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ABSTRACT

While it is true that the use of fire is undoubtedly an important behavioral trait, fire can also leave
important traces in archaeological deposits, including altering previously deposited sediments and ar-
tifacts. The set of controlled experiments reported here do not focus on fire per se, but rather on the
effects of some of the most important variables underlying the transfer of heat to subsurface sediments.
These variables, including temperature, duration, sediment type, moisture, and mineralogy, are altered
here in ways that essentially bracket the range of conditions under which past fires may have existed.
The results show that sediments as much as 10 cm directly below a heat source routinely reach tem-
peratures of 200 °C, with higher temperatures and greater depth of heat transfer possible with longer
durations or higher surface temperatures. One of the implications of these results is that a surface can
produce substantial thermal-alterations of archaeological artifacts and sediments deposited much earlier
in the sequence. Likewise, there are significant implications for the analyses and chronometric dating of
thermally altered sediments and burned artifacts.

Soil micromorphology
FTIR

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Although the earliest use and level of control of fire is a subject
of current debate (e.g., Berna et al., 2012; Goren-Inbar et al., 2004;
Preece et al., 2006; Roebroeks and Villa, 2011; Shahack-Gross et al.,
2014), there is no doubt that pyrotechnology represents one of the
more significant technological achievements in the history of our
species. For that reason alone, the archaeological study of ancient
fires — how they were built and maintained (Mallol et al., 2013a;
March et al., 2014; Mentzer, 2014), the uses that they served (e.g.,
Attwell et al.,, 2015; Bentsen, 2014; Brown et al., 2009; Wrangham
et al., 1999), and generally how they contributed to human adap-
tations to varying circumstances (e.g., Attwell et al., 2015; Bentsen,
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2014; Carmody and Wrangham, 2009; Wrangham et al., 1999), will
continue to be an important research focus. Fire also contributes to
archaeological research more indirectly, preserving evidence of the
local environment (in terms of the materials used for fuel) and can
help serve as an “anchor” for analyzing spatial variability in a site
(e.g., Aldeias et al., 2012; Henry, 2012; Pasto et al., 2000; Sergant
et al, 2006; Vaquero and Pasto, 2001). Equally important, fires
contribute to archaeological research by providing materials that
can be dated — either charcoal for radiocarbon, burned flint for
thermoluminescence (TL) or mineral grains for optically stimulated
luminescence (OSL).

Previous archaeological experiments dealing with fire have
focused on the role of different fuels (Albert et al., 2000; Braadbaart
et al,, 2012; Henry and Théry-Parisot, 2014; Mentzer, 2009; Théry-
Parisot, 2002; Théry et al., 1996; Yravedra and Uzquiano, 2013), fuel
conditions (Sievers and Wadley, 2008; Théry-Parisot and Henry,
2012), human actions on fire features (Mallol et al., 2013a; Miller
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et al, 2010), and thermal artifact alteration (Bennett, 1999;
Boardman and Jones, 1990; Richter et al., 2011; Schmidt, 2013a;
Sievers and Wadley, 2008; Stiner et al., 1995). In addition, there
are numerous examples of how fires are recognized in the
archaeological record, especially in the absence of structured
hearths (Albert et al., 2012; Aldeias et al., 2014, 2012; Goldberg
et al., 2009; Karkanas et al., 2007; Mentzer, 2014). In fact, because
the direct evidence of fire, such as concentrated areas of ashes and
charcoals, is easily removed through erosion, chemical diagenesis
or post-depositional movement, the recognition of combustion
features can be based on indirect evidence such as the thermal
alteration of the sediment or the presence of burned materials (e.g.,
Alperson-Afil et al., 2007; Linford and Platzman, 2004; Sergant
et al., 2006). The use of such indirect evidence, however, relies on
certain assumptions regarding the spatial proximity and contem-
poraneity of the hearth itself and those objects and sediments that
are thermally altered. One of the basic assumptions is that these
materials are exposed to burning roughly at the same time that the
fire is active, i.e., that burned artifacts are contemporaneous with
the fire.

In this paper, we will show the extent to which such burning and
other kinds of thermal alteration can occur post-depositionally due
to fires that were built on top of previous occupations at a site. We
are not concerned here with the effects of fire per se, but rather the
transfer of heat, which bears directly on our understanding of the
conditions under which objects and sediments may become ther-
mally altered. It is generally expected that post-depositional heat-
ing is not a main factor, since soils and sediments are considered to
be good thermal insulators: that is, they are poor conductors of heat
and therefore temperatures drop dramatically with depth below a
heat source. Indeed, some experiments have suggested that the
heat generated from a fire is limited in terms of the depth to which
it can affect underlying sediments (Bellomo, 1993; Bennett, 1999;
Brodard et al., 2015; Campbell et al., 1995; Canti and Linford,
2000; Linford and Platzman, 2004; March et al., 2014; Sievers
and Wadley, 2008; Stiner et al., 1995; Werts and Jahren, 2007).
The results of some of these experiments can be criticized, how-
ever, due to the lack of control of some important parameters, such
as the temperature of the fire used, the duration of heating, and the
nature and conditions (e.g., substrate composition, water content)
of the underlying sediments. The aim of the current experiments is
to apply stricter controls on such parameters, and for this reason we
did not try to replicate actual fires. Indeed, the questions being
addressed here are not how people built or maintained fires, what
kinds of materials were used for fuel, or how big or of what dura-
tion the fires were. Rather, our question is much simpler: how does
heat transfer to underlying sediments, regardless of the source of
the heat itself. Additionally, this experiment was not designed to
examine every possible combination of these parameters, but
rather to bracket a reasonable range of possibilities in order to
ensure that the results can be extended to most archaeological
situations. This initial experiment aims to provide a baseline for
other similar experiments.

2. Materials and methods
2.1. Experimental design

Heat from a fire essentially represents the transfer of thermal
energy produced by the combustion of fuel to the area surrounding
the fire itself. Of the fundamental modes of heat transfer, convec-
tion (i.e., transfer of heat by the movement of a medium, such as air)
and radiation (i.e., emitted as electromagnetic waves) are the two
that primarily affect those sitting around a fire who feel its warmth,
as the fire warms the air and energy waves reach those surrounding

it. The fire will also heat underlying sediments, primarily through
conduction (also called diffusion, which is the transfer of heat from
matter to matter). In turn, heat conduction through sediments is
affected by a number of factors, including the thermal conductivity
of the materials making up the deposits (e.g., quartz vs. clay min-
erals), the amount of moisture present, the degree of compaction
(which can reduce the size and frequency of insulating air within
voids between grains), and the difference between the temperature
of the heat source and the underlying sediment (i.e., the temper-
ature gradient).

This experiment examines the effects of some of the most
important variables underlying these processes including the input,
or surface, temperature, the duration of surface heating, and several
variables reflecting the nature of the sediments themselves, espe-
cially grain size. To a lesser extent, we also investigated the effects
of mineralogy, compaction, moisture content, and the presence of
layers of ash and organic plant matter in the substrate. By con-
trolling the experimental variables, one can isolate and identify the
specific properties that guide heat-induced alterations, and thus
obtain quantitative and predictive data.

This approach is distinct from replicative or actualistic experi-
mentations, where the goal is to reproduce what is seen today in
the archaeological record (Lin, 2014). Previous studies dealing with
pyrotechnology have relied on actual fires as a source of heat (e.g.,
Bennett, 1999; Mallol et al., 2013a; March et al., 2014; Sievers and
Wadley, 2008). However, it is difficult to build a fire to achieve a
particular temperature and maintain it for a specific period of time
without significant fluctuation. This is due to the fact that within a
fire temperatures vary greatly depending on the type of fuel used,
its amount, and frequency of refueling (see Table 1 and references
therein). While replicative experiments such as these have unde-
niable value for some type of questions, they are not suitable for
understanding the individual effects of specific independent vari-
ables contributing to subsurface heat transfer, which is the question
at the core of our controlled experiments.

It is also important to bear in mind that in the social sciences,
there are different kinds of “validity” in terms of experimental
design: internal, external, and ecological (see discussion in Lin et al.,
in press). Internal validity concerns the precision of the experiment
and its reproducibility within the experimental setting, where it is
possible to conclude accurately that one or more independent
variables are responsible for variation in the dependent variables of
question. External validity refers to the potential of the experi-
mental results to be generalized across a wide variety of contexts.
Ecological validity has to do with how “realistic” the experiments
are, and many of the actualistic studies of fire mentioned above
emphasize this kind of validity. However, the problem with ex-
periments that have high ecological validity is that by approaching
empirical reality, a much larger number of independent variables
are introduced into the experimental design. This is why, then, the
present experimental design focuses on increasing the internal and
external validity, at the expense of ecological validity. In this way,
we can show more clearly the effects of each individual indepen-
dent variable in turn. A major benefit of experiments with high
internal and external validity is that their results are more easily
and confidently extrapolated to a broader range of conditions. This
is a major shortcoming of more ecologically valid experiments,
which have limited extrapolation potential, since their results
typically apply only to circumstances with conditions identical to
those existing in the actual experiment.

2.1.1. Laboratory-based heat experiments

For our laboratory experiments, we used a high-temperature
electric heater (from Micropyretics Heater International) which
relies solely on radiation and not convection to heat the surface of



66 V. Aldeias et al. / Journal of Archaeological Science 67 (2016) 64—79

Table 1

Maximum fire temperatures (in degrees C) reported from some previous experimental fires. These data included only the maximum temperature recorded and not the
duration of these peak temperatures, which is not always reported. The temperature in Bentsen (2013) was taken from a graph, whereas all other temperatures represent

exact numbers reported by the authors.” = 28 campfires,** = 6 tree stump fires,

ok

6 grass fires.

Fuel type Max. Temp Max. Mean temp Reference

Bones 825—605 Théry-Parisot and Costamagno, 2005
Grass 321 195 Buenger, 2003

Grass 225%* Bellomo, 1993

Grass 157 Miller and Sievers, 2012
Peat 800 Braadbaart et al., 2012
Sedges >800 Miller and Sievers, 2012
Sundried Sedges 603 Miller and Sievers, 2013
Tree stump 250** Bellomo, 1993

Wood 900—-1000 Stiner et al., 1995

Wood 995 Canti and Linford, 2000
Wood 800 Braadbaart et al., 2012
Wood 800 Bentsen, 2012

Wood 739 Bentsen, 2013

Wood 670 Sievers and Wadley, 2008
Wood 600* Bellomo, 1993

Wood 538 319 March et al., 2014

the sediment. The heater is programmable to particular tempera-
tures and duration of heating, supplying a constant temperature
throughout its 26 cm diameter. This device was mounted directly
above a 60 x 60 x 40 cm wooden box containing the experimental
sediments (Fig. 1). As the heat was applied to the surface of the
sediments, temperatures were recorded continuously for the
duration of the experiments in 1-min intervals and stored on 4
channel PCE-T390 contact thermometer devices. Each thermom-
eter was linked to k-type thermocouple probes (from B + B
Thermo-Technik GmbH, Donaueschingen, Germany), and these
were positioned at various depths below the surface and at
different distances from the center of the heat source (Fig. 1). In
terms of depth, one thermometer was attached to two probes at the
surface (directly under the heater and just at its edge). Three other
thermometers were linked to four probes each and these were
situated in vertical alignment at depths of 2 cm, 6 cm, 10 cm, and
20 cm below the surface. In terms of lateral distance from the heat
source, one thermometer was positioned directly below its center,
and two others at the edge of the heater and outside the heater's
diameter — that is, edge corresponds to either 10 cm (in H1—H3)
orl5 cm (in H4—H13) away from the center of the heater and
outside to 20 cm away from the center (see Fig. 1).

Several independent variables that are of particular interest to
archaeological applications were individually varied, resulting in a
total of 13 experiments with different experimental conditions (see
Fig. 2). Individual laboratory experiments are named by letter H
(heat) followed by a sequential number, from H1 to H13. Two main
temperatures (targeted temperatures of ~600 °C and ~950 °C) were
used, although some variation occurred due to the movement of air
in the room. For most of the experiments the duration of the
heating was 6 h (after the heater achieved the programmed tem-
perature). The exceptions were one experiment that lasted 9 h (H7),
one for 19 h (H12), and two experiments with stepped heating in
which the heat was applied for 2 h, then turned off for 2 h; for the
latter, this cycle was repeated four times (H8 and H11). Four
different types of sediment were used that varied in size and
composition: gravel (mainly quartz and quartzite grains, see
Supplementary information), quartz sand, limestone sand, and
clayey silt; these materials reflect a range of grain sizes and
mineralogy that may be found in archaeological sediments. For the
gravel, two levels of compaction were used: loose (meaning the
gravel was uncompacted with an abundance of intergranular void
space) and compacted (achieved by repeatedly rolling the box over
rough cobblestones). In the latter case, the degree of compaction

was determined by how much more gravel could be put in the box
after compaction, repeating this process until no further material
could be added. This same technique was tried for the sands and
clay, but these sediments did not compact significantly. In all cases,
the sediment was first put into a cement mixer, which helped to
homogenize them, and then poured directly into the box. All of the
sediment types had very low moisture content (percentage of
water in clayey silt = 0.06, in sand = 0.058, gravel = 0.71) except for
one experiment with quartz sand (H12) in which 1.6 L of water
were added to the sediment. In this case, in order to control the
moisture percentage and to homogenize its distribution within the
box, a controlled volume of water was mixed to each bucket of
sediment and these were individually added into the cement mixer
before putting it in the box. The resulting moisture content was
10%, which corresponds to half of the saturation level for this
sediment (measured to be 20%). In one experiment a 2 cm thick
layer of wood ash was added to the top of sand directly below the
heater and in another a 2 cm thick layer of potting soil containing
plant organic matter and quartz sand (Graberd from OBI brand) was
added below the surface and covered by a 1 cm thick layer of quartz
sand.

2.1.2. Field experiment

In addition to the thirteen laboratory experiments described
above (H1 through H13), we also conducted a complementary
experiment in the field using charcoal as a fuel instead of the
electric heater. This experiment is designated as C (charcoal) 1. This
experiment allows for some comparison between an actual fire and
the results obtained under laboratory conditions. This experiment
generally followed the same protocols as the ones described above.
A wooden box was filled with limestone sand containing quartz. A
small (30 cm diameter) charcoal fire was started and left burning
for roughly eight hours. Every effort was made to keep the fire
burning at a consistent temperature, though as is often the case in
such field experiments with high ecological validity, fluctuations
occurred in the surface temperature as fuel was depleted and
replenished. Temperature reading protocols followed the ones
described above for the set of experiments using an artificial heat
source.

2.2. Sampling strategy

After each experiment, the sediments were excavated and
photographed both in plan and profile views. Visible alterations to
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b Top View
Probes at center of heater
Probe depth
below surface
Sediment O0cm
Sedi t — -2cm
ediment &¢€e—Hj |
Probes at Probes -6cm
edge of | ey outside caa= | .
heater of heater

Probes at edge of heater
(surface only)

e———— L -20cm

Fig. 1. Experimental design: a) Left — view of the experimental setting with the heater located in the center of the sediment-filled experimental box with the sets of thermometers
and multiple thermocouples. Right — view of the top of the sediments when the heat is being applied; b) Schematic drawing of experimental setup with thermometers and

thermocouple locations.

the sediments, namely the surface diameter and thickness of
rubefied sediment (that is, reddened, baked sediments), were
measured and photographed. Color designations were assessed by
using a Munsell Soil color chart on dry samples. In addition to
control samples of the unburned sediment types, bulk sediment
samples were systematically taken from the surface-altered sedi-
ments and at several depths in the excavated profiles.

Soil micromorphology blocks were collected at the center of the
burned area using a kubiena box to ensure the undisturbed nature
of the deposits. From these, a total of 12 thin sections with di-
mensions of 5 x 7.5 cm and 30 pm thick were prepared by Spec-
trum Petrographics (Vancouver, WA, USA), following standard
procedures of oven drying the sediments and impregnating them
with an epoxy mixed with styrene and a catalyst. The resulting thin
sections were analyzed using a petrographic microscope at several
magnifications and under plane- and cross-polarized light (PPL and
XPL). Micromorphology descriptions followed the standard termi-
nology defined by Stoops (2003) and Courty et al. (1989) — see
Supplementary information. Fourier-Transform Infrared Spec-
trometry (FTIR) analyses were done in bulk samples of heated and
unheated sediments, and micro FTIR (uFTIR) analyses were per-
formed directly on thin sections taken from the heated sediments.

For bulk samples, about 0.3 mg of sample was homogenized and
powdered in an agate mortar and pestle. The ground sample was
mixed with about 40 mg of IR grade KBr powder and pressed into a
pellet using a manual hydraulic press (by Wasserman). Spectra
were recorded in transmission mode using an Agilent 660 FTIR
Spectrometer with a DTGS detector at 4 cm™! resolution and
averaging of 32 scans — see Supplementary information. pFTIR
spectra were collected with a Cary 620 FTIR microscope equipped
with a MCT detector in ATR reflectance mode through a germanium
crystal. The spectra were recorded at 4 cm™! resolution averaging of
32 scans between 4000 and 700 cm™! range with a 100 x 100 pm?
contact spot.

3. Results

The physics of heat transfer are well understood. Basically, heat
moves from higher to lower temperatures, though the rate of heat
transfer is a function of both conductivity (materials with higher
conductivity transfer heat faster) and temperature differential
(heat transfers more quickly with greater differences in tempera-
ture). With sediments beneath a heat source, temperature in-
creases most rapidly at the surface, just below the heat source.
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Fig. 2. Summary of the main experimental variables and associated experimental numbers. The values correspond to the heater targeted temperature — temperature reading
averages and experimental-specific oscillations are described in the text. Qz sand: quartz sand; Ls Sand: limestone sand; O.M.: plant organic matter. An additional field experiment

using charcoal as fuel and labeled C1 is not represented in the figure (see text below).

Gradually, the heat travels downward through the sediment, at first
relatively quickly (because of the greater difference in temperature
between the overlying and underlying sediments), and then pro-
gressively slowing as the sediments reach thermal equilibrium.
Because the amount of total energy at the surface is fixed, the
temperature at which thermal equilibrium is achieved will be
lower at lower depths. Once the heat source is turned off, the sur-
face begins to cool rapidly, and, in the experimental situation, this is
due to both radiation and convection as the heat dissipates into the
air. However, some of the heat continues to be transferred down-
ward due to conduction and the temperature differential between
the overlying and underlying sediments. What this means is that, as
a function of increasing depth, underlying sediments will continue
to rise for some time after the removal of the heat source (e.g.,
Fig. 3a). All temperature data produced by this study are available
as raw research data in Supplementary Information.

3.1. Spatial distribution of heat transfer

Fig. 3a presents a clear picture of how heat is transferred
through the sediments, in this case quartz sand (H3). The temper-
ature of the surface, just below the heater, rises quickly and then at
~30 min stabilizes at around 922 °C, with the heat being applied
continuously for a total of 6 h. The heat is transferred to the un-
derlying sediments, and although the rate of heat transfer de-
creases with depth, the deeper sediments continue to increase in
temperature even long after (~4—5 h) the heat source is removed.
Heat is also transferred laterally away from the heat source, though
not as dramatically because there is no thermal input directly
above. The effects of heat lateral diffusion are clearly shown in
Fig. 3b. This figure shows the temperatures at the surface (both at
the center of the heat source and immediately under its edge),
temperatures at 2 cm depth directly below the heater, and those at
the same depth in the lateral probes at the edge of the heater and

beyond the heater's edge. It is clear that there is a sharp drop in
temperatures as the lateral distance increases from the heat source,
and in fact, sediments 2 cm below the surface but directly under the
heater rise to a higher temperature than the surface immediately
adjacent but not directly below the heat source. Although not
shown here, the lateral temperatures at greater depths below the
surface taken at the edge of the heater and just outside it are even
much less affected. For instance, in this experiment the maximum
temperatures recorded from the probes just at the edge of the
heater (see Fig. 1) at a depth of 6 cm was 280 °C, and 166 C at a
depth of 10 cm. In the probes located further outside the heater's
edge (20 cm from center, or 5 cm from the edge of the heater), and
at a depth of 6 cm, temperatures rose to only about 50 °C over the
starting temperature.

Thus, sediments that are directly below the heat source are
heated more quickly and to a higher extent than sediments that are
located adjacent to or outside that source. The latter show almost
no change in temperature and little alteration of the sediments
should be expected. Sediments directly underneath a fire will be
the ones affected by it, with temperatures dramatically dropping to
its sides, even at shallow depths.

3.2. Temperature and duration

As would be expected, the maximum temperature that can be
obtained at any depth is primarily a function of both the intensity of
heat (i.e., temperature) at the surface and the amount of time it is
maintained (see Supplementary Information). Comparing Fig. 3a
with 3¢, it is clear that for the same duration of time and using the
same sediment type, a cooler source will limit the maximum
temperature that sediments can achieve. Likewise, if the duration
of heating time increases (Fig. 3c and d), then the temperature of
the sediments will rise further, although at both 6 and 9 h the most
significant change occurs within the first two to three hours. In
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Fig. 3. Results for different experimental conditions using quartz sand. a) Experiment H3 lasting for 6 h with quartz sand showing the change in recorded temperatures in several
depths directly underneath the center of the heater. Note that the temperatures at lower depths continue to rise well beyond the time when the heater was turned off (red arrows);
b) lateral temperatures recorded in H3 experiment at the center of the heater, at its edge and outside the heater; c) and d) temperatures recorded for different durations of heat with
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lack of heating being applied — the heater continued the same input temperature for the whole duration of the experiment. e) Stepping of heat in H8, where during each cycle the
temperatures at depth continue to build up to higher values as highlighted by the yellow arrows for depths of 2 and 6 cm below the surface. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

terms of its archaeological implications, what is most interesting is
that with a duration of 9 h, temperatures rise to over 200 °C at
10 cm below the surface. Eventually, given enough time, however,
all depths will reach thermal equilibrium and so temperatures at
each depth will stabilize and remain constant thereafter.

The graphs shown in Figs. 3 and 4 also show that temperatures
continue to rise in deeper sediments for some time after the heat
source is removed. This raises an interesting question: what would
happen to subsurface temperatures if a fire were extinguished and
then restarted in the same place? Of course, if the subsurface

sediments cooled to their original starting point, the result would
be the same. But a shorter interval between fire events — short
enough that the underlying sediments still retained some of the
heat — will result in increasingly higher maximum temperatures
during each cycle, as shown in Fig. 3e (H8). Comparing these results
to a constant heat at the same temperature (as in experiment H4,
see Fig. 3c), the results are almost the same. In other words,
repeated short fire events built in the same location will lead to a
rise of subsurface temperatures similar to those obtained from a
longer duration fire of the same temperature.
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Fig. 4. Comparative results between different experimental conditions. a) Comparison between different compaction degrees using gravel; b) Results for temperature changes
between gravel (H1), quartz sand (H3) and clay (H5); c) Comparison between different moisture contents using dry quartz sand (H3) and moist quartz sand (H12). Note the
temperature plateau just below 100 °C in the wet sediments (red arrows); d) Experiment H10 with an organic layer at 2 cm below the surface. The temperature records at -2 cm are
within this organic layer and show both the presence of moisture and related temperature plateau just below 100 °C (red arrows), and the drop in temperature even though there
was no change in the surface temperatures (yellow arrow); e) Comparison between quartz sand (H4) versus the same sediments but with an ash layer on top (H9). The rise in
temperature in H12 sand with ash seen in the first minutes at —2 cm reflects the high temperature given by the heater before it stabilized to the targeted temperature; f) Field
experiment using charcoal as fuel instead of the electric heater. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

3.3. Heat transfer in different sedimentary variables

3.3.1. Compaction

It would be expected that these general patterns would hold for
any type of homogeneous sediments, although the absolute values
of temperature rise at various depths may vary because of the
distinct conductivities of different sediment types. Other factors
also play a role in heat conduction through a given sedimentary
profile. One of these is compaction of the sediments, since the air
that fills voids between particles/clasts acts as a thermal insulator.

Again, only the gravel could be compacted to any significant degree
(13.6% more compaction in experiment H2 vs H1, Fig. 4a). Even in
this case, only the 2 cm depth shows an important difference be-
tween the compacted and loose sediment, with an increase rate of
temperature rise in the compacted sediments when compared to
the loose ones. The lack of difference in deeper sediments is
probably due to the fact that even with the “loose” gravel some
compaction occurs due to the weight of the overlying sediments as
they were put in the box. Furthermore, in less compacted sedi-
ments — although heat transfer occurs more slowly and is less
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7,5cm

Fig. 5. Experiment H10 using a thin layer of buried plant organic matter. a) Plan view of the rubefied sediments at surface, scale is 10 cm high with 1 cm increments. b) Profile view
of the sediments during excavation showing the Kubiéna box used to sample for micromorphology; note the volume loss of the organic layer in the center of the heat and the slight
rubefication seen also underneath this black layer (red arrow), the scale is 10 cm high with 1 cm increments;. ¢) Flatbed scan of the thin section. Note the red hue due to rubefication
and the thin black lens overlain by whitish-burned sediments. The yellow squares mark the areas of the photomicrographs. d) Photomicrograph showing the internal structure and
contact of the organic layer with the quartz-rich sediments above and below, in PPL; scale is 1 mm. e) Detail of the organic black plant matter overlain by reddish-yellow altered
organic material, in PPL; scale is 200 um. f) Same as (e) but in XPL. Note the calcitic birefringence of the reddish-yellow organic material. g) Detail of the sharp contact between the
reddish-yellow and the underlying black organic materials, in PPL. The scale is 100 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

efficient —, a degree of temperature equilibrium will be reached
similar to that occurring in more compacted sediments if the heat is
applied for a long enough duration. These results highlight that
even a short-term fire built on well compacted sediments (as those
typically found on archaeological contexts) will lead to a quicker
rate of temperature rise in the first few cm below a fire.

3.3.2. Different sediment types

Three different types of sediment were used: gravel, quartz
sand, clayey silt, and limestone sand (see Supplementary material).
Although the gravel and sand came from the same quarry, the
clayey silt and the limestone sand comes from different quarries.
However, in this experiment we are focusing more on the differ-
ences in grain size among these different sediment types. As pre-
sented in Fig. 4b, for similar mineralogy (gravel, quartz sand and
clayey silt) a substantial difference (>50 °C) in temperatures is
observed only at shallow depths of 2 cm below the surface, with
quartz-sand reaching the highest temperatures around 800 °C. For
all the other depths, temperatures do not substantially vary inde-
pendently of the grain sizes of the experimental sediments. Lime-
stone sand (H13) systematically reaches the lowest temperatures in
all depths, and this is probably linked to mineralogy and the lower
conductivity of carbonates. What is important to note, however, is

that in all the sediment types, temperatures rose above 200 °C at
10 cm depth, even during the relatively short heating events of 6 h.

3.3.3. Moisture content

Moisture is another variable that can affect heat transfer, espe-
cially as water reaches the temperature where its phase shifts,
changing it from a liquid to a gas. Because a phase shift requires
more energy, there is a marked decrease in the rate at which the
temperature rises, until the conversion is complete. Thus, with
moist quartz sand (H12), at each depth interval there is a distinct
temporal plateau as the temperature approaches 100 °C and re-
mains there until the water content of the deposits is eliminated
(see Campbell et al., 1995); afterward the temperature begins to rise
again (Fig. 4c). Moisture has the effect of decreasing the rate of
initial temperature increase and lowering the maximum temper-
ature obtained; for each depth interval, this maximum is much less
than what was obtained with dry sand (Fig. 4c). While these results
are more striking in wet sand, the effects of inherited moisture
content in the air-dried clay and organic sediments is also readily
observable (see Fig. 4b and d).
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3.4. Thermal insulation: the effects of organic matter and ash

Thus far, only the effect of heat transfer through somewhat
homogeneous sediments has been described. Obviously, this is
rarely the case in archeological settings, in which sedimentary
contexts are often complex and result in the superimposition of
different sediments that may contain other sorts of materials, some
of which may act as thermal insulators. This question was
addressed by applying heat to sediments containing a discrete layer
of organic matter (H10) and wood ash (H9 and H11). Both materials
are known to limit conductivity due to either their high moisture
content or low thermal conductivity (see for instance Canti and
Linford, 2000).

Considering first the effect of organic matter, a 1 cm thick layer
of potting soil (composed of predominantly plant organic matter
mixed with some quartz sand — Fig. 6a) was placed 2 cm below the
surface and then covered with 1 cm of sand; the same sand filled
the rest of the container. Therefore, in this case, the temperature
probe located at 2 cm depth is recording temperatures directly
within the organic material. Fig. 4d shows temperatures stabilizing
just below 100 °C, which was the case with the moist sand
described above and reflects the phase change as the moisture in
the organic matter evaporates. However, this graph then shows a
significant drop in temperature after about four hours, even though
there was no change in the heat input at the surface (Fig. 4d). We
interpret this change in temperature to some degree of ignition of
the organic matter once the moisture has been removed. This
ignition results in release of heat in an exothermic reaction (which
is reported for temperatures exceeding 280 °C, e.g., DeBano, 1990),
and this energy is added to the heat from the heater itself, thus
resulting in even higher temperatures. This effect is less marked but
still apparent at 6 cm below the surface, though hardly at all at the
10 cm depth. However, in other sediments containing a more
substantial amount of organic material, the effect should be much
more pronounced.

Substantial changes can be seen in organic matter starting
around 200 °C, with reported complete loss of organic components
above 450 °C (DeBano, 1989). As seen in Fig. 4d, in our experiment
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temperatures did not exceed 400 °C, and several aspects were
evident both during the excavation of the sediments and when
these materials were observed microscopically. In the excavated
profiles, there was a clear loss of volume in the organic layer located
directly below the heat source (Fig. 5). Interestingly, a thin, dark,
reddish layer was observed underneath the organic material (see
Fig. 5b and rubefication section below). Higher-resolution obser-
vations in the thin section revealed that the first few pm of this
layer changed dramatically, and now consisted of yellowish orange
charred material with calcitic domains overlying a discrete lens of
still black organic material (Fig. 5). FTIR spectra clearly show the
mineralogical transformation of the organic material, with the
appearance of carbonate peaks within the charred layer (Fig. 6).

With experiment H9 we explored the effects of a 2 cm thick
layer composed of wood ash in the uppermost part of the heated
sediments. Normally ash would serve as an insulator with relatively
poor conductivity (Canti and Linford, 2000), and thus partially
blocking the transfer of heat to the subsurface sediments. This can
be seen in Fig. 4e, where the presence of an ash layer (H9) on the
surface is compared to an identical experiment (H4) without it. In
spite of the fact that the heater was set to a slightly higher tem-
perature in the ash layer experiment (approximately 625 °C), the
temperature at 2 cm depth barely reaches 300 °C. When compared
to the quartz sand without the ash layer (where there was an
average surface temperature of ~575 °C) there is a temperature
difference of 115 °C at 2 cm depth. The maximum temperatures at
lower depths were also less in the ash experiment (with a differ-
ence of 86 °C and 48 °C for the 6 cm and 10 cm depth respectively).
Note also that there is a small spike in the 2 cm temperature in the
ash experiment, which abruptly decreases after 30 min. Again, this
is due to fragments of wood in the ash that, as in the case of the
organic matter described above, contributed to the total heat en-
ergy through combustion of the organic components. Once this
material was burned off, sediment temperature shows a slight drop
before it continues to rise, matching the energy being produced by
the heater alone.

As shown in this experiment, the effects of ash as a thermal
insulator can be an important factor in cases where stacked hearths
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Fig. 6. FTIR spectra. a) transmission spectra on powdered samples, where the lower spectra shows the unheated potting soil of experiment H10, with absorptions bands of organic
material present (3405, 2926, and 1617 cm ™, respectively attributed to OH stretching vibration, C—H symmetric stretching, and OH deformation) mixed with quartz (1083, 797, and
779 cm™! peaks associated with Si—O stretching, and the 694, 513 and 462 cm™' peaks with C—0 bending). Above are spectra from the limestone sand used in experiment H13.

After heating, the sample shows the fundamental vibrations arise from the CO$~ ion in calcite, the asymmetric stretch (v3) at 1430 cm ™', the out-of-plane bending (v,) at 875 cm

-1

and the in-plane bending vibration (v4) at 712 cm™~! and an additional vibrational at 3645 cm™~". This suggest the transformation of calcite into quicklime (Ca0O) and CO, and, after
exposed it reacts with atmospheric moisture forming calcite and calcium hydroxide, Ca(OH), (Toffolo and Boaretto, 2014). Thus the vibrational peak at 3642 cm™" is attributed to
the O—H stretching of the Ca(OH),. b) uFTIR reflectance ATR spectra of the heated organic layer from H10 thin section. The top spectrum corresponds to the altered organic matter
layer, showing absorption bands at 1407, 871 and 713 cm™' associated with calcite [note the shift of the vs when compared with transmission spectra shown in (a)]. The exact
location of the spectra is shown in photomicrograph (c) where a larger calcitic domain was targeted (in XPL, with a 200 pm scale). The lower spectrum shows the absorption peaks

associated with the underlying resin used in thin section impregnation.
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Fig. 7. Summary of visible rubefication of the sediments and associated subsurface maximum temperatures measured at the center of the heat source. Rubefication thickness data
was not collected for experiments H3 and H9. For sample H13, no visible reddening of the sediments was observed (see Fig. 8).

or secondary ashy accumulations (for instance, hearth rake-out or
ash dumps) are present. Importantly, such deposits might be
spatially localized even within a given stratigraphic layer, and a fire
directly overlying such substrates will reach lower subsurface
temperatures than a similar fire lit in nearby ash-free locations. In
such cases where a fire is built directly on top of a previous com-
bustion feature with an ash component (i.e., stacked hearths), we
should expect lower subsurface temperatures in the latter fire than
those reached in a substrate lacking any significant ash content. At
the same time, however, it is important to keep in mind that an
initial fire will not be insulated, and so the heat of that fire would
have been transferred to the subsurface sediments as usual (see
Section 3.6 below). Subsequent fires, if hot enough or if they were of
sufficient duration, could still contribute to the alteration of the
underlying sediments and the objects contained in them, and even
more so if combustible materials remained in the ashes of the
previous fires.

3.5. Color and mineralogical sediment alterations

Fig. 8 summarizes the results of rubefication (reddening)
observed for each experiment except for H3 and H9, for which no
subsurface color data were taken. For all three sediment types there
was a systematic alteration from the unheated very pale brown
gravels and clays (10YR7/4 and 10YR7/3, respectively) and light
yellowish brown sands (10YR6/4) to a reddish yellow (5YR7/6) area
that matched the entire diameter of the surface heated area (see
Fig. 8). A further distinction in color, with an inner circle of redder
sediments, is visible in quartz sands and clays heated to tempera-
tures of ~950 °C (Fig. 8). The gray (2.5Y 6/1) limestone sand heated
to about the same temperature did not show reddening, and here
the unheated sands changed to white (10YR 8/1) with a slightly

greenish outer rim (Fig. 8). As seen in the FTIR results (Fig. 6b),
these heated sediments show the transformation of calcium car-
bonate to calcium hydroxide (see also Toffolo and Boaretto, 2014).
In the ash experiment (H11), we observe the complete combustion
of the black organic wood material in the center of the ashes where
the heat was more intense. This results in a slight color alteration
(from gray blackish areas to more homogeneous gray whitish ash
material) as seen in Fig. 8. No color alterations were observed
outside the surface diameter of the heat source itself, with the
sediments adjacent to this heated area remaining unaltered.
Rubefication of sediments and soils results mainly from mineral
weathering and the oxidation of iron forming iron oxides (Canti
and Linford, 2000; Schwertmann, 1993), which can be formed by
exposure to high temperatures. The degree of rubefication is
dependent primarily on two variables. The first is the amount of
iron initially present in the sediments. For instance, calcium car-
bonate deposits, such as the limestone sand and ashes used here,
contain little or no iron, and in our experiments these sediments
types do not show any reddening after heating. A second variable
involved in rubefication is temperature. Fig. 7 shows that macro-
scopic color alterations occur above the 200 °C threshold. This
onset is presumably associated with mineral transformations, for
instance from goethite to hematite, which can be induced by
thermal heating around 240 °C and accompanied with a marked
changed from yellow to red colors (Cornell and Schwertmann,
2004; Ruan et al., 2002). The thickness of visibly rubefied sedi-
ments directly underneath the heat source varies from a maximum
8.5 cm to only a discrete rubefied lens less than 1 cm thick (Fig. 6b).
The latter occurs in experiment H11 where ash was used in the
uppermost sediments overlaying quartz sands, and it was within
the latter deposits that some reddening was observed. In the case of
organic-rich deposits, a thin 1 cm of dark reddish color was
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Fig. 8. Plan (left) and profile (right) view of sediment alterations. In the profile view, it is possible to see the position of the metal Kubiéna boxes used for micromorphology

sampling. Scale is 10 cm.

observed directly underlying the organic deposits, in addition to
the loss of volume and charring of the organic content described
above.

As seen in Figs. 5 and 8, when viewed in profile rubefication has
a basin shape, with reddening being more extensive (thicker) in the
center of the heated deposits and thinning out to its sides. This
shape is illustrative of the way that heat transfer occurs through the
sediments, with higher temperatures reached directly underneath
the heat source and temperatures dramatically dropping laterally.

3.6. Field experiment: charcoal-fueled fire

In experiment C1, charcoal was used as a fuel instead of the
electric heat source. As stated earlier, every effort was made to keep
the fire burning at a consistent temperature, though as is often the
case in such field experiments, the surface temperature fluctuates
as fuel was depleted and replenished (Fig. 4f). The average tem-
perature, however, was 790 °C. The graphic pattern of heat transfer
shows the initial vaporization of the moisture at the various depth
intervals, but after two hours, the temperature at 2 cm below the
surface registered 517 °C, or roughly intermediate between the
temperatures achieved under laboratory conditions for 600 °C and
950 °C, and this is also true for the 6 cm and 10 cm depth intervals.
Similar to the laboratory experiments, temperatures in the under-
lying deposits continued to rise well after the fire was extinguished.
At the end of the experiment, a ~1 cm thick layer of ash was formed.

4. Discussion
4.1. Summary of results

Although the laws of thermodynamics for heat transfer have
long been understood, our purpose in this paper was to focus on

how ancient fires may have affected their surrounding sediments in
ways that could affect archaeological interpretations. Other

archaeological experiments dealing with fires and subsurface al-
terations have been carried out (Bennett, 1999; Campbell et al,,
1995; Canti and Linford, 2000; March et al., 2014; Sievers and
Wadley, 2008; Stiner et al, 1995; Wadley, 2009; Werts and
Jahren, 2007). These experiments tended to focus either on a
perspective of thermal alteration of artifacts, or under less
controlled conditions, and often with fewer variables that may
affect the processes. Table 2 compiles data on subsurface temper-
ature from previous experiments, and shows that there is a wide
variety of values reached in each of these studies, even for similar
depths (compare with Table S1 in Supplementary Materials). For
instance, Bennett (1999) reached temperatures of 244 °C at depths
of 15 cm below the surface in fires lasting for 48 h, and Wadley
(2009) recorded maximum temperatures of 296 °C at a depth of
10 cm. In other studies, temperatures are substantially different,
with much lower temperatures even at shallower depths (see
Table 2). This range of results can be due to differences in several
experimental parameters (such as surface temperatures, fire
duration, type of substrate, moisture content, etc.), all of which
make comparisons and specific assessments difficult. It is true, of
course, that archaeological fires were built on many different kinds
of substrates, undoubtedly varied in terms of their intensity and
duration, the use of different kinds of fuels, the moisture content of
the fuel, and other parameters such as the amount of oxygen
available. While most camp fires are thought to be of limited
duration, prolonged burning events lasting for 1—3 months are
known from ethnographic evidence (e.g., Mallol et al., 2007). Our
goal, however, was not to reproduce the effects of fire under every
conceivable situation. Rather, what we tried to do here was to
bracket a number of different variables in order to arrive at
generalized results that would have the broadest possible relevance
to archaeological situations. These results are limited to simple,
general purpose fires that would have been restricted in terms of
size, intensity, and duration, although the results can easily be
extrapolated to many other conditions. While the experimental
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conditions may strike some as being more unrealistic (i.e., lacking
in ecological validity), this is significantly offset by the much higher
internal and external validity offered by the present experimental
design.

The temperature of a surface fire is clearly one of the more
important independent variables examined in this study. Unfor-
tunately, it is generally difficult to estimate temperatures and du-
rations achieve by past fires based on the evidence of fire residues
alone (Stahlschmidt et al., 2015), but many studies have measured it
experimentally. Our goal was to bracket the range of temperature
that could be obtained under most natural settings, and so other
experimental data provided the upper and lower temperatures that
we used (see Table 1). Small fires fueled with grasses, leaves, and
twigs burn quickly and tend to reach only 225 °C peak tempera-
tures, although such small fires would have had little to no practical
use. Experimental bone fires can have temperatures of 825 °C,
wood fires can achieve maximum temperatures above 950 °C, and
our own charcoal fire, C1, had an average temperature of nearly
800 °C. Using the electric heater with a lower limit of roughly
600 °C surface temperature, the experimental results can be
applied to most small fires, especially those of sufficient intensity to
leave direct evidence in archaeological deposits. On the other hand,
our maximum limit of around 950 °C may actually be a bit lower
than the peak temperatures achieved by many past fires. In our
experiments temperatures were maintained for durations of nor-
mally 6 h or 9 h, and fires that were maintained for even longer
periods could eventually result in higher cumulative temperature
exposures.

What our results show is that under a wide variety of conditions,
including the temperature and duration of the fire, and given
varying sediments and other parameters, the heat generated by a
fire will significantly raise the temperature of sediments, and other
objects, directly underlying it. Sediments outside a direct heat input
will, on the other hand, show little or no thermal alterations, and
this is true for both laterally-buried sediments or surface sediments
just on the edge of the fire itself. As it would be expected, with an
increase in heating time, temperatures below the surface will
continue to rise until a thermal equilibrium is reached. It is, how-
ever, within the first two to three hours that the most significant
changes occur in subsurface sediments. Thus, even small fires of a
limited duration, so-called ephemeral fires, could significantly raise
the temperature of the underlying sediments.

Other variables, such as compactness, moisture content, and, to
some extent, the presence of organic matter or ash in the sedi-
ments, also affect the transfer of heat to underlying sediments. The
infiltration of water into underlying sediments is dependent on
several key variables, including grain size, porosity (or compact-
ness), the proximity of groundwater or bedrock, and, of course, the
amount of water on the surface. Finer grains, such as clay, will
reduce infiltration, effectively serving as a barrier, while coarser
sediments, or sediments with increased porosity due to plant root
action, will allow moisture to pass through more quickly. One of the
bigger factors to consider in archaeological sites is whether or not
they were sheltered from rainfall, dripping water from a roof,
increased proximity to phreatic water level, or runoff. If they were,
then we would expect the moisture in underlying sediments to
vaporize relatively rapidly under a fire, with the rate of vaporization
being a function of depth.

Organic matter works in the opposite fashion by contributing its
own source of heat as it combusts, and thus will increase the
amount of heat transferred to underlying sediments. The presence
of organic matter may be visible either macro- or microscopically,
as shown in Fig. 5. What is most interesting in this case is that the
presence of combusted, buried organic matter will have the
appearance of a surface fire with charred organic matter overlaying
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a thin lens of rubefied substrate, as seen in experiment H10 (see
also discussion on combustion features black layers in Mallol et al.,
2013b). Without closer examination, such type of deposits may be
mistaken for a surface hearth, when in fact they are the result of
post-depositional burning resulting from a later fire higher in the
sediments.

In the case of a hearth built directly above previous combustion-
derived sediments, if the ash component still contains organic
matter that was not completely combusted by the previous event,
this material will initially contribute to the total amount of heat
produced. However, once that is accomplished, then the ash itself
tends to act as an insulator to heat transfer. The overall effect on the
underlying sediments is somewhat complicated, however. In the
first place, the initial fire that produced a layer of ash will have
already heated the underlying sediments as described here, even
though the fire is producing a layer of ash itself. This is shown in the
charcoal-fueled experiment (C1) described above. This experiment
indicates that a buildup of ash during an initial fire does not
significantly hamper the transfer of heat to the underlying
sediments.

The main point to be drawn from these experiments, then, is
that although sediments are overall poor heat conductors, a surface
fire will still significantly increase the temperature of subsurface
sediments directly underlying it and any objects within them.
While the uppermost sediments closest to the fire are more greatly
affected, temperatures of sediments 10 cm—20 cm below the sur-
face can also rise significantly, depending primarily on the tem-
perature of the fire itself and its duration.

4.2. Archaeological implications

These results have significant implications for archaeologists.
When burned objects are recovered, even if they are not found in
association with fire residues, an assumption is often made that
they were burned prior to or at the time of their deposition. The
temperature values obtained in our experimental setting shows
that substantial heat can be transferred to the subsurface and such

High-Temp Exp.

heat will alter other objects in the ground, including lithics and
bone (Fig. 9). Previous studies tend to focus on heat alteration of
specific artifacts, but do not help on reconstructing under which
conditions these temperatures are attained in the subsurface. There
seems to be some degree of variability in terms of the temperatures
necessary to thermally alter chert. For instance, it has been reported
that chert can begin to display thermal alteration (cracking, crazing,
and color changes) starting at 250 °C, while the formation of a
luster requires temperatures around 350 °C (Julig et al., 1999 and
citations within; Rottlander, 1983). Schmidt (2013a) reports on
structural changes in flints starting between 200° and 300 °C as a
result of heating (see also Schmidt, 2013b), whereas Weiner et al.
(2015) show that flints from Manot cave (Israel) have a broad-
ening of specific FTIR peaks at temperatures above 500 °C. In ex-
periments with buried bones, Stiner et al. (1995) described black
carbonized bones at depths of 6 cm in their experimental fires. In
their study, none of the buried bones, even those in shallower
depths, attained a white color associated with fully calcined con-
ditions. However, in experiments attaining longer fire durations (up
to 48 h of heating), Bennett (1999) reports on bones becoming
blackened at depths of 10 cm and gray calcined bones in shallower
depths between 2 and 5 cm. Fruits and seeds buried 5 cm or even
10 cm directly below a fire can be carbonized, and this carboniza-
tion can occur at temperatures as low as 152 °C if such tempera-
tures were maintained for long durations (Sievers and Wadley,
2008). Secondary, post-depositional alteration of other types of
artifacts can also occur. For instance Wadley (2009) clearly dem-
onstrates that the overwhelming presence of red ochre in archae-
ological contexts may not necessarily relate to intentional symbolic
choices, but due to post-depositional heating transforming origi-
nally yellow materials into shades of red ochre.

Examination of thermally-altered sediment may also be
misleading in terms of the reconstruction of the structure of the fire
itself. Although heat transfers primarily downward, when seen in
cross-section the gradient in temperature is somewhat spherical.
Thus, when viewed in section, a fire that was built on a flat surface
may appear as though it was made in a depression. These results

Low-Temp Exp.
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are in agreement with observations made by Bellomo (1993) who
also describes a basin-shaped configuration of the oxidized sedi-
ments underneath campfires. A similar feature was also present in
our C1 experiment done outside laboratory conditions and with
actual fire. In the archaeological literature, there are several in-
stances of hearths or combustion features described as being
concave-, basin-, or cuvette-shaped (e.g., Almeida et al., 2009;
Vallverda et al., 2012; Wadley, 2012) — (see also March et al.,
2014 for experimental fires built on pit features). What the exper-
iments described here show is that this structure is not necessarily
artificial, i.e., an intentional anthropic construction, but can instead
simply be an expected result based on how heat penetrates un-
derlying sediments.

Probably the most significant archaeological implications have
to do with numerical chronology, including TL and OSL. Both of
these methods rely on the measurement of trapped energy accu-
mulated since the material being dated was last reset by exposure
to sufficient heat or light. Using the TL method as an example, it can
thus provide a date for when a piece of flint was burned, and it is
generally assumed that this burning took place at the time or
shortly before the object was deposited. Normally, a heating to at
least 300—400 °C is needed to reset a flint (Aitken, 1985; Richter
et al., 2011) but less heat for longer periods can also reset or,
importantly, partially reset the clock (Aitken, 1985). As these ex-
periments have shown, these temperatures can be achieved in a
deposit long after its deposition. In the case of Pleistocene sedi-
ments, the deposition of 6—10 cm above an object may represent
many thousands of years, and, of course, since heat can travel across
stratigraphic boundaries, the dates for an underlying layer may
represent the timing of fires in an overlying layer. Thus while fires
are a necessary condition for the application of TL dating, the spatial
relationship between fires and heated artifacts is potentially an
important complicating factor in relating dates to particular sets of
behaviors. The same is expected to be true for OSL derived ages.

5. Conclusions

With the controlled experiments presented here, we aimed to
understand the effects of heat on subsurface sediments and
embedded artifacts. With this goal in mind, our experimental
design included a variety of the kinds of parameters under which
fires might have occurred in the past — in effect bracketing the
kinds of conditions surrounding past fires. The problem, of course,
is that most of these kinds of conditions are difficult, if not
impossible, to assess for archaeological evidence of fires. So, instead
of trying to perform experiments with sediments that match those
of a particular site or level, we tried to bracket a series of different
parameters in order to arrive at generalized inferences. Hopefully,
most of the past fires that were present in most archaeological sites
fall somewhere within the range of parameters utilized here. While
some fires may have been a bit hotter than our maximum tem-
peratures, or cooler than our minimum ones, or of different dura-
tions, overall it should be possible to generalize these results to
most archaeological situations.

The results show that fires systematically contribute to signifi-
cant thermal alteration of directly underlying deposits, and such
alterations have broader implications for archaeological in-
terpretations and dating techniques. The obtained data allows us to
make the following inferences:

1. A spatially constrained fire will lead to a substantial rise in
temperatures of the deposits directly underlying it, with tem-
perature rises dropping dramatically to its sides. This shape for
lateral heat transfer is always similar, independent of the
experimental conditions. Therefore, only deposits directly

underlying a heat source will be thermally altered, with little or
no alteration in the sediments and artifacts outside the fire area,
both in deeper or shallower depths. One should also note that
the diameter of our heated area is relatively small (26 cm in
diameter). Substantially larger surface fires are known in the
archaeological record and these should lead to greater areas
being affected by the overlying heat source.

2. Although there are several variables accounting for the
maximum temperatures reached in the subsurface (intensity of
heat, its duration, sedimentary moisture, compaction, etc.), it is
within the first two to three hours of heating that the most
significant changes occur. A relatively-short-lived fire event has,
therefore, the potential to alter underlying deposits and leave
traces that can be archaeologically discernable (e.g., burned ar-
tifacts or rubefication).

3. Our results show that under a variety of different experimental
conditions, temperatures of 200 °C are routinely reached at least
at 10 cm depth in experiments lasting for 6 h. In fires of longer
durations, and given that temperatures below surface continue
to rise long after the heat source is extinguished, we can envi-
sion higher temperatures being reached at these depths. How
much the temperature rises will depend on a number of factors,
including the thickness of the accumulated ash, which will
eventually start acting as an insulating layer.

4, When viewed in cross-section, thermally-altered sediments will
develop a distinctive basin-shape configuration, even though
the surface was flat. This specific shape reflects the way heat is
transferred to the underlying sediments, and should not be
misinterpreted as a fire intentionally built on a depression.
Similarly, in the presence of previously buried combustible
material, a fire on top of these deposits can lead to complete or
partial combustion of the organic components, resulting in de-
posits that can, at a first glance, resemble a surface fire event.

The experiments presented here show that substantial thermal-
alterations of previously buried archaeological objects and sedi-
ment can occur due to a fire higher in the deposits. In certain
sedimentary contexts this may represent tens of thousands of years
between the original deposition and the post-depositional heating
of the materials. If the temperature and duration are sufficiently
high and long, this can result in a reset or partial reset of the clock
for luminescence dating applications, which will result in younger
apparent ages for underlying deposits. This experiment is not the
last word but serves as a well-documented case of observations on
selected variables. Further research can use this study as a spring-
board to investigate the basic characteristics of heat transfer by
further exploring other parameters that may have repercussions for
archaeological evidence.
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