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ABSTRACT

Primary depositional mineralogy has a major impact on sandstone
reservoir quality. The spatial distribution of primary depositional
mineralogy in sandstones is poorly understood, and consequently,
empirical models typically fail to accurately predict reservoir
quality. To address this challenge, we have determined the spatial
distribution of detrital minerals (quartz, feldspar, carbonates, and
clay minerals) in surface sediment throughout the Ravenglass
Estuary, United Kingdom. We have produced, for the first time,
high-resolution maps of detrital mineral quantities over an area
that is similar to many oil and gas reservoirs. Spatial mineralogy
patterns (based on x-ray diffraction data) and statistical analyses
revealed that estuarine sediment composition is primarily con-
trolled by provenance (i.e., the character of bedrock and sediment
drift in the source area). The distributions of quartz, feldspar,
carbonates, and clay minerals are controlled by a combination of
the grain size of specific minerals (e.g., rigid vs. brittle grains) and
estuarine hydrodynamics. The abundance of quartz, feldspar,
carbonates, and clay minerals is predictable as a function of de-
positional environment and critical grain-size thresholds. This
study may be used, by analogy, to better predict the spatial
distribution of sandstone composition and thus reservoir quality in
ancient and deeply buried estuarine sandstones.

INTRODUCTION

The composition of sandstone is primarily controlled by the ge-
ology of the hinterland, all the processes active between the
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sediment source area and the final site of deposition, with modi-
fication potentially also happening during subsequent eo- and
mesodiagenesis (Worden et al., 2018). Sandstone composition
can be defined in terms of the proportions of quartz, feldspar,
and lithics (QFL), the composition of the lithic fraction, the
mineralogy of the matrix, and the amount of carbonate in-
herited from the initial depositional environment (Folk, 1968).
Proportions of QFL and the amount of carbonate exert strong
controls on reservoir quality (Primmer et al., 1997; Morad et al.,
2010). The composition of sandstone may also significantly impact
subsurface flow rates and influence wire-line log responses (e.g.,
sandstone density, natural radioactivity, electrical conductivity, and
water saturation) and thus petrophysical properties (e.g., porosity,
permeability, and wettability; Rider and Kennedy, 2011).

The porosity and permeability (reservoir quality) of a sand-
stone is initially controlled by sediment texture (i.e., grain size and
sorting; Beard and Weyl, 1973; Scherer, 1987a, b). However,
available statistical correlations typically fail to accurately predict
reservoir quality, at least partly because the spatial variability of
sandstone composition is poorly understood (Ajdukiewicz and
Lander, 2010). The aim of this study is to map and analyze the
spatial distribution of sediment texture (i.e., grain size and sorting)
and composition (i.e., detrital quartz, feldspar, carbonates, and
clay minerals) on a scale that is similar to many oil and gas res-
ervoirs to aid reservoir quality prediction. This study is built upon
the initial assumption that sandstone diagenetic systems are largely
isochemical with respect to silicate minerals, although it is ac-
knowledged that diagenetic processes that influence carbonate
minerals may be somewhat more open system (Worden and
Burley, 2003). The Ravenglass Estuary (Figure 1) was chosen for
its accessibility, the varied hinterland geology, and because eo-
genetic alterations are common in many shallow-marine and
tidally influenced sandstone reservoirs (Morad et al., 2010). In
addition, this work builds on the distribution of detrital clay coats
in the Ravenglass Estuary (Wooldridge et al., 2017a, b, 2018).

The composition of a sandstone is typically described (by
petrographers) in terms of the proportions of quartz, feldspar, and
lithic grains, hence the use of Folk QFL ternary diagrams (Folk,
1968). Use of QFL diagrams may can help define basin evolution,
tectonic regime, and sediment supply over time (Dickinson and
Suczek, 1979;Weltje, 2006); sediment transport routes (Caracciolo
et al., 2012); and predict reservoir quality (Dutton and Loucks,
2010). Some petrographic studies have recognized that the be-
havior of lithic grains during compaction strongly varies depending
on whether they are either ductile or rigid, with ductile behavior
largely a function of the mineralogy of the lithic grain (Worden
et al., 1997, 2000). The ductility of lithic grains is largely down
to the proportion of clay minerals present; this led Ramm et al.
(1997) and Ramm and Bjorlykke (1994) to use a clay mineral
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index, based on x-ray diffraction (XRD)-defined clay mineral and
mica quantities, to predict styles of compaction during sandstone
compaction. The quantity of carbonate minerals (primarily eo- and
mesogenetic cements) is also vitally important to reservoir quality in
many sandstones (Primmer et al., 1997; Morad et al., 1998, 2010).
Carbonate minerals are commonly inherited from the specific sed-
imentary environment in which the sediment was deposited—for
example, bioclasts inmarine sediments (Worden, 2006) and calcrete
and dolocrete in arid, fluvial sediments (Schmid et al., 2006).

Because we have used XRD analysis, as opposed to petrog-
raphy (which cannot quantify the mineralogy of clay-grade ma-
terial), in this modern analog study, the QFL end members have
here been recast. In this study, Q represents all types of quartz,
including mono- and polycrystalline quartz grains and quartz in
rigid, granitic and andesitic, lithic grains; F represents all feldspars,
including K-feldspar, plagioclase, perthite intergrowths, and any
feldspar minerals in granitic and andesitic volcanic lithic grains.

It is harder to define L in terms of XRD data, but here L has
been chosen to represent the sum total of all clay minerals, in-
dependent of grain size, including illite, chlorite, kaolinite, and
smectite. This is in accord with the study by Ramm et al. (1997)
that used clay mineral indices (including mica) for ductile com-
paction studies. The term “clay” refers to all sediment particles that
are smaller than 2 mm in size; in contrast, the term “clay mineral”
refers to aluminum-rich sheet silicate minerals. The name “illite”
in this study is independent of grain size and is used for micalike
minerals commonly associated with clastic sediments (e.g.,
muscovite) following the definition of Grim et al. (1937) (also
termed “illitic material” [Moore and Reynolds, 1997]).

A fourth term, C, represents carbonate minerals and has been
added since they have a major impact on reservoir quality and are,
in many cases, directly attributable to the specific depositional
environment; C therefore includes calcite, dolomite, aragonite,
and siderite. We therefore propose that XRD studies of sandstone
reservoir quality can be described in terms of QFL-C.

Sandstone composition in terms of QFL-C influences rock
properties in different ways at different times (e.g., during eo-
diagenesis and mesodiagenesis [Choquette and Pray, 1970]).
Eodiagenesis in sandstones occurs at temperatures less than ap-
proximately 60°C or 70°C, at which sediment can be influenced
by surface conditions and is in the biologically active zone (Morad
et al., 2000; Worden and Morad, 2003). Carbonate cements,
concretions, and nodules typically develop in sandstone during
eodiagenesis, and feldspar and lithic grain alterations typically
start during eodiagenesis (Worden et al., 2018).

Porosity and permeability of sandstones are initially controlled
by framework mineralogy (primarily the detrital quartz content),
matrix content, mean grain size, and sorting (Scherer, 1987a, b;
Ramm and Bjorlykke, 1994). We here discuss how QFL-C may
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impact sediment transport and deposition (and thus
primary depositional mineralogy) and discuss the
separate impacts of QFL-C during eodiagenesis and
mesodiagenesis on the petrophysical properties (e.g.,
porosity, permeability, andwettability), composition,
strength, and diagenetic reactivity of sandstones. The
principles outlined below will be further addressed
in the Discussion and Significance: Facilitating Sand-
stone Reservoir Quality Prediction during Petroleum
Exploration, Appraisal, and Field Development and
Production sections in relation to the specific results of
this study andhow theymay facilitate reservoir quality
prediction.

Sediment composition (QFL-C) may influence
host–sediment properties (e.g., matrix content, mean
grain size, sorting, and extent of detrital clay coat
coverage) and thus impact sediment transport and
deposition in the following ways. (1) Intergranular
matrix material is typically enriched in clay minerals
because of laws of hydrodynamics (Worden and
Morad, 2003). (2) The proportion of quartz in sand
may influence grain size because quartz grains are

relatively resistant to abrasion and are typically coarser
than feldspar grains (Odom et al., 1976). (3) Weak
framework grains (e.g., feldspar and clay-rich lithics)
are likely to be reduced in size and promote wider
grain-size distribution (Odom et al., 1976). (4) An
abundance of clay minerals, in addition to biosedi-
ment interaction (presence of biofilms) in the top few
millimeters of the primary depositional environment,
may lead to the formation of detrital clay coats
(Wooldridge et al., 2017a, b).

Sandstone composition (QFL-C) influences on
eodiagenesis include the following. (1) Clay-rich
ductile versus rigid grains, in which quartz-rich sed-
iments undergo rigid compaction and phyllosilicate
lithic– and mica-rich sediments undergo ductile
compaction (Worden et al., 2000). (2) Weak versus
strong grains, in which feldspar undergoes grain
fracturing under lower tensile stresses than quartz
grains (Rawling and Goodwin, 2003; Griffiths et al.,
2018). (3) Reactive versus unreactive grains, in which
feldspar, phyllosilicate, and carbonate tend to be rel-
atively reactive in contrast to quartz, which is largely
unreactive at temperatures less than 70°C to 80°C
(Worden et al., 2000; Worden and Burley, 2003).

Sandstone compositional influences on meso-
diagenesis are mainly controlled by the mineralogy of
primary depositional and eodiagenetic grains, ce-
ment, and matrix. One of the major changes to res-
ervoir quality in the mesodiagenetic realm is that
exposed monocrystalline quartz surfaces and a suite
of clay minerals become reactive at temperatures in
excess of 70°C to 80°C (Worden and Burley, 2003;
Worden and Morad, 2003). As a result, the following
suite of mesodiagenetic processes are typical in
sandstones: (1) illite, chlorite, and dickite formation
from precursor clay minerals and framework grains;
(2) albitization of plagioclase and K-feldspar, which
may also lead to small amounts of carbonate and clay
mineral cements (Chuhan et al., 2001; Worden and
Burley, 2003; Morad et al., 2010); (3) quartz grain
pressure solution at grain contacts and subsequent
quartz cementation, exacerbated by illite and mica
(Oelkers et al., 1996; Meyer et al., 2006) or inhibited
by chlorite or mixed-mineralogy chlorite–illite clay
coats (Ehrenberg, 1993; Dowey et al., 2012; Saı̈ag
et al., 2016; Stricker and Jones, 2018); and (4) dis-
solution of unstable grains and calcite cements, which
may enhance reservoir quality (Morad et al., 2010). In
addition, throughout burial diagenesis, mineralogy is

Figure 1. Aerial image (sourced from ArcGIS) of the Ravenglass
Estuary, northwest England. Distribution of surface (<2 cm
[<0.79 in.]) sediment samples are highlighted by white circles.
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a big factor in determining the oil–water wetting pref-
erence of sandstones: for example, calcite, weathered
feldspars, and Fe-rich chlorite are oil-wet minerals,
whereas quartz, illite, and unweathered feldspars
are water wet (Barclay and Worden, 2000).

The ability to predict sandstone compositionwould
facilitate prediction of the petrophysical properties of
sandstone reservoirs (e.g., porosity, permeability, and
wettability) during petroleum exploration, appraisal,
and field development and production. This study
has focused on the modern Ravenglass Estuary in
northwesternEngland,UnitedKingdom, bydeveloping
a unique modern analog of an estuarine sandstone
and has addressed the following specific questions.

1. Whatminerals are found in themodern Ravenglass
Estuary?

2. Howare quartz, plagioclase, K-feldspar, carbonate,
and clay minerals distributed in this modern es-
tuarine setting?

3. What controls the whole-sediment mineral as-
semblage in a modern estuarine setting?

4. What controls mineral distribution patterns in
estuarine environments?

5. Can the abundance and spatial distribution of
sediment composition, and thus reservoir quality,
be predicted as a function of grain size, depositional
environment, and/or estuarine zone?

STUDY AREA: RAVENGLASS ESTUARY

The Ravenglass Estuary in northwestern England,
United Kingdom, was chosen for this modern analog
study because it has a similar area to many petroleum
fields, was easy to access, is largely unmodified by the
built environment, and has varied but well-studied
hinterland geology. Furthermore, this study builds
upon previous studies focused on detrital clay coat
distribution in the Ravenglass Estuary (Wooldridge
et al., 2017a, b, 2018).

Estuarine Hydrodynamics and Geomorphology

The Ravenglass Estuary is a shallow, mixed-energy,
and macrotidal (>7 m [>23 ft] tidal range) estuarine
system that occupies an area of 5.6 km2 (3.5 mi2), of
which approximately 86% is intertidal (Bousher,
1999; Lloyd et al., 2013; Wooldridge et al., 2017b).

Shallow estuary bathymetry has led to strong tidal
asymmetry, resulting in the outward ebb tidal flow
being prolonged in comparison with the inward
tidal flow (Kelly et al., 1991). The discharge in the
lower-Esk arm of the estuary during the ebb tidal
flow (4.99 m3 s-1 [16.37 ft3 s-1]) is only slightly
lower than flood tidal flow (5.41m3 s-1 [17.75 ft3 s-1])
because of a short estuarine length (Kelly et al.,
1991). Drigg and Eskmeals coastal spits provide
shelter from wave action to the inner-estuarine
zones and the central basin (Figures 2A, 3); how-
ever, strong tidal currents have resulted in extensive
tidal bars and tidal dunes landward of the low-energy
central minimum. The rivers flowing into the estuary
have average flow rates of 0.4 m3 s-1 (1.31 ft3 s-1) for
the River Mite, 3.4 m3 s-1 (11.15 ft3 s-1) for the River
Irt, and 4.2 m3 s-1 (13.78 ft3 s-1) for the River Esk
(Bousher, 1999). Anthropogenic impact on the es-
tuary is here considered to be minor, excluding the
sheltering of the inner Mite from tidal currents and
increased salt marsh development as a consequence of
the railway viaduct construction (Carr and Blackley,
1986).

Geological Setting

Sandstone compositions are largely controlled by
the characteristics of the sediment’s provenance, sedi-
mentary processes active in the depositional basin, and
sediment transport pathways that link provenance to
basin, which is ultimately controlled by tectonic regime
(Dickinson and Suczek, 1979). As a result, to assess
the influence that provenance may have imposed on
mineral type and distribution patterns in theRavenglass
Estuary, it is first necessary to the identify the potential
source of sediment mineral grains in the drainage basin.
The type and spatial distribution of bedrock and drift
deposits in the drainage basins of the Rivers Irt, Mite,
and Esk are presented in Figure 2.

ThenorthernRiver IrtdrainsOrdovicianBorrowdale
Volcanic Group andesites and the Triassic Sherwood
Sandstone Group, whereas the River Esk predomi-
nantly drains the Devonian Eskdale Intrusions
(Figure 2A). TheLower Triassic Sherwood Sandstone
Group (locally known as the St Bees Sandstone
Member) dominates the low-lying coastal planes and
is predominantly composed of fluviatile sandstones
(Quirke et al., 2015). The Borrowdale Volcanic
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Group, in the north of the provenance area, was
subjected to subgreenschist facies metamorphism
during the Caledonian orogeny (395 Ma) and is
comprised of K-rich, calc-alkaline andesite (Quirke
et al., 2015). The northern part of the Eskdale
Intrusions, dominating to the east and south of the
provenance area, is a coarse-grained granite, and the
southern part is a granodiorite (Young et al., 1986).
The Ordovician Skiddaw Group is comprised of
weakly metamorphosed, fine-grained sedimentary
rocks (Merritt and Auton, 2000) and is proximal
to the Ravenglass Estuary (Figure 2A).

Quaternary drift deposits were deposited in re-
sponse to spatially variable, glacio-isostatic rebound
and glacio-eustatic sea-level change, following the last
glaciation (late Devensian, ca. 28 to 13 ka) (Moseley,
1978; McDougall, 2001). However, much of the
glacial deposit has since been eroded from the land
surface (Merritt and Auton, 2000). The Seascale
Glacigenic Formation (wide range of glacial and
proglacial outwash sediments) is drained by the
Rivers Irt, Esk, and Mite. The Gosforth Glacigenic
Formation is primarily restricted to the northern
River Irt and Mite drainage basin (Figure 2B). The
Ravenglass Estuary is underlain by the Ravenglass
Till Member (part of the Seascale Glacigenic For-
mation),which is locally exposed as knolls throughout
the estuary.

SAMPLES AND METHODS

We undertook detailed ground surveys (aided by
aerial imagery) and collected estuarine and drift de-
posit samples for grain-size andmineralogy analysis to
assess the relationship between sediment composi-
tion, host–sediment properties (e.g., grain size), and
depositional environment.

Field Mapping and Sample Collection

Aerial imagery and detailed ground surveyswere used
to define a suite of estuarine subenvironments. Sand
abundance was used to subdivide tidal flats following
the classification scheme proposed by Brockamp and
Zuther (2004). According to this scheme, a sand flat
has >90% sand, a mixed flat has 50%–90% sand, and
a mud flat has 15%–50% sand. Surface sediment
samples (n = 191) were collected at low tide along

Figure 2. Geological setting of the Ravenglass Estuary, United
Kingdom. (A) Bedrock geology (Ordovician Skiddaw Group and
Borrowdale Volcanic Group, Devonian Eskdale Intrusions, and
Triassic Sherwood Sandstone Group) and division of estuarine
zones: lower Irt (A); lower Mite (B); lower Esk (C); inner Irt (D);
inner Mite (E); inner Esk (F); central basin (G); and outer estuary
(H). (B) Quaternary drift deposits.
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predefined transects to give an approximately uni-
form distribution of estuarine and fluvial samples
(Figure 1). Quaternary drift deposits were collected
from exposed cliff sections in the inner Esk as well as
from the Ravenglass Till Member, locally exposed
as knolls throughout the estuary. Sediment samples
were placed in airtight plastic jars in the field and
stored in a refrigeration unit at approximately 2°C to
prevent sample degradation prior to grain-size and
mineralogical analyses. Mean grain size (microns),
grain-size sorting (sg; geometric method, where
higher values reflect more poorly sorted sediment),
and sand abundance (percentage) were quantified
using a Beckman Coulter laser particle size analyzer
and GRADISTAT software (Blott and Pye, 2001).
The grain-size sorting scale presented by Folk and
Ward (1957) is here used, in which high values are
indicative of poorly sorted sediment. Grain-size

sorting classes are as follows: 1.27–1.41 (well sorted),
1.41–1.62 (moderately well sorted), 1.62–2.0 (mod-
erately sorted), 2.0–4.0 (poorly sorted), and 4–16 (very
poorly sorted).

Clay Mineral Separation, Identification, and
Quantification

X-ray Diffraction Analysis
To ensure accurate mineralogy identification and
quantification (especially for chlorite, illite, mica, and
kaolinite in the clay fraction of the sediment) and to
analyze illite chemistry and crystallinity, clay fractions
(<2 mm) and silt and sand fractions (2 mm to 2mm) of
estuarine sediment and Quaternary drift samples
were physically separated prior to XRD analysis.

Clay fractions (<2 mm) were physically separated
(isolated from the silt and sand fractions) in an ul-
trasonic bath, followed by gravity settling and then
centrifuge settling at 5000 rpm for 10 min. The wet-
separated clay fractions were then dried at 60°C for
24 hr andweighed to calculate the percentage of clay-
size material. Dried clay fractions were crushed using
a pestle and mortar prior to back-loading into cavity
mounts and XRD analysis.

A representative 5-g subsample was taken from
the separated silt and sand fractions (2 mm to 2 mm)
and placed in an agate McCrone mill with 12 ml of
distilled water and finely crushed for 10 min. The
resultant slurry was washed into a petri dish using dis-
tilled water and then dried at 60°C. The dried material
was crushed into a fine, loose powder using an agate
pestle and mortar prior to back-loading into cavity
mounts andXRD analysis to quantify themineralogy
of the silt and sand fractions (2 mm to 2 mm).

The mineralogy of the clay fraction (<2 mm) and
silt and sand fraction (2 mm to 2mm)was determined
using a PANalytical X’Pert Pro MPD x-ray diffrac-
tometer. The XRD analyses were performed on
randomly oriented powders, as opposed to oriented
mounts, to achieve the precise (repeatable) quan-
tification of all minerals, not just clay minerals.
Mineralogy was determined by comparing acquired
diffractogramswith those in the International Centre
for Diffraction Data Powder Diffraction File-2008
and with supplementary information from Moore
and Reynolds (1997). The minerals were then
quantified using the relative intensity ratio method

Figure 3. Nature and organization of depositional environ-
ments in the Ravenglass Estuary, labeled accordingly: gravel bed
(De1); mud flat (De2); mixed flat (De3); sand flat (De4); tidal bars
and dunes (De5); tidal inlet (De6); backshore (De7); foreshore
(De8); and proebb delta (De9).
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proposed by Chung, (1974a, b); results from this
quantificationmethod have been reported to be highly
accurate (Hillier, 2000, 2003). TheXRD results of the
fine fraction (<2mm)and silt and sand fraction (2mmto
2mm)were then recombined, factoring in the relative
weight percentages of each size fraction to quantify the
mineralogy of the whole sample (all material <2mm).

The Esquevin index, which has previously been
used to decipher sediment provenance (Gingele et al.,
2001; Oliveira et al., 2002; Borchers et al., 2011;
Bout-Roumazeilles et al., 2013; Armynot duChâtelet
et al., 2016), has been calculated (using clay fraction
XRD data) to differentiate Al-rich from Fe–Mg-rich
illite. An Esquevin index is calculated by analyzing
the ratio between the 5 Å and 10 Å peak heights on
x-ray diffractograms (Esquevin, 1969). High Esquevin
indices indicate Al-rich illites (typically derived
from chemically weathered rocks), whereas low
Esquevin index values represent relatively Fe–Mg-
rich illite (typically derived from physically eroded,
unweathered rocks; Chamley, 1989). The following
classification boundaries have been used in this study,
after Esquevin (1969): biotite, less than 0.15 (most
Fe–Mg rich); biotite +muscovite, 0.15–0.3; phengite,
0.3–0.4; and muscovite, greater than 0.4 (most
Fe–Mg depleted).

To establish illite crystallinity index (2°q), also
known as the Kübler index (Kübler, 1964), the full
width at half maximum of the 10 Å (001, cubic edge
direction using international Miller Index system) illite
peak was measured on the x-ray diffractogram (using
clay fraction XRD data). Highly crystalline illite is
indicated by low illite crystallinity indices (narrowbasal
reflections),whereas poorly crystalline illite is indicated
by high illite crystallinity indices (broad basal re-
flections) (Chamley, 1989). The following boundaries
are used, after Kübler (1964): epizone (highest tem-
perature), less than 0.25; anchizone, 0.25–0.42; and
diagenesis (lowest temperature), greater than 0.42.

Mineralogy of different-size fractions separated
from a central basin (mixed-flat) sample was de-
termined by XRD using a combination of gravity
settling (as above) and sieving. The following grain-
size classeswere analyzed: less than0.2mm(fine clay);
0.2 to 2 mm (coarse clay); 2 to 32 mm (fine silt); 32 to
62mm(coarse silt); 62 to 125 mm(very fine sand); and
125 to 250 mm (fine sand).

Oil-wet mineral abundance was calculated as the
sum total of oil-wetminerals, after Barclay andWorden

(2000): calcite, dolomite, kaolinite (assuming early
alteration to kaolinite booklets), hematite, feldspar
(assuming weathered; unweathered feldspars are water
wet), and Fe-rich chlorite abundance. It is important to
note that we have here assumed that (1) kaolinite will
form kaolinite booklets during diagenesis and (2)
feldspars are weathered feldspar based on scanning
electron microscopy–energy-dispersive spectrometry
(SEM-EDS) results from Daneshvar and Worden
(2018) in the Ravenglass Estuary.

Quantitative Evaluation of Minerals by
Scanning Electron Microscopy

Polished thin sections were made to provide textural
and mineralogical information on detrital grains and
clay minerals (chlorite, illite, and kaolinite) to assess
to what extent clay minerals occur as lithics and as
part of the fine fraction (<2 mm). The SEM-EDS
system employed in this study was an FEI WellSite
QEMSCAN® (quantitative evaluation of minerals
by scanning electron microscopy) system, which is
composed of a scanning electron microscope coupled
with energy-dispersive spectrometers. TheQEMSCAN
data provide information about the micron-scale tex-
ture and chemical and mineralogical composition.
Data were collected with a step size of 2 mm to ensure
both the fine fraction (<2 mm) and silt and sand frac-
tion (>2 mm) were analyzed.

Spatial Mapping

Mineral distribution maps were made in ArcGIS®

using an inverse distance weighted interpolation
technique to avoid the creation of ridges or valleys of
extreme and unrepresentative values (Watson and
Philip, 1985). An interpolation barrier (polyline drawn
in ArcGIS) along the long axis of Drigg and Eskmeals
spits was used to ensure interpolated values on either
side of the spits (i.e., in the estuary andon the coast) did
not influence one another despite their relative spatial
proximity.

Statistical Analysis

An analysis of variance (ANOVA) test was used to
assess whether there is a statistically significant dif-
ference in abundance of specific minerals as a func-
tion of depositional environment (De1 to De9) and
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estuarine zone (A–H). Following ANOVA, a post hoc
Tukey’s honestly significant difference (HSD) test
(Odeh and Evans, 1974; R Core Team, 2016) was
employed to determine which individual depositional
environment or estuarine zones were statistically dif-
ferent fromone another as a function of specificmineral
abundance (quartz, feldspar, clay minerals, and car-
bonate). The following symbols were used to highlight
statistical significance (p value); marginally significant
(+) when the p value was <0.1; significant (*) when
the p value was <0.05; very significant (**) when the
p value was <0.01; and extremely significant (***) when
the p value was <0.001. All statistical analyses were per-
formed in R statistical software (R Core Team, 2016).

RESULTS

In this section, we present results from detailed
ground surveys (aided by aerial imagery) undertaken
to identify the nature and distribution of the de-
positional environment as well as results from labo-
ratory analyses used to quantify sediment properties
(grain size, sorting, and mineralogy).

Estuarine Sediment Characteristics

The estuary has been subdivided into discrete fluvial,
inner, central, and outer zones (Figure 2A) based
upon reported salinity data and the dominant physical
processes active in each zone (Assinder et al., 1985;
Daneshvar, 2015). Zones A to C represent fluvial
(river) regions that are freshwater dominated; zonesD
to F (inner) represent brackish, inner river– and tide-
dominated regions; zone G (central) is a relatively
mixed-energy (fluvial-, tide-, and wave-influenced)
and heterogeneous central zone with near-seawater
salinity that contains extensivemudflat andmixedflat
(locally namedSaltcoats tidalflat); and zoneH (outer)
is seawater dominated and subject to strong wave and
tidal currents.

The mapped distribution of nine discrete de-
positional environments are presented and explained
in Figure 3.

The average grain size and grain-size sorting of
each depositional environment and estuarine zone are
presented in Tables 1 and 2. The mapped distributions
of grain size and grain sorting are presented Figure 4.
Variation in grain size and grain sorting for each

estuarine zone and depositional environment are dis-
played in Figure 5 and Tables 1 and 2.

Estuarine Composition

Here, XRD studies, as opposed to petrographic
techniques, have been used to quantify mineralogy.
It is therefore not possible to create traditional QFL
ternary diagrams, which have typically been used to
classify sandstones (Folk, 1954) and in provenance
studies (Dickinson and Suczek, 1979). However, our
SEM-EDS analyses have revealed that clay minerals,
especially chlorite, occur in the silt- and sand-size
fraction as lithic fragments as well in the clay fraction
of the sediment (Figure 6A). As a result, XRD-QFL
ternary plots (Figure 7) closely compare with tradi-
tional petrographic QFL plots and reveal the relative
abundance of quartz, feldspar, and lithic grains that
are enriched in clay minerals. Figure 7 reveals that
the relative abundance of QFL varies as a function of
estuarine zone.

Composition of Drift Deposits

Data on XRD have been produced from (1) drift
deposits exposed in the cliff sections in the inner
Esk (Gosforth Glaciogenic Formation and Seascale
Glaciogenic Formation) and (2) the Ravenglass Till
Member (part of the Seascale Glaciogenic Forma-
tion). Ravenglass Till Member samples (n = 3) have
the followingmineral assemblage: quartz (65%–75%),
plagioclase (8%–14%), K-feldspar (6%), chlorite
(2%–3%), illite (6%–8%), and kaolinite (5%). The
Ravenglass Till Member is dominated by well-
crystalline, Fe–Mg-enriched illite (Esquevin index:
0.28; illite crystallinity: 0.24). The Fishgarth Wood
Till Member (part of the Gosforth Glaciogenic
Formation) (n = 1) has the following mineral assem-
blage: quartz (81%), plagioclase (7%), K-feldspar
(6%), chlorite (<0.5%), illite (5%), and kaolinite
(1%). The Fishgarth Wood Till Member is domi-
nated by Al-enriched illite (Esquevin index: 0.43;
illite crystallinity: 0.21).

Mineral Abundance and Grain-Size Fraction

To determine whether different minerals are pref-
erentially most abundant within different grain-size
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fractions, a whole-sediment sample from the Saltcoats
mixedflatwas split into grain-size fractions andanalyzed
using XRD. The proportion of minerals in each grain-
size fraction is shown in Figure 8A. Quartz abundance
increases with an increase in grain size (Figure 8A). The
K-feldspar abundance appears to be independent of
grain size (Figure 8A). Plagioclase is most abundant
in fine to coarse silt-size sediment (~2 to ~63 mm;
Figure 8A). The abundance of clay minerals (chlorite,
illite, and kaolinite) and carbonate (mostly calcite) de-
creases with an increase in grain size (Figure 8A).

Chlorite, illite, kaolinite, and smectite abundance
have been plotted as a function of grain-size frac-
tion to assess if the relative abundance of specific
clay minerals varies between grain-size fractions
(Figure 8B). Relative chlorite abundance typically
increases with an increase in grain size; the relative
abundance of illite and kaolinite decreases with an
increase in grain size (Figure 8B). Smectite abundance
is negligible and is largely restricted to sediment frac-
tions less than 15 mm in size (Figure 8B).

Mapped Estuarine Mineral Distribution

The mapped distributions of quartz, plagioclase,
K-feldspar, and carbonate are presented in Figure 9.
Quartz abundance ranges from 64% to 90% and
typically increases in abundance toward the open
sea (Figure 9A). Quartz is most abundant (~90%)
in outer-estuarine (tidal inlet, foreshore, and back-
shore) sediment and least abundant (~64%) toward
the margin of the inner estuary and the central basin
(Figure 9A).

Plagioclase abundance ranges from 6% to 15%
and increases in abundance with proximity to the
fluvial–marine interface and toward the margin
of the inner estuary and central basin (Figure 9B).
Variations in K-feldspar abundance (3%–8%) are
relatively minor throughout the Ravenglass Estu-
ary, but there is a minor reduction in K-feldspar
abundance in tidal inlet and northern foreshore
sediment (Figure 9C).

Carbonate abundance ranges from 0% to 5% (of
which >95% is calcite, <5% is aragonite, and <1% is
dolomite) and increases in abundance toward the mar-
gin of the inner estuary and central basin (Figure 9D).
Carbonatematerial is least abundant upon the northern
foreshore and in the tidal inlet (Figure 9D).

Figure 4. Distribution of host sediment properties: (A) mean
grain size and (B) grain-size sorting. Note that textural maturity
and mean grain size decrease toward the margins of the inner
estuary and central basin. Mean grain-size classes are labeled
accordingly: silt; lower very fine sand (vfL); upper very fine sand
(vfU); lower fine sand (fL); upper fine sand (fU); lower medium
sand (mL); and upper medium sand (mU). Grain-size sorting
classes are labeled accordingly: well sorted (Ws); moderately well
sorted (MWs); moderately sorted (Ms); and poorly sorted (Ps).
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The mapped distributions of clay fraction abun-
dance and the abundance of specific clay minerals
are displayed in Figure 10. Clay-sizematerial is most
abundant toward the estuarine margins in the inner
estuary and the central basin and is negligible in
the outer estuary (<0.5%). Chlorite is most abundant
in Saltcoats tidal flat sediment and has a relatively
patchy distribution throughout the inner estu-
ary zones (Figure 10B). Illite is most abundant in
Saltcoats tidal flat and has a relatively patchy dis-
tribution throughout the inner estuary zones (Figure
10C). Kaolinite, of minor abundance, is predominantly
found in mud flats (Figure 10D).

Mineral Abundance versus Mean Grain Size

The relationships between mean grain size and the
abundance of quartz, K-feldspar, plagioclase, and car-
bonate, as a function of depositional environment, are
presented in Figure 11.

Quartz has uniformly high abundance (~85%) in
sediment between upper fine sand (>177 mm) and
medium upper sand (<350 mm). Between the grain-
size classes silt to upper fine sand (62–177 mm), in
mixed-flat sediments, quartz abundance typically in-
creaseswith an increase inmeangrain size (Figure11A).
Gravel beds have a wide range of quartz abundance
(Figure 11A). Note that quartz abundance in mud
flats is relatively low (~65%–80%) but does not cor-
relate to mean grain size.

Between the grain-size classes silt to upper very fine
sand (62–125 mm), plagioclase abundance typically de-
creases with an increase in mean grain size (Figure 11B).
Plagioclase has lower abundance (~6%–8%) in sediment
between upper fine sand and medium upper sand
(125–350 mm). Gravel beds have a wide range of
plagioclase abundance (Figure 11B). Note that plagio-
clase abundance in mud flats is relatively high
(~8%–14%) but does not correlate withmean grain size.

With an increase in mean grain size, there is a
subtle reduction inK-feldspar abundance (Figure 11C);

Figure 5. Host sediment properties as a function of estuarine zone and depositional environment. (A) Mean grain size as a function of
estuarine zone, (B) grain-size sorting as a function of estuarine zone, (C) mean grain size as a function of depositional environment, and (D)
grain-size sorting as a function of depositional environment. Grain-size sorting classes are as follows: 1.27–1.41 (well sorted); 1.41–1.62
(moderately well sorted [MWs]); 1.62–2.0 (moderately sorted); 2.0–4.0 (poorly sorted); and 4–16 (very poorly sorted). Note that textural
maturity and mean grain size decrease toward the margins of the inner estuary and central basin (i.e., in mud flats and mixed flats).
Estuarine zones are labeled accordingly: lower Irt (A); lower Mite (B); lower Esk (C); inner Irt (D); inner Mite (E); inner Esk (F); central basin
(G); and outer estuary (H). Depositional environments are labeled accordingly: gravel bed (De1); mud flat (De2); mixed flat (De3); sand flat
(De4); tidal bars and dunes (De5); tidal inlet (De6); backshore (De7); foreshore (De8); and proebb delta (De9). Note that outliers (open
circles) are defined as an observation that is numerically distant from the rest of the data (i.e., a value that is 1.5 times the interquartile range
below the lower quartile and above the upper quartile).
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the highest abundance is found in some mixed-flat
sediments (7%–8%), and the lowest abundance
is found in sediment with a grain size greater
than 350 mm in tidal inlets and the foreshore
(3%–4%). However, most depositional environ-
ments have a K-feldspar abundance of approxi-
mately 5%–6%.

Between the grain-size classes silt to upper fine
sand (primarily mixed flats), carbonate abundance
typically increases with a reduction inmean grain size
(Figure 11D).Carbonate ismost abundant (~2%–4%)
in sediment that has a mean grain size less than upper
fine sand (177 mm; Figure 11D). Carbonate abun-
dance is relatively uniform (~1%) in sediment that has
a grain size greater than upper fine sand (177 mm).
Gravel beds and mud flats have a wide range of
carbonate abundance that shows no relationship to
grain size (Figure 11D).

The relationships between mean grain size and
the abundance of clay fraction in estuarine sedi-
ments as well as the abundance of specific clay
minerals (chlorite, illite, and kaolinite), as a func-
tion of depositional environment, are presented in
Figure 12.

Clay fraction abundance decreases with mean
grain size in sediment up to upper fine sand (177 mm;
Figure 12A). Clay fraction abundance is uniform
(typically <1%) in sediment coarser than 177 mm.
Clay fraction ismost abundant inmud flats andmixed
flats; all other depositional environments (De3 to
De9) typically contain low concentrations of clay-size
material (typically <1%).

Chlorite abundance typically decreases with an
increase in mean grain size, with a sharp decrease
in chlorite abundance in sediment that has a mean
grain size greater than lower very fine sand (88 mm;

Figure 6. Quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN®) analyzing the micron-scale (2-mm) texture
and chemical and mineralogical composition of a single central basin sample. (A–C) The textural characteristics of chlorite, illite, biotite, and
kaolinite are shown. Only the clay minerals chlorite, illite, or kaolinite are colored. (D–F) The textural characteristics of all framework grains
and matrix minerals are shown. All minerals are colored. Note that lithic fragments are typically chlorite rich. Musc. = muscovite.
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Figure 12B). Elevated chlorite concentrations also
occur in some foreshore, tidal inlet, tidal dune, and
tidal bar sediments (Figure 12B). Chlorite abundance
typically increases with an increase in grain size in
tidal inlet (De6) and foreshore sediment (De8;
Figure 12B). Gravel beds and mud flats have a wide
range of chlorite abundance that shows no relation-
ship to grain size (Figure 12B).

Illite abundance typically decreases with an in-
crease in mean grain size (Figure 12C). A sharp
increase in illite abundance is observed in sediment
with amean grain size of less than lower very fine sand

(88 mm) (Figure 12C). Illite abundance is typically
low (<2%) and shows no relationshipwithmean grain
size in sediment that is coarser than upper fine sand
(177 mm) (Figure 12C). Gravel beds and mud-flats
have a wide range of illite abundance that shows no
relationship to grain size (Figure 12C).

In mud flats and mixed flats, there is a minor
decrease in kaolinite abundance (1%–3%) with in-
creasing mean grain size (Figure 12C). The majority
of depositional environments show kaolinite abun-
dance is minor (<1%) and has no relationship with
mean grain size.

Figure 7. X-ray diffraction quartz, feldspar, and lithics (QFL) ternary plots; lithics are here defined as the sum total of clay minerals
(chlorite, illite, kaolinite, and smectite) in the silt and sand fraction. (A) The QFL distribution throughout all estuarine zones; (B) River Irt,
inner Irt, central basin, and outer-estuarine composition; (C) River Mite, inner Mite, central basin, and outer-estuarine composition; (D)
River Esk, inner Esk, central basin, and outer-estuarine composition. Note that River Esk sediment is relatively feldspathic and enriched in
lithics (most likely chlorite). Estuarine zones are labeled accordingly: lower Irt (A); lower Mite (B); lower Esk (C); inner Irt (D); inner Mite (E);
inner Esk (F); central basin (G); and outer estuary (H).
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Illite Composition and Crystallinity versus
Mean Grain Size

The clay mineral assemblage of the Ravenglass Es-
tuary is dominated by Fe–Mg-rich illite (Figures 10D,
13A). Illite composition and crystallinity have been
plotted against mean grain size as a function of
depositional environments in Figure 13A and B,
respectively.

In sediment with grain size finer than upper fine
sand (177 mm), illite is typically Fe–Mg rich and
relatively well crystalline. In sediment coarser than
upper fine sand, illite has a wide range of crystallinity
values and compositions (Figure 13A, B). Foreshore
sediment is primarily composed of poorly crystalline

(illite crystallinity index: >0.25) and relatively Fe–Mg-
depleted (Esquevin index: >0.30) illite.

Mineral Abundance: Estuarine Zones and
Depositional Environments

Average mineral abundances of the nine depositional
environments and eight estuary zones are presented
in Tables 1 and 2 as well as the relative abundance of
each clay mineral (e.g., chlorite/[chlorite + illite +
kaolinite]) for the entire estuary. Box-and-whisker
plots display the ranges and standard deviations as
well as the median values for each specific mineral as
a function of depositional environment and estuarine
zones (Figures 14, 15). The abundance of preferen-
tially oil-wet minerals (calcite, dolomite, kaolinite,
hematite, Fe-rich chlorite, and weathered feldspar)
per depositional environment and estuarine zone is
presented in Tables 1 and 2 and displayed as box-and-
whisker plots in Figure 15G, H.

The ANOVA results show that there is a statisti-
cally significant difference (p < 0.05) in relative mineral
abundance as a function of both estuarine zone and
depositional environment. Themulticomparison, post
hoc Tukey HSD results reveal statistical differences
(p < 0.05) in mineral abundance between paired
estuarine zones and depositional environments
(Tables 3–6).

DISCUSSION

Controls on the composition (mineral assemblage)
of the Ravenglass Estuary as well as the controls on
QFL-C distribution patterns are discussed in this sec-
tion. Influences on mineral distribution patterns that
are here discussed include provenance and sediment
transport pathways, estuarine hydrodynamics, and
early diagenesis (both in situ diagenesis and continued
mineral alteration during sediment transport).

Controls on Estuarine Sediment Composition

In the Ravenglass Estuary, there are three potential
sources of sediment: (1) fluvial drainage of bedrock in
the hinterland (Figure 2A); (2) fluvial drainage and
local erosion of drift and soil deposits in the hinter-
land, underlying the estuary and exposed in proximal

Figure 8. Relative abundance of specific minerals as a function
of grain-size class, extracted from a singular disaggregated (e.g.,
clay minerals removed from the surface of sand grains) central
basin whole-sediment sample. (A) Whole mineral assemblage.
(B) Relative proportions of chlorite, illite, kaolinite, and smectite.
Note that chlorite is relatively most abundant in coarser-grained
sediment in comparison with illite, kaolinite, and smectite.
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Figure 9. Mapped mineral distribution patterns in the Ravenglass Estuary, United Kingdom. (A) Quartz, (B) plagioclase, (C) K-feldspar,
and (D) total carbonate. Note that plagioclase and carbonate abundance increase toward the margin of the inner estuary and central basin.
Sediment is most quartz rich in outer-estuarine sediment. A slight depletion in K-feldspar is observed in the tidal inlet.

GRIFFITHS ET AL. 813



Figure 10. Mapped clay fraction (<2 mm) and clay mineral distribution patterns in the Ravenglass Estuary, United Kingdom. (A) Clay
fraction, (B) chlorite, (C) illite, and (D) kaolinite. Note that outer-estuarine sediment has a paucity of clay-size material (<0.5%). Illite,
chlorite, and kaolinite are most abundant in mud flats and mixed flats; chlorite abundance is elevated in some tidal bar and dune samples
(because of a presence of chlorite lithics; see Figures 6A, 12B).
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Figure 11. The relationship between specific mineral abundance andmean grain size, colored as a function of depositional environment.
(A) Quartz, (B) plagioclase, (C) K-feldspar, and (D) carbonate. Note that quartz abundance increases with an increase in mean grain size,
whereas plagioclase and carbonate abundance typically decrease. The K-feldspar abundance slightly decreases with an increase in mean
grain size. Depositional environments are labeled accordingly: gravel bed (De1); mud flat (De2); mixed flat (De3); sand flat (De4); tidal bars
and dunes (De5); tidal inlet (De6); backshore (De7); foreshore (De8); and proebb delta (De9). Mean grain-size classes are labeled
accordingly: silt; lower very fine sand (vfL); upper very fine sand (vfU); lower fine sand (fL); upper fine sand (fU); lower medium sand (mL);
upper medium sand (mU); and lower coarse sand (cL).
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Figure 12. The relationship between clay fraction (<2 mm) and clay mineral abundance with mean grain size, colored as a function of
depositional environment. (A) Clay fraction, (B) chlorite, (C) illite, and (D) kaolinite. Note that coarser-grained outer-estuarine sediment has
a paucity of clay-size material (<0.5%). Illite, chlorite, and kaolinite abundance increase with a decrease in mean grain size (i.e., in mud flats
and mixed flats). Chlorite lithics (see Figure 6B) are likely to explain elevated chlorite abundance in tidal dunes and bars despite relatively
low clay fraction content. Depositional environments are labeled accordingly: gravel bed (De1); mud flat (De2); mixed flat (De3); sand flat
(De4); tidal bars and dunes (De5); tidal inlet (De6); backshore (De7); foreshore (De8); and proebb delta (De9). Mean grain-size classes are
labeled accordingly: silt; lower very fine sand (vfL); upper very fine sand (vfU); lower fine sand (fL); upper fine sand (fU); lower medium
sand (mL); upper medium sand (mU); and lower coarse sand (cL).
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cliff sections (Figure 2B); and (3) marine inundation
with landward displacement of littoral-zone sediment
into the estuary.

The empirical relationships between composi-
tion of sands (QFL; based on sandstone petrology),
provenance, and the plate-tectonic setting of the
sedimentary basin was first established by Dickinson
and Suczek (1979). The “Dickinson model” was later
revised to improve predictive capabilities using the
additive log-ratio transformation by Weltje (2006).
Because whole-sediment (QFL-C) mineralogy data,
instead of petrographic QFL data, are here reported,
it is not possible to follow the methodology outlined
by Dickinson and Suczek (1979) or Weltje (2006).
However, XRD data, unlike petrographic QFL data,

can reveal Esquevin indices (Esquevin, 1969) and
illite crystallinity (Kübler, 1964) values that may be
used to identify possible sediment source areas and
transport pathways (Gingele et al., 2001; Oliveira
et al., 2002; Borchers et al., 2011; Bout-Roumazeilles
et al., 2013; Armynot du Châtelet et al., 2016).

The sediment composition of the Ravenglass
Estuary is arkosic to subarkosic (Figure 7), which is
likely to reflect the drainage of the Eskdale In-
trusions and Borrowdale Volcanic Group in the
hinterland, in agreement with predictive models
produced by Dickinson and Suczek (1979). In the
hinterland of the Ravenglass Estuary, there are no
carbonate rocks and no carbonate-rich drift de-
posits. As a result, carbonate material is likely to

Figure 13. The relationship between (A) illite chemistry (Esquevin index) and (B) illite crystallinity (full width at half maximum of the 10 Å
peak) and mean grain size. Note that illite crystallinity and illite Fe–Mg content is reduced with an increase in mean grain size (i.e., in outer-
estuarine sediment). Depositional environments are labeled accordingly: gravel bed (De1); mud flat (De2); mixed flat (De3); sand flat (De4);
tidal bars and dunes (De5); tidal inlet (De6); backshore (De7); foreshore (De8); and proebb delta (De9). Mean grain-size classes are labeled
accordingly: silt; lower very fine sand (vfL); upper very fine sand (vfU); lower fine sand (fL); upper fine sand (fU); lower medium sand (mL);
upper medium sand (mU); and lower coarse sand (cL).
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Figure 14. Specific mineral abundance as a function of estuarine zone and depositional environment: (A, B) quartz, (C, D) K-feldspar,
(E, F) plagioclase, and (G, H) carbonate. Estuarine zones are labeled accordingly: lower Irt (A); lower Mite (B); lower Esk (C); inner Irt (D); inner
Mite (E); inner Esk (F); central basin (G); and outer estuary (H). Depositional environments are labeled accordingly: gravel bed (De1); mud
flat (De2); mixed flat (De3); sand flat (De4); tidal bars and dunes (De5); tidal inlet (De6); backshore (De7); foreshore (De8); and proebb
delta (De9). Note that outliers (open circles) are defined as an observation that is numerically distant from the rest of the data (i.e., a value
that is 1.5 times the interquartile range below the lower quartile and above the upper quartile).
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Figure 15. Specific clay mineral abundance and oil-wet mineral abundance as a function of estuarine zone and depositional envi-
ronment: (A, B) Chlorite, (C, D) illite, (E, F) kaolinite, and (G, H) oil-wet mineral abundance calculated as the sum total of calcite, dolomite,
kaolinite (assuming early alteration to kaolinite booklets), hematite, feldspar (assuming weathered; unweathered feldspars are water wet),
and Fe-rich chlorite abundance, after Barclay and Worden (2000). Estuarine zones are labeled accordingly: lower Irt (A); lower Mite (B);
lower Esk (C); inner Irt (D); inner Mite (E); inner Esk (F); central basin (G); and outer estuary (H). Depositional environments are labeled
accordingly: gravel bed (De1); mud flat (De2); mixed flat (De3); sand flat (De4); tidal bars and dunes (De5); tidal inlet (De6); backshore
(De7); foreshore (De8); and proebb delta (De9). Note that outliers (open circles) are defined as an observation that is numerically distant
from the rest of the data (i.e., a value that is 1.5 times the interquartile range below the lower quartile and above the upper quartile).

GRIFFITHS ET AL. 819



Table 3. Post Hoc Tukey’s Honestly Significant Difference Test (Following Analysis of Variance) Results Are Presented Here as
a Correlation Matrix Comparing Quartz, K-Feldspar, Plagioclase, and Carbonate Abundance Data between the Various Depositional
Environments from Ravenglass Estuary

Depositional Environment

De1 De2 De3 De4 De5 De6 De7 De8

Quartz
De2 -7.13 X
De3 -0.84 6.28* X
De4 7.5† 14.66§ 8.37§ X
De5 6.47 13.59§ 7.31§ -1.05 X
De6 6.78 13.90§ 7.62§ -0.75 0.30 X
De7 8.04 15.16§ 8.88§ 0.51 1.56 1.26 X
De8 6.42† 13.54§ 7.26† -1.11 -0.06 -0.36 -1.62 X
De9 7.69* 14.8§ 8.53§ 0.16 1.22 0.92 -0.34 1.28

K-feldspar
De2 -0.06 X
De3 0.33 0.39 X
De4 -0.51 -0.45 -0.84* X
De5 -0.66 -0.60 -0.99† -0.15 X
De6 -0.78 -0.72 -1.11† -0.27 -0.12 X
De7 0.08 0.13 -0.26 0.59 0.73 0.86 X
De8 -0.13 -0.07 -0.46 0.38 0.53 0.65 -0.21 X
De9 -0.85 -0.79 -1.18† -0.34 -0.19 -0.07 -0.93 -0.72

Plagioclase
De2 1.33 X
De3 -0.53 -1.86 X
De4 -2.56 -3.89§ -2.03‡ X
De5 -1.81 -3.14† -1.28 0.75 X
De6 -2.69 -4.09‡ -2.16† -0.13 -0.88 X
De7 -3.73 -5.06‡ -3.2* -1.17 -1.92 -1.04 X
De8 -2.79 -4.11§ -2.26§ -0.23 -0.98 -0.10 0.94 X
De9 -2.63 -3.95‡ -2.09 -0.06 -0.81 0.07 1.11 0.16

Carbonate
De2 0.84 X
De3 0.07 -0.77 X
De4 -1.12 -1.96§ -1.18§ X
De5 -1.45‡ -2.29§ -1.52§ -0.34 X
De6 -0.97 -1.81§ -1.03§ 0.15 0.48 X
De7 -1.50 -2.34§ -1.56† -0.38 -0.04 -0.53 X
De8 -0.92 -1.75§ -0.98§ 0.20 0.54 0.05 0.58 X
De9 -1.01 -1.85§ -1.08† 0.11 0.44 -0.04 0.49 -0.10

Bold values indicate paired zones, or depositional environments are statistically different. Nonbolded values represent no significant difference when the p value is >0.1.
Abbreviations: De1 = gravel bed; De2 = mud flat; De3 = mixed flat; De4 = sand flat; De5 = tidal bars and dunes; De6 = tidal inlet; De7 = backshore; De8 = foreshore;

De9 = proebb delta; X = correlations of the same variable (e.g., De2–De2, De3–De3, etc.).
*Marginally significant ( p value is <0.1).
†Significant ( p value is <0.05).
‡Very significant ( p value is <0.01).
§Extremely significant ( p value is <0.001).
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have been primarily derived from gravel beds that
have been partly colonized by shell beds in the inner
Esk (autochthonous) and derived from offshore
(allochthonous). Detrital, chlorite-bearing lithics
have been reported to be pyroxene pseudomorphs

in the Borrowdale Volcanic Group (Quirke et al.,
2015) and the result of chloritization of mafic sil-
icates in the Eskdale Intrusions (Moseley, 1978;
Young et al., 1986; Quirke et al., 2015). As a result,
chlorite-bearing lithics in the Ravenglass Estuary

Table 4. Post Hoc Tukey’s Honestly Significant Difference Test (Following Analysis of Variance) Results Are Presented Here as
a CorrelationMatrix Comparing Quartz, K-Feldspar, Plagioclase, and Carbonate Abundance Data between the Various Estuarine Zones from
Ravenglass Estuary

Estuarine Zone

A B C D E F G

Quartz
B 1.9 X
C 28.4† 210.3 X
D 2.9 0.9 11.2§ X
E 21.5 23.4 6.8 24.4 X
F 6.6† 4.7 14.9§ 3.7 8.1§ X
G 5.1 3.2 13.5§ 2.3 6.7† 21.4 X
H 9.4§ 7.5 17.8§ 6.52† 10.9§ 2.8 4.3

K-feldspar
B 0.0 X
C 0.3 0.4 X
D 21.0 20.9 21.3* X
E 20.5 20.5 20.9 0.4 X
F 21.3‡ 21.3 21.7§ 20.4 20.8 X
G 21.1* 21.1 21.5‡ 20.2 20.6 0.2 X
H 21.36‡ 21.3 21.7§ 20.4 20.8* 0.0 20.2

Plagioclase
B 0.1 X
C 2.6 2.6 X
D 21.9 22.0 24.5‡ X
E 21.4 21.5 24.0‡ 0.5 X
F 23.5‡ 23.6 26.2§ 21.6 22.1 X
G 23.7‡ 23.8 26.4§ 21.8 22.3 20.2 X
H 24.7§ 24.8 27.4§ 22.8† 23.3 21.2 21.0

Carbonate
B 20.1 X
C 0.1 0.2 X
D 1.6§ 1.8 1.5‡ X
E 1.8§ 2.1† 1.9§ 0.3 X
F 1.2‡ 1.3 1.1† 20.4 20.7 X
G 1.7§ 1.8* 1.6§ 0.0 20.3 0.5 X
H 0.9* 1.0 0.8 20.7 21.1‡ 20.3 20.8†

Bold values indicate paired zones, or depositional environments are statistically different. Nonbolded values represent no significant difference when the p value is >0.1.
Abbreviations: A = lower Irt; B = lower Mite; C = lower Esk; D = inner Irt; E = inner Mite; F = inner Esk; G = central basin; H = outer estuary; X = correlations of the same

variable (e.g., A–A, B–B, etc.).
*Marginally significant ( p value is <0.1).
†Significant ( p value is <0.05).
‡Very significant ( p value is <0.01).
§Extremely significant ( p value is <0.001).
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(Figure 6A) are likely to have been sourced from
the Borrowdale Volcanic Group and chloritized
areas of the Eskdale Intrusions, both of which have
been reworked and incorporated into overlying
Quaternary drift deposits (Merritt and Auton,
2000).

Illite that is Fe–Mg rich and relatively well crys-
talline (Figure 13), which dominates sediment that is
finer than upper fine sand (<177 mm), is likely sourced

from the Ravenglass Till Member because such values
are typical of physically eroded, unweathered rocks
(and therefore till; Chamley, 1989). In contrast, sedi-
ment that is coarser than upper fine sand (>177 mm)
contains illite that has a wide range of crystallinity
values and compositions (Figures 13A, B); this is char-
acteristic of both chemically weathered rocks that have
lost divalent cations (Fe andMg) and physically eroded,
unweathered rocks (Chamley, 1989).

Table 5. Post Hoc Tukey’s Honestly Significant Difference Test (Following Analysis of Variance) Results Are Presented Here as
a Correlation Matrix Comparing Chlorite, Illite, and Kaolinite Abundance Data between the Various Depositional Environments from
Ravenglass Estuary

Depositional Environment

De1 De2 De3 De4 De5 De6 De7 De8

Chlorite
De2 0.77 X
De3 -0.37 -1.15 X
De4 -1.35* -2.12§ -0.98‡ X
De5 -0.89 -1.66† -0.52 0.46 X
De6 -0.90 -1.67† -0.53 0.45 -0.01 X
De7 -1.06 -1.83 -0.69 0.29 -0.17 -0.16 X
De8 -1.01 -1.79§ -0.64* 0.33 -0.13 -0.11 0.05 X
De9 -1.20 -1.97‡ -0.83 0.15 -0.31 -0.30 -0.14 -0.18

Illite
De2 3.26† X
De3 0.74 -2.52† X
De4 -1.99 -5.24§ -2.73§ X
De5 -1.69 -4.95§ -2.43‡ 0.30 X
De6 -1.56 -4.82§ -2.30† 0.43 0.13 X
De7 -1.73 -4.99‡ -2.47‡ 0.26 -0.04 -0.17 X
De8 -1.62 -4.88§ -2.36§ 0.37 0.07 -0.06 0.11 X
De9 -2.00 -5.26§ -2.74§ -0.02 -0.31 -0.45 -0.27 -0.38

Kaolinite
De2 0.96§ X
De3 0.59‡ -0.37 X
De4 -0.01 -0.97§ -0.59§ X
De5 0.03 -0.93§ -0.56§ 0.04 X
De6 0.03 -0.94§ -0.56§ 0.03 0.00 X
De7 -0.09 -1.05§ -0.68* -0.08 -0.12 -0.11 X
De8 -0.03 -0.99§ -0.61§ -0.02 -0.06 -0.05 0.06 X
De9 -0.09 -1.05§ -0.68‡ -0.08 -0.12 -0.11 0.00 -0.06

Bold values indicate paired zones, or depositional environments are statistically different. Nonbolded values represent no significant difference when the p value is >0.1.
Abbreviations: De1 = gravel bed; De2 = mud flat; De3 = mixed flat; De4 = sand flat; De5 = tidal bars and dunes; De6 = tidal inlet; De7 = backshore; De8 = foreshore;

De9 = proebb delta; X = correlations of the same variable (e.g., De2–De2, De3–De3, etc.).
*Marginally significant ( p value is <0.1).
†Significant ( p value is <0.05).
‡Very significant ( p value is <0.01).
§Extremely significant ( p value is <0.001).
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Results of XRD analysis show that rigid frame-
work grains (e.g., quartz) and brittle minerals (e.g.,
feldspar) are present in high abundance in both
the clay and silt fraction of drift deposits; this is
probably caused by extensive subglacial commi-
nution. The relatively high concentration of quartz
in the clay and silt fraction of Ravenglass Estuary
sediment is probably in contrast to other nonglaciated
sedimentary basins that are typically depleted in
quartz in the finest sediments (Odom et al., 1976).
Furthermore, the Ravenglass Till Member may also
be an important source of plagioclase, with abun-
dances of up to 14%.

Controls on Mineral Distribution Patterns

Provenance Controls and Sediment Transport Pathways
Provenance studies (based on sandstone composi-
tion) may be undertaken to unravel and characterize
the complex history that has led to the production
and the evolution of sediments, from initial weath-
ering and erosion in the source sediment area and
passing through to sediment transport and temporary
storage and finally burial and lithification (Caracciolo
et al., 2012). For example, the vertical (stratified)
differences in plagioclase content were reported to
reflect differences in sediment provenance in the

Table 6. Post Hoc Tukey’s Honestly Significant Difference Test (Following Analysis of Variance) Results Are Presented Here as
a CorrelationMatrix Comparing Chlorite, Illite, and Kaolinite Abundance Data between the Various Estuarine Zones from Ravenglass Estuary

Estuarine Zone

A B C D E F G

Chlorite
B 0.01 X
C 1.92‡ 1.91 X
D -0.30 -0.31 -2.22§ X
E 0.36 0.35 -1.56‡ 0.66 X
F -0.69 -0.70 -2.61§ -0.39 -1.05† X
G -0.73 -0.74 -2.65§ -0.43 -1.09* -0.04 X
H -0.98 -0.99 -2.89§ -0.68 -1.34§ -0.29 -0.25

Illite
B -1.41 X
C 2.49 3.90 X
D -1.30 0.11 -3.79‡ X
E 0.72 2.13 -1.77 2.02 X
F -2.04 -0.63 -4.53§ -0.74 -2.76‡ X
G -1.24 0.17 -3.72§ 0.06 -1.96 0.80 X
H -2.89‡ -1.48 -5.38§ -1.59 -3.61§ -0.85 -1.65*

Kaolinite
B -0.43 X
C 0.89† 1.31* X
D -0.06 0.37 -0.95† X
E 0.39 0.83 -0.49 0.45 X
F -0.17 0.26 -1.06§ -0.11 -0.56* X
G 0.03 0.46 -0.86† 0.09 -0.36 0.20 X
H -0.40 0.03 -1.29§ -0.34 -0.79§ -0.23 -0.43

Bold values indicate paired zones, or depositional environments are statistically different. Nonbolded values represent no significant difference when the p value is >0.1.
Abbreviations: A = lower Irt; B = lower Mite; C = lower Esk; D = inner Irt; E = inner Mite; F = inner Esk; G = central basin; H = outer estuary; X = correlations of the same

variable (e.g., A–A, B–B, etc.).
*Marginally significant ( p value is <0.1).
†Significant ( p value is <0.05).
‡Very significant ( p value is <0.01).
§Extremely significant ( p value is <0.001).
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Statfjord Formation, Gullfaks field (Dalland et al.,
1995).

It is noteworthy that grain-size dependence of
sediment composition may lead to bias in prove-
nance studies (Garzanti et al., 2009). However, despite
River Irt andMite (northern drainage basin) sediment
having a comparable mean grain size (Figure 5A),
River Esk sediment (southern drainage basin) is rel-
atively chlorite and feldspar rich (Figure 15A). The
enrichment of feldspar and chlorite may reflect the
drainage of chloritic and feldspathic Eskdale Intru-
sions, which is primarily restricted to the River Esk
drainage basin (south ofMuncaster Fell; Figure 1). An
important outcome of this study is that, despite the
Rivers Irt and Esk having different fluvial sediment
compositions, counterpart inner-estuarine zones
(inner Irt, zone D; inner Esk, zone F) show no sta-
tistical difference in composition (Tables 3–6). Thus
provenance signals have been removed, presumably
because of intense estuarine mixing (likely caused by
themacrotidal regime and short estuarine length) and
possible dilution by a second estuarine mineral as-
semblage (e.g., internal erosion of glacial deposits
throughout the estuary).

Hydrodynamic Controls, Mechanical Breakdown, and
Physical Sorting of Minerals by Grain Size
The findings of Odom et al. (1976) are commonly
invoked to explain mineral distribution patterns in
many sandstone reservoirs. Odom et al. (1976) re-
ported that feldspar abundance and distribution in
a range of sandstones was controlled by the degree of
sediment abrasion (grain size), transport processes,
and depositional environment. Results presented by
Odom et al. (1976) show that feldspar tends to be
concentrated in the fraction of the sediment less than
125 mm (upper very fine sand) or, in some cases, the
coarse silt fraction. Field and Pilkey (1969) showed
that feldspar, in shelf and beach sands, is concentrated
in the fine and very fine sand fractions as a result of
intense abrasion. In agreement with results from
Odom et al. (1976), plagioclase abundance in Rav-
englass sediment significantly decreases in abundance
above a critical grain-size threshold of 125 mm.Odom
et al. (1976) hypothesized that 125 mm represents
a threshold below which feldspar tends to be less
susceptible to further size reduction by abrasion.
However, results of this study show that plagioclase

is susceptible to grain-size reduction less than
125 mm, most likely caused by extensive subglacial
comminution (Figure 11). Consequently, plagioclase
typically continues to increase in abundance with a
reduction in mean grain size between the grain-size
classes silt to upper very fine sand (62–125 mm).
Glacial comminution has previously been shown to
lead to both quartz and feldspar being concentrated
in clay and silt fractions (Stevens, 1991). In contrast,
K-feldspar appears to show little relationship with
mean grain size and displays only a minor depletion
in sediment upon the northern foreshore, where the
sediment is typically coarser than upper fine sand
(>250 mm). The depletion in K-feldspar and carbonate
in northern foreshore sediment may reflect the dom-
inant wave direction originating from the southwest.

Quartz, a rigid-framework grain, is relatively re-
sistant to sediment abrasion and grain-size reduction
in comparison to brittle-framework grains such
as feldspars, carbonate, and clay minerals. Estuarine
hydrodynamics cause the physical sorting of grains
by size and consequently have led to a relatively uni-
form, high abundance (~85%) of quartz in deposi-
tional environments composed of relatively coarse
sediment (>177–350 mm). Depositional environ-
ments with a mean grain size between 62 and 177 mm
typically show a progressive increase in quartz abun-
dance with an increase in mean grain size.

Allochthonous (derived fromoffshore) carbonate
material has likely suffered extensive abrasion caused
by repeated wave action prior to being transported
and deposited into the estuarine system. Equally,
autochthonous carbonate (from gravel beds that are
partly colonized by shell beds in the inner Esk) has
likely experienced extensive reworking and abrasion
by strong tidal currents. Consequently, carbonate
(>95%calcite)material ismost abundant in low-energy
depositional environments, in sediment that has a
mean grain size less than upper fine sand (177 mm)
(Figure 11D). In contrast, in sediment that has a grain
size greater than upper fine sand (177 mm), carbonate
material will tend to be resuspended during marine
inundation caused by tidal currents and wave action.

Chlorite, illite, and kaolinite, as expected, dominate
the clay fraction of estuarine sediment and therefore have
the greatest absolute abundance in relatively low-
energy depositional environments (mud flats and
mixed flats). However, relatively high-energy tidal
dune, tidal bar, foreshore, and tidal inlet depositional
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environments locally contain elevated chlorite con-
centrations (Figure 12B). The enrichment in chlorite
cannot be explained by an increase in clay-sizematerial
(Figure 12A) and instead probably reflects the accu-
mulation of chlorite lithics (Figure 6A).

Early Mineral Alteration and Chemical Breakdown Controls
At the fluvial–marine interface, there is a merging
of terrigenous sediment transported by low-salinity,
relatively organic- and iron-rich continental waters
with high-salinity marine conditions, which have
high aqueous sulfate concentration and a locally high
oxidation state (Boyle et al., 1974, 1977; Sholkovitz,
1978; Sholkovitz et al., 1978; Berner and Berner,
2012). Consequently, early mineral alteration is sig-
nificant in marginal marine settings and remains
a potential control on mineral distribution patterns
in the Ravenglass Estuary. Based on high-resolution
QEMSCAN (SEM-EDS imaging), Daneshvar and
Worden (2018) reported that detrital K-feldspar
grains are preferentially rimmed by neoformed il-
lite, whereas plagioclase grains may be preferentially
rimmed by neoformed kaolinite in the Ravenglass
Estuary; this was suggested to be evidence for continued
mineral alteration of the estuarine sediment. The
concept of early mineral alteration in the Ravenglass
Estuary remains possible; however, it should be
noted that intense alteration of feldspars in the
hinterland of the Ravenglass Estuary has been widely
reported (Moseley, 1978; Young et al., 1986; Quirke
et al., 2015). As a result, it is not impossible that
kaolinized plagioclase and illitizedK-feldsparsmay be
an inherited feature of the sediment and not caused
by continued weathering in the estuary.

SIGNIFICANCE: FACILITATING SANDSTONE
RESERVOIR QUALITY PREDICTION DURING
PETROLEUM EXPLORATION, APPRAISAL,
AND FIELD DEVELOPMENT AND
PRODUCTION

The economic viability of sandstone reservoirs can be
assessed by prediction of (1) porosity, which controls
petroleum in-place volumes, and (2) permeability,
which controls the rate at which petroleum can be
produced (Worden et al., 2018). Sandstone texture
(e.g., grain size, grain-size sorting, andmatrix content)

and composition are major controls on the porosity,
permeability, and wettability state of sandstone res-
ervoirs (Beard and Weyl, 1973; Scherer, 1987a, b;
Bloch, 1991; Ramm and Bjorlykke, 1994; Barclay
and Worden, 2000). This study can be used by anal-
ogy to better predict compositional and textural
variation in ancient and deeply buried estuarine
sandstones, with knowledge of how primary de-
positional texture and mineralogy may alter during
burial diagenesis.

Compositional and Textural Variation in the
Ravenglass Estuary, United Kingdom:
Implications for Reservoir Quality and
Provenance Signals in Estuarine Sandstones

The proportion of framework grain types is widely
reported to significantly impact the diagenetic evo-
lution and reservoir quality of sandstones (Morad
et al., 2010). For example, feldspar and plutonic rock
fragment dissolution may lead to the formation of
intergranular and moldic pores during eo- and meso-
diagenesis, creating secondary porosity and enhancing
reservoir quality (Morad et al., 2010).As a result, based
upon the hinterland geology, sedimentary provenance
models enable broadly accurate predictions of sand-
stone composition during hydrocarbon exploration,
field appraisal, and development (Dickinson and
Suczek, 1979; Weltje, 2006; Garzanti et al., 2009).
For example, the Dickinson model (Dickinson and
Suczek, 1979) may be used during hydrocarbon
exploration to make general predictions on sediment
composition; however, it does not lend itself easily to
other applications, such as regional studies of mul-
tisource basin fills (Weltje, 2006). In addition, pet-
rographicQFL studiesmay fail to distinguish between
glacial and nonglacial derived sediments, unlike XRD
provenance studies that reveal Esquevin indices,
which have proven to be a provenance indicator in
the Ravenglass Estuary (Figure 13). However, it is
possible that Esquevin index and illite crystallinity data
sets may not be appropriate when studying sand-
stones that may have commenced illite alteration
during burial.

Results of this study have shown that fluvial
sediments in the Rivers Irt, Mite, and Esk broadly
reflect the drainage of different bedrocks, soil types,
and drift deposits and therefore have different
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sediment compositions (Figure 7). For example, River
Esk sediment is relatively feldspathic and chlorite
enriched (Figures 14, 15). However, the proportions
of minerals in sediment in the counterpart inner-
estuarine zones (i.e., inner Esk and inner Irt) are
relatively uniform (Tables 4, 6). The dilution of
provenance signals in Ravenglass inner-estuarine
zones is most likely caused by intense mixing pro-
moted by strong tidal currents and a short estuarine
length. Consequently, reservoir quality studies of
mixed-energy turbulent estuarine sandstones may
benefit from removing provenance signals from
inner-estuarine zones and instead focus onmodeling
the redistribution of specific minerals based on
likely estuarine hydrodynamics and typical sub-
sequent diagenetic pathways.

Compositional and Textural Variation in the
Ravenglass Estuary, United Kingdom:
Implications for the Diagenetic Alteration and
Reservoir Quality of Estuarine Sandstones

Several studies, such as Morad et al. (2010) and
Worden and Morad (2003), have shown that there is
a finite number of commonprocesses thatmay lead to
the alteration of primary depositional mineralogy and
texture during burial diagenesis. In this section, re-
sults from the Ravenglass Estuary have been used to
predict the distribution of sandstone reservoir quality
in ancient and deeply buried estuarine sandstone
reservoirs in the eodiagenetic (<2000 m [<6562 ft];
<60°C–70°C) and mesodiagenetic (>2000 m [>6562
ft]; >60°C–70°C) realms (Figure 16).

Eodiagenesis: Impact on Estuarine Sandstone
Reservoir Quality

During eodiagenesis, an abundance of ductile grains
will promote mechanical compaction and pseudo-
matrix formation (Scherer, 1987a, b; Bloch, 1991;
Ramm and Bjorlykke, 1994; Worden et al., 2000;
Morad et al., 2010). As a result, relatively lowprimary
porosity values associatedwith poorly sorted and fine-
grained sediment (Beard and Weyl, 1973), such as
mud- and mixed-flat sediments, are likely to expe-
rience rapid loss of porosity and permeability during
eodiagenesis because of an abundance of ductile grains
(Figure 16A–D).

Meteoric water flushing, which can lead to the
dissolution and kaolinization of reactive silicate min-
erals (primarily feldspars) (Glasmann et al., 1989), is
particularly common in estuaries (especially at the
head of the estuary, away from marine influence)
because marginal marine systems are highly sensitive
to relative sea-level changes (Ketzer et al., 2003;
Worden and Burley, 2003;Morad et al., 2010, 2012).
Because mud flats, mixed flats, and River Esk sedi-
ments contain an abundance of feldspars and a rich
stew of reactive silicate minerals, they are likely to
contain enhanced secondary porosity; authigenic
kaolinite booklets may, however, occlude porosity
(Figure 16).

K-feldspar overgrowthsmay occlude porosity and
diminish permeability; however, they typically form
in such lowquantities that they rarely impact reservoir
quality (Morad et al., 2010). Moreover, K-feldspar
abundance is relatively evenly distributed in the
Ravenglass Estuary (Figures 9C, 14C, D).

Large volumes of early carbonate cement can
obliterate porosity and have commonly been ob-
served in foreshore and backshore sandstones, leading
to the term beachrock (Kantorowicz et al., 1987).
However, porosity may be enhanced because of the
subsequent formation of intragranular and moldic
pores through the dissolution of carbonate grains; this
ismost likely to occur in carbonate-enrichedmud flats
and mixed flats (Figure 16). Furthermore, early car-
bonate cement may increase the mechanical strength
of sediments (Morris et al., 2006) and may therefore
preserve remaining porosity during subsequent
compaction. As a result, better reservoir quality may
be found in estuarine depositional environments that
initially contained a small, but as yet undefined
(“Goldilocks” scenario), amount of carbonate material.

In the Ravenglass Estuary, biofilm-mediated de-
trital clay coats are most extensive in mud flats and
mixed flats, with only partial coatings present on sand
grains in sand flats, tidal bars, and dunes; detrital clay
coats are almost entirely absent in outer-estuarine
sediment (Wooldridge et al., 2017a, b, 2018). De-
trital clay coat development in the primary deposi-
tional environment, and via eodiagenetic processes,
(e.g., infiltration [Matlack et al., 1989]), is important
because porosity-preserving authigenic clay coats are
reported to form through the thermally driven re-
crystallization of detrital clay coats (Ehrenberg, 1993) as
well as through the in situ growth from the authigenic
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alteration of detrital precursors and eodiagenetic
phases (Hillier, 1994; Aagaard et al., 2000; Worden
and Morad, 2003; Ajdukiewicz and Larese, 2012).
The impact of detrital and authigenic clay coats is
further discussed in the subsequent section.

Mesodiagenesis: Impact on Estuarine
Sandstone Reservoir Quality

During mesodiagenesis, one of the major controls
on reservoir quality is the transition from quartz being
relatively inert and relatively unreactive to becoming
more soluble as a result of increased effective stress
and burial temperatures in excess of 80°C–100°C
(Worden and Burley, 2003; Worden et al., 2018).

Quartz cementation is likely to be most extensive
in mud flats and mixed flats that host an abundance of
micas and illite, which promote quartz cementation and
pressuredissolutionatgraincontacts (Oelkers et al., 1996;
Meyer et al., 2006;Trewin andFallick, 2009), aswell as
quartz-rich depositional environments (Walderhaug,
1994a, b), such as outer-estuarine sediments.

In contrast, chlorite and mixed illite/chlorite clay
coats may preserve porosity through the inhibition of
quartz cementation (Ehrenberg, 1993; Dowey et al.,
2012; Stricker et al., 2016; Stricker and Jones, 2018).
Therefore, the reservoir quality of the Ravenglass
Estuary, if it was to be buried to temperatures ex-
ceeding 80°C–100°C, would largely depend on
whether detrital clay coats (Wooldridge et al., 2017a, b,
2018) formed chlorite clay coats and enhanced
reservoir quality or formed illite clay coats and pro-
moted quartz cementation and pressure dissolution.
Chlorite clay coats are most likely to form in inner-
estuarine tidal bars and dunes because of an enrich-
ment of detrital chlorite (Figure 12C) and sufficient
clay content to form clay coats, reported to be as little
as 1%–2% of the rock volume by Bloch et al. (2002).

In the Ravenglass Estuary, plagioclase is most
abundant in fluvial and mud- and mixed-flat sedi-
ments (Figures 11C, 14E). As a result, by analogy,
plagioclase albitization, which may provide small
amounts of carbonate and clay mineral cements
(Morad et al., 2010), is likely to be most extensive
in fluvial and tidal flat sandstones. In contrast,
K-feldspar is relatively evenly distributed throughout
the Ravenglass Estuary, and therefore, any diagenetic
processes requiring K-feldspar are not likely to be
facies dependent.

Enhanced secondary porosity caused by the dis-
solution of detrital carbonate grains and eodiagenetic
calcite cement is likely to be most significant in
carbonate-rich depositional environments (i.e., tidal
flats; Figure 11D).

Compositional Variation in the Ravenglass
Estuary, United Kingdom: Implications for
Reservoir Wettability

Wettability is defined as the tendency of a fluid, in
the presence of another (immiscible) fluid, to spread
along a solid surface (Crocker and Marchin, 1988).
Whether a reservoir rock is primarily water wet
(water bound to the surface of grains) or oil wet (oil
bound to the surface of grains) may have significant
implication for economic viability (e.g., petroleum
in-place and diagenetic processes, such as the extent
of quartz cementation [Barclay andWorden, 2000]).
Controls on wettability in sandstone reservoirs in-
clude petroleum composition, reservoir mineral-
ogy, pressure, and temperature (Barclay andWorden,
2000). As a result, compositional variations in the
Ravenglass Estuary may be used, by analogy, to fa-
cilitate the prediction of the spatial distribution and
type of wettability states in estuarine sandstones. The
spatial distribution of oil-wet mineral abundance,
calculated as the sum total of calcite, dolomite, ka-
olinite, hematite, and Fe-rich chlorite abundance
(after Barclay and Worden, 2000), are presented in
Tables 1 and 2 and Figures 15G, H and 16. Results
show that the mud flats and mixed flats contain
the highest abundance of oil-wet minerals in the pri-
mary depositional environment. We acknowledge that
wettability state may alter during burial diagenesis
(e.g., extensive quartz cementation and the illitiza-
tion of kaolinite and dioctahedral smectite may lead
to sandstones becoming more water wet with time).

CONCLUSIONS

This study has revealed the dominant controls on
compositional variation in modern estuarine sands.
Key findings of this researchmay be used, by analogy,
to better predict the distribution of primary de-
positional minerals and burial diagenetic pathways
in sandstone reservoirs. The main conclusions are
summarized below.
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1. The Ravenglass Estuary is composed of arkosic to
subarkosic sediments, which reflects the drainage
of themajor underlying lithologies, namelyEskdale
Intrusions, Borrowdale Volcanic Group, and
Sherwood Sandstone Group.

2. The clay mineral assemblage of the Ravenglass
Estuary is dominated by Fe–Mg-rich and well-
crystalline illite, derived primarily from the gla-
cial till. Chlorite lithics are relatively abundant in
coarser-grained sediment, likely derived from py-
roxene pseudomorphs in the Borrowdale Volcanic
Group and chloritizedmafic silicates in the Eskdale
Intrusions.

3. Quartz abundance typically increases with in-
creasing grain size up to a critical grain-size
threshold of upper fine sand (177 mm); sediment
coarser than 177 mm has relatively high and uni-
form quartz abundance. Plagioclase and carbonate
abundance typically decrease with increasing grain
size, with a critical grain-size threshold of lower
fine sand (125 mm); sediment that is coarser than
125 mm typically has a relatively low abundance of
plagioclase and carbonate. The K-feldspar abun-
dance is generally uniformly distributed, with a
slight depletion in sediment with a grain size
coarser than lower medium sand (350 mm). Clay-
size fraction and kaolinite abundance decreasewith
increasing grain size, with a critical grain-size
threshold of upper fine sand (177 mm). In sedi-
ment that is coarser than lower very fine sand
(88 mm), there is a sharp decrease in chlorite and
illite abundance. It is noteworthy that high chlorite
concentrations, present as lithic fragments, may
also occur in some foreshore, tidal inlet, tidal dune,
and tidal bar sediments.

4. Mineral distribution patterns in the Ravenglass
Estuary are primarily controlled by the grain size
of specific minerals and estuarine hydrodynamics.
The grain sizes of specific minerals are controlled
by the mineral’s strength and history of abrasion
(e.g., glacial comminution). Provenance signals pres-
ent in fluvial sediments (e.g., chlorite- and feldspar-
rich River Esk sediments) are lost by intense
estuarine mixing once sediment has been trans-
ported past the fluvial–marine interface.

5. This study has shown that the distribution of pri-
mary depositional mineralogy (in terms of QFL-C)
may be predicted as a function of depositional
environment and mean grain size. As a result, with

knowledge of burial diagenetic pathways, this study
may be used, by analogy, to facilitate the spatial
prediction of sandstone composition and reser-
voir quality in similar estuarine sandstones.
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