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Abstract: Bypassing sediment gravity flows 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 seafloor 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 surficial fluidal muds by flows that exposed firmer substrates. The
burrows are developed at this level and formed beneath a thin, post-depositional mud blanket. They fre-
quently cross-cut fluted surfaces indicating that basal turbidite bedding surfaces can record at least two, or
more, bypassing flow events. Thus, even on a basin floor with thick mudstone deposition, the number of
flow 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 fluidal 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.fig-
share.c.7713894

Sedimentological substrates influence 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 influenced seafloor
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 Mángano 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 significantly 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
first 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 asPale-
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 flows 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 flows, including turbidity currents,
transitional flows (sensu Baas et al. 2009), debris
flows 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 ,1 cm 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 flows 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 field 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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distinct mudstone–sandstone boundary were pol-
ished, coated in carbon and examined under a TES-
CAN VEGA3 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% HCl 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
HNO3–HF–HClO4. Samples were then dried and
boric acid was added before the samples were
dried again. Finally, samples were re-dissolved in
hot HNO3 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 certified values.

Sulfide concentrations were determined via the
two-step chromous chloride method (Canfield et al.
1986) to determine acid volatile sulfide (below

Fig. 1. Geological map of the Aberystwyth Grits Group
and Borth Mudstone Formation in Wales. Red star
represents the sampling positions. Source: modified
after Baker and Baas (2020).

Fig. 2. Sedimentary log of the long section measured in the Borth Mudstone at Borth beach, showing sample
horizons (BH1–BH60).

Softgrounds: gravity flows & deep-water trace fossils
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detection in all cases) and pyrite concentrations. The
liberated H2S was precipitated as Ag2S and pyrite Fe
(Fepy) was determined gravimetrically. Unsulfidized
Fe phases were determined via the sequential extrac-
tion scheme of Poulton and Canfield (2005). This
operationally defined procedure targets Fe in carbon-
ate phases (Fecarb), in Fe (oxyhydr)oxides (Feox) 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) identified the following
facies types in the AGG between Aberystwyth and

Fig. 3. Sedimentary log and field photograph of the high-resolution section measured in the Borth Mudstone
at Borth, showing sample horizons (BO1–BO20). LABW, Low-amplitude bed wave. Hammer highlighted
for scale.
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Borth (cf. Fig. 4), with the likely depositional pro-
cesses given in parentheses:

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

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

(3) sandstones with dispersed mudstone clasts
(upper transitional plug flows sensu Baas
et al. 2009);

(4) sandstones with large current ripples
(turbulence-enhanced transitional flows);

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

(6) siltstone, either massive or planar laminated
(fine-grained turbulent flow or lower transi-
tional plug flows);

(7) silty mudstone in which silt grains occur ‘float-
ing’ in the matrix (cohesive flow, preventing

settling of silt grains, as encountered in quasi-
laminar plug flows);

(8) 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 flows, cf. Baas et al. 2014; Stevenson
et al. 2014); other mud horizons may record
fine-grained settling after sediment gravity
flow events or hemipelagic ‘background’
settling).

Sole structures are common on the base of sand-
stone beds and include, most commonly, flutes
(Fig. 5a–d), along with grooves and more rarely
chevron and skip marks (Baas et al. 2021). Surfaces
with flute marks show a varying degree of bioturba-
tion (described below), although non-burrowed
fluted 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 fills 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.

Softgrounds: gravity flows & deep-water trace fossils
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Fig. 5. Soles of bedding planes in the Aberystwyth Grits, all at south Wallog beach unless otherwise stated. (a)
Heavily fluted surface, in which flutes 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 flute marks of different sizes, flow to left, cross-cut by mostly short, straight Palaeophycus, and
a small part of a large Paleodictyon (arrowed). (c) Surface with small flute casts cross-cut by Paleodictyon (example
arrowed) that are only partially preserved. North of Clarach Bay. (d) Several Helminthopsis cross-cutting numerous
small flute and skim marks (flow 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 first. 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 field 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 figure 15a)
of both very dark grey and pale grey mudstones
(Figs 2, 3 & 6). Silt-poor mudstones dominate
much of the BMFwith sparse, fine silt grains floating
in the finer 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 µm in dimen-
sion (Fig. 8b, c). The rhombs have well-defined
faces and show amalgamation and intergrowth
(Fig. 8b), 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 fine sandstone (Figs 2 &
3). These are typically finely 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 flame 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 profiles 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 profile; 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 meanderingHelminthopsis
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 fine 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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surface (Fig. 5f). In rare cases, the course of Helmin-
thopsis burrows may deviate where they intersect a
Paleodictyon network (Fig. 5b). Helminthopsis bur-
rows on flute-marked surfaces can show short dis-
continuities where the original burrow extended
into the inferred overlying mudstone (see below)
before returning down to the fluted surface (Fig. 5a).

Trace fossils are not discernible in the mudstones
of the AGG and BMF. However, thin-section analy-
sis reveals that there are abundant sub-millimetre-
scale burrows in the silt-poor mudstone facies but
not the silt-laminated mudstones (Figs 7a, c & 9a).
The burrows are most clearly seen by ‘decompact-
ing’ the sediment by vertically stretching images
(Fig. 7c), which reveals that they are subhorizontal
and unbranched and have blurred and diffuse bound-
aries. Burrowing was intense but did not extend
deeper than a millimetre (compacted thickness),
with the result that laminations in the silt-poor mud-
stones, which are defined by colour variations, have
been preserved (Fig. 9a).

In summary, there are two styles of bioturbation
in the AGG-BMF deep-water system: a diverse,
macrofaunal burrow assemblage with common
graphoglyptids restricted to the basal surfaces of
sandstone turbidites, and bioturbation in the silt-poor
mudstones that is more than an order of magnitude
smaller. None of this bioturbation disrupts bedding,
with the result that vertical profiles of the strata
appear unbioturbated.

Geochemistry

The geochemical attributes of the 32.5 and
1.0 m-thick sections are closely comparable, with
neither showing any great variation amongst the dif-
ferent lithologies (Fig. 11). TheTOCcontents are low
and range from 0.11 to 0.28 wt%, averaging 0.18 wt
% (Fig. 11). The pale-grey dolomitized mudstones
have a lower TOC content than the surrounding
dark grey mudstones, often below 0.1 wt%. The
iron geochemistry is similarly invariant amongst

Fig. 7. Thin section photomicrographs of a laminated and thin-bedded sample of the Borth Mudstone. (a) Overview
showing silt-poor mudstones in the lower field of view, with lamination defined by colour contrasts, and, in the upper
field of view, silt-laminated mudstone. (b) Enlargement of the silt-laminated mudstone. (c) Vertically enhanced (by
×10) view of mudstone in (a) showing pre-compactional fabric interpreted to record meiofaunal-scale bioturbation.
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samples, with very low ratios (average 0.08+ 0.02;
Fig. 11) of highly reactive Fe (FeHR) to total Fe (FeT).
The FeHR represents phases that are potentially reac-
tive towards dissolved sulfide during deposition and
diagenesis (Poulton et al. 2004), and the low FeHR/
FeT values are consistently below the 0.22 threshold
typical of oxic conditions (Poulton and Raiswell
2002). The Fepy/FeHR ratios are also low throughout
both sections, with almost no Fepy present in the pale
dolomitic beds (Fig. 11). The redox-sensitive trace
metals, U and Mo, are generally depleted relative to

average upper continental crust (REF, ‘R’ stands for
the reference value of trace element, and the subscript
‘EF’ stands for enrichment factor of each element),
with average enrichment factors (UEF = 0.64+
0.05, MoEF = 0.34+ 0.30) supporting oxic deposi-
tional conditions at the sediment–water interface (e.g.
Tribovillard et al. 2012). Rhenium enrichment fac-
tors (average 1.97+ 0.45) are only slightly enriched
(Fig. 11), suggesting that the dysoxic conditions
required for Re drawdown (Crusius et al. 1996; Mor-
ford and Emerson 1999) were restricted to sediment

Fig. 8. Backscatter images of Borth Mudstone lithologies; both views have bedding near vertical. (a) Mudstone
composed of chlorite (brightest grains), quartz and feldspar with rare dolomite patches (red arrow). Note the lack of
other amorphous clay minerals in this mudrock. (b) Dolomite rhombs form more than half of the field of view; other
grains are chlorite (bright laths), quartz (darkest grains) and feldspar. (c) Mudstone showing the vertical contact with
a dolomite-rich bed in the centre of the field of view (bedding is vertical in this view). (d) Element maps of the same
field of view shown in (c) in which areas with higher brightness have higher element concentrations. Dolomite-rich
levels are rich in Ca and Mg, and poor in Si and Al.
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porewaters during diagenesis, which is consistent
with the low TOC contents of these sediments.
These combined geochemical signals suggest that
the overlying water column was well oxygenated.

In summary, the lack of any enrichment in ura-
nium means that both the sediment–water interface
and the porewaters in the upper regions of the sedi-
ment profile were oxic as seen in modern environ-
ments (Morford and Emerson 1999). The lack of
Mo also supports this contention and suggests that
porewaters near the sediment–water interface were
not sulfidic. Furthermore, this is entirely consistent
with the very low total organic carbon values.
There is slight enrichment in Re, which occurs
under dysoxic conditions, but these are very low lev-
els, suggesting that the porewaters became dysoxic
at some depth in the sediments (Crusius et al.
1996; Morford et al. 2012). While it is impossible
to precisely state what depth porewaters became dys-
oxic or anoxic, large enrichments in Re only occur

when the O2 penetration depth is less than 1 cm
into the sediment. These are not large enrichments
that are reported here. The lack of any U enrichment
means that porewaters were oxic to a depth at which
water exchange could occur between the porewaters
and the overlying water column. The multiproxy
geochemical data thus provide strong lines of evi-
dence to suggest that oxygen was not controlling
the depth of bioturbation. The sediment also lacks
framboidal pyrite, a typical component of dysoxic–
anoxic sediments (Bond and Wignall 2010), further
supporting an oxic interpretation.

Discussion

The nature of the substrate

The sedimentology of the AGG-BMF system
records deposition in a deep-water turbidite fan set-
ting (Crimes and Crossley 1980; Talling et al.

Fig. 9. Thin-section photomicrograph images showing sedimentary features of the Borth Mudstone. (a) Pale grey
mudstone bed at centre of image overlain by a sharp (slightly erosive-based) very fine sandstone showing planar and
ripple-scale cross lamination. Small-scale burrow mottling (sub-millimetre scale) can be discerned in the pale bed.
The lowest part of the image shows a gradational transition to darker mudstone over a distance of c. 1 mm. (b) Image
of the contact between the laminated fine sand and underlying pale grey mudstone showing small flame structure. (c)
Image of pale grey mudstone with floating silt grains (starry night texture).
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2004; McClelland et al. 2011; Baker and Baas
2020), with the mudstone-dominated BMF devel-
oped on the muddy fringe of the system (Baker
and Baas 2020). The dominance of mudstone with
dispersed silt grains in this setting (Fig. 9c) suggests
that the mud-dominated flows had sufficient cohe-
sion to prevent particle sinking (Peakall et al.

2020). Such flows can be categorized broadly as
‘fluid muds’with low yield strengths capable of sup-
porting silt grains (Fig. 12; Talling et al. 2012). This
categorization of ‘fluid muds’ agrees with the study
of Baker and Baas (2020), who attributed the thick
muds, directly above silt and sand layers, of the
AGG and BMF to en-masse deposition from
turbulence-attenuated, mud-rich plug flows. In con-
trast, the silt-laminated beds probably formed as
bed load beneath a more turbulent boundary layer,
indicating some variation in style from lower- to
upper-transitional plug flow (Baker and Baas
2020). Despite evidence for erosive bed contacts
beneath silt laminae, small mudstone rip-up clasts
are not seen, even though they have been generated

in laboratory experiments on soft, watery substrates
(Schieber et al. 2010). Such clasts typically appear
as compacted lenses in ancient mudstones that
show evidence for sediment transport (e.g. Schieber
2016), but their absence from the Borth Mudstone
may reflect the soft nature of the seafloor substrates,
an attribute that may have controlled the trace fossil
occurrences, as discussed below.

Why is bioturbation not more pervasive?

The thinly bedded and often laminated appearance of
the AGG and BMF in outcrop has been used as evi-
dence that the various styles of sediment gravity flow
deposition occurred under anoxic conditions, in
which even the thin beds were not disturbed by bur-
rowing (e.g. James 2005). Furthermore, the develop-
ment of abundant, thin dolomitized layers in the
mudstones has not picked out any burrow networks,
even though burrows are often the focus for the
growth of diagenetic phases. Despite these observa-
tions, burrows are clearly present in the form of casts

Fig. 10. Soles of bedding planes in the Aberystwyth Grits. (a) Surface covered in numerous small flutes indicating a
flow direction to the left. Straight burrows and sections of Paleodictyon (example arrowed) cross-cut the flutes in
numerous places. (b) Broad grooves cross-cutting longitudinal ridges and furrows (a form of flow-induced interfacial
deformation structure, cf. Peakall et al. 2024). Note the absence of trace fossils. View is of a cliff overhang and is
approximately 8 m wide.
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on the soles of turbidites, notably those ornamented
with flutes, and more pervasively, on a sub-
millimetre scale in mudstones. Given the geochemi-
cal evidence from both iron speciation and trace
metal concentrations for a well-oxygenated deposi-
tional setting, it is not surprising to find burrowing.
Nonetheless, questions remain as to why it was not
more pervasive and why there are no body fossils
present, if the seabed was well oxygenated. The pres-
ervation of the trace fossils provides some clues, as
discussed below.

Preservation of trace fossils

The trace fossil assemblages, including the promi-
nent graphoglyptids, of the AGG are cast beneath
turbidite sandstones, in which the burrows were par-
tially exhumed and eroded before being infilled by
sand (Uchman and Wetzel 2012; Knaust et al.
2014). Reports of full-relief preservation in the
AGG, either within the sandstone beds or as sand-
filled burrows cast in the mudstone beds beneath
(Crimes and Crossley 1980, 1991) were not

Fig. 11. Geochemical data for the long section, and the high-resolution section, of the Borth Mudstone Formation,
Borth. Dashed lines on the plots of highly reactive Fe (FeHR) to total Fe (FeT) and pyrite Fe (Fepy) to FeHR
distinguish different bottom water redox conditions (Poulton 2021), while for the enrichment factor plots, the dashed
lines at a value of 1 represents the upper continental crust composition.

Fig. 12. Estimated rheology of Borth muds during
deposition in a plot showing the maximum clast size
that can be supported by the yield strength (matrix
strength) of a mud-rich fluid, for increasing clay
(kaolin) concentrations (from Talling et al. 2012).
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confirmed in our study. Similarly, purported
faecal-pellet-filled burrows (Crimes and Crossley
1991; Orr 1995) were not seen; all trace fossils
were sand filled and attached to basal surfaces of
sandstones and in places had clearly been present
within the overlying mudstone that was eroded
prior to sandstone deposition (Fig. 5a). Modern
graphoglyptids are endostratal traces that form
beneath a few millimetres of surficial mud (Ekdale
1980). Therefore, the depth of erosion required to
exhume the AGG traces need not have been great.
However, the presence of only faint hyporelief traces
(e.g. Fig. 5e) suggests that in some cases the burrows
were mostly in the overlying muds, with only the
basal-most part of the burrows intersecting the fluted
surfaces. However, the mud blanket must have been
at least a few centimetres thick in order for endostra-
tal burrows c. 1 cm in diameter to form. Previous
studies of the AGG have suggested that the burrows
were partially eroded and cast in sand deposited by
turbidity flows (Crimes and Crossley 1991; Orr
1995). This accords with their positive hyporelief
preservation on the soles of turbidite sandstones,
but it does not account for the fact that the burrows
cross-cut sole marks, particularly flutes.

Process model for trace fossil development

and preservation

The observation that burrows postdate the sole
marks indicates that there were at least two distinct
phases of erosion and sediment bypass. An initial
phase of erosion of a muddy seafloor produced flutes
and was followed by deposition of a thin, mud blan-
ket, either by hemipelagic processes or by settling
from the tail of the turbidity current (Fig. 13). This
suggests that the turbulent or weakly transitional
flows responsible for forming flutes (Peakall et al.
2020) bypassed their sand component downdip.
Subsequent colonization of the seabed saw burrows
developed within the mud blanket at the interface
between the eroded, flute-ornamented surface and
its mud cap (Fig. 13). The common co-occurrence
of flutes and trace fossils suggests that the rheologi-
cal properties required for flutes to form in mud were
optimal for the burrowers. The formative substrate
conditions of flutes are poorly known; however,
there must be sufficient strength to maintain rela-
tively steep slopes at their upstream ‘noses’ (Peakall
et al. 2020, 2024). Physical experiments on chev-
rons and grooves show that erosive cuts cannot be
maintained in sediments with yield strengths below
c. 70 N m−2 (McGowan et al. 2024), equivalent to
the fluid–solid category in the classification of van
Rijn (1993). Consolidation times for the fluid–
solid category is of the order of one year (van Rijn
1993), representing a minimum time estimate.

These estimates for yield strength are, however,
based on modern clay-rich sediments (van Rijn
1993). In contrast, the muds in the BMF lack appre-
ciable amorphous clay, instead consisting of clay-
grade material composed of quartz, feldspar miner-
als and distinct chlorite clay grains (Fig. 8a, b). Con-
sequently, the consolidation times of this colloidal
suspension to reach equivalent yield strengths are
poorly known. However, the presence of the silt
grains within these muds that produces the ‘starry
night’ facies, suggests that these muds exhibited
strength and thus cohesion.

A second phase of erosion then followed, which
removed the mud cap and deposited sand that cast
the lower part of the trace fossils. This scenario
requires that the second erosive event cut down pre-
cisely to the previous level of erosion, where the bur-
rows are developed, and no deeper. The marked
rheological contrast between the more-lithified
older mud and the younger surficial muds may
have resulted in this being a common occurrence.
Trace fossils (including graphoglyptids) that cross-
cut sole marks have been reported from other turbi-
dite successions (e.g. Monaco 2008; Buatois et al.
2009; Monaco and Checconi 2010; Cummings and
Hodgson 2011), and can be reinterpreted to record
series of events similar to those shown in Figure 13.
However, the bedding surfaces with burrows and
sole marks only record levels that were true sub-
strates for a short period (sensu Davies and Shillito
2021), because they were only briefly exposed at
the seabed immediately following flute formation,
and again following removal of the mud blanket,
until deposition of the overlying bed. The endostratal
burrows formed within a mud blanket that draped the
sole structures after formation.

The AGG is famous for its bioturbation, but basal
bedding surfaces lacking trace fossils are common,
which may be due to a number of reasons. Firstly,
the original mud cap thickness may have been too
thick for burrowing organisms to have reached the
sole mark surfaces. Secondly, erosion from more
powerful flows may have removed the burrowed,
sole-marked horizons, leaving only smooth bedding
planes or a surface with only sole marks (Fig. 13).
Lastly, the sole marks may have been cut by flows
that then deposited a turbidite, hybrid event bed, or
debrite, and associated mud-cap, on top of the sur-
face, thus preserving the sole marks from being bio-
turbated. In particular, this may be the case for the
rarely bioturbated, grooved surfaces that are typically
overlain by debrites and hybrid event beds in the
AGG (Fig. 10b; Baas et al. 2021). The interval
between erosive episodesmust have been sufficiently
long to allow seafloor colonization, possibly at least
several years. In modern experimental studies, colo-
nization of the muddy deep-seafloor begins within
months, although the development of diverse
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communities of adult organisms takes 2–5 years
(Smith and Hessler 1987). Such periods of stasis
are plausible for this distal part of a turbidite system,
given that estimates of turbidite frequency, whilst
poorly constrained, decrease down-system from c.

1–5 per year in canyon heads, to 1–2 per year in
the mid-fan Amazon channel, to c. 1 per 1000 years
or less in basin plain deposits (Pirmez and Imran
2003; Talling 2014). Distal submarine fan settings
such at the Welsh Basin are thus in sharp contrast
to early Paleozoic shallow-epeiric settings, where
high sedimentation frequencies and hydrodynamic
activity between depositional events consistently
shorten colonization windows and thus reduce trace
fossil abundance (Veenma and Davies 2025).

If macrofauna were able to colonize and burrow
the muddy seafloor during AGG deposition, then
why are there no endostratal burrows within the
sandstones? Such burrows are present elsewhere in
the Welsh Basin. For example, Orr (1995) recorded
trace fossils, notably Helminthoidea, within contem-
poraneous turbidite sandstone beds developed updip
from the AGG. Their absence from the AGG may
relate to the greater thickness of the mud caps in
the more basinal location. If turbidite sands were
blanketed by thick caps of fluidal mud, it would
not have been possible for the larval stages of the
organisms to penetrate deep enough to reach the
sandy layers. By implication, the mud caps were pre-
sumably thinner in the updip locations studied by Orr

Fig. 13. Process models for formation of the different basal bedding surfaces seen in the sandstones of the
Aberystwyth Grits Group. Note that in the case of erosion of the fluted surface, the resulting bed may show no sole
structures as illustrated, or may contain grooves surfaces, or in some cases a new fluted surface (see text for details).
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(1995), allowing some animals to burrow down into
the tops of turbidite sands. In the AGG and BMF,
bioturbation was restricted to the muddy layers,
where it is seen (in thin section) as the tiny, diffuse
burrows of meiofaunal-sized organisms (Figs 7a, c
& 9a). This burrowing was insufficient to disturb
even lamina-scale bedding and the resultant fabric
is of a type that has been called ‘fuzzy lamination’
(Schieber and Wilson 2021). Suggestions that such
fabrics are indicative of dysoxic conditions, in
which larger organisms were unable to survive
owing to low oxygen conditions (Schieber 2003;
Schieber and Wilson 2021), are not supported by
our geochemical evidence for fully oxygenated bot-
tom water conditions. This indicates that substrate
consistency is the key constraint on trace fossil
development. A very soft, fluidal substrate is also
likely to have ensured that shelly macrofauna were
unable to settle on the muds of the AGG-BMF sys-
tem. Shelly benthic organisms sink into highly flu-
idal muds (Wignall 1993), while soft-bodied
meiofauna such as nematodes can ‘swim’ in such
sediment (Moodley et al. 2000). Only when the flu-
idal mud was removed by sediment gravity currents
to expose somewhat more cohesive sediment were
favourable conditions for larger burrowing organ-
isms created.

Implications for the evolution of deep-water

burrowing in the Paleozoic

The intensity and diversity of bioturbation in deep-
water settings in the early Paleozoic lagged behind
that of shallower-water communities (Seilacher
1977; McCann 1990; Crimes and Crossley 1991;
Uchman 2004; Uchman and Wetzel 2011; Gougeon
et al. 2018; Buatois et al. 2020, 2025). Various
explanations have been suggested for this, including
the prevalence of low-oxygen conditions in deeper
waters (Haxen et al. 2023; Tarhan et al. 2023) and
macroevolutionary causes such as increasing compe-
tition in shallow waters causing some groups to be
displaced into deeper waters (Crimes et al. 1992;
Orr 2001). The redox proxies from the Welsh
Basin indicate fully oxygenated bottom waters,
which helps explain the high diversity of the ich-
noassemblages. Low-diversity trace fossil communi-
ties typical of other deep-water environments in the
Early Silurian may owe their impoverishment to
inhibiting factors, such as poor oxygenation. None-
theless, the AGG trace fossils are unusual in being
restricted to bedding surfaces in strata that are other-
wise laminated. Graphoglyptid traces are commonly
destroyed by deeper tiers of bioturbation and pre-
served only if exhumed and cast by eroding turbidity
currents (Uchman and Wetzel 2011). Other than
occasional cross-cutting (Fig. 5b), there is no

evidence for tiering of burrows in these Early Silu-
rian basinal sediments. The AGG and BMF have a
very thin ‘mixed layer’ that is less than a millimetre
thick, although this thickness may have been up to a
centimetre pre-compaction. It is argued here that this
is because the fluidal nature of the substrate inhibited
colonization by macrofauna. Only erosion by sedi-
ment gravity currents and exposure of somewhat
firmer substrates facilitated the development of
macrofaunal burrows.

Sediment mixed layer thicknesses – the zone of
intense surficial bioturbation – are around 10 cm in
modern sediments but typically only 1–2 cm in
early Paleozoic sediments (Tarhan et al. 2015),
although peak burrow depths can be greater (Mán-
gano and Buatois 2014) and examples of well-
developed mixed layers are known from shallow
marine Cambrian strata (Gougeon et al. 2018).
This increase in mixed layer thickness has been
attributed to the slow rise of sediment ‘bulldozing’
by mobile deposit feeders in the Cambrian–Devo-
nian interval (Tarhan et al. 2015). Our study suggests
that the lack of bulldozers in our deep-water Early
Silurian example was not due to oxygen limitation
but to sediment fluidity. The low-clay, but clay-
grade, mineral composition of the muds, and result-
ing colloidal suspension, probably resulted in soupy
substrates in the AGG–BMF depositional system. It
remains to be seen if such mud types (and their ich-
nofabric) are specific to this Early Silurian example,
or if the lack of vegetated landscapes in the early
Paleozoic ensured that there was little supply of
clay minerals to the oceans (McMahon and Davies
2018). In such conditions, it was the nature of the
sediment gravity flows that was the key control on
trace fossil development. Ideal conditions occurred
when erosion exposed partly lithified muds of suit-
able consistency for traces to develop, although a
thin blanket of fluidal mud was also required for
the endostratal organisms to thrive.

Implications for classification of trace fossils

Trace fossils in turbiditic successions are frequently
categorized as pre-depositional (e.g. graphoglyptids)
and post-depositional (e.g. Seilacher 1962; Cabrera-
Ortiz et al. 2025; Uchman and Wetzel 2025). How-
ever, the present work shows that where there are
fluted surfaces such characterization can be mislead-
ing. In the present examples, the graphoglyptids are
post-depositional with the original mud-blanket
deposited above the fluted surfaces; however, they
are pre-depositional relative to the bed that ulti-
mately sits above the fluted surfaces. Even more
complex erosion-and-deposition histories can be
inferred from some published examples of fluted sur-
faces. For example, figure 6c of Buatois et al. (2009)
shows small flutes, cross-cut by burrows, before a
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second set of larger flutes was formed which are also
cross-cut by a later generation of burrows. At least
three distinct flows must have been involved in
the generation of such surfaces. The terms pre- and
post-depositional thus do not work in examples
where there are significant periods of coarse-
grained bypass, followed by stasis and subsequent
re-excavation of surfaces. We recommend that the
terms such as hypichnial and endichnial are utilized
to describe traces because they do not infer the tim-
ing a priori.

Implications for deep-water systems:

sedimentation v. bypass

The importance of sediment bypass during deposi-
tion of the AGG indicates that sediment gravity
flows were more common than a simple count of
the preserved bed number indicates. Fluted surfaces
cross-cut by burrows record at least two discrete
events with a period of considerable stasis (probably
several years) between flows (Fig. 13). They could
also record multiple repetitions of such events with
most episodes going unrecorded. The burrowed sur-
faces record highly fortuitous conditions during dep-
osition from the final flow, and even unornamented
basal surfaces could record many events (the right-
hand option in Fig. 13 could be repeated many
times). The implication is that assessment of event
frequency may be impossible even in a basin-floor
submarine fan system, rendering calculations of
such criteria (e.g. Talling 2001; Sylvester 2007;
Marini et al. 2016) problematic. In particular, the
bypass of sands appears strongly related to the turbu-
lent to lower transitional plug flows (sensuBaas et al.
2009) that formed fluted surfaces (Peakall et al.
2020). These missing sands may in part explain the
observation of a prominent break in the thickness
distributions of turbiditic sandstones, between high-
concentration, and low-concentration turbidites (e.g.
Rothman and Grotzinger 1995; Talling 2001; Syl-
vester 2007). The evidence for bypass of sands in
turbulent dominated flows may also apply to the
transition between the products of high- and low-
concentration turbidity currents (HDTC v. LDTC),
and if so may provide a putative answer for the rarity
of complete Bouma sequences (with a full set of divi-
sions A–E). The hypothetical model of Allen (1985,
his figure 12.25; reproduced in Bridge and Demicco
(2008) and Leeder (2011)) for the longitudinal distri-
bution of the Bouma divisions has the divisions
stacking progressively downstream. However, this
still leaves a considerable zone where complete
Bouma sequences would be expected. Bypass of
the fluidal low-concentration turbidity currents sug-
gests an enhanced mobility of flows at this point,
and thus the Tcde divisions may be significantly

offset downdip relative to the Tab divisions. Presum-
ably this offset is sufficient to make the probability of
complete Bouma sequences very low. Likewise, the
vertical deposition rate in turbidites is often assumed
to progressively decrease upwards (Allen 1991, his
figure 1; Stow et al. 1996; Collinson and Mountney
2019). In contrast, the enhanced mobility of low-
concentration flows suggests that there should be a
marked reduction in deposition rate or even a hiatus
at the HDTC to LDTC divide (e.g. Sumner et al.
2008); in turn followed by a reduced deposition
rate in the Tcde divisions as shown in the experiments
of Sumner et al. (2008) and see also Talling (2001)
and Sylvester (2007).

Conclusions

The AGG and BMF record two distinct styles of bio-
turbation: trace fossil assemblages on the soles of
turbidites and meiofaunal (sub-millimetre scale) bur-
rows in mudstones. The former traces are almost
always found cross-cutting flutes, but only rarely
on grooved surfaces. The burrowed surfaces record
at least two distinct flow events. Initial flute forma-
tion by a bypassing sediment gravity current was fol-
lowed by deposition of a thin mud blanket. Trace
fossils formed at the flute surface/mud blanket inter-
face over the ensuing few years before a second
flow event re-exhumed the fluted surface and cast
both the flutes and trace fossils (in positive hypore-
lief ) at the base of turbidite sand. The frequent
description of such basal–turbidite trace fossils as
‘pre-depositional’ is inappropriate because the sur-
face on which they occur has a history of both ero-
sion and deposition. In contrast, grooved surfaces
showed only temporary stasis (insufficient for colo-
nization and burrowing) between the formation of
the grooves by the debritic head of the flow (Baas
et al. 2021) and the deposition of an overlying coarse
bed. Consequently, bypass of the coarse-grained
component of some types of sediment gravity flow
is key to the formation and preservation of the traces
in the AGG. The trace fossils indicate that the bypass
of turbidites that form flutes is relatively common in
the AGG (and probably in other turbidite systems
too). Previous work has suggested that there could
be marked periods of stasis between sole structures
and the overlying deposit, and that this should be
accommodated in a revised Bouma sequence (Pea-
kall et al. 2020; Baas et al. 2021). Here we provide
evidence for this process and highlight that it is
most common at fluted surfaces.

Macrofaunal-scale burrowing is not seen in the
mudstones. These are thinly bedded and composed
of clay-grade detrital grains (quartz, feldspar, chlo-
rite) with ‘floating’ silt grains interpreted to indicate
deposition from a cohesive flow of fluid mud.
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Geochemical proxies (Fe speciation and fluctuations
of the redox-sensitive trace metals U, Mo and Re),
combined with the absence of pyrite framboids, indi-
cate that seafloor conditions were fully oxygenated
during mudstone deposition. Numerous, centimetric
pale brown beds are shown to be formed from diage-
netic dolomite. The absence of visible bioturbation is
attributed to the soupy nature of the muddy sub-
strates that probably impeded seafloor colonization,
except for meiofaunal organisms that were able to
‘swim’ through the substrate producing diffuse bur-
rows and fuzzy lamination. It was only the exhuma-
tion of firmer substrates by sediment gravity flows
that allowed larger organisms to colonize. Claims
that fuzzy lamination is indicative of dysoxic condi-
tions inimical to macrofaunal life are not supported
by the geochemical proxies. Substrate consistency
was therefore the paramount control on trace fossil
development in the Early Silurian Welsh Basin,
with the degree of erosion by sediment gravity
flows being the main variable. Contemporaneous
(and older) deep-water trace fossil assemblages are
generally less diverse than the AGG assemblages.
The normal oxygenation levels may have facilitated
the elevated diversity seen in our study, a conclusion
that indirectly supports the idea that the colonization
and bioturbation of many or most deep-water early
Paleozoic settings was impeded by poor oxygenation
of deeper waters at this time (Dahl et al. 2010, 2019;
Lu et al. 2018; Sperling et al. 2021; Haxen et al.
2023). Nonetheless, our study shows that using sedi-
mentary criteria alone for redox levels, such as the
preservation of fine lamination, is not reliable unless
supported by combined geochemical and petro-
graphic evidence.
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