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Abstract
Accurately dating the creation and development of earthwork features is a long-standing
problem for archaeologists. This paper presents results from Bosigran (Cornwall, UK), where
boundary banks believed to be prehistoric in origin were assessed using optically-stimulated
luminescence profiling and dating (OSL-PD). The results provide secure construction dates for
different boundaries in the Bronze Age and Iron Age, as well as chronologies for their early
medieval and later development. The paper demonstrates not only the prehistoric origins of
these distinctive west Cornish field systems, but also a practical and cost-effective
methodology which is suitable for dating earthworks across the world.
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Introduction
In an evocative article published in Antiquity in 1936, O.G.S. Crawford described the beauty
and variety of the historic field boundaries in Cornwall in south-west Britain. ‘I had hoped’, he
wrote ‘in the first moments of enthusiasm, to find some criterion by which to distinguish really
ancient field walls from later ones, but on the whole I was not successful’ (Crawford 1936:
163-4). The problem has proved a remarkably intractable one: as yet there are few examples
of ancient field systems whose boundaries have been dated directly.
The problem arises in part from our dependence on unreliable proxies. Earthworks like banks
or terraces occasionally include so much recognisable material culture that archaeologists feel
confident about dating them (e.g. Koborov & Borisov 2013). Such cases are rare – particularly
in rural contexts – and excavations across earthworks are much more likely to yield no objects
or a few indeterminate finds. Even in cases where artefacts can be dated with certainty, it is
rarely possible to know whether they are in primary or secondary contexts. Common
strategies for establishing the age of earthworks include dating by association with adjacent
archaeological features of known age, or analysis of stratigraphic relationships to features
which can be dated independently (Johnston 2005; Roberts et al. 2017). Through careful
analysis of relative chronologies, narratives of landscape development can be written using
termini post or ante quos (Herring et al. 2016). Where related features contain fills or other
accumulations (such as the growth of peat) it is sometimes possible to date them using
laboratory methods (Whitefield 2017), but the difficulty of understanding taphonomic
processes means these proxies can be unreliable: for example, ditches were often regularly
cleared out, and ditch fills do not necessarily accumulate at predictable or constant rates.
Samples from earthworks can be directly dated using radiocarbon or optically-stimulated
luminescence (OSL) methods (e.g. Quirós-Castillo & Nicosia 2019; Beckers et al. 2013; Porat
et al., 2018), but ecofacts, soils and sediments are liable to similar problems to those affecting
artefact-based dating. Material within earthworks can be disturbed through postdepositional processes which may be virtually impossible to recognise using standard
archaeological methods – particularly when studies typically rely on just one or a few
quantitative age estimates or dates from an exposed profile. Using bulk samples may mitigate
the impact of animal or other disturbance, but tends to yield overestimates of ages owing to
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the presence in the environment of much older carbon fractions (Puy et al. 2016; FerroVázquez et al. 2019).
In this paper we present a method which can provide a reliable chronological profile directly
from the sediment used to build earthworks. Our case-study is Bosigran in Cornwall, where
we demonstrate the construction and development of field banks with origins in later
prehistory. The method is significant because it is not only relevant to Cornwall’s field banks
but also to many types of earthworks all over the world. Accurate dating of features like
terraces, boundary banks, or cultivation ridges could transform our understanding of the
origins and evolution of landscapes, and help us appreciate how these anthropogenic features
have contributed to shaping cultural and ecological patterns.

Analytical survey of field systems at Bosigran
In 1978 the National Trust acquired Bosigran, the westernmost of several ribbon-shaped
medieval hamlet-lands in Zennor parish in west Cornwall. Those ribbons provided each
hamlet (around half a dozen households) with access to all types of land: upland rough grazing
and turbary, valley-side meadows, arable on the coastal plateau, and cliff grazing above the
sea shore. Acquisition was part of a campaign to protect key parts of an agricultural landscape
that had long been regarded as especially beautiful and unusually ancient, the granite and
earth boundaries forming small fields dubbed the ‘Work of Giants’ (Crawford 1936; Balchin
1954; Herring et al. 2016, 58-64). These were vulnerable at that time as grants encouraged
farmers to amalgamate fields into larger units by grubbing up boundaries. Bosigran lies on
the gently sloping coastal plateau north of two tor-topped hills, Carn Galva and Hannibal’s
Carn. Current land use in the fields is permanent pasture, except where a broad strip of
especially stony rough land, called Halldrine Croft, crosses the western part (Figures 1 & 2).
To better understand their significance, the West Penwith Survey (supported by Historic
England and the National Trust) recorded the field patterns in detail and developed methods
to establish relative chronologies through analysis of the physical, functional and systemic
relationships between boundaries and other features. These local relative chronologies
enabled the several different types of field patterns to be arranged sequentially. Periods of
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origin for the field types were suggested based on their association with independently dated
features such as houses (Herring et al. 2016). Bosigran was surveyed from 1981-83 by a team
from the National Trust and the Cornwall Committee for Rescue Archaeology who used plane
tables and alidades to produce a survey at 1:1,250 scale. For each feature, morphology and
any functional or chronological relationships with other features were recorded. Subsequent
analysis enabled preparation of a narrative of landscape development for an archaeological
management plan (Herring 1987a).
The six distinct types of fields at Bosigran covering 125 acres (50ha) are introduced here in
the sequence established by the survey analysis (Figure 2).
1. In Halldrine Croft is a fragment of a co-axial field system, with slightly sinuous parallel
principal long boundaries and cross boundaries creating roughly rectangular fields delineated
by stony banks with quite slight lynchets. They are overlain to their east by smaller fields with
substantial lynchets and a second-millennium BC origin was proposed, based on Dartmoor
comparators (Fleming 2007; Johnston 2005; Fyfe et al. 2008) and through association with
four roundhouses (Herring et al. 2016, fig. 4.10). Other fragments of coaxial fields recorded
on Zennor Head and Treveal Cliff (Herring 1986a; 1987b) and above the plateau in eastern
Zennor (Herring 1986b; Herring et al. 2016, 155-157; fig. 6.15) suggest that much of West
Penwith’s coastal plateau was also covered by co-axial fields dating to the Bronze Age.
Like those on Dartmoor and Bodmin Moor, the coaxial fields were probably worked by
communities containing several hamlets of farming households. High population levels,
considerable agricultural productivity and a complex society can be modelled (Fleming 2007;
Herring 2008). The cliffs and downs surrounding these fields were presumably used for rough
grazing.
2. As elsewhere in Cornwall, the Bosigran farming landscape may have been reorganised early
in the first millennium BC (Herring 2008). Upland commons were extended while the coastal
plateau was covered by dense regular patterns of smaller fields. The main regular field system
at Bosigran has long, curving boundaries whose concentric pattern follows the contour; field
survey indicates that the northernmost two lines were attached successively. Crossboundaries subdivided the land into segmental fields.
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Substantial lynchets, positive and negative, appear to have developed along the fields’
boundaries; some, on the steep northern cliff-tops, reach 3.2m high. Most are within the stillfunctioning field system and where not reduced and ploughed over they continue to serve as
field boundaries, usually revetted on their downhill sides and with stock-proof walls or fences
along the tops. Removal of such massive works was difficult until the era of mechanised
farming.
Regular field systems in West Penwith were associated with hamlets of later prehistoric
stone-built roundhouses (typically five or six households), some later transformed into groups
of Romano-British courtyard houses (Herring et al. 2016, 168-178). At Bosigran closely-spaced
roundhouses were linked by banks to create five courtyard houses (Herring et al. 2016, fig
4.15). Land in the fields was probably shared among the several households and intermixed;
that would best explain why settlement was nucleated into hamlets placed roughly central to
the field systems. The fields’ regularity would have helped people assess and demonstrate
equitable division of land, using lengths or widths as guides (Herring 2008, fig. 17).
3. In eastern Bosigran a broadly contemporary field system was irregular and accretive, fields
being added one at a time, their kinking lines influenced by incorporation of large boulders.
These irregular fields appear to have been laid out by inhabitants of single farmsteads, who
did not need to incorporate shareholding into their designs (Herring 2008). Lack of straight
sides also suggests that mode of cultivation (spade or plough) had little influence on field
shape, and hints that the regularity of most of West Penwith’s later prehistoric fields was
indeed due to the needs of land division and shareholding (Herring et al. 2016, 88).
4. Attached to the regular field system are small irregular fields, similar to those at Bosigran
East. Apparently associated with the prehistoric hamlet, their form suggests piecemeal
enclosure, presumably undertaken by individuals with the agreement of the hamlet’s other
farmers. Shapes and sizes responded to local topography: tiny cliff-top fields created between
carns and earthfast boulders.
The later prehistoric field systems were surrounded by open ground on cliffs, uplands and
valley sides. As the farmers appear, from the subtlety of the design of their fields, to have had
close awareness of the qualities and potential of the land, it seems reasonable to model them
turning out their livestock here in the summer (freeing fields for crops and hay) and obtaining
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fuel (turf, gorse) and animal bedding (bracken), and collecting, trapping, hunting and fishing
for wild food.
5. The medieval hamlet of Bosigran was not established on top of an earlier prehistoric or
Romano-British one, but instead was placed where the lands of the two courtyard house
settlements met. Nevertheless, the inherited field systems at Bosigran appear to have been
reused largely unaltered in terms of their physical boundaries. Some newly created medieval
strip fields survive as low banks subdividing a southward extension of the main prehistoric
field system. Individual shareholdings, including these strips, would have been intermixed
with each other through the field system.
6. Post-medieval farmers at Bosigran largely reused inherited prehistoric, Romano-British and
medieval fields, but many kilometres of boundaries were rebuilt, refurbished, refaced and
heightened. Boundary widenings consumed small ‘leazing’ stones picked off cultivated land.
Some boundary types are exclusively post-medieval, including stone-faced stone walls, dry
stone walls and single stone walls. Cornish hedges and revetted lynchets also continued to be
constructed (Herring et al. 2016, 58-64). Changes in the 19th century included removal of
246m of field boundary between 1842 (Tithe Map) and 1908 (OS 1:2500 second edition) and
the building of 610m of new boundaries, mainly as dry-stone and stone-faced stone walls,
creating crofts (privately held enclosures of rough ground) on the northern fringe. In the later
20th century 33 field boundaries totalling 2290m were mechanically removed, enlarging
fields for modern farming.

Dating methods: OSL-PD in the field and the laboratory
OSL profiling and dating (OSL-PD) were used to obtain sediment chronologies for five key field
boundaries at Bosigran, representing different types of enclosure. By establishing detailed
sediment chronologies for these earthworks and associated sediments, it was possible to
investigate the sequence(s) of construction, modification and use of these features. The
results can be extrapolated from the individual features to the wider network of fields with
reference to the relative chronologies established through field survey, thereby significantly
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improving our knowledge of the development of landscape character in West Penwith from
the Bronze Age onwards.
Fieldwork was undertaken over the course of four days in June 2018. Small trenches were cut
by hand into each of the earthworks investigated, exploiting previously eroded areas in the
earthworks to minimize the impact. This paper focusses on results from sites 1 and 3, where
our trenches cut through the boundary banks to investigate the creation and development of
the earthworks. At sites 2, 4 and 5, separate trenches were dug on the north and south sides
of each earthwork, but these did not yield data relating to the complete history of each
feature so they are not discussed in detail here. Trenches were cut to the depth of the natural
substrate beneath the banks, a weathered granite bedrock locally known as ‘rab’. As the
trenches were opened, they were immediately protected from light using opaque black
tarpaulins; further cleaning of the exposed sections was undertaken under this dark cover.
Small quantities of sediment (5-10g) were collected at regular intervals (normally <10 cm)
through the sediment stratigraphies for immediate analysis using portable OSL equipment
(Figure 3 and supplementary material). This information was used to construct
luminescence-depth profiles for the sections investigated, which were interpreted in light of
the archaeology and sedimentology, and used to identify key horizons for dating. In addition,
further quantities of sediment were recovered from each of the profile positions for
preliminary laboratory characterization. These were collected in small copper tubes,
measuring 2.5 x 3 cm, to ensure that the samples remained light-safe. Sediment samples for
dating purposes were collected by driving 4cm diameter stainless steel tubes, measuring
12cm in length, into the exposed section face. The trenches and their associated
stratigraphies were recorded as small archaeological excavations using single-context
recording sheets, photographs and section drawings, and their exact locations were mapped
using a total station and differential GPS.
Laboratory analyses were undertaken at the luminescence laboratories in the School of Earth
and Environmental Sciences at the University of St Andrews, following established protocols
(full details in the supplementary material). Our initial laboratory investigations examined the
luminescence behavior of the Bosigran quartz, and explored apparent dose (absorbed dose,
Gy) and sensitivity (luminescence per unit dose, counts per Gy) distributions through the
investigated sediment stratigraphies. This work provided the first indication that the
7

agricultural and archaeological soils in the fields immediately adjacent to the banks were
relatively shallow: from c. 0.5-0.6m depth in the sedimentary stratigraphies the profiles
encompass sediments relating to early soil catena formed before agricultural exploitation of
the area. All dating samples selected on the basis of the field profiles and their potential
archaeological significance were subjected to a quartz OSL single aliquot regenerative dose
protocol, coupled with dose-rate determinations by high resolution gamma spectrometry
(supplementary material). Table 1 lists the apparent doses, the estimate of the environmental
dose rate at each dating position, and the corresponding depositional age for all samples. We
discuss the significance of these sediment ages below.
Our interpretation of the constructional sequences of the earthworks was informed by the
juxtaposition of the proxy luminescence data obtained in the field, with the apparent dose
and sensitivity distributions generated in the laboratory. This is illustrated in Figures 5, 7 and
8 which show OSL signal intensities, sensitivities and apparent doses plotted overlain on the
section drawing (the interpolation in Figures 5c & 8 is based on the apparent dose values of
the profiling and dating samples). This led to a re-appraisal of our field interpretations based
on the luminescence stratigraphies. We had originally assumed that the lower signal
intensities observed at the base of the profiles were an indication that the lower strata were
better bleached, and that the higher signal intensities for the sediments above were an
indication that these were re-deposited after construction (Figures 5a & 7a). However, the
lower signal intensities returned for the rab instead reflect the lower sensitivities of these
sediments (Figures 5b & 7b). The depositional histories of these sediments are thus less
complicated than we originally assumed, characterized by normal age-depth progressions
(Figures 5c & 8). At site 3 our strategy of sampling at a high resolution for OSL-PD allowed us
to appraise in detail, both spatially and temporally, the construction and ‘growth’ of the
lynchet and bank. This is discussed in more detail below.

The case studies: prehistoric and later boundaries at Bosigran
The first site to be investigated was located in Halldrine Croft, the rough ground in the western
part of Bosigran (Site 1). The field boundary we targeted forms the northern main axis of the
coaxial field system which survives there. According to the interpretation presented in the
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West Penwith Survey, these fields probably originated in the second millennium BC (Middle
Bronze Age). They do not appear to have been reused as boundaries in later field systems and
today they are not particularly prominent in the landscape. The feature we examined survives
as a low stony bank, about 0.4 m in height, orientated approximately west-east (Figure 4). A
small cutting 0.8 m wide was excavated across it, reaching the natural rab at c. 0.7m below
the ground level (context 4 on Figure 5). Between 0.2m and 0.5m below the surface, in the
centre of the trench, a context comprising granite cobbles and boulders was interpreted as
the rubble-built stone core of the bank (context 2 on Figure 5). Profiling and dating samples
were collected from both the east and west sections of the trench. Their luminescence
profiles revealed a very condensed sequence of agricultural soils in use over the last 2,000
years, spanning only the top 0.3m of the stratigraphy. Soils below that appear not to have
been reworked since the Bronze Age. Dating samples placed at the bottom of the stone core
of the bank provided a terminus post quem for its construction of 1690 ± 180 BC (CERSA 285)
and a terminus ante quem of 1120 ± 230 BC (CERSA 286), confirming the Middle Bronze Age
date suggested by the West Penwith Survey (Figure 5c). The final 0.1m of the profile overlying
the rab are characterized by very early (pre-Neolithic) soil formation.
Next, fieldwork moved to a series of substantial stone-faced lynchets, belonging to the regular
western (Sites 2, 3 and 4) or irregular eastern (Site 5) field systems of Bosigran which were
considered to be of late prehistoric origin based on the results of the analytical field survey.
Of these features, Site 3 was investigated in most detail. A narrow trench was excavated
through the boundary to expose and sample the entire stratigraphic sequence. This lynchet
is one of several curving primary lines which delimit boundaries in the regular field system
(Figure 6). These fields were dated relatively by their association with a small hamlet of stonebuilt Iron Age roundhouses (later transformed into Romano-British courtyard houses) which
are located along the lynchet to the west of the sampling site. The earthwork was thought to
have acted as a field boundary since it was built and it forms a prominent feature in the
present landscape, with a drop of about 1.75m between the drystone wall on top and the
ground surface downhill to the north. The excavated section revealed a feature with large
granite boulders at its centre which we interpreted as the remains of a stony bank (contexts
24 and 26 on Figures 7 & 8). A total of 40 profiling samples and six dating samples were
collected across the earthwork to provide detailed insights into the lynchet’s construction and
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development over time. Based on the findings of the West Penwith Survey, it was originally
believed that the lynchets at Bosigran would already have been quite substantial by AD c. 500,
as it was assumed they had been accumulating eroded soil on their southern (uphill) sides for
almost 1,500 years by that time (Herring et al. 2016, 81). In fact, the OSL-PD suggested that
the stony bank at the core of the lynchet had been constructed in the Middle Iron Age by
cutting down into older Bronze Age soils (after c. 1320 ± 160 BC (CERSA 300)) and underlying
rab (Figure 8). This boundary appears to have remained fairly low until early medieval times
when the top and sides of the stony bank were progressively augmented by repeated
additions of soil and smaller stones. This suggests that the landscape was exploited in much
the same way from the Middle Iron Age until late Antiquity (AD c. 590 ± 70 (CERSA 289)). It
was not until the early Middle Ages that management practices appear to have changed,
which is notable because it probably coincides with the abandonment of the adjacent
courtyard house settlement and the foundation of the new hamlet of Bosigran. The profiling
data shows that the process of enlarging the earthwork continued progressively throughout
the early Middle Ages and on into the late and post-medieval periods, resulting in the
substantial earth bank which now stands on the lynchet. During the later Middle Ages a new
stone facing was added on the northern side of the lynchet, and in the post-medieval period
a drystone wall of granite boulders was built along the top of the bank. On the southern side,
the gradual accumulation of soil against the developing bank from the early Middle Ages to
modern times accounts for no more than 0.4m of the sediment stratigraphy. This
developmental sequence is illustrated in Figure 8.
The creation and evolution of the stone-faced lynchets at the other three sites (2, 4 and 5) we
investigated were found to adhere to a very similar pattern to the one revealed at Site 3.
Sections were not cut through these features so direct dates for their construction are not
available. However, they too seem to have been constructed by taking advantage of the
sloping topography and cutting into Bronze Age and earlier soils which are likely to have
predated construction of these boundaries by at least a thousand years.
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Conclusions
This paper reports two main conclusions. First, we have demonstrated the use of OSL-PD to
directly date the origins of archaeological earthworks and to understand subsequent stages
in their development and growth. Dating earthworks is a long-standing problem in
archaeology because the traditional proxies can be unreliable for various reasons related to
taphonomy and stratigraphy. OSL-PD helps to address these issues by generating
chronologies directly from sediments and soils, and because the use of profiling enables us to
identify inverted, redeposited or intrusive material. The method is cost-effective because
profiling can significantly reduce the number of dating samples that are required to generate
dependable results. Although the minerals in some soils are unresponsive to luminescence
methods, the OSL-PD technique provides a new way to date and analyse the development of
many types of earthworks around the world.
Secondly, the study provides the first direct dates from prehistoric and medieval field
boundaries in Cornwall. The long tradition of analytical field survey in West Penwith, on
Bodmin Moor (Johnson & Rose 1994) and elsewhere has produced detailed records of
extensive landscapes which rely on relative chronologies to assign boundaries to broad
historical periods. Although the early field systems of south-west Britain are widely
recognised for their great historic significance (as well as their beauty and ecological value),
their absolute dating currently rests on a few isolated and contested radiocarbon dates
(Caseldine 1999; Amesbury et al. 2008). Our work at Bosigran confirms the arguments of the
archaeological surveyors who suggested that the origins of its field systems lie in the Bronze
and Iron Ages. However, results from OSL-PD allow us to present a nuanced picture of their
development which shows that their character changed in important ways during the early
Middle Ages and later. Future applications of the method in combination with a full range of
soil science techniques should allow us to create detailed and well-dated accounts of landuse history. In doing so, we will make significant progress in dating the ‘Work of Giants’ which
so vexed Crawford in the 1930s – and many others since.
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FIGURES
1. Bosigran, Zennor from the north-west showing current forms of the three principal
prehistoric field patterns on the coastal plateau, between the upland rough ground
that rises to Carn Galva, the coastal rough ground on clifftops and the two short
streams that define the sides of the medieval hamlet-land. (Cornwall and Scilly
Historic Environment Record, F88/036, 2008, © Cornwall Council).
2. Map of case study area with six types of field systems identified by the West Penwith
Survey (derived from Herring et al. 2016, figures 4.11, 4.12, 4.21, 4.30) and five field
boundaries studied using OSL-PD.
3. Site 1 being protected from light under a dark cover (A) and analysis of soil samples
using the portable OSL reader (B)
4. Fieldwork on the low stony bank at Site 1 (looking south).
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5. Section drawing of Site 1 showing OSL signal intensities (a), sensitivities (b) and an
interpolation of apparent dose (c). All values are tabulated in the supplementary
data.
6. The stone-faced lynchet at Site 3 (looking west).
7. Section drawing of Site 3 showing OSL signal intensities (a) and sensitivities (b). All
values are tabulated in the supplementary data.
8. Section drawing of Site 3 showing an interpolation of apparent dose. All values are
tabulated in the supplementary data.

Table 1: OSL depositional ages. A luminescence age is the quotient of the apparent dose
(Gy) over the environmental dose rate (mGy a-1). Analytical methods are described in the
supplementary material.
† low-dose tail to c.20 Gy, corresponding to sediment age of c. 1300-1400 BC

Site

Field ID

CERSA lab
code

Depth /cm

* large De distributions; age calculated from low-dose population

Apparent dose / Gy

1

P1 OSL1

285

48

22.23 ± 0.20 (0.63)

1

P1 OSL2

286

50

3

P2 OSL1

288

3

P2 OSL2

3

Dose rate

Age / ka

Age / yrs BC

6.00 ± 0.28

3.71 ± 0.18

1690 ± 180 BC†

19.23 ± 1.06 (11.3)

6.13 ± 0.29

3.14 ± 0.23

1120 ± 230 BC

35

4.37 ± 0.03 (0.14)

5.15 ± 0.25

0.85 ± 0.04

AD 1170 ± 40

289

70

7.08 ± 0.05 (0.84)

4.95 ± 0.24

1.43 ± 0.07

AD 590 ± 70

P2A OSL1

300

104

16.62 ± 0.12 (0.43)

4.98 ± 0.24

3.34 ± 0.16

1320 ± 160 BC

3

P2A OSL2

301

112

17.83 ± 0.11 (0.33)

4.98 ± 0.25

3.58 ± 0.18

1560 ± 180 BC

3

P2A OSL3

302

127

33.72 ± 0.93 (10.49)

5.09 ± 0.25

6.62 ± 0.37

4600 ± 370 BC*

3

P2A OSL4

303

50

6.19 ± 0.03 (0.12)

4.99 ± 0.24

1.24 ± 0.06

AD 780 ± 60

/ mGy a-1
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Supplementary Material

Dating earthworks using optically-stimulated luminescence profiling and dating (OSL-PD):
the creation and development of prehistoric field boundaries at Bosigran, Cornwall (UK)
Soetkin Vervust, Tim Kinnaird, Peter Herring and Sam Turner

Depth / cm

Field Profile ID

CERSA lab
code

Sample descriptions

Context / Sedimentological descriptions

Site 1: Halldrine Croft co-axial field-system; based on results of West Penwith field survey assumed
to be Middle Bronze Age (not re-used in later period); 1500-1000 BC
P1 OSL1
285
48 [001], dark-brown, sandy humic soil with
granules (approx. 0.5cm) of weathered granite
P1 OSL2
286
50 [003], orange-brown loamy-clay with some
sand and small granite granules
Site 3: stone-faced lynchet forming the boundary of a field 80m south-east of the easternmost
courtyard house in the western hamlet at Bosigran; based on results of West Penwith field survey
assumed to be Late Iron Age (re-used in medieval and post-medieval periods); 0-500 AD
P2 OSL1
288
35 [005], earth bank
P2 OSL2
289
70 [007], greyish-brown silt-clay-loam
P2A OSL1
300
104 [022], light greyish-brown sandy loam
[023], grey sandy silt loam, extends to the
P2A OSL2
301
112
south beneath [019] and [018]
P2A OSL3
302
127 [027], brown silty loam
P2A OSL4
303
50 [025], brown loam

1

S1: Luminescence screening measurements – relative in the field; calibrated in the laboratory
All sediments were appraised using portable OSL equipment in the field, this provided the first preliminary assessment of luminescence behavior, and the
means to generate relative luminescence stratigraphies. Details on the SUERC portable OSL reader are provided in Sanderson and Murphy (2010). The
measurement cycle involved an interleaved sequence of instrument dark count, IRSL and OSL, similar to that described by Sanderson and Murphy (2010), and
utilised by Kinnaird et al. (2017a). This method allows for the calculation of IRSL and OSL net signal intensities and IRSL and OSL depletion indices (table S1)
Mineral preparation procedures similar to those used by Burbidge et al. (2007) and Kinnaird et al. (2017a) were used to extract HF-etched ‘quartz’ from
each of the profiled samples. Paired aliquots of ‘quartz’ were subjected to a simplified four step SAR procedure (with repeat and zero doses) to obtain
estimates of stored dose (Gy) and sensitivity (counts per Gy; table S1), and assess apparent dose and sensitivity distributions (columns 10 & 11). Apparent
ages were also determined for the ‘calibrated’ dataset, by combining the extrapolated stored dose estimates with the dose rates estimated for each position
(cf. Muñoz-Salinas et al., 2014; Kinnaird et al., 2017a, b; Turner et al., 2018). The close proximity of the full dating and profiling samples, and the uniformity of
the dose rates, justify this approach. The total dose rates for the profiling samples were either estimated on the basis of the adjacent dating sample, or
through interpolating dose rates from enclosing dating samples (S5). Apparent age estimates were then calculated combining these extrapolated dose
estimates with the dose rates for each position.
These values were used to generate Figures 5, 7 and 8 in the manuscript.

P1/1
P1/2
P1/3
P1/4
P1/5
P1/6
P1/7
P1/8
P1/9
P1/10
P1/11
P1/12

41
45
55
14
23
28
36
41
46
51
59
64

Laboratory calibrated OSL measurements
OSL

OSL

Context

Field
ID

Depth /cm

Field OSL measurements
IRSL
Net signal
intensities
/counts

Depletion
ratio

Net signal
intensities
/counts

Depletion
ratio

1
1
3
1
1
1
1
1
1
3
3
3

58830 ± 250
67530 ± 260
137740 ± 380
26000 ± 170
42440 ± 210
43510 ± 220
58020 ± 250
149650 ± 400
700300 ± 840
241240 ± 500
180180 ± 430
188820 ± 440

1.33 ± 0.01
1.34 ± 0.01
1.36 ± 0.01
1.37 ± 0.02
1.38 ± 0.01
1.35 ± 0.01
1.31 ± 0.01
1.36 ± 0.01
1.43 ± 0.01
1.38 ± 0.01
1.40 ± 0.01
1.30 ± 0.01

1378550±1180
1376350±1180
641230 ± 810
1607340±1270
1644500± 280
1492230± 220
1646660±1290
2501840±1590
3324950±1830
1147560±1080
728000 ± 860
677530 ± 830

1.98 ± 0.01
2.23 ± 0.01
1.59 ± 0.01
2.23 ± 0.01
2.34 ± 0.01
2.16 ± 0.01
2.07 ± 0.01
2.15 ± 0.01
1.75 ± 0.01
1.61 ± 0.01
1.69 ± 0.01
1.55 ± 0.01

Stored dose / Gy
17.3 ± 0.6
23.8 ± 0.6
58.2 ± 3.8
5.2 ± 0.1
11.5 ± 0.3
20.2 ± 0.5
31.5 ± 1
25.3 ± 0.8
24.6 ± 1.1
43.4 ± 5.1
24.3 ± 1.3

14.3 ± 0.4
27.1 ± 0.9
27.8 ± 1
4.4 ± 0.1
11.9 ± 0.4
21.2 ± 0.6
24.8 ± 0.8
32.8 ± 1.3
18.7 ± 1.3
56.2 ± 4.2
62 ± 3.8

Sensitivity / counts Gy-1
23470 ± 150
10660 ± 100
2740 ± 50
99100 ± 310
35640 ± 190
32420 ± 180
15180 ± 120
5210 ± 70
2500 ± 50
1350 ± 40
1680 ± 40

18860 ± 140
13900 ± 120
3640 ± 60
78560 ± 280
24670 ± 160
20580 ± 140
18230 ± 140
5150 ± 70
1030 ± 30
4700 ± 70
5790 ± 80

Apparent
dose/ Gy

Sensitivity /
counts Gy-1

15.8 ± 1.5
25.4 ± 1.7
43 ± 15.2
4.8 ± 0.4
11.7 ± 0.2
20.7 ± 0.5
28.1 ± 3.3
29.1 ± 3.7
21.6 ± 2.9
49.8 ± 6.4
43.1 ± 18.8

21170 ± 2300
12280 ± 1620
3190 ± 450
88830 ± 10270
30150 ± 5490
26500 ± 5920
16710 ± 1530
5180 ± 30
1770 ± 740
3030 ± 1670
3740 ± 2050

2

P2/1
P2/2
P2/3
P2/4
P2/5
P2/6
P2/7
P2/8
p2a/10
p2a/11
p2a/12
p2a/13
p2a/14
p2a/15
p2a/16
p2a/17
p2a/18
p2a/19
p2a/20
p2a/21
p2a/22
p2a/23
p2a/24
p2a/25
p2a/26
p2a/27
p2a/28
p2a/29
p2a/30
p2a/31
p2a/32
p2a/33
p2a/34
p2a/35
p2a/36
p2a/37

34
38
43
49
54
61
73
80
24
29
45
50
60
70
80
86
92

22
22
22
22
22
22
22
4
18
18
18
19
19
23
23
27
27

56
72
84
96
103
111
117
123
128
92
99
110
115
121
46
55
64
74

22
22
22
22
22
23
23
27
27
26
26
27
27
27
22
22
25
25

9320 ± 100
29980 ± 180
22800 ± 160
16940 ± 140
31870 ± 180
38240 ± 200
72420 ± 270
223390 ± 480
3270 ± 70
6200 ± 80
19940 ± 150
21080 ± 150
28480 ± 170
27620 ± 170
103870 ± 330
83100 ± 290
209080 ± 460
392670 ± 630
4840 ± 80
7700 ± 100
13650 ± 120
15050 ± 130
26130 ± 170
35980 ± 200
53840 ± 240
76980 ± 280
132730 ± 370
16830 ± 130
18860 ± 140
78040 ± 280
35790 ± 190
54250 ± 240
5740 ± 80
5170 ± 80
6140 ± 80
6920 ± 90

1.43 ± 0.03
1.44 ± 0.02
1.49 ± 0.02
1.39 ± 0.02
1.48 ± 0.02
1.42 ± 0.01
1.40 ± 0.01
1.43 ± 0.01
1.37 ± 0.05
1.43 ± 0.04
1.44 ± 0.02
1.40 ± 0.02
1.39 ± 0.02
1.40 ± 0.02
1.44 ± 0.01
1.40 ± 0.01
1.48 ± 0.01
1.44 ± 0.01
1.38 ± 0.04
1.36 ± 0.03
1.35 ± 0.02
1.35 ± 0.02
1.40 ± 0.02
1.36 ± 0.01
1.36 ± 0.01
1.39 ± 0.01
1.49 ± 0.01
1.39 ± 0.02
1.38 ± 0.02
1.41 ± 0.01
1.38 ± 0.01
1.45 ± 0.01
1.54 ± 0.04
1.44 ± 0.04
1.39 ± 0.04
1.45 ± 0.04

614220 ± 790
935700 ± 970
864300 ± 930
756750 ± 870
839660 ± 920
809670 ± 900
852430 ± 930
1421770±1200
222190 ± 470
343960 ± 590
938160 ± 970
838710 ± 920
1154310±1080
934410 ± 970
817320 ± 910
397900 ± 630
899720 ± 950
1917740±1390
470470 ± 690
625530 ± 790
1046860±1030
799520 ± 900
950790 ± 980
1067940±1040
1038430±1020
435060 ± 660
568900 ± 760
970840 ± 990
999270 ± 1000
723850 ± 850
316580 ± 570
268050 ± 520
514100 ± 720
574780 ± 760
576040 ± 760
544920 ± 740

2.52 ± 0.01
2.43 ± 0.01
2.55 ± 0.01
2.39 ± 0.01
2.32 ± 0.01
2.21 ± 0.01
2.08 ± 0.01
1.88 ± 0.01
2.24 ± 0.01
2.41 ± 0.01
2.64 ± 0.01
2.20 ± 0.01
2.27 ± 0.01
2.25 ± 0.01
1.83 ± 0.01
1.71 ± 0.01
1.65 ± 0.01
1.65 ± 0.01
2.37 ± 0.01
2.36 ± 0.01
2.30 ± 0.01
2.26 ± 0.01
2.37 ± 0.01
2.25 ± 0.01
2.12 ± 0.01
1.59 ± 0.01
1.63 ± 0.01
2.37 ± 0.01
2.30 ± 0.01
1.97 ± 0.01
1.88 ± 0.01
1.73 ± 0.01
2.60 ± 0.01
2.40 ± 0.01
2.40 ± 0.01
2.38 ± 0.01

3.5 ± 0.1
4.6 ± 0.1
5 ± 0.1
4.7 ± 0.1
5.4 ± 0.2
20.1 ± 0.7
8.3 ± 0.2
9.4 ± 0.3
1.5 ± 0
2.6 ± 0.1
11 ± 0.3
18.8 ± 0.5
18.5 ± 0.6
23.3 ± 0.8
139.1 ± 4.3
106 ± 3.5
73.6 ± 5.5
6 ± 0.2
6.1 ± 0.2
14.1 ± 0.4
18.8 ± 0.6
19 ± 0.5
21.5 ± 0.6
20.2 ± 0.5
113 ± 3.9
37 ± 1.9
11.8 ± 0.3
11.4 ± 0.3
70.8 ± 5.5
88.6 ± 6.9
37.9 ± 1.7
5.4 ± 0.1
3.5 ± 0.1
4.9 ± 0.1
8.1 ± 0.2

4.9 ± 0.1
4.9 ± 0.2
4.8 ± 0.1
5.3 ± 0.2
5.5 ± 0.2
6 ± 0.2
10.9 ± 0.3
28.6 ± 1
5.1 ± 0.1
1.4 ± 0
11.7 ± 0.3
16.9 ± 0.5
21.1 ± 0.7
20.1 ± 0.6
76.9 ± 7.3
98.9 ± 3.3
32.5 ± 1.3
5.4 ± 0.1
6.7 ± 0.2
15 ± 0.4
16.6 ± 0.4
21 ± 0.6
21.2 ± 0.7
21.4 ± 0.6
54.6 ± 3.1
125.3±46.3
10.5 ± 0.3
12.3 ± 0.4
26.3 ± 0.9
145.6±23.6
54.8 ± 3.7
4.4 ± 0.1
3.3 ± 0.1
5.5 ± 0.1
6.2 ± 0.2

43810 ± 210
107760±330
95040 ± 310
41620 ± 200
52080 ± 230
58270 ± 240
67670 ± 260
77610 ± 280
56810 ± 240
72540 ± 270
33010 ± 180
19340 ± 140
27570 ± 170
23860 ± 150
40390 ± 200
13850 ± 120
8260 ± 90
59420 ± 240
94820 ± 310
84230 ± 290
34300 ± 190
27650 ± 170
19140 ± 140
18550 ± 140
8890 ± 90
3320 ± 60
38470 ± 200
48820 ± 220
37000 ± 190
6990 ± 80
15470 ± 120
41320 ± 200
49740 ± 220
60080 ± 250
118790±340

230 ± 230
230 ± 230
230 ± 230
220 ± 220
230 ± 230
200 ± 200
220 ± 220
240 ± 240
270 ± 270
200 ± 200
160 ± 160
110 ± 110
260 ± 260
190 ± 190
100 ± 100
90 ± 90
70 ± 70
270 ± 270
240 ± 240
240 ± 240
210 ± 210
140 ± 140
180 ± 180
180 ± 180
90 ± 90
80 ± 80
270 ± 270
270 ± 270
170 ± 170
80 ± 80
100 ± 100
210 ± 210
210 ± 210
260 ± 260
200 ± 200

4.2 ± 0.7
4.8 ± 0.2
4.9 ± 0.1
5 ± 0.3
5.4 ± 0.1
13.1 ± 7
9.6 ± 1.3
19 ± 9.6
3.3 ± 1.8
2 ± 0.6
11.3 ± 0.4
17.8 ± 1
19.8 ± 1.3
21.7 ± 1.6
108 ± 31.1
102.5 ± 3.5
53.1 ± 20.5
5.7 ± 0.3
6.4 ± 0.3
14.5 ± 0.4
17.7 ± 1.1
20 ± 1
21.4 ± 0.1
20.8 ± 0.6
83.8 ± 29.2
81.1 ± 44.1
11.1 ± 0.7
11.8 ± 0.4
48.5 ± 22.3
117.1±28.5
46.4 ± 8.5
4.9 ± 0.5
3.4 ± 0.1
5.2 ± 0.3
7.1 ± 1

48990 ± 5190
80810 ± 26950
74450 ± 20590
45190 ± 3570
51760 ± 320
49740 ± 8520
58130 ± 9540
67980 ± 9630
65560 ± 8750
56510 ± 16030
29950 ± 3060
16250 ± 3090
47700 ± 20120
30130 ± 6260
25300 ± 15090
11280 ± 2570
6550 ± 1720
67050 ± 7630
76730 ± 18090
71130 ± 13100
39580 ± 5280
24010 ± 3640
26460 ± 7320
24720 ± 6170
8770 ± 120
5200 ± 1880
54660 ± 16200
61930 ± 13110
32770 ± 4230
6680 ± 310
12850 ± 2610
42060 ± 740
46500 ± 3240
63190 ± 3110
79610 ± 39180

3

p2a/38
p2a/39
p2a/40

83
100
104

25
25
25

9900 ± 100
12690 ± 120
12110 ± 120

1.46 ± 0.03
1.42 ± 0.03
1.39 ± 0.03

747930 ± 870
675300 ± 820
604950 ± 780

2.52 ± 0.01
2.34 ± 0.01
2.27 ± 0.01

5 ± 0.1
5.8 ± 0.2
7.8 ± 0.2

5.4 ± 0.2
6.3 ± 0.2
6.2 ± 0.2

56520 ± 240
52410 ± 230
50080 ± 220

260 ± 260
290 ± 290
220 ± 220

5.2 ± 0.2
6.1 ± 0.2
7 ± 0.8

62820 ± 6300
67600 ± 15190
48240 ± 1840
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S2: Sample preparation
Sample preparation was undertaken under safe light conditions at the luminescence laboratories at
the School of Earth and Environmental Sciences, University of St Andrews. Equivalent dose
determinations were undertaken at St Andrews. Dose rate determinations were made at the
Environmental Radioactivity Laboratory (ERL) at the School of Biological and Earth Sciences, University
of Stirling.
S2.1 Mineral Preparation of Quartz
Standard mineral preparation procedures as routinely used in OSL dating were used to extract sandsized quartz from each sample (cf. Kinnaird et al., 2017a). Quartz was extracted from the portion of
each sample which had not been exposed to sunlight since burial. The samples were wet-sieved to
obtain the 90-250 µm size fraction, then treated in 1M hydrochloric acid (HCl) for 10 minutes, followed
by 40% Hydrofluoric acid (HF) for 40 minutes, and a further treatment in 1 M HCl for 10 minutes. The
HF-etched fractions were then density separated in LST heavy liquids at concentrations of 2.64 and
2.74 gcm-3, to obtain concentrates of feldspar (< 2.64 gcm-3), quartz (2.64-2.74 gcm-3) and heavy
minerals (>2.74 gcm-3). The quartz concentrates were re-sieved at 150 µm; the 150-250 µm fractions
were dispensed to 10mm stainless steel discs in sets of 20+ aliquots.
S2.2 Preparation of Samples for HRGS
Bulk materials were dried to a constant weight in an oven set at 50°C. Sub-quantities of the dried
sediment, weighing approximately 170-180 g, were taken and ground by hand to a fine powder using
a pestle and mortar. These materials were used to fill 150ml high-density plastic plots for gamma
spectrometry. Each pot was sealed with epoxy resin and placed in storage for at least four weeks.
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S3: Equivalent dose determinations
All OSL measurements were carried out using a Risø TL/OSL DA-20 automated dating system,
equipped with a 90Sr/90Y β-source for irradiation (dose rate at time of measurement, 1.10 Gy/s), blue
LEDs emitting around 470 nm and infrared diodes emitting around 830 nm for optical stimulation. OSL
was detected through 7.5 mm of Huoya U-340 filter and detected with a 9635QA photomultiplier tube.
OSL was measured at 125°C for 60 s. The OSL signals, Ln and Lx, used for equivalent dose (De)
determinations were obtained by integrating the OSL counts in the first 2.4 s and subtracting an
equivalent signal taken from the last 9.6 s.
De determinations were determined using a single-aliquot regenerative dose (SAR) method
(Kinnaird et al., 2017a; Murray and Wintle, 2000), which allows for an independent estimate of De to
be generated for each aliquot measured. The SAR technique involves making a series of paired
measurements of OSL intensity - the Ln and Lx outlined above, and the response to a fixed test dose,
Tn and Tx. Each measurement is standardised to the test dose response determined immediately after
its readout, to compensate for observed changes in sensitivity during the laboratory measurement
sequence. De values are then estimated using the corrected OSL intensities Ln/Tn and Lx/Tx and the
interpolated dose-response curve.
This was implemented here, using four (to five) regenerative doses (nominal doses of 2.5, 5, 10 and
30 Gy; extended to 60 Gy for CERSA300-303), with additional cycles for zero dose, repeat or ‘recycling’
dose and IRSL dose. The zero dose point is used to monitor ‘recuperation’, thermally induced charge
transfer during the irradiation and preheating cycle. The repeat dose - a repeat of the initial
regeneration dose - is used to calculate the ‘recycling ratio’, a test of the internal consistency of the
growth curve. The IRSL response check is included to assess the magnitude of non-quartz signals. To
ensure that there was no dependency of De or sensitivity on preheat conditions, five preheat
temperatures were explored from 220 to 260°C in 10°C increments.
Data reduction and De determinations were made in Luminescence Analyst v.4.31.9. Individual
decay curves were scrutinised for shape and consistency. Dose response curves were fitted with an
exponential function, with the growth curve fitted through zero and the repeat recycling points. Error
analysis was determined by Monte Carlo Stimulation.
Representative OSL decay curves for both the natural and regenerated signals are shown in figure
S3-1 for CERSA285, together with the corresponding dose response curve.
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Fig S3-1: (left) Decay curve and (right) dose response curve for CERSA285 (aliquot 1)

20
15
10
5
0
0

50

100

150
200
Dose (s)

250

300

7

S4: Equivalent dose distributions
OSL SAR dating utilises extracted quartz from the samples to determine the radiation dose
experienced by the sediments since their last zeroing event assumed to be by exposure to light prior
to final deposition, the burial dose, Db. To obtain a depositional age, it is necessary to reduce each
samples De distribution to a single Db.
S4.1 Internal consistency of quartz OSL SAR data
Aliquots were rejected from further analysis if they failed sensitivity checks (based on test dose
response), SAR acceptance criteria checks, or had significant IRSL response coupled with anomalous
luminescence behaviour (Table S4-1).
CERSA
no.
285
286
288
289
300
301
302
303

Sensitivity
/ counts Gy-1
2780 ± 2140
1630 ± 230
2320 ± 270
3580 ± 4010
20000 ±38260
2750 ± 820
3910 ± 3350
2700 ± 530

Recuperation
/%
0.4 ± 0.2
0.6 ± 0.8
1.3 ± 0.3
0.8 ± 0.4
0.9 ± 0.3
0.6 ± 0.2
0.6 ± 0.4
1.1 ± 0.7

Recycling
ratio
1.02 ± 0.03
1.02 ± 0.07
1.02 ± 0.04
1.03 ± 0.02
1.01 ± 0.03
1.00 ± 0.03
1.02 ± 0.04
1.02 ± 0.01

IR response
/%
0.1 ± 0.2
0.2 ± 0.9
0.1 ± 0.1
0.1 ± 0.2
3.4 ± 2.5
0.3 ± 0.6
2.7 ± 4.3
0.1 ± 0.1

Dose
Recovery
0.99 ± 0.02
0.97 ± 0.03
1.00 ± 0.03
1.03 ± 0.03
1.02 ± 0.04
1.01 ± 0.03
1.00 ± 0.04
1.01 ± 0.01

Table S4-1: OSL SAR acceptance criteria, 150-250 micron fractions. Errors provided as standard deviations

S4.2 Distribution analysis
The distributions in equivalent dose values, for those aliquots which satisfied the SAR selection
criteria, were examined using Kernel Density Estimate (KDE) plots and Abanico plotting methods
(Figs S4-1 to S4-8; Dietze et al., 2013)
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Figure S4-1: De distributions for CERSA285, (left) Kernel Density Estimate Plot and (right) Abanico Plot
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Figure S4-2: De distributions for CERSA286, (left) Kernel Density Estimate Plot and (right) Abanico Plot
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Figure S4-3: De distributions for CERSA288, (left) Kernel Density Estimate Plot and (right) Abanico Plot
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Figure S4-4: De distributions for CERSA289, (left) Kernel Density Estimate Plot and (right) Abanico Plot
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Figure S4-5: De distributions for CERSA300, (left) Kernel Density Estimate Plot and (right) Abanico Plot
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Figure S4-6: De distributions for CERSA301, (left) Kernel Density Estimate Plot and (right) Abanico Plot
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Figure S4-7: De distributions for CERSA302, (left) Kernel Density Estimate Plot and (right) Abanico Plot
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Figure S4-8: De distributions for CERSA303, (left) Kernel Density Estimate Plot and (right) Abanico Plot
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S5: Radionuclide concentrations and environmental dose rates
The effective environmental dose rate to HF-etched quartz grain, 𝐷̇𝑒𝑥 consists of external gamma, 𝐷̇𝛾
beta, 𝐷̇𝛽 and cosmic ray 𝐷̇𝑐 contributions. 𝐷̇𝛼 , 𝐷̇𝛾 , 𝐷̇𝛽 dose rates originate from naturally occurring
radionuclides in the surrounding sediment matrix, including Potassium, K Uranium, U and Thorium, Th
attenuated due to grain size and sediment-matrix water content. An internal dose rate, 𝐷̇𝑖𝑛 due to K,
U and Th inclusions within quartz, may add a negligible contribution to the total effective dose. The
contribution from the cosmic dose, 𝐷̇𝑐 is a function of geographic location (altitude, longitude and
latitude) and burial depth, and is calculated from Prescott and Hutton (1994).
S5.1 Dose rate measurements and determinations
Dose rate measurements were undertaken by High-Resolution Gamma Spectrometry (HRGS) at the
Environmental Radioactivity Laboratory, in the School of Biological and Earth Sciences at the
University of Stirling (UKAS Testing Lab 2751). All sample handling, processing and analysis were
undertaken in accordance, and in compliance with ERL protocols LS03.1, 03.2 & 03.6 and LS08.
The samples were sealed for four weeks prior to final counting.
HRGS measurements were performed on a High Purity Germanium (HPGE) detector. Standard
laboratory efficiency calibrations were used, derived from GE Heathcare Ltd QCY48 Mixed
Radionuclide Spike and DKD RBZ-B44 210Pb spike. All absolute efficiency calibrations were corrected
for variations in sample density and matrix. The decay reference date was the 11th June 2018.
S5.2 Dose rate results
These data were used to determine infinite matrix dose rates for α, γ and β radiation (Table S5-1),
using the conversion factors of Guérin et al. (2011), and grain-size attenuation factors of Mejdahl
(1979). 𝐷̇𝛼 , 𝐷̇𝛾 , 𝐷̇𝛽 dose rates derived from HRGS are listed in Table S5-1. External 𝐷̇𝛼 dose rates
were ignored as the α irradiated portion of quartz was removed by HF-etching.

CERSA
no.
285
286
288
289
300
301
302
303

Radionuclide concentrations
K/%
U / ppm
Th / ppm
4.27 ± 0.27
6.79 ± 0.27
18.1 ±0.9
4.56 ± 0.28
7.44 ± 0.27
14.0 ± 0.7
3.66 ± 0.24
6.24 ± 0.26
13.0 ± 0.8
3.44 ± 0.24
5.83 ± 0.28
14.3 ± 0.9
3.47 ± 0.23
5.96 ± 0.24
13.9 ± 0.8
3.56 ± 0.24
5.43 ± 0.27
14.6 ± 0.9
3.35 ± 0.23
6.54 ± 0.3
15.8 ± 1.0
3.43 ± 0.22
6.19 ± 0.25
13.8 ± 0.8

Dose rates, Drya / mGy a-1
𝐷̇𝛽 b
𝐷̇𝛾
𝐷̇𝛼
32.4 ± 1.0
4.41 ± 0.22
2.69 ± 0.09
31.1 ± 0.9
4.62 ± 0.23
2.64 ± 0.08
27.0 ± 0.9
3.78 ± 0.2
2.23 ± 0.08
26.9 ± 1.0
3.59 ± 0.19
2.19 ± 0.08
26.9 ± 0.9
3.63 ± 0.19
2.20 ± 0.07
26.0 ± 1.0
3.64 ± 0.20
2.19 ± 0.08
29.9 ± 1.1
3.65 ± 0.19
2.32 ± 0.08
27.5 ± 0.92
3.62 ± 0.18
2.21 ± 0.07

Table S5-1: Equivalent concentrations of K, U and Th determined by HRGS,
together with infinite matrix dose rates for α, γ and β radiation
a

based on dose rate conversion factors in Guérin et al. (2011)
b attenuated for grain size based on Mejdahl (1979)

Table S5-2 lists the effective environmental dose rates to the 200 µm HF-etched quartz grain, 𝐷̇𝑒𝑥 ,
combining the derived 𝐷̇𝛽 and 𝐷̇𝛾 , attenuating these for grain size and water content, and an
estimate for the cosmic dose contribution.
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CERSA
no.
285
286
288
289
300
301
302
303

Assumed
water
content
/%
19 ± 5
19 ± 5
18 ± 5
18 ± 5
18 ± 5
18 ± 5
18 ± 5
18 ± 5

Gamma dose
rate
/mGy a-1
3.64 ± 0.25
3.81 ± 0.26
3.14 ± 0.23
2.99 ± 0.22
3.01 ± 0.21
3.03 ± 0.22
3.03 ± 0.22
3.01 ± 0.21

Effective
Beta dose
rate /
mGy a-1
2.21 ± 0.13
2.17 ± 0.12
1.85 ± 0.11
1.82 ± 0.11
1.82 ± 0.11
1.82 ± 0.11
1.93 ± 0.11
1.83 ± 0.11

Cosmic Dose
rate
contribution
/ mGy a-1
0.15 ± 0.02
0.15 ± 0.02
0.15 ± 0.02
0.15 ± 0.01
0.14 ± 0.01
0.14 ± 0.01
0.14 ± 0.01
0.15 ± 0.02

Total
effective
dose rate /
mGy a-1
6.00 ± 0.28
6.13 ± 0.29
5.15 ± 0.25
4.95 ± 0.24
4.98 ± 0.24
4.98 ± 0.25
5.09 ± 0.25
4.99 ± 0.24

Table S5-2: Effective dose rates to the 150-250 µm HF-etched quartz
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P1 OSL1
P1 OSL2
P2 OSL1
P2 OSL2
P2A OSL1
P2A OSL2
P2A OSL3
P2A OSL4

285
286
288
289
300
301
302
303

Depth /cm

Field ID

CERSA lab
code

S6: Age determinations

Stored dose / Gy

Dose rate
/ mGy a-1

Age / ka

Age / yrs BC

48
50
35
70
104
112
127
50

22.23 ± 0.20 (0.63)
19.23 ± 1.06 (11.3)
4.37 ± 0.03 (0.14)
7.08 ± 0.05 (0.84)
16.62 ± 0.12 (0.43)
17.83 ± 0.11 (0.33)
33.72 ± 0.93 (10.49)
6.19 ± 0.03 (0.12)

6.00 ± 0.28
6.13 ± 0.29
5.15 ± 0.25
4.95 ± 0.24
4.98 ± 0.24
4.98 ± 0.25
5.09 ± 0.25
4.99 ± 0.24

3.71 ± 0.18
3.14 ± 0.23
0.85 ± 0.04
1.43 ± 0.07
3.34 ± 0.16
3.58 ± 0.18
6.62 ± 0.37
1.24 ± 0.06

1690 ± 180 BC†
1120 ± 230 BC
AD 1170 ± 40
AD 590 ± 70
1320 ± 160 BC
1560 ± 180 BC
4600 ± 370 BC*
AD 780 ± 60

† low-dose tail to c.20 Gy, corresponding to sediment age of c. 1300-1400 BC
* large De distributions; age calculated from low-dose population
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