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ARTICLE INFO ABSTRACT
Editor: Ouyang Wei Salt marshes provide valuable nature-based, low-cost defences protecting against coastal flooding and erosion. Storm sed-
imentation can improve the resilience of salt marshes to accelerating rates of sea-level rise, which poses a threat to salt
Keywords: marsh survival worldwide. It is therefore important to be able to accurately detect the frequency of storm activity in
Salt marshes longer-term sediment records to quantify how storms contribute to salt marsh resilience. Luminescence is able to infer
Mudflats . . . . . . .
Intertidal environments how long mineral grains were exposed to sunlight prior to burial (e.g., the presence or absence of sediment processing).
Storms This study used sediment cores collected from the Ribble Estuary, North West England, to show that luminescence proper-
Luminescence ties of sand-sized K-feldspar grains can diagnose the differential modes of deposition across intertidal settings (i.e., sandflat,
mudflat and salt marsh) in longer-term sediment records by detecting the variability in sediment bleaching potential be-
tween settings (i.e., sediment exposure to sunlight), thus establishing a framework for the interpretation of luminescence
properties of intertidal sediments. It then used modern sediment samples collected before and after a storm event to
show how such properties can diagnose changes in sediment processing (i.e., bleaching potential) of mudflat sediments
caused by storm activity, despite no changes in sediment composition being recorded by geochemical and particle size dis-
tribution analyses. This new luminescence approach can be applied to longer-term sediment records to reveal (and date)
changes in the environment of deposition and/or depositional dynamics where there is no obvious stratigraphic evidence
of such.
1. Introduction
Salt marshes provide valuable nature-based, longer-term, low-cost defences
protecting against coastal flooding and erosion (e.g., Moller et al., 1999;
% Corresponding author. Temmerman et al., 2013; Leonardi et al., 2018). Storm sedimentation can im-
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decreasing sediment discharges of rivers (Mariotti and Fagherazzi, 2010;
Schuerch et al., 2013; Yang et al., 2020; Pannozzo et al., 2021b), which pose
a threat to salt marsh survival worldwide (e.g., Bakker et al., 1993;
Environment Agency, 2011). Understanding the processes and longer-term fre-
quency of storms that promote salt marsh resilience to sea-level rise is, there-
fore, a fundamental goal to ensure effective management of coastlines in the
future (e.g., McCloskey and Liu, 2012; Walters and Kirwan, 2016; Bianchette
et al., 2022). Salt marsh platforms do not record storm deposits uniformly,
due to spatial constraints on sediment deposition caused by vegetation and to-
pographic features characteristic of salt marsh surfaces. Tidal flats, conversely,
represent a good archive for storm activity as there are fewer topographic and
no vegetation constraints on sediment deposition. However, many storms pro-
cess sediment locally rather than providing fresh input to the intertidal area
(Grant et al., 1997; Wesselman et al., 2017; Brooks et al., 2017), causing no
change in the tidal flat sediment composition (e.g., in particle size distribution
or geochemistry); thus, existing techniques are not always able to detect storm
activity in longer sediment records (Cundy et al., 1997). Solving this challenge
requires a new approach to diagnosing storm activity in the geological record
that does not rely upon a change in sediment composition.

The luminescence properties of mineral grains have been successfully
used as a diagnostic tool of sediment dynamics (Gray et al., 2019), and de-
ployed thus far as a sediment tracer to identify sediment sources and trans-
port pathways in both coastal and fluvial settings (Sawakuchi et al., 2011,
2012, 2018; Ahmed et al., 2014; Haddadchi et al., 2016; Gray et al., 2017,
2018). Luminescence is based upon the principle that, when minerals
(e.g., K-feldspars) are stimulated by light, heat or pressure, electrons that
were stored in the crystal lattice are released, i.e. the luminescence signal is
reset (or bleached) (see reviews by Smedley, 2018 and Murray et al.,
2021). When subsequently buried, the minerals are exposed for a period of
time to natural radiation (termed environmental dose-rate), which re-traps
electrons within the crystal lattice and restores a luminescence signal (mea-
sured in the laboratory as equivalent dose, or D). In environments where
sediments were exposed to sufficient duration and intensity of sunlight
prior to burial, the luminescence signals of all of the grains are reset
(i.e., well bleached) prior to burial. Where sunlight exposure prior to burial
was insufficient, the luminescence signals reset partially (i.e., partially
bleached). By determining D, values from each sample, it is possible to deter-
mine how well bleached the mineral grains were before they were buried,
and thus infer the nature of the bleaching environment (e.g., the presence
or absence of sediment processing). The infra-red stimulated luminescence
(IRSL) signals of K-feldspar have the potential to be used as a diagnostic
tool of sediment dynamics due to the relative differences in bleaching rates
of the multiple-elevated temperature (MET) post-infra-red infra-red stimu-
lated luminescence (post-IR IRSL) signals measured at 50 °C (termed IRs),
150 °C (termed pIRIR;50) and 225 °C (termed pIRIR,,5) (e.g. Reimann
et al., 2015; Chamberlain et al., 2017; Gray et al., 2017, 2018).

The aim of this study is to assess whether the luminescence properties of K-
feldspars can be used to infer changes in sedimentation modes that have oc-
curred in an intertidal setting. The Ribble Estuary, North West England, is
used as a case study due to its ecological and economic value, and because
storm surge deposits here are significant for the resilience of this salt marsh
to sea-level rise (Lyons, 1997; Pannozzo et al., 2021a, 2021b). First, we test
whether changes in sedimentation modes characteristic of the different inter-
tidal settings (sandflat, mudflat and salt marsh) can be detected by the lumi-
nescence properties using a well-constrained, long-term, multi-proxy
evolutionary analysis of the marsh platform (Pannozzo et al., 2022). Secondly,
we use modern analogues collected before and after a storm event to assess
whether luminescence can diagnose the greater opportunity for sunlight expo-
sure (i.e., bleaching potential) caused by sediment processing from a storm
event, which could be used to detect the storm activity preserved in sediment
records that would otherwise go undetected using existing techniques.

2. Study site

The Ribble Estuary is a funnel-shaped, hypertidal estuary located in
North West England (Fig. 1a), with an ordinary tidal range of 8.0 m at
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spring tide and 4.4 m at neap tide (UKHO, 2001). The marsh platform
reaches 3 km at its widest and stands between ~ +3.2 m OD and
~ +4.7 m OD, while the intertidal flat reaches 2 km at its widest and stands
between ~ +2 m OD and ~ + 3 m OD. The extensive intertidal sand-silt
flats and the salt marsh at the south of the estuary (Fig. 1b) resulted from
the combination of infilling of sandy sediments from the bed of the Irish
Sea and deposition of the silt and clay-size sediments coming from the
River Ribble (van der Wal et al., 2002), with the majority of the sediment
supply being marine in provenance (Wright et al., 1971; Pannozzo et al.,
2022). The bed of the central Irish Sea is characterised by waves of mobile
sediments that move up to 70 m per year (Van Landeghem et al., 2012),
which can only be sustained because of the large sediment volumes depos-
ited by ice retreating northwards up the Irish Sea during the last deglacia-
tion (Van Landeghem and Chiverrell, 2020; Scourse et al., 2021). Tidal
pumping, especially during high storm surges, is the main process introduc-
ing sediments into the estuary, increasing the sediment budget of the salt
marsh with increasing storm surge intensity and duration (Lyons, 1997;
Pannozzo et al., 2021a, 2021b). The moderate wave climate of the Ribble
Estuary (Pye and Neal, 1994), that is insufficient to cause significant lateral
erosion, is thought to have favoured the accretion of the marsh platform
(van der Wal et al., 2002). Glacial Isostatic Adjustment models show a
long-term decrease in the rate of relative sea-level rise in North West
England for the past 2000 years (Tooley, 1974; Shennan et al., 2018). How-
ever, sea-level reconstructions and historical tidal gauge records show that,
for the past ca. 240 years, the rate of sea-level rise has been increasing again
(from ca. 0.39 mm yr ™! to ca. 2 mm yr 1), thus causing an increase in the
accommodation space (Plater et al., 1993; Woodworth et al., 1999; PSMSL,
2019). The salt marsh is covered predominantly by Puccinellia maritima and
Spartina townsendii; the latest was planted in 1932 to aid the accretion of the
marsh to favour land reclamation for agricultural purposes (van der Wal
et al., 2002). Hesketh Out Marsh was reclaimed in 1980 and, between
2007 and 2017, a two-phase scheme was implemented to restore the inter-
tidal habitat to enhance the protection of coastal infrastructures against
flooding (Tovey et al., 2009).

3. Methods

3.1. Sampling strategy

To analyse the changes in bleaching potential in relation to salt marsh
evolution and modes of deposition, Hesketh Out Marsh was cored using a
percussion corer with a gouge 1 m long and 7.5 cm in diameter
(Pannozzo et al., 2022). Two replicate cores 3.2 m long (HOM19-1 and
HOM19-2) were extracted from the middle salt marsh next to one another
at ~ 4+ 3.5 m OD (Fig. 1c). The middle salt marsh location provided a strat-
igraphic record from the formation of the sandflat through to a mature salt
marsh, which was characterised by an accumulation rate spanning from
4.61 cm yr~ ! in the sandflat to 0.83 cm yr ! in the mature marsh. Core
HOM19-1 was extracted in the sunlight and used for the analysis of the geo-
chemical composition, organic content and particle size distribution. Core
HOM19-2 was extracted into opaque sleeves to prevent sunlight contami-
nation prior to luminescence analysis. Stratigraphic analysis showed that
both cores contained similar stratigraphic patterns and were therefore com-
parable (Fig. 1d).

To assess whether luminescence properties could be used to diagnose
the presence or absence (i.e. fair-weather conditions) of storm deposition
across intertidal wetlands, modern analogues (Fig. 1c) were collected
from the mudflat (~ + 3 m OD) and lower salt marsh (~ + 3.2 m OD) ap-
proximately one month before (HOM21-1 and HOM21-2) and after
(HOM22-1 and HOM22-2) a storm event (Storm Barra as defined by the
UK Met Office and Met Eireann). The storm hit the coast of North West
England from 7th to 8th December 2021, during the transition from spring
to neap tide, with wind gusts between 93 and 111 km h ™! in west-to-east
direction (UK Met Office, 2021) that generated a storm surge of
0.5-0.9 m (BODC, 2021). The lower salt marsh and mudflat were chosen
as the most suitable sampling locations based on the bleaching profile
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Fig. 1. Location of the Ribble Estuary (a); location of Hesketh Out Marsh (HOM) (b) (© Google Earth Pro); location of the cores HOM19-1 and HOM19-2 and the modern
analogues collected before (HOM21-1 and HOM21-2) and after (HOM22-1 and HOM22-2) the storm event (c) (© Google Earth Pro); photographic analysis of the core
HOM19-1 and stratigraphic analysis of the cores HOM19-1 and HOM19-2 (©Pannozzo et al., 2022) (d).

provided by the IRSL analysis performed on the core HOM19-2 (Fig. 2f).
Each sample was combined from three superficial sub-samples
(0.5-1.5 cm depths below the surface) collected using opaque tubes
(10 cm in diameter) from 50 cm apart from each other to capture some of
the spatial variability that could characterise this setting. Previous observa-
tions have shown that an ~1 m storm surge (comparable to the 0.5-0.9 m
surge of Storm Barra) re-worked sediment down to ~15 cm below the
mudflat surface in an unvegetated surface (de Vet et al., 2020); thus, the
sampled sediment at 0.5-1.5 cm depths would avoid contamination from
surface material that would have been exposed to sunlight since deposition
while still preserving the signature of the storm activity.

All cores and samples are named according to the coring/sampling loca-
tion (i.e., Hesketh Out Marsh) and year of the relative field campaign
(i.e., 2019, 2021 and 2022).

3.2. Characterising different depositional environments

To characterise the geochemical composition and modes of deposition
typical of each type of depositional environment (i.e., sandflat, mudflat or
salt marsh), geochemical and particle size distribution (PSD) analyses
were performed on core HOM19-1 by Pannozzo et al. (2022). Identical geo-
chemical and PSD analyses were then performed on the modern analogues
(both pre- and post- storms) in this study for comparison to core HOM19-1.
A PSD model (Rahman and Plater, 2014) was used to infer whether
sediment deposition was driven by accretion due to sea-level rise or
infilling. Fine-skewed to near-symmetrical distributions characterised by
well-sorted, sand-sized sediment are typical of traction load delivered by
the fast tidal flow velocities (i.e., during the flood phase) and are attribut-
able to infilling. Near-symmetrical distributions characterised by fine to

very fine, poorly sorted silts are typical of the suspension load that settles
during the turn of the tide (i.e., during the ebb phase) and is attributable
to gradual accretion. Sandflats have low elevation and are flooded during
high tide and so sediment deposition occurs through infilling as a result
of the delivery of traction load during the flood phase. Salt marshes have
high elevation; therefore, sediment deposition occurs as a result of the set-
tling of suspension load during the turn of the tide. Mudflats are transitional
environments characterised by a combination of the two processes. Princi-
pal component analysis (PCA) was performed using PAST3 (Hammer,
2019) and the correlation matrix to explore the geochemical compositions
of the samples and to assess any association between the salt marsh core
and the pre- and post- storm samples. The parameters selected for this
PCA were: coarse mineral indicators (Si (mg/g), Zr (ng/g)), salt water (Na
(mg/g),) and shell content indicators (Ca (mg/g), Sr (ug/g)), organic con-
tent indicators (LOI (%), S (mg/g), Br (ug/g)), silt/clay mineral indicators
(K (mg/g), Al (mg/g), Ti (ug/g), Rb (ug/g), Nb (ug/g),), post-depositional
diagenesis indicators (Fe (mg/g), Mn (pg/g)), pollutants (Mg (mg/g),
P (mg/g), As (ng/g), Pb (ng/g), Zn (ug/g), Ni (ug/g), Cu (ug/g), V (ug/g),
Cr (ng/g), Ga (pg/g), Ge (ng/g), Ba (ug/g), I (ug/g)) and the rare elements
(Y (pg/g), La (ng/g), Ce (1g/g)) (Boyle, 2000; Plater et al., 2000).

To provide a robust evolutionary profile for the salt marsh platform
alongside the depth profile of the PSDs, the PSD-derived median
particle-size (Dso) were used alongside the chosen geochemical ele-
ments (Si/Al as sand indictor, Ca/K as shell indicator, Rb as fine mineral
matter indicator and loss-on-ignition (LOI) as organic content indica-
tor). Pannozzo et al. (2022) also derived a long-term accretion rate of
the marsh platform from core HOM19-2 using luminescence dating of
quartz. For further details on the conduction of these analyses see
Pannozzo et al. (2022).
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Fig. 2. Depth profile (core HOM19-2) of OSL ages with derived accretion rates (©OPannozzo et al., 2022) (a); depth profile (core HOM19-1) of geochemical proxies (Si/Al, Ca/K, Rb) and organic content (LOI) (©Pannozzo et al.,
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3.3. Luminescence properties

Luminescence analyses were performed on sand-sized grains of K-
feldspar extracted from the 12 core samples (HOM19-2) and the four mod-
ern analogue samples (HOM21-1/2 and HOM22-1/2). Each of the visible
changes in core stratigraphy were sampled to capture the changing inter-
tidal settings. At least 50 mm of the outer portion of each core sample
was removed to prevent sunlight contamination. For the analysis of the
modern analogues, three sub-samples per sample were extracted and com-
bined for analysis, each from 0.5 to 1.5 cm depths below the surface to
avoid contamination from surface material that would have been exposed
to sunlight since deposition, but to still allow the signature of storm activity
to be recorded. The degree of bleaching of the K-feldspar grains discussed
here is intended as the cumulative product of pre-, during and post- deposi-
tional bleaching.

To isolate the coarse K-feldspar grains for equivalent dose (D) measure-
ment, all samples were treated with a 10 % (v/v) dilution of 37 % HCl to
dissolve carbonates and with a 10 % (v/v) dilution of H,O, to remove or-
ganic content. Dry sieving was used to extract grains 90-150 pm in diame-
ter for samples HOM19-2-2 and HOM19-2-4 and 90-125 pm for the rest of
the samples. Density separation using sodium polytungstate was performed
to isolate the K-feldspar fraction. However, no coarse-grained K-feldspar
was recovered for sample HOM19-2-1 (top of the core) and so no analyses
could be performed on this sample.

Grains were mounted as 2 mm-diameter multiple-grain aliquots on to
9.8 mm-diameter aluminium discs for analysis. The luminescence measure-
ments were made using an automated Risg TL/OSL DA-15 reader equipped
with a 2°Sr/?°Y source (Bgtter-Jensen et al., 2003). Infra-red (IR) light emit-
ting diodes (LEDs) were used to stimulate the K-feldspar grains and the lu-
minescence signals were detected in blue wavelengths using 2-mm thick
Schott BG39 and Corning 7-59 filters. A single aliquot regeneration dose
(SAR) protocol was used for determining D, values, where the IRSL signal
was recorded using a multiple-elevated post-IR IRSL protocol at 50 °C
(termed the IRsp), 150 °C (termed the pIRIR;50) and 225 °C (termed the
PIRIR,,5) (Wallinga et al., 2000; Thomsen et al., 2008; Li and Li, 2011).
Stimulation was for a total of 100 s, where the initial and background sig-
nals were summed for the first 3 s and final 40 s, respectively. Individual al-
iquots were screened for reliability of D, determination based on the
following screening criteria (considering the associated uncertainties): the
test dose response was >30 above the background; the test dose uncertainty
was <20 %; the recycling ratio was = 20 %; and recuperation was <5 % of
the response from the largest regenerative dose (7-8 Gy). Dose-recovery ex-
periments performed on sample HOM19-2-6 using IRs, (ratio of 0.89 =+
0.00), pIRIR; 50 (ratio of 0.91 * 0.00) and pIRIRz5 (0.91 * 0.03) signals
showed that the measurement protocol was appropriate for luminescence
analysis. Consequently, the central age model (CAM; Galbraith et al.,
1999) was calculated from D, distributions (Figs. S1, S2 and S3) deter-
mined for each sample to give an indication of the bleaching potential
prior to burial. D, is measured in Gy (J kg™ 1).

4. Results
4.1. Luminescence properties of intertidal settings

The luminescence properties reflect the extent of sediment processing
characterising each intertidal setting before sediment deposition. Overall,
the multi-proxy analysis (Fig. 2; Pannozzo et al., 2022) shows that a
sandflat environment dominates the lower part of the core up to 150 cm,
while a transition from sandflat to mudflat occurs between 150 cm and
70 cm, followed by the mudflat gradually transitioning into a fully vege-
tated salt marsh. This is revealed by the Si/Al and Ca/K concentrations
(indicators of shell and sand content, respectively, Fig. 2b) as well as the
median particle-size (Dsy, Fig. 2¢), which are constant up to 100 cm, but de-
crease slightly up to 75 cm, before remaining constant to the top of the core.
Also, the Rb concentrations (an indicator of fine mineral concentration) are
constant up to 120 cm, but then decrease to the top of the core (Fig. 2b).
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Finally, loss on ignition (LOI) (an indicator of organic content concentra-
tion) is constant up to 100 cm, but then increases to the top of the core
(Fig. 2b). Furthermore, the luminescence-derived accretion rates (from
quartz; Pannozzo et al., 2022) show that up to 120 cm, the sequence expe-
rienced more rapid accretion (4.61 cm yr_l) than the slower accretion
(0.83 cm yr’l) from 120 cm to the top of the core (Fig. 2a).

End-member analysis of the particle size distributions (PSDs) (Pannozzo
et al., 2022) showed that 86 % of the variance present in core HOM19-1
could be explained by four PSD end-members (EM1, EM2, EM3 and EM4;
Fig. 2d), each in different proportions within different samples from the
core (Fig. 2e). These end-members represent the recurring modes detected
in the PSDs: EM1 has a mixed near-symmetrical distribution dominated by
clay to silt with a secondary very fine to fine sand mode; EM2 has a fine-
skewed to near-symmetrical distribution dominantly very fine to fine
sand; EM3 has a bimodal distribution with near-symmetrical clay to silt
mode and near-symmetrical to fine skewed very fine to fine sand mode;
and EM4 has a fine-skewed to near-symmetrical distribution of fine to
coarse sand.

The PSD data empirically confirms that in the sandflat (300-150 cm
depths) sediment deposition was mainly characterised by infilling of
sand-sized particles through load traction (Fig. 2e). Here, the luminescence
properties of all three luminescence signals (i.e., the D, values) were con-
stant (Fig. 2f), where the D, distributions (representative of the degree of
bleaching of the mineral grains) were symmetrical (i.e., well-bleached
grains) (Fig. S1). As the sandflat progressed into a mudflat (150-70 cm
depths), the sediment deposition was progressively dominated by more ac-
cretion through particle settling (Fig. 2e). Here, the luminescence proper-
ties increased (120-70 cm depths; Fig. 2f), where the D, distributions
were symmetrical for the IR, signal but were near-symmetrical
(i.e., well-bleached grains co-existing with poorly bleached grains) for the
PIRIR;50 and pIRIR,,5 signals (Fig. S1); thus, indicating a reduction in
bleaching potential prior to burial of the sediment compared to the
sandflat. Lastly, as the mudflat progressed into a salt marsh (70-0 cm
depths), the sediment deposition was dominated by the settling of silt-
sized particles (Fig. 2e). Here, the luminescence properties showed an in-
crease first, followed by a non-linear decrease (Fig. 2f), suggesting an initial
further decrease in the bleaching potential of the sediment followed by an
increase once again. The D, distributions were near-symmetrical (for the
IRs50 and pIRIR;5q signals) and symmetrical (for the pIRIR»55); however,
the symmetrical nature of the pIRIR2,5 may be due to the relatively smaller
population for this signal.

4.2. Luminescence properties of pre- and post-storm deposits

Fig. 3 shows the first two components of the PCA performed on the geo-
chemical properties of the salt marsh and mudflat samples. Component 1
and component 2 summarise 76.9 % of the variance in the data, respec-
tively 66.4 % and 10.5 %. Based on the correlation, the PCA analysis
shows that the pre- and post-storm samples form a single cluster (i.e., the
geochemical composition of the pre-storm sediments is statistically indis-
tinguishable from the composition of the post-storm sediment), and that
the composition of the modern samples differs from that of the core largely
due to the absence of historical heavy metal pollution post-depositional dia-
genesis.

Overall, Fig. 4 shows that the luminescence properties of the sediments
collected post-storm were different to those collected pre-storm, likely
reflecting the greater extent of sediment processing that occurs during a
storm and agrees with the trends observed in the down-core profile.

For the salt marsh sample, there is a small change in the shape of the
PSD profile after the storm surge (Fig. 4a). Before the storm, the salt
marsh sample exhibits a near-symmetrical distribution characterised by
fine to very fine silts but with a wider range than the post-storm sample,
which exhibits fine-skewed to near-symmetrical distribution. For all three
luminescence signals, the D, values of the salt marsh sample collected be-
fore the storm and after the storm are all statistically indistinguishable,
i.e. mean D, values and relative uncertainties of the two samples overlap
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Fig. 3. PCA performed on the salt marsh and mudflat modern analogues collected before (HOM21-1/2) and after (HOM22-1/2) the storm and the core (HOM19-1) intervals
(©Pannozzo et al., 2022) showing sandflat-to-mudflat (150-70 cm depths) and mudflat-to-salt marsh (70-0 cm) transitions. Component 1 and component 2 summarise
76.9 % of the variance in the data, respectively 66.4 % and 10.5 %. The figure shows the parameters used by each component to separate the samples. The modern
mudflat and salt marsh deposits differ from their paleo counterparts due to lower concentrations of heavy metals.

for all signals. The density of the D, distributions for the pre- and post-storm
salt marsh samples do not differ significantly as they are predominantly
symmetrical to near-symmetrical in both cases (Fig. S2).

For the mudflat sample, both the pre- and post-storm PSD profiles
exhibit very similar fine-skewed to near-symmetrical distributions
characterised by coarse to fine silts, with the post-storm PSD profile only
showing slightly higher kurtosis (Fig. 4a). Interestingly, the post-storm
PSD profile for the mudflat was very similar to the salt marsh, demonstrat-
ing that the mudflat and salt marsh experienced the same depositional dy-
namics from the storm. There was little difference in the IR5, signal before
and after the storm on the mudflat as the D,, value of the post-storm sample
was slightly higher than the pre-storm sample but overlapped within uncer-
tainties. In contrast, the D, values of the post-storm samples were lower
than the D, values of the pre-storm samples for both the pIRIR;5o and
PIRIR,,5 signals. This suggests that sediments in a mudflat setting experi-
ence more bleaching from sediment processing during a storm surge than
during fair weather conditions, which is not recorded on the lower salt
marsh. The mudflat samples had symmetrical to near-symmetrical D, distri-
butions in both cases, however, the post-storm distributions become wider

for all three signals, suggesting that a small proportion of grains with larger
D, distribution was incorporated into the sediment post-storm, in addition
to the overall reduction in CAM D, value.

5. Discussion
5.1. Sediment processing in intertidal settings

Luminescence properties were used to diagnose the changes in
sediment processing characteristic of different intertidal settings (sandflat,
mudflat, salt marsh) based on the bleaching potential of the feldspar
grains present in intertidal sediments (Reimann et al., 2015). In the sandflat
environment (300-120 cm; Fig. 2b, ¢) (Plater et al., 2007), the lumines-
cence properties (i.e., the D, values calculated for the IRsq, pIRIR;5q
and pIRIR,,s5 signals) were constant (Fig. 2f) and the average accretion
rate was higher than the upper sequence (4.61 cm yr~*; Fig. 2a). With
the transition from the sandflat into a mudflat (120-70 cm depths;
Fig. 2b, c¢) (Plater et al., 2007), the average accretion rate decreased
(0.83 cm yr’l; Fig. 2a) and the luminescence properties showed
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progressive increases in D, values (Fig. 2f). Between 70 cm and the top of
the core, where the well-established mudflat transitions into the fully-
vegetated salt marsh (Fig. 2b, c) (Plater et al., 2007), the average accretion
rate was maintained (0.83 cm yr~'; Fig. 2a) and the luminescence proper-
ties showed an initial further increase followed by progressive decreases in
D, values similar to the sandflat (Fig. 2f).

The luminescence properties showed that the bleaching potential was
high in the sandflat, where the extent of sediment processing is large. It
then decreased with the formation of a mudflat and transition into a vege-
tated salt marsh environment but increased again with the transition into a
mature marsh, where sediments are directly exposed to sunlight for long
periods of time. These changes in the bleaching potential of the sediments
were also reflected in the D, distributions (Fig. S1), which were representa-
tive of the degree of bleaching of the mineral grains. The D, distributions
for all three signals for the sandflat were symmetrical, indicating well-
bleached grains. The D, distribution for the IRs, signal for the mudflat
was broadly symmetrical but bimodal, and near-symmetrical for the
PIRIR; 50 and pIRIR,55 signals, suggesting poorer bleaching of the grains. Fi-
nally, in the salt marsh, the D, distributions were near-symmetrical to sym-
metrical again for all three signals, indicating that the grains were again
better bleached (Wallinga, 2002a).

PSD analysis of the core (Fig. 2d, e) shows that from 300 to 150 cm, the
two dominant modes (EM4 and EM2) exhibit fine-skewed to near-
symmetrical distributions characterised by well-sorted, sand-sized sedi-
ment. Sandflats have an elevation low enough to allow the platform to be
permanently flooded and experience the fastest tidal currents (Reed,
1990); hence, sediment deposition occurs through infilling resulting from
the delivery of traction load by the fast tidal flow velocities during the
flood phase (Rahman and Plater, 2014). When the sandflats evolve into
mudflats, the elevation of the platform increases, and they start experienc-
ing slower tidal currents (Reed, 1990). Therefore, deposition gradually pro-
gresses from being dominated by infilling of sand-sized sediment to being
dominated by silt-sized particles that are transported by the fast tidal flow
velocities during the flood phase and deposited through settling during
the turn of the tide (Rahman and Plater, 2014). This is reflected in the
down-core PSDs profile, which shows that at 150 cm EM4 (fine-skewed
to near-symmetrical distribution of fine to coarse sand) is replaced by
EM1 (mixed near-symmetrical distribution dominated by clay to silt with
a secondary very fine to fine sand mode), and the mode of deposition be-
comes dictated by EM2 (fine-skewed to near-symmetrical distribution dom-
inantly very fine to fine sand) and EM1, with EM1 becoming more
influential towards the top of the section.

Salt marsh platforms have higher elevation with respect to mudflats
where the frequency and duration of inundation depend on the level of ma-
turity of the salt marsh platform and distance from the marsh edge (van
Proosdij et al., 2006), with mature marshes being inundated only a few
times a year due to very high spring tides or storm surges (Roberts and
Plater, 2005). Hence, sediment deposition occurs mainly from the settling
of the suspension load during the turn of the tide (Rahman and Plater,
2014). This is reflected in the down-core PSDs profile, which shows the
mode of deposition being dictated by EM3 (bimodal distribution with
near-symmetrical clay to silt mode and near-symmetrical to fine skewed
very fine to fine sand mode) and EM1 (mixed near-symmetrical distribution
dominated by clay to silt with a secondary very fine to fine sand mode),
both characterised by a near-symmetrical clay to silt mode, representative
of the sediment settling, and near-symmetrical to fine skewed, very fine
to fine sand mode, representative of the infilling events.

The bleaching potential of K-feldspar grains depends on the duration
and intensity of sunlight exposure (Godfrey-Smith et al., 1988). In turbulent
water columns, this can be affected by the degree of sediment processing in
the water column during deposition (Wallinga, 2002b). This suggests that
the different elevations and modes of deposition characteristic of each
type of intertidal environment (sandflat, mudflat and salt marsh) are re-
sponsible for the different degrees of bleaching of the K-feldspar grains.
Fig. 5 shows a schematic of how the bleaching potential of intertidal sedi-
ments varies with the evolution of the intertidal substrate in proportion to
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Fig. 5. Schematic of variation in bleaching potential of intertidal sediments (P) in
relation to the evolution of the intertidal environment, hydroperiod (H), wave
and tidal current induced shear stress (1), and period of direct exposure to
sunlight after deposition (T).

the hydroperiod, the wave and tidal current induced shear stress, and the
duration of sunlight exposure during the period of sub-aerial exposure.
The duration and frequency of flooding on the intertidal platform
(i.e., hydroperiod) and the sheer stress magnitude are higher for a sandflat
with low elevation, and they decrease with the increase in elevation of the
platform (Roberts and Plater, 2005; Zhang et al., 2019), up to a point when
a mature marsh forms, which is inundated only a few times a year by very
high spring tides or storm surges (Pethick, 1981). Direct exposure to sun-
light during the period of sub-aerial exposure conversely increases with
an increase in elevation of the intertidal platform as it reaches its maximum
when the hydroperiod and shear stress are at their minimum.

In the sandflat, where the magnitude of the hydroperiod and the shear
stress is high (Zhang et al., 2019), the traction load deposited on the plat-
form can be re-entrained and resuspended within the water column for
multiple tidal cycles before being buried by new sediment. This continuous
re-entrainment allows sediments to be exposed to sunlight for a period of
time long enough for the luminescence signal to reset to zero, and it is
recycled several times on a series of tides (Wallinga, 2002b). When the
sandflat progresses into a mudflat and the platform elevation increases,
the hydroperiod and shear stress decrease (Zhang et al., 2019), which
causes less re-entrainment and resuspension of the traction load and re-
duces the recycling of sediment on each tide. Moreover, as the mudflat in-
creases in elevation, the suspension load that settles during the turn of the
tide progressively replaces the traction load transported by the flood tide.
This causes less opportunity for the sediment to be re-entrained and
re-suspended by the fast tidal currents before being buried by new sediments,
leading to less sunlight exposure, and therefore less potential for the lumines-
cence signal to have been well bleached prior to burial (Wallinga, 2002b).
Turbidity caused by mud in suspension can further promote partial bleaching
of the luminescence signals by attenuating the blue wavelengths of the day-
light spectrum, inhibiting the bleaching of the grains (Berger, 1990).

As the mudflat progresses into a lower salt marsh, the influence of the
hydrodynamic on the resetting of the luminescence signal becomes mini-
mal, as the presence of vegetation attenuates the resuspension caused by
waves and currents (Neumeier and Ciavola, 2004; Mudd et al., 2010;
Yang et al., 2012), and the sediments are mainly deposited during the
turn of the tide, thus causing a further decrease in bleaching potential. Fi-
nally, on the mature salt marsh, where there is no inundation and sediments
are continuously exposed to sunlight, grains reach their maximum
bleaching potential (Godfrey-Smith et al., 1988). Overall, the long-term
analysis suggests that luminescence properties can detect the different sed-
imentation modes balanced across the bleaching potential and sediment
processing potential typical of each intertidal setting.

5.2. Sediment processing during storm events

The luminescence properties of the down-core profile show that the
mudflat and lower salt marsh are the environments with the lowest
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bleaching potential (Fig. 2f). Therefore, since storms are responsible for
longer inundation and higher potential sediment resuspension compared
to ordinary conditions (Pannozzo et al., 2021a, 2021b), mudflat and
lower salt marsh (where topography and vegetation allow deposition) sed-
iments are expected to be the most likely to show an increase in bleaching
during stormy conditions (Brill et al., 2018). Hence, they have been se-
lected in this study as locations for the sampling of the modern analogues
(Fig. 1c). Both mudflat and salt marsh sediments show no significant differ-
ence in the geochemical composition (Fig. 3) and a slight variability in the
gross depositional energy (Fig. 4a) between the pre- and post- storm sam-
ples, providing a weak inference of the storm event from the lower salt
marsh but none from the mudflat.

The storm occurred during spring tide and caused a surge of 0.5-0.9 m
(BODC, 2021). During spring high tide, the water depth above the lower
marsh platform at Hesketh Out Marsh can reach up to 3 m in fair-weather
conditions and a surge of 0.5 m can cause an increase in the depth of the
water level of 0.5 m (Pannozzo et al., 2021a). This suggests that the
storm-enhanced inundation of the salt marsh caused an increase in the ex-
treme water level by at least 0.5 m, potentially reaching up to at least 3.5 m
during high tide. Furthermore, the surge peak occurred towards the lower
end of the tide, coinciding with the rising flood tide, thus promoting the
most optimal conditions for sediment re-entraining and recycling
(Pannozzo et al., 2021b). Despite that, the luminescence properties of the
salt marsh sample collected before and after the storm were indistinguish-
able (Fig. 4b; Fig. S2), suggesting that the storm surge did not cause any sig-
nificant change in the bleaching potential of the lower marsh sediment. The
long-term multi-proxy analyses showed that the lower salt marsh was suit-
able for detecting a possible increase in the resetting of the luminescence
signal caused by a storm surge (Brill et al., 2018), due to its low natural
bleaching potential. However, it must be considered that vegetation causes
areduction in the turbulent kinetic energy of the water flow, causing a con-
siderable reduction in shear stresses produced by the combined action of
waves and currents, therefore reducing the potential for sediment re-
suspension (Neumeier and Ciavola, 2004; Mudd et al., 2010; Yang et al.,
2012; Temmerman et al., 2022). This might have prevented sediment re-
entrainment and recycling during the inundation of the lower marsh and
inhibited the bleaching of the grains.

For the mudflat, there was a difference between the sediments collected
before and after the storm surge for the higher temperature signals
(pIRIR; 50 and pIRIR,,s signals), but not for the IRsq signal (Fig. 4b). The
IRs signal bleaching rate is on the order of seconds to minutes (Godfrey-
Smith et al., 1988), while the pIRIR;5¢ and pIRIR,,5 signals can take up
to hours to completely reset according to laboratory measurements
(e.g., Smedley et al., 2015; Colarossi et al., 2015). This suggests that the
IRs( signal is likely to reset completely even if sediments do not spend a
long period in suspension within the water column (Brill et al., 2018),
whereas the pIRIR;5, and pIRIR,,5 signals are more likely to show partial
resetting if sediments are not exposed to sunlight for a sufficient duration
of time (Reimann et al., 2015). As such, the IRs, signal is likely to reset in
both ordinary and stormy conditions, while the pIRIR;5 and pIRIR,o5 sig-
nals are likely to bleach faster in stormy conditions when sediments are re-
suspended in the water column for longer or transported for longer
distances. The pIRIR;5¢ and pIRIR,,5 signals are therefore likely to be
more reliable in diagnosing changes in the bleaching potential of the grains
with respect to the IRso signal. The change in bleaching potential
characterising the mudflat after the storm event is also evident in the D, dis-
tributions of single aliquots (Fig. S2), which shows a widening of the distri-
butions for all three signals. The overall reduction in D, values suggests that
autochthonous sediments could have bleached better in stormy conditions
because the longer inundation maintained them in re-suspension longer
than in fair-weather conditions, or that allochthonous, well-bleached sedi-
ments were transported onto the mudflat platform while they were main-
tained in suspension within the water column (Brill et al., 2018). The
small proportion of grains with larger D, distributions could have come
from sediments unlikely to have been exposed to sunlight where the en-
hanced mud re-suspension caused by the storm is likely to have enhanced
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turbidity, potentially preventing the exposure to sunlight (i.e. bleaching)
of those grains (Berger, 1990). Regardless of the provenance and/or com-
position of the well-bleached sediment (i.e., autochthonous, or allochtho-
nous), the D, distributions are able to detect the increase in bleaching
rate caused by the storm.

Overall, the modern analogues have shown that the samples collected
after the storm event on the mudflat were characterised by no significant
change in sediment composition, but the post-storm sediments exhibited
higher bleaching potential than the pre-storm samples, which suggests a
greater extent of sediment processing; thus, luminescence could be used
to diagnose the storm deposition on the mudflat where the sediment com-
position could not. In contrast, there was no difference in the bleaching po-
tential pre- and post-storm on the lower salt marsh.

5.3. Implications

There is evidence that increasing rates of sea-level rise can threaten salt
marsh survival (FitzGerald et al., 2008; Kirwan et al., 2010; Ganju et al.,
2017; Fagherazzi et al., 2020), while storm-sedimentation can support
salt marsh resilience to sea-level rise (Mariotti and Fagherazzi, 2010;
Schuerch et al., 2013; Pannozzo et al., 2021b). To provide effective man-
agement of these natural coastal defences and ecosystems, it is essential
to quantify the contribution of sea level and storm activity to long-term
marsh accretion and survival (Walters and Kirwan, 2016) and to derive
long-term records of storm frequency that can contextualise the changes ob-
served by recent climate change (McCloskey and Liu, 2012; Bianchette
et al., 2022). Traditional techniques used to detect sedimentary records of
storm activity (i.e., geochemical and particle size analysis) in mudflat set-
tings cannot detect storm-driven changes in hydrodynamics when no
change in sediment composition has occurred, as recorded during Storm
Barra. Therefore, longer-term sediment grain size and geochemical compo-
sition records cannot readily provide accurate records of the frequency of
storm activity. The new luminescence approach shown here can reveal
(and date) changes in the extent of sediment processing (e.g., storm activ-
ity) where there is no obvious stratigraphic evidence of such that could
be revealed by the existing techniques (e.g., the sediment composition). Ap-
plying this luminescence approach, and associated dating, to established
sedimentary archives of coastal change in estuary and deltaic depositional
contexts (e.g., Yangtze Estuary, Rhine-Meuse lowlands) would therefore
more accurately constrain the contribution and significance of storms in
moderating coastal change over the long term, e.g. during periods of sea-
level rise throughout the last interglacial and the Holocene. This has far-
reaching consequences for projecting future coastal response to sea-level
rise and changes in storm activity by providing an improved assessment
of the resilience of populated coastal lowlands to climate change.

6. Conclusions

To conclude, this study has shown how luminescence properties can be
used to diagnose the differential modes of deposition across intertidal set-
tings, and therefore the presence of storm activity in the longer-term sedi-
ment records where no changes in sediment composition occurred. The
luminescence signals of K-feldspars measured at different temperatures
(50, 150 and 225 °C) reset at inherently different rates and so were used
to assess the extent of sediment processing (i.e., the bleaching potential)
in an environment during deposition. Analysis of a long-term, multi-proxy
evolutionary model of the marsh platform showed that the luminescence
properties of mineral grains can be used to diagnose changes in sedimenta-
tion modes characteristic of the different intertidal settings (sandflat, mud-
flat and salt marsh) by detecting the variability in sediment bleaching
potential between settings (i.e., sediment exposure to sunlight), thus estab-
lishing a framework for the interpretation of luminescence properties of in-
tertidal sediments. Modern analogue samples showed that post-storm
sediments exhibited higher bleaching potential detectable by the pIRIR;sq
and pIRIR,,5 signals (i.e., more sediment processing) on the mudflat prior
to burial in comparison to the pre-storm samples, despite no significant
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change in sediment composition being recorded by the geochemical and
particle size distribution analyses. This new luminescence approach is
more sensitive than existing techniques at detecting the intertidal response
to sea level and/or storms, and so can accurately identify periods of change
that were previously undetectable in apparently monotonous minerogenic
sequences. This offers the potential to revise established sedimentary ar-
chives of coastal change and determine with more accuracy the significance
of storms in controlling coastal change over the longer-term during climate
warming, e.g. the Holocene and the last interglacial.
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