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During archaeological fieldwork wedge-shaped quartz stones that show clearly visible "glossy patches" composed
of high quartz have been found. It is generally accepted that these tools have been used to cleave or punch wood
and bone materials. For the transformation from quartz to high-quartz to occur, the temperature should exceed
574 °C. The hypothesis tested in this manuscript is that the phase change in the stone tool results from frictional
heating during the cleaving action. Dry sliding friction measurements were carried out on a reciprocating
tribometer using four types of stone, representing the punch tool, and pine, oak and bovine bone, representing
the work piece. Measured coefficients of friction were approximately 0.1 on oak, 0.2 on pine and up to 0.35 on
bovine bone, with some minor fluctuations for the different types of stone. These coefficients of friction were
inserted into a computational model describing the flash temperatures in a moving contact, from which it was
shown that the hypothesis might hold in the case of lydite-bone contact. This means that the glossy patches on

the stone tools may have been caused by frictional heating during the cleaving of bone.

1. Introduction

Tribological investigations are increasingly being employed in the
field of archaeology, on topics ranging from the surface features of
bronze objects [1] to the biomechanical and evolutionary aspects of
dinosaur tooth wear [2]. The present work aims to also contribute to this
field, by offering a potential, friction-based, explanation for phase
transformations observed on stone tools that were used for cleaving
operations on wood and bone.

During archaeological fieldwork in the region Het Gooi, 30 km
southeast of Amsterdam in The Netherlands, a large number of wedge-
shaped stones have been found. A generally accepted hypothesis is
that these stones were used as wedges or punches, e.g. for cleaving
wood, slaughtering hunt and opening bones to obtain the nutritious
marrow from the core of the bone [3-5]. The cleaving action was per-
formed by pressing the so-called working point of a wedge shaped stone
against the bone or into the softer wood, followed by repeated impact by
a heavier "hammering" stone, until the work piece was wedged open, as
illustrated in Fig. 1.

Stones that may have been used as wedges or punches come in a wide
variety of shapes and sizes, with the longitudinal axis ranging from
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about 10 mm to over 500 mm and with a wedge angle a between 5° and
50°, depending on their cultural origin. Fig. 2(a) depicts some examples
of these stones, which are composed of silicon dioxide (SiO3), of the
mineral varieties flint, milk quartz, quartzite and lydite.

A striking phenomenon that can be observed on many of these
wedge-shaped stones are glossy patches located at the geometrical
summits on the flanks of the tools; in Fig. 2(b) the typical location of
these glossy patches on a stone are illustrated, whilst Fig. 2(c) shows a
photograph of the glossy patches on a stone. Previous research [3] has
indicated that these glossy patches contain high-quartz, a phase of sili-
con dioxide that under atmospheric pressure only forms at temperatures
above 574 °C [6]. These glossy patches are not observed anywhere else
on the stones, such as the tip, which usually has been worked or
sharpened using other (stone) tools, nor are they found on the flat face
opposing the working point, onto which the hammering stone impacted
repeatedly. This appears to rule out the possibility of the glossy tracks
being the result of stone-stone interaction.

This work aims to offer a contribution towards explaining the origins
of these glossy tracks on the stone tools. The working hypothesis is that
the glossy tracks are generated during the normal day-to-day use of the
tools: During the cleaving operation, the conditions in the contact cause
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flash-temperatures surpassing 574 °C, resulting in a phase trans-
formation in the mineral to high-quartz. The investigation presented in
this article aims to investigate whether this hypothesis is viable.

2. Temperature Calculations
2.1. Model

Models for the temperature rise in a contact as the result of the
sliding interaction between two materials have been described exten-
sively in literature, based on the work of Blok [7], Jaeger [8] and
Archard [9]. The temperature rise depends on the amount of energy
generated during sliding and the rate at which this energy can be
removed from the interface. The generated heat per unit area q during
the sliding interaction between two surfaces is given by:

4.k
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computational effort.
Solving the temperature problem, Moes [12] describes an equation
for the temperature in a sliding contact with contact radius a:

uprav-

T=Tew+ Tﬂash =Teny + K

(2)
in which Tepis the temperature of the surrounding environment, Tqqg,
Taash is the flash temperature, p is the contact pressure, v~ the velocity
difference between the two contacting surfaces and K the thermal con-
ductivity, which depends on the thermal properties of both bodies in
contact and on the operating conditions.

Assuming the heat source q to have a parabolic profile with its
minimum values on the leading and trailing edges and a maximum value
in the centre, Bosman [11] describes the temperature rise ® in an
elliptic contact with semi-axes a and b:
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With y the coefficient of friction, Fy the contact load, v~ the velocity
difference between the two surfaces and A the area of contact.

The heat generated in the contact will flow into the two bodies.
According to Blok’s theory [7] the heat flow into the two bodies is
divided, or partitioned, such that the maximum temperature obtained
inside the two bodies is the same. More recently, using advanced
computational models [10], it has been shown that this might lead to an
underestimation of the local temperature field and that improved results
can be obtained when not just the maximum temperature but the
complete temperature fields at the interacting surfaces are taken equal.
However, this improved accuracy comes at the cost of increased
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This means that the temperature in the contact can be calculated as a
function of the contact parameters and the material properties.

q(x,y) =

2.2. Input Parameters for the Model: Conditions during Use

The input parameters for the thermal model are the material prop-
erties of the used tool and the worked counter materials, as well as the
conditions during the cleaving process. Whilst material properties of
these natural materials may vary, Table 1 lists values obtained from

(b) Front view

Fig. 1. Illustration of the cleaving process using a stone wedge and a hammering stone, after Vlamings [3].
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literature [13,14]. The conditions during use must be estimated.

As previously indicated, the driving force behind the temperature
rise in the contact is the energy input, which must be quantified. The
users of the tools, respectively Homo heidelbergensis, Homo nean-
derthalensis or Homo sapiens sapiens, show a considerable variety in
corporal dimensions and strength [15,16], but a hammering impact
velocity of 5 m-s™ appears an appropriate estimate. The glossy area,
marked with S’ in Fig. 2, varies in size for the different stones, with
typical sizes ranging between 0.5 and 2 cm?. Depending on the cultural
origin, the punch stones can have a top angle a between 5° and 50°, with
22° to 32° being the most common. The last parameter to be determined
for the temperature model is the coefficient of friction between the stone
tools and the counter material.

3. Friction Measurements
3.1. Experimental Procedure

Reciprocating friction experiments were performed employing the
set-up shown in Fig. 3(a). For the tests with a stationary bottom sample

of pine and oak the top sample is a stone sample of either flint, quartzite,
milky quartz or lydite. For tests with bovine bone only lydite was used
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Table 1
Thermal properties for the materials used in this work [13,14].
Pine Oak Bone quartz
Thermal Conductivity k [W~m'l~K'1] 0.12 0.16 0.45 3.0
Density p [kg-m™] 400 740 1800 2650
Heat Capacity ¢ [J-kg?- K] 2500 2000 440 70

due to a limited number of available bone specimens. The applied ma-
terials have an anisotropic structure and therefore wood samples with a
range of grain directions and bone samples with various cell orientations
were included in the experimental programme. Mechanical testing of
natural materials is inherently restricted by the available source mate-
rial, and in this case for the bone specimens the maximum specimen
dimension possible was 58 x 18 x 5 mm. This dimension was also
adopted for the wood specimens.

During testing, the top sample follows a sinusoidal motion with a
maximum velocity of 24 mm-s'. The bottom sample holder is suspended
using parallel positioned weak elastic hinges, giving it a single degree of
freedom in translational direction, i.e. the sample holder can only
displace horizontally. The horizontal force (i.e. the friction force) is
measured using a piezoelectric force transducer. The amplitude of

(a)
Some examples of wedge shaped stone
tools found during archaeological

fieldwork.

(b)

Typical location of the glossy tracks on the wedge

shaped tools, indicated by S'.

(c) Photograph showing a glossy patch on the face of one of the stone tools

Fig. 2. Wedge shaped stone tools, after Vlamings [3].
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motion of the top-sample is 24 mm, meaning that one period of motion
equals a displacement of 96 mm. The normal load is applied using a
bellows and the coefficient of friction is calculated from the ratio of the
measured value for the friction force and the applied normal load. The
applied contact configuration is flat-on-flat, as illustrated in Fig. 3(b).
It needs to be noted that the selected experimental sliding velocity of
24 mm s! is substantially lower than what would occur during an actual
cleaving operation; the possible experimental velocity was limited
because of the rather small dimensions of the specimens, but it should be
kept in mind that under dry contact conditions the coefficient of friction
is rather insensitive to the sliding speed. Furthermore, the friction ex-
periments are performed at ambient environmental conditions and not
at elevated temperatures. This means that any effect of thermal degra-
dation of the specimens on their friction behaviour is ignored. However,
testing at ambient conditions is thought to more closely resemble the
actual cleaving operation, where the contact of the stone tool was
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typically against a ‘fresh’, thermally non-degraded, surface.

A summary of the conditions of the friction experiment are listed in
Table 2.

A typical friction measurement result is shown in Fig. 3(c), in this
case for milky quartz sliding against oak. The graph shows the friction
measured during two and a half reciprocations. The coefficient of fric-
tion shows a repeatable trend within each motion and is constant be-
tween reciprocations. From the measured friction graph as shown in
Fig. 3, an average value for the coefficient of friction is calculated by
including only the data points corresponding to the centre 50% of each
reciprocation, (i.e. deleting the first and final 25% of the track) and
calculating the average absolute deviation of the remaining data points.
In this way, data representing in the reciprocation points (i.e. where the
velocity is zero) are ignored and effects that are the result of any (minor)
misalignment are corrected.

1 bottom sample holder 6 top sample

7 bellows

8 force transduce
9 cross spring

10 guidance

11 drive train

2 top sample holder
3 base plate

4 leaf springs

5 bottom sample

(b) Schematic illustration of the contacting specimens, the moving top specimen has

dimensions of 10 x 10 x 2 mm, whilst the stationary bottom specimen has dimensions of 58 x

18 x 5 mm.

Fig. 3. The experimental set-up: schematic, geometry and typical result.
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(c) Typical measurement result: coefficient of friction measured between milky quartz and

Table 2

oak, end face

Fig. 3. (continued).

Experimental conditions in the reciprocating sliding test.

Contact Situation

Flat on flat, Reciprocating Motion

Lubrication

Maximum Sliding Velocity

Motion Amplitude

Top Sample (Moving) Material
Size

Bottom Sample (Stationary) Material
Orientation

Size
Apparent Contact Area
Average Contact Pressure
Test duration

Material combinations tested

None (dry sliding)

24 mm-s!

24 mm

Flint, Quartzite, Milky Quartz, Lydite
10 x 10 x 2 mm

Pine Wood, Oak, Bovine Bone
Woods: Along grain, Across Grain, End face
Bone: Along cells, End face,
‘Unspecified’: R1, R2, R3

58 x 18 x 5 mm

20 mm?

~ 1 MPa

100 cycles

10.5 min

Pine v all minerals

Oak v all minerals

Bone v lyddite only

3.2. Friction Results

Fig. 4 shows the thus obtained coefficients of friction for the four
minerals against the various types and orientations of woods and bovine

bone.

These results can be summarised as:

e Typical variations in the measured coefficient of friction were
approximately 0.02, as shown in Fig. 3(c).

e For pine wood, the measured values for the coefficients of friction
show considerable differences between the four stone types and
range from 0.1 for flint sliding along the pine grain to almost 0.3 for

quartzite against the end face.

e For oak, particularly along and across the grain of the wood, the
values are more constant, ranging between 0.09 and 0.15, and no
clear differences are found between the various stones.
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Fig. 4. Measured coefficients of friction for four types of mineral stones sliding
against various pine, oak and bovine bone samples.

e For both oak and pine wood the highest value of the coefficient of
friction is obtained in the contact between quartzite against the end
face of the wood: 4 = 0.28 for pine wood and y = 0.19 for oak.

e For bone, the coefficients of friction measured against lydite are
somewhat higher than those measured for both woods against lydite,
and range between 0.15 and 0.34. A large influence of the cell-
orientation of the bone was found.

The stone specimens were visually inspected after testing. No
obvious signs of a glossy patch, indicative of a transition to high-quartz,
was observed.

4. Temperature Calculations

Using the highest respective coefficients of friction for pine (pmax =
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Fig. 5. Calculated Contact Temperatures as a function of the geometry of the stone tool for three different counter surfaces: pine, oak and bone.

0.28), oak (Pmax = 0.19) and bone (pmax = 0.34) measured against the
various stones, the contact temperatures can be calculated using Eq. (3).
In Fig. 5, the resulting temperatures are illustrated as a function of the
wedge angle of the stone. The grey area represents the typical wedge
angles on the stone tools. The graph shows clearly that for pine wood
and oak the critical temperature of 574 °C for the phase transformation
to high quartz is not reached. However, for bone against lydite the
contact temperature ranges between 550 °C and 600 °C depending on
the wedge angle of the tool.

5. Final Remarks

The hypothesis in this work was that friction-induced elevated
temperatures that occur in the contact between stone tools and ‘work
pieces’ of bone and wood cause a phase transformation to high quartz
and, hence, the glossy patches that are observed on the stones. These
patches are not observed on the stone-stone contact on the working
point of the tool, apparently ruling out stone-stone contact during
impact or manufacture of the stone tools. Using friction measurements
on a range of wood, stone and bone samples and estimating the usage
conditions of the stone tools, the flash temperatures in the contact were
calculated. The results indicate that sufficiently high temperatures due
to frictional heating are observed in the interaction between bone and
stone tools, indicating that the glossy patches may be the result of
cleaving bone. For the tested wood samples the measured coefficients of
friction were too low for any phase transformations to occur. It needs to
be noted that the applied test is a simplification of the actual cleaving
process. An improved test would include impact to ensure the energy
input into the tribo-contact is more representative. Furthermore, fresh
wood and bone will have different properties than the used carefully
prepared specimens, e.g. in terms of toughness and moisture content.
Finally, the observed coefficients of friction, particularly for oak against
the stone samples (p ~ 0.1), are rather low for dry sliding conditions
warranting a further investigation into their potential use in mildly
loaded engineering applications.
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