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Abstract: Bypassing sediment gravity ows play an important role in turbidite systems because they produce
sole structures unconnected with the depositional processes of the casting bed. However, their role in facil-
itating sea oor colonization is underappreciated. The Aberystwyth Grits—Borth Mudstone turbidite system
(Silurian, Welsh Basin) contains a famous ichnoassemblage with common graphoglyptids. This is interpreted
to record colonization following erosion of sur cial uidal muds by ows that exposed rmer substrates. The
burrows are developed at this level and formed beneath a thin, post-depositional mud blanket. They fre-
quently cross-cut uted surfaces indicating that basal turbidite bedding surfaces can record at least two, or
more, bypassing ow events. Thus, even on a basin oor with thick mudstone deposition, the number of

ow events will be under-represented. This Silurian turbidite system also illustrates that substrate conditions,
not oxygenation, controlled trace fossil occurrence. Other than the burrows on turbidite soles, the remainder
of the succession consists of thinly bedded and laminated strata typical of anoxic deposition but diverse geo-
chemical proxies (e.g. iron speciation, trace metals) indicate full seabed oxygenation. The absence of macro-
faunal bioturbation is attributed to a soft uidal substrate in which only small-scale (meiofaunal) bioturbation
is seen.

Supplementary material: A detailed geochemical database is available at https://doi.org/10.6084/m9. g-

share.c.7713894

Sedimentological substrates in uence abiotic pro-
cesses that generate bedforms and sole structures
(e.g. Schindler et al. 2015; Peakall et al. 2020,
2024; McGowan et al. 2024), but they also play a
role in the formation of biotic traces. However, bio-
turbation also changes the nature of the substrate and
thus there is feedback between the two (Bromley
1990). This is particularly the case since the Cam-
brian owing to the increasing intensity and diversity
of bioturbation (Tarhan 2018; Buatois et al. 2025).
Thus, burrowers have greatly in uenced sea oor
evolution. However, the role of physical sedimentol-
ogy in burrow development is also worth exploring.

The Paleozoic saw major increases in both diver-
sity and behavioural types, initially in shallow-water
settings in the Cambrian, but with sediment mixing
and ichnodiversity remaining low in deeper water
sediments until later in the Paleozoic (Seilacher
1977; Crimes and Crossley 1991; Crimes et al.
1992; Uchman and Wetzel 2011, 2012; Tarhan
et al. 2015, 2023; Buatois et al. 2025). The nature
of the deep-water invasion, and the reasons for its
delay relative to that seen in shallow waters, has

been much debated. Measures of trace fossil diver-
sity and behavioural complexity suggest that there
was a substantial increase in the Ordovician (Crimes
and Fedonkin 1994; Orr 2001; Uchman and Wetzel
2012; Buatois et al. 2020). Other aspects of trace fos-
sil evolution, including the intensity of bioturbation
(measured using the semi-quantitative ichnofabric
index) and the thickness of the sediment mixed
layer, have been used to suggest that levels typical
of those encountered today had still not been
achieved by the end of the Silurian (Tarhan et al.
2015, 2023; Tarhan 2018), a view challenged by
some (Gougeon et al. 2018).

Other than macroevolutionary trends, there are
numerous important factors that control bioturba-
tion, including substrate type, sedimentation rate,
food supply, oxygen level and turbidity (Ekdale
1985; McCann 1990; Martin 2004; Seilacher 2007;
Uchman and Wetzel 2011; Wetzel and Uchman
2012; Buatois and Méangano 2013). It is unlikely
that all of these parameters were constant throughout
the Paleozoic, and some secular trends may have
controlled the delayed colonization of the deep sea.
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Increasing oxygen levels may have been an espe-
cially important driver (e.g. Tarhan et al. 2023; Bua-
tois et al. 2025). Geochemical proxies have
suggested that early Paleozoic oceans were poorly
ventilated, and this situation only improved substan-
tially in the Devonian (Dahl et al. 2010, 2019; Lu
et al. 2018; Sperling et al. 2021; Haxen et al.
2023), although deep-sea ichnogeneric diversity
increases signi cantly before this, in the Silurian
(Buatois et al. 2025). There could also be a macro-
evolutionary control because the specialized adapta-
tions required for deep-sea burrowing (e.g. low
levels of food availability in such settings require
specialist survival strategies) may have taken mil-
lions of years to evolve (Tarhan 2018). Alternatively,
the observation that many deep-sea-style trace fossils
rst occurred in shallow waters during the Cambrian
(Crimes and Crossley 1991; Uchman and Wetzel
2011) indicates that most behavioural strategies
were already established by this time. The long-term,
onshore-to-offshore displacement of burrow types
may have been due to more intense competition in
shallower waters, driving some trace makers into
deeper waters (Crimes et al. 1992; Orr 2001).

In order to address the factors controlling deep-
sea colonization, we here describe an early Paleozoic
trace fossil assemblage. The Aberystwyth Grits
Group (AGG) in western Wales is a deep-water tur-
bidite succession that accumulated in the Welsh
Basin during the late Llandovery (Telychian Stage,
Early Silurian) (Wood and Smith 1958; Baker and
Baas 2020; Baas et al. 2021). It has long been cele-
brated for its abundant, well-preserved trace fossils
on the soles of turbidite beds (Wood and Smith
1958; Crimes and Crossley 1980, 1991; McCann
1989, 1990; Orr 1995). Graphoglyptids such as Pale-
odictyon are especially abundant. Such endostratal
traces are common in the deep sea today, where
they may be produced by organisms that ‘farm’ bac-
teria in their burrow walls, thereby circumventing
the problem of low food supply in oligotrophic set-
tings (Seilacher 2007), although the ecology of
Paleodictyon in more nutrient-rich settings is
unclear (Miguez-Salas et al. 2023). The proportion
of graphoglyptid burrow types in the Aberystwyth
Grits is unusually high for the Paleozoic. The graph-
oglyptid ichnogenera/total ichnogenera ratio is 0.45,
a value typical of Cenozoic deep-water assemblages,
whereas Lower Paleozoic values are typically , 0.20
(Uchman 2004; Uchman and Wetzel 2011).

In contrast, the Borth Mudstone Formation, the
downdip equivalent of the Aberystwyth Grits, has
no recorded trace fossils, but has well-preserved
thin beds (Baker and Baas 2020), suggesting that
bioturbation was inhibited by anoxia or dysoxia
(McCann 1990; James 2005). In order to understand
the conditions during trace fossil formation in
the  Aberystwyth-Borth  sedimentary  system,

sedimentological, geochemical and ichnological
analysis of coastal outcrops has been undertaken.
Here the aim is to assess the importance of factors
such as redox conditions, substrate type and
sediment gravity ows in controlling trace fossil
development, and implications for the long-term
evolution of deep-sea bioturbation.

Regional geology

Lower Silurian (Telychian Stage, Llandovery Series)
strata of west Wales record a deep-water turbidite
system developed within the Welsh Basin (Cherns
et al. 2006). The turbidite system passes downdip,
from SW to NE, from channelized and sheet sand-
stones interbedded with mudstones of the Trefechan
and Mynydd Bach formations (Aberystwyth Grits
Group) to the mudstone-dominated Borth Mudstone
Formation (BMF) (Baker and Baas 2020). The AGG
records a turbidite fan setting subject to a range of
sediment gravity ows, including turbidity currents,
transitional ows (sensu Baas et al. 2009), debris

ows and hybrid events (Baker and Baas 2020;
Baas et al. 2021). In contrast, the BMF is predomi-
nantly mudrock with thin beds of sandstone or silt-
stone (typically ,1cm thick). Deposition is
suggested to have mostly occurred from turbulence-
damped, mud-rich sediment gravity currents at the
fan fringe (Baker and Baas 2020). As noted above,
trace fossils are common and diverse on the soles
of the AGG sandstone beds (Crimes and Crossley
1991), whereas no bioturbation has been reported
from the BMF. Oxygen levels in the Welsh Basin
during deposition are postulated to have been dys-
oxic (McCann 1990; Orr 1995; James 2005), with
sediment gravity ows temporarily improving oxy-
genation levels (Orr 1995).

Methods

The Aberystwyth Grits Group and Borth Mudstone
Formation are well exposed in coastal cliffs and on
wave-polished foreshore platforms to both the NE
and SW of Aberystwyth. This study focuses on the
cliff sections that range from north of Aberystwyth
to south of Borth beach (Fig. 1). Representative sedi-
mentary logs were measured and samples for geo-
chemical and petrographic analysis were collected
from the BMF mudstones. These included a
32.5 m-thick section in which 60 samples were col-
lected (Fig. 2), to investigate detailed, bed-scale
redox variation, and a 1.0 m thick section from
which 20 samples were collected (Fig. 3). Trace fos-
sil observations were made in the eld and in thin
sections and 3 dm-scale blocks were obtained for a
further, high-resolution, thin-section study of the
sedimentology and bioturbation. Two blocks with a
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Fig. 1. Geological map of the Aberystwyth Grits Group
and Borth Mudstone Formation in Wales. Red star
represents the sampling positions. Source: modi ed
after Baker and Baas (2020).
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distinct mudstone—sandstone boundary were pol-
ished, coated in carbon and examined under a TES-
CAN VEGAS scanning electron microscope (SEM)
under backscatter mode. Energy dispersive spectro-
scopy point and area analyses were simultaneously
applied to identify element distributions of single
minerals and bulk surface of the SEM probe sec-
tions. Total organic carbon (TOC), iron speciation
and trace and major element concentrations were
analysed for all samples. Sample powders were
treated with 10% HCI to remove carbonate phases
prior to TOC analysis on a LECO CS-230 analyser,
with an analytical precision of better than 2%. Total
element concentrations were determined after ash-
ing at 550°C for 8 h, followed by dissolution with
HNOz-HF-HCIO,. Samples were then dried and
boric acid was added before the samples were
dried again. Finally, samples were re-dissolved in
hot HNOz and the major elements (Fe, Al) were
determined via ICP-optical emission spectrometry,
with redox sensitive trace metals (U, Mo, Re) ana-
lysed by ICP-MS. Replicate extractions of interna-
tional sediment standard PACS-2 gave a relative
standard deviation (RSD) of , 2% for all elements,
and analyses were within 3% of certi ed values.
Sul de concentrations were determined via the
two-step chromous chloride method (Can eld et al.
1986) to determine acid volatile sul de (below
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Fig. 2. Sedimentary log of the long section measured in the Borth Mudstone at Borth beach, showing sample

horizons (BH1-BH60).
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Fig. 3. Sedimentary log and eld photograph of the high-resolution section measured in the Borth Mudstone
at Borth, showing sample horizons (BO1-B020). LABW, Low-amplitude bed wave. Hammer highlighted

for scale.

detection in all cases) and pyrite concentrations. The
liberated H,S was precipitated as Ag,S and pyrite Fe
(Fepy) was determined gravimetrically. Unsul dized
Fe phases were determined via the sequential extrac-
tion scheme of Poulton and Can eld (2005). This
operationally de ned procedure targets Fe in carbon-
ate phases (Fecqr), in Fe (oxyhydr)oxides (Fe,y) and
in magnetite (Femag). Solutions from the sequential
extracts were analysed via AAS, and replicate
extractions of international reference material
WHIT (Alcott et al. 2020) gave RSDs of , 5% for
all Fe phases.

Results
Sedimentology

The sedimentology of the AGG has been described
in detail on several occasions (Crimes and Crossley
1980; Talling et al. 2004; McClelland et al. 2011;
Baker and Baas 2020) and only a summation is pre-
sented here. More detail is presented on the less well
known BMF.

Baker and Baas (2020) identi ed the following
facies types in the AGG between Aberystwyth and
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Borth (cf. Fig. 4), with the likely depositional pro-
cesses given in parentheses:

)
O]
©)

(4)
®)
(6)

U]

massive sandstones (rapid suspension fallout
from fully turbulent ow) (Fig. 4a);

laminated sandstones (suspension fallout from
turbulent ow) (Fig. 4b, c);

sandstones with dispersed mudstone clasts
(upper transitional plug ows sensu Baas

et al. 2009);
sandstones with large current ripples
(turbulence-enhanced transitional ows);

interlayered sandstone and mudstone bands
and laminae (unclear origin);

siltstone, either massive or planar laminated
( ne-grained turbulent ow or lower transi-
tional plug ows);

silty mudstone in which silt grains occur ¢ oat-
ing’ in the matrix (cohesive ow, preventing

®)

settling of silt grains, as encountered in quasi-
laminar plug ows);
massive mudstone, with thick developments of
this facies occurring above sand and silt event
beds (Fig. 4a), showing swirly textures in thin
section (interpreted to have developed in the
plug region of mud rich, turbulence attenuated
gravity ows, cf. Baas et al. 2014; Stevenson
et al. 2014); other mud horizons may record
ne-grained settling after sediment gravity
ow events or hemipelagic ‘background’
settling).

Sole structures are common on the base of sand-
stone beds and include, most commonly,

utes

(Fig. 5a—d), along with grooves and more rarely
chevron and skip marks (Baas et al. 2021). Surfaces

with ute marks show a varying degree of bioturba-

tion (described below), although non-burrowed
uted surfaces are also common.

Fig. 4. Coastal outcrops of the Aberystwyth Grits Group. (a) Outcrop to the north of Clarach Bay, showing
dominance of mudstone facies with centimetre-thick sandstone beds and several decimetre-thick beds of massive and
laminated sandstone in a 4 m-thick section. (b) Finger rests on a laminated sandstone bed that passes up to
interlaminated sandstone and mudstone, and then a thick mudstone bed with a concretion in its centre, north of
Clarach Bay. (c) Laminated and massive sandstone beds, 2-10 cm thick, interbedded with mudstone facies that
contain thin dolomite beds (yellow arrow points to one example), Wallog beach. Hammer is 30 cm long. (d)
Cross-section of burrow lls in the base of a sandstone that shows faint lamination (Tb-division) that lacks burrows,
north of Wallog. Yellow arrow indicates a dolomite bed in underlying mudstone. Chisel blade is 4.5 cm wide.
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Fig. 5. Soles of bedding planes in the Aberystwyth Grits, all at south Wallog beach unless otherwise stated. (a)
Heavily uted surface, in which utes are cross-cut by a Helminthopsis burrow. Note the gap in the burrow at x
indicates a point where the trace was made in the overlying mud veneer prior to its removal by the casting turbidite.
(b) Surface showing ute marks of different sizes, ow to left, cross-cut by mostly short, straight Palaeophycus, and
a small part of a large Paleodictyon (arrowed). (c) Surface with small ute casts cross-cut by Paleodictyon (example
arrowed) that are only partially preserved. North of Clarach Bay. (d) Several Helminthopsis cross-cutting numerous
small ute and skim marks ( ow towards the hand). (e) Trace-fossil assemblage, dominated by Helminthopsis in near
full relief and faintly preserved Paleodictyon, suggesting the burrow networks of the latter have mostly been removed
by erosion. Arrow denotes where a Helminthopsis burrow intersects a Paleodictyon and, for a short distance, follows
a zig-zag path indicating that the Paleodictyon burrow was present rst. Scale bar is approximate because the cliff
overhang is inaccessible. North of Clarach Bay. (f) Surface covered in a Paleodictyon, cross-cut by a gently sinuous
Helminthopsis in the lower eld of view, which is in turn cross-cut by a short vertical burrow (Bergaueria?). Coin is
21 mm in diameter.
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The BMF is dominated by variably silty mud-
stones that vary from dark grey to medium grey,
with numerous thinner beds (typically ranging
from a millimetre up to 2 cm in thickness, with a
maximum of 5 cm; Talling (2001), his gure 15a)
of both very dark grey and pale grey mudstones
(Figs 2, 3 & 6). Silt-poor mudstones dominate
much of the BMF with sparse, nesilt grains oating
in the ner clay-grade matrix (the ‘starry night’ tex-
ture of Haughton et al. 2003). The more silt-rich lev-
els consist of multiple, thin, silt-rich laminae
alternating with clay-rich laminae (Fig. 7a, b). Silt
laminae can show slightly erosive bases and are
overlain by laminae composed of a mix of silt and
clay-grade material (Fig. 7a). The sharp basal con-
tacts of the silt-rich laminae show no evidence for
burrowing (Fig. 7a).

In outcrop, abundant thin pale grey beds of the
BMF give outcrops a distinctive ‘stripey’ appearance
(Fig. 6). These beds are also present in the AGG
mudstones, although less frequently (Fig. 4). In the
representative 32.5 m thick section of the BMF,
149 pale grey beds were measured (Fig. 2). The com-
position of these layers was investigated using back-
scatter SEM imagery and element mapping. This
shows the mudstone to be composed of clay-grade
grains of quartz, feldspar and chlorite (Fig. 8a—d).
The same grain assemblage is also present in the
pale grey beds but they are subordinate to abundant
(-50%) dolomite rhombs around 20 pm in dimen-
sion (Fig. 8b, c). The rhombs have well-de ned
faces and show amalgamation and intergrowth
(Fig. 8h), indicating that they are of diagenetic origin
and not transported grains.

In addition to the silty mudstones (and thin dolo-
mites), the BMF contains widely spaced thin beds
(0.1-5.0 cm thick) of very ne sandstone (Figs 2 &
3). These are typically nely laminated (Fig. 9a),
but the thicker beds can also show large current

ripples, wavy lamination and occasional low-
amplitude bed waves (sensu Baker and Baas 2020).
The basal contacts of the sandstone beds are sharp,
sometimes slightly eroded and occasionally show
small ame structures (Fig. 9b).

Trace fossils

The celebrated trace fossil assemblages of the AGG
are cast in positive hyporelief on the soles of
sandstone beds that rest on mudstones. The semire-
lief pro les of burrows (or half relief sensu Crimes
and Crossley 1980) are visible in cross-section
(Fig. 4d), and these are the only evidence for biotur-
bation seen in vertical pro le; the rest of the AGG
(and BMF) both appear unburrowed when viewed
in cliff sections (e.g. Figs 4 & 6). Sandstone beds
with trace fossils at their base are typically 10-
15 cm thick, although bed thicknesses range from
as little as 1 cm to up to 0.5 m (Crimes and Crossley
1991). Flutes are commonly cross-cut by the trace
fossils (Figs 5a—-d & 10a) while grooved surfaces
are not (Fig. 10b). The quality of burrow preserva-
tion also varies considerably, particularly for Paleo-
dictyon, the most common burrow type. These
hexagonal burrow networks are sometimes only
faintly embossed (Fig. 5e), suggesting that the bur-
row networks were only just intersecting these sur-
faces and were mostly developed in an overlying
mudstone, now removed. In other examples, short
sections of burrows, such as the Y-shaped junctions
or zig-zag lengths, are clearly preserved (Figs 5b, c, f
& 10a), indicating slight variation in the burrow
depth within an individual burrow network. Evi-
dence for burrow tiering, in the form of consistent
cross-cutting relationships amongst different ichno-
taxa, is rare, although the meandering Helminthopsis
are generally preserved in fuller relief and cross-cut
Paleodictyon when they are present on the same

Fig. 6. Borth Mudstone outcrops showing dominance of mudstone with thin ne sandstone and siltstone beds and
centimetre-thick beds of dolomite (arrowed). Boot for scale in (a) and 25 mm diameter coin in (b).
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