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A B S T R A C T

Infrared (IR) spectroscopy has emerged as one of the most powerful analytical tools available to archaeologists.
It has been used to document site formation processes and understand the preservation of organic remains within
sites; to investigate pyrotechnology including control of fire, heat treatment of stone, and plaster manufacture; to
assess the preservation of charcoal and bone prior to dating or isotope analyses; and, to identify unknown
substances inside containers or on artifact surfaces such as stone tools. Most importantly, IR spectroscopy has
become an essential tool in the field of microarchaeology, the analysis of the portion of the archaeological record
which cannot be seen with the naked eye, yet which contains a wealth of data to address the research areas listed
above. IR spectroscopy, long a workhorse of analytical chemistry, is particularly suited to archaeology because it
is applicable to many kinds of materials - organic as well as inorganic - and can therefore be used to address a
wide range of questions. Sample preparation is rapid and, since minute quantities of a substance are necessary,
the technique is ‘microdestructive’. It can also be performed on-site, yielding results in real time that help guide
excavation and sampling strategies. The purpose of this review is to detail the basic principles and in-
strumentation of IR spectroscopy as it has been applied in microarchaeology and related fields of research. The
discussion centers on major archaeological applications to date, methodological issues, and recent trends. A
special focus is placed on new reflectance techniques.
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1. Introduction

In the twenty-five or so years since infrared (IR) spectroscopy first
began to be applied to the microarchaeological record, a number of
important methods to solve archaeological problems using this tech-
nique have been developed. Today, these constitute a well-established
methodology for excavating and analyzing the microscopic component
of archaeological deposits, in which IR spectroscopy and micro-
morphology play key roles (Weiner, 2010; Goldberg and Berna, 2010;
Mallol and Mentzer, 2015).

The emergence of IR spectroscopy as an invaluable analytical
technique in archaeology can be attributed to three main factors: first, it
can be used to characterize the composition and structure of a wide
range of substances: organic and inorganic molecules, compounds, and
mixtures. Second, it is relatively inexpensive, easy to use, and requires
minute quantities of a substance. It is, therefore, ‘microdestructive’ or
even non-destructive when using non-contact instrumentation.
Increasingly, innovations in instrumentation mean that infrared mea-
surements can now be conducted on many different kinds of samples,
ranging from bulk sediment samples and micromorphological thin
sections, to artifacts, faunal materials, and micro-residues on stone
tools. Third, because FTIR instruments are portable (vis. Vandenabeele
and Donais, 2016), they can be brought on-site, where they enable the
integration of microarchaeology, the study of the portion of the ar-
chaeological record that cannot be seen with the naked eye (Weiner,
2010:1), with macroscopic archaeological excavation. This means not
only that the myriad unknown substances found while excavating can
be identified in real time, but that fundamental research questions in-
volving site formation processes and the remains of human activity can
begin to be addressed while on-site, and excavation and sample col-
lection strategies (for further laboratory analyses) adjusted accordingly.

This review sets out to explain the basic principles behind IR
spectroscopy, to describe the instruments currently available, including
new reflectance-based instruments, and to summarize major archae-
ological applications of IR spectroscopy using both traditional techni-
ques and the newer reflectance-based techniques. Its aim is to provide
an overview of the types of information which can be obtained via IR
analyses, to discuss methodological issues, and to present future tech-
niques which may come into archaeology via cultural heritage science.
It is intended as a complement to Weiner's Microarchaeology (2010;
especially chapter 12, Infrared Spectroscopy in Archaeology), which de-
scribes the role of IR spectroscopy within this new field, provides ex-
tensive descriptions of materials amenable to IR spectroscopic analysis,
and details the types of archaeological information that can be re-
covered from them. This review presents the development of these
methods and summarizes important advances in this field since the
publication of this work. The target audience is archaeologists new to

infrared spectroscopy, who are interested in applying IR spectroscopic
techniques in their research on archaeological materials and sediments.

2. Principles of infrared spectroscopy

The infrared (IR) region of the electromagnetic spectrum is com-
posed of radiation whose wavelengths range from 700 nm to 1 mm.
These wavelengths are longer than those associated with visible light
(Fig. 1). The frequency of a radiation wave is inversely proportional to
its wavelength, as shown by the equation υ= c/λ where υ = the fre-
quency of light, c= the speed of light, and λ = the wavelength of light.
Accordingly, the frequency of infrared radiation is less than that of
visible light. Furthermore, according to the equation E= h υ, where
E = the energy of light, h= Planck’'s constant, and υ= the frequency
of light, the energy of light is proportional to its frequency. Therefore,
the energy of infrared light is less than that of visible light, as well, and
infrared ‘light’ is felt as radiant heat (Hesse et al., 2008:33; Pavia et al.,
2001:13).

Radiation striking a material can affect it at the molecular level.
High-energy radiation such as X-rays, for instance, causes energy
transitions within atoms that are strong enough to break molecular
bonds, and is used in measurement techniques such as X-ray fluores-
cence. Low-energy radiation, such as microwaves, can only cause nu-
clear or electron spin transitions within molecules, and is exploited in
nuclear magnetic resonance and electron spin resonance techniques
(Pavia et al., 2001:13). Infrared radiation contains sufficient energy to
bring about molecular vibrations or rotations in most molecules having
covalent bonds. This property enables infrared spectroscopy to act as a
‘fingerprinting’ technique for identifying molecules.

IR spectroscopy is based upon the principle that atom locations in
molecules fluctuate continuously as they vibrate and rotate about their
bonds. Vibrations come in two major types: stretching vibrations,
characterized by a change in the interatomic distance between two
atoms along the axis of the bond, and bending vibrations, in which the
angle between two bonds changes. Bending vibrations are divided into
rocking, scissoring, wagging, and twisting motions. Each vibrational
motion has its own frequency, which is based upon the type of motion,
the masses of the atoms, and the strength of the bonds. These fre-
quencies correspond to the infrared region of the electromagnetic
spectrum. When a source of infrared radiation is directed at a substance
(which can be a gas, liquid, or solid), the molecules in it undergo a net
change in dipole moment and absorb photons whose energies corre-
spond to the difference between two of the molecule's quantized vi-
brational energy levels (note: bonds that do not have an electrical di-
pole that is changing at the same frequency as the incoming radiation
do not absorb energy). These energy absorptions can be measured using
IR spectrometers, generating an IR spectrum for the substance. Normal

Fig. 1. Electromagnetic spectrum showing regions of interest.
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or ‘fundamental’ absorptions, for instance, result from excitation of the
molecule from the ground state to the lowest-energy excited state.
Excitation from the ground state to a higher energy state can result in
weak overtone bands whose frequency corresponds to multiples of the
fundamental frequency (ν), such as 2ν and 3ν. Combination bands can
arise from the interaction of two vibrational frequencies within a mo-
lecule, resulting in a new frequency (the sum of the interacting fre-
quencies). Difference bands also arise from the interaction of two vi-
brational frequencies, which are subtracted one from the other. Finally,
Fermi resonance results from the coupled vibration of a fundamental
band with an overtone or combination band. This complex absorption
process means that infrared spectra are unique for each type of mole-
cule (Pavia et al., 2001:13–18).

IR spectra are usually presented using a scale called the wave-
number, which is the reciprocal of wavelength, according to the
equation ṽ = 1/λ (cm) where ṽ =wavenumber and λ = the wave-
length of light. Wavenumbers are therefore directly proportional to
energy, which decreases from left to right in an infrared spectrum
(Fig. 2). The mid-IR region, with wavenumbers from 4000 to 400 cm−1

(corresponding to wavelengths from 2.5 to 25 μm) is the most widely
used, although the near-IR and far-IR regions have important applica-
tions.

The fact that the IR spectrum for each type of molecule is unique
means that infrared spectra can be used as ‘fingerprints’ for identifying
molecules; an unknown molecule can be identified if its infrared
spectrum is identical to that of a known molecule. Importantly, aspects
of the chemical structure of a molecule can be determined from its
infrared spectrum, because each type of bond has a small range of ab-
sorption within the IR spectrum. Organic functional groups (such as
OeH, C]O, CeH), for instance, absorb IR radiation at certain known
frequencies, which can be calculated from the masses of the atoms and
the force constant of the bonds between them. Most group frequencies
fall in the range of 3600 to 1250 cm−1. The “fingerprint region,” from
1200 to 400 cm−1, is sensitive to small differences in molecular
structure. The identification of an unknown organic compound is
commonly a two-step process consisting of the identification of group
frequencies, first, followed by analysis of the fingerprint region, until a
match is found (Skoog et al., 2007, p. 459).

IR spectroscopy in archaeology has mostly been used for identifying
minerals and organic molecules. Recently, however, a new method,
called the ‘grinding curve method’, was developed that can characterize
the atomic disorder of a mineral (Regev et al., 2010; Poduska et al.,
2011; Asscher et al., 2011). Although originally developed for archae-
ology, this method, described in Section 5, is applicable to all inorganic

Fig. 2. a) FTIR spectrum of calcite, prepared as a KBr pellet,
shown in transmittance mode; b) FTIR spectrum of calcite,
prepared as a KBr pellet, shown in absorbance mode.
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solids and has the potential for significant impact in the materials sci-
ences and biomineralization fields.

3. Instrumentation and sample preparation

3.1. Transmission techniques

The original IR spectrophotometers worked with a light source that
was split into two beams, one of which was passed through the sample,
the other through air, before being recombined and analyzed by a
monochromator, which recorded the spectrum as a function of wave-
length (Hesse et al., 2008:36). This type of instrument scanned through
every wavelength, recording a single frequency at a time; hence, it took
one hour or more to acquire a single spectrum. These instruments have
been replaced by Fourier transform (FT) spectrometers. In this type of
instrument, an interferometer converts the IR radiation into an inter-
ferogram, which is a plot of intensity versus time, containing all of the
frequencies in the infrared spectrum. The radiation emerging from the
sample is collected as an interferogram by the detector, and subse-
quently converted by a Fourier transform which separates the in-
dividual absorption frequencies, producing a plot of intensity versus
frequency. Fourier-transform infrared (FTIR) spectroscopy, as it is now
known, was a major innovation, resulting in a greater signal-to-noise
ratio, higher wavelength resolution, and greater speed (Hesse et al.,
2008:37; see also Griffiths and de Haseth, 2007, and Smith, 2011 for
excellent, updated texts on FTIR spectroscopy including new sampling
techniques).

FTIR spectrometers can measure samples of various types, including
gases, solutions, and solids, and a number of sample preparation methods
have been devised. Since archaeological applications generally involve
solid samples, we will focus our discussion on these. First, solid samples
need to be mixed with a carrier which is ‘transparent’ (i.e., does not absorb
energy) within the infrared region of interest. The most common pre-
paration method for solid samples involves grinding the sample (tens of
micrograms are sufficient) using an agate mortar and pestle and mixing it
with a halide salt (in a 1:100 ratio) to create a powder which is then
pressed, under high pressure, into a pellet. The sample should be ground
finely enough so that particle sizes are less than the wavelength of the
radiation (typically 2 μm), to avoid scattering effects (Smith 2011:90). The
halide salt most commonly used is potassium bromide (KBr), which, like
other halide salts, has the property of cold flow, becoming transparent
when it is pressed. This property, along with the fact that it does not ab-
sorb IR radiation in the mid-IR range (4000–400 cm-1 cm−1), makes it the
most popular choice for solid samples. Once a transparent disk has been
created, it is inserted in the light path of an FTIR spectrometer, and the
resulting spectrum records the percentage of radiation that has been
transmitted through the sample at each wavenumber (Fig. 2a), as
calculated by %T= 100× (I/I0), where %T= percent transmittance,
I0 = intensity in the background spectrum, and I = intensity in the
sample spectrum. The background spectrum is collected, using the same
parameters, before the sample spectrum is collected, and exhibits the
presence of water vapor and CO2 in the atmosphere. The y-axis of an IR
spectrum can also be plotted as a function of absorbance, A = log(I0/I),
were A= absorbance, I0 = intensity in the background spectrum, and
I = intensity in the sample spectrum. In absorbance spectra (Fig. 2b), the
heights of peaks and the areas under peaks are proportional to con-
centration (Smith 2011:6). Quantitative analyses can therefore be carried
out on absorbance, but not on transmission, spectra. Absorbance spectra
are the most commonly depicted type in archaeological literature. It is
important to note that regardless of whether spectra are plotted in percent
transmittance or absorbance, when the KBr pellet technique is used, ra-
diation is transmitted through a substance. It is therefore said to have been
measured in ‘transmission’ mode. This is the classic way of obtaining IR
spectra. In recent decades, a number of ‘reflectance’ techniques have been
developed, which can produce different results from those obtained via
transmission techniques.

3.2. Reflectance techniques

The development of reflectance-based instrumentation has enabled
FTIR spectrometry to be applied to a wider variety of sample types in
recent years, and has important applications in archaeology.
Reflectance spectrometry is based upon radiation that is reflected from
the surface of a sample, rather than transmitted through it. There are
three types of reflection: specular, diffuse, and total internal. Specular
reflection occurs when radiation is reflected from a smooth, polished
surface. In this case, the angle of reflection is identical to the angle of
incidence of the radiation; if the surface is an IR absorber, its re-
flectance spectrum will be similar to a transmission spectrum for the
same molecular species (Skoog et al., 2007:470). Specular reflection
spectra are typically collected by FTIR microscopes equipped with a
Cassegrain objective (Griffiths and de Haseth, 2007:305). This tech-
nique has variously been called FTIR microscopy (e.g., Monnier et al.,
2013; Prati et al., 2016), FTIR microspectroscopy (e.g. Monnier et al.,
2017; Monnier et al., in press) or microFTIR (e.g., Goldberg et al.,
2015). Diffuse reflection happens when a beam of radiation strikes the
surface of a powdered sample that reflects the radiation at many plane
surfaces. Radiation is therefore reflected in all directions, and a com-
plex combination of reflection, absorption, and scattering occurs before
the beam reaches the detector (Skoog et al., 2007:470–471). The re-
sulting spectrum is usually converted, using mathematical models, to
facilitate comparison with absorption spectra. The converted spectrum
tends to have peaks at the same locations but in different intensities
from a traditional absorption spectrum (ibid.). Diffuse reflection is
exploited in diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), which enables the measurement of IR spectra on powdered
samples with minimal preparation.

Attenuated Total Reflectance (ATR) is based upon the principle that
when a beam of radiation passes from a medium with a higher re-
fractive index to one with a lower refractive index, reflection occurs at
the interface between the two media. If the angle of incidence of the
radiation is beyond a critical angle (which depends upon the refractive
indices of the two materials), total internal reflection occurs. However,
a small portion of the radiation, termed the evanescent wave, never-
theless penetrates the less dense medium up to 2 μm deep. ATR spec-
trometry exploits this principle to enable the collection of IR spectral
data from samples, such as films, gels, or pastes, which are difficult to
prepare using the traditional IR sample preparation techniques de-
scribed above. ATR instruments are designed to enable the sample to be
pressed against a crystal with a high index of refraction, such as dia-
mond or germanium. The radiation beam is passed through the crystal,
and allowed to reflect from the crystal/sample interface multiple times
before being collected by the detector. The resulting spectra are similar
to transmission spectra, but not identical to them, as the relative in-
tensities of some of the bands may differ (Smith, 2011:132; see also
Section 6.1.1). ATR and micro-ATR (‘μATR’) spectroscopy are becoming
increasingly popular due to the ease of use of these methods and their
applicability to a broad range of samples. However, there are questions
regarding the comparability of spectra generated by ATR and other
reflectance techniques and those obtained by transmission FTIR spec-
troscopy. These are discussed in detail in Section 6.

4. Applications of transmission FTIR spectroscopy in archaeology

4.1. Chemical site formation processes

One of the most powerful uses of FTIR spectroscopy in micro-
archaeology has been its application to Pleistocene cave and rock
shelter sediments to clarify the complex diagenetic processes that have
taken place in these environments. Sediments within caves and rock
shelters accumulate from various sources, including geogenic (e.g.,
aeolian, alluvial, colluvial, and from the formation processes of the
caves themselves); anthropogenic (e.g., butchered animal remains,
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plant matter, human waste, wood ash); and biogenic (e.g., bat and bird
guano, carnivore dens). A variety of processes - physical, mechanical,
chemical, and biological - alter these sediments through time (Goldberg
and Sherwood, 2006). Cryoturbation and bioturbation translocate ma-
terials throughout sediments; heat from fires chemically and physically
alters sediments and artifacts; flowing water dissolves minerals and
alters the chemistry of the deposits, and anaerobic biological de-
gradation produces acids that dissolve minerals, which in some cir-
cumstances reprecipitate. FTIR spectroscopy is particularly useful for
documenting many of these processes (Weiner, 2010).

The pioneer of this approach is undoubtedly Weiner, who, working
with Bar-Yosef (e.g., Weiner et al., 1993), began to apply FTIR spec-
troscopy to archaeological sediments in order to document site forma-
tion processes and understand the degree to which distributions of
faunal remains reflect human activity versus quality of preservation. In
the Middle Paleolithic sediments in Kebara Cave, Israel, for instance,
Weiner and colleagues used FTIR on-site to map the distribution of
carbonate and phosphate minerals in order to document the diagenetic
processes which dissolved bones and affected their spatial patterning
(Weiner et al., 1993). They also documented the chemical processes
that altered the layers of ash in Kebara and Hayonim Caves (Israel)
(Schiegl et al., 1996). Along with soil micromorphological studies, and
supported through experimental work, they demonstrate that wood
ash, which is mainly composed of calcite along with some siliceous
minerals, undergoes a series of chemical changes which can dramati-
cally reduce the original volume of the ash. In these two caves, speci-
fically, calcite reacted with phosphate ions originating from bat guano,
forming new minerals such as carbonated hydroxyapatite (also known
as dahllite). A cascade of mineral dissolution and formation eventually
resulted in the formation of stable phosphate minerals and the accu-
mulation of thick layers of siliceous aggregates and phytoliths - what
remained from the ash after the calcite dissolved (ibid.). This work was
important for demonstrating that in cases of severe diagenesis (che-
mical alteration) of carbonate and phosphate minerals, siliceous ag-
gregates and phytoliths are sometimes the only remaining indicator of
the presence of ash.

Karkanas et al. (2000) further developed our understanding of au-
thigenic (formed in situ) minerals in cave sediments by systematically
documenting the key environmental parameters (ion concentrations,
acidity/alkalinity [pH], and oxidation conditions [Eh]) necessary for
their formation. This provides valuable information to scientists re-
constructing the chemical paleoenvironments under which carbonate
and phosphate minerals form in archaeological sites, and yields a fra-
mework for assessing the completeness of primary anthropogenic mi-
nerals such as bone, phytoliths, and wood ash. Building upon this work,
Weiner et al. (2002) used FTIR analysis, X-ray diffraction (XRD), mi-
cromorphology, and scanning electron microscopy with energy dis-
persive X-ray analysis (SEM-EDS) to map the distribution of minerals
within all major excavated layers at Hayonim Cave in three dimensions.
This enabled them to reconstruct site formation processes, and to un-
derstand the extent to which spatial patterning of bone (Stiner et al.,
2001) and phytolith distributions (Albert, 2003) reflect human activ-
ities versus diagenetic processes. Weiner et al. (2002) demonstrate that
the bulk of the sediments at Hayonim is composed of altered ash layers,
and identify several distinct mineral assemblages within the deposits
related to the locations of active springs and an erosional unconformity.

Stiner et al.'s (2001) related work applied a number of taphonomic
measures to the investigation of the horizontal variation in bone dis-
tribution at Hayonim cave, along with FTIR analyses of sediments and
bones. This study revealed the existence of zones of advanced diagen-
esis and decomposition in the cave, alongside zones with chemical
conditions favorable for the preservation of bones and wood ash. Sig-
nificantly, Stiner et al. document a correlation between the distribution
of bone and zones of favorable preservation. Furthermore, they de-
monstrate that the few well-preserved bones that occurred in areas with
unfavorable chemistry are intrusive; the product of bioturbation. These

analyses provided important data for the selection of samples for TL and
ESR dating as well as dosimetry placement. Likewise, at Grotte XVI in
France, documentation of authigenic carbonate and phosphate minerals
using FTIR analysis shed light upon the mineral reaction cascade that
had occurred in the deposits, altering the mineralogy of wood ash de-
posits and the spatial distribution of bones within the site (Karkanas
et al., 2002).

These pioneering studies helped create a new approach to the study
of site formation processes in caves and rock shelters that is still the
basis for such research today. FTIR analysis is an ideal complement to
micromorphological analysis, which yields detailed information about
the formation and structure of sediments, by providing precise chemical
data which helps clarify post-depositional processes. For instance, FTIR
analysis of bulk sediments at the Middle Paleolithic site of Esquilleu
Cave, Spain (Mallol et al., 2010) helped distinguish well-preserved
areas of the site from those in which dissolution of bone and ash has
occurred. The combination of micromorphological and FTIR analyses
was also useful in elucidating site formation processes at the rockshelter
of Obi Rakhmat in Uzbekistan (Mallol et al., 2009). At Diepkloof Rock
Shelter in South Africa, FTIR analyses shed light on the diagenetic
processes which affected a complex series of deposits reflecting in-
tensive human occupation (Miller et al., 2013). Increasingly, new re-
flectance FTIR techniques enable IR measurements to be taken directly
from micromorphological thin sections, providing a powerful correla-
tive tool (further discussed in Section 6.1.2).

FTIR spectroscopic analysis of sediments has also become a useful
tool for phytolith analysis, illuminating the conditions that affect the
preservation of these microbotanical remains (e.g., Albert et al., 1999;
Albert et al., 2000; Albert, 2003; Albert et al., 2012; Cabanes et al.,
2012). By facilitating the identification of the major mineral compo-
nents of sediments within a site, FTIR enables the chemical environ-
ment of a site through time to be reconstructed. Because phytolith
preservation depends upon certain chemical parameters, this approach
provides an important control for archaeobotanical analyses which seek
to reconstruct the spatial patterning of human behavior as it relates to
the placement of hearths, the selection of certain plants for fuel, and
changes in plant use through time.

While FTIR spectroscopy has become an essential tool in micro-
morphological analysis, the interpretation of IR spectra is also, con-
versely, dependent upon microscopic data in many situations. For in-
stance, the identification of wood ash depends not only upon IR
measurements indicating the presence of calcite, but also on micro-
scopic images demonstrating the presence of calcite crystals bearing the
shape (pseudomorphs) of calcium oxalate crystals which are common in
wood and which, upon heating to 500°–600°, are converted into calcite
(Weiner, 2010:170). Likewise, the identification of authigenic carbo-
nated hydroxyapatite (dahllite) in sediments, indicative of a distinct
chemical regime, must be confirmed with microscopic analysis to dis-
tinguish it from microscopic fragments of bone, since bone mineral is
also composed of carbonated hydroxyapatite. In other words, the ap-
plication of FTIR spectroscopy to the study of site formation processes
must be used in conjunction with other microscopic or analytical tools
for the most reliable results, in addition to careful visual observations of
the sediments themselves.

4.2. Diagenesis of bone and charcoal

4.2.1. Bone
FTIR analysis is instrumental in documenting the state of pre-

servation of biological artifacts such as bone and charcoal. Bone col-
lagen can be used for radiocarbon dating, and bone mineral can be used
for paleodiet and paleoenvironmental reconstruction, via analysis of the
stable isotopes of carbon, oxygen, and nitrogen. Assessing the pre-
servation of bones prior to carrying out such analyses is key. In one of
the earliest studies addressing bone preservation in prehistoric sites,
Weiner and Bar-Yosef (1990) tested for the preservation of collagen and
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other proteins in bones from sixteen Middle Eastern sites spanning the
Chalcolithic through the Upper Paleolithic. They observed that most of
these bones do not contain well-preserved collagen, but do contain
other large proteins. This study was the first to apply FTIR spectroscopy
to evaluate the state of preservation of bone mineral - carbonated hy-
droxyapatite - using a measure of infrared absorption of the phosphate
molecule known as the infrared splitting factor (IRSF, also sometimes
referred to as the crystallinity index or CI; calculated as shown in
Fig. 3). The splitting factor refers to the fact that the absorption band of
the antisymmetric bending mode (ν4) of the phosphate ion (PO4) is split
into two peaks (at approximately 603 cm−1 and 565 cm−1). The de-
gree of splitting was shown by Termine and Posner (1966) to be cor-
related with the crystallinity of bone mineral, which reflects both the
relative sizes of the crystals as well as the extent to which the atoms in
the crystal lattice are ordered (Weiner and Bar-Yosef, 1990). Weiner
and Bar-Yosef showed that the crystallinity index of the archaeological
bone is greater than that of modern bone, but concluded that this
measure, by itself, is not a good predictor for collagen preservation.

Further confirmation that the IRSF is correlated with crystallinity
came from a study of the diagenesis of modern bone exposed on the
surface of Amboseli National Park, Kenya, which showed a positive
correlation between IRSF and bone crystal lengths (Trueman et al.,
2004). These authors demonstrate that the size of bone crystallites in-
creases with length of exposure; simultaneously, there is a major re-
duction in organic matter content (mainly collagen). Trueman et al.
(2008) provide a mechanism to account for this correlation. They
suggest that as collagen, which is located within the bone matrix, de-
grades, the surfaces of the bone crystallites are exposed. This exposure
enables the crystallites to grow larger; IRSF increases as a result. Once
most of the organic matter has degraded, other factors affect the mi-
neralogy of bone mineral, including the growth of the crystals. There-
fore, although the IRSF is a good predictor of early diagenesis, it con-
tinues to increase after the organic content is gone, and is therefore not
a reliable proxy for biogenic signals such as collagen content once this
point is reached. Nevertheless, the IRSF is a useful screening tool to
assess the relative preservation of bone prior to radiocarbon dating of
collagen (e.g., Yizhaq et al., 2005). FTIR spectroscopy is also useful for
verifying the purity and preservation state of collagen once it has been
isolated from the bone mineral, and throughout the sample preparation
process (ibid.).

Stable isotope analyses of bone mineral and tooth enamel mineral
have long been used to reconstruct the diets of humans and animals,
yielding important information about paleoenvironments and human
subsistence behavior (e.g., Lee-Thorp et al., 1994; Richards and

Trinkaus, 2009; Sponheimer et al., 2013). The analysis of stable carbon
isotopes from bone mineral to reconstruct an animal's diet assumes that
these atoms were incorporated into the mineral during the animal's
lifetime. However, since bone mineral is altered during diagenesis, it is
possible for atoms from the environment to be incorporated into the
mineral after burial. Wright and Schwarcz (1996) assessed the pre-
servation of bone mineral (carbonated hydroxyapatite) from human
remains at the Maya site of Dos Pilas, Guatemala, using a number of
FTIR measurements. Their analyses allowed them to detect diagenetic
changes in both carbon and oxygen stable isotope ratios. This enabled
them to develop a screening technique to eliminate samples which
might provide unreliable data on paleodiets. Sponheimer and Lee-
Thorp (1999) also used FTIR spectroscopy to demonstrate the occur-
rence of diagenetic changes in tooth enamel which affect carbon isotope
signals. They propose several mechanisms which may be responsible for
the changes they observed in carbonate composition and structure
within tooth enamel. They advocate the use of FTIR as a powerful tool
capable of detecting extremely small changes within these carbonate
environments, thus enabling better selection of bone and enamel sam-
ples for paleoenvironmental and paleodietary reconstructions.

In a landmark study, Berna et al. (2004) published a series of la-
boratory experiments documenting the mineralogical cascade under-
gone by bone mineral during diagenesis. Berna and colleagues mea-
sured the solubility of bone mineral in near-neutral pH at ambient
temperatures and as a function of different phosphate concentrations.
Their results showed that bone begins to dissolve in a solution whose
pH is below 7.6–7.2. If the carbonate and phosphate ions that are re-
leased from bone mineral are carried away by an aggressive hydro-
logical regime, bone dissolution continues. If, however, water is not
flowing, the concentration of dissolved ions within the pores of the
bone increases, causing a new mineral phase to precipitate. This new
phase of carbonated hydroxyapatite is less soluble than the previous
phase, and Berna et al. postulate that it precipitates on the surfaces of
existing crystals, a process referred to as recrystallization. The infrared
splitting factor is a good proxy for this transition, since it measures
relative degree of crystallinity. Using this proxy, Berna et al. (2004)
show that mineral from living bone is the least ordered, exhibiting the
lowest IRSF. As bone becomes fossilized, and authigenic (as opposed to
biogenic) carbonated hydroxyapatite forms during recrystallization, the
IRSF increases. The mineral phase of bone and the IRSF are therefore
key to assessing bone preservation. Importantly, if bones are exposed to
a pH that drops below 7, more insoluble phosphate minerals such as
crandallite and montgomeryite form from the dissolved carbonate and
phosphate ions, instead of carbonated hydroxyapatite (Karkanas et al.,

Fig. 3. Calculation of the infrared splitting factor (IRSF)
following the method defined by Weiner and Bar-Yosef,
1990. First, a baseline is drawn from approximately
800 cm−1 to 500 cm−1. Then, the heights of the two peaks
(red lines at 604 cm−1 and 564 cm−1) are summed, and
divided by the height of the valley (blue line) between
them. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of
this article.)
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2000). Therefore, the presence of crandallite or montgomeryite nodules
in archaeological sediments may indicate that these sediments once
contained bones (Weiner, 2010:88).

4.2.2. Wood charcoal
Wood charcoal is one of the most important biological artifacts

encountered in archaeological sites, since it can be used, via radio-
carbon dating, to provide an absolute chronology as well as to identify
local vegetation. Wood charcoal stable carbon isotope signals also
contain paleoclimatic information (e.g., Caracuta et al., 2016). How-
ever, wood charcoal can be altered and degraded by a variety of che-
mical and mechanical processes. Assessing the state of preservation of
charcoal is essential for obtaining a reliable 14C date, especially from
old sites where very little of the original signal remains. In order to
better understand the structure and diagenesis of charcoal, Cohen-Ofri
et al. (2006) compared charcoal created in experimental fires with
charcoal recovered from two prehistoric sites. They characterized the
structure and chemical properties of the modern and fossil charcoal
using a number of methods including transmission electron microscopy
(TEM), Raman spectroscopy, FTIR spectroscopy (using the KBr pellet
method), X-ray diffraction (XRD), thermo-gravimetric and differential
thermal analysis (TGA/DTA), and electrical resistivity. Their results
reveal that both modern and fossil charcoal have two phases: an or-
dered graphite-like phase and a disordered, amorphous phase which is
difficult to characterize. Electrical resistivity and TGA/DTA analyses
show that the crystalline graphite-like phase is reduced in the fossil
charcoal and that its electrical properties are altered, favoring oxidi-
zation. FTIR spectra show the presence of carboxylate groups, con-
firming that the fossil charcoal has been oxidized. These results are
supported by TEM and electron energy loss spectroscopy (EELS) mea-
surements, which reveal that the dominant structure in fossilized
charcoal is the amorphous phase, and that it is the only phase which
contains oxygen (Cohen-Ofri et al., 2007). These results lead Cohen-Ofri
et al. (2006) to hypothesize that during diagenesis, the graphite-like
phase of charcoal is oxidized and degrades into material resembling
humic acids, a process which is accelerated in basic (i.e., pH > 8)
environments.

These findings have important implications for the selection of
samples for radiocarbon dating. One of the major problems in radio-
carbon dating of old charcoal is contamination from soil humic acids,
which are the degraded byproducts of organic matter. These are re-
moved by treating the charcoal with an alkali. The weight of the
charcoal can be dramatically reduced after alkali treatment, which is
usually interpreted as the result of the removal of contaminating humic
acids. However, in degraded charcoal, it could be that these humic
acids are derived from the charcoal itself, according to Cohen-Ofri
et al.'s (2006) findings. Unfortunately, radiocarbon dating experts are
currently unable to distinguish the origins of the humic acids; therefore,
continued research in this domain in this domain is imperative, as is the
careful evaluation of charcoal purification protocols (e.g., Rebollo et al.,
2008).

4.3. Pyrotechnology

FTIR spectroscopy has been instrumental in helping archaeologists
address a variety of questions surrounding the human use of fire. Along
with other techniques, especially micromorphology, it has helped
document the first instances of the controlled use of fire during the
early and middle Pleistocene. In later time periods, it has proven useful
in identifying fire-altered sediments, as well. In addition, FTIR spec-
troscopy has been shown to be a powerful tool in the documentation of
chemical changes in materials subjected to heat during the cooking of
food (e.g., bone), the manufacture of ceramics and plaster (clay and
calcite, respectively) and the heat treatment of stone for knapping (flint,
chert, and chalcedony).

4.3.1. Human control of fire
The timing of the human control of fire is one of the central ques-

tions in Paleolithic archaeology (Roebroeks and Villa, 2011), as fire is
seen as an essential cultural adaptation that may have had a profound
effect on human evolution (e.g. Wrangham, 2009; Attwell et al., 2015).
Identifying evidence for the intentional use of fire has been notoriously
difficult, but FTIR analysis coupled with micromorphology has made
important headway. In one of the earliest such studies, Schiegl et al.
(1996) showed that the presence of wood ash in archaeological sedi-
ments can be confirmed through identification of pseudomorphs of
calcium oxalate crystals, common in wood and many other plants.
These pseudomorphs are calcite crystals bearing the same shape as the
calcium oxalate crystals from which they transformed during burning
(Mentzer, 2014).

Stiner et al. (1995, 2001) showed that the temperature at which
bone was burnt can be estimated by its color and infrared spectra,
which show characteristic peak shifts, loss of peaks, and changing re-
lative peak intensities with burning. Likewise, the heating of clay mi-
nerals, which are a common component of sediments, results in pre-
dictable changes in measured IR spectra (Berna et al., 2007).
Application of some or all of these criteria has been instrumental in
documenting evidence (or lack thereof) for controlled fire in a number
of sites.

For instance, Zhoukoudian Cave in China was long regarded as
providing some of the earliest evidence for human control of fire in the
Paleolithic, in the form of layers of ash, charcoal, and burnt clay (Black
et al., 1933; Breuil, 1932). Micromorphological and FTIR analyses of
sediments at Locality 1, however, demonstrated that the features
thought to be ash accumulations are in fact laminar layers of silt
(Weiner et al., 1998; Goldberg et al., 2001). The association of burned
bones and lithics in other strata is consistent with the use of fire by
humans; however, no evidence for ash or hearths was found (ibid.). At
Schöningen, an open-air site in northern Germany which yielded
wooden spears with charred ends from deposits dating to ~400,000 BP
(Thieme, 1997, 2007), a recent study addressed previous claims that
the site contained hearths and burnt wood (Stahlschmidt et al., 2015).
Micromorphological analyses of the purported hearths and sediments,
complemented by a number of geophysical and geochemical analyses
including FTIR, showed a complete lack of evidence for any type of heat
alteration (ibid.). On the other hand, micromorphological and FTIR
analyses in the Acheulean layers of Wonderwerk Cave in South Africa
demonstrate the presence of fire here approximately 1 million years ago
(Berna et al., 2012; Goldberg et al., 2015). Micromorphological ob-
servations revealed the presence of wood ash containing calcium ox-
alate pseudomorphs, ashed plant material, and burnt bone. FTIR ana-
lyses of bones in bulk samples as well as in thin sections (using
reflectance FTIR microspectroscopy, see Section 6.2), showed that they
were heated to between 400° and 700 °C. These temperatures, which
are lower than those achieved in typical wood-fueled fires, are con-
sistent with indications that grass may have been used as a fuel (such as
the presence of grasses among the ashed plant remains).

The Amudian deposits at Qesem cave in Israel, dated to
~200–380 ka (Gopher et al., 2010; Mercier et al., 2013), were sub-
jected to similar analyses, which revealed abundant evidence for fire in
the form of calcitic ash pseudomorphs, burnt bone fragments, heated
soil lumps, and well-preserved ashes (Karkanas et al., 2007). Sub-
sequent analyses of a 4 m2 hearth underlying these deposits provided
evidence to suggest that this was a repeatedly used combustion feature
dating as early as 300 ka (Shahack-Gross et al., 2014). Micro-
morphological studies of this hearth revealed microscopically lami-
nated layers of wood ash containing charred and calcined bones,
charcoal, burnt flint, and burnt clay aggregates (ibid.). FTIR analyses of
bulk sediments and reflectance FTIR microspectroscopy (see Section
6.2) of thin sections showed that 60% of bones were heated to tem-
peratures exceeding 500 °C, and that clay minerals in some locations
were heated to temperatures> 400 °C (ibid.). This evidence indicates
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that the intensity of fire use increased throughout the period of occu-
pation of the cave.

Recently, FTIR analyses have also been used in conjunction with
micromorphological analyses to study experimental fires. Mallol et al.
(2013) investigated the formation of combustion features through ac-
tualistic experiments designed to elucidate the nature of the enigmatic
‘black layer’ of hearths. This black layer has long been assumed to re-
present the remains of uncombusted fuel - charcoal - and is commonly
used to define occupation floors. Mallol and colleagues built seven
hearths near an archaeological site, then excavated them and conducted
micromorphological, phytolith, and FTIR analyses of sediments. Their
results show that the ‘black layer’ is actually composed of charred or-
ganic matter from the surface upon which the fire was made. This
means that black layers contain material from occupations preceding
those that created the combustion features. This has significant im-
plications for behavioral and paleoenvironmental interpretations of the
material present in these layers, as well as stratigraphic reconstructions
of occupation surfaces.

In a highly controlled laboratory setting, Aldeias et al. (2016) tested
the impact of heat transfer from fire onto underlying sediments dif-
fering in grain size, degree of compaction, amount of moisture, and
presence of organic matter. Analysis of the results was conducted
through micromorphological studies, FTIR analyses of bulk sediments,
and microscopic attenuated total reflectance (μATR) analyses on thin
sections (see Section 6.1.2). The FTIR and μATR results show, among
other things, that burnt organic matter in heated sediments undergoes
predicted mineralogical transformations. In combination with micro-
morphology, they allow Aldeias and colleagues to demonstrate that
heat transfer during a simulated fire is greatest directly underneath the
heat source. This has important implications for our understanding of
combustion features in archaeological sites, which are often described
as ‘bowl-shaped’, because it shows that this shape is the result of heat
transfer rather than the boundary of an excavated fire-pit.

FTIR analyses have also been useful for analyzing pyrotechnology in
later time periods. In the Middle Bronze Age through Roman period
layers at Tel Dor, Israel, FTIR analyses of sediments, along with a suite
of other techniques, enabled researchers to reconstruct different uses of
fire (Berna et al., 2007). Berna et al. (2007) demonstrate experimentally
that clay minerals, common in tells because they are a main component
of mud bricks, evidence specific IR spectral changes through heating.
Using these principles and other techniques, they identify three dif-
ferent types of heat-altered sediments at the site: heating by convection
from ovens or kilns; heating due to bronze casting; and heating as a
result of a destruction event. At Tel es Safi/Gath, Israel, FTIR analyses
of sediments, along with micromorphological analyses, ceramic residue
analyses, and phytolith analyses were applied to the excavation of a 9th
c. BCE destruction layer (Namdar et al., 2011). The FTIR analyses re-
vealed the presence of ash and burnt clay-rich sediments; these data
enabled the researchers to deduce that the process of destruction at this
time period happened in several stages rather than as a single event.

These studies demonstrate that FTIR spectroscopy, as part of a suite
of analytical and microscopic techniques in microarchaeology, has led
to major advances in research on the human control of fire, including
tools to document the presence of combustion features, experiments to
refine our understanding of their formation, and the means to analyze
different types of heating events.

4.3.2. Burnt bone
Research has assessed the suitability of FTIR measurements in

helping us identify the temperatures to which bone was burnt. This has
important implications for documenting the human control of fire as
well as for understanding taphonomic factors which may affect the
preservation of burnt bone. In one of the earliest investigations of this
kind involving FTIR, Stiner et al. (1995) carried out a series of outdoor
burning experiments on goat bone. They did not attempt to control fire
temperatures, but instead categorized the bones, after heating, using a

color-based ordinal scale called the ‘burn code’. They noted that
burning renders bones more susceptible to fragmentation, which de-
creases its identifiability. They also submitted the bones to FTIR spec-
troscopy and calculated the IRSF as well as a measure of relative car-
bonate content (within bone mineral) based on the resulting spectra.
Their results showed that the splitting factor (i.e., at peaks 604 cm−1

and 563 cm−1) increases in more highly burnt bones, while the car-
bonate peaks (at 1416 cm−1 and 873 cm−1) decrease, especially with
the most intense burning which results in white, ‘calcined’ bones
(Fig. 4). In other words, bone mineral loses carbonate ions and becomes
more crystalline as it is burnt. The FTIR spectra they obtained were also
consistent with the presence of collagen in bone as measured by mineral
dissolution experiments, and both lines of evidence showed that col-
lagen (i.e., at peaks 1651 cm−1, 1548 cm−1, and 1455 cm−1) is present
in bone that is unburnt or lightly burnt, but absent in calcined bone.
Stiner and colleagues therefore establish that FTIR analyses can yield
important data regarding degree of burning of bone. However, they
note that in archaeological samples, weathering and diagenesis also
affect the IRSF and may, in fact, mask the effect of burning. They
conclude that burning is therefore best confirmed by color, rather than
by analysis of the crystallinity of the mineral using FTIR or XRD.

In order to investigate the extent to which stable oxygen isotope
ratios (used for reconstructing climate, diet, and mobility) in phosphate
ions of bone change as a result of heating, Munro et al. (2007) carried
out a series of lab-based, controlled-temperature heating experiments
on deer bone. They heated bone fragments for 1.5 h in a furnace at
temperatures ranging from 25° to 900 °C. Subsequently, they color-
coded the bones, measured them using XRD and FTIR, and calculated
the δ 18O of phosphate oxygen isotopes in the bone mineral. Their XRD
results show that an important mineral phase transition occurs between
450°–525 °C: below these temperatures, bone mineral most closely re-
sembles carbonated hydroxyapatite; by 550 °C, the predominant phase
is hydroxyapatite. In other words, between 450°–525 °C, bone mineral
loses carbonate. This is consistent with the results noted by Stiner et al.
(1995), and has important implications for oxygen isotope exchanges
which affect the δ 18O signature. Using the crystallinity index calculated
from both XRD and FTIR data, Munro et al. (2007) also show that
crystallinity increases with increasing heating temperature. They at-
tribute this increase in crystallinity to structural reorganization asso-
ciated with the loss of structural carbonate. However, using XRD, this
increased crystallinity does not become evident in bone until much
higher temperatures (625°–675 °C) are reached, while δ 18O values are
significantly affected at temperatures above 300°. The authors conclude
that a combination of color and IRSF should be used to select bones
expected to have retained their original phosphate δ 18O values.

In another controlled heating experiment, Snoeck et al. (2014) in-
vestigated the compositional and structural changes which occur in
modern and archaeological burnt bones. Instead of using transmission
IR spectroscopy, they used ATR, which produces spectra which cannot
be directly compared with transmittance spectra (see Section 6.1.1).
Nevertheless, their results confirm those of earlier experiments using
transmission IR spectroscopy. First, they show that IRSF values are low
in unburnt bones, higher in charred bones and even higher in calcined
bone. Surprisingly, they find that the IRSF decreases in bone heated
from 800°-900 °C, while another ratio (the carbonyl to carbonate ratio,
[C/C], which measures the fraction of organic carbon in a sample) in-
creases from 600 to 900 °C. Combining the two ratios makes it possible
to discriminate between bones heated to 700°, 800°, and 900 °C (ibid.).
Second, Snoeck et al. show that as bone is calcined (as it turns from
black to white), the carbonate content decreases while hydroxyl groups
and crystallinity, both of which can be measured with FTIR, increase.
This observation agrees with results from both Stiner et al., 1995 and
Munro et al., 2007. Finally, Snoeck et al. (2014) show that archae-
ological bones with high carbonate content come from high-carbonate
geological areas. These bones are not very reactive when exposed to
acetic acid, which is a common treatment used to remove external
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carbonates prior to stable carbon isotope analyses, whereas fresh heated
bone is highly reactive. This result confirms Berna et al.'s, 2004 ob-
servation that bone that contains small amounts of calcite (calcium
carbonate) does not dissolve in a slightly acidic environment, likely
because the calcite dissolves first (before the carbonated hydro-
xyapatite), buffering the water to a higher pH which prevents dissolu-
tion of bone mineral. Unfortunately, it might also mean that external
carbonates are incorporated into bone carbonated hydroxyapatite after
calcination, which would affect δ13C (Snoeck et al., 2014). In sum, FTIR
analyses, along with a suite of other analytical techniques, have shown
that during burning, bone loses collagen and carbonate, and the crys-
tallinity of the remaining mineral (carbonated hydroxyapatite or hy-
droxyapatite) increases. However, since crystallinity increases through
diagenesis as well, assessing the heating temperature of burnt archae-
ological bone must be based upon multiple factors, not solely upon the
IRSF.

4.3.3. Heat treatment of stone for knapping
The heat treatment of stone to improve its flintknapping properties

was a major technological innovation during the Paleolithic, and doc-
umenting instances of this pyrotechnology is a central concern. Heat
treatment of stone has been experimentally shown to reduce fracture
toughness (Domanski and Webb, 1992; Domanski et al., 1994), thereby
improving knappability, and requires careful control of fire tempera-
ture in order to be carried out successfully. Heated stone tools have
been identified at Middle Stone Age sites in South Africa dating to 71
kya and possibly as early as 164 kya on the basis of archaeomagnetic,
paleomagnetic, and maximum gloss measurements (Brown et al.,
2009). FTIR has also been used for determining whether stone for
knapping has been heat treated.

A set of detailed studies on the mineralogical transformations evi-
denced in heat-treated chalcedony using FTIR was carried out by

Schmidt and colleagues. Schmidt and Fröhlich (2011) assessed heat-
related transformations in chalcedony by heating five fragments of the
stone to temperatures ranging from 100°–1000 °C. Subsequently, they
powdered the samples and submitted them to FTIR analysis in trans-
mission mode as well as ATR analysis in both the mid- and near-in-
frared regions. Their results show that an absorbance band in the in-
frared spectra at 555 cm−1 (attributed to silanole groups, SieOH)
disappears between 350°–600 °C, and is correlated with a shift in the
band at 515 cm−1 (attributed to SieOeSi lattice vibrations in α-quartz)
to 509 cm−1. In the near-infrared (NIR) range, they show a reduction in
the band attributed to OH groups at 4547 cm−1 beginning at 350 °C,
correlated with a drop in reflectivity at 555 cm−1. They interpret these
results as indicating that surface silanole groups (SieOH) in chalcedony
are lost upon heating between 350°–600 °C, which enables the forma-
tion of new Si-O-Si bonds which ‘heal’ these defects. This model is re-
fined in Schmidt et al. (2011), who, using Fourier Transform Near-In-
frared spectroscopy (FT-NIR) elucidate four steps in the transformation
of chalcedony upon heat treatment: 1) when heated below 200 °C,
water in open pores within the material is lost to evaporation; 2) be-
ginning at 250°–300°, silanole (SiOH) is lost and healing of lattice de-
fects begins; molecular water is created from the silanole and accu-
mulates at defect sites; 3) between 300°–450 °C, new bridging SieOeSi
bonds begin to reduce open pores, which results in an increase in
hardness of the rock (Schmidt et al., 2012) and a reduction in fracture
toughness (Schmidt et al., 2013); but molecular water continues to
accumulate in new pores; 4) between 450°–600 °C, samples begin
fracturing internally, permitting this water to be evacuated. Schmidt
et al. (2012) note that annealing temperatures and ramp rates depend
upon the crystallographic structure of the rock, its size, and the volume
of its porosity. In summary, Schmidt and colleagues' work shows that
the key transformations in chalcedony upon heat treatment are a re-
duction of pores (both in size and number) and a concomitant increase

Fig. 4. FTIR spectra of bones categorized by color according to burn code (1 = slightly burned, to 6 = fully calcined). Spectra are presented according to the same scale, but have been
offset vertically. Note that Infrared Splitting Factor or IRSF (listed on the right) increases in more highly burned bones, while the carbonate peaks (at 1416 cm−1 and 873 cm−1) decrease.
Figure replicated from Stiner et al., 1995, Fig. 3, using spectra available on the website of the Kimmel Center for Archaeological Science.
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in bridging SieOeSi bonds. Achieving these transformations requires
good knowledge of fire and its properties, because precise control of
temperature as well as rate of heating are necessary to achieve the
desired changes.

Since flint does not always contain silanole groups, the measures
developed by Schmidt et al. for chalcedony may not be applicable to all
flint. Weiner et al. (2015) developed another FTIR-based measurement
for identifying heat-treatment of flint. Their heating experiments on
flint from the Upper Paleolithic site of Manot Cave, Israel show that two
adjacent peaks in the lower frequency portion of the spectrum (at 512
and 467 cm−1) broaden progressively with heating temperature. They
propose a new measure to quantify these changes, and demonstrate that
nineteen out of twenty tested flint artifacts from Manot cave yield va-
lues consistent with heating. This has important implications for our
understanding of the technological achievements of these people. In
fact, when the same method was applied to the older site of Boker
Tachtit in the south of Israel, no evidence was found for heat treatment
(Goder-Goldberger et al., 2017). This new approach indicates great
potential for continued development of FTIR-based measures of heat
treatment of silicate rocks.

4.3.4. Plaster and ash: distinguishing between pyrogenic, geogenic, and
biogenic calcites

Calcite (calcium carbonate, CaCO3) is a common mineral in ar-
chaeological sites (Weiner, 2010:76–83). One reason for this is that
many prehistoric archaeological sites are found in karstic caves or
rockshelters, which are composed of calcite (limestone or chalk). Thus,
sediment in such sites can contain calcite from the breakdown of the
roof and walls of the shelter, as well as travertines formed in karstic
systems. Calcite is also a common mineral in sediments such as loess.
Both of these types of calcite are geogenic, although they can have a
biogenic origin (i.e. microfossils). Human pyrotechnical activities can
also produce calcite: plaster, widely used throughout the Neolithic and
Iron Age in the Near East, is composed of pyrogenic calcite. Likewise,
the burning of wood produces pyrogenic calcite, as calcium oxalate
crystals found in wood decompose to calcite during burning. Finally,
eggshells and some mollusk shells are composed of biogenic calcite,
which can end up in sites as food remains.

Calcite can therefore come from a number of different sources, and
identifying its source can provide important information about human
activities. It can also reveal information about site formation processes
as the calcite may undergo post-burial changes to more ordered states.
Calcite readily dissolves when it is wet; the carbonate (CO3) ions re-
leased into the groundwater upon its dissolution buffer the pH to
around 8.2, which is excellent for the preservation of bone mineral, but
too high for good silica phytolith preservation (Weiner, 2010:143) and

possibly detrimental to the preservation of charcoal, as well (Cohen-
Ofri et al., 2006).

While micromorphology is key to identifying certain types of cal-
cite, this becomes more challenging when calcite crystals are dispersed
throughout sediments or recrystallized. However, Chu et al. (2008)
showed that the IR spectra of calcites can be used to help distinguish
between them. The vibrations of CeO bonds within CO3 ions produce
three absorption peaks in a mid-IR spectrum: ν3 at 1420 cm-1, corre-
sponding to CO3 asymmetric stretching, ν2 at 874 cm-1 corresponding
to CO3 out-of-plane bending, and ν4 at 713 cm-1 corresponding to CO3

in-plane bending. Gueta et al. (2006) had shown that atomic disorder in
the calcite crystal lattice causes the ν4 peak to broaden and thus have a
smaller peak height while the ν2 peak shape remains constant. Chu et al.
(2008) inferred that this change in the ν2/ν4 peak height ratio could be
used to document relative degrees of atomic disorder among different
kinds of calcite in archaeological sites. They showed that this ratio is
low in geological calcite such as sparry calcite, intermediate in wood
ash, and higher in freshly prepared plaster. The increasing ratio in-
dicates increasing disorder in the crystal lattice. Chu et al. (2008) fur-
ther showed that the ν2/ν4 values of archaeological calcites (plaster and
wood ash) fall in-between those for geological calcite and fresh plaster.
This paper heralded a major new innovation in the application of IR
spectroscopy to archaeological questions: the idea that FTIR spectro-
scopy can be used to identify the source of calcite encountered in the
archaeological record (wood ash, plaster, geological sediment, or shell).
The problem was that the reproducibility of this ratio was influenced by
the extent of grinding of the sample. Specifically, the size and dis-
tribution of calcite particles within the KBr matrix create an optical
effect that results in peak sharpening (Poduska et al., 2011).

This problem was addressed by Regev et al. (2010), who developed
‘grinding curves’ based upon the plots of the ν2 and ν4 peak heights,
each normalized to the height of the ν3 peak height, for successively
ground samples. Grinding a calcite sample several times, obtaining an
FTIR spectrum after each grinding episode, and plotting it in this
manner produces a characteristic trend line which can be used both to
control for inter-analyst differences in grinding and strengthen calcite
origin identification (Fig. 5). The implications of this new ‘grinding
curve’ method, which can help us distinguish wood ash from geogenic
calcite, or plaster from chalk, are wide-ranging, and have already
yielded important results (e.g., Cabanes et al., 2012; Namdar et al.,
2011). It is important to note, however, that the grinding curve method
was developed for KBr pellets, and has not yet been shown to be ap-
plicable to other FTIR sample preparation methods.

Aragonite, like calcite, is a polymorph (a variant) of calcium car-
bonate (CaCO3). It can be geogenic, growing in caves or precipitating
out of evaporating seawater; or biogenic, produced by land and many
marine mollusks (Weiner, 2010:77–78). Toffolo and Boaretto (2014)
investigated the origins of aragonite documented in archaeological se-
diments containing heat-altered clays, and occurring in calcitic lime
plaster. Since aragonite transforms into calcite when heated above
400°, the presence of aragonite in these heated contexts is unusual.
Experimentally, they found that heating calcareous materials above
600 °C, then letting them cool to room temperature (which is the first
part of the process for making plaster), can result in the formation of
aragonite. This is a surprising finding, since aragonite generally does
not form at ambient temperatures and pressures (in the absence of
magnesium). These temperatures are typically reached in campfires,
which produce calcareous ash, and during the burning of limestone to
make plaster. Therefore, the authors infer that the presence of this
‘pyrogenic aragonite’ in sediments may be used to help document the
presence of wood ash and plaster. Additionally, aragonite can be used
to help identify combustion features in contexts where sediments are
rich in geogenic calcite, since geogenic calcite can be difficult to dif-
ferentiate from pyrogenic calcite if the two are mixed in sediments.
Toffolo et al. (2017) have also developed a new radiocarbon dating
method based upon dating the 14C in pyrogenic aragonite, which

Fig. 5. Grinding curves for plaster, ash, limestone, and spar calcite. The (x,y) values for
each data point are based upon the normalized heights of the (ν4,ν2) peaks as described in
the text. The shape of each trend line reflects changes in absorption due to different
particle sizes; the position of each curve on the plot relative to the end-member (spar
calcite) yields information about the degree of local crystalline order. Spar calcite con-
tains the highest degree of crystalline order, whereas modern plaster exhibits the lowest
degree of crystalline order. Figure used, by permission, from Regev et al., 2010, Fig. 1b.
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originates from the air at the time of its formation. This method has the
potential to be used to date archaeological plasters and the ash from
combustion features when charcoal is absent, and as such represents an
important new application of radiocarbon dating.

4.4. Residue analysis

Because FTIR analysis is suitable for analyzing extremely small
samples, it has proven useful for characterizing unknown residues lo-
cated in or on artifacts. For instance, Maniatis and Tsirtsoni (2002) used
FTIR analysis to identify the contents of a black residue on the inside of
a ceramic vessel from the Neolithic site of Dikili Tash in Greece. Al-
though this residue had been assumed to be organic, FTIR spectroscopy
showed that it was composed primarily of calcite; SEM-EDS and optical
microscopy revealed the crust to be composed of iron oxides, and the
authors interpreted it as having been a hematite pigment that was
converted to magnetite and maghemite during a destruction fire, and
subsequently cemented by calcite. Giachi et al. (2013) investigated
medicine tablets found in a tin pyxis recovered from a 2nd c. BCE
Etruscan shipwreck. SEM, SEM-EDS, FTIR, XRD and GC/MS analyses
were applied in order to identify the ingredients in these medicines.
FTIR spectroscopy revealed the presence of hydrozincite and starch,
which are known to have been used as ingredients in medicines and
cosmetics, respectively.

FTIR analysis has also been useful for characterizing hafting re-
sidues. For instance, Shaham et al. (2010) used FTIR to investigate red
staining on a crescent-shaped flint artifact from the PPNA site of
Gesher. Due to its location on both faces of the artifact, adjacent to the
abruptly retouched edge, this staining was assumed to be related to
hafting. FTIR analysis of the material showed the presence of calcite,
clay, and hematite, and SEM images and SEM-EDS analyses revealed
the presence of vegetal fibers and elements consistent with calcite and
hematite. XRD patterns confirmed the FTIR results. Based upon these
lines of evidence and upon ethnographic and archaeological studies of
hafting, the authors concluded that the red stain is the remains of an
adhesive made using a clayey mud, ochre-like minerals, and quartz and
vegetal material as loaders. Mud plasters have been documented from
Natufian and PPNB sites, strengthening this interpretation.

Helwig et al. (2014) used FTIR and other analytical techniques to
characterize the adhesive residues on stone points recovered from
melting ice patches in northwestern Canada. They mounted small
fragments of the samples on a diamond anvil cell and analyzed them via
FTIR spectroscopy in transmission mode. Their GC-MS analyses re-
vealed that these adhesives are composed of spruce resin in almost all
cases. FTIR spectra were consistent with these results, and showed,
furthermore, that diterpenoid spruce resin can be distinguished from
callus resin, due to the substituted aromatic structures of the lignan
components in callus resin.

Finally, Shillito et al. (2009) demonstrate that FTIR spectroscopy is
useful as a rapid screening tool prior to the selection of more expensive
and time-consuming analytical techniques such as GC-MS. For instance,
the presence of a strong phosphate (PO4) doublet at 602 cm−1/
562 cm−1 in a coprolite was correlated with the presence of fecal
biomarkers in the same coprolite as identified using GC-MS. On the
other hand, two other samples which lacked the doublet were found not
to contain sufficient residue to quantify via GC-MS. Shillito et al. (2009)
also showed that pottery samples can be screened for resin and other
organic residues using FTIR, which reveals the presence of different
organic components (e.g., foodstuffs and triterpenoid resins) as con-
firmed by GC-MS analyses.

These studies illustrate the usefulness of FTIR spectroscopy in the
identification of a wide range of unknown organic and inorganic re-
sidues, especially when used in conjunction with other analytical
techniques. FTIR spectroscopy, when used with the KBr pellet sample
preparation method, can be classified as microdestructive, in that it
requires the destruction of a very small portion of the artifact or residue

under consideration. However, sometimes, even minimal destruction
such as this is either undesirable, in the case of valuable or unique
artifacts, or not feasible, when these residues are too small to be re-
moved. The search for non-contact methods of IR spectroscopy has
therefore led to the development of some of the reflectance-based
methods described earlier, including FTIR microspectroscopy. The ap-
plication of FTIR microspectroscopy to lithic residue analysis is de-
scribed in detail in Section 6.2.

5. Methodological issues involving transmission FTIR
spectroscopy

Transmission FTIR spectroscopy carried out on samples prepared as
KBr pellets has been the gold standard for the method for over fifty
years. As described in Section 3.1, sample preparation for this method
involves grinding a sample into a powder, mixing it with KBr, and
pressing the mixture under high pressure to create a transparent disk
which is then placed in the light path of the spectrometer. It has long
been known that when using this method, variables like particle size,
sample concentration, and crystal size need to be controlled (e.g.,
Termine and Posner, 1966). Generally, appropriate concentrations and
consistent grinding by hand are easy to achieve with a little practice.
However, Surovell and Stiner (2001) investigated the effect of particle
size on measurements of the bone splitting factor when they suspected
the presence of a systematic bias due to sample preparation. They
discovered, in a controlled experiment in which three separate in-
dividuals prepared 10 KBr pellets from the same stock powder each,
that the IRSFs produced by one of the individuals were significantly
lower than those produced by the other two individuals. This was a
problem since IRSF is supposed to be a measure of the crystallinity of
bone which can be used to assess relative degrees of burning or diag-
enesis. Yet, from a single bone fragment, they were able to obtain IRSFs
ranging from 2.78 to 3.78. Their subsequent experiments showed that
intensive grinding of bone causes IRSF to decrease; they attribute this to
an alteration of the crystalline structure of carbonated hydroxyapatite
crystals by over-intensive grinding. In order to mitigate this problem, as
well as increase the replicability of measurements, they advocate the
replacement of hand-grinding of samples by mechanical grinding in a
ball mill and sifting of the resulting powder.

The problem raised by Surovell and Stiner has led a number of re-
searchers to favor FTIR-ATR spectroscopy instead of the KBr pellet
method (e.g., Stathopoulou et al., 2008; Thompson et al., 2009;
Hollund et al., 2013; Beasley et al., 2014; discussed below in Section
6.1.1). However, the grinding curve method developed for calcite
(Regev et al., 2010; Poduska et al., 2011) and bone mineral (Asscher
et al., 2011) has now effectively resolved the problem. As described
earlier (in Section 4.3.4), in order to control for the relationship be-
tween grinding intensity and peak width, Regev et al. (2010) in-
troduced the grinding curve technique for calcite analysis, which plots
the normalized heights of the ν2 and ν4 peaks for successively ground
and measured samples. This produces a characteristic trend line which
can be used both to control for inter-analyst differences in grinding and
to obtain information on crystallinity, which helps determine the origin
of the calcite (biogenic, geogenic, or pyrogenic). The reasons for peak
sharpening with grinding are described by Poduska et al., 2011:
Duyckaerts (1959) had shown that as the size of particles is reduced
through grinding, they become more evenly distributed throughout the
matrix (KBr), permitting more energy to be absorbed by the pellet.
Thus, when plotted on the grinding curve, all of the points that fall on
the same curve are samples with the same crystallinity, but different
particle sizes. On the other hand, the shifts of these curves relative to
the end-members reveal information about the degree of local crystal-
line order (Fig. 5). These grinding curves therefore decouple sample
preparation influences from differences in the intrinsic structural order
in the material. The implications of this new method are significant, not
only for archaeology, but for materials sciences and biomineralization
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as well, because they provide a fast and easy mechanism for monitoring
the crystallinity of solid materials using very small amounts of sample.

Asscher et al., 2011 applied the grinding curve technique to dif-
ferentiate between particle size and atomic disorder in carbonate hy-
droxyapatite from enamel, dentine, cementum, and bone. They create
grinding curves by plotting the IRSF against the FWHM (full width at
half maximum height) of the major phosphate (PO4) absorption peak at
1035 cm-1. Like the calcite grinding curves, the shapes of the carbonate
hydroxyapatite grinding curves reflect particle size effects, while the
locations of the trend lines on the plot reflect atomic disorder effects.
They show that differences in atomic disorder exist between bone,
dentine, and even enamel crystals from modern taxa which reflect
crystal size or disorder within the crystal lattice. They also show that
the IRSF remains constant once FWHM of the peak at 1035 cm−1

reaches below 100; this demonstrates that well-ground samples pro-
duce reproducible spectra, and is consistent with the observation by
Poduska et al., 2011 that well-ground calcite samples also produce re-
producible spectra, since they localize near the end of grinding curves
where further grindings have little effect on analyzed peak ratios. The
grinding curve method, in other words, seems to solve the problems
noted by Surovell and Stiner (2001) regarding reproducibility; in ad-
dition, it provides a new measure of crystallinity.

6. Principal applications of reflectance FTIR spectroscopy in
archaeology

Although sample preparation for transmission FTIR spectroscopy is
easy and requires only a few milligrams of sample, reflectance FTIR
spectroscopy, which can be non-destructive, is sometimes preferable.
Reflectance-based methods offer several advantages to traditional
transmission-based methods. Some methods, such as FTIR micro-
spectroscopy and Fiber-optic reflectance spectroscopy (FORS), are non-
contact and, hence, non-destructive. Others, such as ATR and μATR are
contact methods requiring a flat surface, and are thus applicable to
fewer materials. However, ATR methods are less susceptible to optical
effects than non-contact reflectance FTIR measurement techniques, and
are therefore preferred in many cases.

6.1. Contact methods: FTIR-ATR and μATR

In ATR spectroscopy, the material to be measured is pressed against a
crystal with a high index of refraction, such as diamond or germanium (see
Section 3.2). The radiation beam is passed through the crystal, and al-
lowed to reflect from the crystal/sample interface multiple times before
being collected by the detector. Micro-ATR (μATR) spectroscopy is based
upon the same principle, but combines the optics of a microscope for
accurate positioning of a crystal that has a smaller spot size, permitting
only one reflection. ATR and μATR spectroscopy have become popular due
to the ease of use of these methods and the variety of sample types which
they can analyze. ATR requires little or no sample preparation for mate-
rials which can be pressed firmly against the crystal - the method depends
upon good contact between the sample and the crystal - therefore, it is
particularly suitable for soft or sticky substances which cannot easily be
ground as required by the traditional KBr pellet technique. Hard samples,
such as bone, can also be analyzed via ATR, but need to be powdered prior
to analysis (but see below for ATR analyses on bone cross-sections). μATR
spectroscopy was used to analyze residues on the surfaces of six lithic
artifacts from Diepkloof Rock Shelter in South Africa (Schmidt et al.,
2015). Generally this method is not very successful on stone tools, since
they have uneven surfaces which makes it challenging to establish good
contact between the crystal and the artifact. In this case, however, the
method was successfully used to demonstrate the presence of an organic
tar on the stone which was formed by contact between the stone and the
embers of a fire during heat treatment.

6.1.1. ATR versus the KBr-pellet technique for assessing bone diagenesis and
bone burning

Several recent studies on bone diagenesis have claimed that ATR is
superior to the KBr pellet technique. The basis for this claim is, first,
that ATR is not susceptible to the optical effects of particle size and
dispersion within the embedding matrix that affect peak shapes pro-
duced using KBr pellets. Thompson et al., 2009 have concluded that
ATR measurements are therefore not susceptible to the grinding effect
noted by Surovell and Stiner (2001). Second, it has also been suggested
that the use of KBr can result in chemical alterations of a sample, such
as hydration and ion exchange (e.g., Stathopoulou et al., 2008). For
instance, in a study comparing FTIR-ATR measurements on bone
powder mixed with KBr in a 1:10 ratio versus pure bone powder,
Hollund et al. (2013) found that the addition of KBr results in lower,
broader peaks and hence a lower infrared splitting factor (IRSF). Third,
the KBr pellet technique is seen as ‘messy’ and time-consuming (e.g.,
Thompson et al., 2009), especially if the grinding protocol from
Surovell and Stiner (2001) is used.

The ATR sample preparation method is undoubtedly fast and easy
for many types of samples, especially liquids and semi-solids. However,
as mentioned above, the method depends upon establishing good con-
tact between the sample and the crystal. Solids, therefore, should be
ground to a powder using an agate mortar and pestle - this reduces
particle size, ensuring better contact with the crystal when they are
flattened against it by the clamp (Smith 2011:143). Therefore, pre-
paring samples for ATR analysis is only marginally faster than pre-
paring them for transmission analysis using KBr pellets.

More importantly, ATR spectra are known to differ from KBr spectra
because the depth of penetration (DP) of the evanescent wave depends
upon the refractive indices of the crystal and the sample, the angle of
incidence of the beam, and the wavelength of the IR radiation, as seen
in the following equation (Smith, 2011:131):

= −DP 1/[2πWn (sin θ n ) ]c
2 2

sc
1/2 (1)

where DP = depth of penetration, W = wavenumber, nc = refractive
index of ATR crystal, θ = angle of incidence, and nsc = the refractive
index of the sample (nsample) divided by the refractive index of the
crystal (ncrystal). This has several implications. First, it means that light
with longer wavelengths (lower wavenumbers) penetrates farther into
samples than light with shorter wavelengths. For instance, 1000 cm−1

light penetrates three times farther into a sample than 3000 cm−1 light
(Smith, 2011:132). As a consequence, as DP decreases in a spectrum
from right (low wavenumbers) to left (high wavenumbers), peak height
also goes down. Therefore, relative peak intensities in ATR spectra
differ from those in non-ATR spectra. ATR spectra are frequently cor-
rected using software functions designed to adjust the relative in-
tensities so that they look more like those measured using transmission
experiments. However, in general, it is best to compare ATR spectra to
other ATR spectra, only. Eq. (1) also means that the DP will vary as a
function of the type of crystal used, because as the index of refraction
(nc) of a crystal increases, DP decreases. For instance, since germanium
(Ge) has a higher index of refraction (nGe = 4.0) than diamond
(nDiamond = 2.42), it has a shallower depth of penetration. Therefore,
relative peak intensities of samples measured with a Diamond crystal
are more intense than those measured with a Ge crystal; the two spectra
are not comparable.

A number of studies have argued that despite these drawbacks, the
ATR technique produces similar results as the KBr technique (e.g., Dal
Sasso et al., 2016). Stathopoulou et al. (2008) show that ATR data are
comparable with other lines of evidence, such as XRD, in a study of the
diagenesis of fossil bones from three sites in Greece (dating to the
Miocene and Pleistocene). Using XRD data, they identify changes to the
crystal structure of carbonate hydroxylapatite that occur with diagen-
esis at all three sites, and show that the XRD data correlate with the
ATR data. However, others showed that, although IR absorbance fre-
quencies are the same whether bone is measured using ATR or KBr
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pellets, the intensities of the absorbances differ. For instance, in a study
specifically designed to compare ATR with the KBr pellet technique on
experimental burnt bone, Thompson et al. (2009) found that ATR
produces different values from FTIR-KBr: the IRSF is always lower when
based upon KBr values than ATR values. Building upon this study,
Hollund et al. (2013) obtained ATR and FTIR-KBr measurements on
powdered bones from 20 archaeological sites spanning the Upper Pa-
leolithic through Medieval times in Europe, and on experimental bone
heated to different temperatures. They found that the absorption in-
tensities of the ATR spectra are often lower than those of KBr spectra;
moreover, the IRSF as calculated from the ATR spectra is consistently
higher than that calculated from the KBr spectra, confirming Thompson
et al. (2009). Finally, they found that although there is a high corre-
lation between infrared ratios (such as the IRSF, the carbonate to
phosphate ratio [C/P], and the amide I to phosphate ratio [Am/P], a
measure of collagen content) obtained from KBr spectra versus ATR
spectra for the modern, experimental bone, these values are lower for
archaeological bone. This poses a problem for diagenesis studies, which
by definition are carried out on old bones. Beasley et al. (2014) also
found that the IRSF and C/P ratios as measured by three FTIR techni-
ques (the KBr technique, ATR, and DRIFT) on over 400 modern and
prehistoric bones are significantly different. They attribute this result to
differences in resolution between the three techniques. Furthermore,
the correlation between the two indices differs according to technique,
as does the distribution of values. Beasley et al. conclude that the three
techniques are not comparable and require the development of different
criteria in order to evaluate diagenesis. They favor ATR for this purpose
because it produces ratios which better discriminate between modern
and prehistoric bone than the KBr technique, and avoids the problems
related to grinding identified by Surovell and Stiner (2001). The effect
of manual grinding during KBr pellet preparation upon the splitting
factor is one of the main reasons given by authors who avoid this
technique in favor of ATR. However, as mentioned above, the grinding
curve technique (Regev et al., 2010; Poduska et al., 2011; Asscher et al.,
2011) controls for this problem and provides a way to obtain in-
formation on bone mineral disorder irrespective of particle size (As-
scher et al., 2011).

Finally, there is the question of using ATR on samples ‘as is’, without
grinding - an appealing notion since this requires less sample prepara-
tion or destruction. Hollund et al., 2013 applied ATR directly to po-
lished bone sections, and compared these results with those obtained
from ATR measurements on bone powder from the same bone. The
correlation was high for the IRSF, but less high for the C/P ratio and the
Am/P ratio. The archaeological samples showed very poor correlation
between the direct ATR and the powdered sample ATR measurements.
Hollund and colleagues show that this lack of correlation is due to
heterogeneity within bone. Therefore, ‘bulk’ measurements of pow-
dered bone may provide a more representative measure of crystallinity
than individual spot measurements. In sum, FTIR-ATR measurements
on powdered bone seem to produce reliable results, although the re-
producibility and accuracy of the technique must continue to be in-
vestigated, and ATR and KBr results are not interchangeable.

6.1.2. Micromorphology using ATR and μATR
ATR spectroscopy has also been used to measure features of interest

on micromorphology thin sections, including the suite of minerals
sensitive to diagenesis (calcites and phosphates), materials which pro-
vide information on heating (calcites, clays, bone), and other features.
In fact, it appears that reflectance FTIR techniques such as ATR, μATR,
and FTIR microspectroscopy (described below) have become essential
partners with micromorphology. For instance, at Obi Rakhmat, a late
Pleistocene rock shelter in northeastern Uzbekistan, sediment samples
were analyzed using both the traditional transmission FTIR KBr pellet
technique and ATR using powdered samples (Mallol et al., 2009). These
analyses provided information on phosphate diagenesis within the
shelter, documenting the presence of dahllite (authigenic carbonated

hydroxyapatite) which suggested that low levels of diagenesis due to
phosphate had occurred, possibly as a result of the breakdown of or-
ganic matter (there is no evidence for bat guano, a common source of
phosphate in rock shelters, at the site). At Roc de Marsal in France,
micromorphological thin sections of combustion features were analyzed
using either ATR or FTIR microspectroscopy. These analyses helped
provide information on calcination of bone, heating of clay minerals,
and other mineralogical data which helped confirm the presence of
numerous combustion features (Aldeias et al., 2012). The development
of FTIR microscopes with μATR attachments have made this technique
particularly attractive and easy to apply to micromorphology thin
sections. μATR was used to measure sediments and features on thin
sections from blocks collected throughout the major stratigraphic units
and microfacies at Liang Bua, the late Pleistocene cave site on Flores
Island that yielded the type specimen Homo floresiensis (Morley et al.,
2016). Results provided data on diagenesis of calcareous and phos-
phatic sediments, and helped identify the distribution of clay and other
minerals on thin sections (ibid). μATR measurements on micro-
morphology thin sections from a series of sediment burning simulations
were also taken by Aldeias et al. (2016). As described earlier in Section
4.3.1, these measurements helped the authors test the impact of heat
transfer from fires on underlying sediments. As noted earlier, however,
ATR and μATR spectra are not directly comparable to transmission
spectra. This is especially true where quantitative analyses, such as
calculation of the IRSF, are required. Therefore, the development of
ATR spectral libraries and ATR spectra-based measures of crystallinity
are essential for the application of techniques originally developed for
the KBr pellet technique.

6.2. Non-contact methods

Non-contact methods of reflectance FTIR spectroscopy also exist,
such as FTIR microspectroscopy, DRIFT, and Fiber-optic reflectance
spectroscopy (FORS). FTIR microscopes are designed to allow both
visible light and IR radiation to pass through the same optical system.
This enables small areas of interest (150 μm × 150 μm or less with a
15× objective) in a sample to be viewed and its IR properties measured
in either transmittance or reflectance mode. FTIR microspectroscopy in
reflectance mode has been applied to micromorphological thin sections
in a number of recent studies, for instance at Qesem Cave (Shahack-
Gross et al., 2014) and at Wonderwerk Cave (Goldberg et al., 2015), as
described in Section 4.3.1. FTIR microspectroscopy has also been de-
monstrated to have great potential for in situ analysis of residues on
stone tools (see below).

FORS is uniquely suited to cultural heritage research, as it consists
of a flexible fiber-optic probe attached to a portable spectrophotometer
(e.g., Rosi et al., 2010). This enables the instrument to be brought to
locations where artwork cannot be moved. The diameter of the probe is
generally 5 mm or less, and it can be positioned either perpendicular to
the surface to be measured, for total reflectance, or at an angle (e.g.,
45°) in order to work with diffuse reflectance (e.g., Bacci et al., 2009).
Depending upon the instrument, FORS can be used to collect data in the
Near Infrared (NIR) range, as well as UV and visible light (e.g., Bacci
et al., 2009; Vagnini et al., 2009; Rosi et al., 2010; Miliani et al., 2012;
Buti et al., 2013; Dooley et al., 2013).

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFT)
has been used very little in archaeology (but see Lettieri, 2017), al-
though it is popular in the materials sciences and earth sciences. In
DRIFT spectroscopy, the focus is on the collection of diffuse reflected
energy rather than specular reflected energy. It requires a sample to be
powdered and diluted with an IR-invisible diluent such as KBr, and
placed in a cup which is illuminated by the IR source. Both the source
and detector are placed at angles designed to optimize the generation
and collection of scattered light. This technique can minimize inter-
ference from water bands, and produce greater spectral resolution;
however, Beasley et al., 2014 found it provided worse resolution on
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powdered bone compared with KBr-pellet and ATR measurements.

6.2.1. Methodological issues in non-contact reflectance IR spectroscopy
Non-contact modes of reflectance IR spectroscopy such as FTIR

microspectroscopy and FORS are susceptible to a different set of issues
than those arising in ATR and μATR. These are related to the complex
interactions that occur between light and matter. As succinctly de-
scribed by Miliani et al. (2012); see also Griffiths and de Haseth (2007),
when light strikes the surface of a material, it can either be reflected
from the surface, or it can penetrate, where it is absorbed, refracted,
reflected, and scattered prior to exiting. Surface reflection (Rs) is also
known as specular reflection, whereas light that has penetrated a ma-
terial before being reflected is known as volume reflection (Rv). Surface
reflection is ruled by Fresnel's law:

=
− +

+ +

R n k
n k

( 1)
( 1)s

2 2

2 2 (2)

, where k is the absorption index and n is the refractive index. Distor-
tions in an infrared reflectance spectrum can arise depending upon the
absorption index of the material: when it is very low (k < 1), as occurs
in most organic molecules, the reflection profile follows the derivative-
like behavior of the refraction index (n), resulting in derivative bands.
On the other hand, when k≫ 1 (e.g., in many inorganic salts containing
nitrates, carbonates, sulfates, and phosphates) these bands are totally
reflected, producing inverted or reststrahlen bands.

Volume reflection, on the other hand, originates from an absorption
process - therefore, it produces spectra which are very similar to
transmission spectra. Some differences in relative band intensities ap-
pear since the penetration depth of diffuse reflected light is inversely
proportional to the scattering factor and the absorption coefficient. For
instance, combination and overtone bands, which have a lower ab-
sorption index, are usually enhanced in reflection mode because they
are crossed by the light, resulting in higher effective sample thickness
(Buti et al., 2013).

Both of these factors have important implications for the reflectance
FTIR microspectroscopic measurements of organic residues on stone
tools, as revealed in Monnier et al. (2017, in press). The results obtained
in these two studies are also in agreement with the known relationship
between surface roughness and type of reflection: the degree to which a
surface is expected to produce specular or volume reflection depends
upon the roughness of the surface. Surfaces that are ‘optically flat’ – in
other words, where the size of the particles is larger than the wave-
length of the IR radiation, produce specular reflection. Rough surfaces,
on the other hand, where the size of the particles is the same as the
wavelength of the radiation, produce diffuse reflected radiation. The
surface texture of a material, in combination with its optical properties
(absorption and refraction indices), can therefore produce a complex
blend of specular and volume reflection, containing a number of dis-
tortions in the same spectra. Mathematical corrections that are com-
monly used for these distortions, such as Kramers-Kronig and Kubelka-
Munk, do not correct all distortions on spectra that are characterized by
multiple types of distortions, and must be used cautiously (Buti et al.,
2013; Griffiths and de Haseth 2007:311). This fact has spurred the
development of reference libraries for reflectance spectra of archae-
ological materials common in residue analyses (Monnier et al., 2017, in
press). It has also led cultural heritage researchers to develop reference
libraries of reflectance spectra for organic and inorganic pigments,
binders, finishing materials, and preparation layers of artworks (Miliani
et al., 2012).

6.2.2. New solutions to reflectance FTIR spectroscopy challenges
Cultural heritage and conservation science has largely led efforts to

overcome the methodological issues described above, and these in-
novations suggest future applications of reflectance techniques in ar-
chaeology. For instance, near-infrared (NIR) reflectance spectroscopy
has been successfully used to resolve some of the issues faced in mid-IR

reflectance spectroscopy (Dooley et al., 2013). Within the NIR range,
from 13,000–4000 cm−1, many molecular species exhibit vibrational
overtones and combination bands of fundamental absorptions. Only
functional groups containing NeH, CeH, OeH, CeO, and CeC bonds
vibrate in this range, and combination and overtone bands are generally
broader and less well resolved than fundamental bands. Therefore,
band assignments can be difficult, and NIR is less specific than mid-
infrared spectroscopy. The main advantage of the near-infrared range
occurs in reflectance spectroscopy. Bands in the NIR range are not
distorted by specular reflection. Furthermore, because they have lower
absorptions than those in the mid-infrared range, they are enhanced by
volume reflection (Rosi et al., 2010). Vagnini et al. (2009) used NIR-
FORS to obtain contactless measurements of sixteen organic materials
commonly used as binding media and varnishes, including plant-based
oils, protein binders, and natural resins. They documented the combi-
nation and overtone bands visible in the reflectance spectra, then ap-
plied a mathematical function to obtain the first derivative of the
spectra. These derivatives were useful for highlighting differences that
appear very minor in the reflectance spectra. For instance, the raw
reflectance spectra for the four drying oils that they used (walnut,
poppyseed, linseed, and stand) are very similar, but the derivative
spectra show distinctive features in the range 4600–4000 cm-1. Deri-
vative transforms of the protein binders (whole egg, animal glue,
casein, and egg white) also show differences, enabling discrimination
between them. Within the resin category, diterpenes can be dis-
tinguished from triterpenes using the raw reflectance spectra. By using
the first derivative, different resins within the terpene class can be
distinguished. Inorganic pigments that strongly absorb in the NIR range
are those with OH combination bands (hydrate minerals) or low-energy
electronic transitions (e.g., Co- and Fe-based compounds). The authors
demonstrate that NIR reflectance spectroscopy and mathematical tools
enabled the correct identification of several components of the paints in
a 17th century painting, which were independently confirmed using
GC-MS.

Researchers in cultural heritage have experimented with different
reflectance FTIR techniques, both contact and non-contact, for mea-
suring cross-sections of paintings (see Prati et al., 2016, for an excellent
overview of FTIR microspectroscopy in cultural heritage science). Po-
lished thin-sections of paintings are made in much the same manner as
thin sections of sediments in soil micromorphology, by embedding the
painting sample in resin (or KBr [Joseph et al., 2010]) and cutting it so
that the stratified layers containing mixtures of binders, pigments,
drying oils, resins, and so forth can be analyzed. Just as micro-
morphologists have applied both contact and non-contact techniques to
the study of thin sections, cultural heritage researchers have experi-
mented with these techniques to analyze painting cross-sections. The
studies using contact methods of reflectance spectroscopy, namely ATR
and μATR, have identified some of the same limitations with ATR as
those described earlier; namely, that good contact between the section
and the crystal is only achievable with rigorous sample preparation to
create a flat surface; that the surface may be damaged by pressure; and
that if the criterion for internal reflection isn't valid, for highly ab-
sorbing bands there's a sharp rise in refractive index of the material
which distorts them and shifts them towards lower wavenumbers (Rosi
et al., 2010; Rosi et al., 2011; Sciutto et al., 2014). Additionally, the
relationship between penetration depth and wavelength means that in
ATR spectra, high wavenumber absorptions (e.g., OH stretching) are
less intense, making hydration phases of compounds more difficult to
identify (Rosi et al., 2010). While baseline corrections are commonly
used to compensate for this problem, they are ineffective for mixtures
(Prati et al., 2016).

Therefore, researchers have also applied non-contact reflectance
FTIR microspectroscopy to the analysis of paint cross-sections. They
have addressed the problems noted earlier regarding the mixture of
specular and diffuse reflected light that is generated by samples which
are not optically flat, resulting in distorted (inverted or derivative)
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bands (Rosi et al., 2011), by applying chemometrics techniques to the
spectra such as mathematical transformations and univariate and
multivariate statistical techniques. For instance, Rosi et al., 2011 ap-
plied principal components analysis to chemical maps of painting cross-
sections in order to obtain chemical distributions of the materials in
each stratigraphic layer. Sciutto et al., 2014 used FTIR microscopy in
the NIR region (FT-NIR microscopy) to avoid the distorted bands pre-
sent in the mid-infrared region (MIR). Using the Thermo Nicolet
iN10MX microscope, they recorded spectra within a range of
8000–675 cm−1 and generated chemical maps. They applied multi-
variate data processing techniques to the data to minimize unwanted
effects such as baseline variations and global intensity effects, and ap-
plied first and second derivatives to enhance details within broad bands
and correct for baseline shifts and drifts. Finally, they performed ex-
ploratory PCA analyses, revealing that the NIR region is more effective
than the mid-infrared (MIR) region in identifying the composition of
paint layers.

In sum, a number of advances have been made with reflectance
FTIR techniques within the past decade. These include advances in
instrumentation and data analysis techniques which have been
exploited in conservation science and, to a lesser extent, in micro-
morphology. Continued technological advances in instrumentation, for
instance FTIR microscopes which integrate FTIR microspectroscopy and
μATR on the same system and are capable of generating high-resolution
spectral maps (e.g., Joseph et al., 2010), will enable increasingly de-
tailed measurements of sensitive samples such as paintings, micro-
morphology thin sections, and residues on stone tools, in the near fu-
ture.

6.2.3. FTIR microspectroscopy for lithic residue analysis
In archaeology, the most common non-contact reflectance FTIR

method used to date has been FTIRM. Cesaro and Lemorini (2012)
published one of the earliest studies using FTIR microspectroscopy for
lithic residue analysis on flint and obsidian tools from two Neolithic
sites in Italy. They used a Bruker Hyperion infrared microscope with a
spot size of 100 μm × 100 μm to measure residues in situ. Although the
reflectance spectra that they collected are dominated by the absorbance
bands of the stone, they were nevertheless able to identify organic re-
sidues including proteins, lipids, adipocere (‘grave wax’), and bone
mineral. Using a similar reflectance methodology but different in-
strumentation (a portable Bruker Alpha-R spectrometer with external
reflectance head and spot size ~5 mm in diameter), Solodenko et al.
(2015) identified bone mineral, adipocere, and plant remains on arti-
facts from the Lower Paleolithic open-air site of Revadim Quarry, Israel.
Using the same instrument, Zupancich et al. (2016) identified bone
mineral residues on scrapers from the Lower Paleolithic site of Qesem
Cave (Israel). The FTIR microspectroscopy reflectance spectra pub-
lished in both of these studies, however, are dominated by the IR ab-
sorbance bands from the stone underlying the residue, making the in-
terpretation of the IR bands from the residues extremely difficult.

FTIR microspectroscopy reflectance spectra of bitumen residues on
stone tools from the Middle Paleolithic site of Hummal, Syria (Monnier
et al., 2013), are less affected by the underlying stone. In this study, we
applied VLM, SEM, SEM-EDS, FTIR microspectroscopy, and confocal
Raman microscopy to the analysis of hafting residues on three Paleo-
lithic implements from the site of Hummal, Syria (ibid.). Previous GC-
MS analyses of these residues had identified them as composed of bi-
tumen (Hauck et al., 2013), but Monnier et al. (2013) showed that non-
destructive, non-contact methods can also be used to identify these
residues. FTIR microspectroscopy measurements carried out using a
Nicolet Continuμm infrared microscope with a 150 μm × 150 μm spot
size clearly showed the presence of oxidized bitumen.

Prinsloo et al. (2014) explored the viability of reflectance FTIR
microspectroscopy for analyzing animal-tissue residues such as muscle,
fat, and bone. Using a Hyperion infrared microscope, they measured
spots 100 μm in diameter on experimental stone tools which contained

residues of these substances, and systematically compared these FTIR
microspectroscopy measurements with those of the same substances
made using ATR. This enabled them to document the various distor-
tions that arise in the reflectance FTIR microspectroscopy spectra, as
well as the effect of the stone. Since these distortions can be severe, they
advocate for the development of reference FTIR microspectroscopy
spectra of residue types as well as stone. Monnier et al. (2017, in press)
answer this call by publishing collections of plant-tissue as well as an-
imal-tissue residue reflectance spectra. These spectra were obtained
using a Nicolet Continuμm FTIR microscope and aperture sizes up to
150 μm × 150 μm. We show that reflectance spectra of residue stan-
dards prepared on aluminum-coated mirrored slides are very similar to
transmission spectra of the same residues; however, the spectra of the
same residues on stone substrates can be severely distorted (Monnier
et al., in press). We discuss procedures for correcting some of these
distortions, which are more common on animal-tissue than plant-tissue
residues, and show that when distortions can be avoided or corrected,
FTIR microspectroscopy spectra are very sensitive to minor chemical
differences between samples.

7. Conclusions

In the quarter-century since infrared spectroscopy first began to be
systematically applied to archaeology, it has led to major advances in
the study of site formation processes, pyrotechnology, and the altera-
tion of archaeological materials by chemical diagenesis. It has also been
shown to hold great potential for the analysis of a variety of residue
types on stone artifacts, and is overall a most useful tool for the analysis
of unknown substances encountered in the archaeological record. In
tandem with micromorphology, IR spectroscopy is an essential com-
ponent of the tool-kit of microarchaeology. In its application to the
study of archaeological deposits inside Paleolithic cave and rock shel-
ters in the Levant, Europe, Asia, and South Africa, IR spectroscopy,
along with the associated methods of microarchaeology, has led to
breakthroughs in our understanding of the formation of these sites and
the human behaviors that occurred in them. This includes the use and
control of fire, spatial organization within these sites, and the heat
treatment of stone. Laboratory-based experiments documenting the
formation and alteration of minerals have provided a sound under-
standing of the environmental conditions underlying diagenesis and
their resulting effects. Likewise, actualistic studies (e.g., Trueman et al.,
2004, 2008) and the exciting new field of geo-ethnoarchaeology have
enabled us to begin developing a more dynamic understanding of cul-
tural and natural site formation processes, especially with regards to
diagenesis (e.g., Friesem et al., 2011; Friesem et al., 2016; Gur-Arieh
et al., 2014; Mallol et al., 2007; Shahack-Gross, 2017; Shahack-Gross
et al., 2003; Shahack-Gross et al., 2004).

The application of IR spectroscopy to sites from more recent time
periods has yielded information on architectural materials (e.g.,
Namdar et al., 2011), cooking installations (Gur-Arieh et al., 2014; Gur-
Arieh et al., 2012), and destruction events (Namdar et al., 2011). In
particular, research designed to help distinguish various kinds of calcite
which might originate from wood ash, plaster, or chalk, led to the de-
velopment of a new technique for evaluating atomic disorder within
minerals. Not only does this technique help distinguish between calcites
of different origins, it has been adapted to bone mineral, as well.

Due to these contributions, coupled with its ease of use and low cost,
IR spectroscopy will become an increasingly valuable tool for archae-
ological research. New instruments and data analysis techniques will
continue to expand its applicability for smaller and more delicate ma-
terials as well as increase its resolution. Reflectance techniques, NIR
spectroscopy, and chemometrics being pioneered in cultural heritage
science will undoubtedly play a key role in the development of these
techniques in archaeology. Therefore, opportunities to continue ex-
ploring new applications for IR spectroscopy in archaeology, and to
refine existing ones, will abound. It will also remain a useful
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complement to microscopic and analytical techniques such as visible-
light microscopy, scanning electron microscopy, energy-dispersive X-
ray spectroscopy, X-ray diffraction, and the like. Undoubtedly, IR
spectroscopy will continue to play a central role in the development of
archaeological science, helping provide increasingly accurate and
nuanced understandings of the archaeological record.
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