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These results shed light on the processes taking place in 
silcrete during heat treatment and allow for a better under-
standing of the parameters needed for it.

Keywords  Lithic heat treatment · Thermal 
transformations · Silica rocks · Near FTIR ·  
South African silcrete MSA heat treatment

Introduction

In archaeology, lithic heat treatment is the process of inten-
tionally altering a rock to improve its knapping quality 
for stone tool production. The technique was first applied 
in southern Africa during the Middle Stone Age (Brown 
et al. 2009; Mourre et al. 2010; Porraz et al. 2013; Schmidt 
and Mackay 2016; Schmidt et  al. 2015), and it is known 
from the European Upper Palaeolithic and Mesolithic 
(Bordes 1969; Eriksen 2006; Tiffagom 1998), the Ameri-
can Paleo-Indian period (Crabtree and Butler 1964; Wilke 
et al. 1991) and the European Neolithic (Binder 1984; Léa 
2005). Understanding the processes involved in heat treat-
ment of stone, such as the nature and parameters of the 
thermal transformation, is therefore of great importance 
to the study of stone tool production during these periods. 
The more recent examples of heat treatment, from Europe 
or North America, all concern chalcedony-rich rocks such 
as flint and chert (henceforth only referred to as chert), the 
thermal transformations of which have been investigated 
in detail over the past years. These transformations involve 
the rocks’ silanol (SiOH) content of up to 1 wt% (Flörke 
et al. 1982; Graetsch et al. 1985; Schmidt et al. 2011), their 
0.2–0.5 wt% structural H2O and their network of intergran-
ular water-adsorbing pores accounting for 0.5–1.5 vol% 
of the total rock (Fukuda et  al. 2009; Micheelsen 1966; 
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Roqué-Rosell et  al. 2010; Schmidt et  al. 2011). When 
heated, the first reaction that begins at 200 °C is the loss of 
SiOH located on pore walls, followed by the gradual loss 
of silanol located at defect sites within the rocks (Schmidt 
et al. 2011, 2012, 2013b). Surface silanol is ‘converted’ to 
molecular water by the reaction Si–OH···OH–Si → Si–O–
Si + H2O (Schmidt et al. 2011, 2012), resulting in newly 
formed Si–O–Si bonds that account for the improved 
mechanical properties. The ‘water’ content, the amount of 
pore space and the total volume of the rocks subjected to 
heat treatment dictate the different parameters of heat treat-
ment such as maximum temperatures or heating rate (Mer-
cieca and Hiscock 2008; Schmidt 2011, 2014; Schmidt 
et  al. 2012). Although we have a relatively good under-
standing of the thermal transformations of chert, the ear-
liest known examples of lithic heat treatment, dating from 
the Middle Stone Age of southern Africa, do not involve 
these types of rocks. Similar to the Australian archaeologi-
cal record (Cochrane et  al. 2012; Corkill 1997; Hanckel 
1985; Hiscock 1993; Rowney 1994), the South African 
record documents heat treatment of silcrete (Brown et  al. 
2009; Schmidt et  al. 2013a). Unlike chert, which is com-
posed of chalcedony (a nano-crystalline fibrous quartz tis-
sue containing silanol at large external and internal surfaces 
due to intense crystal twinning) (Flörke et al. 1991), most  
South African silcrete is composed of microquartz, an 
agglomerate of randomly oriented quartz crystals ranging 
from a few micrometres to more than a millimetre in size. 
Such pedogenic silica rocks normally contain two gen-
erations of quartz crystals, larger clasts of quartz inherited 
from the rock that originally formed the regolith and a finer 
microquartz matrix cementing the clasts together (Summer-
field 1983). The most common mineral other than quartz 
is anatase (TiO2) with up to 3 wt%; clay may account for 
0.5  wt% (Roberts 2003; Summerfield 1983). The nature 
and structural sites of different ‘water’ species in the micro-
quartz of silcrete remain poorly understood. The available 
data (Schmidt et al. 2013a) suggest that, like in chalcedony, 
water is present as H2O and SiOH, but concentrations are 
significantly lower in silcrete. The thermal behaviour of 
SiOH appears to be similar as in chalcedony, even though 
temperature ranges are different. However, the role of 
structural H2O, the evolution of the pore space and the 
H-bonding behaviour of SiOH and H2O remain unknown.

In this work, we investigate the role of ‘water’ in sil-
crete using near-infrared (NIR) spectroscopy (NIR is here 
defined as the wavenumber range of 7000–4000  cm−1 or 
the wavelength range of 1428–2500 nm. The lower end is 
imposed by the onset of the black body spectrum in most 
commercial mid-infrared spectrometers and the upper 
end is defined as the conventional cut-off wavenumber 
that marks the beginning of the mid-infrared range). The 
infrared spectra of quartz show several bands assigned 

to H2O and SiOH: the fundamental vibrations of H2O 
cause a broad absorption band in the mid-infrared near 
3400  cm−1 that interferes with the sharp fundamental 
O–H stretching vibration of silanol (Aines and Rossman 
1984; Frondel 1982). In the NIR region, a SiOH combi-
nation mode involving O–H stretching and Si–O–H bend-
ing causes a band near 4600  cm−1 (Scholze 1960). H2O 
causes a (ν2 + ν3) combination band near 5200 cm−1 and 
the first overtone of the H2O stretching vibration lies near 
7000  cm−1 (Langer and Flörke 1974). A comprehensive 
and synthetic overview of all ‘water’ species in quartz is 
given in Kronenberg (1994). In this study, we use the two 
NIR combination bands described above but not the H2O 
overtone. The frequencies and shapes of these combination 
bands are sensitive to hydrogen bonding, shifting to lower 
wavenumbers when these species are involved in H-bond-
ing with neighbouring SiOH or H2O (Flörke et  al. 1982; 
Graetsch et  al. 1985; Langer and Flörke 1974). Langer 
and Flörke (1974), for example, identified two types of 
SiOH in opals and showed the NIR combination band to 
be a convolution of a high-energy component, free from 
H-bonding and a low-energy component, representing 
hydrogen-bonded silanol. The frequency of the fundamen-
tal OH stretching vibration is also sensitive to hydrogen 
bonding: the band shifts between 3750  cm−1 for isolated 
and 3500  cm−1 for strongly H-bonded groups (Anderson 
jr 1965; Anderson jr and Wickersheim 1964; Benesi and 
Jones 1959). Isolated SiOH, not or almost not involved in 
hydrogen bonding, can be measured through a fundamental 
OH stretching band at 3740 cm−1 (Anderson jr and Wicker-
sheim 1964; Frondel 1982; McDonald 1958).

Based on this infrared signature of water in quartz, we 
present new data on the process of ‘dehydration’ of micro-
quartz in silcrete upon heat treatment. Our study gives new 
insight into the thermal response, the loss of silanol, the 
role of structural water during heat treatment and the evolu-
tion of porosity in silcrete.

Samples and experimental protocol

We analysed three samples of silcrete from the West Coast 
region of South Africa. We chose the samples for our anal-
yses because silcrete from these three outcrops was used in 
the nearby Middle Stone Age site of Diepkloof Rock Shel-
ter for heat treatment and subsequent stone tool knapping 
(Porraz et al. 2013; Schmidt et al. 2015). Sample numbers 
and descriptions as determined by infrared spectroscopy 
and thin section microscopy are summarised in Table 1.

All samples were cut into sections of approximately 
520 μm thickness and diamond polished on both sides. The 
infrared transmission of these slabs was measured at normal 
incidence between 5600 and 2600  cm−1 with a resolution 
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of 4  cm−1, using an Agilent Cary 660-IR FTIR spectrom-
eter and unpolarised radiation. The baselines for absorbance 
measurements of the two combination bands were straight 
lines between the two lowest points on either side of the 

absorption bands (Fig.  1). The baseline for the absorbance 
measurements of isolated SiOH at 3740  cm−1 is shown in 
Fig.  2e. Error bars for the measured ‘water’ contents were 
calculated by repeating spectral acquisition and data treat-
ment on each sample for 10 times. For this, each sample was 
mounted in the spectrometer, a spectrum was acquired, the 
sample was un-mounted and the procedure was repeated. 
The so-calculated error bars reflect silcrete’s heterogeneity in 
terms of OH, i.e. the inner sample variation of the concen-
tration of different ‘water’ species. We calculated the mass 
(m) of silanol and molecular water in the samples using the 
molar absorption coefficients given by Scholze (1960) and 
the formula:

with M =  the molar mass of the water species: 18  g/mol 
for H2O and 17 g/mol for OH in silanol; A = absorbance; 
ρSiO2 = density of quartz: 2.65 g/cm3; α = Scholze’s absorp-
tion coefficient: 1.14 L/mol cm for H2O and 160 L/mol cm2 
for silanol; d = thickness of the samples in cm. All absorb-
ances were measured directly on the IR spectra without 
smoothing or baseline subtraction. The H2O concentration 
was determined using the linear absorbance measured at 
5209 cm−1 (WK-13-11 and WK-13-13), 5220 cm−1 (WK-
13-08 dehydrated) or 5185 cm−1 (WK-13-08 hydrated), and 
the silanol concentration was determined using the integral 
absorbance of the combination band near 4400 cm−1. How-
ever, the so-calculated SiOH contents must be considered 
as indications only because Scholze specified α for silanol 
in glass and not for microcrystalline quartz as in silcrete. 
Refinement of the absorption coefficient of the NIR silanol 
band in silcrete must await further studies. The comparison 
of the silanol contents in the three samples and between dif-
ferent temperature steps is nonetheless significant because 
the same (imprecise) absorption coefficient was used for 
all of them. The volume of intergranular porosity was cal-
culated 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): the quantity of 
H2O in the dehydrated state was subtracted from the H2O 
content in the hydrated state to obtain H2O loosely held in 

m =
MA

10ρSiO2
αd

Table 1   Sample numbers, descriptions, sample thicknesses, ‘water’ content and pore space (m = mass as determined by the NIR absorption in 
the dehydrated state)

Sample Description Thickness (µm) m SiOH (wt%) m H2O (wt%) Pores (vol%)

WK-13-08 Silcrete with a floating texture. Clasts: 32 vol% with average 
size 0.2 mm. Crystal size cement >5 µm

520 ± 5 0.43 ± 0.01 0.36 ± 0.01 3.39 ± 0.1

WK-13-11 Silcrete with a floating to grain supported structure. Clasts: 58 
vol% with average size 0.19 mm. Crystal size cement ≈7 µm

522 ± 5 0.1 ± 0.01 0.13 ± 0.01 0.69 ± 0.1

WK-13-13 Silcrete with Grain supported structure. Clasts: 66 vol% with 
average size 0.92 mm. Crystal size cement ≈12 µm

509 ± 5 0.05 ± 0.01 0.09 ± 0.01 0.26 ± 0.1

Fig. 1   Room-temperature NIR spectra of the OH region of silcrete 
samples WK-13-08 (bottom), WK-13-11 (middle) and WK-13-13 
(top). a WK-13-08 dehydrated spectrum; b hydrated; c WK-13-11 
dehydrated; d hydrated; e WK-13-13 dehydrated; f hydrated. Spec-
tra displaced vertically and acquired at room temperature before heat 
treatment. The inset shows details of spectra (c) and (e) after base-
line correction for better readability. Note that all absorbances were 
measured on untreated spectra, i.e. without such baseline subtraction. 
Baselines used for the absorbance measurements are shown as grey 
broken lines for spectra (a) and (c)
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open pores. The pore space V(pores) in vol% of the rocks was 
calculated as:

with mpH2O  =  mass of H2O held in open pores in wt%; 
mTiO2 =  mass of anatase in wt% as determined by semi-
quantitative analysis of XRD data; mH2O  =  mass of H2O 
in the hydrated state in wt%; ρSiO2  =  density of quartz; 
ρTiO2 =  density of anatase. We used an anatase content of 
0.5 wt% for all samples [this value was determined for the 
three samples during our analyses for preparing this study 
(Lauer 2014)], a density of quartz = 2.62 g/cm3 and a den-
sity of anatase =  3.85 g/cm3 for the calculation. Addition-
ally, we calculated the ratio between the intensities of two 
components of the SiOH combination band (4450 and 
4535  cm−1) as a measure of the implication of silanol in 
H-bonding. Intensity measurements for the ratio calculation 
were obtained through spectral decomposition of the SiOH 
band using Lorentzian functions. In order to obtain the two 
components, the baseline was subtracted and the whole 
SiOH absorption envelope was fitted with four bands at 

Vpores = mpH2O

/(

100− mTiO2
− mH2O

ρSiO2

+
mTiO2

ρTiO2

+ mH2O

)

× 100

4273, 4353, 4450 and 4535 cm−1 for WK-13-08 and at 4273, 
4450, 4535 and 4720 cm−1 for WK-13-11 and WK-13-13.

The heating experimental for assessing the thermal 
evolution of the different OH species was as described 
in Schmidt et  al. (2011): the samples were dehydrated 
at 110  °C for 48  h in an electrical furnace. Spectra were 
recorded in the dehydrated state immediately after the sam-
ples had cooled to room temperature and before the pore 
space could readsorb atmospheric H2O. The samples were 
then rehydrated in deionised H2O for 48 h at room temper-
ature and a second spectrum was acquired in the hydrated 
state. After this, the samples were heated to 150 °C during 
4 h and held at this temperature for another 4 h before the 
oven was set to cool to 110 °C over 12 h. After this heat 
treatment procedure, the transmission was measured in the 
dehydrated state immediately after the samples had been 
taken out of the furnace and cooled to room temperature. 
This heat treatment procedure allows us to maintain the 
samples in a dry state for the dehydrated state measure-
ments after each heating step while avoiding cracking of 
the samples due to excessive heating or cooling rates. The 
samples were then rehydrated in deionised H2O for 48  h 

Fig. 2   Spectra recorded at room temperature after heating to differ-
ent temperatures. a, b Evolution of the H2O (a) and the SiOH (b) 
combination bands of WK-13-11 after baseline correction for better 
readability. Note that all absorbances were measured on untreated 
spectra, i.e. without such baseline subtraction. c, d Evolution of the 
H2O (c) and the SiOH (d) combination bands of WK-13-08. Note 
the gradual intensity loss of the bands in WK-13-08 and WK13-11 

and the relative change in the intensities of the SiOH bands’ different 
components. The components themselves do not shift in frequency. e 
Spectra of WK-13-08 showing the appearance of the fundamental OH 
stretching vibration at 3740 cm−1 due to isolated SiOH. The baseline 
for absorbance measurements at 3740  cm−1 is shown in the lower 
part of (e). All spectra vertically offset for better readability
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and the transmission was measured in the rehydrated state. 
After this, the samples were heated to the next higher tem-
perature and the measuring protocol was repeated. This 
sequence was continued with 50  °C steps until 600  °C. 
All transmission measurements were acquired at room 
temperature.

Results

‘Water’ species and porosity in silcrete

The NIR spectra of silcrete show the two expected com-
bination bands near 5200  cm−1 (H2O) and 4400  cm−1 
(SiOH) (Fig. 1). The shape and frequencies of both bands 
are similar in samples WK-13-11 and WK-13-13. Sample 
WK-13-08 has a significantly higher ‘water’ concentration, 
its SiOH band has a different shape and its H2O band a dif-
ferent frequency (c.f. Fig. 1). It is noteworthy that, despite 
their different shapes, all SiOH bands can be fitted with 
four components, three of which lie at the same frequen-
cies in the three samples (4535, 4450 and 4273  cm−1). 
While the absorbance of the H2O band in the hydrated 
state is significantly greater than in the dehydrated state, as 
can be expected, the absorbance of the SiOH band shows 
the opposite trend. This may be caused by band overlap 
with the water bands on both high- and low-frequency 
sides of the silanol band. Differing H-bond strength in the 
hydrated and dehydrated states, which would influence 
the SiOH absorption coefficient, can be ruled out because 
the components of the SiOH bands remain at the same 
frequencies in both states for all three samples (compare 
Fig.  1a, b). The concentrations of structural H2O, SiOH 
and the volume of pore space in the three samples are 
shown in Table 1.

Thermal behaviour of the ‘water’ species and porosity

The H2O and SiOH combination bands of WK-13-11 and 
WK-13-08 after heating to different temperatures are shown 
in Fig. 2a–d, and the complete set of spectra recorded from 
WK-13-08 after heating to all temperature steps are shown 
in the supplementary file for an overview. The intensity of 
the SiOH bands decreases progressively upon heating. Fig-
ure  3 shows the SiOH concentration in the three silcrete 
samples plotted as a function of heating temperature. Most 
of the silanol is lost between 300 and 450 °C. Its concen-
tration is reduced by ≈80  % in WK-13-08, by ≈60  % in 
WK-13-11 and by ≈40  % in WK-13-13 indicating that 
the initial concentration influences the percentage that can 
be lost during heating. Figure 4 shows H2O concentrations 
in the dehydrated state plotted as a function of the heat-
ing temperature. WK-13-08 shows the clearest thermal 

evolution outside of the measurement error. The concentra-
tion of H2O tightly held in the structure increases between 
300 and 400  °C and water is lost above 450  °C. The loss 
of H2O can also be observed in WK-13-11 above 400 °C. 
Error bars of the measurements of WK-13-13 are too large 
to show a clear trend. When plotted one against the other, 
the SiOH and structural H2O values of WK-13-08 below the 
onset of H2O loss at 450 °C show a linear regression with 
r2 = 0.96, indicating a strong correlation (inlet in Fig. 4a). 
The wavenumber of the dehydrated state H2O bands does 
not change significantly after heating to different tempera-
tures in WK-13-11 and in WK-13-13 and no clear change 

Fig. 3   Plots of the loss of SiOH in dehydrated silcrete samples. The 
SiOH concentration in wt%, as calculated from the integral absorb-
ance of the SiOH combination band near 4400  cm−1 in dehydrated 
samples, is plotted against the annealing temperature. a WK-13-08, b 
WK-13-11, c WK-13-13
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in H2O band shape could be observed in the spectra of these 
two samples. In sample WK-13-08 the H2O band may be 
interpreted to slightly shift to lower wavenumbers (Fig. 2c) 
although this trend cannot be seen in WK-13-11 (Fig. 2a). 
Figure  5 shows the evolution of the samples’ pore space. 
While WK-13-08 shows no thermal evolution, the pore 
space of WK-13-11 is reduced above 250 °C and increases 
again above 400  °C. Error bars of the measurements of 
WK-13-13 are too large to be affirmative, but the curve 
can also be interpreted to be U-shaped as for WK-13-11. 

Figure 6 documents the appearance of isolated SiOH in the 
dehydrated silcrete samples as expressed by the fundamen-
tal SiOH stretching band at 3740  cm−1 (Fig.  2e). Silanol 
that is not or almost not involved in H-bonding begins 
to appear between 400 and 450  °C. For WK-13-08 and 
WK-13-11, these temperatures are correlated with the onset 
of structural water loss, suggesting that part of the SiOH is 
H-bound to H2O in silcrete. No free SiOH can be seen in 
the spectra of rehydrated samples. Figure 7 shows the ther-
mal evolution of the H-bonding strength of SiOH groups as 
expressed through the ratio between high- and low-energy 
components of the SiOH combination band. Figure  7a–c 

Fig. 4   Plots of the thermal evolution of H2O tightly held in the struc-
ture of silcrete samples. The H2O concentration in wt%, as calcu-
lated from the linear absorbance of the H2O combination band near 
5200  cm−1 in dehydrated samples, is plotted against the annealing 
temperature. a WK-13-08, b WK-13-11, c WK-13-13. The inlet in (a) 
shows the H2O concentration between 110 and 450 °C plotted against 
SiOH of WK-13-08 to highlight the linear correlation between both 
values

Fig. 5   Plots of the thermal evolution of intergranular pore space 
in silcrete samples. The pore space in vol%, as calculated from the 
mass of H2O loosely held in intergranular pores, is plotted against the 
annealing temperature. The equation for this calculation is given in 
“Samples and experimental protocol” section of the text. a WK-13-
08, b WK-13-11, c WK-13-13
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shows the ratio calculated on dehydrated state spectra, indi-
cating that SiOH in silcrete begins to be less involved in 
H-bonding from 300 °C upward. The curve of WK-13-08 is 
almost an inversed curve of its SiOH loss (compare Figs. 4a, 
7a), and for WK-13-08 and WK-13-11, the onset of the 
H-bond strength reduction is correlated with the beginning 
of SiOH loss. These correlations indicate that the shape 
of the absorption band is mainly influenced by H-bonding 
between neighbouring silanol groups and not between 
SiOH and H2O. Figure 7d shows the thermal evolution of 
the ratio in hydrated state spectra. While for WK-13-13 no 

clear evolution can be seen, the curves of WK-13-08 and 
WK-13-11 demonstrate the progressive isolation of SiOH 
from 250 °C on and the gradual increase in H-bond strength 
from 450 °C upward, indicating that H2O can re-enter the 
structure after heating to elevated temperatures.    

Discussion

Precision of the measurements and errors

The absolute ‘water’ contents we determined in our anal-
yses should be regarded as semi-quantitative only. Errors 
in the concentrations of H2O and SiOH are expected to 
arise from the used imprecise absorption coefficients, 
uncertainties of the baselines used for absorbance meas-
urements and overlap of the combination bands with 
neighbouring absorptions. Although a previous study on 
a variety of silica polymorphs, using infrared spectros-
copy and thermogravimetry, indicates that the NIR pro-
tocol we applied in this work is not too far from the sam-
ples’ real water contents (Schmidt et al. 2013b), a reliable 
absolute H quantification must await further studies using 
neutron scattering. However, the relative evolution of the 
signal, after heating to different temperatures, is expected 
to be reliable because all factors that potentially cause 
errors are the same for the measurements of the different 
temperature steps. Another factor that may be expected to 
influence the quantification of OH in silcrete is hydroxyl 
in clay. Clay is, however, unlikely to influence the rela-
tive measurement of OH in silcrete at successive temper-
atures because OH in most clay minerals is stably held 
up to temperatures above 550  °C or even higher (Grim 
1962). It also appears highly unlikely that OH in clay 
influences the measurement of OH in our silcrete samples 
at all: The powder diffraction data obtained during the 
preparation of this study (Lauer 2014) did not show any 
clay minerals and, although oriented samples are needed 
to quantify clay using XRD, the overall concentration of 
clay minerals can be expected to be very low in the three 
studied samples. Hydroxylated TiO2 may potentially 
also be misidentified as hydroxyl in quartz by our pro-
tocol. However, the overall low anatase concentrations 
in the three samples (XRD patterns revealed <0.5  wt% 
in all three samples, Lauer 2014) cannot be expected to 
contribute significantly to the SiOH combination band 
measured in silcrete. Even if the entire surface of the 
anatase grains is hydroxylated, the overall addition to 
the silcrete’s total content in OH remains low. Although 
only detailed future studies can shed light on the role of 
hydroxyl in TiO2, we expect it to contribute only very 
marginally, if at all, to the measured percentage of OH in 
bulk silcrete samples. A third factor of uncertainty is that 

Fig. 6   Plots showing the appearance of isolated SiOH, not involved 
in H-bonding, at temperatures above 400 °C in silcrete samples. Iso-
lated SiOH is not quantified and only the untransformed absorbance 
value is plotted to highlight its thermal formation. All absorbance 
values were measured on dehydrated state spectra. a WK-13-08, b 
WK-13-11, c WK-13-13
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the measured silanol NIR signal can be expected to be of 
hybrid origin (clasts +  cement). As quantitatively sum-
marised in Table 1, all three samples consist of two gen-
erations of quartz, older quartz clasts derived from the 
regolith and younger microquartz cement. Frondel (1982) 
identified two types of OH inclusion in quartz, depending 
among other factors on the formation temperature of the 
quartz crystals (Types A and B). High-temperature quartz 
(Frondel’s Type A quartz) was reported to show a some-
what more complex absorption spectrum in the range of 
the mid-infrared fundamental H2O absorption band than 
low-temperature crystals (Frondel’s Type B). Although 
silcrete’s cement can be expected to be of low-temper-
ature origin, the quartz clasts may be of Type A quartz, 
potentially disturbing the signature of OH measured by 
our analyses. However, the NIR signature of OH in Type 
A quartz remains unknown and only future studies will 
allow to shed light on the role of structural OH in quartz 
clasts in silcrete. As it stands, the silanol loss we meas-
ured must be regarded as overall average of the whole 
rocks.

Thermal evolution of porosity

Our data contradict the thermal behaviour of open pores in 
silcrete proposed by Schmidt et al. (2013a). They showed 
a reduction in open pores at temperatures above 400  °C, 
which led them to affirm that higher temperatures were 
more favourable for silcrete heat treatment. Based on our 
more precise results, this cannot be maintained. We noted 
either no evolution of the pore space at all or an increase 
in pores above 400  °C. On the other hand, our data fully 
support Schmidt et  al.’s results concerning the maximum 
tolerated heating rate. Even though pores were lost during 
the first stages of heating of the two samples with lower ini-
tial pore volume, they never disappeared completely. Water 
evaporation remains therefore possible even after heat treat-
ment, preventing the build-up of excessive vapour pressure 
that may cause overheating of silica rocks when they are 
heated with fast ramp rates (Schmidt 2014). These temper-
atures and the tolerance for fast ramps appear to be inde-
pendent of the type of silcrete. Samples with more clasts 
than matrix contain less pore space but also less water to be 

Fig. 7   Plots showing the reduction in H-bond strength of silanol. 
The implication of silanol in H-bonding is expressed by the ratio 
between two components of the SiOH combination band at 4535 and 
4450  cm−1. The other two components used to fit the whole SiOH 
absorption envelope (see text) were not interpreted in this study and 

are not shown in the insets of (a–c). Measurements in the dehydrated 
state: a WK-13-08, b WK-13-11, c WK-13-13. The inlets show these 
two components obtained by best fit models of the absorption enve-
lope. Measurements of the ratio in the hydrated state are shown in (d)
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evaporated; inversely, samples with more matrix and there-
fore more water that must be evaporated also have a signifi-
cantly lager pore space.

Heat‑induced fracturing

When hydroxyl in SiOH reacts with H2O, part of it is 
trapped in the structure of the rocks. This H2O is only 
released above 400 °C or even 450 °C, most likely by inter-
nal fracturing that creates a secondary open pore space. The 
growth of pore volume above 400  °C in WK-13-11 and 
WK-13-13 supports this (Fig. 5b, c). No thermal evolution 
of pore space can be noted in sample WK-13-08 (Fig. 5a). 
This might be due to the high initial value of ≈3.5 vol%, 
masking a possible weak evolution. However, the silanol–
H-bond strength in this sample does suggest the appearance 
of internal fractures above 450  °C: the high-temperature 
augmentation of hydrogen-bond strength in the hydrated 
sample (Fig.  7d, above 450  °C in d) suggests that water 
entering the rock can access new, previously shielded, 
silanol groups with which it can now bond. Hence, new 
open pores are created. The appearance of isolated silanol 
in the dehydrated state (Fig.  6) also supports the internal 
fracturing model by indicating that, in dehydrated samples, 
SiOH on newly created internal surfaces are not in contact 
with H2O or SiOH anymore. Free silanol disappears when 
the samples are rehydrated, indicating hydroxylation of the 
new surfaces (accounting for new Si–OH···OH–Si bonds) 
and the contact of water with these surfaces (forming Si–
OH···OH2 bonds).

New Si–O–Si bonds

It has been shown that SiOH loss results in the formation of 
new Si–O–Si bonds in chalcedony and quartz single crys-
tals (Graetsch et  al. 1985; McLaren et  al. 1983; Schmidt 
et  al. 2011). Whether this is also the case in silcrete can-
not be answered unambiguously by our study. No explicit 
spectroscopic data that could prove bond formation are 
available for silcrete because the mid-infrared vibration 
of non-bridging Si–O (Schmidt and Fröhlich 2011) was 
not analysed in our experimental set-up. However, from a 
theoretical point of view it appears clearly that the loss of 
SiOH causes free charges that must be satisfied by either 
rehydroxylation or the formation of siloxane. Our data on 
the SiOH loss show that, like in chalcedony (Graetsch et al. 
1985; Schmidt et al. 2011), the reduction in silanol in sil-
crete is at least partly irreversible, strongly suggesting the 
formation of Si–O–Si. Further studies about the crystallin-
ity of quartz in silcrete after heat treatment or 29Si NMR 
studies of the silicon bonding behaviour should shed fur-
ther light on this matter.

Hence, the ‘water’-related thermal transformations of 
silcrete are the same as in chalcedony bearing silica rocks 
(chert). However, heating parameters such as the activa-
tion energy, the maximum temperature, the ramp rate and 
maybe even the reaction kinetics are different in silcrete. 
Ideal temperatures for the heat treatment of silcrete are 
expected to lie somewhere above the minimal activation 
temperature for SiOH loss and below the internal fracture 
threshold. Ramp rates can be significantly faster than in 
finer-grained chalcedony.

Conclusion

The water-related thermal transformations in silcrete, as 
investigated by our NIR spectroscopic study of different 
‘water’ species, and their parameters are as follows:

Ideal heating temperatures  the first transformation to take 
place in silcrete is the loss of silanol from 250 to 300 °C 
on. This silanol reacts with molecular water, part of which 
is trapped in the structure of the rocks, but another larger 
part of which can be freely evaporated through the large 
network of intergranular open pores. This reaction goes on 
for approximately 200  °C. Thus, concerning the ‘water’-
related thermal transformations, temperatures between 250 
and 450 °C appear to be ideal for silcrete heat treatment.

Heating rates  regardless of the maximum temperatures, 
silcrete can be heat-treated with relatively fast ramp rates. 
The reason for this is that water evaporation is made easy 
by the relatively large network of open pores leading to the 
surface. This network of pores is not totally closed during 
heat treatment. It prevents critical vapour pressure, which 
otherwise would lead to heat-induced fracturing, up to at 
least 450 °C.

Excessive temperatures   the SiOH loss is essentially ter-
minated at 450  °C making it useless to heat-treat silcrete 
with temperature above this threshold. Temperatures much 
higher than this may even be disadvantageous for heat 
treatment. This is because water is progressively liberated 
from closed pores above 450 °C. This water evaporation is 
associated with internal fracturing, opening up new pores, 
which can be expected to create heterogeneities in the sil-
crete and degrade its knapping quality. However, it can be 
expected that this degradation of knapping quality remains 
minimal at heating temperatures that are only slightly 
above the fracturing threshold (450–500  °C) because the 
onset of internal fractures is progressive.
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Whether there are other processes, not related to water, 
that play a role during silcrete heat treatment needs to be 
investigated in future studies. Also, a thorough study of the 
temperature dependent evolution of the mechanical proper-
ties of silcrete should shed light on the correlation between 
‘water’ and some of the key values such as elasticity and 
fracture toughness that play an important role during stone 
knapping.
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