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Pedorelicts occur sporadically in coastal exposures ofMiddle to Late Triassic continental sediments, at Portishead,
SW England. The clasts include aeolian and bedrock constituents, calcrete textures, vesicles and other pedogenic
features reflecting a hot semi-arid palaeoenvironment. Interpreted as being derived from an upland soil, they are
classified in palaeosol terms as Calcic Protosol. In the most significant exposure, cryptic tubular trace fossils in
branching networks occurwithin these pedorelict clasts in a localised fluvial deposit. This extremely rare palaeo-
ecological archive offers a glimpse into continental upland life in a Pangaean desert landscape. It is documented
for its ownmerit, to support continuing studies of its palaeobiology and to prompt investigation for comparable
deposits.
The pedorelicts occurwithin theMerciaMudstoneMarginal Facies (MMMF), close to its basal unconformitywith
underlying Paleozoic strata, at the margin of the Somerset Basin. The soil from which they are derived is
interpreted to have developed in an upland regolith over Tournaisian bedrock of interbedded limestone and silt-
stone. Theseweathered and,with aeoliandust containing calcite and ironminerals and siliciclastic sand, formed a
structured soil. This was aided by intermittent light and moderate rainfall that promoted mainly vadose pedo-
genic calcretization with displacive calcite crystallisation and siliciclastic grain breakage. In places, the soil was
vesicular, as an ‘Av’ horizon, and in others, it was bioturbated with the development of calcite-lined tubules
and unlined tunnels. At intervals of perhaps 104 to 105 years, catastrophic deluges eroded the regolith and
transported clasts downslope towards the basin to form onlapping coarse clastic beds typical of the MMMF.
The soil structure disintegrated but fragments that became pedorelicts were segregated in a fault-controlled
palaeo-valley, possibly partly as a debris-flow, to be deposited as localised conglomeratic lenses with fluvial
sand. After burial by further sedimentation, this deposit underwent diagenetic calcite cementation and baryte
mineralisation before its present exposure by coastal erosion.
© 2022 The Geologists' Association. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Clasts of a porous brown earthy appearance locally occur within
Upper Middle Triassic continental sediments at Portishead, South-
West England. They were field-identified as possibly eroded,
transported and redeposited fragments derived from older soil or
palaeosol. Subject to confirmation of pedogenic features, this would de-
fine them as pedorelicts, after Brewer and Sleeman (1964). Some of the
clasts feature cryptic tubular trace fossils arranged as branching, and in
places, anastomosing networks as introduced by Howson et al. (2021).
This material is referred to as ‘Triassic Tubules in Pedorelicts’ (TTP) and
this evidence of biological activity supports the interpretation of deriva-
tion from a soil profile; however, asWright (1992) indicated, this is not
the best criterion to identify pedogenesis. The objectives of this paper
are to establish the pedogenic credentials of the clasts that appear to
.

by Elsevier Ltd. This is an open acces
be pedorelicts, to understand their provenance, the palaeoenvironment
in which they formed and the erosion, transport and redeposition, or
‘reworking’ events, by which they accumulated and were preserved,
with some diagenesis, in a localised deposit of conglomerate with flu-
vial sandstone. An account of the palaeobiological evidence in the TTP
will be deferred until that investigation is more complete.

2. Methods

Multiple visits were made to the Clevedon-Portishead coast (see
Section 3.1) and sites inland for geological observation, mapping, and
with permission (see Acknowledgements), collection of specimens.
These were used for CT-scanning (see below) and for making vacuum
resin-impregnated polished 30 μm thin-sections that were petrographi-
cally examined in the University of Bristol School of Earth Sciences using
a Leica™ D750 microscope with a GT Vision™ HiChrome Camera under
Plain Polarised Light (PPL) and Crossed Polarised Light (XPL). They
were also examined using a Hitachi™ S3500N Scanning Electron
s article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Microscope (SEM)with Back-Scatter Electron (BSE) imaging, microanal-
yses by Energy Dispersive X-ray Spectrometry (EDS), and Panchromatic
Cathodoluminescence Imaging (PCI) using a Centaurus™ detector.

Micro-focus Computed Tomography (CT-scanning) of specimens, up
to fist-sized, used a Nikon™ XTH225ST CT Scanner at the XTM Facility,
Paleobiology Research Group, University of Bristol, to produce ‘TIFF
stacks’ of successive 2D graphics files. Pixels in these files store values,
named here ‘Relative X-ray Opacity’ (RXO), ranging from 0 to 255.
They comprise cubic 20–60 μm voxels in a stack of file layers that de-
scribe the scanned 3D volume. TIFF stacks were explored, as illustrated
in Figure 11, in three orthogonal 2-dimensional (2D) monochrome sec-
tions using 3D Slicer 4.10.2 r28257 (‘Slicer’, seewww.slicer.org, Fedorov
et al., 2012) graphical software. Extracted sub-volumes as smaller TIFF
stacks were input by Voxler® 4.6.913 (64-bit) 2019 from Golden Soft-
ware LLC. This constructed 3-dimensional (3D) false-colour images of
‘Isosurfaces’ at one or more specified RXO thresholds (‘Isovalues’), in-
cluding the outer boundaries of the high-density mineral baryte, and
low-density voids, as illustrated in Figure 12.

3. Geological setting

3.1. Coastal exposure

The 9 km stretch of foreshore between Clevedon and Portishead on
the southern side of the Severn Estuary offers excellent geological expo-
sures in low (≤8 m) cliffs (Fig. 1). Between Ladye Bay (ST 409729) and
Portishead Pier (ST 476775), Upper Palaeozoic sandstones and lime-
stones are overlain unconformably by continental sediments of the
Mercia Mudstone Marginal Facies (MMMF) of the Triassic Mercia
Mudstone Group (MMG).
Fig. 1. Sketch-map of the Clevedon-Portishead area showing Paleozoic and Triassic outcrop
interpreted fromWilliams and Chapman (1986), hill shading from Digimap™ (EDINA, 2022)
unconformity from original mapping. Location map given in inset.
The MMG is exposed along over half of this stretch of coast, with its
basal angular unconformity accessible for about 1400m at intermittent
locations. High-energy erosion during the Triassic has scoured smooth
most surfaces of the Paleozoic basement, within a larger-scale rugged
palaeo-topography. Coarse clastic sediments typical of the MMMF
mostly overlie this unconformity, but in a few exceptional places,
lower-energy sediments occur just above it, wherein are preserved
the clasts that were field-identified as pedorelicts.

3.2. Paleozoic basement

With reference to the BGS (2004) map and the online British
Geological Survey (BGS) ‘Lexicon of Named Rock Units’ (with BGS
codes), the oldest strata exposed in the Clevedon-Portishead area are
fluvial sandstones of the Brownstones Formation (BRS, previously
Black Nore Sandstone) of Emsian age that comprises the Lower Old
Red Sandstone Group (LORS). This is unconformably overlain by the
1–3 m thickWoodhill Conglomerate, followed by 240–275 m thickness
(Green, 1992) of fluvial and minor aeolian (Dodd, 1986) sandstone and
siltstone of the Portishead Formation (POB) of Famennian age of the
Upper Old Red Sandstone Group (UORS). This is succeeded by the
Carboniferous Limestone Supergroup (CL), with 100–110 m thickness
(Green, 1992) of interbedded mudstone/siltstone and limestone of the
Avon Group (AVO) of Tournaisian age. Above that, over 100 m in thick-
ness of limestone and dolomite of the Black Rock Limestone Subgroup
(BRL) represents deposition that continued into the Viséan. The fluvial
Pennant Sandstone Formation (PES) of Westphalian age occurs uncon-
formably at the top of this succession. All these units are observable lo-
cally as basement to the overlying MMMF and most lithic clasts in the
local MMMF can be identified as being derived from them.
s and thrust faults interpreted from BGS (2004), with thrust fault numbers (T4 to T6)
and accessible coastal exposures of the Mercia Mudstone Marginal Facies (MMMF) basal

http://www.slicer.org
Image of Fig. 1
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The AVO is regarded as an important source of material associated
with the pedorelicts described below. An exposure of the AVO, de-
scribed by Williams and Hancock (1977) with its former name of the
Lower Limestone Shale, can be viewed at Woodhill Bay (ST 465775).
Here, numerous alternating 5–60 cm thick layers of dark grey siltstone
and fossiliferous limestone occur, whose lower strata are commonly
coloured red-brown by hematite.

The area lies to the south of the Permo-Carboniferous Variscan
Front where Paleozoic strata were folded and thrust-faulted (Green,
1992). A topography of elevated ridges withW-E to SW-NE alignments
relates to thrust-faults labelled T1 to T6 identified by Williams and
Chapman (1986). Interpreting Figure 6 of that paper, uplift was greatest
20–30 km to the south of Portishead, where T1 and T2 formedwhat are
now the Mendip Hills, with shortening of some 49%. Shortening
reduced northwards to around 9% at T5 and T6, which gave rise to
the Clevedon-Portishead ridge and the smaller ridge at Eastwood
(ST 470775), respectively.

3.3. Triassic deposits and geochronology

The intense erosion that followed the Variscan Orogeny has left no
identified deposits from the Permian in this area (BGS, 2004), but
conditions moderated sufficiently in the Triassic for permanent sedi-
mentation of the MMMF on the rugged palaeo-topography. Howard
et al. (2008) classified the MMMF, formerly the ‘Dolomitic Conglomer-
ate’, indicating that in the Bristol and South Wales region it was depos-
ited from the late Anisian stage to the end of the Triassic. This implies an
age range of 244 Ma to 201.3 Ma obtained from Cohen et al. (2013, up-
dated 2021). At 230 Ma, an approximate mid-point of this range and of
the Carnian, this region laywithin the Pangaea supercontinent (Scotese,
2001) at a palaeolatitude of 20°N, according to the calculator of van
Hinsbergen et al. (2015).

Chadwick and Evans (1995) described Permo-Triassic basin subsi-
dence in southern Britain, with depositional onlap at the basin margins
by coarse clastic sediments,which are classified in theMMMF. The Som-
erset Basin, a graben-like structure that was actively subsiding during
early Permo-Triassic times (Green, 1992), occupiedmuch of the present
Bristol Channel area, to thewest of Portishead. Leslie and Tucker (1994)
described theMMG sediments of the basin interior dominated by lacus-
trine, dolomitic mudstones and siltstones. Within these thin-bedded
sediments Tucker and Burchette (1977) described dinosaur footprints
occurring on the northern margin of this basin, a rare trace of the pres-
ence of life. Milroy et al. (2019) reported pedogenic over-printing of
lacustrine-playa mudrocks, with features including palaeo-vertisols
and rhizoliths interpreted to have formed under a seasonal (wet/dry)
semi-arid climate with occasional high-intensity rainfall.

The MMMF was interpreted as diachronous by Green (1992), with
an uncertain time-frame because of the lack of either lateral persistence
of its beds or biostratigraphic evidence. It is speculated that its high-
energy sediments may have been deposited during episodes of high
rainfall, as evidenced during the Carnian by palaeokarst features
described for SW England by Simms (1990). Such conditions accord
with the worldwide Carnian Pluvial Episode (ca., 234.0 to 232.4 Ma)
described by Lu et al. (2021).

The substantial thickness of Upper Triassic oolite, exposed from
Clevedon Pier (ST 402719) to Ladye Bay and described by Milroy and
Wright (2000), is downfaulted relative to the deposits described here,
and probably post-dates them. The region is noted for Triassic verte-
brate fossils, especially discovered in fissure fills. Whiteside et al.
(2016) concluded that these were of Rhaetian age or younger, and so
they are also later.

3.4. Local features of the MMMF

In the Mendip Hills, Green (1992) noted palaeo-wadis filled with
MMMF to depths of 100 m or more. These, from BGS (2004), may
have been up to 500 m wide and issued perpendicularly from the hill
ridges. However, the abundance of wadis diminish towards the north,
so that in the Clevedon-Portishead ridge and at Eastwood they are al-
most absent. Here, the MMMF occurs as a laterally continuous cover
on the lower flanks of the ridges to a thickness that only locally attains
15 m along the coast (Pick, 1963).

Pick (1963) described theDolomitic Conglomerate (aprevious name
for theMMMF) at Portishead as an “unsorted fanglomeratewhich prob-
ably accumulated as a scree on mountain slopes adjacent to an interior
basin.” North (1988) characterised the MMG along the Clevedon-
Portishead coast as 0.5–2.0 m thick beds of polymictic extraformational
cobble and boulder conglomerate, clast- to matrix-supported with
clasts that are sub-angular to sub-rounded. This is regarded as ‘typical’
MMMF in the present paper. Clasts split apart into layers or showing
‘onion-skin’ exfoliation occur at the tops of beds and indicate prolonged
sub-aerial exposure in an arid or semi-arid environment, as reported
from equivalent strata in South Wales by Tucker (1974). North (1988)
also found “de-calcified clasts of Carboniferous limestone”, i.e., lacking
calcite, which are considered below (Sections 4.2 and 6.4).

North (1988) recognised that the MMG at Charlcombe Bay (ST
432750, see Fig. 1) was atypical, consisting of a 4 m thickness of
coarse-grained and pebbly sandstone and conglomerate with local asym-
metrical ripples indicating palaeo-flow towards the north. The conglom-
erate clasts were “mostly of degraded dark-brown Carboniferous
limestone…”, where the degradation was thought to have occurred dur-
ing the Triassic prior to redeposition. These clasts are understood to be
those identified as pedorelicts by the present authors.

4. Field descriptions

In the present study,field identification of the pedorelicts is based on
the medium to dark brown, porous, earthy and partly friable texture of
these clasts that are markedly different from other clasts in the MMMF.
Those containing tubular micro-fossils, visible by hand-lens, comprise
the TTP. Most (>90%) of the clasts that are identified as pedorelicts
have been found at Charlcombe Bay. This includes all of those labelled
TTP, whereas a few poorly-preserved occurrences of weathered rock
found elsewhere in the MMMF host tubular traces with similarities to
those in the TTP, but which could, alternatively, have been caused by re-
cent biogenic activity (see Section 7), and so they are not confirmed as
being of Triassic age.

4.1. The deposit at Charlcombe Bay

To the north of Charlcombe Bay, a coastal promontory extends about
30 m into the Severn Estuary, with overhanging cliffs that are cut on
each side by sea caves. Figure 2 illustrates the south-facing cliff, and
the corresponding sketch below interprets the exposed geology.

The lower cliff on this south-facing side features a succession of red-
brown LORS and UORS sandstones and conglomerates dipping at 32° to
the SSE. There is a clear angular unconformity overlain by MMMF sedi-
ments, which here are atypical, mainly comprising conglomerate layers
interbedded with beige-coloured sandstone that is commonly granule-
rich and pebbly and at some horizons, with silty laminae. This forms a
series of localised lenticular bedswithin theMMMF that are collectively
referred to, in this paper, as ‘the fluvial sandstone’. Within part of the
palaeo-valley eroded into the LRS rocks, a south-facing cave, 4 m high,
has been eroded by recent wave action. The bedding of the fluvial sand-
stone can be seen (Fig. 2) to dip at up to about 10° towards this valley,
where irregular lenticular beds of conglomerate containing pedorelicts
are interbedded with the fluvial sandstone which also comprises the
matrix of this conglomerate. Petrography reveals that this sandstone
consists of tightly-packed and poorly-sorted medium sand (≤0.5 mm)
grains, mainly of quartz but some (<5%) chert, with moderate spheric-
ity, and sub-angular to rounded. Silty laminae have a higher proportion
offine (<0.1mm) siliciclastic grains. Grains adjacent to voids are coated



Fig. 2. Above: photograph of the south-facing cliff with cave at Charlcombe Bay and below: corresponding interpretation of the exposed geology, showing the relationship of the Mercia
MudstoneMarginal Facies (MMMF)with units in the LowerOld Red Sandstone (LORS) Brownstones Formation (BRS) and theUpper Old Red Sandstone (UORS) Portishead Formation (POB).
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with calcite cement, around 4 μm thick. Micro-fibrous sheaf-like aggre-
gations of baryte occur in interstices between grains, mostly rarely, but
in a few places, visible to the naked eye as a pink encrustation.

The cliff and cave on the north-facing side of the promontory are
similar to those on the south side but they permit a clearer appreciation
of the stratigraphy and sedimentology. These are summarised in the
sketch profile shown in Figure 3.

The palaeo-valley continues from the north-facing cave to theNNWas
a cove in the foreshore, eroded as a 6–10mwide trough in the LORS rocks
that can be traced down the sloping foreshore at low-tide for 50 m. The
development of the cove, caves and adjacent overhanging cliffs is attrib-
uted to the wave erosion of the conglomerate of friable pedorelicts and
the fluvial sandstone, which is friable in places. At the inland end of the
cove approaching the cave there is a platform-like floor of relatively
erosion-resistant fluvial sandstone, with ripple marks and desiccation
cracks. A few burrow trace fossils can be seen, of which the most distinct
stands out in relief (Fig. 4). It is in two parts, each about 5 cmwide, appar-
ently showing meniscate back-filling structures.

The platform-like floor is near the top of the lowest of 5 sedimentary
cycles that are interpreted on the north-facing side of the promontory.
In Figure 3 these are labelled 1–5, and in most cases, these comprise
an erosional basal surface, an overlying conglomerate layer, followed
by a layer of fluvial sandstone (indicated in the Fig. 3 by a, b and c suf-
fixes, respectively). However, this is a simplification; the erosional
base is not clear in some places, pebbles or larger clasts occur in the
sandstone units, and sandstone occurs within the conglomerates.
The overhanging cliff beside the cave (Fig. 5) reveals the next three
sedimentation cycles. The base of the second cycle rests here on the ero-
sion surface (2a) of the red-brown sandstone of the LORS, whereas
more central to the palaeo-valley, but concealed by boulders within
the cave, it presumably overlies the first cycle. At the base of the second
cycle a bed of polymictic conglomerate (2b), up to 1 m thick, contains
clasts of up to 20 cm. This passes upwards into a 1.8m thickfluvial sand-
stone bed that is partly silty and lamellar (2c) which being somewhat
friable, tends to be cavernously eroded. Within this, small-scale foreset
beds in a layer about 6 cm thick confirm that palaeo-flow was from
the south. There are several horizons exhibiting ripples and desiccation
polygons. Before deposition of the third cycle, weak early lithification of
the uppermost fluvial sandstone layers was followed by erosion of a
shallow trough, aligned with the palaeo-valley. Above the eroded sur-
face (3a), the third cycle basal conglomerate (3b) is typical of the
MMMF with clasts mainly derived from local Paleozoic lithologies.
However, laterally (about 10 m to the SW at the middle back wall of
the north-facing cave) this bed includes many pedorelicts and siltstone
clasts in close contact in a sub-lens up to about 0.8 m thick. Smaller
pedorelict-bearing sub-lensesmay be simply a cluster of them, and spo-
radic solitary pedorelics occur in the basal conglomerates, especially in
cycles 2–4. The fourth cycle is relatively thin, but the basal conglomerate
of the fifth (5b), also typical of the MMMF, is competent and laterally
forms the roof of the cave.

Still to the north of the promontory, on either side of the palaeo-
valley, the fluvial sandstone lenses either pinch out between beds of

Image of Fig. 2


Fig. 3. Sketch stratigraphic and sedimentological profile of the north-facing cliff and cave at Charlcombe Bay. Codes in yellowcircles denote interpreted sedimentary cycles 1–5, comprising
erosion surfaces (a), conglomerate beds (b) and fluvial sandstone beds (c). Note 2 times vertical exaggeration.
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conglomerate that are typical of the MMMF, or merge with
them. Through the promontory, this deposit extends about 40 m N-S
and 15 m E-W and is some 4–6 m thick.
Fig. 4. Burrow trace fossil in fluvial sandstone 8 m to north of the northern cave at C
To the south of the promontory, the transition from the fluvial sand-
stone to the typicalMMMFbeds that lie on the other side of Charlcombe
Bay is not visible due to the erosion that created thebay. A smallmodern
harlcombe Bay (photographed from above) with meniscate features (arrowed).

Image of &INS id=
Image of Fig. 4


Fig. 5. Sedimentary cycles (2–4) in the cliff beside the north-facing cave at Charlcombe Bay. In each cycle, (a) is erosional base, where (2a) is in LORS basement, (b) is basal conglomerate
where (3b) is laterally equivalent to the bed containing most of the TTP, and (c) is fluvial sandstone, where (2c) is especially well-laminated. Unit codes are the same as those used in
Figure 3 above.
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stream, from the hillside to the SE, feeds into the bay. Its source is near
Weston Down (ST 437748) on the Clevedon-Portishead ridge, about
500 m to the SE at 70 m above sea level. The BGS (2004) map depicts
a normal fault approximately aligned with the stream, which may be
its control, although field evidence of this fault is not clear, other than
the eroded bay itself and baryte mineralisation considered below
(Section 6.7). The streammay be the modern expression of the Triassic
palaeo-valley.

The caves on either side of the promontory were viewed at the same
high tide tofind that their uneven floors are at a similar level (±50 cm).
The pedorelict-bearing conglomerate bed shown in Figure 6 shows the
sequence at about 2–3 m above the south-facing cave floor, which dips
irregularly downwards towards the back of the cave. It appears to be the
up-dip continuation of the similar bed seen in the back of the N-facing
cave from about 1.5 m above its irregular boulder floor, and which is
the lateral equivalent of layer 3b in Figure 5.
4.2. Observations from coastal locations nearby

The MMMF deposits along the Clevedon-Portishead coast exhibit a
range of sedimentary and structural features. Those described here are
of relevance to the interpretation of the pedorelicts and the deposit at
Charlcombe Bay that is presented below (Section 6).

At Walton Bay (ST 428746), a cliff exposure oriented NW-SE allows
the dip of the Triassic erosion surface of the UORS basement to be mea-
sured at about 20° towards theNW. This appears to be representative of
the dip along the coast. Above this surface, onlapping beds of coarse
clastic MMMF sediments have an angle of repose that dips at about
10°, also towards the NW.
“De-calcified” or carbonate-depleted clasts described by North
(1988) are abundant along the coast in typical MMMF beds, especially
to the east of Sugar Loaf Beach (ST 454767), but not at Charlcombe
Bay. Characteristically, they are angular and of pebble to boulder size;
they contain marine fossil relicts, mainly moulds of crinoid ossicles,
and they have a cemented sandy texture that is recognisably of the CL
but very weathered. They give slight to no effervescence with 10%
HCl; they appear to be composed mainly of quartz or chert, and the
pink to red-brown colouration suggests that they also contain hematite.
A large proportion of the core of the larger clasts is commonly dissolved-
out so that only the rims remain. Calcite dog-tooth sparmay occur in the
hollows, but this appears to be late diagenetic.

Examples of exfoliation as clasts split apart into layers are not com-
mon but can be seen in the tops of individual MMMF beds on the fore-
shore at ST 442762 between Redcliff Bay and Black Nore. Examples of
onion-skin exfoliation are found at Charlcombe Bay (see Section 5.1).

5. Clasts in pedorelict-bearing conglomerates

Clasts identified in the field as being of possible pedogenic origin
occur in conglomerates that are laterally equivalent to layers labelled
2b, 3b and 4b to the north of the promontory (Figs. 3 and 5) at
Charlcombe Bay. Their occurrence varies from solitary to clusters and
mixed with lithic clasts of typical MMMF at the margins of the palaeo-
valley, to abundant in larger lenses towards the middle of the palaeo-
valley. Here, due to their friable nature and that of the associated fluvial
sandstone, they promote cavernous erosion. On the south side of the
promontory, adjacent to the cave, a pedorelict-bearing conglomerate
exposure, shown in Figure 6, is partly protected from wave erosion by
the resistant underlying Devonian basement. This has been the main

Image of Fig. 5


Fig. 6. Part of a pedorelict-bearing conglomerate bed in a cliff face at Charlcombe Bay. Clasts identified, of which two are outlined, contain TTP (a) and siltstone (b), set within a matrix of
fluvial sandstone (c). These overlie the LORS basement (d), partly obscured by recent but lithified debris, whose upper contact is also outlined.
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source of specimens that have undergone detailed petrological exami-
nation. Several clast types are described below. Some, especially the
TTP, have identifiable pedogenic features, whereas others may be
derived from different parts of the same structured soil and contribute
evidence towards its interpretation.

5.1. Siltstone clasts

Around half of the clasts are rounded to sub-rounded and typically
cobble-sized, with a relatively fragile yellow-brown 1–3 cm thick crust
enclosing a core of hard grey siltstone. Some of these have fractured as
cross-sections in the cliff face and a few show incipient onion-skin exfo-
liation. Siltstone can also occur as angular shell-like concavo-convex ex-
foliated fragments, typically 5–10 mm thick.

A small proportion of the rounded siltstone clasts have a partial to
complete variable-thickness dark-brown crust with tubules, i.e., TTP, as
shown in Figure 7A. The contact between siltstone and TTP is sharp, but
hand-lens inspection finds minor penetration of the interior siltstone by
tubules from the TTP. However, tubules on the TTP outer surface do not
continue into the conglomerate matrix of fluvial sandstone. Some TTP
clasts (see Section 5.2) include what appear to be fragments of siltstone,
Fig. 7. Photographs of in-situ clasts at Charlcombe Bay, embedded in fluvial sandstone. (A) A ro
grained limonite with calcite and derived or relict CL fossils and a weathered clast (b) of limes
featuring angular siliciclastic grains of around 60 μm in a finer-grained
limonitic matrix, as shown in thin-section in Figure 8H.

5.2. TTP (Triassic Tubules in Pedorelicts)

Up to half of the clasts in the pedorelict-bearing conglomerates
feature tubules that are visible by hand-lens. Whereas the tubules are
typically found closely associated with relict CL marine fossils (see
Section 5.2.4), they are evidently not such relict fossils themselves
because they are unfilled. In contrast, CL fossils in this region, which
include crinoid ossicles, corals and brachiopods, invariably have any
cavities filled by calcite spar cement.

The tubules are of two types. Type I are mainly branching networks
of tubular linings predominantly of calcite where 90% of the internal di-
ameters are 0.1–0.35 mm. Type II are irregular tunnels with no linings,
of diameter 1–2 mm. The proportion of tubules within individual clasts
may vary fromminor to approaching 50% of the volume, mainly featur-
ing Type I but alsowith Type II. Further palaeobiological description and
analysis of the tubules and the networks they form is beyond the scope
of this contribution andwill be presented in a separate paper. However,
a clast's fabric may be structurally supported by Type I linings in spite of
unded siltstone clast with an outer crust of TTP (arrowed), (B) a vesicular clast (a) of fine-
tone.
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Fig. 8. Features found in calcite-dominated areas of TTP thin-sections, all at the same scale shown at (A), as pairs of photomicrographs in PPL (left) andXPL (right), somewith Type I tubules
with calcite linings (TI). The pairs are (A) limonite-dominant fabric with calcite and also a quartz grain (q), (B), microsparitic calcite with limonite, (C) sparry calcite with limonite and
quartz grains (q) pushed to calcite crystal edges, (D) poikilotopic calcite crystals with limonite revealed by extinction of some crystals under XPL (one outlined in dotted yellow),
(E) poikilotopic calcite with acicular baryte crystals (of which two are arrowed), (F), from the same layer, poikilotopic calcite crystals (one outlined in dotted yellow) with elongated
holes, (G) baryte forming irregular or rounded sheaf-like micro-fibrous aggregations with a microcrystalline hematite coating, and (H) a siltstone fragment featuring angular 50 μm
quartz grains in a limonite-rich matrix.
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increased porosity by Type II tunnelling. Consequently, clasts tend to be
erosion-resistant where there are tubules and friable otherwise, pro-
ducing concavities and irregularly-shaped clasts.

Petrography reveals considerable variation in the non-tubule fabric of
TTP clasts. Over 50% may be described as calcite-dominated and about
30% as siliciclastic-dominated. A minority (10%) is a mixture of these
two, and the remainder includes fragments of siltstone, derived or relict
fossils and baryte aggregations. The fabrics occur as irregular layers or
patches a few mm to cm in size, with clear to gradational boundaries.

5.2.1. Calcite-dominated fabric in pedorelicts
This fabric commonly includes limonite as particles of size <5 μm,

mostly in lesser proportion than calcite but it can also predominate.
Randomly-distributed isolated quartz grains, similar to those in the
siliciclastic-dominated fabric (see below) may comprise 1%. Re-
crystallised calcite, with the limonite, is commonly present as one or a
combination of three textures. These are (1) micritic-microsparitic
with a grain-size of 5–50 μm, (2) sparry crystals, commonly rhomb-
shaped with size up to 1mm, where limonite or quartz particles appear
to have been pushed to the crystalmargins and (3) amosaic of irregular
interlocking poikilotopic crystalline patches up to 1 mm across
enclosing limonite grains and any quartz.

Less commonly, there are patches or layers of up to 1mm thick, fea-
turing similar poikilotopic calcite but enclosing baryte crystals, typically
200 μm×20 μmanddistributed evenly through the fabric rather than as
clusters. Baryte was confirmed based on levels of barium and sulphur
determined using SEM EDS microanalysis (see Section 2). An SEM
image that includes these baryte crystals is shown in Figure 9H. In a
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layer of this fabric within one of the TTP clasts, there is a laterally adja-
cent and very similar area where the baryte has apparently been
leached away, leaving holes in irregular poikilotopic calcite crystals.
However, greater quantities of baryte occur as irregular or rounded
micro-fibrous sheaf-like aggregations, similar to those occurring in flu-
vial sandstone (see Section 4.1), commonlywith a coating ofmicrocrys-
talline hematite, in a texture that is distinct from the occurrence of
baryte in the poikilotopic calcite.

These fabrics, textures and mineralisation, photographed under PPL
and XPL (see Section 2) are illustrated in Figure 8(A–G), with a patch of
siltstone (H) as described in Section 5.1.

5.2.2. Siliciclastic-dominated fabric in pedorelicts
This TTP fabric features well-sorted, moderate to high sphericity

grains composed of quartz and rarely, chert, whose longest dimensions
are mostly 0.2–0.5 mm. There appear to be three textural end-
members, which are (1) tightly-packed clast-supported with stress-
fractured grains cemented by interstitial micro-crystalline calcite and
minor limonite, (2) open-textured with much void space, and voids
linedwith a layer of calcite and limonite up to about 0.1mm in thickness,
and (3) grains ‘floating’ in a matrix of micro-crystalline or microsparitic
calcite, but where abiotic voids are still significant, and lined with
microsparitic calcite. Grains are typically closely surrounded by a
10–100 μm thick layer of limonite with calcite which can form larger
aggregations. Clearer micro-crystalline or microsparitic calcite forms an
outer coating around the sand grains with their limonitic layers,
cementing them, but also holding them apart. Figure 9A & B show a
contact point between two grains each of which are surrounded by
limonite, but which are separated by 20 μm and cemented together by
clear calcite. This view also includes a cross-section of a thickly-lined
Type I tubule. These occur less commonly in siliciclastic-dominated fabric
than in calcite-dominated fabric. In Figure 9C & D, siliciclastic grains with
irregular limonite coatings or aggregations appear to ‘float’ in clear calcite.
Similar calcite is found to have crystallised within fractures in quartz
grains and to have split them and moved the sides apart, as shown in
Figure 9E & F.

Petrography finds only faint evidence of overgrowths within the
quartz grains. However, SEM PCI (see Section 2) reveals that grains
that may appear as angular euhedral outlines were originally rounded
grains that have been overgrown by layers of quartz, as illustrated in
Figure 9G to I. The PCI view in Figure 9I reveals that there is more
than one layer of overgrowth. In Figure 9J to L a quartz grain,with earlier
overgrowths, shows evidence in its outer boundary of etching dissolu-
tion or replacement.

5.2.3. Biogenic tubules
Biogenic tubules may form a significant proportion of the TTP, but

this is mostly in calcite-dominated fabric. Type I tubules are
characterised by linings that are mainly composed of clear calcite, but
around them there is commonly a zone of increased limonite and corre-
spondingly less calcite. When viewed under XPL, a second wider ‘halo’
may be seen as one or more poikilotopic calcite crystals surrounding a
tubule. These features are illustrated in Figure 10.

Voids may comprise a significant proportion of the volume of TTP.
Where the TTP is siliciclastic-dominated, these are mainly abiotic in-
terstitial spaces between grains, but they may also contain tubules
(Fig. 9A and B). Where it is calcite-dominated, and voids are not
within Type I tubule linings, they are commonly Type II tunnels.
These are unlined tubes and may be reasonably regular curvilinear,
convoluted, or most commonly, irregular and disrupted by later
Type I tubule construction, to the extent that Type II tunnels mostly
appear as erratic voids in thin-section. An effective procedure to
explore both the Type I and the Type II tubules in 3D has been CT-
scanning of TTP (see Section 2). Figure 11 shows two Slicer cross-
sections, from different clasts, where visible Type I tubules are espe-
cially numerous, and where Type II tunnels are labelled. In none of
the tubular voids has a tapering been seen, such as may be expected
in trace fossils from plant roots such as rhizoliths. Some voids have
no clear origin and may be abiotic (such as soil vesicles described
in Section 5.3).

To test for any organic residues, TTP specimens were inspected by
microscope under ultra-violet long-wave (365 nm, UVA) and short-
wave (254 nm, UVB) light from an 8-watt lamp. Fluorescence was
clearly seen under UVA on weathered surfaces due to modern micro-
organisms such as lichen, which provided a control, but it was entirely
absent on fresh surfaces crowdedwith tubules that were broken during
or after collection. This is not entirely conclusive, and more detailed
microscopy using UV light may be appropriate in the continued
palaeobiological investigation of the tubules.

5.2.4. Relict-derived fossils
Relict derived marine fossils of Carboniferous age occur sporadically

in TTP, comprising crinoid ossicles and brachiopod shells whichmay be
fragmentary. Although some are unidentifiable in thin-sections, they
may be clear in the CT-scans, especially where they have been replaced
by baryte. CT-scanning relies on X-ray opacity, which is proportional to
density and the high-density mineral baryte appears white, contrasting
with the shades of grey produced by calcite, limonite and silica, and the
black of voids. The volumetric extents of the baryte patch shown in
Figure 11B was determined and this CT-scan sub-volume was used to
create a false-colour image of its 3D form, using Voxler® (see
Section 2), as illustrated in Figure 12. The fossil fragment that the baryte
has replaced is tentatively identified as the posterior end of the pedical
valve of a spiriferid viewed with the hinge-line foremost. The white
areas in Figure 11A are also considered to be a brachiopod with baryte
replacement, and this has been penetrated by tubules that are integral
with those in the surrounding rock.

Crinoid ossicles found in TTP are either disaggregated (Fig. 7C), or a
few occur still aggregated together within lithic fragments (Fig. 11B),
which by their density (seen in a CT-scan) are likely to be of limestone.
In thin-section, fragments that appear to be crinoid ossicles, each of
which develop as a single crystal entity, may have re-crystallised to
form an irregular mosaic of crystals (Fig. 13B).
5.3. Vesicular clasts

A fewof the clasts that have the superficial appearance of pedorelicts
at Charlcombe Bay exhibit a vesicular texture but do not host tubules.
This is evident in those that have broken at the rock face to reveal
their interiors. The clast shown in Figure 7B(a) has vesicles of up to 5
mm across. Whereas at outcrop it is strongly ochre-coloured, petrogra-
phy reveals that about 60% is partly re-crystallised calcite and rare
quartz grains, both of size 20–70 μm, and the remainder is limonite in
patches or grains of 5–50 μm. This is similar to the microsparitic and
sparry calcite-dominated fabric of TTP (see Section 5.2.1). Almost
spherical vesicles are present in clusters (Fig. 13A). Coarser whitish
particles of up to 5 mm are fragments of relict Carboniferous
marine fossils composed of calcite including brachiopod shells and
crinoid ossicles (Fig. 13B). These have corroded margins and have
re-crystallised.

Similar vesicular clasts with relict fossil fragments have been found
at other exposures along the coast, additional to Charlcombe Bay, nota-
bly in the cliff at Walton Bay and in the foreshore of Ashton Bay (ST
448766). They are generally very close to the basal contact and in
beds of MMMF coarse sandstone and pebble conglomerate that are
finer grained than is typical. A dark red-brown clast from Ashton Bay
was CT-scanned (see Section 2) which revealed irregular unconnected
rounded vesicles of up to 3 mm in size, also disaggregated crinoid ossi-
cles that had been replaced by baryte (or another similarly high-density
mineral) and a relatively high overall density that may be due to a high
iron content.



Fig. 9. Features found in siliciclastic-dominated areas of TTP polished thin-sections, in PPL (A, C, E, G & J), XPL (B, D, F & K), SEM BSE (H) and SEM PCI (I & L) (refer to Section 2 for
abbreviations). In A & B, siliciclastic grains have a coating of limonite with calcite (g) and are cemented by clear calcite (c), mainly at grain contact points (arrowed). Voids (v) may
comprise much of the volume, and some are occupied by calcite-lined Type I tubules (TI). In C & D, grains appear to ‘float’ in a calcite groundmass, with or without limonite (g), and
with voids lined with sparry calcite. In E & F, quartz grains have been split apart (s) by growth of clear calcite in fractures. In G–I, a euhedral quartz grain is revealed by SEM PCI to
have originally been a rounded grain (r) that has been overgrown by quartz (q), and there is a scattering of baryte crystals (b). In J–L, a quartz grain (r) is similarly overgrown (q), but
its exterior surface has later been etched (e). The SEM PCI view (L) also shows a quartz grain that has both healed and un-healed fractures (h).
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Fig. 10. Photomicrographs in PPL (A) and XPL (B & C) of an area of a thin-section of calcite-dominated TTP. In (A), the zones (‘halos’) of increased limonite and reduced calcite around
several tubule cross-sections are visible, where the tubule marked (TI*) is oblique to the thin-section. In (B) a poikilotopic calcite crystal containing limonite that surrounds the central
Type I tubule (TI) appears at birefringence extinction – i.e., it is dark, and in (C) it is rotated by 45° for maximum interference – i.e., it appears brightest. An un-lined void (v) of
irregular shape may be part of a Type II tunnel.
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5.4. Weathered limestone clasts

The pedorelict-bearing conglomerates at Charlcombe Bay include a
small proportion of clasts that appear to have been derived from lime-
stone at varying stages of weathering. All react strongly with 10% HCl
andmostly feature relictmarine CL fossils. Figure 7B includes an angular
clast of this kind, packed with shelly fossils. It has a red-brown
colouration indicative of hematite, rather than the orange-brown limo-
nitic colouration of the pedorelicts.
6. Interpretation

A particular objective is to evaluate the pedogenic character
of TTP and associated clasts. As indicated below, much of the
source material is likely aeolian, but with a proportion derived
fromweathered bedrock. To determine the provenance of this mate-
rial, and to characterise the palaeoenvironment in which any pedo-
genic processes took place, the geomorphological, geological and
palaeoclimate contexts are interpreted, followed by the catastrophic
event that eroded the material and transported fragments to be de-
posited as pedorelicts. The possible significance of barytemineralisa-
tion is considered. These allow speculative interpretations of the
Triassic geomorphology and the soil structure before reworking to
be proposed.
Fig. 11. Slicer cross-sections of CT-scans of TTP clasts where Type I tubules are especially num
brachiopod fossils (fb) and a lithic fragment, probably of limestone, containing fossil crinoid os
6.1. Pedogenic features

6.1.1. TTP clasts
These clasts contain many features of dissolution/precipitation and

crystallisation of both calcite and quartz.With the exception of someba-
rytemineralisation and a very thin calcite cement, these are not present
in the fluvial sandstone. Therefore, it is inferred that they were present
within the TTP clasts before they were re-worked and deposited to-
getherwith the fluvial sandstone. The fluvial sandstone also has a differ-
ent grain-size distribution to that of the siliciclastic grains in TTP, with a
larger proportion of a silt-sized fraction.

Features of TTP, including themicrosparitic to sparry calcite textures
with rhombic crystals, the displacive growth that has pushed limonite
to calcite crystal margins, split quartz grains, and the siliciclastic grains
‘floating’ in microcrystalline calcite accord with those attributed by
Wright and Tucker (1991) to Alpha pedogenic calcretes. Buczynski
and Chafetz (1987) described several features of the initial stages of
the formation of caliche (a synonym for calcrete) in siliciclastic sedi-
ments in the semi-arid environment of northern Texas, that are similar
to features in TTP. These include stress fracturing, splitting of siliciclastic
grains due to force of crystallisation of carbonate cement andmovement
apart of grains at contact points by calcite crystallisation. The authors
contended that these took place in vadose conditions, whereas another
feature, poikilotopic calcite crystals containing quartz grains, developed
under phreatic conditions. They also described partial replacement of
erous, showing Type II tunnels (TII), baryte mineralisation replacement of fragmentary
sicles (fc).
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Fig. 12. False-colour 3D images produced in Voxler® of a TTP CT-scan sub-volume, (left) showing an enveloping surface in cyan around high-densitymaterial, i.e., baryte, revealing it to be
in the form of a fossil fragment, and (right), the same with a lower-density threshold surface added for the void-rock boundary, coloured magenta where it faces towards the void and
yellow where it faces away. This shows a mass of Type I tubules in yellow. Large magenta shapes are where Type II tunnels intersect with the sub-volume faces.
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quartz grains producing crenulated irregular boundaries that are similar
to those of etched quartz grains exemplified in Figure 9H to J.

The very fine-grained nature of much of the microsparitic calcite
with limonite in the calcite-dominated fabric, some of which appears
to have re-crystallised as poikilotopic calcite with limonite inclusions,
is consistent with the finding by Machette (1985) that the source of
most of the calcite in pedogenic calcretes is wind-blown dust. The size
range of the grains in the siliciclastic-dominated fabric is consistent
with the relatively narrow size distribution for aeolian sand described
by Allen (1970). The overgrowths in quartz grains described in
Section 5.2.2 are similar to those described by Dott (2003), where mul-
tiple abraded overgrowths indicate recycling in an aeolian palaeoenvi-
ronment. Whereas it seems likely that many of the TTP grains were
aeolian, it is possible that they were at least in part derived from earlier
sandstones, e.g., Devonian, which could have been when some of the
recycling occurred.

From the grain contact photomicrograph (Fig. 9A and B), the limo-
nite is seen to coat the grains and seems independent of any adjacent
grains. This limonite and much of the calcite were probably introduced
as the siliciclastic grainswere deposited, as a coating, or slightly later, as
dust that settled between the aeolian sand grains. It is evident that the
clear calcite that both displaced and cemented together the grains at
their contacts, and also that split quartz grains apart at fractures, was a
later addition. As related by Buczynski and Chafetz (1987), this was
caused by precipitation, potentially driven by evaporation, from
carbonate-saturated pore fluid in vadose conditions. Therefore, with
the support of the other features discussed here, this process can be de-
scribed as pedogenic calcretization and the clasts inwhich this evidence
occurs are confirmed as pedorelicts.

The features discussed above indicate alternating wetter and drier
conditions, mainly in the vadose zone. The poikilotopic crystallisation
of calcite with both limonite and/or baryte inclusions might imply
Fig. 13. Features found in vesicular clast thin-sections, photomicrographed in PPL (left) and XPL
the fabric of sparry calcite with limonite. Bubble artefacts that formed during thin-section prep
recrystallised calcite is intersected in (B) where the calcite in the fabric is more microsparitic.
occasional periods of higher water table (as related by Buczynski and
Chafetz, 1987) but this is clearly complicated by a need for a better
understanding of the Type I tubules with both the limonite and
poikilotopic calcite halos (Fig. 10). The wide variety of textures found
even in the small area of a thin-section appear to attest to substantial
pedoturbation, and probably bioturbation.
6.1.2. Vesicular clasts
The vesicular clasts found at several locations along the Clevedon-

Portishead coast have a limonite-rich microsparitic calcite fabric with
sporadic siliciclastic grains that is very similar to some of the TTP. It
seems likely that the part of the Triassic regolith fromwhich these clasts
were reworked was also composed of wind-blown dust that was sub-
jected to a low level of calcretization, as described for TTP. The small fos-
sil fragments that they containmay also have been eroded, abraded and
transported by wind. However, this material has not undergone the bi-
otic pedoturbation that characterises the TTP.

Modern vesicular soils commonly occur in arid and semi-arid envi-
ronments such as in the south-western USA. Turk and Graham (2011)
described the development of layers of vesicles within the ‘A’ horizon
(‘Av’) of silty and partly sandy (but not clayey) soil subject to repeated
wetting and drying cycles. Vesicles are promoted by the addition of ae-
olian dust and the presence of CaCO3. They are formed by soil gas
trapped beneath a desert pavement, a geomorphic surface monolayer
of closely-packed rock fragments (Wood et al., 2005). Williams et al.
(2012) described dust-capture and gas control by modern biological
soil crusts that are associated with vesicular soils. The crusts feature
cyanobacteria, mosses, lichens, bacteria, algae and fungi, all of which
may have behaved similarly during the Triassic and, additionally, may
have provided nutrition for bioturbating invertebrates. However,
Dietze et al. (2012) found that vesicles can form in sterilised soil
(right) pairs, at the same scale. A cluster of vesicles is intersected in (A), which also shows
aration can be seen outlining the vesicles, (which do not have linings). A crinoid ossicle of
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Fig. 14. Isometric sketch interpretation of Triassic geomorphology near Portishead, SW
England, showing AVO source area for TPP clasts at Weston Down and deposit at
Charlcombe Bay of fluvial sandstone with pedorelict-bearing conglomerate.
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materialwith a steady influx of aeolian dustwheremean annual precip-
itation is below 350 mm, although roots limit their formation.

In view of their pedogenic attributes, the vesicular clastsmay also be
described as pedorelicts. Turk and Graham (2011) devised a Vesicular
Horizon Index (VHI) that quantifies the thickening of the Av layer
through time. Using this scheme, the clast in Figure 7B has a ‘common’
pore-quantity class and a ‘medium-coarse’ vesicular pore-size class. In
conjunction with a minimum horizon thickness of 6 cm, these yield a
VHI of 2–3 which suggests an age before erosion of 104 to 105 years.
This provides a speculative indication of the time interval over which
the regolith and its soil layers may have lain undisturbed and suggests
that the soil formed on a plateau or relatively low angle slope rather
than a steep slope.

6.1.3. Other clasts
Whereas much or most of the non-tubule fabric of the TTP and also

the vesicular pedorelicts may have been aeolian, it was not exclusively
so.Microscopy of TTP has found fragments and lumps of siltstone, fossils
andweathered fragments of limestone, some containing fossils. Someof
these were too large for normal aeolian transport, and probably they
were derived from the bedrock with transport within the soil by
pedoturbation or bioturbation. Moreover, as described in Section 5.1,
rounded lumps of siltstone are associated with the TTP, which in a few
cases forms an outer crust. These bedrock-derived materials do not
have obvious pedogenic features, but by their close association, it
seems clear that theywere components of the same larger soil structure
as the TTP and possibly the vesicular clasts. Of interest is their prove-
nance, and hence information regarding the location and development
of the soil, which requires a review of the geomorphological and geolog-
ical context.

6.2. Triassic geomorphology and pedorelict provenance

At the margins of the palaeo-valley the pedorelicts occur as isolated
single clasts, whereas towards the middle, the pedorelict-bearing con-
glomerate lenses may have little sandstonematrix, and the aggregation
appears to bemore of a debris-flow. Since these lenses are only accessi-
ble within the unstable cliffs and caves, a thorough investigation of
the transport mode is not feasible. However, considering the irregular
shape and friability of many of the pedorelicts, it is likely that they
were transported only a short distance from their provenance during
their reworking, otherwise they would have disintegrated. Given the
fluvial sandstone palaeo-flow direction from the south, this distance
may have been from the crest of the Clevedon-Portishead ridge, about
500 m to the SE.

The transport is inferred to have been via a palaeo-valley incised into
the scarp slope of UORS sediments that followed a similar course in plan
to the present stream flowing fromWeston Down. The valley may have
formed along a fault plane during the Permian or Early Triassic when
erosion was more intense.

The Triassic erosional slope angle of 20° (see Section 4.2) can be as-
sumed to have been reasonably consistent up-slope in rocks of similar
strength and a semi-arid palaeoenvironment lacking substantial vegeta-
tion. This would infer that during the Triassic, the elevation at Weston
Downmayhave been approximately 180mhigher than the site of accu-
mulation of the pedorelict-bearing conglomerates at Charlcombe Bay.

Assuming a consistent bedding dip of 32° towards the SSE, as mea-
sured at Charlcombe Bay at the base of the UORS, then a point 180 m
higher and 500 m to the SE was calculated to lie about 400 m higher
in the stratigraphy. Since the UORS is 240–275 m in thickness (Green,
1992), then during the Triassic, the strata cropping out above Weston
Down is inferred to have been CL, and, more significantly, the top of
the scarp slope above Charlcombe Bay may have exposed most or all
of the 100 m thick AVO. Additionally, the BGS (2004) map indicates
that the AVO presently crops out 100 m to the south of the ridge in
the northern limb of a syncline. If the ridge was at 180 m elevation,
instead of the present 70 m, then a northwards projection of this limb
would cap the ridge with a substantial thickness of siltstone and lime-
stone layers of the AVO. Below it, the scarp slopewould have comprised
UORS sandstone, conglomerate and siltstone, as crops out in the lower-
angle present-day slope.

The above inferences are supported by lithic clasts that occur closely
associated with the pedorelicts, comprising lumps of siltstone (see
Sections 5.1 and 6.3), a few clasts of weathered limestone (see
Section 5.4) and also as included fragments of siltstone and limestone
in TTP. These are the same lithology types that comprise the AVO. All
this evidence suggests that the provenance of the pedorelicts was in
the upper reaches of a palaeo-valley that originated near the present lo-
cation of Weston Down. Here, with the addition of aeolian material, a
soil structure developed in the regolith overlying bedrock of siltstone
and limestone of the AVO at an elevation that was some 180 m above
the site of accumulation of the fluvial sandstone and pedorelict-
bearing conglomerate. Figure 14 illustrates a tentative reconstruction
of the Triassic geomorphology between Charlcombe Bay and Weston
Down.

The palaeo-valley was incised into the scarp slope by an ephemeral
stream supported by occasional rainfall (see Section 6.4). Such valleys
may have been relativelymoist and sustained limited plant life. Inverte-
brates colonised and thrived in the porous soil, benefitting from protec-
tion from the harsh climate, and produced the tubular trace fossils
found in the TTP.

6.3. Siltstone weathering

The splitting apart of clasts seen at the tops of typical MMMF beds
(see Section 4.2) is likely to be due to diurnal temperature extremes at
the palaeo-topographic surface over extended time periods in a dry
climate, and this may account for some of the onion-skin exfoliation.
However, for the rounded siltstone clasts associatedwith the TTP, ‘sphe-
roidalweathering’ producing onion-skin exfoliation around ‘corestones’
seems to be a more likely explanation. Fletcher et al. (2006) relates
this common sub-surface mechanism that transforms jointed bedrock
into saprolite to elastic strain in the periphery of the clasts caused by
the oxidation of ferrous minerals. These would certainly have been
present in unweathered siltstone of the AVO which, in the Tournaisian,
had probably been deposited in reducing organic-rich conditions.
Whereas Fletcher et al. (2006) related the saprolite conversion rate to
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mineralogy, moisture and denudation, their study involved a location
with intense chemical weathering, which seems far removed from the
present case. Therefore, it is inferred that a sufficient depth of regolith
with sufficient moisture, was sustained for extended periods, probably
many millennia, for the corestones to develop. For much of this time,
the denudation ratewas probably low, implying little downslopemove-
ment in the upland regolith.

Penetration of the siltstone clasts by tubules occurs but is uncom-
mon.Most of the biotic activity took place around them. Their minerals,
quartz and limonite, have greater hardness than most calcite-rich
substrate in the TTP, probably making them resistant to burrowing.

6.4. Palaeoclimate indicators

The beds of typical MMMF indicate major deluges, but the thinly-
bedded nature of some of the fluvial sandstone at Charlcombe Bay sug-
gests intermittent sediment transport by the periodicflowof an ephem-
eral stream. This may have been fed by moderate rainfall that was
sufficient to re-activate the stream but insufficient to mobilise the up-
land regolith. The sandy sediment, probably derived from the ORSU
and/or aeolian sand that accumulated, possibly with some ponding,
where the slope moderated towards the lower end of the valley at the
edge of the sedimentary basin. Here it formed a fluvial sand deposit,
first within the lower end of the eroded valley and later as lenses that
pinch-out laterally between coarse clastic deposits of the MMMF. This
pinching-out shows that it was deposited between the major deluges.
The layer labelled 2c in Figure 3 is of particular interest because its la-
mellae record the pluvial conditions that supported the development
of soil on the uplands above and to the south-east. This was subse-
quently reworked (see Section 6.5) by the following deluge to produce
the pedorelict-bearing conglomerate laterally equivalent to that
labelled 3b in Figure 3, which also appears in the south face of the prom-
ontory, as shown in Figure 5.

The meniscate trace fossil in fluvial sandstone shown in Figure 4 is
similar to forms assigned to Beaconites or Taenidium by Gallois and
Mather (2016) from continental Permian breccias and sandstones of
wet-desert facies in Devon, SW England. Earlier, Ridgeway (1974) con-
cluded that primitive burrowing reptiles were responsible, and Pollard
(1976) suggested that these traces were from aestivating rather than
dwelling or feeding animals. The sedimentary facies at Charlcombe Bay
in which the meniscate trace fossil was found seems similar to that of
the Devon examples, and aestivation suggests seasonal rainfall, or at
least significant rain every few years, rather than decades of drought.

In the pedorelicts the presence of iron in limonite rather than hema-
tite and the different degrees of weathering of calcite, probably by
leaching, suggest a climate with excess moisture (rainfall minus evapo-
transpiration), for at least some of the time between deluges.
Schwertmann (1971) indicated that goethite (i.e., limonite) is formed
in preference to hematite in the presence of dissolved organic com-
pounds. Several studies (e.g., Long et al., 2011) have investigated the
palaeoclimatic significance of the hematite-goethite ratio in soils.
Kämpf and Schwertmann (1983) found that cooler, moister conditions
with more abundant organic carbon and lower pH favour goethite,
with no hematite formed where mean annual air temperature was
below 15 °C at their study region in Southern Brazil. However,
Bilardello et al. (2020) simulated this relationship and cautioned against
its use as a geologically reliable proxy for palaeoprecipitation. Neverthe-
less, since reworking (see Section 6.5) the pedorelicts have undergone
similar processes to LORS andUORS rocks nearbywhich, by their colour,
contain hematite. If the goethite in the pedorelicts was diagenetic after
reworking, this would have also affected these other rocks.

Associated with the pedorelicts, weathered limestone clasts (see
Fig. 7B and 4.4) and also the carbonate-depleted clasts (see
Section 4.2) typically have reddish haematitic colouration. The latter
are provisionally interpreted as scree fragments of impure limestone
that were exposed and weathered for extended periods on nearby
upland slopes. Moisture retention was insufficient for pedogenesis,
but did allow leaching, with the depletion of carbonate and the slower
migration of dissolved silica towards the outer surface of the clast by
capillary action as it dried. The hematite in all these clasts may have
formed due to diurnal heating and oxidation of iron where organic car-
bon was scarce, whereas the dominant goethite in the pedorelicts may
reflect the presence of organic carbon during soil formation rather
than a cooler climate.

From evidence presented in this paper, the Köppen-Geiger climate
classification of Beck et al. (2018) has been used to tentatively classify
the Triassic palaeoclimate as Arid Steppe hot (BSh), or hot semi-arid.
This climate class, with mean annual precipitation of <350 mm (see
Section 6.1.2), presently occurs in the African Sahel, between 14° and
18° N, and in the northern Namib Desert around 20° S, based on the
rainfall map of Cobon et al. (2017).

6.5. The reworking

The deluges (see Section 6.4) occurred at long intervals, as indicated
by the exfoliated clasts in the upper surface of MMMF beds. Evidence
from the vesicular clasts indicates that these intervals may have been
of 104 to 105 years. The deluges had sufficient intensity to sweep
much of the regolith downslope, where most friable material
disintegrated in the high-energy conditions. At the base of the slope,
some of the finer fraction in the flow continued NW towards the grad-
ually subsiding basin, with some reworking of previous deposits that
had not sufficiently lithified to be resistant. The coarser fraction, a mix
of gravel and clasts up to boulder size, settled at the basin margin as
an onlapping fanglomerate bed, typically of 0.5–2 m thick.

Soil in or near the upper palaeo-valley disintegrated, breaking into
clasts and finer material that were transported downslope, with further
comminution. At the base of the slope, in lower-energy conditions
where the gradient moderated at the edge of previously-deposited
onlapping sediments, the clasts were deposited as conglomerate on
the weakly-lithified fluvial sand. It is suggested that the banks of the
ephemeral stream in the upper palaeo-valley may have become unsta-
ble, leading to failure of a mass of soil, followed by a debris-flow that
partly protected some friable clasts. This may explain the larger sub-
lenses of pedorelict-bearing conglomerates, considering that after the
debris-flow had settled, finer material that it contained would have
been washed downstream by a continuing torrent from the palaeo-
valley. Some of the soil had been strengthened by pedogenic
calcretization and/or biogenic tubule linings, and this became preserved
as pedorelicts. The siltstone lumps in the soil resisted erosion and also
imparted strength so that some clasts appear to be cores of siltstone
surrounded by a variable thickness of TTP. It seems that the palaeo-
valley partly kept the pedorelicts segregated from adjacent sediments
that are typical of the MMMF.

With the resumption of semi-arid conditions, the conglomerate was
infiltrated and buried by sand from the intermittent flow down the val-
ley. This fluvial sand, with the pedorelict-bearing conglomerates and
the typical MMMF beds, gradually lithified by precipitation of calcite ce-
ment as pore water evaporated during extended dry periods.

The pedorelict-bearing conglomerate bed photographed in Figure 6
rests on the unconformity with the LORS, yet its lateral equivalent (la-
belled 3b in Figs. 3 and 5) has at least two sedimentary cycles strati-
graphically below it, one directly below, and another a few metres to
the north, downslope along the palaeo-valley. This attests to the
diachronous nature of thefluvial sandstone and pedorelict-bearing con-
glomerate beds, which onlap towards the south in synchronicity with
the adjacent beds of typical MMMF.

6.6. Classification of the pedorelicts

The Mesozoic age of the TTP is supported by the negative UVA fluo-
rescence test result. If the biogenic traces had been considerably



Fig. 15.A speculative interpreted diagrammatic NW-SE cross-section of the original in-situ
upland soil structure showing identified or likely features.

586 M.P. Howson et al. / Proceedings of the Geologists' Association 133 (2022) 572–588
younger - Neogene to present - it is likely that organic constituents
would have been detected. However, in view of the oxidising vadose
conditions that are likely to have prevailed for much of the time since
the reworking, it seems unlikely that organic matter of Triassic age
would be detected in the pedorelicts.

The clasts that were field-identified as pedorelicts conformwith cer-
tain criteria for the identification of palaeosols described by Wright
(1992), including calcrete formation, weathering, destratification (or
pedoturbation), colour (due to iron oxides) and, in many cases,
syngenetic biogenic features. However, strictly, they are not palaeosol
because the larger-scale soil structure has been lost. Nevertheless, infer-
ences regarding horizonation are that the TTP and vesicular clasts, with
their aeolian content, evidence of vadose conditions and prevalence of
limonite over hematite, are from the ‘A’ horizon, whereas clasts of silt-
stone and weathered limestone may be derived from horizons ‘B’ or
‘C’. Likewise, it is possible to make a tentative classification in palaeosol
terms.

Retallack (1998) highlighted difficulties of using soil classifications
for palaeosol that may require data regarding precipitation and crop
growth, which are obviously unmeasurable in palaeosol.With reference
to USDA (1999), the eluvial nature, high chroma (due to limonite), lack
of clay and pedogenic calcite in the Charlcombe Bay pedorelicts suggest
classification as an Aridisol. However, this implies short growth periods
and a lack of organic carbon, which might be contradicted by the prev-
alence of goethite (see Section 6.4). Using a system devised specifically
for palaeosol by Mack et al. (1993) and updated by Tabor et al. (2017),
the pedorelicts, with the evidence of calcretization, occupation by ter-
restrial biota and weakly defined iron-oxide zonation can be classified
as a Calcic Protosol.

Vesicular pedorelicts that are visibly iron-rich occur at other loca-
tions along the Portishead-Clevedon coast, clearly transported from
higher topography. They suggest the widespread existence during the
Triassic of an upland soil structure, including an Av horizon mainly of
aeolian material from which the pedorelicts were derived. Pedogenic
calcretization aided the preservation of these clasts, which otherwise
would have disintegrated during reworking.

Elements of the original in-situ soil structure that are inferred or
seem likely are summarised in Figure 15, which is a speculative inter-
pretation of a representative NW-SE cross-section. Some aspects are
probably shown in unnaturally close association, and/or may be inaccu-
rate. The depth to bedrock is depicted as about 1 m, but it may have
been less or considerably more and was likely laterally variable. The in-
ference of organic carbon (see Section 6.4) implies the presence of
plants, and it seems likely that in the hot semi-arid conditions, xero-
phytic lichens and mosses would have thrived and sustained small
soil-dwelling invertebrates, as they do in similar present-day environ-
ments (e.g., Lalley et al., 2006).

6.7. The significance of baryte

Pink-coloured baryte mineralisation is found as veins or earthy en-
crustations within the MMMF and older rocks along the Clevedon-
Portishead coast, associated with normal faults that are aligned near
to NWW – SEE. Ixer et al. (1993) classified fault-hosted baryte-domi-
nated veins in SW England as Mississippi Valley-type. Paradis et al.
(2007) explained this process found in foreland-thrust belts as epige-
netic carbonate replacement by saline basinal fluids at temperatures
in the range of 75 °C–200 °C. It seems equivalent to that described by
Clarke (1981) as abundant (epigenetic) mineralisation in the MMG of
the Cheshire Basin (150 km to the north), associated with increased
permeability along fault damage zones.

At Charlcombe Bay, with its fault-controlled palaeo-valley (see
Section 4.1), petrography has revealed two habits of baryte mineralisa-
tion in TTP (see Section 5.2.1). The first is the acicular crystals distrib-
uted within poikilotopic calcite that occurs as a layering associated
with calcretization. In some cases, (lined) Type 1 tubules have been
constructed through this material (see Fig. 8E). It is likely, but not cer-
tain, that this habit was syngenetic with some of the calcretization in
the upland soil. An interpretation would be that, at times, the soil near
the palaeo-valley was flooded by warm water containing barium and
sulphate ions from epithermal springs issuing from the fault. The
poikilotopic calcite may indicate that this habit formed during phreatic
conditions, along the lines indicated by Buczynski and Chafetz (1987).

The second, more common habit, of rounded or irregular sheaf-like
micro-fibrous aggregations, is understood to be present where relict
marine fossils have been replaced by baryte (see Figs. 11 and 12). It
has also been found as interstitial patches within the fluvial sandstone.
It seems similar to baryte veins and encrustations found elsewhere
within the MMMF. Therefore, this habit was formed at least partly by
diagenesis after the deposition of the MMMF, probably in a zone of
enhanced permeability provided by the fluvial sandstone. However, pe-
trography reveals examples where Type I tubule linings were con-
structed, apparently to avoid contact with this baryte (see Fig. 8G), so
it could also have been syngenetic with the biogenic activity.

A further speculation is thatwarm springs deposited baryte in the vi-
cinity of the developing upland soil structure and also, locally, provided
both moisture and a moderated soil temperature that allowed soil
organisms to thrive. This localised benign palaeoenvironmentmight ex-
plain why the biogenic traces have not been found elsewhere, including
in the vesicular pedorelicts. The significance of the barytemineralisation
is not fully understood and will be considered in further research.

7. Other occurrences of Triassic upland pedogenic material in the
region

This paper is the only known report in this region of Triassic upland
pedogenicmaterial – either as pedorelicts or as palaeosol - that contains
biogenic traces. The MMMF outcrops extensively to the south-west of
Portishead as far as the Dorset and Devon coasts, also to the northwest
in South Wales, the Midlands and beyond. However, exposures at the
base of the MMMF are rare. Away from coasts or other sites of rapid
erosion, natural exposures and inactive quarry faces are usually contam-
inated by recent biogenic activity, weathering and pedogenesis.
Furthermore, MMMF sediments moving southwards towards the
MendipHills are progressively of higher energy, as the palaeotopography
increased in elevation and the palaeo-wadis increased in size. For exam-
ple, ground works near Backwell (ST 491680) have exposed a clast-
supported conglomerate in a small palaeo-wadi with cobble to
boulder-sized sub-angular to sub-rounded clasts of CL, the transport of
which would certainly have comminuted any associated soil.

Un-eroded remnants of the Triassic upland regolith are rare, but
a few potential sites have been examined. For example, a small
quarry near Tyntesfield (ST 498717) exposes a red-brown layer a few
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centimetres thick just above the unconformity with the CL, and below
the higher-energy conglomerate that is more typical of the local
MMMF. Petrography identified a poorly-sorted conglomerate of angular
limestone clasts, of pebble or larger size, in a cementedmatrix of calcite
and limonite. No biogenic traces were found in what may be best
characterised as palaeo-colluvium rather than palaeosol.

8. Conclusions

Preservation of upland pedogenicmaterial of Triassic age is very rare
or unrecorded in SW England, but it occurs at several coastal locations
near Portishead, not as an in-situ palaeosol but as pedorelicts, which
contain evidence of aeolian deposition, calcretization and other pedo-
genic features. In the most significant of these locations, they contain
biogenic traces. They have been preserved by geological circumstances
and processes that are not individually unusual, but that have combined
to produce an exceptional localised deposit that justifies documentation
both for its ownmerit and as a foundation for studies of the trace fossils.

The age of the deposit is uncertain but is unlikely to be older than
Anisian or younger than Norian. It is conjectured to be of Carnian age,
because of the onset of high rainfall at this time recorded elsewhere in
SW England and worldwide, which would likely have caused the
reworking that deposited the pedorelicts and associated continental
sediments.

The provenance of the pedorelicts is interpreted as an upland ridge,
elevated at around 180 m above the site of their deposition. This ridge
was capped by Tournaisian interbedded siltstones and limestones,
where following intense erosion during the Permian and early Triassic,
a regolith established under a climate classified (Köppen-Geiger) as
hot semi-arid (BSh). With the addition of aeolian siliciclastic sand and
dust containing calcium carbonate and iron, a soil structure developed,
aided by seasonal or intermittent light and sometimes moderate
rainfall. This included a near-surface vesicular ‘Av’ horizon and
calcretization, especially with displacive calcite crystallisation. In
lower ‘B’ and ‘C’ soil horizons, siltstone underwent spheroidal
weathering and limestone was, presumably, leached. The soil was lo-
cally colonised and bioturbated by organisms that added a strengthen-
ing network of calcite tubules. In palaeosol terms, the pedorelicts are
classified as a Calcic Protosol.

The soil is considered to have developed near an ephemeral stream
that ran down a steep incised fault-controlled palaeo-valley to deposit
fluvial sand where the slope moderated at the edge of a basin of conti-
nental clastic sediments. At time intervals of perhaps around 104 to 105

years, catastrophic deluges caused much of the regolith to be eroded
and swept downslope. The finer fraction continued towards the basin in-
terior, whereas the coarser fraction was deposited at the margin as beds
of conglomerate that are typical of the MMMF. The soil at the top of the
palaeo-valley was also reworked but was partly segregated from other
material and deposited with the fluvial sand at the base of the valley as
pedorelicts in conglomerate lenses. Possibly, this sedimentation was
partly as a debris-flow. It was buried beneath more clastic sediments
where later diagenesis included calcite cementation, local baryte miner-
alisation and loss, probably by oxidation, of organic compounds.

Baryte also appears to have been, to a lesser extent, syngenetic, as
part of the calcretization. It is speculated that warm springs introduced
this baryte, and also suppliedmoisture andmoderated soil temperature,
aiding local colonisation by soil-dwelling organisms.

The archive presented by this deposit, exposed by coastal erosion,
offers a rare insight into the palaeoenvironment and palaeobiology of
the Middle to Late Triassic continental uplands, which must have cov-
ered extensive areas of Pangaea, and of which such evidence is notably
scarce. It opens questions and directions for further research regarding
what organisms left their traces in the palaeosol, what can be learnt
about their evolution, behaviour, coexistence and dispersion, and
whether a more precise age can be determined for them. However,
the quality of preservation is limited and with such rare evidence
from a palaeoenvironment that was predominantly erosional, there is
potential for bias in interpretation. It seems unlikely that this deposit
is entirely unique, and it invites new searches for geological situations
that provide comparable and complementary accumulations of evi-
dence of life within Triassic deserts.
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