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Abstract 

Despite its presence in many types of deposit, eggshell has long been a 

neglected archaeological resource. The difficulty of recovering the material, 

combined with analytical constraints on subsequent taxonomic identification, 

has led to systematic underuse. This thesis will begin to address this 

shortcoming by pursuing two main lines of research. First, a novel identification 

technique based on ZooMS (zooarchaeology by mass spectrometry) and peptide 

mass fingerprinting is developed for eggshell. The new technique is then applied 

to archaeological eggshell assemblages from Anglo-Scandinavian York and 

Norse-era sites in the northern and western isles of Scotland. This provides new 

insights into egg use in these locations during this period, and raises a range of 

new questions regarding the use of domestic and wild resources. Second, an 

investigation into patterns of diagenesis in the eggshell proteins which form the 

basis of the technique is conducted. The principal aims of this analysis are to 

explore the prevalent diagenetic processes affecting eggshell proteins and 

amino acids, and thus to test whether it is possible to produce an estimate of 

the expected temporal span of the technique based on high-temperature 

diagenesis, and to establish the potential usefulness of the material for IcPD 

(intra-crystalline protein diagenesis) dating. The main outcomes of this study are 

(i) the development and successful application of a new taxonomic identification 

technique for archaeological eggshell; (ii) enhanced understanding of egg use 

during the Norse era in Scotland and Anglo-Scandinavian York; (iii) the 

observation that high-temperature diagenesis cannot be used to accurately 

predict peptide survival at archaeological deposition temperatures; and (iv) that 

avian eggshell is not a viable substrate for absolute dating using IcPD (although it 

may still prove useful for relative dating). 
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Chapter 1: Introduction 

Section 1: Brief History of Egg Use 

1.1.1: Introduction 

1.1.1.1: Overview 

The first chapter provides the background information for this project. The first 

section summarises the current state of knowledge regarding egg use in the 

past, and outlines important developments in avian domestication, taphonomic 

factors acting on eggshell recovery, and existing and potential archaeological 

applications of eggshell. Subsequent sections will give detailed accounts of 

eggshell structure, deposition and proteins.  

 

1.1.1.2: Why do people use bird eggs? 

The eggs of birds are a nutritionally rich and versatile food source. Their main 

nutritional value is in their high protein content; in chicken eggs, for example, 

protein forms 12.6% of the total weight. This is comparable to the protein 

content of red meat (e.g. beef, 14% protein). Egg proteins contain all of the 

essential amino acids (i.e. those not synthesised within the body), a range of 

vitamins and minerals, and important trace elements. They are available at 

predictable times and locations, often in large densities (e.g. Sidell, 1993; 

Baldwin, 2009, 2010; Serjeantson, 2009). Although eggs of wild species and most 

domestic species are a seasonal resource, they could be stored for a number of 

months before the emergence of modern refrigeration technology (e.g. in 

waterglass, a combination of salt-water and peat ash; or in isinglass, derived 
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from the swim bladder of cod) (Serjeantson, 2009; Baldwin, 2010). Some 

domestic species can produce eggs throughout the year (Section 1.1.3), although 

it is not clear at what point this ability emerged. Today, eggs are a relatively 

cheap and mass-producible source of protein, and the eggs of the domestic 

chicken (Section 1.1.3.2) are an important food source in many parts of the 

world. For example, according to official United Nations estimates, the global 

average chicken stock is around 19 billion animals (many of which will represent 

laying hens); this is over 13 times more than the next most numerous domestic 

animal (UN Food and Agriculture Organisation, 2011).  

 

Eggs have also held symbolic meaning in many cultures (most often as symbols 

of fertility and/or rebirth), and have been used in various burial rituals (Sidell, 

1993a,b; Stadelman, 2000; Serjeantson, 2009). Applications of the eggshell have 

included use as liquid containers and as raw material for jewellery, while the 

whole egg has been used in clarification of wine, and as feed and/or tonic for 

livestock (Baldwin, 2009, 2010; Serjeantson, 2009; Texier et al., 2010). Some 

cultures have also observed taboos which prevent consumption of eggs 

(Serjeantson, 2009).  

 

1.1.2: Collection and use of wild eggs in the past 

While it has been established that ostrich eggs were being used in southern 

Africa by at least 100 millennia before present (Brooks et al., 1990; Texier et al., 

2010), very little is known about egg use in most past societies. Eggshell 

fragments from archaeological sites can be very difficult to recover, and even 
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more difficult to taxonomically identify (Section 1.1.4); this, combined with the 

lack of documentary evidence for the vast majority of past cultures, limits the 

current state of understanding regarding most facets of past egg use. At present, 

the contribution of bird eggs to most past diets can only be speculated upon. 

Consumption of wild bird eggs was probably once commonplace, particularly 

among hunter-gatherers and coastal and island communities, but has now 

ceased in most parts of the world (Serjeantson, 2009). The near-complete 

cessation of wild egg collection is largely attributable to the prolific laying 

capabilities of the domestic chicken (Section 1.1.3.2). Collection of wild seabird 

eggs was widespread in many regions until around a century ago, and remains 

an important economic activity for some tribal peoples, including many 

aboriginal Australian and native North American groups (e.g. Hunn et al., 2003; 

Serjeantson, 2009). Collection of seabird eggs is either still practiced or has been 

recently practiced in some remote corners of northern Europe, including the 

Faroe Islands and many British and Irish islands (Baldwin 2009, 2010; 

Serjeantson, 2009). On the Isle of Man, for example, collection of gull eggs was 

revived during World War II food shortages, was commonly practiced until the 

late 1970s, and remains legal (subject to permit) to this day (Baldwin, 2009, 

2010; Serjeantson, 2009).  

 

The main factors determining the extent to which the eggs of a particular 

species were exploited are likely to include its breeding habits, and the size and 

number of eggs available; cultural factors (e.g. high status attached to certain 

foods), symbolic significance, and preferred tastes are also certain to have 

played roles (Serjeantson, 2009). In some cases, documentary evidence can 
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inform questions of the types of eggs used. For example, the Romans kept many 

types of bird, including several breeds of chicken, goose, peacock, pheasant and 

duck, and are believed to have consumed (to varying degrees) the eggs of all of 

these (Keepax, 1981). This level of documentary information is exceptional, and 

cultural factors affecting egg exploitation are difficult to reconstruct for most 

societies.  

 

Setting cultural factors aside, colonial nesters are likely to have provided a more 

energetically efficient source of eggs than solitary nesters. This places emphasis 

on certain seabirds as egg providers; these often nest in high densities in 

predictable times and locations. Surviving documentary evidence shows that 

these provided the majority of wild eggs collected in many British and Irish 

coastal and island communities until fairly recently (Kightly, 1984; Baldwin, 

2009, 2010; Serjeantson, 2009). Gull eggs were often collected in the highest 

volumes due to their high breeding densities and the relative accessibility of 

their nests (Baldwin, 2009, 2010). Many British-breeding seabirds, including 

puffins, shearwaters, gulls, guillemots, razorbills and gannets (but not fulmars), 

will re-lay up to 3-5 clutches per breeding season if their eggs are removed; this 

could facilitate repeated exploitation of the eggs (and young) of these species 

(Baldwin, 2009, 2010). Terrestrial species have also been used in the recent past 

in this part of the world; for example, the eggs of lapwing and rook were 

routinely eaten on the Isle of Man until the early 20th century (Baldwin, 2010).  
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While the accessibility of the nests is another potentially important factor, 

documentary records show that people have routinely collected eggs from steep 

sea cliffs in different locations around the U.K. and Ireland over a number of 

centuries (Kightly, 1984: Baldwin, 2009, 2010; Serjeantson, 2009). For some 

communities egg collection was a subsistence activity, while for others eggs 

were a cash crop to be sold at market (Baldwin, 2009). This was a dangerous 

occupation; the collector was lowered over the cliff with a rope tied around his 

waist, and a basket in which to collect eggs (secured either to a pole planted in 

the ground, or held by a team-mate). John Ray described techniques in use on 

the Isle of Man in the late 1670s which were still in use in Yorkshire during the 

1940s (Kightly, 1984: Baldwin, 2010).  It seems reasonable to propose that this 

practice might extend much further into the past than the relevant documentary 

records do. 

 

These examples relate only to the relatively recent history of egg collection and 

use in the U.K. For people in other parts of the world, and in the deeper past, 

very little is known about egg use. At present, historic and ethnographic 

documents (where available) can shed light on egg use in particular times and 

places, while zooarchaeology and genetics can show when different domestic 

species became available in different areas. However, there is very little 

contribution at present from the archaeology of the egg itself; the core aim of 

this project is to derive an analytical framework which will allow this enormous 

gap in knowledge to be addressed.  
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1.1.3: Bird domestication and dispersal 

1.1.3.1: Overview 

As the sites considered in a later chapter (Chapter 4) are all located in Europe, 

and there has been generally a greater concentration of archaeological effort on 

that continent, the arrival of avian domesticates in Europe is considered here in 

more detail than in any other continent. It is likely that egg use changed 

dramatically following the domestication and dispersal of a few avian species. By 

far the most economically important of these has been the domestic chicken 

(Gallus gallus domesticus), which was also domesticated far earlier than any 

other species of bird. In terms of egg production, other important domestic 

species have included geese and (to a lesser extent) ducks; other commercially 

important species in various parts of the world have included turkeys, quail and 

pigeons (Brant, 1998; Beacham & Durand, 2007). Only chicken, goose and duck 

are summarised here due to a lack of detailed information regarding the 

domestication or keeping of other bird species; turkeys are not included as it is 

not currently clear whether it is possible to separate wild from domestic birds 

based on zooarchaeological evidence (Olsen, 2012).  

 

1.1.3.2: Chicken domestication and dispersal 

The vast majority of eggs consumed by modern people are provided by the 

domestic chicken (Gallus gallus domesticus); this is one of the most important 

(and by far the most numerous) domestic animal (UN Food and Agriculture 

Organisation, 2011). Their global distribution can be attributed to deliberate 

translocation; chickens (and their wild progenitors) are poor flyers, cannot swim, 

and have small home ranges (Storey et al., 2012). Although modern domestic 
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fowl are predominantly reared for food production, this may not have been the 

only (or even the main) motivation for their initial domestication (Blench & 

MacDonald, 2012). Chickens and their eggs have often held symbolic and ritual 

significance (for example, eggs are present as grave goods in widely dispersed 

cultures), and have also been widely used in cockfighting and for decorative 

purposes (Blench & MacDonald, 2012). In Japan, for example, there is little 

evidence of chickens being used for food production prior to the 19th century 

A.D. (Blench & MacDonald, 2012).  

 

The progenitors of the domestic chicken are the wild junglefowl (Gallus spp.) of 

southern and southeastern Asia (e.g. Fumihito et al., 1996; Kanginakudru et al., 

2008). Prior to the emergence of valid molecular techniques, a prolonged 

debate centred around whether there was a single origin (monophyly) of 

modern chickens, or whether these arose from a range of progenitors in a range 

of areas (Fumihito et al., 1996; Liu et al., 2006; Kanginakudru et al., 2008; Storey 

et al., 2012). Although it is possible that all variation in modern chicken mtDNA 

can be traced to wild species extant in modern Thailand (Fumihito et al., 1996), 

two centres of domestication in southern and south-eastern Asia are now 

generally recognised (West & Zhou, 1988; Liu et al., 2006; Tixier-Boichard et al., 

2011; Storey et al., 2012). One of these was in Neolithic Southeast Asia at least 

8000 years before present; the other was in the Indus Valley prior to 4500 years 

before present (West & Zhou, 1988). Consensus has not been reached on 

whether modern chicken breeds are derived from a single species of wild 

junglefowl (G. gallus) (e.g. Fumihito et al., 1996) or from hybridisation of several 

species (e.g. Kanginakudru et al., 2008; Storey et al., 2012); the most recent 
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genetic evidence suggests the latter. DNA evidence shows that birds from 

Southeast Asia were transported as part of the Austronesian expansion into the 

Pacific Islands (and ultimately to South America); they also travelled along trade 

routes to east Asia, the Middle East, Europe and probably Africa (West & Zhou, 

1988; Storey et al., 2007, 2012); it seems that the Indus Valley was bypassed 

during this process, although birds domesticated there were spread along trade 

routes to east Africa, and their descendants are still found in the Indian 

subcontinent today (Coltherd, 1966; West & Zhou, 1988; Manaseryan & Balyan, 

2002; Liu et al., 2006; Tixier-Boichard et al., 2011; Storey et al., 2012).  

 

Chicken bones appear in southeast Europe during the late Neolithic/early Bronze 

Age (Kysely, 2010). In other parts of Europe, the chicken was a rather late 

addition to the core group of domestic animals; it does not appear in central, 

northern and western Europe until the Bronze/Iron Age transition (8th ς 9th 

century B.C.) (West & Zhou, 1988; Kysely, 2010). The route(s) by which chickens 

came to central, northern and western Europe are not fully established, but 

there are several non-mutually-exclusive possibilities: across the Balkans from 

Bulgaria or Greece; across Ukraine or the Black Sea; or via Iberia during the 

period of Phoenician colonisation (9th century B.C. onwards) (Kysely, 2010). 

Although precise dates of arrival are not available in many areas, the evidence 

suggests that they did not arrive in north-western Europe until the Middle Iron 

Age; in Sweden, for example, they do not appear until the 1st century B.C. 

(Tyrberg, 2002). Bone assemblages from many Eurasian archaeological sites 

suggest that these rapidly became the dominant domestic bird in most regions 

following their introduction (Albarella & Thomas, 2002; Hamilton-Dyer, 2002; 
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Makowiecki & Gotfredsen, 2002; Serjeantson, 2002, 2009; Tyrberg, 2002; Baker, 

2008; Benejaru et al., 2008; Thys & van Neer, 2008).  

 

It is unclear what their initial purpose was; the presence of eggs as grave goods 

at many central European Iron Age sites suggests ritual significance, while the 

high ratio of males to females recovered at some Bronze Age and Iron Age sites 

suggests that cockfighting may have been a greater motivation than egg 

production (Kysely, 2010). It is likely that the early breeds present in Europe still 

had seasonal laying patterns governed by light regimes, and were not as 

productive in terms of egg yields as modern breeds (although the point at which 

laying was decoupled from natural light regimes is unknown). Modern breeds 

can produce upwards of 250 eggs per year, and documentary evidence suggests 

that they may have done so in England since at least the late medieval period 

(12th ς 13th century) (Stone, 2006).  

 

1.1.3.3: Goose domestication and dispersal 

Geese are less productive than chickens in terms of egg yields, but bone 

assemblages show that they were kept at many archaeological sites. It is unlikely 

that the primary focus of goose husbandry was ever egg production, as a goose 

will lay a maximum of 30-40 eggs in one year; the primary focus is likely to have 

been production of meat and/or down, while in Russia (and possibly in other 

regions) they were also bred for fighting (Serjeantson, 2002; MacDonald & 

Blench, 2012). The earliest domestication event is unknown, but at least six 

species of goose have been independently domesticated at some point 
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(MacDonald & Blench, 2012). The greylag goose (Anser anser) is the progenitor 

of most modern domestic geese; the only exception is in China, where the swan 

goose (Anser cygnoides) was the progenitor of modern domestics (Serjeantson, 

2009; MacDonald & Blench, 2012). 

 

The centre from which modern non-east-Asian domestic geese are derived was 

located in Egypt (MacDonald & Blench, 2012). The earliest tangible evidence of 

domestic geese takes the form of captive animals depicted on material dating 

from the Egyptian Old Kingdom (3rd millennium B.C.); the oldest evidence in the 

form of actual bones dates from the Middle Kingdom (early 2nd millennium B.C.). 

The point at which domestic geese arrived in Europe has not been conclusively 

determined, but Greek and Macedonian literary sources mention them during 

the first millennium B.C. (Harper, 1972; Serjeantson, 2002; MacDonald & Blench, 

2012). The zooarchaeological evidence suggests that domestic geese only 

became widespread in Europe during the Roman period (MacDonald & Blench, 

2012). They first appear in the British archaeological record during the 1st 

century AD (Harrison, 1980), and are present at some Anglo-Saxon and 

Viking/Norse sites in the U.K. (Dobney & Jaques, 2002; MacDonald & Blench, 

2012). Domestic geese were widespread in Europe by the late medieval period, 

having been widely dispersed by the Normans, and are a distant second in 

predominance to chicken in most bone assemblages from this period (Albarella 

& Thomas, 2002; Hamilton-Dyer, 2002; Makowiecki & Gotfredsen, 2002; 

Serjeantson, 2002; Tyrberg, 2002; Baker, 2008; Bejenaru et al., 2008; Thys & van 

Neer, 2008).  
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Under traditional management techniques, geese have some advantages over 

chickens; they can be driven to market rather than carried; they can survive on 

poorer food than other domestic birds; and provide more meat per bird than 

chickens (MacDonald & Blench, 2012). However, the almost ubiquitous 

dominance of chicken in most cases (some medieval towns being an exception) 

highlights their relative disadvantages; far lower fecundity and egg yields 

(MacDonald & Blench, 2012). Domestic geese have declined in many areas in the 

last century or so, as chickens and turkeys are more amenable to modern 

factory and battery farming techniques (MacDonald & Blench, 2012).  

 

1.1.3.4: Duck domestication and dispersal 

Ducks were domesticated in different regions from a number of wild species; in 

Europe, the mallard (Anas platyrhynchos) was probably the main wild progenitor 

(Luff, 2012). Given the wide distribution and commonness of most Anas species 

(including mallards), it is likely that ducks were domesticated independently in 

different regions rather than deriving from a core area of domestication (Luff, 

2012). Today, ducks account for less than 1% of the U.K. poultry industry; this is 

in contrast with East Asia, where over 75% of modern domestic ducks are found 

(Luff, 2012). The advantages of ducks over chickens are that they grow 

extremely fast, and are almost equally as fecund under favourable conditions; in 

hot, humid climates (such as those prevalent in much of East Asia) ducks can 

produce higher egg yields than chickens (Luff, 2012). Their disadvantages are 

that they require more food provision than either chickens or geese, are much 

less productive in northern European climates, and may have been more 

difficult to domesticate (particularly in cold conditions) (Luff, 2012).  
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It seems that ducks were domesticated in Europe much later than in China, 

where domestic ducks may have been present for at least 3000 years (Harper, 

1972; Luff, 2012). In contrast, the earliest documentary evidence of duck 

husbandry in Europe comes from Rome at the end of the first millennium BC, 

and true domestication may not have occurred until the middle ages (Harper, 

1972). There is no evidence to suggest that keeping of ducks was at all common 

in the wider Roman Empire at this time, and very limited evidence that it was 

even present outside this area (e.g. Tyrberg, 2002; Luff, 2012). Tame or domestic 

ducks were introduced to the U.K. by the Romans and may form a significant 

component of some Anglo-Saxon bone assemblages, although distinguishing 

domestic from wild types can be extremely difficult (Harrison, 1980; Dobney & 

Jaques, 2002; Luff, 2012). The first direct mention in the non-Greco-Roman 

historical literature comes from late 8th century AD French and German legal 

documents, which also suggest that these were much rarer than domestic 

chicken or geese (Harper, 1972; Luff, 2012). Historical documents suggest that 

ducks were bred at high-status sites in southern Poland from the 15th century, 

but were probably not truly domesticated there until the 19th century 

(Mackowiecki & Gotfredsen, 2002). Probably domestic ducks have been 

identified in medieval sites all over Europe (Albarella & Thomas, 2002; Hamilton-

Dyer, 2002; Mackowiecki & Gotfredsen, 2002; Tyrberg, 2002; Baker, 2008; 

Bejenaru et al., 2008; Thys & van Neer, 2008).  
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1.1.4: Eggs in the archaeological record 

1.1.4.1: Preservation and recovery of eggshell 

Although the shell membrane can survive under exceptional preservation 

conditions, the hard, calcareous shell is usually the only part of the egg 

preserved over archaeological timescales. The archaeology of the egg must 

focus upon this material. Eggshell is predominantly composed of calcium 

carbonate (more detail on structure is given in section 1.2), and can survive for 

long periods at neutral to alkaline pH. Anaerobic conditions are also favourable 

to preservation, while acidic and/or wet conditions are unfavourable. Eggshell 

can be preserved for a very long time, and is often found in calcareous deposits 

which also contain mollusc shell (Keepax, 1981). Most existing finds were 

located in protected environments such as caves, wells, pits and ditches, 

although some exceptions have occurred (Keepax, 1981; Serjeantson, 2009). 

Where eggshell is preserved, it is often in tiny fragments which may not be 

instantly recognised. The fine sieving (at least < 5mm, and often < 2mm) which is 

often required to extract eggshell can place a limit on recovery of fragments; 

time and/or resource constraints have precluded such time-consuming and 

labour intensive sieving at many sites. Following deposition, it is likely that the 

thicker eggs of larger taxa such as geese will be preserved for longer than 

thinner eggs such as those of chicken or duck.  

 

There are also a range of other taphonomic factors relating to the manner in 

which the people who originally used the egg handled and disposed of the 

material. These may differentially affect recovery of different types of eggshell in 

different areas. Although these are often neither testable nor provable, their 
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potential effects must be considered when interpreting the material recovered 

from archaeological deposits. For example, disposal patterns of eggs of different 

species may have differed for cultural reasons, or the eggs may have been 

consumed away from the main area of habitation (e.g. Baldwin, 2009).  Eggs 

which were used for a specific purpose rather than for everyday consumption 

may also have been treated differently. All of these factors could affect the 

location in the ground of different types of eggshell, and could affect recovery 

and confuse interpretation.  

 

1.1.4.2: Identification of archaeological eggshell  

The eggshell of ratites (ostriches and allies) is readily identified in the hand due 

to its extraordinary thickness. The correct order can then usually be deduced on 

the basis of geographical location; the major extant and recently extinct ratite 

orders (following the phylogeny of Hackett et al., 2008) are (or were) endemic to 

distinct areas. The higher likelihood of preservation of ratite eggshell, combined 

with relative ease of identification, has led to it dominating archaeological and 

geochronological applications of eggshell (e.g. Brooks et al., 1990; Miller et al., 

2000; Crisp et al., 2013). In many parts of the world ratites have never been 

coeval with humans (or have not remained so for long), and even where they 

were people may also have used non-ratite eggs. Non-ratite eggshell is more 

difficult to identify; differences in thickness between taxa are not as marked or 

as consistent as between ratites and non-ratites, and fragments are often 

extremely small and poorly preserved (e.g. Sidell, 1993).  
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The majority of eggshell fragments which are recovered from archaeological 

ǎƛǘŜǎ ŀǊŜ ǇƭŀŎŜŘ ƛƴ ŀ ōŀƎ ƳŀǊƪŜŘ ΨŀǾƛŀƴ ŜƎƎǎƘŜƭƭΩ ŀƴŘ ŀǊŎƘƛǾŜŘ - no further 

identification is usually attempted (e.g. Sidell, 1993). This is because there are 

few existing techniques for identification of such fragments. The most successful 

yet relies on scanning electron microscopy (SEM) to compare a range of 

parameters relating to the internal structure of eggshell fragments with a 

reference collection (Keepax, 1981; Sidell, 1993). Although this has been the 

only reasonably robust technique available for a long time, it is time and labour- 

intensive; high-throughput data generation is not possible. It is also subjective; 

interpretation may vary depending on the researcher performing the analysis. 

Recent research on moa eggshell suggests that (at least in some taxa) some of 

the parameters used are not in fact taxonomically diagnostic; for example, intra-

species variation in shell thickness (one of the major taxonomic identifiers in the 

SEM technique) often exceeds inter-species variation (Oskam et al., 2011). Shell 

thickness also varies in domestic species (and also presumably in wild species) 

according to breed and diet, and between different parts of a single egg; this 

suggests that these internal parameters are not a reliable taxonomic indicator 

for heavily fragmented archaeological eggshell (Keepax, 1981; Sidell, 1993; 

Serjeantson, 2009).  

 

In larger fragments shell curvature can be used, although this too is problematic; 

shell shape is fairly distinct in a few orders, but in most intra-specific variability 

can equate or exceed inter-specific variability (Keepax, 1981; Gill, 2000; 

Serjeantson, 2009). Where whole eggs are found measurement of shell length 

and diameter can be used to derive taxonomic identification, but the likelihood 
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of preservation of whole eggs is slight (although this has occurred in the U.K. on 

at least two occasions) (e.g. Keepax, 1981). Even where these are found, egg size 

provides low resolution; the degree of inter- and intra-specific variability is often 

too great to allow accurate identification (e.g. Keepax, 1981). The pigments in 

the shell cuticle tend not to survive in archaeological samples, and are in fact 

often lost fairly rapidly (100-150 years) from eggs held in museum collections 

(their survival in the ground has not been quantified). A range of approaches 

which have been tentatively described as useful in modern samples, but which 

are not applicable to archaeological samples as they assume no structural 

deterioration, have been reviewed in detail elsewhere (Keepax, 1981). Neural 

imaging software has also been used to identify eggshell fragments with a 

reasonable degree of accuracy (around 70%), but this technique faces similar 

problems relating to time and labour intensity and has not developed beyond 

the initial pilot study (Eastham & Gwynn, 1997).  

 

1.1.4.3: Other applications of archaeological eggshell 

Aside from taxonomic identification, amino acid dating has been the most 

predominant application of preserved ratite eggshell (e.g. Brooks et al., 1990; 

Miller et al., 2000). A range of other applications exist; for example, progressive 

changes in shell microstructure during embryogenesis have the potential to 

discriminate between eggshell originating from food waste and eggs which were 

allowed to hatch (Sidell, 1993; Beacham & Durand, 2007). These microstructural 

changes have been used to constrain the date of emergence of turkey 

husbandry in the American south-west (Beacham & Durand, 2007). The location 

of rhea eggshell deposits in Argentina in relation to the location of main 
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residential areas has also been used to argue for the importance of regional-

scale archaeological research in order to understand subsistence patterns in that 

region (Medina et al., 2011). Environmental researchers have recently used 

preserved seabird eggshell to determine changes in oceanic mercury levels over 

the past 700 years (Xu et al., 2011). The potential of eggshell as a material for 

study is beginning to be realised in a diverse range of fields.  

 

1.1.4.4: Eggs in the archaeological record: future applications 

The major challenge facing archaeological eggshell research has always been 

that there is no robust, high-throughput identification system capable of 

analysing the large volume of material recovered from many deposits. The 

development of such a system is the core objective of this project. This system, 

once developed, can be applied to questions regarding wild and domestic 

resource use. For example, people may have taken eggs from a particular 

species of wild bird, while taking another species for meat (Serjeantson, 2009). 

In most cases, the relative contributions of wild and domestic eggs to the diet 

are completely unknown. The diversity of wild resources used by past societies 

can also potentially be addressed using this system. Seasonality of occupation at 

certain sites can also be addressed, as most birds have well defined breeding 

seasons (although the fact that eggs can be stored may cloud this issue to some 

extent). The relative status attached to different types of egg may be 

highlighted, and consideration of the favoured breeding sites of different birds 

may imply the use of certain types of technology in egg collection (Sidell, 1993). 

Most wild eggs are likely to have been collected within a relatively short 

distance of the site; the ecological preferences of different bird species may 
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then inform questions regarding the terrain surrounding the site (Sidell, 1993). 

The usefulness of amino acid racemisation dating has been established in ratite 

eggshell (e.g. Brooks et al., 1990; Miller et al., 2000), but the kinetics of 

diagenesis in eggshell biomolecules remains to be established for non-ratite 

species; only one pilot study has been published to date (Clarke et al., 2007). A 

subsequent chapter will investigate the potential of biomolecular diagenesis in 

the eggshell of domestic bird species (Chapter 5). 

 

1.1.5: Conclusions on this section  

This section has provided initial background information to the project, and has 

introduced the core objective and rationale of the work described in subsequent 

chapters. In order to properly use eggshell in an archaeological setting, an 

understanding of the material is required. The following section begins to 

consider the material under study by providing a description of the internal 

structure of eggshell. 
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Section 2: Eggshell Structure 

1.2.1: Overview: the amniotic egg 

The emergence of the amniotic egg was central to vertebrate colonisation of 

terrestrial habitats, and must be considered one of the most important events in 

evolutionary history. In birds, embryonic development takes place inside a 

structure which provides protection from the physical environment and 

microbial attack, regulates water and gas exchange with the external 

environment, and provides vital nutrients to the developing embryo (Simkiss, 

1968; Arias et al., 1993; Nys et al., 2004). The eggshell must have sufficient 

mechanical strength to fulfil its protective functions, but this must be balanced 

with facilitating water and gas exchange, and ultimately allowing the emerging 

juvenile to break through it. This section will provide a summary of the basic 

structure of avian eggshell. 

 

1.2.2: Eggshell structure 

1.2.2.1: Basic structure  

Eggshell consists of both organic and inorganic phases, and across diverse 

genera comprises around 10% of the total egg weight (Nys et al., 2004). The 

inorganic phase is formed almost exclusively of calcium carbonate (CaCO3) in the 

form of calcite, which constitutes 95-96% of the shell weight (Arias et al., 1993; 

Nys et al., 2004). Although small quantities of aragonite and vaterite (other 

forms of CaCO3) have also been observed occasionally in some species, these are 

considered anomalous (Becking, 1975; Sidell, 1993; Dennis et al., 1996). The 

calcite ultrastructure is stabilised by an organic matrix of proteins, many eggshell 
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proteins also play key roles in directing different stages of eggshell formation 

(Sections 1.3 & 1.4) (Gautron et al., 1997; Hincke et al., 2010). The organic 

fraction of the calcified layers (Figure 1.1) contains various proteins, 

glycoproteins and proteoglycans (discussed in detail in section 1.4), and 

comprises 2 - 3.5% of the total eggshell weight (Hincke et al., 1995; Nys et al., 

2004; Mann & Siedler, 2006).  

 

Figure 1.1: Generalised schematic of the internal structure of eggshell (adapted 

from Stewart et al., 2013). No measurements are given as these vary between 

taxa. 

 

1.2.2.2: Shell membrane 

At the innermost shell surface, a non-calcified bi-layered membrane separates 

the egg white from the calcified layers of the eggshell (Simkiss, 1968; Sidell, 

1993; Mann, 2008). This membrane is deposited in the isthmus external to the 

peri-albumen layer which surrounds the egg white (Arias et al., 1991; Dennis et 

al., 1996; Nys et al., 2004). Most of the membrane (70 ς 75%) is formed of 

proteins and glycoproteins (Wong et al., 1984: Arias et al., 1991). Lysozyme C 

(60% by weight) has been proposed as the major protein component of the 
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membrane, while collagen is also present (Wong et al., 1984; Mann, 2008). The 

outer shell membrane is strongly adhered to the inner surface of the shell, and is 

extremely difficult to remove mechanically (Sidell, 1993). Intact membranes are 

fundamental to successful eggshell deposition, as (among other functions) they 

prevent inward mineralisation (Nys et al., 2004). Recent high-throughput 

proteomic techniques have identified up to 137 protein constituents of these 

membranes in chicken eggshell, many of which also occur in other eggshell and 

body compartments (Mann, 2008). The function of these in the membrane (if 

any) mostly remains unknown (Mann, 2008). The shell membrane is occasionally 

preserved in extremely organic-rich deposits such as cesspits, but is not 

commonly recovered at most sites. 

 

1.2.2.3: Mammillary layer 

The most internal crystalline layer is deposited in a non-uniform manner on the 

outer shell membrane as small radially-arranged polycrystalline calcite clusters 

(mammillae) (Nys et al., 2004). These are deposited in a quasi-periodic manner 

on the external surface of the shell membrane, before small crystals grow 

upwards and outwards until they fuse and the membrane surface is covered; at 

this stage deposition of this layer terminates (Tyler & Fowler, 1978).  

 

The mammillae comprise a base plate, calcium reserve body (CRB), a CRB cover 

and a crown; the CRB functions as a source of readily mobilised calcium for bone 

mineralisation in the developing embryo (Bond et al., 1988; Dennis et al., 1996; 

Reynolds et al., 2004; Beacham & Durand, 2007; Chien et al., 2009; Osterstrom 
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& Lilja, 2012). The fibres of the outer shell membrane penetrate the cones of the 

mammillary layer, which then act as sites of initial crystal nucleation for the 

large, oriented calcite crystals of the palisade layer (Robinson & King, 1963: Arias 

et al., 1993; Panheleux et al., 1999; Nys et al., 2004). The mammillary layer is 

divided by some authors into two components; the basal caps and the cone 

layer (e.g. Becking, 1975). It is possible that mammillary density correlates with 

breeding biology, with differences observed between altricial and precocial 

species; the mechanism(s) underlying this correlation are not clear (Osterstrom 

& Lilja, 2012). 

 

1.2.2.4: Palisade layer, vertical crystal layer & cuticle 

The palisade layer spans from the mammillary crowns to the internal surface of 

the cuticle (Figure 1.1), and comprises large calcite crystals aligned with their c-

axes perpendicular to the shell surface (Nys et al., 2004). This layer provides the 

mechanical strength required by the eggshell. As the dense crystalline structure 

of the palisade layer precludes permeation of water and gases from the external 

environment, a porous network extends from the outer cuticle to the less dense 

mammillary layer (Simkiss, 1968; Nys et al., 2004). The dimensions and 

tortuosity of this system vary between taxa depending on their differing 

requirements, and can adapt rapidly to the differing conditions of novel 

environments (Tullet, 1975; Stein & Badyaev, 2011). In most taxa, a thin layer of 

small vertically aligned crystals lies at the external surface of the palisade layer 

(Keepax, 1981). Exterior to this is a non-calcified cuticle comprising proteins, 

lipids and polysaccharides (Simkiss, 1968; Lammie et al., 2006). This cuticle is the 

primary frontier of water and gas exchange between the embryo and the 
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environment, and is necessarily a region of very low chemical and biological 

activity (Nys et al., 2004). The eggs of some species (e.g. the gannet) do not have 

a cuticle but have a calcareous coating instead (Sidell, 1993). 

 

1.2.3: Conclusions on section 2 

This section has introduced the internal structure of the material which is the 

focus of this project. The following section summarises the current state of 

knowledge regarding the manner in which this material is deposited, and the 

role(s) of biomolecules in that process. 
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Section 3: Biomineralisation & Eggshell Deposition 

1.3.1: Overview  

CaCO3 has been produced by metazoans for at least 550-600 million years 

(Grotzinger et al., 2000), and the oldest evidence for production by unicellular 

organisms dates to around 3.5 billion years ago (e.g. Lepot et al., 2008; Allwood 

et al., 2009). Today, a genetically diverse group of organisms, including many 

types of arthropods and molluscs, as well as fish and birds, produce some form 

of biogenic CaCO3. This tends to form exoskeletal material in invertebrates, 

while in vertebrates it functions as the building material of the amniotic eggshell 

in birds and in the construction of the otolith. CaCO3 can occur in three 

crystalline phases (calcite, aragonite and vaterite), and also as three hydrate 

non-crystalline phases (amorphous (ACC), monohydrate and hexahydrate) 

(Figure 1.2). The CaCO3 in avian eggshell is almost exclusively calcite (Dennis et 

al., 1996; Fu et al., 2005; Xie et al., 2005). Mollusc shells tend to be composed of 

aragonite and/or calcite, while fish otoliths are composed of aragonite; in some 

marine arthropods and echinoderms amorphous CaCO3 (ACC) is utilised, most 

commonly as a transient phase (Addadi et al., 2003; Weiner et al., 2005; Bentov 

et al., 2010).  
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Figure 1.2: Transmission Electron Micrograph (TEM) images of crystalline 

calcium carbonate polymorphs, and amorphous calcium carbonate. Reproduced 

from: http://www.ruhr -uni-bochum.de/sediment/pictures/CaCO3_web1.jpg 

(accessed 01/08/13) 

 

Although avian eggshell is the focus material of this project, research on 

biomineralisation processes in other organisms is potentially of direct relevance 

to understanding the processes of eggshell deposition; it is probable that at least 

some of the general pathways of biomineralisation are conserved across a range 

of genetically diverse organisms (Weiner & Addadi, 1997; Addadi et al., 2003; Fu 

et al., 2005; Weiner et al., 2005). The diversity of crystalline structures in nature 

highlights the fact that organic activity often plays a major role in their 

determination; structural differences between taxa are likely to derive from the 

effects of different organic fractions on growing crystals (e.g. Stolarski & Mazur, 

2005; Weiner et al., 2005). Characterisation of the processes by which organisms 

exert exquisite control over crystal development is of potentially major 

significance to major growth industries such as nanotechnology and material 

science, as well as to biological sciences (Gower & Odom, 2000; Sarikaya et al., 

http://www.ruhr-uni-bochum.de/sediment/pictures/CaCO3_web1.jpg


                                                                                                                                          51 
 

2003; Gebauer et al., 2008, 2009, 2010; Krattiger et al., 2010). A synopsis of the 

current state of understanding regarding crystal nucleation, morphogenesis and 

crystallisation in biominerals is provided below. All of this is potentially relevant 

to eggshell deposition, although biomineralisation in marine invertebrates has 

been more extensively studied (e.g. Aizenberg et al., 1996; Marin et al., 2005, 

2008; Weiner et al., 2005). This section also introduces the intra-crystalline 

protein fraction, which is crucial to the methodologies developed and used in 

subsequent chapters.  

 

1.3.2: Initial stages of crystallisation  

1.3.2.1: The ACC phase 

The nucleation of a transiently stable ACC phase is the initial stage of 

crystallisation in many biominerals (Addadi et al., 2003; Weiner et al., 2005; 

Pouget et al., 2009). Although ACC can exhibit short-range atomic order, lack of 

register between adjacent molecules precludes the emergence of long-range 

order and crystallinity (Aizenberg et al., 1996; Weiner et al., 2005; Gueta et al., 

2007; Lam et al., 2007). ACC can be thermodynamically stable under certain 

conditions; however, at larger nanoparticle sizes and/or higher ion 

concentrations crystalline polymorphs become preferred (Freeman et al., 2010). 

ACC often occurs in nature as a transiently stable precursor to crystallisation, 

and there is evidence to suggest that this is the pathway leading to calcite 

precipitation in the mammillary layer of bird eggshell (Lakshminarayanan et al., 

2006; Voinescu et al., 2007; Freeman et al., 2010; Gebauer et al., 2010). ACC also 

occurs as a metastable polymorph in its own right in a range of marine species 
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(Aizenberg et al., 1996; Addadi et al., 2003; Wilt et al., 2003; Weiner et al., 2005; 

Gebauer et al., 2008, 2010; Bentov et al., 2010).). 

 

1.3.2.2: Metastable vs. transiently stable ACC: roles of organic molecules and 

hydration 

The pathways leading to maintenance of metastable ACC (used as structural 

material in some marine invertebrates) and transient stabilisation of ACC during 

early crystallisation are different (Addadi et al., 2003; Weiner et al., 2005; Politi 

et al., 2008). Maintenance of metastable ACC is determined by the activity of 

specific ions and/or amino acid residues, although the precise mechanism(s) 

often remain unclear (e.g. Weiner et al., 2005). For example, specific 

phosphoprotein constituents inhibit crystallisation, and may play a crucial role in 

the maintenance of stable ACC in decapods (Bentov et al., 2010). Isolated 

phosphoserine and phosphothreonine residues exhibit high calcium binding 

capacity, which causes them to adsorb onto nascent nuclei and retard crystal 

growth until the ACC pool becomes supersaturated (Addadi et al., 2003; Bentov 

et al., 2010). At this point ACC will transform into more stable crystalline forms 

in vitro (Addadi et al., 2003).  

 

Macromolecule concentrations in vivo are probably too low to support this as a 

general mechanism of ACC stabilisation; it is more likely that a 

microenvironment which does not favour crystal nucleation is formed (Addadi et 

al., 2003; c.f. Gebauer et al., 2009). As opposed to the transiently stable ACC 

phase observed in precipitation of crystalline phases, stable ACC is significantly 
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hydrated; the presence of water molecules around calcium ions may preclude 

their reconfiguration into anhydrous crystals (Addadi et al., 2003; Weiner et al., 

2005). These examples serve to introduce the importance of the interaction 

between the mineral and molecular environments. 

 

1.3.3: Crystal nucleation 

1.3.3.1: Nucleation theory  

Nucleation of both the polycrystalline aggregates of the mammillary layer and 

the large calcite crystals of the palisade layer are of fundamental importance to 

successful eggshell deposition. Understanding the mechanisms of crystal 

nucleation is crucial to determining potential organic roles in eggshell 

deposition. Two competing (but not entirely mutually exclusive) theories of 

crystal nucleation are currently in circulation, and the debate between them is 

not yet resolved. Traditional nucleation theory holds that nucleation proceeds 

by reversible addition of free ions to a pre-critical cluster until a critical size is 

reached and the cluster becomes stable (reviewed in Meldrum & Sear, 2008; 

Gebauer et al., 2009). This stable cluster will then act as a template for 

subsequent crystal growth. Recent research has identified long-lived pre-critical 

clusters which grow by collision and coalescence until critical size is reached and 

metastable ACC is formed (Colfen & Mann, 2003; Gebauer et al., 2008, 2009; 

Pouget et al., 2009; Song & Colfen, 2011). This has led to the emergence of the 

mesocrystal theory of crystal nucleation (e.g. Colfen & Antonietti, 2005; Song & 

Colfen, 2010), which demosntrates that pre-crystalline structures can aggregate 

by embedment in non-crystalline matrices. As these clusters have been 

observed to persist after the onset of nucleation, it has been proposed that it is 
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an increase in surface energy, rather than a simple increase in cluster size, which 

stabilises ACC and facilitates crystal nucleation (Pouget et al., 2009). This 

increase could result from impurities in solution (which are considered 

ubiquitous in vivo and all but impossible to fully eliminate in vitro) acting to 

stabilise CaCO3 clusters, before their coalescence leads to formation of 

metastable ACC (Gebauer et al., 2008, 2009; Meldrum & Sear, 2008; Pouget et 

al., 2009). In this model, both free ions and pre-critical clusters play key roles in 

crystal nucleation, as do additives in solution (see below) (Gebauer et al., 2008, 

2009).  

 

1.3.3.2: Intra-crystalline proteins 

The presence of organic molecules trapped within biominerals has been the 

subject of a large volume of research (e.g. Crenshaw, 1972; Towe & Thompson, 

1972; Towe, 1980; Berman et al., 1988; Penkman et al., 2008, 2011). Until the 

conflict between different proposed pathways of mineral deposition is resolved, 

ǘƘŜ ǇǊŜŎƛǎŜ ǎǇŀǘƛŀƭ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƘŜǎŜ ΨƛƴǘǊŀ-ŎǊȅǎǘŀƭƭƛƴŜΩ ǇǊƻǘŜƛƴǎ ŀƴŘ ǘƘŜ 

mineral phase cannot be fully understood. Recent transmission electron 

micrographs (TEM) of molluscan and algal biominerals reveal spherulitic Fresnel 

contrasts of a few nanometers, which probably correspond to these intra-

crystalline proteins (Okumura et al., 2010, 2012). There is also evidence that it is 

possible for amino acids to be trapped within mineral crystals without disrupting 

lattice structure (Li et al., 2009).  These proteins are not subject to the range of 

diagenetic influences which may be experienced by those exposed to the 

external environment (e.g. soil pH, hydrological conditions, microbial attack, 

infiltration by non-indigenous biomolecules). The significance of these intra-
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crystalline proteins to this study is described in detail in a following chapter 

(Chapter 2). 

 

1.3.4: Mineral deposition in eggshell 

1.3.4.1: Overview  

Avian eggshell deposition is one of the most rapid biomineralisation processes 

known; the complete shell (6 g of mineral in chicken eggshell) is deposited in the 

oviduct in less than 24 hours (e.g. Fu et al., 2005). CaCO3 is precipitated from an 

acellular medium (uterine fluid) which contains the organic precursors of the 

shell matrix, and is saturated in calcium and bicarbonate ions (Nys et al., 2004). 

X-ray diffraction studies have demonstrated variable protein concentration 

within the calcified layers, with the highest concentrations observed in the 

mammillary layer and outer palisade (Lammie et al., 2006). This suggests major 

roles for the organic fraction in the initiation and termination of crystallisation, 

and also highlights the degree of temporally-controlled protein expression 

required within the oviduct for successful deposition of eggshell (Arias et al., 

1993; Lammie et al., 2006).  

 

During formation of a chicken egg the ionic and organic components of the 

uterine fluid change progressively during the three distinct phases of 

calcification, and are markedly different during initiation (5hr), growth (12hr) 

and termination (1.5hr) (Gautron et al., 1997; Hincke et al., 2010). This suggests 

major roles for the organic fraction of eggshell in regulating deposition (Gautron 

et al., 1997; Hincke et al., 2010). Initial crystal growth in the mammillary layer is 
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multidirectional, but only crystals growing perpendicular to the cuticle have 

space to continue growing in the palisade layer (Hincke et al., 2010). The organic 

component of eggshell limits growth space by inhibiting calcitic growth at faces 

parallel to the c-axis and thus promotes elongation of the calcite crystals which 

form the palisade layer (Hincke et al., 2010). 

 

1.3.4.2: Calcite deposition: roles of the organic fraction 

Calcite, the most stable crystalline form of CaCO3, is formed when crystal growth 

is multidirectional (i.e. when no potential growth direction is thermodynamically 

favoured) (e.g. Silyn-Roberts & Sharp, 1986). Aragonite, which is formed when 

growth in a particular plane is thermodynamically favoured,  is less stable than 

calcite but has mechanical properties which are often more useful (e.g. reduced 

brittleness); due to the thermodynamic favouring of calcite, aragonite requires 

some form of molecular input to favour its growth (e.g. Weiner & Addadi, 1997). 

For example, the presence of magnesium ions can favour aragonite 

precipitation, as can the activity of proteins which bind to specific crystal faces 

and thus favour unidirectional growth (Weiner & Addadi, 1997). The presence of 

calcite in avian eggshell could be viewed as a result of a lack of molecular activity 

favouring aragonitic growth. However, it is wrong to imply that the organic 

fraction of eggshell is not involved in directing calcitic growth. While the 

polycrystalline mammillary layer may be relatively free from molecular direction 

of crystal form during deposition, as spatial constraints on growing crystals seem 

to be the only factor favouring growth in particular planes, proteins are still 

heavily involved in promoting crystallisation in the mammillary layer (Freeman 

et al., 2010, 2011).  The palisade layer exhibits greater molecular control of 
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crystal growth as it requires growth of large, anisotropic calcite crystals; it is 

likely that the organic fraction acts (in co-operation with spatial constraints) to 

favour crystal growth in a specific plane (Hincke et al., 2010). A range of proteins 

found in other mineralising systems can modulate calcite crystal nucleation and 

growth by binding to specific growth planes on calcite crystals (e.g. Albeck et al., 

1993; Orme et al., 2001; Wang et al., 2009). The precise mechanisms of this in 

eggshell are unclear, but may relate to inhibition of growth at specific faces 

during nucleation and initial growth; spatial constraints (i.e. crystals only having 

one direction in which they can grow) probably become more important during 

later stages of calcification. This shows that the porosity and brittleness of 

eggshell, which are crucial to the material fulfilling its required functions 

(Section 1.2), are emergent properties of the pathways of crystal growth and are 

ultimately under molecular control.  

 

1.3.4.3: Differences between eggshell and other mineralising systems 

Although the general processes of ACC stabilisation and crystal nucleation may 

be conserved across diverse taxa (e.g. Addadi et al., 2003), there are important 

mechanistic differences between eggshell and other mineralising systems. This is 

not surprising; even within a single phylum (the Mollusca) a range of 

mechanisms by which calcite can be produced and shaped are known (Marie et 

al., 2009, 2011).  

 

One major difference between eggshell and marine invertebrate calcification 

relates to the involvement of highly acidic proteins (pI < 4) in the latter (Belcher 
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et al., 1996; Falini et al., 1996; Weiner & Addadi, 1997; Feng et al., 2000; 

Aizenberg et al., 2002; Gotliv et al., 2003; Marin & Luquet, 2005; Marin et al., 

2008). Although these affect the crystallising phase, the effects of particularly 

acidic amino acids on crystallisation cannot be reduced simply to pH effects; 

aspartic acid-rich proteins extracted from the calcitic phase of the spicules of 

marine poriferans and ascidians promote calcite formation, while glutamic acid-

rich molecules are found in association with the ACC phase in the same 

organisms, and may even prevent crystallisation (Aizenberg et al., 1996). The 

most acidic protein yet discovered in mollusc shell has a theoretical pI of 1.67 

and comprises 65% aspartic acid (Marin et al., 2008); the most acidic known 

eggshell protein has a theoretical pI of 4.53 and comprises 12% aspartic acid 

(Section 1.4 discusses eggshell proteins in detail). Furthermore, ovocleidin-17, 

which catalyses the early stages of calcification in chicken eggshell, is highly 

basic (theoretical pI = 9.78) (Reyes-Grajeda et al., 2004). Highly acidic proteins 

can affect calcite crystal morphology, act as nucleation templates for crystal 

growth when adsorbed onto a solid substrate, or inhibit crystal growth when 

free (Marin & Luquet, 2005). The failure to observe any such protein in avian 

eggshell deposition shows that the mechanisms in operation are probably 

different, although it remains possible that highly acidic proteins may be found. 

There are commonalities to be found; glycine and alanine-rich proteins are often 

involved in calcium binding in both eggshell and invertebrate mineral deposition 

(Hincke et al., 1999; Weiner et al., 2005). 
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1.3.5: Conclusions on biomineralisation and eggshell deposition 

This section has summarised the state of knowledge regarding eggshell 

deposition at a molecular level. Although this remains incompletely understood, 

it is clear that organic molecules are key to this process, and also that there are 

important differences between deposition of eggshell and other biominerals. 

The following section will introduce the major proteins known to be present in 

eggshell, and discuss their roles in the deposition and regulation of the material; 

these are the molecules which will provide the basis of the eggshell 

identification technique developed in a later chapter (Chapter 2). 
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Section 4: Eggshell Proteins: Structure, Function & Diversity 

 

1.4.1: Overview 

This section describes some of the proteins known to perform roles in eggshell. 

Many of these are localised to specific regions, suggesting that they are involved 

in different stages of eggshell formation (Fernandez et al., 2003; Nys et al., 2004; 

Lammie et al., 2006). Unless stated otherwise, this summary will refer to the 

domestic chicken proteome, as this has been by far the most extensively 

researched. Data are generally lacking for most avian taxa, although some 

proteins are known from members of Struthioniformes (ostriches and allies), 

Anseriformes (geese and allies), and other members of Galliformes (turkeys). 

Major advances in understanding of other avian genomes and proteomes are 

expected in the near future (T. Gilbert, personal communication). Eggshell 

proteins have been subdivided into three general categories; those expressed in 

a range of bodily tissues; those present in the egg white as well as in the shell; 

and those unique to the shell (Nys et al., 2004).  

 

1.4.2: Diversity of chicken eggshell proteins 

Following the development of high-throughput proteomic techniques, up to 520 

proteins have been found in chicken eggshell, 32 of which can be considered 

ΨƘƛƎƘƭȅ ŀōǳƴŘŀƴǘΩ όaŀƴƴ et al., 2006). The vast majority of these remain to be 

properly characterised, and their functions in the processes of biomineralisation 

and/or in the mature eggshell (if any) are as yet unknown. It is highly unlikely 

that the majority of these are actually integral to eggshell deposition and 

maintenance. Many proteins are apparently assimilated into eggshell in a non-
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specific manner due to the rapid nature of mineralisation; proteins which are 

expressed in other parts of the oviduct may have diffused into the eggshell gland 

and thus been incorporated into the eggshell matrix, while others may represent 

breakdown products of other molecules present in the uterine fluid (Mann et al., 

2006).  

 

1.4.3: Eggshell proteins 

1.4.3.1: Proteins expressed in diverse bodily tissues 

Osteopontin is a moderately acidic protein (theoretical pI = 4.53) expressed (in 

different forms) in bone and eggshell, which functions as a phosphorylation-

dependent inhibitor of CaCO3 precipitation (Pines et al., 1995; Nys et al., 2004). 

It is found within the core of membrane fibres, the bases of mammillae, is highly 

concentrated in the palisade layer, and may modulate the speed of precipitation 

from uterine fluid and/or orient crystal growth (Nys et al., 2004; Hincke et al., 

2010). Osteopontin is seemingly ubiquitous in tetrapod biomineralisation (Chien 

et al., 2009).  

 

Clusterin is a moderately acidic (theoretical pI = 5.47) disulphide-bound 

heterodimeric glycoprotein expressed in a wide range of bodily tissues (Nys et 

al., 2004). Its structure and function is believed to be highly conserved across 

mammals and birds (Nys et al., 2004). Within eggshell, it is found throughout the 

mammillary and palisade layers, and probably acts as a chaperone to prevent 

premature aggregation and precipitation of other matrix components during 
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their incorporation into the rigid protein matrix (Mann et al., 2003; Nys et al., 

2004).  

 

Serum albumin has also been observed in association with clusterin in chicken 

and emu eggshell (Mann et al., 2003; Mann, 2004). A high proportion of lipid-

binding proteins have been observed in the acid-soluble eggshell protein 

fraction, despite the very low relative abundance of lipids in eggshell; these 

probably exert antimicrobial effects (Lammie et al., 2006; Mann et al., 2006).  

 

1.4.3.2: Egg-white and eggshell proteins 

Ovalbumin is a moderately acidic (theoretical pI = 5.19) monomeric 

phosphoglycoprotein which is localised within the mammillary layer, and has 

been shown to be ubiquitous in a range of domestic species, as well as in reptile 

eggs (Mine, 1995; Panheleux et al., 1999; Nys et al., 2004; Miksik et al., 2007; 

Prajanban et al., 2012). Although ovalbumin was one of the first proteins to be 

isolated in pure form, its precise function remains unclear (Huntington & Stein, 

2001). Despite sequence and structural homology with the serpin family of 

proteins, no inhibition of serine proteases has been observed (Huntington & 

Stein, 2001). The precise role of ovalbumin in egg-white and eggshell remains 

unclear, although its predominance (60-65% of total protein content) in egg-

white may imply a major role as a storage protein (Huntington & Stein, 2001). It 

has also been shown to exhibit antimicrobial capacities (Pellegrini et al., 2004).  
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Ovotransferrin is a very slightly acidic (theoretical pI = 6.85) glycoprotein 

common to egg-white and eggshell. The transferrin family of proteins are heavily 

involved in iron binding, and are common as acute-phase reactants in plasma 

(Keung & Azari, 1982; Mine, 1995). This protein is therefore likely to be involved 

in iron transport in the developing embryo, and also in prevention of bacterial 

growth by iron sequestration (Keung & Azari, 1982; Mine, 1995).  

 

Lysozyme is a highly basic (theoretical pI = 9.36) glycoside hydrolase found in a 

wide variety of species; it catalyses attacks on peptidoglycans in the cell wall of 

gram-negative bacteria, and therefore has strong anti-microbial capacities (Blake 

et al., 1965; Phillips, 1967; Mine, 1995; Vocadlo et al., 2001). Lysozyme occurs 

predominantly in the inter-crystalline protein fraction (Gautron et al., 2001), and 

is also a major component of the shell membrane (Mann, 2008). Although these 

proteins are apparently primarily involved in storage and transport, as well as in 

anti-microbial functions, they have been shown to affect calcite crystal 

morphology in vitro (Hincke et al., 2000, 2010; Gautron et al., 2001; Nys et al., 

2004). Their roles in eggshell deposition may therefore be more complex than 

the current state of understanding suggests. 

 

1.4.3.3: Eggshell-specific proteins 

Proteins apparently unique to eggshell in G. gallus domesticus include the 

ovocalyxin family, which is thought to perform a variety of functions related to 

termination of mineralisation and shell formation (Gautron et al., 2001; Nys et 

al., 2004). Ovocalyxin-32 (theoretical pI = 8.99) is localised to the outer palisade 
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layer, the vertical crystal layer and the cuticle, and is believed to play a key role 

in the regulation and termination of calcification (Gautron et al., 2001; Nys et al., 

2004). This protein occurs in both the inter- and intra-crystalline protein 

fractions, and may also perform antimicrobial functions (Gautron et al., 2001; 

Xing et al., 2007). Ovocalyxin-36 (theoretical pI = 5.61) is localised to the inner 

calcified layers and the shell membrane, and is highly up-regulated when the egg 

is in the uterus. It is therefore likely to be involved in the initial stages of shell 

formation (Nys et al., 2004; Gautron et al., 2007). High sequence homology with 

antimicrobial mammalian proteins suggests that ovocalyxin-36 may also exercise 

antimicrobial functions (Bingle & Craven, 2004; Tian et al., 2010).  

 

Ovocleidin-116 (OC-116) is a mildly acidic (pI = 6.42) secretory calcium-binding 

phosphoprotein (SCPP); this family of proteins are ubiquitous in tetrapod 

mineralisation (Kawasaki & Weiss, 2003). This protein is at the core of a 

dermatan sulphate proteoglycan (see section 1.4.3.5) which is widely distributed 

throughout the palisade layer; it is also the most abundant (80µg/g shell) matrix 

protein (Hincke et al., 1999; Mann et al., 2002; Nys et al., 2004). The high 

proportion of glycine and alanine (24% of the total sequence) is consistent with 

a role as a framework protein (Weiner & Addadi, 1997; Hincke et al., 1999), 

while SCPP proteins bind calcium via acidic amino acid residues (e.g. Rose & 

Hincke, 2009). OC-116 is a member of the SIBLING (small integrin-binding ligand, 

N-linked glycoprotein) gene locus, where it is adjacent to osteopontin (Rose & 

Hincke, 2009). OC-116 is highly expressed during the formation of the shell 

matrix external to the mammillae, and has a strong effect on crystal orientation; 

it may modulate crystal growth during palisade formation by preventing crystal 
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growth along certain axes (Fernandez et al., 1997; Hincke et al., 1999; Nys et al., 

2004). Also, the sulphated form could favour crystal elongation through 

electrostatic interactions (Rose & Hincke, 2009). Single nucleotide 

polymorphisms (SNPs) in this protein have been linked to changes in shell 

thickness, elasticity, and shape (Dunn et al., 2008); this protein is very important 

in both the developing and mature eggshell, and functional equivalents in other 

avian species should be targeted as a matter of priority. A role in bone 

mineralisation has also been proposed (Fernandez et al., 1997; Horvat-Gordon 

et al., 2008).  

Protein Mass (kDa) pI 
Length 
(AAs) 

 
Type 

Clusterin 51.3 5.47 448 Glycoprotein 

Lysozyme 16.2 9.36 147 Glycoside Hydrolase 

OC-116 76.9 6.42 743 Phosphoprotein 

OC-17 15.3 9.78 142 C-type lectin 

OCX-32 30.6 8.99 275 Unclear 

Osteopontin 29.2 4.53 264 Phosphoprotein 

Ovalbumin  42.9 5.19 386 Phosphoglycoprotein 

Ovotransferrin 77.8 6.85 705 Glycoprotein 

 

Table 1.1: Basic biochemical parameters of some known chicken eggshell 

proteins 

 

1.4.3.4.1: C-type lectin proteins 

C-type lectin-like (CTL) proteins (carbohydrate-binding proteins which require 

calcium to bind to their substrate and perform a wide variety of roles in nature) 

have been identified in a range of species, and have long been thought to play a 

key role in CaCO3 precipitation and crystallisation. It is likely that these proteins 

exert biphasic effects on CaCO3 precipitation, acting as promoters at low 
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concentrations and as inhibitors at high concentrations (Nys et al., 2004). 

Ovocleidin-17 (OC-17) is an abundant (40µg/g shell) phosphoprotein found in 

both glycosylated (OC-23) and non-glycosylated forms in the mammillary and 

palisade layers of galliform eggshell (Mann, 1999; Panheleux et al., 1999; Mann 

et al., 2002; Reyes-Grajeda et al., 2004; Portugal et al., 2010). Like OC-116, OC-

17 has a very high component of alanine and glycine (28.9%); this is consistent 

with a role as a framework protein. OC-17, which is highly basic (theoretical pI = 

9.78), is abundant in the intra-crystalline protein fraction (Gautron et al., 2001). 

Ansocalcin has been observed in the eggshell of anseriform species (geese, 

ducks and swans) (Lakshminarayanan et al., 2002), and exhibits 40% sequence 

identity to OC-17 (Nys et al., 2004). Both of these proteins have also been 

observed to bind bacterial polysaccharides and thus fulfil antimicrobial functions 

(Wellman-Labadie et al., 2008). In ostrich eggshell (OES), struthiocalcin (SCA) 1 

& 2 have been isolated (Mann, 2004). Emu (dromaiocalcin (DCA) 1 & 2) and 

rhea (rheacalcin (RHA) 1 & 2) eggshell also contain two different CTL-like 

proteins (Mann & Siedler, 2006).  

 

1.4.3.4.2: Sequence homology and inter-relationships of CTL proteins 

Within ratites (ostrich, emu and rhea), these proteins are easily grouped into 

two categories; Group 1 (SCA-1, DCA-1 & RCA-1) and Group 2 (SCA-2, DCA-2 & 

RCA-2) (Mann & Siedler, 2006). Group 1 proteins exhibit 70-77% sequence 

identity within ratites, no phosphorylation, and a variable number (7-9) of 

cysteines (Mann & Siedler, 2006). Ansocalcin (goose) exhibits 63-70% sequence 

identity with these proteins, no phosphorylation, and seven cysteines (Mann & 

Siedler, 2006). Group 2 proteins exhibit 78-85% sequence identity, 2-3 
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phosphorylated serines at almost identical locations, and a common set of 6 

cysteines which forms the entirety of their cysteine content (Mann & Siedler, 

2006). OC-17 is placed within this group on the strength of its two 

phosphorylated serines and six cysteines, despite only 42-47% sequence identity 

(Mann & Siedler, 1999, 2006).  

 

The question of why ratites seem to require two CTLs while other taxa do not 

remains unanswered, but may be related to the extraordinary thickness and 

mechanical strength of ratite eggshell. It may also relate to gene loss in the 

Neognathae following divergence from the Palaeognathae (Figure 1.3) (Mann & 

Siedler, 2006). If this is the case, it is interesting that different genes have 

apparently been lost in the Galliformes and Anseriformes without affecting the 

ability of either to successfully mineralise eggshell; this would suggest that avian 

eggshell deposition might not be as dependent on tight molecular control as 

some other mineralising systems. 

 

Figure 1.3: Simplified phylogenetic tree of Aves, following Hackett et al (2008) 
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1.4.3.4.3: Roles of CTL proteins in eggshell deposition 

CTL proteins are believed to fulfil crucial roles as framework proteins in the 

precipitation of CaCO3 during the initial stages of calcification in a range of phyla. 

Similar roles for these proteins have been proposed in molluscs, echinoderms 

and mammalian disease conditions (Wilt, 1999; Mann et al., 2000; De Reggi & 

Gharib 2001). The interaction between OC-17 and calcareous nanoparticles is 

size-dependent (Freeman et al., 2010). Computer models suggest that this 

protein is bound by arginine residues to smaller nanoparticles and promotes 

aggregation of these, leading to mineralisation (Freeman et al., 2010, 2011). 

Subsequent changes in nanoparticle structure and/or size dislodge the protein, 

which can then adsorb to smaller nanoparticles (Freeman et al., 2010, 2011). 

According to this model, OC-17 plays a catalytic role in CaCO3 precipitation 

(Freeman et al., 2010, 2011). This process will continue until such time as the 

protein is surrounded by calcite and is occluded within the mineral (Freeman et 

al., 2010, 2011).  

 

The role played by ansocalcin seems to be different (Lakshminarayanan et al., 

2002, 2005; Reyes-Grajeda et al., 2004; Freeman et al., 2010). Although this is 

not necessarily surprising as these proteins align with different groups (see 

above), it begs the question of how the requirements of calcification are met in 

the two avian orders. The intra-crystalline component of ansocalcin has been 

observed to be high relative to that of OC-17 (Lakshminarayanan et al., 2005). 

This may be due to slightly different mechanisms of protein-driven 

mineralisation. Ansocalcin aggregates as crystal nucleation and growth progress 

(Lakshminarayanan et al., 2005), and may therefore act as a template for 



                                                                                                                                          69 
 

mineralisation rather than as a catalyst. This would lead to a high degree of 

entrapment within the matrix relative to OC-17 if ansocalcin remains bound to 

its substrate while OC-17 dissociates after a critical size or specific structural 

conformation is reached. The functional role(s) of ratite CTL proteins in the 

developing and mature eggshell are not yet clear. 

 

1.4.3.5: Effects of sugars on protein form and function 

Many proteins are post-translationally modified by the addition of sugars. Pilot 

work on the role of proteoglycans and glycosaminoglycans in eggshell formation 

found that keratan and dermatan sulphate proteoglycans were differentially 

localised within the eggshell, hinting at different roles in the mineralisation 

process (Arias et al., 1991, 1992). Keratan sulphates are less anionic than 

dermatan sulphates, and are believed to be associated with the formation of the 

mammillae, in which initial crystal orientation is non-uniform; 

immunohistological studies have shown that deposition of the mammillae 

coincides with expression of keratan sulphate (Fernandez et al., 1997; Nys et al., 

2004). In vitro studies have shown that both keratan sulphate and dermatan 

sulphate proteoglycans have high calcium affinity; it has been proposed that the 

main roles of keratan sulphates relate to maintenance of calcium reserve bodies, 

while dermatan sulphates affect the precipitation of CaCO3 during shell 

formation (Fernandez et al., 1997). For example, OC-116 forms the core protein 

of a dermatan sulphate proteoglycan which functions as a framework protein 

during shell formation (Hincke et al., 1999). 
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Another example is provided by OC-17, which can occur in its phosphorylated 

form or as a glycosylated form (OC-23) (Mann, 1999). In this protein, 

phosphorylation and glycosylation appear to be mutually exclusive, and it is 

possible that the two forms of the protein play different roles in eggshell 

formation (Mann, 1999). While the mechanisms by which OC-17 affects 

mineralisation have been described (Freeman et al,. 2010, 2011), those of OC-23 

remain unclear. Although the roles of sugars in the function of eggshell proteins 

remains largely unknown, it is clear that they have major effects on the roles 

played by these molecules. 

 

1.4.4: Effects of eggshell proteins on calcite crystal morphology 

It has been suggested that ansocalcin, but not OC-17, can affect calcite 

morphology and favour crystal aggregation at high concentrations 

(Lakshminarayanan et al., 2005). Purified OC-17 has been observed to have 

minimal effect on calcite crystal morphology at low concentrations (Nys et al., 

2004), although at higher concentrations an effect has been observed (Reyes-

Grajeda et al., 2004). It has been suggested that this difference in interaction 

between crystal morphology and protein may result from direct interaction 

between OC-17 (and SCA-1) and the carbonate anion, which has not been 

observed in the other proteins listed (Marin-Garcia et al., 2008; Freeman et al., 

2011). This similarity in function is particularly interesting given that these 

ǇǊƻǘŜƛƴǎ ŀǊŜ ƴƻǘ ŎƻƴǎƛŘŜǊŜŘ ƳŜƳōŜǊǎ ƻŦ ǘƘŜ ǎŀƳŜ ΨƎǊƻǳǇΩ ƻŦ /¢[ ǇǊƻǘŜƛƴǎ 

(Section 1.4.3.4.2).  
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Osteopontin may play a role in determining crystal morphology and orientation 

in galliformes by inhibiting calcitic growth at specific crystallographic faces 

(Lavelin et al., 2000; Chien et al., 2008). The expression of this protein is induced 

by mechanical strain within the oviduct, and is limited to regions highly involved 

in the calcification process (Pines et al., 1995; Lavelin et al., 2000). Osteopontin 

contains phosphothreonine and phosphoserine residues (Lavelin et al., 2000) 

which make it a viable candidate for initial stabilisation of ACC (Bentov et al., 

2010). It may also be involved in compartmentalisation of CRBs in combination 

with keratan sulphate (Fernandez et al., 2003). Ovotransferrin can cause 

reduction in crystal size, and favours elongation of calcite crystals at high 

concentrations, as do pure glycosaminoglycans (Nys et al., 2004). Lysozyme also 

affects crystal morphology by inhibiting growth at crystallographic faces parallel 

to the c-axis (Nys et al., 2004). All of these interactions may be governed by the 

hydrophobic and electrostatic interactions between biomolecules and calcitic 

surfaces (Nys et al., 2004).  

 

1.4.5: Conclusions 

1.4.5.1: Conclusions on section 4 

This section has introduced some of the proteins present in eggshell, and 

described their roles in the developing and mature eggshell. Almost all of the 

proteins described have been shown to exert some effect on crystal morphology 

in vitro, and almost all can also perform antimicrobial functions. This diversity of 

effects on crystal growth goes some way towards explaining why characterising 

the precise interaction between the organic and inorganic phases of eggshell in 
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vivo is so challenging; the emergent products have been shaped by the 

synergistic activity of a wide range of molecules. 

 

1.4.5.2: Conclusions on chapter 1 

This chapter has explained the rationale underlying this research project. It has 

also provided a brief account of what is known about past egg use and of the 

archaeological challenge eggshell poses; of the physical structure of eggshell, 

and of the processes by which it is deposited; and of some of the roles which 

specific proteins play in deposition and maintenance of the eggshell. The 

following chapter describes the development of an identification system for 

archaeological eggshell. 
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Chapter 2: Early experimental work 

Section 1: Isolating an intra-crystalline protein fraction in eggshell 

2.1.1: Overview 

2.1.1.1: Introduction 

Before any of the major themes of this project can be developed, it must be 

demonstrated that a suitable target pool of proteins exists in avian eggshell, and 

that it can be isolated for analysis. This section details early attempts to isolate 

an intra-crystalline protein fraction in avian eggshell. Two approaches are 

described here: exposure of powdered eggshell to bleach in order to monitor 

retention of intra-crystalline proteins (the bleaching test), and monitoring of 

diffusive loss of amino acids at high temperature (the leaching test). 

 

2.1.1.2Υ /ƭƻǎŜŘ ōƛƻƳƛƴŜǊŀƭ ǎȅǎǘŜƳǎΥ ΨƛƴǘǊŀ-ŎǊȅǎǘŀƭƭƛƴŜΩ ǇǊƻǘŜƛƴǎ 

Biomineral proteins can occupy two positions relative to the mineral phase (e.g. 

Crenshaw, 1972; Towe & Thompson, 1972; Towe, 1980; Berman et al., 1988). 

These are referred to as inter-crystalline (i.e. occupying the spaces between 

mineral crystals) and intra-crystalline (i.e. occluded within the mineral phase) 

(e.g. Penkman et al., 2008). Intra-crystalline proteins are likely to result from 

occlusion of proteins during mesocrystalline assembly of mineral nanocrystals 

(e.g. Colfen & Antonietti, 2005; Song & Colfen, 2010), and have been isolated in 

a range of biominerals including the opercula of terrestrial gastropods, ratite 

and megapode eggshells, and certain brachiopods, foraminifera, and molluscs 

(Brooks et al., 1990; Stathoplos & Hare, 1993; Sykes et al., 1995; Walton, 1998; 
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Miller et al., 2000; Clarke et al., 2007; Penkman et al., 2008, 2011; Demarchi, 

2009; Demarchi et al., 2011, 2013). There are major differences in the diagenetic 

pathways experienced by these different protein fractions, and the intra-

crystalline fraction of some biominerals has been shown to function as an 

effectively closed system across the time-scales relevant to most archaeological 

and geochronological research (e.g. Towe, 1980; Nakahara et al., 1981; Brooks 

et al., 1990; Sykes et al., 1995; Miller et al., 2000; Penkman et al., 2008, 2011; 

Demarchi et al., 2011, 2013).  

 

Although it has long been established that organic material can become 

occluded within mineral crystals (Nickl & Henisch, 1969; Henisch, 1970), the 

ǇǊŜŎƛǎŜ ǎǇŀǘƛŀƭ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ΨƛƴǘǊŀ-ŎǊȅǎǘŀƭƭƛƴŜΩ ǇǊƻteins and the mineral 

phase remains incompletely understood due to an unresolved conflict between 

two proposed pathways of crystal nucleation (Section 1.3.3.1ύΦ ¢ƘŜ ǘŜǊƳ ΨƛƴǘǊŀ-

ŎǊȅǎǘŀƭƭƛƴŜΩ has tended to be used in an operational context to refer to 

biomolecules isolated by oxidation, which have been shown to behave as if in an 

effectively closed system (e.g. Brooks et al., 1990; Penkman et al., 2008). As 

detailed previously (Section 1.3.3.2), proteins fully occluded within the mineral 

phase have recently been observed, and it is possible for amino acids to be 

trapped within mineral crystals without disrupting lattice structure (Li et al., 

2009; Okumura et al., 2010, 2012). If these proteins are protected by the 

mineral phase, they are not subject to the range of diagenetic influences which 

may be experienced by those exposed to the external environment (e.g. soil pH 

effects, hydrological conditions, microbial attack, infiltration by non-indigenous 

biomolecules, contamination). 
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2.1.1.3: The importance of analysing a closed system 

As the pathways of molecular diagenesis (detailed in chapter 5) differ between 

inter- and intra-crystalline proteins and amino acids, analysing a composite of 

both can produce misleading results and/or reaction kinetics which are 

impossible to model accurately (Collins & Riley, 2000). In order to circumvent 

this problem, removal of the inter-crystalline pool by exposure to a strong 

oxidating agent (bleach) can be used to isolate the intra-crystalline pool (e.g. 

Sykes et al., 1995; Penkman et al., 2008; Penkman, 2010; Demarchi et al., 2011, 

2013; Crisp et al., 2013). In most biominerals this represents a small fraction of 

the total protein content. During natural diagenesis, the inter-crystalline fraction 

is exposed to environmental influences such as pH, changes in water availability, 

contamination, and microbial activity. There is also a high likelihood of diffusive 

loss (leaching) of components of the inter-crystalline fraction to the 

environment; this can have a significant effect on observed reaction rates, and 

has led to misleading reconstructions of diagenesis (e.g. Kimber et al., 1986; 

Kimber & Griffin, 1987; Collins & Riley, 2000). These influences can make 

reconstruction of the diagenetic pathways experienced by preserved 

biomolecules impossible (Collins & Riley, 2000); this necessitates isolation of a 

closed system of amino acids which can neither interact with the external 

environment nor escape from the mineral.  

 

In a closed system, amino acids should only be lost by decomposition; free 

amino acids produced by hydrolysis will be retained within crystalline structures 

even after prolonged bleaching and heating (i.e. artificially induced diagenesis). 
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As they are partitioned away from direct environmental influences, diagenesis of 

intra-crystalline proteins should be affected only by time, temperature and the 

local molecular environment; non-indigenous molecules should be excluded 

(Sykes et al., 1995; Collins & Riley, 2000; Penkman et al., 2008). As all 

components should be retained within a closed system, observed reaction 

kinetics for diagenetic reactions should be more straightforward to model (e.g. 

Collins & Riley, 2000). For these reasons, intra-crystalline proteins provide the 

best available target for identification of taxonomically diagnostic peptides in 

eggshell (Section 2.2), and for quantification of diagenetic reactions in eggshell 

(Chapter 5).  

 

2.1.2: Methods 

2.1.2.1: Overview 

The first step towards identifying potential closed system behaviour is to test for 

a residual amino acid fraction after exposure to bleach. This can demonstrate 

the existence of an amino acid pool resistant to oxidation, although isothermal 

leaching tests are required to demonstrate closed-system behaviour over a 

prolonged period of diagenesis. Use of diagenetic reactions to derive 

information about preserved biominerals requires that there has been 

effectively no interaction between preserved amino acids and the external 

environment. Only time, temperature and the local molecular environment 

should influence diagenesis. One way of testing the potential for interaction 

between amino acids in the intra-crystalline fraction and the environment is to 

monitor retention of amino acids under prolonged exposure to high 

temperature. In theory, if a sample proves resistant to leaching under short-
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term high temperature conditions, it should also prove resistant over far longer 

periods at ambient temperatures, assuming (for example) that increased 

structural diagenesis over longer periods has no significant effect on leaching 

(e.g. Collins & Riley, 2000).  

 

2.1.2.2: Sample preparation: bleaching test 

Modern eggshell (chicken & duck) was obtained from commercial retailers. The 

shell membrane was carefully removed by hand, and the shell was washed using 

ultra-pure water and allowed to air dry. Each shell was then separately ground 

ǘƻ ŀ ǇƻǿŘŜǊ όҖрллҡƳ ǇŀǊǘƛŎƭŜ ǎƛȊŜύ ǿƛǘƘ ŀ ǉǳŀǊǘȊ pestle and mortar, and 

weighed into sterile 2ml Eppendorf tubes. Three laboratory replicates were 

prepared for each sample. The powder (typically 5-20mg per sample) was then 

exposed to strong NaOCl (w/v 12%, 50µl/mg) at room temperature (Penkman et 

al., 2008). Samples were agitated daily during bleaching to maximise exposure of 

the powder to the bleach. Upon expiry of a pre-determined length of time (0, 

18, 24, 48, 72, 120 or 240 hours), the bleach was removed by repeated rinsing 

(x6) with ultra-pure water followed by brief suspension in HPLC-grade methanol. 

Samples were then air-dried before being separated into separate fractions for 

analysis of free (FAA) and total hydrolysable (THAA) amino acid composition. 

Unbleached controls were included in both analyses.  

 

2.1.2.3: Sample preparation: leaching test 

Chicken eggshell was powdered as described above and exposed to bleach for 

48 hours. The bleach was then removed as described above. Samples were air 
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dried, then weighed out into sterile glass ampoules. 300µl of ultra-pure water 

was added before the ampoules were heat-sealed and placed in an oven at 

140°C for varying time periods (0, 1, 2, 4, 6, 8, 24, or 48 hours). Samples were 

prepared in triplicate at each time point. When the ampoules were removed 

from the oven, 100µl of the water was removed and frozen for future reference. 

Another 100µl each was prepared for analysis of its FAA and THAA content. The 

powder was air-dried, before being weighed into sterile hydrolysis vials for 

demineralisation. Water blanks were included at each time point in order to 

derive background amino acid concentrations.  

 

2.1.2.4: Demineralisation & rehydration 

For analysis of the powder FAA content, subsamples (1-10mg) were weighed out 

into sterile 2ml glass hydrolysis vials. The samples were then completely 

demineralised using 2M hydrochloric acid (HCl). The smallest possible volume of 

acid was used in order to minimise hydrolysis of peptide bonds; the FAA analysis 

targeted only those residues which were free prior to acid demineralisation. The 

standard volume of HCl used was 20µl/mg sample, although in unbleached 

controls considerably more than this was required. Complete demineralisation 

required a higher standard volume than was used than in previous studies on 

mollusc shell, as eggshell seems more resistant to acid demineralisation 

(possibly due to the higher stability of calcite relative to aragonite) (Demarchi, 

2009). 2M acid blanks were also taken at this stage. When demineralisation was 

complete, the samples were dried under vacuum in a centrifugal evaporator.  
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For analysis of the THAA content, samples were weighed into sterile vials (as 

above) and demineralised using 7M HCl at a standard volume of 20µl/mg 

sample. When demineralisation was complete the samples were flushed with 

nitrogen and heated at 110°C for 24 hours; this is the optimal temperature and 

time for hydrolysis of all peptide bonds combined with minimal artificially 

induced diagenesis (Hill, 1965; Kaufman & Manley, 1998). 7M acid blanks were 

also taken at this stage, and were treated in an identical manner to the samples. 

Upon removal from the oven, the samples were dried under vacuum in a 

centrifugal evaporator.  

 

When dry, samples were rehydrated using a solution containing a known 

concentration of the non-protein amino acid L-Homoarginine (LHarg) (0.01M HCl 

and 1.5mM sodium azide, with 0.01 mM LHarg) in order to allow the subsequent 

quantification of individual enantiomeric concentrations. For the FAA analyses, a 

volume of 10µl/mg sample was sufficient in all cases. The volumes required for 

the THAA analyses were both higher and more variable. Unbleached controls 

typically required at least 160µl/mg, while the majority of bleached samples 

could be processed using 60µl/mg. After rehydration and thorough vortexing, an 

aliquot of each sample (13.5µl) was transferred to a sterile 2ml HPLC 

autosampler vial for analysis. LHarg blanks were also included at this stage. Acid 

blanks were rehydrated with an arbitrary volume of the LHarg solution. All water 

samples were rehydrated using 10µl/mg LHarg solution.  
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2.1.2.5: Analysis by reverse-phase HPLC 

High performance liquid chromatography (HPLC) is commonly used for 

quantification of individual enantiomers; the enantiomeric separation is at least 

as good as in gas chromatography, and HPLC requires less sample and less 

exhaustive sample preparation (Kaufman & Manley, 1998). HPLC separates a 

mixture into individual components by dissolving it in a mobile phase, and then 

measuring the retention time of different components within a stationary phase 

όǘƘŜ ΨŎƻƭǳƳƴΩύ (Figure 2.1). Retention time is affected by the chemical 

interactions between each component and the stationary phase. HPLC uses high 

pressure to force the analyte through a C18 stationary phase, before different 

enantiomers are identified in a fluorescence detector (see below) (Kaufman & 

Manley, 1998).  

 

 

 

Figure 2.1: Schematic of the HPLC system used in this study. Mobile phase A = Na 

acetate buffer (see below); B = ultra-pure water; C = HPLC-grade methanol; D = 

acetonitrile. 
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This study utilises an automated reverse-phase HPLC (RP-HPLC) protocol, which 

separates amino acids by using a non-polar stationary phase and a polar mobile 

phase (Hare & Gil-Av, 1979; Kaufman & Manley, 1998; Penkman, 2005). Elution 

time for each amino acid is determined by mass, structure and hydrophobicity. 

This system allows enantiomeric separation in ten amino acids: aspartic 

acid/asparagine (Asx), glutamic acid/glutamine (Glx), serine (Ser), arginine (Arg), 

alanine (Ala), valine (Val), methionine (Met), phenylalanine (Phe), isoleucine (Ile) 

and leucine (Leu). Asx is used to denote combined aspartic acid and asparagine, 

while Glx denotes combined glutamic acid and glutamine; this is because 

asparagine and glutamine are rapidly and irreversibly deamidated during acid 

hydrolysis, and are subsequently indistinguishable from aspartic acid and 

glutamic acid (Hill, 1965). Other amino acids for which only one isomer is 

detected are L-threonine, L-histidine, glycine (which only has one isomer), and L-

tyrosine. The major advantages of this system are the small volume of material 

required (<1mg) and the efficiency of the automated analytical procedure. The 

ability to detect enantiomers of a range of amino acids allows compromised 

specimens to be identified, as D/L ratios in different amino acids should covary 

strongly (Goodfriend, 1991; Kaufman & Manley, 1998).  

 

The analytical protocol used is that developed by Penkman (2005). 2µl of sample 

was mixed online with 2.2µl of derivatising agent (OPA-IBLC - 260mM IBLC, 

170mM OPA in 1M potassium borate buffer, adjusted to pH 10.4 with KOH) (e.g. 

Kaufman & Manley 1998; Fitznar et al., 1999). Derivatives were then separated 

on a Hypersil C18 BDS column (sphere diameter 5µm; 5x250mm column) at 25°C 

(elution time was around 115 minutes). A three-solvent linear gradient was used 
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for separation: sodium acetate buffer (23mM sodium acetate tri-hydrate, 1.3µM 

Na2EDTA, 1.5mM sodium azide: adjusted to pH = 6 ± 0.01 using 10% acetic acid 

and 10M NaOH), HPLC-grade methanol, and acetonitrile. Enantiomeric detection 

took place in a fluorescence detector (Ex = 230nm, Em = 445nm). The elution 

time defines the enantiomer under consideration when compared to results 

obtained on standards of known composition (Figure 2.2). The peak area is 

directly proportional to the concentration of the enantiomer, and this is 

quantified by calibration against the internal standard (LHarg).  

 

 

 

Figure 2.2: RP-HPLC output (standard solution) with examples of specific 

enantiomers given. Amino acids with negatively charged side chains (Asx, Glx) 

elute first, while those with large, hydrophobic side chains (e.g. Ile, Phe, Leu) 

elute last. 
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2.1.3: Results 

2.1.3.1: THAA concentration 

The THAA fraction within both chicken and duck eggshell (Figure 2.3) shows a 

dramatic decrease in total amino acid concentration after bleaching due to 

oxidation of inter-crystalline amino acids (Penkman et al., 2008). The total 

concentration appears to reach a plateau after 24 hours bleaching, after which 

no major decrease in concentration is observed (Figure 2.3). This suggests the 

retention of a fraction (around one third of the total protein content ς Figure 

2.3) which is resistant to oxidation, and is therefore probably intra-crystalline 

(Penkman et al., 2008; Demarchi, 2009). Inter-sample variability also decreases 

in both species after bleaching.  

 

 

Figure 2.3: THAA concentration in powdered chicken and duck eggshell vs. 

bleaching time. 
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Despite the plateau observed in amino acid concentrations, these results do not 

confirm closed-system behaviour; minor reductions in total amino acid 

concentration are observed at most time points (Figure 2.4). However, the 

extent to which this results from natural heterogeneity between samples is not 

clear; the coefficient of variation (CV) of bleached chicken and duck shell often 

approximates the difference in concentration between time points (Figure 2.4). 

The minor reductions in amino acid concentration with bleaching time may 

suggest either that some residues may not be fully occluded within the mineral 

phase, as they are vulnerable to prolonged oxidation, or that the oxidating agent 

is causing structural damage to the mineral phase and thus exposing previously 

occluded amino acids. However, even at these time points the coefficient of 

variation closely approximates the concentration differences observed between 

time points (Figure 2.4). These results are promising but inconclusive; isothermal 

heating experiments are required to further test for closed system behaviour. 

 

 

Figure 2.4: Amino acid loss with bleaching time in chicken eggshell. These results 

show minimal loss of amino acids with bleaching time in most cases. 
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2.1.3.2: FAA concentration 

FAA concentration is extremely low in both species at all stages of the bleaching 

experiment (typically 0.3 ς 0.8nmol/mg, maximum 1.27% of THAA). FAA 

concentrations were often close to the limit of detection of the techniques used; 

this introduces instrument error as a potentially major factor in interpretation of 

the FAA data. No clear patterns were expected, and none were observed (data 

not shown).  

 

2.1.3.3: THAA composition  

After exposure to bleach for 48 hours, around 26.4% of the total original amino 

acid pool is retained in chicken eggshell, and around 33.6% in duck eggshell. The 

proportion of individual amino acids retained is shown below (Figure 2.5). A 

higher proportion of every amino acid is retained in duck eggshell, suggesting 

that the intra-crystalline component is proportionally more significant than in 

chicken eggshell; this may relate to the different mechanisms by which duck and 

chicken eggshell proteins promote mineral deposition (Section 1.4.3.4.3).  
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Figure 2.5: Intra-crystalline proportion of individual amino acids in chicken and 

duck eggshell. The general pattern of retention is similar in both species. 

 

2.1.3.4: FAA composition  

It is difficult to derive confident conclusions on the FAA data, as the data 

resolution is relatively poor; in chicken and duck eggshell, FAA concentrations 

are mostly in the 1-100 pmol/mg range (i.e. close to the limit of detection for 

the analytical technique used). If taken at face value, it appears that free glycine 

is proportionally over-represented relative to total glycine in both species (data 

not shown). This seems to suggest that glycine is preferentially released, 

possibly due to diketopiperazine formation (Steinberg & Bada, 1981, 1983); 

formation of particularly unstable peptide bonds; and/or as a breakdown 

product of other amino acids (Vallentyne, 1964; Bada et al., 1978; Bada & Man 

1980; Walton 1998). There is a decrease in the proportion of FAA represented 

by serine after short-term bleaching which may be related to the increase in 

glycine representation.  

  

2.1.3.5: THAA racemisation  

A detailed description of the racemisation reaction is given in a subsequent 

chapter (Chapter 5). In the context of testing for closed-system behaviour, it was 

necessary to test whether the bleach affected racemisation in intra-crystalline 

amino acids. Bleach can dissociate to form hypochlorous acid, which can induce 

racemisation by facilitating proton abstraction (Neuberger, 1948). In a truly 

closed system, amino acids should be protected from this process, and a plateau 
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in D/L ratios should be observed when the intra-crystalline amino acids have 

been isolated. Asx, Glx and serine display an increase in D/L ratios with bleaching 

time in both chicken and duck shell (Figure 2.6). Only very slight increases are 

observed in slower-racemising residues.  

 

Figure 2.6: THAA D/L vs bleaching time in chicken eggshell. Data are shown for 

fast (Asx), medium (Ala) and slow (Ile) racemising amino acids. The same pattern 

is observed in duck eggshell. 

 

The increase in D/L ratio with bleaching time in some amino acids confirms the 

need for more detailed tests for closed-system behaviour (next section). 
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explain the initial rise in D/L ratios, while the slower increase after bleaching 

suggests that at least some intra-crystalline proteins are not fully occluded 

within the mineral phase, and/or that the system becomes less closed with 

prolonged structural diagenesis. In a truly closed system, D/L ratios should rise 

initially with bleaching time, before either reaching a plateau or proceeding 

more slowly when the residual fraction has been isolated (Penkman et al., 2008). 

The potential for hydrolysis (and therefore for racemisation) in the closed 

system proteins should be relatively limited; the interior of the mineral phase in 

eggshell is largely anhydrous. However, water may be generated by 

decomposition of serine and threonine, or by condensation reactions which 

form melanoidins (Collins et al., 1992; Walton, 1998). 

 

2.1.3.6: Diffusive loss of amino acids 

Heating increases the rate of hydrolysis, leading to more rapid production of 

small peptides and free amino acids. In an open system, these can then be lost 

by leaching. Due to their smaller size and higher mobility, free amino acids are 

more likely to be lost than peptide-bound residues. In a closed system, the free 

amino acids should be retained, and the only cause of reduction in THAA 

concentration should be decomposition reactions. Under prolonged heating, 

there is a marked decrease in THAA in the powders, and a slight increase in the 

THAA present in the water (Figure 2.7). It is unclear from these results alone 

whether the decrease in powder THAA is due primarily to leaching or 

decomposition, but this confirms that at least a small amount of leaching is 

occurring (i.e. that the system is not completely closed).  
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Figure 2.7: Changes in THAA concentration in powder and water with heating 

time (140°C) 

 

In order to calculate the measurable extent of leaching, THAA concentrations 

present in the water were calculated as a percentage of the average THAA 

concentration of unheated, 48-hour bleached chicken eggshell. No routine 

background subtraction was employed, as levels of amino acids in the water 

blanks were generally low (15 ς 115 pmol/mg in total: 1%-10% of THAA in the 

water; 0.03%ς0.45% of THAA in the powder), although the maximum 

background amino acid concentrations overlap with the minimum THAA 

concentrations found in the water.  

 

Only a small proportion of the THAA lost are present in the water (Figure 2.8). 

Despite over 50% loss from the powder after 48 hours heating, only 2.3% of the 

original amino acid pool is present in the water (Figure 2.8). 1% - 10% of this 

sub-pool is also likely to reflect background amino acids levels in the water. Pilot 
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either the proportion of amino acids lost or the proportion present in the water 

(data not shown). 

 

Figure 2.8: Proportion of original amino acid pool in powder and water following 

heating of chicken eggshell powder at 140°C. 

Despite the fact that some amino acids are lost to the water during heating, 

these are not present in sufficiently high concentrations to fully explain the 

observed drop in THAA concentration (Figure 2.8). This suggests that a large 

proportion of amino acids are also lost by decomposition. This is consistent with 

the increase in proportional representation of alanine (and decrease in serine) 

with heating time; alanine is a decomposition product of serine (Vallentyne, 

1964). It is also probable that some amino acids decomposed after leaching into 

the water, meaning that the leaching values observed may be misleadingly low. 

This may be supported by the increasing proportions of free alanine and glycine 

in the water during the early stages of heating (Figure 2.9), as these are both 

decomposition products of other amino acids, and are also the smallest and 

most likely to be lost by leaching.  
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Figure 2.9: Proportion of FAA in water comprising glycine and alanine vs. heating 

ǘƛƳŜ ŀǘ мплх/ 

 

This does not address whether these residues were produced by decomposition 

within the mineral and then lost by leaching, or were products of other residues 
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decreases with heating time (due to rapidly increasing FAA concentrations in the 

powder) (Figure 2.10). A maximum of 7.25% (Gly) and 7.42% (Ala) is lost from 

the FAA fraction in the powder during early diagenesis: this in turn represents 

only 0.2% - 0.9% of total glycine, and 0.15% - 0.5% of total alanine. This limited 
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Figure 2.10: Free Glycine & Ala loss by leaching. Limited diffusive loss of the 

smallest and most mobile amino acids suggests that leaching from the intra-

crystalline system is very limited. 

 

2.1.4: Conclusions on bleaching and leaching tests 

The apparent resistance to oxidation of a sizable proportion (25% - 35%) of the 

amino acids in both types of shell hints at possible closed system behaviour. 

However, the racemisation behaviour of this fraction has not been unequivocally 

shown to conform to expected closed-system behaviour. Despite this, the 

leaching test demonstrated pseudo-closed-system behaviour. Although it has 

been shown that the system is not completely closed, particularly during later 

diagenesis, diffusive loss of amino acids appears to be very low. This suggests a 

molecular system which is protected from external influence, and which can 

provide a relatively stable diagenetic environment. This allows the subsequent 

experimental work in this thesis to target this system. The following section 

details the development of an identification system for archaeological eggshell 

based on intra-crystalline proteins. 

0

1

2

3

4

5

6

7

8

9

10

0 10 20 30 40 50

%
 o

f 
p
o

w
d
e
r 

F
A

A
 p

re
se

n
t 

in
 w

a
te

r
 

Heating time (hours) 

Gly

Ala



                                                                                                                                          93 
 

Section 2: Developing a taxonomic identification system for 

archaeological eggshell 

2.2.1: Introduction 

This section will describe the development of the core aim of this project; 

production of an analytical system for identification of eggshell fragments. A 

series of experiments sought to determine whether protein could be recovered 

from the intra-crystalline fraction of avian eggshell; to establish the analytical 

power and limits of detection of the instruments used; to test whether these 

peptides differed sufficiently between taxa to allow identification; and to 

optimise the laboratory preparation and analysis used in the technique to 

facilitate production of a high-throughput identification system.  

 

2.2.2: Establishing limits of detection 

2.2.2.1: Overview 

Before archaeological eggshell could be considered for analysis, the protein 

concentrations present in the intra-crystalline fraction of eggshell had to be 

shown to be sufficient to allow detection using the mass spectrometry (MS) 

techniques used in this study. As a starting point, initial pilot experiments sought 

to determine the minimum weight of fresh chicken eggshell required to give an 

intelligible MS signal.  

 

2.2.2.2.1: Methods: extraction of peptides 

As this experiment was performed prior to optimisation of the preparation 

protocol, it used a standard protocol created for preparation of ostrich eggshell 
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(B. Demarchi, pers. comm.). Modern chicken eggshell (5 shells from the same 

batch) was washed by hand using deionised water, and the shell membrane was 

carefully removed. After the shells had air-dried, the shells were individually 

powdered using a quartz pestle and mortar (fragment size Җ 500µm). Sixteen 

samples of four approximate weights (10 mg, 5 mg, 2.5 mg and 1 mg) were 

weighed out for initial analysis. These were exposed to strong bleach (50 µl/mg) 

for 48 hours in order to remove the inter-crystalline proteins and amino acids. 

The bleach was pipetted off, and the samples were rinsed several times in 

deionised water and briefly incubated in HPLC-grade methanol in order to 

remove any residual bleach before being left to air-dry.  

 

Samples were demineralised using 2M HCl until demineralisation was complete. 

pH was then balanced to 7.5-8 using 1.5M NH4OH and 2M HCl and pH strips. 

Proteins were denatured by addition of 1M dithiothreitol (DTT) (1µl per 200µl 

sample), which reduced disulphide bridges between cysteine residues. Samples 

were then incubated at 60°C for one hour, before cysteine residues were 

alkylated using 0.5M iodoacetamide (IAA) (1µl per 33µl sample) in order to 

prevent formation of new disulphide bridges. Samples were then left in the dark 

at room temperature for 45 minutes. pH was then re-balanced to 7-8 using 1.5M 

NH4OH and 2M HCl.  

 

4µl of trypsin solution (0.5µg/µl) was then added to the samples, along with 

acetonitrile (ACN) at a concentration of 8%. Samples were then incubated 

overnight at 37°C, before a further 2µl of trypsin solution was added the 



                                                                                                                                          95 
 

following morning. Digestion was stopped using acidification; trifluoroaceteic 

acid (TFA) was added at a concentration of 0.5-1%. The samples were then ready 

for solid phase extraction. The use of trypsin (and other enzymes) to cleave 

protein chains into peptides (typically < 5kDa) within the preferred mass range 

of mass spectrometers is a common procedure (Olsen et al., 2004). Trypsin is 

commonly used because it only cleaves protein chains at particular basic 

residues (lysine and arginine), and the basic terminal residues of its product 

peptides sequester charge and help to prevent fragmentation of peptides upon 

exposure to the laser beam during MALDI ionisation (Wysocki et al., 2000; Olsen 

et al., 2004; Steen & Mann., 2004).  

 

In initial experiments, solid phase extraction was performed using 100µl C18 

Ziptips. 100µl of wetting/elution solution (50% ACN in 0.1% TFA) was aspirated 

and dispensed to waste; this was then repeated. 100µl of equilibration/washing 

solution (0.1% TFA in ultrapure water) was then aspirated and dispensed to 

waste; this was then repeated. The sample was then aspirated and dispensed, 

ensuring that the entire sample passed through the resin bed at least 3 times.  

Washing solution was then aspirated and dispensed to waste twice. Finally, the 

elution solution was aspirated and dispensed 10-15 times, before the sample 

was eluted into a clean vial.  

 

2.2.2.2.2: Methods: analysis 

1µl of sample was then combined with 1µl of ƳŀǘǊƛȄ όʰ-cyano-4-

hydroxycinnamic acid) on an MTP 384 ground steel Bruker MALDI target plate 
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and analysed on a Bruker Ultraflex MALDI-ToF mass spectrometer. Each analysis 

was performed in triplicate. MALDI (matrix-assisted laser desorption/ionisation) 

is particularly useful for fragile, non-volatile molecules such as proteins (Tanaka 

et al., 1988). This technique (Figure 2.11) uses a laser beam to ionise sample 

following co-crystallisation of the target peptides with an aromatic acid matrix 

ό-hcyano-4-hydroxycinnamic acid in this project). The matrix absorbs most of the 

laser energy; this helps to ionise the analyte, and also prevents peptide 

fragmentation (Henzel et al., 1993). An electrical field accelerates all ions to the 

same kinetic energy; the time required for them to then traverse a field-free 

flight zone between a scintillator and the time-of-flight (TOF) detector is a 

function of their mass-to-charge ratio (m/z), which is a direct function of ion 

mass. A full description of the machine specifications used is provided alongside 

the optimised preparation procedure (Section 2.2.3.4.1).  

 

 

Figure 2.11: Basic mechanism of MALDI-ToF mass spectrometry. Smaller, lighter 

ions traverse the flight tube and reach the detector before larger, heavier ones. 
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2.2.2.3: Results 

A minimum viable weight of shell was not determined, as even the smallest 

sample tested (1.16mg) gave a strong MS signal (intensity > 3x104 units - Figure 

2.12). Subsequent experiments using shell fragments instead of powder confirm 

that 1mg of eggshell is more than sufficient to provide clear spectra.  

 

Figure 2.12: MS output from two samples of modern chicken eggshell. Note the 

similarity in peak intensity between the two samples. 

 

It was decided not to proceed with smaller weights, as in most cases the 

likelihood of eggshell fragments smaller than 1mg in weight being recovered is 

slight. The signal strength obtained using 1mg powder and fragments suggests 

that considerably smaller weights (perhaps as low as 0.1mg) can be prepared 

using a protocol based on oxidation by bleaching, acid demineralisation and 

solid phase extraction. This has been subsequently confirmed by the successful 
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analysis of material from Pompeii, some of which weighed less than 0.2mg 

(Figure 2.13). 

 

Figure 2.13: Mass spectrum obtained from minuscule (<0.5 mg) fragment of 

chicken eggshell from c.2000 year old sample from Pompeii. Material provided 

by J. Thompson (University of Bradford) and excavated during the 2000s. 

 

2.2.3: Optimising the protocol 

2.2.3.1: Overview 

The core aim of this project is to produce a rapid, high-throughput means of 

identifying archaeological eggshell. The extraction protocol described above 

(Section 2.2.2.2.1) requires a large amount of time per sample; high-throughput 
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data generation is not possible. This necessitates the establishment of a more 

streamlined sample preparation protocol, in which time-consuming and 

unnecessary steps are discarded. Following establishment of limits of detection, 

subsequent pilot experiments sought to maximise the efficiency of the protocol 

by trialling a range of approaches. A simplified diagram of the process of sample 

cleaning, preparation and identification is provided below (Figure 2.14). 

 

Figure 2.14: Simplified organigram of eggshell preparation and identification 

process. 

 

2.2.3.2: Methods: protocols tested 

The four protocols tested are summarised in the table below (Table 2.1). Four 

separate samples of modern chicken eggshell were prepared using each 

protocol. One of the major inefficiencies in the pre-existing protocol described 

above (method A) is the requirement for pH adjustment after demineralisation 
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and prior to addition of trypsin: the chemical (DTT ς see above) used for 

reduction of disulphide bonds requires pH җ 7, while trypsin digestion requires 

ǘƘŀǘ т Җ ǇI Җ уΦ tŜǊŦƻǊƳƛƴƎ ǘƘƛǎ ǇI ŀŘƧǳǎǘƳŜƴǘ ƛƴŘƛǾƛŘǳŀƭƭȅ ƻƴ ƳǳƭǘƛǇƭŜ ǎŀƳǇƭŜǎ 

is time consuming, and precludes high-throughput data generation.  

Method Acid (HCl)  
Volume 

Demin. time pH balanced Alkylation/ 
Reduction 

Trypsin  
Digestion 

A  10µl/mg (2M) Instant Y Y Y 

B 10 µl/mg (0.6M) 7 days N Y Y 

C 10 µl/mg (0.6M) 7 days N N Y 

D 10 µl/mg (0.6M) 7 days N Y N 

 

Table 2.1: Protocols tested during method optimisation 

In order to address this, the other trialled protocols (methods B, C and D) used 

dilute HCl (0.6M) to partially demineralise samples over 7 days at a low 

temperature (4°C). This partial demineralisation allowed the remaining mineral 

to buffer the solution at neutral pH, removing the need for pH adjustment. 

Although 48 hours of exposure to bleach is sufficient time to isolate the intra-

crystalline fraction (Figure 2.3), these experiments (and subsequent ones) used 7 

days of exposure as standard. Method B employed alkylation/reduction of 

cysteine residues and trypsin digestion; method C did not employ 

alkylation/reduction; and method D tested whether trypsin digestion was 

required. 

 

2.2.3.3: Results 

Method D, in which trypsin digestion was not used, gave very poor results. The 

few peaks which were recovered from modern material gave very weak MS 

spectra (i.e. with low intensity and signal-to-noise (S/N) ratios). None of the 

peptides which were subsequently identified as being taxonomically diagnostic 
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(Section 2.2.4.2) were recovered using this method. This shows that protein 

digestion is required for identification of archaeological material. However, it 

was also concluded on the basis of the signal strength obtained using methods 

A, B and C that a slightly lower concentration of trypsin (0.4µg/µl) was sufficient, 

and that the secondary addition of extra trypsin solution was not required.  

 

In order to quantify the success of the two other methods, the mean signal-to-

noise (S/N) ratio was calculated for peptides which had been successfully 

sequenced from chicken eggshell (described in detail in chapter 5). Using only 

these peptides allowed omission of peptides which might result from digestion 

of trypsin, and therefore gave a clearer picture of the relative efficacy of the 

methods. Method C, in which alkylation and reduction of cysteine residues was 

not performed, gave consistently weaker S/N ratios than method B (Figure 2.15). 

Although the same peptides were recovered using both methods, some were 

less consistently recovered using method C; none of the peptides tested were 

recovered only using method C.  
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Figure 2.15: Difference in peptide intensity obtained with (method B) and 

without (method C) alkylation and reduction of cysteine residues. 

 

Given these results, alkylation and reduction was used in all subsequent 

analyses. The fact that not alkylating and reducing saves a small amount of 

preparation time does not adequately compensate for the disparity in signal 

intensity. Even if target peptides do not contain cysteine, its presence elsewhere 

in the protein may cause unpredicted conformational difficulties if the tertiary 

structure of the protein prevents the active site of trypsin from reaching the side 

chain of lysine or arginine (Olsen et al., 2004). Method B was chosen as the 

optimal protocol, as it required far less laboratory time per sample than method 

A, but still gave equally clear results. The sample preparation protocol used in 

subsequent experiments is described in detail below. 
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2.2.3.4.1: Optimised protocol: sample preparation 

In the first instance, this method was employed on modern chicken eggshell 

obtained from commercial retailers. It has since been shown to work on modern 

and museum shell in a range of species, and on archaeological eggshell 

(Chapters 3 & 4). The inner shell membrane was removed by hand, and the 

shells were washed in deionised water. Once dry, eggshell fragments were 

weighed, placed in sterile 2ml Eppendorf tubes, and incubated in strong 

household bleach at a concentration of 50µl/mg over 7 days. The bleach was 

then pipetted off, and the samples were rinsed several times with ultrapure 

water. They were then briefly incubated in HPLC-grade methanol in order to 

deactivate any residual bleach.  

 

After air-drying, the fragments were partially demineralised over 7 days at 4°C 

using 0.6M HCl (10µl/mg sample). 0.01M dithiothreitol (DTT) was then added 

(1µl per 2µl sample), and samples were incubated for 1 hour at 60°C. 0.05M 

iodoacetamide (IAA - 1µl per 3.3µl sample) was then added, and samples were 

incubated for 45 minutes in the dark at room temperature. 4µl of sequencing 

grade porcine trypsin solution (0.4µg/µl) was then added to each sample, and 

acetonitrile (ACN) was added at a concentration of less than 10% of the total 

solution. The samples were incubated at 37°C overnight. The mechanism of 

trypsin digestion is described above. Digestion was stopped by acidification after 

18-24 hours: trifluoroacetic acid (TFA) was added to the samples so that the final 

TFA concentration was 0.5-1%. 
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2.2.3.4.2: Optimised sample preparation protocol ς solid phase extraction & 

analysis 

Once a reliable protocol was established, solid phase extraction in all 

subsequent experiments was performed using BioVyon C18 10mg 96 well plates 

(Porvair, Fareham, UK). The process and solutions used were identical to those 

used in the solid phase extraction procedure described above, but the use of a 

96 well cartridge and vacuum manifold to draw solutions through the resin bed 

massively increased the efficiency of the technique (a greater than ten-fold 

increase). Samples were analysed in positive mode on the Bruker Ultraflex III 

MALDI-ToF with the following parameter settings: ion source, 25 kV; ion source, 

21.4 kV; lens voltage, 9 kV; laser intensity, 35-60%; and mass range, 800ς4000 

Da. Peptide masses below 650 Da were suppressed. Final mass spectra were 

externally calibrated against an adjacent spot containing 6 peptides (des-Arg1-

Bradykinin, m/z = 904.681; Angiotensin I, 1295.685; Glu1-Fibrinopeptide B, 

1750.677; ACTH (1-17 clip), 2093.086; ACTH (18-39 clip), 2465.198; ACTH (7-38 

clip), 3657.929). FlexAnalysis software 2.2 (Bruker Daltonics) was used to 

baseline subtract, normalize spectra and determine peak m/z values and 

intensities iƴ ǘƘŜ Ƴŀǎǎ ǊŀƴƎŜ ƻŦ уллҍпллл m/z.  

 

2.2.4: Deriving taxonomic information from mass spectra 

2.2.4.1: Overview 

This section has described a method by which peptides can be recovered from 

eggshell. The next requirement was a system which can translate the mass 

spectra obtained into taxonomic information. Although this could theoretically 

be achieved by manually matching mass spectra to reference spectra, this has 
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the dual disadvantage of requiring a significant commitment of time to each 

sample, and of introducing subjectivity into the identification process. This 

subsection describes the compilation of the reference database (from the 

collection described in Chapter 3), and novel software developed in order to 

automate taxonomic identification by peptide mass fingerprinting (PMF). 

 

2.2.4.2: Peptide mass fingerprinting 

Peptide mass fingerprinting (PMF) is one of the most common applications of 

MALDI-TOF mass spectrometry. PMF was developed during the early 1990s, and 

facilitates protein identification by screening experimentally derived peptide 

masses against a database of known protein sequences (Henzel et al., 1993; 

WŀƳŜǎ Ŝǘ ŀƭΦΣ мффоΤ tŀǇǇƛƴ Ŝǘ ŀƭΦΣ мффоύΦ ¢Ƙƛǎ ǇǊƻǾƛŘŜǎ ŀ ΨƳŀǎǎ ǇǊƻŦƛƭŜΩ ƻǊ ϥƳŀǎǎ 

fingerprint' for any given protein, which can be sufficient to allow positive 

identification (James et al., 1993; Pappin et al., 1993; Hollemeyer at al., 2007, 

2008; Buckley et al., 2009). The major limitation of PMF is that is provides a list 

of peptide masses, without sequence information (e.g. Bienvenut et al., 2002; 

Yergey et al., 2002). Although a good reference collection (Chapter 3) can allow 

identification of taxa not represented in current protein databases, the proteins 

themselves cannot be positively identified using PMF. 

 

In order to construct a platform for PMF in this study, samples were prepared 

and analysed using the optimised preparation protocol described above. 

Reference spectra were successfully obtained for all species in the reference 

collection (Chapter 3); the reference database has been previously published 
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(Stewart et al., 2013), and upon final submission of this report will be made 

freely available online (along with the searching software). A Microsoft VB 

application (CollIDer) was then developed to screen a look-up table based upon 

the observed peptide masses (Stewart et al., 2013). The code and look-up tables 

for this application have been published (Stewart et al., 2013). In order to 

minimise bias, an equal number of spectra were used to represent each species 

in the look-up list. This application takes a two-pronged approach to PMF. The 

first approach is to screen the entire dataset and report the species or group of 

species which provide the closest match. This provides a first pass at 

identification, but must sometimes be treated with caution as different species 

have different numbers of peptides naturally present. For example, if a sample 

contained barnacle goose and arctic tern eggshell, the VB application would 

report barnacle goose as a much more likely match because there are more 

peaks to be matched in this species. This necessitates the use of a second 

approach to PMF which screens a list of taxonomically diagnostic masses and 

reports all matches. In order to identify peptide masses which could be 

considered taxonomically diagnostic, the entire reference collection (1442 

separate peak m/z ǾŀƭǳŜǎύ ǿŀǎ ǎŎǊŜŜƴŜŘ ό{κb җ сύΦ !ƴ ŜȄŀƳǇƭŜ ƻŦ ǘƘŜ ƻǳǘǇut 

provided by this method is given below (Table 2.2). 
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PMF Signature 

Species 
Peptides 
Observed 

Total 
Peptides 

% of 
Peptides 

Pochard 16 28 57.1 

Eider 12 28 42.9 

Pintail 11 28 39.3 

Mallard/Domestic Duck 10 28 35.7 

Barnacle Goose 8 28 28.6 

Mute Swan 7 28 25.0 

Biomarkers Identified 

Peak m/z Taxonomic ID 

825.3 Anseriformes 

1306.6 Anseriformes 

1372.6 Goose/Duck  

1392.9 Anseriformes 

1528.7 Anseriformes 

1723.7 Duck 

1739.8 Duck/Swan 

1755.8 Goose/Duck  

1851.8 Duck/Swan 

1867.9 Duck/Swan 

2051.9 Anseriformes 

2221.0 Duck 

2237.0 Duck 

2378.2 Goose/Duck  

2452.3 Duck (Eider) 

 

Table 2.2: Example of output provided by software developed for eggshell 

identification. In this example of archaeological eggshell from Bornais (Section 

4.2), the combination of PMF and biomarkers show that this represents duck 

eggshell. There is one biomarker suggesting that it is eider duck, but this is 

insufficient for a positive identification to species level in this case. 

 

2.2.4.3: Resolution and temporal span of the new technique 

The level of taxonomic resolution varies; for example, it is impossible to identify 

the very closely related members of the gull family (Laridae) to species using this 
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technique. Ducks and geese can be separated, but different species of each 

usually cannot; while chicken and turkey are readily distinguishable. An additional 

caveat is that the identifications are made from peptide masses alone, without 

knowledge of the protein(s) from which they are derived. As the proteins differ 

between species, their survival rates are bound to differ. For this reason, it is 

difficult to estimate the expected temporal span of this technique in the almost 

complete absence of sequence information. An attempt is made to model this in 

chicken eggshell in a following chapter (Chapter 5).  

 

2.2.5: Conclusions on this section 

This section has described the development of an accurate, high-throughput 

taxonomic identification system for small fragments of eggshell. The application 

of this technique to archaeological eggshell is described in a subsequent chapter 

(Chapter 4). The following chapter describes the construction of the reference 

collection which facilitates the subsequent analyses. 
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Chapter 3: Building the reference collection 

 

3.1: Overview  

Subsequent developments in this study are dependent upon the construction of 

the reference database using the techniques described in the previous chapter. 

This hinges on the availability for analysis of the eggs of a range of birds; this 

chapter describes the development of the reference collection which facilitates 

fulfilment of the core aim of this project. This was undertaken during the early 

stages of this project and involved cataloguing of the Yorkshire Museums Trust 

(YMT) egg collection, and working closely with museum curators and staff in order 

to identify and target specimens suitable for destructive analysis.  

 

3.2: Introduction 

The need for a research project to destructively sample biological samples creates 

a difficult situation for both museum curators and researchers. In many cases, 

particularly at smaller regional museums which may not function explicitly as 

research institutions, there is no established framework by which curators can 

judge requests for material. Also, many biological collections remain incompletely 

catalogued. This chapter describes the production of the reference collection for 

this project. Attention is drawn to the particular problems inherent in identifying 

specimens suitable for destructive analysis, and the steps taken to minimise those 

problems in this study are described. This chapter also further reinforces the 

scientific value of retaining data-poor biological materials for destructive analysis 

(e.g. Russell et al., 2010). 
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3.3: Museum collections as a research resource 

For many types of biological specimen, museum collections represent the only 

viable, legal and ethical source of material for research. Differing attitudes to 

collection of biological specimens in the past, when collectors were largely not 

restricted by law or by conscience, have led to concentration of various types of 

biological materials in museum collections. Due to the more enlightened attitude 

towards collection of wild specimens prevalent in modern British society, these 

now represent an irreplaceable resource.  

 

Egg collections provide a good illustration. Egg collecting was a popular pastime 

during the late Victorian and Edwardian eras, when many collections numbered in 

the thousands (e.g. Manson-Bahr, 1959; Lightman, 2000). The practice was 

outlawed in the 1950s (Protection of Birds Act, 1954), and in the early 1980s it 

became illegal for individuals to possess an egg collection, regardless of whether 

they had personally collected the material (Wildlife and Countryside Act, 1981). 

This led to concentration of egg collections in museums; these are now the most 

accessible source of material for any researcher wishing to study eggs of non-

domestic species (e.g. Russell et al., 2010).  

 

3.4: Destructive analysis of museum specimens 

Many museums have a long tradition as research institutions, and most fulfil this 

role to the extent of their capabilities. The last few decades have witnessed 

significant evolution of scientific techniques; the rate of progress in molecular 
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technology has been particularly marked. This continuing progress has opened up 

a wide range of scientific possibilities, and has led to a concomitant increase in 

requests for destructive analysis of museum specimens.  

 

The need to destroy museum specimens, in whole or in part, places curators in a 

difficult position. While they must aim to ensure the continued value of their 

collections, of which research potential forms a significant part, they also have a 

duty of care and must be certain that a request is appropriate before releasing 

material. Often, there is no established framework to assist them in making this 

decision. 

 

Another problem has been that the factors driving research are often not easily 

compatible with rigorous collection care. For example, research is often driven by 

a desire (or need) for high-profile publications; many researchers move 

automatically towards the most high-impact specimens available. Not only does 

this lead to requests for destructive analysis of the most irreplaceable specimens 

in the museum collection, it often also leads to analysis being conducted 

prematurely in a bid to beat competitors to publication. When such requests are 

granted, the destructive sampling of the material has often been more 

detrimental than was necessary. When this approach to requesting and sampling 

material is combined with a failure to systematically feed back negative results to 

curators, a situation arises in which curators become hostile to the concept of 

destructive analysis.  
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3.5: Cataloguing the YMT egg collection 

In order to tackle these problems, dialogue between the YMT curator (I. 

Gladstone) and the author began before even initial preparation of a sampling 

request had begun, and both were involved in shaping the request for material. 

Steps were taken to minimise the damage done to the museum specimens, and to 

give the curator full control over the decision making process; these are described 

below. 

 

The first potential problem faced was that the YMT egg collection was 

incompletely catalogued. As the curator did not know the nature of most of the 

collection, she could not guarantee the availability of any material for destructive 

analysis. In order to address this problem, a full catalogue of the egg collection 

was required; this was produced during the first year of this project. Although this 

project required only taxonomic information, all available data were included in 

the catalogue in order to aid the curator in judging the suitability of specimens for 

destructive analysis. The catalogue of the collection includes a wide range of 

parameters, any combination of which may be present for any given specimen; 

these include taxonomic information, collection information (e.g. date, location, 

and collector), original clutch size, and condition. This provided the Museum with 

a catalogue of a previously un-quantified collection, and allowed the author and 

the curator to begin to shape a request for material. Taxonomic identifications 

provided alongside the material were cross-checked by comparison with 

identification guides and with conspecific material in the collection (where 

available).  
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3.6: Identifying specimens for destructive analysis 

The production of the catalogue allowed the curator to begin to rank specimens in 

order of their suitability for destructive analysis, but further questions needed to 

be addressed before sampling could proceed.  

 

The amount of material which was needed from each egg, and how much could 

be approved for destructive analysis, first had to be established. In order to 

address this, research was conducted using commercially available eggs to 

establish the smallest possible amount of material from which peptides could be 

recovered (Section 2.2). Fortunately, the protein content of eggshell is high, and 

sufficient concentrations were recovered from very small (<1 mg) fragments of 

shell (Figure 3.1).  

 

 

Figure 3.1: Gull egg from YMT collection prior to and after destructive sampling. 

The small sample size required minimises damage to specimens. 

 

Another issue which needed to be addressed was the number of samples needed 

per specimen, and the number of specimens needed per species. Based on 
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analyses of domestic species, it was found that proteomic content is remarkably 

consistent both between different eggs and in different parts of the eggshell of 

the species tested (Table 3.1). This minimises the number of specimens required; 

for specimens which are not common in the collection, and for which only very 

limited sampling is possible, a single sample from a single specimen is sufficient. 

Peptide m/z Standard Deviation Samples 

1042.6 0.037 48 

997.5 0.041 23 

1293.7 0.036 44 

 

Table 3.1: Variability in the mass of selected peptides obtained from chicken 

eggshell. These represent a number of eggs from different batches, and a range of 

different parts of the eggshell. Although not all peptides can be shown, these low 

standard deviations are representative.  

  

Several avenues were explored in an attempt to identify the most suitable means 

of actually removing samples from specimens in the museum collection. Eggshell 

is a very brittle, delicate material and so great care had to be taken when 

sampling. The process used in this project exploited the fact that eggs in the 

collection already had a hole through which the original contents had been blown 

by the collector (Figure 3.1). Using very fine scissors, a small piece of shell was 

removed from around this hole. This allowed sampling to be carried out with only 

a minimal impact on display potential. 
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There is also a spectrum of quality in the data attached to specimens in the YMT 

egg collection. At one end of this spectrum, some eggs have a wealth of 

information attached, including taxonomic information, the date of collection, the 

identity of the collector, the original clutch size, and the location of collection. At 

the other end, some specimens had only taxonomic information; in a few cases, 

there were no attached data at all. Only taxonomic information is required by this 

project. Also, the physical condition of the specimens is unimportant; this allowed 

prioritisation of eggs which were already cracked or broken.  

 

¢Ƙƛǎ ōŀŎƪƎǊƻǳƴŘ ǿƻǊƪ ŦŀŎƛƭƛǘŀǘŜŘ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ŀ ΨōƻǘǘƻƳ-ǳǇΩ ŀǇǇǊƻŀŎƘ ǘƻ 

identifying samples suitable for destructive analysis, whereby the curator could 

identify the least data-rich, worst-preserved specimens for each species when 

considering which material to release. The background work performed as part of 

the sampling request created a situation conducive to production (and 

subsequent approval for the most part) of a streamlined, well researched and 

realistic destructive sampling request.  

 

3.7: The reference collection 

The list of taxa represented in the reference collection developed for this project 

is given as an appendix (Appendix A). The majority of these were drawn from the 

YMT collections; some samples were also provided later by the Natural History 

Museum, the Zoological Museum of the University of Copenhagen, and by J. Sidell 

(English Heritage). The reference collection currently comprises 58 species 

representing 12 orders (Appendix A). 
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3.8: Conclusions on chapter 3 

This chapter has described the development of a reference collection for this 

project. This is of fundamental importance to the successful execution of this 

project, and facilitates the developments described in subsequent chapters. This 

chapter shows the value of early dialogue between researchers and museum 

curators when attempting to source material for destructive analysis, and also 

further highlights the scientific value of museum collections, even when data-

poor. The following chapter will describe the application of both this reference 

collection and the techniques described in the previous chapter to archaeological 

assemblages. 
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Chapter 4: Applying the new identification technique 

Section 1: Egg use in Anglo-Scandinavian York 

4.1.1: Introduction 

4.1.1.1: Overview  

This chapter describes the first application of the new technique developed in the 

previous chapters to archaeological eggshell assemblages. The focus of the first 

case study presented is Anglo-Scandinavian York; background information 

regarding the history of egg use and previous archaeological applications has been 

provided in a previous chapter (Chapter 1). 

 

4.1.1.2: Anglo-Scandinavian York 

Danish Vikings arrived in York during the mid-9th century A.D. and held the city 

until 954 A.D., when it came back under English control. The period between the 

mid-10th century and the arrival of the Normans (who themselves were second 

generation Norse settlers) in the mid-11th century is referred to as the Anglo-

Scandinavian period; York was nominally under the control of an English king, but 

its culture was still heavily influenced by the Scandinavian settlers. This case study 

focusses on a particular aspect of the domestic economy of the city during this 

period; in order to put this in context, some brief details of the types of food used 

in the city must be provided. 
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4.1.1.3: Subsistence strategies 

During the Anglo-Scandinavian period in York, the vast majority of the meat 

consumed was sourced from domestic species; mid-sized domesticates such as 

cattle, sheep and pigs formed the basis of the meat component of most diets, and 

ŎŀǘǘƭŜ ƛƴ ǇŀǊǘƛŎǳƭŀǊ ǿŜǊŜ ǇǊŜŘƻƳƛƴŀƴǘ όhΩ/ƻƴƴƻǊΣ мфуфΣ нлллύΦ ¢ƘŜ ǎǳǊǊƻǳƴŘƛƴƎ 

Vale of York is very flat and fertile, and provides excellent conditions for growing 

Ƴŀƴȅ ŎǊƻǇǎ ŀƴŘ ǇŀǊǘƛŎǳƭŀǊƭȅ ŦƻǊ ǊŀƛǎƛƴƎ ŎŀǘǘƭŜ όhΩ/ƻƴƴƻǊΣ мфуфύΦ !ƭǘƘƻǳƎƘ ŀ ǿƛŘŜ 

agricultural area provisioned the city, it may not have been a large enough market 

to drastically alter the nature of activity in the surrounding agrarian area; many of 

the bone remains suggest that the meat consumed in the city consisted in what 

was no longer needed in the wider area, rather than having been raised especially 

for consumption in YoǊƪ όhΩ/ƻƴƴƻǊΣ нлллύΦ {ƳŀƭƭŜǊ ǎǇŜŎƛŜǎ ǎǳŎƘ ŀǎ ŎƘƛŎƪŜƴǎΣ ƎŜŜǎŜ 

ŀƴŘ ǇƛƎǎ ǿŜǊŜ ǇǊƻōŀōƭȅ ǊŀƛǎŜŘ ǿƛǘƘƛƴ ǘƘŜ Ŏƛǘȅ ƛǘǎŜƭŦ όhΩ/ƻƴƴƻǊΣ мфуфύΦ ¢ƘŜǊŜ ƛǎ ǾŜǊȅ 

little evidence for use of wild foods such as venison, although a minor 

contribution was made by wild-fowling, and both riverine (e.g. eel) and marine 

όŜΦƎΦ ƘŜǊǊƛƴƎΣ ŎƻŘύ ŦƛǎƘ ƳŀŘŜ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŜǘŀǊȅ ŎƻƴǘǊƛōǳǘƛƻƴǎ όhΩ/ƻƴƴƻǊΣ нлллύΦ 

Dairy products were probably important, but evidence for cattle and goats within 

ǘƘŜ Ŏƛǘȅ ƛǎ ƭƛƳƛǘŜŘ όhΩ/ƻƴƴƻǊΣ мфуфύΦ ¢ƘŜ ƛƳǇƻǊǘŀƴŎŜ of eggs in the economy of 

Anglo-Scandinavian York has only been inferred from the prevalence of chicken 

ōƻƴŜǎ όhΩ/ƻƴƴƻǊΣ нлллύΣ ŀƴŘ ŘƛǊŜŎǘ ŜǾƛŘŜƴŎŜ ƛǎ ŎƻƳǇƭŜǘŜƭȅ ƭŀŎƪƛƴƎΤ ǘƘƛǎ ŎŀǎŜ ǎǘǳŘȅ 

will address egg use in the city during this period, and so contribute to 

understanding of the manner in which the city was provisioned. In order to 

achieve this, eggshell assemblages from two major Anglo-Scandinavian sites in 

York were analysed.   

 



                                                                                                                                          119 
 

4.1.1.4.1: The Sites: Hungate 

Hungate is a large, multi-phase site located near the centre of York, abutting the 

north bank of the River Foss (Figure 4.1). The Dig Hungate excavations conducted 

by York Archaeological Trust (YAT) began in late 2006 and will be completed in 

line with the Hungate (York) Regeneration Ltd. development schedule. The source 

of the material used in this study, Block H, was excavated between 2007 and 

2011. Most of the contexts evaluated in this study are provisionally assigned to 

Anglo-Scandinavian age activity (unless stated otherwise). During the Anglo-

Scandinavian period (late 9th ς mid 11th centuries), the site is thought to have 

been relatively low-status compared with the contemporaneous Coppergate site 

(see following section). Over 2000 fragments of eggshell were recovered from the 

excavation by 5mm and 1mm sieving, which was performed routinely on samples 

of most types of deposit. 

 

Figure 4.1: Location of Hungate (H) and Coppergate (C) sites. Reproduced courtesy 

of York Archaeological Trust. Based on the Ordnance Survey mapping © Crown 

copyright 
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4.1.1.4.2: The sites: Coppergate 

Coppergate, which is located around 350 m to the south-west of Hungate (Figure 

4.1), was excavated by YAT between 1976 and 1981. A site of activity during the 

Roman period, Coppergate was apparently deserted during the post-Roman 

period, and became active once more with the onset of the Viking/Anglo-

Scandinavian period (mid-9th /ŜƴǘǳǊȅύ όhΩ/ƻƴƴƻǊΣ мфуфύΦ 5ǳǊƛƴƎ ǘƘŜ ŜŀǊƭȅ !ƴƎƭƻ-

Scandinavian period, there is evidence for glass working and possible structures; 

these were definitely established at the site by the mid-10th Century (Hall, 1989). 

There is also evidence of iron working at the site during this period (Hall, 

1989).The areas to the rear of these structures contained a large number of pits, 

in which organic preservation was often excellent (Hall, 1989). Relative to 

Hungate, Coppergate is considered a high-status (although not elite) site on the 

basis of the type of industrial activities, finds and structures excavated. 758 

fragments of eggshell were recovered from the site by YAT excavators, and were 

analysed using the technique described in a previous chapter. 

 

4.1.2: Methods 

4.1.2.1: Analysis and identification  

All eggshell fragments from Hungate and Coppergate (n > 2750) were analysed 

using the optimised protocol developed in a previous chapter (Section 2.2.3.4). 

Fragments were taxonomically identified using the Microsoft VB application 

described in the same chapter (Stewart et al., 2013). Multiple fragments were 
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routinely included in a single analysis; the technique is capable of detecting 

multiple taxa in any given sample.  

 

4.1.2.2: Establishing a method of quantification 

As for all heavily fragmented biomaterials, quantification of the resulting data 

presents a challenge. The percentage of eggshell fragments representing any 

given taxon is not a reliable indicator of the relative frequency of use, as it does 

not account for differential pathways of egg fragmentation, which are unknown 

and probably impossible to quantify with any degree of confidence. For example, 

chicken eggshell is thinner and more brittle than goose eggshell, and can be 

reasonably expected to fragment into a higher number of pieces. Assessing only 

the presence or absence of any given taxon in a context is a more appropriate 

method of quantification (e.g. Stewart et al., in press). For Hungate, where 

successful identifications were not made for all contexts, the percentage 

representation per context is calculated as the proportion of the contexts in which 

successful identification was achieved. 

 

4.1.3: Results 

4.1.3.1: Success of the new technique 

In total, over 2750 separate eggshell fragments were analysed. Analysing this 

volume of material would not be practicable using previously available techniques 

(Sidell, 1993a, b).  Successful taxonomic identifications were achieved for 35 of 39 

contexts at Hungate (89.7%), and all 29 contexts at Coppergate.  At Coppergate, 

the success rate of the technique by fragment was 98.3% (12 of 758 fragments 
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remain unidentified); comparative data are not available for Hungate, but this 

figure is lower. Where no identification was made, this was due to poor quality 

mass spectra rather than inability to match good spectra to the reference 

database.  

 

4.1.3.2: Characterising the eggshell assemblages  

Only two taxa were identified from the Anglo-Scandinavian deposits at Hungate: 

domestic chicken (present in 23 of 26 (88.5%) of contexts from which eggshell was 

identified) and goose (present in 4 of 26 (14.3%) contexts (Figure 4.2). No other 

taxa are observed either in the Anglo-Scandinavian levels or subsequent levels, 

and these figures are similar to those obtained when the whole Hungate 

assemblage is considered (Chicken: 32 of 35 contexts (91%); Goose: 5 of 35 

contexts (14%)). This technique cannot presently distinguish between wild and 

domestic geese, or even between different goose species; this is due to the very 

high degree of protein conservation within the order Anseriformes. It can be 

stated that no unambiguously wild taxa are present in the eggshell assemblage, 

and given that domestic geese were kept in the city it seems reasonable to 

propose that at least the majority of the goose eggshell might represent domestic 

birds. Chicken is equally ubiquitous at Coppergate, where it is present in 27 of 29 

eggshell-bearing contexts (93%) (Figure 4.2). Goose eggshell is far more prevalent 

at Coppergate (12 of 29 contexts, 41%) than at Hungate (Figure 4.2). The only 

appearance of duck eggshell in this study was also in a context from Coppergate 

(Figure 4.2); as for goose, it is unclear whether this represents wild or domestic 

duck. This represents the first successful application of a high-throughput 

proteomics based identification technique for archaeological eggshell. 
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Figure 4.2: Taxa identified in Anglo-Scandinavian eggshell assemblages from 

Hungate and Coppergate, York. 

 

4.1.4: Discussion 

4.1.4.1: Success of the new technique 

Although the success rate of the new technique is high (Section 4.1.3.1), a slight 

disparity was observed between the two assemblages. Several non-mutually-

exclusive factors may explain this. At face value, one of the simplest possible 

explanations is a simple age effect, where the proteins present in older specimens 

are more degraded than those in younger specimens. This may seem a logical 

explanation, but some of the Hungate contexts from which no identification was 

made are among the youngest at the site (T. Kendall, pers comm). Other factors 

which may contribute to this disparity include better organic preservation in 

general at Coppergate; improvements in resolution and execution of the 

technique between the two analyses (the Hungate analysis was the first 

conducted using the new technique); possible burning of some shell fragments at 

0

10

20

30

40

50

60

70

80

90

100

Chicken Goose Duck

R
e
p

re
se

n
ta

tio
n

 (
%

 o
f 
co

n
te

xt
s) Coppergate

Hungate



                                                                                                                                          124 
 

Hungate; and misidentification of very small fragments of plaster or mollusc shell 

as avian eggshell at Hungate (A. Jones, pers comm). 

 

4.1.4.2: Advantages of the new technique 

This project develops ZooMS as a robust, reliable, accessible and rapid means of 

identifying archaeological eggshell fragments. This is not the only means being 

developed for taxonomic identification of eggshell; the relative advantages and 

disadvantages of ZooMS compared to other techniques must be determined. 

Recent advances have facilitated recovery of DNA from preserved eggshell, and 

shown that it can be very useful as a taxonomic identifier; DNA analysis is 

potentially capable of a greater degree of resolution than the system developed in 

this thesis (Oskam et al., 2010, 2011; Coghlan et al., 2012). Nonetheless, there are 

several major advantages of the ZooMS technique. For one, it can provide 

taxonomic information for very small (<1mg) fragments, allowing analysis of 

entire eggshell assemblages and subsequently more robust quantification; current 

methods for isolation of DNA from eggshell require far more material, and many 

of the eggshell fragments analysed during this study (and subsequent studies) are 

simply too small to allow sufficient DNA recovery using current techniques (Egloff 

et al., 2009; Oskam et al., 2010). Unlike some promising DNA techniques (e.g. Lee 

& Prys-Jones, 2008), the ZooMS method does not require preservation of shell 

membrane or cuticle, both of which are often missing from archaeological 

specimens. It can process entire eggshell assemblages, and has a high success 

rate. Another major advantage is that, at present, this technique is less costly than 

DNA analysis. This technique may aid the development of DNA sequencing of 
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archaeological eggshell by identifying fragments which are most suitable for 

subsequent analysis. 

 

4.1.4.3: Birds in the Anglo-Scandinavian domestic economy  

Birds were a minor but significant component of the domestic economy of Anglo-

Scandinavian York; their bones account for between 2% and 7.5% of the animal 

bones recovered from sites dating from this perƛƻŘ όhΩ/ƻƴƴƻǊΣ мфуфΣ нлллύΦ !ǎ 

there are taphonomic differences in preservation and recovery of bird and 

mammal bone (bird bone is generally smaller and lighter), it is possible that this 

slightly underestimates their actual contribution. Although it is difficult to 

quantify, it is clear that birds contributed significantly to the diets of people in 

York during this period. The majority of the recovered bird bones represent 

domestic chicken, while goose and duck bones are also reasonably abundant 

όhΩ/ƻƴƴƻǊΣ 2000). Although distinguishing domestic and wild types is difficult 

(particularly in duck) it is thought that these largely represent domestic birds 

όhΩ/ƻƴƴƻǊΣ нлллύΦ Lƴ Ƙƛǎ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ŀƴƛƳŀƭ ōƻƴŜ ǊŜŎƻǾŜǊŜŘ ŦǊƻƳ !ƴƎƭƻ-

Scandinavian deposits in York, OΩ/ƻƴƴƻǊ uses the sex distribution of chicken 

bones to suggest that egg production was probably the main focus of chicken 

husbandry during this period, rather than production of meat or male birds for 

ŎƻŎƪŦƛƎƘǘƛƴƎ όhΩ /ƻƴƴƻǊΣ нлллύΦ 

 

The relative contribution of wild and domestic species to the bone assemblages 

differs between urban York (where domestic chicken predominate) and many 

contemporaneous sites in coastal and island locations, in which seabirds tend to 

vastly outnumber domestic species (island sites are described in the following 
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section) (e.g. Sharples 2005, 2012; Harland et al., 2012). Non-domestic species 

recovered from Anglo-Scandinavian sites in York include a range of wetland birds 

such as wild ducks and geese, cranes, and a range of waders όhΩ/ƻƴƴƻǊΣ нлллύΦ 

These are commonly winter-flocking species, and were most likely exploited 

ŘǳǊƛƴƎ ǿƛƴǘŜǊ ǿƘŜƴ ŦŀǊƳƛƴƎ ŀŎǘƛǾƛǘƛŜǎ ǇƭŀŎŜŘ ƭŜǎǎ ŘŜƳŀƴŘǎ ƻƴ ǘƛƳŜ όhΩ/ƻƴƴƻǊΣ 

2000). Other species represented include cliff-nesting seabirds (razorbill, 

guillemot), woodland species (woodcock, wood pigeon), and moorland species 

όƎƻƭŘŜƴ ǇƭƻǾŜǊΣ ōƭŀŎƪ ƎǊƻǳǎŜύ όhΩ/ƻƴƴƻǊΣ мфуфύΦ  

 

4.1.4.4: The eggshell evidence 

The eggshell evidence suggests that domestic chicken provided the majority of 

eggs used at both sites during the Anglo-Scandinavian period (Figure 4.2). This is 

consistent with the bone evidence, which suggests that these were the most 

ŎƻƳƳƻƴ ōƛǊŘ ƛƴ ŀǾƛŀƴ ōƻƴŜ ŀǎǎŜƳōƭŀƎŜǎ όhΩ/ƻƴƴƻǊΣ нлллύΦ ¢ƘŜǊŜ ƛǎ ŀƭǎƻ ŀ ǎƳŀƭƭŜǊ 

contribution of goose eggshell at both sites, and a minimal contribution of duck 

eggshell at Coppergate (Figure 4.2). Although this technique cannot distinguish 

domestic and wild types, these results are consistent with domestic species 

providing at least the vast majority, and very possibly all, of the eggs consumed in 

the city, with at most a minimal contribution from wild species. There is a 

complete lack of demonstrably wild species in both of the eggshell assemblages 

(Figure 4.2). Ducks and geese are known to have been kept domestically in the 

city during the Anglo-{ŎŀƴŘƛƴŀǾƛŀƴ ǇŜǊƛƻŘ όhΩ/ƻƴƴƻǊΣ мфуфΣ нлллύΦ Lǘ Ŏŀƴ 

therefore be cautiously proposed that the duck and goose eggshell represents 

domestic species, although this cannot be stated conclusively.  The lack of 

demonstrably wild species in the eggshell assemblage supports the idea that wild-

fowl may have been a focus of exploitation during winter (i.e. outside of their 
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breeding season), when many economic activities were slower than during other 

seasons and/or additional sources ƻŦ ŦƻƻŘ ƻǊ ƛƴŎƻƳŜ ǿŜǊŜ ǊŜǉǳƛǊŜŘ όhΩ/ƻƴƴƻǊΣ 

2000). The eggshell results from Hungate and Coppergate suggest that in terms of 

egg use, the economy in Anglo-Scandinavian York was entirely domestic. This 

provides an interesting contrast between the avian bone assemblages and the 

eggshell assemblages. 

 

4.1.4.5: Beyond taxonomic identification: can eggshell inform questions of 

status? 

A major difference was observed in the prevalence of goose and duck eggshell at 

the two sites. It is possible that this results from the difference in status between 

ǘƘŜ ǎƛǘŜǎΦ /ƻǇǇŜǊƎŀǘŜ ƛǎ ƴƻǘ ŎƻƴǎƛŘŜǊŜŘ ŀ ΨƭǳȄǳǊȅΩ ǎƛǘŜ ōŀǎŜŘ ƻƴ ǘƘŜ ǘȅǇŜǎ ƻŦ ōƻƴŜ 

ƛŘŜƴǘƛŦƛŜŘ ŀƴŘ ǘƘŜ ǎǘǊǳŎǘǳǊŜǎ ŀƴŘ ŦƛƴŘǎ όŜΦƎΦ hΩ/ƻƴƴƻǊΣ мфуфύΣ ōǳǘ ƛǎ ŎƻƴǎƛŘŜǊŜŘ 

higher status than Hungate (although the degree of social stratification in Anglo-

Scandinavian York is unclear). Although direct data for the Anglo-Scandinavian 

period are unavailable, it has been estimated that chickens in England were 

producing 70-200 eggs per year by the late medieval period (late 12th ς early 14th 

century), and that members of every social stratum would have had access to 

these (Stone, 2006; Slavin, 2009). It seems reasonable to propose that these 

would also have been an everyday food item during the Anglo-Scandinavian 

period.   

 

The results of this study might begin to suggest that the eggs of geese were higher 

status or more expensive items in Anglo-Scandinavian society. Direct evidence to 
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support the notion that goose eggs were a higher status food during the Anglo-

Scandinavian period in England is lacking, but some support may be found in 

roughly contemporaneous accounts from Norse-influenced Ireland. The twelfth 

ŎŜƴǘǳǊȅ LǊƛǎƘ ǘŀƭŜ ΨCƭŜŘ 5ǵƛƴ ƴŀ ƴDŞŘΩ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ƎƻƻǎŜ ŜƎƎǎ ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘ 

higher status fare than chicken eggs (Mac Con Iomaire & Cully, 2007). Direct 

comparison between Anglo-Scandinavian northern England and Ireland is valid, as 

major cultural links between the Vikings and Ireland were well established by this 

stage (e.g. Ó Corráin, 1998, 2001). It seems reasonable to expect a degree of 

cultural overlap between these regions during the Anglo-Scandinavian period. In 

Ireland at least, the perception of goose eggs as a luxury food seems to have 

persisted into the Modern era (Mac Con Iomaire & Cully, 2007). 

 

4.1.4.6: Value of museum collections 

Another outcome of this case study is re-emphasis of the research value of 

museum natural science collections (Chapter 3). This case study adds to the 

sustained curatorial efforts to establish the scientific research value of museum 

egg collections which have occurred in recent years (e.g. Russell et al., 2010). In 

terms of the specific suitability of museum egg collections for proteomic research, 

one recent study urged caution as some proteins found in modern shell were not 

recovered from museum material (Portugal et al., 2010). However, this study did 

not account for the presence of distinct inter- and intra-crystalline protein pools 

(Chapter 2): it is probable that the proteins which were missing are not commonly 

located in the intra-crystalline fraction, and/or are particularly susceptible to rapid 

diagenesis. For the purposes of analyses such as this one, in which recovery of the 
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full suite of proteins found in modern eggshell is not essential, museum stores 

represent a unique research resource. 

 

4.1.5: Conclusions 

This initial case study on Anglo-Scandinavian York demonstrates that this new 

technique is viable for use on archaeological material, and also provides some 

interesting observations on the nature of egg exploitation in the city during this 

period. The main observation derived here is that the eggs exploited in the city 

were either entirely or overwhelmingly derived from domestic species, with no 

input from demonstrably wild taxa. This is consistent with previous assertions that 

the primary role of domestic chickens was as egg providers; the following section 

will build upon the proof of concept provided by this case study to conduct an in-

depth analysis of egg use in Norse-era island sites in Scotland.  
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Section 2: Norse-era egg use in Scottish islands 

4.2.1: Introduction 

4.2.1.1: Overview 

The previous section demonstrated the successful application of a new 

biomolecular technique to archaeological eggshell assemblages, and provided 

new information on egg use in Anglo-Scandinavian York. This section attempts to 

further explore the archaeological potential of eggshell by presenting an 

investigation of egg use in Norse-era sites in the Western and Northern Isles of 

Scotland. This section contains the bulk of the archaeological investigation 

conducted during the construction of this thesis. The main questions under 

consideration are the extent to which the occupants of these sites relied upon 

domestic and wild species for their eggs; whether patterns of egg use were 

consistent between different areas and periods in Scotland, and in the wider 

sphere of Norse influence; and whether Norse egg use differed significantly from 

that of previous inhabitants of these areas.  

 

¢ƘŜ ǘŜǊƳ ΨbƻǊǎŜ-ŜǊŀΩ ǿƛƭƭ ƻŎŎǳǊ ǘƘǊƻǳƎƘƻǳǘ ǘƘƛǎ ǎŜŎǘƛƻƴ and must be defined. The 

Viking period in Scotland often refers to a period of raiding between the 8th and 

9th centuries A.D., while the Norse era, which began in the early 9th century with 

the arrival of Scandinavian settlers, is often considered to have followed 

(Crawford, 1987; Graham-Campbell & Batey, 1998). It must be noted that this 

terminology is not universally accepted, and that there is often not a clear 

transition between the two periods (e.g. Graham-Campbell & Batey, 1998). By its 

nature, this sǘǳŘȅ ŘŜŀƭǎ ǿƛǘƘ ǘƘŜ ǊŜƳŀƛƴǎ ƻŦ ǎŜǘǘƭŜƳŜƴǘΤ ǘƘŜ ǘŜǊƳ ΨbƻǊǎŜ-ŜǊŀΩ ƛǎ 
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adopted here to represent all Scandinavian settlement in Scotland in the period 

between c.800 A.D. and the mid-15th century, when the Northern Isles of Scotland 

(Orkney and Shetland) were granted by the king of Norway to the Scottish crown 

ŀǎ ǇŀǊǘ ƻŦ ŀ ŘƻǿǊȅ ǇŀȅƳŜƴǘΦ ¢ƘŜ ƳŀǘŜǊƛŀƭ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ Ψ[ŀǘŜ LǊƻƴ !ƎŜΩ ƛƴ ǘƘƛǎ 

section derives from 5th ς 6th century A.D. activity. 

 

4.2.1.2: Subsistence in the Norse era Scottish islands 

Faunal assemblages and plant remains from Norse-era sites in the Scottish islands 

evidence a subsistence strategy based on a combination of arable and pastoral 

farming, with cereal cultivation and dairy production providing important dietary 

contributions (Crawford, 1987; Morris & Rackham, 1992; Graham-Campbell & 

Batey, 1998; Sharples, 2005, 2012; Mulville et al., 2005; Barrett, 2012). The most 

prevalent animals represented in bone assemblages are mid- to large-sized 

domesticates such as cattle, sheep and pigs (Bond, 2007; hΩ/ƻƴƴƻǊΣ нлмл; 

Harland, 2012). Bones of wild species, including marine mammals, deer, and a 

range of wild birds, also occur in Norse assemblages, but usually form a minor 

component of the recovered bones (Serjeantson 1988, 2001; Mulville, 2002, 2010; 

Sharples, 2005, 2012; Harland, 2012; Harland et al., 2012). Marine resources such 

as fish and shellfish were also exploited (Crawford, 1987; Milner et al., 2007; 

Harland & Barrett, 2012; Milner & Barrett, 2012). Little is known of the 

importance of domestic fowl in the Norse economy at sites such as these. Some 

bone assemblages from Norse-era island sites suggest that domestic fowl (and 

birds in general) were a relatively unimportant component of the diet compared 

to larger domestic mammals (e.g. Sharples, 2005, 2012; Harland et al, 2012).  
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4.2.1.3.1: Norse-era bird exploitation: the evidence from bones 

In many Norse-era sites, domestic chicken are found alongside a variety of wild 

fowl; for example, the 8th ς 11th century A.D. settlement of Haithabu in northern 

Germany produced a huge number of bird bones representing over 60 species, of 

which domestic chicken formed a relatively small component (13-18%) (Becker & 

Grupe, 2012). The mostly 9th century A.D. material from Kaupang in southern 

Norway shows a similar trend; roughly one third of the identified bird bones were 

found to represent chicken, while the rest of the assemblage comprises a range of 

wild species (Barrett et al., 2007). It must be noted that preservation of bone at 

Kaupang was exceptionally poor, and only a small number of bird bones (27) could 

be identified; this limits the interpretative potential of these data (Barrett et al., 

2007). This is consistent with avian assemblages from contemporaneous Norse-

era sites in Scotland and Scandinavia, in which wild taxa often predominate over 

domestic fowl, and in contrast to the urban setting of York, in which domestic 

ŎƘƛŎƪŜƴ ǇǊŜŘƻƳƛƴŀǘŜ όhΩ/ƻƴƴƻǊ мфуфΣ нлллΤ ¢ȅǊōŜǊƎΣ нллнΤ {ƘŀǊǇƭŜǎΣ нллрΣ нлмнΤ 

Harland et al., 2012). For example, at Quoygrew in Westray, Orkney (Section 

4.2.1.4.3), chicken bones account for only 4.5% of the identified bird bones 

(Harland et al., 2012). In the Norse levels at Mound 1, Bornais, South Uist (Section 

4.2.1.4.2), only 1.5% of the identified bird bones represent domestic fowl, 10% 

represent ducks and geese, and 88.5% represent assorted wild taxa (Sharples, 

2012). At Freswick Links, Caithness, only 11% of the recovered bones represent 

domestic fowl (Allison, 1995). All of these data suggest that wild-fowling made a 

greater contribution to the bird-meat consumed than domesticates (assuming 

that most of the bones derive from food waste).  
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In Norse assemblages from Iceland and Greenland, domestic fowl are apparently 

absent (McGovern et al., 1983, 2006). The absence of chickens from these 

locations may relate to unsuitable terrain and climate; to local dietary and 

economic preferences; to low productivity under the prevalent light regime (it is 

unclear whether the available breeds retained seasonal laying patterns); and/or to 

the widespread accessibility of wild birds and eggs rendering chickens irrelevant. 

This latter factor may have been important in parts of Iceland, in which 

inhabitants made widespread and extensive use of the eggs of certain wild species 

(McGovern et al., 2006). It might also relate to disposal practices; if bones were 

routinely cut into very small pieces (for example, to make stock), taphonomic 

biases may disfavour their preservation and recovery; although this is untestable 

and unprovable, it should be acknowledged as a possibility.  

 

4.2.1.3.2: Norse egg use 

For most pre- and post-Roman cultures, as well as almost all of the European 

cultures occurring in the period between Roman collapse and the Renaissance, 

very little is known about egg use (Stadelman, 2000). The information available 

for the Norse period is consistent with this observation in that it is patchy (both in 

time and in space), inconsistent, and generally scarce. In Iceland, where the 

domestic chicken seems to have been absent, eggs of wild species including 

ducks, geese and ptarmigan were extensively used (more so than adult birds) and 

could have sustained a large yield (up to 10000 eggs per year) if exploited 

correctly (McGovern et al., 2006). At Freswick Links on the northern Scottish 

mainland, a range of wild species were identified in the eggshell assemblage using 

scanning electron microscopy (Section 4.2.4.3) (Sidell, 1995; Graham-Campbell & 
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Batey, 1998). It must be noted that some of the parameters used for identification 

of eggshell in the Freswick Links study may not be valid, particularly when applied 

to degraded archaeological material. Patterns of egg use are unknown for most 

regions under Norse influence, and it is unclear whether the patterns observed in 

the limited number of studies published to date are consistent across the sphere 

of Norse influence. Unlike their wild progenitors, which retain seasonal laying 

regimes, modern laying breeds can produce upwards of 250 eggs per year; 

documentary evidence suggests that they may have done so in England since the 

late medieval period (12th ς 13th century) (Stone, 2006). In the absence of 

documentary evidence, it is impossible to know at what point in history this ability 

to decouple laying patterns from light regimes occurred in different areas; for this 

reason, it is unclear what the egg yield from domestic fowl is likely to have been 

for the Norse. 

 

Present understanding of egg consumption during the Norse period mostly 

comprises a series of open questions. Which species were exploited for their 

eggs? To what extent were domestic and wild resources used, and was this 

consistent across the geographical and temporal span of the Norse era in 

Scotland? Were these patterns different from what had gone before in Scotland, 

and from Norse activity in other areas? Questions such as these are the focus of 

this section.  
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4.2.1.4.1: The sites: overview 

Four main sites provided the eggshell assemblages which were analysed in the 

course of this study (Figure 4.3). In total, over 12000 fragments of eggshell were 

analysed using the technique described in a previous chapter (Section 2.2). These 

sites provide a range of locations in the Western and Northern Isles of Scotland, 

and span almost the entire Norse era in the Scottish islands (early 9th century to 

15th century). The assemblages from Quoygrew and Bornais (see below) are 

relatively large (especially the latter), and are also well phased and time-

constrained (Barrett, 2012; Sharples, 2005, 2012); these form the backbone of 

subsequent discussion. The other sites provided smaller assemblages which are of 

interest as they expand the geographical range of the study, and provide a point 

of comparison with the larger assemblages. 

 

Figure 4.3: Location of sites in the northern and western isles which provided 

eggshell for analysis. Map modified from OS online resource.  












































































































































































































































