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Abstract

Mummies are faunal remains that include the preservation of soft tissues; such as
skin, muscle, nails and hair as well as bone. These soft tissues are generally rich in collagen
or keratin proteins and thus provide potentially suitable material for stable isotope studies.
When preserved, such tissues can provide high-resolution information about the diet and
migration of humans in the weeks and months before death. Hair, nails and soft tissue
provide short-term (months) dietary information in contrast to bone which will represent 5-
20 years of dietary history prior to death, depending on the bone analysed. Such high-
resolution data can answer questions on the season of death, seasonality of food resources
and the movement and relocation of people. This review begins with a summary of the most
common isotope techniques (13C/12C, 15N/14N) and the tissues concerned, followed by an
analysis of the key questions that have been addressed using these methods. Until relatively
recently work has focused on bulk protein isotope analysis, but in the last 10 years this has
been expanded to on-line compound-specific amino acid analysis and to a wider variety of

isotopes (180/160, ’H/*H and 345/3’25) and these applications are also discussed.
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Introduction

The mummification of soft tissues occurs both naturally (spontaneous) and with
post-mortem human intervention (artificial or anthropogenic). By definition mummies are
remains that include the preservation of soft tissues (in addition to bone) such as skin,
muscle, nails and hair. These soft tissues are generally rich in protein, e.g. collagen (and
possibly some elastin) in skin, keratin in hair and nails, and myofibril (myosin-actin complex)
and collagen in muscle, and thus provide potentially suitable material for stable isotope
studies. Mummification will naturally occur in environments that are anaerobic, extremely
arid or extremely cold or a combination of these conditions and can be exacerbated by
heavy metal contamination of the body and through chelation (See Aufderheide, 2003). For
Ancient Egypt at least, the methods of artificial mummification are very well understood
(Aufderheide, 2003; Metcalfe, 2008) and involved several stages; namely: the removal of the
internal organs, desiccation of the body using natron (a naturally-occurring mixture of
sodium salts) and the application of various preservative resins (typically beeswax, animal
fats, pine resin and bitumen). Artificial mummification was widespread in ancient Egypt,
particularly during the Old Kingdom (2649-2152 BC) and the Late Period (712-332 BC), but
by the Late Ptolemic (200-30 BC) and through the Roman period (30 BC-AD 400) it had
started to decline; stopping altogether with the introduction of Islam in the 7" century AD
(Davies, 2011). Artificial mummification was also widely practised in The Sudan (Nubia),
Mexico, Chile, Argentina, Peru and Yemen amongst others (for review see Aufderheide
2003, 41-71).

The value of examining mummified remains using scientific methods was pioneered
by a research group lead by Rosalie David at the University of Manchester, UK in the 1980s
(David, 1982, 1986). David and her colleagues saw the vast untapped potential for
reconstructing social, cultural and health conditions in past societies from the application of
established scientific methods, including a wide range of molecular, biochemical and
biomolecular techniques. Early discussions of the possibilities took place at the first World
Congress on Mummy Studies in 1992 and a new field was born (see Aufderheide, 2003 for
more discussion). The application of stable isotope methods to soft tissues began in earnest

in the 1990’s with pioneering work from research groups lead by Christine White on Nubian



mummies (e.g. White 1993; White and Schwarczz 1994) and by Arthur Aufderheide and
Larry Tieszen on South American mummies (Aufderheide et al. 1994; Tieszen et al. 1995).

There is a long history of isotope studies on bone collagen from mummified remains,
(see Thompson et al., 2005 for review), but stable isotope applications on soft tissues and
hair developed more recently. Soft tissue preservation is relatively rare and when it occurs
there is a risk that the tissue is contaminated with the products used during mummification
and also by post-excavation preservation during museum conservation. Most of the ancient
Egyptian mummies that have been analysed come from the later periods of Egyptian history
when the use of various resins was common. As these resins have inherent sources of the
elements commonly analysed for stable isotopes (C in particular but also potentially N and
S), there remains the issue of how to completely remove the resins and how to do this
without affecting the original isotope ratios of the tissues. White et al. (1999) attempted this
on ancient Egyptian soft tissue and hair, using various combinations of chloroform and
methanol and judged their success by the degree of change in the 53C values pre and post
treatment. In the absence of true baseline values for ancient tissues, however, it is
impossible to fully determine the success of these methods.

The ability to analyse the original stable isotope ratios in mummified soft tissues will
enable more opportunities to elucidate short term diet. Most studies of palaeodiet on
ancient human remains utilise bone collagen as it is often the most abundant tissue
preserved. Hair keratin is an alternative proteinaceous material that can be less subject to
degradation than bone and dentine and the proteins can potentially be preserved for 1000’s
of years (e.g. Lubec et al., 1987). Hair, nails and soft tissue will provide short-term dietary
information in the months leading up to death as opposed to bone which will average 5-20
years of diet prior to death depending on the bone analysed (Hedges et al., 2007, Hill and
Orth, 1998). Such high-resolution data can answer questions on the season of death,
seasonality of food resources and movement and relocation of people. This review begins
with a summary of the isotope techniques and the tissues concerned, followed by an
analysis of the key questions that have been addressed with these methods. It finishes with
a look at the more unusual isotopes applied to soft tissues and also explores work using
compound specific isotopes. Table 1 comprises a list of published studies on soft tissues with

mean stable isotope values.



Isotope techniques

Palaeodietary reconstruction is based on the principle that the isotope composition of
consumed food (dietary proteins, carbohydrates and lipids) is transformed by the body and
preserved in human tissues (e.g. bone collagen, hair, and dentine) (Sealy, 2001). Until
relatively recently work has focused on bulk protein isotope analysis, but due to recent
advances in mass spectrometry, this has been expanded to on-line compound-specific
amino acid analysis, enabling specific targeting of amino acids.

For carbon isotopes (expressed as 8C), human tissues will reflect the §*3C values of
the plants and animals consumed (with some isotope fractionation/alteration) and the
distinction in 8"2C (~ 12%.) that exists between the two major plant photosynthetic groups
can be observed within these tissues (C4 = —15%0 to —9%o, C3 = —33%o0 to —23%.) (O’Leary,
1988). Most plants fall under the C3 pathway (including for example wheat and barley) C,4
plants are adapted to grow in areas of high temperatures, drought and CO, and/or nitrogen
limitation and include many tropical grasses and cereal crops such as maize, sorghum and
millet. 8*3C can also potentially distinguish between marine and terrestrial sources of carbon
in C3—plant dominated environments (Schoeninger and DeNiro, 1984).

Nitrogen isotopes (expressed as §"°N) preserved in human tissues also depend
largely on diet (predominantly protein), but environmental and metabolic factors (such as
water and food stress or soil nitrogen cycling) are also influential (Heaton, et al. 1986; Fuller,
et al. 2005). 6N will primarily reflect the vegetation at the base of the food chain and then
incorporate a step-wise increase through each trophic level, thus carnivores will have §°N
about +3 to +5%o, higher than those of herbivores from the same ecosystem and thus it is
often possible to estimate trophic level (Schoeninger and DeNiro, 1984). Extended food
chains, involving several carnivorous steps, produce the highest 8°N values and long food
chains are typical of aquatic systems and thus relatively high 8N values can suggest marine
protein in the diet. By analysing herbivore collagen, it is possible to estimate the 8">C and
5N ratios of the baseline vegetation of an archaeological site, but in their absence, baseline
values have to be assumed. Most terrestrial plants have §*°N values of ~0 to +5%o, thus
herbivores might expect to have values of ~+4 to +9%,, and carnivores ~+8 to +13%eo.
Heaton et al. (1986) demonstrated that the §'°N of herbivores are strongly correlated to

precipitation amounts with animals living in arid areas having relatively high 8"°N. This has



been replicated in other arid areas: Sealy et al. (1987), found herbivores with §*°N of >
+10%o in areas with <400 mm of rainfall, although there is still debate in the literature about
what the actual mechanism is (Dupras and Schwarczz, 2001). Freshwater fish in the diet are
more difficult to ascertain from carbon and nitrogen isotope ratios as they will give similar
5"C and 8N to terrestrial mammals in the diet.

The addition of sulphur isotopes (expressed as §°*S) may allow freshwater fish in the
diet to be discriminated more easily within tissues if the baseline &3S for riverine sulphates
can be established and are sufficiently different to terrestrial values (e.g. Nehlich et al. 2010;
Privat et al. 2007). Marine primary producers have 5°*S between +17 to +21%o reflecting
marine sulphates in contrast to terrestrial organisms which have much lower, more variable,
values reflecting the underlying soil processes (=7 to +8%.; Nriagu and Coker, 1978; Krouse,
1989). Hydrogen and oxygen isotopes (6°H and 6'20) have also been applied to mummified

tissues and they are discussed further below.

Tissues

Hair

The proteins preserved in hair will represent the dietary protein consumed by the individual
and can also reflect their physiological condition (Tieszen and Fagre, 1993; Williams et al.,
2011). Hair comprises alpha-keratins which are predominantly hydrophobic and thus less
likely to be open to degradation (Lubec et al., 1987). When hair is preserved it generally
retains the isotope signature of when it formed, and to some degree, hair preservation can
be assessed using C/N ratios compared to modern hair, which has values of between 2.9-3.8
(O’Connell et al., 2001). Hair preservation is assumed rather than tested routinely as with
bone (cf. Wilson et al, 2001) and there remains the possibility of attack by highly adaptive
bacteria and fungi (see Macko et al., 1999a for review). For further discussion see Wilson et
al. (1999, 2001, 2010) and for a recent review see Thompson et al. (2014).

Since the late 1990's, hair in archaeological settings has been used both as a
paleodietary indicator and as a migration indicator. Hair has the potential to give a short-
term signal of diet over the last few months of life, depending on the length of the hair
preserved and assuming that the growth rate of the hair is relatively stable. The assumption

that hair grows at a steady rate is not straightforward. A mean value of 1 cm per month for



humans is often quoted (Saitoh et al., 1969; Randall and Ebling, 1991; Robbins, 2002) but in
reality the rate of growth can change for a variety of reasons (e.g. climate, health status, sex,
race etc; Macko et al., 1999a). Also, not all hair will be actively growing at the same time
with about 85% of adult hair in active growth at any one time, although the variation in
active and resting hair growth patterns is well understood (Schwertl et al. 2003). So called
‘growth cycle errors’ can lead to misinterpretations of dietary changes within hair samples
and Williams et al. (2011) recommend pre-analysis screening for phase identification to
improve interpretations. Other authors have tried to ensure they are sampling enough hairs
that include hair in the active phase by sampling a large number of strands (e.g. >20 per
individual; Williams and Katzenberg 2012). Additionally, information on the growth phase
and the isotope composition for the nearest time to death can be lost if the hair is cut at the
scalp due to the follicle being located under the skin (Williams et al. 2011; Petzke et al.
2010).

The linkage between hair protein and dietary input and/or location of the individual
has been demonstrated through analyses of modern populations (O’Connell et al. 2001;
Petzke et al. 2005a; Bol et al. 2007; Fraser et al. 2006; Thompson et al. 2010). Hair is
approximately +3.5%o enriched in *3C (O’Connell et al. 2001) and 1-2%o in S relative to diet
(e.g. Nakamura et al. 1982). Due to the high proportion of glycine in collagen (>30%), which
is enriched in *C compared to other amino acids, the diet-tissue spacing for collagen is
higher, ~+5%o for 8'C (O’Connell et al. 2001). In contrast to carbon, the nitrogen isotope
diet-tissue spacing between bone, soft tissues and hair have been found to be roughly
equivalent and enriched by +2 to +3%o. in §"°N relative to dietary intake (e.g. 0’Connell and
Hedges 1999a). However these mean differences have been demonstrated to show a high
degree of inter-individual variability (Finucane 2007; O’Connell and Hedges 1999a; Raghavan
et al. 2010) which has led researchers to examine proteins at the compound-specific level,
to unravel averaged protein isotope composition (Raghavan et al. 2010). Examples of such
research are discussed below. Recent work has questioned the diet-body offset for 6©°N
through experimental studies involving human subjects on controlled diets. O’Connell et al.
(2012) measured 8N in 11 human subjects on isotopically known diets and compared this
to their body tissues for a 30 day period. From this they estimated the human diet-keratin
offset to be +5.0 to +5.3%eo. As previous estimates in the literature used an offset of +2 to

+3%o in 8"°N (e.g. Hare et al. 1991), past human diet studies may have overestimated
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amounts of animal protein in the diet. Thus we need to reassess studies that have assumed
that vegan diets produce hair §"°N values of around +7%. and omnivores around +10%o
(Macko et al. 1999a) for example. The consumption of marine animals or animals
consuming >N enriched plants increases the 8% Ny value towards and beyond +15%o., and
even further using O’Connell et al. (2012) findings. The addition of 83 helps us to elucidate
further as pure Csfeeders have hair 83C values around —20%o or lower, whilst pure Cy4
feeders have hair 6"3C values of approximately —12%o and above (Sponheimer et al. 2003).
In terms of 8°3C, hair keratin is enriched by +1 to +2%o. relative to dietary intake and reflects
the relative amounts of C; and C, dietary plants and fish intake. §">C values of around =12 to
—14%. (therefore —14 to —16%o. dietary input), are typical of a predominantly C4-based plant
diets and may include Cs-plants, C4-plant eating animals and marine fish.

The response lag between dietary and location changes and the protein turnover and
subsequent preservation in hair also needs to be considered. Although hair may grow on
average at 1 cm per month, it may take substantially longer for the body to assimilate the
protein and translate this into the keratin. The hair may register the changes in diet and
location very quickly (as soon as 6-12 days: e.g. Nakamura et al., 1982), however other
studies have suggested that dietary changes can be seen in hair §**C and §"°N values after
about 4 weeks (Huelsemann et al., 2009; Petzke and Lemke, 2009). The time it takes the
total body protein pool to equilibrate with a change in diet is not fully understood but will
be considerably longer than the initial few days because the body will continually draw on
the body’s protein pool for daily synthesis. Hence this protein pool acts as a reservoir that
may take months to fully equilibrate with a change in diet (O’Connell and Hedges 1999b). A
study of 8°H and 60 values in hair from modern humans moving to an area with
distinguishable water isotope values showed a 95% equilibration of hair protein within 3
months (Ehleringer et al. 2008). A similar lag was found for 8N values in hair (O’Connell
and Hedges 1999b) with equilibration taking longer for §*C (McCullagh et al. 2005).
O’Connell and Hedges (1999b) found that complete equilibration may take up to a year but
that it was highly dependent on physiological state. Generally, it is thought that the hair
does not equilibrate fully for several months and maybe faster for 5N than 6%°C

(Huelsemann et al., 2009).



Nails

Like hair, nails grow incrementally (~0.10-0.12 mm per day; Zaias 1980) and thus have the
potential to provide information on diet and environment in the months prior to death. As
with hair keratin, nail keratin also reflects an individual’s diet and location in the months
before death (e.g. Tieszen et al. 1983; O’Connell et al. 2001; Fraser et al. 2006; Buchardt et
al. 2007; Williams and Katzenberg 2012). §"3C and 6*°N in nails have been shown to strongly
correlated to hair from the same individuals and thus can preserve similar changes (Williams
and Katzenberg 2012; Sharp et al. 2003; Buchardt et al. 2007). Fraser et al. (2006) found
that when comparing hair and nail isotope data (6N and 6'0); there was generally more
variability in the nail samples. They attributed this to the faster formation of hair and thus in
nails there was more time for the isotopes to fractionate due to other biochemical processes

occurring.

Skin/muscle

The proteins within mummified skin and muscle are less frequently preserved when
compared to those within hair and there are only a limited number of available stable
isotope studies (White and Schwarcz, 1994; Aufderheide et al. 1994; White et al. 1995,
1999; lacumin et al. 1998; Finucane 2007; Williams 2008; Corr et al. 2009). Modern soft
tissue studies, including those relating to forensic applications (see Meier-Augenstein 2010,
for review) have demonstrated that skin and muscle will, as with bone, preserve the
individual’s diet and behaviour as the major protein in the dermis is type | collagen (White
and Schwarczz 1994). However, unlike bone which turns over and regenerates on the scale
of tens of years, muscle and skin will turnover on the scale of weeks to months and thus
represent the short period before death (Gerber and Altman 1960; Tieszen et al. 1983).
Skeletal muscle turns over on average every 40-60 days (Moore et al. 2005) and dermal
collagen every 2-4 months (Babraj et al. 2005). There is currently no simple method for
checking the integrity of skin and muscle samples akin to the accepted C/N range for bone
collagen, however, many authors use this as a rough indicator. As the amino acid
composition differs between bone and muscle protein, there is an isotopic offset between
them. In terms of carbon, skin and muscle give similar values and are normally offset to
bone by ~2%., although this is dependent on diet (see Hare et al. 1991). Positive offsets in

5N between skin and muscle versus bone from paired samples were 2.1+0.5%o and
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1.6+0.7%o respectively from late prehistoric-early colonial period Peruvian mummies.
However, the authors concede that this could be partly due to physiological stress prior to
death or differences in decomposition rates (Finucane 2007). In contrast to hair, relatively
little theoretical work has been done of isotope systematic within skin and muscle and

clearly there is scope for more work here.

Applications

Dietary fluctuations and identifying time of death
As hair grows at ~1cm per month, the possibility of detecting short-term changes in diet
exists if the hair is long enough and can be shown to be responding at a quick enough rate
(see above). Human diets can shift for a variety of reasons (seasonal change, movement to
different climate zones, food resource issues etc.) and determining or interpreting the
controlling factors can be challenging. A successful example is a study of 8"3C and 6°N in
hair and bone of a group of individuals from the Nasca region of Peru (Webb et al. 2013a).
As the site is in the high Andes, the ecological food producing zones change over relatively
short distances, meaning that individuals do not have to travel far to move into isotopically
distinct areas. It also means that seasonal changes in diet are likely to be more pronounced.
580 of individuals from the same region are highly variable, suggestive of wide scale
mobility and/or variable water sources (Webb et al. 2013b). Nasca diet included cultivated
plants such as maize, domesticated and wild animals and some marine resources, from
which Webb et al. (2013a) constructed a local 5C and 6"°N food web. There was
considerable variation in §**C and "N between 17 individuals analysed and along the hair
shafts. §"*C from individuals ranged from +0.2 to +6.9%o and +0.4 to +5.0%. for 6°N and
there were differences in 83C and 6*°N co-variation along the hair shaft and in the overall
amount of isotope change seen. The authors categorised these changes into: 1) stable diets,
2) seasonally-shifting diets, 3) single, discrete changes in diet, and 4) exploitation of multiple
production zones, thus demonstrating the variety of origins of people buried at the 2 sites
and their dietary resourcefulness.

Knudson et al. (2007) examined 6"C and §"°N variations in sequential hair segments
from 10 individuals from the Chiribaya polity of southern Peru. Variations in 83C and 6N

along the hair shafts were interpreted as reflecting the individuals’ seasonally-controlled



dietary intake of marine protein and C4 plants (predominantly maize). Knudson et al. (2007)
observed that the amount of variation differed between the geographical locations of the
individuals and included inter and intra variability within and between individuals. The
Chiribaya polity consisted of different socioeconomic groups and Knudson et al. (2007)
argue that the variation in the isotope ratios between these groups support the notion that
they had different dietary regimes. This study also stresses the need to anlayse more than a
few individuals if a true picture of variability is to be achieved.

Williams and Katzenberg (2012) analysed hair and nails from late Horizon (1476-1532
AD) mummies preserved on the central coast of Peru. They analysed 6°C and 6"°N in 1 cm
increments of multiple strands of hair from 45 individuals and nails from 15 individuals (11
individuals had both) to asses monthly dietary changes (and compared them to bone to look
at long term seasonal variability). They showed that diet apparently varied from month to
month, and presumably did not involve substantial storage of food, as this would result in
fairly constant isotope ratios.

Seasonally shifting diets have also been established in East African mummies;
Schwarczz and White (2004) found seasonal patterns in food consumption from the hair of
X-Group and Christian Nubian mummies. Changes in the consumption of C3 and C, plants
annually was estimated to be as much as 75% C; (wheat and barley) in winter, to 75% C,4
(millet and sorghum) in the summer. As with the above example, this suggests little food
storage, except for emergency use.

If the seasonality of food consumption can be established through incremental
analysis of hair then the season or time of death can also potentially be assessed from hair.
Williams and Katzenberg (2012) attempted to do this and concluded that death rates tended
to be slightly higher in the summer months. Their hypotheses for this included the
documented higher risk from disease (e.g. cholera and malaria) and the increased possibility
of major crop failure. Establishing the timing of death has shown to be difficult as it relies
upon knowing the existing seasonal patterns of food consumption (Wilson et al., 2007).
Fernandez et al. (1999) argued that Aconcagua boy died in the early autumn (April/May)
when his hair §*C was relatively low and thus related to a seasonal period of reduced maize
consumption. However, Wilson et al. (2007) point out that that his diet was generally Cy4-

plant rich in the almost 2 years up to his death.
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C3/C4 plant consumption

Studies have focused on the introduction of cultivated C,4 plants in the diet, linked to wider
guestions concerning the development of complex societies. On the African continent, focus
on C4 plant consumption has included millet and sorghum, and in the New World focus has
been on the identification of the beginnings of maize consumption (e.g. Katzenberg et al.
1989; White and Schwartz 1989). Thompson et al. (2008) reviewed the evidence from stable
isotope studies of human diet from mummies in Nubia (Sudan). The studies predominantly
focus on bone collagen but do include some skin and hair studies (White 1993; White et al.
1999). Together all the tissues suggest that the Nubian diet was richer in C4 plants than the
northern Nile Valley in Egypt, an observation that has been widely made in other studies
(Dupras and Schwarczz 2001; Dupras et al. 2001; lacumin et al. 1996; Thompson et al. 2005).
White and Schwartz (1994) were able to sample soft tissues and skin from a number of
Nubian mummies from Wadi Halfa on the Egyptian border spanning the X-Group Period
(350-550 AD) to the Christian period (500-1400 AD). They revealed that although C; plants
dominated consumption, both through time and on an annual basis, there were periods of
significant C4 consumption during the X-Group Period, corresponding to low levels of the
River Nile and periods of political unrest. Analyses along the hair shaft revealed seasonal
fluctuations in the C3/C4 balance as far back as the X-Group period, suggesting some form of
crop rotation, which still carries on today.

The Sudan is one of the driest regions on Earth with mean annual precipitation
~5mm per annum and hence C, adapted plants are common and may form crop staples to
the diet (e.g. C4 millet, sorghum) in combination with C; plants grown in winter months
(wheat and barley). The same is not true for Egypt, which until the Roman period was
dominated by wheat and barley, with only a few sites indicating much C4 consumption, and
this may be due to C4 plant based animal fodder rather than direct human consumption
(Dupras et al. 2001; Dupras and Tocheri 2007).

The human hair studies from Nubia collectively suggest that the balance of C; and C4
plants in individuals’ diet fluctuates seasonally with agricultural practises (Schwarczz and
White 2004; White 1993; White and Schwarczz 1994). Whereas in ancient Egypt, 6°C
evidence from predynastic period (~5500 BP) to Byzantine period (1500 BP) individuals
shows remarkably constant values suggesting a restricted diet and little significant changes

in food sources through time (Touzeau et al. 2014). In ancient Egypt this is also true when
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human hair §*C from individuals from the Nile valley and from individuals residing away

from the river are also compared (Touzeau et al. 2014).

Marine diet adaptations

The discovery of 18 naturally mummified individuals from the Early Intermediate period
from the coast of northern Chile provided Aufderheide et al. (1994) with an opportunity to
assess marine food consumption. The mummies concerned were from the Alto Ramirez
cultural period, believed to be the first migrants to settle in lowland Chile from the
highlands, and thus the authors were interested in assessing how quickly they adapted to
living at the coast. Aufderheide et al. (1994) analysed bone, hair and muscle tissue from 11
individuals. The collagen from the bone samples was degraded and also, in terms of 6"°C,
the difference between muscle and muscle with lipid extracted values was 2.3%o, far greater
than is seen in modern muscle tissues and hence they concluded that the muscle tissue was
also degraded. The hair keratin 5%3C values (—12.3 to —15.6%.) were relatively high,
suggesting a diet rich in marine foods and/or C4 plants. Similarly, high hair >N and &S
values (+21.9 to +27.0%o0 and +15.6 to +19.0%o. respectively) strongly suggest a high degree
of marine food consumption and thus a high degree of coastal adaptation.

In general, however, §°N from mummies in arid regions have proved to be difficult
to use as marine diet indicators for several reasons. Plant 8°N has been shown to linearly
correlate with rainfall amount (Heaton et al. 1986; Sealy et al. 1987; Schwarczz et al. 1999).
Ammonia evaporation from the soil results in >N enriched soil and consequently the base of
the food chain becomes enriched in °N (Schwarczz et al. 1999), this causes some plants to
have enriched values and as a consequence herbivores can have collagen 8N in excess of
+13%o (Touzeau et al. 2014). In such circumstances sulphur and compound specific isotopes

can help to elucidate on the significance of marine resources in arid areas (see below).

Amount of animal protein

8"C in hair has also been used to estimate the amount of animal protein consumed
using mass balance calculations (Touzeau et al. 2014). Using best estimates for average
animal and plant proteins available to them, Touzeau et al. (2014) estimated a value of ~30%
animal protein in the diet for ancient Egyptians. Considering with modern Europeans this

value is closer to 50%, ancient Egyptians consumed significantly less animal protein than
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today. Touzeau et al. (2014) also found that average 8N in Egyptian mummy hair were
higher than for modern Europeans, but this could have a variety of reasons, such as aridity
as discussed above, but also nutritional stress and illness can elevate animal 6N tissue

values (Katzenberg and Lovell 1999).

Migration

Many studies have utilised the fact that hair grows incrementally and thus can be used to
infer seasonal changes in diet and also location. White et al. (2009) for example, analysed
5'3C and 6"N along the hair shaft of 7 individuals preserved from Pacatnamu, Peru from the
Moche (ca. 450-750 AD) and Lambayeque periods (ca. 900-1100 AD). They found that the
range of isotope values with the hair of an individual (up to 2.2 and 2.3%. for 6°C and 6™°N)
exceeded the difference in 6°C and §"°N in bone between individuals from the different
time periods. This serves to illustrate how dietary variations over short time periods can be
lost in bone. They concluded that the variation was more likely to be due to the individuals
travelling in the landscape and eating a varied diet rather than seasonal variations from
sedentary individuals, possibly due to the need to relocate because of environmental

stresses on food resources.

Sacrificial Practices

The analysis of hair samples from sacrifice victims has the potential to uncover how victims
were treated prior to their death. It has been observed that post-selection, victims of
sacrifice are often treated differently in the months and weeks leading up to their death,
and also may have been moved a considerable distance (Fernandez et al. 1999; also see
below). Turner et al. (2013) tested the hypothesis that victims would have had a controlled
diet prior to death by comparing 5C and 8N in hair to 6"3C and 6*°N in bone from
individuals identified as victims of ritual sacrifice. The individuals came from Chotuna-Huaca
de los Sacrificios, Lambayeque, Peru; a coastal province on the margins of central Inca
society. Hence, there is the possibility that Inca rituals were not as closely adhered to as in
the centre of Peru. As bone collagen will represent a long-term averaged diet and hair will
reflect the last few months/weeks prior to death, differences between the two proxies
within individuals may suggest a significant change in location and/or diet. In this case §C

and 8™N from the bone and hair were very similar (after correcting for diet-tissue spacing)
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and indicative of a typical coastal diet from that period. This also suggests that these victims
were likely to be local to the site. Elsewhere, differences have been seen between long-
term diet and short-term diet in sacrifice victims. Wilson et al. (2007) examined the hair of
four frozen child mummies from high altitude Inca ritual sites. The length of the preserved
hair allowed Wilson et al. (2007) to reconstruct the children’s diets up to around 2 years
prior to their deaths. A variety of changes to diet were evident, including in one individual a
significant increase in protein around 1 year prior to death, concurrent with an increase in
6'3C suggested to show more maize. As maize was an elite food, presumably this individual
had an increase in status, perhaps in preparation for sacrifice. Panzer et al. (2014) used a
variety of techniques, including stable isotope and palaeopathology to strongly suggest a
coastal Peruvian origin. The individual had massive skull trauma and thus it is postulated
that she may have been a ritual killing victim. Her hair 8"3C and N indicate a high

consumption of marine protein, which declines in the 2 months before her death (Table 1).

Individual mummies
In several cases where lone individuals have been found in a preserved mummified state
(e.g. emerging from beneath glacier ice, or in hyper arid regions), isotope data can reveal the
history of the individual in terms of their diet and whereabouts in the months leading up to
death. Corr et al. (2009) used compound specific isotope analysis on an individual body
found emerging from a retreating glacier in British Columbia, Canada, in order to determine
the origin of the individual. They analysed both bone and skin to determine if the individual
had moved location prior to death and this is discussed further below. Knudson et al. (2012)
examined a range of tissues from a lone adult male found in the Atacama Desert, Chile. The
§'C and 8™N of his hair indicated that he was moving between the coast and inland during
the final 20 months of his life. They interpret high §°N values 6-8 months before death as a
high marine food diet and thus coastal dwelling, compared to terrestrial dwelling 8-12
months prior to death.

Perhaps the most studied individual mummy of recent time is the Neolithic Iceman
‘Otzi’ found in the Austrian Alps in 1999 (Macko et al. 1999b). Farming was already
established in Europe and thus potentially he may have had access to a wide range of meat
and cereal crops. Previous work on his dental wear suggests a largely herbivorous diet

(Hoepfel et al. 1992). Hair from a goat pelt, found with the body, was also analysed and
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when compared to the ice man’s hair was within ~ 1%o (§"°N); if the ice man was consuming
meat from animals like goat then his hair values would be ~ 3% higher in 6"°N, but this is
not the case. Instead his hair 6°N values were similar to samples taken from modern
vegetarians and the 6°C values were relatively low and suggestive of C3 plant consumption.
Fernandez et al. (1999) analysed 8¢, 6N and &S in bone and hair from a
sacrificial Inca mummified body from the Argentinean Andes to try and discover where the
individual had travelled from as there was no other evidence from the body or grave goods.
If the individual was local, a terrestrial diet is likely, but any evidence of marine food would
suggest proximity to the Pacific coast. The results are discussed below with the sulphur

examples.

Advances in isotope techniques

Sulphur

Sulphur isotope ratios are increasingly being used as to distinguish between marine and
terrestrial diets (see Richards et al., 2003 for review) and can be useful when 6N is
complicated by aridity or nutritional stress and where the sulphur isotope systematics of a
region are clear and defined. Touzeau et al. (2014) defined the range of local §**S for
freshwater fish from the Nile using mummified specimens. These fish, mostly Nile Perch, had
8*S values of +7 to +12%o and as there is only minimal fractionation between diet and
consumer, humans consuming a lot of fish should have hair §**S values around this level.
This was seen in the hair of mummies from the Coptic period, but was not matched by
elevated 6N and hence Touzeau et al. (2014) conclude that they may have been eating
freshwater products lower down the food chain than perch (e.g. crayfish).

In contrast, a marine diet was indicated by hair §**S between +15.6 and +19.0%o
from 11 mummies from the early intermediate period from the coast of northern Chile
(Aufderheide et al. 1994). Based on measurements from modern marine foods, a diet
entirely composed of such could be expected to have hair §**S values of +18 to +19%o
(Krouse and Herbert 1988; Aufderheide al. 1994). On an individual mummy from the
Argentinean Andes, Fernandez et al. (1999) analysed §C, 6°°N and &*S in bone and hair to
try to determine place of origin. In this case the bone 5C and 8"N could not be used to

distinguish between a continental high C4 plant intake and a marine input to diet or a
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combination of both. The addition of 6**S allowed these inputs to be discriminated.
Sequential §'3C in the individual’s hair were suggestive of a seasonally variable continental
diet at least up to a year and a half before death. The addition of §*S values at the root and
tip of the hair gave values of +9.4 and +10.9%o. respectively; consistent with some marine
input.

As &S will also vary with geological substrate it can also be used as a geo-location
tool. Wilson et al. (2007) found that the hair 5%*S values from three Inca child mummies
coincided 6 months before their deaths. As the victims were sacrificial, Wilson et al. (2007)
interpreted this as the individuals being brought together to prepare them for sacrifice at

the same location.

Hydrogen & Oxygen
As carbon, nitrogen and sulphur isotope ratios preserved in body tissues may reflect the
dietary intake of an individual, hydrogen and oxygen isotopes have the potential to reflect
their water intake and thus can potentially be a proxy for location and migration (Ehleringer
et al. 2008; O’Brien and Wooller 2007). Sharp et al. (2003) using a study of both modern and
archaeological hair concluded that the balance of food/water inputs to hair §°H was about a
third from drinking water and the rest from food. Hence if food sources are predominantly
local and local meteoric water composition is understood, the 8?H of hair can represent local
meteoric water composition (Bowen et al. 2009). Fraser and Meier-Augenstein (2007)
developed a correlation equation to convert measured hair §°H values to meteoric water
8°H values so information could be established on potential areas of habitation of the
individuals concerned. This application has been successful in helping to identify victims in
modern homicide cases (Fraser et al. 2006; Fraser and Meier-Augenstein 2007; Meier-
Augenstein 2010). One major limitation to the application of 6D in hair is that it is highly
exchangeable, even after synthesis (DeNiro and Epstein 1981), and as a result isotope
analysis is technically more difficult and exchangeable hydrogen needs to be taken into
account (Wassenaar and Hobson 2002; Bowen et al. 2005). Hence studies have generally
separated and analysed non-exchangeable &°H (Ehleringer et al. 2008).

As water also enters the body through the food we eat, there is also the possibility
that 6°H and 60 can serve as a paleodiet proxy (Thompson et al. 2010; Bowen et al. 2009).

Bowen et al. (2009) analysed hair from modern Inuit groups and found they had unusually

16



high hair 8°H and 60, more suggestive of tropical meteoric water values and that their hair
8°H and 60 deviate from the observed correlation between these isotopes seen in modern
American individuals. The Inuit individuals also had very high tissue 8°N reflecting their
marine protein-rich diet (including marine mammals). Bowen et al. (2009) modelled the
expected hair 8°H and 60 for the individuals using contemporary marine fish 8°H and 6™0
and found that there was a good fit to the data. As dietary versus water contributions to
hair amino acid are more significant for hydrogen (Bowen et al. 2009), high 8°H in some
individuals may be used to identify a high intake of marine foods.

Sharp et al. (2003) measured §°H, 6"3C and 6N along the hair shaft of an Inca
mummy (Argentina; Fernandez et al. 1999) and saw corresponding sinusoidal patterns in
both the 6°H and 8§™C. They interpreted these as seasonal patterns with low 6°H
corresponding to winter months (consistent with meteoric water) and higher 6°H in the
summer with increased evaporation. The correspondingly higher §**C in summer were
linked to increased consumption of C4 plants, most likely maize. Wilson et al. (2007)
extended the hair 8°H and 860 study of Inca child sacrifice victims and suggested that the
data indicated the 4 individuals were from a highland location, and thus likely to be of low
status.

8°H and 60 applications to archaeological samples are limited to a few studies and
have focused predominantly on bone collagen (see Reynard and Hedges 2008 for review).

However, the potential for investigating palaeodiet and location remains.

Compound specific isotope analysis

In the last 10 years, the use of compound specific isotope analysis has expanded the range
of questions that isotopes can answer both from bone and from soft tissues. Rather than
analysing bulk proteins, individual amino acids are identified, separated and analysed to give
a much more specific understanding of dietary routing (see Petzke et al. 2010 for review on
hair). Whereas non-essential amino acids can be synthesized by humans, essential amino
acids cannot and must be provided directly from the diet (Fogel and Tuross 2003). Thus the
analysis of individual amino acids provides a direct tracer for dietary intake. This becomes
useful when faced with the problem of elevated §"°N due to water stress in arid climates

(<400 mm of rainfall per annum) where &N from marine animals and herbivores are
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indistinguishable (Heaton et al. 1986). In addition, the overlap in 6"3C between marine
animals and C,4 plants in arid regions may also add to the difficulty in distinguishing marine
and terrestrial diets. Corr et al. (2005) demonstrated that consumers of marine protein had
relative *C-enrichment in the non-essential amino acid glycine in their bone collagen when
compared to C,4 terrestrial consumers, but this was not the case with the essential amino
acid phenylalanine. The theory being that the two amino acids have different metabolic
pathways and thus preserve inputs from different parts of the diet. There is a high demand
for glycine in the body that cannot be met through diet alone and thus much of it is
biosynthesised de novo. As most of the glycine in bone collagen derives from glucose, it will
reflect the carbohydrate part of the diet and as marine ecosystems have comparatively
more trophic levels there is more fractionation than in terrestrial systems (Corr et al. 2005).
Hence elevated A13CG|ycine.Pheny|a|anine in bone collagen can be used to identify high marine
protein consumers. Corr et al. (2009) extended this discovery to mummified soft tissues and
compared 8 of the amino acids within the bone and skin of an individual found at 1600m, 80
km inland in British Columbia to determine if the individual had moved location prior to
death. They compared the long term diet as reflected in the bone collagen values with the
last few months of life as represented within the skin tissue. They used A13CG|ycine_pheny|a|anine
to examine the degree of marine resource consumption. The bone values suggested that
this individual was a coastal dweller, consuming a significant proportion of marine food, and
by contrast the values from the skin samples were significantly lower and suggested that the
individual had been inland for a few months prior to and up to his death and was consuming
more terrestrial/freshwater foods. In order to do this, Corr et al. (2009) used a reference set
of terrestrial (deer and dog) and marine (salmon and sea lion) animals from an earlier
regional archaeological site from which they analysed carbon isotopes which showed that
the amino acids in general were higher in 8%C in the marine animals compared to the
terrestrial animals. For example A13CG|ycine_pheny|a|anine were +6.6+0.6%o for the terrestrial
animals and +15.0£2.1%o for the marine animals. Isotopic analysis of his hair also suggested
a switch to terrestrial foods (Richards et al. 2007). This study also shows the value of
analysing skin in addition to bone to elucidate on the life history of an individual.

Several studies detailing compound specific isotope analysis of amino acids in hair
keratin have been published (McCullagh et al. 2005; Petzke et al. 2005a&b; Petzke et al.

2006; Petzke and Lemke 2009; Smith et al. 2009) with one archaeological application to date
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(Raghavan et al. 2010). Raghavan et al. (2010) attempted to address the question of the
isotope relationship between hair and bone at the amino acid level. They took hair and
bone samples from 16" and 17" century mummified humans from Uummannagq, Greenland
and analysed 6%°C from a number of corresponding hair and bone amino acids from 6
individuals. They were able to separate and analyse 15/18 amino acids from bone and 13/18
for hair and refine the technique to allow them to analyse very small hair samples, and thus
segmented hair samples. Thus, this offers a starting point for future compound-specific

isotope studies of hair when bone maybe unavailable.

Conclusions

The limited preservation and availability of mummified soft tissues make the
application of stable isotope analyses to answer archaeological questions rare and this is
especially true for skin and muscle. The analysis of mummified hair is more common and
the examples outline here illustrate how it has been especially successful with questions
that address the elucidation of short term diet. Where such tissues are available they can
answer questions that bulk, bone collagen analyses cannot and thus they are an expanding
field in bioarchaeology. Advances in on-line compound-specific mass-spectrometry during
the last 10 years have allowed the analysis of individual amino acids within soft tissues and
there has also been a growth in a wider variety of isotopes beyond carbon and nitrogen

(oxygen, hydrogen and sulphur).
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Location Tissue | Site Age 8%C [1SD |6°N|1sD [&*s |1sD |&8%0 |1SD |&%H 1SD

v-PDB | §3C | AR | §°N | v-CDT | §3%s | v- §%0 | v- 8D
sSMow sSsMow

Egypt

Macko et al. 1999a Hair unknown (n=9) Late Middle Kingdom -21.5 1.1 | 14.0 1.1

White et al. 1999 Skin Kharga Oasis (n=4) 25th Dynasty - Coptic Period -20.4 0.6

White et al. 1999 Hair Kharga Oasis (n=22) 25th Dynasty - Coptic Period -19.6 0.5

Touzeau et al. 2014 Hair Gournah & Thebes (n=5) 26th Dynasty -19.8 04| 129 2.2 8.1 0.7

Touzeau et al. 2014 Hair Thebes (n=1) Ptolemaic -19.9 11.8 8.4

Touzeau et al. 2014 Hair Antinopolis (n=3) co -20.3 0.2 | 104 1.1 10.4 0.8

Asia

Turner et al. 2012 Hair Southern Mongolia (n=4) AD 1434-1651 -16.9 04| 12.9 1.2

Nubia/Sudan

White 1993 Hair Wadi Halfa (n=9) X-Group (350-550 AD) -16.6 1.9

White 1993 Hair Wadi Halfa (n=5) Christian (500-1400 AD) -16.7 2.3

White et al. 1995 Skin Wadi Halfa (n=14) X-Group/Christian (350-1400 AD) -18.6

White & Schwarcz 1994 Muscle | Wadi Halfa (C: n=25, N: n=21) X-Group (350-550 AD) -16.5 2.0 | 13.0 1.2

White & Schwarcz 1994 Muscle | Wadi Halfa (C: n=8, N: n=3) Christian (500-1400 AD) -19.5 0.8 | 14.6 1.6

White & Schwarcz 1994 Skin Wadi Halfa (C: n=39, N: n=32) X-Group (350-550 AD) -17.6 1.8 | 14.0 1.4

White & Schwarcz 1994 Skin Wadi Halfa (C: n=17, N: n=16) Christian (500-1400 AD) -19.5 2.7 | 13.2 1.6

White & Schwarcz 1994 Hair Wadi Halfa (n=19) X-Group (350-550 AD) -15.5 3.4

White & Schwarcz 1994 Hair Wadi Halfa (n=8) Christian (500-1400 AD) -14.3 5.2

lacumin et al. 1998 Skin Kerma, N Sudan (n=7) Various -17.5 3.6 | 15.8 2.3

South America

Aufderheide et al. 1994 Hair Pisagua, North Chile (n=9) Early Alto Ramirez (1000 BC) -13.9 1.2 | 25.0 1.5 17.3 1.0

Aufderheide et al. 1994 Muscle | Pisagua, North Chile (n=9) Early Alto Ramirez (1000 BC) -16.3 1.8 | 28.8 3.0

Wilson et al. 2007 Hair High Andes (n=4) Late Horizon (AD 1476-1532) -16.0 2.3 9.0 2.1 8.1 3.1 5.2 16| -111.7 135




Williams & Katzenberg, 2012 Hair Peru (n=47) Late Horizon (AD 1476-1532) -13.1 1.5 | 10.2 1.4
Williams & Katzenberg, 2012 Nail Peru (n=14) Late Horizon (AD 1476-1532) -12.8 14| 11.2 1.9
White et al. 2009 Hair Pacatnamu, Peru (n=2) Moche (450-750 AD) -12.7 0.1 123 0.2
White et al. 2009 Hair Pacatnamu, Peru (n=5) Lambayeque (900-1100 AD) -12.3 0.1 13.2 0.2
Knudson et al. 2007 Hair Chiribaya, Andes, Peru (n=4) Late Intermediate Period -15.4 1.4 | 17.0 1.8
Knudson et al. 2007 Hair El Yaral, Andes, Peru (n=5) Late Intermediate Period -15.6 1.1 | 13.3 1.1
Finucane 2007 Skin Ayacucho Valley, Peru (n=6) Late Horizon (AD 1476-1532) -11.8 1.2 | 13.2 0.5
Finucane 2007 Muscle | Ayacucho Valley, Peru (n=5) Late Horizon (AD 1476-1532) -11.9 09| 12.7 0.3
Knudson et al. 2012 Hair Atacama, Chile (n=1) Late Formative Period (AD 1-500) -14.5 15| 22.2 2.7
Turner et al. 2013 Hair North Coast, Peru (n=13) Late Horizon (AD 1476-1532) -12.8 1.6 | 10.8 1.3
Webb et al. 2013a Hair Nasca, Peru (n=17) Early Intermediate/ Mid Period -14.6 1.3 9.1 1.5
Panzer et al. 2014 Hair Coastal Peru? (n=1) AD 1451-1642 -12.2 0.7 | 24.8 0.7
Tykot et al. 2008 Hair Chongos, Peru (n-7) Early Horizon/ Early Intermediate -15.1 25| 12.2 33
Horn et al. 2009 Hair Los Molinos, Peru (n=20) 550 BC — AD 1000 -11.3 0.5 8.6 0.9 47 | 1.0 -67.0 10.0
North America

Roy et al. 2005 Hair Montana, USA (n=8) 1892-1935 -18.8 0.5 | 11.0 0.6
Roy et al. 2005 Hair South Dakota, USA (n=13) 1892 -15.2 1.0 | 103 0.5
Britton et al. 2013 Hair Nash Harbor, Alaska (n=1) Norton (175040 cal BP) -14.5 0.5 19.3 1.0
Britton et al. 2013 Hair Nunalleq, Alaska (n=1) Thule (650-570 cal BP) -15.7 0.4 | 16.0 1.4
Europe

Beaumont et al. 2013 Hair London (n=6) 19" Century -19.3 1.2 | 115 0.5
Macko et al. 1999b Hair Austria Alps (n=1) 5200 years old -21.2 0.2 7.0 0.2




