 0 0 0 0 0 W0
Mesozoic 0 0 0 0 0 0 0 W0
Mesozoic–Cainozoic intrusives 0 0 0 0 0 0 0 W0
Mesozoic–Cainozoic volcanic 0 0 0 0 0 0 0 W0
Neogene �0.2074 0.1502 0.0313 0.0550 �0.2386 0.1600 �1.4917 W0
Neogene volcanic 1.2313 0.3264 �0.0189 0.0523 1.2501 0.3306 3.7817 W2
Neogene–Quaternary 0 0 0 0 0 0 0 W0
Ordovician 0 0 0 0 0 0 0 W0
Ordovician–Silurian 0 0 0 0 0 0 0 W0
Palaeocene–Eocene 1.5483 0.3946 �0.0146 0.0521 1.5629 0.3980 3.9270 W2
Palaeogene 0.3509 0.1850 �0.0249 0.0538 0.3758 0.1927 1.9503 W0
Palaeogene volcanic 2.1674 0.6236 �0.0070 0.0519 2.1743 0.6258 3.4747 W2
Palaeogene–Neogene 0.7303 0.5098 �0.0055 0.0519 0.7358 0.5124 1.4358 W0
Paleozoic �1.8247 0.7082 0.0278 0.0518 �1.8525 0.7101 �2.6088 W0
Paleozoic intrusives 0 0 0 0 0 0 0 W0
Paleozoic–Mesozoic 0 0 0 0 0 0 0 W0
Paleozoic–Precambrian 0 0 0 0 0 0 0 W0
Permian �0.4537 0.4107 0.0092 0.0521 �0.4629 0.4140 �1.1181 W0
Permian–Triassic 0 0 0 0 0 0 0 W0
Pleistocene volcanic 0 0 0 0 0 0 0 W0
Precambrian �2.3848 0.4476 0.1401 0.0521 �2.5249 0.4506 �5.6030 W0
Quaternary �0.4169 0.2098 0.0337 0.0533 �0.4506 0.2165 �2.0815 W0
Quaternary volcanic 0 0 0 0 0 0 0 W0
Quaternary–Tertiary 0 0 0 0 0 0 0 W0
Quaternary–Tertiary volcanic 0 0 0 0 0 0 0 W0
Silurian 0 0 0 0 0 0 0 W0
Silurian–Devonian 0 0 0 0 0 0 0 W0
Tertiary 0 0 0 0 0 0 0 W0
Tertiary intrusives 0 0 0 0 0 0 0 W0
Tertiary volcanic 0 0 0 0 0 0 0 W0
Triassic 0.6014 0.2398 �0.0221 0.0529 0.6235 0.2455 2.5395 W1
Triassic–Jurassic �0.0112 1.0094 0.0000 0.0517 �0.0112 1.0107 �0.0111 W0
Undefined �1.8061 0.7082 0.0271 0.0518 �1.8332 0.7101 �2.5816 W0
Unknown volcanic 0 0 0 0 0 0 0 W0
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would expect by chance (Romero-Calcerrada and Luque, 2006). In
addition to Wþ and W�, values for the contrast ‘‘C’’ (Eq. (1)) and
a Studentised contrast ‘‘CS’’ (Eq. (2)) are also generated.

C ¼ Wþ �W� (1)

CS ¼
C

sðCÞ (2)

The larger the value of C, the stronger the spatial association
between the mineral occurrences and the geological formations
they occur in. While the value of C can be used to generalize
a geological map to show the relative likelihood of finding
a particular mineral across a study area, CS, which is the ratio of C to
its standard deviation, is argued to be more helpful because ‘‘it
shows the contrast relative to the certainty or uncertainty due to
the contrast’’ (Romero-Calcerrada and Luque, 2006). A value of CS

above 1.96 signifies that we can reject the hypothesis that C¼ 0 at
a¼ 0.05 (ibid.).
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After Romero-Calcerrada and Luque (2006), the following
criteria were used to generalize the geological map to show positive
spatial associations:
� Group W0 for CS< 1.96;
� Group W1 for 1.96� CS< 3;
� Group W2 for 3� CS< 4;
� Group W3 for 4� CS< 5;
� Group W4 for CS� 5.

The higher the value of CS for a particular class, the higher the
predictive power that class has for the mineral in question. In the
remainder of this paper these will be referred to as generalization
groups.

The final step in a WofE analysis is to combine generalized
evidential themes into a response theme reflecting the posterior
probability of mineral occurrences. Where a number of evidential
c procurement in Upper Palaeolithic Europe: a weights-of-evidence



Fig. 6. Geological map of Europe reclassified using weights-of-evidence and 510 raw material sources. The colours denote the absence, or if present, the strength of any positive
weight (in the range W0–W4).
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themes have been generalized, for example by using the group-
ings above, it is necessary to ensure that they are conditionally
independent and combine or discard themes accordingly (Bon-
ham-Carter, 1994). After ensuring that all generalized evidential
themes are conditionally independent they can be combined into
a final predictive map (also known as a response theme) showing
the posterior probability of occurrences across the study area. As
well as providing values for the posterior probability, the ArcSDM
software provides an estimate of the uncertainty with regard to
variance of weights and variance due to missing data. The prior
probability, posterior probability and the uncertainty can be used
to reclassify the response theme into four predictive categories
shown below (after Romero-Calcerrada and Luque, 2006):

1. High Predictive Potential: areas where the ratio of the posterior
probability to prior probability is greater than 5 and the ‘‘Stu-
dentized’’ posterior probability (posterior probability/total
uncertainty) is greater than 1.5.

2. Moderate Predictive Potential: areas where the ratio of the
posterior probability to prior probability ranges from 1 to 5 and
the ‘‘Studentized’’ posterior probability (posterior probability/
total uncertainty) is greater than 1.5.

3. Low Predictive Potential: areas where the ratio of the posterior
probability to prior probability is less than 1 and the ‘‘Stu-
dentized’’ posterior probability (posterior probability/total
uncertainty) is greater than 1.5.

4. High Uncertainty: areas where no prediction is possible because
the ‘‘Studentized’’ posterior probability (posterior probability/
total uncertainty) is less than 1.5, indicating too much
uncertainty.
Please cite this article in press as: Duke, C., Steele, J., Geology and lithi
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These categories provide an overall view of the predictive
potential of the WofE model that takes into account the relative
confidence of the prediction (Sawatzky et al., 2004).
2.7. Model evaluation

In order to evaluate the resulting predictive model we use
a split-sample approach whereby a random 75% (382) sample of
the 510 raw material sources are used to calibrate the model
(Romero-Calcerrada and Luque, 2006). The remaining 25% (128)
can then be used to represent ‘‘undiscovered’’ sources and can be
used to test the predictive accuracy of the model.
3. Results

Using the 75% sample of raw material occurrences, weights
were calculated for the 1:5,000,000 digital bedrock geology map
(Table 2). The values of CS were then used to generalized the map
into the five groups outlined in Section 2 (Fig. 6). These groups are
also tabulated in Table 2 for all of the geological formations in the
original map layer. It can be seen that the Jurassic, Jurassic–Creta-
ceous and Cretaceous sedimentaries are all in group W4 and
therefore have values of CS that are greater than or equal to 5. This
positive spatial association suggests that these formations are
highly predictive for tool-quality rocks. Neogene volcanics, Palae-
ogene volcanics and Palaeocene–Eocene formations also have some
predictive power (W2) as do Triassic formations (W1). No other
European bedrock formations were classified as predictive of tool-
quality rock.
c procurement in Upper Palaeolithic Europe: a weights-of-evidence



Fig. 7. Areal proportion (%) of each of Féblot-Augustins’ regions of Palaeolithic Europe which falls into each generalization group (ranging from W0 to W4), plotted as a histogram for
each of the three regions under consideration (their boundaries indicated by the black lines).

Table 3
Areal proportion (%) of each of Féblot-Augustins’ regions of Palaeolithic Europe
which falls into each generalization group (see Fig. 6), and into each predictive
category (see Fig. 8).

Western
Europe

West
Central
Europe

East
Central
Europe

Prediction map
allowing for
uncertainty in
weights (Figure 8)

Generalization
map (Figure 6)

Moderate Predictive
Potential

Weight [ W4 37.00 % 15.03 % 13.25 %
Weight [ W3 0.00 % 0.00 % 0.00 %
Weight [ W2 0.96 % 0.95 % 3.51 %
Weight [ W1 3.45 % 17.90 % 4.66 %

Low Predictive
Potential

Weight [ W0 58.59 % 66.12 % 78.58 %
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Fig. 7 and Table 3 show the predicted lithic resource density for
the three regions whose archaeological patterns were compared by
Féblot-Augustins (2008, see Fig. 2 above). These suggest that there
is a decline in abundance of geological formations highly predictive
of tool-quality rock along a west–east cline, predominantly
reflecting a decrease in abundance of Jurassic and Cretaceous chert-
bearing sedimentaries, and which may therefore explain the
parallel cline showing a west-to-east increase in Palaeolithic
maximum transfer distances.

To examine this pattern further, the generalized geological map
in Fig. 6 was converted into a response theme reflecting the
posterior probability of mineral occurrences across the study area.
No test of conditional independence was necessary because our
simple model only includes one generalized evidential theme and
therefore no themes have to be combined. This response theme was
then reclassified into a final map of predictive potential (Fig. 8; see
also Table 3). This map takes account of the uncertainty in the
assignation of weights to different geological formations. It suggests
that the model allows some degree of prediction of lithic potential
(positive or negative) across the whole of the study area, because
there are no areas of High Uncertainty (which would indicate
a ‘‘Studentized’’ posterior probability of less than 1.5). Instead, the
map is divided into areas of Low (i.e. negative) and Moderate (i.e.
positive) predictive potential. It is clear from this map and from the
data in Table 3 that further statistical consideration of the weight
estimates has now collapsed all the formations with positive
weights (W1–W4) into the single category ‘Moderately Predictive’.
Further fieldwork would be needed to confirm the accuracy of the
greater positive weight given in the generalization groupings to the
Jurassic, Jurassic–Cretaceous and Cretaceous sedimentaries (which
Please cite this article in press as: Duke, C., Steele, J., Geology and lithi
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are relatively common in the Western Europe region), compared
with the Palaeocene–Eocene and Triassic formations (which are
relatively common in the West Central Europe region). The impli-
cation of these differences in weights is that the former formations
should yield a significantly greater density of sources for tool-
quality rock, in a comparison based on systematic field sampling.

After Carranza and Hale (2000), Romero-Calcerrada and Luque
(2006) adopt a conservative attitude when considering the
usefulness of their model. They suggest that if the predictive map
predicts at least 70% of the occurrences used to develop it, and at
least 50% of the ‘‘undiscovered’’ occurrences (i.e. 64 of the 128
raw material locations from the original dataset that were not
used in the WofE), then the model can be assumed to be valid. An
c procurement in Upper Palaeolithic Europe: a weights-of-evidence



Fig. 8. Fig. 6 reclassified into predictive categories (ranging from High Predictive Potential to High Uncertainty) based on the ratio of posterior probability to prior probability and
‘‘Studentized’’ posterior probability.
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occurrence can be argued to have been predicted successfully if it
falls within a zone of High or Moderate predictive potential,
equivalent to Carranza and Hale’s (2000) categories of ‘very high’
and ‘high’ predictive potential, respectively. In our case the model
predicts 64% (245) of the 382 points used to calibrate it and 63%
(80) of the 128 excluded points. The former value is just below
their conservative threshold while the latter is well above it.
Given that 64% of all our known occurrence points lie in areas
classified as Moderately Predictive (which make up respectively
37.1%, 44.8% and 22% of the areas of our three regions), we believe
that our model provides a useful first approximation of the
geological basis for predicting occurrences of tool-quality lithics
across the study area.

4. Discussion

To our knowledge this is the first attempt to construct
a predictive model of lithic raw material availability at the conti-
nental scale, based on variation in bedrock geology. This is in
striking contrast with the numerous attempts that have been made
to predict spatial variation in climatic and biotic variables, and their
effects on foraging strategies.

Féblot-Augustins (2008) has graphed the maximum transfer
distances for a large sample of Upper Palaeolithic sites in Europe
(Fig. 2), and has suggested an explanation of the West–East cline in
terms of climate and seasonality effects on hunter–gatherer
mobility. She also suggests that the cline is complicated by an
additional effect of the elevation of the Auvergne region of the
Massif Central on local seasonality within her Western region, with
maximum transfer distances in sites from the Auvergne being
Please cite this article in press as: Duke, C., Steele, J., Geology and lithi
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significantly greater than those found elsewhere in western
Europe. Our results suggest that these patterns could also be
explained by the non-uniform distribution of natural occurrences
of tool-quality silicite. This applies both to the broad West–East
cline in maximum transfer distances, and to the local Auvergne
anomaly. Indeed, the scarcity and poor quality of silicites in the
Auvergne and immediately adjacent regions has already been
remarked upon in this context (Surmely et al., 1998; Slimak and
Giraud, 2007).

Our results also have implications for Brantingham’s (2003)
neutral model of raw material transfers, which requires that ‘‘all
raw material sources occur at equal densities and are randomly
distributed in the environment’’ (2003: 492). In the Middle Paleo-
lithic dataset from Central Europe and the Aquitaine Basin analysed
by Féblot-Augustins (1997a,b), Brantingham observes the expected
sharp fall-off of relative frequency in an assemblage with distance
to nearest source, but comments that in the Central European
region – more markedly than in the Aquitaine Basin – ‘‘there are
also ‘internal modes’ representing relatively high frequencies of
transfers from sources beyond the ‘local’ portion of the range’’
(2003: 503). Although this is not expected under the neutral model
(which predicts a negative exponential relationship between the
distance to its source and the relative frequency of tools made from
a particular raw material), Brantingham suggests that this pattern
could still be consistent with the neutral model if there was
a sampling bias in the spatial distribution of Central European sites
toward those located at or near raw material sources. This
requirement to ‘save’ the neutral model is unparsimonious in the
light of our new results, which indicate that European bedrock
and surficial geology violate the neutrality assumption of an
c procurement in Upper Palaeolithic Europe: a weights-of-evidence
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unstructured underlying raw material source distribution. The
Central European Middle Palaeolithic pattern of multiple ‘internal
modes’ is therefore unlikely to be explained by archaeological
sampling bias of the kind that Brantingham suggests.

Our own results are consistent with an interpretation of the
Upper Palaeolithic record of transfer distances shown in Fig. 2 as
indicating special-purpose procurement. Gould and Saggers (1985:
123) suggest that embedded and special-purpose procurement are
not distinguishable archaeologically:

‘‘one cannot distinguish archaeologically between either
special-purpose lithic resource procurement or long-distance
transport and/or exchange of lithic materials, on the one hand,
and the distribution of lithic materials in the context of the
normal range of foraging by highly mobile Aborigine hunter–
gatherers, on the other hand.’’

Although this may be true when considering a single site,
macro-regional comparisons present us with different opportuni-
ties for archaeological inference. If variation in MTDs between sites
within each of the three regions considered here is correlated with
distance from a geological formation predicted to yield tool-quality
rock, then this would strongly suggest that special-purpose lithic
resource procurement was the factor exerting greatest influence on
this archaeological variable. We have shown that such a pattern
seems to apply at the scale of inter-regional comparison. Further
work should be directed at site-by-site comparison within regions
in relation to local raw material availability, and also at exploring
the effects of local raw material availability and quality on differ-
entiation of functions for tools made from local and nonlocal raw
materials.
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