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ARTICLE INFO ABSTRACT

Keywords: The discovery of long-term accumulations of snow petrel stomach-oil deposits in Antarctica have provided an

Palaeoclimate excellent opportunity to reconstruct changes in climate, ice-sheet thickness and sea ice. However, providing age

fnta'rctlca constraints on the deposition of these biological accumulations can be challenging, particularly when they extend
uminescence

beyond the radiocarbon age limit (ca. 55 ka). Luminescence dating is successfully used here to provide accurate
ages for rocks underlying and incorporated into snow petrel stomach-oil deposits in East Antarctica. The
agreement between the different luminescence signals measured from K-feldspars, in addition to the independent
age control (radiocarbon dating) gives confidence in the results. We show the potential for reconstructing ice-
sheet histories from multiple burial events with prior exposure durations recorded in the luminescence depth
profiles of the rocks. Our study extends beyond the traditional sedimentary contexts usually used for lumines-
cence dating, and into biological accumulations, which has not previously been done. We show that rock
luminescence dating can overcome some challenges of using radiocarbon dating for biological accumulations (e.
g. young carbon contamination, marine reservoir uncertainty) and can potentially extend the dateable age range
to at least Marine Isotope Stage 5 according to the saturation limit of the luminescence signal measured for these
samples. This is key for using these stomach-oil deposits to quantify the contribution to sea-level rise provided by
Antarctic Ice Sheet retreat, and changes in sea ice during the last warm interglacial period experienced on Earth.

Snow petrels

1. Introduction

Novel palaeoclimate archives can provide important information on
past environmental change in places where traditional records (e.g.,
lakes and peat bogs) are scarce. Antarctica is one such location where,
due to persistent cold and low biological activity, continuous records of
past environmental change have primarily been restricted to continental
ice cores, offshore marine sediments, and lacustrine sediments at the ice
sheet margins (e.g., Delmonte et al., 2002; Verleyen et al., 2011; Mul-
vaney et al., 2012). Recently, accumulations of stratified stomach-oil
deposits, regurgitated by snow petrels (Pagodroma nivea) at their nest
sites, have been used to reconstruct past changes in sea-ice distribution
and climate around Antarctica based on the intrinsic links between the
deposits and sea-ice conditions within the birds’ foraging range (e.g.,
Berg et al., 2019; McClymont et al., 2022a; Stevenson et al., 2025). The
accumulation of the deposits has also been used to track ice-sheet

* Corresponding author.
E-mail address: rachel.smedley@liverpool.ac.uk (R.K. Smedley).

https://doi.org/10.1016/j.quageo.2026.101746

thinning histories based on nest availability at different altitudes
(Hiller et al., 1988), and the changing distribution of breeding colonies
across the last glacial cycle (McClymont et al, subm.). Beyond
Antarctica, other biological accumulations including animal and homi-
nin middens (e.g., McCarthy et al., 1996; Zazula et al., 2007; Chase et al.,
2009, 2012; Wurz et al., 2022) have provided insights into environ-
mental change on timescales from the Holocene to (at least) Marine
Isotope Stage (MIS) 5.

Obtaining accurate age constraints for all palaeoenvironmental re-
cords is vital for interpreting them within a wider regional and global
context. Radiocarbon dating has been widely applied where there is
sufficient organic content. However, it has some challenges. For
example, bioturbation can introduce a disturbed stratigraphy and age
reversals (e.g., Robins and Robins, 2011), while post-depositional mi-
crobial activity can potentially introduce contaminating “young car-
bon”; this has been reported for some snow petrel stomach-oil deposits
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(Penny, 2025). Additionally, radiocarbon dating of snow petrel
stomach-oils can only provide minimum age constraints for the onset of
accumulation. Specifically for snow petrel stomach-oil deposits in
Antarctica, there is also uncertainty introduced into ages by a variable
marine reservoir correction resulting from changes in sea ice extent
through time (McCarthy et al., 1996; Heaton et al., 2023). Finally, some
snow petrel stomach-oil records which are of great interest extend
beyond the limit of the radiocarbon method, so additional methods are
needed (Penny, 2025). Luminescence dating of rock surfaces covered by
or incorporated into biological accumulations offers a new opportunity
to constrain the ages of deposition and accumulation. Here, we provide
the first burial ages from rocks incorporated into snow petrel
stomach-oil deposits from East Antarctica.

2. Rock surface luminescence dating

Luminescence dating can determine the time that has elapsed since a
mineral grain (typically quartz of K-feldspar) was last exposed to sun-
light (bleached) and subsequently buried (see Murray et al., 2021;
Smedley, 2018). Recent developments using luminescence depth pro-
files recovered from surfaces of crystalline rocks have extended the
versatility of the luminescence technique, which now includes both
burial dating (e.g., Jenkins et al., 2018; Freiesleben et al., 2015) and
exposure dating (e.g., Laskaris and Liritzis, 2011; Sohbati et al., 2011;
Lehmann et al., 2018). For this approach, luminescence profiles are
measured with depth into a rock surface. They extend from lumines-
cence signals representing the last exposure event in the upper portion of
the rock, down to the saturated luminescence signals measured at depth,
which have never been exposed to sunlight. Where the luminescence
signal of quartz is dim due to short sediment transport pathways or
particular bedrock lithologies (e.g., Antarctica), the infra-red stimulated
luminescence (IRSL) signals of K-feldspar is preferred as a robust and
(usually) brighter alternative to the optically stimulated luminescence
signal of quartz (e.g., Theilen et al., 2023); this is even more important
for dating of rocks which are not sensitised to the same extent as sand- or
silt-sized grains during their recycling in the natural environment.

Luminescence dating of K-feldspar can be performed using different
stimulation temperatures (e.g., 50, 150 and 225 °C), where the higher
temperatures are considered more reliable (Thomsen et al., 2008) as
they circumvent the anomalous fading phenomenon (Wintle, 1973).
Since the introduction of the new rock luminescence techniques, most
studies (e.g., Freiesleben et al., 2015; Lehmann et al., 2018; Ageby et al.,
2022) have only utilised the lower temperature (IRsg) signal as it
bleaches more efficiently with depth into rock surfaces compared to
higher-temperature IRSL signals (e.g., Luo et al., 2018; Ou et al., 2018).
However, previous studies have shown that the IRSL signals measured at
different temperatures have different luminescence characteristics (e.g.,
bleaching rates, fading rates, saturation levels) that can be exploited
during measurements (e.g., Smedley et al., 2021; Elkadi et al., 2022).
Here, we apply a multiple elevated temperature (MET; Li and Li, 2011)
protocol using stimulation temperatures of 50, 150 and 225 °C. If the
ages determined with all three signals are in agreement, it evidences the
reliability of the data in comparison to examples where the ages diverge.

There are several advantages of rock luminescence dating that make
it particularly useful for dating biological accumulations (e.g., snow
petrel stomach-oil deposits): (i) quartz and/or K-feldspar is found almost
ubiquitously in rocks providing dateable material in most settings; (ii)
any rock surface that has been exposed to sunlight and subsequently
covered (i.e., by ice, sediment or organic accumulation) can be dated;
and (iii) the dose-rate used for dating is dominated by the rocks internal
dose-rate with a much smaller contribution from the surrounding ma-
terial; thus, uncertainty introduced by the matrix heterogeneity and
variable water content will be minimal in comparison to dating sand-
and silt-sized grains. As such, rock luminescence dating provides an
excellent opportunity to constrain the initiation of organic accumula-
tions, such as bird stomach-oil deposits in Antarctica.
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3. Methods
3.1. Sample collection and preparation

Six rocks were collected from five snow petrel stomach-oil deposits
for luminescence dating. These samples come from four sites in Dron-
ning Maud Land, and one in Coats Land, East Antarctica (Fig. 1, Table 1):
Reichelnevet (samples R1 and R2; deposit 2612MUM1; Fig. 2) and
Torsviktoppen (T1; 0101MUMBS6) in the Heimefrontfjella, and Utsteinen
Nunatak (U1 and U2; UTMUMO003 and UTMUMO11, respectively) in the
Sgr Rondane Mountains and Marg Cliffs (M1; 1401MUM2) located
within the Theron Mountains in Coats Land. All sites and samples are
shown in Fig. S1. The stomach-oil deposits were collected during
daylight, but the uppermost surfaces of the sampled rocks were pro-
tected from sunlight exposure by the covering of stomach-oil, which is
naturally opaque. Furthermore, studies have shown that the lumines-
cence signal of rocks sampled in white light conditions were not
compromised for dating (e.g., Ou et al., 2018). The stomach-oil deposits
were kept frozen (—20 °C) until sampling. Rocks were extracted in the
lab under subdued red-light conditions from the base of the deposit or
from within the deposit. Rock cores (7 mm diameter) were extracted
from the upper surfaces of the rocks using an Axminster bench-top, pillar
drill equipped with a water-cooled, diamond-tipped drill bit. Care was
taken to avoid locations close to previously cut faces or outer edges of
the deposit to minimise potential for bleaching of the rock surface. The
rock cores were generally quite short (6 — 17 mm) due to the small size of
the sampled rocks. Where possible, replicate cores were taken, however,
due to the small size of the rocks available, the number of cores varied
per sample. Each core was subsequently sliced at a thickness of ~0.7 mm
using a Buehler IsoMet low-speed saw equipped with a water-cooled,
0.3 mm diameter diamond-tipped wafer blade. Slices were then moun-
ted in stainless steel cups for luminescence measurements.

3.2. Luminescence measurements

3.2.1. Palaeodose

All luminescence measurements were performed on a Risp TL/OSL
reader (TL-DA-15) with a®°Sr/°°Y beta irradiation source. IRSL signals
were detected in blue wavelengths using a photo-multiplier tube fitted
with Schott BG-39 (2 mm thickness) and Corning 7-59 (2 mm thickness)
filters. A MET-post-IR IRSL sequence was used to determine IRSL signals
at three different temperatures (50, 150 and 225 °C) simultaneously
(IRs0, pIRIR;50 and pIRIR o5 signals, respectively). After heating at 1 °C/
s, the rock slices were held at the stimulation temperature (i.e. 50, 150
and 225 °C) for 60 s to ensure all the disc was at temperature prior to IR
stimulation (Jenkins et al., 2018; Elkadi et al., 2021). Luminescence
depth profiles were determined for each core by measuring the natural
signal (L) normalised using the signal measured in response to a 52 Gy
test-dose (Ty), hereafter termed the L,/T, signal (Fig. S2). The lumi-
nescence signal was determined by subtracting the background signal
(final 20 s, 40 channels) from the initial signal (0 — 3.5 s, 7 channels). A
large test-dose (52 Gy) was used to reduce the impact of thermal
transfer/incomplete resetting of the IRSL signal between measurements
(after Liu et al., 2016). The slices were accepted if they passed the
following screening criteria (accounting for the associated un-
certainties): (1) the test dose response was 3 s above the background, (2)
the test-dose uncertainty was less than 10%, (3) recycling ratios were
within the range of ratios 0.9 to 1.1, and (4) recuperation was less than 5
% of the response from the largest regenerative dose. D, values were
subsequently calculated from the slices passing all the screening criteria.

Rock slices from sample R1 were used for dose-recovery experiments
after a 7 h bleach in a Hoenle UVACUBE 400. A 35 Gy given dose was
administered to three discs with zero doses administered to a further
three discs to determine a residual D, value after artificial bleaching.
The artificially-bleached residual D, values were subtracted from the
recovered dose to determine the dose-recovery ratio. The rock slices
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Fig. 1. Location map of stomach-oil deposits collected from East Antarctica (red stars) with rock sample codes shown. Inset shows location within Antarctica.

Table 1

Sample information for rocks collected for luminescence analysis from the snow petrel stomach oil deposits. The radiocarbon ages for each deposit (for full details see
Table S1) are shown alongside the age results using the three luminescence signals in this study.

Deposit Lab Site Latitude Longitude Altitude Lithology = Basal Fading- PIRIR;50 PIRIR25

code (DD) (DD) above ice dimensions radiocarbon corrected age (ka) ages (ka)

(m) (mm) age (cal. Ka IRso age
BP) (ka)

2612MUM1 R1 Reichelnevet —74.7067  —11.8081 55 73 x 35x25  Gneiss 7.1+0.3 2.4+04 5.5+ 0.6 6.6 + 0.5
2612MUM1 R2 Reichelnevet —74.7067  —11.8081 55 78 x 35x34  Gneiss 7.1+0.3 47 +1.7 6.2+ 0.6 7.6 £0.9
0101IMUM6  T1 Torsviktoppen ~ —74.5950  —11.1249 11 38 x20x16  Gneiss 2.5+0.2 53+27 86+5.1 8.7 £3.6
1401IMUM2 M1 Marg Cliffs —78.7969  —27.5572 354 40 x 38x25  Dolerite 0.5+0.2 6.0 +1.9 26.2 + 4.6 359 +£6.7
UTMUMO003 Ul Utsteinen —71.9629 23.3345 20 60 x 28x 28  Granite 1.1+0.2 - - -
UTMUMO11 U2 Utsteinen —71.9636 23.3396 6 34 x 28x20  Granite 26.6 + 3.8" - - -

# Radiocarbon age was taken from the top of the deposit for this sample.

Fig. 2. Photographs showing: (A) the depositional context of an example site at Reichelnevet with the white (ca. 14 x 8 cm) sign marking the location of the
stomach-oil deposit at the opening of a rock cavity nest site; and (B) the extracted snow petrel stomach-oil deposit with sampled rocks (R1 and R2) incorporated. A

snow petrel can be seen in flight in the middle of panel A for scale.

successfully recovered the given dose (considering the +1 ¢ un-
certainties) to within 10 % using the IR5¢ (0.84 £+ 0.07) and pIRIRg95
(0.85 £ 0.05). However, it recovered the given dose within +20 % using
the pIRIR;50 (0.80 + 0.04) signal. The luminescence signal intensities
were bright for this sample (see Fig. S2A) so unlikely to have been
related to weak signal intensities. Alternatively, the slight deviation in
the recovered dose using the pIRIR;50 signal was likely caused by the

fact that the residual dose subtracted from the recovered dose was not
measured on exactly the same slices; thus, the residual dose measured
could have slightly overestimated the true residual doses that were
incorporated into the slices used to recover the given dose. Fading rates
(g-values, Aitken, 1985) were determined for each rock sample and
normalised to two days (Huntley and Lamothe, 2001). The weighted
means and standard errors of the g-values for all discs were 5.7 & 0.6
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%,/decade (IRsg signal), 0.0 & 0.7 %/decade (pIRIR;5¢ signal) and —0.8
+ 0.8 %/decade (pIRIRyy5 signal) (Table S2); thus, only ages determined
using the IRsq signal required correction for sample-specific fading rates.

3.2.2. Environmental dose-rates

Due to the depositional context of the sampled rocks, the determi-
nation of the environmental dose-rate was complex. Each rock was
positioned on top of lithologically similar bedrock and directly overlain
by the snow petrel stomach-oil deposit (e.g., Fig. 2). To calculate the
environmental dose-rate throughout burial for each sample, U, Th and K
concentrations were measured for each individual rock sample using
inductively coupled plasma mass spectrometry (Table S3). Given the
biological nature of the deposit, we assume zero concentrations of U and
Th. However, K can be sourced through foraging by the birds, and so the
K concentration for the matrix overlying the rocks (i.e. the stomach-oil)
was measured using portable x-ray fluorescence (pXRF). K concentra-
tions of 0.3 % (2612MUM1B) and 0.5 % (UTMUMO011) were measured
and so an average of the two samples was used for dose-rate calculations
(0.4 + 0.1 %) for all samples. Sensitivity tests were also performed
varying the K concentration of the overlying matrix (i.e. stomach-oil
deposits) from 0 to 3 % to assess the impact on the environmental
dose-rate.

Cosmic dose-rates were calculated after Prescott and Hutton (1994).
Given the aridity of the depositional environment, we assumed 0 %
water contents for both the stomach-oil deposit and the rock itself (after
Jenkins et al., 2018). The average down-core grainsize of K-feldspar in
each sample was measured from ten randomly selected grains per slice
using ImageJ and used for dose-rate calculations (Table S3). The grain-
sizes measured in this study were smaller than previous studies (e.g.,
Ageby et al., 2022; Jenkins et al., 2018) and so the internal dose-rates
calculated will be lower. The grainsizes of K-feldspar within rocks are
dictated by the composition of the rocks and their formation conditions
(e.g. temperatures, rate of cooling or crystallisation) (Deer et al., 2013),
which can account for the difference in grainsizes to previous studies.
The mean grain size for the stomach-oil deposits surrounding the rock
was assumed to be 2 pm. An internal K-content of 10 £ 2 % (Smedley
et al., 2012) and internal U and Th concentrations of 0.3 & 0.1 ppm and
1.7 £ 0.4 ppm (Smedley and Pearce, 2016) were used to determine the
internal alpha and beta dose-rates of the rocks. An a-value of 0.10 +
0.02 (Balescu and Lamothe, 1993) was used to calculate the alpha
dose-rates for the rocks. As the gamma field was not homogeneous for
30 cm surrounding each sample, the gamma dose was scaled according
to Aitken (1985) based on the rock thickness, density of the bird
stomach-oil (1.5 g cm’3), gneiss (2.75 g cm~3) and/or dolerite (3.00 g
crn’g), water content (assumed to be 0 %) and U, Th and K concentra-
tions of the rock and the overlying bird stomach-oil (Table 1). The
gamma dose-rate was also modelled to include the contributions from
the underlying rock, which was the same composition as the sampled
rock, and the air above the bird stomach-oil. Finally, the variation of the
dose-rate with depth into each cobble surface was determined (after
Freiesleben et al., 2015; Riedesel and Autzen, 2020) and used to
calculate depth-specific burial ages.

3.2.3. Calculation of burial ages

The D, values determined for each rock slice from the cores of each
sample was divided by the modelled depth-specific dose-rate to deter-
mine down-core ages. Jenkins et al. (2018) calculate burial ages by
combining the ages for all slices on an inferred plateau using a simple
average. However, (i) this approach does not account for age un-
certainties on each rock slice; (ii) it does not consider that any scatter
could be incorporated into the inferred well-bleached plateau from
additional sources beyond the counting statistics (e.g., intrinsic lumi-
nescence characteristics); and (iii) the inferred plateau is not determined
via statistical means, rather an arbitrary line drawn through the data,
which is difficult to decide upon when considering the age uncertainties.
Here, we prefer to consider that all the rock slices for each sample are
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equivalent to partially-bleached distributions, which contain a
well-bleached population (similar to D, distributions measured from
sand). This is appropriate as the age-depth profile for the rock cores
extend from the interior shielded from sunlight exposure (with no
bleaching of the luminescence signal), through the bleaching front (with
partial bleaching of the luminescence signal) and to the surface which
was exposed to sunlight (likely a well bleached luminescence signal). As
such, we determine ages for each age distribution using the minimum
age model (MAM). By applying the MAM to the ages determined for all
of the slices for each sample we can: (i) incorporate the uncertainty on
each age estimate into the sample age calculation; (ii) incorporate
additional scatter (cp) into the well-bleached age distribution caused by
sources beyond the counting statistics (e.g., intrinsic luminescence
characteristics); and (iii) statistically identify the ages that form the
well-bleached portion of the partially-bleached distribution. A 6, 0of 0.10
was used to determine the MAM ages based on the overdispersion value
determined from the dose-recovery experiments.

3.2.4. Rock opacity

After luminescence measurements were performed, each rock slice
was analysed to investigate potential changes in rock composition with
depth. Down-core red-green-blue (RGB) values were determined for
each sample to investigate whether there was any colour variation
within the sample, and externally between samples; thus, providing a
semi-quantitative tool to detect variability in rock opacity (Meyer et al.,
2018). Raster images of RGB were obtained for each rock slice using an
EPSON Expression 11000XL flatbed scanner at 1200 dpi resolution.
Mean and standard deviations of the RGB values for each rock slice were
calculated using the raster package in R (version 2.9-23; Hijmans, 2019).

3.3. Independent age control from radiocarbon

Radiocarbon ages for the snow petrel stomach-oil deposits were
measured as part of NERC (NE/K003674/1) and ANTSIE (ERC Reference
864,637) projects (McClymont et al., subm.; Table 1). Where available,
we include relevant bracketing ages (top and bottom) for the samples
used for rock luminescence dating (Table S1). Radiocarbon ages were
calibrated following McClymont et al. (2022b) using the MARINE20
calibration curve (Heaton et al., 2020) and a AR of 670 + 50 years
derived from penguin bones at Hope Bay (cf. Bjorck et al., 1991). This
marine reservoir correction represents Holocene conditions with
generally low sea-ice abundance (after Heaton, 2021; Heaton et al.,
2023). We consider this appropriate as all (but one) radiocarbon date are
Holocene in age. The exception (sample 62,290 from the top of the
UTMUMO11 deposit) gives an apparent age from the Last Glacial
Maximum when sea-ice extent would have been greater, which would
need a larger AR correction (Heaton et al., 2023). However, we do not
present a corresponding luminescence burial age for the UTMUMO11
deposit (constrained by sample U2) and so any assumption about the AR
correction does not impact the comparison of ages from the two
approaches.

4. Results
4.1. Environmental dose-rate variability

Quantifying the K concentration of the stomach-oils overlying the
rocks used for luminescence burial dating was challenging as it may
have varied between sites (although not considerably as the birds will
have maintained a broadly similar diet through time). pXRF measure-
ments show little difference between the K concentrations of deposits
2612MUM1B from the Reichelnevet site (0.3 %) and UTMUMO11 from
the Utsteinen site (0.5 %). Furthermore, we performed sensitivity tests
where the K concentration of the overlying matrix was varied from 0 to 3
% to assess the impact on the environmental dose-rates. The results show
that even a large increase from 0 to 3 % K for the stomach-oil had a very
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small impact upon the environmental dose-rates when modelled with majority of the dose-rate is provided by the rock itself where we have
depth into the rock surface (Fig. S3A-D). The surface slices would have measured U, Th and K concentrations for all samples. Therefore, it was
been impacted to the largest extent by variation in the stomach-oil K appropriate to assume a K concentration of 0.4 + 0.1 % for the stomach-
concentration but only measured a small difference for samples R1 (3 oil deposits overlying all the samples in this study.

%), T1 (13 %), M1 (12 %) and R2 (6 %) when varying the K from 0 to 3 %
(Fig. S3E). Consequently, it is unlikely that variability in the K concen-
tration of the bird stomach-oil would have had an impact on the ages
beyond the uncertainties already incorporated into dating as the

4.2. Sample characteristics

The rock slices used for all samples were dark in colour, but varied
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Fig. 3. Luminescence depth plots for the samples in this study measured using the IRso (fading corrected), pIRIR;50 and pIRIR,s5 signals from K-feldspar. Data are
plotted for each individual core (C) measured. The dashed line shows the sample age.
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between samples, especially for samples T1 and R2, which were both
gneiss (Fig. S4; Fig. S5). The luminescence signal intensity of rock slices
can be highly variable, especially across the different IRSL signals,
where the IRsq signal is typically brighter than the pIRIR;so, which is in
turn brighter than the pIRIR;25 signal. To be able to determine D, values
for a rock slice, we need to detect a measurable luminescence signal. The
luminescence signals for all samples were measurable across the IRsp,
PIRIR;50 and pIRIRyys5 signals (Fig. S2). However, the IRSL signals for
sample T1 were significantly dimmer than the rest of the samples
(Fig. S2C). This likely translated into poor precision of the ages
determined.

4.3. Extent of luminescence signal resetting

To determine an accurate burial age, each sample must have been ice
free and exposed to sunlight prior to burial for a sufficient amount of
time to fully reset (or bleach) the luminescence signals used for dating (i.
e. the IR5p, pIRIR150 and/or pIRIRyy5 signals). Broadly speaking, the
longer the sunlight exposure time prior to burial, the deeper the
bleaching front propagates into the rock surface. Rock slices that were
bleached prior to burial will form a plateau in apparent burial ages (i.e.,
L,/Ty values or normalised luminescence) in the upper portion of the
core. The depth of this plateau will be dictated by the prior exposure
time, in addition to the light attenuation properties of each rock (e.g.,
the rock opacity). Four samples (R1, T1, M1 and R2) determined a
luminescence depth profile indicative of light penetration into the rock
surface during prior exposure to sunlight (Fig. 3), while two samples (U1l
and U2) did not (Fig. 4).

The luminescence depth profile for sample R1 suggests that this rock
experienced sufficient sunlight exposure prior to burial as the burial ages
are broadly consistent up to 4 mm depth across three replicate cores for
the IRs0, pIRIR 50 and pIRIRg95 signals (Fig. 3A-C). For sample R2 (from
the same deposit), the large uncertainties on the fading-corrected IRsg
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ages for Core 1 make it difficult to assess plateau extent (Fig. 3D).
However, Core 2 has a lower age at the surface (up to 1 mm) followed by
a plateau up to 4 mm, which was also observed in both the pIRIR;5q
(Fig. 3E) and pIRIR225 (Fig. 3F) signals. Luminescence depth profiles
with ‘steps’ in its plateau can be indicative of multiple burial events (e.
g., Freiesleben et al., 2015; Jenkins et al., 2018). Sample T1 produced
ages with large uncertainties and scatter in the luminescence depth
profiles (Fig. 3G-I), which is likely to be related to the low
signal-intensities measured for this sample (Fig. S2C). However, the
lowest age in the profile was measured at the surface slice for all three
IRSL signals, suggesting the potential that this sample was reset at the
surface. Finally, sample M1 displays a plateau up to ~2 mm depths for
the IR5( signal and up to 1 mm depths for the pIRIR; 59 signal (two discs),
and then only the surface slice (Fig. 3J-L) was suggestive of some signal
resetting for the pIRIRy5 signal. The presence of a small plateau in both
the IRso and pIRIR;5¢ signals suggests that this sample may have been
exposed to some sunlight prior to burial to fully reset these signals.
However, as only the surface slice is potentially reset in the pIRIRgs5
signal, it is difficult to assess the extent of bleaching prior to burial; thus,
the pIRIRg95 signal is not considered for dating of this sample.

Two samples (Ul and U2) did not measure luminescence depth
profiles and so could not have been exposed to sufficient sunlight prior
to burial to reset the luminescence signal (Fig. 4). Consequently, D,
values and ages were not determined for samples Ul and U2. These
samples were taken from the same site (Utsteinen nunatak; Fig. 2) and so
it is possible that the lack of sunlight exposure relates to site specific
conditions such as slope aspect and/or shade produced by nearby ob-
structions or being deposited within a rock cavity (see Fig. S1 D and E).

4.4. Burial ages

Ages were determined using the D, values measured with the IRs5g
(fading-corrected), pIRIR;5¢ and pIRIRgo5 signals (Figs. 3 and 5). The

. A) U1: IR, 5 B) U1: pIRIR, 4, 6 C) U1: pIRIR,,,
S o5l s 35 3
S5, . Sag ¢ s 5F .l.
0] [} [} L ]
Q [ 1 3] | o -
§ 041 . - . 5 § 4 =
] . 2 3 - pe 2 .
£ 03F £ P Pe £ 3t «
£ 7 £ £
2 2 2L 2
° Eel
§ o2} g * § 2r
© © ©
£ E 1] £
s 01F} S s 1
z z z
oo l— v vy olb— vy oL— vy
01 2 3 45 6 7 8 9101112 01 2 3 45 6 7 8 9 10 1112 01 2 3 45 6 7 8 9 10 1112
Depth (mm) Depth (mm) Depth (mm)
) D) U2: IR,, 8 E) U2: pIRIR,;, . F) U2: pIRIR,,,
— — [ ) —_
Ei L ] ] 0 B
EAdY : st
[ o 6 g
g g " e e 5S¢
5 [ @
Q o (=3
0 0 7]
@ o o 4r
£ 5t £ 4L £
€ £ £
El 3 3 3F
o o o
g4t 2  ,
© T L 2 L
E £ 2 £
ZO 2 2 1+
0 T S S S S S 0 P T T S 0 T T S T S W R S
012 3 45 6 7 8 9 101112 01 2 3 4 5 6 7 8 9 10 1112 01 2 3 4 56 7 8 9 10 11 12
Depth (mm) Depth (mm) Depth (mm)

Fig. 4. Luminescence depth plots measured using the IRso, pIRIR;50 and pIRIRz05 signals from K-feldspar for the samples in this study where the profiles did not
suggest bleaching prior to burial. Data are plotted for the one core measured for each sample. Only normalised luminescence (L,,/T,) values are shown for samples U1l

and U2 as they did not show evidence of sunlight exposure prior to burial.



R.K. Smedley et al.

A)R1 IRy, B) R1 pIRIRs
300
300 2 200
2 200 © 100
o 100 E 2 . s
£ 2 = 0 50
= 0 50 @ -2 —~
? 2 — o 20 8
5] 20 g - 0 =
3 - 10 S 3 o
o3 Py 2 =3
@ : o ° <
B < ©
o] °
O c
= o]
i} 7]
0 1
1
Relative standard error (%) Relative standard error (%)
50 25 167 125 50 25 167 125 10 83
r f f t i 1 e FE
T T T T T T Tr 1
o 2 4 6 8 0 0.09 0 2 4 6 8 10 120 003
Precision Density (ow 0.424) Precision Density (bw 0.375)
D) R2 IRy, E) R2 pIRIR s
)
= )
© 2
E 2 38 g, 300
= 0 200
= . 100 = 0 100
[ .. 50 T @ -2 —
° . = e 50 T
> 2 = o e
I 0 o Jo3 ~—f20 =
© o R 10 o
= < S (=]
© = <
o [+]
c °
[0 c
= 5]
@ »
i 1
Relative standard error (%) Relative standard error (%)
100 50 333 10 67
} Il } ] } } 1
T 1 t 1 i 1 T 1 1 i 1
0 1 2 3 0 0072 0 5 10 15 0 0275
Precision Density (ow 0.214) Precision Density (ow 0.119)
G) T1 IRs H) T1 pIRIR 5,
2 300
Q ©
© 300 1= £ 200
= 200 s, F 100
= 2 100 2 3 Eso
5 .
o 0 50 - 2 . %
kel —_ Q o
3 2 20 g @2 0 £
@ 10 X ° :;
2 o]
5 = 5 T 2
2 < s
il 7]
0
1 1
Relative standard error (%) Relative standard error (%)
200 100 66 50 50 25 167 125
Il Il Il 1 } } } H
r T T T L 1 T T T T Tir 1
0.0 05 1.0 15 20 0 0.076 0 2 4 6 80 0.02
Precision Density (ow 0.196) Precision Density (ow 0.625)
J) M1 IR, K) M1 pIRIR 5
300 300
2 200 2 200
€ 100 £ 100
7 2 B 50 % 2 s B, 50 _
. — )
e 9 % 20 @ o 9 20 X
° . o ==
154 10 = 5 0 o
82 Q @2 =)
k<l < B <
© [+
° °
= =
ol 3
n 2]
1 1
Relative standard error (%) Relative standard error (%)
100 50 333 25 20 10
1 1 1 Il 11 Il 1 ]
T 1 1 1 1 i 1 T 1 1 1 1
0 1 2 3 a 50 0.004 0 5 10 0 0.005
Precision Density (ow 0.336) Precision Density (ow 0.205)

Quaternary Geochronology 94 (2026) 101746

C) R1 pIRIRy;

300
% 2 200
g, - L3 100
= 0 . £ 50
0 -2 —
@ . 20 9
? . 10 3
(] )
0 / =
° <
©
°
c
S
8
(4]
1
Relative standard error (%)
50 25 167 125 10 83
I I I I I 1
T T T T T T nr 1
0 2 4 6 8 10 120 0.014
Precision Density (bw 0.274)
F) R2 pIRIR,,s
2
] 300
£ i
@ 2
° . 50 o
3 o &
@ * 10 o
; 2
°
=
5]
ol
2]
1
Relative standard error (%)
20 6.7
| ] Il ]
r T T T 1
0 5 10 15 0 0207
Precision Density (bw 0.125)
1) T1 pIRIR 5
2 300
g 200
£ £100
3 9 e . 50
- 2 .
o) 20 =
40 10 X
2 @
) =)
c <
5]
ol
2]
1
Relative standard error (%)
50 25 167
I I TR
r T T T 1
0 2 4 3 0 0.01
Precision Density (bw 0.68)
L) M1 pIRIR 55
2 %
E we 7 100
= . .. 50
w 2 . —_
o ©
9] % 20 X
3 03
i) j=
° <
©
°
c
o]
(2]
1
Relative standard error (%)
20 0
I I |
T T | 1T 1
0 5 10 0 0.008
Precision Density (ow 0.132)

Fig. 5. Abanico plots showing the ages determined for rock slices of samples R1, R2, M1 and T1. The grey shading shows the MAM ages determined for each dataset

using a o, of 0.10.



R.K. Smedley et al.

luminescence depth profiles of both samples (R1 and R2) from Reich-
elnevet are characterised by a plateau and are considered to have been
well-bleached prior to burial. The luminescence ages for these samples
are broadly comparable across all IRSL signals (IRsp: 2.4 + 0.4 ka and
4.7 + 1.7 ka; pIRIR15¢: 5.5 + 0.6 ka and 6.2 + 0.6 ka; pIRIRy5: 6.6 +
0.5ka and 7.6 + 0.9 ka). We note that for sample R1, the IR5p age (2.4 +
0.4 ka) is lower than both the pIRIR;5¢ (5.5 + 0.6 ka) and pIRIR,25 (6.6
+ 0.6 ka) ages from the same sample, in addition to the IRsg age from
sample R2 (4.7 + 1.7 ka). Nevertheless, the pIRIR ages for both samples
agree within uncertainties and they are all consistent with independent
age control provided by the basal radiocarbon age (SUERC-42052) of 7.1
+ 0.3 cal Ka BP from the bottom of the stomach-oil deposit (Table 1).

The steps in the luminescence depth profile of sample R2 from
Reichelnevet showed potential evidence for multiple burial cycles being
recorded by the rock. To calculate ages for these potential burial cycles,
the finite mixture model (FMM) was used to identify the presence of
three age components within the age distribution. The two main
(younger) components in the age distribution for sample R2 were 6.1 +
0.8 ka (33 % of the population) and 7.5 + 0.8 ka (57 % of the popula-
tion). The ages determined for the different components were broadly
comparable but slightly older for the pIRIRg95 signal at 7.0 + 1.3 ka (26
% of population) and 9.0 + 0.9 ka (63 % of the population). The ages of
the oldest components for each signal were not useful as they were taken
from across the bleaching front of the luminescence depth profile, which
was not fully reset prior to burial.

At the Torsviktoppen site, the lack of an obvious plateau for sample
T1 highlights lower confidence in the reliability of the ages determined
for this sample as we cannot be certain that it was exposed to sufficient
sunlight prior to burial. Nevertheless, the IRs (5.3 £ 2.7 ka), pIRIR150
(8.6 £ 5.1 ka) and pIRIRys5 (8.7 + 3.6 ka) ages calculated for the surface
slice of T1 are all in agreement within + 1¢ uncertainties, and are also in
(very) broad agreement with a basal radiocarbon age of 2.5 + 0.2 ka cal.
BP), which provides a minimum age for the onset of biogenic accumu-
lation. However, we note that this agreement is reliant upon the large
uncertainties on the apparent burial ages caused by the low signal in-
tensities measured for this sample.

For sample M1 from the Marg cliffs, there was a large discrepancy
between the ages calculated for the fading-corrected IRsg signal (6.0 +
1.9 ka) and the pIRIR;5q signal (26.2 + 4.6 ka). The pIRIR295 signal did
not show a plateau and so no age was calculated. The large discrepancy
between the IR5¢ and pIRIR; 50 ages and limited plateau recorded for the
PIRIR;50 signal would suggest that this sample experienced limited
sunlight exposure prior to burial; thus, bleaching prior to burial was
limited. In such cases, the fading-corrected IRs5q signal is more likely to
produce an accurate burial age as it resets faster in response to sunlight.
However, it is difficult to assess the accuracy of the burial ages for
sample M1 as the age inversion between the top (1.0 & 0.2 ka) and basal
(0.5 + 0.2 ka) radiocarbon ages questions the reliability of the inde-
pendent age control. The fading-corrected [R5y age (6.0 + 1.9 ka) is
interestingly similar to the age of the stomach-oil deposits at Reich-
elnevet (~7 ka).

In summation, samples R1 and R2 from Reichelnevet produced
luminescence burial ages that are consistent within and between sam-
ples (especially for the pIRIR ages) and which are consistent with in-
dependent age control provided by radiocarbon dating. Sample T1 from
Torsviktoppen also produces burial ages consistent with independent
age control but these ages are characterised by large uncertainties. The
reliability of the ages for sample M1 from the Marg cliffs is questioned
due to limited bleaching prior to burial but is similar to those from
Reichelnevet (~7 ka).

5. Discussion
5.1. Successful dating of biological accumulations

The ages determined for the Reichelnevet site (samples R1 and R2)
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are in good agreement with the radiocarbon age from the bottom of the
stomach-oil deposit (Table 1). Together the ages suggest that the
stomach-oil deposition began ~7 ka, which is consistent with the timing
of regional deglaciation (Grieman et al., 2024; Suganuma et al., 2022)
resulting in ice-free conditions at the nest site. Although the lumines-
cence depth profiles for sample T1 from Torsviktoppen did not show
obvious evidence of a significant plateau suggestive of extensive
bleaching, the luminescence ages obtained from the surface slice were
also in broad agreement with the available radiocarbon chronology
when accounting for the large uncertainties caused by low signal in-
tensities. These samples show the success of using rock luminescence
dating to constrain the timing of stomach-oil deposition. Given the
elevated position of the nesting sites at Reichelnevet (55 m) above the
present ice surface (Table 1), it is unlikely that ice fluctuations would
have covered this site since the rocks were deposited and so would not
have affected the luminescence depth profiles measured. In contrast, the
nesting site at Torsviktoppen was only 11 m above the present ice sur-
face (Table 1) and so there is greater potential for the sunlight exposure
to have been restricted to this sample by fluctuating ice volume prior to
its burial. The three other samples in this study were less successful in
providing age constraints, but for different reasons.

The lack of any luminescence depth profile (i.e. bleaching) in sam-
ples from Utsteinen (samples U1l and U2) is notable given that previous
studies demonstrate that luminescence depth profiles can develop
within periods as short as days (e.g., Smedley et al., 2021; Ou et al.,
2018; Freiesleben et al., 2023). However, the dark colour of samples Ul
and U2 (Fig. S4) implies that these rocks have high opacity and so light
would be attenuated more rapidly in these samples in comparison to
previous studies that used lithologies with lower rock opacity (e.g.,
sandstone, granites and quartzite). Ou et al. (2018) have shown that the
luminescence depth profiles of a dark greywacke sample remained very
shallow relative to other lithologies despite their controlled bleaching
experiments extending up to the equivalent of 91 days of daylight
exposure in the UK. Furthermore, sunlight intensity in Antarctica can be
much reduced due to the angle of sunlight being more oblique compared
with lower latitudes, particularly in unfavourable (e.g. south facing)
aspects (e.g., Fuhrmann et al., 2022) or where there are significant ob-
structions on the skyline (e.g., being located within a cavity or shielded
by boulders and mountain peaks). Furthermore, the nesting sites at
Utsteinen were only 6 m (Ul) and 20 m (U2) above the present ice
surface (Table 1) and so are more likely to have been covered by
small-scale fluctuations in ice volume. Finally, the transport pathways of
the rocks prior to incorporation within the deposit are potentially very
short (e.g., merely falling off the cavity roof) and there may be limited
opportunity for some exposure to sunlight before burial; this was likely
the case for sample M1. Considering all these factors, it is not surprising
that some rocks did not contain any evidence of a luminescence depth
profile indicative of signal resetting prior to burial.

For sample T1 from Torsviktoppen, the sunlight exposure event prior
to burial was not sufficiently long to reset the luminescence signal to
depths much beyond the surface slice (up to 1-2 mm). This poses chal-
lenges as it is difficult to show that the luminescence signal of a single
(surface) slice was well bleached prior to burial. However, it has pre-
viously been applied in Antarctica to reconstruct sea-levels using fine-
grained volcanic rocks and some granites (Simms et al., 2011). In such
cases, consistency in derived burial ages across the IRsg, pIRIR;50 and
PIRIRg95 signals for K-feldspar can increase confidence that a sample
was well-bleached prior to burial (after Murray et al., 2012). Similarly, a
lack of consistency between the IRsp, pIRIR;50 and pIRIRyy5 ages de-
creases confidence that the samples were well-bleached prior to burial.
Given that the IR5 signal bleaches faster than the pIRIR;5¢ and pIRIR225
signals in response to sunlight (e.g., Smedley et al., 2015; Colarossi et al.,
2015), the IRg( signal would be better reset in scenarios with minimal
sunlight exposure (e.g. sample T1) prior to burial than the pIRIR signals.
However, there are also factors that can cause underestimation of the
IRsp signal relative to the pIRIR signals. In this study, fading rates



R.K. Smedley et al.

measured for the IRg signal were high (up to 8.7 &+ 1.0 %/decade) and
all samples required a fading correction (Huntley and Lamothe, 2001) to
determine ages. This fading correction produced significant uncertainty
in the IRsp ages and is reliant upon an ability to accurately measure
fading rates. Furthermore, there is increased potential for the IRgq signal
to be contaminated by emissions from Na-feldspar compared to the
PIRIR signals (Thomsen et al., 2018). Ages (unknowingly) determined
from Na-feldspar could potentially cause age underestimation as the
environmental dose-rate calculations assume the luminescence signal
used for dating is emitted solely by K-feldspar with higher internal
K-contents of 10 + 2 % (after Smedley et al., 2012).

Overall, we show that rock luminescence dating can be successful in
determining accurate ages in the challenging context of dating rocks
under and within the biological accumulations of snow petrel stomach-
oil deposits. The variable levels of bleaching observed likely relates to
variable sunlight exposure conditioned by specific sample and site fac-
tors, some of which (but not all) can be mitigated prior to sampling.
Therefore, the best approach is to sample a larger population of rocks
and consider the individual site characteristics such as aspect, shading
and history of ice-sheet cover (i.e. height above present ice; Table 1)
when interpreting ages. It is encouraging that four samples from a total
of six rocks that we opportunistically obtained from our snow petrel
stomach-oil deposits showed evidence of bleaching. This suggests that a
significant proportion of rocks within biological deposits may be suit-
able for rock luminescence dating, especially if a more focussed and
strategic sampling strategy is employed. Furthermore, it is likely that the
rock luminescence dating approach may be even more successful for
biological accumulations at lower latitudes than Antarctica where there
is improved exposure due to the angle of sunlight being less oblique.

5.2. Future opportunities

The depth of the well-bleached plateau in the luminescence depth
profiles can reveal information about the length of time each rock was
exposed to sunlight prior to burial, which is beneficial in the absence of
cosmogenic nuclide ages. Well-bleached plateaus that extend to deeper
depths (e.g. R1; Fig. 3A-C) imply longer sunlight exposure periods prior
to burial, while shallower profiles are suggestive of shorter sunlight
exposure periods prior to burial (e.g. M1; Fig. 3J and K). Previous studies
have provided models that can determine the age of the prior exposure
in buried rocks (Freiesleben et al., 2015). More complete luminescence
depth profiles that fully capture the saturation portion of the profile at
lower depths into the rock are required to apply these exposure dating
models accurately. None of the luminescence depth profiles measured
for samples in this study are sufficiently complete to calculate prior
exposure ages using the approach of Freiesleben et al. (2015) due to the
small size of the rocks and the preferred nest habitat within the cavities
of the snow petrels. However, given that all the samples have similar
rock opacity (Fig. S5), we can infer relative sunlight exposure histories
prior to burial. Rock samples R1 and R2 were evidently exposed to
sunlight for the longest period prior to burial being 55 m above the
present ice sheet surface, while samples T1 (11 m above ice) and M1
(354 m above ice) were exposed for less time, but more than samples Ul
and U2 (20 m and 9 m above ice) that did not have any evidence of
sunlight exposure prior to burial.

Multiple burial events have previously been reported from rock
luminescence burial dating (e.g., Freiesleben et al., 2015; Jenkins et al.,
2018) and are evidenced by ‘stepped’ luminescence depth profiles.
Although it must be acknowledged that some variability in age may be
introduced by variability in K concentrations with depth (Ou et al.,
2022). Sample R2 from the Reichelnevet site shows some evidence of a
‘step’ in the luminescence depth profile across the IRsg, pIRIR;50 and
PIRIRy5 signals (Fig. 3D-F). When the finite mixture model (FMM) is
fitted to the age distribution of sample R2 using the pIRIR;5¢ signal
(Fig. S6), it identifies three components in the age distribution at 6.1 +
0.8 ka (33% of the population) and 7.5 + 0.8 ka (57 % of the population)
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and 9.6 + 2.0 ka (10 %). Note that the oldest component here is not an
accurate age but averaging across the slices that form the bleaching front
(i.e., not fully reset prior to burial). While acknowledging that this
interpretation is tentative, it is possible that multiple burial events can
be recorded within samples such as those presented here. This could
potentially reflect fluctuations of the ice margin over the site, a scenario
that is more likely for samples closer to the present ice surface. Alter-
natively, given the situation of each sample within a cavity at each nest
site, it is most likely that any hiatuses reflect episodic transport of the
clast with intermittent shielding/burial (e.g., by snow) prior to incor-
poration within the deposit. For our samples, the oldest ‘step’ in the
luminescence depth profile would provide a minimum constraint on
ice-free conditions (i.e. sunlight exposure) at the rock surface. For
sample R2, this suggests ice-free conditions at 7.5 + 0.8 ka, which is in
agreement with a regional deglaciation estimate (Grieman et al., 2024;
Suganuma et al., 2022). Similarly, there is potential for other rock sur-
faces in Antarctica that are presently shielded from sunlight (e.g. by
glacier ice) to record prior burial events that can be related to the
broader ice-sheet history (e.g., Balco et al., 2023; Small et al., 2025).

Finally, rock luminescence dating can extend the dateable age range
beyond the limits of radiocarbon dating (ca. 55 ka cal. BP; Hajdas et al.,
2021). While most of the deposits investigated here date from the Ho-
locene, deposits that return infinite radiocarbon ages have also been
reported (e.g., Penny, 2025). As these old deposits cannot currently be
dated, we cannot place them within any regional or global palae-
oenvironmental context. It is possible that they were deposited during
the Last Interglacial (i.e. MIS5), which would have important implica-
tions for interpreting ice-sheet extent (and therefore sea-level rise), and
changing sea-ice conditions at that time. If basal (or near basal) rocks
can be recovered from biological accumulations from the snow petrel (or
any other organism), then rock luminescence dating can likely provide
accurate ages as the limit of luminescence burial dating of K-feldspar can
exceed >125 ka (e.g., Table S4; Buylaert et al., 2012). However, this is
dependent on the magnitude of the environmental dose-rate (i.e., lower
dose-rates facilitate older ages) and the luminescence properties of the
individual rocks (i.e., their saturation limits; Table S4).

6. Conclusions

Luminescence dating of rocks buried within accumulations of snow
petrel stomach-oils in East Antarctica provided ages in agreement with
independent age control (radiocarbon dating). Variable levels of signal
resetting were observed between samples, which likely relates to vari-
able sunlight exposure experienced prior to burial conditioned by spe-
cific sample and site factors. Comparing the different luminescence
signals of K-feldspar (IRsp, pIRIR;50 and pIRIR225) allowed us to assess
whether the signal resetting prior to burial was sufficient to derive ac-
curate ages with confidence. This showed that three of the samples were
sufficiently exposed to sunlight prior to burial (Reichelnevet, Marg
Cliffs), two samples were not exposed at all (Utsteinen), and one sample
(Torsviktoppen) was exposed but only the lower temperature (IRso) IRSL
signal was sufficiently reset for dating. We observed variable durations
of prior sunlight exposure before burial that could potentially be linked
to the length of time spent ice free prior to nest occupation or post-
depositional re-mobilisation of the rock in the nest site. Our samples
also highlight the potential for multiple burial events to be preserved in
the luminescence depth profiles of rocks that could provide insights into
past fluctuations in the ice sheet. Applying rock luminescence dating in
this novel context has shown that we can extend chronological control
beyond traditional sedimentary contexts constrained by previous studies
and into dating biological accumulations, which has not previously been
done. Furthermore, the saturation limits of the luminescence signals
measured for these samples show that rock luminescence dating can
potentially extend the dateable age range beyond radiocarbon to allow
us to date palaeoenvironmental changes in Marine Isotope Stage 5; this
is important for understanding sea ice extent and ice-sheet contributions
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to sea-level rise during the last interglacial period.
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