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Abstract

The Wessex Basin has been the focus of extensive studies on vertebrate palaeontology and is globally famous for dinosaur
remains. Nevertheless, detailed mineralogical and petrographic studies have however been recently focused on the adjacent
Weald Basin. An integrated approach comprising optical microscopy, scanning electron microscopy, energy dispersive
spectrometry and Quantitative Evaluation of Minerals by Scanning Electron Microscopy were used to study the sandstones,
mudstones and ironstones within the basin. Feldspathic and quartz wackes, subarkose and quartz arenites are the sandstone
types identified. The results revealed a high quartz content with little feldspar concentration that is largely of K-feldspars
and Na-rich plagioclase. Heavy minerals include rutile, tourmaline, zircon, apatite, ilmenite, olivine, amphibole, pyroxene,
magnetite, monazite, epidote, and garnet. Compositionally, the sandstones are sub-mature to super-mature while they range
from immature to submature texturally. The presence of apatite within the sandstones indicates that the sediments have not
been affected by any significant post-depositional diagenetic modifications at the site of deposition. The significant concen-
trations of heavy mineral suite of garnet and rutile indicate metamorphic origin for the sediments within the Wessex Basin
with a possibility of mixture of metamorphic and igneous materials at the source areas. The high monocrystalline quartz
content, with subordinate K-feldspars and heavy mineral concentration indicates that they have been recycled from older
sedimentary materials within the source massifs. The textural maturity of the sandstones reflects moist and warm climatic
conditions that favoured a high degree of weathering and transport processes that have removed most of the unstable grains.
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1 Introduction rock fragments and heavy minerals do occur as secondary

minerals although some sandstones may contain glauco-

The mineralogical composition of clastic sedimentary rocks
is routinely used to infer their tectonic settings, provenance,
palaeoclimatic and weathering conditions, transport system,
post-depositional and/or diagenetic transformation (e.g.
Akinlotan et al., 2021a; Akinlotan, 2015, 2017a, 2017b;
Dickinson, 1985; Dickinson & Suczek, 1979; Jenchen,
2018; Mohammedyasin & Wudie, 2019). Quartz and feld-
spar are the major constituents of sedimentary rocks while
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nite, iron, etc. (e.g. Dickinson, 1985; Dickinson & Suczek,
1979). The amount of quartz in a sedimentary facies can
be very useful for understanding provenance, climate pat-
tern, transport system, and tectonic settings in the source
areas (e.g. Dickinson, 1985; Dickinson & Suczek, 1979).
Quartz arenites are considered matured if they are rich in
quartz (more than 95% of grain framework) and devoid of
feldspars (Dickinson, 1985; Folk, 1980). As result of their
high composition of quartz grains, quartz arenites can indi-
cate tectonic settings at the source areas, help to distinguish
between igneous and metamorphic provenances, describe
intensive weathering pattern, indicate tropical climates,
reveal long sediment transport or sediment recycling (Basu,
1985; Dickinson, 1985; Dickinson & Suczek, 1979). On the
other hand, the concentration of feldspar in sandstones can
reveal palaeoclimatic and palaeoweathering conditions at
the source areas (Basu, 1985; Dickinson, 1985; Dickinson
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& Suczek, 1979). Since the breakdown of feldspar leads to
the formation of kaolinite, the presence or absence of feld-
spar can be useful for understanding clay mineral formation
(Akinlotan et al., 2022; De Segonzac, 1970; Eberl, 1984).
The Wessex Basin in central-southern England (Fig. 1)
is one of the Lower Cretaceous basins in southern England
with fluvial, lacustrine and lagoonal facies (Akinlotan, 2016,
2018, 2019; Allen, 1975, 1981; Stewart, 1978). The basin
has been the focus of extensive studies on vertebrate palae-
ontology particularly dinosaurs for which the basin is glob-
ally famous (e.g. Radley et al., 1998a; Sweetman, 2006).
Major dinosaur fossils have been described (e.g. Insole &
Hutt, 1994; Pereda-Suberbiola, 1993; Radley et al., 1998a).
It is worth mentioning that Allen’s extensive mineralogical
work (e.g. Allen & Krumbein, 1962; Allen & Wimbledon,
1991; Allen, 1948, 1959, 1967, 1972a, 1972b, 1975, 1981,
1989, 1991; Allen et al., 1973) have been crucial in under-
standing Wealden palaeogeography in the Wessex Basin
and the adjacent Weald basin. In addition to these studies,
there have been various sedimentological studies on the
Wessex Basin (e.g. Daley & Stewart, 1979; Osborne White,
1921; Penn et al., 2020; Radley & Barker, 1998b; Stewart,
1981b). While diagenetic evolution of the Wessex Basin
sandstones has been described recently (Akinlotan & Hat-
ter, 2022), detailed mineralogical and petrographic studies
have, however, been recently focused on the adjacent Weald
Basin (e.g. Akinlotan et al., 2021a, 2022; Akinlotan, 2017b,
2018; Kemp et al., 2012). The aim of this study is to use the
mineralogical compositions of the facies to understand their
depositional and paleoenvironmental conditions by examin-
ing their tectonic settings, provenance, weathering condi-
tions, transport system, post-depositional and/or diagenetic
transformation. This current study presents comprehensive
petrographic and mineralogical datasets for the Wessex
Basin to validate previous interpretations made from sedi-
mentology and palaeontology datasets. This is the only study
as far as we know that have used an integrated approach
(optical microscopy, scanning electron microscopy, energy

dispersive spectrometry and Quantitative Evaluation of Min-
erals by Scanning Electron Microscopy) in a single study
to conduct mineralogical and petrographic descriptions of
the sediments within the Wessex Basin. The results of this
study would be very useful to support interpretations from
field and fossil proxies within the Wessex Basin and other
basins elsewhere.

2 Geological settings

The Wessex Basin (Fig. 1) has been described in detail
(e.g. Akinlotan & Rogers, 2021; Daley & Stewart, 1979;
Stewart, 1978; Stewart et al., 1991) and briefly summa-
rised here. The non-marine lowermost Cretaceous sedi-
ments exposed in coastal areas of Dorset (Fig. 1) and Isle
of Wight (Fig. 1) and generally equate to the Wessex Basin
and range from the Berriasian to earliest Aptian (Stewart,
1978). The basin developed as one of the rifted basins asso-
ciated with the Permo-Triassic rifting episodes in southern
England (Lake & Karner, 1987; Stoneley, 1982). The basin
is normally divided into two formations (Fig. 2): Wessex
and Vectis which were previously known as Wealden Marls
and Wealden Shales respectively (Stewart, 1978). All these
sediments within the basin were sourced from adjacent mas-
sifs: mainly Cornubia and Armorica (Allen, 1975, 1981)
and were deposited in non-marine environments including
fluvial and lagoonal settings (Stewart, 1981a, 1981b, 1983).

In terms of facies and lithology, the Wessex Formation
is made up of multi-coloured mudstones, sandstones and
some sideritic ironstones and these are exposed in coastal
sections at Swanage Bay and Mupe Bay (Fig. 1), Punfield
Cove and Bacon Hole (Hopson et al., 2008). The Vectis For-
mation has varied lithology consisting of dark grey siltstones
and mudstones with minor sandstone, shelly limestone, clay
ironstone and sideritic ironstone. The formation has key out-
crops at Brighstone Bay, Sandown Bay and Compton Bay
in the Isle of Wight (Fig. 1). Three members based on three

Fig.1 The Wealden outcrops
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Fig.2 The Lower Cretaceous stratigraphy at Isle of Wight after Rad-
ley and Allen (2012b)

distinct facies from the Vectis Formation has been described
(Daley & Stewart, 1979; Stewart, 1981a): the Cowleaze
Chine Member, the Barnes High Member and the Shep-
herd’s Chine Member (Fig. 2). The Cowleaze Chine Mem-
ber (oldest) consists of bioturbated dark grey mudstones and
pale grey silt/fine-grained sandstone. The Barnes High Sand-
stone Member is a medium-grained yellow to grey sandstone
with poorly preserved sedimentary structures. The Shep-
herd's Chine Member (youngest) consists of light to dark
grey fine-grained sandstones, siltstones and mudstones with
bioturbated and fossiliferous grey mudstones (Fig. 2).

3 Methodology
3.1 Field studies

Field studies were carried out in five type sections of the
Wealden facies within the Wessex Basin in Dorset and Isle
of Wight (Fig. 1) and a total number of seventy-four sam-
ples were collected (Fig. 3). A summary of lithological and
sedimentological details is briefly described (Fig. 4). The
section at Swanage exposes about 350 m of varicoloured
mudstones, fine to coarse-grained sandstones, ironstones
and lignitic plant debris beds. The sandstone bodies display
through cross-bedding, syn-sedimentary deformation, lateral
accretion surfaces (Radley & Allen, 2012b). The sampled
section comprises mainly mudstone and sandstone from the
Wessex Formation (Fig. 4). The mudstone is varicoloured

while the sandstone is fine to coarse-grained. The sandstone
displays trough cross-bedding. The Worbarrow Bay exposes
about 418 m thick of Wessex Formation: varicoloured mud-
stones, coarse sandstones, ironstones and occasional plant
debris beds. The sandstones exhibit cross-beddings and are
medium-grained sandstones (Radley & Allen, 2012b; Stew-
art, 1978). The sampled section consists of multiple facies
within the Wessex Formation. These are varicoloured mud-
stones, coarse sandstones, ironstones and shales. The sand-
stone bodies are cross-bedded, have fining-upward units,
with flat-bedded lower portions (Fig. 4). At Crompton Bay,
the Wessex Formation is about 125-150 m thick and rep-
resented by oxidized, varicoloured and predominantly red
mudstones with rootlet traces (Radley & Allen, 2012b). The
Vectis Formation is about 21 m thick and are represented by
grey, shelly, shaly mudstones (some fossiliferous), biotur-
bated silty mudstones and thin sandstones. The sandstones
display cross-bedding, wavy flaser bedding, mega ripples,
large-scale trough and planar cross-beds and mudclasts
(Radley & Allen, 2012b). At Crompton Bay section, both
the Wessex and Vectis formation are exposed and sampled
(Fig. 4). The Wessex Formation is represented by varicol-
oured and red mudstones. The Vectis Formation consist of
shaly mudstones, thin sandstones, shales and ironstone. The
sandstone displays wavy flaser bedding, large-scale trough
and planar cross-beds. At Brighstone, the Wessex Forma-
tion is about 180 m thick while Vectis Formation is about
55 m thick. The Wessex Formation exposes varicoloured
mudstones and layers of reworked ironstone nodules. The
Vectis Formation is represented by grey mudstones (Radley
& Allen, 2012b). The sampled section at Brighstone repre-
sents varicoloured mudstones with rootlet traces within the
Vectis Formation (Fig. 4). The Yaverland section exposes
both the Wessex Formation (50 m thick) and Vectis For-
mation (45 m thick). The section consists of shaly, blocky
grey, grey-coloured mudstones, interbedded mudstones, and
cross-laminated, lenticular and bioturbated fine sandstones
with flaser-beddings and clay-ironstones (Radley & Allen,
2012b). The sampled section consists of mainly mudstones
and minor shale and sandstone from the Vectis Forma-
tion. The mudstone is blocky and grey-coloured while the
sandstone is coarse-grained with cross- and flaser beddings
(Fig. 4).

3.2 Laboratory analyses

A total number of seventy-four (74) representative sur-
face samples which were collected from the field locations
were all subjected to Quantitative Evaluation of Minerals
by Scanning Electron Microscopy (QEMSCAN®) analysis.
QEMSCAN® technique was used to determine the bulk min-
eralogy of the sandstones using a QUANTA 650F machine
based on the technique previously described (Akinlotan &
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Fig.3 The stratigraphy and lithology of the samples used for this study (Wessex Formation). QEMSCAN®: Quantitative Evaluation of Minerals
by Scanning Electron Microscopy; SEM: Scanning Electron Microscopy; EDS: Energy Dispersive Spectrometry

Rogers, 2021; Akinlotan et al., 2021b; Knappett et al., 2011;
Zhang et al., 2015). For QEMSCAN® technique, samples
were either prepared into thin section or made into pol-
ished resin blocks using a maximum sample surface area of
7.29cm? and 5.4cm?, respectively.

Out of the seventy-four field samples, ten (10) representa-
tive samples (4 sandstones, 3 ironstones and 3 mudstones)
that can show petrographic features were selected for optical
petrographic analyses (Fig. 3). Petrographic studies involved
mineral identification, point counting of framework grains
and accessory minerals, as well as matrix and cement esti-
mation, which allowed for sandstone classification. The clas-
sification scheme of Pettijohn et al. (1987) was used. The
optical microscopy techniques used in the study such as min-
eral identification, grain size, grain counting, sorting, etc.
were based on previously described techniques (e.g. Akinlo-
tan et al., 2021a; Akinlotan, 2017b; Jenchen, 2018; Moham-
medyasin & Wudie, 2019). A Zeiss AX10 transmitted light
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microscope was used to acquire petrographic images which
were used to support petrographic descriptions.

The same samples used for petrographic analyses were
also subjected to scanning electron microscopy (SEM) from
which selected minerals were subjected to energy dispersive
spectrometry (EDS) analyses. A QUANTA 650F machine was
used for SEM analysis with a BSE detector and a secondary
electron detector. Bruker EDS detectors were used to acquire
EDS data and analysed using Bruker's ESpirit software. Iden-
tification of minerals in thin sections and SEM/EDS was
aided using relevant sources (e.g. Adams et al., 1984; Fang
et al., 2017; Kim et al., 2004; Romero-Guerrero et al., 2018;
Ulmer-Scholle et al., 2014). The technique used in this study is
based on previously described technique (e.g. Akinlotan et al.,
2021a; Nie & Peng, 2014; Pirrie et al., 2009). All the analyses
described above were carried out at CGG Robertson, North
Wales, United Kingdom.
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Table 1 Modal composition in percentages of the selected samples from the Wessex Basin based on optical microscopy

Mineral | Description SW- WB- WB- CPB- | CPB- Boss
3 12 15B 1-2 2-10 Epbi

Quartz Monocrystalline | 81.0 57.5 67.0 10.0 63.0 70 52 94
Polycrystalline 3.0 1.0 1.0 - 3.0 - - 2
Feldspar K-feldspar 8.0 1.0 2.5 1.0 35 - 2 2
Plagioclase 0.5 - - - 2.0 - - -
Lithic Sedimentary 2.0 1.0 - - 1 - -
fragment Igneous . 3.0 - 0.5 - 2.5 - - -
Metamorphic - - - - - - - -
Rutile - - - - - - - -
Garnet 0.5 - - 0.1 1 1 -
Heavy Tourmaline 0.5 - 1.0 0.5 0.2 1 - -
mineral Zircon - - - - 0.2 1 - -
Apatite - - - - 0.2 2 - -
IImenite - - - - 0.3 2 - -
Matrix 1.5 12.0 17.0 40.0 20.0 2 45 -
Cement Siderite - 27.5 11.0 15.0 5.0 20 - 2
Calcite - - - 335 - - - -

| Sandstone | | Ironstone _ Mudstone T

CPB-2 (1) is not included because it is composed of >90% of matrix and cement. The colour represents the lithology of the samples

4 Results
4.1 Optical microscopy

Optical microscopy of rock samples from the Wessex For-
mation reveals generally muddy to sandy rocks (Figs. 6, 7;
Table 1). The sands are moderately sorted. Minerals identi-
fied in the samples include quartz, feldspar (K-feldspar and
plagioclase), garnet, tourmaline, ilmenite, and apatite and
zircon (Figs. 6a, b, 7a—d, Table 1). The framework compo-
sition is mainly grain-supported. The shape of the grains is
generally angular. Compaction is demonstrated by a loose
packing dominated by non-grain contacts (long, floating
and tangential) although with minor concave—convex con-
tacts are observed in samples from Compton Bay (Fig. 6).
The quartz grains are predominantly monocrystalline, with
minor occurrences of polycrystalline quartz (Fig. 5). Feld-
spar content has more K-feldspar than plagioclase (Fig. 5).
Lithic fragments of volcanic and metasedimentary origin
are also evident (Figs. 5a, b; e—f, 6). Cementation is mostly
by formation of an iron-rich mineral, siderite (Fig. Sc—e;
Table 1), which coats the grains. In some cases, inter-
granular pore spaces within the grain framework have been
replaced by siderite cement. However, sample WB-16 has
more calcite cement than iron-rich cement (Fig. 5f, g;
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Table 1). Within the Vectis Formation, samples CPB-2-10
and BB-2 are mudstones (Figs. 6¢c, d and 7a, b), while
samples CPB-2-12 and YA-8 are sandstones (Figs. 6¢c—f,
7c, d). The sandstones have moderate sorting like the sand-
stones in the Wessex Formation. Grain shape ranges from
angular to sub-rounded (Figs. 6¢c—f, 7c, d). Compaction is
demonstrated by moderate packing with most grains in a
mix of point, long and tangential contact, with rare grains
displaying concave-convex or non-grain contact. Sider-
ite concretions (ooids) are observed in sample CPB-2-12

(Fig. 6e, f).
4.2 SEM/EDS

Examination of SEM/EDS images of samples from the
Wessex Basin reveals the presence of framework (quartz)
and accessory minerals such as rutile, apatite, and ilmenite
(Fig. 8a, c, e, g, h, j). Quartz is recognized by spikes in Si
and O on the EDS spectra (Fig. 9). Rutile is detected in
one of the samples at Worbarrow Bay (Fig. 8c), with higher
concentrations of Ti and O, compared to other elements
(Fig. 9c). A concentration of apatite crystals is observed
in a sample from the older section of the Compton Bay
(Fig. 8f). Its EDS spectra shows spikes in Ca, P, and O
(Fig. 9f). Ilmenite is detected in the sample from Brighstone
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Fig.5 Thin section photos

of selected samples from the
Wessex Formation under
plane-polarised light (PPL) and
cross-polarised light (XPL).
Monocrystalline quartz (Qm),
polycrystalline quartz (Qp),
K-feldspar (Kf), plagioclase
(P), lithic fragment (Lf), garnet
(G), tourmaline (Tml), calcite
(C) and siderite (Sid). Samples'
locations: Swanage (SW) and
Worbarrow (WB)

. 4

z

WB-16 (PPL)

".‘{
Sid "'1

WB-15B (XPL)

WB-16 (XPL)

@ Springer



0. 0. Akinlotan et al.

Fig.6 Thin section photos

of selected samples from the
Compton Bay section (across
the boundary between the
Wessex and Vectis forma-
tions) under plane-polarised
light (PPL) and cross-polarised
light (XPL). Monocrystalline
quartz (Qm), K-feldspar (Kf),
plagioclase (P), apatite (A),
ilmenite (I), garnet (G), tour-
maline (Tml), zircon (Z) and
ooids (Oo). Samples' locations:
Compton Bay, older section
(CPB-1) and Compton Bay,
younger section (CPB-2)

x

> FWy

CPB2-12 (PPL)

Bay (Fig. 8i). Its chemical composition, which is made up
of Fe, Ti and O, is reflected in its EDS spectra (Fig. 9i),
as these elements have the highest concentrations. Siderite
and ferroan calcite are also identified (Fig. 8b, d, and h).
The EDS spectra of siderite shows Fe, C and O, having the
highest concentrations (Fig. 9b), while ferroan calcite, has
Fe, Ca, and O as the elements with the highest concentra-
tions (Fig. 9d).
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4.3 QEMSCAN°®

The mineralogical compositions based on QEMSCAN®
analyses show an array of minerals from framework miner-
als such as quartz, K-feldspar and plagioclase, clay miner-
als and micas, and cement minerals (Table 2). Examination
of the QEMSCAN® datasets reveal quartz as the dominant
mineral in all the samples (Table 2) except WB-16, which
is dominated by calcite. Feldspars are also present in rela-
tively considerable quantities in the samples SW-3, CPB-
1-2, CPB-2-12 and BB-2. The framework minerals (quartz
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Fig.7 Thin section photos

of selected sandstone (YA-8)
and mudstone (BB-2) from

the Vectis Formation under
plane- polarised light (PPL) and
cross-polarised light (XPL).
Monocrystalline quartz (Qm),
K-feldspar (Kf), muscovite (M),
lithic fragment (Lf), ilmenite
(D), and garnet (G). Samples'
locations: Brighstone (BB) and
Yaverland (YA)

; . -&i“:;i' ~\
BB-2 (XPL)

YA-8 (PPL)

YA-8 (XPL)

and feldspar) constitute about ca. 14 to 98% of the bulk
mineralogy (Table 2 and Appendix 1). Total clay miner-
als (kaolinite, illite, chlorite, smectite and glauconite) and
mica (biotite and muscovite) range from ca. 0.8 to 44% while
the proportion of cement ranges from ca. 0.2 to 76% and is
dominated by siderite and calcite (Table 2 and Appendix 1).
Rutile and apatite are the most predominant heavy miner-
als in the Wessex Formation. Other significantly enriched
heavy minerals in decreasing order are tourmaline, ilmenite,
garnet olivine, zircon, pyroxene and epidote. Apatite is the
dominant heavy mineral within the Vectis Formation while
rutile, tourmaline, ilmenite, and olivine are other important
heavy minerals (Table 2 and Appendix 1).

It is important to mention that there are some differences
in the data reported in the current study (e.g. high apatite
concentration) compared to previous data (e.g. Allen, 1948)
and possible explanations are provided here. Previous stud-
ies (e.g. Allen, 1948, 1972b) did not use QEMSCAN®
method but used conventional petrographic method, whereas
current study used a combination of conventional petro-
graphic and QEMSCAN® methods. In addition to this, dif-
ferent samples have been analysed due to different study
locations for the previous and current studies. For example,
Allen (1948) sampled Ashdown Pebble Bed and the Top

Ashdown Sandstone within the Ashdown Formation in the
Weald Basin while current study sampled locations in the
adjacent Wessex Basin for current investigation. Despite
the differences in datasets, the interpretations made from
the current study align with interpretations from previous
studies.

5 Interpretation
5.1 Rock classification

Mineralogy based on optical microscopy (Figs. 7, 8, 9)
shows that the selected samples from the Wessex Basin
are mainly sandstones, mudstones and ironstones (Tables 1
and 2). The sandstones can be divided into two petrofacies
based on their mineralogy (Pettijohn et al., 1987). The first
petrofacies are the wackes WB-15B and CPB-1-2 (Fig. 10).
Sample WB-15B is a quartz wacke (Fig. 10). This sandstone
has a clay mineral + mica content that is > 15% of the bulk
mineralogy. Cement content (ca. 9-12%) is mainly sider-
ite (Fig. 8h). Framework mineral is dominated by quartz,
which makes up ca. 65% of the bulk mineralogy (> 80%
of the framework grains). Feldspar in the sample WB-15B
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Fig.8 SEM images of selected
samples from the Wessex Basin.
Quartz (Q), rutile (R), apatite
(A), ilmenite (I), ferroan calcite
(Cf) and siderite (Sid). Samples'
locations: Swanage (SW),
Worbarrow (WB), Compton
Bay, older section (CPB-1) and
Compton Bay, younger section
(CPB-2), Brighstone (BB) and
Yaverland (YA)
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constitutes < 1% of the bulk mineralogy and is made up of
mostly Na-rich plagioclase, as well some amount of inter-
mediate member, andesine. Accessory minerals include
rutile (0.06%), zircon (0.03%), ilmenite (0.13%), tourma-
line (0.24%), apatite (0.003%), olivine (0.001%), pyrox-
ene (0.001%), monazite (0.001%), and chromite (0.001%)
(Appendix 1). Sample CPB-1-2 is a feldspathic wacke
(Fig. 10). It has a clay mineral + mica content of ca. 15%
while over 90% of the cement is siderite (Tables 1 and 2).
Quartz dominates the framework components, constituting
over 80% of the framework grains. Feldspar assemblage
includes K-feldspars (ca. 2.5% of bulk mineralogy) and
plagioclase members, albite (ca. 1.47%), oligoclase (ca.
0.07%, andesine (ca. 0.01%) and bytownite (ca. 0.01%).
Heavy minerals include rutile (0.07%), zircon (0.02%),
ilmenite (0.05%), tourmaline (0.03%), apatite (0.02%), oli-
vine (0.01%), garnet (0.001%), pyroxene (0.002%), monazite
(0.002%), and magnetite (0.001%) (Appendix 1).

The second petrofacies refers to the quartz-rich sand-
stones (SW-3, WB-12, CPB-2-12, and YA-8) (Figs, 7, 8, 9,
10) and may be further divided into two sub-petrofacies. The
first sub-petrofacies (SW-3) is a subarkosic arenite (Fig. 10)
containing ca. 90% quartz and > 5% feldspar. Cement forma-
tion is minimal (<2%), with clay mineral + mica content
of <3% (Tables 1 and 2). Feldspar assemblage is dominated
by K-feldspar (>90% of feldspar content). Heavy mineral
assemblage comprises of olivine (0.1%), rutile (0.02%),
apatite (0.02%), ilmenite (0.01%), tourmaline (0.01%),
zircon (0.005%), pyroxene (0.005%), garnet (0.003%),
epidote (0-0.002%), and monazite (0.0008%) (Appendix
1). The sub- petrofacies 2 are the quartz arenites (YA-8,
WB-12 and CPB-2-12, Figs. 8 and 9). The sample YA-8
contains >95% quartz. Cement formation is minimal (< 1%),
with clay mineral 4+ mica content of ca. 1-3% (Table 1 and
2). Feldspar content is dominated by K-feldspar (> 90% of
feldspar content). Heavy mineral assemblage comprises of
olivine (0.12%), rutile (0.03%), apatite (0.12%), ilmenite
(0.04%), tourmaline (0.02%), and zircon (0.004%) (Appen-
dix 1). Samples WB-12 and CPB-2-12 are iron-rich quartz
arenites (Fig. 10). Though their mineral compositions are
dominated by quartz (>95% of the framework elements
and ca. 68 and 61% of the bulk mineralogy, respectively),
they contain siderite as cement, which makes up over
15% of their bulk mineralogy: ca. 23% and 37%, respec-
tively (Tables 1 and 2). Combined clay mineral and mica
content is < 10% of their bulk mineralogy (ca. 8 and 0.8%,
respectively). Feldspar is < 1% and is comprised largely of
K-feldspars (Tables 1 and 2). Heavy mineral assemblage
includes ilmenite (0.07-0.08%), olivine (0.01%), and zircon
(0.01%), tourmaline (0.01-0.10%), apatite (0.003-0.01%),
rutile (0.002-0.01%), magnetite (0.001-0.002%), and titan-
ite (0-0.001%) (Appendix 1).

5.2 Textural and compositional maturity

Using the textural maturity classification of Nichols (2009),
sandstone samples with > 15% matrix/clay + mica con-
tent classify as immature, while those with < 5% matrix/
clay + mica content are submature to supermature. This
classification identifies the wackes (WB-15B and CPB-1-2,
Figs. 5 and 6) as texturally immature, the arenites (SW-3 and
WB-12, Fig. 5) and (CPB-2-12 and YA-8, Figs. 6 and 7) as
texturally submature. The samples from the Wessex Forma-
tion (SW-3 and WB-12) are less sorted compared to those
from the Vectis Formation (CPB-2-12 and YA-8, Figs. 5 and
7). Maturity indices such as the total quartz to feldspar ratio,
monocrystalline to polycrystalline ratio and/or total quartz
to feldspar + lithic fragment ratio can be used to describe
the compositional maturity of sandstones (Pettijohn, 1975).
This means that the Wessex Basin sandstones yield maturity
indices that are > 80%, meaning that they are composition-
ally sub-mature to super-mature.

5.3 Diagenetic modification

The prevalence of floating framework grains and point con-
tacts within the sandstones (Figs. 5 and 7) indicates that
there is a limited diagenetic modification to these sand-
stones. This is also supported by compaction, which is
dominated by long, floating and tangential contacts within
the grains. It has been documented that Wealden rocks have
experienced shallow burial depth of 2 km or less below sea
level (Allen, 1975, 1981) with a geothermal gradient that
is insufficient to generate adequate heat to cause significant
diagenetic alteration (Rollin, 1995; Westaway et al., 2002).
In the current study, the formation of carbonate cement in
the basin (Fig. 5) also confirms shallow burial depth that
aids early-stage diagenesis. Similarly, early diagenetic sider-
ite also occurs as pervasive cement, as well as ooids within
the Wessex Basin (Figs. 6e—f, 8). All these lines of evidence
confirm that the studied rocks from Wessex Basin have not
experienced any significant post-depositional and/or diage-
netic alteration and diagenesis is at most limited to the early
diagenetic (eodiagenetic) stage.

5.4 Sediments’ provenance

The provenance of the sediments in the Wessex Basin sedi-
ments is well documented (Allen, 1991). Two prominent
sources are generally accepted (Fig. 11): the Cornubian
massif in the west as the primary source while Armorica
in the southwest is secondary (Allen, 1991, 1998). Other
possible sources are the Welsh highlands and London mas-
sif (Fig. 11) but evidence for these is not strong (Allen,
1975, 1998). Cornubian massif contained Palaeozoic plu-
tonic granitic rocks, low-grade, regionally metamorphosed
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«Fig. 9 EDS spectra of selected minerals in the samples from the Wes-
sex Basin. Quartz (Q), rutile (R), apatite (A), ilmenite (I), ferroan
calcite (Cf), and siderite (Sid). Samples’ locations: Swanage (SW),
Worbarrow (WB), Compton Bay, older section (CPB-1) and Compton
Bay, younger section (CPB-2), Brighstone (BB) and Yaverland (YA)

Devonian-Carboniferous volcanics and sediments (Allen,
1972b, 1991; Darbyshire & Shepherd, 1994). The major rock
groups within the Cornubian massif are granites, shales,
sandstones, cherts limestones, volcanics, (Hall, 1990). The
granites have significant amount of quartz, plagioclase,
and K-feldspar, biotite and muscovite and the massif was
a major source of tourmaline-rich materials (Allen, 1972b,
1991). On the other hand, the Armorican massif consist Pre-
cambrian core of staurolite-kyanite-garnet schists, granites,
Permo-Triassic New Red Sandstone and minor Mesozoic
rocks that supplied Jurassic volcanogenic fragments (Allen,
1991, 1998). The massif supplied high-grade metamorphic
materials and are rich in garnet and apatite (Allen, 1991,
1998). Heavy mineral suites confirm the overwhelming
predominance of Cornubian materials over Armorican
and other sources within the section at Swanage (Allen,
1972a, 1972b) while the presence of coarse quartz grit at
Worbarrow Bay indicates sourcing as a result of uplift of
Cornubia (Allen, 1989). At Compton Bay and Brighstone,
detrital petrography of the sand fraction indicates sourcing
from eastern Cornubia that exposed mainly Permian—Tri-
assic red beds with fringing Jurassic sediments as granite
was not exposed (Allen, 1998). On the other hand, Late
Precambrian pebble at Yaverland indicates primary deriva-
tion from the Armorican massif and secondary recycling
via Permian-Triassic pebble beds, probably on the eastern
flanks of the Cornubian massif (Allen, 1975). In the cur-
rent study, the dominance of monocrystalline quartz grains
within the sandstones (Figs. 7, 8, 9) and the observed lithic
fragments indicate a plutonic or high-grade metamorphic
source (Basu, 1985). However, the significant concentrations
of heavy mineral suite of garnet and rutile (Figs. 6 and 7)
indicate metamorphic origin for the sediments within the
Wessex Basin (Fossum et al., 2019). This raises the pos-
sibility of mixture of metamorphic and igneous materials at
the source areas although the current datasets are not suf-
ficient to decide whether metamorphic sources are primary
or secondary. However, Akinlotan and Rogers (2021) have
used detailed analyses of heavy mineral assemblages: high
Garnet: Zircon index (GZi) values (garnet*100/garnet + zir-
con), the presence of epidote and a garnet assemblage that
is dominated by almandine and grossular to imply that the
sediments from the Wessex Basin were mainly derived from
metamorphic sources with the possibility of minor contribu-
tions from igneous sources.

The dominance of quartz within the grain framework cou-
pled with the small concentration of feldspar and fragments

(Figs. 7, 8, 9, 10) indicates that these sediments were recy-
cled from older sedimentary materials in the source areas
discussed above (Dickinson, 1985). This conclusion is sup-
ported by the maturity and the transportation of the sand-
stones (Figs. 5 and 7). The shape and angularity of grains
can indicate sediment transport history (Akinlotan et al.,
2021a; Dickinson, 1985; Jenchen, 2018) and the shape and
sorting of the grains (Figs. 5 and 7) reveal that the sand-
stones are generally matured texturally and composition-
ally (Dickinson, 1985; Jenchen, 2018; Mohammedyasin
& Wudie, 2019). Similarly, the prevalence of angular to
sub-rounded grains in the sandstones (Figs. 7-10) indicates
a short transport distance from the source area to the site
of deposition (Jenchen, 2018; Mohammedyasin & Wudie,
2019). The major source massif for the Wessex Basin is
Cornubia (Fig. 11) and is about 110 km west from the basin
(Allen & Wimbledon, 1991; Sweetman & Goodyear, 2020)
while Armorican massif (Fig. 11) the secondary source is
closer to the basin than Cornubia (Radley & Allen, 2012a).
It is important to note that significant amount of travel
(more than 110 km) would be required to produce quartz-
rich sandstones by removing feldspar and unstable minerals
through significant sediment transportation (Basu, 1985;
Dickinson, 1985; Franzinelli & Potter, 1983). In terms of
sediment transport and change in sandstone composition
over the course of transport history, comparison can be
drawn between the Wessex Basin on one hand and sands
in the Platte River in Nebraska, USA and Amazon River
based on similarity in sediment transport and composition.
In the Platte River sands in Nebraska, USA (Bryer & Bart,
1978), a travel distance of 600 km was insufficient to sig-
nificantly change the ratio of quartz: feldspar. Similarly, it
required a travel distance of about 4000 km to significantly
increase the quantity of quartz to feldspar in the Amazon
River sands (Franzinelli & Potter, 1983). This means that a
travel distance of about 110 km from the Cornubian massif
and lesser distance from the Armorica would not be enough
to produce the quartz-rich sands observed in the Wessex
Basin. Hence, the sands are likely to have been recycled
from older sedimentary materials within the source areas.
The substantial concentrations of rutile, tourmaline, zircon
and ilmenite within the heavy mineral assemblages (Figs. 6,
8 and 9, Appendix 1) also confirm that the sediments were
recycled from older sediments within the provenance. The
concentration of ZTR index: Zircon: Tourmaline: Rutile
index ((ziron + tourmaline + rutile)*100/total transparent
heavy minerals) has been used to indicate sediment rework-
ing (Aubrecht et al., 2017; Fossum et al., 2019; Mange &
Morton, 2007). Akinlotan and Rogers (2021) reported high
ZTR index values (from 25 to 50%) for the Wessex Basin
rocks and this also suggests a high amount of sediment
reworking from sedimentary materials in the source areas
before being deposited in the basin. Reworking of materials
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Table 2 Summary of the bulk mineralogy of the samples from the Wessex Basin based on QEMSCAN®

Locations

Mineral Al WB-12 CPB-1- CPB-2-10 YA-8
components (%) 2 (%) (%) (%)

Mono | 82.20 61.69 61.73 13.24 64.22 61.36 52.77 | 95.80
Quartz 46.13

Poly 9.10 6.85 3.35 - 3.38 - - 2.00
K-Feldspar 5.06 0.01 0.00 0.35 2.54 0.36 0.23 1.22 0.20
Plagioclase 0.20 0.01 0.00 0.35 1.55 3.13 0.00 0.74 0.00
Clay minerals 1.99 7.60 18.32 7.77 13.61 24.84 0.68 39.37 1.16
Micas 0.51 0.72 3.55 0.81 1.45 4.60 0.14 417 0.05
Cements 0.77 22.91 9.32 76.67 0.22 15.89 37.48 1.36 0.56
Heavy 017 | 021 | 045 | 089 | 0.20 5.05 0.11 037 | 0.23
minerals

| Sandstone | | Ironstone Mudstone

Fig. 10 Ternary diagram
showing the composition of
the sandstone from the Wessex
Basin (after (Pettijohn et al.,
1987). Circle plots indicate
sandstones, while square plots
indicate mudstones. Samples'
locations: Swanage (SW),
Worbarrow (WB), Compton
Bay, older section (CPB-1) and
Compton Bay, younger section
(CPB-2), Brighstone (BB) and
Yaverland (YA)

Feldspar 10° a
(¥)

in the source areas may either indicate primary or secondary
recycling (Caracciolo, 2020; Garzanti, 2016). Primary recy-
cling would mean sourcing from the older basement igneous
and/or metamorphic rocks while secondary recycling would
indicate sourcing from older sedimentary rocks within the
massifs (Caracciolo, 2020; Garzanti, 2016). However, all
pieces of evidence described from the current study suggest
that most of the Wessex Basin sediments were reworked
from older sedimentary materials in the source areas indicat-
ing secondary recycling within the massifs.
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The composition of sandstones can be used to determine
the nature of tectonic settings of their provenance (Dickin-
son, 1985; Dickinson & Suczek, 1979). Quartz-rich sands
with a very high ratio of monocrystalline to polycrystalline
grains and a high ratio of K-feldspar to plagioclase feldspar
may be indicative of sourcing from a stable craton/passive
platform (Dickinson, 1985; Dickinson & Suczek, 1979). In
the current study, the dominance of quartz over other frame-
work grains, as well as a minor concentration of feldspar
that is comprised of mostly K-feldspars (Figs. 7, 8, 9, 10)
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Fig. 12 Ternary diagrams showing the provenance of the sandstones
of the Wessex Basin after Dickinson et al. (1983). Samples' locations:
Swanage (SW), Worbarrow (WB), Compton Bay, older section (CPB-

suggests that the materials within the Wessex Basin were
sourced from stable continental craton. This conclusion is
supported by the fact that the sandstone samples from the
current study plot within the Craton interior (Fig. 12) of
Dickinson et al. (1983). It has been shown that stable conti-
nental craton is largely composed of felsic plutonic igneous
and metamorphic rock that produce quartzose sands, with
minor feldspars (Boggs Jr, 2009; Dickinson, 1985) that have
been observed in the studied sandstones.

5.5 Palaeoclimate and weathering

The low concentration of unstable materials such as K-feld-
spar, plagioclase, biotite, and muscovite (Figs. 5 and 7,
Table 2) in the Wessex Basin may indicate hot and moist
palaeoclimatic conditions that favoured intense weathering
patterns at source areas (Akinlotan et al., 2021a; Dickinson,
1985). Similarly, the submature to supermature nature of

1) and Compton Bay, younger section (CPB-2), Brighstone (BB) and
Yaverland (YA)

the sandstones (Figs. 5 and 7) reflects climatic conditions
that favoured weathering and transport processes that have
removed most of the unstable grains (Akinlotan et al., 2021a;
Dickinson, 1985). The presence of ultra-stable heavy miner-
als such as rutile, tourmaline, zircon and ilmenite within the
sandstones (Figs. 6, 8 and 9) also indicates a high degree
of weathering conditions within moist and warm climatic
conditions at the source areas (Aubrecht et al., 2017; Fos-
sum et al., 2019).

Clay mineral studies of the Wessex rocks reveals illite
(a product of mechanical weathering of aluminosilicate
minerals) as the dominant clay mineral (Appendix 1).
Further studies of these products of weathered feldspars
in the basin, revealed that the palacoclimate was likely a
predominantly arid one with short, intermittent warm but
wet seasons (Akinlotan et al., In press). Previous stud-
ies have also shown that the climate of the source area
tended towards aridity (Ruffell & Batten, 1990; Ruffell
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& Rawson, 1994), hence the weathering of feldspars was
more of a mechanical process than chemical. However,
the occurrence of intermittent warm and wet seasons,
also allowed for chemical weathering to take place (Akin-
lotan et al., In press). Hence, the preservation of some
feldspars within the Wessex Basin (Figs. 5 and 7) sug-
gests that chemical weathering was likely moderate, as
opposed to being intense. However, since most of the sedi-
ments within the Wessex Basin have been recycled and
travelled comparably less distance, weathering patterns
may be physical, chemical or a combination of both. The
presence of zircon (Fig. 6), a weathering-resistant min-
eral within the sandstones may indicate severe weathering
that resulted from seasonal humid conditions at source
areas (Dickinson, 1985; Hurford et al., 1984). The chemi-
cal weathering of feldspars into clays probably occurred
at the source before the rocks were deposited while the
physical breakdown of the rocks probably happened dur-
ing transportation as observed in their textural maturity
(Sladen & Batten, 1984).

5.6 Depositional environments

Previous studies of the rocks within the Wessex Basin
using different proxies have shown that depositional envi-
ronments range from fluvial to lagoonal settings for the
Wessex and Vectis formations, respectively (e.g. Radley &
Barker, 1998a, 2000; Stewart et al., 1991; Stewart, 1981a,
1981b). The mineralogy of the rock samples (Figs. 6-7)
from the current study reveals some pieces of evidence that
agree with this interpretation. The quartz-rich sandstones
(SW-3 and YA-8), both have >95% quartz, which qualify
them as arenites (Fig. 10). The iron-rich sandstones also
have similar mineralogical composition (Fig. 10). A close
look at individual mineralogy reveals that samples SW-3
and WB-12 from the Wessex Formation (Fig. 5) have more
angular grains, polycrystalline quartz, clay minerals, and
feldspars than the samples CPB-2-12 and YA-8 from the
Vectis Formation (Fig. 6). Angularity of grains suggests a
lesser amount of attrition on the grains and for grains to
become rounded, a higher amount of attrition process, either
by water or wind waves is required (Selley, 1996). Hence,
the angular nature of the SW-3 grains (Figs. 6, 7, 8) most
likely indicates deposition in a fluvial environment (Selley,
1996). Similarly, it is suggested that the wave currents that
influenced the sandstone (YA-8), had a greater winnowing
effect that weathered the unstable mineral grains such as
feldspars and polycrystalline quartz, and depleted clay con-
tent. However, for the sandstone (SW-3), the fluvial current
most likely had a lesser winnowing effect, hence the higher
amount of unstable minerals and clay. This lesser winnowing
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effect may also explain why the quartz wacke samples (WB-
15B and CPB-1-2), with up to 15% clay + mica content are
limited to the Wessex Formation.

Textural maturity ranges from submature in the older
samples (e. g. SW-3 and WB-12), to immature in the sam-
ples from the younger parts of the Wessex Formation,
WB-12 and CPB-1-2 (Figs. 6, 7). Textural maturity in
sandstones reflect the depositional energy of the transporting
medium. This means that the energy level of the transport-
ing medium experienced a decline by the time the younger
sandstones (WB-12 and CPB-1-2) were deposited, causing
a higher clay content in the sandstones. This is comparable
to ariver setting where the depositional energy continues to
wane as the river moves out from the source (Selley, 1996).
As the energy drops, attrition and winnowing effect reduces,
allowing for the occurrence of angular and unstable grains,
as well as clay in considerable quantities (Selley, 1996). On
the other hand, the samples from the Vectis Formation are
texturally mature (Figs. 7 and 9). The high detrital quartz
content, with more rounded shapes, in addition to the minor
clay and feldspar content, reflects the high amount of attri-
tion and winnowing-out of unstable minerals during trans-
port and deposition (Pettijohn, 1975; Pettijohn et al., 1987).

6 Significance of study

Although the Wessex Basin has been the focus of extensive
sedimentological and palaeontology studies (e.g. Radley
& Barker, 1998a, 2000; Radley et al., 1998a, 1998b; Stew-
art, 1978, 1981b; Sweetman & Insole, 2010; Sweetman &
Underwood, 2006), mineralogical and petrographic studies
within the Wessex Basin are very limited in the literature.
This current study has presented comprehensive petro-
graphic and mineralogical datasets for the Wessex Basin to
validate previous interpretations made from sedimentology
and palaeontology datasets. This is the only study as far
as we know that have used an integrated approach (opti-
cal microscopy, scanning electron microscopy, energy dis-
persive spectrometry and Quantitative Evaluation of Min-
erals by Scanning Electron Microscopy) in a single study
to conduct mineralogical and petrographic descriptions of
the sediments within the Wessex Basin. The interpretations
made from the mineralogical and petrographic datasets from
this study agree with the findings of previous interpretations
using different proxies (e.g., Stewart, 1981a, 1981b; Lake
and Shephard-Thorn, 1987; Ross, 1996). This confirms the
reliability and suitability of mineralogy and petrography for
interpreting paleoenvironmental and depositional conditions.
As a result, the methodology and the datasets used in this
study could be used in other non-marine Lower Cretaceous
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facies e. g. Western Interior Basin, North American (Sames
et al., 2010), Kyongsang Basin, Korea (Jo, 2003), Tataouine
Basin, Southern Tunisia (Anderson et al., 2007), Escucha
Formation, eastern Spain (Tibert et al., 2013), Xiazhuang
Formation, north China (Pan & Zhu, 2007), and the Jinju
Formation, South Korea (Choi & Huh, 2016), and elsewhere
(e.g. Haywood et al., 2004).

7 Conclusion

This study uses an integrated approach to study mineralogi-
cal and petrographic compositions of selected samples from
the Wessex Basin, southeast England with the aim of making
palaeoenvironmental interpretations. The sandstones were
identified as feldspathic and quartz wackes, subarkose and
quartz arenites. The results revealed a high quartz content
with little feldspar content that is largely K-feldspars and
Na-rich plagioclase. Heavy minerals contents include rutile,
tourmaline, zircon, apatite, ilmenite, olivine, amphibole,
pyroxene, magnetite, monazite, epidote, and garnet. With a
loose packing and pervasive siderite cement, the sandstones
experienced no significant diagenetic alteration. Texturally
and compositionally, the sandstone maturity ranged from
immature to supermature, reflecting the environmental pro-
cesses that influenced the sediments during deposition. The
compositional submature to supermature nature of the sand-
stones is linked to their provenance and the palaeoclimatic
conditions that facilitated the weathering process. The high
monocrystalline quartz content, with subordinate K-feld-
spars and heavy mineral concentration suggests mixture of
metamorphic and igneous materials at the source areas.
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