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Abstract
Food is often one of the most distinctive expressions of social, religious, cultural or ethnic groups. However, the archaeological
identification of specific religious dietary practices, including the Jewish tradition of keeping kosher, associated with ritual food
practices and taboos, is very rare. This is arguably one of the oldest known diets across the world and, for an observant Jew,
maintaining dietary laws (known as Kashruth) is a fundamental part of everyday life. Recent excavations in the early medieval
Oxford Jewish quarter yielded a remarkable assemblage of animal bones, marked by a complete absence of pig specimens and a
dominance of kosher (permitted) birds, domestic fowl and goose. To our knowledge, this is the first identification of a Jewish
dietary signature in British zooarchaeology, which contrasted markedly with the previous Saxon phase where pig bones were
present in quantity and bird bones were barely seen. Lipid residue analysis of pottery from St Aldates showed that vessels from
the possible Jewish houses were solely used to process ruminant carcass products, with an avoidance of pig product processing,
correlating well with the faunal data. In contrast, lipid analysis of pottery from comparative assemblages from the previous Saxon
phase at the site and a contemporaneous site in the city, The Queen’s College, shows that the majority of these vessels appear to
have been used to process mixtures of both ruminant and non-ruminant (pig) products. Here, the combination of organic residue
analysis, site excavation and animal and fish bone evidence was consistent with the presence of Jewish houses in eleventh- and
twelfth-century St Aldates, Oxford, hitherto only suspected through documentary information. This is the first identification of
specific religious dietary practices using lipid residue analysis, verifying that, at least 800 years ago, medieval Jewish Oxford
communities practised dietary laws known as Kashruth.
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Introduction

The consumption of food is a biological necessity and, as
such, central to human life. Everyone must eat, but the mean-
ings of what, where, how, when and with whom they eat are
culturally prescribed. Food itself, the preparation of food
through cooking practices, and eating, all serve to create and
maintain social relationships. Food has long been linked with
ethnicity, religion, race, nationality, class and, sometimes,
gender (Twiss 2012) and food and cuisine can be one of the
most distinctive expressions of a social, religious, cultural or
ethnic group. The food and foodways of ethnic groups sym-
bolise tradition and community (Tuchman and Levine 1993)
and, for these groups, as Hamilakis (2000) notes, ‘sharing the
same food habits, eating the same staple, results in social
integration and cohesion’. At the same time, food can be im-
bued with codes of exclusion and inclusion (Goody 1982;
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Caplan 1997; Cesaro 2000) and may be a marker of differ-
ence, setting groups apart (Mintz and Du Bois 2002).

In Jewish culture, food and eating are strongly related to
identity. As Greenspoon et al. (2005) notes, for Jews, ‘food
has been used as a means of exclusion and persecution al-
though, conversely, it has also been an instrument of commu-
nity, reparation and renewal of identity’. Jewish food and
cuisine consist of active social practices described by
Rosenblum (2010) as ‘bundled sets of social activities that
allow one to signal overtly his or her perceived relationship
to a given identity’. The strong relationship between Jewish
food practices and identity, throughout history, can be as-
cribed to the exalted status bestowed upon food by the
Hebrew Bible. For Jewish people, rules about food, particu-
larly in terms of prohibitions against eating blood and require-
ments to bless food, serve as opportunities to serve and respect
God. Central to the Jewish faith is the daily observance of the
laws of Kashruth, extensive and complex rules that define
what is and what is not fit for consumption (Kraut 1979).

Jewish dietary practices

Keeping kosher is arguably one of the oldest known diets
across the world and, for an observant Jew, maintaining these
dietary laws (known as Kashruth) is a fundamental part of
everyday life. It is a key part of what identifies them as
Jews, both among their own communities and to the outside
world. The Kashruth (or kashrus, kashrut) or kosher laws are
the ‘totality of the laws and practices which are derived from
the Jewish dietary commandments’ (Freedman 1970). These
determine which foods are ‘fit or proper’ for consumption by
Jewish people who observe these laws (Regenstein and
Regenstein 1979, 1988; Regenstein and Regenstein 1991;
Regenstein et al. 2003) and deal predominantly with three
main issues, permitted animals, prohibiting the ingestion of
blood and the prohibition of mixing meat and milk.
Anything that is not kosher is considered unfit for human
consumption by Jews (Regenstein et al. 2003; Greenfield
and Bouchnick 2011).

These laws are biblical in origin deriving from the Torah,
the original five books of the Holy scriptures, and thought to
be conceptualizations of divine will that were expressed to
Moses at Mount Sinai (Grunfeld 1972). For example, the pro-
hibition against mixing meat and milk is based on the three-
times repeated biblical quote ‘Thou shalt not seethe the kid in
the milk of its mother’ first mentioned in the Torah in Exodus
XXIII:19 and then in Exodus XXXIV:26 and Deuteronomy
XIV:21. This prohibition is extremely serious and requires the
complete separation ofmeat and dairy products and associated
equipment (Grivetti 1980; Regenstein et al. 2003).

The Torah divides all beings into four groups, domesticat-
ed animals, birds, fish and insects and reptiles. Acceptable
animals are defined as mammals that chew their cud and have

a split hoof, which effectively means ruminant species, such
as cattle, sheep and goat. Other species such as pig, horse and
all amphibians and reptiles are considered ritually unfit. With
regard to birds/fowl, the Torah only names species that are not
kosher, including birds of prey, but states that three signs are
given to kosher birds, a crop, an extra finger and a gizzard that
can be peeled. In fact, the consumption of fowl is high in the
Jewish diet andmasorah (tradition) allows the consumption of
chicken (Gallus gallus domesticus), geese (Anser sp.), duck
(Anas sp.), swan (Cygnus cygnus), turkey (Meleagris
gallopavo), doves and pigeon (Columba sp.) (Greenfield and
Bouchnick 2011). Fish must possess scales and gills to be
considered kosher, all others are not. This includes all crusta-
cean and molluscan shellfish and fish such as sharks
(Lamniformes sp.), catfish (Siluriformes sp.), dogfish
(Squalidae sp.) and monkfish (Lophius piscatorius).
Commonly consumed kosher fish include carp (Cyprinus
carpio), salmon and trout (Salmoniformes sp.) and bass
(Dicentrarchus labrax). Almost all insects are prohibited, save
for a few types of grasshoppers (Caelifera), but today, honey
and shellac (lac resin), used to coat sweets, are permitted
(Regenstein et al. 2003).

One of the fundamental requirements of Jewish dietary
practices includes the practice of shechita which refers to the
traditional ritual slaughtering of animals. Slaughter is a ritual
process performed by a trained, religious person (shochet),
which must be followed very closely, beginning with the cut-
ting of the jugular vein with a special knife called a chalef, and
the subsequent draining of all blood from the body. The ani-
mal is then inspected for any physiological abnormalities and
any with injuries or disease being deemed non-kosher. Next,
the sciatic nerve must be removed, a process known as
porging or deveining (Regenstein et al. 2003; Greenfield and
Bouchnick 2011), as Jews are forbidden from eating the sinew
that surrounds the sciatic nerve of the hind leg of domestic
ruminants, gid hanasheh, also known as the ‘sinew of Jacob’.
This is very difficult and time-consuming and, in the USA and
most other Western countries today, the hind legs are simply
removed and sold as non-kosher. Significantly, this anatomi-
cal restriction is something that can, in theory, be identified in
the archaeological record, through the absence of hind leg
bones in an assemblage (Daróczi-Szabó 2004). Following
the removal of the sinew (or discard of the hind leg), red meat
and poultry must then be soaked, salted and then thoroughly
drained, all within 72 h of slaughter, to further remove all
prohibited blood (Regenstein et al. 2003).

One of the main features of modern kashrut is the mainte-
nance of separate dishes for dairy and meat. In modern times,
this includes all kitchen equipment such as pots, pans, uten-
sils, a separation which sometimes extends to sinks, counter-
tops and refrigerators (Kraemer 2005). It is not entirely clear
when this prohibition came into place but the practice is cer-
tainly discussed by various medieval rabbinic authorities, for
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example, Rabbi Simha ben Samuel of Vitry (d. 1105) and
Rabbi Jacob ben Asher (1275–1340) both state that pots used
to cook meat should not be used to cook milk within 24 h
(Kraemer 2005). In 1530, Antonius Margaritha from
Regensburg, Bavaria, a Jewish convert to Christianity, writes
that ‘the Jews use two kinds of vessels, one for meat and the
other for milk. Therefore, they have two kinds of pots, bowls,
spoons, platters and knives’. M. Marcus, from London, in his
‘The ceremonies of the Present Jews’ from 1728/29 also notes
that the Jews have ‘two sets of dishes. Plates, knives, and forks
for meat, and another for butter, milk and cheese’ (Kraemer
2005).

Medieval Jewish Oxford

The city of Oxford emerged as an Anglo-Saxon burh, from
the original eighth-century monastic settlement of St.
Frideswide, at a ford near the confluence of the rivers
Thames and Cherwell. By the tenth century, a system of mills
had made much of the floodplain more stable and a walled
Anglo-Saxon city grew on the gravel to the north. The dom-
inant organizational element of the city was a four-ways cross,
known as Carfax, running north/south, east/west and meeting
in the centre of the roughly square burh. Later, the Normans
established a royal castle dominating a position between the
old Anglo-Saxon city walls and the river Thames. The
Norman city walls were extended to incorporate this castle
as well as a large eastern suburb along the London road, nearly
doubling the size of Oxford (Fig. 1).

The twelfth and thirteenth centuries saw the development
of Oxford’s Jewish quarter around St Aldates (Fig. 2), follow-
ingWilliam the Conqueror’s invitation to Jews from France to
settle in England and establish a network of credit and trading
functions. English Medieval Jewish communities originated
from the Ashkenazic Jewish communities of Northern France,
known as the Tsarfat. The earliest surviving record of Jews in
Oxford is a reference to an incident in 1141. It reports that
King Stephen torched the Oxford house of Aaron f. Isaac and
threatened to burn down the rest of the Jewry if immediate
funds (to support his ongoing civil war against his cousin
Matilda) were not forthcoming (Manix 2004).

Little is known of the archaeology of the medieval Jewry in
England (although see Hinton 2003), but, fortuitously, the
exceptional survival of medieval property records in Oxford
provided a unique opportunity to identify the physical pres-
ence of the medieval Oxford Jewry. In particular, the Oxford
section of the Hundreds Roll, the kingdom-wide property sur-
vey undertaken by Edward 1 in 1278, was particularly de-
tailed. This survey only survives for seven counties and, in
most areas, towns were surveyed non-topographically, by
landlord. However, almost every ward in Oxford was sur-
veyed sequentially, street by street and house by house. This
means the location of the Jewish community and, indeed,

individual Jewish properties can be identified (Fig. 2; Manix
2004). The northern border of the Jewish area was formed by
the west/east axis passing through the main crossroads,
Carfax. To the west, this area comprised Great Bayly Street,
which was dominated by butchers’ stalls and stinking drains
known as The Shambles. To the east, on the High Street,
tanning and vellum-making stalls known as The Boucherie
straddled the drains there. The main thoroughfare of the
Jewry was Fish Street, occupied in the northern half by fish-
monger stalls (Fig. 2). The presence of these malodorous
workshops of the animal butchering and fish-mongering
trades is most likely the reason the Oxford Jewry was able to
inhabit what was an otherwise prime location in the city.

The main period of occupation of the Jewish quarter was
the twelfth to late thirteenth century which was marked by
periods of both crisis and consolidation. A Jewish synagogue
was built by Copin of Worcester and a Jewish cemetery was
established. However, during the reign of King John, brutal
tallages meant the confiscation of some Jewish properties.
Later, in the 1269 Provisions of the Jewry and the 1271
Mandate to the Jews, Jews were prohibited from taking any
more property into bond or mortgage (Manix 2004).

One of the most substantial private houses in Oxford was
Jacob’s Hall, which fronted onto St Aldates (formerly Fish
Street). This was owned by Jacob f. mag. Moses but the prop-
erty was confiscated from his widow and heirs on his death in
1277, by the Queen (Eleanor of Castile) in a well-documented
court battle. Within the boundary of Jacob’s Hall was a prop-
erty owned by Elekin f. Bassina, whowas later hanged for real
estate and tallage payment fraud. In 1279, the Queen confis-
cated this property and granted it to her cook, Henry Wade
(Manix 2004).

The Jewry came to an end on 18th July 1290when the Jews
were expelled from England by Edward I and their goods and
property confiscated by the Crown. By the fourteenth century,
all Jewish properties in Oxford were in Christian ownership.
With the exception of a few Spanish and Portuguese Sephardi
individuals during the reign of Elizabeth, Jews would not be
readmitted to England until the time of Oliver Cromwell
(Manix 2004).

Archaeological excavations at St. Aldates, Oxford

Recent excavations by Oxford Archaeology (Teague et al.
2020), carried out at 114-19 St Aldates and 4-5 Queen
Street, (the south-west side of Carfax), Oxford (Fig. 3),
yielded archaeological remains dating from the middle/late
Saxon period (phases 1 and 2) through to the early eighteenth
to nineteenth century (phase 8). This included the medieval
period (phase 3: late eleventh and twelfth centuries), the four-
teenth and fifteenth centuries (phase 4), the late medieval pe-
riod (phase 5: fifteenth to mid-sixteenth century), the mid-
sixteenth and mid-seventeenth centuries (phase 6) and
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evidence of phase 7 (mid-seventeenth to early eighteenth
century).

As discussed, two of the four properties partly exposed by
the area of excavation (in phase 3) were identified, through
documentary evidence, as being in Jewish ownership during
the late eleventh and twelfth centuries (Fig. 4). Both fronted
onto St Aldates (formerly Fish Street), with one being Jacob’s
Hall, owned by Jacob f. mag. Moses, and the other a property
owned by Elekin f. Bassina (Fig. 2). The other two properties
were held by the Bishop of Lichfield and fronted onto Queen
Street (formerly Butcher Row/Great Bailey).

Structure 3.1 appears to be set within the boundary of
Jacob’s Hall (Fig. 4). This structure, probably a latrine,
comprised a rectangular shaft measuring 1.7 × 1.3 m and
about 1.1 m deep, lined with roughly squared limestone
blocks bonded by a firm reddish brown sandy/gravel mor-
tar. There was a pair of opposing putlog holes on its east
and west walls near to its excavated depth, presumably to

hold temporary supports during its construction. Its inter-
nal wall faces were rendered with a thin whitish mortar
wash. Its basal fill (1101) comprised a thin greenish silty
sand with lenses of charcoal that contained small amounts
of mineralised concretions, potentially faecal waste. This
structure is thought to be associated with a house of a
wealthy individual, which contained a rich assemblage
of twelfth- or early thirteenth-century pottery, animal
bone and other domestic material. Also found in this area
were postholes relating to a fence or other timber struc-
ture, while structure 3.2 belonged to a wall that divided
two buildings, one extending to the north, the other to the
south (and beyond the area of investigation). Rectangular
holes and stone projections seen on the north face of the
wall marked the position of a wooden floor. Ceramic
building material suggests that buildings had tiled roofs
with chimneys and (at least partially) tiled floors. This is
consistent with the stone walls of structures 3.1 and 3.2,

Fig. 1 Map showing the development of the city of Oxford from the 8th century to c. 1292, with the Jewish quarter shown in blue
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which denote wealthy buildings (contrasting with the
wooden buildings of earlier phases). It is in structure 3.1
that archaeological evidence consistent with Jewish inhab-
itation was found (Teague et al. 2020).

The presence of pottery and a faunal assemblage in these
possible Jewish properties provided a unique opportunity to
investigate whether a Jewish dietary ‘signal’ could be identi-
fied, using a combined organic residue and faunal approach.

Organic residue analysis
and the identification of religious dietary
practices

Organic residue analysis is most notably known for its contri-
bution to elucidating diet and animal management strategies
on a global scale (e.g. Copley et al. 2003; Craig et al. 2003;
Copley et al. 2004b; Copley et al. 2005a, b, c; Evershed et al.

Fig. 2 Map of the medieval Jewish quarter in Oxford, showing the properties of Jacob f. mag. Moses and Elekin f. Bassina
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2008; Outram et al. 2009; Dunne et al. 2012; Cramp et al.
2014a, b; Heron et al. 2015; Smyth and Evershed 2015;
Debono Spiteri et al. 2016; Dunne et al. 2017; Ethier et al.
2017; Mileto et al. 2017; Whelton et al. 2018). Employing
these chemical analyses in the reconstruction of vessel use at
sites worldwide has enabled the identification and separation
of terrestrial animal fats (Evershed et al. 1997a; Mottram et al.
1999; Evershed et al. 2002), marine animal fats (Copley et al.
2004a; Craig et al. 2007; Cramp and Evershed 2014; Cramp
et al. 2014b), plant waxes (Evershed et al. 1991; Dunne et al.
2016), beeswax (Evershed et al. 1997b; Roffet-Salque et al.
2015) and birch bark tar (Charters et al. 1993; Urem-Kotsou
et al. 2002; Stacey et al. 2020). Particularly relevant are other
applications which include the investigation of ritual beliefs
and cultural practices (Roffet-Salque et al. 2017). For

example, organic residue analysis of ‘grave dust’ found in
Romano-British mortuary contexts found Boswellia spp.
gum-resins (frankincense) and Pistacia spp. (mastic/terebinth)
resins in Roman burials, suggesting the considerable ritual
significance of these scented substances in the mortuary
sphere (Brettell et al. 2014, 2015a, b).

However, to our knowledge, organic residue analysis has
never been used to identify specific religious dietary practices,
such as Judaism, despite its obvious potential. To this end, we
carried out lipid analysis on ceramics from the medieval
phases 3 and (early) 4, containing features thought to be asso-
ciated with Jacob’s Hall, a property belonging to the Jewish
quarter. Pottery from the earlier Saxon phases 1 and 2 at the St
Aldates site and ceramics from a contemporaneous (to the
Jewish quarter phases 3 and 4) early Medieval site, the
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Provosts’s Garden, The Queen’s College, Oxford, were also
analysed to act as comparanda and examine possible differ-
ences or similarities between the assemblages. The Queen’s
College site, which is also located centrally in the historic core
of Oxford, to the north of the High Street, lies within the
eastern part of the late Saxon burh at Oxford. The site was
potentially in use as early as the late ninth century, seeing an
intensive period of occupation, possibly dating from the tenth
century, and thought to be a domestic site (pre-college) largely
confined between two possible plot boundaries, suggesting
some degree of organisation (Teague and Brown 2020).
These data were then correlated with the animal and fish bone

assemblages from both phases at St Aldates and The Queen’s
College sites, highlighting the potential of faunal analysis in
detecting observant Jewish populations.

Material and methods

The archaeological pottery

The St Aldates pottery assemblage comprised 2028 sherds
with a total weight of 38,767 g. The estimated vessel equiva-
lent (EVE), by summation of surviving rim sherd circumfer-
ence, was 24.57. It was recorded using the conventions of the
Oxfordshire county type-series (Mellor 1994). The general
range of pottery types is fairly typical of sites in Oxford, albeit
with some exotica in the form of late Saxon and medieval
imports. This is a pattern that has been noted in the past at
other excavations in the St Aldates area of the city.
Excavations in the late 1960s and early 1970s, centred around
79-87 St Aldates, produced an assemblage similar to this one
(Durham 1977).

Potsherds analysed from phases 1 and 2 comprised Late
Saxon Oxford Shelly ware (n = 12, late eighth to early elev-
enth century) and one St Neots ware sherd (AD 850–1200).
The pottery analysed from phases 3 and 4 (Fig. 5) comprised
mostly Medieval Oxford ware (n = 19, AD 1075–1350) with
two Early Brill coarseware sherds (AD 1180–1250) and one
Cotswold-type ware (AD 975–1350). The Queens College
pottery comprised Cotswold-type ware (n = 7) and Medieval
Oxford ware (n = 12), the dominant locally produced ware in
assemblages of this date.

It should be noted that none of the phase 3 ORA samples
came from structure 3.1, but instead were taken from vessels
recovered from area 1 pits. These were dominated by medie-
val Oxford ware and Cotswold-type ware, suggesting a date
prior to the late twelfth century. However, their respective
contexts were in the upper part of the sequence of filling and
contained no pig bones, eel bones or marine shell, and may
belong to episodes of levelling related to the construction of
the property (Jacob’s Hall?) represented by structure 3.1.

Results

A total of 70 sherds were sampled, 16 from the preceding St
Aldates phases 1 and 2, 28 from the Jewish Quarter phases 3
and 4 and a further 26 sherds from The Queen’s College site
(which is contemporaneous to the Jewish Quarter phase), to
act as a direct comparison (Tables 1 and 2). Of these, 8 pot-
sherds from the St Aldates phases 1 and 2 were published
previously (Craig-Atkins et al. 2020).

The lipid recovery rate from both sites was excellent at
77% overall. The mean lipid concentration from the sherds

Fig. 4 a Plan of the late 11th/12th-century features, b view of the stone-
lined latrine, structure 3.1, with a later cellared structure in the foreground
and c close-up of latrine structure 3.1, after removal of the south wall
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(Table 2) was 13.2 mg g−1, with a maximum lipid concentra-
tion of 93.4 mg g−1 (OXF043). Many of the potsherds
contained very high concentrations of lipids (e.g. OXF003,
42.0 mg g−1; OXF021, 45.5 mg g−1; OXF025, 36.4 mg g−1;
OXF045, 64.5 mg g−1; OXF052, 42.3 mg g−1), demonstrating
excellent preservation. This likely indicates that these were
vessels which were subjected to sustained use in the process-
ing of high lipid-yielding commodities, presumably as
cooking pots. However, it should be noted that these sherds
have spent far less time in the burial environment than

prehistoric potsherds (up to several thousands of years), and
thus, there is far less time for degradation processes to occur.

To date, analysis of the total lipid extracts (TLEs, n = 70)
from the twoOxford sites, using GC and GC-MS, demonstrat-
ed that 54 sherds contained sufficient concentrations
(>5 μg g−1) of lipids that can be reliably interpreted
(Evershed 2008). These extracts comprised lipid profiles
which demonstrated free fatty acids, palmitic (C16) and stearic
(C18), typical of a degraded animal fat (Fig. 6a–c), were the
most abundant components (e.g. Evershed et al. 1997a;
Berstan et al. 2008).

Significantly, in vessels OXF019 (Fig. 6b), OXF041 and
OXF051, odd carbon number ketones were present (C31:0,
C33:0 and C35:0, blue triangles). Experimental analysis has
shown these ketones, found in a monomodal distribution,
originate from the pyrolysis of acyl lipids and ketonic decar-
boxylation reactions which occur in unglazed ceramic vessels
during cooking, when the temperature exceeds 300 °C. These
ketones are thought to accumulate gradually with repeated use
(Evershed et al. 1995; Raven et al. 1997), confirming these
particular vessels were used as cooking pots.

GC-C-IRMS analyses were carried out on 54 samples
(Table 2 and Fig. 7) to determine the δ13C values of the major
fatty acids, C16:0 and C18:0, which reflect their biosynthetic
and dietary origin, allowing non-ruminant and ruminant adi-
pose and ruminant dairy products to be distinguished (Dudd
and Evershed 1998; Copley et al. 2003; Dunne et al. 2012). In
the Queen’s College assemblage (n = 19), vessel numbers
OXF001, OXF003, OXF006 and OXF011, OXF014,
OXF050, OXF054, OXF055 and OXF058 plot within, or just
outside, the reference ellipse for ruminant adipose fats (Fig.
7e), suggesting these vessels were solely used to process car-
cass products from cattle (Bos taurus taurus), sheep (Ovis
aries) and goat (Capra hircus. The remaining vessels,
OXF007, OXF008, OXF010, OXF012, OXF013, OXF051,
OXF052, OXF053, OXF057 and OXF059, plot between the
ruminant adipose and non-ruminant adipose ellipses indica-
tive of some mixing of animal products from ruminants (cat-
tle, sheep and goat) and non-ruminants (pig, Sus scrofa
domesticus), in varying degrees. Interestingly, there is no in-
dication of dairy product processing at The Queen’s College
site.

The δ13C values of the lipid extracts from St Aldates phases
1 and 2 (n = 13) confirm that six vessels, OXF033, OXF043,
SN33, SN34, SN35 and SN39, plot within, or just outside, the
reference ellipse for ruminant adipose fats (Fig. 7a). The re-
maining vessels, OXF032, OXF041, OXF042, SN31, SN32
and SN37, plot between the ruminant adipose and non-
ruminant adipose ellipses, again indicative of some mixing
of ruminant and non-ruminant animal products. One vessel,
SN40, plots within the dairy product ellipse (Fig. 7a),
confirming it was used solely to process dairy products, such
as milk, cream, butter or cheese.

Fig. 5 a Jar in Medieval Oxford ware, probably used as a cooking-pot
and dated to the late 11th or 12th century and b near-complete miniature
jar in Early Brill coarseware from structure 3.1
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All vessels, save OXF021, OXF036 and OXF039, from
phases 3 and 4, St Aldates, plot within, or on the border of
the reference ellipse for ruminant adipose fats (n = 19, total,
Fig. 7c). These three vessels plot just outside the reference
ellipse. These data suggest the majority (n = 16) of the vessels
were solely used to process carcass products from cattle, sheep
or goat. Three vessels plot just outside which might suggest
some mixing with animal fats of a non-ruminant origin, al-
though likely in very minor quantities. These may be porcine
products (although pig bones are not common in phase 3), but,
significantly, bird bones account for a third of the faunal as-
semblage in this period, so these data more likely suggest the
processing of bird products with the ruminant products. One
vessel, OXF029, plots within the dairy product ellipse,
confirming it was used solely to process dairy products, such
as milk, cream, butter and cheese.

Lipid residue results for the early St Aldates phases 1 and 2
and the later St Aldates phases 3 and 4 show that two lipid
residues from phases 1 and 2 (SN39 and SN40, Fig. 7b) and
one from phases 3 and 4, OXF029, Fig. 7d) plot in the rumi-
nant dairy region withΔ13C values of −6.6‰ and − 3.4‰ and
− 5.2 ‰, respectively, confirming the use of secondary prod-
ucts, such as milk, butter and cheese, in both phases, albeit at a
very minor level. The Δ13C value of −3.4‰ for vessel SN40
suggests some mixing of ruminant carcass and dairy products
may have occurred in this vessel. No dairy product processing
was identified at the Queen’s College site (Fig. 7f). All lipid
residues at Queen’s College plot within the ruminant adipose
region, save OXF013 which plots in the non-ruminant region.
Significantly, all other vessels from St Aldates phases plot
firmly within the ruminant carcass products region.

The presence of fish bones and marine shells at the site
suggests that fish may have played a role in medieval diet.
Consequently, 21 residues from both sites and phases were
analysed by GC-MS in SIMmode to check for the presence of
aquatic or freshwater biomarkers, which would denote the
processing of shellfish/crustaceans, fish and marinemammals.
These comprise long-chain ω-(o-alkylphenyl) alkanoic acids

(APAAs) and vicinal dihydroxy acid (DHYAs) which origi-
nate from the degradation of poly- and monounsaturated fatty
acids found in marine or freshwater fats and oils and are rou-
tinely used to detect marine product processing (Hansel et al.
2004; Craig et al. 2007; Hansel and Evershed 2009; Cramp
and Evershed 2014). The only evidence for aquatic product
processing came from six vessels which yielded the C18

APAA and C20 APAA, and although these cannot be regarded
as evidence for fish processing on their own, some aquatic
input to the vessels cannot be discounted. It should be noted
that fish could also have been prepared through drying, pick-
ling, salting or smoking or have been cooked by other
methods, such as grilling on open fires.

St Aldates animal bone assemblage—materials and
methods

In all, 5072 animal bone specimens were recovered from the
site and assessed according to current guidelines (Baker and
Worley 2014, Tables S2 and S3). A subset was selected for
analysis targeting the Saxon layers of the site (phases 1 and 2)
as well as cesspits from phases 3 and 7. This selected assem-
blage consisted of 798 specimens, including 131 recovered
through environmental sampling, and was recorded using a
diagnostic zone system (Cohen and Serjeantson 1996;
Serjeantson 1996).

St Aldates animal bone assemblage phases 1 and 2

The Saxon animal bone assemblage was dominated by the
three principal domesticates (online resource Table 1)—do-
mestic cattle (approximately 40%), caprine (40%, sheep and/
or goat) and pig (20%). These proportions are typical of as-
semblages found in medieval towns (Albarella 2006). Of
these, domestic cattle was the most common species by
NISP (Number of Identified Specimens). No obvious bias to
any particular body part was observed among these speci-
mens, with head, limb and torso elements all being present.

Table 1 Site, pottery ware type-
series (according to the conven-
tions of the Oxfordshire County
type-series), ware type and num-
ber of sherds from the late elev-
enth to twelfth century (phases 1
and 2) and from the thirteenth to
fourteenth century (phases 3 and
4)

Site Ware type-
series

Ware type 11th/12th C
(phases 1 and 2)

13th/14th C
(phase 3)

The Queen’s College OXAC Costwold ware 6 3

OXY Medieval Oxford ware 1 15

OXBF Kennet Valley ware - 1

St. Aldates OXAC Costwold ware 1 1

OXY Medieval Oxford ware 14 10

OXB Late Saxon Oxford Shelly ware 15 -

OXAW Early Brill coarseware 2 -

OXR St Neots ware 1 -

40 30
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Butchery consisted exclusively of chopmarks; of nine speci-
mens observed with chopmarks, eight were axial chops. Four
of these specimens with axial chops were humeri and the ninth
specimen was also a humerus, with an oblique chop through
the proximal end and possible signs of helical fracture. Two
other specimens showed signs of helical fracture as well and,
taken together with the axial chops through bones, it suggests
that, whether due to taste or necessity, marrow fat formed a
regular part of the diet of the site’s inhabitants. Cutmarks were
observed on five large mammal ribs from this phase, while six
vertebrae had been chopped through, three obliquely and three
axially, suggesting that more concern was paid to meat portion
size than to anatomy. Although horse (Equus caballus) was
observed in the assemblage, it was rare, with just one speci-
men each in phases 1 and 2. Unfortunately, the sample size
was too small to offer meaningful insight into the age profile
of any of the animals in the site, although it is possible to state
that both young and old individuals were present. Sheep, but
not goat, were also present with more oblique chopmarks
among the caprine bones (four of seven specimens) but axial
chopmarks (two) and a cutmark were also present, as were
helical fractures. A foetal/neonatal metacarpal was identified,
suggesting that breeding (or, at least, housing) of stock was
taking place on or near the site. Butchery marks were rarer on
the pig bones but these were far more likely to be unfused
epiphyseally, suggesting a mainly young population. Since
pigs have little economic use other than their meat, and reach
slaughter weight before being skeletally mature, this is not
surprising.

Poultry (domestic fowl Gallus gallus and goose Anser
anser) were present in small numbers, and although wild spe-
cies are represented in the assemblage by both red deer
(Cervus elaphus) and roe deer (Capreolus capreolus), it is
possible these represent craft activity.

St Aldates animal bone assemblage phase 3 (Jewish phase)

All the material analysed from phase 3 came from a single
feature, structure 3.1, the latrine thought to be associated with
Jacob’s Hall within Oxford’s Jewry (online resource Table 1).
The faunal assemblage from this feature was remarkable for
two reasons—the complete absence of any pig specimens and
the dominance of kosher (permitted) birds, the domestic fowl
and the goose, with 136 birds identified in phase 3, in contrast
to 37 domesticated animals (by NISP, online resource,
Table 1). Interestingly, goose remains were more common
than those of domestic cattle. Material recovered through en-
vironmental samples suggests that this pattern may be even
more dramatic than might appear from the hand-recovered
assemblage. The high proportion of bird bones recovered
from the site, in particular, is exceptional and demands com-
parison not only with other British sites, including those from
Oxford, of this period but also with sites in Europe whereT
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zooarchaeological investigations into medieval Jewries have
been carried out (see “Discussion”). An elite or high-status
diet could also be considered although this seems unlikely
as, although the consumption of birds in aristocratic and ec-
clesiastical medieval households is well-documented, they
generally only make up c. 10% of meat consumed overall
(Dyer 1998; Stone 2006).

Furthermore, the decrease in cattle bones on the site at this
time may relate to the terefah (unpermitted) status of the hind-
quarters of these animals but it should be noted that the re-
cording methods adopted for the assemblage preclude this
kind of analysis.

Lesions consistent with osteochondrosis were present on
some of the domestic cattle bones, but this is a relatively
benign condition which would not have caused the animal
any discomfort in life and so people would be unlikely to
suspect the condition (Sewell 2010). Among the twenty-one
caprine specimens recovered from this feature were five foetal
or neonatal specimens recovered from context 1071. These
may represent an ABG (Associated Bone Group) and include
left and right, hind- and fore-limbs. Being small it is reason-
able to suspect that other bones of the individual may have
been missed. It is not clear how such an individual would end
up in this feature were it simply stillborn and it may be that it
represents a delicacy. Eight of the domestic fowl bones were
also from juvenile individuals and one adult specimen came
from a male individual. It is possible that the juvenile speci-
mens also come from males since they would not be able to
lay eggs and it is not necessary to keep male and female fowl
in a fifty/fifty ratio for a viable flock.

Animal bone assemblage from The Queen’s College

The late ninth- to eleventh-century animal bone assemblage
from The Queen’s College site yielded an assemblage domi-
nated by sheep and/or goat. Around half as many domestic
cattle specimens were present compared with caprine, and a
little more than half as many pig as domestic cattle. Domestic
fowl also made a substantial contribution to the assemblage.
The dramatic change in species composition seen at St Aldates
in the later phases is not seen at The Queen’s College site with
the proportion of species from twelfth- to thirteenth-century
contexts being broadly similar to those from the earlier phases
at the site discussed above.

Fish and marine shell at St Aldates

A total of 273 fragments of marine shell, weighing 3034 g,
were recovered by hand from the excavations, with an addi-
tional 73 g of shell extracted from sieved soil sample residues
(online resource Table 2). The material appears to comprise
exclusively valves of European flat oyster (Ostrea edulis) in
variable condition and size, although lacking very large
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examples. Oyster shells are a common find in medieval and
post-medieval assemblages, and the assemblage from St
Aldates confirms that they must have been regularly eaten,
although not in large amounts in the properties relating to this
site. Only three fragments come from deposits provisionally
phased as late Saxon (phase 1) and ten contexts phased as
early to late eleventh century (phase 2). Furthermore, of the
89 fragments of marine shell recovered from phase 3 deposits,
just one came from structure 3.1.

Fish remains were found in cesspit fill 1080, from structure
3.1, and the sample from that fill included only a single her-
ring vertebra and indeterminate fin rays. Since pig bones were
also absent from the fills of this structure, it may be directly
associated with the Jewish occupation and so it can perhaps be
tentatively suggested that the Jewish occupants ate little fish.
However, this supposition has to be qualified because of the
small number of soil samples that were processed and, in
particular, from deposits dating to the later part of the twelfth
century. Interestingly, eel bones were recovered from phase 2
deposits, and from phase 4, the thirteenth- to fourteenth-
century layer (10013) in area 10 but were absent from phase
3. This may be significant in that eels are not kosher as they do

not have scales, following Leviticus 11:9, and would thus
have been avoided by the Jewish inhabitants of the site.

Significantly, the fish assemblage at The Queen’s College
site, in both phases, late ninth to eleventh century and twelfth
to thirteenth century, yielded herring and eel, together with
other species such as plaice, haddock and whiting. Marine
shell, mostly common/European oyster and mussel (mainly
Mytilus edulis), were recovered largely from medieval and
post-medieval pit fills. As noted, eel and shellfish are not
kosher.

Discussion

Studies of food and ethnic identity often focus on Jewish and
Islamic groups, particularly in relation to the taboo on eating
pork, and exploring whether the archaeological record can
identify such religious dietary practices. Indeed, recent studies
have successfully used combined zooarchaeological and sta-
ble carbon (δ13C) and nitrogen (δ15N) isotopic analysis of
bone collagen to investigate diet in Islamic communities
(e.g. Alexander et al. 2015; Grau-Sologestoa 2017; Toso
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et al. 2019). Faunal assemblages from archaeological sites
provide valuable information on how animals were managed,
butchered, consumed and traded in antiquity, and specific fea-
tures of faunal assemblages, such as species consumed, ana-
tomical representation and butchery practices, could, in theo-
ry, be used to distinguish between religious identities, includ-
ing observant Jews, Muslims and Christians. For example,
although both Jewish and Muslim faiths prohibit the con-
sumption of pork, Jews are more restrictive in terms of other
species, such as horses, rabbits and molluscs, which are also
forbidden. In contrast, Muslims can consume wild animals
such as red deer and rabbits (Moreno-García and Davis
2001; Davis 2006; Casal et al. 2009-2010, as cited in
Valenzuela-Lamas et al. 2014). Indeed, Davis et al. (2008)
note that, for Islam, the prohibition against pork consumption
is less strictly applied to the wild boar, particularly in the
Maghreb, where wild boar liver is consumed to gain the ani-
mal’s strength (Simoons 1994; Moreno García 2004). Of
course, the main point of difference between Christian popu-
lations and Jewish andMuslim groups is their consumption of
pig (Valenzuela-Lamas et al. 2014).

Thus, it is possible that observant Jewish populations could
be detected using faunal remains although zooarchaeological
evidence for Jewish or, indeed, other religious practices is
rare. The distribution (presence/absence) of kosher animals
is the best way to identify a potential shift to a kosher diet
and the appearance of the practice of Kashrut (Amar et al.
2009; Greenfield and Bouchnick 2011). Furthermore, the dis-
tribution of specific butchering patterns could be used to iden-
tify when the laws of shechita might have appeared in the
archaeological record. At St Aldates, the remarkable feature
of the faunal assemblage from structure 3.1 is that pig speci-
mens are completely absent, while domestic fowl specimens
(mainly goose) dominate, (astonishingly) being even more
common than cattle bones. Fish bones from the feature, al-
though limited, included herring, but no eel and only one
fragment of marine shell. This animal bone assemblage (from
phase 3) stands in sharp contrast to that of phase 2, in which
pig bones were present in quantity and bird bones were barely
seen, and, indeed, to the similar assemblage from the contem-
poraneous The Queen’s College site. During the following
phases at St Aldates, in the fourteenth and fifteenth centuries
(phase 4), all properties represented at the site reverted to
Christian ownership, indicated not least by the recovery of
oyster shell, pig bones and eel bones from deposits associated
with this phase (although these were not analysed). The pat-
tern also contrasts with the assemblage recovered from phase
3 pits within area 1 at the site, again recorded, but not subject
to detailed analysis. Notably, these features contained pig
bones, marine shell and eel bones, and it is probable that the
pits predate the latrine and relate to a period in the earlier part
of the phase before the property was transferred to Jewish
ownership.

As noted, one of the fundamental requirements of shechita,
the traditional ritual slaughtering of animals, is the inspection
of the carcass for any physiological abnormalities, where any
injured or diseased animals are deemed non-kosher. This pro-
hibition against consuming animals displaying signs of injury
or disease suggests that there would be a very low incidence of
pathologies in Jewish animal assemblages. However, as
Valenzuela-Lamas et al. (2014) note, the inspection of car-
casses is mainly fixed on the soft tissues. This suggests that
skeletal pathologies would not necessarily be identified and
that the lesions consistent with osteochondrosis on some of
the St Aldates domestic cattle bones may not have been
recognised.

The lipid residue results show that all vessels from phase 3
were solely used to process ruminant carcass products, in con-
trast to the Saxon assemblage (phases 1 and 2) and the con-
temporaneous medieval site at The Queen’s College, where
the majority of vessels appear to have been used to process
mixtures of both ruminant and non-ruminant products. These
data clearly suggest the avoidance of pig products during
phase 3 and correlate well with the faunal data. It is also
interesting that, despite the dominance of domestic fowl and
goose in the phase 3 faunal assemblage, these do not seem to
be processed in pots from the Jewish phase. Similarly to pigs,
poultry are monogastric and omnivorous animals and, as such,
would plot within the non-ruminant range (Colonese et al.
2017). This may suggest poultry were cooked by different
means, possibly through roasting in ovens.

It could be argued that the Jewish inhabitants of the houses
(or their forbears) may have absorbed influences from
Norman foodways during their period of settlement in
Northern France. Certainly, following the Conquest,
zooarchaeological evidence suggests an increase in the con-
sumption of both young pig and domestic fowl, this being
most apparent in towns and at elite sites, such as castles, which
is thought to reflect the influence of the Norman elite (Sykes
2007; Jervis et al. 2017). This trend was also observed among
Oxford’s Saxo-Norman population (Craig-Atkins et al. 2020).
However, the complete absence of pig bones in phase 3 does
not reflect this trend and the dominance of bird bones is far
greater than that seen at other sites (Serjeantson 2006).

A further question raised by this study is the near absence
of dairy products found in vessels from both sites and all
phases (n = 3, 5%), suggesting the vessels were not used to
either heat milk or produce butter, cream or cheese from milk.
This stands in contrast to a lipid residue study of late Saxon to
early medieval pottery (AD 950 to 1450) from rural West
Cotton, Northamptonshire (Dudd and Evershed 1998;
Dunne et al. 2019), where dairy products were shown to play
a significant part in the peasant diet (c. 25%). However, West
Cotton was an agricultural community, growing crops and
managing cattle, sheep and pigs, and dairy products, some-
times referred to as ‘white meats’ of the poor, are thought to

Archaeol Anthropol Sci           (2021) 13:48 Page 15 of 20    48 



have been mainstays of the medieval peasant’s diet (Woolgar
2016). The near absence of dairy lipids in the St Aldates ves-
sels may be because dairy products were processed in differ-
ent types of vessels (e.g. wooden bowls) or were perhaps not
produced in individual households but rather purchased
ready-made from sellers of butter and cheese. Certainly, milk
is bulky to transport and would very quickly go off during
summer months. It is interesting that milk is not mentioned
in medieval City of London records as most other foods were
(Hammond 1993). Converting milk to butter and cheese, in
rural farming communities close to larger centres of popula-
tion, offers better opportunities for preservation. The finished
product could then easily be transported into towns and cities
(Woolgar 2006) as demonstrated by the villeins from Pinhoe,
Devon, who travelled 3 miles to bring cheese and butter to
market in Exeter (Kowaleski 2003). It is known that butter and
cheese were both heavily salted during the medieval period
(presumably for preservation purposes), for example, in 1305,
the Bishop ofWinchester used 1 lb of salt per 10 lb of butter or
cheese (Hammond 1993). Furthermore, producing cheese
from milk could have been tied in with the medieval dairying
season, allowing year-round consumption. At Cuxham, an
Oxfordshire village, in 1351–1352, cheese was produced be-
tween the end of April and mid-August when most stock were
lactating (Woolgar 2006). Interestingly, there was only one
vessel (OXF029) in St Aldates phase 3 which was used to
process dairy products. This vessel plots firmly within the
dairy ellipse, suggesting it was used solely for dairy product
processing, in accordance with the Jewish prohibition which
requires the complete separation of meat and dairy products
and associated equipment (Grivetti 1980; Regenstein et al.
2003).

The small fish assemblage frommedieval contexts includes
fish acquired from both coastal and freshwater fisheries.Much
of the sea-fish, and probably also the salmon, is likely to have
been preserved by pickling or salting, since transporting fresh
fish to Oxford rapidly enough to avoid spoiling would have
been expensive. Fish was, however, readily available, since
their remains regularly feature in samples from the late Saxon
period onwards in the city. In the early fourteenth century,
fishmongers’ stalls were located in Fish Street (now St
Aldates), with permanent shops grouped in a side street
known as Winchelsea Row, and by 1360 fishboards had been
erected against properties near the town hall. In 1360, the
fishmongers’ stalls in St Aldates comprised 18 stalls for
‘Winchelsea fish’, and others for stockfish and herrings. To
what extent the inhabitants of Jacob’s Hall and surrounding
properties enjoyed the fish is unclear, since the recovered
assemblage is small for an urban site in the city, although
this may simply be a reflection of the relatively small
volume of sieved soil from rubbish deposits and cesspits.
Likewise, the possibility of identifying a Jewish signature
by the absence of eel is intriguing but would require a

greater sample size and securely dated deposits to be
conclusive.

To our knowledge, this is the first time that a Jewish dietary
signature has been identified in British zooarchaeology, and
just the third time in medieval Europe. An integrated study of
faunal assemblages from two medieval sites (fourteenth cen-
tury) in North-Eastern Spain (Catalonia), Tàrrega and
Puigcerdà, yielded evidence of observant Jewish dietary prac-
tices. Both faunal assemblages came from special quarters the
Jews were forced to live in, named ‘call’ in Catalan and
‘judería’ in Spanish (Bada 2009). Both assemblages were
highly consistent, comprising solely kosher species, a pre-
dominance of forelimb bones and a scarcity of pelvic remains,
together with regular butchery patterns. Faunal remains at
both sites were dominated by sheep and goat, followed by
birds at Tàrrega and cattle at Puigcerdà, most likely due to
local ecological conditions. This study demonstrated the po-
tential of zooarchaeology and taphonomy in detecting
religious/cultural groups in the archaeological record and
showed that both Jewish communities were clearly strictly
observant of dietary laws (Valenzuela-Lamas et al. 2014).

A further example of a medieval Jewish Community, pre-
viously suggested by documentary and architectural evidence,
was identified at the fourteenth-century settlement in the Buda
Castle district, the Medieval royal capital of Hungary
(Daróczi-Szabó 2004). Excavations of a 12-m-deep well with-
in the former Teleki Palace yielded a fragment of a wooden
plate decorated with a star of David and a glass fragment with
Hebrew inscription. Deposits in this well were subdivided into
an upper and lower section with the Jewish occupation being
associated with the lower level. Comparison of the faunal
assemblages from both layers revealed several notable differ-
ences. In the lower levels, only 3 pig bones (0.2%) were
found, in comparison to 97 (c. 4%) in the upper, Christian
occupation, level. Fish remains, although small in number,
comprised scaled kosher fish, especially cyprinids and pike,
in the lower level and scaleless non-kosher catfish in the upper
levels. Also notable in the lower level was the small portion of
hind leg elements, in comparison to the upper Christian level.
This is likely to be related to the avoidance of meat from the
hindquarters of domestic ruminants, related to the forbidden
gid hanasheh or ‘sinew of Jacob’ (as discussed previously).
The presence of a small number of hindleg bones might sug-
gest that the joints were porged (deveined) although the num-
ber of cutmarks present in the sample was too small to test
whether a higher ratio of cut marks occurs in the hind limb
compared to those from the fore limb. Interestingly, Ijzereef
(1989) also notes an absence of hind limb bones in food refuse
from cess pits belonging to Sephardic households in seven-
teenth to eighteenth-century Amsterdam. Pig bones and eels
were also absent but high quantities of chicken bones were
found. Fish were present in lower abundances than non-
Jewish households.

   48 Page 16 of 20 Archaeol Anthropol Sci           (2021) 13:48 



Conclusion

Here, the combination of organic residue analysis, site exca-
vation and animal and fish bone evidence, confirmed that the
inhabitants of two Jewish houses in eleventh- and twelfth-
century St Aldates, Oxford, practised keeping kosher, with
its associated ritual food practices and taboos. This is the first
identification of specific religious dietary practices using lipid
residue analysis, verifying that, at least 800 years ago, medi-
eval Jewish Oxford communities practised dietary laws
known as Kashruth. This study demonstrates the future poten-
tial of a combined lipid analysis and archaeozoological ap-
proach to investigate religious dietary practices and, thus, cul-
tural identities.

Lipid residue analysis analytical methods

Lipid analysis and interpretations were performed using
established protocols described in detail in earlier publications
(e.g. Dudd and Evershed 1998; Correa-Ascencio and
Evershed 2014). All solvents used were of HPLC grade
(Rathburn) and the reagents were of analytical grade (typically
>98% of purity). Briefly, ~2 g of potsherd was sampled and
surfaces cleaned with a modelling drill to remove exogenous
lipids. The cleaned sherd powder was crushed in a solvent-
washed mortar and pestle and weighed into a furnaced culture
tube (I). An internal standard was added (40 μg n-
tetratriacontane; Sigma-Aldrich Company Ltd) together with
5 mL of H2SO4/MeOH 2–4% (δ13Cmeasured) and the culture
tubes were placed on a heating block for 1 h at 70 °C, mixing
every 10 min. Once cooled, the methanolic acid was trans-
ferred to test tubes and centrifuged at 2500 rpm for 10 min.
The supernatant was then decanted into another furnaced cul-
ture tube (II) and 2 mL of DCM extracted double distilled
water was added. In order to recover any lipids not fully
solubilised by the methanol solution, 2 × 3 mL of n-hexane
was added to the extracted potsherds contained in the original
culture tubes, mixed well and transferred to culture tube II.
The extraction was transferred to a clean, furnaced 3.5 mL vial
and blown down to dryness. Following this, 2 × 2 mL n-hex-
ane was added directly to the H2SO4/MeOH solution in cul-
ture tube II and whirlimixed to extract the remaining residues,
then transferred to the 3.5-mL vials and blown down until a
full vial of n-hexane remained. Aliquots of the TLE’s were
derivatised using N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) containing 1% trimethylchlorosilane (TMCS;
Sigma-Aldrich Company Ltd.; 40 μL; 70 °C, 1 h), excess
BSTFA was removed under nitrogen and the derivatised
TLE was dissolved in n-hexane prior to GC, GC-MS and
GC-C-IRMS.

Firstly, the samples underwent gas chromatography using a
gas chromatograph (GC) fitted with a high temperature non-
polar column (DB1-HT; 100% dimethylpolysiloxane, 15 m ×

0.32 mm i.d., 0.1 μm film thickness). The carrier gas was
helium and the temperature programme comprised a 50 °C
isothermal hold followed by an increase to 350° at a rate of
10° min−1 followed by a 10-min isothermal hold. A procedur-
al blank (no sample) was prepared and analysed alongside
every batch of samples. Further compound identification
was accomplished using gas chromatography-mass spectrom-
etry (GC-MS). FAMEs were introduced by autosampler onto
a GC-MS fitted with a non-polar column, 50 m × 0.32 mm
fused silica capillary column coated with an Rtx-1 stationary
phase (100% dimethylpolysiloxane, Restek, 0.17 μm). The
instrument was a ThermoScientific Trace 1300 gas chromato-
graph coupled to an ISQ single quadrupole mass spectrome-
ter. Samples were run in full scan mode (m/z 50–650) and the
temperature programme comprised an isothermal hold at
50 °C for 1 min, followed by a gradient increase to 300 °C
at 10 °C min−1, followed by an isothermal hold at 300 °C
(15 min). The MS was operated in electron ionisation (EI)
mode operating at 70 eV. Data acquisition and processing
were carried out using the HP Chemstation software (Rev.
C.01.07 (27), Agilent Technologies) and Xcalibur software
(version 3.0). Peaks were identified on the basis of their mass
spectra and GC retention times, by comparison with the NIST
mass spectral library (version 2.0).

Carbon isotope analyses by GC-C-IRMS were carried
out using a GC Agilent Technologies 7890A coupled to
an Isoprime 100 (EI, 70 eV, three Faraday cup collec-
tors m/z 44, 45 and 46) via an IsoprimeGC5 combustion
interface with a CuO and silver wool reactor maintained
at 850 °C. Instrument accuracy was determined using an
external FAME standard mixture (C11, C13, C16, C21

and C23) of known isotopic composition. Samples were
run in duplicate and an average taken. The δ13C values
are the ratios 13C/12C and expressed relative to the
Vienna Pee Dee Belemnite, calibrated against a CO2

reference gas of known isotopic composi t ion.
Instrument error was ±0.3‰. Data processing was car-
ried out using Ion Vantage software (version 1.6.1.0,
IsoPrime).
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