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PALEONTOLOGY

The Emu Bay Shale: A unique early Cambrian
Lagerstatte from a tectonically active basin

Robert R. Gaines'*, Diego C. Garcia-Bellido??3, James B. Jago3'4,

Paul M. Myrows, John R. Paterson®*

The Emu Bay Shale (EBS) of South Australia is anomalous among Cambrian Lagerstatten because it captures ana-
tomical information that is rare in Burgess Shale-type fossils, and because of its inferred nearshore setting, the
nature of which has remained controversial. Intensive study, combining outcrop and borehole data with a compi-
lation of >25,000 fossil specimens, reveals that the EBS biota inhabited a fan delta complex within a tectonically
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active basin. Preservation of soft-bodied organisms in this setting is unexpected and further underscores differ-
ences between the EBS and other Cambrian Lagerstatten. Environmental conditions, including oxygen fluctua-
tions, slope instability, high suspended sediment concentrations, and episodic high-energy events, inhibited
colonization of the lower prodelta by all but a few specialist species but favored downslope transportation and
preservation of other largely endemic, shallow-water benthos. The EBS provides extraordinary insight into early
Cambrian animal diversity from Gondwana. These results demonstrate how environmental factors determined
community composition and provide a framework for understanding this unique Konservat-Lagerstatte.

INTRODUCTION

The Cambrian Explosion is marked by the sudden appearance of
almost all animal phyla in the fossil record, the proliferation of pre-
dation and complex food webs, and very high rates of morphologi-
cal evolution across lineages. The patterns and magnitude of this
event are best understood from Konservat-Lagerstitten, deposits
that include spectacular preservation of soft, nonbiomineralized tis-
sues that offer unparalleled insight into marine biodiversity in the
immediate aftermath of the Cambrian Explosion (1-3).

Among these deposits, the lower Cambrian (Series 2, Stage 4)
Emu Bay Shale (EBS) of Kangaroo Island, South Australia (Fig. 1)
has proven particularly important. Some EBS fossils retain anatomi-
cal aspects, such as muscle fibers (4) and nonbiomineralized com-
pound eye lenses (5-7), which are rare or absent in other Cambrian
Lagerstitten. The style of preservation in the EBS thus appears to be
distinct from the widespread pattern of soft-tissue preservation typ-
ical of Cambrian Burgess Shale-type (BST) deposits (8). Critically,
evaluation of the paleoecological and evolutionary significance of
the EBS biota has been complicated by uncertainty surrounding its
paleoenvironmental setting (9).

As recognized in earlier studies, the EBS accumulated in a
nearshore setting (10), but the nature of that setting, including
water depth and redox status, has remained the subject of debate
(11-15). Exceptional preservation of nonbiomineralized fossils
in Cambrian nearshore and shoreline sandstone deposits in-
cludes casts and molds of stranded jellyfish (16-18), casts of ar-
thropods (19, 20), and small carbonaceous fossils (21). The
preservation of a diverse assemblage of soft-bodied macrofossils
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in a nearshore setting in the EBS, however, is anomalous and
clearly distinct from the widespread pattern of Cambrian BST
deposits. Like the EBS, BST deposits capture diverse assem-
blages of soft-bodied macrofossils but occur in offshore shelf
and slope facies that were deposited near, but below, storm wave
base (8, 22).

Here, we use detailed outcrop and borehole data to interpret the
paleoenvironmental setting of the EBS and, using a new dataset of
>25,000 fossil specimens, establish the environmental factors that
influenced the unique assemblage of the EBS biota.

RESULTS

Depositional setting of the EBS

The EBS belongs to the Kangaroo Island Group, a lower Cambrian
succession that is restricted to the northeastern coast of Kanga-
roo Island (Fig. 1, A and B, and fig. S1). The Kangaroo Island
Group has been interpreted to represent deposition near the
northern (present day) boundary of an ancient rift basin with
alluvial fans at its margin, and its deposition was accompanied by
minor syndepositional mafic alkaline volcanism (10, 23-26). Rift-
ing is linked to the onset of convergent deformation associated
with the Delamerian Orogeny and, more broadly, to active defor-
mation along most of the Antarctic and Australian western mar-
gin of Gondwana (27).

Early workers suggested a shallow water setting for the EBS
based on inferred tidal influence during deposition of adjoining
units: the underlying Marsden Sandstone and overlying Boxing Bay
Formation (10). Biomarker evidence for the presence of cyanobac-
teria in the EBS was used to support a shallow water setting (12),
although transportation and burial of cyanobacterial organic matter
in a deeper setting cannot be excluded. Recent geochemical study of
outcrop samples using organic carbon and trace element concentra-
tions revealed no evidence for anoxic conditions (12, 15), upholding
the prevailing interpretation of a well-oxygenated, shallow marine
depositional setting. However, renewed field investigation led Gehling
et al. (11) to suggest that the Lagerstitte-bearing interval was deposited
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Fig. 1. Location and geologic context of the EBS. (A) Location map of Kangaroo
Island in South Australia. (B) Geological map of Big Gully on the northeast coast of
Kangaroo Island, after Gehling et al. (17) and Garcia-Bellido et al. (69). (C) Strati-
graphic column of the lower EBS at Big Gully showing the interval that preserves
the Konservat-Lagerstatte.

within localized tectonic depressions in relatively deep water that
was, at times, anoxic.

On the basis of a comprehensive outcrop and borehole study of
the complete succession, we divide the EBS into three informal
units: a 12-m-thick lower mudstone unit that includes a basal con-
glomerate, a 30-m-thick middle heterolithic unit comprising mud-
stone and sandstone with minor conglomerate, and a 32-m-thick
top unit of interbedded siltstone and sandstone. The Konservat-
Lagerstitte is found in a ~10-m-thick interval of the lower EBS that
spans the gradational transition from the basal mudstone unit,
dominated by shale, to the middle heterolithic unit, which is domi-
nated by sandstone (Fig. 1C and fig. S2). Here, we focus our study on
the lower and middle units.

Analysis of outcrop and borehole strata, in combination with pol-
ished slabs and thin sections, allows for a detailed reconstruction of
paleoenvironments and depositional history. The base of the forma-
tion is marked by a <2.05-m-thick conglomerate bed with consider-
able local basal relief. The bed contains clasts of carbonate, basement
vein quartz, sandstone, shale, and angular sandstone intraclasts of
the directly underlying Marsden Sandstone. We concur with Gehling
et al. (11) that the formation contact is a sequence boundary.

Gaines et al., Sci. Adv. 10, eadp2650 (2024) 26 July 2024

The lower mudstone unit is laminated at the <I-mm-scale
(Fig. 2A), and bioturbation is absent (14). Soft-bodied fossils pri-
marily exist in laminated mudstone that is dominated by clay but
include thin (<0.5 mm) silt laminae and floating silt grains (Fig. 2,
A, B, and K, and figs. S3 and S4); vetulicolians also exist in very fine
sandstone beds (1 to 2 cm in thickness) intercalated with mudstone
(fig. S4). In combination with evidence for transport of some soft-
bodied forms (described below), the presence of floating silt grains
suggests that mudstone was deposited from density-driven sedi-
ment gravity flows, e.g., (28). In the lower 7 m of the formation,
small calcium phosphate nodules (5 to 10 mm) are locally abundant
(Figs. 1C and 2B).

Geochemical attributes of samples collected from core are sub-
stantially different than those recovered from highly weathered out-
crop samples. In particular, organic carbon (table S1) is far more
abundant [up to 1.7% total organic carbon (TOC); average of 1.1%;
n = 40] in core samples than previously reported for outcrop sam-
ples (<0.5% TOC) (12, 15), and pyrite is present in concentrations
up to 3.3 wt % (average of 1.0 wt %; table S1) but completely absent
from surficial samples. In addition, the redox-sensitive trace ele-
ment molybdenum is consistently enriched relative to composite
shale standards (29, 30) (enrichment factor of 2.3 to 11.6; average of
5.3; see Materials and Methods) in 93 samples measured from core
(table S2), whereas enrichment factors of Mo for outcrop samples
average <1 (15). We infer that these differences between relatively
fresh borehole material and samples collected from surface expo-
sures resulted from extensive weathering at the surface. Together,
laminated shale with phosphate nodules, substantial concentrations
of organic carbon and pyrite, and enrichment in Mo are characteris-
tic of low-energy deposition in a relatively deep-water setting, with
elevated primary productivity and oxygen depletion in the lower
water column (31-33).

On the basis of the above data, we interpret the contact between
the basal conglomerate and the overlying mudstone unit (Fig. 1C) to
represent a major marine flooding surface. As such, the lower mud-
stone unit above this flooding surface represents much or all of a
transgressive systems tract deposit. We posit that the mudstone is
relatively devoid of sandstone due to sea level rise and shoreline re-
treat. In general, during sea level rise, sediment discharge is drasti-
cally reduced as bedload is deposited in alluvial channels and
nearshore environments due to backwater effects (34). The lami-
nated mudstone persists upward into the middle heterolithic unit,
where it becomes volumetrically subordinate to coarser-grained li-
thologies.

The middle heterolithic unit (Fig. 1C) has numerous horizons
with subaqueous mass transport features. Soft-sediment folds with
consistent vergence range from the centimeter-scale to >1 m in
thickness and deformed horizons up to 1 m in thickness commonly
extend laterally for tens of meters (Fig. 2, C and D). The upper sur-
face of one 25-cm-thick, parallel-laminated sandstone bed truncates
the lamination, indicating that the upper surface is a slide scar pro-
duced by detachment and downslope movement of a mass of the
bed (35, 36). The middle unit also contains conglomerate in a wide
variety of bed types (fig. S2). In some cases, pebbles to small cobbles
are isolated along cryptic bedding surfaces within interbedded
sandstone and shale (Fig. 2F). Three conspicuous beds of massive,
ungraded, mud-supported conglomerate exhibit flat bases and
consist of very poorly sorted clay to granule matrix with widely
spaced, isolated, pebbles and cobbles up to ~20 cm across (Fig. 2E).
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Fig. 2. Sedimentary attributes of the EBS in polished slab, outcrop, and thin section. Meterage refers to Fig. 1C. (A, B, and K) Laminated mudstones [(A) 7.5 m] include
authigenic phosphate nodules [(B) 2.1 m] and abundant silt grains floating in a matrix [(K) 2.1 m]. (C and D) Slump folding [(C) 16 m and (D) 17.5 m]. (E) Paraconglomerate
with large rounded-subrounded clasts (32.5 m). (F) Cobble-sized and pebble-sized clasts (arrows) in mudstone (31.9 m). (G) Rippled sand (light) with mud (dark) in ripple
troughs (54.9 m). (H to J) Sandstones exhibit high matrix (dark) content, angular grains [(H) 17.2 m] and weak grading [(l) 6.4 m], with dewatering structures [(J) 27.8 m]

common at bed bases.

Clast-supported conglomerate beds exhibit erosive bases, including
a <95-cm-thick, channel fill pebble to cobble, conglomerate with a
highly irregular, erosional base. Thinner pebble conglomerate chan-
nel fills also exist in the section, and some exhibit normal grading
(fig. S2).

The features of the middle unit indicate remobilization and fail-
ure of the seafloor, gravity-driven transport, and deposition on rela-
tively steep slopes. The verging, soft-sediment folds (Fig. 2, C and D)
reflect deposition on a slope characterized by rapid accumulation of
unconsolidated fine sediment (silt and clay) that was prone to fail-
ure, ductile deformation, and minor downslope movement (37).
Common loading and dewatering structures provide further indica-
tion of high background accumulation rates of sediment and epi-
sodes of rapid deposition of coarse-grained sediment (Fig. 2]). The
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poorly sorted, mud-rich conglomerate beds with flat bases, dis-
persed cobbles, lack of grading, and massive texture (Fig. 2E) indi-
cate a lack of flow turbulence and deposition from viscous debris
flows. The conglomeratic channel fill beds with erosional bases re-
cord erosion by turbulent flows and subsequent deposition of coarse
bedload. The array of mass transport, slump, and dewatering fea-
tures in the middle unit indicate common liquefaction, high rates of
sediment accumulation, episodic failure of the seafloor on a slope,
and deposition of conglomeratic beds that ranged from viscous de-
bris flows to turbulent mixed-bedload mass flows. This all suggests
deposition in a more proximal (upslope) position than the lower
mudstone unit, higher on the prodelta slope. Thus, the lower two
units are interpreted to record shoaling and progradation of a del-
taic system.
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The upper 33-m-thick unit consists of parallel laminated siltstone
and ripple-scale (~10 mm) cross-laminated fine to very fine sandstone
(Fig. 2G). The basal 11 m of the upper unit is covered by alluvium,
although a new core intercepted the contact between units. The
transition in facies exposed in core is sharp. The upward coarsening
trend in the underlying prodelta deposits is truncated at the base of
the upper unit, and the latter does not have characteristics that
would be expected for further progradation of a fan delta. Specifi-
cally, the upper unit is not composed of thicker and coarser delta
front sandstone and conglomerate but instead comprises finely lam-
inated siltstone to very fine sandstone (Fig. 2G). We thus interpret
the base of the upper unit to likely be an unconformity surface with
the upper part of the prograding deltaic system missing, presumably
by erosion along a sequence boundary. The overlying, finely lami-
nated upper unit would represent the transgressive systems tract
deposits of the succeeding sequence.

DISCUSSION

An early Cambrian fan delta complex

The Kangaroo Island Group accumulated in an evolving continental
rift system (10, 23, 25). The EBS is similar to other units of the group
in that petrologic data (angular grains, abundant lithic grains, and
detrital micas; Fig. 2H) indicate a proximal sedimentary source area
where rates of physical weathering outstripped those of chemical
weathering, typical of tectonically active settings and arid climates,
e.g., (38). Yet, the EBS is distinct within the Kangaroo Island Group
in that it records deposition in moderately deep water, as evidenced
by laminated pyritic mudstone with authigenic phosphate nodules,
and geochemical indicators of anoxia (tables S1 and S2). The overall
sedimentary succession of the EBS indicates that a relatively rapid
transgression above its basal conglomerate led to the development
of alow-energy muddy basin (11). Relative sea level was likely most-
ly driven by abrupt subsidence linked to active tectonics, although a
eustatic rise of ~80 m is also estimated for the base of Cambrian
Stage 4 (39). The resulting lower mudstone unit was succeeded by
the ~35-m-thick upward-coarsening middle unit that records distal-
to-proximal prodelta facies. Although thickness cannot be used for
a direct estimate of water depth, because of load-induced subsid-
ence, eustasy, compaction, and other factors, the ~42-m-thick pro-
delta section (lower and middle units) would suggest likely water
depths for the lower mudstone in the range of ~50 to 100 m. Soft-
sediment deformation features and associated mass transport de-
posits can form on deltas with slopes as low as 1° (40, 41), but the
presence of debrites and channel deposits with clasts up to cobble
size would suggest steeper slopes and close proximity to range-
bounding faults (42). Thus, the EBS likely represents the lower part
of the subaqueous section of a fan delta complex.

A prodelta interpretation for the lower and middle units of EBS is
supported by evidence for rapid deposition and frequent failures of
the seafloor, which includes the high abundance of slump folds with
consistent vergence, slide scars, dewatering structures, and debris
flows in the middle heterolithic unit (Fig. 1C) (43-50). The mudstone
beds, including those that contain the Konservat-Lagerstitte, include
angular silt grains with abundant clay matrix and no traction features
(Fig. 2K), which, in the overall depositional context, would suggest
deposition from the collapse of hypopycnal flows, sediment plumes
that were initially suspended within a buoyant freshwater lens at the
river’s mouth (51, 52). Textural properties of fine sandstone and
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siltstone beds of the middle unit—particularly the poor sorting and
high matrix content (Fig. 2, H and I)—suggest likely deposition from
sediment flows initiated by turbid plumes at the mouth of the river
that fed the delta (51, 53). The massive and parallel-laminated sand-
stone beds, the latter recording upper plane bed flows, suggest event
deposition, likely from high-concentration hyperpycnal flows that
discharged directly from the river’s mouth across the sloping seafloor
of the delta front during peak flow events (50, 53).

The EBS biota was preserved in a nearshore but relatively deep-
water (tens of meters) setting representing the prodelta of a fan delta
complex that developed in a tectonically active basin. The preserva-
tion of abundant, delicate, soft-bodied organisms in a fan delta set-
ting that was subject to high-energy depositional events (e.g., debris
flows) is unexpected. However, the muddy, lower prodelta setting
inferred for the lower EBS (Fig. 1C) provided similar biostratinomic
conditions to those of other BST deposits, specifically (i) entrain-
ment of organisms in sediment gravity flows, (ii) their downslope
transportation across chemical gradients, and (iii) their rapid burial in
muddy sediment (8). Petrographic evidence, including millimeter-
scale mudstone laminae that are ungraded yet contain abundant silt
and very fine sand grains “floating” within a clay matrix (Fig. 2K),
indicate rapid deposition and little sustained traction transport. This
suggests that many of the organisms recovered from the EBS lower
mudstone unit were episodically transported by downwelling flows,
likely created by collapse of sediment plumes at the river’s mouth
(51, 54). Such density-driven flows are set up by episodic fluvial dis-
charge into the basin (i.e., floods) or by remobilization and short-
distance, gravity-driven transport of mud that initially accumulated
on the upper prodelta.

Paleoenvironmental influence on the EBS biota

These findings expand the known range of paleoenvironmental set-
tings for exceptional preservation in the Cambrian. BST deposits,
the most abundant type of Cambrian Lagerstitten, characteristically
occur in offshore shelf and slope settings (8). Although the early
Cambrian Chengjiang BST deposit has historically been interpreted
as a distal shelf succession (55), its depositional environment was
recently reinterpreted as a distal deltaic environment (56). In con-
trast to the localized fan delta setting of the EBS, the fossil-bearing
outcrops of the Chengjiang span a broad outcrop area (>80 km) that
was located 20 to 50 km offshore (57, 58). Thus, the fan delta setting
of the EBS represents a fundamentally different, more proximal en-
vironmental setting. The paleoenvironment of the EBS is clearly dif-
ferentiated from the Chengjiang and also from other Cambrian
Lagerstitten because the EBS biota proliferated and was preserved
in a nearshore setting within a narrow seaway in a highly localized,
tectonically active rift basin that was influenced by high-energy
depositional events, including coarse-grained debris flows.

The exceptional depositional setting of the EBS provides a plat-
form for understanding the composition of its biota relative to those
of other Cambrian Lagerstitten. Like BST deposits, the EBS was
prone to anoxia in benthic environments where conditions condu-
cive to exceptional preservation were favored (8, 59-61). Elevated
primary productivity, consistent with substantial organic and pyrite
contents and the formation of authigenic phosphate nodules in EBS
mudstone (Fig. 2B), may have played a large role in sustaining the
ecosystem. Geochemical data (tables S1 and S2) suggest that respi-
ration of exported organic matter at the seafloor or in the lower wa-
ter column created an oxygen demand, leading to episodic anoxia in
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the prodelta setting, thereby imposing an environmental barrier
upon the benthos. This contrasts with recent claims that the EBS
mudstone hosting the Konservat-Lagerstitte accumulated under
oxygenated bottom waters (12, 15). In addition to redox instability
in the prodelta, overall conditions of the EBS fan delta system pre-
sented other challenges to benthic colonization, likely including a
soft, perhaps soupy, substrate, suggested by abundant dewatering
structures (Fig. 2] and fig. S4)—contrasting sharply with evidence
for firm substrates in BST deposits (8)—as well as episodic high tur-
bidity and potential variations in salinity around the zone of fresh-
water mixing, given the nearshore setting.

Analysis of a new dataset of >25,000 fossil occurrences from the
EBS Konservat-Lagerstitte (Figs. 3 and 4, and table S3) reveals that
the biota was strongly influenced by these environmental factors.
We hypothesize that most taxa were transported to the prodelta set-
ting, although evidence of trilobite moult assemblages (62, 63) sug-
gests periodic colonization of the benthic environment by a low
diversity community. The most abundant taxon is the trilobite
Estaingia bilobata (Fig. 3D), which constitutes over 80% of all
individuals in the biota (Fig. 3A) and locally exists in densities of
>600 individuals/m? (64). This species, along with the trilobite Redlichia
takooensis (65, 66) and the enigmatic soft-bodied, multielement or-
ganism informally referred to as “petalloid” (14), represent the most
abundant epibenthic constituents of the EBS biota, which is other-
wise marked by a low diversity of epibenthic forms (Fig. 3, A to C,

Fig. 3. Relative abundance and diversity of the EBS biota. (A) Relative abun-
dance of EBS species (% of individuals; n = 25,260). (B) Relative diversity of species
(n = 50) based on life mode. (C) Relative abundance of individuals (n = 4380; ex-
cluding E. bilobata) based on life mode. (D) Typical fossil slab showing E. bilobata
and I. communis. (E) Coiled specimen of W. antiquus preserved prone with E. bilobata
(SAMA P15051b). Abbreviations: E.b., E. bilobata; I.c., |. communis; R.t., R. takooensis;
P, petalloid; En, endobenthic; EM, epibenthic mobile; ES, epibenthic sessile; Nk,
nektonic; Un, unknown.
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and table S3). The extreme abundance of E. bilobata in the prodelta
setting suggests that this species was an exaerobic zone specialist
that thrived under oxygen conditions too low to support other con-
temporaneous species (14), similar to the middle Cambrian trilobite
Elrathia kingii (67). The abundance of the other two taxa implies
that they may have been tolerant of dysoxic conditions. We infer
that the trilobite/petalloid prodelta assemblage may have been pre-
served in situ within the Konservat-Lagerstitte interval (Fig. 5), as
supported by paleoecologic and biostratinomic data, including
common molt ensembles of both trilobite species (62, 63), the
full range of E. bilobata growth stages (64, 68), and articulated
specimens of petalloids. The endobenthic palaeoscolecid worm
Wronascolex antiquus is also common (table S3) (69). Individuals of
this taxon appear to have been transported downslope from their

Annelida Onychophora
Arthropoda Porifera
Brachiopoda Priapulida

. Chordata Other phyla

Fig. 4. Relative diversity and abundance of phyla within the EBS Konservat-
Lagerstédtte interval at Big Gully. (A) Relative diversity of species (n = 50). (B)
Relative abundance of total individuals sampled (n = 25,260). (C) Relative abun-
dance of individuals sampled, excluding E. bilobata (n = 4380).
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Fig. 5. Artist’s reconstruction of the paleoenvironmental setting of the EBS during the deposition of the Konservat-Lagerstitte interval, with some common
members of the biota. From left to right, fossils represented are N. aldridgei (vetulicolian), R. takooensis (trilobite), W. barbarahardyae (megacheiran), petalloid (unknown
affinity), E. bilobata (trilobite), I. communis (bivalved arthropod), and E. briggsi (radiodont).

living environments because specimens of W. antiquus, like those of
all other infaunal taxa, are found exclusively prone along bedding
planes of unbioturbated strata of the lower prodelta (Fig. 3E) rather
than in burrows (70, 71). Transportation of all infaunal taxa repre-
sented in the EBS is also supported by the absence of bioturbation
from the Lagerstitte interval, except for two isolated examples of
small traces associated with eldonioid carcasses (72).

The remaining and much rarer endobenthic and epibenthic spe-
cies (Fig. 3, B and C) were likely transported from habitats upslope.
For example, the emuellid trilobite Balcoracania dailyi proliferated
in tidally influenced, marginal marine settings where it lived in great
abundance (73), suggesting that the extremely rare occurrences of
this taxon in the EBS Lagerstitte interval represent individuals
transported from much shallower waters near the shoreline. Elevat-
ed turbidity, episodic perturbation by high-energy depositional
events, and substrate instability—particularly on the prodelta—are
likely responsible for the rarity of filter-feeding benthos, whether
sessile or facultatively mobile. Notably, echinoderms are absent, and
groups such as brachiopods, chancelloriids, and hyoliths are rare
(table S3) (14, 74) and typically found as disarticulated elements.
The absence of echinoderms may be explained by a lack of suitable
firm substrates and/or terrestrial freshwater runoff into the delta
system as modern forms are typically stenohaline (75). Sponges,
with the exception of leptomitids, are very rare and are low in diver-
sity. This contrasts markedly with BST deposits, where benthic filter
feeders tend to be more diverse and abundant (76-79).

A diverse and relatively abundant nektonic community preserved
within the EBS (Fig. 3, B and C) indicates that the upper water column
was well oxygenated and largely unaffected by adverse benthic con-
ditions. Arthropods such as Echidnacaris briggsi, Isoxys communis,
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Myoscolex ateles, Tuzoia australis, and Wisangocaris barbarahardyae,
in addition to the vetulicolian Nesonektris aldridgei, inhabited the wa-
ter column above the prodelta and delta front settings (Fig. 5). The
“bivalved” arthropods I. communis and T. australis, plus the radiodont
E. briggsi, would have regularly molted their exoskeletons, and subse-
quently, their exuviae would have sunk to the seafloor (14), as evi-
denced by empty bivalved carapaces (80) and isolated body parts of
E. briggsi, especially frontal appendages and oral cones (7, 81, 82). A
similar scenario has been suggested for arthropod molt remains from
the Burgess Shale (83). The arthropod W. barbarahardyae may have
visited the benthos to feed on E. bilobata—as shown by cololites (84,
85)—and swimming individuals of the vetulicolian N. aldridgei ap-
pear to have been occasionally swept up by sediment gravity flows that
buried them in silt and fine sand (14, 86). This suggests that both
W. barbarahardyae and N. aldridgei may have spent time near the sea-
floor, either on the delta front or on the prodelta during times when
oxygen levels were favorable.

The EBS biota inhabited a fan delta complex within a tectonically
active, nearshore basin—a setting that contrasts greatly with the off-
shore shelf and slope environments of other Cambrian Lagerstatten.
Overall, deltaic sedimentation processes, coupled with fluctuating
oxygen conditions in the distal prodelta setting, strongly influenced
the distinctive benthic community structure of the EBS biota. Epi-
sodic high-energy events and turbidity appear to have been prohibi-
tive to the development of a diverse filter-feeding benthos, but these
conditions aided downslope transportation and rapid burial of many
benthic species. Redox fluctuations in the prodelta environment may
have also restricted the in situ benthos to low-oxygen specialists,
such as the trilobite E. bilobata, but episodes of anoxia may have
served to promote exceptional preservation of the entire community,
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as in other Cambrian Lagerstitten (87). The absence of firm sub-
strates that are characteristic of other Cambrian BST deposits appears
to have presented additional challenges to sessile and facultatively
mobile benthos. Conversely, a diverse and abundant nektonic com-
munity comprising taxa typical of other Cambrian Lagerstitten in-
dicates that the upper water column was well oxygenated and largely
divorced from near seafloor conditions across the delta complex. The
environmental setting of the EBS is fundamentally unique among
exceptionally preserved biotas of the Cambrian and appears to have
played a significant role in shaping the community, including the
substantial number and relatively high proportion of endemic taxa
(~70% of genera; table S3) (9), that inhabited the early Cambrian fan
delta complex. The EBS expands the known environmental range for
preservation of soft-bodied macrofossil assemblages in the Cambrian
and reveals that the distinctive environmental setting of the EBS con-
trolled the composition of the community and facilitated exceptional
preservation of this Gondwanan fossil assemblage in the immediate
aftermath of the Cambrian explosion.

MATERIALS AND METHODS

Stratigraphic and sedimentological data

The EBS was measured and logged in centimeter-scale detail at its
only complete exposure in sea cliffs immediately adjacent to Big
Gully (11) (fig. S1) and at smaller stratigraphic exposures in two
nearby fossil quarries (14). Broad horizontal exposure allowed us to
correlate across numerous small faults, with the aid of a Brunton
compass and laser rangefinder with an inclinometer. Oriented rock
samples were taken at regular intervals, from which polished slabs
and 49 thin sections were prepared and analyzed by petrographic
microscope. A suite of samples and thin sections were also prepared
from a continuously sampled 40-cm interval from Buck Quarry.
Optical microscopy was augmented with scanning electron micros-
copy-energy-dispersive x-ray spectroscopy analyses using a Hitachi
SU-70 field-emission scanning electron microscope and a Bruker
energy-dispersive x-ray spectrometer at Pomona College. A bore-
hole drilled at Big Gully in January 2017 was studied to augment the
data collected from outcrop.

TOC and weight % pyrite sulfur were measured from 40 bore-
hole samples using an Elementar Vario Micro Cube elemental ana-
lyzer at Pomona College. Sample powders were treated with 1 M
HCI to remove calcium carbonate then rinsed three times in de-
ionized H,O, dried, and disaggregated prior to analysis. Major
and trace element chemistry of 93 samples from the Konservat-
Lagerstitte interval was determined using a Panalytical Axios XRF
spectrometer at Pomona College. Samples were crushed to powder
using a Rocklabs shatterbox equipped with a tungsten-carbide
grinding head and prepared as twice-fused borosilicate glass beads
following the method of Johnson et al. (88). Concentrations of the
trace element Mo were normalized to Al and compared to average
shale values from (29, 30) to determine enrichment factors, using
the following equation of (32)

EF\, = Mo / Algsvpre / Mo / Alyvprace shate

Faunal data

Fossils from the EBS Konservat-Lagerstitte were first found in 1954
along the shoreline immediately east of the mouth of Big Gully. For
over 50 years, the EBS exposures on the shoreline rock platform and
adjacent cliffs at this site were the primary sources of material for
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study (89, 90). In September 2007, Buck Quarry was opened to the
south and has yielded most of the specimens documented in recent
studies, including much of the data provided herein. In September
2012, a second, smaller excavation (Daily Quarry) between Buck
Quarry and the shoreline locality was opened and has also produced
a similar faunal assemblage, although collecting has been less exten-
sive than at Buck Quarry.

The specimens from Buck Quarry were collected from a 6.4-m in-
terval (levels 9.2 to 15.6) in the lower part of the EBS; the most produc-
tive beds are between levels 9.8 and 12.6. During field seasons between
2007 and 2017, all complete or identifiable fossils were collected (espe-
cially soft-bodied taxa), although not all specimens of the trilobite
E. bilobata were kept due to their extreme abundance; subsequent field
work in 2018 and 2019 was more targeted to collecting new or rare
taxa. Where possible, both part and counterpart of each fossil was kept,
labeled, and cataloged. The same collecting methods were followed for
the equivalent fossiliferous interval along strike in Daily Quarry.

The faunal information presented here is based on the entire col-
lection of specimens from the EBS Konservat-Lagerstitte housed in
the South Australian Museum (Adelaide) collected before 2018
(table S3). This represents a dataset comprising ~5800 registered fos-
sils, in addition to associated unregistered specimens, from the
three key sites at Big Gully: Buck Quarry, Daily Quarry, and the
shoreline locality. These data were used to determine the overall
relative diversity and abundance of taxa (Figs. 3A and 4) and their
life modes (Fig. 3, B and C). Life mode includes information on tier-
ing and mobility only—following similar categories used in previ-
ous studies, e.g., (76, 77, 91-93)—as feeding habits (e.g., suspension/
filtering, deposit, hunting/scavenging, and grazing) are largely un-
known for many EBS species. In addition to references cited above,
references (94-110) pertain to data in table S3.

Supplementary Materials
This PDF file includes:

Figs.S1to S4

Tables S1to S3
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