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Abstract In archaeology, heat treatment is the
process of intentionally modifying lithic raw materials
to improve their knapping quality. Even though the
nature and parameters ofthe thermal transformations
in rocks like flint and chert have been the object of
several recent studies, the investment in time
needed for heat treatment remains poorly
investigated. In our study using time-resolved in situ
Raman spectroscopy, we investigate the progression
of the reaction that drives thethermal transformations
of flint and chert. We found that, although parameters
like maximum temperature and heating rate are
functions of the content of chemically bound water
and pore space in the samples, the duration these
samples must be held at maximum temperature is
shorter than 1 h, regardless of the maximum heating
temperature or the mineralogy of the sample.
Combining our results with previously published data on
other parameters needed for lithic heat treatment, we
propose lower and upper limits of the investment in time
required for different heating procedures and discuss
their relation tothe structure and volume of the heated
rocks. The actual duration of heat treatment of flint and
chert, as it was practised in different chrono-cultural
periods, lies somewhere between 7 h and 2-3 days
depending on the type of flint or chert and theheating
environment used.

Keywords: Lithic heat treatment, Silica rocks,
Chalcedony: Flint: Reaction kinetics: Heat treatment
duration, Raman spectroscopy

Introduction

Heat treatment of lithic raw material is the process of
intentionally modifying a rock to improve its knapping quality.
Thetechnique was first practiced in southern Africa during
the Middle Stone Age (Brown et al. 2009; Mourre et al.
2010; Porraz et al. 2013), and it is known from the European
Upper Palaeolithic and Mesolithic (Bordes 1969; Eriksen
2006; Tiffagom 1998), the American Paleo-Indian period
(Crabtree and Butler 1964; Wilke et al. 1991) and the
European Neolithic (Binder 1984; Léa 2005). Understanding
the parameters necessary for conducting heat treatment, like
the requiredinvestment in time and resources, has important
implications for evaluating the technical complexity of the
process or the specific know-how at these periods and is
therefore of greatimportance to the study of the lithic chaine
opératoire.

Only silica rocks, like flint, chert and silcrete, benefit from
heat-treatment to improve their knapping quality because
the thermal transformations in such rocks rely on two
characteristics: They contain up to 1 wit% of chemically
bound water in the form of silanol (SiOH) (Flérke et al.
1982; Graetsch et al. 1985; Schmidt et al. 2011), and they
contain a network of open pores (Micheelsen 1966; Roqué-
Rosell et al. 2010), most probably intergranular pores
(Fukuda et al. 2009), thatcan adsorb fluid water accounting
for up to 1 wit% of the totalmass of the rock (Schmidt et al.
2011, 2013b) (i.e. accounting for up to 2.7 vol% of the rock).
When heated, the first chemical reaction that begins at
200 °C is the loss of SiOH locatedon pore walls, followed by
the gradual loss of silanol located at defect sites within the
rock (Schmidt et al. 2011, 2012b, 2013c).
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These surface silanols are “converted” to molecular water
through the reaction (Schmidt et al. 2011, 2012b):

Si-OH:--OH-Si — Si-0-Si + H20 (1)

This reaction results in newly formed Si-O-Si bonds that
account for the changing mechanical properties of the rock
after heat treatment. The resulting H>O is evacuated
through the network of open pores. However, reaction (1)
progressively reduces the volume of open pores in the
rock, hampering more and more the H>O evacuation as
temperatures rise (Schmidt 2014; Schmidt et al. 2012b).
Thus, the maximum heating temperature and speed are
functions of the SiOH content, the volume of “open” pores
leading to the surface and the volume of the heated rock
(Schmidt 2014). These properties dictate four parameters
that need to be considered when estimating the total time
needed for heat treatment: (1) the speed of heating or ramp
rate, (2) the maximum temperature, (3) the time the rock
must be held at the maximum temperature to sufficiently
modify its mechanical properties and (4) the cooling rate.
The mechanisms and constraints influencing parameters
(1) and (2) begin to be well understood for flint, chert
(Roqué-Rosell et al. 2010; Schmidt 2014; Schmidt et al.
2011) and silcrete (Mercieca 2000; Mercieca and Hiscock
2008; Schmidt et al. 2013b), but parameters (3) and (4)
remain poorly investigated. In this work, we investigate
parameter (3) for chalcedony-rich rocks like flint and chert
and discuss the role of all four parameters to draw a
comprehensive picture of the investment in time needed for
heat treatment. For evaluating the minimum required
duration of heat treatment, we use time-resolved
temperature in situ Raman spectroscopy for investigating
the kinetics of reaction (1). Our approach sheds light on the
reaction kinetics of the thermal transformations of flint and
chert heated to different temperatures and consequently
will allow a better understanding of the time necessary for
their heat treatment.

The measurement of reaction kinetics by in situ
Raman spectroscopy

In accordance with the model of thermal transformations
of silica rocks (Schmidt et al. 2012b, 2013b), the time a
rock must be held at the maximum heat treatment
temperature can be expected to depend on the kinetics of
reaction (1). Using in situ transmission infrared
spectroscopy, Fukuda and Nakashima (2008) found that, in
hydrothermal chalcedony, the dehydration of SiOH was
essentially terminated after 50 min of heating at 550 °C.
This result indicates that rather short periods of heating
may produce a large effect in the rocks. Two questions
arise in view of these results: (1) Is the SiOH dehydration
kinetics in sedimentary chalcedony of flint and chert the
same as the one in hydrothermal chalcedony, and (2) is the

reaction kinetics temperature-dependant (i.e. is the time
needed at the maximum heating temperature the same at
different temperatures)?

We investigate these questions using the measurement
of the Raman-active Si-O vibration in SiOH at 503 cm™
(Schmidt et al. 2012a). Non-bridging Si—O is lost during
reaction (1) when bridging Si—-O-Si is formed. The time-
resolved measurement of the decrease of the Si-O
Raman-band is therefore a direct measure of the kinetics of
reaction (1). A potential problem with measurements of the
503 cm™' silanol Raman-band in chalcedony, chert and flint
(Schmidt et al. 2012a, 2014) is that it is prone to confusion
with a Raman-active moganite lattice-band at 500-501 cm™
(Gotze et al. 1998; Kingma and Hemley 1994; Schmidt et
al. 2014). Moganite is a SiO polymorph frequently
occurring together with quartz in silica rocks like flint and
chert (Flérke et al. 1984; Heaney and Post 1992), and it is
not always straightforward to separate moganite and SiOH
content in such rocks using Raman spectroscopy (Schmidt
et al. 2014). However, moganite is thermally stable up to
900-1000 °C (Florke et al. 1984; Miehe and Graetsch
1992) whereas Si—OH is gradually lost above 200 °C
(Fukuda and Nakashima 2008; Schmidt et al. 2011,
2012a). The moganite band remains stable, whereas the
Si—O band diminishes gradually during heating treatment.
Thus, the measurement of the time-resolved evolution of
the 503 cm™' band intensity at constantly held temperatures
(as long as these remain below 900 °C) only expresses the
loss of Si-OH and consequently the formation of new
bridging Si—-O-Si. Unlike thermogravimetric analyses, these
measurements are independent of the volume of the
samples and the H»O diffusion through the rock’s porosity
because the measured Raman spectra reflect the state at
the surface of the samples and molecular water has no
influence on the measurements.

Samples and experimental protocol

Samples and sample preparation

We selected three samples of flint and chert of different
geo-logical age and provenance (Table 1) representing
different structural and mineralogical features (see “Results
and discussion”). These correspond to widely distributed
good-quality raw materials that were used for stone
knapping during pre- and proto-historic periods when lithic
heat treatment played an important role (Aubry et al. 1998;
Léa 2005). One standard thin section was cut from each
sample for petro-graphic investigation and one =600 ym
thick slab (diamond polished on both sides) was cut for
SiOH measurements using near infrared spectroscopy
(NIR). For time-resolved in sifu Raman measurement, a
chip of =4x4 mm was broken off from each slab after an
initial NIR measurement.
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Table 1: Sample descriptions, origins and measurement parameters.

Sample

number Description and origin SiOH content H»O content Pore volume Measurement temperatures

Black flint from the chalk cliffs of o o o 250, 300 and 400 °C for 360
PS-09-04 Etretat, France. Coniacian. 0.58 wit% 0.56 wt% 0.75 vol% min; 600 °C for 240 min

Reddish brown flint from a clay .

. 300 °C for 360 min; 400 and

PS-09-25 andsand deposit, 3 km north-west g9 o, g42wi%  0.83vol% 500 °C for 240 min: 600 °C for

of Le Grand-Pressigny, France. !

. 780 min

Upper Turonian.

Light-brown to yellowish chert from o
VC-12-01  solid limestone, Malaucene, 0.56wWt%  0.33wt%  0.65vol% 200 300,400and 500 °C for

France. Barremian to lower Abtian.

240 min

Instruments, settings and signal treatment

In order to estimate the moganite content of the samples,
X-ray powder diffraction measurements were carried out on
a Bruker D2 PHASER device (spinning sample holder,
Cu Ka, no incident beam monochromator, diffraction
diagrams between 0 and 65° 26, step size 0.2 s/degree).
Rietveld refinement of the diffraction data to estimate the
moganite and quartz contents was performed using the
Maud software (Lutterotti 2010). Structural parameters at
room temperature were taken from Will et al. (1988) for
a-quartz and Heaney and Post (2001) for moganite.

In order to investigate the sample’s silanol and H2O
contents, we recorded near infrared spectra before the
chips for the Raman measurements were broken off the
slabs. These spectra were acquired with a Bruker VECTOR
22 FTIR spectrometer by means of direct transmission
(between 4800 and 4200 cm™', resolution of 8 cm‘1). Water
contents were determined using the linear H-O-absorption
coefficient (o = 1.14 L mol™ cm™) (Scholze 1960) applied to
the H20O combination band near 5430 cm™', and hydroxyl
contents were measured through the intensity of the Si-OH
combination band near 4500 cm™' (Florke et al. 1982) using
the integral absorption coefficient of a = 160 L mol™" cm™
given in Scholze (1960). However, the so-calculated SiOH
contents must be considered as indication only because
the used a value was determined for silanol in glass and
not for sedimentary chalcedony. Refinement of the
absorption coefficient of the NIR silanol-band in flint awaits
further studies. The comparison of the silanol contents in
the three samples is nonetheless significant because the
same (imprecise) absorption coefficient was used for all of
them. The volume of intergranular porosity was calculated
as follows: First, pore-water at maximum saturation of the
samples’ pore space was calculated according to the
method described in Schmidt et al. (2011), and then, this
pore-water content was converted to vol% using the density
of quartz: 2.62 g/cm®.

The kinetics of the SiOH loss, and consequently the
formation of Si-O-Si, was measured by Raman
spectroscopy. Spectra were acquired with a Horiba Jobin
Yvon HR800 spectrometer equipped with edge filters

(exciting wavelength 457 nm, Ar® laser, 1800 lines/mm
grating resulting in a resolution of = 2 cm™, spectra
recorded between 350 and 550 cm"). Spectrometer
calibration was set using the 520.5 cm™' band of a Si
crystal. The measurements were made in situ using a
heating-stage (Linkam TS1500) with a x50 long working
distance objective. The effective laser power at the exit of
the objective was 3 mW for the 250, 300 and 400 °C
measurements of PS-09-04 and the 300 °C measurement
of PS-09-25 and 10 mW for all other measurements.
Acquisition times for spectra ranged between 40 s and
1 min. In order to quantitatively investigate the time-
resolved behaviour of the SiOH Raman band, the intensity
of the 503 cm™' band was normalised relative to the
464 cm™ quartz band by calculating the ratio between the
integral band intensities of both bands. These intensities
were extracted from best fit models of the spectra, using a
Lorentzian function for the 464 cm™ quartz band and a
pseudo-Voigt function for the 503 cm™' band. Error bars
were estimated based on the dispersion of the data points
for 20 repeated measurements in the same conditions. The
measurements acquired with a 10 mW output of the
exciting laser show lesser dispersion and smaller error
because of the higher band intensities obtained.

Time-resolved high-temperature measurement
procedure

During the experiment, the heating-stage temperatures
were controlled by the software which also launched the
Raman measurements (LabSpec Horiba Jobin Yvon).
Room temperature spectra were recorded on all samples
after insertion in the heating-stage and before the
beginning of the heating experiment. The fragments were
then heated to the measuring temperatures (plateau
temperature) with a ramp of 50 °C/min and held at this
temperature during 4, 6 or 13 h. As soon as the maximum
temperature was reached, a spectrum was acquired every
minute. After the first 15 min of this temperature plateau,
spectra were acquired every 5 min and after 1 h, every
10 min (measurements with 10 mW excitation) or 20 min
(measurements with 3 mW excitation). Measuring
temperatures and durations for each sample are
summarised in Table 1.
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A second room temperature spectrum was recorded after
stage cooling and before removal of the samples from the
heating stage.

Results and discussion

Mineralogical composition and structure of the
samples

The thin sections of all three samples reveal them to be
mainly composed of length-fast chalcedony. Sample
PS-09-04 also contains dispersed calcite remnants from
before the silicification of the chalk host rock (about 4 % as
semi-quantitatively determined by XRD). Sample PS-09-25
contains detrital quartz grains in its chalcedony matrix that
can be estimated by thin section microscopy to 3-5 % of the
total rock but no calcite. Sample VC-12-01 also contains
length-slow chalcedony, the proportion of which could be
estimated by thin section microscopy to 15 % of the rock
and dispersed opal-CT lepidospheres can be observed.
Rietveld refinement of the powder diffraction data yielded
moganite contents of about 10, 7 and 5 % for samples PS-
09-04, PS-09-25 and VC-12-01, respectively. Silanol
contents range between 0.56 and 0.69 wt%, water contents
between 0.33 and 0.56 wt% and volumes of pore space in
the samples ranges between 0.65 and 0.83 wt%. The SiOH
and H>O values obtained by IR spectroscopy are
summarised in Table 1. Thus, all three samples are typical
varieties of flint and chert of mixed composition, containing
different types of chalcedony, moganite, opal-CT and minor
amounts of calcite. Their “water” and porosity contents also
fall within the range of typical values for flint and chert.
Thus, our three samples are mineralogically representative
of flint and fine chalcedony containing chert in general, and
they reflect the slight variations between different
geological sources that were used for raw material
procurement at different periods.

Room temperature Raman measurements

Raman spectra acquired before the heating experiments
show the quartz band at 464 cm™ and an additional band
at 503 cm™' caused by the Si—O vibration of silanol (Fig. 1).
This latter band must be expected to contain a contribution
of the moganite band at 501 cm™' caused by the samples
moganite content. The comparison between room
temperature spectra acquired before and after heating to
the different measuring temperatures shows a decrease in
the 503 cm' band intensity after heating (Fig. 1a)
underlining the dehydroxylation reaction. This decrease of
the 503 cm™" band is more pronounced for samples heated
to higher temperatures (Fig. 1a) as can be expected
(Schmidt et al. 2011).
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Fig. 1: Room-temperature- and in situ-Raman spectra of PS-09-04
in the analysed spectral range. Band intensities are normalised
with respect to the 464 cm” band. a) Room-temperature spectra
before and after heating to 300, 400, and 600 °C (HT heat
treatment). Note the relative intensity loss of the 503 cm™ band that
is stronger after heating to higher temperatures. b) Comparison of
spectra acquired in situ, just after the reaching of the indicated
plateau temperature. Note the broadening of both bands that
increases with rising temperature.

Reaction kinetics

At the measuring temperatures, the two Raman bands
shift to lower wavenumbers as described by Schmidt et al.
(2012a) and their breadth increases (Fig. 1b). Results of
the time-resolved in situ measurements of the 503 cm™
band relative intensity (503/464 cm™ ratio) at different
temperatures are shown in Figs. 2, 3 and 4 for samples PS-
09-04, VC-12-01 and PS-09-24, respectively. The 250 °C
measurements of PS-09-04 and the 300 °C measurement
of PS-09-25 did not produce any loss of the 503/464 cm™
ratio outside of the calculated error, indicating that the
minimum activation temperature for reaction (1) is not the
same in different samples. All other measurements yielded
similar results: Heating produces the loss of the 503/464
cm™' ratio indicating the formation of Si-O-Si bonds. Best
fits of the so-obtained kinetics curves are all negative
logarithmic functions. Logarithmic factors of these best fits
and magnitudes of the relative 503 cm™' band-losses are
summarised in Table 2.

The magnitude of the band loss is not the same in
different samples and for different temperatures. However,
there is no correlation with the heating temperature.
Starting values of the ratio, measured directly after
reaching the plateau temperature, are also not consistent in
different samples, and no correlation with the heating
temperature is observed. This is not unexpected because
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Fig. 2: Data of the time-resolved measurements showing the
relative SiOH-Raman-band intensity loss for PS-09-04. The black
continuous lines are the logarithmic best fits. Logarithmic factors of
all measurements are given in Table 2. a) Data of the 250 °C
measurement.

both these values (starting value and magnitude of the
band loss) depend on several factors that were different for
all measurements: the time needed to reach the plateau
temperature (which initiates reaction (1) before the plateau,
inducing an intensity loss not measured by our protocol),
the local SiOH concentration assessed by the = 4 ym large
sampling spot, the varying band breadths (compare in
Fig. 1b) and Raman tensors at different temperatures.
Hence, only the shape of the kinetics curve describing the
progression of reaction (1) as a function of time can be
regarded as significant.

It is noteworthy that during all measurements, SiOH loss
takes place in the first hour of heating and, although the
logarithmic factors of the best fits are slightly different for all
measurements, the overall shape of the kinetics curves is
very similar. Logarithmic factors show the tendency to
decrease at higher temperatures. The reason for this may
be that at higher heating temperature, more early data
points of the theoretical curves are lost because reaction
(1) is already active during the heating ramp but cannot be
measured.

Reaction mechanism

Our results highlight that, even though the activation
temperature of the formation of new Si—O-Si bonds in
sedimentary chalcedony of flint and chert is not the same in
different samples (Schmidt et al. 2011, 2012b), the reaction
kinetics is identical in one regard: the progression of the

Note that heating to 250 °C does not produce any significant
intensity loss of the 503 cm™ band outside of the estimated
measuring error. b) 300 and 400 °C data. ¢) Enlargement of the
first 120 min of the 300 and 400 °C measurements. d) Data of the
600 °C measurement.

reaction describes a negative logarithmic curve with a
factor close to y= -0.03In(x). This means that the large
majority of the heat-induced transformations are totally or
almost totally achieved after 1 h of heating, regardless of
the heating temperature. The slightly different mineralogical
composition (presence of opal-CT or calcite in some
samples but not in others) does not influence the reaction
kinetics. H,O and SiOH contents that differ in the range of
values measured for the three samples or inner sample
heterogeneities, as assessed by the = 4 ym large laser
spot, also do not influence the progression of reaction (1).
These results are independent of the samples’ volume
because the Raman measurements were acquired on the
sample surface and describe the progression of the
chemical reaction, not the evacuation of water from the bulk
of the samples which is affected by volume effects. Thus,
Fukuda and Nakashima’s (2008) result on the thermal
behaviour of hydrothermal chalcedony can be extended to
sedimentary chalcedony of flint and chert as well. The
SiOH “dehydration” mechanism and kinetics appear to be
identical or at least very similar in all types of chalcedony,
whether they occur pure or intermixed with different mineral
phases. We further complement Fukuda and Nakashima’s
data through our measurements at different temperatures,
by showing that the progression of the reaction describes a
negative logarithmic function and that, in this respect, the
samples behave the same way regardless of the heating
temperature and sample properties.
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Fig. 3: Data of the time-resolved measurements showing the
relative SiOH-Raman-band intensity loss for VC-12-01. The black
continuous lines are the logarithmic best fits. Logarithmic factors of
all measurements are given in Table 2. a) Data of the 250 °C
measurement. b) The 300 °C measurement does not produce an
intensity loss outside of the estimated measurement error (another

The only prerequisite is that this temperature is higher than
the minimum activation temperature required for the silanol
loss which varies between 200 and 300 °C in different
samples (Schmidt et al. 2011, 2012b).

Implications for lithic heat treatment

Combining our results with previously published data, we
can try to estimate the investment in time needed for heat
treatment of flint and fine chalcedony containing chert.

Parameter (1) the first parameter relevant for this
estimation, the heating speed or ramp rate, is a function of
the content of HxO/SiOH and the ability of the heat-treated
rock to evacuate this bulk water through its network of open
pores (Schmidt 2014). For flint and chert, this relation
imposes relatively slow heating speeds. For example, a
volume of 37 cm?® of flint, containing = 0.8 wt% SiOH and
= 0.8 vol% pores, cannot be heated to 350 °C with a ramp
rate faster than 0.1 °C/min without overheating, while a
volume of 12 cm® can be heated with 0.5 °C/min (Schmidt
2014). Thus, heating speed is not a constant and cannot be
estimated without precise knowledge of the crystallography,
structure and volume of the heat-treated rocks.

view of this data as compared to the 500 °C measurement is
shown in d. When tentatively applied, the best fit (black broken
line) has a logarithmic factor of y=-0.03In(x). ¢) 400 °C data and d)
comparison between 500 °C data and 300 °C data.

However, there can be no doubt that flint and chert require
relatively slow heating rates: a range of ramp rates
between 0.1 and 1 °C/min appears a realistic
approximation for most flint and chert with volumes smaller
than 100 cm® (based on the experimental data in Schmidt
(2014) and the crystallographic data of several flint and
chert samples in Schmidt et al. (2011)). This need for slow
heating speeds explains the ethnographic observations
describing heat treatment in a dedicated heating
environment like ashes, a sand bath beneath a fire (Hester
1972) or a container creating an oven-like environment
(Kenoyer et al. 1991). It appears very likely that heat
treatment of flint and chert in prehistoric times also relied
on the use of dedicated heating environments producing
slow ramp rates.

Parameter (2) the maximum heating temperature, can be
estimated based on data from Schmidt et al. (2011, 2012b,
2013a). Flint and chert must be heated to at least 200 °C,
or even 300 °C depending on the sample, for the treatment
to be effective (Schmidt et al. 2011, 2012b). The reason for
this is the minimum activation energy needed for SiOH
dehydration that was measured close to 200 °C in some
samples (Schmidt et al. 2013c) and close to 250 °C or even
300 °C in others (Schmidt et al. 2011). On the other hand,
the maximum temperature (Tmax) for flint and chert heat
treatment is close to 450 °C (Schmidt et al. 2012b).

Schmidt et al. (2016). Archaeological and Anthropological Sciences, 8, 839-848. https://doi.org/10.1007/s12520-015-0259-y
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Fig. 4: Data of the time-resolved measurements showing the
relative SiOH-Raman-band intensity loss for PS-09-25. The black
continuous lines are the logarithmic best fits. Logarithmic factors of
all measurements are given in Table 2. a) Data of the 300 °C
measurement. Note that heating to 300 °C does not produce any
intensity loss of the 503 cm™' band outside of the estimated error.

At higher temperatures, even the smallest samples fracture
internally and become useless for knapping (Schmidt et al.
2011). Thus, the potentially useful range of temperatures
for flint and chert lies between 200 and 450 °C. However,
the exact limits of this range for a given sample depend on

b) Comparison between 400 °C data and 500 °C data. Note the
different starting values of the curves at 0 min, just after the
reaching of the plateau temperature. c) Data of the long
measurement at 600 °C. Note that even prolonged heating for up
to 13 h does not produce significantly more band-loss than heating
for 4 h.

the same factors as the ramp rate (H>O/SiOH content,
porosity, volume). It must be expected that large samples
with a high water content and little pore space cannot be
heated to the higher end of this range (Schmidt 2014). This
relation is best illustrated by the example of heat treatment
during the Neolithic Chassey culture where large preforms

Plateau heating

Initial ratio at plateau

Ratio at the end of Logarithmic factor

Sample temperature temperature the heating plateau A ratio of the best fit
Table 2: Relative band
loss of the SiOH PS-09-04 250 °C 0.257+0.02 0.241+0.02 - -
Raman band (as PS-09-04 300 °C 0.547+0.02 0.395+0.02 0.152 y=-0.042In(x)
expressed by the oL o L
503/464 om-' ratio) PS-09-04 400 °C 0.416£0.02 0.303+0.02 0.116 y=-0.024In(x)
measured in situ PS-09-04 600 °C 0.372+0.01 0.239+0.01 0.133 y=-0.02In(x)
during heat treatment VC-12-01 250 °C 0.804+0.01 0.688+0.01 0.116 y=—0.032In(x)
to different VC-12:01  300°C 0.3130.01 0.297+0.01 - -
temperatures.
VC-12-01 400 °C 0.464+0.01 0.38+0.01 0.083 y=-0.017In(x)
VC-12-01 500 °C 0.471+0.01 0.317+0.01 0.154 y=-0.029In(x)
PS-09-25 300 °C 0.291+0.02 0.285+0.02 - -
PS-09-25 400 °C 0.837+0.01 0.622+0.01 0.215 y=-0.04In(x)
PS-09-25 500 °C 0.51+0.01 0.375+0.01 0.135 y=-0.023In(x)
PS-09-25 600 °C 0.561+0.01 0.324+0.01 0.238 y=-0.027In(x)

Initial ratio values were measured directly after reaching the maximum heating temperature. End ratio values
were measured in the end of the heating plateau before cooling of the heating stage. A ratio is the difference

between initial and end values.
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of flint (Léa 2005) with 0.6-0.9 vol% pore space (Schmidt et
al. 2013a) were heated to temperatures between 200 and
250 °C (Schmidt et al. 2013a). In contrast, smaller volumes
of flint or chert with less water and more pore space may
be heated to temperatures closer to 450 °C.

Parameter (3) the time the stones must be held at Tmax,
does not impose a significant supplementary investment in
time as underlined by the kinetics studied in the present
work. After 1 h of heating, most of the desired
transformations in the rocks are terminated, and further
heating only produces a very small supplementary effect.
Only rising of Tmax intensifies the effect of the heat
treatment. The negative logarithmic shape of the kinetics
curve implies further that already after a relatively short
time of heating, a relatively large effect is produced.
Between 55 and 65 % of the heat-induced transformations
that can take place in 1 h at the Tmax are already achieved
after 10 min (as calculated from the time-resolved
measurements made during our kinetics study). However,
these percentages are estimated based on our heating
protocol using a ramp rate of 50 °C/min. When flint or chert
is heat-treated with a slower heating rate, a substantial part
of the transformations already takes place before the rock
even reaches the maximum temperatures. Eriksen (1997)

used ramp rates between 0.2 and 0.9 °C/min for heat
treatment of chert in sand beneath a fire. When heating
with ramp rates of this order of magnitude, a large part of
the transformations is already achieved before the stone
reaches Tmax. For example, using a ramp rate of 0.2
°C/min, the heat treatment temperature is increased by only
10 °C every 50 min. This means that, once Tmax is reached,
almost the entire silanol that can be dehydrated at Tmax
minus 10 °C is already dehydrated. Thus, even if the stone
is not held at Tmax at all, but the cooling begins immediately
after reaching Tmax, the largest part of Si-O-Si formation is
achieved when such a slow heating rate is used.

Parameter (4) concerning the cooling rate, no explicit
experimental data on flint or chert is available. Some
authors (Griffiths et al. 1987; Micheelsen 1966) have
observed that very fast cooling, as its occurs when the door
of an electrical furnace is opened at Tmax, produces failure
of flint, but the fastest possible cooling rate that prevents
flint and chert from failing is unknown. However, the data
published by several authors allow to estimate the effective
cooling rates produced by different heating environments.
The data of Eriksen (1997) for example indicate average
cooling rates between = 10 and 22 °C/h for heat treatment
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Fig. 5: Schematic overview showing the investment in time needed
for heat treatment of flint and chert. Pathway | describes the fastest
possible procedure that is only applicable to small rocks with low
contents of chemically bound water and large pore spaces allowing
good water evacuation. Maximum temperatures range between
250 and 450 °C, and the fastest possible heating speed is
estimated to = 1 °C/min, as discussed in “Implications for lithic heat
treatment”. During this pathway, stones must be held at maximum
temperature for no longer than 1 h. The fastest cooling rate of
pathway | corresponds to the effective cooling speed of embers in
a burned down fires. The slower cooling rate of 20 °C/h
corresponds to an intermediate cooling speed of sediment beneath
a burned down fire. Pathway Il describes heat treatment of larger
volumes of rocks with high contents of chemically bound water and
less pore space. Such rocks cannot be heated to temperatures
much higher than 250 °C, and the slow heating rates make a
plateau at maximum temperature before cooling unnecessary.

Because heating environments that produce such slow heating
rates also impose slow cooling rates, the fastest rate of pathway Il
corresponds to rapid cooling of sediment beneath a burned out fire,
and the slower rate corresponds to slowly cooling sediment
beneath a burned out fire. The bars in the lower part of the graph
show examples of durations of different heat treatment techniques.
The fastest procedure of = 7-13 h can only be conducted with
rocks containing large pores and little water. Such rocks also need
to be heated to temperatures higher than 300 °C for the treatment
to be effective. A heating environment involving contact of the
rocks with embers or ashes seems to be prerequisite for such a
fast procedures. The shortest and average durations of
underground heating describe the length of sand bath heating of
rocks with different volumes. The long duration of underground HT
describes the investment in time needed for heating of large
volumes of fine flint or chert.
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in a sand bath beneath a fire, and Mandeville and
Flenniken (1974) describe cooling rates of = 13 °C/h for
heat treatment in an earth oven-like structure. The data
published by Bentsen (2013) allow to estimate average
cooling rates between = 20 and 34 °C/h in the sediment
below different fires made from various wood types.
Bentsen’s work also allows to estimate the effective cooling
rate directly within the dying fires to between = 43 and
95 °C/h. Because an appropriate heating environment must
be chosen as a function of the conditions needed for each
type of flint or chert (for example to ensure slow heating
rates for rocks with high water content and little pore
space), this environment will also influence the cooling
rates and therefore the total time required for heat
treatment. Unless any action is undertaken to “extract” the
rock, each environment also imposes a specific cooling rate
when the heat source is burned out. It is therefore not the
fastest cooling rate tolerated by flint or chert that is of
importance for estimating the total investment in time
required for their heat treatment, but rather the time
imposed by different heating environments is important.
Thus, because most flint and chert cannot be heated
directly in a fire (excessive heating rates would cause
overheating), the heating environments that must be used
for the treatment normally produce cooling rates not faster
than 40 °C/h.

Conclusion

Our analyses of the thermal transformations’ reaction
kinetics in flint and chert showed that these types of rock do
not need to be held at maximum temperature for longer
than 1 h. Even significantly shorter times at Tmax produce
rather intense transformations. Once the minimum
activation temperature is reached, this need for relatively
short plateau-heating durations is independent of the heat
treatment temperature and appears to be very similar in
different samples, regardless of their mineralogy. However,
in order to estimate the duration of the complete heat
treatment procedure, not only this plateau-heating duration
must be known. The total time of the procedure can only be
understood as the addition of three stages (ramp, plateau
and descent), the length of which is governed by four
heating parameters (ramp rate, maximum temperature,
plateau-heating duration and cooling rate). Our discussion
of these four parameters taken together allows to propose
theoretical boundaries of the total time needed for heat
treatment. Depending on the volume, mineralogy and
structure of the heated samples, two extremes, limiting the
time span required by heat treatment, can be considered
(shortest and longest). The actual time of the treatments
performed in archaeological times can be supposed to lie
within these limits. A graphical synthesis of these results is
shown in Fig. 5. It can be seen from this figure that the
investment in time necessary for heat-treating rocks like
flint and chert ranges from approximately 7 h, if a heating
environment like glowing embers is used to heat small
volumes of rock with little water and much pore space,

to more than 2 days, if large volumes of stone with much
water and few pore space are heated underground or in an
oven-like heating environment. The actual time needed for
heat treatment of a given rock must be expected to lie
somewhere in-between these two extremes and depends
on the used heating environment. The determination of the
effective duration of different archaeological thermal
treatment procedures must further rely on tangible
archaeological finds that corroborate the theoretical
consideration on the heating parameters. These finds
include the evaluation of the size of heated blocks and the
structural and mineralogical characterisation of the heated
type of rock, which both allow to investigate the necessary
and tolerated temperatures and ramp rates. On the other
hand, the discovery of specific heating structures that can
be linked to heat treatment of lithic raw materials will refine
our understanding of the management of these constraints
and the duration of the process.

Can our results also be applied to heat-treated silcrete?
At the current state of knowledge, this question cannot be
answered with certainty. It may be expected that the
thermal transformations’ reaction kinetics are the same in
micro-quartz bearing silcrete as in chalcedony dominated
flint and chert, but no experimental data is yet available to
prove it. In any case, the total investment in time needed
for silcrete heat treatment is significantly shorter than for
flint and chert (Schmidt et al. 2015) because, at least, the
heating rate can be significantly faster (Schmidt et al.
2013b). The time samples need to be held at maximum
temperature would thus be a relatively more important
parameter for the silcrete heating procedure than for flint
and chert.
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