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Abstract

Cooked bone must account for a large proportion of the skeletal finds from
archaeological sites yet it is still not possible to detect cooked bone unless it has
become charred. The reason for this is that mild heating (80°C, one hour), such as is
usual in cooking, does not lead to detectable changes in any biochemical parameter
yet measured. The aim of thesis was to develop a technique which could detect this
level of heat damage. This was attempted by analysing the collagen component of

heated bone with microscopy and calorimetry.

Differential scanning calorimetry was only able to detect catastrophic damage which
occurred after extensive heating (six hours at 100°C or > 145°C). However using
transmission electron microscopy it was possible to visualize heat-damage at the
level of the collagen fibril after very mild heat treatment. The approach was tested on
modern, forensic and archaeological material. Buried bone that had not been cooked
showed some alteration similar to that caused by cooking, nevertheless paired
cooked and uncooked bones could always be distinguished. Analysis of modern
human material with different ages-at-death showed an apparent age-related
stability; the collagen fibrils from older individuals were more resistant to thermal
alteration and swelling in acid. This was also observed, more dramatically, In
artificially cross-linked bone collagen. Conversely bones buried in acidic soils for a

short period showed a rapid fragmentation of the collagen fibrils.

This analysis has given an insight into the very early stages of collagen collapse
within bone and has shown that even when protected by mineral, it is prone to
damage. Degradation of bone collagen appears to be governed by the integrity of
the collagen fibril and if viewed in this way can help to explain why bone collagen
can remain intact far into the archaeological record, why severely diagenetically
altered bone can yield undamaged collagen molecules and why bone collagen is

such a reliable material for isotopic dietary analysis and '*C dating.
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General introduction to the thesis

The ability to identify cooked bone has far reaching implications for many
disciplines, especially within the fields of paleo-anthropology, archaeology and
forensic science. Evidence of heated bone from archaeological sites can be used
not only to imply human influence, but also to elucidate dietary habits, cooking
techniques, socio-cultural and funerary practices; yet the literature on low
temperature heated bone remains limited. This is not due to a lack of
significance, but rather due to the difficulty in identifying bone which has been
cooked but which has not reached a temperature sufficient to cause charring to
the bone surface. The aim of this research was to examine whether damage
within bone collagen fibrils might be used as a means of detecting cooked
archaeological bone. The difficulty with this approach Is that little 1Is known about
how the collagen fibrils within bone are degraded by heat or in the bunal
environment. Therefore a number of objectives had first to be addressed and

these are outlined below:

e to examine the early stages of deterioration in mineralized and non-

mineralized collagen fibrils,

e to identify the role played by the mineral and/or mature cross-links In

preventing failure of the collagen fibril,

e to explore the use of TEM and DSC analysis as techniques to identify

cooked bone,

e to examine how the burnal environment can impact on the ability of these

approaches to detect heat induced damage.

The thesis Is divided into four parts. Part 1 includes two introductory chapters, the
first discusses background technical information fundamental to this thesis,
iIncluding the structure of collagen and bone and the factors responsible for the
thermal stability of bone collagen. The second chapter discusses why it is
important to be able to detect cooked bone in the archaeological record, and an
overview of the present methods of detection and their associated problems is
used to explain why this has not already been accomplished. Part 2 contains four
chapters which deal with the methods used, method development and

preliminary experiments. This includes heating experiments which were



conducted on fresh material and analysis from experimental burials. Part 3
describes the results of case studies. Some of this work is set out in the form of
articles which will be submitted for publication. The first of the two case study
chapters looks at forensic applications to this research and the second is
comprised of an archaeological case study in which the TEM method was tested
to detect cooked bone from an Anglo-Scandinavian urban site. Finally, Part 4
provides a synopsis of the thesis which is followed by a synthesis of findings,

conclusions of the research and suggestions for further work.

The CD at the back of the thesis holds a collection of digital TEM images of
collagen fibrils which were taken during this research. It also includes all of the

TEM images that are presented within the thesis.



Part 1 literature review



Chapter 1 Introduction to collagen and bone

In later chapters the changes that occur to bone as a result of heat (Chapters 2, 4
and 5) and burial (Chapters 2 and 6) are considered, but first it is necessary to
provide an overview of the structure and composition of fresh unaltered bone.
The research questions that are addressed within the thesis focus specifically on
alteration to collagen, a protein which accounts for 90% of the organic content
within bone. Therefore in this section there is a brief description of bone followed
by a more detailed discussion of those aspects which are fundamental to this
thesis, including: the hierarchical structure of collagen, its position within bone,
and the different elements which provide bone collagen with its unusually high

thermal stability.

1.1 Whatis bone?

Fresh bone has three primary constituents; water, a mineral component and an
organic portion. Bone mineral, often referred to as bone- or bio- apatite is
comprised of a non-stoichiometeric form of hydroxyapatite. It plays an important
role in an organism, not only in providing rigidity to bone but also as a reservoir
for minerals (Glimcher and Krane, 1968; Weiner et al., 1999). It has a general
unit cell formula of Caz(PQO,4)s.(OH), although it can accommodate a large
number of trace elements by surface and lattice substitutions (Millard, 2001). For
instance, the Ca*’ ions may be replaced by Sr**, Ra*" or Pb?* and the OH" groups
by F°. There Is also some substitution of phosphate ions for carbonate (Glimcher
and Krane, 1968) and other ions, mostly metals can also be attached to the
surface of the hydroxyapatite crystals by adsorption (Katz, 1996; O'Connor,
2000). The mineral contributes between 60-80% to the weight of bone (Glimcher
and Krane, 1968). A further 25-30% is provided by the organic component, of
which approximately 90% is made up of type | collagen (Glimcher and Krane,
1968; Millard, 2001). Collagen is a protein thus it is made up of chains of amino
acids. It forms long rope-like structures which are impregnated with mineral
crystallites. The remainder of the organic portion is a ‘ground substance’ of other
organic compounds, containing various lipids and non-collagenous proteins
(NCPs) including osteocalcin, osteonectin and proteoglycans (Glimcher and
Krane, 1968; O'Connor, 2000). Their roles in bone are not yet fully understood
although they are likely to play a part in: the initiation and control of mineralization

(Scott, 1988), regulating the diameter of collagen fibrils (Parry et al., 1982; Scott,




1988) and binding collagen and mineral (Prigodich and Vesely, 1997). The exact
proportion of each constituent of bone is dependent upon a number of factors

such as; species, age, sex, nutritional state and bone type (Nicholson, 1996;
Nielsen-Marsh et al., 2000b).

If one the major components of bone is removed this will have a drastic effect on
ts properties. For instance; if the mineral is dissolved away in acid the bone will
become very rubbery and translucent; if a bone Is boiled and the collagen is
gelatinized and leached out, the bone will be extremely brittle and susceptible to
breakage (Seeley et al., 1992). The intimate association of protein fibres and
mineral crystals not only provides fresh bone with flexibility and tensile strength,
but also provides a mutual protection which enables bone to survive for long
periods after death. Whilst biological materials, such as skin, tendon and other
soft tissues rarely survive into the archaeological record, bone collagen can
persist for hundreds of years in a relatively unaltered state, and thus is used as a
reliable substrate for biomolecular analysis. It is thought that the mineral inhibits
access to destructive micro-organisms and stabilizes the collagen component
against gelatinization (Nielsen-Marsh et al., 2000a; Collins et al., 2002; Kronick
and Cooke, 1996). Collagen also provides protection for the mineral (Trueman
and Martill, 2002). Bone apatite crystals are vulnerable to dissolution in the burial
environment because they are extremely small, with a correspondingly high
surface area of around 200 m°g”’ (Weiner and Price, 1986). Their small size
means that they are reactive and can dissolve in water that is drawn in from the
surrounding environment through pores in the bone (Karkanas, 2000; Nriagu,
1983). It has been suggested that as bone crystals are held within a framework of
collagen, the protein protects the surface of the apatite crystallites, and this is

why fresh bone does not rapidly dissolve (Trueman and Martill, 2002).

1.2 What is collagen?

Collagen is a long chain structural protein, forming a major component of the
hard and soft tissues In vertebrates. It forms cables of tightly packed molecules
that strengthen tendons and ligaments, and vast meshes of interwoven strands
that support skin and internal organs. Collagen is the main protein component of
bones and teeth where it iIs combined with mineral crystals. As a result of its
ubiquity within the animal kingdom the structure and stability of collagen has
been subject to considerable investigation, not only within the field of biology.

Collagen derivatives are utilized and have been studied within a whole range of



materials such as parchment and leather (Larsen, 2002), medical biomaterials

(Lee et al., 2001; Meena et al., 1999) and foodstuffs (Snowden and Weidemann,
1978).

There are currently twenty-seven known types of collagen, with molecules from
types I-lll, V, XI, XXIV and XXVII capable of forming fibrils (Hulmes, 2002; Pace
et al., 2003; Sato et al., 2002). The most extensively studied of these is type |

collagen. This fibrillar form is the dominant collagen of skin, tendon and bone and

thus will be the focus herein.

1.3 Structural hierarchy of type | collagen

Collagen has an intricate structure with a number of levels of organization which
can be found at the sub-molecular scale within individual polypeptide chains of
amino acids, right up to the collagen fibrils which are the building blocks for
tissues such as skin, tendon and bone. Bone collagen has yet higher leveis of
organization; it iIs encased with mineral crystals and these mineralized fibrils are
arranged in different conformations to form microscopic and macroscopic
structures within bone. A brief description of the structural hierarchy of bone
collagen is provided below and this is followed by a more detailed description of
each key structural level. The relationship between these levels I1s depicted In
Figure 1.1 where a scale bar is included to show the size of these different

structural components relative to each other.
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Figure 1.1 Schematic diagram showing the hierarchical structure of bone collagen,
adapted from Rho et al. (1998), Figures 1 and 2, p:93, 97.

Type | collagen is composed of amino acids, which combine to form long
polypeptide strands or a-chains. The basic collagen molecule is approximately
300 nm in length and 1.5 nm in diameter (Kadler et al., 1996). It consists of three
a-chains each of which are twisted into a left-handed helix and also coiled around
each other to form a right-handed triple helix. The molecules self-assemble via a
staggered arrangement into larger structures known as fibrils which are the
tensile strength bearing components of connective tissues and bone (Fratzl et al.,
1998: Kadler et al., 1996). Once the molecules have been aligned into the fibril
they are stabilized by a network of covalent cross-links. The fibrils are cylindrical
with diameters ranging between 10 and 500 nm and extend to several microns in
length (Hulmes et al., 1995). Fibrils of larger diameter are generally found in
highly tensile structures such as tendon and ligaments, where they are packed
into tight parallel bundles and aligned in the direction of force (Culav et al., 1999;
Ottani et al., 2001). Collagen fibrils in bone are smaller and typically range from
30-80 nm in diameter (Tzaphlidou, 2005; Tzaphlidou and Berillis, 2005). In
mineralized tissues the fibrils are also surrounded and impregnated by small

mineral crystallites, only tens of nanometres in length and width and 2-4 nm in



thickness (Weiner and Traub, 1992). The mineralized bone collagen fibrils are the

building blocks which form the various microscopically and macroscopically

distinct hierarchical structures of bone.

1.3.1 Collagen « - chains

Collagen is composed of amino acid monomeric units which are covalently linked

together to form long unbranched chains. There are over twenty naturally
occurring amino acids that are found in the collagen molecule. Aimost all are a-

amino acids (except proline) because they have an amine group (NH,) and a
carboxylic acid group (COOH) coming off of the same central carbon (see Figure
1.2) and all except the smallest, glycine, are chiral. The standard amino acids
differ from each other in the structure and length of their side chains and it is this
which gives them their different physico-chemical properties such as polarity,
acidity, basicity, aromaticity, bulk, conformational flexibility, ability to cross-link,

ability to hydrogen bond, and chemical reactivity.

Figure 1.2 General chemical structure of amino acids. Both the amino group and the
carboxyl group are attached to the a-carbon. The R group represents the side chain
which differs between amino acids.

The amino acids are held together by peptide bonds which occur by the
elimination of a water molecule between a carboxyl group and an amino group of
two adjacent amino acids (Figure 1.3) (Freemantle, 1995). The resuiting
polypeptides, referred to as a-chains, are comprised of a repeat unit of three
amino acids which extend for over 1000 residues in length (Collins et al., 1995;
Woodhead-Galloway, 1980). The basic formula for this unit is (Gly-X-Y)n, where
every third residue is glycine (Gly). Proline (Pro) and its hydroxylated form

hydroxyproline (Hyp) commonly occupy the X and Y positions respectively



(Kuivaniemi et al., 1997, Woodhead-Galloway, 1980) and are essential for

providing stability to the collagen molecule (Jenkins and Raines, 2002: Prockop
and Kivirikko, 1995; van der Rest and Garrone, 1991).

H,0 T i |
H\N 0'70 + H\N C//O - H/N\l))\N/I\C{;O
1 | 1

Figure 1.3 Formation of a peptide bond through the condensation of two amino acids and
the removal of water.

Hyp is formed in situ by hydroxylation of Pro, rather than being incorporated into
the chain In the hydroxylated state (Kivirikko and Prockop, 1967). As mentioned
above Pro has a different structure to the standard amino acids found in collagen,
instead of the amino group being attached to the a-carbon, it is actually part of a
heterocyclic ring (Figure 1.4). The cyclic structures of Pro and Hyp cause the
polypeptide backbone to bend, this produces a series of kinks which form a left-
handed a-helix. These unusual rigid structures also prevent movement and
rotation which stabilizes the helix (Jenkins and Raines, 2002; McClain and Wiley,
1972). In this way collagen a-chains are similar to the poly-L-proline Il helix which

Is stabilized by the steric repulsion between the bulky pyrrolidine rings on the Pro
residues (McClain and Wiley, 1972).

The central helical region of the collagen a-chain is approximately 1000 residues
in length and is flanked at either end by short regions, referred to as telopeptides,
which do not have the (Gly-X-Y)n repeat sequence and are not helical (Vitagliano
et al., 1995;: Wess et al.,, 1998). These regions are essential for directing fibril
formation and for stabilizing the fibril structure by contributing to covalent cross-

ink formation (see section 1.3.6).
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Figure 1.4 Chemical structures of proline and hydroxyproline.

1.3.2 Collagen molecule

The type | collagen molecule, tropocollagen, is a semi-flexible rod consisting of
three a-helices each of which are coiled around each other to form a right-
handed triple helix (Ramachandran, 1967; Rich and Crick, 1961) (Figure 1.5).
Two of the chains are identical and denoted as (a1) and the other has a slightly
different amino acid sequence and is denoted as (a2). The a2 chain is thought to
Increase the stability of the collagen molecule, by increasing hydrophobic
iInteractions within the heterogeneous triple helix (Miles et al., 2002). Within the
macromolecule the relatively small Gly residues, contributed alternately by the
three chains, run down the centre of the molecule, whereas the more bulky amino

acids are directed towards the outside (Piez, 1981) (see Figure 1.6).

Figure 1.5 Portion of a collagen molecule showing the super helix structure, from Culav et
al. (1999), Figure 2, p: 311. Individual alpha chains are coiled to form a triple helix and
within each chain, the amino acids are similarly arranged in a helix, with glycine (G)
facing the centre of the triple helix. The other amino acids are represented by the black

dots.
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Figure 1.6 A schematic diagram showing a cross section through the collagen triple helix,
adapted from van der Rest and Garrone (1991), Figure 1, p: 2815. The small glycine
residues (shown in white) sit in the center of the triple helix. The X (shown in black) and Y
(shown In grey) positions face away from the molecule and are occupied by other amino

acids.

There are two contrasting models which describe the twist of the helical region;
the 10/3 model, based upon 10 amino acid residues per three full turns of the
helix (Fraser et al., 1979; Rich and Crick, 1955); and the 7/2 model, based upon
/ residues per two helical turns (Okuyama et al., 1999). However based on
observations of collagen model peptides it has been suggested that the helical
region of the collagen molecule may in fact contain a combination of both
(Kramer et al., 1999). With the regions which are rich in Pro and Hyp having a 7/2

symmetry whereas other regions having a 10/3 symmetry.

The triple helix is held together by interactions between adjacent side chains of
the amino acid residues. Weak bonds can form from interactions between
oppositely charged polar side chains and stronger hydrogen bonds can also be
created when there is a redistribution of electronic charge between a hydrogen
atom and a highly electronegative atom such as oxygen (Freemantle, 1995,
Woodhead-Galloway, 1980). The highly extended nature of the polypeptide helix

prevents the formation of intra-chain hydrogen bonds, but hydrogen bonds do

occur between chains (Collins et al., 1999).

In the past there has been considerable debate as to the nature and number of
the hydrogen bonds between the a-chains (Ramachandran and Kartha, 1954
Ramachandran and Chandrasekharan, 1968; Rich and Crick, 1961). It is now
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generally accepted, that there are in fact two hydrogen bonds per Gly-X-Y triplet,
one of these involving water (Brodsky, 1999). The two bonds formed are: through
direct inductive interactions between the amino (-NH) group of the Gly residue
and the carbonyl (-CO) group of a residue in the X position of an adjacent chain
and via a water bridge connecting the hydroxyl (-OH) group on a Hyp residue in
the Y position of the triplet with an -NH group in a neighbouring chain (Brodsky
and Ramshaw, 1997; Kadler, 1994). Using X-ray diffraction analysis of collagen-
ke peptides, (Gly-Pro-Hyp)4-Ala-Pro-Hyp-(Gly-Pro-Hyp)s Bella et al. (1995) have
shown that as well as direct hydrogen bonding and water bridges between the
polypeptides, there are also intrachain and intermolecular water bridges and free
water molecules which pack around the collagen molecule. This extensive
network of water molecules comprises a hydration cylinder around the collagen

molecule which is anchored to the peptide chains by the Hyp residues.

1.3.3 Role of hydroxyproline (Hyp) in the thermal stability of the
collagen molecule

When heated to a sufficient temperature the hydrogen bonds between the a-
chains of the collagen triple helix are ruptured. This causes the chains to
separate and unravel into random coils (Flory and Garrett, 1958). The
temperature at which type | collagen molecules become denatured, often referred
to as the melting temperature (T,,), Is related to the Pro and Hyp content, which in
turn 1s closely related to the body temperature of the organism (Prockop and
Kivirikko, 1995). For instance cod skin collagen contains a low Pro and Hyp
content and the T,, for individual molecules is just 12°C, whereas calf and chick
skin molecules have T, values of 39°C and 41°C respectively, and higher

quantities of these amino acids (Burjanadze, 1979; Woodhead-Galloway, 1980).

The importance of Pro and Hyp has been confirmed using model polypeptides
where the X and Y positions of the Gly-X-Y triplet have been replaced with
different amino acids. A study by Chan et al., (1997) showed that the Gly-Pro-
Hyp triplet produced the highest T,. The greater thermal stability of this tripiet is
thought to be due to the ability of Hyp to form hydrogen bonded water bridges
through its —OH group (Chan et al., 1997; Bella et al., 19995). This is supported by
evidence that the thermal stability of the triple helix is dependent on the content
of Hyp and not Pro, which lacks the -OH to form water bridges (Burjanadze,
1979). However there is contradictory evidence to suggest that water bridges do

not significantly contribute to the stability of collagen molecules (Engel and
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Prockop, 1998). Holmgren et al. (1998) found that by substituting the -OH group
for -F (a more electro-negative group) in collagen-like peptides, the thermal
stability of the triple helices is increased. As fluoroproline does not provide a site
tor hydrogen bonding of water, the authors conclude that the stability conferred
by Hyp cannot be explained by additional water bridges. Instead they explain
their results by the greater electron-drawing inductive effect that fluorine has
compared to oxygen. This is also consistent with results from Engel et al. (1977)
who found that Hyp residues enhance the thermal stability of collagen-like

peptides even in a completely anhydrous environment where water-bridges could

not be formed.

Miles and Bailey (2001) put forward a theoretical model in which they take into
account the importance of Hyp in dictating the thermal stability of collagen
molecules. They propose that a collagen molecule differs in thermal stability
along its length and that the unfolding of the triple helix is not random but
originates in a specific region of the molecule, 65 residues long near the C-

terminus of the molecule, which is deficient in Hyp and is therefore more

thermally labile.

1.3.4 Role of hydroxylysine residues

As with hydroxyproline the hydroxylation of lysine occurs after it has been
iIncorporated into the polypeptide chain (Kivirikko and Prockop, 1967).
Hydroxylysine is almost exclusively found in the Y positions of the repeating Gly-
X-Y sequences in the collagen triple helix and it is also found in the short non-
triple-helical telopeptide regions at the ends of the molecule (Knott and Bailey,
1998). The hydroxyl groups of hydroxylysine residues have two important
functions: they stabilize the intramolecular and intermolecular collagen cross-links
and they also serve as attachment sites for carbohydrate units (Kivirikko and
Pihlajaniemi, 1998; Knott and Bailey, 1998). The functions of the hydroxylysine-
inked carbohydrate units are not fully understood, but it has been suggested that
they may regulate the packing of collagen molecules into supramolecular
assemblies, as they are situated on the surface of the collagen molecules
(Kivirikko and Pihlajaniemi, 1998). Studies of fibrillar collagens have indicated
that collagens containing high amounts of hydroxylysine and hydroxylysine-linked
carbohydrates form very thin fibrils, whereas collagens with low amounts of these

modifications form thick fibriis (Notbohm et al., 1999).
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1.3.5 Collagen fibril

Hodge and Petruska (1963) put forward a model for the organization of type |
collagen molecules into fibrils, based on TEM micrographs of negatively stained
collagen. In this widely accepted model, molecules are aligned longitudinally with
a gap region of 36 nm between neighbouring triple helices in the same file: the
molecules are also aligned horizontally in rows of five molecules, but staggered
by approximately one quarter of their length. This produces a series of gap and
overlap regions, for every five molecules in an overlap zone only four will traverse
the gap zone. The periodicity of a fibril is measured by the d-spacing which
comprises one gap and overlap region (Glimcher and Krane, 1968). The d-
spacing of type | collagen fibrils is approximately 67 nm, although this varies
slightly between tissues (Kadler, 1994) and decreases to around 64 nm if the fibril
Is dehydrated (Woodhead-Galloway, 1980). The repeat sequence of alternating
overlap and gap zones is responsible for the characteristic banded appearance of

collagen when negatively stained and viewed under an electron microscope
(Woodhead-Galloway, 1980) (Figure 1.7).

Figure 1.7 Schematic diagram showing the longitudinal arrangement of collagen
molecules within fibrils. A is a TEM image showing a section of a positively stained
collagen fibril. B is part of a collagen fibril showing the repeat sequence of gap (grey) and
overlap (white) regions, the arrow shows the position of a collagen molecule within the
fibril. C shows the quarter stagger alignment of collagen molecules within a fibril, each
arrow represents a molecule. The combined length of one gap and overlap region is
known as a d-spacing. D is a section of the triple helix of a collagen molecule.
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Although the axial arrangement of the collagen molecules into fibrils is fairly well
understood, the way in which the molecules are arranged laterally is less clear.
There have been a number of models proposed to explain the lateral packing of
collagen molecules into fibrils (see Wess et al. (1998)). Smith (1968) first
proposed a sub-fibrillar model of a cylindrical arrangement formed from five
collagen molecules, known as a Smith pentafibril or microfibril. A rather different
model was then suggested by Hulmes and Miller (1979) in which in cross-section
the molecules are arranged in a quasi-hexagonal array. A combination of these
two models led to a new model in which microfibrils are compressed so as to fit a
hexagonal array (Trus and Piez, 1980) (Figure 1.8). This arrangement was later

confirmed by Orgel et al. (2001) using x-ray diffraction analysis of tendon.

Figure 1.8 Schematic diagram showing microfibrils compressed so as to fit a hexagonal
array, from Orgel (2001), Figure 4, p:1066.

Analysis of tendon collagen has also shown that the equatorial reflections, which
relate to lateral order, are broader and less well defined than the meridional
reflections, which relate to axial order (Miller, 1982). This suggests that collagen
fibrils are partially ordered structures, containing regions of crystallinity, with
regular interactions between molecules and regions of disorder, where the
interactions between molecules are irregular. Hulmes et al. (1995) compared
several proposed models for the lateral packing of fibrillar structures with
observed x-ray diffraction data and concluded that a cylindrical structure where
the compressed microfibrils are packed radially could account for both the
ordered and disordered phases of collagen molecular packing within the fibril

(Figure 1.9). In this model each concentric layer is separated by a distance of
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approximately 4 nm which is consistent with the observed diameters of collagen

fibrils in young animals (Parry and Craig, 1984) and in vitro studies of self-
assembled collagen fibrils (Christiansen et al., 2000) both of which show discrete

Increments of approximately 8 nm.
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Figure 1.9 Schematic diagram of the proposed lateral organization of collagen microfibrils
shown as cylindrical structure where compressed microfibrils are packed radially. From
Hulmes et al. (2002), Figure 3, p:5.

1.3.6 Stabilization of collagen fibrils

The formation of covalent intramolecular and intermolecular cross-links is the
final step in collagen biosynthesis and occurs once the collagen molecules have
aligned into fibrils (Kadler et al., 1996). The covalent cross-links prevent the
molecules sliding past each other under stress and thus provide tensile strength
and stability to the collagen fibril (Bailey, 2001). Cross-linking of collagen is
initiated by the enzyme lysyl oxidase which modifies certain lysine and
hydroxylysine residues situated in the non-helical telopeptide regions of collagen
molecules. The enzyme catalyzes the oxidative deamination of the e-amino group
on these residues to form reactive aldehydes (allysine and hydroxyallysine)
(Kagan and Li, 2003) (Figure 1.10, Step 1). These aldehydes then form cross-
links, by condensation with a lysine or hydroxylysine residue in the helical portion
of a neighbouring molecule (Knott and Bailey, 1998). These divalent bonds are
heat labile and hydrolysable in acid (Robins, 1988) but can be stabilized in vivo
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by maturation and also in vitro by reduction with sodium borohydride. The major
cross-link i1s a keto-imine called hydroxylysino-5-ketonorleucine (HLKNL) (Eyre,
1981), but in mineralized collagen a significant proportion of the cross-links are
formed with non-hydroxylated Lys residues (lysino-5-ketonorleucine, LKNL)
(Knott and Bailey, 1998) (Figure 1.10, Step 2). During maturation the keto-imines
are believed to condense with another hydroxylysine aldehyde to form trivalent
cross-links (Robins and Duncan, 1987), specifically hydroxylysyl-pyridinoline (HL-
Pyr) and lysyl-pyridinoline (L-Pyr) (Figure 1.11, Step 3). Another non-reducible,
enzymatic cross-link found in bone (and tendon) is a pyrrole. It has been
proposed that this is formed when a HLKNL reacts with a lysine aldehyde

(Kuypers et al., 1992), and is thought to occur when there is a reduced level of

hydroxylation (Bailey et al., 1998).

Step 1

Tel OH H Tel OH

\ Lysyl oxidase |
0 SO ——————— 5 A
H Tl e N\Tel o
hydroxylysyl residue hydroxyallysine
(reactive aldehyde)
Step 2
A) Immature cross-link formation with hydroxylysine
Tel OH T OH Helix Tel o OH Helix
N

H™ el Helix~~ ~H e NTel Helix A

hvdroxylysyl residue
Y sy HLKNL

(hydroxylysino-5-ketonorleucine)

B) Immature cross-link formation with lysine

Tel Helix
- H

Tel OH H H Helix O \AAKL
: N 0

N o, N -"N\ ix” “H

H” \Tel Helix” “H A Tel Helx
. L KNL
lysyl residue (lysino-5-ketonorleucine)

Figure 1.10 Formation of immature covalent cross-links in bone collagen. Step 1 enzyme

catalysed oxidative deamination of a hydroxylysyl residue in the telopeptide region to
form the reactive aldehyde, hydroxyallysine. Step 2 formation of the immature ketoimine

cross-links A) HLKNL and B) LKNL through condensation of hydroxyallysine with a lysy!
or hydroxylysy! residue in an adjacent a-chain. Based on Knott and Bailey (1998), Figure

1, p:182.
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Step 3

A) Mature cross-link formation with HLKNL
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B) Mature cross-link formation with LKNL
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Figure 1.11 Formation of mature cross-links in bone collagen. Step 3 formation of
pyridinoline cross-links through further condensation of the ketoimine cross-links with a
hydroxyallysine residue to form A) HL-Pyr and B) L-Pyr. Based on Kuypers et al. (1992),
Scheme 2, p:135.

1.3.7 Polymer-in-a-box theory for the thermal stabilization of
collagen molecules within fibrils

The denaturation temperature of collagenous tissues is known to increase if the
tissue is dehydrated (Finch and Ledward, 1972). In accordance with this
observation, Miles and Ghelashvili (1999) showed a negative relationship
between the denaturation temperature and the volume fraction of water within
collagen fibrils. The authors explained this phenomenon using a polymer-in-a-
box model whereby they envisaged that the collagen molecule i1s confined within
a box, the walls of which are formed by adjacent triple helices within the fibril.
They suggest that as the fibril is dehydrated the intermolecular spacing is
reduced which restricts the available space around the collagen molecule. This

results iIn a loss of configurational entropy which causes a corresponding
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Increase in the Gibbs free energy of activation and consequently an increase In
thermal stability. This theory also explains why, as previously mentioned, the
denaturation temperature of individual collagen molecules is close to body
temperature, yet in mammalian skin, tendon and demineralized bone where the
molecules are closely packed within fibrils the denaturation temperature is
increased by over 25°C (Miles and Bailey, 1999). Recently, Miles et al. (2005)
have also suggested that the increase in denaturation temperature which is
observed when collagen is synthetically cross-linked can also be explained by the
polymer-in-a-box theory. They suggest that the increased stability is due to a

dehydration process because the cross-links hold the collagen molecules closer

together thereby exclude water.

1.3.8 Mineralized collagen fibrils

The initial nucleation of the mineral crystals, their position with regard to collagen
fibrils and the dimensions of mineral crystals are still controversial issues;
although they have been investigated in both mineralized tendon and bone using
techniques such as electron microscopy and x-ray scattering. It is generally
agreed that nucleation of the mineral occurs within the gap region that is formed
by the quarter staggered arrangement of collagen molecules within fibrils (Fratzi
et al., 1991, Glimcher and Krane, 1968; Woodhead-Galloway, 1980). The mineral
deposits show an axial periodicity (approximately 67 nm repeat distance) along
the collagen fibrils consistent with the location of the crystals corresponding to
collagen gap and overlap zones (Landis et al., 1996). With continued deposition
the mineral crystals grow or coalesce into larger crystals which expand into the
overlap region within the fibril structure (Fratzl et al.,, 1991, Landis et al., 1996)
and also cover the surface of the fibril. When viewed by TEM it can be seen that

the mineralized fibril is encapsulated within the mineral which obscures the
fibrillar banding pattern (Kadler, 1994) (see Figure 1.12).

There is some ambiguity as to the shape of the mineral crystals. They have been
variously described as book-like (Millard, 2001), rod-like (Glimcher and Krane,
1968), plate-like and needle-like in appearance (Currey, 2002; Fratz| et al., 1992;
Rho et al., 1998). It is unclear whether the mineral crystals found in mineralized
turkey tendon are of a different shape to those found in bone. Fratzl (1992)
determined by x-ray diffraction that the crystals in adult turkey leg tendon were
plate-shaped with a thickness of approximately 2 nm, whereas those in bone

were needle shaped with a thickness of 3-4 nm. However needle-shaped
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crystallites have been observed in tendon that is just starting to mineralize (Traub
et al.,, 1992), and studies using electron microscopy have identified plate-like
crystals in bone samples from a range of different species (Kim et al., 1995;
Landis et al., 1996; Weiner and Price, 1986). Weiner and Traub (1986) have also

shown that plate-like crystals have a needle-like appearance when viewed on
their edge.

Figure 1.12 TEM image of mineralized bone collagen fibrils, from Kadler (1994), Figure
13, P:OY0.

The question of how much of the mineral resides within the fibril and how much Is
between the fibrils is also contentious. It is thought that the majority of the
inorganic crystals reside within the collagen fibrils, within the gap regions
(Glimcher and Krane, 1968; Katz, 1996; Weiner and Traub, 1986). The crystals
are arranged in parallel layers that traverse the diameter of the fibrils. Whilst the
thickness and length of the crystals are the correct dimensions to fit within the
gap regions, they are too wide to exist within a single gap region (Weiner and
Traub, 1986). It has been suggested that the thin plates grow along grooves
within the collagen fibril which are formed by adjacent gap regions (Landis et al.,
1996: Ottani et al., 2001; Weiner and Traub, 1986). Whilst in mineralized turkey
tendon it is thought that all of the mineral is associated with the collagen fibrils
(Weiner and Traub, 1986), Bonar et al. (1985) determined by chemical analysis
that there is more mineral in bone than can be accommodated within the collagen
fibrils, suggesting that mineral must also be present between the collagen fibrils.
Cressy and Cressey (2003) using TEM have observed thin sheets of mineral

within the inter-fibrillar space of sheep and human bone which are not associated
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with the fibrils. However the same technique has been applied to fish bone and in

this case mineral was found only within the collagen fibrils not within the inter-
fibrillar space (Lee and Glimcher, 1991).

1.3.9 Thermal stabilization of mineralized collagen fibrils

The thermal stability of mineralized collagen has received considerably less
attention than factors affecting the thermal stability of collagen molecules or non-
mineralized fibrils, although it would appear that the presence of mineral has a
dramatic effect on the thermal stability of bone collagen. DSC studies have
suggested that the characteristic 60-65°C endothermic transition which occurs in
untreated non-mineralized collagen is shifted up to 150°C in mineralized tissue
(Kronick and Cooke, 1996). It has been speculated that the physical constraints
Imposed by the mineral suppress denaturation (Covington, 2001; Nielsen-Marsh
et al.,, 2000a). This idea is based on the same polymer-in-a-box theory that was
proposed by Miles and Ghelashvili (1999) to explain the stabilizing effect of
dehydrating collagen. In this case mineral crystals surround and impregnate
collagen fibrils thereby reducing the free space available for the collagen to
collapse into. A thermodynamic consequence of this enforced organization is that

more energy Is required for denaturation to occur and thus there is an increased

thermal stability.

There is evidence to suggest that in mineralized tissues the water molecules
occupying free space around the collagen molecules are replaced with
crystallites. As mentioned above in mineralized tissue the gap regions are
occupied with mineral crystals. Fratzl et al. (1993) showed how the mineral
crystals could also be deposited inside the overlap regions of collagen fibrils if
they replace the water molecules (Figure 1.13). In this model the formation of
large crystals pushed the collagen molecules closer together which also explains
why the equatorial spacing, which corresponds to the separation of the individual

molecules, is reduced as the amount of mineral increases (Bigi et al., 1988; Lees,
1987).
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Figure 1.13 Computer models based on x-ray spectra showing the possible lateral
packing of collagen molecules in (i) fully hydrated (ii) partially dehydrated (iii) fully
dehydrated and (iv) mineralized turkey leg tendon, adapted from Fratzl et al. (1993),
Figure 3, p: 263. The black circles represent collagen molecules and the grey bordered
white structures in diagram iv represent mineral crystals. Note the amount of free space

around molecules in the fully hydrated state compared to the dehydrated or mineralized
states.

1.3.10 Bone structures

Mineralized fibrils form larger fibers and fiber bundles, which combine to produce
three structures; Woven bone, Lamellar bone and Parallel-fibred bone. Woven
bone is rapidly laid down and the mineralized collagen fibrils have no preferred
orientation. This type is commonly found in newly formed bone; it is prevalent in
the bones of infants and also found in adult bone at fracture sites (Currey, 2002).
Lamellar bone is less densely mineralized than woven bone and the fibrils are
arranged Iinto vast sheets, approximately 3-7 um in thickness, known as lamellae
(Rho et al., 1998). In each lamellae sheet the collagen fibrils are aligned along
their long axis and the orientation is different in each concentric layer of lamellae
giving them a plywood-like organization (Giraud-Guille et al., 2003; Weiner et al.,
1999). Parallel-fibred bone (a less common type), has a structure that is part-way
between the other two (Katz, 1996; Millard, 2001).

A normal mature skeleton is made up of two types of bone which are
microscopically and macroscopically distinct yet have the same chemical
composition as both are formed from lamellar bone (White and Folkens, 2000).
Cancellous or spongy bone is a highly porous material found predominantly in the
flat (skull and ribs) and irregular (wrist, ankle and spine) bones and at the ends of
long bones (leg and arm). It consists of fine interconnecting struts of bone, known
as trabeculae (Millard, 2001; White and Folkens, 2000). Compact bone is the

principal component of long bone shafts. For this research only compact bone
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was used and all of the samples (with the exception of the rib cortical bone
samples from the Palace Leas burial experiment and Hamman-Todd case study,
discussed in Chapters 6 and 7 respectively) were from the mid-shaft of long
bones. This type of bone is characteristically dense and unlike cancellous bone it
contains microscopic blood vessels. The lamellae sheets wrap In concentric
layers around a central canal to form a structure called an osteon or Haversian
system which runs approximately parallel to the longitudinal axis of the bone
(White and Folkens, 2000). In life the Haversian and also Volkmann's canals
(Which are at right angles to the Haversian canals) contain blood vessels (Seeley
et al., 1992). In the burial environment the vascular network has a deleterious
effect as it makes the bone porous and as a result susceptible to diagenetic
alteration (see Chapter 6). Not all of the lamellae form Haversian systems:
interstitial lamellae are found in the spaces between osteons and the periosteal
(outer) and endosteal (inner) surface of bone is covered by a thin layer of
circumferential lamellae. Microscopic analysis of mid-shaft long bone from young
cow, sheep and pig has shown that it is composed solely of vascular sheets
sandwiched between circumferential lamellae, with none of the lamellae

organized into Haversian systems (Locke, 2004).

1.4 Bone turnover and implications for bone collagen
thermal stability

The cells of the skeleton act to maintain the physical structure of bone, a process
referred to as remodelling. Bone remodelling is a continuous process occurring
throughout life. The turnover of collagen in mature collagenous tissues occurs
within the time period of months to years compared with days for the non-
structural proteins (Bailey, 2001) and bone collagen turns over up to three times
more slowly than collagen found in soft tissues (excluding dermis) (Gineyts et al.,
2000). A given sample of bone is therefore likely to contain a mixture of newly

formed and mature bone and will possess mineralized collagen fibrils which will

have different thermal stabilities.

Bone is remodelled by cells known as osteoclasts, which destroy bone and
osteoblasts which lay down new bone to form a Haversian system (Vaughan,
1975). The osteoclasts form a cutting cone shape and advance through the bone
leaving behind a cylindrical cavity approximately 200 nm in diameter (Currey,
2002). The internal cavity is then filled in with concentric lamelliae, except for the

very centre of the cavity which contains blood vessels and nerves (Figure, 1.14).
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Li et al. (2003) argued that as bone is constantly remodelling within any single
element there will be collagen in different stages of calcification, which would
affect the in situ thermal stability of the collagen. They found an increase in the
quantity of denatured collagen in bone with increased temperature and
suggested that as non-mineralized collagen denatures at 60°C whereas
mineralized collagen denatures at approximately 150°C, collagen denatured and
lost at the lower end of this temperature range was non- or partially-calcified

whereas loss at higher temperatures came from fully mineralized collagen.
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Figure 1.14 Schematic diagram showing bone being remodeled to form a new Haversian
system, seen for longitudinal and cross-sectional views. The times give roughly the time
course of the process in humans. In the cross sections the central cavity is shown black.
At 5 days the osteoclasts are still widening the cavity in the bone. At 3 weeks the cavity Is
at its widest. By 6 weeks the cavity is half filled in by osteoblasts, and by 10 weeks the
process is completed, although it will take longer for the bone to become completely
mineralized. From Currey (2002), Figure 1.2, p: 15.

As discussed previously, the presence of mineral is a major contributor to the
thermal stability of bone collagen but covalent cross-links are another key factor
affecting collagen stability. A cross-section of compact bone will contain both
immature divalent cross-links from newly formed bone as well as mature
multivalent cross-links from older collagen. As the former are heat-labile whilst

the latter can survive exposure to 200°C (Wang et al., 2002b), one might expect




that the older highly cross-linked collagen fibrils would be more thermally stable.
However studies of both rat and human bone collagen by Danielsen have
suggested that the situation is more complicated and newly formed bone collagen
actually has a higher denaturation temperature. This is based on comparison
studies of samples of different ages at death (Danielsen, 1990: Danielsen et al.,
1994) and also comparing cancellous bone versus compact bone (Danielsen,
1998) (as the former is believed to remodel more rapidly and is therefore rich in
Immature cross-links (Eyre et al., 1988). The contributions of mineral and cross-

links, and the effect of age on the structural integrity of collagen fibrils when

exposed to heat are discussed in Chapter 5.

1.5 Summary

This chapter has given an overview of the current understanding of collagen and
bone structure. As has been noted, the thermal stability of the collagen molecule
has been explored in detail, whilst the collagen fibril has received rather less
attention. This thesis is focused upon the collagen fibril, and addresses how this,
often overlooked, level of structural hierarchy impacts upon the study of
archaeological cooked bone. Before this examination of the thermal degradation
of the collagen fibril is discussed, the following chapter explains the significance
of cooked archaeological bone and how damage of the collagen fibril could be

used to detect this thermal alteration.
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Chapter 2 Introduction to cooked bone in the
archaeological record

Definitions

Taphonomy — all processes which act upon a bone after death, these can include
human modification such as butchery and cooking and also natural processes

which include weathering and diagenesis

Sub-aerial weathering — above ground alteration due to natural processes such

as UV radiation, breakage, trampling and carnivore activity

Diagenesis — below ground alteration such as leaching, hydrolysis by acidic

groundwater and attack by micro-organisms and fungi

Cooking - mild heat treatment, including boiling or roasting in which the bone has

not reached a temperature that would induce charring

2.1 Why look at cooked bone?

Archaeologists study how people lived in the past. One key aspect of their lives
was food procurement and preparation. Between the death of an animal and its
transformation into food, the bones will go through a number of stages of
taphonomic alteration. The Initial processes of hunting, butchery and
disarticulation have been studied in great detail, both ethnographically and from
the study of faunal remains. The processes that will affect bones after they have
left the dinner plate have also featured in the archaeological literature i.e. in
taphonomic and diagenetic studies of domestic refuse. Humans are the only
species which actually cook their food and cooking and meat eating have been
inked to key changes in the dentition, and enlargement of the brain (the

expensive tissue hypothesis; Aiello and Wheeler, 1995), therefore evidence of

cooking and the processing of meat is fundamental.

The problem with cooking is that, unlike burning, temperatures remain sufficiently
low to transform the food whilst retaining some moisture. A technique which
could identify such low temperature thermal alteration has the potential to answer
key archaeological questions such as when early fire started to be used for
cooking. From the nutritional standpoint, cooking would have meant an

improvement in the edibility of meat both in terms of the quality and extended
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use-life of meat. In addition, boiling the residual meat and extracting lipids from

bones would have provided a new and important source of nutrients (Lupo and
Schmitt, 1997).

Another question that has stimulated (often macabre) interest is the cooking of
human bone. Finding evidence for cannibalism remains an area of active debate.
especially with regard to sites in the American Southwest (Novak and Kollman,
2000; Turner and Turner, 1999) and Fiji (DeGusta, 2000). Cut-marks on bone are
an indicator of human influence and have been used as a way of detecting
cannibalism. However it has been argued that this evidence could represent war
related mutilation or secondary burial (Lambert et al., 2000); the ability to
recognize cooked human bone could help to distinguish these ritual behaviours
from cannibalism. It has also been suggested that if cooked human bone could

be identified the reported incidence of cannibalism would arguably increase
(Hurlbut, 2000).

2.1.1 Social status

ldeas regarding improved nutrition and cannibalism are merely two high profile
examples; the identification of cooked bone is of wide-ranging archaeological
Interest. Evidence of cooking can be used to elucidate dietary habits and cooking
techniques. Food and eating habits are also strong cultural markers filled with
meaning. Anthropological studies have shown that eating habits may be used as
a means of non-verbal communication, with which to reinforce relationships
between individuals and groups within a society (Douglas, 1972; Levi-Strauss,
1978). Gender roles, for instance, can be manifested within food processing and
consumption (Hastorf, 1991). The mode by which a meal was cooked, and the
type of food stuffs that are eaten, can reflect social and economic status within a
society (Goody, 1982; Grant, 2002). The division of a carcass within a group can
be used as a means to reinforce social order at meal times, with higher quality

cuts restricted to those of higher social standing ( McCormick, 2002; Stokes,

2000).

The ritualistic meanings behind cooking are not just restricted to the living; heated
bone. be it animal or human, also has a role to play in understanding funerary
practices. Animal remains that are associated with human activity are usually
recovered from the floor levels of habitation areas, refuse pits or middens. These

remains are generally considered to represent everyday domestic waste.

27



However animal bones were sometimes deliberately buried and these remains
are often thought to have special ritual meaning (Lauwerier, 2002). For instance
throughout history animal bones are found associated with human inhumations
(DUrrwéchter et al., 2006). Deliberate interment of raw or cooked animal remains
In a burial are interpreted as ‘grave gifts’, perhaps given for religious reasons. to
feed the soul and to enable the deceased to make the journey to the other world
(Lauwerier, 2002). The grave gifts may also be used to express status, either that
of the deceased or of the deceased’s relatives (Grant, 2002). Evidence for the

preparation of these ‘gifts’ would aid interpretation of their significance.

Beliefs can also be expressed in the ways that relatives offer their deceased to
the gods. Whether the deceased is offered raw, cooked or burnt may reflect what
the relatives believe to be their god’'s wishes (Oestigaard, 2000). Whilst burnt
bone I1s often easy to recognize, bones which have been heated to lower
temperatures are often categorized and catalogued as unburnt and thus

Interpreted as inhumations (Oestigaard, 2000).

2.1.2 Biomolecular studies

Cooking is designed to transform foodstuffs to make them more edible. In this
process the biological macromolecules are degraded by a variety of chemical
processes (such as hydrolysis and oxidation). Consequently cooking diminishes
biomolecular survival. Molecules such as DNA, osteocalcin and collagen are
able to survive within bone for thousands of years and have been used to provide
Information as diverse as migration patterns, diet, genetics, sex, age and aging.
Bone collagen, for example, has been utilized for radiocarbon dating (van Klinken
and Hedges, 1998), stable Isotope paleodietary analysis (Ambrose, 1993;
Bocherens et al., 1995; Schoeninger et al.,, 1983) and amino acid racemization
dating (AAR) (Csapd et al.,, 1994). Many authors have investigated the
diagenesis of remains, notably bone, in order to improve the recovery of vital
(and chronological) signals from ancient samples. Indeed there are a series of

international conferences specifically focused upon bone diagenesis.

Remarkably, the most common and arguably one of the most detrimental
processes that an archaeological bone will have suffered, cooking, remains
largely unexplored. Yet it is the thermal history of a bone which is required to

interpret techniques such as amino acid racemization (Csapd et al.,, 1994
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Marshall, 1990) and can help predict the survival of biomolecules in the
archaeological record (Smith et al., 2003).

2.2 Why has cooked bone not been studied more widely?

Given the social and taphonomic importance of cooking, one would expect to find
many attempts to discriminate cooked from uncooked bone, but this is not the
case. It has been suggested that the apparent lack of interest in cooking
practises may represent a gender bias; with emphasis on the traditionally ‘male
roles of butchery and hunting but considerably less on food preparation which is
seen as a female’ role (Montén Subias, 2002). A more prosaic explanation is

that cooking leaves very little evidence in the archaeological record.

One approach has been to identify taphonomic evidence for animal processing
another has been to detect thermal alteration (the key component of cooking);

problems with these alternative approaches are discussed below.

2.3 Taphonomic evidence of cooking from faunal remains

Some studies have attempted to identify evidence for cooking practices by
looking for features of food-processing on animal bones. These include evidence
of burning (Albarella and Serjeantson, 2002; Binford, 1981; Gifford-Gonzalez,
1989), the position of butchery marks (Gifford-Gonzalez, 1989), fracture patterns,
and degree of fragmentation (Gifford-Gonzalez, 1989; Oliver, 1993; Outram,
2001).

2.3.1 Burning

Evidence of burning will show that a bone has been heated but can also provide
information about the condition of the bone at the time it was cooked. Charring
which extends over the entire surface of a bone indicates that all the flesh has
been removed. but if it affects only the articular ends this indicates that the bone
was cooked with some or all of the flesh attached, for instance when a joint is
roasted (Albarella and Serjeantson, 2002; Gifford-Gonzalez, 1989).

2.3.2 Butchery marks

Butchery marks can show how the carcass was dismembered and this may
provide an indication of how the meat would have been cooked. The distribution
of cut-marks and fractures on the upper limb bones can (for instance) provide an

indication of whether whole joints of meat were roasted on the bone or whether

29



pieces of meat were first removed from the carcass and then cooked (O'Connor,

1989). However cut-marks can sometimes be difficult to recognize due to sub-

aerial weathering and diagenetic processes.

2.3.3 Fracture patterns

Fractures can be produced during butchery and dismemberment and again these
can also provide an indication of cooking practice. For instance long bones
processed for boiling in cooking pots often show irregular transverse fractures
resulting from their breakage prior to boiling, because they have to fit into cooking
pots (Gifford-Gonzalez, 1989; Turner and Turner, 1999).

There Is archaeological evidence to suggest that bones were exploited for their
marrow and grease content which may have involved an element of heating.
Marrow has a high calorific value and can therefore be an important source of
nutrition (Outram, 2002). It is extracted from the long bones by striking or
chopping at the shaft to expose the marrow within (Albarella and Serjeantson,
2002; Marshall, 1989). However there is some debate as to whether butchery
and marrow extraction occurs prior to, or after, the bone has been heated
(Gifford-Gonzalez, 1989; Outram, 2002). It has been suggested that the types of
fracture produced during this process will differ depending on whether the bone
has been heated beforehand to ‘loosen’ the marrow (Gifford-Gonzalez, 1989;
Oliver, 1993). However, Alhaique (1997) found that the fracture pattern produced
during marrow extraction was not solely affected by whether the bone was

cooked or not; species, age, skeletal element and the tool used all had an effect.

Grease can be extracted from fragmented bones by boiling them and then
skimming the fat from the surface of the water once it has been cooled. There is
ethnographic evidence of bones being boiled for grease rendering (Binford, 1978;
Yellen, 1977, 1991) and the presence of sets of humerous crushed fragments of
bone found within archaeological contexts have been used to indicate grease
rendering (Church and Lyman, 2003; Outram, 1999, 2002, 2004). However, the
presence of very small fragments of bone is not in itself a good indicator. Church
and Lyman (2003) extracted grease from bones of different sizes and found that
the efficiency of extraction varies little if the bone fragments are 5 cm or less
largest dimension. They also cite ethnographic and archaeological studies where
the bone fragment size was reported to be as large as 7-8 cm. An additional

problem with using both fracture patterns and comminution to infer cooking from
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bones is that natural processes of trampling and weathering can also cause
fragmentation (Behrensmeyer, 1978).

One way to discriminate deliberate from natural fragmentation is to discriminate
between fresh (processing) and dry (natural) breaks (Outram, 2002). In Outram’s
study of a Mesolithic site in the Italian Dolomites, almost all the cancellous bone
on the site had been reduced to small fragments with most of the larger
fragments being from the shaft. The author argued that most fragmentation was
due to fresh fracture rather than post-depositional attrition and was therefore due

to marrow extraction, followed by bone-grease rendering.

Whilst the results of the case study are compelling there is no direct evidence
that the bones were in fact boiled or heated in any way. The evidence is
circumstantial as is the case for studies which infer cooking based on the position
of butchery marks, the type of bone (i.e. high meat bearing bones such as the
humerus, tibia or ribs versus low meat utility bones such as the skull and feet
bones) and the spatial distribution of bones at a site (i.e. a butchery site versus a
domestic waste deposition). All such studies can be used to indicate human
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