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A B S T R A C T   

Discussions of heat treatment in the southern African Middle Stone Age often focus on the importance of this 
innovation to the development of complex technologies and the evolution of modern human cognition. Debates 
regarding the context of silcrete heat treatment typically include the amount of time and resource investment 
needed, and when the earliest occurrences of heat treatment appear in the archaeological record. However, 
silcrete is a heterogeneous material and the potential effects of this heterogeneity on the thermal transformations 
that occur during heat treatment are not well established. We undertook a series of controlled experiments using 
direct transmission near-infrared spectroscopy on South African silcretes from multiple sources heated to a range 
of maximum temperatures to examine the degree of heterogeneity in starting structural content and the evo
lution of thermal transformations. We found that material source is an important determinant of starting con
centrations of H2O, SiOH, and pore space in silcrete, as well as the thermal evolution of these variables. These 
results shed light on the degree and sources of variation in the structural content and thermal behavior of silcrete 
during heat treatment and allow for a better understanding of the heterogeneity of silcrete as a raw material and 
the implications of this for African Middle Stone Age pyrotechnology.   

1. Introduction 

Heat treatment, the intentional alteration of lithic raw materials to 
improve their quality for tool production, is viewed as an important 
technological innovation in human evolution. The use of heat treatment 
has been documented in contexts across the globe during the late 
Pleistocene and Holocene, but the earliest known occurrence is found 
during the Middle Stone Age (MSA) of southern Africa (Brown et al., 
2009; Schmidt et al., 2020). With its rich archaeological record, south
ern Africa has been important to our understanding of the behavioral 
evolution of our species. During the MSA we see an expansion of the 
material culture record and technological repertoire of early modern 
humans to include the use of pressure flaking (Mourre et al., 2010), bone 
tool production (Henshilwood et al., 2001; Backwell et al., 2008), cre
ation of hafting adhesives (Wadley, 2010), and the potential early use of 
projectiles (Pargeter, 2007; Lombard and Wadley, 2016) in addition to 

heat treatment of silcrete for tool making. Modes of controlled and un
controlled heat treatment are not well understood in the context of this 
behavioral repertoire. 

Silcrete is a silica rock, a classification which also includes quartzite, 
some of the sandstones, flint and chert. Silica rocks are all composed of 
quartz crystals, but their formation processes, grain size, and micro
structure vary (Tucker, 2009). In metasomatic silica rocks like flint or 
chert (henceforth only called chert) and silcrete, ‘water’ forms part of 
the structure as molecular (H2O) and chemically bound water (silanol, 
SiOH) (Graetsch et al., 1987; Kronenberg, 1994). During heat treatment, 
transformations within these rocks involve H2O and SiOH, as well as the 
rock’s network of intergranular pores that may adsorb water (Micheel
sen, 1966; Flörke et al., 1982; Graetsch et al., 1985; Fukuda et al., 2009; 
Roqué-Rosell et al., 2011; Schmidt et al., 2011; Schmidt et al., 2012). 
Hydrogen bonds (H-bonds) are formed with silanol along the crystalline 
structure of open pore walls. Bonds are also formed with molecular 
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water held within pores (Graetsch et al., 1985; Schmidt et al., 2011; 
Schmidt et al., 2017a). Beginning around 200 ◦C, silanol at the surface of 
pore walls and perhaps also within other defect sites is ‘converted’ to 
water through the reaction Si–OH ⋅⋅⋅ OH–Si → Si–O–Si + H2O (Schmidt 
et al., 2011; Schmidt et al., 2017a), resulting in new Si–O–Si bonds 
between quartz crystals. H2O and SiOH are evacuated through the 
intergranular pores and the pores begin to close (Schmidt, 2014). 

Testing of the mechanical properties of heat-treated silica rocks 
showed a reduction in fracture toughness as a result of the previously 
described chemical and crystallographic changes (Schindler et al., 1982; 
Domanski et al., 1994; Schmidt et al., 2018). These changes lead to better 
force transmission during fracture (as in tool knapping), leaving behind 
recognizably smoother fracture negatives than in the unheated rock 
(Schmidt et al., 2018), flake detachment requiring less force (Domanski 
et al., 1994; Schmidt et al., 2018), and the production of larger and longer 
flakes (Bleed and Meier, 1980; Pargeter and Schmidt, 2020). Differences 
in structural composition affect the heating tolerances of silica rocks, or 
the maximum temperatures and heating ramp rates that can be applied to 
a rock without fracture failure. If surface pores close before enough water 
has been evacuated, water accumulates in fluid inclusions. Buildup of 
pressure in these fluid inclusions is strong enough to induce fracturing of 
the rock (termed overheating, (Schmidt, 2014)). 

In a recent paper, Mackay et al. (2018) examined the tolerance of 
silcretes from multiple sources in Australia and South Africa to high 
heating rates. Controlling for sample volume and heating rate, they 
found significant variation in probability of sample failure between 
sources, to the extent that silcretes from some sources always fractured 
at high heating rates while silcretes from other sources almost never 
fractured under the same conditions. While offering conjectures as to the 
implications of these observations for the past practice of heat treat
ment, they did not explore the causes underlying observed variation. 

For the present paper, we undertook a series of controlled laboratory 
experiments using near-infrared (NIR) spectroscopy to examine thermal 
changes in H2O, SiOH, and pore space to understand the range of vari
ability in silcretes from different sources in terms of their physical and 
chemical behavior during heating. We consider the effects of structural 
differences between rocks from different sources and observed differ
ences in their response to heating with several questions in mind: 

1. How much does structural composition change and what is the na
ture of this change?  

2. What is the range of variation in silcrete behavior during heating?  
3. What is the primary source of variance influencing silcrete thermal 

behavior? 

2. Materials and methods 

We analyzed nine samples from five sources (Fig. 1). Three derive 
from the Cederberg mountain region of South Africa, two of which are in 
the Doring River catchment (sources AGF, SWV) (n = 4) and the third 
from the Olifants River catchment (RG, n = 2). A further two sources 
derive from southern Namaqualand (MHS and ALF) (n = 3), the latter of 
which (ALF) is also situated in the Oilfants River catchment. All sources 
occur in primary contexts, though taking different forms; the Olifants 
River sources (ALF & RG) occur as large rafts in ancient river terraces, 
while AGF, MSH, and SWV occur as cobble mantles on ridge tops. Photos 
were taken using a macro lens with 4x magnification (Fig. 2) and texture 
descriptions of these samples following Summerfield (1983) can be 
found in Table 2. 

MSH and ALF are visually consistent with artefacts recovered from the 
site Varsche Rivier 003 (Steele et al., 2016), and the land surface imme
diately above the outcrop at ALF (Fig. 1, top right panel) is covered in 

Fig. 1. Location of silcrete sources sampled for this paper (yellow stars) along with major nearby archaeological sites (white triangles). Sources: AGF = Agters
fontein, ALF = Alfalfa, MSH = Mustard Source Hill, RG = Rondegat, SWV = Swartvlei. Archaeological sites: DRS = Diepkloof Rock Shelter, EBC = Elands Bay Cave, 
KFR = Klipfonteinrand, KKH = Klein Kliphuis, VR003 = Varsche Rivier 003. Base image is from ESRI ArcGIS online world imagery. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Middle Stone Age artefacts made from material consistent with that 
source. SWV and AGF are the apparent major sources for the silcrete ar
tefacts in the Doring River generally (Will et al., 2015; Shaw et al., 2019). 
Only the exploitation of RG is in question, though the nearby site Klein 

Kliphuis has >90% silcrete artefacts during certain periods (Mackay, 
2011), and RG is the closest primary source identified so far. 

The sources sampled reflect the few silcrete outcrops available in the 
Cederberg region of South Africa’s West Coast, where silcrete is difficult 
to find. Sample numbers and thicknesses as determined by near infrared 
spectroscopy are summarized in Table 1. All samples were cut into plan- 
parallel slabs between 70 and 120 µm thick (diamond polished on both 
sides). Infrared transmission through these slabs was measured at 
normal incidence between 7000 and 2000 cm− 1 using Varian Cary 600 
infrared spectrometer (Fig. 3). 

2.1. Heating experiment 

Heat-induced changes were recorded following protocols in Schmidt 
et al. (2011, 2017). The samples were dehydrated in a drying oven at 
110 ◦C for 24 h. Spectra were recorded immediately after the samples 
had cooled to room temperature but before they reabsorbed atmospheric 
H2O. The samples were then rehydrated in H2O at room temperature for 
24 h to ensure pore spaces were completely filled, and a second spec
trum was recorded. Samples were then heated to 200 ◦C for 4 h before 
the oven was set to cool to 110 ◦C (for a justification of the heating 
duration see (Schmidt, 2017)). Again, spectra were recorded before the 
samples reabsorbed atmospheric H2O and after rehydration for 24 h. 
This procedure was repeated at 50 ◦C increments up to a maximum 
temperature of 600 ◦C. All transmission measurements were recorded at 
room temperature. 

2.2. Calculation of H2O, SiOH, and pore volume 

The molar absorption coefficients given by Scholze (1960) were used 
to calculate the concentration (c) of silanol and molecular water in the 
samples in wt% as: 

c =
MA

10ρSiO2αd  

with M = 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 absorption coefficient (1.14 L/mol cm for H2O and 
160 L/mol cm 2 for silanol), and d = sample thickness in cm. 

The volume of intergranular open pore-space was calculated 
following protocols established by Schmidt et al. (2011, 2017) as follows: 

Fig. 2. Macro photos taken of fracture surfaces from the silcrete sources tested in the experiment. Polarized light. Scale bars are 500 µm. Photo credit: Kayley Elliott.  

Table 1 
Sample numbers and thicknesses.  

Sample Thickness (μm) 

MHS-1 704 
MHS-2 815 
ALF-1 838 
SWV-1 949 
SWV-2 721 
RG-1 882 
RG-2 1234 
AGF-1 748 
AGF-2 83  

Table 2 
Description of the texture (including clast/matrix ratio) of the silcrete sources 
tested in the experiment. Texture descriptions follow Summerfield (1983).  

Sample Description 

MHS MHS is a pedogenic silcrete with conglomeratic texture (i.e. older 
generations of silcrete were re-cemented together). First- and second- 
generation silcretes have floating texture with rounded well-sorted quartz 
clasts of 50–100 µm. The cement of the second-generation silcrete is 
stained by impurities, consisting of poorly-sorted fine to coarse-grained 
microquartz crystals. 

ALF ALF is a pedogenic silcrete with floating texture. Poorly sorted clasts 
(mostly > 100 µm) are embedded in a relatively coarse-grained 
microquartz cement (cement cannot be distinguished from clasts 
everywhere). The cement in stained by impurities; clasts are rounded. 

SWV SWV1 is a pedogenic silcrete showing colluvial features (see Summerfield 
1983). Sub-angular to slightly rounded quartz clasts (poorly sorted; 
50–500 µm) are embedded in a strongly impurity-stained cement of fine 
microquartz. It has a floating texture. 

RG RG is a pedogenic silcrete with poorly sorted large quartz clasts (some 
measure up to 1 mm, some < 100 µm) sitting in a relatively fine 
microquartz cement that is stained by impurities. Clasts are angular but 
show dissolution bays. The silcrete has a floating texture. 

AGF AGF is a pedogenic silcrete with well-sorted angular clasts (up to 250 µm). 
It has a closely packed floating structure (for silcrete structure types see:  
Summerfield 1983); clasts are embedded in a strongly stained fine 
microquartz cement.  
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H2O content in the dehydrated sample is subtracted from H2O content in 
the rehydrated state of the same sample. The value produced corresponds 
to water that can be dehydrated, hence is held in the samples’ open pores. 
This concentration in wt% was converted to open pore volume (V(pores), in 
vol%) by: 

V(pores) = cH2O(pores)/

(
(100 − cTiO2 − cH2O)

ρSiO2
+

cTiO2

ρTiO2
+ cH2O

)

x100  

with cH2O(pores) = concentration of H2O held in open pores in wt%; cTiO2 
= concentration of anatase in wt% (we fixed this value to 0.5 wt% based 
on (Schmidt et al., 2017b)); cH2O = maximum concentration of H2O held 
in the sample in its hydrated state in wt%; ρSiO2 andρTiO2 = the densities 
of quartz and anatase. Starting and ending concentrations of H2O, SiOH, 
and pore space for each sample are summarized in Table 3. 

2.3. Statistical analyses 

Through their experiments, Mackay et al. (2018) showed that sil
cretes collected from different locations had different heating tolerances 
and fracture rates, so in addition to interpreting the data we also 
checked for similarities in thermal behavior between samples. Since 

silcrete is a heterogeneous material, we wanted to examine the degree of 
both within and between source variance in structural content and 
thermal behavior. We were also interested in examining whether ma
terials from different sources responded differently to heat treatment 
under the same temperature conditions. This required fitting a model 
that describes flexible, curvilinear relationships between the structural 
variables of interest and temperature, while allowing for idiosyncratic 
effects of source and individual specimen. Therefore, the model has to 
allow for coefficients that are variable by source and likely also by in
dividual specimen. Together these requirements suggest that a multi- 
level model incorporating a cubic spline basis (or other flexible non- 
linear structure) is appropriate (see e.g. Brumback and Rice, 1998). 

For an individual specimen i, from source s, at temperature t, the 
model for H2O (wt%) has the form 

log10H2O(i, s, t) = β0 + Y0(i) + Z0(s) +
∑5

d=1
(βd + Yd(i) + Zd(s) )vd(t) + ε(i, t),

where β0, … β5 are the intercept and spline basis coefficients common to 
all observations (for a spline having five degrees of freedom, a reason
able degree of complexity for these data); Y0(i), … Y5(i) are unique 

Fig. 3. NIR spectra recorded at room temperature. Starting concentrations of H2O (a) and SiOH (b) combination bands for all samples after baseline correction for 
readability. Note that all absorbances were measured on untreated spectra before baseline correction. 

Table 3 
Summary of starting and ending concentrations of H2O, SiOH, pore volume (m = mass as determined by the NIR absorption in the dehydrated state).  

Sample Starting 
m H2O (wt%) 

Ending 
m H2O (wt%) 

Starting 
m SiOH (wt%) 

Ending 
m SiOH (wt%) 

Starting 
m Pores (vol%) 

Ending 
m Pores (vol%) 

MHS-1  0.46  0.09  0.35  0.05  0.31  0.38 
MHS-2  0.51  0.07  0.33  0.09  0.81  1.74 
ALF-1  0.61  0.22  0.63  0.11  2.77  1.57 
SWV-1  0.41  0.19  0.27  0.09  0.62  2.11 
SWV-2  0.25  0.04  0.20  0.05  0.19  0.66 
RG-1  0.27  0.15  0.10  0.05  0.61  1.05 
RG-2  0.28  0.17  0.09  0.04  0.89  1.32 
AGF-1  0.22  0.06  0.09  0.02  0.53  0.42 
AGF-2  0.24  0.09  0.13  0.04  0.43  0.65  
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contributions from individual i; Z0(s), … Z5(s) are unique contributions 
from source s; vd(t) is the tth element of the dth spline basis vector eval
uated at temperature t; and ε(i,t) is a Gaussian error term. We applied 
the log10 transform to H2O (wt%), as we did for SiOH (wt%) and pore 
volume (volume%), to stabilize its variance and enable the use of a 
Gaussian linear model. The models for SiOH and pore volume have 
forms analogous to the model above for H2O. Because the model 
structure is the same for H2O, SiOH and pore volume, and because these 
variables are pairwise correlated, we modeled the three variables 
jointly, therefore conducting a multivariate analysis of covariance. 

We took a computational Bayesian approach to model-fitting because 
of the overall complexity of the model, as well as the need to learn fine 
details about components of variance described by Y0(i), … Y5(i) and 
Z0(s), … Z5(s) in the equation above (along with analogous components 
for SiOH and pore volume). We used a Hamiltonian Markov-chain Monte 
Carlo method to estimate model effects, as implemented in the Stan 
inference algorithms, accessed through the brms library of the statistical 
programming language R (Bürkner, 2017, 2018; R Core Team, 2017; Stan 
Development Team, 2020). We used independent Gaussian priors with 
mean zero and standard deviation 2 for the common coefficients β0, … β5. 
Specimen-level contributions Y0(i), … Y5(i) were given a multivariate 
Gaussian prior with mean zero and variance–covariance matrix Σ = D Ω 
D, where D is a diagonal matrix and Ω is a correlation matrix. The di
agonal elements of D were given half-Cauchy priors with location zero 
and scale 1, and Ω was given an LKJ prior with parameter 1 (see, e.g., 
Stan User’s Guide, “Multivariate Priors for Hierarchical Models”) (Stan 
Development Team, 2020). Site-level contributions Z0(s), … Z5(s) were 
parameterized in the same way. Finally, each triad of residuals εH20(i, t), 
εSiOH(i, t), εpore(i, t) was given a multivariate Gaussian prior, with mean 
zero and a variance covariance matrix parameterized as above. 

We allowed 3000 iterations as a warmup for each of four Markov- 
chain samplers, and then generated 1000 posterior samples per chain, 
resulting in a total of 4,000 parameter samples for inference. We 
checked diagnostics implemented in brms for adequacy of convergence. 
We investigated the goodness of fit of the model by examining a plot of 

the ordered Mahalanobis distances between observations and their 
predicted values, versus the quantiles of a chi-squared distribution on 3 
degrees of freedom (Garrett, 1989). 

3. Results 

3.1. Changes in H2O 

Changes in H2O content for all samples are shown in Fig. 4. All 
samples show a decrease in H2O content from the lowest to highest 
temperatures, but differences in initial H2O concentration, the temper
ature at which changes begin, and magnitude of change are observable. 
Samples ALF-1 and MHS-2 had the highest starting H2O content [wt% 
0.61 and 0.51, respectively]. Greatest average losses occurred in sam
ples MHS-2 (≈45%), ALF-1 (≈39%), and MHS-1 (≈37%), while the 
smallest average losses occurred in samples RG-2 (≈11%) and RG-1 
(≈12%). Most samples show an increase in H2O content after initial 
decrease occurring between 250◦-300◦ C. Samples RG-1 and RG-2 
decrease after this initial increase. H2O loss in samples from source 
MHS was linear, while all other sources showed an initial plateau in 
concentration. In these samples, loss begins after this plateau though the 
temperature at which this begins varies between 300◦-400◦ C 

3.2. Changes in SiOH 

Fig. 5 shows change in SiOH content by temperature for each sample. 
Loss in SiOH content is observable for all samples. Starting concentra
tion, thermal behavior, and magnitude of change are more highly var
iable than the corresponding H2O content. Sample ALF-1 had the highest 
starting SiOH content [wt% 0.63], at least 1.5 times greater than other 
samples. Greatest average losses occurred in samples ALF-1 (≈52%), 
and MHS-1 (≈30%), while the smallest average losses occurred in 
samples RG-1 and RG-2 (≈5%). Samples from sources RG, AGF, and 
SWV showed an initial increase in SiOH content occurring between 
200◦-250◦ C. Several samples also plateau in SiOH content between 

Fig. 4. Thermal evolution of structural H2O in silcrete samples. Concentrations are in wt%, calculated from the linear absorbance of the H2O combination band near 
5200 cm− 1 in dehydrated samples, and plotted against heating temperature. 
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450◦-550◦ C, with the majority of thermal changes occurring before the 
plateau. Samples from source MHS behave differently, with both sam
ples recording multiple increases and decreases in SiOH concentration 
during heating. 

3.3. Changes in pore space 

Changes in pore space showed the most variable response to heating 
(Fig. 6). Starting pore volume was greatest in sample ALF-1 [vol% 1.57], 
which contained three times or more of starting pore space than the 

Fig. 5. Loss of SiOH in dehydrated silcrete samples. Concentrations are in wt%, calculated from the integral absorbance of the SiOH combination band near 4400 
cm− 1, and plotted against heating temperature. 

Fig. 6. Thermal evolution of intergranular pore space in silcrete samples. Pore space is in vol%, calculated from the mass of H2O loosely held in intergranular pores, 
and plotted against heating temperature. 
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other samples tested. Most samples gained pore space during heating at 
varying magnitudes. Most changes occurred after 300◦-400◦ C. Greatest 
average gains occurred in samples SWV-1 (≈148%) and MHS-2 (≈93%), 
while the smallest average gains occurred in samples MHS-1 (≈7%) and 
AGF-2 (A ≈22%). Samples from source MHS record large drops and 
increases in pore volume that are not seen in samples from other sources. 
Instead of gaining additional pore volume, samples AGF-1 and ALF-1 
lost pore space, with ALF-1 recording the greater average loss. 

3.4. Statistical analyses 

To understand the relative contributions of sources and individual 
samples to physio-chemical variation as temperature increases, we turn 
to the curvilinear statistical model. Modeled curves for H2O, SiOH, and 
pore space for all samples after heating to different temperatures can be 
seen in Fig. 7. Fig. 7 displays smoothed specimen-level trends (thick 
green curves), along with specimen- and source-level uncertainty (thin 
yellow and purple curves, respectively). The relative contributions of 
specimens and sources to overall variation can be discerned visually by 
comparing the smoothed trends across specimens within sources, and 
subsequently across sources. Looking across the columns of Fig. 7 for a 

given physio-chemical parameter, we can see that source is the main 
component of variance for starting concentration and thermal behavior 
in H2O, SiOH, and pore space, based on the fitted model. Although in
dividual samples within sources vary in their responses to heating, 
sample-to-sample variation is dominated by source-level variation. In
dividual sample effects are most apparent in changes to pore space and 
in SiOH at higher temperatures. Specimens from source AGF are most 
consistent in thermal behavior, while pairs of specimens from other 
sources may perform very differently under heat treatment. The inclu
sion of only one specimen from ALF makes inferences about the thermal 
behavior of silcrete from this source difficult, in light of the high degree 
of site-level uncertainty indicated by the widths of the purple confidence 
envelopes for each of H2O, SiOH, and pore space. 

4. Discussion 

4.1. How much does structural composition change and what is the nature 
of change? 

Differences in starting concentrations and degree of change in H2O, 
SiOH, and pore volume were present across sources. Samples from 

Fig. 7. Modeled curves for H2O, SiOH, and pore space for all sources on the log 10 scale. The log 10 transformation was a necessary re-scaling for statistical 
modeling, though its effect in this graph is to visually compress percent-differences at the top of the vertical axis while stretching them at the bottom. Tick-marks 
along the vertical axes are labelled according to the original, untransformed scale. Thick green curves show model predictions for each specimen. Thin yellow and 
purple curves characterize model uncertainty for specimen- and source-level predictions, respectively. The latter curves were obtained from 100 random posterior 
samples from the fitted model. Specimen-level uncertainty is relatively small, hence the yellow curves are visually dominated by the green and purple curves. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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sources MHS and ALF recorded the greatest changes in H2O and SiOH 
concentration while concentrations in samples from source RG changed 
the least. Thermal changes in pore space followed a less consistent 
pattern of average change and more fluctuation during heating. An 
initial plateau is present in the samples before H2O and SiOH loss begin, 
representing the activation temperature required to begin breaking 
down H-O bonds. This is mirrored at higher temperatures, where pla
teaus represent the temperature after which few structural changes 
continue to occur. This supports the proposal by Schmidt et.al. (2017) of 
an ideal heating range for silcrete. The increase in SiOH in samples from 
sources RG, AGF, and SWV between 200◦–250◦C corresponds with the 
beginning of decreasing H-bond strength and the freeing of silanol from 
H-bonded water. The effect of this is an increasing specific absorption 
coefficient causing higher absorption values (Schmidt et al., 2011). The 
majority of H2O and SiOH loss is terminated by ~450 ◦C across samples, 
represented by another plateau in concentrations. In samples SWV-1 and 
ALF-1, a gain of structural water in closed pore space is observed. This 
indicates that H2O synthesized from SiOH is accumulated in fluid in
clusions between 200 ◦C and 300–400 ◦C. 

Our present study also yielded data on increases in pore space 
occurring with the concomitant formations of new siloxane bridges 
during the formation of new quartz crystal bonds. Both phenomena have 
been measured in heat-treated silcrete in past studies (Schmidt et al., 
2017a, for example). Therefore, the question is not whether they take 
place, but rather how both can take place at the same time during heat 
treatment. New pore-space is most likely created by internal fracturing 
that happens as a consequence of relaxation of fluid inclusions at higher 
temperatures when high vapor pressure increases strain in the rocks. Si- 
O-Si may be formed at different locations in the rocks, still leading to 
changes in the rocks’ overall fracture properties. Because the pore spaces 
in silcrete are rather variable in diameter, ranging from intergranular 
pores similar to the ones found in chert to macro-pores, these phe
nomena are not mutually exclusive in silcrete, and instead may take 
place at different locations within the rocks. 

4.2. What is the range of variation in silcrete behavior during heating? 

Most samples included in the experiment fell within the range of 
expectations based on published data for silcrete (Schmidt et al., 2011, 
2017a; Schmidt et al., 2018; Schmidt, 2014). Data from Schmidt et.al. 
(2017) showed that silcrete samples tested increased in tightly held H2O 
between 300◦-400 ◦C before decreasing around 450 ◦C, while most 
silanol was lost between 300◦-450 ◦C. Most samples in our experiments 
show an increase in H2O content beginning around 250◦-300 ◦C before 
loss occurs around 450 ◦C (Fig. 4), while silanol loss occurs primarily 
between 250◦-450 ◦C (Fig. 5). However, the sample from source ALF 
differs from the other samples tested, losing more SiOH than H2O during 
heating and decreasing in porosity. The thermal behavior exhibited by 
the sample from source ALF is more similar to expectations from pub
lished data on chert, including its high starting concentrations of SiOH 
and the loss, rather than gain, of pore space (Schmidt et al., 2016; 
Schmidt et al., 2018). The trends shown indicate possible differences in 
internal fracture threshold for samples from different sources. Pore 
space increases as temperature increases for most samples, a trend that is 
typical of silcrete (Schmidt et al., 2017a). In contrast, the sample from 
source ALF decreased in pore space with increased temperature, a 
pattern more common to chert than silcrete (Schmidt et al., 2016; 
Schmidt et al., 2018). Samples from source MHS contained large voids 
and reservoirs between grains and do not seem to hold back H2O in open 
pores, which likely contributed to the signature of increasing and 
decreasing pore space. 

Mackay et al. (2018) also tested samples from sources MHS (Mustard 
Hill) and ALF (referred to as ‘Olifants River’ in that paper) in their ex
periments. Samples from the two sources fractured at dramatically 
different rates when heated to high temperatures. All Mustard Hill 
samples remained intact across all temperature steps and volumes, while 

samples from the ALF/Olifants River source had the highest rate of 
exploded blocks of any silcrete source included in the experiments 
(Mackay et al., 2018). Fracturing during heat treatment is a function of 
vapor pressure from water that was not evacuated. Water not evacuated 
from a rock during heat treatment before surface pores close will also be 
heated, resulting in vapor pressure increase (Burnham et al., 1969; 
McLaren et al., 1983). Ramp rate is a function of how quickly free and 
molecularly bound water can be evacuated through open intergranular 
pores. Evacuation speed is not constant, but instead depends on sample 
size, H2O/SiOH content, and pore volume (Schmidt, 2014; Schmidt 
et al., 2016; Schmidt et al., 2017a). Rocks with higher water content and 
lower porosity must be heated more slowly than more porous rocks with 
lower water content. Likewise, larger volumes of rock must be heated 
more slowly than smaller volumes (Schmidt, 2014). 

Differences in the survivorship rates are likely a product of variation 
in water content and porosity between these silcretes. MHS samples 
showed some of the greatest losses in H2O and SiOH and increased in 
pore space during our experiments, which prevented buildup of enough 
vapor pressure to result in thermal fracture. Water evacuation was likely 
aided by the large voids noted for samples from this source. Decreasing 
pore volume with increased temperature observed from source ALF likely 
contributed to the high rates of fracture and explosion observed in the 
experiments by Mackay et al. (2018). The smallest samples from the ALF/ 
Olifants River source survived heat treatment intact approximately 50% 
of the time while all samples of larger volumes fractured or exploded. As 
previously noted, pore space in the sample from source ALF decreased as 
temperature increased, a pattern more characteristic of chert than sil
crete. This has implications for ramp rate and maximum temperature 
tolerance limits during heat treatment, suggesting that slower heating 
ramp rates are needed to prevent fracture from overheating. 

4.3. What is the primary component of variance influencing silcrete 
thermal behavior? 

Source was the primary component of variance of thermal behavior 
and magnitude of change across all documented variables. This supports 
the results of Mackay et al. (2018) indicating that source was the pri
mary contributor to fracture rates within the silcrete sources examined. 
Individual sample effects on thermal behavior were also observed, 
though sample-to-sample variation within sources was dominated by 
variation across sources. Individual sample effects were most apparent 
in changes to pore volume and in SiOH at higher temperatures. This 
could indicate more variation in thermal behavior at higher tempera
tures or more predictable responses to heating at lower temperatures. 

Determining source-level effects can be challenging. Fig. 7 describes 
modeled specimen and source effects and characterizes uncertainty for 
specimen- and source-level predictions. When considering source ALF, 
where n = 1, panels are dominated by purple curves. This reflects the 
difficulty in characterizing source effects for a single sample. However, 
uncertainty is not high for most sources and therefore source-specific 
signatures of thermal behavior can be discerned. Because our model is 
made to be sensitive to sources of variation, a clear and well-supported 
source effect will be captured, even with a small sample. For example, 
modeled SiOH trajectories are different for each source. Source-level 
effects were harder to capture for MH and ALF, as seen by the wide 
spread of thin purple curves, but are very clear for SWV, RG, and AGF, 
where purple curves are more constrained and generally fall close to the 
specimen effects. 

5. Conclusions 

The structural composition of silica rocks affects their heating toler
ances and thermal-induced changes to mechanical properties. Results 
from Mackay et al. (2018) suggest a possible relationship between the 
structural changes that occur within silcretes and their rate of failure 
from overheating when heat-treated quickly to high temperatures. 
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Differences in starting concentrations of H2O, SiOH, and pore volume and 
the rate of structural change within silcrete samples may also affect the 
degree of change to fracture toughness, which in turn may result in 
variation in the flaked products produced from a particular source. 
Future research should include expanding NIR data sets to encompass 
samples from other areas of southern Africa to better understand the 
degree of variation in structural content present, as well as trends in the 
thermal behavior of silcretes. Controlled heating experiments are needed 
to evaluate whether heating parameters affect the rate and nature of 
structural change, as well as explore possible relationships between 
structural content and heat-induced fracture. Finally, experiments should 
be conducted to observe how source and heating temperature affect 
mechanical properties, flake formation, flake dimensions, and attributes. 
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