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Abstract

This study develops a fractographic method to diagnose hammerstone- and carnivore-
induced fracture. This is important because interpretations of hominin entry into the
carnivore guild and evolution of meat-eating are based on rare tool and tooth marks in
Oldowan (2.5-1.8mya) fossil assemblages. Consequently, estimating hominin and
carnivore involvement is difficult, and questions remain about Oldowan hominin’s position
in the carnivore guild and socioecology. One aspect of bone damage, fracture surfaces, is
ubiquitous, but largely unstudied.

The fractographic (study of fracture surfaces) method is based on fracture principals,
particularly how differences in static- and impact-loading affect material response and
fracture features resulting from loading extremes. The method is applied to analysis of
fracture features in a) the Amboseli Hyaena Den assemblage, b) an experimental
hammerstone-broken assemblage, c) a Plio-Pleistocene assemblage previously interpreted
as a carnivore accumulation, FLK-NN2 (Olduvai Gorge), and d) the zooarchaeological
assemblage from FLK-Zinj, (Olduvai Gorge).

This is the first zooarchaeological/taphonomic study to demonstrate that a) static and
impact fracture differ fundamentally in applied load size and material responses to loading
extremes, b) impact-forces are significantly greater than the maximum carnivore bite-force,
¢) cones, incipient flakes, radiating cracks, and lateral stress features are characteristic of
impact fracture, and e) Oldowan hominins at FLK-Zinj were responsible for breakage of
54% of the limb assemblage (a 37% — 40% increase over estimates based on percussion
marks).

The socioecological implications of the habitual transport of food from death and/or kill
sites to secondary locations are explored by examining reasons why social carnivores
transport food. Aspects of modern carnivore behaviour suggest general mammalian
constraints that may have predicated food transport by early Homo. Early Homo food
transport behaviour was structured by anti-predator defense strategies associated with a)
foraging in an open habitat rich with competing predators, b) the lack of masticatory and
digestive apparatus to quickly consume animal tissue, and c) the presence of altricial young
in the hominin group.
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- CHAPTER 1 -
Introduction: Problems and Promise in Defining Bone Fracture Agency
and Assessing the Position of Early Homo in the Carnivore Guild

1.1 Introduction

This thesis defines, develops and applies a new interdisciplinary method to identify
hammerstone-broken bones to determine the extent to which early Homo engaged in meat
eating. The framework of the method is built on fractography, the study of fracture
surfaces, and fracture mechanics that differentiate fracture patterns and features created by
static and impact loading. Defining the extent of early Homo reliance on animal tissue and
its socioecological implications is important because the addition of meat to the diet is
recognized as a critical process in the evolution of early Homo (e.g. Bunn 2001; Plummer
2004), which coincides with the age range (2.6 — 1.6mya) of the first stone technology, the
Oldowan.

These behavioural developments also coincide with the appearance of at least three
hominin genera, Australopithecus, Paranthropus, and Homo. Determining which genus or
genera made the Oldowan tools and which added meat to their diet at what time(s) is
problematic; however, most paleoanthropologists assume that members of our genus were
the meat-eaters and maker of Oldowan tools because both behaviours were clearly major
components of H. erectus behavioural repertoire (Plummer 2004). Cut marks on animal
bones from 2.6mya Gona, Ethiopia assemblage with associated Oldowan artifacts (Semaw
et al. 2003) and the 2.5mya assemblage from Bouri, Ethiopia (without associated Oldowan
artifacts) (de Heinzelin et al. 1999), date the earliest beginnings of meat eating.
Identification of a Homo jaw from 2.8mya deposits in the Afar, Ethiopia (Villmoare et al.
2015) would seem to confirm that members of our genera were the tool-makers. Recent,
discovery of 3.3mya stone tools at Lomokwi 3, West Turkana (Harmand et al. 2015) mean
that the start of this process might be even earlier. Not only is are these tools .5my older

than the Ledi Geraru Homo jaw, the Lomekwian technology shares similarities with flakes
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created by chimpanzees during nut-cracking. Which hominin make these tools is unclear,
but Kenyanthropus platyops fossils are from nearby deposits of a similar age (Leakey et al.
2001). For now, however, the purpose of the Lomekwian industry and its link to meat
processing remains unproven.

No consensus has formed about the 2.8mya jaw reported by Villmoare et al. 2015
and the oldest accepted early Homo remains are 0.3mya younger (Hadar, Ethiopia
mandible A.L. 666; Kimbel et al. 1996) than the oldest Oldowan tools from Gona (Semaw
et al. 1997, 2003). Consequently, it has been suggested that several genera were making
Oldowan tools and likely added meat to their diet. Semaw et al. (2003), for example, have
suggested that 4. garhi was the maker of the Gona tools and cut marks on the basis of
recovery of these hominin fossils from nearby and nearly contemporaneous deposits.
Isotopic analysis (Cerling et al. 2011) indicates that Paranthropus (2.3 — 1.2mya) subsisted
largely on c4 plants (grasses and sedges) or perhaps the meat of animals that consumed c4
plants (Sponheimer et al. 2006). Analysis of isotopes from South African hominins
indicates little dietary difference between the australopiths and Homo (Lee-Thorpe 2000).
And, functional analysis of Paranthropus hand and wrist suggest that tool-making was
possible (Sussman 1991).

For present purposes, it is assumed that a member of our genus made the Oldowan
artifacts and had added some meat to their diet around 2.6mya. Later Oldowan sites, 2.3 —
1.6mya, with evidence of carcass processing were likely created initially by H. habilis and
H. rudolfensis with each creating archaeological sites when they were contemporaries on
the landscape between 1.8 and 1.6mya (Plummer 2004). For the purposes of this study, it is
assumed that the hominin species responsible for the Oldowan tools and bone
accumulation at the 1.74 mya FLK-Zinjanthropus site analyzed here was H. habilis (sensu
stricto). That said, other species and genera may have also been responsible and the
Oldowan tool-maker and processor of animal carcasses will be referred to as early Homo.

Paleoanthropologists are necessarily interested in the mode, character, and extent of
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meat-acquisition by early Homo because meat eating has been invoked to explain several
biological evolutionary trends including changes in energetics, brain enlargement, gut
reduction (Aiello and Wheeler 1995; Aiello and Wells 2002) maturation rates, and
altriciality as well as a host of socioecological characteristics, e.g., range expansion (e.g.,
Aiello, 1997; Leonard and Robertson 1997; McHenry and Coffing 2000), cooperative
behaviour, sexual division of labor and shifts in parental investment (e.g., Isaac 1978a,
1978b; Lovejoy 1981; McGrew 1992; Stanley 1992; Aiello and Wheeler 1995), landscape-
use patterns (e.g., Aiello, 1997), food-sharing (Bunn and Kroll 1986; Isaac 1978a, 1978b;
foraging strategies, group structure, and provisioning (e.g., Isaac 1978a, 1978b; Oliver
1994). Additionally, the degree to which early Homo relied on animal tissue is important in
understanding their position in the carnivore guild and the corresponding adaptive
behaviours related to this position (e.g., Brantingham 1998; Egeland 2007a, 2014).

Analysis and interpretations of the amount of meat in the diet of early Homo and,
perhaps more significantly, the mode of acquisition vary. Most Plio-Pleistocene Oldowan
assemblages exhibit evidence that both carnivores and early Homo were involved in
assemblage creation. Consequently, rather detailed and intricate analyses using a variety of
actualistic and experimental studies have been used in attempts to define the primary agent
in the accumulation. The question can be simply stated — Who ate what when? Did
hominins feed on complete carcasses via hunting or confrontational scrounging, or were
they scavenging bits of meat and bone abandoned by carnivores?

Analyses of ancient bone assemblages have used the diagnostic but rare tool marks
to define the extent of hominin activity in creating the assemblages (Table 1). In no
Oldowan fossil assemblage does the frequency of percussion marks (PM) exceed 28% of
the number of identified specimens (NISP). On average, only 11% of bones in Oldowan
assemblages display percussion tool marks (cut and percussion marks). It is therefore
difficult to accurately reconstruct early Homo subsistence behaviour and resolve the debate

over early Homo meat acquisition strategies. One suite of damages are ubiquitous, but
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Table 1.1. Frequency of cut marks (CM), percussion marks (PM), and tooth
marks (TM) observed on ungulate long bones and metapodials in various
Oldowan assemblages.

% % %
Site CM PM T™M Ref.
Kanjera 40 63 938 Ferraro et al. 2013
FLK-Zinj 11.6 — — Bunn and Kroll 1986
FLK-Zinj 19.9 — 258 Oliver 1994
FLK-Zinj - 273 60.7 Blumenschine 1995
FLK-Zin;j 18.7 — 60.7 Blumenschine as reported by Capaldo 1997
FLK-Zin;j — 151 17.7 Dominguez-Rodrigo and Barba 2007b
FLK-Zinj 19.8 — — Dominguez-Rodrigo and Barba 2007c
FxJ;50 2.9 — — Bunn 1997
FxJj350 127 95 357 Dominguez-Rodrigo 2002
FwlJjl14A 15.0 3.0 1.2 Pobiner et al. 2008
FwJ]j14B 21.7 53 - Pobiner et al. 2008
Galil4 17.5 3.0 0.0 Pobiner et al. 2008

largely unstudied — bone fracture surfaces. This study examines fracture features and
patterns as well as other damages (i.e., tool and tooth marks) and their configuration to
provide more robust estimates of hominin and carnivore involvement in the creation of
ancient bone assemblages, specifically the Plio-Pleistocene FLK-Zinj, Olduvai Gorge,
Tanzania fossil assemblage. New estimates of early Homo involvement with this
assemblage derived from this analysis serve as a base to explore the socioecological
implications of an uncommon mammalian behaviour, food transport.
1.2 A Brief to Assessments of Carcass Acquisition by FLK-Zinj Hominins

Discussions of the character and mode of early Homo acquisition of animal tissue
have a long and sometimes (unnecessarily) contentious history (Binford, 1981, 1986, 1988;
Bunn and Kroll, 1986, 1988; Oliver, 1994; Selvaggio, 1994, 1998; Blumenschine, 1995;
Capaldo, 1995, 1997; Monahan, 1996; Dominguez Rodrigo, 1997a, 1997b; Egeland et al.,
2004; Pickering et al., 2005; Dominguez-Rodrigo and Barba, 2006, 2007; Blumenschine
and Pobiner, 2007; Pobiner et al., 2008; Ferraro et al., 2013; Pante et al. 2012). All analysts

(except Binford) agree that the FLK-Zinj assemblage exhibits evidence of carnivore
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involvement in the form of tooth marks. The activities of early Homo are demonstrated by
both cut and percussion marks, and hammerstone percussion notches (some of which
display incipient flakes, see below). The meaning of the damage frequencies, and which
actualistic and experimental analogues are most appropriate to inform interpretations, are
the main subjects of debate.

Many have argued that hominins were meager scavengers of meat scraps and
marrow remaining at abandoned carnivore-ravaged carcasses (Binford 1981, 1986, 1988;
Shipman 1986; Blumenschine 1987, 1995; Blumenschine et al. 1992; Capaldo 1995, 1997;
Selvaggio 1994, 1998; Pante et al. 2012; Pobiner 2015). These arguments are based largely
on the similarly high tooth mark frequencies observed in actualistic assemblages and FLK-
Zinj. On the basis of more recent estimates of the amount of tissue remaining on carcasses
abandoned by felids and reanalysis of Blumenschine’s original FLK-Zinj tooth mark
frequencies, some have suggested more meat was potentially available, but the hominin
foraging behaviour remains that of passive scavenging (Pante et al. 2012; Pobiner 2015).

Others have emphasized cut mark frequencies and their location on meaty elements
(Dominguez-Rogrigo 1997a, 1997b, 1999a, 1999b, 2002; Dominguez-Rodrigo and Barba
2007c) as well as questioning Blumenschine’s FLK-Zinj tooth mark frequencies
(Dominguez-Rodrigo and Barba 2006, 2007b) in arguing that the FLK-Zinj early Homo
had early access to meat-rich carcasses. The conclusion of these and other recent analyses
1s that the FLK-early Homo acquired meaty carcass parts via confrontational scavenging or
perhaps hunting as originally envisaged by Bunn (e.g., Bunn 2001; Bunn and Ezzo 1993).
Bunn’s recent analysis of FLK-Zinj ungulate age-profile data also suggests early access
and perhaps hunting (Bunn and Pickering 2010; Bunn and Gurtov 2014). Further, using
Shannon’s evenness index, which measures the evenness of skeletal element survivorship
in relation to their frequency in a complete carcass, Faith et al. (2009) have argued that the

high index for FLK-Zinj indicates early access to meaty carcasses.
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Clearly this debate has revolved around some very real methodological and empirical
issues, but the frequent sharp edge and volatility among debate participants is likely a
reflection of the importance of ascertaining whether early Homos were passive scavengers,
confrontational scavengers, or perhaps hunters. It is important to determine if one of these
strategies characterizes 1.8mya hominin meat-acquisition behaviour because each suggests
rather different amounts of meat in the diet. Furthermore, the addition of meat to early
Homo diet has been tied to a number of other significant changes in hominin biological and
cultural evolution.

Carnivore guilds may be defined on the basis of member body mass, diet,
locomotion (Morlo et al. 2010), and trophic level (Brantingham 1998; Van Valkenburgh
1988, 1989, 1991). Carcass acquisition strategies largely define a carnivore’s position in
the carnivore guild and the level of inter-specific competition with other guild members.
These strategies mirror those proposed for early Homo (Brantingham 1998). Top predators,
also referred to as hypercarnivores, such as lions and leopards, acquire carcasses almost
exclusively by hunting. Confrontational scavengers use their larger size and/or larger
group size to supplant other carnivores from their kills. Within the African carnivore guild
the spotted hyaena is the primary confrontational scavenger. If their numbers are
sufficiently greater, other smaller carnivores, notably wild dogs and jackals, will supplant
larger carnivores at a kill. As noted by Pereira et al. (2013), however, carnivore carcass
acquisition strategies are often facultative. It seems likely that early Homo acquired
carcasses in a variety of ways as well. Nevertheless, the three trophic levels of the
carnivore guild are useful heuristic devices to discuss their behavioural implications for
hominins.

Each of early Homo meat-acquisition strategies and their position in the carnivore
guild has different implications for inter-specific competition with other predators and
hominin behaviour (Brantingham 1998), particularly the level of co-operation and

complexity of strategies needed for meat-acquisition. Non-confrontational or passive
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scavengers are characterized as occupying a very low position in the carnivore guild.
Animal tissue acquired by passive scavenging would be scraps of meat and bone marrow.
Estimates of the actual amount of meat available from carnivore-ravaged carcasses vary
depending on the carnivore principally responsible for the kill, among other factors. Felids,
for example, have been shown to leave more meat on their abandoned carcasses (Pobiner
2015) than hyaenas (Blumenschine 1987, 1995). Other factors influencing the amount of
meat available for secondary scavenging include whether the carnivore is solitary or part of
a group, carnivore population densities and species diversity, and available “on the hoof”
resources. Inter-specific competition is the over-riding factor. Solitary hyaenas, for
example, find it impossible to displace lions from their kills, but packs are able to do so
(Kruuk 1972). Population densities of some small to mid-size carnivores (e.g., wild dogs)
are inversely related to densities of hyaenas and lions (Creel and Creel 1998). Similarly,
lions facing frequent competition with hyaenas over kills in Ngorongoro and Serengeti,
Tanzania, and Masai Mara, Kenya leave less meat for secondary scavengers than do lions
in guilds where competition over kills is reduced (Pobiner 2015). Regardless of the amount
of meat acquired, the ability of passive scavengers to compete directly with other
carnivores would be low, as would the level of co-operative behaviour needed to secure an
abandoned carcass. The level of danger from predators would be lower in passive
scavenging than in either confrontational scavenging or hunting.

In contrast, confrontational scavenging involves active, direct competition for
carcasses killed and/or defended by a carnivore. Thus, confrontational scavenging is a
form of kleptoparasitism and would provide more meat and marrow to the thief than could
be obtained via passive scavenging. Confrontational scavengers occupy a higher level in
the carnivore guild than passive scavengers. Equally important is the complex suite of
behaviours likely necessary to confront large and dangerous carnivores feeding on a
carcass. Several variables would have to be consciously evaluated including differences in

the carnivore and hominin group size, physical setting (e.g., how much of the surrounding
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area could be scanned for competing predators), other carnivores waiting for a chance to
feed, availability of natural projectiles, i.e., rocks, to drive off predators, distance to more
protected area such as a woodland, etc. If hominins were to attempt takeover of a kill,
some solutions to these evaluations would require a level of cooperative behaviours not
required by passive scavenging. Further, the greater level of danger from predators no
doubt influenced the composition of the foraging group. Because risks to overall group
fitness would seem to be high, it seems unlikely that mothers with infants would be part of
a foraging party where confrontational scavenging or direct competition with carnivores
was likely to occur.

Meat acquisition via active and habitual hunting is a strategy of the top occupants of
the carnivore guild. For hominins, this would obviously require an even greater degree of
behavioural sophistication and cooperation. Hominins would have to know the locations
where prey were known to pass, suitable nearby hiding places to await passing prey, and of
course an effective technology capable or killing prey. If a kill were made, a further
consideration would be how other hominin group members were informed of the carcass
location to facilitate transport before other predators arrived. Hunting also implies a
different foraging group structure, one likely much smaller (and male dominated?),
perhaps made up of pairs, than with either passive or confrontational scavenging.

Finally, it must be emphasized that the amount of animal tissue at a kill is likely
positively correlated with the level of competition and risk associated with acquiring that
animal tissue. Consequently, the level of risk associated with each carnivore guild trophic
strategy was likely a major factor in determining the level of food transport.

As mentioned above, the most direct evidence for early Homo involvement with the
FLK-Zinj fossil assemblage is the relatively high frequencies of cut and percussion marks.
And, the most direct evidence for carnivore involvement is the widely variable estimates of

tooth mark frequencies.
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1.3 A Brief on Zooarchaeological Assessments of Bone Fracture

The study of bone fracture has a long and sometimes contentious history in
archaeology (e.g., Dart 1949a, 1949b; Binford 1981; Brain 1981; Bonnichsen 1979;
Bonnichsen and Sorg 1989). It has been marred by differences in conceptual approaches,
fracture nomenclature, levels of description and illustration, and a lack of agreement on
which, if any, fracture patterns are diagnostic to carnivore, geological, or human agents.
Both Bonnichsen (1979, Bonnichsen and Will 1980), who pioneered that study of bone
fracture, and Johnson (1985) grounded their understanding of bone fracture in knowledge
of bone as a material and fracture mechanics. While this grounding is a sound approach, its
full utility has not been convincingly demonstrated. As well, the approach and many of the
fracture features and concepts have been both ignored and misunderstood.

Nomenclature, particularly descriptions of fracture shape, e.g., the use of the term
“spiral fracture”, has varied considerably (see Johnson 1985 for a discussion of the
conflicting uses of various fracture shapes). Similarly, fracture terms borrowed from the
material science literature have often not been adequately described or illustrated. Fracture
mechanics concepts have not been stated as general principles related to substantive and
observable differences in fracture features and patterns resulting from static and impact
loading. Finally, and more critically, bone fracture studies have suffered from a lack of
quantified data. Those arguing that certain fracture features and patterns (e.g., spiral
fractures, incipient flakes, hackle marks, steeply-angled negative flake scars, etc.) are
indicative of impact fracture with hammerstones have rarely provided quantified
actualistic, experimental, or fossil data (e.g. Bonnichsen 1979; Johnson 1985). Their
arguments are largely warranted by reference to the material science fracture literature. As
a consequence of this lack of quantification, as well as a lack of sufficient descriptive
detail and illustration, it has been easy for others to reject the utility of many fracture
patterns and features proposed to be indicative of impact loading. Both Binford (1981) and

Haynes (1981, 1982, 1983a) have documented carnivores may create what they term spiral
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fractures, negative flake scars. Haynes further notes similar damages are created by
trampling, and that carnivore flake scars may display hackle marks.

Attempts at presenting a synthetic approach to understanding bone fracture and
defining fracture features believed to be diagnostic of agency have suffered from the
particularly poor archaeological context of many fossil assemblages foisted as examples of
prehistoric human involvement. For example, the first attempt to understand bone fracture
using an understanding of fracture mechanics and lithic technology were applied to an
argument that the redeposited Pleistocene bones on river banks from Old Crow Flats,
Yukon, Canada with green fractures are evidence for a Pre-Clovis occupation of the New
World (Bonnichsen 1979). A more poorly understood fossil assemblage could not have
been chosen to evaluate this early attempt to understand bone fracture. The Ginsberg
Experiment — an experimental butchery and marrow processing of an elephant carcass —
but particularly its application in identifying supposed Pre-Clovis human involvement with
other proposed Pre-Clove sites, i.e., Dutton-Selby, Colorado, USA (Stanford et al. 1981)
has been largely dismissed by the archaeological community. Consequently and
unfortunately, many “threw the baby out with the bathwater”. A notable exception is
Adrien Hannus’ work on the Lange-Ferguson Mammoth Site (1989, 1990) where impact
fracture and flaking of mammoth bone is clear and accepted by even the most conservative
of analysts (Grayson and Meltzer 2002). Another more controversial pre-Clovis mammoth
assemblage displaying similar bone flaking and fracture features is at the Lovewell
Reservoir Site (Holen 2007).

Although not explicitly grounded in knowledge of bone as a material or fracture
mechanics, more recent experimental and actualistic studies have considerably refined and
quantified descriptions of some fracture patterns and features created by carnivores and
hammerstone impact. Capaldo and Blumenschine (1994) measured notches and associated
negative flake scars created by experimental hammerstone-impact and carnivore gnawing.

By measuring notch width, depth, and maximum flake scar width, they found that
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carnivore teeth create smaller notches, which tend to be equidimensional (semi-circular),
with smaller and narrower associated flake scars and a steeper fracture angle (approaching
90°). In contrast, hammerstone-impact notches were found to be broad with larger flake
scars that exhibit a more acute fracture angle. Further, they note that what they call
incipient flakes were observed exclusively on bones broken by hammerstone percussion.
Subsequent studies have quantified fracture angle frequencies and seem to verify these
earlier observations (Bonnichsen 1979; Johnson 1985; Blumenschine and Selvagio 1991)
that impact fracture tends to produce more acute fracture angles compared to the near 90°
angles created by carnivore gnawing. In an experimental study Alcantara et al. (2006), for
example, found that carnivore created fractures were significantly more likely to display
fracture angles approaching 90° while those created by percussion are more acute.
Dominguez-Rodrigo and Barba (2007b), measured fracture angles in the FLK-Zinj
assemblage and found most display acute angles suggesting many bones were broken by
hammerstone impact. Not all studies have confirmed this pattern, however. A large
proportion of impacted flake scars and notches, particularly those on the radius but not the
humerus, in Pickering and Egeland’s (2005) study display steeper angles. Measurement of
fracture angles for this study was abandoned because of the difficulty in obtaining
consistent measurements and because it was found that a large number of fracture surfaces
display more than one fracture angle.
1.4 Approach and Organization of This Study

Not only have bone fracture studies suffered from a lack of quantification, there has
been little attempt to understand bone fracture in terms of the fracture mechanics and the
role played by bone’s material properties. Advances in both the material sciences and
zooarchaeological studies of fracture warrant attempting a synthesis and examination of
specific fracture features that may differentiate carnivore- from hammerstone-broken
bones. Understanding bone as a material, fracture mechanics and resultant fracture features

aids in the identification of bone fracture agency.
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The approach used here to understand bone fracture and discriminate between bones
broken by carnivore chewing and those broken by hammerstone impact is based on
principles and concepts derived from the fracture mechanics and fractographic (study of
fracture surfaces) literature. Chapter 2 Fracture Mechanics, Fractographic Features, and
Fracture Patterns: Concepts and Examples for Understanding Bone Fracture presents key
aspects of fracture mechanics and the fractographic features resulting from loading
extremes. This study emphasizes the profound differences between static and impact
loading and how resultant modes of fracture development make it possible to fracture
features and patterns characteristic of hammerstone-impact breakage.

Many zooarchaeological discussions of bone fracture note — often in passing — that
static loading by carnivore teeth is different from the impact or dynamic loading created by
hammerstone percussion sometimes adding that different fracture patterns are created (e.g.,
Capaldo and Blumenschine 1994; Pickering and Egeland 2005). This study is the first
attempt to bound the problem by estimating the loads produced by carnivore chewing and
hammerstone impact, and explains resultant fracture features in terms of loading extremes.
Estimates of bite forces for a number of carnivores and impact forces are provided in
Chapter 2 to substantiate the magnitude of difference between carnivore static and
hammerstone impact loading. Chapter 2 also creates a framework to understand bone
fracture in terms of established fracture mechanics principles, as well as the fracture
consequences of loading extremes, static and impact loading; critically, this framework has
been lacking in previous studies of bone fracture. Existing taphonomic and experimental
studies of bone fracture are described and framed in terms of these fracture mechanics
principles and understanding of how specific fracture features form.

Chapter 3 Research Framework: Hypotheses for Fracture Patterns and Features
Among the Four Assemblages restates the fractographic and fracture mechanics principles
as hypotheses to test in the analysis of four assemblages: 1) a modern actualistic

assemblage accumulated by modern hyaenas, the Amboseli Hyaena Den (AHD); 2) an
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experimental assemblage (EXP) of bones broken by the author with hammerstone and
anvil some pieces of which were fed to hyaenas after breakage; 3) a Plio-Pleistocene fossil
assemblage from Olduvai Gorge, Tanzania, FLK-NN2 that is thought to have been
accumulated by hyaenas; 4) a Plio-Pleistocene zooarchaeological assemblage with both
hominin and carnivore involvement, FLK-Zinjanthropus (aka FLK-level 22, from here on
referred to as FLK-Zinj). This discussion demonstrates the utility these principles as
heuristic devices to focus the analysis of bone fracture. Chapter 4 Materials and Methods
describes four assemblages and methods for assessing the fractographic approach.

Chapter 5 Results assesses the expectations regarding bone fragmentation and
fractographic features in the four assemblages. Also presented in this assessment are
frequencies of diagnostic tooth and tool marks and their co-occurrence with a select set of
fractographic features. In Chapter 6 Discussion the meaning of these fracture patterns and
fracture feature frequencies are discussed in terms of the fractographic and fracture
mechanics principles presented in Chapter 2. Here new estimates of early Homo
involvement in the FLK-Zinj assemblage based on fractographic analyses are presented.
Drawing on ecological constraints shared with carnivores occupying open environments,

the early Homo socioecological implications of these new estimates are discussed.
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- CHAPTER 2 -
Fracture Mechanics, Fractographic Features, and Fracture Patterns:
Concepts and Examples for Understanding Bone Fracture

2.1 Introduction

Early work on defining characteristics of hammerstone-fractured bone and attempts
to differentiate it from bone fractured by other agents, particularly carnivores, focused on
overall fracture shape. Spiral fractures on long bones were proposed to be indicative of
percussion fracture (e.g., Dart 1957; Bonnichsen 1979), but paleontological and actualistic
studies quickly showed that spiral fractures could be produced without hominin
involvement and were only indicative of green fracture (e.g., Binford 1981; Haynes 1983;
Johnson 1985; Meyers et al. 1980; Oliver 1989). More recent research on differentiating
hammerstone- and carnivore-fractured bone has relied on relatively uncommon diagnostic
trace features — the size of complete notches and associated flake scars, and tooth and
percussion marks each produces (e.g., Binford 1981; Blumenschine and Selvaggio 1988;
Capaldo and Blumenschine 1994; Haynes 1983).

This reliance limits the information that may be gleaned from a fragmented
assemblage and, moreover, seriously constrains the accuracy in identifying the major
fracture agent, because for any given assemblage relatively few percussion marks and
notches are available for study. Experimental work, for example, has shown that the
frequency of bone fragments displaying percussion marks is highly variable: Pickering and
Egeland (2006) report 13.8% of the hammerstone broken NISP display percussion marks
while Blumenschine and Selvaggio (1988) and Galan et al. (2009) observed percussion
marks on 37.5% and 32.5% of the NISP in their experimental samples, respectively. This
roughly parallels the range of percussion-marked specimens in Plio-Pleistocene
zooarchaeological assemblages (Table 1.1). With the exception of noting the importance of
radiating fractures (Johnson 1985) and the analysis of fracture angles (Pickering et al.

2005; Dominguez-Rodrigo and Barba 2007b), and notches (Capaldo and Blumenschine
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1994; Galan et al. 2009), information held in various fracture features on the more
numerous fracture surfaces has been largely ignored. Every long bone fragment has at least
two fracture surfaces. Each fracture surface may display fracture features (e.g., radiating
cracks, cones, hackle marks, fracture front movement directional indicators, lateral stress,
etc. — see below) and the cortical medullary/cancellous surfaces may display damages
(e.g., percussion marks, tooth marks, miscellaneous abrasions, etc.) that may inform us
about the fracture agent.

Accordingly, an understanding of fracture mechanics and an assessment of a
configuration of fractographic features and marks on fracture surfaces offers a more robust
and holistic method for the identification of fracture agent. It is argued here that
differentiating carnivore and hammerstone fractured bone not only requires an assessment
of trace features (e.g., tooth and cut marks, notches, and flake scars), but an understanding
of bone’s structural organization and characteristics, fracture mechanics, the way in which
each agent induces fracture and the fracture surface features each may produce. In
developing a conceptual basis for understanding differences between hammerstone- and
carnivore-induced fracture particular emphasis is placed on a) the rate of force application,
b) the amount of force applied, ¢) the surface area over which force is applied, and d) the
shape of the indenter that contacts bone and applies the force. These vast differences in the
mode and character of force application by hammerstone impact and carnivore chewing
may then inform us about differences that may be expected in the fracture patterns and
fracture surface features each may produce.

The outline of bone fracture concepts relevant to discerning fracture agent developed
here relies on two related fields of the material sciences, fracture mechanics and
fractography. Fracture mechanics is the study of how solids fail by the formation and
propagation of cracks that disrupt the otherwise solid body thereby causing structural
failure. It is concerned with loads applied to materials, the stresses (tensile, compressive,

and shear) different loadings create, the strains of the material as an initial manner to
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relieve the applied stress, the formation of cracks around material flaws, and how stress is
released in the form of cracks. Fractography, a term first used by Zapffe and Clogg
(1944), is an interdisciplinary field closely tied to fracture mechanics that examines
fracture surface topography of solids to understand how materials develop irrecoverable
damage, fracture, and how fracture fronts are propagated under various types of loading
conditions. Its basic premise is that fracture surface features reflect both the fracture
properties of the material as well as the conditions — in particular load amounts, rate of
loading, and indenter size and shape — that initiated fracture (Hull 1999; Quinn 2007).
Fractographic analysis can help identify fracture origin, direction of fracture front
movement, how the material was loaded, material defects, and environmental and material
conditions at the time of fracture.

In industry and medicine both fields are critical to understanding the tolerance limits
of materials and situations in which those limits are approached as well as reconstructing
the failure of equipment, implants, and bone (e.g., Eskul 1993; Fréchette 1990; Kim et al.
2008; Medvedovski 2010; Stevenson et al. 2001; Zioupos et al. 2006). Engineers use
fractography and fracture mechanics to define the cause of fractures in equipment in
normal use as well as those resulting from accidents and catastrophic events such as
airplane explosions (e.g., Krishnan et al. 1993; Roylance 2001) and develop new products
less prone to failure. In medicine and dentistry, for example, an understanding of the
strength and fracture properties of pins, implants, and crowns and the bones or teeth they
are used to repair is necessary. A similar understanding of the bone fracture properties and
tolerance limits is often required in the safety design of a multitude of products,
particularly those in the container, transportation, and military industries. Moreover,
knowledge of bone fracture properties and fractographic features has also proven useful in
accident reconstruction and industrial forensics where the fracture agent, cause, and
contextual conditions are unknown. Fractography draws on knowledge of a material’s

physical properties, fracture mechanics, event context, fracture surface features, and
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Fig. 2.1. Conceptual components of fractographic analysis (modified after Quinn 2007,
Fig. 1.4).

comparative material. It is a holistic approach to understanding and interpreting the causes,
origin, and agency of material failure (Fig. 2.1).

Notably, fractographers rarely attempt to quantify the frequency of features
described here; the presence, absence, and expression of some features are taken as
indicative of certain loading conditions. Fractographic analysis relies largely on visual,
subjective assessments of fracture’s topographic features that seek to understand the
context of the fracture event. As noted by Quinn (2007) fractographic analysis is to large
degree a matter of pattern recognition. As noted by Quinn (2007: 2-3, 5) fractography

“...1s often learned gradually and autodidactically by experience over
many years [which may be] regard[ed] as a subjective practice...The
reality is that....[it] is in fact objective and quantitative to an experienced
fractographer....An important element of fractographic analysis is pattern
recognition. Certain types of fracture leave telltale fracture patterns on the
fracture surfaces, or in the breakage patterns or shapes of the
fragments...markings may be more subtle and can be overlooked but
fractography is a cumulative learning experience... step-by-step
accumulation of experience is necessary. One may consult textbooks,
reference articles, and even this Guide to help acquire knowledge, but
there is no substitute for hands-on direct eyeball and microscopy

experience.” (italics added)

As shown below, while some features are nearly diagnostic of carnivore static loading or
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impact loading by hammerstones, it would be a mistake to treat the fractographic approach
as a simple, “cookbook” method to the identification of bone fracture agent. It can do so,
but its strength as outlined here lies with the tools it provides for understanding how the
fracture surfaces, features, loading point characteristics, fragment size and shape, and
surficial damages are inter-related. It is on this level of (experience-derived) pattern-
recognition that most insights into bone fracture and assemblage creation are found.

Significantly, the fracture mechanics and fractographic literature indicates that
regardless of the material involved (ceramics, glass, metal, or bone) impact- and static-
loading because of their vastly different loading characteristics often yield different
fracture patterns and fracture surface features (e.g., Quinn 2007). Broadly speaking, the
basis for proposing that fractography and an understanding of fracture mechanics aids in
identifying fracture features that are useful in diagnosing carnivore- from hammerstone-
induced fractures, lies with differences in a) the amount of force or stress each agent can
apply, b) the size of the indenter, c) the rate of load or stress application, and d) how the
stress 1s dissipated. Stated another way, the visual analysis of bone fracture patterns and
fractographic features, one structured by an understanding of fracture mechanics, the
material, and context of the fracture event, permits assessment of the relative amount of
force applied to bone and its manner of application. If the fracture features indicate high
levels of force were applied, then impact fracture may be inferred.

That said, few features discussed below are unequivocally diagnostic of
hammerstone or carnivore fractured bomne. Impact— and static—loading do share some
similar properties and can create some similar appearing fracture features. In cases where
similar features are produced, it is the strength of their expression and their co—occurrence
with certain other fracture features that allow probabilistic statements about the relative
amount and manner of stress application, and thus by extension, fracture agent. It must be
emphasized that to achieve more accurate estimates of hominin and carnivore involvement

in a fragmented assemblage, the damages, however diagnostic they seem to be, cannot be
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treated in isolation. Rather, it is more fruitful, although admittedly more difficult, to assess
a suite of fracture features, their relationships to each other and other damages within an
overall understanding of fracture mechanics, mechanisms behind feature creation, and
bone as a material. Building this holistic framework of bone fracture is the focus of this
chapter.

This chapter is divided into five main sections. The first section, 2.2 Bite Force and
Impact Force Estimates, establishes the considerable differences between the static loading
inflicted by carnivore chewing and the impact loading created by hammerstone battering. It
is often casually noted that static and impact loading are different (e.g., Bonnichsen 1979;
Johnson 1985; Dominguez—Rodrigo and Barba 2007b): Static an impact loading are simply
stated to be different with no definition or discussion of exactly what the differences mean.
Here, the amount of loading created by static carnivore chewing and hammerstone impact
are provided and discussed. This discussion of carnivore static and hammerstone impact
loading establishes the necessary context for appreciating subsequent discussions.

The hierarchical structure of bone and its influence on fracture propagation and
orientation are briefly summarized in the second section 2.3 Bone as a Material. In the
section, 2.4 Fracture Mechanics, some fundamental principles of fracture mechanics of
brittle materials are outlined. Particular detail is given to the differences between static and
dynamic fracture in the amount and rate of loading, manner of energy dissipation in a
propagating crack, and the role of indenters. The fractographic features, fracture patterns,
and aspects of fragment size and shape resulting from static— and dynamic—loading are
discussed in section 2.5 Fractographic Features. Included in this section are, examples
(images) of these fracture features and fracture patterns as they appear in fractured bone.
Finally, the last section, 2.6 Summary and Expectations, these discussions are summarized,
in terms of differences in the frequencies fractographic features and fracture patterns

expected to be observed in the four study assemblages.

Chapter 2 — Fracture Mechanics, Fractographic Features, and Fracture Patterns -19-



2.2 Bite Force vs. Impact Force

It has been recognized for some time that carnivores load bone in a static manner
whereas hammerstones do so dynamically (e.g., Bonnichsen 1979). Archaeological studies
of bone fracture have not, however, been explicit why this difference is important. That is,
with few exceptions and with limited detail (e.g., Bonnichsen 1979; Morlan 1980; Johnson
1985), zooarchaeological studies of bone fracture bone fracture have given just cursory, or
more often implied, acknowledgement of this difference. Just how different these loading
modes are has not been stated. The relationships between the amounts of energy imparted,
its mode of application, the manner in which strain is released, and the fracture features
produced by each agent have not been explored. Here estimates of levels of force carnivore
teeth and hammerstones apply are presented and discussed. Force is measured in Newtons
(N). A Newton is the standard international unit of force where 1N is the amount of force
required to accelerate a mass of one kilogram at a rate of one meter per second squared,
(IN =1 kg'm/s?)

Although detailed in section 2.4 Fracture Mechanics below, it is useful here to
briefly outline the major characteristics of static and impact loading to appreciate why their
resultant applied forces are so different. Static and impact loading are two very different
ways to create stress and impart energy to a material. Static loading is characterized by a)
its gradual increase in load until b) a relatively constant rate of force application is
attained, and c) the relatively long periods of time the load and material are in contact. The
formula for calculating static loading force (F) is

F=m%*a
where m is the mass of the object and a is its acceleration. Static loads are often applied in
a cyclically and the material experiences elastic or quasi—plastic deformation (Lawn 1998).
In contrast, impact loading includes kinetic energy (the energy an object has because

it is in motion) and therefore the load is applied instantaneously with a very short period of
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contact. The contact period is usually estimated by the amount of material compression
before failure. Thus, the formula for calculating impact-loading force

F=(1/2mv’)/d
where m = mass of the moving object, v = the object’s velocity, and d = the distance of its
travel into the material before fracture.

As discussed in the above fracture mechanics and fractographic discussions,
understanding many concepts and particularly the presence/absence and expression of
many fracture features are dependent on the amount of energy (the capacity to do work)
imparted to the material to propagate fracture (the work done). Although force (any
influence that tends to change the motion of an object) is not energy, it is a manifestation
of energy. This distinction between force and energy is important, but for purposes here
(because among other reasons we know that carnivore and hammerstone forces can
accomplish the work of fracture) it is possible to use force as a proxy for the relative
amounts of energy carnivore static— and hammerstone impact loading impart to bone. Of
course, a number of variables may influence both the amount of force each may apply
(animal strength, age, dental health, teeth used to exert force, tooth and hammerstone
geometry and size, level of hunger, etc.) to bone as well as the amount of force required to
break a particular bone (age, density, geometry, etc.). Although these variables may be
important in determining the force or energy used to break a particular bone by a particular
carnivore or a particular hammerstone, they need not be considered to define the potential
forces each agent may apply.

What should be kept in mind is that that similar bite force (BF) estimates for two or
more different taxa, e.g., large felids and hyaenas, does not necessarily indicate similar
abilities to fracture bone. Tooth geometry is obviously one important variable; felids have
relatively slender, blade—like carnassials, whereas those of hyaenas are more robust and
conical. Jaw gape (the distance between canine tips in an open jaw) is another particularly

important variable because it defines the size of the object that can be easily chewed. Thus,
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one of the reasons why extant felids are not known for habitual bone—crunching behaviour
is that their gape is smaller than that of hyaenas. For example, the gape of C. crocuta, has
been measured as 151 mm while that of P. leo is 91mm (Christiansen and Adolfssen 2005).

Here the amount of force in Newtons (N) generated by extant and extinct carnivores,
a reptile, and a few primates in static—loading are listed and compared to those generated
by hammerstone impact. It is shown that carnivores apply relatively low forces while
hammerstones can apply a much greater force, often by orders of magnitude. These data
serve to bound the problem of characterizing fractures generated by relatively small and
relatively large amounts of energy as defined in the fracture literature (see below).

2.2.1 Bite Force Estimates

Bite force (BF), measured in Newtons (N), in vertebrates has been estimated in a
variety of ways. Direct measurements are made using force transducers (“bite bar”) or
hydraulic occlusal gauges to measure the BF of living and awake animals (Abu Alhiaja et
al. 2010; Binder and Van Valkenburgh 2000; Binder pers. comm. 2004; Lindner et al.
1995). Most bite forces for extant (Christiansen and Wroe 2007; Thomason 1991; Wroe et
al. 2005) and extinct (Wroe et al. 2005) taxa have been estimated by reconstructing
musculature in 2D measuring physiological cross sectional area to provide an estimate of
muscle force, and then calculating BF from jaw geometry using lever mechanics, i.e., the
“dry skull” method). Estimates may also be calculated by constructing 3D models and
performing finite element analysis (Wroe et al. 2010).

Published bite force estimates (at the carnassials) for vertebrates are summarized in
Table 2.1. Although the estimation techniques vary, and the ranges are wide for any given
taxon, where different studies have examined the same taxon, the BF estimates are broadly
similar. For example, the dry skull method has yielded similar BF estimates for V. vulpes
(304.0N, 298.4N, and 239.0N), 4. jubatus (736.0N, 635.1N, 475.1N, and 509.1N), and P.
onca (1755.0N, 1253.6N, 1348.0N, and 1361.2N), among others. Variability is notable,

however. P. leo estimates range from a low mean of 1833.IN (Christiansen 2007) to a
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single high estimate of 3405.4 (Christiansen and Adolfssen 2007). Even where different
techniques are used, the estimates are similar. Using a hydraulic force meter Lindner et al.
(2005) report a mean BF of 474.5N (£323.8) for C. familiaris breeds weighing >34kg
while using the dry skull method Christiansen & Wroe 2007 report a single estimate of
549.8N. Two of three C. crocuta single BF estimates using the dry skull method given by
Wroe et al. (2005; 1569.0N) and Christiansen and Adolfssen (2007; 1421.6N) are close to
(and are within one standard deviation of) the mean of 1706.8N (£873.0) observed by
Binder (pers. com. 2004; see Binder and Van Valkenburgh 2000) for fully adult animals
(greater than 60 months in age, the age they achieve their maximum bite force potential)
using a bite bar. Christiansen and Wroe’s (2007) lower dry—skull estimate of 985.5N,
however, is close to Binder’s mean BF estimate of 1224.1N (£817.7) when 20-60 month
old animals are included. Further, the maximum BF of about 4510.5N observed by Binder
and Van Valkenburgh (2000, Fig. 3) may well be an outlier. The overwhelming majority
(35 0f 40) of adult spotted hyaena bite—forces are well below 2000N.

Of the extant African carnivores for which bite forces have been estimated, six
produce bite forces of over 1000N (Fig. 2.2). The mean of all estimates for P. leo is
2586.8N (range = 1833.1 — 3405.4N), the largest of the extant African carnivores. The
mean of all C. crocuta estimates is 1189N, an estimate remarkably close to that of an adult
BF of 1180N derived from Binder and Van Valkenburgh’s (2000) regression equation. In
addition to C. crocuta and P. leo, maximum bite forces of over 1000N have been estimated
for H. brunnea (1223N), P. pardus (1377N), H. hyaena (1097N) and C. familiaris
(1394N).

The bite forces of only a few extinct African Plio—Pleistocene carnivores have been
estimated using the dry skull method. All are felids and only the Machairodus sp. BF
estimate exceeds 1000N (17419N = mean of M. aphanistus and M. giganteus;
Christiansen 2007). Homotherium sp., Megantereon sp. and Metailurus sp. BF estimates

are 780.1, 488.3, and 529.1N, respectively. To these may be added crude estimates for
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Dinofelis sp., Pachycrocuta brevirostrus, and Crocuta sp. (dietrichi & ultra) by using the
body sizes of similar extant carnivores. Most Dinofelis sp., material, for example, is larger
than P. pardus but smaller than P. leo (Werdelin and Lewis 2001). Using the mean P.
pardus BF and an estimated weight of 149kg for Dinofelis sp., the size of a small lion or
tiger (Legendre and Roth (1988) or about 1.7 times the weight of a large P. pardus, a mean
Dinofelis sp. BF of 1712.5N is seems reasonable. Bite forces of 3585.6N for P.
brevirostrus, 2121.5N for Crocuta sp. (dietrichi & ultra), 757.0N for Chasmaporthetes
nitidula, and 1662N for Canis lycoanoides are based on their estimated weights of 150kg
(Dennell et al. 2008), 80kg, ~35kg (Turner 1990), and 80kg (Hemmer 2000), respectively.
Although estimates do not exist for African crocodiles, the American alligator
(Alligator mississippiensis) has a bite—force of about 9500 N, the greatest bite—force of any
living animal yet measured (Erickson et al. 2003). It is likely the Nile crocodile
(Crocodylus niloticus) is capable of applying very similar if not a greater force.
It is also interesting to note human BF estimates. Modern urban human bite forces
measured with bite bars have yielded estimates of 430.2N (Pruim et al. 1980), 564.4N (van
Eijden 1991), 464.7N (Radsheer et al. 1999), and 573.4N (Abu Alhaija et al. 2010); all
overlap by one standard deviation. Bite force estimates for hunter—gatherers seem to be
considerably greater. Finite element analysis of a female Kung! San skull yielded an
estimate of 1317N (Wroe et al. 2010) and the mean BF of a large sample of the Inuit
Eskimo is reported to be 1235N (Waugh 1937). It is unclear, however, if these are bilateral
or unilateral estimates. If they were in fact based on unilateral measurements halving the
published values would bring them into line with the unilateral bite—bar estimates. The P.
boisei BF estimate of 2161N as well as that of 831N for 4. africanus seem reasonable

given their differences in body size and dentition.
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Table 2.1. Published bite force estimates in Newtons (N) for extant and extinct ()
carnivores, marsupials, primates, and the alligator. African taxa are shown in bold.
Bite forces for extinct African carnivores given in italics are very rough estimates
based on similarity of their estimated weights with extant carnivores of a similar
species and the bite force of the similar extant taxa. See the footnotes and text for
explanations of specific estimates.

mean
Taxa Common Name min  max  *Isd  ref.
MAMMALIA: Primates
Homo sapiens Human 286.0 654.0 430.2+146.1 1
"o 424.0 749.0 564.4+89.9 2
"o 186.0  888.0 464.7 3
L 1317.0 4
"o 290.0  965.0 573.4+140.2 5
"o 1235.0 6
Pan troglodytes Common Chimpanzee 1511.0 4
Gorilla gorilla  Gorilla 1723.0 4
Pongo pygmaeus  Orangutan 1031.0 4
Hylobates lar  White-handed Gibbon 136.0 4
Australopithicus africanus +  (Sts5) 831.0 4
Paranthropus boisei + (OHS5) 2161.0 4
MAMMALIA: Carnivora
Canidae
Alopex lagopus  Arctic Fox 322.0 7
"o 203.7 8
L 138.0 9
Atelocynus microtis  Short-eared Dog 295.5 9
Canis adustus  Side-striped Jackal 233.2 9
Canis aureus  Golden jackal 217.9 9
Canis dirus ¥  Dire Wolf 1577.0 7
Canis familiaris Domestic Dog 85.0 1394.0 474.5+323.8 10
L 549.8 9
Canis latrans  Coyote 554.0 7
"o 289.6 9
Canis lupus dingo  Dingo 555.0 7
Canis lupus hallstromi  Singing Dog 487.0 7
Canis lupus lupus  Grey Wolf 1033.0 7
"o 1262.3 8
"o 773.9 9
Canis (Xenocyon) lycoanoides +  African Wolf 1262.0 13
Canis mesomelas  Black-backed Jackal 187.5 9
Cerdocyon thous  Crab-eating Fox 182.7 8
L 178.2 9
Chrysocyon brachyurus  Maned Wolf 725.3 8
"o 510.8 9
Cuon alpinus  Dhole (Asiatic Wild 541.0 7
"o 379.0 8
"o 397.9 9
Fennecus zerda  Fennec Fox 55.8 8
L 64.8 9
Lycalopex vetulus  Hoary Fox 130.5 8
v 133.5 9
Lycaon pictus  African Wild Dog 694.0 7
"o 854.0 8
L 556.8 9
Nyctereutes procynoides  Raccoon Dog 108.9 8
noo 145.9 9
Otocyon megalotis Bat-eared Fox 86.6 8
"o 111.3 9
Pseudalopex culpaeus  Culpeo 258.5 9
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Table 2.1. continued.

mean
Taxa Common Name min max  *lsd ref.
Pseudalopex griseus  S. Am. Gray Fox 2234 9
Pseudalopex gymnocerus Pampas Fox 205.4 8
"o 177.5 9
Speothos venaticus Bush Dog 272.0 8
"o 233.5 9
Urocyon cineroargenteus  Grey Fox 198.0 7
L 134.1 9
Vulpes bengalensis Bengal Fox 127.6 9
Vulpes chama Cape Fox 134.0 9
Vulpes ferrilata  Tibetan Sand Fox 214.5 9
Vulpes pallida  The Pale Fox 94.9 9
Vulpes rueppelli  Rieppell's Fox 99.6 9
Vulpes velox  Swift Fox 141.5 9
Vulpes vulpes  Red Fox 304.0 7
o 298.4 8
"o 239.0 9

Felidae

Acinonyx jubatus Cheetah 736.0 7
"o 635.1 8
v 475.1 11
"o 509.1 9
Caracal caracal Caracal 203.8 8
"o 251.4 9
Catopuma temminckii  Asian Golden Cat 309.0 9
Felis catus Domestic Cat 118.1 9
Felis chaus Jungle Cat 294.6 8
"o 181.7 9
Felis margarita Sand Cat 155.4 9
Felis nigripes Black-footed Cat 92.9 9
Felis silvestris  Wildcat 105.0 7
L 152.6 9
Herpailurus yaguarondi  Jaguarundi 227.0 7
v 104.6 8
"o 129.7 9
Leopardus geoffroyi  Geoftroy's Cat 180.8 8
"o 169.4 9
Leopardus pardalis  Ocelot 256.9 8
v 301.2 11
"o 306.0 9
Leopardus tigrinus  Oncilla 1104 8
"o 97.2 9
Leopardus wiedii  Tree Ocelot 112.6 8
"o 101.4 9
Leptailurus serval  African Serval 223.2 8
v 271.3 11
"o 263.3 9
Lynx canadensis  Canada Lynx 225.3 9
Lynx lynx  Burasia Lynx 454.9 8
v 329.7 11
"o 310.2 9
Lynx rufus  Bobcat 162.0 7
"o 289.1 9
Neofelis nebulosa  Clouded Leopard 1051.0 7
" 587.8 8
o 547.4 11
noo 5443 9
Oncifelis colocolo  Pampas Cat 196.9 9
Oncifelis guigna  Kodkod 114.6 9
Otocolobus manul  Pallas's Cat 1554 9
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Table 2.1. continued.

mean
Taxa Common Name min  max  £lIsd ref.
Panthera leo  African Lion 3085.0 7
"o 3405.4 8
"o 1833.1 11
"o 2023.7 9
Panthera onca  Jaguar 1755.0 7
"o 1253.6 8
o 1348.0 11
"o 1361.2 9
Panthera pardus Leopard 837.0 7
"o 1376.8 8
R 851.1 11
"o 964.4 9
Panthera tigris ~ Tiger 2789.0 7
"o 3007.2 8
o 1839.0 11
"o 2164.7 9
Panthera uncia  Snow Leopard 884.8 8
"o 556.8 11
"o 603.5 9
Pardofelis marmorata Marbled Cat 151.4 8
"o 185.3 9
Prionailurus bengalensis ~Leopard Cat 93.7 8
"o 94.4 9
Prionailurus planiceps  Flat-headed Cat 172.4 8
"o 145.1 9
Prionailurus rubiginosus ~ Rusty-spotted Cat 108.6 9
Prionailurus viverrinus ~ Fishing Cat 255.6 9
Profelis aurata  African Golden Cat 281.5 8
"o 336.6 9
Puma concolor Mountain Lion 864.0 7
"o 905.6 8
" " 7754 11
"o 773.2 9
Smilodon fatalis +  dirk-tooth cat 1933.0 7
" 1528.6 11
Dinofelis sp. + false saber-tooth cat 1712.5 17
Smilodon populator +  dirk-tooth cat 1649.7 11
Homotherium crenatidens +  saber-tooth cat 798.7 11
Homotherium latidens +  saber-tooth cat 754.8 1
Homotherium serum +  saber-tooth cat 786.8 11
Machairodus aphanistus +  saber-tooth cat 1714.4 11
Machairodus giganteus +  saber-tooth cat 1769.3 11
Megantereon cultridens +  dirk-tooth cat 494.9 11
Megantereon sp.+  dirk-tooth cat 481.7 11
Metailurus major +  false saber-tooth cat 682.7 11
Metailurus parvulus +  false saber-tooth cat 375.4 11
Herpestidae
Bdeogale crassicauda Bushy-tailed Mongoose 90.2 9
Crossarchus platycephalus ~ Flat-headed Kusimanse 63.0 9
Cynictis penicillata  Yellow Mongoose 56.6 9
Galidia elegans  Ring-tailed Mongoose 58.4 9
Herpestes auropunctatus ~ Small Indian Mongoose 46.8 9
Herpestes edwarsi  Indian gray mongoose 75.2 9
Herpestes fuscus Indian Brown Mongoose 80.9 9
Herpestes ichneumon  Egyptian Mongoose 148.5 9
Herpestes pulverulentus Cape Grey Mongoose 54.3 9
Ichneumia albicauda White-tailed Mongoose 104.7 9
Mungos mungo Banded Mongoose 53.7 9
Rhynchogale melleri Meller's Mongoose 86.0 9
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Table 2.1. continued.

mean

Taxa Common Name min max  *lsd ref.

Salanoia concolor ~ Brown-tailed Mongoose 52.4 9
Hyaenidae

Pachycrocuta brevirostris +  Giant Short-faced 3585.6 14

Crocuta spp. (dietrichi & ultra) 2121.5 15

Crocuta crocuta  Spotted Hyaena 291.4 4510.5 1706.8+873.0 12

"o 1569.0 7

o 1421.6 8

"o 985.5 9

Hyaena brunnea  Brown Hyaena 1222.8 8

"o 1029.6 9

Hpyaena hyaena Striped Hyena 1097.0 7

o 1041.5 8

oo 889.2 9

Chasmaporthetes nitidula Long-legged Hunting 757.0 16
Mustelidae

Aonyx capensis African Clawless Otter 348.0 9

Aonyx cinerea  Small-clawed Otter 113.3 9

Conepatus humboldti Humboldt's Skunk 76.1 9

Conepatus semistriatus ~ Striped Hog-nosed Skunk 80.2 9

Eira barbera  Tayra 2434 9

Enhydra lutris ~ Sea Otter 394.2 9

Galictis cuja  Lesser Grison 85.8 9

Gulo gulo  Wolverine 408.3 8

"o 348.5 9

Ictonyx striatus  Striped Polecat 72.2 9

Lutra canadensis  Northern River Otter 219.7 9

Lutra felina  Marine Otter 152.0 9

Lutra longicaudis  Neotropical River Otter 189.8 9

Lutra lutra European Otter 216.0 9

Lutra maculicollis Spotted-necked Otter 141.8 9

Lutra perspicillata  Smooth-coated Otter 306.8 9

Lutra sumatrana  Hairy-nosed Otter 151.6 9

Martes americana ~ American Marten 70.0 9

Martes flavigula  Yellow-throated Marten 121.5 9

Martes foina  Beech Marten 98.9 9

Martes martes European Pine Marten 116.6 9

Martes pennanti  Fisher 184.3 9

Meles meles  European Badger 349.0 7

v 255.2 8

"o 282.2 9

Mellivora capensis Honey Badger 317.7 9

Melogale everetti  Bornean Ferret-badger 71.4 9

Mephitis macrura Hooded Skunk 61.9 9

Mephitis mephitis  Striped Skunk 99.9 9

Mustela africana  Amazon Weasel 21.1 9

Mustela altaica  Mountain Weasel 32.2 9

Mustela erminea  Stoat 30.4 9

Mustela frenata  Long-tailed Weasel 22.8 9

Mustela lutreola  European Mink 46.0 9

Mustela nivalis Least Weasel 184 9

Mustela putorius European Polecat 88.0 9

Moustela vison ~ American Mink 58.5 9

Mydaus javanensis  Sunda Stink Badger 58.2 9

Poecilictis libyca  Libyan Striped Weasel 28.4 9

Pteronura brasiliensis ~ Giant Otter 614.3 9

Taxidea taxus North American Badger 322.8 8

"o 316.6 9
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Table 2.1. continued.

mean
Taxa Common Name min max  *lsd ref.
Procyonidae
Ailurus fulgens Red Panda 3359 8
"o 244.9 9
Bassaricyon alleni  Allen's Olingo 87.5 9
Bassaricyon gabbii  Bushy-tailed Olingo 91.7 9
Bassariscus astutus ~ Ringtail 87.1 9
Bassariscus sumichrastri ~ Cacomistle 116.3 9
Nasua nasua  Coatis 87.1 8
"oon 133.4 9
Nasuella olivacea  Western Mountain Coati 64.1 9
Potos flavus  Kinkajou 128.3 9
Procyon cancrivorus ~ Crab-eating Raccoon 267.5 8
"o 237.7 9
Procyon lotor Raccoon 176.4 8
"o 176.7 9
Ursidae
Ailuropoda melanoleuca  Giant Panda 1815.9 9
Tremarctos ornatus ~ Spectacled Bear 1536.8 8
"o 946.6 9
Ursus americanus  Black Bear 758.0 7
v 1174.1 8
"oon 1003.6 9
Ursus arctos  Brown Bear 1180.0 7
"o 1417.6 8
v 1894.9 9
Ursus malayanus ~ Malayan Sun Bear 1441.7 8
v 1189.6 9
Ursus maritimus ~ Polar Bear 2403.9 8
"o 2349.6 9
Ursus thibetanus  Asiatic Black Bear 706.0 7
o 819.8 8
o 1135.7 9
Ursus ursinus ~ Sloth Bear 708.9 8
v 712.0 9
Viverridae
Arctictis binturong ~ Binturong 356.7 8
o 351.2 9
Arctogalidia trivirgata ~ Small-toothed Palm Civet 139.8 9
Civettictis civetta ~ African Civet 148.4 8
v 231.3 9
Cryptoprocta ferox  Fossa 239.7 9
Cynogale bennettii  Otter Civet 192.8 9
Eupleres goudotti  Falanouc 50.0 9
Fossa fossa  Striped Civet 110.8 9
Genetta genetta Common Genet 88.4 8
v 132.3 9
Gennetta tigrinus Cape Genet 265.0 7
Macrogalidia musschenbroeki  Sulawesi Palm Civet 270.5 9
Nandinia binotata  Two-spotteed Palm 54.1 8
v 116.4 9
Paguma larvata Masked Palm Civet 177.6 9
Paradoxurus hermaphroditus ~ Asian Palm Civet 123.2 9
Prionodon linsang  Banded Linsang 57.9 9
Viverra megaspila  Large-spotted Civet 226.9 9
Viverra tangalunga Malayan Civet 163.3 9
Viverra zibetha  Large Indian Civet 192.3 9
Viverricula indica  Small Indian Civet 75.5 8
"o 101.1 9
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Table 2.1. continued.

mean
Taxa Common Name min max  *Isd ref.
MAMMALIA: Marsupilia
Dasyuridae
Dasyurus maculatus ~ Tiger Quoll 308.0 7
Dasyurus viverrinus ~ Eastern Quoll 123.0 7
Sarcophilus harrisii  Tasmanian devil 553.0 7
Thylacinidae 7
Nimbacinus dicksoni ¥  Thylacine Marsupial 465.0 7
Thylacinus cynocephalus ~ Tasmanian Tiger 1176.0 7
Thylacoleonidae 7
Priscileo roskellyae +  diprotodont marsupial 227.0 7
Wakaleo vanderleurei +  "Marsupial Lion" 875.0 7
Thylacoleo carnifex ¥  "Pouch Lion" 2102.0 7
Thylacosmilus atrox +  "Pouch Sabre" 658.0 7
REPTILIA: Crocodylia
Alligatoridae
Alligator mississipiensis ~ American Alligator 217.0 13172.0 6803.0 13

1: Pruim et al. 1980. Measurements of modern urban individuals taken with a force
transducer (bite bar) at P1, M1, and M2. Values given here reflect the sum of the M1

and M2 measurements divided by 2 because the published data sum of left and right
side bite-force measurements.

2: van Eijden 1991, Table 1. Measurements of modern urban individuals taken at 17
different bite positions with a force transducer at the 11, PM2, and M2 . Values
shown here are the mean of the PM2 and M2 values.

3: Radseer et al. 1999, Table 5SA. Measurements of modern urban individuals taken
with a force transducer at the P2 and M1. Values given here are the average of
means for males and females, and the associated minimum and maximum values.

4: Wroe et al. 2010, Fig. 3a .Bite-force modelled using finite element analysis.
Maximum bite force measured at the M2. The human is a Kung! San female.

5: Abu Alhaija et al. 2010, Table . Bite force measurements taken with hydraulic
force meter at the M1. Estimates represent the two largest bite forces in trials of six
per individual.

6: Waugh 1937 (cited by Wroe et al. 2010). Value given is mean of a large sample of
Inuit Eskimo.

7: Wroe et al. 2005. Bite-force at the carnassial estimated using "dry skull" method.
8: Christiansen and Adolfssen 2005. Carnassial bite force estimated using "dry
skull" method.

9: Christiansen and Wroe 2007, Table 1. Bite-force estimated using "dry skull"
method. Bite force values given here are for the carnassials; canine bite force values
are not included.

10: Lindner et al. 1995, Table 1. Bite-force measurements taken with a hydraulic
force meter. Only the bite-force measurements (n=29) for five dogs weighing over
34kg are given above.

11: Christiansen 2007. Bite forces at the carnassials for extant felids are the means
of several skulls (cheetah, 9; ocelot,13; serval, 10; European Lynx, 12; Puma, 10;
Clouded Leopard, 12; Jaguar, 9; Leopard, 8; Tiger, 14; Snow Leopard, 9). Values
for extinct taxa are based on single skulls.
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Table 2.1. continued.

Chapter 2 — Fracture Mechanics, Fractographic Features, and Fracture Patterns

12: Binder pers. com. 2004; Binder & Van Valkenburgh 2000. Bite force data
provided by Binder pers. com. (2004) and methods discussed by Binder and Van
Valkenburgh (2000). Bite force measured with transducers (bite bar). The maximum
of incisor and carnassial bite forces recorded; nearly all are likely carnassial bite
force values. Values shown here are based on fully adult animals > 60 months in age
(n = 20; range = 291.4 - 4510.5N). The sample size, mean, standard deviation, and
range values for other age groups are a) <12 months (weaned) 19, 391.0, 627.9, 28.8
- 2918.0, b) 12 - 20 months (permanent dentition in place and skull growth stops)
64, 371.0, 105.2, 94.0 - 547.1, and c) 20 - 60 months (bite force increases

dramatically) 20, 741.5, 346.5, 328.6 - 1356.7.
13: Hemmer (2000) states size is comparable to large modern European wolf, C.

lupus (80kg; Heptner & Naumov 1998).

14: Dennell et al. (2008) gives the weight of P. brevirostrus as 150kg, but Palmqvist
et al. (2011) using regression analysis of various extant hyaenid measurements
estimate the weight to be 110kg. Although not directly equivalent to bite force,
Palmqvist et al.(2011) estimate the bite strength of P. brevirostrus to be similar to
that of P. tigris (mean = 2654N). This estimate is, however, similar to the common
bite force measured by Binder (pers. comm.). The bite forcefor P. brevirostrus
estimated here is calculated as the mean maximum C. crocuta bite force (2121.5N)
times theweight difference (110/65 = 1.69).

15: Turner (1990) notes that the size of C. dietrichi and C. ultra are within the range
of variation for modern C. crocuta. Thus, estimate of Crocuta sp. bite force given
here is the meam of maximum C. crocuta bite forces values.

16: Turner (1990) notes that Chasmaporthetes dentition is smaller than most
hyaenas, that the pre-molars lack the large cones present in other hyaenas, and
overall look like cheetah teeth. The weight of (~41kg) and bite force are estimated
to by 75% that of a large H. hyaena.

17: Anyonge (1993) gives an estimated weight of 80 - 100kg, but Legendre & Roth
(1988) give an estimated weight of 149kg for D. abeli, which is 1.7 times the weight
of P. pardus. The bite force of Dinofelis is estimated to be 1.7 times that of the
mean for P. pardus.
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Fig. 2.2. The means (triangles) and range (line) of estimated bite forced (N) for African
taxa. Data and references given in Table 2.1.

Homo sapiens _ > l
Pan troglodytes |
Gorilla gorilla | >
Australopithicus africanus >
Paranthropus boisei T »

Canis adustus
Canis aureus
Canis familiaris »
Canis mesomelas
Fennecus zerda W
Canis lycoanoides t >
Lycaon pictus >
Otocyon megalotis
Vulpes chama
Vulpes pallida
Acinonyx jubatus
Caracal caracal
Felis catus
Felis chaus
Felis margarita
Felis nigripes
Felis silvestris
Leptailurus serval
Panthera leo >
Panthera pardus —»—
Profelis aurata >
Dinofelis sp. t
Homotherium sp. T >
Machairodus sp. t
Megantereon sp. T | i_
Metailurus sp. *
Bdeogale crassicauda
Cynictis penicillata
Herpestes ichneumon
Herpestes pulverulentus
Ichneumia albicauda
Mungos mungo
Rhynchogale melleri
Pachycrocuta brevirostrus * »
Crocuta spp. (dietrichi & >
Crocuta crocuta »
Hyaena brunnea »
Hyaena hyaena »
Chasmaporthetes nitidula >
Aonyx capensis >
Ictonyx striatus #
Lutra lutra | W
Lutra maculicollis | *
Mellivora capensis >
Mustela nivalis
Mustela putorius #
Poecilictis libyca
Eupleres goudotti
Genetta genetta |#
Gennetta tigrinus >
Nandinia binotata

Yy

. Yy?V
v Yely Y

¥Y'v¥»y Y ¥

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

African Taxa Bite Force (N)

Chapter 2 — Fracture Mechanics, Fractographic Features, and Fracture Patterns -32-



2.2.2 Hammerstone Impact Force Estimates

Although the force of hammerstone and anvil breakage of bone has not been
measured, it may be estimated with the impact force formula given above, F=(1/2mv’)/d
(where m = mass of the hammerstone, v = hammerstone velocity, and d = the distance of
hammerstone travel (into the bone in meters) before fracture). The resulting force in
Newtons (N) is an average of the forces applied. The actual forces are often much greater
in rigid or brittle materials because the change in kinetic energy and material failure is
nearly instantaneous. That is, the velocity of the impactor stops almost immediately upon
striking the object. The distance the impactor travels into to the object is an accepted proxy
for the time it takes for velocity to reach zero. For hammerstone impacts all of these
variable values are known, or can be accurately estimated.

Weights of hammerstones (m) used in experimental bone breakage and flint
knapping are given in Table 2.2. Excluding Bonnichsen’s (1979) use of a very heavy 5.7kg
hammerstone, the mean hammerstone weight used in this set of experimental studies is
0.9kg. Oldowan lithics from FLK-Zinj variously classified as hammerstones, non—
modified stones (aka manuports), cores, and cores with fracture angles (de la Torre and
Mora 2005; Mora and de la Torre 2005) that potentially could have been used to break
bone have a mean weight of 0.33kg. By comparison, the potential bone smashing tools in
the ST complex at Peninj (de la Torre et al. 2003) have a mean weight of 0.46kg. Overall
the FLK-Zinj and Peninj hammerstones have a mean weight of .39kg (+.09kg). Thus, a
reasonable weight of Oldowan hammerstones seems to be 0.3 — 0.5kg.

Hammerstone velocity (v) may be estimated with measured velocities of
hammerstones used in lithic manufacture (Dapena et al. 2006), and those of karate and
boxing punches (Atha et al. 1985; Nakayama 1966; Smith and Hamill 1986; Vos and
Binkhorst 1966; Walilko et al. 2005; Walker 1975) whose velocities likely bound the

upper limits of hammerstone velocity. Based on these data hammerstone velocities are
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estimated to have a range of 4.7 — 13.5m/sec. The mean of 9.5+1.7m/sec is taken to be the
likely range of hammerstone velocities (Table 2.3).

Like the impact of a hard object on other brittle materials, the distance (or time) of
hammerstone travel into bone before fracture (d) is no doubt small. Rather than assume
instantaneous failure at impact, however, a distance of between 0.5 and 1.5mm is estimated
based on the measured depth of percussion marks created in this study. Many were less
than 0.5mm and none were greater than 1.0mm in depth. Low d estimates seem most
reasonable given the small depth of percussion marks observed in bone breakage
experiments presented here. Stopping distances of 2.0mm are likely extreme over—
estimates, but are included here to conservatively bound expected impact forces. The mean
impact force of various hammerstone weights and velocities where d is 0.05 — 1.5mm are
presented in Table 2.4. Additionally, the experience of this author as well as Plummer
(pers. com. 2010) is that even when an impact breaks bone, the hammerstone will rebound
off of the bone, a response that indicates a nearly instantaneous change in hammerstone
velocity. These estimates indicate that under most conditions hammerstones easily deliver
forces of several thousand Newtons. The mean of all calculated impact forces for these 0.3
— 0.5kg hammerstones at velocities of 7.5 — 11.0m/sec easily exceeds the maximum force
observed for a mammalian carnivore, 4510N for C. crocuta (Binder and Van Valkenburgh
2000) by orders of magnitude (Fig. 2.3).

Only when d is defined as very large (3.0 — 2.0mm) do small hammerstones (0.3 —
0.4kg) with low velocities (7.5 — 8.5m/sec) overlap the maximum—recorded mammalian
bite force (asterisks in Figure 2.3). On average, hammerstone impact forces (black circles
in Fig. 2.3) are estimated to be between 4.8 (6890N) and 17.4 (24704N) times those
typically produced by adult spotted hyaenas (1420N). The bite force estimates for large
extinct felids and hyaenas are also considerably smaller than the mean hammerstone
impact forces. Although crude, even the giant short—faced hyaena (P. brevirostrus) bite

force estimate of 3586N given here is only slightly larger than the impact force created by
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Table 2.2. Select experimental and Oldowan site hammerstone, manuport, and

core weights.

Assemblage Wght (kg) Reference
Experimental
hammerstone 5.70 Bonnichsen 1979
hammerstone 0.75 Bunn 1989
hammerstone 0.95 Rolian et al. 2011
hammerstone 0.85 this study
hammerstone 1.00 Plummer pers. com.
hammerstone 0.63 Dapena et al. 2006
mean experimental "hammerstone' 0.84
FLK-Zinj
non-modified stones (manuports) 0.29 de la Torre and Mora 2005
cores 0.26 de la Torre and Mora 2005
hammerstones w/ fracture angle 0.40 Mora and de la Torre 2005
hammerstones 0.38 Mora and de la Torre 2005
Peninj ST Complex
manuport 0.53 de la Torre et al. 2003
cores 0.42 de la Torre et al. 2005
hammerstones 0.44 de la Torre et al. 2004
mean Oldowan ""hammerstone" 0.39
st.dev. 0.09
range .26 -.53

Table 2.3. Estimated velocities (m/s) of karate and boxing

hammerstone blows.

punches, and

Punch/Hammerstone/Hammer: Reference

Mean StDev Range

Karate/Boxing Punch
Atha et al. 1985 8.90 - -
Cesari & Bertocco 2008 6.54 2.12 3.87-9.74
Nakayama 1966 8.65 - 4.7-12.6
Neto et al. 2007 5.99 1.39 49-7.6
Pieter and Pieter 1995 9.67 336 6.0-16.26
Smith and Hamill 1986 11.50 0.66 1048 -12.34
Voigt 1989 9.50 - 8.2-10.7
Vos and Binkhorst 1966 12.51 148 10.8-14.2
Walilko et al. 2005 9.14 2.06 6.1-11.7
Walker 1975 ~7.0 - -
mean punch 9.16 2.07 3.87-16.26
Hammerstone
Dapena et al. 2006 9.45 0.90 8.8 -10.1
mean hammerstone
Overall
mean 9.18 1.85 3.87-16.26
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Table 2.4. Impact force in Newtons (N) for the mean (£lstdev.) of
hammerstone weight (see Table 2.2), velocities (see Table 2.3), and post-impact
travel distances here estimated to be at a maximum of 3.0 - 0.5mm. An impact
travel distance of 1.5 - 0.5mm is judged to be the best estimate for travel
distance into bone based on the depts of impact marks in the EXP assemblage
that never exceed 1.0mm.

Mean Impac Force (N)
Hstn wght @ velocity | @ 3.0-2.0mm @ 1.5-0.5mm @ 3.0-0.5mm
0.3kg @ 7.5m/s 3468.8 10312.5 6890.6
0.3kg @ 8m/s 3946.7 11733.3 7840.0
0.35kg @ 7.5m/s 4046.9 12031.3 8039.1
0.3kg @ 8.5m/s 4455.4 13245.8 8850.6
0.35kg @ 8m/s 4604.4 13688.9 9146.7
0.4kg @ 7.5m/s 4625.0 13750.0 9187.5
0.3kg @ 9m/s 4995.0 14850.0 9922.5
0.35kg @ 8.5m/s 5198.0 15453.5 10325.7
0.45kg @ 7.5m/s 5203.1 15468.8 10335.9
0.4kg @ 8m/s 5262.2 15644.4 10453.3
0.3kg @ 9.5m/s 5565.4 16545.8 11055.6
0.5kg @ 7.5m/s 5781.3 17187.5 11484.4
0.35kg @ 9m/s 5827.5 17325.0 11576.3
0.45kg @ 8m/s 5920.0 17600.0 11760.0
0.4kg @ 8.5m/s 5940.6 17661.1 11800.8
0.3kg @ 10m/s 6166.7 18333.3 12250.0
0.35kg @ 9.5m/s 6493.0 19303.5 12898.2
0.5kg @ 8m/s 6577.8 19555.6 13066.7
0.4kg @ 9m/s 6660.0 19800.0 13230.0
0.45kg @ 8.5m/s 6683.1 19868.8 13275.9
0.3kg @ 10.5m/s 6798.8 20212.5 13505.6
0.35kg @ 10m/s 7194.4 21388.9 14291.7
0.4kg @ 9.5m/s 7420.6 22061.1 14740.8
0.5kg @ 8.5m/s 7425.7 22076.4 14751.0
0.3kg @ 11m/s 7461.7 22183.3 14822.5
0.45kg @ 9m/s 7492.5 22275.0 14883.8
0.35kg @ 10.5m/s 7931.9 23581.3 15756.6
0.4kg @ 10m/s 8222.2 24444 4 16333.3
0.5kg @ 9m/s 8325.0 24750.0 16537.5
0.45kg @ 9.5m/s 8348.1 24818.8 16583.4
0.35kg @ 11m/s 8705.3 25880.6 17292.9
0.4kg @ 10.5m/s 9065.0 26950.0 18007.5
0.45kg @ 10m/s 9250.0 27500.0 18375.0
0.5kg @ 9.5m/s 9275.7 27576.4 18426.0
0.4kg @ 11m/s 9948.9 29577.8 19763.3
0.45kg @ 10.5m/s 10198.1 30318.8 20258.4
0.5kg @ 10m/s 10277.8 30555.6 20416.7
0.45kg @ 11m/s 11192.5 33275.0 22233.8
0.5kg @ 10.5m/s 11331.3 33687.5 22509.4
0.5kg @ 11m/s 12436.1 36972.2 24704.2
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Fig. 2.3. Estimated hammerstone-impact forces compared to forces produced by carnivore
static loading. Impact force (N) for the mean hammerstone weight + st. dev. (0.39+0.09kg;
0.5kg — 0.3kg; see Table 2.2) and the mean impact velocities + st. dev. (9.18+1.85m/s;
11m/s — 7.5m/s; see Table 2.3) for mean penetration distances of 3.0 — 2.0 (x), 1.5 - 0.5
(triangle), and 3.0 — 0.5mm (circle) (see Table 2.4). The red box indicates the known range
of carnivore bite force estimates whose upper boundary is set by the maximum mammalian
bite force of 4510N for C. crocuta (small dashed line) The large dashed line indicates the
mean bite force the eight African carnivores with the greatest bite force (H. hyaena, H.
brunnea, P. pardus, Canis sp., Machairodus aphanistus, Proteles cristatus, P. leo, and C.
crocuta) 2068N.
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Table 2.5. Force (N) required to break human tibiae and femora, and horse metacarpals.

Ref.

Element Notes

Static/
Impact

n

Mean StDev Range

Rable et al.
1996

Martens et
al. 1986

Martens et
al. 1986

Kress &
Porta 2001

Stremsee et
al. 1995

Courtney et
al. 1995

Courtney et
al. 1995

Lawrence et
al. 1994

human
tibia

human
femur

human
femur

human
tibia

human
femur

human
femur

human
femur

horse
mc

defleshed;

3-point impact test;
impact velocity 3m/s
defleshed;

4-point impact test;
midshaft loading;
impact load time
<200ms;

midshaft failure
defleshed;

4-point impact test;
midshaft loading;
impact load time
<200ms;

distal end failure
cadaver;

impact sled/cart (50kg);
anterior impact;

impact velocity 7.5m/s;
impactor size .04m;
other experiments not
included due to size of
impactor (.1m) and
cushioning of impactor
plate

defleshed;

3-point bending test:
load rate of 1mm/min"
mean age = 74yrs;
defleshed;

impact to femur head
(lesser troch. on "anvil"
to simulate a fall)
mean age = 74yrs;
defleshed;

impact to femur head
(lesser troch. on "anvil"
to simulate a fall)
mean human
defleshed;

3-point bending test;

Impact

Impact

Impact

Impact

Static

Impact

Impact

Static

32

28

5

1

14

8

9

46 14226.5 7340.6

5757.2 2156.0 2475 -
12206

6410.0 1453.0 nd

4879.0 643.0 nd

6240.0 na na

4481.4 1998.5 1400 -

8000

3440.0 1330.0 nd

7200.0 1090.0 nd

5486.8 1290.8 nd
245 -

27704
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small hammerstones (0.3 — 0.4kg) at moving at low velocities (7.5 — 8.5m/sec), and having
exceedingly large travel distances (2.0 — 3.0mm). As indicated above, it seems unlikely that
hammerstones with such low velocities and weights will take longer to stop their travel.

It is also worth noting that although they do not exactly replicate either
hammerstone— or carnivore—induced bone fracture, those static and impact fracture
experiments that are available further bound the problem by providing estimates of the
forces needed to break human and horse bone (Table 2.5). Unlike hammerstone impact and
carnivore bites some of the experimental bones were defleshed and all lacked a supporting
object (anvil or opposing carnassial) opposite the loading point. Thus, because supports
concentrate force, these force to fracture estimates are likely somewhat higher than those
where underlying supports are present. Nevertheless, these force to fracture estimates show
that the largest observed carnivore bite forces are lower than most of those observed
necessary to break human and horse bones. Estimated hammerstone impact forces (Table
2.4, Fig. 2.3), however, are well within this reported range. Further, these data suggest that
carnivore—induced fractures at the midshafts (where cortical bone is thickest) of intact limb
bones (where the structural integrity has not been compromised by chewing on epiphyseal
ends) are rare occurrences for size class 3—4 mammals.

2.3 Bone as a Material

A material’s physical properties at all scales (macroscopic, microscopic, and
molecular) influences how fractures form. The hierarchical structure of long bone gives it
an architecture enabling it to sustain daily compressive, tensile, and shear stresses.
Excellent discussions of bone growth, bone structural properties and bone as a material
found in Currey (2002), Ham (1969), Andrew and Hickman (1974), and Sambrook (2001)
are followed here. The structural hierarchy of bone, its macroscopic and microscopic
architecture, and material anisotropy that give it its stiffness and elasticity to withstand

normal use, are illustrated in Figure 2 4.
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Fig. 2.4. Structural components of bone from the macro to nano scale (modified after
Weatherholt, Fuchs, and Warden (2012 Fig. 1) and Rho, Kuhn—-Spearing, and Ziopos
(1998, Fig. 1).

Bone is a connective tissue that supports and binds together parts of the body. It is
comprised of an organic component, mainly collagen, an inorganic component, mainly
hydroxyapatite, and water (~10%, ~65%, and ~25% wet weight, respectively). Lipids and
blood fill voids in fresh bone. Bone is formed by osteoblast cells that deposit collagen
fibrils that form the structural template for and cause deposition of hydroxyapatite crystals
which form on and between fibrils thereby cementing them into collagen bundles about 3—
5 pm thick (Andrew and Hickman 1974). The collagen bundles are laid down roughly
parallel to the bone’s long axis to form laminae surrounding a capillary, but they spiral
within individual lamina, and the specific direction varies from one lamina to the next.
Cement layers separates bone laid down around different capillaries. Osteoblasts encased
in newly deposited bone become osteocytes that are connected to each other via canaliculi.
If not remodeled (by osteoclasts that resorb bone and osteoblasts that lay down new bone)
the bone is called primary. In most mammals primary bone is found near the outer edge of
the bone shaft. Here, circumferential lamellae encapsulate the long bone shaft. Less well—
organized circumferential bone usually also line the medullary wall. Osteoclasts are bone—

destroying cells that, in combination with osteoblasts, can create secondary osteones, or
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Haversian bone within previously deposited interstitial matrix. Osteones have a diameter
of 200 — 300um and are oriented longitudinal to the bones’ long axis. Most mammal
bone contains varying concentrations of secondary osteones. Covering the circumferential
lamellae is the periosteum, which acts as an attachment substrate for tendons and carries
blood vessels and capillaries to maintain the circumferential bone.

At the macroscopic scale long bones consist of a tubular shaft, the diaphysis,
comprised of compact bone, epiphyseal ends made up of cancellous bone, and transitional
area, the metaphysis in which compact bone grades into cancellous bone. Cancellous bone
is a lattice of trabecullae, which are arranged coincident with lines of normal force;
colloquially, but significantly, it acts as a shock absorber. Compact bone, comprised of
circumferential lamellae, haversian, and primary bone, forms the shaft of mammalian long
bones that surround the medullary cavity filled with marrow. Compact bone’s primary
mechanical role is to provide rigidity and strength to support the body and prevent fracture.
Compact bone is much more dense than cancellous bone. At the metaphysis compact bone
begins to thin and cancellous bone is found in increasing proportions approaching the
epiphyses. At the articular ends only a thin layer of compact bone overlies this cancellous
core whose architectural lattice is designed to absorb compressive loads and shocks. The
presence of cancellous bone at the epiphyseal ends, gives long bones further compressive
strength, but less tensile strength.

It is this hierarchical structure of bone, both in terms of composition (collagen
bundles and hydroxyapatite crystals) as well as its microscopic (circumferential, haversian,
and primary bone) and macroscopic (marrow filled cylinder of compact bone with
cancellous epiphyseal ends) structure that gives bone its ability to survive load application,
its toughness, and plays an important role in understanding gross aspects of bone fracture
under loading extremes.

The microscopic arrangement of collagen bundles and hydroxyapatite gives bone

considerable ability to bend, absorb stress, and prevents fracture under normal compressive
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loads, i.e., those applied parallel to the long axis. Long bones can withstand greater
compressive than tensile or shear loading. As a material then, bone is mechanically
anisotropic; its mechanical strength and toughness vary in different directions. Collagen
has a low modulus of elasticity (a material’s tendency to be deformed elastically, i.e., non—
permanently, under application of a force), while apatite crystals have a high modulus of
elasticity. As the elastic modulus increases the material’s resistance to fracture decreases.
Collagen is elastic and can absorb more tension forces than apatite crystals that are brittle
but give bone compressive strength. Further, bone microstructure can influence fracture
propagation and the orientation of fracture lines. Nalla et al. (2003) and Koester et al.
(2008) note for example that bone micro—structure, particularly the longitudinal orientation
of collagen bundles and the relatively strong mineral cement lines surrounding
longitudinally oriented osteones, means that all things being equal bone will preferentially
split longitudinally. Li et al. (2012) also note that cement lines between osteons and the
interstitial lamellae tend to