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Abstract The analysis of microscopic residues on stone tools provides one of the most
direct ways to reconstruct the functions of such artifacts. However, new methods are
needed to strengthen residue identifications based upon visible-light microscopy. In this
work, we establish that reflectance Fourier-transform infrared microspectroscopy
(FTIRM) can be used to document IR spectra of animal-tissue residues on experimental
stone tools. First, we present a set of reflectance FTIRM standards for the most
commonly identified animal-tissue residues on stone tools: skin, meat, fat, hair, blood,
feather barbules, fish scales, and bone. We provide spectral peak assignments for each
residue and demonstrate that high-quality reflectance FTIRM spectra can be generated
under ideal circumstances. Second, we document the spectra for these residues when
they are located on a stone substrate such as flint or obsidian. We discuss procedures for
correcting spectra that are affected by specular reflection and explain the effects of
spectral interference from the stone. Our results show that reflectance FTIRM is
sensitive to small intra-sample differences in composition. This means that it will
record the effects of decomposition in ancient residues. The methodological develop-
ments we present here will help lithic residue analysts incorporate in situ reflectance
FTIRM into their analysis protocols to strengthen identifications.
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Introduction

One of the most direct sources of information about stone tool use during the Paleo-
lithic comes from lithic residue analysis, which aims to identify microscopic fragments
of plant and animal tissue adhered to the tools’ surfaces. Such residues are assumed to
originate from materials that, when worked using the tool, became caught on sharp
edges and in flake scars. Under conditions of favorable preservation, these residues, as
well as hafting adhesives such as resins, gums, and pitches, are thought to have been
preserved for tens of thousands of years. Residues have been observed in situ (on stone
tools) using high-powered microscopy, potentially providing valuable information
about the behavior and activities of the humans who used them (e.g., Lombard 2011,
Hardy et al. 2013). Despite its inherent appeal, however, lithic residue analysis faces
the following challenges:

1. Identification

How can the human eye (aided by light microscopes) accurately identify often
featureless, amorphous, severely degraded microscopic fragments of plant and animal
tissue? It is true that some biological tissues, such as hair, possess distinctive structural
features that enable their identification with a high degree of certainty using visible-
light microscopy (VLM) (e.g., Croft et al. 2016). Most residues, however, lack such
features, and their identification is subjective. We have previously shown that ambigu-
ity in identification exists even for fresh experimental residues (Monnier ef al. 2012); in
our tests, identifications of fresh residues based on VLM alone were, on average,
incorrect ~25% of the time.

2. Preservation

How can organic residues be preserved for tens of thousands of years in the
absence of exceptional circumstances (i.e., anhydrous or anoxic environments)?
As noted by Weiner (2010:207), uncharred organic matter is rapidly degraded by
microorganisms in most environments. Biological molecules are preserved only if
they are protected from microbial activity and chemical degradation; in other
words, if they are located in a “protected niche” within the mineral phase of
materials such as bone, teeth, eggshells, and phytoliths (ibid.). Controlled exper-
iments by Langejans (2010) and Croft ef al. (2016) designed to investigate the
preservation of residues on stone tools support these observations by showing that
animal and plant tissues decay rapidly in most circumstances. Langejans (2010)
showed that, while the rate of decay of residues on stone tools placed in sheltered
environments is lower than that of residues placed in open-air contexts, close to
half of the residues in these environments have decayed after only 1 year. Apply-
ing the same preservation index, Croft et al. (2016) showed that organic residues
on stone tools buried for 11 months in three different soils had decayed dramat-
ically. Only keratinized tissues (hair and feathers) were preserved better than most.
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Developing FTIR microspectroscopy for the analysis of animal 3

These results raise the question of what mechanism is responsible for preserving
residues for tens of thousands of years in environments that do not fulfill the
criteria (e.g., anoxic or anhydrous) normally associated with organic preservation.

3. Contamination

Contamination is a serious problem in the analysis of many types of archeological
microremains, from charcoal and pollen to starch grains (e.g., Crowther et al. 2014). It
applies to lithic residue analysis as well. How do we know that observed residues are
the product of tool-use behaviors rather than contamination? Recent research has
documented common types of laboratory contaminants, such as skin flakes, starch
grains, and modeling clay, which may be mistaken for residues (Pedergnana et al.
2016). Analysis of the residue patterning on buried experimental tools yielded a
contextual approach to interpreting residues based upon their association with working
edges (Langejans 2011). These studies provide valuable contributions to residue
analysts seeking to mitigate the effects of contamination.

Continued research in each of these three areas is fundamentally important for
progress to continue to be made in lithic residue analysis. Our focus in this paper is
on the first one, identification, which is foundational. In earlier research, we
demonstrated that lithic residue analysis based upon visible-light microscopy
(VLM) alone is insufficient, and we began to develop complementary methods
using electron and vibrational microscopy (Monnier ef al. 2012, 2013). We identi-
fied Fourier-transform infrared microspectroscopy (FTIRM) as a technique with
great potential to provide chemical information about residues in a non-destructive
manner. This analytical technique generates infrared (IR) spectra of substances, in
either transmission or reflectance mode, that are placed on the stage of a specialized
microscope attached to an FTIR bench. The resulting spectra contain detailed
information about the chemical structure of the specimen. Its advantage, vis-a-vis
the more well-known analytical technique of FTIR spectroscopy, is that it is non-
destructive, requires no sample preparation, and can be used to characterize ex-
tremely small (<200 um in diameter with a 15 objective) residues. It is particularly
suitable for lithic residue analysis because IR spectra can be collected from residues
without removing them from the artifact. This is preferable to techniques in which
residues are removed and destroyed for two main reasons: (1) the context of the
residues (i.e., their locations on the tool) is preserved and (2) the residues can also
be studied using other methods. In situ FTIRM analysis, however, has proved to be
challenging (Cesaro and Lemorini 2012; Monnier et al. 2013; Prinsloo et al. 2014).
First, reflectance FTIRM spectra cannot be assumed to be equivalent to IR spectra
obtained using other methods, such as transmission FTIR spectroscopy on speci-
mens prepared as potassium bromide (KBr) pellets, or attenuated total reflectance
(ATR)-FTIR. Second, reflectance FTIRM spectra of residues on stone tools are
often affected by the stone that both underlies and surrounds the residue. This factor
can result in the appearance of atypical spectral bands and greatly increased signal
noise.

To address these challenges and to provide the next step in FTIRM method
development, we carried out a project designed to:
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1) Create a reference library of reflectance spectra of common Paleolithic stone tool
residue types
2) Document the variability of these spectra on various stone substrates.

The purpose of the first goal was to yield a collection of IR standards (for ourselves
and for others), based on known residues, against which archeological spectra can be
compared. An important objective of this portion of the research was to test the viability
of reflectance FTIRM. The purpose of the second goal was to better understand the
effects of stone substrates on reflectance FTIRM spectra of residues.

Earlier, we published the results of our work developing a reference library of
reflectance spectra of plant tissues (Monnier ef al. 2017). These reference spectra
are available online at http:/z.umn.edu/ftir. In this paper, we focus on animal-
tissue residues which have been documented in Paleolithic contexts but are
difficult to positively identify using VLM alone. We discuss the structure and
chemical composition of each animal tissue type and identify the major peaks in
their IR spectra; we provide a reference library of reflectance FTIRM spectra for
meat, fat, skin, blood, hair, feather barbules and calamus, bone, and fish scales
(also online in our database). We also document and explain the reflectance
FTIRM spectra collected from these animal tissues when they are located on a
siliceous stone substrate.

Our overall goal is increased accuracy and reproducibility of residue identification
so that we can more confidently reconstruct past tool-using behaviors while, at the
same time, address the issues of residue preservation, degradation, and contamination.
We see the development of objective, quantifiable, and repeatable means of residue
identification as an essential step towards the development of a scientific methodology
of residue analysis.

Materials and Methods
Materials

For several decades, lithic residue analysts working on Paleolithic and later assem-
blages have identified, using VLM and other methods, the following animal-based
residues on stone tools: blood (Loy and Dixon 1998; Loy and Hardy 1992; Robertson
et al. 2009; Williamson 2004; Lombard 2005, 2008, 2011, 2014), bone (Hardy et al.
2008, Hardy et al. 2013, Hardy and Moncel 2011; Lombard 2008), fat (Lombard
2005, 2008, 2011), collagen (Lombard 2005, 2008, 2011; Hardy et al. 2013;
Stephenson 2015), muscle or “animal tissue” (ibid.; Hardy and Moncel 2011),
feathers (Hardy et al. 2001, 2008, Hardy et al. 2013; Hardy 2004, Hardy and
Moncel 2011), fish scales (Hardy and Moncel 2011, Hardy et al. 2013), and mam-
malian hair (Hardy 2004; Hardy et al. 2001, 2008, Hardy et al. 2013; Hardy and
Moncel 2011; Lombard 2008; Sobolik 1996). For our experiments, we mimicked
these categories of residues, producing specimens of hair, skin, fat, blood, meat, bone,
feathers, and fish scales (Fig. 1). We used these animal tissues to produce reflectance
and transmission FTIRM standards and, subsequently, for our investigation of FTIRM
spectra of residues on stone flakes.
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Fig. 1 Materials used to make experimental residues in this study: a deer hair, b deer skin (photograph is of a
tanned deer hide, but we used an untanned hide in our experiments), ¢ beef meat, d beef fat, e trout fish scales,
f duck feather barbules, g duck feather calamus, and h beef bone

Skin

To obtain a sample of skin such as would occur on a stone tool used to scrape a hide,
we used the untanned skin of a deer (Odocoileus virginianus) that was frozen and
thawed. We scraped away the visible subcutaneous fat from the inside of the skin and
sampled the dermal layer to prepare as a residue (procedure described below).

In order to understand the absorbance peaks in the resulting IR spectrum, it is useful
to describe the structure and composition of skin. Mammalian skin is an extremely
complex organ, and our treatment of it here will be greatly simplified. In general, skin
consists of the epidermis and dermis. The epidermis, which is the outermost layer of the
integument, protects the organism from the environment. It consists of a soft inner
portion, called the Malpighian layer, and a hardened, cornified outer portion (Matoltsy
1986a). Epidermal cells form layers over the dermis. The dermis extends from the basal
lamina of the epidermis to the penniculus adiposus, a layer of subcutaneous fat
(Matoltsy 1986b). The dermis consists of a meshwork of fibrils embedded in a gel-
like matrix called ground substance. It is traversed by blood vessels, nerves, hair
follicles, lymphatic vessels, and several different types of glands. The dermal fibrils
consist of three types: anchoring, elastic, and collagen fibrils. The gel matrix consists of
proteoglycans, thread-like macromolecules with highly extended polysaccharide side
chains. The gel has pores filled with water, protein, carbohydrate, and ions derived
from blood (Matoltsy 1986b).

Collagen fibrils comprise ~70-80% of the dry weight of the dermis (Uitto
1986). Collagens are a family of closely related, genetically distinct proteins, rich
in the amino acids hydroxyproline and hydroxylysine. They can be divided into
several categories, all of which are characterized by a triple-helical conformation:
collagen types I-III form broad-banded extracellular fibers called interstitial col-
lagens. Collagen types IV-IX are minor collagens that do not form broad-banded
fibers and are less abundant, although type IV collagen is a major component of
the basement membranes in the skin and other tissues. Type I collagen fibers,
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which are the most common fibril in the dermis, are composed of collagen
molecules aligned in a quarter-stagger arrangement. Each collagen molecule is a
rod-like structure, ~300 nm long, consisting of three polypeptide «-chains
wrapped around each other in a triple helix (ibid.).

We expect skin residues on stone tools to consist of a complex and variable mixture
of proteins (especially collagen), lipids, water, and proteoglycans.

Meat

One of the common categories of Paleolithic stone tool residues is expected to consist
of fragments of meat, acquired from hunting and butchery activities. “Meat” is a catch-
all phrase referring to the mass of muscle and connective tissue located between the
skin and bones of mammalian prey. Although Paleolithic hominins clearly hunted and
consumed meat from a wide variety of taxa, we chose beef steak to simulate meat
residues. When sampling from the steak, we cut off a small piece from the muscle,
avoiding visible fat and connective tissue.

We expect our “meat” residues to be primarily composed of skeletal muscle
tissue. The anatomy of skeletal muscle tissue is well-documented: skeletal
muscle is composed of bundles of fibers known as fascicles. The individual
muscle fibers, known as myofibers, are cells which vary in diameter from 10 to
100 um and in length from a few millimeters to several centimeters (Lieber
2002). The fibers and fascicles are surrounded by mesh-like sheaths of collage-
nous tissue. The myofiber cells contain a nucleus, mitochondria, and other
cellular structures. In addition, their cytoplasm, known as the sarcoplasm, is rich
in soluble proteins such as myoglobin; and also contains glycogen, lipids, and
calcium ions. But the defining characteristic of muscle cells are myofibrils,
filamentous components which run the entire length of the myofiber. Myofibrils
are composed of myofilaments arranged into repeating subunits called sarco-
meres, which are the functional unit of contraction (ibid.). The end-to-end
arrangement of sarcomeres produces a banding pattern when muscle fibers are
seen under VLM (e.g., Croft et al. 2016), leading to the widely known name
“striated muscle” for skeletal muscle. Myofilaments, in turn, are composed of
two types: thicker filaments containing myosin and thinner filaments containing
actin. These two types of filaments interdigitate, forming a hexagonal array
which comprises the sarcomere. Myosin molecules are large and highly asym-
metrical, with a globular “motor” domain which powers muscle contraction at
one end and a long tail at the other (ibid.). They polymerize to form thick
filaments, from which the globular heads project. Actin filaments, on the other
hand, are composed of a long «-helical arrangement of actin monomers, which
are roughly spherical in shape and small compared to myosin. Their helical
arrangement creates a groove along the filament’s length, which is filled by the
regulatory proteins troponin and tropomyosin.

Meat of the type that we sampled, therefore, is expected to contain proteins
(myosin and actin from the muscle fibers; myoglobin from the cytoplasm; hemo-
globin from the capillaries which supply muscle tissue; and collagen from the
connective tissue), water, and small amount of lipids, polysaccharides (e.g.,
glycogen ), and ions (e.g., calcium).
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Fat

We sampled fat from the same beef steaks we used for meat. The fat we sampled can be
classified as inter- or intramuscular fat (Warriss 2010). Fat is defined as a connective
tissue, known as adipose tissue, composed of fat cells or adipocytes. Mature adipocytes
are composed of 98-99% triglyceride (ibid.). Triglycerides are formed by the combi-
nation of glycerol with three fatty acid molecules, which can be saturated (with carbon
chains characterized by single bonds) or unsaturated (in which double bonds exist
between some of the carbon atoms).

Subcutaneous beef fat is composed of 4% water, 1.5% protein, and 94% fat. We
expect “fat” residues on stone tools to consist of a range of fatty acids.

Blood

Our blood sample was frozen beef blood, thawed at the time of preparation. Blood can
be defined as a circulating connective tissue composed of two major components: (1)
plasma, which makes up 65-70% by volume of bovine blood and which contains
albumins, globins, mineral salts, and other solutes, and (2) cells, which make up the
remainder, such as erythrocytes (red blood cells), leukocytes (white blood cells), and
platelets (Duarte ez al. 1999; Hortola 2016). The main plasma proteins include albu-
mins, immunoglobulins, &~ and (3-globulins, and fibrinogen. The most common cells
are the erythrocytes, which are largely composed of the protein hemoglobin. The
hemoglobin molecule is composed of two pairs of identical o and 3 subunits, each
of which is composed of a protein chain tightly associated with a non-protein heme
group (Fronticelli et al. 1995). Each protein chain contains eight o-helix structures, all
of which have the same tertiary folding characteristic of globins; the molecule assumes
a different conformation depending upon whether oxygen is bound or not to the
molecule (ibid). Heme groups consist of porphyrin rings with covalently bonded iron
atom at their centers. Therefore, blood residue of the type we created in our experiments
is expected to contain, besides water and lipids, a variety of proteins such as serum
albumin, hemoglobin, and globulins, as well as mineral salts and glucose.

Feathers

We used commercially purchased duck feathers for our experiments. We sampled two
different parts of the feather: (1) the “quill” portion of the feather, known as the
calamus, which inserts the feather into the follicle, and (2) downy feather barbules
from the proximal portion of the feather vanes (the pennulas). The reason we sampled
these two different feather structures is because we wished to create FTIRM standards
for both given that barbules have been identified on stone tools from several sites
(Hardy et al. 2001, 2008, Hardy et al. 2013; Hardy 2004; Hardy and Moncel 2011),
and quill residues are expected to occur due to recent evidence which suggests humans
may have cut feathers from birds (Finlayson ef al. 2012, Morin and Laroulandie 2012).

Feathers are composed of ~90% protein, mostly beta ((3) keratins (Stettenheim
2000). B-keratins are structural proteins of the epidermis found solely in reptiles and
birds (Greenwold and Sawyer 2011). These fibrous proteins are composed of a
crystalline-like filament and matrix structure formed by each single (3-keratin molecule
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(Fraser and Parry 2008). The molecular structure of feather keratin is a pleated sheet of
four chains each of eight amino acid residues in length, arranged in a twisted, helical
fashion, forming short rods (Gregg and Rogers 1986). We expect feather barbules and
other feather parts to consist mostly of (3-keratin.

Mammalian Hair

Our hair sample came from a tanned deer hide. We selected guard hairs only, and we
took care not to include the follicle in the prepared sample. Nevertheless, it is possible
that the hair contains substances from the hide tanning process, the specifics of which
are unknown to us.

When hair is preserved, it is one of the most diagnostic of animal residues. Most
mammals have an outer coat of large, thick hairs called guard hairs, and an inner coat of
shorter, finer hairs known as underhair. There are usually multiple types of guard hair
but only one type of underhair. The structure of hair consists of three cellular compo-
nents: the cuticle, the cortex, and the central core or medulla. The cuticle consists of
layers of flattened cells that form an overlapping, scale-like pattern, which is often quite
distinctive according to species. Cuticle cells consist of an exocuticle of high sulfur
content and an endocuticle of low sulfur content (Chapman 1986). Underneath the
cuticle, the cortex consists of macrofibrils which are composed of «-keratin embedded
in a sulfur-rich protein matrix (Feughelman 1997). Different species have different
types of cortical cells, which seem to be associated with degree of crimping of the hair.
Finally, the medulla, in the center of the hair shaft, consists of vacuolated cells; the
cellular structure appears to be highly heterogeneous among species (ibid.).

The main protein component of mammalian hair, quills, nails, claws, hooves, and
horns as well as the outermost layer of the epidermis, the stratum corneum, consists of
o-keratins (Powell and Rogers 1986). Mammalian hair, wool, and quills are composed
of so-called “hard” «-keratin fiber that makes up the hair cortex described above. The
o-keratin macrofibrils are composed of cylindrical units called microfibrils, which, at
the molecular level, consist of a complex axial and radial assembly of 50 nm-long
heterodimers (Kreplak er al. 2004). The molecular structure of the heterodimers
consists of a central rod composed of a double-stranded «-helical coiled-coil
interrupted by nonhelical segments, surrounded by head and tail domains of unknown
structure (ibid.). Hair also typically contains the pigments eumelanin and pheomelanin,
complex polymers. Therefore, we expect the composition of hairs identified on stone
tools to consist of o-keratin and pigments.

Bone

We selected a cow tibia, obtained defleshed and frozen, for these experiments. We first
removed remaining meat as well as the periosteum before scraping the cortical bone for
our samples. The structure of bone is well documented (e.g., Weiner 2010:102—109)
and is composed, on average, of 60—70% mineral content, 20% organic matter, and
water. The mineral component of bone consists of carbonate hydroxylapatite, which
forms very small, plate-like crystals (ibid.). The organic component of bone is mostly
(~90%) composed of the protein type I collagen, with the remainder consisting of other
proteins, proteoglycans, and lipids. The collagen fibrils are arranged into sheets, in-
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between which the plate-shaped crystals are stacked. Different packing arrangements
exist for the fibril arrays, depending on the type of bone (mineralized tendons, fetal
bone, lamellar bone, and dentin). The infrared spectra of bone are well studied (e.g.,
Weiner 2010, Stiner ef al. 2001, Acerbo et al. 2012) and document the presence of
carbonate hydroxylapatite and collagen.

Fish Scales

We used scales from a Rainbow trout (Oncorhynchus mykiss), a teleost fish from the
family Salmonidae. These fish have cycloid scales, which have been identified on stone
tools (Hardy and Moncel 2011, Hardy et al. 2013). The structure of teleost fish scales
has been extensively studied; they consist of an internal fibrillary plate covered by an
external osseous layer (Ikoma et al. 2003). The internal plate is composed of collagen
fibers (mainly type I collagen) that are aligned and organized into perpendicularly
overlapping lamellae, producing a plywood pattern which lends strength and flexibility
to the scale (Zylberberg et al. 1988, Ikoma et al. 2003). The external layer, initially
composed of randomly arranged collagen fibers embedded in a proteoglycan matrix,
gradually becomes mineralized as matrix vesicles produce crystals of calcium-deficient
hydroxyapatite in random orientation. The internal layer gradually becomes calcified as
well. In sum, from a chemical point of view, we can expect most teleost fish scales to
consist primarily of collagen and hydroxyapatite.

Methods

One of our main goals was to produce a set of reflectance FTIRM standards of common
residue types, documenting them first on an ideal substrate and then on stone flakes.
Our sample preparation techniques are commensurate with this goal. The residue types
described above were prepared by crushing and macerating a small amount (~1 mg) of
sample using a clean, glass mortar and pestle and a small amount (~1 mL) of distilled
water to obtain a homogeneous slurry. This served two purposes: it homogenized the
samples, and it reduced particle sizes. Our previous work using plant residues shows
that FTIRM is extremely sensitive to small compositional differences (Monnier et al.
2017); therefore, homogenizing the animal tissues during sample preparation was
crucial. Additionally, it is well-known that smaller particle sizes result in higher-
quality IR spectra, and our objective was to generate high-quality spectra for our
library. We first produced pairs of residue samples suitable for transmission and
reflectance FTIRM. Drops of the homogenized slurry were placed on (1) a polished,
IR-invisible NaCl plate (Edmund Optics, Barrington, NJ, USA) for transmission
microscopy, and (2) a reflective, aluminum (Al)-coated glass slide (borosilicate glass
coated with a 100-nm-thick layer of Al, from Deposition Research Laboratories Inc.,
St. Charles, MO, USA), also IR invisible, for reflectance microscopy. The plates and
slides were allowed to dry in a desiccator for several days before FTIR measurement.

In the second half of this study, we prepared slurries of each residue type in the same
manner as described above and pipetted them onto sterilized flakes made of English
ballast flint (which we categorized as “dark” or “light" colored), Texas chert, obsidian,
and dacite. Since these samples were prepared at a later time by a different individual,
slight compositional differences between the residues on stone versus the residues on
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the aluminum-coated slides (henceforth referred to as “mirrored slides”) sometimes
exist, resulting from minor differences in which the animal tissues under question were
sampled.

In addition to FTIR microscopy, we also imaged these residues using VLM.
Residues on the mirrored slides were imaged using a Leica MZ16A stereomicroscope
equipped with a x1.0 plan apochromatic objective, whereas residues on the NaCl plates
were imaged using a transmitted-light Leica DM2500 petrographic microscope. These
images are available in our online database.

FTIRM spectra were gathered on a Nicolet Continupm FTIR microscope paired
with a Nicolet iS50 FTIR bench. We operated the microscope in reflectance or
transmission mode using the MCT detector, a KBr beamsplitter, and a resolution of
4 cm !, obtaining spectra from 4000 to 650 cm™' wavenumbers. When possible, we
opened the aperture to its maximum size of 150 x 150 um, but we sometimes reduced
the aperture to decrease the signal from the stone substrate. Depending on the sample
type and aperture size, we varied the number of scans from 200 to 5000. We also
typically collected a minimum of three to eight spectra per sample (slide, plate, or
stone) in order to document variability in the results.

Results

Assessing the Viability of Reflectance FTIRM, and Documenting IR Absorbance
Peaks for Animal Tissue-Based Residues

Prinsloo et al. (2014) showed that reflectance FTIRM spectra of animal residues such
as meat, fat, and bone on experimental stone tools are severely distorted relative to ATR
spectra of the same residue types. They attributed these distortions, such as derivative
and reststrahlen bands, to (1) optical issues inherent in reflectance FTIRM, (2) inter-
ference from the stone substrate, and (3) the thickness and surface texture of the
residues. Their observations served as the impetus for our study, which was designed,
as one goal, to gather reflectance spectra of residues on a substrate with nearly 100%
reflection in the mid-infrared range (i.e., polished Al). We sought to understand the
precise nature of optical interference in reflectance spectroscopy as opposed to the more
traditional transmission spectroscopy. To assess the quality of these spectra, we gath-
ered three or more spectra from each residue prepared on mirrored slides using the
FTIR microscope in reflectance mode. Then, we gathered several spectra from the same
residue type prepared on NaCl plates using the FTIR microscope in transmission mode.
This enabled us to directly compare the transmission FTIRM spectra, which are
generally not expected to exhibit derivative bands or other spectral artifacts, with the
reflectance FTIRM spectra in order to assess the quality of the latter. Representative
FTIRM reflectance and transmission spectra for each residue category are presented in
Figs. 2, 3,4, 5,6, 7, 8, and 9.

In addition to assessing the quality of the reflectance FTIRM spectra, which we
found to be equivalent to that of transmission FTIRM spectra, we researched and
assigned vibrational modes to the major peaks for each residue type (see
Tables 1,2,3,4,5,6,7, and 8) and compared them with standards from external libraries.
This showed that (1) our reflectance FTIRM spectra are in excellent agreement with
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Absorbance

Skin (Transmission)

Collagen (Standard)

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber (1/cm)

Fig. 2 FTIRM spectra of skin residue obtained in reflectance mode (on a mirrored slide) and in transmission
mode (on a NaCl plate), compared with an FTIR standard for collagen (prepared using the KBr pellet method)
from the Kimmel Center for Archaeological Science, Weizmann Institute of Science. Peak assignments are in
Table 1. The reflectance spectrum (red line) is nearly identical to the transmission spectrum (green line); both
clearly exhibit the protein peaks seen in the collagen standard (b/ue line). The reflectance spectrum is graphed
in calculated absorbance mode (log(1/R)). Note that spectra are plotted on the same scale, but have been
vertically offset.

FTIR standards from independent libraries, and (2) that reflectance FTIRM spectra
provide reliable chemical information. We now describe these results in detail for each
category of animal residue.

Figure 2 shows the results for our “skin” residue category. The reflectance and
transmission FTIRM spectra are virtually identical. Figure 2 also includes the spectrum
for fresh collagen obtained from the on-line library of FTIR standards from the Kimmel
Center for Archeological Science, Weizmann Institute of Science. This reference spec-
trum, like all other spectra from the Kimmel Center used in this study, was obtained on a
sample prepared using the KBr pellet method. The vibrational modes we assigned to the
absorption bands in these spectra are presented in Table 1. The correspondence between
our skin spectra and the collagen spectrum is strong. The main differences between them
are seen in (1) the presence of an extra peak at ~1745 cm ' (peak 7) in the skin spectra
and (2) the relative intensities of the peaks located between 2960 and 2850 cm ™' (peaks
3-6). The greater relative absorbance in the skin spectra at peaks 3—6 reflects a greater
contribution from CHj3 and CH, symmetric and asymmetric stretching in our skin
sample than in pure collagen. This is probably due to the presence of lipids in the skin
and is consistent with the strong peak at position #7, which represents stretching of the
carbonyl functional group (C = O), found in fatty acids, among other compounds. There
are a few other differences between the skin spectra and the collagen spectrum that likely
reflect the fact skin contains substances other than collagen, as described earlier.
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Meat (Transmission)

Absorbance

Meat (Reﬂectance), Slide 1a+j

Meat (Reﬂectance)

Slide 15,

; + + + +
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber (1/cm)

Fig. 3 FTIRM spectra of meat residue obtained in reflectance mode (on mirrored slides) and in transmission mode
(on a NaCl plate). Peak assignments are in Table 2. The two reflectance spectra illustrate small compositional
differences between the two samples; the transmission spectrum is very similar to the other two, but contains more
water (see text). The reflectance spectra are graphed in calculated absorbance mode (log(1/R)). Note that spectra are
plotted on the same scale, but have been vertically offset.

Figure 3 presents two reflectance FTIRM spectra and one transmission FTIRM spec-
trum that we obtained from beef meat. We specifically selected these spectra to demonstrate
the kind of compositional variability that sometimes occurred in our samples, despite the
steps taken to homogenize them. As described earlier, “meat” or skeletal muscle tissue is
expected to contain a mix of different proteins (myosin, actin, myoglobin, hemoglobin, and
collagen) and some lipids. This complex mix is responsible, we think, for the variability
seen in Fig. 3, all of which stems from a single, ~2-g piece of meat (peak locations and
assignments are given in Table 2). The most prominent differences between the two
reflectance spectra are at 1625 cm ™' (peak 9), where spectrum slide 1a—j exhibits a peak
which is absent in slide 1a—1, and at 1395 cm ' and 1306 cm (peaks 12 and 13), where the
peaks are much stronger and narrower on slide 1a—j than slide 1a—1. Spectrum slide 1a—j
also has a slightly stronger peak at 1742 cm ™' (C = O stretching, peak 7), and at 2930 and
2850 cm ' (CH, asymmetric and symmetric stretching; peaks 4 and 6). These relative
intensity differences in the CHx regions are perhaps due to different molecular orientations
in the two samples. Both of these spectra exhibit similarities as well as differences with the
transmission spectrum, which appears to contain more water, as evidenced by the strong
shoulder at 3500 cm™" (not labeled as a peak in the figure) attributable to OH stretching
from water. The contribution from water is also seen at 1640 cm™' where the OH bending
absorption is significant and overlaps with the amide I peak (peak #8), contributing to its
broadness. Although we did not have an FTIR spectrum for “meat” from an independent
library to include in our figure, the spectra illustrated in Fig. 3 are entirely consistent with
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Blood (Reﬂectance), Slide 631

Absorbance

Blood (Transmission)

; + + + +
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Wavenumber (1/cm)

Fig. 4 FTIRM spectra of blood residue obtained in reflectance mode (on mirrored slides) and in transmission
mode (on a NaCl plate). Peak assignments are in Table 3. The two reflectance spectra illustrate small
compositional differences between the two samples; the transmission spectrum (green line) is nearly identical
to reflectance spectrum Slide 6a3 (purple line). The reflectance spectra are graphed in calculated absorbance
mode (log(1/R)). Note that spectra are plotted on the same scale, but have been vertically offset.

published “meat” FTIR spectra (e.g., Calabro and Magazu 2014, Rahmania and Rohman
2015).

In Fig. 4, we present two reflectance FTIRM spectra obtained on beef blood as well
as one transmission FTIRM spectrum (see Table 3 for peak assignments). There is very
close agreement between the transmission spectrum and one of the reflectance spectra
(slide 6a2). The other reflectance spectrum, slide 6al, differs by the presence of two
extra peaks at 1599 and 1503 cm ' (peaks 7 and 9), as well as much stronger
absorbance in the 29502850 cm ™' region. The 1599 and 1503 cm ' peaks can be
assigned to asymmetric C(O)O~ vibration and NH;" symmetric deformation in amino
acids that were likely present in this sample (Suzuki et al. 1959, Pearson and Slifkin
1972). In other words, the spot that was sampled for spectrum slide 6al contained a
somewhat different mixture of plasma, protein, and other substances than the one
sampled in slide 6a2 and on the NaCl plate in transmission mode. The differences
between the spectra are, therefore, clearly attributable to compositional differences
rather than anything inherent in reflectance FTIRM spectrophotometry. This illustrates,
again, the sensitivity of FTIRM to small compositional differences within a sample (the
two spectra were obtained from different spots on the same drop of blood).

In Fig. 5, we present reflectance and transmission FTIRM spectra for feather
barbules, compared with a standard for keratin (from a human fingernail) from the
Kimmel Library (peak assignments are in Table 4). Note that the reflectance and
transmission FTIRM spectra are nearly identical to each other. They are also similar
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Absorbance

Keratin (Standard)

+ +
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber (1/cm)

Fig. 5 FTIRM spectra of feather barbule residues obtained in reflectance mode (on a mirrored slide) and in
transmission mode (on a NaCl plate), compared with an FTIR standard for keratin (prepared using the KBr
pellet method) from the Kimmel Center for Archaeological Science, Weizmann Institute of Science. Peak
assignments are in Table 4. The reflectance spectrum (red line) is nearly identical to the transmission spectrum
(green line); both clearly exhibit the protein peaks seen in the keratin standard (blue line). The reflectance
spectrum is graphed in calculated absorbance mode (log(1/R)). Note that spectra are plotted on the same scale,
but have been vertically offset.

to the keratin standard between 1700 and 1000 cm ', even though fingerails are

composed of «-keratin, whereas feathers are composed of 3-keratin. As with the other
animal tissues examined in this study, such as skin, meat, and blood, feathers exhibit
the amide A, B, L, II, and III peaks typical of protein, with smaller peaks from CHx
bending vibrations present between the amide II and III bands (see Table 4).

The FTIRM spectra we obtained on the calamus of the feather are presented in Fig. S1.
This figure shows, like the others, that it is possible to obtain an excellent reflectance
FTIRM spectrum on this type of animal tissue. The reflectance and transmission FTIRM
spectra are very similar to each other. They are also consistent with the Kimmel Library’s
keratin standard.

In Fig. 6, the reflectance and transmission FTIRM spectra for deer hair are presented,
along with the same keratin standard used to assess the feather residue spectra. The
reflectance spectrum is saturated (as can be seen by the noisy peaks; this is because
reflectance was low); nevertheless, it is clear that it is consistent with the keratin standard.
The transmission FTIRM spectrum, on the other hand, differs from both of these by the
presence of an extremely strong peak centered on 1071 cm ' (peak 14). This band is
characteristic of the class of hair pigments known as pheomelanins (Kolczynska-
Szafraniec and Bilinska 1993) and has been attributed to deformational vibration of the
C-H groups of thiazole and benzothiazole systems (Rao and Venkataraghavan 1963).
This particular hair sample, therefore, contains more pheomelanin than the sample on the
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Fig. 6 FTIRM spectra of deer hair residues obtained in reflectance mode (on a mirrored slide) and in
transmission mode (on a NaCl plate), compared with an FTIR standard for keratin (prepared using the KBr
pellet method) from the Kimmel Center for Archaeological Science, Weizmann Institute of Science. Peak
assignments are in Table 5. The reflectance spectrum (red line) is similar to the keratin standard (blue line).
The transmission spectrum (green line) differs from both by the presence of a very strong peak at ~1071 cm '
(peak 14), attributed to the presence of pheomelanins in this sample. The reflectance spectrum is graphed in
calculated absorbance mode (log(1/R)). Note that spectra are plotted on the same scale, but have been
vertically offset.

mirrored slide. We attribute this compositional difference to the fact that the samples for
reflectance and transmission FTIRM for hair were prepared by different individuals, who
likely sampled different hairs or different portions of the hair.

Figure 7 presents the reflectance and transmission FTIRM spectra for fresh beef
bone, compared with a bone standard from the Kimmel Library (peak assignments are
in Table 6). The reflectance spectrum is of excellent quality, like most of the other
reflectance spectra. In terms of peak locations and intensities, both the transmission and
reflectance FTIRM spectra are consistent with the goat bone FTIR spectrum from the
Kimmel library. All three spectra exhibit the amide I, II, and III bands (at peaks 7, 8,
and 11) typical of protein—in this case, collagen. The mineral content of the bone is
evidenced in peaks 9, 10, and 15 (carbonate stretching) and 12—14 (phosphate
stretching). The reflectance FTIRM spectrum differs from the other two in that the
peak at 963 cm ™' (peak 14, assigned to PO, symmetric stretching), relatively
weak in the transmission FTIRM spectrum and the goat bone, is so strong that it
joins the peak at 1032 cm ' (peak 13, assigned to PO4 asymmetric stretching),
resulting in a very strong, broad peak (possibly oversaturated) in the reflectance
spectrum. The transmission spectrum is very similar to the reflectance spectrum; it
is somewhat noisier, probably because insufficient light passed through the
sample.
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Fig. 7 FTIRM spectra of beef bone obtained in reflectance mode (on a mirrored slide; red line) and in
transmission mode (on a NaCl plate; green line), compared with an FTIR standard for goat bone (prepared
using the KBr pellet method) from the Kimmel Center for Archaeological Science, Weizmann Institute of
Science. Note that the goat bone from the Kimmel standard was part of a burning experiment; it was described
as “slightly burned” and assigned a “burn code” of 1 (Stiner et al. 1995; Weiner 2010:294). Nevertheless, this
spectrum (blue line) is a good match for both of our FTIRM spectra. Peak assignments are in Table 6. The
reflectance spectrum is graphed in calculated absorbance mode (log(1/R)). Note that spectra are plotted on the
same scale, but have been vertically offset.

In Fig. 8 (and Table 7), we present the FTIRM spectra of fish scales, which are
dominated by an intense peak at ~1040 cm ™' (peak 4). We attribute this band to
phosphate (PO,) stretching from the mineral hydroxyapatite, which composes the
outer layer of fish scales, as noted earlier. We have included a standard for the
mineral hydroxyapatite from the Kimmel Library for comparison; the location of the
major absorption band for this sample is clearly consistent with that of the fish scales,
although the hydroxyapatite standard has a more ordered atomic structure, as can be
seen by the narrowness of the peak and the presence of additional, sharp peaks. The fish
scale spectra also exhibit some protein peaks, as we would expect from the description
of fish scale composition provided earlier, which can tentatively be attributed to amide I
at ~1650 cm ' (peak 1) and amide II at ~1530 cm-1 (peak 2). We attribute the weak
peak at location #3 (~1422 cm™ ") to carbonate (CO5) stretching, and it is also visible, as
a weak doublet, in the hydroxyapatite standard. Finally, it is worth noting that the
quality of the reflectance spectrum is excellent—in fact, it has a greater signal-to-noise
ratio than the transmission FTIRM spectrum because the latter transmitted a very low
signal (perhaps the fish scale particles were too thick to easily transmit light).

Finally, in Fig. 9 (and Table 8), we present two reflectance FTIRM spectra and one
transmission FTIRM spectrum for beef fat. As we did for meat and blood, in this figure,
we endeavor to present some of the variability we found between different spots
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Fig. 8 FTIRM spectra of fish scale obtained in reflectance mode (on a mirrored slide; red line) and in
transmission mode (on a NaCl plate; green line), compared with an FTIR standard for hydroxyapatite
(prepared using the KBr pellet method) from the Kimmel Center for Archaeological Science, Weizmann
Institute of Science (blue line). The fish scale reflectance and transmission spectra are identical, and clearly
evidence the phosphate absorbance peak seen in the hydroxyapatite standard at ~1040 cm ' (peak 4). Peak
assignments are in Table 7. The peaks on the reflectance and transmission spectra at ~2350 cm ™" are due to
atmospheric CO, and should be ignored. The reflectance spectrum is graphed in calculated absorbance mode
(log(1/R)). Note that spectra are plotted on the same scale, but have been vertically offset.

analyzed. Reflectance spectrum slide 6b3 is virtually identical to the FTIRM transmis-
sion spectrum. They both evidence CH, (especially) and CHj stretching vibrations
between ~2950 and ~2850 cm ™' (peaks 3—6), carbonyl stretching at 1743 cm™' (peak
7), weak amide I and II bands (peaks 8 and 10, respectively), and a very strong band at
~1025 cm ™! (peak 13) due to C-C and C-O stretching of the triglycerides which are the
main constituent of intramuscular fat. The other reflectance FTIRM spectrum, slide
6b1, exhibits greater absorbance at peaks 1, 2, 8, and 10. These are the bands attributed
to amide A, B, I, and II, respectively (see Table 8). Therefore, this spectrum comes
from a spot that contains more protein than the other two spectra.

In sum, this experiment shows that reflectance FTIRM spectra for a wide range of
animal tissues—skin, hair, feathers, fish scales, bones, meat, fat, and blood—can
effectively be obtained when conditions are ideal (i.e., using fresh samples that have
been finely ground and placed on a highly reflective substrate). In addition to showing
that these spectra are of excellent quality and are not affected by inverted or derivative
bands, we show that they are consistent with the spectra of pure compounds (proteins
and minerals) from the Kimmel library and that they therefore provide useful chemical
and structural information. The reflectance FTIRM spectra that we describe above have
been designated the reflectance FTIRM “standards” and will be referred to as such in
the following section and on our web-based library (http://z.umn.edu/ftir).
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Fig. 9 FTIRM spectra for beef fat obtained in reflectance mode (on mirrored slides) and in transmission mode
(on a NaCl plate). One of the reflectance spectra (purple line) is identical to the transmission spectrum (green
line). Differences between the two reflectance spectra are attributable to differing relative amounts of protein in
these two fat samples. Peak assignments are in Table 8. The peaks at ~2350 cm " are due to atmospheric CO,
and should be ignored. The reflectance spectra are graphed in calculated absorbance mode (log(1/R)). Note
that spectra are plotted on the same scale, but have been vertically offset.

Exploring the Effects of Stone Substrates on Residue Reflectance Spectra

One of the greatest challenges in developing a methodology of in situ reflectance
FTIRM has been understanding and managing spectral interference from the stone
(Cesaro and Lemorini 2012, Prinsloo et al. 2014, Solodenko ef al. 2015). The problem
stems from the fact that most stones that commonly serve to create tools, such as flint
and obsidian, produce reflectance FTIRM spectra that are distorted relative to
traditional transmission KBr pellet FTIR spectra. This led Prinsloo ef al. (2014) to
advocate developing a set of reference spectra for residues as well as for the stone
substrates on which they occur. We have answered this call not only by developing
reference reflectance spectra for plant (Monnier ef al. 2017) and animal residues (this
paper) and for common toolstone materials but also by systematically examining the
nature of reflectance FTIRM spectra for each residue type on stone substrates. There-
fore, after having obtained reflectance spectra for each of our residue slurries on the
mirrored slides, we created another set of residue slurries that we deposited on stone
flakes (obsidian, English flint, dacite, and Texas chert), using the methods described
earlier. The description of our results follows, focusing mainly on obsidian and flint,
with peak assignments presented in Tables 1, 2, 3, 4, 5, 6, 7, and 8 and spectra
illustrated in Figs. 10, 11, 12, 13, 14, 15, 16, and 17.

To describe the effect(s) of the stone substrates on the residue spectra, we first depict,
on the same scale, a reflectance spectrum for English flint by itself (blue line, Fig. 10)
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Fig. 10 FTIRM reflectance spectra of English flint (blue line), and skin residue on English flint (red line),
illustrated in reflectance mode rather than absorbance mode. In the main graph, these spectra are at the same
scale relative to each other. The flint (blue line) exhibits almost no reflectance across most of the IR spectrum;
however, between 1300 and 900 cmﬁl, it exhibits a strong reststrahlen band. The skin residue on flint
spectrum (red line) is weak, and is dominated by the signal from the flint (note how closely it mimics the
flint spectrum). The upper graph shows the same skin residue on flint, illustrated on a larger scale so that the
peaks are more apparent; the peaks highlighted by arrows are derivative peaks produced by specular reflection
from the skin residue

and one for our skin residue on an English flint flake (red line, Fig. 10). We
present these spectra in reflectance mode (%R, as used by Prinsloo et al. 2014,
Solodenko et al. 2015, and Zupancich et al. 2016) rather than absorbance mode (used
for all of the other spectra in this paper), in order to discuss degree of reflectance. Note
that the skin residue spectrum, although much lower in intensity, largely mimics the
flint spectrum. It is also extremely distorted, relative to the skin residue reflectance
standard (Fig. 11, purple line). There are two main and overlapping factors behind these
distortions: the nature of reflectance from the surface of the skin residue, and the nature
of reflectance from the stone. Recall that when the skin residue is located on a mirrored
slide, the resulting spectrum is similar to an absorbance spectrum for collagen (with
some differences indicating that our skin residue is not composed of pure collagen).
The reason why the reflectance spectrum for skin on the mirrored slide is so good is
because the Al coating of our mirrored slides reflects nearly 100% of light at all IR
wavelengths. While some light is reflected from the surface of the skin residue, most of
it passes through the residue, is reflected from the aluminum coating underneath it, and
passes through the residue again, before returning to the detector. Therefore, the
resulting spectrum shows that light of certain wavelengths has been absorbed by the
residue, producing the absorbance peaks that we see. On the other hand, flint is not a
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Fig. 11 The spectrum of skin on flint from Fig. 10 is presented here again (blue line), but with the Kramers-
Kronig correction applied, and hence in absorbance mode. Comparison with the skin reflectance standard
purple line shows that it exhibits recognizable peaks above 1250 cm ™, although relative peak heights as well
as the baseline are distorted. Below 1250 cm ™", (to the right of the dashed line), the spectrum exhibits severe
derivative peaks. Peak assignments are in Table 1. The reflectance standard (purple line) is graphed in
calculated absorbance mode (log(1/R)). Note that spectra are plotted on the same scale, but have been
vertically offset.

good reflector. As shown in Fig. 10 (blue line), flint reflects less than 2% of light
between ~4000 and 1300 cm™ ', at which point a band (called reststrahlen) of much
higher reflection (30~55%) begins, abruptly ending at ~1000 cm™'. Regarding the skin
residue on flint, in the range where flint reflects almost no light (40001300 cm_l), the
only light returning to the detector is the light that has been reflected from the surface of
the skin residue. Since this particular residue reflects light like a mirror (we call this
specular reflection), this produces derivative bands in this region of the spectrum (Fig. 10,
inset; this type of reflectance was also extensively noted by Prinsloo et al. 2014).
Fortunately, application of the Kramers-Kronig correction transforms this derivative
spectrum to one (Fig. 11, blue line) that is comparable with the skin residue reflectance
standard (Fig. 11, purple line). Although the shape of the corrected spectrum is different
from the standard, and the peaks in the range from 1750 to 1200 cm ™" are shifted along the
X-axis by 5-15 wavenumbers (compare peak locations in Table 1), the Kramers-Kronig
algorithm nevertheless currently stands as the best way to correct a spectrum produced by
specular reflection. Unfortunately, no corrections can eliminate the derivative bands in the
spectral region below 1200 cm ™' which are due to the IR signal from the flint. The dashed
red line at 1200 cm™' marks the location on the spectrum where the reststrahlen band from
the flint appears, and below which the spectrum is no longer interpretable due to multiple
derivative bands from the stone. Many of the same patterns are apparent in a reflectance
spectrum of skin residue on an obsidian flake illustrated in Fig. S2.
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Meat (Obsidian)
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Fig. 12 FTIRM spectra (Kramers-Kronig corrected) for meat residue on obsidian and dacite, which show

1 e}

good correspondence with the meat reflectance standard above 1300 cm . The peaks at location “a” are
thought to be derivative peaks due to the stones’ reststrahlen band; we suggest that the spectra should not be
used below 1300 cm ™! (to the right of the dashed line). Peak assignments are in Table 2. The reflectance
standard (red line) is graphed in calculated absorbance mode (log(1/R)). Note that spectra are plotted on the
same scale, but have been vertically offset.

Figure 12 illustrates Kramers-Kronig-corrected spectra for meat residue on dacite
and obsidian compared to the meat reflectance standard (for the meat residue on
English flint, we invite readers to consult our website). We note that the reststrahlen
effect from the flint is less severe than on the skin residues, as can be seen in the region
below 1300 cm™'. The difference in the peak shapes at location “a” (~1275 cm ™)
compared with peaks 13 and 14 in the standard is difficult to interpret: is it a result of
the flint’s reststrahlen band, or of compositional differences between the meat samples
used on the stones versus those used on the mirrored slide? Another feature not present
in the standard is a sinusoidal wave in the baseline between ~2800 and 1800 cm ', an
artifact of specular reflectance (note: the same feature is present in Fig. S2). Fortunately,
since few organic molecules absorb energy in this portion of the spectra, this is not a
confounding issue. Despite the distortions, vibrational modes can be assigned to the
meat on stone spectra depicted in this figure (see Table 2), which are consistent with the
amide A and B peaks at ~3293 and 3074 cm! (peaks 1 and 2), as well as the CH,
stretching peaks between 2960 and 2850 cm™' (peaks 3-6). The peaks between ~1800
and 1300 cm™" are an excellent match for the reference spectrum, clearly exhibiting the
amide I (peak 8) and II (peak 10) and CH, bending peaks (peaks 11 and 12). Below
1300 cm !, the meat spectra are more difficult to interpret.

Figure 13 illustrates the Kramers-Kronig-corrected spectra for blood residues on
obsidian and flint. These spectra exhibit peaks consistent with the blood reflectance
standard: the amide A and B peaks (peaks 1 and 2; see Table 3), the CH, stretching
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Blood (Obsidian)
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Fig. 13 FTIRM spectra (Kramers-Kronig corrected) for blood residue on obsidian and flint are consistent

with the blood reflectance standard above 1300 cm . Below that wavenumber (to the right of the dashed line),

the spectra are strongly affected by derivative bands, which nevertheless seem to evidence absorbance at
~1080 cm ! (the location of peak 14), corresponding to a strong absorption band in our blood reflectance
standard. Peak assignments are in Table 3. The reflectance standard (red line) is graphed in calculated
absorbance mode (log(1/R)). Note that spectra are plotted on the same scale, but have been vertically offset.

peaks (3-5), the amide I (peak 6) and amide II (peak 8) bands, as well as the CH,
bending peaks (10 and 11). Below 1350 cm ™', the spectra are distorted due to the
derivative bands in the flint and the obsidian, precluding direct comparison with the
reflectance standard in the interval ~1350-650 cm™'.

Our spectra for feather barbule residues on stone (Fig. 14) did not require the
Kramers-Kronig correction, indicating that they are the result of diffuse, rather than
specular, reflection. However, the results for the two stone substrates are very different.
The spectrum that we collected for feather barbule residue on English flint is dramat-
ically affected by the stone, as can be discerned by the strong drop in intensity at
1350 cm !, due to the flint’s reststrahlen band. Despite this, peaks consistent with
protein can be discerned above 1350 cm! (amide A at 3345 cm_l, CHj stretching at
2966 and 2931 cm ™', amide I at ~1690 cm ™', amide IT at ~1561 cm ™', and CH, bending
~1450-1350 ¢cm'; see also Table 4). On the other hand, the spectrum for feather
barbules on obsidian is excellent. It exhibits all of the peaks present in the feather
barbule residue reference standard, although some peaks are shifted up by 10-30
wavenumbers (the same is true of the spectrum on flint). Surprisingly, this spectrum
does not display a reststrahlen band at 1300 cm'. This must mean that the spot
measured for this spectrum had a dense enough residue that there is no contribution
from the obsidian. In Fig. S3, we depict spectra obtained from feather calamus residues
on flint and obsidian flakes. This time the residue on flint yielded a better spectrum than
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Fig. 14 The FTIRM spectrum for feather barbule residue on English flint is distorted due to the flint’s
reststrahlen effect at ~1300 cm '. The FTIRM spectrum for feather barbule residue on obsidian, on the other

hand, is similar to the reflectance standard, although the locations of peaks 8-13 are shifted to higher
wavenumbers. Peak assignments are in Table 4. All spectra are graphed in calculated absorbance mode
(log(1/R)). Note that spectra are plotted on the same scale, but have been vertically offset.

the residue on obsidian. This shows that the quality of the spectra depends less on the
type of stone that is the substrate, and more on the nature of the residue itself.

The spectra for hair residue on stone substrates are presented in Fig. 15. Both spectra
exhibit the same suite of peaks seen in the hair reflectance standard above 1350 cm ™' (see
Table 5). Below that number, they are both primarily dominated by the stone reflectance
spectrum.

The spectra for bone residue on stone substrates were saturated, with low signal-to-
noise ratio and poor peak resolution. Therefore, they are not shown here but can be
viewed at www.z.umn.edu/ftir.

The spectra for fish scale residues on stone (Fig. 16) also suffer from saturation of the
detector and a low signal-to-noise ratio. While peaks between ~1700 and 1350 cm ™’
consistent with the protein component of fish scale can be identified, the main
hydroxyapatite peak at 1040 cm ' is unfortunately lost due to the flint and obsidian’s
reststrahlen bands at 1300-1000 cm ™.

Finally, the fat residues on stone (Fig. 17) show the same patterning seen in many of
the other residues. First, the spectrum of fat residue on obsidian requires the Kramers-
Kronig correction (the spectrum of fat residue on flint does not). Second, the peak
shapes and locations for these spectra are comparable to those of the fat reflectance
standard. The spectra exhibit sharp peaks for CH, stretching (peaks 4 and 6) and CH,
bending (peaks 11 and 12) as well as for C = O stretching (peak 7), all of which are
consistent with a high proportion of fatty acids. While the reflectance standard (red line)
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Fig. 15 The FTIRM spectra for deer hair residue on English flint and obsidian compared with the hair reflectance
standard. The residues on obsidian and flint evidence peak shifts (for peaks 8—12) to higher wavenumbers, relative
to the standard (red line); both also exhibit derivative bands below 1300 cm ! (to the right of the dashed line).
Peak assignments are in Table 5. All spectra are graphed in calculated absorbance mode (log(1/R)). Note that
spectra are plotted on the same scale, but have been vertically offset.

contains some moderate-sized protein peaks (peaks 8—10) not seen in the spectra of fat
residue on stone, their absence is likely due to compositional differences between the
samples, which were prepared at different times by different individuals (i.e., the person
who prepared the fat residue for the reflectance standard likely used a piece of fat that
contained some meat). Below 1350 cm™', both residues on stone spectra are badly
affected by derivative bands.

Discussion

Our data show that reflectance FTIRM spectra of animal-tissue residues placed on
an ideal substrate, such as Al-coated slides, are nearly identical to the transmission
FTIRM spectra of the same substances. Differences arising between reflectance
and transmission spectra are attributable, not to the mode of spectroscopy, but to
compositional differences between samples. Furthermore, we show that our re-
flectance FTIRM spectra are consistent with the IR spectra of substances (e.g.,
collagen and keratin) obtained from an independent reference library. In other
words, the reflectance FTIRM reference spectra that we develop in this study are
of excellent quality and provide key chemical information about the molecules
present in these residues. We provide extensive documentation on the structure
and chemical composition of eight characteristic animal residue types, and we
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Fig. 16 The FTIRM spectra for fish scale on English flint and obsidian compared with the fish scale
reflectance standard. The residues on obsidian and flint evidence peak shifts (for peaks 1-3) to higher
wavenumbers, relative to the standard (red line). The strongest vibrations for hydroxyapatite occur at
~1040 ¢cm™', which falls in the middle of the stones’ reststrahlen band and, consequently, appears as a
derivative band on the fish scale on stone residues. Peak assignments are in Table 7. All spectra are graphed in
calculated absorbance mode (log(1/R)). Note that spectra are plotted on the same scale, but have been
vertically offset.

give spectral peak assignments for all of our illustrated spectra in Tables 1, 2, 3, 4,
5, 6, 7, and 8.

We also show that the spectra for animal-tissue residues on stone substrates can be
distorted—sometimes severely. The reflectance spectra for skin, meat, blood, and fat
residues on stone substrates exhibit derivative peaks in the region of 4000—1300 cm .
These are due to the fact that the signal which reaches the detector is primarily
composed of light specularly reflected from the surface of the residues. Application
of the Kramers-Kronig correction makes them comparable with absorbance spectra (in
this portion of the spectrum), although distortions remain. Why is this a problem when
the residues are located on stone, and not when they are on the mirrored slides? We
believe that on the mirrored slides, part of the incident light is specularly reflected from
the surface of the residue, while part of it passes through the residue. If the residue is
thin, the light that has passed through it is reflected from the mirror substrate, and
passes through the residue a second time, ultimately reaching the detector. This signal is
much stronger than the light that specularly reflected from the residue’s surface.
Therefore, a typical “absorbance” spectrum is produced. On the other hand, when
the residue is located on stone, any light passing through the residue is not reflected
from the stone (except for the narrow band between 1300 and 1000 cm ™' described
above); therefore, the entire signal reaching the detector between 4000 and 1300 cm !
is composed of light specularly reflected from the residue surface. The resulting
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Fig. 17 FTIRM spectra of fat residue on obsidian (Kramers-Kronig transformed) and English flint (not
transformed) compared with the fat reflectance standard. Both residue on stone spectra evidence peaks
consistent with a high proportion of hydrocarbons (peaks 36, 7, 11, and 12; peak assignments are in Table 8).
They lack the protein peaks (peaks 8-10) seen in the standard (red line). This compositional difference is
attributed to sample preparation differences. Below 1300 cm ™' (to the right of the dashed line), the spectra of
residues on stone exhibit severe derivative bands. The reflectance standard (red line) and the fat residue on
English flint (blue line) are graphed in calculated absorbance mode (log(1/R)). Note that spectra are plotted on
the same scale, but have been vertically offset.

spectrum, as we have seen, needs to be corrected. The spectra for feather barbules and
calamus, hair, bone, and fish scales on stone do not require a correction. We think this is
because these materials exhibit diffuse, rather than specular reflection, which produces
absorbance-like spectra.

A complicating factor is that in both cases (i.e., residues exhibiting specular or
diffuse reflection), spectra are distorted by the stones’ reststrahlen band which occurs
between ~1300 and 1000 cm '. This happens regardless of stone type (flint, dacite,
chert, or obsidian) because they are all principally composed of SiO, and exhibit a
major absorbance peak in the range of ~1067—1084 cm ' (see Fig. 8 in Monnier ef al.
2017).

Prinsloo ef al. (2014) argue for using spectra “as is” rather than applying the Kramers-
Kronig correction. We counter that this correction is useful because it yields spectra that are
comparable with the reflectance standards. In fact, we are able to identify all major peaks
between 4000 and 1300 cm™' on all of the residues included in this analysis, though we
admit that they are distorted—sometimes severely—relative to the reflectance standards.
Below 1300 cm !, however, many of the spectra we obtained are 7ot interpretable due to
distortions resulting from the large reststrahlen band of siliceous stone, which cannot be
corrected by any algorithm. In some instances, unfortunately, the molecules have their
characteristic peaks in this region. Our fat standard, for instance, has a very strong peak at
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1029 cm ! attributed to C-O and C-C stretching (Table 8, Fig. 9). This peak is hidden by the
flint and obsidian’s reststrahlen bands below 1300 cm ™. This is also a problem for animal
tissues containing hydroxyapatite, such as bone and fish scale, because the main absorbance
peak for this mineral occurs at ~1040 cm ' (see Tables 6 and 7, and Figs. 7 and 8). Because
this is near the location of strongest absorbance for siliceous stone as well, the result is a
saturated detector.

In comparing the results from this study to the results from our study of plant residues
(Monnier et al. 2017), some interesting points emerge. First, none of the plant residue
reflectance spectra on stone substrates produced derivative bands. We assume that this is
because they exhibit diffuse reflection (like the feathers, hair, bone, and fish scales in this
study) rather than specular reflection. Therefore, these spectra do not require a Kramers-
Kronig correction and are very similar to the reflectance standards. Second, the spectra
produced for plant residues on stone substrates are much less affected by the stone. We did
document occasional distortions (see for example Fig. 11 in ibid.), but these are usually
restricted to the portion of the spectrum below 900 cm ™. We suggest that the diminished
effect of the stone on these spectra is due to the fact that the macerated plant tissues were
denser and prevented the incident beam from reaching the stone. On the other hand, the
macerated animal-tissue residues permitted a strong enough signal to be reflected from the
stone that it produced reststrahlen bands in most of the resulting spectra that obliterate the

region below 1300 cm ™.

Archeological Implications

The implications of these results for archeological applications are that the nature of the
residues (including their thickness and surface texture, as noted by Prinsloo ez al. 2014) will
affect the type of reflectance that will occur, as well as the likelihood that the signal from the
stone will be present. This will vary on a case-by-case basis because residues from plant
and animal tissues that have been crushed and macerated during use, then subjected to
diagenesis, presumably occur in a nearly infinite array of particle sizes and shapes. In this
study and our previous one (Monnier et al. 2017), we standardized residue preparation
across all categories, aiming to produce thin slurries of finely ground particles for the best
IR results. It goes without saying that residues on artifacts will not be as homogenous nor
nearly as fine. Furthermore, residues are likely to have been dramatically altered by
chemical diagenesis, which may affect their optical properties as well.

Therefore, obtaining high-quality reflectance FTIRM spectra on archeological residues
will be challenging. This challenge can be mitigated by pushing current instruments to their
limits (including reducing aperture sizes to eliminate the stone background and increasing
counts to improve the signal-to-noise ratio); developing new instruments with improved
capabilities (higher magnification and resolution); and, lastly, removing residues from
artifacts when feasible. Taking into account these factors, we are confident that it will be
possible to obtain high-quality spectra from ancient residues on stone artifacts. The
collection of reference spectra we have developed will help in their analysis.

Finally, because FTIRM is sensitive to intra-sample compositional differences, as we
saw for blood (Fig. 4), hair (Fig. 6), and meat (Fig. 3), this means that it has the potential to
produce very detailed molecular information. It also means that ancient residues are
expected to show compositional differences, relative to our standards, consistent with
diagenetic processes such as oxidation and hydrolysis. However, the quality of the
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molecular information contained in the spectra (i.e., peak shapes and locations) is commen-
surate with sample quality and preparation. The degree to which the results produced by in
situ reflectance FTIRM enable us to distinguish between different types of protein (e.g.,
keratin versus collagen) will depend upon the size and quality of the residue (including type
and degree of degradation) and the quality of the spectra, both of which will be affected by
the factors described above. Finally, this sensitivity also means that relatively small
quantities of contaminants are needed to alter results, requiring the development of protocols
to minimize contamination.

Conclusions

The most secure analyses of organic residues on stone tools involve a convergence of
multiple methods, both microscopic and analytical. Reflectance FTIR microspectroscopy
has enormous potential in this regard because it produces chemical information non-destruc-
tively. Our contribution to the development of this method has been to produce a set of
reflectance FTIRM spectra of the animal-tissue residue types most commonly reported in the
literature; to document the chemical composition of these residue types and their character-
istic vibrations; and to make these reference spectra freely available on our website. Addi-
tionally, we systematically document the effects of stone substrates on resulting spectra,
discussing the challenges posed by different types of reflection and distortions caused by the
infrared signal from siliceous stone.

Future work will be necessary to explore the variability within these different residue
types, to document chemical changes arising from decomposition, and to define the limita-
tions of this methodology. Above all, it is important to remember that (1) no single residue
analysis methodology is likely to be sufficient —multiple, complementary methods are
preferable, especially during this developmental phase; and (2) each archeological site has
a unique set of circumstances (raw material types, preservational history, contamination, and
so forth) that will require adjustment of residue analysis methodologies to provide the most
accurate identifications. This means that lithic residue analysis will never be a speedy
endeavor; however, continued development of residue analysis methodologies will undoubt-
edly yield more secure results and provide new insights into hominin tool-using behaviors.
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