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Abstract— Sandstone reservoirs in marginal marine catchments
showed higher tendency of forming chlorite coated sand grains. In
deeply buried sandstonereservoirs, these chlorite coats can enhance
reservoir quality by inhibiting quartz overgrowth. However, limited
understanding of the factors controlling clay mineral distribution
makes it difficult to predictthe occurrence of chlorite grain coats. This
study examines Holocene sediment mineralogy and sub depositional
environments within the estuarine catchment in West Cumbria NW
England. A geochemistry-based classification scheme was used to
identify palaeo sub depositional environments from core samples, and
SEM EDS, grain size analysis, and image analysis were applied to
investigate the distribution of clay minerals and clay coats. The
sediments within the estuary catchment are dominated by quartz, K
feldspar, plagioclase, muscovite, biotite, illite, chlorite, kaolinite, and
smectite. Clay mineral distributions vary with sub environments:
chlorite concentration is highest in the sand flat and tidal inlet and is
presentin a form of grain coat or as lithic grains in coarser sediment;
kaolinite is mostabundantin the mixed flat; smectite highestin the ebb
tidal delta, north foreshore, and tidalinlet, illite is abundantin the salt
marsh and mud flat. Clay occurs as pore filling or grain coating
material in the salt marsh and mud flat settings, where coat coverage
exceeds 40%. In the mixed flat, sand flat, and tidal bar, clay occurs
mainly as grain coats, with coverage up to 40%. The tidal inlet,
foreshore, and ebb tidal delta exhibit coat coverage of up to 5%.
Overall, clay coat coverage increases with increasing clay fraction
abundance. Sand flat and tidal bar sediments contain more than 10%
detrital coat coverage and chlorite rich lithic grains, this is sufficient
for the development of diagenetic chlorite coats capable of
maintaining high porosity in deeply buried hydrocarbon reservoirs.
The distribution of sediment mineralogy in the study area is controlled
by grain size and estuarine hydrodynamics, while post depositional
processes particularly early diagenetic alteration have modified clay
mineral patterns in coarser sediments through feldspar alteration

Keywords— Resrvoir quality, clay coat, depostional environment,
control, marginal marine.
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Sandstone reservoirs deposited in marginal marine settings such
as estuaries and deltas commonly develop clay coated sand
grains (Pittman et al., 1992; Worden and Morad, 2003 ; Dowey
et al.,, 2012; Dowey et al., 2017). Chlorite grain coats are
particularly important because, in deeply buried reservoirs
(>3000m), they can inhibit quartz overgrowth and thereby
preserve reservoir quality (Ehrenberg, 1993; Bloch and
Helmold, 1995;Bloch et al., 2002; Worden and Morad, 2003;
Ajdukiewicz and Lander, 2010; Ajdukiewicz and Larese, 2012;
Worden etal., 2020). Consequently, sediment mineralogy and
the extent of clay coat coverage exert a major control on
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porosity preservation in such sandstones. However, limited
understanding of how depositional environments and post
depositional processes influence the origin and distribution of
these reservoirs enhancing clay minerals presents a challenge
for predicting occurrence of clay coats in sandstone reservoirs.

The composition of sandstone reservoir is marginal marine
is heterogeneous particularly clay distribution, as such
numerous studies in these settings have linked sediment
mineralogy particularly clay minerals to specific depositional
environments (Dalrymple et al., 1992; Dowey et al., 2017,
Wooldridge etal., 2017a; Wooldridge et al., 2017b; Griffiths et
al., 2018; Griffiths et al., 2019a; Griffiths et al., 2019b;
Wooldridge et al., 2019a). Clay minerals in such settings
originate from three main pathways: inherited clays
(Bokuniewicz, 1995; Aagaard et al., 2000; Tucker, 2001;
Worden and Morad, 2003; Sionneau et al., 2008; Daneshvar
and Worden, 2017; Zhang et al., 1990; Fan et al., 2008), neo
formed clays (Bjerlykke, 1998; Worden and Morad, 2003), and
transformed clays (Storvoll et al., 2002; Worden and Morad,
2003; Beaufortet al., 2015; Haile et al., 2015). Furthermore,
clay mineral distribution in modern systems is also influenced
by weathering patterns (Thiry, 2000; Tucker, 2001). Estuarine
mineral distributions reflect the combined influence of marine
and fluvial processes (Berner and Berner, 2012). Estuaries act
as sediment traps during marine transgression (Boyle et al.,
1974; Boyle et al., 1977; Dalrymple et al., 1992), and in situ
mineral formation or alteration can occur shortly after
deposition through neoformation or transformation processes
(Berner, 1980; Allerand Aller, 1998; Feininger, 2013; Mcllroy
et al., 2003; Worden and Burley, 2003; Worden and Morad,
2003). Climatic conditions strongly influence clay types:
mechanical weathering in cold climates favours chlorite and
illite, whereas warm, humid conditions produce kaolinite, and
semi-arid climates favour smectite formation (Eberl et al.,
1984; Chamley, 1989; Rateev et al., 2008; Windom, 1976;
Salem et al., 2000).Within estuaries, hydrodynamic forces—
river flow, wave energy, and tides—redistribute sediment into
specific sub environments such as salt marshes, mud flats, tidal
bars, tidal inlets, foreshores, and ebb tidal deltas (Dalrymple et
al., 1992). Sediment mineralogy can be affected by burial
diagenesis through physicochemical processes (Grim and
Johns, 1954; Griffin and Ingram, 1955; Powers, 1957; Nelson,
1960; Daneshvar and Worden, 2017) and biological activity
(Mcllroy et al., 2003; Needham et al., 2004; Worden et al.,
2006). Examples include rapid clay alteration and biogenic
silica accumulation in the Amazon Delta (Michalopoulos and
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Aller, 1995; Aller and Michalopoulos, 1999; Michalopoulos et
al., 2000; Michalopoulos and Aller, 2004). Diagenetic
transformations relevant to estuarine settings include
illite/kaolinite formation from feldspar alteration, chlorite
transformation, and gibbsite precipitation (Drever and Zobrist,
1992; Huang, 1993; Velde and Church, 1999; Worden and
Morad, 2003; Daneshvar and Worden, 2017). Understanding
the primary depositional conditions is equally important on the
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distribution of clays, clay coats, and clay precursors
(Ehrenberg, 1993; Saiag et al., 2016). Although detrital clays
can form grain coats in tidal flat settings (Dowey et al., 2017;
Wooldridge et al., 2017b; Wooldridge et al., 2019a), the full
controls on their formation and distribution in marginal marine
sands remain insufficiently understood (Worden and Morad,
2003; Dowey et al., 2017; Wooldridge et al., 2017b; Griffiths
etal., 2018; Wooldridge et al., 2019a).
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Hydrodynamic processes typically sort clay-sized and
sand-sized particles (Virolle et al., 2019), this is why the
mechanisms that incorporate clay minerals into sandy
substrates remain poorly understood; previous studies have
attributed this to clay infiltration and the effects of bioturbation
(Matlacketal., 1989; Wilson, 1992; Worden and Morad, 2003;
Needhamet al., 2004; Needham et al., 2005; Needham et al.,
2006; Worden et al.,2006; Saiagetal.,2016). Also, the origin
and distribution of clay coats within sandstone reservoirs are
poorly understood, fewer research work have examined modem
clastic depositional systems such as tidal bars, making the
prediction of clay-coat occurrence in reservoir-quality
assessments particularly challenging (Ehrenberg, 1993;
Worden and Morad, 2003; Wooldridge et al., 2017b). Although
there are recent report on the origin and distribution of clay
minerals andclay coats within the depositional environments of
Ravenglass Estuary in NW Cumbria (Daneshvar, 2015;
Daneshvar and Worden, 2017; Wooldridge et al., 2017a;
Wooldridge et al.,2017b; Griffiths et al., 2018; Griffiths et al.,
2019a; Griffiths et al., 2019b; Wooldridge et al., 2019a;
Worden et al., 2020). The present study aims to advance
understanding of sediment mineralogy and Holocene
palaeoenvironments in an estuarine system, and to evaluate the
relationships among clay abundance, clay-coat development,
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mineral alteration, and early diagenetic processes. The
objectives of this research work are to are:

1. determine the mineral assemblage within the sub-
depositional environment,

2. Determine minerals distribution and control,

3. Determine the predictability of mineral distribution as a

function of sub-depositional environments.

Study area: West Cumbria Estuary

The study area in located in West Cumbria, it is a 5.6 km?
macro tidal estuarine system located on the northwest coast of
England, the estuary has a maximum tidal range of 7.55 m,
exposing up to 86% of its area at low tide (Bousher, 1999;
Lloydetal.,2013; Wooldridge et al.,2017a; Wooldridge et al.,
2017b; Griffiths et al., 2018; Griffithset al., 2019a; Griffiths et
al., 2019b). It extends landward to the tidal limits of the Rivers
Mite, Irt, and Esk,and connects seaward to the Irish Sea through
a 500 m wide tidal inlet bounded by the Drigg and Eskmeals
coastal spits. These spits reduce wave action while allowing
strong tidal currents due to the macro tidal regime. Sediment is
supplied mainly by these three rivers, with average flow rates
of 0.04m3s™", 0.34m?s™', and 0.42m?s™', respectively
(Bousher, 1999). The estuaryis tide and wave dominated (Kelly
et al., 1991), and its shallow bathymetry produces tidal
asymmetry, characterised by a longer ebb flow than flood flow.
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Salinity conditions vary spatially: the inner estuary is brackish,
the central Saltcoats tidal flat area has mixed energy conditions
with near marine salinity, and the outer estuary—comprising
the main tidal channel, mouth, and foreshore—is fully marine
with wave and tidal influence. Human impact is limited due to
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sparse settlement, though construction of a railway bridge in
1868 promoted salt marsh expansion and protected the lower
River Mite from tidal energy (Carr and Blackley, 1986).
Geology of the Study Area.
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. Classification tree for the discrimination of estuarine paleo-sub-depositional environments, developed through a combination of visual analysis and

multi-element XRF analyses, using supervised classification and the recursive partitioning package, RPART (Themeau and Atkinson, 2019; R Core Team, 2016).
This RPART supervised machine learming approach differentiated De2, De3, De4, De5, De6, NDe8, SDe8 and De9 based on multi-element analyses of K/(K+Si),
K/(K+Al), K/(K+Ca), K/(K+Ti), K/(K+Mn), K/(K+Sr), Sr/(Sr+Rb), Ca/(Ca+Fe), and Mn/(Mn+Sr) indices data. In each leaf node, the fraction of samples in that
specific classification category are listed as fractional quantity and where these fractional values are less than 1.00, the uncertainty is as a result of some
depositional environments having an overlapping attribute, even when nine dimensions are considered. This classification tree has a modelaccuracy of 72.3 %
(Muhammed et al., 2022).

Sediments in West Cumbria Estuary catchmentare sourced
from a range of different bedrock types and Quaternary drift-
deposits (Daneshvar and Worden, 2017; Griffithsetal., 2018;
Griffiths et al., 2019a; Griffiths et al.,2019b). The source arca
is composed of the Devonian Eskdale Granite, the Ordovician
Borrowdale Volcanic Group (BVG), the Triassic Sherwood
Sandstone Group and the Cambrian Skiddaw Group slate. The
Devonian Eskdale Granite is the largest exposed intrusion in
Cumbria (Soper, 1987) and forms part of the Lake District
Batholith along the western margin of the massif (Quirke et al.,
2015). Hydrothermal alteration of its mafic silicates and
plagioclase has produced significant chlorite alteration
(Moseley, 1978; Rundle, 1979; Young et al., 1986; Quirke et
al., 2015). The Skiddaw Group consists of fine grained
metapelitic sedimentary rocks that have undergone weak
metamorphism (Merritt and Auton, 2000). The Ordovician
Borrowdale Volcanic Group (BVG) occurs in two outcrops an
older northwestern and a younger south eastern unit (Entwisle
et al., 2005). This subduction related volcanic rocks include K
rich calc alkaline basalt to rhyolite, sills, and pyroclastics,
forming the central Lake District massif (Millward, 2004;
Quirke et al., 2015). During the Caledonian Orogeny (~395
Ma), they experienced sub greenschist metamorphism and
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multiple hydrothermal events producing complex alteration
zones and vein haematite (Milodowski et al., 1998; Entwisle et
al., 2005). To the west, a small area of the Triassic Sherwood
Sandstone Group (St Bees Sandstone Formation) forms a
feldspathic, fluviatile sandstone sequence (Strong et al., 1994)
dominated by detrital quartz, subordinate feldspar, muscovite,
biotite, albite, and carbonate clasts (Bames et al., 1994; Strong
et al., 1994), along with heavy minerals such as zircon,
tourmaline, apatite, anatase and rutile (Strong et al., 1994). The
Quaternary drift deposits within the study area comprise glacial
till, peat, and glaciolacustrine sediments (Merritt and Auton,
2000; Griffithsetal., 2018; Griffiths et al., 2019a; Griffiths et
al., 2019b). The Holocene succession records nearly 10,000
years of deposition (McGheeetal.,2021).Glacial till knolls are
exposed across the estuary, with peat commonly overlying the
glacial deposits (Lloyd et al., 2013).

II. SAMPLES AND METHODS

Core Data

Sediment cores were collected through the Holocene
succession within the vegetated tidal-bar sub-depositional
environment of the inner estuary, located in the Esk arm of the
Estuary (Fig. 1A). Drilling was undertaken by Geotechnical
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Engineering Ltd (GEL) as reported in McGhee etal. (2021).
Three cores were obtained, measuring 5m, 7 m, and 10 m in
length for BHO7, BHO8, and BH10 respectively. All cores were
drilled using a lightweight Geotechnical Engineering Ltd
“Pioneer” rotary rig, selected specifically due to the soft and
unconsolidated nature of the sediment surface.

The recovered cores were housed in 12 cm-diameter,
1 m-longsemi-rigid plastic liners to ensure protection and allow
easy transport. Each 1 m core section was split, photographed
when it is wet and dry. Detailed sedimentary logging was
conducted, the logs were produced at a scale of 1:5, with
lithofacies characterised based on grain-size distribution,
colour, sedimentary structures, bed thickness, presence of roots
and shell fragments, and the intensity and type of bioturbation.
Subsamplingat Scminterval was carried out throughout all core
sections. These samples were analysed for XRF and LPSA.

XRF analysis

X ray fluorescence (XRF) analysis was carried out using a
portable Thermo Scientific Niton XL3t GOLDD spectrometer
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to quantify the concentrations of major and trace geochemical
elements. The portable XRF instrument is a fully integrated,
energy dispersive system equipped with a variable intensity X
ray source (6-50kV,0-200 pA Ag anode tube) and a factory
calibrated GOLDD (Geometrically Optimised Large Area Drift
Detector) system. This configuration enables low detection
limits and high precision measurement of more than 40
elements. Instrument accuracy and precision were evaluated by
analysing a single sample 30 times. The resulting mean
concentrations (ppm), with standard deviations in parentheses,
were as follows: Al— 64,099 (1,685), Si— 376,925 (4,191),K—
18,234 (145),Ca—2,610(46),Ti—2,477 (92),Fe—11,837(90),
Mn - 172 (19),Rb — 70 (1), Sr — 73 (2), Zr — 352 (3),Ba —
487 (18),and Cs—85 (4). Each measurement was performed for
150 seconds in “Test All GEO” mode. This duration was
selected after iterative testing in which repeated analyses were
conducted under progressively longer measurement times until
further reductions in analytical uncertainty were no longer
observed.

TABLE 1. Mineralogical composition Holocene core sediment from SEM-EDS analysis
- 2 Yy S = ° N -
= Z § | g £ sl 2| 3] 28| & 2 $ E g =
£ g .5 S| = >, S| 2| = 2 & = = H £ =
[=] o 2 ] = = = P = < S N @n
(= E 8 ) O A - Q
p=
64 Saltmarsh 58 | 29 | 0.0548 | 44 6 6 | 268 195|453 145 [ 586 | 0.66 | 20.26
115 Mixed flat 41 | 140 | 0.0161 | 79 | 4 5 1072] 061 |051] 079 | 1.11 | 0.24 | 3.82
154 Sand flat 10 | 114 | 0.0174 [ 75 8 8 10331045 0.04] 139 | 042 ] 0.21 1.54
206 Sand flat 33 | 180 | 0.0105 | 82 6 3 1.02 | 027 | 0.52 | 0.89 | 0.81 [ 0.10 | 2.24
251 Sand flat 7 170 | 0.0115 | 60 | 16 | 7 | 2.82 | 2.13 | 0.01 | 5.13 | 046 | 0.68 [ 3.27
306 Sand flat 7 230 | 0.0075 | 82 | 4 6 1.07 | 0.51 | 0.53 ] 0.68 | 0.87 | 0.15 | 1.34
63 Saltmarsh 46 | 114 | 0.0204 | 68 6 8 | 087 | 1.03 | 251 | 097 | 1.68 ] 0.13 [ 6.80
86 Saltmarsh 41 | 103 | 0.0333 | 56 6 5 162|248 | 3.69 | 1.11 | 226 | 040 | 16.69
300 Mixed flat 5 420 [ 0.0027 ) 70 | 12 | 6 [ 284 | 124 | 067 | 1.17 [ 087 | 036 | 2.83
110 Sand flat 9 188 | 0.0065 | 83 5 6 | 063]094|043 | 106 [0.15] 0.12 | 1.21
135 Sand flat 29 | 190 | 0.0063 | 80 3 8 1911072 | 037 ] 0.84 | 043 ] 023 [ 191
183 Sand flat 16 | 198 | 0.0089 | 82 5 6 1059|035 ]1.02]| 050 | 046 0.13 | 1.20
230 Sand flat 5 269 | 0.0028 [ 77 7 4 |1 223]053]0.02| 246 [ 1.03 ]| 028 [ 2.14
270 Sand flat 8 281 | 0.0038 [ 75 6 12 1 071 | 044 | 031 | 1.51 | 0.65| 0.15| 1.10
390 Tidal inlet 3 474 | 0.0030 | 80 5 7 102049 | 137 ] 073 | 023 | 0.18 | 1.40
335 | North foreshore | 6 | 413 | 0.0025| 71 | 12 | 5 [ 070 | 2.19 | 1.61 | 1.85 | 0.14 [ 034 | 2.79
360 | North foreshore | 5 491 | 0.0026 | 80 7 5 10441105 | 0.88 | 0.86 | 048 | 040 [ 1.63
450 | North foreshore | 3 296 | 0.0041 | 76 8 9 | 081 ] 107|019 094 [024] 030 ] 191
480 | North foreshore | 7 296 | 0.0044 | 83 4 6 | 046 058 | 1.08 [ 0.72 [ 036 | 0.19 | 0.93
560 | North foreshore | 5 314 | 0.0042 | 80 6 6 [099] 079 | 164 045 | 045 | 0.18 | 147
33 Saltmarsh 44 16 | 0.0776 | 36 7 3 [ 330 284 | 184 2.16 [ 6.29 | 0.72 | 28.59
73 Saltmarsh 61 12 ] 0.0964 | 27 8 3 [ 325] 426|195 229 [ 6.09 | 0.69 | 32.32
118 Saltmarsh 45 | 24 | 0.0577 | 49 8 5 | 225] 142 | 406 | 1.66 [ 3.89 | 0.53 | 14.81
143 Saltmarsh 39 | 32 | 0.0422 [ 61 10 [ 6 172 | 1.14 | 336 | 148 | 1.82 | 045 | 8.04
173 Saltmarsh 47 | 25 | 0.0492 | 28 6 3 | 3.82] 560 | 239 2.09 [ 9.06 | 046 | 29.54
193 Mud flat 43 | 27 | 0.0406 | 55 9 6 | 211 | 158 | 219 1.87 [ 1.95 | 046 | 14.87
223 Mixed flat 19 | 75 ] 0.0204 [ 70 7 8 1231071 | 361 | 042 | 1.86 | 0.17 | 2.64
273 Sand flat 5 440 [ 0.0016 | 55 | 13 | 4 [ 248 | 1.53 | 0.00 [ 1396 [ 1.59 | 099 | 351
293 Sand flat 3 330 | 0.0027 [ 80 6 6 | 063|096 | 002 146 | 091 ] 028 | 130
450 Sand flat 6 333 ] 0.0043 [ 82 6 5 1 0.63] 086|002 073 [ 0.64 | 0.08 | 1.68
787 Sand flat 8 334 | 0.0040 | 84 5 2 1 076] 043 | 001 [ 1.27 [ 095 | 026 | 1.73
383 | Ebb-tidal-delta | 3 530 | 0.0017 [ 85 6 3 1099] 052001 057 [ 051025 1.6l
640 | North foreshore | 6 297 | 0.0059 | 80 5 5 1.15] 076 | 0.03 | 1.24 | 123 ] 034 | 1.68
680 | North foreshore | 10 | 288 | 0.0071 | 71 | 12 | 8 1.10 | 0.68 | 0.02 | 0.78 | 1.05] 031 | 1.75
742 | North foreshore | 6 345 | 0.0050 | 74 9 5 109 176 | 002 ] 136 | 0.70 | 0.43 | 3.53
148
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following application of the classification diagram.

Interpretation of palaeo-sub-depositional environment

A classification tree (Fig. 2) was developedto discriminate
the sub-depositional environments fromthe core samples, using
a combination of visual assessment and multi-element XRF
data, employing supervised classification approach in RPART
package (Therneau and Atkinson, 2019; Muhammed et al.,
2022). The approach begins with visually identifying gravel
beds (Del) and vegetated salt marsh (Del0) based on the
presence of pebbles, roots, and plant detritus. Subsequent
classification uses the RPART model, where each decision
node splits data according to a single geochemical variable.
Leaf nodes list the predicted depositional environment,
accompaniedby the fractional proportion of samples supporting
that classification, which reflects the certainty of the decision.
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The percentage oftotal samples contained withineachleafnode
is also shown. This method differentiates De2, De3, De4, De5,
De6, NDe8, SDe8, and De9 using pXRF-derived ratios

including K/(K+Si), K/(K+Al), K/(K+Ca), K/(K+Ti),
K/(K+Mn), K/(K+Sr), Sr/(Sr+Rb), Ca/(CatFe), and
Mn/(Mn+Sr)

Grain size analysis

Prior to grain-size measurement, organic matter was
removed from the samples through chemical digestion, a
necessary pre-treatment step because organic components can
impede sediment dispersion and bias grain-size results. After
digestion and then freeze drying, Calgon (sodium
hexametaphosphate) was added for adequate sediment
dispersion and homogenisation. This ensures that individual
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particles are fully separated before laser analysis, an essential
condition for obtaining accurate and reproducible particle-size
distributions. The laser particle size analysis (LPSA) was
conducted following the procedures outlined by Simon et al.
(2021). Sediment samples were first sieved to exclusively
collect the <2 mm sand fraction, the <2 mm sand fraction was
then analysed using a Beckman Coulter laser particle size
counter, an instrument capable of generating high-resolution
particle-size distributions by measuring light scattering patterns
as particles pass through a laser beam. The result from LPSA
provide detailed information on the proportion ofclay, silt, and
sand-sized particles present. GRADISTATO software package
was used to processed and commute the LPSA output into
meaningful statistical textural parameters such as mean grain
size, sorting, skewness, and kurtosis.

Mineral Analysis

Sediment mineralogy was characterized using automated
mineralogical analysis via SEM—EDS. This was performed
with a FEI WellSite QEMSCAN® system, which integrates a
scanning electron microscope with energy dispersive
spectrometers to analyze mineral chemistry. The instrument
operates usinga 15 kV electron beam and two Bruker EDS
detectors, enabling the measurement of primary and secondary
backscatter electrons. In the images generated by the
instrument, brightness reflects sample density, while surface
signal variations indicate differences in atomic weight. The
QEMSCAN system includes an electronic processing unit and
the iDiscover softwaresuite that utilisesa Species Identification
Protocol (SIP). This protocol uses a mineralogical chemical
database stored in the system’s library to identify and quantify
mineral phases within the samples. Mineralogical
determination is fully quantitative: each sample is subdivided
into 2 mm X 2 mm analytical fields, and each field is analyzed
individually. SEM—EDS analysis was done using a carbon
coated polished thin sections, with data collected using a user
defined step size of 2 um to ensure that all clast sizes were
adequately captured. The spatial resolution of the resulting
datasets depends directly on the chosen step size. The final
output is a detailed mineral map, providing both quantitative
mineral abundances and accompanying textural information for
each analyzed sample.

Clay-coat coverage

Clay coat coverage was quantified using the perimeter tool
in Petrog software, developed by Wooldridge et al. (2019b).
This tool measures clay coat coverage on SEM backscattered
electron images by first defining the total grain perimeter and
then identifying the portion covered by attached clay coat. A
total of 2,160 SEM images, containing approximately 60 sand
grains per sample, were analyzed. Only clay coatingin direct
and continuous contact with a grain was classified as a clay
coat; diffuse clay webs or aggregates without continuous
attachment were excluded.

IIL

Sediment mineralogy
The SEM-EDS analysis identified a diverse mineral
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assemblage within the cores. Quartz is the dominant with
concentration ranging between 27.4-85.4%. Plagioclase and K
feldspar each range from 2.1-15.7%. Carbonates, biotite, and
muscovite are presentin minor amounts (0.1-5.6%). The clay
minerals, chlorite ranges from 0.4-14.0%, illite from 0.9—
32.2%, kaolinite from 0.1-9.1%, and smectite from 0.1-1.0%.

Mineral Abundance

The relationships between mineral abundance, grain size,
and clay fraction across the sub depositional environments are
shown in Figure 4. Quartz is most concentrated in coarse
sediments (>200 pm) from the ebb tidal delta, north foreshore,
tidal inlet, sand flat, and mixed flat, and least abundant in the
clay rich salt marsh and mud flat settings. K feldspar and
plagioclase occur mainly in sediments with low clay content
(<0.02%), with highest concentrations in the mixed flat, mud
flat, and north foreshore; K feldspar is also elevated in the sand
flat and tidal inlet, and both feldspars are least abundant in the
ebb tidal delta. Biotite and muscovite increase with clay
fractionabove 0.02% and are most abundant in the mud flatand
salt marsh, with muscovite also elevated in the mixed flat; both
minerals are lowest in the ebb tidal delta, north foreshore, and
tidal inlet. Chlorite remains uniformly low (<3%) but shows a
slight increase where clay content exceeds 0.02%. Kaolinite is
mostabundant in fine grained sediment (<62 pm) and increases
with clay content above 0.02%. Smectite varies across finer
sediments but shows a minor increase in samples with grain
sizes >200 um and clay content above 0.02%. Illite is most
abundant in fine grained settings but decreases slightly in
sediments finerthan 70 pm, then increases substantially when
clay content exceeds 0.02%.

Clay Minerals Abundance

Figure 5 shows thatthe relative abundances of chlorite, illite,
smectite, and kaolinite vary systematically across the sub
depositional environments. Chlorite is most abundant in the
sand flatand tidal inlet, moderate in the north foreshore and ebb
tidal delta, and consistently low in the mud flat, mixed flat, and
salt marsh. Kaolinite is slightly higher in the mixed flat and
shows broadly similar, intermediate values across all other
environments. Smectite is most abundant in the ebb tidal delta,
north foreshore, and tidal inlet, moderate in the sand flat and
mixed flat, and low in the mud flat and salt marsh. Illite is most
abundant in the salt marsh and mud flat and shows similar
intermediate values across the remaining environments.

Clay Coat Coverage

Clay coat coverage increases with clay fraction abundance.
It is highest in the mud flat, mixed flat, and salt marsh
environments, reaching up to 40%. Sand flat sediments show
average coverage above 7%, while the tidal inlet, north
foreshore, and ebb tidal deltadisplay less than 5%. Overall, clay
coat coverage varies markedly among the sub depositional
environments.
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Sediment Mineral Assemblages

The distribution of sediment mineralogy in clastic sediments
is governed by several factors, including the geological
characteristics of the source area, the intensity and extent of
weathering, the vigour and transport distance of the fluvial
system, and the redox conditions at the depositional site
(Fralick and Kronberg, 1997). Post depositional modifications
such as in situ weathering and mineral biological interactions
including bioturbation, microbial processes, and soil forming
mechanisms can further alter the mineralogical characteristics
of clastic sediments (Daneshvar and Worden, 2017).

In the studied core samples, sediments are strongly
dominated by quartz, with quartz representing approximately
69% of the total mineral assemblage (Table 1; Fig.4). The
estuarine sediment composition is classified as arkosic to
subarkosic, reflecting derivation from the Eskdale Granite,
Sherwood Sandstone, and andesitic units of the Borrowdale
Volcanic Group in the hinterland (Daneshvar and Worden,
2017; Griffiths etal., 2019a). Feldspar distribution appears
independent of grain size but varies with different sub
depositional environments, whereas mica abundance is highest
within finer grained sediments and shows marked variation
across these environments.

The occurrence of iron bearing lithic fragments such as
chlorite and biotite has been reported within both the
Borrowdale Volcanic Group (Quirke etal., 2015) and the
Eskdale Intrusions (Moseley, 1978; Younget al., 1986; Quirke
etal.,2015). Consequently, the iron rich lithics observed in the
study area (Fig. 6C) were likely sourced fromthese older rocks,
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and the chlorite present is interpreted as a detrital mineral.
Carbonate occurrences within the sediments are likely derived
primarily from shell rich gravel layers, given the absence of
major carbonate bedrock within the source area.

Clay minerals distribution

The distribution of clay minerals across the paleo sub
depositional environments the study area is shown in Figure5.
llite is the most abundant clay mineral, while chlorite and
kaolinite occur in lower proportions, and smectite is the least
abundant. This pattern aligns with global oceanic clay mineral
trends (Rateev et al., 2008). The high relative abundance of
illite and kaolinite within the mud dominated sub depositional
environments indicates thatthese minerals predominantly occur
inthe clay grade fraction (Fig. 5B, 5D). In contrast, the elevated
proportions of chlorite and smectite in sand dominated
environments combined with their presence within lithic grains
observed in SEM imaging suggest that both minerals are
concentrated in coarser sediment fractions, likely hosted within
lithic particles (Fig. 5B, 5D, 6B, 6C). The enrichment of
chlorite in the inner estuarine sand dominated catchment has
previously been documented (Griffiths et al., 2018; Griffiths et
al., 2019b), and chlorite within sand sized and lithic grains is
commonly associated with the estuary head (Worden et al.,
2020). Moreover, the influence of sub depositional

environments on claymineral distribution in the estuary surface
and near surface sediments has also been well established
(Griffiths et al., 2018; Griffiths et al., 2019b).

A D83 x12k 50 um

A n95:|7k S0um BH-C7_1400062 2020002005 1357 A D103x12k  S0um

Figure 6. Scanning-electron-microscopy (SEM) images of (A) Muscovite alteration. (B) Plagioclase alteration. (C) Chlorite-biotite lithic grain. (D) clay-coated
sand grains with coverage >40%. (E) clay-coated sand grains with coverage <40%. (F) clay-coated sand grains with coverage < 10%. Chlorite may occuras clay
forming grain coat or as lithic grain in coarser sediment. The mineral alteration is dominantly observed in the coarser sedim ent and mostly associated with micas
or feldspar lithic grains. In the salt marsh and mud flat sediment, clay occur as either pore filling or grain coating, with over 40% coat coverage. In the mixed flat

and sand flat sediment, clay is mostly present as grain coat with reported coat coverage of less than 40%. The tidal inlet, foreshore and ebb-tidal-delta have a

reported coat coverage of less than 10%.
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Controls on clay distribution

Clay-mineral distribution in the studied Holocene sediment
varies with sub-depositional environments due to interplay
between several observed factors. These factors include
provenance, weathering regime, grain-size and mineral
morphology, flocculation due to water chemistry, in-situ
alteration of detrital minerals, biological processes, and the
transport mode of clay minerals (Edzwald and O'Mella, 1975;
Mcllroy et al.,2003; Worden and Morad, 2003; Brockamp and
Zuther, 2004; Needham et al., 2004; Daneshvar and Worden,
2017). Previous research  highlights  provenance,
hydrodynamics, sediment supply, and residence time as key
factors governing clay-mineral distribution in the Holocene
succession (Daneshvar and Worden, 2017; Griffiths et al.,
2018; Griffiths et al., 2019a; Griffiths et al., 2019b). Clay
minerals originate from weathering of Palacozoic and Triassic
bedrock, erosion of glacial till units, and landward sediment
transport within the intertidal zone (Griffiths etal.,2018). Illite,
the dominant clay mineral, has two main sources: Fe—Mg-rich
illite from the Glacial Till Members (Griffiths et al., 2018), and
Al-richillite from feldspar alterationin the Eskdale Graniteand
Borrowdale Volcanic Group (Simpson, 1934; Young et al.,
1986; Quirke et al., 2015). Kaolinite forms by silicate
weathering within the estuary or hinterland, with additional
input from Fishgarth Wood Till Member sediments (Griffiths et
al., 2019b). Smectite develops during early stages of chemical
weathering (Salem et al., 2000), and alteration of plagioclase to
smectite is observed in coarser sediments (Fig. 6B). Chlorite is
concentrated in high-energy, coarse-grained environments and
commonly occurs within lithic grains; its distribution reflects
fluvial delivery from chloritised Eskdale Granite (Griffiths et
al., 2018; Griffiths et al., 2019D).

Both physicochemical processes (Grim and Johns, 1954;
Powers, 1957; Nelson, 1960) and biological activity (McKinley
et al., 2003; Needham et al., 2004; Needham et al., 2005;
Needham et al.,, 2006; Worden et al., 2006) influence
clay-mineral diagenesis. Earlier work has documented
neoformation of kaolinite and illite from alteration of
plagioclase and K-feldspar, respectively (Daneshvar and
Worden, 2017), though other studies argue kaolinite derives
mainly from intense feldspar alteration in the hinterland
(Moseley, 1978; Youngetal., 1986; Quirke et al.,2015). In the
present study, plagioclase grains show rapid alteration to
smectite (Fig. 6B). Alteration anddissolution of phyllosilicates,
including meteoric-water—driven leaching at shallow depths
(<20 m), is well documented (Ehrenberg and Nadeau, 1989;
Scotchman et al., 1989; Bjarlykke, 1998; Barshep and Worden,
2021).Grain-size exerts a stronginfluence, with most alteration
occurring in coarser, sand-dominated sub-environments (Fig.
6). Hydrodynamic processes play a major role in controlling
estuarine sediment texture and clay-mineral distribution
(Dalrymple et al., 1992; Gibbs, 1977). Previous studies have
shown that clay-mineral patterns are strongly governed by
hydrodynamics (Griffiths et al., 2018; Griffithsetal.,2019b),a
conclusion reaffirmed by this study. Chlorite is most abundant
in coarse, high-energy sub-depositional environments, where it
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commonly occurs within sand-grade lithic grains
(Fig.4A,4F,5A; Fig.6C). In contrast, illite dominates
fine-grained, low-energy settings such as mud flats and salt
marshes, reflectingdepositionunder quiescent conditions along
the inner-estuary margins and central basin (Fig. 4A,4L, 5D).
Kaolinite flocculates at low salinity and aggregates rapidly
(Whitehouse et al., 1960; Edzwald & O’Mella, 1975),
promoting early upstream deposition at the fluvial-marine
interface; however, its abundance remains relatively uniform
across the estuary because intense tidal mixing suppresses
differential settling, consistent with earlier findings (Griffithset
al., 2018; Fig. 5B). Although overall smectite concentrations
are low, it is relatively enriched in high-energy environments
where it is linked to plagioclase alteration (Fig. 5C; Fig. 6B).
Some studies have attributed low smectite abundance in coastal
systems to tidal flushing and offshore export (Edzwald &
O’Mella, 1975; McKinley et al., 2003; Worden & Burley,
2003). Mechanical-infiltration experiments (Matlack et al.,
1989) suggest stratified clay distributions in sand bodies, with
illite and smectite percolating downward while chlorite
becomes trapped as coats. In contrast, the West Cumbria
Holocene cores show only slight smectite increases with depth
and no systematic vertical mineral changes (Fig. 4.6), matching
prior observations from the Ravenglass and Gironde estuaries
(Griffiths et al., 2018; Virolle et al., 2019). Previous work
(Griffiths et al., 2018) has explained why the West Cumbria
sediments do not follow the mechanical-infiltration model

Detrital clay grain coats

Clay-coat coverage, clay fraction, and clay-mineral
distributions displayed a broadly similar patterns across the
palaeo-sub-depositional environments (Fig. 4), indicating that
the clay coats are largely detrital in origin (Griffiths et al.,
2018). These coverage patterns in Holocene cores closely
match those of surface and near-surface estuarine sediments
(Fig. 4 and 6) (Wooldridge et al., 2017a; Wooldridge et al.,
2017b; Griffiths et al.,, 2018), suggesting that primary
depositional signatures are been preserved and the effect of
post-depositional processes on clay distribution and clay coat
coverage is negligible. Clay-fraction abundance and clay-coat
coverage are therefore controlled by estuarine hydrodynamics,
resulting in a predictable pattern of distributions across
sub-depositional  settings.  Furthermore, high-energy
outer-estuary zones such as the tidal inlet, foreshore, and
ebb-tidal delta contain little to no clay coats due to low
suspended load (Fig. 4D; 6F), whereas low-energy
inner-estuary and central-basin settings show extensive coat
development (Fig. 4D; 6D; 6E). Additionally, the similarity
between Holocene and surface-sediment coat distributions
further indicates negligible mechanical infiltration, tidal
pumping, lateral porewater flow, or bioturbation during burial
(Wooldridge et al., 2017b; Griffiths et al., 2018; Wooldridge et
al., 2019a). An overlying clay-rich saltmarsh and mud-flat unit
acts as an impermeable cap that inhibits downward clay
transport and porewater movement (Fig. 4.3—4.6) (Griffiths et
al., 2018b). Additionally, flocculation of clay and silt particles
likely clogs pore spaces, limiting clay penetration into coarser
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sediment (Buurman et al., 1998).

The observed relationship between clay fraction and
clay-coat coverage (Fig. 4B; 4D) aligns with numerous studies
on marginal-marine clay-coat distributions (Griffiths et al.,
2018; Dowey et al., 2017; Virolle et al., 2020; Wooldridge et
al., 2017b; Virolle et al., 2019). Clay-coat coverage in the
sand-flat and tidal-bar sediments (Fig. 4D; 6E) lies within the
optimum range reported to preserve porosity in deeply buried
sandstones (Heald and Baker, 1977; Pittman et al., 1992; Bloch
and Helmold, 1995; Bloch et al., 2002; Wooldridge et al.,
2017b). Because ancient chlorite coats typically form through
recrystallisation of precursor detrital coats (Bloch et al., 1997;
Aagaard et al., 2000; Billaultet al., 2003), the West Cumbria
Holocene clay coats—resembling inner-layer detrital coats in
deeply buried reservoirs (Wise et al., 2001; Ajdukiewicz and
Larese, 2012; Worden et al., 2020)—serve as valuable
analogues for predicting chlorite-coat development and
porosity preservation in subsurface sandstone reservoirs.

Iv.

This study applies a geochemistry-based classification
scheme, developed using the supervised RPART routine in R,
to automatically discriminate palaeo—sub-depositional
environments within Holocene core sediments from the West
Cumbria, NW England.

Petrographic analysis show that the dominant mineral
assemblage of these sediments comprises quartz, K-feldspar,
plagioclase, muscovite, biotite, illite, chlorite, kaolinite, and
smectite. Plagioclase and K-feldspar distributions are
independent of grain-size variation but differ between
sub-depositional environments, whereas biotite and muscovite
are most abundant in the finer-grained settings and vary
substantially across environments.

Clay-mineral distributions also show strong spatial
variability. Chlorite is most enriched in the sand-flat and
tidal-inlet environments and consistently low in the mud flat,
mixed flat, and salt-marsh settings; it commonly occurs as a
grain-coat clay or within lithic grains in coarser sediments.
Kaolinite reaches its highest abundance in the mixed-flat
environment but remains relatively uniform across the north
foreshore, ebb-tidal delta, tidal inlet, sand flat, mud flat, and salt
marsh. Smectite is most abundant in the ebb-tidal delta, north
foreshore, and tidal inlet, with low concentrations in the
mud-flatand salt-marsh zones. Illite is highest in the salt-marsh
and mud-flat settings and shows broadly uniform distribution
elsewhere.

Clay-coat coverage increases with clay-fraction abundance.
In the salt-marsh and mud-flat sediments, clay occurs as both
pore-filling and grain-coating material, exceeding 40%
coverage. In the mixed-flat and sand-flat environments, clay
occurs predominantly as grain coats, reaching coverage values
up to approximately 40%. The tidal inlet, foreshore, and
ebb-tidal delta display much lower coat coverage, reaching up
to about 7%.

Sand-flat and tidal-bar sediments in the study area contain
more than 10% detrital clay-coat coverage and include
chlorite-bearing lithic grains have the potential to develop
diagenetic chlorite coats capable of preserving anomalously

CONCLUSION
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high porosity by limiting quartz cementation during deep burial.

Overall, the spatial patterns of mineralogy and clay-mineral
distributions within the core samples are primarily controlled
by grain size and estuarine hydrodynamics. Early diagenetic
processes specially feldspar alteration in coarser sediments
have further modified clay-mineral distributions.
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