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Past major changes in sea level have had a significant influence on global- and shelf sea tidal dynamics. Some of
these changes are preserved in sedimentary records from the shelf seas, and so appropriate proxy data have the
potential to constrain tidal model outputs over the recent geological past. Tidal models which simulate the
evolution of tide-dependent parameters over geological timescales are fundamental to understanding the
response of the tides to sea-level rise and climate change. This study explores a potential new sedimentary proxy
for validating past shelf sea tidal dynamics, interrogating the relationship between tidally-modulated bed shear
stress and seabed sediment grain size at discrete sediment core locations over the northwest European shelf seas.
Radiocarbon-dated sediment grain size profiles were generated for four British Geological Survey UK shelf
sediment vibrocores, spanning a range of physical environments. Changes in observed sediment grain size
through time were compared with simulated changes in tidal-induced bed shear through time, using temporal
and spatial outputs from the most recently developed palaeotidal model of the Northwest European shelf seas.
Although a positive correlation between observed grain size and simulated bed shear stress was observed at three
of the four sediment cores sites, no robust relationship could be quantified. The palaeotidal model output failed
to resolve the details of the actual sediment dynamics, since only tidal-induced bed shear stresses were
considered. Wave processes were neglected, and the model was not sensitive enough to constrain simulated past
tidal conditions at point locations; rather it is suitable for examining general trends. There remains a need to
develop new proxies for past shelf sea hydrodynamic conditions which can be used to constrain numerical model
output of tidal currents at regional scales.

1. Introduction impacted the large-scale redistribution of sediments by shelf sea hy-

drodynamical processes.

Glacio-eustatic sea level has risen by over 130 m since the Last
Glacial Maximum (LGM) (Lambeck et al., 2002, 2004; 2010; Clark et al.,
2009). The resultant flooding of shelf sea environments has had a major
impact on a number of key Earth system attributes, including tidal dy-
namics (Belderson et al., 1986; Thomas and Siindermann, 1999; Uehara
etal., 2002; Egbert et al., 2004; Hall and Davies, 2004; Neill et al., 2010;
Scourse, 2013). Sediment dynamics over the northwest European shelf
seas have been subject to considerable change over this time period due
to these changes in tidal dynamics, with direct implications for basin and
coastal evolution. Numerical models with realistic bathymetries and
boundary conditions are a valuable tool for unravelling the complexity
of how the main physical forcing mechanisms (e.g. tidal currents) have
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The northwest European shelf (Fig. 1, inset) has demonstrated a
complex isostatic response to deglaciation, and the British Isles them-
selves have been the focus of many studies of post-glacial isostatic
adjustment (GIA) (e.g of Lambeck, 1993, 1995, 1996; Shennan et al.,
2000; Peltier, 2002; Shennan et al., 2006; Bradley et al., 2011). Several
palaeotidal modelling studies of the northwest European shelf seas have
been conducted (Austin, 1991; Uehara et al., 2006; Neill et al., 2010;
Ward et al., 2016). Palaeotidal model output can be applied to answer
many questions including: for understanding the evolution of tidal
dissipation through time and the resulting implications for the
Earth-Moon system (Munk, 1997; Thomas and Siindermann, 1999;
Green et al., 2009, 2017); for constraining sea-level index points (e.g.
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Ward et al., 2016), used as input to GIA models; and for assessing
changes in the areal extent of the intertidal zone, with ecological,
evolutionary and archaeological implications (Garrick-Bethell et al.,
2006; Mortimer et al., 2013). To date, limited work has been invested in
the ‘validation’ of palaeotidal model outputs, in which model outputs
are constrained using observational data. Model validation through
model-data comparison for past changes would provide an accurate
constraint on the accuracy of these models, with implications for pre-
dictions of future changes. Austin and Scourse (1997) compared the
Austin (1991) palaeotidal model outputs with faunal, isotopic and
geochemical data from a single Celtic Sea (Fig. 1) sediment core in order
to investigate the seasonal thermocline development in the region dur-
ing the Holocene. The results of Austin and Scourse (1997) verified the
model predictions of Austin (1991) for the position of the tidal mixing
front in the Celtic Sea; however, no isostatic correction had been applied
to the model palaeotopography of Austin (1991). The question of
long-term dynamics of seasonal stratification was revisited by Scourse
et al. (2002), who generated more extensive faunal datasets at the same
core site, from the Late-glacial to the late Holocene (these data are used
in this study). These palaeodata points were subsequently found to
support the simulated timing of stratification onset in the Celtic Sea,
from a revised palaeotidal simulation incorporating dynamic palae-
otopography (Uehara et al., 2006). Clearly one data point for con-
straining regional palaeotidal models is insufficient, hence work is
needed to find a proxy which can be applied at a regional scale to
validate and constrain palaeotidal model output.

The shelf sea geological record registers multiple proxies which have
the potential to be used to constrain palaeotidal models. The effects of
tidal currents, waves, and wave-tide interaction can cause sediment
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transport through exerting a frictional force (referred to as the bed shear
stress) on the seabed. Transport of (non-cohesive) sediments can occur
when the currents are high enough for the bed shear stress to exceed the
threshold of motion (Shields, 1936), which is dependent upon the me-
dian sediment grain size, dso (Shields, 1936). Ward et al. (2015) dis-
cussed the relationship between simulated present-day tidal-induced
bed shear stress and median grain size of seabed sediment grab samples,
at a regional scale (Irish Sea, Fig. 1). The present day Irish Sea is
tidally-dominated, although the relative contribution of tides and waves
to sediment transport will have varied with sea-level rise since the LGM,
with waves playing a relatively more significant role during times of
lower sea levels than they do in the present day (Neill et al., 2010).
Simulations by Neill et al. (2010) suggest that throughout the Holocene,
in the northwest European shelf seas, the mean annual tidal-induced bed
shear stress has been more significant than the mean annual
wave-induced bed shear stress (see Fig. 6, Neill et al., 2010). Although
simulation of the evolving wave climate is an interesting question which
merits further attention, it is outside of the scope of the work presented
here. Here, the aim was to explore whether observed stratigraphic grain
size distributions from shelf sea sediment cores can be used as a proxy
for past tidal current conditions, testing a novel method for validating a
regional palaeotidal model using observations.

Sediment data for the Irish Sea, an energetic semi-enclosed sea,
bordered by Ireland, Scotland, Wales and England (Section 2), were
available from the British Geological Survey (BGS). We develop here
new sediment grain size profiles for five BGS Irish Sea marine vibro-
cores, and age-constrain these results (Section 4.2) to generate an age-
grain size evolution for each core, spanning ca. 13-2 ka BP. These
grain size profiles are then considered alongside simulated bed shear
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Fig. 1. Left panel: The Irish Sea and the marine sediment core locations used in this study (orange dots). Inset map: the position of the Irish Sea on the Northwest
European Shelf. Right panels: water depths at the five BGS core sites at 1 ka time slices from 21 ka BP to present day, based on the palaeotopographies developed by

Ward et al. (2016), incorporating the GIA model of Bradley et al. (2011).
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stress evolutions at the core locations interpolated from the most recent
palaeotidal model of the Northwest European shelf seas (Section 4.3).
The aim was to investigate whether there is a robust relationship be-
tween temporal variations (over a long timescale) in observed seabed
sediment grain size and simulated tidally-induced bed shear stress at the
core sites.

2. The northwest European shelf, and the Irish and Celtic Seas

Due to the availability of geological data, and a well-developed
palaeotidal model, the focus of this work is on the Irish Sea (Fig. 1).
The present-day tides on the northwest European shelf are predomi-
nantly semi-diurnal (Pingree and Griffiths, 1978), dominated by the My
(lunar) and S, (solar) tidal constituents. Tidal energy propagates from
the North Atlantic onto the shelf into the Celtic Sea. Some of the tidal
wave propagates into the English Channel and through into the North
Sea, while some passes into the Bristol Channel and into the Irish Sea
(Pugh, 1987).

The deglaciation of the British-Irish and the Fennoscandian Ice
Sheets, complete by 9 ka BP (Boulton et al., 1985; Scourse et al., 2009a),
was a major source of sediment supply to the northwest European shelf
seas, and played a significant role in the formation of large bedforms and
in bathymetric evolution (Boulton et al., 1985; Neill et al., 2009, 2010;
Scourse et al., 2009b). The glacial origin of northwest European shelf sea
seabed sediments has led to the formation of a range of morphological
features; a BGS map of present-day seabed sediments is reproduced in
Ward et al. (2015). Morphological features in the Irish Sea include
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drumlins (e.g. Eyles and Marshall McCabe, 1989), large linear tidal sand
ridges in the Celtic Sea (e.g. Scourse et al., 2009b, a; Lockhart et al.,
2018), and evidence of ice streaming and calving in the Irish Sea (Van
Landeghem et al., 2009). There is a significant diversity of present-day
seabed sediment classifications within the Irish Sea itself, including
areas of exposed bedrock (mostly limited to the northwest of Anglesey)
and patches of semi-consolidated Pleistocene deposits, both covered in
places only by thin transient patches of unconsolidated sediment. The
majority of the seabed consists of sands and gravels, which are largely
reworked glacial sediments. In the southern Irish Sea, sandy gravel is the
predominant sediment type. Coarse sediments of glacial and glacio-
fluvial origin occupy both Cardigan Bay and St George’s Channel. In the
latter are several areas of exposed till, covered only by thin mobile
sediment. Along the coast of Cardigan Bay is a belt of (mainly) sand, and
the mud content increases towards the mouths of rivers. In the northern
Irish Sea, there is a band of gravelly sediment to the south and north of
the Isle of Man, which separates areas of muddy and sandy sediments to
the east and west. West of the Isle of Man is a large area of mud, known
as the Western Irish Sea Mud Belt, almost entirely surrounded by sandy
mud, which itself is surrounded by muddy sand. Cohesive sediments in
the Irish Sea are largely confined to the northwest Irish Sea Mudbelt and
the Celtic Deep (e.g. Jackson et al., 1995).

150 200

Fig. 2. Palaeobathymetries for selected time slices for the ROMS + Bradley palaeotidal model. The full shelf model (and hence the boundary conditions) extended
further (see inset in Fig. 1, shown here is the same extent as the main panel in Fig. 1). The colour scale is set to a maximum water depth of 200 m to highlight the shelf
seas. The white areas are land/ice, and the present-day coastline is provided for reference (grey line).
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3. Methods
3.1. Tidal model

Here we describe the output from the high-resolution, three-
dimensional, palaeotidal model of the northwest European shelf seas
developed by Ward et al. (2016). The palaeotidal model, which is
referred to here as ROMS + Bradley, was developed using the Regional
Ocean Modeling system (ROMS, 1/24° longitude and variable lat-
itudinal resolution of 1/34°-1/56° resulting in ~2-3 km grid). The
model incorporated the GIA model of Bradley et al. (2011), combined
with the present-day bathymetry derived from 1,/120° GEBCO, to
simulate the evolution of the tides in 1 ka increments from 21 ka BP (ca.
since the LGM) to present day (Fig. 2). The model was forced at the
boundaries using tidal elevation amplitudes and current velocities from
the global palaeotidal model of Uehara et al. (2006). These simulations
are compared with two-dimensional palaeotidal model simulations of
Uehara et al. (2006) (referred to here as KUTM + Lambeck, KUTM being
the Kyushu University Tidal Model), and a second three-dimensional
ROMS palaeotidal model (ROMS + Lambeck), both of which incorpo-
rated a revised version of the GIA model of Lambeck (1995) into the
palaeobathymetries. The focus here is on output of peak bed shear stress
from the ROMS + Bradley model. Although the ROMS + Bradley and
ROMS + Lambeck models were three-dimensional, the simulated
depth-averaged peak bed shear stresses are used here for direct com-
parison with the earlier two-dimensional tidal model of Uehara et al.
(2006).

3.2. Geological data: marine sediment cores

Here we consider five marine vibrocores, each collected and curated
by the BGS (cores +54/-05/19, +54/-05/65, +53/-06/87, +56/-09/
166, and +51/-07/199). The cores are referred to here as BGS19,
BGS65, BGS87, BGS166 and BGS199 (Table 1). Since core selection was
prior to the development of the tidal model of Ward et al. (2016), the
core sites (Fig. 1) were selected based on the existing tidal model of past
tidal conditions in the region, developed by Uehara et al. (2006). Re-
gions on the shelf (and within the BGS geographical remit) which the
simulations demonstrated to have considerable net change in bed shear
stress from 21 ka BP-present day were identified, with the supposition
that these regions were more likely to display significant variations in
seabed sediment grain size through time than regions which had more
moderate variations in tidal dynamics (and hence bed shear stress). All
available BGS vibrocores within those identified regions were consid-
ered: all core logs were examined, and then a number of cores were
visually inspected in the BGS archive. Core samples of less than 1 m in
length were dismissed (as they were less likely than longer cores to hold
a longer-term geological record), as were cores which displayed obvious
evidence of bioturbation. Based on these criteria, five cores were
selected and sampled (see Fig. 3 for lithostratigraphic logs).

Table 1
Details of the five BGS vibrocores.
Core Latitude Longitude Water Collection Core
Depth (m) date length (m)
BGS19 54°42.80’N — 4°05.60’ 26 09/06/1969 6.10
E
BGS65 54°30.74’'N —4°00.08’ 48 10/06/1969 6.10
E
BGS87 53°44.11’'N —511.95’ 72 11/11/1980 5.93
E
BGS166  56°52.46'N — 4°00.08’ 131 11/11/1985 3.71
E
BGS199 51°21.23°'N —6°12.28’ 118 08/09/1982 5.68
E
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Each core was sampled and particle size analysis was conducted
using the Malvern Mastersizer 2000 laser particle diffractometer (size
range 0.02-2000 pm). The grain size subsample positions were governed
by several factors, including: the integrity of the cores; positions of
previous samples; and visually-perceived changes in grain size. Between
17 and 25 samples were taken from each of the cores for laser particle
analysis, and a total of 16 samples from BGS19/65/87/166 were ana-
lysed for AMS *C dating, with samples taken as near to the tops and
bases of the cores as possible. BGS199 had an existing age-depth rela-
tionship, developed by Austin and Scourse (1997) and Scourse et al.
(2002).

The results of the particle size analysis were post-processed using the
GRADISTAT software (Blott and Pye, 2001), and the granulometric
analysis used here for calculating the sample statistics was the graphical
method of Folk and Ward (1957), which outputs statistics on sediment
classification, including mean, mode, sorting and cumulative percentile
values (e.g. djo, dsp and dgg). The focus of this study was on the dsg
(median grain size), as this is commonly used in sediment transport
equations, such as in the Shields parameter (Shields, 1936) and in the
Soulsby-Van Rijn formulation for total load (bedload plus suspended
load) transport by waves and currents (Soulsby, 1997). Furthermore, dsg
is a widely-recognised parameter for application of spatially-varying
sediment classifications within hydrodynamic models, e.g. defining
spatially-varying drag coefficients. Note that the method used here does
not account for changes in sediment supply, and assumes that all sedi-
ment grain sizes have been available for resuspension and/or transport
over the time period considered.

3.3. Radiocarbon dating

The complete AMS '“C data (the existing dates for BGS199, plus 16
new samples from BGS19/65/87/166) are presented in Table 2. The
dates are based on subtidal molluscs and benthic foraminifera. Though
the species analysed have varying habitats (infaunal, epifaunal),
comparative *C analyses demonstrate temporal offsets below the res-
olution required here (i.e. for comparison with 1 ka model timeslices)
(see Scourse et al., 2002). The 1*C date ranges were output by the OxCal
software (Bronk, 2013), where the calculations are based on the con-
ventional radiocarbon age and the standard deviations (+10) reported in
the results from the laboratory analysis. The OxCal software (v4.2) uses
the Intcall3 and Marinel3 calibration curves of Reimer et al. (2013).
The appropriate Marine Reservoir Corrections (AR) for each core (which
varies by geographical location) were obtained using the 14CHRONO
Marine Reservoir Effect database (Harkness, 1983; Butler et al., 2009),
and were applied to the calibrated ages, resulting in the corrected,
calibrated radiocarbon dates for each sample (cal BP).

4. Results
4.1. Sediment cores description

All of the marine sediment cores analysed here contained poorly-
and/or very poorly-sorted sediment (mud and sand) throughout. Of note
here is that in wave-dominated regions, sediments tend to be sorted by
wave processes and fine sands and silts tend to be washed away (e.g.
Anthony and Héquette, 2007). BGS19 was mud near the core bottom
(5.2 m), and sandy mud from approximately 5 m core depth to the core
top. BGS65 was mainly sandy mud throughout, with one facies of mud at
around 1 m core depth. The sediment in BGS87 varied between sandy
mud from 6-5 m core depth, and through (mainly) mud and sandy mud
for 5-1 m core depth, up to muddy sand for the upper 1 m of the core.
BGS199 was mud in the bottom of the core (5.3-4.7 m), coarser muddy
sand for a section (4.7-3.3 m) and then sandy mud and mud to the core
top. More extensive sediment grain size data are presented in Appen-
dices A and B.
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Fig. 3. Lithostratigraphic logs for vibrocores BGS19, BGS65, BGS87, BGS166 and BGS199. The horizontal lines on the logs indicate: gaps in the core record (grey),
gradational contacts (black dashed), and abrupt contacts (solid black). The orange arrows indicate the dated extents of the cores.

Table 2

Radiocarbon dating results for BGS19, BGS65, BGS87, BGS166 and BGS199. Samples marked with a * were analysed at AORI, Japan, the remainder were analysed at
the NERC Radiocarbon Dating Facility. Samples from BGS199 were dated previously (Austin and Scourse, 1997; Scourse et al., 2002). Where bivalve-foraminifera
paired samples were taken, the selected date is in bold.

Core Stratigraphic dso Material Sample 0'3Cppp + Conventional AR offset Calibrated age (cal BP)
position (m down (pm) weight 0.1% radiocarbon age (yr (years) (Intcall3 and
core) (mg) BP) Marinel3)
0.49 53.43 Ammonia batavus 17.0 -0.2 1771 £ 37 -72 1178-1325

BGS19 0.49 53.43 Venus casina 58.5 0.2 2721 +£ 41 =72 2246-2531
3.18* 40.61 Venus casina 37.0 - 4630 £+ 35 =72 4713-4885
3.70% 15.69 Corbula gibba 7.5 - 5530 + 30 =72 5772-5922
3.93 13.31 Corbula gibba 18.1 1.5 6504 + 38 =72 6830-7068
0.00 151.97 Corbula gibba 19.8 1.4 7418 £38 =72 7718-7888

BGS65 5.89 54.59 Ammonia batavus 5.9 -0.8 11938 + 45 =72 13207-13428
5.89 54.59 Abra sp. 3.0 -0.6 11511 + 44 =72 12751-13054
0.20 108.91 Ammonia batavus 5.5 -0.8 2981 + 37 1 2695-2841

BGS87 0.20 108.91 Abra prismatica 6.3 0.4 477 + 37 1 n/a-228
0.79* 103.41 Corbula gibba 21.6 - 3600 + 25 1 3408-3575
1.32* 59.12 Abra nitida 8.2 - 4615 + 30 1 4777-4942
5.82 24.05 Corbula gibba 35.7 1.2 7871 £+ 37 1 8236-8414
0.01 Cibicides sp. 9.7 0.9 11865 + 46 -29 13191-13416

BGS166 0.01 Venus casina 2.7 - 9842 + 88 -29 10533-11021
1.52 Cibicides sp. 11.6 0.9 11832 + 46 -29 13161-13390
0.50-0.51 9.89 Bulimina marginata 0.0 3010 £ 75 -15 2600-2978

BGS199 1.05-1.06 12.08 Bulimina marginata 0.1 3320 + 50 -15 2999-3308
1.55-1.56 18.40 Bulimina marginata 0.2 3765 + 55 -15 3541-3837
2.05-2.06 20.48 Bulimina marginata -0.1 4675 + 55 -15 4771-5055
2.45-2.46 24.28 Bulimina marginata 0.0 5795 + 60 -15 6020-6333
2.75-2.76 13.82 Bulimina marginata 0.0 6210 £+ 60 -15 6471-6788
3.05-3.06 17.05 Bulimina marginata, 0.0 7575 £ 70 -15 7881-8175

Quingeloculina seminulum,

Ammonia batavus
3.35-3.36 157.37 Quinqueloculina seminulum -0.1 8855 + 115 -15 9252-9857
4.20-4.30 272.26 Spisula elliptica 2.3 11570 + 100 -15 12784-13253
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4.2. Core age-depth relationships

The 'C dates (Table 2) were used to generate age-depth relation-
ships for each of the cores, which were then applied to the grain size
profiles to display the evolution of grain size over time, rather than with
core depth (Fig. 4 and Appendix B). The relationships are based on linear
interpolation between the dated core depths, where the depths of the
samples used in the model were taken to be the mid-point of the sample
slices. The 14C dating results for the upper and lower samples taken from
BGS166 suggest significant reworking of the sample (ca. 13100-13400
cal BP for both 0.01 m and 1.63 m sample depths). An age-depth rela-
tionship for this core is thus not presented and BGS166 is not used for the
model-data comparison in Section 4.3. In each of the three cases where
paired datings of molluscs and foraminifera from the same level was
carried out (BGS19 0.49 m sample depth, BGS65 5.89 m sample depth
and BGS87 0.20 m sample depth), the dating results of the foraminifera
samples have been used for the construction of the age-depth relation-
ships. It was preferable to date a sample containing a number of
Ammonia batavus over a single bivalve (or part of a bivalve), as these
integrate any reworked specimens and reduce the possibility of a wholly
erroneous date from a single bivalve or bivalve fragment as a result of
bioturbation or reworking.

The analysed section of BGS19 was dated to between approximately
6900 and 2400 cal BP. The corresponding grain size profile (Fig. 4) from
within this date range displayed a generally coarsening-upwards trend,
remaining within the classification of silt (4-63 pm), with a slight
inversion of the coarsening-upwards trend between 5000 and 3000 cal
BP. The age-depth relationship for BGS65 is relatively crude, there being
very few levels with suitable and sufficient material for dating. BGS65
was selected for analysis specifically because the grain size did not
appear to change considerably upcore, ranging within the size classifi-
cation for silt between 14000 and 8000 cal BP and thus there was no
need to try and resolve specific features within the dated extent of the
grain size profile. The age-constrained grain size profile for BGS87 dis-
played an overall coarsening upwards between ca. 8500 and 1500 cal
BP, with median grain size variation within the silt fraction until a

Continental Shelf Research 205 (2020) 104165

coarsening from silt to fine sand between 4500 and 3500 cal BP. The
most interesting (dated) variation in grain size was in BGS199 (ca.
11000 to 3000 cal BP), which had the highest resolution age-depth
relationship. The results from the particle size analysis showed a sig-
nificant fining-upwards (from a fine-medium sand to a medium silt)
until ca. 8000 cal BP, after which the grain size remained relatively
constant.

4.3. Model-data comparison

For the most basic comparison, Fig. 5 indicates the correlations be-
tween observed median grain size and simulated bed shear stress at each
core location (hereon, dates and timeslices are both referred to as ‘ka
BP’). Based on linear interpolation of sediment grain size within the
dated extents of each core, where grain size was estimated at a position
corresponding to a model timeslice (e.g. at 5000 ka BP +100 years), the
observed sediment grain size is plotted against simulated bed shear
stress at that point in time from the core location within the tidal model
domain (Fig. 5). The grain size profiles for the dated sections of the four
cores were then compared directly with the simulated bed shear stress
evolutions at the core sites (Fig. 6).

For BGS19, the correlation between the observed grain size and
simulated bed shear stress is statistically highly significant, i.e. the r2
value was greater than that for the 1% correlation coefficient for a
sample size of 6 (Fig. 5). At the location of BGS19, there was an observed
coarsening of core sediments, within the Wentworth silt classification,
during which time there was a slight increase in simulated bed shear
stress between ca. 7 and 2 ka BP (1.3-1.5 N m2). Of note here is that only
small increases in simulated bed shear stress and coarsening of sedi-
ments were simulated/observed.

At core site BGS65, there was no statistically significant correlation
between median sediment gain size and bed shear stress. From the
bottom of the dated section of BGS65 (ca. 13 ka BP) to near the top of the
core, (which was dated to ca. 8 ka BP), the median grain size fluctuated
within the silt classification. There was an increase in observed median
grain size, from silt to a fine sand (dso of 150 pm), near the top of core
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Fig. 4. Age-grain size evolutions for the four marine sediment cores, based on calibrated ages. Where different ages were obtained from samples at the same depths,
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Fig. 5. Correlation between observed median grain size (dso) from the dated
extents of the four sediment cores and the modelled peak (maximum over a
tidal cycle) bed shear stress at the core locations for the corresponding time
slices. The R-squared values were r> = 0.81 (BGS19, n = 6), r> = 0.003 (BGS65,
n=6), r2 =0.40 (BGS87, n = 6) and r2 = 0.92 (BGS199, n = 8). For reference,
the critical correlation coefficient for the 5% coefficients are r2 = 0.5 (n = 6)
and 2 = 0.4 (n = 8) and for the 1% coefficients are 72 = 0.7 (n = 6) and r2 =
0.6 (n = 8), respectively.

BGS65, where the coarsening of median grain size was observed in two
samples. An increase in simulated bed shear stress at BGS65 occurred
between 13 and 9 ka BP, which is earlier than the observed coarsening of
sediments.

Although the correlation between the observed median grain size
and simulated bed shear stress for the dated extent of BGS87 was not
‘statistically significant’ (i.e. > < 0.5), Fig. 5 indicates a degree of
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positive correlation. The median grain size of BGS87 between ca. 8 and 3
ka BP (which was almost the entire length of the core) remained finer
than a very fine sand (i.e. <125 pm), with no perceptible trend of
coarsening- or fining-upwards of the median grain size. The variations in
simulated bed shear stress within this period were small (between 1 and
1.2N m'z), with no significant increase or decrease between 8 and 3 ka
BP.

As was found for BGS19, a ‘highly significant’ model-data correlation
(% > 0.9) was observed for the dated section of BGS199 (ca. 11 to 3 ka
BP). A fining of median grain size was observed between ca. 11 ka BP
(earliest dated section of the core) and 8 ka BP, from fine sand to silt, and
the silt continued upwards through the remainder of the dated core
section. There was a considerable reduction in simulated bed shear
stress at this core location, from a peak of 7.5 N m?2at15kaBP, t0 2.6 N
m-2at 11 ka BP (start of the dated extent of the core), reducing further to
0.9 N m by 8 ka BP (with a present-day value of 0.6 N m™).

5. Discussion

This is the first study that has investigated the relationship between
changes in the sediment record (grain size) and tidal currents over a
regional scale through time (LGM-present day). The basis for this is the
assumption that at times of slower tidal current speeds, characterised by
lower bed shear stresses, finer sediments are deposited in the geological
record, whereas during times of higher current speeds, finer sediments
remain in suspension whereas relatively coarser sediments can remain
on the seabed (see Soulsby, 1997, for a detailed discussion of sediment
transport by tidal currents). By considering the evolution of observed
median grain size alongside corresponding changes in simulated bed
shear stresses through time at four sediment core sites, we found no
overall consistent statistically significant relationship.

With regards the three tidal models considered here (ROMS +
Bradley, ROMS + Lambeck and KUTM + Lambeck), no single model set-
up was found to have a consistently better fit with the trends in observed
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Fig. 6. Comparison of changes in simulated bed shear stress (blue lines, top x-axes, ROMS + Bradley = solid, ROMS + Lambeck = dashed, KUTM + Lambeck = dotted)
at the core sites and observed median grain sizes (solid black lines, lower x-axes) within the dated extents of the cores (grey shading). The horizontal grey lines
indicate the approximate position of contacts between lithological units, as given in Fig. 3. Note the different bed shear stress scale for BGS199.
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changes in grain size. The timings of some of the major changes in bed
shear stress (e.g. at locations of BGS87 and BGS199) varied between the
tidal models, which reflects the differences in the GIA models (Lambeck,
1995; Bradley et al., 2011) used as input to the palaeotopographies of
the tidal models. Because of the lack of quantifiable correlation between
sediment grain size and bed shear stress found here, it is not possible to
use these seabed sediment grain size data to ‘validate’ any particular
tidal model. We therefore continue to focus the discussion on the ROMS
+ Bradley tidal model, since it is the most up-to-date and highest reso-
lution palaeotidal model for the region. There are likely to be significant
local variations in both hydrodynamic and sedimentological processes,
which, because of the model grid resolution, the palaeotidal model
output of bed shear stress cannot reproduce. To explore model-data
uncertainty due to the nature of the point-source observational data
vs. the gridded tidal model, a ‘nearest-neighbour’ approach was taken.
Here we compared the bed shear stress output in the eight grid cells
surrounding the model grid cell closest to the core location (Fig. 7).
Consistently, in surrounding grid cells, similar trends in bed shear stress
evolution were observed. The greatest relative variation in the magni-
tude of simulated bed shear stress in neighbouring grid cells was around
core site BGS19, which is to be expected as it is the shallowest core site
(present-day water depth of 26 m), and so small changes in water depth
can have a relatively greater influence on tidal dynamics than in deeper
water.

Between 21 and 16 ka BP, the region with the highest bed shear stress
was the shallow southwestern area of the shelf (the present day southern
Celtic Sea) (Ward et al., 2016). This area of relatively high bed shear
stress migrated northeast into the emerging English Channel, and sub-
sequently northwards into the Irish Sea after the North Channel (Fig. 2)
opened between 16 and 15 ka BP. Core site BGS199 is in deeper water
than the other sites, and remained submerged since the LGM (see Fig. 1).
The locations of BGS19, 65 and 87 were inundated (in this tidal model
set-up) as the Irish Sea was inundated: at 19 ka BP (BGS87, which is
further south) and at 15 ka BP (BGS19, 65), when tidal currents were not
as energetic as at BGS199 (as indicated by the bed shear stresses in
Fig. 7).
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Of the four sediment cores considered, only BGS199 (from the Celtic
Sea) was found to have a considerable change in grain size along the age-
constrained (11-3 ka BP) length of the core (upwards-fining from fine
sand to silt). The bed shear stress at BGS199 was also simulated to
reduce over this time. It is possible that, had the dated section of the core
extended further down the core, the trend of upwards-fining sediments
may have started earlier, as suggested in Fig. 3, thus coinciding more
closely with the simulated decreasing-upwards bed shear stress. BGS199
shows the greatest grain size variation, which is mirrored in the
considerable decrease in modelled bed shear stress at the site prior to 8
ka BP. There has been ongoing relative sea-level rise at the site of
BGS199 since 15 ka BP, whereas there has been a relative sea-level fall at
each of the three other core sites since 7 ka BP. Some correlations were
observed in the three Irish Sea cores (BGS19, 65 and 87), with coarser
median grain sizes corresponding with higher simulated bed shear stress
values although, on the whole, the fluctuations of observed median
grain size were within one sediment size classification, e.g. silt, and
variations in simulated bed shear stresses were small.

The difference between the age-depth models for BGS19 and BGS65
is interesting given their proximity to each other. Such a large difference
between the sites is not seen in the model output of bed shear stress at
the two sites. BGS65 is relatively poorly age-constrained, having only
been dated at the core top and bottom, but the extent of BGS65 is older
than the entire dated length of BGS19 ("4 m). Based on the radiocarbon
age of the single mollusc sample (Corbula gibba), sedimentation at the
location of BGS65 appears to have ceased over 7000 years ago. This
apparently old surface sediment may be an indication of either deposi-
tion of a terrestrial source of 1*C known to influence radiocarbon ages in
the area (Benoit et al., 1979), or due to reworking of older marine de-
posits (Kershaw, 1986). A further possibility is that there has been net
erosion at this site since 7 ka BP, thus removing the sedimentary record,
although this is unlikely given the minimal increase in modelled bed
shear stress since 7 ka BP, and since the coastal embayments in the
eastern Irish Sea have previously been considered to be acting as a
sediment sink (Aston and Stanners, 1982; Kirby et al., 1983; Kershaw,
1986). It is possible that sediment transport at the site of BGS65 is not
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tidally-dominated (i.e. that waves are important), or perhaps it is so
close to the shore that consideration should be made for the sediment
influx to the area.

Although tidal currents dominate shelf scale tidal currents (Pingree
and Griffiths, 1979; Porter-Smith et al., 2004), waves also contribute to
sediment transport, in particular in shallower regions of the shelf (e.g.
van der Molen, 2002). It is likely that the shallower core sites considered
here (e.g. BGS19, BGS65 and BGS87) will have experienced relatively
greater wave-induced bed shear stresses than at the site of BGS199, in
deeper water (see Fig. 1). In sufficiently shallow water, waves can pro-
duce an oscillatory velocity (and hence bed shear stress) at the seabed,
which can act on seabed sediments. This wave-induced bed shear stress
can be expected where ‘sufficiently shallow water’ is approximately
h < 0.1gT?, where h = water depth, g = acceleration due to gravity
and T = wave period (Soulsby, 1997). In reality, during storm events,
wave effects can reach the seabed over much of the continental shelf. By
way of example, a surface wind wave of period 5 s could potentially
exert a frictional force on the seabed in water depths < 24.5 m.
Approximate annual (for 2014) mean wave periods at the cores sites
have been calculated using model simulations presented in Roche et al.
(2016) as: 4 s (BGS19 and BGS65), 5 s (BGS87) and 7 s (BGS199).
Consideration of these mean wave periods alongside the evolution of
water depths at the sites (Fig. 1) suggests that, within the period of dated
sediment record for each site, none of the sites are in regions of
consistent wave-induced bed shear stress. Of note here is that there is no
consideration of palaeo-wave conditions. During times of transition
from exposed site to submergence, the core sites are also likely to have
been affected by wave effects due to breaking waves in the surf zone.
Such transitions happened before the earliest dated sections of each
core, i.e. are unlikely to be apparent in the geological records presented
here.

The fine sediments in the core samples suggest that future in-
vestigations would benefit from further work on quantifying the rela-
tionship between simulated bed shear stress and both fine (cohesive)
seabed sediments and mixed grain size beds. Mitchener and Torfs (1996)
report a transition from non-cohesive to cohesive behaviour of sedi-
ments with mud content (by weight) between 3 and 15%. There was
significant mud content in each of the cores, including in the top half of
BGS199. The median grain sizes over much of the sediment core samples
are <63 pm, indicating that at least 50% of these samples are in the mud
range, and therefore possibly exhibit cohesive behaviour. This is likely
to contribute to the mismatch between predicted and observed grain
sizes in the core samples, since greater bed shear stresses would be
needed to transport cohesive sediments than non-cohesive sediments of
the same grain size. On this note, an improved understanding of the
relationship between currents and various seabed sediment parameters
(i.e. extending beyond dso) would advance the implementation of
spatially-varying drag coefficients in hydrodynamic models.

An important consideration is the degree to which the core data are
representative of the dominant sediment type, or stratigraphy, in the
areas from which they were collected. Overcoming this limitation would
require extensive grain size and radiocarbon analysis of many more
seabed sediment grab samples and marine sediment cores. Higher res-
olution age-depth relationships would constrain the sediment accumu-
lation rates; however, AMS !*C dates are expensive to produce.
Deducing the depths to which mixing of the core sample (by either
physical or biological processes) occurs is impossible without radio-
carbon dating more material from additional sample depths. Many shelf
sediment sequences from the region have been found to be heavily
bioturbated (Kershaw et al., 1983; Scourse et al., 2002), which affects
the age-depth profiles. There are inherent uncertainties linked to the
linear-interpolation within the age-depth relationships, although it is a
well-established method (e.g. Kershaw, 1986; Stuiver et al., 1998;
Scourse et al., 2002; Blaauw, 2012). The method of linear interpolation
omits any consideration of varying rates of deposition or erosion. In
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reality, temporal and spatial variations in deposition and erosion rates
exist between dated depths, hence there may be hiatuses in the
geological record which are not accounted for in the linear interpola-
tion. Where turbulent mixing and bed shear stress are high, net sediment
erosion is prone to occur in zones of flux divergence, thus producing
gaps in the sediment record. Although this is important to note, there is
no way to assess whether this has occurred in these sediment cores, or to
quantify the extent to which it may have occurred. Further work is
needed to understand small- and regional scale sedimentary processes,
both for the present day and in the geological record, before grain size
observational data can be used as reliable proxies for past hydrodynamic
conditions.

6. Conclusions

Three new sediment core age-depth relationships (BGS19, BGS65
and BGS87) for locations in the Irish Sea complement the existing
higher-resolution age-depth relationship developed by Austin and
Scourse (1997) and Scourse et al. (2002) for BGS199, a vibrocore taken
from the Celtic Deep. The four new age-grain size relationships devel-
oped here were fundamental to the comparison of observed seabed
sediment grain size profiles and simulated bed shear stresses at the core
locations (with focus on the period from the 21 ka BP to present day).
Due to the complexity of sediment dynamics and limitations of the
palaeotidal model, it was not possible to find a statistically-significant
relationship between observed seabed sediment grain size and simu-
lated bed shear stresses at the sediment core locations. The model-data
relationship considered here is found to be unsuitable for constraining
palaeotidal model simulations in this context. Future work should
incorporate more extensive sediment data, and simulations should
include both tide- and wave-induced bed shear stresses.
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