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Abstract
In archaeology, heat treatment of stone is the process of Bmaking^ a new material for tool production. Its invention in the African
Middle Stone Age was an important step in the evolution of transformative technologies and the cultural evolution of early
humans in general. Although the chemical and crystallographic transformations in silica rocks, the only material class heat-
treated in the Stone Age, begin to be well known, many of the mechanical transformations and their chemical origins remain a
subject of controversy. The difference between different silica rock categories is also only poorly understood. In this paper, we
investigate the thermally induced changes of three mechanical properties in the two silica rock types chert and silcrete: fracture
strength, indentation fracture resistance (approximating fracture toughness) and elastic modulus. These tests are complemented
by statistical analyses (Weibull modulus) and a quantitative fracture surface analysis. The results show that heat treatment
transforms these silica rocks in terms of their fracture toughness and the uniformity of fracture. A comparison with published
data on the structural transformations in the same samples identified the loss of chemically bound water and subsequent defect
healing to be the chemical mechanism behind these mechanical transformations. These findings have important implications for
the study of the interactions between chemical and structural processes and the mechanics of natural rocks or ceramics.
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Introduction

In prehistoric archaeology, heat treatment of stone to produce
tools by controlled fracturing (stone knapping) is commonly
understood as one of the earliest efforts of humankind to de-
liberately alter the properties of naturally available materials.
The earliest examples date back to the African Middle Stone
Age (Brown et al. 2009; Porraz et al. 2013;Mourre et al. 2010;
Schmidt and Mackay 2016; Delagnes et al. 2016; Schmidt
et al. 2015) and were interpreted to be a proxy for Bmodern

behaviour^ (McBrearty and Brooks 2000; Sealy 2009) or
Bcomplex cognition^ (Wadley 2013). In later periods, heat
treatment is often interpreted as marker of high technical skill
(Tiffagom 1998; Inizan and Tixier 2001) or specialised crafts-
manship (Léa et al. 2012). Although the first recognition of
stone heat treatment in archaeological contexts dates back to
the 1960s (Crabtree and Butler 1964; Shippee 1963; Bordes
1969), a critical review of the available literature reveals that
the processes taking place in stone are not completely un-
derstood yet: most of the available studies concern the
mineralogical, chemical or crystallographic transforma-
tions (Purdy 1974; Purdy and Brooks 1971; Flenniken
and Garrison 1975; Mandeville 1973; Domanski et al.
2009; Domanski and Webb 1992; Griffiths et al. 1987;
Schmidt et al. 2012b, 2013b), but only few detailed data
on the thermal evolution of fracture mechanics have been
published to date (see for example Domanski et al. 1994;
Schindler et al. 1982; Kerkhof and Müller-Beck 1996). It
thus appears necessary to investigate in more detail the
influence of heat treatment on the mechanical properties
of the rocks used for heat treatment in prehistory.

A variety of heated rocks, like sandstone (Hurst et al.
2015), shale (Yonekura 2010), quartzite (Ebright 1987) or
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silicified tuff (Kononenko et al. 1998), have been mentioned,
but the vast majority of all heat-treated archaeological assem-
blages are made of only two categories of silica rocks: chert
and silcrete. The former is a fine-grained marine rock made of
chalcedony, a nano-crystalline quartz texture with fibre-like
structure (Cady et al. 1998; Rios et al. 2001; Flörke et al.
1991). Several nomenclatures describing such rocks are avail-
able (Füchtbauer 1988; Cayeux 1929; Tucker 1991) and the
terms flint (for cretaceous rocks formed in chalk) and more
generally chert appear regularly throughout the literature. We
use ‘chert’ here to address chalcedony-rich rocks in general,
while stressing that no particular geological background can
be inferred from this term. The other category, silcrete, is a
continental sub-surface rock formed by the concretion of pre-
existing sediments by secondary quartz cement (Summerfield
1981, 1983) (the minerals from the original sediments, mainly
quartz, are preserved as clasts in the rocks). The cement may
be chalcedony in groundwater silcrete (Nash and Ullyott
2007; Thiry 1991), but in (archaeologically more common)
pedogenic silcrete (Summerfield 1981; Roberts 2003), it nor-
mally is micro-quartz. Thus, chert and silcrete are both formed
by quartz and the main difference is grain size and therefore
the micro-structure. These differences have important impli-
cations for the density of defects like pores in both rocks. For
example, silcrete was reported to contain up to five times more
pore-space than chert (compare Schmidt et al. 2011, 2013b,
2017a, b). This pore-space is mostly intergranular in chalce-
dony (Fukuda et al. 2009; for a counterexample, see Milot
et al. 2017), while in silcrete, both intergranular pores and
supplementary macro-pores (Summerfield 1983) may be pres-
ent. Chert was also shown to contain more chemically bound
water (silanol, SiOH) than most silcrete (again compare
Schmidt et al. 2011, 2013b, 2017a, b). In both rocks, SiOH
can be expected to occur at crystal defects, low angle grain
boundaries and on pore walls (Graetsch et al. 1985; Flörke
et al. 1982; Schmidt et al. 2017a, b; Miehe et al. 1984), effec-
tively lowering the coherence between grains. Upon heat
treatment, the transformations of these ‘water’-related defects
were shown to be similar in chalcedony and micro-quartz
(compare Schmidt et al. 2011, 2017a, b): when a minimal
activation temperature is reached (normally ≥ 200 °C,
Schmidt et al. 2013c), water is progressively expelled from
the structure, allowing for the formation of new Si-O–Si
bonds. In chalcedony, these new bonds were shown to in-
crease nano-hardness (Schmidt et al. 2012b), and in both
rocks, they are strongly suspected to cause the observed im-
provement of knapping quality after heat treatment (Schmidt
et al. 2012b, 2013b).

Whether this is really the case, or whether it is other factors
that influence the heat-induced mechanical transformations,
may be understood if some of the fundamental mechanical
properties involved in stone knapping are investigated in sam-
ples for which these ‘water’-related transformations are

already known. In this paper, we therefore analyse a set of
chert and silcrete samples for which the chemical and crystal-
lographic transformations have already been published
(Schmidt et al. 2013a, 2017a, b). We use bending tests to
investigate fracture strength, indentation testing to investigate
fracture resistance and resonant damping analysis to investi-
gate the evolution of Young’s modulus. These tests are
complemented by a quantitative analysis of fracture surfaces
from unheated and heated samples. Correlating both datasets,
our mechanical data and the published chemical data, we at-
tempt to answer three specific questions:

– Which mechanical properties are transformed upon heat
treatment and at what temperatures?

– Are the heat-induced mechanical transformations similar
in chert and silcrete? If so, how do both materials com-
pare quantitatively in terms of these transformations?

– What are the chemical or crystallographic mechanisms
that trigger these transformations?

Materials and methods

Samples and sample preparation

One sample of chert from the Vaucluse region of France and
three samples of silcrete from the West Coast region of South
Africa were analysed. We chose these samples because rocks
coming from these locations were used as raw materials and
heat-treated to produce stone tools in different archaeological
chrono-cultural periods: chert from the Vaucluse (locally called
silex barremo-bédoulien) was systematically heat-treated and
pressure-knapped in the Neolithic Chassey culture (Léa 2005);
silcrete from the three sampled outcrops was heat-treated and
subsequently knapped to produce tools in the nearby Middle
Stone Age site of Diepkloof Rock Shelter (Porraz et al. 2013;
Schmidt et al. 2015) and the Late Stone Age site of Elands Bay
Cave (Porraz et al. 2016). There is detailed published data on
the ‘water’-related thermal transformations of the three silcrete
samples (Schmidt et al. 2017a) and some aspects of these trans-
formations, recorded in two samples coming from the same
outcrop as our chert sample, are available (Schmidt et al.
2013a, 2016). Chert is a rather homogenous rock and we ex-
pect that the dehydration data obtained on identically looking
samples, coming from a few metres away in the same outcrop,
can be transferred to our chert sample. In this way, the mechan-
ical properties measured in this study can be compared with the
‘water’-related thermal transformations of the samples. Sample
numbers and descriptions, as extracted from Schmidt et al.
(2016, 2017a), are summarised in Table 1.

To measure the elastic modulus and fracture strength of
these samples, a varying number of bending bars were
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prepared from each sample (Silcretes WK-13-08: 50; -11: 49;
-13: 54 and Chert VC-12-05: 35). Bending bars were prepared
by water jet cutting to avoid mechanical stresses in the sam-
ples that might influence their fracture behaviour. Bending bar
dimensions were chosen to account for different grain- and
clast-sizes in chert and silcrete: 42 × 4.5 × 4.3 mm for chert
VC-12-05 and the relatively fine-grained silcrete WK-13-08;
42 × 8.0 × 7.8 mm for both coarser-grained silcrete samples
WK-13-11 and -13. All faces on these bending bars were
ground and lapped with the aid of 46 μm diamonds as abra-
sives to be plane-parallel and two edges were chamfered on
the bars’ tension side to remove chips on the edges that may
influence the fracture behaviour. For the chert sample, inden-
tation fracture resistance (IFR) was measured my means of
indentation on the surface of these bending bars. To measure
IFR in silcrete, two separate ~ 20 × ~ 30 × ~ 5 mm measuring
plane-parallel plates were cut, and diamond polished on one
side, from samples WK-13-08 and -13.

Experimental protocol

During all experiments, the lowest heating increment was
110 °C; no Bunheated^ measurements were made. The reason
for this is that we expected that, despite of systematically
applied water cooling during manufacturing, cutting of the
bending bars and polishing of the plates for indentation may
have slightly heated the samples. To homogenise initial tem-
peratures before the heating sequences, all samples were
stored in a drying oven at 110 °C for 2 days before the exper-
iments began. All further heating steps were conducted in
oxidising atmosphere using an electrical furnace. The heating
rate used for all temperature steps was ≤ 1.5 °C/min to avoid
unwanted fracturing (Schmidt 2014); samples were held at
maximum temperature for 4 h (based on the results in
Schmidt et al. 2012a, 2016); cooling rate was ≤ 0,68 °C/min
to avoid fracturing caused by too rapid cooling.

Elastic modulus

Elastic modulus, or Young’s modulus (E), was measured
on bending bars by means of non-destructive resonant fre-
quency damping analysis (RFDA) at room temperature fol-
lowing DIN EN 843 2 (2006). During these tests, bending
bars are excited by a mechanical impulse, upon which they
oscillate with one or several resonant frequencies. The
resulting signal is recorded with a microphone to calculate
E from the sample’s damping behaviour. The protocol be-
gan by measuring E for all bending bars. One bending bar
of each sample was then heat-treated with the first temper-
ature step, reanalysed after cooling to room temperature
and then heated to the next step (temperature steps for this
sequence were 150 to 600 °C with 50 °C increments). All
measurements were made before atmospheric water could
re-adsorb in the pore-space (transport in a silica gel dried
atmosphere prevented the samples from hydrating before
the measurements); hence, they reflect the samples’ elastic
properties in a dehydrated state. To investigate whether this
sequential heating to successive temperatures is compara-
ble to single heating events, 3 sets of 7 bending bars of the
chert sample VC-12-05 and 4 sets of 10 bending bars cut
from each of the three WK-silcrete samples were heated to
different temperatures (VC-sample: 250 °C, 300 °C,
350 °C; WK-samples: 250 °C, 350 °C, 450 °C, 600 °C)
and analysed in the RFDA unit (one bar of WK-13-08 and
one of − 11 heated to 600 °C broke so that E could only be
measured on 9 bars heated to this temperature step). This
second set of measurements was then compared with the
results obtained from the continuous stepwise heating se-
quences to evaluate whether multiple heating cycles and
increasing temperature steps have an influence on the evo-
lution of Young’s modulus.

It should be noted that measurements of E in the chert
sample VC-12-05 only produced values up to 400 °C because,

Table 1 Sample origins, descriptions, ‘water’ content and pore space as extracted from Schmidt et al. (2016, 2017a) (m =mass; LF = length-fast; LS =
length-slow)

Sample number Location and age Description and origin m SiOH
(wt%)

m H2O
(wt%)

Pores
(vol%)

VC-12-05 (chert) France, near the town of Malaucène.
Barremian to lower Abtian.

Light-brown to yellowish chert from solid
limestone, ~ 85% LF-chalcedony, ~ 15%
LS-chalcedony, minor detrital quartz
grains and dispersed opal-CT lepidospheres.

0.56 ± 0.01 0.33 ± 0.01 0.65 ± 0.1

WK-13-08
(silcrete)

South Africa, West Coast, near the
town of Hopefield. Undated.

Silcrete with a floating texture. Clasts: 32 vol%
with average size 0.2 mm. Crystal size
cement > 5 μm.

0.43 ± 0.01 0.36 ± 0.01 3.39 ± 0.1

WK-13-11
(silcrete)

South Africa, West Coast, near the
town of Velddrif. Undated.

Silcrete with a floating to grain supported structure.
Clasts: 58 vol% with average size 0.19 mm.
Crystal size cement ≈ 7 μm.

0.1 ± 0.01 0.13 ± 0.01 0.69 ± 0.1

WK-13-13
(silcrete)

South Africa, West Coast, near the
town of Redelinghuys. Undated.

Silcrete with grain supported structure. Clasts:
66 vol% with average size 0.92 mm. Crystal
size cement ≈ 12 μm.

0.05 ± 0.01 0.09 ± 0.01 0.26 ± 0.1
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above these temperature, all bending bars began to show in-
ternal fracturing and the mechanical excitation of the resonant
frequency resulted in breakage of the sample.

Four-point bending tests and Weibull modulus

To investigate the samples’ fracture behaviour after heat treat-
ment, 10 (WK-silcrete samples) or 7 (VC-chert sample) bend-
ing bars of each sample, heated to the single temperature steps
described above (for VC-12-05: 110 °C, 250 °C, 300 °C,
350 °C; WK-samples: 110 °C, 250 °C, 350 °C, 250 °C,
600 °C), were fractured in a four-point bending test (see for
example Pais and Harvey 2012). Four supplementary bars
were included in the measurements of WK-13-13 to increase
the number of data spots (because the fracture position on
some of the other bars was too far from the bar centre so that
we were not confident about the measured values) and one
measurement (WK-13-11 250 °C) did not produce valid data.
E was not measured during these tests because the bending
module’s travel path could not be precisely recorded due to
technical issues, and only fracture strength σ is reported here.
This fracture strength value represents the maximum stress a
bending bar withstands during the four-point bending test.
The fracture stress value σ is calculated from the applied force
and the geometric parameters of sample and rig (Munz and
Fett 1989). However, the local stress is elevated at physical
flaws and defects (microscopic notches, porosity, matrix-clast
transitions) on the bar’s tension side and their size, density and
position vary from bar to bar. This also causes σ to vary from
bending bar to bending bar within a single sample.
Measurements of σ will consequently result in a distribution
of values rather than a single value. This distribution is
analysed using BWeibull plots^ (i.e. double logarithmic
diagrams plotting the maximum fracture strength on their
abscissa against the probability of default on their ordinate,
Weibull 1951). The Weibull modulus can be calculated from
these plots. Samples that yield σ-measurements of high vari-
ation result in a lowWeibull modulus, samples that show little
variation from bending bar to bending bar have a higher
Weibull modulus value. The modulus value is therefore a
measure of the uniformity of a sample’s fracture behaviour
in terms of applied force at which fracture is initiated (in en-
gineering, this is often termed the reliability of the material).
TheWeibull modulus is therefore a measure of the distribution
of physical flaws and their sizes influencing the fracture be-
haviour of chert and silcrete before and after heat treatment.

Indentation fracture resistance

Indentation fracture resistance (IFR), a value closely related to
fracture toughness (KIc) (Danzer et al. 2016), was measured
bymeans of indentation for three samples: VC-12-05,Wk-13-
08 and -13. During these tests, the length of surface cracks,

propagating from the four apical points of an indentation, are
measured to obtain a value related to the sample’s real fracture
toughness. As highlighted by Danzer et al. (2016), this meth-
od does not yield identical values of fracture toughness as
determined by standard methods like single-edge notch-beam
measurements. This is due to the effect of changes in stress
distribution during the tests and therefore IFR has so far only
been proven valid for silicon nitrides (ASTM F2094).
However, due to the simplicity of the IFR procedure, it has
been widely used and almost all of the available literature
refers to Bfracture toughness^ as the number obtained from
IFR. We continue here to use the notation KIc for our results,
because it is a test which measures a resistance to crack exten-
sion, even though we have to caution against over-
interpretation of the numeric values. As a number of ranking
inside the IFR method on identical material, it is certainly a
valid proxy for fracture toughness.

The experimental setup was as follows: separate bending
bar fragments (resulting from the 110 °C four-point bending
tests) were heat-treated with different temperatures (150 to
500 °C with 50 °C increments). KIc values after each heating
step were averaged from 10 indentations placed on each frag-
ment after cooling to room temperature. This protocol is jus-
tified by chert consisting of chalcedony (i.e. a non-oriented
nano-crystalline quartz texture, Rios et al. 2001; Cady et al.
1998); thus, it can be expected that sample VC-12-05 behaves
homogenously from sub-sample to sub-sample. Silcrete, how-
ever, consists of relatively large clasts in a finer-grainedmatrix
and must consequently be expected to be more heterogeneous
than chert. The experimental protocol for silcrete therefore
aimed at minimising sample heterogeneity. For this, two dia-
mond polished plates of WK-13-08 and -13 first received a
row of 15 (WK-13-08) and 20 (WK-13-13) indentations that
were measured and averaged. The plates were then heat-
treated with a given temperature and received a second set
of indentations after cooling to room temperature. After mea-
suring these indentations, the plates were heat-treated at the
next higher temperature (same temperatures as for VC-12-05
but up to 600 °C; except 150° for WK-13-13).

Quantitative fracture surface analysis

Previous studies have shown that chert and silcrete have dif-
ferent roughness or shininess of fracture surfaces produced
before and after heat treatment (see for example Mourre
et al. 2010; Schmidt et al. 2015; Tixier et al. 1980; Brown
et al. 2009; Griffiths et al. 1987). The surfaces produced by
fractures propagating through chert and silcrete were therefore
quantitatively analysed using a laser scanning microscope
(Keyence VK-X 130). This technique allows calculating com-
mon roughness parameters that characterise the fracture sur-
face using the generated 3D-surface models. To perform these
tests, a flake was removed from each sample before heat
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treatment (by means of hard-hammer percussion with a gran-
ite cobble). The remaining pieces of the samples were heat-
treated (with 300 °C for VC-12-05, based on the results of
Milot et al. 2017; Schmidt et al. 2013a; and with 450 °C for
the WK-sample, based on the results of Schmidt et al. 2015).
After heating, another flake was removed and a 3D surface
model was recorded on the ventral surface of each flake (un-
heated and heated) to compare the roughness parameters be-
fore and after heat treatment.

Instruments, settings and data treatment

Elastic modulus

Young’s modulus was measured in flexural vibration mode
at room temperature using an IMCE (Belgium) RFDA pro-
fessional unit. The frequency range was 0–100 kHz. The
calculation of E requires the dimensions and masses of the
bending bard (as measured) and the material’s Poisson’s
ratio (which we admitted to be equal to the one of silica
glass: 0.17 cf. Tognana et al. 2010). The mechanical im-
pulse was given by the unit’s automated tapping device.
Twenty-five measurements were recorded and averaged
on each bending bar to account for possible heterogeneities
within the bars: the fundamental flexural frequency was
recorded 5 consecutive times at 5 different positions (two
times near each tail end and one time in the middle) on
each bending bar. Measurement errors for the stepwise
heating sequence correspond to the dispersion of E in these
25 measurements. Errors of the single heating steps
(Table 2; Fig. 2) correspond to the dispersion of E in all
bending bars heated to a given temperature step.

Four-point bending tests and Weibull modulus

Bending tests were performed with a Kammrath & Weiss
GmbH (Dortmund) bending module (MB2) according to
the protocol specified DIN 51110: testing of advanced
technical ceramics. During these tests, bending bars are
placed into a bending module, the outer two bearing of
which have a distance of 30 mm (tension side) and the
inner two of 15 mm, with their two chamfered edges at
the face stressed in tension. The bars were pre-loaded
with 10 N. The four-point bending test began after
30 s of preloading time, by applying a constant load
speed of 0.18 mm/min until failure of the bending bar
(only bending bars that broke between the two inner
bearings were recorded as valid). The fracture strength
σ is calculated from the maximum force at failure in the
usual way (Munz and Fett 1989). Errors of the average
values of σ of a given temperature step (Table 3) corre-
spond to the dispersion of σ as measured in all bending
bars heated to this temperature.

Indentation fracture resistance

The average KIc value of the samples after different
heating steps was measured by indentation with a
Vickers diamond. The applied load was 100 N (using a
DOLI universal test machine) and hold time of the load
for 30 s. KIc was then calculated from the length of the
surface cracks that develop from the four apical points of
each indentation, using the mathematical model for half-
penny shaped cracks given in Niihara et al. (1982).
Resolving this formula for KIc requires the length of the

Table 2 Results of the RFDA measurements of the elastic modulus (E
[GPa]) in silcrete and chert samples. Values in the column BStep HT^ are
the values of the stepwise heating sequence of a single bending bar. Errors
of these values correspond to the rage of values obtained from 25

measurements of every bending bar. Values in the column BHT^ are the
values of the single heating experiments (the number of bending bars that
produced this average value and its error range in brackets)

VC-12-05 WK-13-08 WK-13-11 WK-13-13

Temp. [°C] Step HT HT Step HT HT Step HT HT Step HT HT

110 75.19 ± 0.03 74.89 ± 3.09 (35) 71.32 ± 0.04 67.42 ± 15.55 (49) 89.44 ± 0.04 81.79 ± 13.1 (48) 80.9 ± 0.01 76.41 ± 11.3 (53)

150 75.61 ± 0.01 71.43 ± 0.04 89.48 ± 0.02 80.37 ± 0.01

200 75.76 ± 0.01 71.13 ± 0.03 89.14 ± 0.02 79.39 ± 0.06

250 75.89 ± 0.03 75.89 ± 1.39 (6) 70.61 ± 0.04 64.6 ± 12.47 (10) 88.85 ± 0.03 80.9 ± 11.16 (10) 77.86 ± 0.17 75.57 ± 6.56 (10)

300 75.93 ± 0.01 76.33 ± 2.46 (7) 70.01 ± 0.05 88.28 ± 0.04 74.20 ± 0.54

350 76.2 ± 0.01 76.37 ± 1.64 (7) 69.7 ± 0.04 63.98 ± 18.61 (10) 86.95 ± 0.09 76.62 ± 18.49 (10) 69.37 ± 0.58 68.43 ± 6.75 (10)

400 76.47 ± 0.01 69.49 ± 0.04 85.37 ± 0.1 63.99 ± 2.23

450 69.22 ± 0.05 63.83 ± 12.52 (10) 82.99 ± 0.09 70.27 ± 10.93 (10) 61.05 ± 3.01 60.3 ± 9.87 (10)

500 68.68 ± 0.06 80.56 ± 0.12 59.70 ± 0.88

550 67.50 ± 0.12 76.36 ± 0.16 56.43 ± 2

600 62.33 ± 0.25 58.86 ± 14.77 (9) 68.47 ± 0.2 56.69 ± 14.38 (9) 46.73 ± 1.29 48.65 ± 12.41 (10)
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surface cracks, the diagonal of the indentation, the mate-
rial’s Vickers hardness (VH) and Young’s modulus (E).
Crack length was directly measured using a scanning elec-
tron microscope (HITACHI Tabletop Microscope TM3030
Plus); E was taken from the RFDA measurements of the
bending bars heated to the corresponding temperatures
(because E values for the chert sample VC-12-05 were
only available up to 400 °C, the modulus value recorded
at 400 °C was also admitted for the two KIc measurements
at 450 °C and 500 °C). VH values could not be calculated
from most of the indentations because their margins flaked
off at a load of 100 N, making precise VH measurement
impossible. We therefore admitted a standard value of
quartz (11.65 GPa) and calculated the theoretical diagonal
left at 100 N by a Vickers pyramid in a material with this
hardness to be 126 μm. The few indentations with intact
margins, where the indentation diagonal could be mea-
sured, confirmed that the value used is a fair approxima-
tion for the material at hand. The KIc value of an indenta-
tion was averaged from its four cracks. The KIc value at a
given temperature step was averaged from all indentations
in the set. Error bars are standard deviations calculated
from all indentations within the set.

Quantitative fracture surface analysis

3D surface models were recorded with a Keyence VK-X100
laser scanningmicroscope.Measurements on chert weremade
with a 50× objective, silcrete measurements were made with a
20× objective. In both cases, nine tiles were recorded and
stitched together to obtain a field of view of 1923 μm ×
1400 μm for silcrete and 750 μm × 500 μm for chert. 3D
models are shown as overlay of height data and the real image
of the surface. We report the roughness parameters Ra (the so-
called roughness average) and Rz (the ten-point mean profile
depths). Ra is the mean height of all peaks and valleys as
measured from the mean value of all heights. As such, the
value expresses the overall surface roughness, taking into ac-
count small and high peaks and for statistical reasons largely
disregarding rare extremes; Rz is the average distance between
the highest peak and lowest valley (a value expressing the
maximum profile depth of the surface). Both Ra and Rz were
calculated from all pixels in the whole array of the 3D models
(all 9 tiles), hence are statistically more robust than traditional
1D profile measurements. Before roughness analysis, the 3D
models were corrected for surface inclination with a circular
fit. Ra and Rz values are reported from primary profiles,

Table 3 Results of the fracture strength σ [MPa] measurements
obtained from bending tests. Means are calculated from all bending
bars heated to a single temperature step. Errors of these means are

standard deviations calculated from the scattering of these values. σc =
characteristic strength as defined by Weibull (1951) taken from the ab-
scissa intersection in the Weibull plots

VC-12-05 WK-13-08
Temp. [°C] 110 250 300 350 110 250 350 450 600
fracture strength [N/mm2] 65.92 63.86 101.68 102.36 34.7 38.56 27.46 44.02 36.52

171.44 141.51 132.56 115.63 35.31 39.45 41.96 49.23 40.7
173.58 154.32 148.57 124.34 51.84 41.53 55.32 50.96 48.64
174.29 156.47 149.2 140.95 53.62 42.75 57.28 55.7 52.41
175.99 165.44 153.61 147.61 54.19 46.02 60.38 56.3 52.72
191.43 192.44 183.87 149.68 54.63 49.73 62.87 57.17 57.19
213.06 206.2 213.85 155.08 55.33 54.98 64.24 58.83 59.02

61.04 62.85 70.43 69.95 62.78
66.26 66.01 73.81 70.57 66.14
67.25 66.26 84.38 73.97 72.86

Mean: 166.53 154.32 154.76 133.66 53.42 50.81 59.82 58.67 54.9
Error: ± 21.7 ± 21.2 ± 16.6 ± 9.2 ± 5.2 ± 5.2 ± 7.6 ± 4.7 ± 5.3

WK-13-11 WK-13-13
Temp [°C] 110 250 350 450 600 110 250 350 450 600
fracture strength [N/mm2] 15.48 15.59 24.58 30.48 23.81 16.78 24.89

16.01 23.3 25.7 30.49 27.17 17.67 30.31 29.07 24.9 25.78
26.62 25.02 33.49 31.7 29.84 21.25 33.2 29.85 29.17 28.12
27.33 31.43 34.26 34.59 31.06 24.45 33.71 33.39 30.16 29.45
28.22 33.99 35.01 36.01 31.97 31.16 35.67 34.85 30.25 29.78
32.84 34.64 38.12 37.52 37.9 33.82 38.29 35.55 32.94 31.35
33.13 34.73 39.2 38.72 38.12 39.34 43.33 38.19 33.31 32.23
34.64 37.97 40.97 41.65 39.24 41.53 43.75 39.9 34.53 33.77
40.12 41.71 42.38 44.73 39.44 42.97 43.84 40.05 36.06 34.02
48.62 46.02 45 42.87 44.13 43.95 40.34 37.11 35.47

45.61 53.15 45.82 38.61 36.75
45.8
67.37

Mean: 30.3 30.93 35.97 37.09 34.14 36.3 39.92 36.7 32.7 31.06
Error: ± 4.8 ± 3.8 ± 3.3 ± 2.6 ± 3.0 ± 6.8 ± 3.3 ± 2.5 ± 2.0 ± 1.8
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without cut-off filtering (these are representative of a mixture
of roughness and waviness), and after applying a cut-off filter
(high-pass filter λc) of 0.08 mm (representative of the high
frequency surface roughness). We tried to add a supplementa-
ry low-pass filter (λs) to eliminate possible small-scale noise in
the 3D models but found no significant difference (≤ second
decimal place) with values obtained without a low-pass filter.

Results

Elastic modulus

Values of E obtained during the stepwise heating sequence of
chert and silcrete samples are summarised in Table 2 and
graphically shown in Fig. 1. The chert sample VC-12-05
shows a small but significant increase in elastic modulus after
heat treatment. After heating to 400 °C, its E value is increased
by 1.7%. The tree WK-silcrete samples document the inverse
trend by showing a clear decrease of E with rising tempera-
tures. While the differences between the initial E values of the
three silcrete values are not significant (initial E values mea-
sured in different bending bars of a single sample vary up to ±
15 GPa, cf. Table 2), a clear trend can be noted in the magni-
tude of loss. WK-13-08 loses ~ 14% of its initial E value after
heating to 600 °C, WK-13-11 loses ~ 23% and WK-13-13
loses ~ 45%. Figure 2 shows E values obtained by heating
of different bending bar sets to single temperature steps, as
compared with the stepwise heating sequences. Single heating
E values of the chert sample VC-12-05 plot slightly above the
values obtained from the heating sequence. In silcrete sam-
ples, all meanE values obtained by single heating (except one:
WK-13-13 at 250 °C) yielded results comparable with the
stepwise heating sequences within the measured error. These
data document that stepwise heating is representative of single
heating steps for silcrete and produces reasonably close values
for chert. The following discussion of the causes of the ther-
mal induced changes ofEwill therefore only take into account
the results from the stepwise heating sequence.

Four-point bending tests and Weibull modulus

Fracture strength values obtained during the four-point bending
tests of chert and silcrete samples are summarised in Table 3 and
graphically shown in Fig. 3a, b. Initial σ values are significantly
different in chert and silcrete. Chert sample yielded a value of
166 ± 22N/mm2, while silcrete samples have values in the range
of ~ 30 to ~ 50 MPa (Table 3). The 350 °C measurements of
chert sample VC-12-05 resulted in a significantly lower σ.None
of the silcrete samples show strong changes in σ upon heating,
although a trend of decreasing σ may be interpreted from sam-
ples of WK-13-13. An example of a Weibull plot is shown in
Fig. 3c; values of the Weibull modulus of the four samples after

heating to different temperatures are summarised in Table 4 and
graphically shown in Fig. 4. Except for the 350 °C measure-
ments of sample WK-13-08, heat treatment resulted in an in-
crease of the Weibull modulus in all samples. For silcrete
sample WK-13-13, the onset of this Weibull modulus gain
lies between 110 and 250 °C; for WK-13-11 and the chert
sample VC-12-05 between 250 and 350 °C. Thus, all sam-
ples perform more homogeneously with regards to their
fracture behaviour after heat treatment.

Indentation fracture resistance

KIc values obtained from indentation testing of silcrete and
chert samples are shown in Fig. 5a–c. All three samples show
similar initial KIc values near 1.8 MPa m1/2, indicating that
IFR alone does not allow to differentiate between chert and
silcrete. KIc in the chert sample VC-12-05 did not significantly
change until 200 °C but began to decrease from this temper-
ature onwards. This trend is probably continuous over the
whole temperature range. The initial KIc value is lowered by
the heat treatment to approximately 1/3. The two analysed
silcrete samples WK-13-08 and -13 show very similar trends
up to a treatment temperature of 300–350 °C, only the errors
are larger. No significant change is observed up to 200 °C,

Fig. 1 Thermal evolution of Young’s modulus (E) in silcrete and chert
samples in GPa. The initial magnitude of E, before heating, is not
representative of the samples. E values measured in different bending
bars vary up to ± 15GPa in a single sample (Table 2). Only the magnitude
of the modulus loss/gain and its progression with rising temperature are
significant. Note that the chert sample VC-12-05 shows the inverse trend
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above whichKIc is steadily lowered till 300–350 °C. At higher
temperatures of treatment, a rather constant level near
1.3 MPa √m is indicated. The differences between chert and

silcrete are thus the continuation of the lowering of the KIc

level with increasing temperature of treatment in chert beyond
350 °C, which leads to a much lower level in chert.

Fig. 2 Comparison between the thermal evolution of Young’s modulus
measured during stepwise heating and single heating to the same
temperatures. a VC-12-04, b WK-13-08, c WK-13-11 and d WK-13-
13. For comparability between both heating series, values are plotted in

percent change. Error bars for single heating data are the scattering of
values recorded on different bending bars. Note that almost all single
heating and stepwise heating produced the sample results within the mea-
sured error

Fig. 3 Thermal evolution of fracture strength in silcrete and chert (a, b)
and one example of aWeibull plot (c), plotting the fracture strength values
of silcrete sample WK-13-11. a and b are separated for better readability
of the data. Note that except for the 450 °C measurements of WK-13-11
and the 350 °C measurements of VC-12-05, the changes in fracture

strength are not significant. A trend of increasing fracture strength with
rising temperature can, however, be noted for two of the silcrete samples.
The chert sample shows the inverse trend. In Weibull plots, the slope of
the linear best fit is the dimensionless Weibull modulus
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These silcrete IFR values and their thermal evolutions are
representative of the bulk rocks (Fig. 5b, c) because the mea-
sured cracks ran through clasts and matrix regardless.
However, during indentation testing of silcrete sample WK-
13-13, it was possible to separate out KIc measurements of the
quartz clast only: indentations of up to 1-mm large clasts (cf.
Table 1) had cracks, which did not exceed the clast margins,
i.e. the measured value corresponds to the quartz clast only.
These values are reported as a separate sequence in Fig. 5d.
The initial KIc value of these clasts before and after heating is
near 1.3 MPa m1/2; hence, the clasts do not change in their
fracture toughness after heat treatment and the level of their
fracture toughness coincides with the plateau values of silcrete
after heating above 350 °C (Table 5).

Quantitative fracture surface analysis

3D surface models of fracture surfaces, before and after heat
treatment, are shown in Fig. 6 and roughness values calculated
from the models are summarised in Table 6. The initial rough-
ness of fracture surfaces on chert and silcrete is different be-
fore heat treatment with the surface of chert samples VC-12-
05 being more than 20 times smoother than the average sur-
face of the three silcrete samples.

If no cut-off filter is applied (i.e. primary profile Ra,
representing a mixture of roughness and waviness of the sur-
face), the Ra value of chert sample VC-12-05 is reduced by
26% after heat treatment, and the ten-point mean profile depth
Rz by 44%. In silcrete, Ra is reduced by 57%, 34% and 20% in
WK-13-08, -11 and -13, respectively. Ten-point mean profile
depth is reduced in silcrete by 4%, 16% and 27% (WK-13-08,
-11 and -13 respectively). A similar trend can be observed in
real Ra values, if a 0.08 mm cut-off filter is applied: mean
roughness is reduced after heat treatment, although the per-
centages are slightly different (Table 6).

Thus, in both silcrete and chert, there is a decrease in Ra.
The relative change is stronger in chert. The Rz values,
highlighting the maximum values from the profiles, are also
reduced in chert and silcrete.

Discussion

A critical review of RFDA, fracture strength
and indentation data

The absolute E values obtained by our RFDA measurements
do show little variation within single samples, which indicates
a good repeatability and point towards a high accuracy of
measurement. The variations of up to ± 15 GPa within a set
of 50 bending bars, cut from a single block of silcrete, are
easily understood from the structural heterogeneity of silcrete,
which should be seen as a composite of larger clasts with a
fine matrix, in which both the relative amount and the clast
sizes vary strongly. Nonetheless, both chert and silcrete are
mainly composed of α-quartz and therefore are expected to
have a similar Young’s modulus, which they do before any
heating is done. The change in Young’s modulus with temper-
ature of treatment is strongly different between chert and
silcrete. Chert increases in E, at least when treated above

Table 4 Weibull modulus of the silcrete and chert samples as calculated
from the fracture strength values in Table 3

Temp. [°C] VC-12-05 WK-13-08 WK-13-11 WK-13-13

110 2.61 5.01 3.23 2.85

250 2.87 5.28 3.89 6.76

300 4.97

350 7.61 3.72 5.81 8.31

450 6.96 7.85 9.19

600 5.67 6.28 9.52

Fig. 4 Thermal evolution of the
Weibull modulus of chert and
silcrete samples. Measurements
for the three silcrete samples were
made at 110, 250, 350, 450 and
600 °C; measurements for chert
were made after heating to 110,
250, 300 and 350 °C
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200 °C, on a low but very well defined level. Silcretes show a
strong loss in Young’s modulus with treatment temperature,
but the trend is neither similar between the silcrete types nor
described by a simple monotonic trend. There is an indication
that silcretes with more clasts are lowered more strongly in E
compared to finer silcrete. This points to structural changes
(development of matrix/clast microcracks, secondary void
creation by shrinking of accessory minerals or similar

processes) to be responsible here. Further investigations are
necessary to clarify the picture.

A different picture emerges from the fracture strength data.
The comparison between the absolute values of chert and
silcrete illustrates differences between the fracture behaviours
of both material classes (chert has higher fracture strength by a
factor of 3). According to Griffith’s (1921) theory of fracture
mechanics, this difference can only be explained by much

Fig. 5 Thermal evolution of the
average indentation fracture
resistance (KIc) value of chert
sample VC-12-05 (a) and silcrete
samples WK-13-08 (b) and WK-
13-13 (c). dAplot of KIc recorded
in quartz clasts embedded in
sample WK-13-13 (no matrix
taken into account). Note that in
all three samples, KIc begins to
drop from 200 °C onwards. Error
ranges of the unheated sample
measurements are marked by grey
bars across the plots to
graphically evaluate the
significance of the KIc loss. In
WK-13-13 (c), values after heat
treatment to temperatures above
350 °C approach the KIc values of
the quartz clasts in this sample

Table 5 Indentation fracture
resistance (KIc) of chert and
silcrete samples in MPa m1/2

Temp. [°C] KIc of VC-12-05 KIc of WK-13-08 KIc of WK-13-13 KIc of WK-13-13 clasts

110 1.77 ± 0.09 1.85 ± 0.14 1.71 ± 0.19 1.34 ± 0.06

150 1.77 ± 0.03 1.91 ± 0.19 – –

200 1.71 ± 0.09 1.92 ± 0.26 1.71 ± 0.14 1.37 ± 0.07

250 1.32 ± 0.04 1.67 ± 0.21 1.51 ± 0.12 1.44 ± 0.09

300 1.36 ± 0.08 1.4 ± 0.06 1.37 ± 0.11 1.26 ± 0.12

350 0.89 ± 0.06 1.31 ± 0.06 1.38 ± 0.12 1.22 ± 0.1

400 0.5 ± 0.06 1.37 ± 0.06 1.37 ± 0.1 - 1.29 ± 0.13

450 0.63 ± 0.09 1.2 ± 0.06 1.33 ± 0.09 1.29 ± 0.07

500 0.48 ± 0.04 1.31 ± 0.08 1.27 ± 0.09 1.22 ± 0.16

550 – 1.25 ± 0.07 1.28 ± 0.11 1.3 ± 0.09

600 – 1.29 ± 0.11 1.22 ± 0.09 1.57 ± 0
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smaller flaws being present in the very fine grained rocks.
Nonetheless, these flaws have to show a considerable natural
variation in size, which is indicated by the fairly low Weibull
modulus. Heating above 200° may be interpreted to lower the
average fracture strength of the tested chert sample but mea-
surement errors are too large to make definitive statements
based on our data on fracture strength.

In the unheated state, our study did not show major differ-
ences in E or KIc between chert and silcrete. This comes as a
surprise because chert is considered by many archaeologists
(see for example Marean 2015) a raw material of far better
quality for stone tool knapping than silcrete. Thus, neither E
nor KIc can be used alone to characterise the knapping quality
of silica rocks, opening up new questions about the adequacy

Fig. 6 3D surface models of fresh
fracture scars on chert and silcrete
sample before (left) and after
(right) heat treatment recorded by
a laser scanningmicroscope. Note
that fracture scars post-dating heat
treatment are noticeably smother
than before heat treatment.
Roughness values obtained from
these surface models are
summarised in Table 6

Table 6 Roughness parameters Ra and Rz as obtained from 3D surface models of fresh fracture surfaces before and after heat treatment. Values under
ΔRa andΔRz are the relative change from unheated to heat-treated in percent

No cut-off filter 0.08 mm cut-off filter

Temp. [°C] Ra [μm] Rz [μm] Δ Ra Δ Rz Ra [μm] Rz [μm] Δ Ra Δ Rz

VC-12-05 Unheated 1.498 24.827 − 26% − 44% 0.8 18.979 − 47% − 44%
300 1.102 13.951 0.423 10.58

WK-13-08 Unheated 21.882 427.478 − 57% − 4% 6.715 404.985 − 32% − 2%
450 9.515 410.721 4.546 397.955

WK-13-11 Unheated 40.82 423.353 − 34% − 16% 10.336 424.415 − 16% − 6%
450 26.861 354.606 8.696 400.482

WK-13-13 Unheated 30.378 547.739 − 20% − 27% 9.178 366.368 − 22% + 10%
450 24.152 401.426 7.148 401.905
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of specific mechanical testing methods for investigating ques-
tions related to archaeology and stone tools making.

Our Weibull data should be considered with some caution.
The number of tested bending bars that led to estimate Weibull
modulus values is rather low as compared to the recommended
number of data points used for this method (Weibull 1951). The
data from the treatments at 600 °C should not be over-interpreted
here, because at those temperatures we induce the α/β-quartz
transition, which can be expected to be responsible for a flaw
population. The comparison between absolute Weibull modulus
values in different samples must therefore be regarded as indica-
tion only and further experiments are recommended.

The secure assertions stemming from our results are: [1] the
main difference between chert and silcrete is their fracture
strength. Their fracture resistance, consistency of their fracture
behaviour (as documented by their Weibull modulus) and their
elastic properties cannot be used to distinguish both material
classes in an unheated state. [2] Upon heating, both materials
experience a significant drop of KIc and [3] an increase of their
Weibull modulus, i.e. fracture propagation is facilitated and
they behave more uniformly during fracturing. [4] The fracture
surfaces of both materials are measurably smoother after heat
treatment, indicating that during post-heat treatment knapping,
fractures propagating through the material are less offset from
an ideal conchoidal path. [5] The loss of KIc is two to three
times stronger in chert than in silcrete. [6] The elastic properties
of both materials show inverse trends.

The chemical and crystallographic origin
of the changes in mechanical properties

Combining our results with previously published data on chert
and silcrete, it is possible to shed light on the chemical origins
of the changes in mechanical properties of chert and silcrete.
Detailed data on the temperature-induced loss of chemically
bound water is available for all three silcrete samples from
Schmidt et al. (2017a). SiOH data of a sample coming from
the same outcrop as our chert sample VC-12-05 is available
from an unpublished series produced during the experiments
detailed in Schmidt et al. (2013a). Although the results section
of this publication only included data on the loss of porosity
and the bonding behaviour of surface silanol in this sample,
the experiment that produced these data also yielded
quantitative data on the loss of SiOH. These unpublished
data of Schmidt et al. (2013a) is provided in the present study
(the experimental and instrumental setup used for data collec-
tion is detailed in the original publication).

Both these sets of SiOH data, of chert and silcrete, are
summarised in Fig. 7a. Comparing these SiOH data with our
KIc data (as summarised in Fig. 7b), it can be noted that both
data sets show a plateau at low temperatures, indicating that
SiOH loss and KIc drop both require a minimum heating tem-
perature of > 200 °C for their onset. The drop in KIc with

treatment temperature is rather similar for both silcrete and
chert in the range 200–350 °C. As pointed out before, the
presence of quartz clasts in silcrete seems to prevent a drop
below the value for these clasts (Fig. 7b).

The correlation plot of c SiOH vs. KIc in Fig. 7c gives
insight into one detail of the process: the loss of chemically
bound water in silcrete and chert is connected to, and hence
may be responsible for, the changes of IFR.

Another way of verifying this correlation is by comparing
the magnitudes of loss of different variables. Figure 7d is a
plot comparing the losses of SiOH, real and primary profile
Ra, KIc and E (always from unheated to the highest measured
heating temperature). It can be followed from this plot that
samples containing a larger amount of matrix (finer-grained
samples) lose more SiOH and accordingly the KIc and Ra

losses are also stronger. Coarser-grained samples initially con-
tain less SiOH and the ‘water’-loss upon heating is less pro-
nounced. In these samples, the thermally induced changes of
KIc and Ra are also less intense. This relation can be explained
by the theory of thermal transformations occurring in chert
(Schmidt et al. 2011, 2012b) and silcrete (Schmidt et al.
2013b, 2017a). In both types of rock, SiOH loss is followed
by the formation of new Si–O–Si bonds at internal surfaces
and pore walls. This leads to a measurable domain size in-
crease of the rock’s quartz nano-crystals (Dejoie et al. 2015)
andmay effectively close and reduce narrow flaws and defects
in the bulkmaterial. This way, a partial closure would lead to a
diminishing of the intergranular pore space and decrease the
flaw size. While this may explain a more homogeneous frac-
ture behaviour, it would have a tendency to increase strength.
However, this is counterbalanced by the lowering of the KIc.
Internal healing of crack-like defects with silanol covered sur-
faces would eradicate the—probably randomly oriented—
pathways, which deter a running crack from the ideal path in
the stress field applied. Therefore, the overall crack path
length is decreased towards a straighter, shorter crack path,
which has a lower amount of energy. In other words, the
internal defects of the original material—either as microcracks
or at grain boundaries—acted as toughening mechanism. In
engineering, these effects would be crack deflection, crack
branching, microcracking and potentially an R-curve effect
(Wachtman et al. 2009). In this way, we may explain the
increased KIc of chert and silcrete (in the order of
2 MPa √m) compared to the clast values at 1.3 MPa √m and
the ultra-low values of chert heated to high temperatures.

A difference between chert and silcrete is the shape and size
of the pore space, which is in silcrete up to 5 times larger than in
chert (compare Schmidt et al. 2013a, 2017a). The thermal pro-
cesses discussed above may not be sufficient to close larger
voids in silcrete (Schmidt et al. 2017a). Unaltered macro-
pores may therefore account for the unaltered strength in
silcrete but the closure of finer intergranular pores through grain
bridging causes the observed loss of toughness.
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Defect healing can also be expected to increase the stiffness
of the rocks, as expressed by increasingE after heating (see for
example Angel et al. 2009). The increase of E in chert sample
VC-12-05 can thus be explained by the formation of new Si–
O–Si bonds in chalcedony (Schmidt et al. 2011, 2012b).
However, E in silcrete does the opposite as in chert: it drops
after heat treatment. Comparing the three silcrete samples, it
can also be noted that it is in opposition to the evolution of KIc

and Ra (Fig. 7d), indicating that there is no straightforward
correlation with SiOH loss as for the other parameters.

We did not expect this because the same mechanism of Si–
O–Si formation upon SiOH loss takes place in silcrete
(Schmidt et al. 2013b, 2017a). Internal micro-fracturing in
silcrete can be ruled out as possible cause because it was shown

to onset at higher temperatures than the reduction ofE (Schmidt
et al. 2017a). Another possible explanation would be the crea-
tion of voids (see for example (Asmani et al. 2001)) due to heat-
induced processes associated with non-quartz impurities
(shirking, sintering, etc.). Indeed, South African silcrete is not
pure quartz but was found to contain up to a fewweight percent
of impurities, mainly TiO2, Fe2O3 and Al2O3 (Roberts 2003).
These are for example present as anatase, iron oxides and clay
(Summerfield 1983; Schmidt et al. 2013b, 2017a). A strong
reduction of stiffness due to the opening of voids could be
expected to mask the weaker processes associated with the
creation of new Si–O–Si bonds in silcrete. Whether this expla-
nation is worthy of further investigation can only be decided
after systematic studies on the thermal transformations of non-

Fig. 7 Overview of the thermally induced changes in fracture resistance
(KIc), E-modulus, fracture surface roughness (Ra) and loss of chemically
bound water (SiOH) in chert and silcrete samples. a Concentration c of
SiOH: silcrete data from Schmidt et al. (2017a); chert data from an un-
published series produced during the experiments in Schmidt et al.
(2013a). b Overview plot of the KIc data of the three samples for which
SiOH data is plotted in a. The grey bar marks the range (within 1 standard
deviation) of KIc data measured from quartz clasts over all temperatures. c
Correlation plot of KIc over c SiOH at different heating temperatures as

extracted from a and b. d Plot comparing the loss/gain of SiOH, KIc, Ra,
primary profile Ra and E-modulus in percent as calculated from a, b and
Tables 2 and 6. In d, samples are ordered from left to right, representing
the finest-grained to the coarsest-grained sample. Note that samples that
loose larger quantities of SiOH during heating show stronger decrease in
their KIc and Ra values; the inverse trend is observed for their E modulus
(d). Also note that the progression of the temperature induced KIc loss
shows a reasonably good correlation with SiOH loss in the samples (c)
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quartz components in silcrete. As it stands, our study can only
explain the structural origins of heat-induced changes of KIc, Ra

of fresh fracture scars and Weibull modulus. The thermal evo-
lution of stiffness in chert can be satisfactorily explained but it
remains unclear in silcrete.

Comparison with previously published data

These data allow to confirm and refine several previous studies
on the heat treatment effects of silica rocks while refuting
others. For example, the lack of thermal evolution in our
fracture strength measurements is in contradiction with Purdy
and Brooks (1971) who had found a 25–40% increase of com-
pressive strength and a 45% reduction of tensile strength in
chert from Florida. These differences might be due to dissimilar
measuring protocols (this cannot be evaluated because of the
lack of detail in their publication) or different composition of
the analysed samples. Heating of sample VC-12-05 to 350 °C
did result in a weak loss of strength but we rather attribute this
to the onset of internal fracturing in this type of chert (Schmidt
et al. 2013a), than to the same thermal processes that cause the
KIc drop (internal fractures weremacroscopically observed after
heating to 350 °C). The loss of toughness (IFR) we observed
during our experiments largely corroborates the results of
Schindler et al. (1982) who had found a temperature-
dependant KIc curve (also indentation data) with similar shape
for chert as we did (showing a plateau at the lower range of used
heating temperatures that indicates a similar minimum activa-
tion temperature for the onset of the reaction).

Our data also corroborate more experimental studies on
knapping quality that had pointed out an increased ease of
flake detachment from heated chert (Sollberger and Hester
1973) and better quality for pressure flaking or free hand
knapping (see among many others Inizan et al. 1976;
Griffiths et al. 1987). It was also quantitatively shown that
flakes removed from heated chert are longer than their unheat-
ed counterparts (Bleed and Meier 1980). All these observa-
tions can be satisfactorily explained by the loss of resistance to
fracture propagation (toughness) after heat treatment.

Another study (Domanski et al. 1994) on the mechanical
properties of different silica rocks also highlighted the impor-
tance of fracture toughness during heat treatment. This study
presents the by far most detailed dataset produced onmore than
20 samples of chert, hydrothermal chalcedony, quartzite, obsid-
ian and silcrete. Unfortunately, the high number of samples and
tests (4 mechanical properties) precludedmeasurements at tem-
peratures < 300 °C and sufficiently narrow-spaced temperature
steps, so that it is difficult to evaluate the interdependence of
different variables or their correlation with our data. It is, how-
ever, possible to compare their absolute fracture toughness
values with our indentation resistance values. Fracture tough-
ness of chert (there also called flint) was found to range be-
tween 1.5 and 2.5MPam1/2, most of the samples being close to

1.6 MPa m1/2, thus reasonably close to our values. Fracture
toughness of silcrete was found to range from 1.8 to
2.5 MPa m1/2. The lower range of these values, obtained by
short rod fracture toughness testing, is in good agreement with
our data obtained by Vickers indentation.

Another sometimes misunderstood aspect in the study of
rock heat treatment is the role of the quartz α to β phase
transition. Wadley and Prinsloo (2014) suggested that the
gloss in fresh fracture scars of silcrete knapped after heating
was an indication that the quartz inversion played a major role
during heat treatment (op. cit., p. 57). They even claimed that
heat-treated silcrete would contain B…remaining pockets of
β-quartz residues that are under strain.^ and affirm that BThis
can lead to future fracturing.^ (op. cit., p. 57). Previously
published data and our study clearly refute these two state-
ments. We argue that the association of surface gloss and
phase transition cannot be maintained. The α- to β-quartz
transition is known to take place at a fairly narrow temperature
interval close to 573 °C (Bragg and Gibbs 1925; van Tendeloo
et al. 1976; Bachheimer 1980; Dolino et al. 1984). Most
silcrete heat treatment experiments describe surface gloss or
lustre on the fracture surfaces of freshly flaked silcrete that
was heated to temperatures well below 573 °C (Brown et al.
2009; Rowney and White 1997; Schmidt et al. 2013b, 2015;
Corkill 1997; Domanski and Webb 1992). Our results also
document that micro-roughness on fresh fracture surfaces
must be understood in terms of the rocks’ mechanical proper-
ties, rather than the quartz phase inversion. The loss of rough-
ness on fresh flaking scars is more pronounced in samples
with stronger SiOH and KIc loss, suggesting that the origin
of smoother, or glossier, fracture surfaces after heat treatment
lies in the water-related crystallographic andmechanical trans-
formations of the rocks. Concerning Wadley and Prinsloo’s
claim that β-quartz persists in silcrete after cooling down to
room temperature, it must be noted that this interpretation
contradicts a large number of studies published by physicists
and crystallographers, all showing that the phase transition is
entirely reversible (Bragg and Gibbs 1925; van Tendeloo et al.
1976; Bachheimer 1980; Dolino et al. 1984). Wadley and
Prinsloo suggest that internal strain stabilises β-quartz at low
temperatures. A look at the pressure and temperature-
dependant phase diagram (P/T-diagram) of the SiO2 system
may shed light on this suggestion. The slope of the α- to β-
quartz transition in such a P/T-diagram is positive (Mirwald
and Massonne 1980). This means that increasing pressure
stabilises α-quartz up until higher temperatures, excluding
that compressive residual stresses in a rock would be able to
cause stable or metastable β-quartz at low temperatures.
Tensional stress could stabilise β-quartz at low temperatures
but it can be followed from the relatively steep slope
representing the phase transition in the SiO2 P/T-diagram
(Mirwald and Massonne 1980) that ~ 1700 MPa of tensional
stress would be necessary. Confirming previous findings
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(Domanski et al. 1994; Morrell 1985), all our silcrete samples
were found to have fracture strengths below 100 MPa and the
chert sample of < 200 MPa (i.e. silcrete breaks at tensional
stresses below 100 MPa and chert below 200 MPa). It there-
fore appears unlikely that metastable β-quartz would be pre-
served at room temperature (except for Bstuffed-derivatives^
with a composition other than pure SiO2) and that such a
mechanism may affect the fracture behaviour of silcrete
(Wadley and Prinsloo 2014, p. 57). Even at temperatures
above 600 °C did we observe no impact of the quartz phase
transition on the mechanical properties of our samples: KIc

values recorded in both silcrete samples heated above the
transition were identical, within the experimental error, as
values recorded below the transition. These results indicate
no deterioration of knapping quality or stronger internal frac-
turing as compared to before the inversion. For all these rea-
sons, we argue that, even if temperatures of > 573 °C had been
reached in the MSA, the α- to β-quartz transition is of no
importance for our understanding of archaeological stone heat
treatment. Heat-induced fracturing during heat treatment must
be explained differently. The mechanism of heat-induced frac-
turing was investigated in another work by Schmidt (2014).
This experimental study showed that chert fractures during
heat treatment because of critical high-temperature-vapour
pressure in fluid inclusions that cannot be released from the
structure. The study demonstrated that heterogeneous thermal
expansion plays no role in such heat-induced fracturing of

chert. So far, there is no similar experimental work about
silcrete but, at our current state of knowledge, vapour pressure
also appears to be the most probable mechanism of heat-
induced fracturing in silcrete.

Conclusion and implications for archaeologic
science

Our results allow to propose a comprehensive model of the
mechanical transformations taking place upon heat treatment
in silica rocks. Stone knapping consists in fracturing rocks in a
controlled way to obtain the desired end-products (flakes,
blades, etc.). The processes taking place during knapping
can be understood by looking at a schematic 2D representa-
tion of the atomic structure of a silica rock (chert or silcrete)
(Fig. 8). Such silica rocks consist of an agglomerate of partial-
ly intergrown quartz crystals (nano-meter sized in the chalce-
dony of chert and μm- to mm-sized in silcrete). These poly-
crystalline structures contain defect zones, for example at low-
angle grain boundaries or at crystal defect zones, where Si–O–
Si bonds cannot be realised across crystals or crystal domains
(Micheelsen 1966; Miehe et al. 1984). At these defects, hy-
droxyl is built into the structure and the resulting surface SiOH
groups constitute physical flaws in the rocks (Kronenberg
1994; Graetsch et al. 1987) (Fig. 8a). Upon knapping, a pre-
existing micro-fracture or flaw in the rock is developing into a

Fig. 8 Two-dimensional schematic representation of the hypothetical crack propagation before and after heat treatment-induced defect healing in silica
rocks. A detailed description of this figure can be found in section 5 of the main text
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crack that propagates through the structure, eventually lead-
ing to the detachment of the desired flake. At least at some
places, this propagating crack will follow the direction of
OH-related physical flaws in the structure, which are acting
as a sort of predetermined breaking points, and is deflected
from its ideal propagation direction (Fig. 8b). Continuing
this thought experiment, it can be seen that a fracture
meandering along such a pathway of flaws is leaving behind
a rough surface. Crack deflection and branching are well-
known toughening mechanisms that lead to higher fracture
toughness or resistance of such a rock (Ritchie 1999). When
this rock is heat-treated, SiOH is lost and new Si–O–Si
bonds are formed where this is possible geometrically
(Schmidt et al. 2011, 2012b) (Fig. 8c). Some of the physical
flaws within the rock are lost in this way (i.e. defect
healing), reducing the number and size of predetermined
breaking points. This reduction of physical flaws is docu-
mented by the rising Weibull modulus of heat-treated sam-
ples. A fracture propagating in such a heat-treated rock is
therefore less offset from its ideal fracture path, i.e. it is less
meandering, and the surfaces left behind by the crack are
smoother (Fig. 8c). The loss of such toughening mecha-
nisms is documented by our laser scanning microscope
measurements that showed the reduction of fracture surface
roughness and by our indentation fracture resistance mea-
surements that implied the loss of fracture toughness. This
model of the mechanical transformations in chert and
silcrete and the correlation of our mechanical data with the
published chemical data strengthen the hypothesis (Schmidt
et al. 2012b, 2013b) that SiOH loss and subsequent defect
healing are the cause of the improvement of knapping qual-
ity in chert and silcrete. Regarding these mechanical trans-
formations, the same processes take place in chert and
silcrete. Only their magnitude is greater in chert. The reason
for this is interpreted to be the presence of silcrete’s quartz
clasts with mechanical properties invariable upon heat treat-
ment. Because stone tool knapping cracks must run through
both cement and these clasts, it is the fracture toughness of
these quartz clasts that sets the limit of the achievable trans-
formation’s magnitude.

Chert was heat-treated in many parts of the world and dur-
ing time periods ranging from ~ 20 ka ago to sub-recent times
(see for example Tiffagom 1998; Wilke et al. 1991; Eriksen
1997; Flenniken 1987; Léa 2005; Hester 1972). Silcrete was
heat-treated since the first occurrence of the technique (~
160 ka ago) until sub-recent periods in southern Africa and
Australia (see for example Brown et al. 2009; Schmidt et al.
2015; Porraz et al. 2016; Hanckel 1985; Flenniken and White
1983; Hiscock 1993; Cochrane et al. 2012). Our results there-
fore have implications for those archaeological time periods
during which heat treatment of either of both rocks was prac-
tised, and especially for the comparison of what stone heat
treatment implied for the peoples living during these periods.
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