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The stable isotopes of sulfur provide a distinctive signature for
marine proximity and interaction. Exploring coastal proximity
has been the principal application of sulfur isotopes in
archaeology and palaeoecology, but this deals only with high
(greater than 14‰) isotope values, meaning little interpretation
has been gained from lower values. Progress has been
hindered by issues with biosphere mapping. Air pollution can
impact modern landscapes, significantly lowering sulfur
isotope baselines, leading to the assumption that modern
vegetation-based sulfur maps are not reliable. This research
explores the potential of previously undiagnostic low, and
often, negative sulfur isotope values for identifying wetland
dwellers. Impervious clays that support wetlands are
distinctive ecosystems and this study tests the hypothesis that
they will produce low isotope values owing to both the
underlying substrate and to redox conditions. Primary
mapping of targeted areas using modern plants highlights
zones with natural negative sulfur values and demonstrates
that this constitutes a distinctive wetland signature. Analysis of
modern and archaeological fauna demonstrates that these
distinctive isotope compositions are transferred into the food
chain. These findings propel the interpretative potential of
sulfur isotopes forward and add to the growing knowledge to
provide means for identifying archaeological humans and
animals raised in wetlands.
1. Introduction
Identifying migrants and human/animal movement has long been
an important pursuit in archaeology. Isotope analysis provides
direct data for this and is helpful for identifying non-local
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individuals and patterns of migration. Strontium, relating to geology, and oxygen, to climate, are the most
commonly applied isotope systems, but even when used together can be ambiguous in assigning origins.
Sulfur isotopes in proteins preserved in archaeological material have predominantly been used to
distinguish between marine and terrestrial diets (see [1] for review), being especially useful when the
dietary interpretation of nitrogen isotopes is complicated by aridity or nutritional stress. There is only a
minor offset between δ34S in diet and the consumer (0–0.5‰, [2]) and little fractionation through trophic
levels. By contrast there is a large range in δ34S from terrestrial to marine ecosystems. Marine primary
producers have δ34S values between +17 to +21‰, reflecting marine sulfates with the effects of sea-
spray and marine precipitation extending this effect to coastal ecosystems and thus resulting in much
higher δ34S soil and vegetation values within at least 20 km of the coast [3]. By contrast, terrestrial
organisms have much lower, more variable, values reflecting the relative uptake of sulfate and sulfides
(reflecting underlying soil processes; [4]), hydrological processes and atmospheric SO2 (typically –7 to +
8‰; [5]). In freshwater environments such as marshes, and other waterlogged environments, soil
microbial activity leads to sulfide production and extremely low δ34S values, typically −25‰ to –30‰
and occasionally as low as –62‰ [5–7]. Most plants will uptake sulfur in sulfate form, but some plants
are adapted to sulfide uptake [8] and in these circumstances the production of biogenic sulfide can
create highly depleted biosphere 34S [9]. This process, however, can be highly variable across
ecosystems, sites, plant species and even within individual plants [5] and thus is a complex biosphere
indicator. Evidence that reduced sulfur could generate low δ34S values in non-tidal wetland ecosystems
was first demonstrated in a prairie marsh in Manitoba, Canada [10]. This has been subsequently
validated by Guiry et al. [11] who demonstrated that wetland fauna incorporate sulfide δ34S through the
food chain and subsequently preserve a low δ34S value that maybe significantly lower than the local
baseline and there are several examples of fauna taking up sulfur depleted in 34S resulting from elevated
soil sulfide conditions [12]. In such environments, at the same time, δ15N can be increased owing to
nitrification-denitrification processes [13]. This recent finding, along with work on sulfur isotopes in
riverine sites illustrate the complexity of freshwater isotope ecology and the potential issues this raises in
archaeological studies. Understanding is growing of the need to incorporate soil-hydrosphere processes
in studies of current and historical wetland environments [11,13,14]. Differences in terrestrial and
riverine sulfate sources have been successfully used to distinguish food sources [15], however others
have found that riverine and terrestrial δ34S biospheres can overlap and therefore in some environments
sulfur isotopes cannot be used to distinguish these relative food sources in isolation [16]. Further, bone
recovered from riverbank sites can become contaminated with exogenous sulfur causing diagenetic
alteration in δ34S values [17].

Thus, to date, sulfur isotopes have had most application differentiating between coastal and inland
food resourcing [18] and animal management [19], distinguishing between the consumption of
freshwater aquatic and terrestrial protein [15] and as part of multi-isotope strategies [20–24]. The
inclusion of sulfur isotopes in multi-proxy studies has also lagged behind other isotope systems
owing to the technical challenges of measuring sulfur isotope ratios in collagen owing to its low
concentration and the resulting large sample necessary to overcome this. However, recent
methodological advancements have allowed smaller amounts of organic material to be analysed along
with the ability to simultaneously analyse carbon, nitrogen and sulfur [25]. With improvements in
technical aspects, one enduring barrier to the application of non-coastal biosphere sulfur isotopes is
the impact of modern pollution on biosphere values. Dietary δ34S will reflect the sulfate composition
of the substrate of the primary organisms [7] and thus has the potential to identify ‘non-locals’ in a
population if there is supporting baseline sulfate information (e.g. [18]).

1.1. Biosphere mapping
Beyond its use as a coastal/marine indicator, issues with biosphere mapping have been a major barrier to
the uptake of sulfur isotope analysis in archaeology. Local sulfur biospheres can be highly complex and
variable through time and space [1,15,26]. Industrial SO2 pollution has long been considered problematic
for sulfur biosphere mapping [27]. A linear relationship has been demonstrated between UK SO2

emissions and both herbage sulfur concentration and δ34S with increases in emissions coupled with
lower δ34S values and higher sulfur concentrations [28,29]. Other impacts include the addition of
agricultural fertilizers to the biosphere [30] and mining-related hydrological pollution [31]. These
examples have led to the belief that modern vegetation-based sulfur baseline maps are not valid for
reconstructing past mobility (see review [1]). Comparing modern and archaeological collagen samples
from seven UK archaeological sites, Richards et al. [27] illustrated that all the modern faunal collagen



royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.10:230391
3

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

17
 J

an
ua

ry
 2

02
4 
from inland central and southern England had negative sulfur isotope values and were inconsistent with
the archaeological material. Only the material from coastal north Wales and inland northern Scotland
were consistent in isotope value with the archaeological material. This led Richards et al. [27] to
suggest that the disconnect between modern and archaeological fauna was owing to the uneven
impact of industrial pollution in the UK and thus it was better to use site faunal material as a sulfur
baseline rather than modern plant/animal material. This premise is widely held in the literature,
although there are studies which have explored the connection and have concluded that in some
circumstances the modern biosphere is representative of the baseline values and that it is imperative to
understand the environmental context of each site [32]. Additionally, following UK legislation in the
1950s and 1960s, the Department for Environment, Food and Rural Affairs has recorded a dramatic
decline in SO2 emissions (from approx. 3500 kt in 1992 to less than 200 kt in 2017 [33]) with this
reduction evident in lower biosphere pollutant sulfur loading [34]. Negative sulfur isotope values form
a small percentage of human and animal data found in the UK. Few studies have produced large
datasets in Britain. Among faunal studies, only one negative value from a total of 123 measurements
(mean +11.7‰, 1 s.d. 4.0‰) was produced in a study on Neolithic pigs from southern Britain [22] and
none (mean +15.2‰, 1 s.d. 1.1‰) were produced in a study of 29 Iron Age domesticates from Northern
Ireland [21]. In a study of 22 fallow deer from across England (mean +10.0‰, 1 s.d. 6.8‰), only two
produced negative values (–2.5‰ and –11.3‰), both from Goltho, a site overlying Jurassic mudstone in
Lincolnshire ([19], unpublished Dama International project data 2013). Four studies have produced a
higher proportion of negative values. Research on fauna from Late Bronze Age/Early Iron Age middens
in Wiltshire and the Thames Valley, southern Britain, produced 59 negative values from 220 samples
(mean +4.7‰, 1 s.d. 8.7‰) [35]. A study on the Bronze Age barrows of Gayhurst and Irthlingborough,
in a region with Jurassic mudstone lithology, produced 11 negative values from 21 samples (mean
–0.3‰, 1 s.d. 3.1‰, [36]). Nehlich and colleagues [32] study on Roman Oxfordshire, in an area
dominated by Jurassic mudstone, produced 10 negative values from 11 samples (mean –5.5‰, 1 s.d.
5.1‰). Finally, a study of Early Bronze Age people from across Great Britain [37] gave an average δ34S
of +11.7‰ ± 4.6 (n = 488, 1 s.d.) of which 14 samples have sulfur isotope values below zero and the two
lowest values are from samples found in Lincolnshire on Jurassic clays.

These aforementioned studies along with recent mapping of sulfur in modern plants shows a strong
correlation between negative sulfur isotope values and particular rock types, notably Jurassic mudstones,
in inland southern England [38]. These impervious clays widely result in wetland environments and are
prone to waterlogging and thus sulfate reduction [39]. The resulting disseminated sulfides in bedrock,
soils and groundwater produce significantly lower biosphere sulfur isotope values, which may be
assimilated by some plants that have adapted to sulfides [8]. The impact of impervious lithology on
the UK sulfur biosphere is demonstrated by an insect-based isoscape of the UK and Ireland [40]. The
sulfur isotope ratios of almost 300 moths from 93 locations were measured by Newton [40] and
mapped. The mean δ34S value was 4.4‰ but ranged from –18.1‰ to +15.1‰ with the very lowest
values clustered in the region of southern England underlain by Jurassic mudstones and ironstones.
Few studies have explored the relationship between lithology and sulfur isotopes, with a notable
exception in Northern Ireland, where a clear relationship was evident between parent rock/soil type
and δ34S values, with the lowest values found on mudstones, in particular those with gley soils and
thus those with sulfate reduction processes likely [41].

There has been some recent work that has begun to develop primary methods of identifying past
humans and animals raised in wetland environments, both in freshwater [11] and coastal/marine
settings [13]. Refining and developing these methods are vital to the archaeologist’s toolkit, as
wetlands represent exceptionally important and vibrant areas of occupation and exploitation in the
past. Wetlands provide fertile zones for animal husbandry and are often in areas where freshwater
fishes are in plentiful supply. Therefore, it should be no surprise that many high-profile prehistoric
sites are founded on wetlands, including Glastonbury Lake Village, Must Farm, Flag Fen, Star Carr
and the Neolithic lake dwellings of circum-alpine central Europe. The absence of a method to identify
origins in these areas, especially as the Jurassic mudstone provides a very undiagnostic 87Sr/86Sr
composition of around 0.709, means their role in past networks often remains poorly understood.
Thus, the central aim of this study is to examine if sulfur isotopes can provide a method for
identifying humans and animals that lived in wetland areas. Through primary analysis of modern
plants, this study explores whether this relationship is consistent across similar lithologies and the
extent to which negative sulfur isotope values are diagnostic for this geological type. In addition,
modern and archaeological fauna are analysed to establish whether these distinctive sulfur isotope
values are transferred into the food chain and preserved.
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Figure 1. Location and sulfur isotope composition of plant samples and location of modern faunal samples. Contains
Ordnance Survey data © Crown copyright and database right 2023.
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Our hypothesis is (i) that certain rock formations in England have relatively low (often negative) δ34S
values that are transmitted into the soil and biosphere; (ii) these clays and mudrocks tend to be
impervious and readily form wetlands such as the Somerset Levels, which further support anaerobic
conditions and low δ34S values; (iii) that the low and negative δ34S values generated by these
impervious anaerobically formed clays are transmitted into the flora and fauna of such wetland and
provide a signature for these environments; and (iv) that these values are natural and not
substantially impacted by modern pollution.
2. Material and methods
To characterize the modern sulfur biosphere of typical wetland lithologies, we collected and
analysed modern plant samples from along the Jurassic outcrops of southern England, targeting
archaeologically important areas of the Somerset Levels and the Cambridgeshire Fens (58 plant samples).

To understand if these plant signals were transferred to the fauna, we analysed sulfur isotopes in bone
collagen extracted from locally raised farm animals in these areas (nine individuals). The samples were
obtained from farm shops with known animal grazing provenance information. To test if this relationship
held in archaeological samples, we analysed sulfur isotopes in bone collagen extracted from faunal
material from archaeological sites from both regions to compare with modern data and as a baseline for
expected faunal values in the respective regions (65 individual faunal samples). The archaeological
material was obtained from three sites in the Somerset Levels: Beckery Chapel, Burtle Priory and
Muchelney (sampling permission from South West Heritage Trust) and three sites in the Cambridgeshire
Fens: Langtoft, Eye and Over (sampling permission from Cambridge Archaeological Unit).

2.1. Plant samples
Fifty-eight plant samples were collected from Oxfordshire, the Somerset Levels and the Cambridgeshire
Fens (figure 1) with the aim of providing transects across mudstone lithologies in areas close to (or in
similar habitats to) the archaeological sites and in the case of Oxfordshire, in an area that has
previously produced low sulfur isotope values in archaeological fauna [32]. A total of 90% of the
plant samples are from mudstones in areas subject to groundwater and/or seasonal flooding, with
exact locations in table 1.

2.2. Modern fauna
Modern faunal samples were targeted from grass-fed sheep and cattle from the Somerset Levels and
Cambridgeshire Fens. Sourcing bones from animals of known life history and provenance proved
challenging and consequently sample numbers are small. A total of seven cattle and two sheep samples
were acquired from butchers and farm shops, where husbandry in local wetland environments for a
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large part of their lives could be assured and where diets were not supplemented from non-wetland
sources. The modern faunal samples were collected in 2020. Details of the samples are presented in
the electronic supplementary material, table S1.

2.3. Archaeological fauna
A total of 68 caprine and cattle samples were analysed from six sites on the Somerset Levels and
Cambridgeshire Fens. Sample details are presented in the electronic supplementary material, table S2
and brief site descriptions are below.

Three sites were sampled from the Somerset Levels, with six cattle and six caprines (probably
dominated by sheep) analysed from each site. The first, Muchelney is located ca 2 km south of the
town of Langport in the heart of the Somerset Levels. The site overlies interbedded mudstone
(Charmouth formation) and limestone (Langport Member Blue Lias formation). The area was an
island in antiquity prior to drainage and was the site of a major abbey in the medieval period. Faunal
remains were recovered from excavations to the east of the abbey [42] and date to the early and
middle Roman period. The faunal assemblage is typical of a Roman rural settlement in southern
Britain [43].

Burtle Priory, located just north of the Polden Hills, was an Augustinian priory in the medieval period.
It became a priory cell of Glastonbury Abbey in the thirteenth century and was dissolved in 1536. Faunal
remains are from community excavations by Brunning [44] and span the high and late medieval period.
The site is founded on peat that overlies interbedded mudstone (Charmouth formation) and limestone
(Langport Member Blue Lias formation). The faunal assemblage is dominated by the three main
domesticates but has fewer pigs than is typical of contemporaneous monastic assemblages, perhaps
owing to the Levels, with little woodland, being less suited to pig husbandry [45].

Beckery Chapel, also known as St Bridget’s chapel, was situated on the highest part of Beckery Hill,
an island in antiquity that is now on the western edge of the town of Glastonbury. The earliest chapel
may have dated to the seventh century and religious activity persisted until the sixteenth century. A
substantial cemetery is adjacent to the chapel. The site overlies interbedded mudstone (Charmouth
formation) and limestone (Langport Member Blue Lias formation). Faunal remains were recovered
from an evaluation by South West Heritage Trust [46]. Sampled faunal remains date from phases 3a
(950 to 1150 AD) and 3 (thirteenth to sixteenth century). The assemblage is dominated by the three
main domesticates with a particular focus on sheep, for both wool and meat [47].

Three sites from the Fens in eastern England were sampled from collections held at Cambridge
Archaeology Unit (CAU) and included the predominantly Bronze Age site of Eye, predominantly late
Iron Age site of Over, and the Late Bronze Age site at Langtoft. The Cambridgeshire Fenlands have
been widely excavated and studied and are rich in archaeological wetland artefacts, notably the
Bronze Age site of Flag Fen. The small village of Eye lies a few miles northeast from the city of
Peterborough and 3 km from Flag Fen. Lying only a few metres above sea-level, the site was an island
of higher ground within the fenland marshes, prior to the seventeenth century drainage of the fens.
The site lies on Oxford Clay with some river terrace deposits. A series of excavations by CAU have
uncovered a small Late Bronze Age/Early Iron Age settlement with later Romano-British activity [48].
The animal bone assemblage recorded from the Eye Quarry excavation is dominated by livestock
species. The multi-period site of Over, on the banks of the River Ouse, dates from the Mesolithic to
the Iron Age and has a rich and varied palaeoecology [49]. The site consists of a Fen edge, delta-
complex with mid-stream islands and waterlogged barrows. Excavations have revealed varied and
abundant ecofacts indicative of an intense settlement history, culminating in an Iron Age shrine. The
final Fenland site of Langtoft is centred on the remains uncovered at Baston Quarry (number 2) in
Lincolnshire [50]. Langtoft Fen is situated 12 km north of Peterborough, and a few km northeast from
the town of Market Deeping. Baston Quarry sits on a series of alluvial gravels interspersed with
palaeochannels of the River Welland. The river terrace gravels are underlain by Oxford Clay and sit a
few metres in altitude above the former Fen edge to the east. Excavations by CAU have revealed a
settlement, spanning later prehistory through to the Romano-British period [50].

2.4. Isotope methods
Plant samples were collected into paper bags and dried at 30°C overnight. The plant samples were not
washed or cleaned prior to analysis as we wanted to replicate the natural biosphere conditions as much
as possible. They were transferred to plastic resealable bags and crumbled, by hand, until they were ‘tea
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leaf’ consistency. About 1 g was transferred to a cryogenic mill where they were reduced to a powder over
1–2 min. For δ34S analysis 2 mg of powdered material was weighed into tin capsules and measured in
duplicate by continuous flow-elemental analyser-isotope ratio mass spectrometry (CF-EA-IRMS) at the
British Geological Survey, Keyworth UK. The instrumentation comprises a ThermoFinnigan EA IsoLink
coupled to a Delta V Plus IRMS via a ConFlo IV interface. Sulfur isotope ratios (δ34S) are reported in per
mil (‰) and normalized to Vienna Canyon Diablo Troilite (VCDT) using the International Atomic
Energy Agency (IAEA) reference materials IAEA-S-1 (silver sulfide, δ34SVCDT = –0.30‰), IAEA-S-2 (silver
sulfide, δ34SVCDT = + 22.66‰), IAEA-S-3 (silver sulfide, δ34SVCDT = –32.49‰). Two in-house standards
(BROC2, δ34SVCDT= + 11.55‰ ± 0.29‰, n= 8) and elemental microanalysis spirulina standard (B2162,
δ34SVCDT = + 13.53 ± 0.17‰, n= 4) that are independently calibrated to the IAEA reference materials
IAEA-S-1, IAEA-S-2 and IAEA-S-3, were used as a secondary check standards. All samples were
analysed in duplicate and gave an average 1 s reproducibility of ±0.3‰. Weight % sulfur was calculated
using an in-house broccoli standard (BROC2, S%= 0.84) calibrated using SOIL A (LECO – part number
502-309). Results are reported as per mil (‰) relative to the internationally accepted standard VCDT.

Modern faunal samples were defatted using a 1 : 2 methanol and chloroform solvent and placed in an
ultrasonic bath for 30 min. This process was repeated at least three times, replacing the solvent until all
lipids were removed. Samples were then rinsed three times in methanol and allowed to dry at room
temperature. Approximately 0.5 g of modern and archaeological bone samples were demineralized in
0.5 M HCl at 5°C. Following demineralization, samples were gelatinized in pH 3 HCl at 70°C in a hot
block before freeze drying. Stable carbon (δ13C), nitrogen (δ15N), and sulfur (δ34S) isotopic
compositions were determined on a Delta V Advantage CF-IRMS coupled via a ConfloIV to an
IsoLink EA (Thermo Scientific, Bremen) at SUERC, East Kilbride as described in Sayle et al. [25]. The
IAEA reference materials USGS40 (L-glutamic acid, δ13CVPDB = –26.39 ± 0.04‰, δ15NAIR = –4.52 ±
0.06‰) and USGS41a (L-glutamic acid, δ13CVPDB = + 36.55 ± 0.08‰, δ15NAIR = + 47.55 ± 0.15‰) were
used to normalize δ13C and δ15N values. Two in-house standards (GS2, δ34SVCDT = –10.28 ± 0.18‰
and GAS2, δ34SVCDT = + 18.56 ± 0.10‰) that are calibrated to the IAEA reference materials IAEA-S-2
(silver sulfide, δ34SVCDT = + 22.62 ± 0.08‰) and IAEA-S-3 (silver sulfide, δ34SVCDT = –32.49 ± 0.08‰)
were used to normalize δ34S values. Results are reported as per mil (‰) relative to the internationally
accepted standards Vienna Pee Dee Belemnite (VPDB), Air (AIR) and VCDT. See the electronic
supplementary material, table S3 for further details of normalization methods. The collagen atomic
carbon/nitrogen ratios fall into the expected range for well-preserved collagen (table 2; 2.9–3.6; [51])
with two exceptions (OVE11-1089-SG and MU24). Criteria for assessing sulfur preservation in collagen
are less well established but [52] suggest that atomic carbon/sulfur ratios between 300–900 and
atomic nitrogen/sulfur ratios between 100 and 300 were indicative of well-preserved collagen.
3. Results
3.1. Modern plants
The δ34S results from plants collected in a number of wetland regions of southern England are given in
table 1 and figure 1. The data from this study support the founding observation that plants growing on
Jurassic clay give significantly lower sulfur isotope values than on other substrates. Figure 2 compares
sulfur isotope values from plants collected in this study growing on Jurassic clay bedrock with plants
from previously collected samples [53,54] from non-Jurassic clay bedrock. The Jurassic clay hosted
plants record an average sulfur isotope value of –5.8 ± 8.8‰ (1 s.d., n = 58), whereas the sample
derived from a range of other clay lithologies (Ordovician, Silurian Devonian, Triassic and Cretaceous)
averages +4.4 ± 3.7‰ (1 s.d., n= 29) (data from [53], V1 data spreadsheet).

3.2. Relationship between altitude and sulfur isotope compositions
Figure 3 shows the sulfur isotope composition of the plant samples plotted against the altitude at which
they were collected. All sites show a broadly similar pattern of the highest sulfur isotope values being
found at the highest altitudes, a rapid fall of sulfur isotope values with altitude and then an extension
of sulfur isotope values down to low and very low values at the lowest altitudes at each site. The
majority of the data producing negative sulfur isotope values come from sites below 20 m altitude;
the Oxfordshire data is different with its extension to low sulfur values occurring at ca 60 m altitude,
however, this is likely to be a result of differences in topography and altitudinal range between the
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Figure 2. A comparison of δ34S values from plants grown on Jurassic clays and plants grown on other substrates (other clay lithologies:
data from Chenery et al. [53], Evans et al. [54]). Box and whisker plot constructed exclusive of median.
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Figure 3. A comparison of plant sulfur isotope values with altitude.
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locations. It is to be noted that for the areas in Cambridgeshire, sampling was undertaken in areas where
waterlogged soil conditions still persist, whereas the Somerset Levels and the areas south of Oxfordshire
are currently moderately well drained. This may largely account for the lower sulfur isotope values
coming predominantly from Cambridgeshire. The issues of the changed environmental conditions
between the modern and the historical periods cannot be resolved using the plant data, but animal
bone collagen (ancient and modern) was analysed to assess (i) whether the transmission of these low
plant sulfur isotope values is seen in the fauna grazing such areas, and (ii) whether we could see a
difference in ancient and modern animal sulfur isotope values.

3.3. Fauna
Sixty-four samples of collagen from archaeological sheep and cattle bone (29 from Cambridgeshire and 36
from Somerset), and 11 samples of collagen from modern sheep and cattle (four from Cambridgeshire and
seven from Somerset) were analysed for sulfur, carbon and nitrogen isotope composition (table 2). The data
are shown on two diagrams plotting figure 4a δ34SVCDT versus δ15NAIR and figure 4b, δ34SVCDT versus
δ13CVPDB. Several features can be seen in these plots. Sixty per cent of the archaeological faunal samples
produced negative sulfur isotope values with the data from Cambridgeshire (mean –7.6 ± 6.8‰, n = 29)
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Figure 4. Sulfur isotope composition of bone collagen plotted against (a) nitrogen isotope composition and (b) carbon isotope
composition from the two main wetland regions: Somerset and Cambridgeshire.
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substantially lower that Somerset (mean +1.0 ± 7.4‰, n = 36). Cambridgeshire archaeological fauna also
show a more restricted range and lower average δ15NAIR values (+6.4 ± 1.2‰, n = 29) compared with
Somerset (+8.2 ± 1.9‰, n = 36). This pattern is reversed in the modern data where the modern
Cambridgeshire animals have a mean δ15NAIR of +8.4 ± 1.0‰ (n = 4) and Somerset of +7.3 ± 0.7‰ (n = 7)
but sample size is small and this may reflect differences in husbandry and foddering. For carbon
isotopes, archaeological fauna are indistinguishable with δ13CVPDB values for Cambridgeshire (–22.1 ±
0.6‰, n = 29) and Somerset (–22.2 ± 0.6‰, n = 36) virtually identical. This is replicated in the modern
data where the Cambridgeshire animals have a mean δ13CVPDB of –24.1 ± 0.6‰ (n = 4) and Somerset of
–24.3 ± 1.1‰ (n = 7), with the approximately 2‰ lower δ13CVPDB values in the modern animals from
both locations probably reflecting the effect of fossil fuel burning on atmospheric δ13CVPDB values [55].

Of significance is that the modern fauna collected from Cambridgeshire and Somerset have sulfur
isotope differences that mirror the archaeological fauna (Cambridgeshire mean –11.8 ± 2.0‰, n = 4),
being significantly lower that the animals raised in Somerset (mean +3.6 ± 1.2‰, n = 7). The
observation that the modern animal sulfur isotope data plot within the field of the archaeological
samples supports the argument that these negative sulfur isotope collagen values are a primary
feature of the environment and not overprinted by modern pollution. There is a clear geographical
divide in both ancient and modern animal collagen δ34SVCDT groupings but this geographical divide
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is not evident in the carbon and nitrogen data. The majority of modern animal samples were taken from
organic farms; this means the meat is grown according to organic food principles- this does not
necessarily equate to a natural environment.

Samples of both archaeological sheep and cattle were taken but there is no overall statistical difference
between the cattle and sheep sulfur isotope data when both locations are compared (Bos –2.8 ± 7.9‰,
n = 33, and Ovis –2.8 ± 8.8‰, n = 32) and this is the case for carbon (Bos –22.1 ± 0.7‰, n = 33, and Ovis
–22.2 ± 0.6‰, n = 32) and nitrogen (Bos +7.1 ± 1.7‰, n = 33, and Ovis +7.7 ± 2.0‰, n = 32) isotope
values. When coupled with the observation that there is a correlation between altitude and plant
sulfur values, this would indicate that the animals were not segregated on pastures relative to
altitude. In other words, there is no evidence that sheep graze on higher pasture that cattle.
rnal/rsos
R.Soc.Open

Sci.10:230391
4. Discussion
The aim of this study was to assess whether there is a relationship between biosphere sulfur isotope
characteristics and Jurassic clay lithology, the primary lithology that supports wetland regions in
Britain. Erosion of these clays will, thus, supply reduced sulfur into the soil profile. Our hypothesis is
that the Jurassic clays provide two drivers for such a relationship: (i) that the Jurassic clays contain
high levels of reduced sulfides derived from the anaerobic conditions in which the clay formed.
Jurassic clays have a high pyrite content, which frequently preserves fossils [56], caused by the largely
anaerobic conditions during deposition [57]. Pyrite sulfur isotope compositions have been shown to
produce extremely low δ34S values, for example within the Oxford Clay: −12 to −46‰ [58] and
within the early Jurassic Blue Lias formation in Dorset, southern England (−36 to −46‰, [59]); and
(ii) the impervious nature of the clays means that their overlying soils are also commonly
waterlogged, leading to anaerobic conditions and supporting widespread wetland development, so
both the inherited sulfur and any formed in the soil surface environment will drive down sulfur
isotope values in the biosphere. Both the primary sulfide composition of the clays and the anaerobic
conditions generated in the supported wetlands will lead to decreasing sulfur isotope values that are
transmitted into the biosphere. Which of these processes is dominant is difficult to ascertain, however
as sulfides are toxic to most plants, the incorporation of reduced sulfur into the biosphere in non-tidal
wetland environments is likely to be dominated by the substrate baseline, with sulfide uptake driving
this process further where sulfide-adapted plants are present and thus able to transfer to the
biosphere. The significance of this relationship to the substrate, if shown, is that wetland low sulfur
isotope values in biosphere transmitted ecosystems can be used as a proxy for wetland habitation in
the past. Wider understanding of how sulfides (or sulfates following intermediate reoxidation) are
incorporated into the biosphere and into food webs is needed to disentangle the mechanisms leading
to the incorporation of both low and variable biosphere δ34S values.

We sampled plants from two widescale areas of wetland on the Jurassic clays: the eastern end of the
outcrop which incorporated areas of Cambridgeshire and the western end that includes the Somerset
Levels. We also had a small plant sample set from between the two areas, in Oxfordshire. We also took
samples from archaeological animal samples from the two sites and modern organically raised animals
in order to examine the transmission of isotope signals through the food chain and compare modern and
ancient animal values. A comparison of plant data from the Jurassic clays with other English clay
outcrops confirms that the Jurassic clays support lower sulfur isotope values than other English clay
outcrops (figure 2). There are differences between the Somerset and the Cambridgeshire area with the
latter supporting the lowest biosphere sulfur isotope values. It could be conjectured that this difference in
modern plants is owing to the Somerset Levels now being drained, but the difference is seen in the
archaeological animal data as well as the modern data and so this explanation seems unlikely. An
alternative possibility is that the Somerset Levels are close to the coast and were periodically inundated
with marine water which will introduce significantly elevated 34S into the area [60]. In some cases,
marine water has reached as far inland as Glastonbury, owing to extreme marine incursions such as the
1607 tsunami event [61,62]. Another significant difference between the two areas is that the Somerset
Levels have areas of land that remain elevated above the wetlands. The effect of this is seen in figure 3
where the plant samples from higher altitudes have higher sulfur isotope values and it is possible that
the higher land was used for both crops and grazing. Sulfur isotope values from archaeological sheep
and cattle, show no systematic difference in composition, indicating there was no stratification of the
grazing between the species.
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Figure 5. A comparison of archaeological faunal sulfur values with modern plants and fauna from (a) Somerset and (b)
Cambridgeshire. Box and whisker plots constructed exclusive of median.
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Sulfur isotopes can therefore potentially be used as a diagnostic proxy in archaeological studies for
characterizing fauna (and humans) that have been raised on or used wetland environments. This
observation unleashes the potential for exploring past rural networks that involve these fertile areas.

The negative sulfur values previously reported by [15,37,62] all come from areas underlain by Jurassic
clays. This both supports the assertion that this lithology is a major source of negative sulfur and could
provide evidence of locally dwelling populations where the local biosphere conditions are derived from
Jurassic clay lithologies. A comparison of sulfur isotope ranges for modern plants and animals with
archaeological samples, from the two main locations in the study of Somerset (figure 5a) and
Cambridgeshire (figure 5b), shows that in both cases the modern data is consistent with the
archaeological data that represent the environmental composition before modern pollution. We would
not expect to see a relationship between altitude and sulfur isotope values if the data were because of
blanket modern pollution deposition (figure 3). The wider implications of this study are that modern
pollution has been reduced to a point where the measurement of sulfur in modern plants can be used
as a proxy for past environment. However, there will be places where modern pollutants still
contribute to the biosphere so care should be taken where selecting sample sites and known areas of
heavy pollution should be avoided. The sites examined here are rural locations in the southwest and
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east of England and may not fully represent the wider pollution picture in the UK. Zhao and colleagues
[28] have demonstrated that SO2 emissions have declined rapidly, accompanied by an increase in δ34S
values (following a change in UK legislation with The Clean Air Act of 1956). This has paved the way
for detailed δ34S biosphere maps to be developed [38] that can be used for exploring origins and
mobility in humans and animals. It also means that low and negative values which would have
previously been considered to result from pollution, now have the potential to be used as a diagnostic
signature for identifying origins in waterlogged terrains. However, the impact of pollution is not clear
cut and a better understanding of how ecosystems respond to fluctuations in drivers such as changes
in air pollution would improve the validity of sulfur isotopes as a proxy for past hydrological conditions.

Using the data and conclusions of this study, a sulfur isotope map of Britain has been produced [38].
This map presents variations in modern plant δ34S across Britain and may be useful, not only in showing
the broad trends of δ34S plant values across Great Britain, including the low δ34S zone over the Jurassic
clays, but for use as a guide for human and animal mobility studies. However, when extending the
application of these plant data to archaeological studies of humans and animals, other factors will
need to be taken into consideration. Unlike strontium isotopes (87Sr/86Sr), which are released into the
biosphere by erosion and are unaffected by fractionation during this process, sulfur isotopes will
undergo fractionation in response to local surface conditions. Therefore, the link between geology and
biosphere is far looser than for strontium isotope systems. A further factor in the application of sulfur
as a geographical indication of origin is that, whereas strontium consumed by humans is most
strongly controlled by the plants/cereals they consume, the main sources of sulfur to humans are
more variable and can be dominated by animal protein sources so the use of plant mapping to source
humans may, again, be less direct. Finally, although there is evidence to support declining levels of
SO2 atmospheric pollution in the UK, this study focussed on two rural regions in England and the
apparent lack of atmospheric pollutants evident here within the local biosphere, may not be mirrored
across other, more industrialised, areas.
5. Conclusion
This study has shown that there is a spatial correlation between the Jurassic clay outcrop in southern Britain
and the occurrence of relatively low or negative δ34S values in modern plants collected within this
geological domain. Sixty per cent of the samples gave values below zero. The modern plant datasets
give more negative values for the eastern regions of Cambridgeshire relative to Oxfordshire and
Somerset. Collagen from archaeological samples of bone collected from Somerset and Cambridgeshire
also show a substantial percentage of negative sulfur isotope values (60.3%), again, with more negative
values from the Cambridgeshire sites as does modern collagen. The plants show a correlation between
sulfur isotope composition and altitude which supports low lying wetlands supplying the most negative
values into the biosphere, but there is no evidence of such altitude stratification in the animals so it
must be assumed that cattle and sheep grazed similar pastures. A δ34S value of zero or below is a
convenient point to ascribe to the dataset presented here, however we would like to stress that this is
not a marker for describing wetland environments and may vary between sites and paleoenvironmental
conditions. Further work is needed to resolve regional differences in the altitude below which
low values occur and also to understand sulfur isotope variability in higher altitude locations on the
Jurassic clay.

These results support the interpretation that relatively low or negative sulfur isotope values are
indicative of flora and fauna growing and grazing on wetland regions underlain by Jurassic clays. We
suggest that this is owing both to the origin of the substrate and its impermeability, producing redox
conditions and sulfide-rich anaerobic wetlands. The disseminated sulfides in bedrock, soils and
groundwater of Jurassic clay lithologies, as a result, produce significantly lower biosphere sulfur
isotope values through the activity of phototropic sulfur bacteria and a significant kinetic isotope
effect. The sulfides produced are depleted in 34S relative to the substrate and total soil sulfur becomes
progressively more 34S depleted as sulfates are removed [5]. This study provides a provenancing
approach for characterizing collagen with low sulfur isotope values as diagnostic of wetland
conditions, and in Britain most found on Jurassic clays terrain. As a result, archaeological humans and
animals from wetlands (or that acquired their food from wetlands) may be identified using primary
analytical methods. This provides an additional tool for archaeologists to explore animal management
and human and animal mobility in the past.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
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