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We investigate how luminescence signals imprinted on fluvial sediments vary depending on the depositional
environment and vary through time in the same river. We collected sediment samples from four geomorphically
distinct locations on themodern floodplain andmodernpoint baron theBuffaloRiver in northwestArkansas,USA,
inorder todetermine ifdifferentdepositional environmentsareassociatedwithdistinctbleachingcharacteristics in the
sediments. Our analysis revealed that all samples from different depositional environments yielded ages consistent
with modern deposition. The samples collected from the floodplain and bar head contained a higher proportion of
grainswith residual doses, indicative of incomplete bleaching during transport, while samples from the mid-bar and
bar tail appearedwell bleached.Our results areparticularly intriguing for two significant reasons.First, theyhighlight
distinct equivalent dose distributions in different depositional environments. Second, they shed light on an intriguing
relationship: despite generally well-bleached modern floodplain samples, ancient sediments from corresponding
terraces displayed equivalent dose (De) distributions that suggest partial bleaching in some cases. This research
contributes to the growing body of work that seeks to establish a relationship between luminescence properties and
sediment transport processes and offers valuable insight into how luminescence signals vary locally inmodern fluvial
deposits, which can help guide the interpretation of older fluvial deposits.
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Luminescencedating is used todetermine the time elapsed
sinceminerals (e.g. quartz and feldspar) were last exposed
to sunlight or heat, yielding a depositional age for buried
sediments. Luminescence dating hinges on the founda-
tional assumption of complete resetting or bleaching of
luminescence signals in sediments during transport and
deposition.Fluvial sediments are often especially prone to
incompletebleachingduring transport, resulting in scatter
in equivalent doses that reflects both grains that were fully
bleached prior to burial and grains that were not
fully bleached prior to deposition and retain a residual
signal (Aitken & Smith 1988; Olley et al. 1998; Stokes
et al. 2001; Duller 2008; Gray & Mahan 2015; Gray
et al. 2019). Determining the source of scatter in
equivalent doses (De) is not straightforward given that
there is not currently a method to empirically identify the
sources of De scatter in any one sample (Olley et al. 1998,
2004; Jain et al. 2004; Arnold & Roberts 2009;
Summa-Nelson & Rittenour 2012). While processes like
beta dose heterogeneity (Gu�erin et al. 2015; Jankowski &
Jacobs 2018; Smedley et al. 2020) and postdepositional
mixing (Kristensen et al. 2015; Gliganic et al. 2016) can
result inDe scatter, partial bleaching prior to deposition is
the dominantly cited reason for De scatter in fluvial
sediments (e.g. Rittenour 2008; Murray et al. 2012;
Smedley et al. 2020).

The degree of bleaching of modern sediment can be
used as an analogue for bleaching conditions during

depositionof correspondingancient sediments, reducing
uncertainty about the origins of scatter in De distribu-
tions (Murray 1996; Olley et al. 1998; Porat et al. 2001;
Stokes et al. 2001; Jain et al. 2004). Luminescence
properties ofmodern sediments (e.g. degreeofbleaching,
grain sensitivity, proportionof saturated grains) can also
provide valuable insights into geomorphic processes at
the time of sediment deposition. Interpreting lumines-
cence properties of sediment samples has been used in
studying river avulsion events (Chamberlain & Wall-
inga 2019), identifying shifts from river aggradation to
rapid incision (Bonnet et al. 2019), and determining the
magnitude or frequency of past flood events (King
et al. 2014a; McGuire & Rhodes 2015b).

In this study, we used single-grain quartz OSL to
analyse samples from four distinct depositional environ-
ments across a modern floodplain on the Buffalo River,
in northwestArkansas,USA.Our primaryobjectivewas
to explore potential variations in De distributions
associated with partial bleaching in several depositional
environments on the modern floodplain and to contrib-
ute to the growing body of work that links luminescence
signals and geomorphic processes. This study under-
scores that the bleaching characteristics of modern
samples can significantly influence the choice of age
model for palaeo-deposits. While our samples from the
modern point bar generally appeared well bleached
(when compared with modern sediments with many
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grains with high residual doses or saturated grains),
ancient sediments from a neighbouring strath terrace
hadDedistributions thatcouldsuggestpartialbleaching.
In such a situation, key questions arise that must be
addressed in order to select the appropriate model for
accurate age calculation. Is partial bleaching indeed
present in ancient fluvial samples?Or is theDe scatter the
result of beta dose heterogeneity or postdepositional
mixing? To what degree is De scatter influenced by
unknown contributions of partial bleaching, beta dose
heterogeneity, and postdepositional mixing?

Background

Identifying partially bleached sediments

Partial bleaching in a sediment sample can be charac-
terized with a number of different approaches. Partial
bleaching can be inferred by examining the distribution
of equivalent doses of single grains in a sediment sample
(Duller 2004, 2008; Thomsen et al. 2007; Murray
et al. 2021). The log-transformed dose distribution of
quartz grains from a well-bleached sample is often
expected toexhibita symmetricalpatterncentredaround
a geometric weighted mean equivalent dose and is
characterized by overdispersion values of 20% or lower
(Fig. 1; Arnold & Roberts 2009). In contrast, the
log-transformeddose distributionof apartiallybleached
sample shows clear asymmetry and has higher values of

overdispersion that often exceed 40–50%, and may
surpass 100% (Fig. 1; Arnold & Roberts 2009; King
et al. 2013; Sim et al. 2014). The peak towards smaller
equivalent dose values most closely records the true
burial dose, while an extended tail of equivalent doses
covering a broad range indicates grains that were
not fully bleached before deposition and retain a
residual dose.

When sediments show substantial scatter in dose
distribution, determining the source of the scatter is
essential for selecting themost appropriate agemodel for
accurate age determination (Wallinga 2002; Bailey &
Arnold 2006;Mayya et al. 2006;Arnold&Roberts 2009;
Murrayetal. 2012;Rodriguesetal. 2023).Thecentralage
model (CAM) assumes that individual equivalent doses
in a De distribution are log-normally distributed around
the geometricweightedmean equivalent dose (Galbraith
et al. 1999), as would be expected for a well-bleached
sample.WhileCAMis themost commonagemodel used
forwell-bleachedsediments,otheragemodels canalsobe
used for well-bleached sediments. For example, the
average dose model (ADM) is used to date
well-bleached sediments that have been exposed to
heterogeneous dose rates (Gu�erin et al. 2017). ADM
uses the arithmetic mean of individual grain De values
and is therefore sensitive tooutliers, both largeandsmall,
in the dose distribution. The minimum age model
(MAM) is most often used for calculating burial dose
in partially bleached samples (Arnold et al. 2007),
although there are other models for partially bleached
deposits, including the leading edge method, the lowest
5% method (Olley et al. 1998), and the internal-external
consistency criterion (IEU) (Thomsen et al. 2007). The
MAM assumes that the De distribution is from a
truncated log-normal distribution, where the lowest De

values, characterized by the truncated peak, record the
most recent bleaching event. Un-logged versions of both
CAM and MAM are used for very young or modern
sediment samples (Arnold et al. 2009).

Partial bleaching in fluvial sediments has been
characterizedwith several metrics beyond dose distribu-
tion. The degree of bleaching can be described by the
proportion of grains that were well bleached upon
deposition (Cunningham et al. 2015b) or the percentage
ofmodern grains in a sample (Gliganic et al. 2016, 2017).
The percentage of saturated grains, grains that cannot
absorb additional ionizing radiation, can also be a good
metric to characterize the degree of poor bleaching in
fluvial sediments (Bonnet et al. 2019; Guyez et al. 2022).
The degree of incomplete bleaching can also be
quantified in terms of the residual dose. Samples that
were completely bleached before deposition should have
a residual dose of less than 5% (Murray et al. 2012).
Residual doses are calculated as the difference in
equivalent doses derived from the central age model
and the minimum age model (Chamberlain et al. 2018),
or for modern fluvial sediments with a depositional age

Fig. 1. Idealized equivalent dose (De) distributions for modern-aged
well-bleached sediments andmodernpartially bleached sediments. The
blue dashed line indicates the true burial dose, 0 Gy, for the well-
bleached sample (calculated with CAM and MAM) and partially
bleached sample (calculatedwithMAM).The reddashed line at 7.3 Gy
indicates theburial dosecalculatedwithCAMfor thepartiallybleached
sample. Equivalent doses in the well-bleached sample cluster tightly
around 0 Gy and overdispersion is near 0%. In the partially bleached
sample, a population of equivalent doses is clustered around the true
burial dose of 0 Gy, but a substantial number of grains were not reset
during transport and retain residual doses of up to 20 Gy. Over-
dispersion is 94%.
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of 0 years, residual dose is the equivalent dose calculated
with CAM (Chamberlain &Wallinga 2019).

Partial bleaching in fluvial environments

Due to the dynamic and stochastic nature of sediment
transport in rivers (Gray & Mahan 2015), fluvial
sediments are particularly susceptible to incomplete
bleaching during transport (Olley et al. 1998, 2004;
Stokes et al. 2001; Wallinga 2002; Jain et al. 2004;
Duller2008;Rittenour2008).Quartzgrainsarebleached
after a few seconds of exposure to sunlightwhile feldspar
bleaching occurs over a few minutes (Godfrey-Smith
et al. 1988; Smedley et al. 2020). Many studies have
documented substantial partial bleaching in fluvial
sediments, manifested by considerable De scatter and
elevated residual doses in both quartz sediments (Olley
et al. 2004; Arnold et al. 2007; Summa-Nelson &
Rittenour 2012; Sim et al. 2014; Larkin et al. 2017) and
feldspar sediments (Porat et al. 2001; McGuire &
Rhodes 2015a; Gliganic et al. 2017; Guyez et al. 2022).
The processes that result in partial bleaching can occur
before transport, during transport, or even after
deposition on the sediment surface (Gray & Mahan
2015). The extent of sunlight exposure for sediments
transported and stored in rivers varies from one river
system to another and may fluctuate with flow stage
within the same river (Cunningham et al. 2015a; Gray
et al. 2017). In larger, continental-scale rivers, sediment
primarily undergoes bleaching during the transport
phase. The amount of bleaching during
transport depends on how far sunlight penetrates the
water column, a function of turbidity in the water (Gray
&Mahan2015;Meyet al. 2023) andonhow far sediment
is transported. Conversely, streams with infrequent but
intense flood events tend to bleach sediments primarily
when sediments are exposed to sunlight after deposition
on the riverbed or floodplain (Gray & Mahan 2015;
McGuire & Rhodes 2015a). Rapid erosion, transport,
and sediment deposition during such flood events,
coupledwith turbid floodwaters, limit sedimentexposure
to sunlight, hindering bleaching during transport (Porat
et al. 2001; Cunningham et al. 2015a; Gray & Mahan
2015). In many fluvial systems, sediments undergo
bleaching both in transport and after deposition on the
surface (McGuire & Rhodes 2015b).

A river carries a mixture of sediments sourced from
various locations throughout thewatershed, for example
soil creep and mass movement from the hillslopes,
remobilization of old terrace or floodplain sediments,
tributary inputs, ordirectly frombedrock in the channels
(Gray & Mahan 2015; Bonnet et al. 2019; Guyez
et al. 2022). These sediments have followed different
paths to the river channel over a range of time scales,
resulting in sediments that reach the river channel with
different burial histories and degrees of bleaching.
Proximity to source materials can further influence the

degree of bleaching before deposition; sediment tends to
exhibit better bleaching characteristics as it moves
downstream away from sediment sources on a scale of
1–100 km (Stokes et al. 2001;Hu et al. 2010;McGuire&
Rhodes 2015b; Gliganic et al. 2017; Guyez et al. 2023).

Partial bleaching during fluvial transport is the
process most commonly used to explain De scatter in
ancient samples (Rittenour 2008; Murray et al. 2012;
Smedley et al. 2020); however, other processes can also
introduce De scatter into well-bleached samples. Post-
depositional mixing of younger sediments at the top of a
profile and older sediments deeper in the profile can
introduce significant scatter into De distributions (Bate-
manetal. 2003,2007;Feathers2003;Reimannetal. 2017;
Rom�an-S�anchez et al. 2019).

Heterogeneity in the beta dose received by sediments
over the burial time can also generate De scatter. The
amount of luminescence signal in sediment grains
depends on how long the sediments have been hidden
from the sun and accumulating dose via ionizing
radiation from the surrounding environment. Ideally
the surrounding material is homogeneous and each
individual grain in a package of buried sediments
accumulates luminescence dose at the same dose rate
(Aitken 1985; Gu�erin et al. 2012). However, even if
the surrounding material appears homogenous on the
centimetrescale,hot spotsofhigher radiationat thegrain
scale (microdosimetry) can cause individual sediment
grains to accumulate luminescence signal at different
rates (Olley et al. 1997; Roberts et al. 2000; Nathan
et al. 2003; Thomsen et al. 2005; Mayya et al. 2006).
These localized, millimetre-scale zones of higher than
average dose rate are the result of uneven distribution of
radioactive elements in the sediment (K, Th, U),
especially in environments where the total dose rate is
low (Mayya et al. 2006; Jacobs et al. 2008; Gu�erin
et al. 2015). The effects of microdosimetry on a
well-bleached sample can result in significant scatter in
the dose distribution giving the appearance of a partially
bleached sample (Smedley et al. 2020). This poses a
significant problem for determining accurate deposi-
tional ages, as there is currently no way to distinguish
between microdosimetry and partial bleaching as
the source of scatter in dose distributions (Murray
et al. 2021).

Modern floodplain sediments as proxy for ancient
sediments

Dose distributions of modern floodplain sediments are
used to characterize site-specific bleaching conditions
and improve interpretation of sources of De scatter in
analogous ancient sediments (Jain et al. 2004;Madsen&
Murray 2009; Porat et al. 2010; Alexanderson & Mur-
ray 2012; Murray et al. 2012). If there is substantial
scatter in De distributions of both modern and ancient
sediments, then partial bleaching prior to deposition is
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generally assumed to be the cause. However, this
approach of using modern sediments as analogues for
ancient sediments assumes that sediment bleaching
during transport and deposition in the modern environ-
ment is the same as when ancient sediments were
deposited. Not all modern samples are good analogues
for bleaching of older sediments. In some cases, modern
samples may give an overestimation of partial bleaching
because modern in-channel sediments are likely to be
transported and reworked again before final deposition
in the sedimentary record (Jain et al. 2004;Murray et al.
2012,2021).Ontheotherhand,preserved floodplainand
terrace deposits may have been deposited during flood
conditions that inhibit sediment bleaching, while mod-
ern channel bar sediments may be amply bleached (e.g.
Cunningham et al. 2015a; Guyez et al. 2022).

The numerous studies that document substantial
partial bleaching in modern sediments (Porat et al.
2001; Olley et al. 2004; Arnold et al. 2007;
Summa-Nelson & Rittenour 2012; Sim et al. 2014;
Larkin et al. 2017; Guyez et al. 2022) support the
prevailing idea that partial bleaching in fluvial environ-
ments is verycommonandoften theprimary sourceofDe

scatter in older sediments. Conversely, other studies have
found that modern fluvial sediments exhibit
well-bleached characteristics or have residual doses
significantly smaller than those accumulated in buried
sediments over millennia (Murray 1996; Madsen &
Murray 2009; Alexanderson & Murray 2012; Murray
et al. 2012; Gliganic et al. 2017; Arnold et al. 2019).

Partial bleaching during transport is often the initial
hypothesis to explain De scatter in ancient samples
(Rittenour2008;Murrayet al. 2012;Smedleyet al. 2020).
However, a significant challenge arises when modern
sediment samples appear well bleached, yet correspond-
ing ancient sediment samples exhibit De scatter consis-
tent with partial bleaching, requiring a reconciliation of
the apparent disparities (Jain et al. 2004; Duller 2008;
Arnold & Roberts 2009).

Dose distribution and geomorphic process

Several studies have shown that luminescence properties
of fluvial and glacifluvial sediments (e.g. De distribu-
tions, residual ages, percent well-bleached grains) can be
associated with depositional settings, sediment sources,
and transport distances (Stokes et al. 2001; Thrasher
et al. 2009; Summa-Nelson&Rittenour 2012;King et al.
2013, 2014a; Cunningham et al. 2015a; Bonnet et al.
2019; Chamberlain &Wallinga 2019; Guyez et al. 2022).
Forexample, inmodern-agedglacial outwash sediments,
King et al. (2014a) found that residual doses and
overdispersion in multi-grain quartz samples decreased
substantially over ~200 m downstream distance. In
another study, Cunningham et al. (2015a) found that
modern sediments collected from the channel of a
bedrock river (Sabie River, South Africa) exhibited

nearly perfect bleaching, while recent flood sediments
deposited up to 5 m above channel elevation, showed
characteristics of poor bleaching. In both examples
above, the authors attribute their results to frequent
reworking of sediment close to the channel allowing
ample opportunity for sediment bleaching during
transport. Sediments that were rarely reworked or
deposited during flood events were likely transported
quickly, possibly in turbid water, allowing for fewer
opportunities for bleaching prior to deposition.

Luminescence signals can also be used to interpret
fluvial processes during the time of sediment deposition,
for example, on the Rangitikei River, New Zealand
(Bonnet et al. 2019; Guyez et al. 2022). Luminescence
properties from fluvial terrace sediments (feldspar single
grain pIRIR) were interpreted to reflect periods of
terrace formation under good bleaching conditions by a
braided river, followed by a period of rapid river incision
by a single channel stream that hindered effective
bleaching of the fluvial sediments (Bonnet et al. 2019).
Thenumberof saturated sandgrains in terrace sediments
compared with modern fluvial sediments from the
Rangitikei River has been used to identify changing
sediment sources through time (Guyez et al. 2022) and
quantify sediment transport rates (Guyez et al. 2023).

These studies collectively illustrate the valuable role of
luminescenceproperties in shedding lightonthecomplex
interplay between depositional environments, sediment
sources, and transportprocesses in fluvial systems.Using
luminescence properties of fluvial sediments to interpret
depositional environment and sediment transport his-
tory is an exciting application of luminescence (Gray
et al. 2019), but establishing clear correlations between
luminescence properties and specific geomorphic
parameters remains a challenge (King et al. 2014a;
Cunningham et al. 2015b; Gliganic et al. 2017; Cham-
berlain &Wallinga 2019; Brown 2020).

Material and methods

Field location and sample collection

Our field site is located on the Buffalo National River in
northwest Arkansas, USA (Fig. 2A). The Buffalo River
flows ~240 km from its headwaters to the confluence
with the White River, cutting through horizontally
layered sedimentary deposits of dolostones, limestones,
sandstones and shales that range from Ordovician to
Pennsylvanian in age (Fig. S1) (Braden & Aus-
brooks 2003). Discharge on the modern Buffalo River
is characterizedby frequent, rapid changes in streamflow
(Li et al. 2023) and is prone to flash flooding due to the
steep hillslopes, narrow valleys, and karst hydrogeology
of the watershed (Neely 1985). At our field site ~100 km
downstream of the headwaters, we collected eight
sediment samples for single-grainandmulti-grainquartz
OSL analysis within a 125-m reach of the modern

BOREAS Interpreting depositional environments from modern floodplain sediments using OSL 17
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floodplain (Fig. 2B). Quartz grains in the sand-sized
fraction originate from the Ordovician-aged sandstone
beds throughwhich the river is currently incising, aswell
asMississippian–Pennsylvanian sandstones that sit high
in the watershed, over 400 m in elevation above the
modern floodplain elevation (Keen-Zebert et al. 2017)
(Fig. S1). The eight sediment samples were taken from
four distinct depositional environments: floodplain, bar
head, mid-bar, and bar tail.

Bar tail. – The bar tail site was situated at the
downstream end of a 125-m-long point bar. The bar tail
was made up of rippled, medium-grained sand, inter-
spersed with deposits of gravel and coarse sand up to
32 mm in diameter. We collected two samples (BR001,
BR006) approximately 2 m apart on the bar tail by
hammering sampling tubes (5 cm in diameter, 15 cm in
length) vertically into the sediments (Fig. 3A).

Mid-bar. – Approximately 75 m upstream of the bar
tail, we collected two sediment samples (BR003, BR004)
at a mid-bar location by hammering metal sampling
tubes (5 cm in diameter, 15 cm in length) vertically into
the sediments (Fig. 3B).These sampleswerederived from
horizontally laminated beds of fine sand, occasionally
interspersed with darker organic material and lenses of
gravel and coarse sand located between 4 and 25 cm
below the surface. Both the bar tail and the mid-bar
locations are inundatedyearly, andweestimate that these
sediments were deposited <1 year prior to sample
collection (Fig. S2).

Bar head. – Two samples (BR007, BR008) were col-
lected from the bar head, situated 50 m upstream from
the mid-bar samples (Fig. 3C). Given the
cobble-armoured nature of the bar head, sediment

collection usingmetal tubeswas not possible. Therefore,
we collected the samples during the night under red light
conditions on a moonless night to prevent any resetting
of the luminescence signal caused by daylight exposure
(Rajapara et al. 2020). The samples were collected by
displacing cobbles that ranged in size from64 to 180 mm
in diameter and collecting the sand-sized sediments
beneath them. We used a hand shovel to gather the
sediment, passed it through a 2-mm sieve, and sealed
the sediments in light-proof black bags. Estimations of
true depositional ages for the sediments collected under
the bar head cobbles are uncertain, but we estimate
that the sediments could have been deposited between
1 and 20 years prior to collection (Data S1, Fig. S4).

Floodplain. – We collected two samples (BR002,
BR005) from the ~25-m-wide modern floodplain that
sits 1.5 m above the channel bar elevation. We estimate
that the 1.5 m of floodplain sediment accumulation was
completed at least 50 years ago, based on our observa-
tions of mature trees on the floodplain surface (Figs 3D,
S3). One floodplain sample (BR002) was collected from
the near-vertical face that separated the floodplain and
thechannelbar surface.Weclearedseveral centimetresof
collapsed sediment from the 1.5-m-tall vertical step to
access undisturbed, horizontally laminated sediments.
We collected the sample by driving the metal sampling
tube (5 cm in diameter, 15 cm in length) horizontally
into the face of the floodplain bank at a depth of 105 cm
below the top of the floodplain surface (Fig. 3D). We
collected the second floodplain sample (BR005) fromthe
floodplain surface, approximately 20 m from the edge of
the floodplain (Fig. 2).This samplewascollected froman
undisturbed sand dune with an estimated depositional
age of less than one year, based on the leaf litter buried
under the sand deposits and lack of leaf litter on top

Fig. 2. A. The upper Buffalo River watershed and sampling location in this study. B. Google Earth satellite imagery showing channel and
floodplain morphology and locations of sample collection on the Buffalo River, AR and a 1-m DEM of the point bar and modern floodplain
showing locations of the samples analysed in this study and the strath terrace sample locations of Rodrigues et al. (2023).
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(Fig. S3). We collected the sample by driving a metal
sampling tube vertically into the thickest part of the sand
dune; no gravel lenses were encountered at this location.

Strath terrace. – Rodrigues et al. (2023) collected seven
samples from a terrace surface 10 m above the current
river channel, located ~200 m from the modern sample
collection sites (Fig. 2). Terrace sedimentsweremade up
of2 -4mofmassively-beddedoverbanksands deposited
on top of a layer of cobble-sized bedload sediments that
sit directly on the bedrock strath. The sampled deposits
had no observable stratigraphical structures such as
ripples or cross-bedding thatwould suggest preservation
of in-channel sand deposits (Rodrigues et al. 2023).
However, given that cobble bar deposits are preserved in
the terraces, it is likely that in-channel sand bars are also
preserved, but not sampled. Here we present dose
distributions from two terrace samples for comparison
with modern samples. The two terrace samples were
collected from a trench dug into the terrace surface at

depths of 1.4 m (BUFF026) and 0.8 m (BUFF035)
below the terrace surface.

Sample processing

Sampleswere processed at the Desert Research Institute
Luminescence Laboratory in Reno, Nevada, USA,
under dim red (>660 nm) illumination to prevent sample
light contamination.Approximately 3 cmof sediment at
both ends of the metal tube used for sample collection
was removed due to potential light contamination. This
portion of the sample was reserved for measuring
geochemistry for calculating environmental dose rate.
The dose rate sampleswere dried at 80 °C to estimate the
water content at the time of collection for environmental
dose rate calculations.

The remainingportionof each samplewasprepared in
the laboratory for single-grain and multi-grain aliquot
quartzmeasurements. Sampleswerewet sieved to isolate
grains within the 180–250 lm diameter range. To

Fig. 3. Sample sites on a modern point bar and floodplain along the Buffalo River. A. Bar tail location with sampling tubes circled. B. Mid-bar
locationwith sampling tubes circled.C.Cobble-armouredbarhead locationwith approximate sampling sites indicatedwith arrows.D.Floodplain
bank location (BR002) with sampling tube circled.
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eliminate carbonates, the grains were treated with 10%
hydrochloric acid (HCl) for 24 h, followed by a 30%
hydrogen peroxide (H2O2) treatment for an additional
24 h to remove any remaining organic material. A hand
magnetwasused to separateheavyminerals fromquartz.
The remaining non-magnetic fractions underwent a
two-step density liquid separation using lithium hetero-
polytungstates (LST) to separate quartz grains (with
densities between 2.62 < q < 2.68 g cm�3) from feld-
spar grains. To remove the outer alpha-irradiated rim of
the quartz grains and any remaining contaminating
feldspars after density separation, the quartz grainswere
etched in 48% hydrofluoric acid (HF) for 60 min.
Following the HF treatment, samples were treated with
10% HCl for 3 h to eliminate any precipitated fluorides
and then re-sievedwithin the target fraction.

Measurement of equivalent dose (De)

All quartz grain measurements were conducted using
two DA-20 Risø TL/OSL readers equipped with green
and IR laser single-grain dating attachments, along with
a 90Sr/90Y beta source generating dose rates of approx-
imately ~0.13 Gray (Gy) s�1 and ~0.11 Gy s�1. The
floodplain top sample (BR005) was prepared for multi-
grain analysis with 24 aliquots of ~225 grains (4-mm
mask). For themulti-grain aliquots, infrared stimulation
was conductedwith a clusterof infrared (IR) diodeswith
peak emission at 870 nm and a maximum power of
115 mW cm�2 at the sample position. Blue light
stimulation was carried out with a cluster of blue LEDs
with a peak emission at 470 nm and a total power of
80 mW cm�2. For single-grain OSL measurements,
quartz grains were loaded onto gold-plated aluminium
discs containing 100 holes, each 300 lm wide and
stimulatedwith a 10-mW stabilized diode-pumped solid
state laser emitting at 532 nm. Luminescence signals
were detected with a bialkali EMI 9235Q photomulti-
plier tube (PMT) fitted with Hoya U-340 filters that
transmitUV light.Devalueswere obtainedusing a single
aliquot regenerative-dose (SAR) protocol that was
developed for modern and terrace sediments collected
in the Buffalo River watershed (Murray &Wintle 2000;
Wintle&Murray 2006;Rodrigues et al. 2023) (Table S1).

Post-measurement, all grains underwent screening in
Analyst version 4.57 (Duller 2018). For single-grain
analysis,weused the initial signal emittedduring the first
0.05 s of green laser stimulation time and the subtracted
background signal emitted during the last 0.15 s
(Fig. 4A). For multi-grain analysis, the initial signal
was integrated within the first 1.5 s of stimulation and
the background signalwas integrated from the last 7 s of
stimulation. Grains were accepted based on standard
criteria, including: (i) recuperated OSL signal less than
5% of the highest regenerative dose; (ii) maximum test
dose error less than 20%; (iii) recycling ratio within the
range of 0.8–1.2 (20% of unity); (iv) OSL infrared (IR)

stimulation ratio between 0.8 and 1.2. Grains were
rejected if they exhibited apoor dose response curve that
did not fit well to the data points. The De values were
plotted based onwhere the natural signal intersected the
dose response curve (Fig. 4B).

The environmental dose rate (Dr) quantifies the rate at
which radiation is emitted by radionuclides in the burial
environment and cosmic rays from space (Aitken 1982;
Durcan et al. 2015). The radiation received from alpha
and beta particles and gamma rays originates from
naturally occurring radioactive elements thorium (Th),
uranium (U) and potassium (K) present in and
surrounding the sample. To determine the dose rate, the
driedportionof each sampleobtained fromthe tubeends
was finely pulverized, and approximately 10 g from each
sample was sent ALS Geochemistry, Reno, NV, for
geochemical analysis ofU,Rb,ThandK2O.Subsamples
used for U, Rb and Th measurement were fused with
lithium borate and measured by inductively coupled
plasma mass spectrometry (ICP-MS). K2O was mea-
sured from the bulk sample with inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and
converted to %K. The environmental dose rates were
computed using DRAC v1.2 (Dose Rate and Age
Calculator; Durcan et al. 2015), which considers the
geochemistry, as well as grain size, water content,
altitude, burial depth, and geographical location of the
sample. Water content, expressed as a percentage, was
assessedby thedifference inmassbetween thewet sample
and the sample after drying.

Analysis of dose distributions

The analysis of single-grain resultswas carried out using
the Luminescence package (Kreutzer et al. 2023) within
the R statistical software environment. To estimate De

values for the modern floodplain sediments, we used the
unlogged central agemodel (ul-CAM) and the unlogged
minimumagemodel (ul-MAM) (Arnold et al. 2009).The
De distributions for each sample included all sensitive
grains capable of holding a luminescence signal, even if
the grain hadnonatural signal.Weused the average dose
model (ADM,Gu�erin et al. 2017), the central age model
(CAM) and minimum age model (MAM) (Galbraith
et al. 1999) to reanalyse the terrace samples from
Rodrigues et al. (2023).

To further characterize the dose distributions in each
sample, we also considered overdispersion values,
number of well-bleached grains, and residual dose.
Overdispersion values describe the spread of equivalent
doses within the De distribution due to extrinsic sources
of uncertainty such as partial bleaching, microbeta
dosimetry effects, etc. (Galbraith & Roberts 2012).
Sample overdispersion was calculated using ul-CAM.
We defined well-bleached grains in both the terrace
samples and the modern floodplain samples as those
with agesmatching theDe calculated fromMAMwithin

20 Abigail L. Langston et al. BOREAS
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a 2r range followingGliganic et al. (2016). For the eight
modern floodplain samples, thenumberofwell-bleached
grains is equivalent to the number of modern grains:
grainswith aDe consistent with zerowithin the reported
uncertainties. The residual dose for these samples was
calculated as the difference between the De derived from
ul-CAM and the De obtained from ul-MAM (Cham-
berlain & Wallinga 2019). Most samples yielded a
depositional age of zero years, as we would expect for
modern floodplain sediments; in these cases the residual
dosewasestimatedbasedon theCAMage (Chamberlain
&Wallinga 2019).

Results

All of our samples yielded minimum doses consistent
withzerowithin2randthemajorityofacceptedgrains in
all eight samples were well bleached (Table 1). Although
the samples predominantly comprised modern grains,
we observed differences in their dose distributions and
other key metrics related to bleaching. We divided the
eight samples into two groups based on their deposi-
tional environment: one group of well-bleached samples
from the mid-bar and bar tail (BR001, BR003, BR004,
BR006), and one group more characteristic of partially
bleached samples from the floodplain and bar head
(BR002, BR005, BR007, BR008).

Bar tail and mid-bar samples

Samples collected at the mid-bar and bar tail locations
appear to have been well bleached before deposition.
These samples consist of 91–95% modern grains

(Table 1). The dose distributions for each sample in this
group exhibit values of De tightly centred around 0 Gy
representing grains that were fully bleached during
transport or immediately following deposition (Fig. 5).
Overdispersion in these samples was very low, generally
well below 20%, consistent with well-bleached samples
(Arnold & Roberts 2009).

Minimum and central values of De were calculated
using ul-MAMandul-CAM, respectively.All calculated
values of De for this sample group were very small,
ranging from 0.001�02 to 0.07�0.02 Gy. Unsurpris-
ingly given that four samples were collected from the
surface of an active point bar, calculated depositional
ages using both CAM and MAM are consistent with
0 years within 2r uncertainty (Table 1). Residual doses
(calculated as the difference between De from ul-CAM
andDe fromul-MAM)were alsovery small and less than
zero within 1r uncertainty. The high percentage of well-
bleached grains, low overdispersion values, and residual
doses consistent with zero suggest that the samples from
the bar tail and mid-bar were well bleached prior to
deposition on the modern sandbar.

Bar head and modern floodplain samples

Sediment samples collected from the modern floodplain
and the cobble-armoured bar head indicate some degree
of incomplete bleaching during transport. These four
samples (BR002, BR005, BR007, BR008) weremade up
of fewer modern grains (79–82%) than the mid-bar and
bar tail samples; in the bar head and floodplain samples,
18–21% of individual grains had De values inconsistent
with a zero-age within 2r uncertainty (Table 1). These

Fig. 4. A.Shine downcurve fordisc 33, grain 90 from sampleBR007.The purple lines indicate the integration limits for the initialOSL signal, and
thegreen lines indicate the limits for thebackgroundsignal.B.Dose responsecurvefordisc33,grain90 fromsampleBR007.Anexponential curve is
fit to theLx/Txdata fromtheregenerativeandtestdoses, thenanequivalentdose (naturaldose;0.75 Gy in this figure) for thegrain is estimatedfrom
the curve fit.
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grains with non-zero ages are interpreted as grains that
were not bleached during fluvial transport to the bar
head and modern floodplain.

Dose distributions in these samples are indicative of
partially bleached sediments (Fig. 6).Most grains cluster
tightly around 0 Gy, reflecting the modern or near-
modern depositional age of these sediments. However,
this set of samples also has awider variation ofDe values
compared to samples from the mid-bar and bar tail
depositional environments. A substantial number of
grains in the bar head and floodplain samples exhibit De

values exceeding 0.5 Gy, representing residualdoses that
were not bleached during the last transport event. For
example, in BR007 25% of individual grain De values
were >0.5 Gy, with one grain reaching 6.5 Gy.

Overdispersionvalues for the floodplain and bar head
samples were consistently greater than 20%, ranging
from72 to147%(Table 1).MinimumvaluesofDe for this
group of samples are generally consistent with a zero
dose ranging from 0.02�0.03 to 0.09�0.02 Gy. Central
values of De for these samples are larger, ranging from
0.13�0.02 to 0.16�0.05 Gy. Residual doses for these
samples are consistently larger than the four samples
collected on the mid-bar and bar tail (ranging from
0.04�0.04 to 0.14�0.08 Gy; Table 1) and are up to seven
times larger than the minimumDe value.

Using the burial dose calculated with ul-CAM,
calculated depositional ages for the floodplain and bar
head samples range from 230�60 to 280�50 years.
Including2rerroronthecalculatedagesbrings the range
of minimum depositional ages to 110–180 years. Given
that three out of four samples in this group have
estimated depositional ages of<2 years to up to 20 years
(samples BR005, BR007, BR008; Table 1), the deposi-
tional ages calculated using ul-CAM are likely signifi-
cantly overestimated for these very young sediments.
Overestimation of depositional ages using CAM com-
monly occurs in samples that were not well bleached
prior to deposition (Olley et al. 1998, 2004; Wall-
inga 2002; Bailey & Arnold 2006; Arnold et al. 2007).
Depositional ages calculated using ul-MAM are consis-
tent with estimated true depositional ages for samples
BR005 and BR008. The bar head sample BR007 yielded
a depositional age of 170�40 years using ul-MAM,
which is not consistent with the estimated true deposi-
tional age of 2–20 years (Fig. S4, Table S2).

Sample BR002 was collected from the exposed
floodplain bank about 1.05 m below the floodplain
surface. We estimate the true depositional age of this
sample to be at least 50 years based on observations of
mature trees on the floodplain surface (Fig. S2). The
depositional age from ul-MAM was 120�50 years,
which is consistent with our expectations of a non-zero
depositional age for this sample. Comparison of the
calculatedminimum agewith the significantly higher ul-
CAM age (280�50 years) yields a residual age of
160�70 years and suggests that sediment collected inT
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this location was also incompletely bleached prior to
deposition.

Multi-grain aliquots

Twenty-four multi-grain aliquots were analysed for the
floodplain top sample (BR005). The dose distributions
of multi-grain and single-grain aliquots appear similar.
Most De values cluster around 0 Gy, with substantial
tails of largerDevaluesup to1.55 Gy (Fig. 7).Themulti-
grain distribution also has one aliquot with aDe value of
5 Gy, not shown in Fig. 7. The ul-MAM depositional
ages of the multi-grain and single-grain aliquots were
100�50 and 30�40 years, respectively, consistent with
each other within 1r error. However, the ul-CAM
depositional age from the multi-grain aliquots was
480�140 years, significantly higher than the ul-CAM

age from single-grain aliquots (240�70 years). Both the
multi-grain and single-grain samples of BR005 have
significant residual doses (380 and 210 years, respec-
tively) that were 3–7 times greater than the minimum
dose, indicating partial bleaching prior to deposition
(Chamberlain et al. 2018).

Dose rates

Dose rates for the modern floodplain sampleswere used
to calculate depositional ages from the two different age
models in order to better interpret deviation from the
expected depositional age of 0 years for these modern
sediments.Dose rates for themodern floodplain samples
were relatively lowwhencompared todose rates fromthe
adjacent terrace surface, ranging from 0.52�0.03 to
0.67�0.03 Gy ka�1 (Table 1) while terrace sediments

Fig. 5. De distributions for mid-bar and bar tail samples. The markers are De values of accepted grains plotted in rankorder with standard error
bars, and the solid black line is the kernel density estimate (KDE) of theDe values. The solid blue line is theMAMDe and the dashed red line is the
CAMDe.
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had a calculated dose rates of 1.7�0.1 to 1.9�0.1
Gy ka�1 (Rodrigues et al. 2023) (Table 2). The lower
dose rates for the modern floodplain may be due to the
sampled sediments being composed of well-sorted
quartz sands, as opposed to sediments collected from
well-developed soils on the terrace surface. Terrace
sediments likely include a higher proportion of clay-
and silt-sized sediments that can bear radioactive
minerals (Murray et al. 2021), resulting in a higher
dose rate.

Comparison with terrace samples

These terrace sedimentswere analysedusing single-grain
quartz OSL, and the results were published in the
primary publication Rodrigues et al. (2023). In this

context, we present dose distributions from two terrace
samples for comparison with modern samples. Rodri-
gues et al. (2023) used data from the modern floodplain
samples presented here (BR002, BR005) as modern
analogues toassess thedegreeofbleaching for the terrace
samples. They concluded that the modern floodplain
sediments were sufficiently well bleached to discount
partial bleaching as the primary source of De scatter in
their much older terrace samples. Due to the possibility
of high beta dose heterogeneity, Rodrigues et al. (2023)
used the average dose model (ADM), rather than CAM
or MAM, to calculate equivalent dose (Gu�erin
et al. 2017). We calculated equivalent doses for both
terrace samples using ADM, CAM andMAM.

The equivalent doses for BUFF026 calculated using
ADM (174�12 Gy) and CAM (166�12 Gy) overlap

Fig. 6. Dedistributions for floodplainandbarheadsamples.ThemarkersareDevaluesofacceptedgrainsplotted inrankorderwithstandarderror
bars, and the solid black line is the kernel density estimate (KDE) of theDe values. The solid blue line is theMAMDe and the dashed red line is the
CAMDe.
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within 1r; for completeness we also calculated the
equivalent dose using MAM (126�19 Gy) (Table 2).
The calculated residual dose (CAM-MAM) for
BUFF026 is 40�31 Gy, a moderate residual dose that
is only 32% of the MAM De. We estimate that the
overwhelmingmajority, 90%, of individual grains in this
sample were well bleached prior to deposition. The
number of well-bleached grains, overdispersion value
(25%), and relatively low residual dose suggest thatmost
of the grainswithin sampleBUFF026werewell bleached
prior to deposition (Fig. 8, Table 2).

The equivalent doses for BUFF035 calculated using
ADM (71�7 Gy) and CAM (62�6 Gy) overlap within
1r, but the equivalent dose calculated using MAM is
substantially lower at 28�4 Gy (Table 2). The over-
dispersion forBUFF035 is 51%,more typical of partially
bleached sediments (Arnold & Roberts 2009). In

Fig. 7. De distribution for single-grain and multi-grain aliquots
(4 mm) of the floodplain top sample (BR005). The markers are De

values of accepted aliquots plotted in rank order with standard error
bars, and the solid black line is the kernel density estimate (KDE) of the
De values. The solid blue line is theMAMDe and the dashed red line is
the CAMDe.
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contrast to BUFF026, only 33% of individual grains
in the BUFF039 sample were estimated to be well
bleached prior to deposition (Table 2). A group of
individual grains from this sample (11/33) clusters
around the MAM equivalent dose (28�4 Gy) within
2r, while the remaining grains exhibit De values ranging
from 55 Gy up to 160 Gy (Fig. 8). The calculated
residual dose forBUFF035 (34�7 Gy) is relatively large,
more than 100% of the MAM equivalent dose (Cham-
berlain et al. 2018). The low number of well-bleached
grains, overdispersion value, and substantial residual
dose in sample BUFF035 appear characteristic of a
sample that was partially bleached prior to deposition.

Discussion

Modern fluvial sediments often serve as analogues for
estimatingbleaching conditions at the timeof deposition
for older samples. However, the applicability of this
analogue depends on accepting several critical underly-
ing assumptions regarding depositional environment,
river regime, sediment transport, and sediment sources.
The first assumption is that the modern analogue
sediment sample was taken from the same depositional
environment as the older samples and that modern
depositional environments are preserved in the
depositional record. The second assumption is that the
river had similar hydrological characteristics and sedi-
ment fluxes at the time of terrace sediment deposition
compared to modern conditions (Olley et al. 2004;
Arnold et al. 2007; Porat et al. 2010; Summa-Nelson &
Rittenour 2012). The third assumption is that sources of
sediment to the river channelwere the same at the time of
terrace deposition and modern sediment deposition
(Gray & Mahan 2015; McGuire & Rhodes 2015b). We
will discuss the implications of eachof these assumptions
individually and specifically related to our study site,
then discuss implications for other rivers where modern
samples are used to characterize bleaching conditions of
older sediment deposits.

Influence of depositional environment

Our study reveals that even within a 125-m reach of a
modern floodplain, there are subtle but discernible
differences in bleaching characteristics across different
depositional environments. At our field site, using only
sediments from near-channel bars to characterize
bleaching characteristics of sediments in the entire river
would lead to the conclusion that modern fluvial
sediments are uniformly well bleached, potentially
masking partially bleached sediments on floodplains
and in different reaches of the river. Thus, it is important
to consider the likely depositional environment of
palaeo-sediments when choosing the location on the
modern floodplain to collect samples for characteriza-
tion of bleaching.

The creation of specific depositional environments
depends to a large extent on the river regime during the
time of deposition, i.e. lateral migration, incision, or
aggradation (Lewin & Macklin 2003). Sediments in
terraces along the Buffalo River are characterized as
overbank deposits (Rodrigues et al. 2023) and were
deposited under a laterally migrating/aggrading river
regime. Currently, the Buffalo River is incising into
bedrock; thus, sediments preserved in neighbouring
terraces may not be directly analogous to any sediments
found on the relatively narrow modern floodplain.

The preservation potential of sediments in specific
depositional environments also depends on the river
regime (aggrading, incising, etc.). The two terrace
samples were collected from overbank sand deposits
that lacked stratigraphical structures such as ripples or
cross-bedding that would suggest preservation of in-

Fig. 8. De distributions for terrace samples from Rodrigues
et al. (2023). The markers are De values of accepted aliquots plotted
in rank order with standard error bars, and the solid black line is the
kernel density estimate (KDE)of theDevalues.The solidblue line is the
MAMDe, thedashedredline is theCAMDe, andthedottedgreen line is
the ADMDe.
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channel sand deposits. However, given that cobble bar
deposits are preserved in the terraces, it is likely that in-
channel sand bars are also preserved, but not sampled.
Sampling terrace sediments is likely biased towards
thicker, homogenous packages of sandy overbank
deposits that are both easier to sample from and to
calculate dose rates. Despite the advantages of sampling
massive sandy beds, some studies have suggested that
they should be avoided for OSL sampling as they may
havepoorerbleachingcharacteristics compared to ripple
laminated facies (Summa-Nelson & Rittenour 2012).

Effects of sediment and water flux on sediment bleaching

The second assumption for using modern analogues to
assess bleaching in palaeo-sediments is that the river had
similar hydrological characteristics and sediment fluxes
at the time of terrace sediment deposition compared to
modern conditions (Olley et al. 2004; Arnold et al. 2007;
Porat et al. 2010; Tucker et al. 2011; Summa-Nelson &
Rittenour 2012). Increased sediment flux to the river
channel can cause a shift in river regime from incision to
lateral migration by suppressing vertical incision and
allowing lateral widening of the floodplain (Hancock &
Anderson 2002; Johnson & Whipple 2010; Langston &
Robertson 2023). Changes in sediment flux can also
cause a change the river planform, for example from
meandering to braided (e.g. Finnegan & Balco 2013).
Shifts in river regime and shifts in river planform can
result in vastly different depositional environments.

The sediments and terraces preserved along the
Buffalo River indicate that the river underwent a long
period of lateral bedrockwidening and strath planation,
followed by aggradation that lasted from 100 to 30 ka
during the last glacial interval (Rodrigues et al. 2023).
Following the end of the aggradational interval around
30 ka, the Buffalo River abandoned these terrace
surfaces and rapidly incised through metres of sediment
deposits and bedrock. Given that the modern Buffalo
River is a vertically incising bedrock river, with only
intermittent sediment cover on the bed, strath and fill
terraces along the lengthof the river are evidence that the
ratio of water and sediment flux used to be much higher
in the past.

Changes in climate over glacial–interglacial cycles is
the most likely driver of changes in water and sediment
balance that caused the Buffalo River to shift from
periods of valley widening and terrace formation to
vertical incision and terrace abandonment (Bull 1990;
Williams et al. 2006; Neudorf et al. 2014; Schanz
et al. 2018; Bacon et al. 2023). Palaeoclimate records
and global climate models in the south-central region of
the USA point towards a climate that was substantially
cooler and slightlywetter along theBuffaloRiver during
glacial intervals (Dorale et al. 1998; Izumi & Bar-
tlein 2016).Quantifying changes in dischargemagnitude
and frequencyduring the slightlywetterglacial periods is

beyond the scope of this study; however, a link between
warming temperatures and increasing precipitation
intensity (Myhre et al. 2019) suggests that the Buffalo
River watershed may have been wetter but less flashy
during glacial intervals. On the other hand, the
substantially cooler temperatures in the Buffalo River
watershed during glacial intervals likely induced strong
periglacial hillslope weathering (Marshall et al. 2021),
which could have been a source of increased sediment
flux to the river channels. Due to the relatively minor
changes in precipitation in glacial intervals and the
demonstrated importance of sediment cover in creating
laterallymobile rivers (Langston&Robertson 2023), we
hypothesize that changes in sediment fluxwere primarily
responsible for the shift between lateral widening during
terrace forming intervals and incision.

In addition to altering types of depositional environ-
ments, river channel planform, and different river
regimes (incising vs. aggrading), changes in the
water/sediment balance can impact sediment bleaching
in transport. Increased sediment flux can increase
turbidity in the water column, reducing sediment
bleaching during transport (Gray & Mahan 2015; Mey
et al. 2023).More sediment transported by the river also
results in fewer sediment grains that are exposed and
bleached at the surface, resulting in a partially bleached
sediment package (Gray & Mahan 2015). Both factors
could help explain why terrace samples and modern
high-flow samples from theBuffaloRiver are apparently
less well bleached than modern in-channel sediments.

A shift to a flashier discharge regime tends to
encourage vertical incision (Tucker 2004) and can
potentially result in less complete bleaching of sediments
in theriver (Gray&Mahan2015).Relationshipsbetween
river discharge and sediment luminescence signals have
been demonstrated by several studies. In semi-arid
regions, episodic transport of sediment during high-
flow stages prevents full bleaching of sediment during
rapid transport events (Porat et al. 2001; Gray &
Mahan 2015; McGuire & Rhodes 2015b). Sediments
that are frequently reworkedby the river tend tobebetter
bleached than infrequently reworked sediments and
flood deposits (King et al. 2014b; Cunningham et al.
2015a). If changes in sediment fluxorwaterdischarge are
invoked as the cause for shifts in widening vs. incising
intervals, we must also acknowledge the likelihood that
terrace deposits were not deposited under the same flow
conditions as the current incising interval.

Sediment sources

The third assumption is that sources of sediment to the
river channel were the same at the time of terrace
deposition and modern sediment deposition (Gray &
Mahan 2015; McGuire & Rhodes 2015b). Changes in
sediment sources through time are likely, particularly if
the river alternates between periods of stability and
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incision (Bonnet et al. 2019;Guyez et al. 2022). Sediment
grains eroded from ancient floodplains or directly from
bedrock often contain grains with high palaeodoses or
even saturated grains, contributing to sediments with
significant partial bleaching at the time of burial
(Robertson et al. 2022).

Whilewe do not know ifor how sediment sources have
varied through time in the Buffalo River, variation in
sediment sources is certainly possible or even likely.
Sediments in the river can be sourced from upstream,
local terrace or floodplain erosion, local bedrock
erosion, or from hillslope inputs. Given the likelihood
of increased sediment flux from hillslopes to the river
channels during glacial intervals, it is possible that
sediments stored in terraces along the Buffalo are
enriched with sediments sourced from hillslopes. Hill-
slope sediments often have much larger residual doses
than fluvially transported sediment (Gray et al. 2022),
which could contribute to the apparent partial bleaching
in some Buffalo River terrace sediments.

Implications for other rivers

Many studies rely on modern analogues to assess the
degree of bleaching in ancient terrace sediments. Our
findings emphasize the importance of certain assump-
tions that we make when using modern sediments to
characterize bleaching conditions of ancient sediments.
If we assume that ancient terrace sediments experienced
the same bleaching history as their modern fluvial
counterparts, we must also accept several underlying
assumptions, including the similarity of the depositional
environment, hydrological regime of the river, sediment
transport in the river, and sediment sources between
modern and ancient samples.

Our study highlights that the bleaching characteristics
ofmodern samples can significantly influence the choice
of age model for palaeo-deposits. Therefore, when
confronted with modern floodplain sediments that
exhibit relatively good bleaching characteristics along-
side De distributions in older sediment deposits that are
reminiscent of partially bleached samples, researchers
must exercise caution in selecting the appropriate age
model. Selecting an inappropriate age model when
dating older fluvial sediments can result in an inaccurate
determination of age, which has important implications
for correctly interpreting climate-driven fluvial regimes
in the past and calculating rates of landscape evolution
basedon luminescence dating, e.g. bedrock incision rates
from strath terraces (Foster et al. 2017). Our results
underscore the need for careful evaluation of partial
bleaching, beta dose heterogeneity, postdepositional
mixing,orpotentiallyall three inunknowncontributions
(Smedley et al. 2020) as significant sources of scatter in
dose distributions.

Our results challenge the widely held assumption that
modern fluvial sediments represent the worst possible

scenario for sediment bleaching (Jain et al. 2004;Murray
et al. 2012; McGuire & Rhodes 2015b). Partially
bleached fluvial sediments from modern environments
have been documented in a wide range of rivers with
varying flow regime, planforms, and depositional
environments (Stokes et al. 2001; Olley et al. 2004; Sim
et al. 2014; Gliganic et al. 2017; Larkin et al. 2017; Rizza
et al. 2024). In contrast, our results show that sediments
fromin-channelbarswerewellbleachedandhadvery few
grains with even small residual doses. Our results are
consistent with previouswork that has found that longer
transport distances, longer time spent on a depositional
surface, and lower flow regimes tend to result in more
well-bleached sediment samples (Poratetal. 2001;Stokes
et al. 2001; Cunningham et al. 2015a, b; Gray &
Mahan 2015; McGuire & Rhodes 2015b; Gliganic
et al. 2017).

Our results also demonstrate that pairs of samples from
the same depositional environments and even samples
across similar depositional environments have very similar
bleaching characteristics. Our three pairs of repeat sample
measurements allow us to more confidently attribute
bleaching characteristics of depositional environment to
physical processes rather than statistical noise (Cunning-
ham et al. 2015b). The similarity of bleaching character-
istics in our sample groups is in contrast to other work
that has shown substantial variability in dose distributions
of modern sediments that are only tens of centimetres
apart (e.g. Rizza et al. 2024). In the case of the Severaisse
River, a high elevation braided river, significant sediment
contributions from slope mass failures and short trans-
port distances from the parent bedrock to the river likely
resulted in significant residual doses in modern sediments
(Rizza et al. 2024). In contrast, the transport distance for
fluvial sediments at our site is likely tens of kilometres
(Fig. 2), allowing ample opportunity for sediment
bleaching during transport or while exposed at the surface
of bars between flood events. The lesson we can take away
from the wide variation in bleaching characteristics of
fluvial sediments is that sediment bleaching in fluvial
environments is highly variable and depends on the
particular river, specific sediment characteristics and
sources, and depositional environment.

Interpreting dose distributions and bleaching charac-
teristics of sediments with the goal of interpreting past
depositional environments and geomorphic processes is
promising, but still in the early phases of development.
Making strong correlations with bleaching characteris-
tics and depositional environment and geomorphic
processes will remain challenging wherever the degree
of bleaching is highly time and space dependent
(Chamberlain&Wallinga 2019;Rizza et al. 2024).While
some studies have correlated bleaching characteristics
with depositional environment or flow regime (King
et al. 2014b; Cunningham et al. 2015a), others have
shown that bleaching characteristicswithin depositional
environments can vary widely and without obvious
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explanation for thevariations (Cunningham et al. 2015b;
Chamberlain & Wallinga 2019). Bleaching characteris-
tics of sediments are controlled in part by the suite of
geomorphic processes that they have undergone prior to
deposition. It is critical to understand and refine the
relationshipsbetweensedimentbleachingcharacteristics
and geomorphic processes in modern sediments before
we can use palaeo-deposits to make interpretations
about geomorphic processes that were active in the past.
Characterizing luminescence signals in sediments at a
single location during different flow stages is apromising
direction for future research. Such data would help
quantify how sediment bleaching characteristics vary
through time andwith transport process and potentially
explain why bleaching within a single depositional
environment location can be so variable.

Influence of beta dose heterogeneity

The accuracy and precision of OSL ages are highly
dependent upon the choice of age model (e.g. MAM vs.
CAM vs. ADM) used to calculate the depositional age.
The selection of an age model depends on the interpre-
tation of sources of scatter in the dose distribution.
Scatter in dose distributions can be the result of partial
bleaching, beta dose heterogeneity, postdepositional
mixing, or a combination of all three. Unfortunately,
currently there are no models that can analyse samples
with both partial bleaching and beta dose heterogeneity
(Murray et al. 2021), and more importantly, there is no
systematic method to determine the contribution of
partial bleaching vs. beta dose heterogeneity to scatter in
dose distributions. Studies have suggested that beta dose
rates are more heterogeneous at overall low dose rates
(<1 Gy ka�1), primarily due to low concentration of
radiogenic elementsK,U,Th (Mayya et al. 2006;Gu�erin
et al. 2015; Jankowski & Jacobs 2018; Smedley
et al. 2020), but empirical assessment of beta dose
heterogeneity is difficult and time consuming. Recent
empirical studies on quantifying heterogeneity in beta
dose have found that it explained some, but not all,
scatter in the study sample dose distributions (Jankowski
& Jacobs 2018; Smedley et al. 2020). Thus, the authors of
these studies recommend that the beta dosimetric
environment be characterized before scatter in dose
distributions is attributed to beta dose heterogeneity.

In our study, low K concentrations in the terrace
sediments adjacent to our study site suggest that these
sediments may have been influenced by beta dose
heterogeneity. While the modern floodplain sediments
are generally well bleached, the terrace sediments were
likely deposited under a different fluvial regime com-
pared tomodern fluvial conditions making it difficult to
rule out partial bleaching as a source of De scatter. The
uncertainty surrounding the origin of scatter in dose
distributions highlights the importance of developing an
age model that accounts for both partial bleaching and

betadoseheterogeneityand theneed formoreresearch to
characterize sources of scatter in dose distributions.

Conclusions

Wehave shown that evenwithin a small area of amodern
floodplain along the Buffalo River in northwest Arkan-
sas, USA, there can be variations in bleaching charac-
teristics across different depositional environments.
Analysis of sediment samples collected from distinct
depositional environments on the modern floodplain
reveal subtle yet distinguishable differences in the dose
distributionsof thesemodern sediment samples,depend-
ing on their depositional environment. Samples from
mid-bar and bar tail locations show fully bleached
sediments, while those from the floodplain and areas
with interbedded cobbles exhibit signs of partial bleach-
ing during transport and likely deposition during high-
flowevents.The significanceof thisworkextendsbeyond
the identification of different De distributions within
varying depositional environments. Our results also
challenge the conventional expectation that modern
fluvial sediments reflect aworst-case bleaching scenario.

Many studies rely on modern analogues to assess the
degree of bleaching in ancient terrace sediments. Our
study highlights that the bleaching characteristics of
modern samples can significantly influence the choice
of age model for palaeo-deposits. Therefore, when
confronted with modern floodplain sediments that
exhibit relatively good bleaching characteristics along-
side De distributions in older sediment deposits that are
reminiscent of partially bleached samples, researchers
must exercise caution in selecting the appropriate age
model. Our results underscore the need for careful
evaluation of the origin of scatter in dose distributions in
order to avoid overlooking beta dose heterogeneity and
postdepositional mixing as significant sources of De

scatter.
Our findings also emphasize the importance of certain

assumptions thatwemakewhenusingmodern sediments
to characterize bleaching conditions of ancient sedi-
ments. If we assume that ancient terrace sediments
experienced the same bleaching history as their modern
fluvial counterparts, we must also accept several
underlying assumptions. These assumptions include
the similarity of the depositional environment, hydro-
logical regimeof the river, sediment transport in the river,
and sediment sources between modern and ancient
samples. Since changes in sediment flux and water
discharge regime over time are often cited as a driver of
fluvial terrace formation, we should not neglect how
these changes could affect sediment bleaching condi-
tions. While modern sediments may not act as perfect
analogues for estimating bleaching conditions in older
sediments, particularly in fluvial terrace settings, they
can help researchers gain important insight into poten-
tial sources of De scatter.
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Supporting Information

Additional Supporting Information to this article is
available at http://www.boreas.dk.

Data S1. Extended description of field site and modern
floodplain depositional environments.

Fig. S1. Simplified geological map of study area (Braden
&Ausbrooks2003).The field location in the study is
indicatedby the redcircle and theBoxley,Poncaand
Pruitt discharge gauges are indicated with black
circles. TheMississippian–Pennsylvanian sedimen-
tary sequences that sit high in the landscape
contribute a significant amount of quartz sediment
to the river. The river is currently incising through
Mississippi to Ordovician sedimentary sequences
that are primarily made up of limestones and
dolostones, but with some prominent, massively
bedded sandstone units. Ordovician sandstones
contribute some quartz sediment material to the
river (Keen-Zebert et al. 2017).

Fig. S2. A. Google Earth image from 14th April 2019
showing the mid-bar and bar tail locations inun-
datedwith water. B. Discharge from Pruitt gauging
station 1st March–16th April 2019. Samples were
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collected on 19th March 2019 when discharge was
~300 ft3 s�1 at Pruitt. The peak discharge one
month later (14th April) was 1350 ft3 s�1, typical
high-flow level at this time of the year.

Fig. S3. Floodplain top location. Sample BR005 was
collected from the hole indicatedwith the soil knife
handle. Note large mature trees on the floodplain
surface.

Fig. S4. A. 10-year flood discharge for the Boxley
(07055646), Ponca (07055660), Pruitt (07055680)
and St. Joe (07056000) USGS river discharge
stations vs. drainage area. Locations of discharge
stations indicated onFig. S1.Note, the Pruitt gauge
is represented by the grey circle on this graph and
wasnot used in fitting the line; therewas not enough
data to derive flood discharges for this station. B.
Peak discharge from 2008 to 2023 for the Boxley

(07055646) and Ponca (07055660) USGS river
discharge stations.We estimate that a 20-year flood
occurred in 2010.

Table S1. SAR measurement protocol for modern
floodplain Buffalo River samples.

Table S2. Calculated recurrence intervals, flood magni-
tudes and the grain sizes potentiallymobilizedat the
BlueHole study site. These calculations suggest that
the64–180 mmcobbleson the sampledbarheadare
potentiallymobilized by floods ranging in size from
less than 5-year flood to greater than 1000-year
flood. Based on our field observations, we believe
that the 180-mm cobbles are in fact moved by flood
events smaller than the 1000-year flood. Due to the
difficulty of calculating the initiation of sediment
transport,we suggest that these calculations beused
as approximate guidelines.
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