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Owing to their temporal position during the decline of the classic Ediacara biota and the appearance of the more
recognizable metazoans of the Cambrian Period, the terminal Ediacaran (�551–539Ma) assemblages of tubular fossil
forms hold potential to improve understanding of biotic turnover near the end of the Ediacaran Period. Cloudinid taxa,
including the terminal Ediacaran index fossil Cloudina, are the most well studied of these Ediacaran tubular forms due
to their global palaeogeographical distribution. Recent reports revealed ecosystems of tubicolous organisms from the
Great Basin region, Nevada, USA, and assigned taxa to such genera as Conotubus, Gaojiashania and Wutubus, well
known from contemporaneous Chinese deposits. Appreciating the role that these organisms may have played in the
evolutionary history of metazoans and recognizing their potential global distribution, however, requires careful
taxonomic study. Here, we detail pyritized fossils from the Deep Spring and Wood Canyon formations of Esmeralda
and Nye counties, Nevada, USA, respectively. Our investigation focused on the most abundant tubular taxon from the
Nevada sites, which was previously generically assigned to Conotubus. While outwardly similar in morphology to this
Gaojiashan taxon, our investigation determines that those fossils previously figured as Conotubus are instead two
distinct taxa. The first represents a new species of Saarina – Saarina hagadorni sp. nov. – a genus previously known
only from the East European platform, and the second is established as a novel genus and species, Costatubus bibendi
gen. et sp. nov.

http://zoobank.org/urn:lsid:zoobank.org:pub:CC391194-FF96-4BDF-B9B2-E4361DA64A5B
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Introduction

The final �12 million years of the Ediacaran Period (c.
551–539Ma; Linnemann et al. 2019) represent a ful-
crum in the evolution of complex multicellular eukar-
yotes, marking a transition between the peak diversity
of the classic Ediacara biota and the subsequent rise of
nearly all modern metazoan phyla during the Cambrian.
This interval is characterized by a reduced diversity of
earlier Ediacaran forms, with only a few representative
rangeomorphs, arboreomorphs and erniettomorphs
(Laflamme et al. 2013; Darroch et al. 2015), and an
increased diversity of organisms with broadly cylindrical
or tubular morphologies (called the ‘wormworld fauna’

by Schiffbauer et al. 2016). While these small, tubular
fossils of the terminal Ediacaran may not look as charis-
matic as those from either earlier Ediacaran assemblages
or post-‘Cambrian Explosion’ lagerst€atten, they bore
witness to several key ecological and environmental
events at the dawn of animals (Fike et al. 2006;
Marshall 2006; Schiffbauer et al. 2016; Darroch
et al. 2018).
The cosmopolitan distribution and stratigraphical

range of the terminal Ediacaran tubular fauna during the
decline of the classic Ediacara biota (Darroch et al.
2015, 2016, 2018; Schiffbauer et al. 2016) is a direct
reflection of their ecological success and plasticity (e.g.
Germs 1972; Cai et al. 2014; Cortijo et al. 2015; Smith
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et al. 2017; Warren et al. 2017). Their ecological suc-
cess in the changing benthic ecological landscape can
likely be attributed to several evolutionarily advanta-
geous characteristics – foremost of which may have
been their ability to biomineralize, even if only weakly
(providing no structural support) to lightly (providing
improved structural integrity). The biological construc-
tion of external shells at least impeded attacks from
another novel group of organisms during this interval –
drilling predators (Bengtson & Yue 1992; Hua et al.
2003, 2005). Given their pivotal position in the
evolution of biologically mediated mineralization at the
dawn of diverse metazoan life, these tubular taxa may
have served as an evolutionary bridge across the
Ediacaran–Cambrian transition (e.g. Yang et al. 2016;
Han et al. 2017; Cai et al. 2017, 2019). Indeed, numer-
ous biomineral tube-builders, similar in outward appear-
ance and potentially phylogenetically related, are known
from small shelly deposits of the early Cambrian,
including Feiyanella manica Han et al., 2017,
Multiconotubus chinensis Cai et al., 2017, Rajatubulus
costatus (Mambetov in Missarzhevsky & Mambetov,
1981), and various others (e.g. Yang et al. 2016; Cai
et al. 2019).
The most renowned of the Ediacaran shell-builders,

Cloudina Germs, 1972, is an index fossil of the terminal
Ediacaran owing to its cosmopolitan distribution and
relatively high preservational potential. The cloudinids,
more generally, are a group of tubular fossils character-
ized by multi-layered construction and repeating growth
units, usually described as ‘funnel-in-funnel’ units, or
collars. While the terminology ‘cloudinid’ should refer
specifically to members of the Family Cloudinidae
Hahn & Pflug, 1985 (including the genera Cloudina and
Conotubus Zhang & Lin in Lin et al., 1986), its usage
in the literature has also included form-taxa which may
fit under the diagnosis for the family, but have not been
taxonomically assigned as such. This previous inexact
usage of the term ‘cloudinid’, conflating taxonomy and
morphology, has led to some confusion in the literature
as to what can be definitively called a cloudinid, taxo-
nomically sensu stricto, versus a tubular fossil with
cloudinid-like morphology. Thus, to follow suit with
other Ediacaran morphological groupings (Xiao &
Laflamme 2009), we here introduce the informal term
‘cloudinomorphs’ to represent this group of form-taxa,
and suggest that future systematic revision may focus
on better understanding the phylogenetic history of these
organisms.
While Cloudina may have had the broadest palaeo-

geographical distribution of these form-taxa, new reports
of tubular fossils from the south-western USA (Smith
et al. 2016, 2017) are reinvigorating discussions on the

biostratigraphical and ecological significance of cloudi-
nomorphs in the terminal Ediacaran. With initial reports
of a diverse tubular fauna, including specimens generic-
ally, but loosely, assigned to Conotubus, Gaojiashania
Yang, Zhang & Lin in Lin et al., 1986 and Wutubus
Chen et al., 2014, from south-central Nevada (Smith
et al. 2016, 2017), the onus now shifts towards provid-
ing a thorough taxonomic assessment of these fossils to
better understand their relationship to other terminal
Ediacaran tubular forms. Herein, from these Nevada
sites, we provide formalized and detailed descriptions of
two distinct nested tubular taxa.

Locality, geological setting and taphonomy

Tubicolous fossils were collected from both float mater-
ial and in situ strata from the south-central Nevada
Deep Spring and Wood Canyon formations. Deep
Spring Formation fossils specifically came from two
separate fault blocks of the Esmeralda Member at
Mount Dunfee, Esmeralda County, and Wood Canyon
Formation materials were collected from five fault
blocks of the lower member at the Montgomery
Mountains site, Nye County (Fig. 1).

Mount Dunfee
The Mount Dunfee fossil site is located c. 5 km to the
east of Gold Point, Nevada, on the north-eastern side of
Mount Dunfee proper. The fossils reported herein are
specifically found in the lower portion of measured sec-
tion E1421 of Smith et al. (2016) within the Esmeralda
Member of the Deep Spring Formation. This locality is
one of the most distal, carbonate-dominated sections of
terminal Ediacaran–lower Cambrian strata preserved in
the Great Basin (Stewart 1970).
Underlying the Deep Spring Formation are the Reed-

Deep Spring transitional beds, as defined by Smith
et al. (2016) to represent a gradational contact compli-
cated by a dolomitization front and lateral facies change.
In the White-Inyo Mountains, the upper member of the
Reed Dolomite contains shelly fragments that were ini-
tially identified as Wyattia Taylor, 1966, which were
later synonymized with Cloudina (Grant 1990).
The Deep Spring Formation comprises three mem-

bers: the Dunfee, Esmeralda and Gold Point members
(Albers & Stewart 1962; McKee & Moiola 1962;
Nelson 1962; Ahn et al. 2012; Smith et al. 2016). The
Dunfee Member consists of limestone, dolostone, silt-
stone, calcareous sandstone and quartzite, representative
of slope to shallow subtidal settings (Gevirtzman &
Mount 1986). Throughout the region, numerous shelly
fossils have been reported from carbonates of the
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Dunfee Member, including the tenuous hyolith
Salanytheca sp., and tubular forms Spinulitheca billingsi
Syssoviev, 1962, Nevadatubulus dunfeei Signor et al.,
1987, Coleolella sp. (although later synonymized with
Nevadatubulus by Signor et al. 1987), Sinotubulites cie-
negensis McMenamin, 1985 and Cloudina sp. (Cloud &
Nelson 1966; Nelson & Durham 1966; Signor et al.
1983). While variably classified with each original
report, the majority of these tubular taxa have since
been synonymized with Cloudina sp. by Grant (1990).
The contact between the Dunfee and Esmeralda mem-

bers is marked by an easily recognizable contact
between pink to white recrystallized dolostone with an
uppermost karstic dissolution surface and sharply over-
lying shoreface-intertidal sandstone to siltstone with
bed-planar trace fossils (Stewart 1970; Smith et al.
2016). The Esmeralda Member is composed of quartz-
ose and calcareous sandstone, stromatolitic and oolitic
limestone, and minor amounts of siltstone and shale
(Albers & Stewart 1972; Smith et al. 2016). The middle
Esmeralda Member is fossiliferous, containing the
tubicolous forms reported here (Smith et al. 2016), the
putative algal fossil Elainabella deepspringensis
Rowland & Rodriguez, 2014, and horizontal trace fos-
sils, including possible worm burrows (Cloud & Nelson
1966; Stewart 1970; Rowland & Rodriguez 2014). The
tubicolous fossils, including both smooth walled and
funnel-in-funnel pyritized fossils, are found within the
siltstones in the middle Esmeralda Member (Fig. 1;
Smith et al. 2016). Near the top of the Esmeralda
Member, the Ediacaran–Cambrian boundary is marked
by the first occurrence of the trace fossil Treptichnus
pedum Seilacher, 1955, which correlates well with the
Basal Cambrian Carbon Isotope Excursion (BACE;
Corsetti & Hagadorn 2000; Ahn et al. 2012; Smith
et al. 2016).

Montgomery Mountains
The Montgomery Mountains site is located c. 3 km
south-west of Johnnie, Nevada. The Wood Canyon
Formation overlies the Stirling Quartzite and is divided
into three informal members (lower, middle and upper),
with the Ediacaran–Cambrian boundary placed within
the lower member. The fossil materials reported herein
were recovered 15–20 m below the boundary (Fig. 1).
The Stirling Quartzite is composed primarily of quartz

arenite with minor amounts of conglomerate, siltstone

Figure 1. Stratigraphy of the Mt. Dunfee locality (black star in
lower map inset), Esmeralda County, Nevada and the
Montgomery Mountains locality (yellow star in lower map
inset), Nye County, Nevada (after Smith et al. 2016, 2017).
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and carbonate, which record deposition in a shoreface
environment (Fedo & Prave 1991; Stewart 1970; Wertz
et al. 1982). This unit has been divided into five infor-
mal members, A–E (Stewart 1966), and Cloudina sp.
has been reported from carbonate materials in the D
member in the Funeral Mountains, although these speci-
mens are poorly preserved and potentially problematic
(Langille 1974; Smith et al. 2017). The carbonate-rich
C and D members are thought to be correlative to the
Reed Dolomite from Mount Dunfee (Stewart 1966;
Stewart 1970).
The lower member of the Wood Canyon Formation

principally consists of interbedded siltstone and sand-
stone, deposited in shallow marine environments within
three shallowing-upward parasequences that are capped
by dolostone marker beds (Stewart 1970; Diehl 1974;
Smith et al. 2017). The tubular fossils reported herein
were recovered from the first of these parasequences,
within a �5 m siltstone to shale interval below the first
dolostone marker. Ediacaran body fossils that have been
previously described from the lower member include
Swartpuntia Narbonne et al., 1997, erniettomorphs
(Horodyski 1991; Smith et al. 2017), and several dis-
tinct tubular variants including Archaeichnium sp.,
Cloudina sp., Corumbella sp. and Onuphionella sp.
(Hagadorn & Waggoner 2000, figs 3.5–3.10, 5.1–5.7;
Smith et al. 2017). Stratigraphically higher in the lower
member, above the second dolostone marker bed, the
first appearance datum of Treptichnus pedum and the
occurrence of other Cambrian trace fossils have been
reported (Stewart 1970; Corsetti & Hagadorn 2000;
Hagadorn & Waggoner 2000).

Fossil preservation
The majority of specimens collected from the Deep
Spring and Wood Canyon formations are preserved
through light to pervasive pyritization, much like those
of the Gaojiashan Lagerst€atte (Cai & Hua 2007; Cai
et al. 2012). Fossils appear rusty orange to red in color-
ation, within light green to light brown to dark grey silt-
stones and silty to clayey mudstones. Many of the
Nevada tubular fossils have been heavily weathered,
indicated by the presence of framboidal iron oxide/oxy-
hydroxide pseudomorphs. Despite the degree of weath-
ering, anatomical features, including tube structures and
funnel rims, are still present and can be used in taxo-
nomic identification of these fossils.

Material and methods

Tubular body fossils from 149 collected siltstone slabs
were morphologically evaluated to assess the

taxonomic composition and diversity of the Deep
Spring and Wood Canyon assemblages. Samples were
photomicrographed under standard optical microscopy
using a Nikon SMZ1500 binocular microscope.
Selected specimens (n ¼ 10) with clear, distinguishable
morphologies were further characterized using X-ray
and electron microscopic imaging (mCT and SEM,
respectively) at the University of Missouri X-ray
Microanalysis Core facility. SEM analyses were con-
ducted using both a five-segment high-definition back-
scattered electron detector for Z-contrast compositional
imaging, and a cascade current variable pressure sec-
ondary electron detector for topographic imaging, both
equipped on a Zeiss Sigma 500 VP scanning electron
microscope. mCT analyses were conducted using a
Zeiss Xradia 510 Versa.
A total of 185 individual specimens with identifiable

morphologies were measured and classified. Though
the vast majority of specimens could be identified as
cloudinomorphs based on their nested and repeating
structural units, fossils lacking distinct features – i.e.
simple, smooth-walled tubes and those with poor pres-
ervational quality – could not be confidently classified
and were therefore removed from further analyses.
Height and width of repeating units were measured
from scaled photographs using Fiji freeware
(Schindelin et al. 2012). For each sample, the max-
imum (apertural) and minimum (apical) widths were
assessed from the apertural-most repeating unit. In add-
ition, from a random subsample of each taxon, intera-
pertural spacing (i.e. the height of each funnel-unit)
along with maximum funnel width was assessed
through the full length of the sample. The dimensions
of Nevada specimens were compared to fossils with
broadly similar morphologies, including: (1) collections
of the Gaojiashan Lagerst€atte, housed at the Early Life
Institute, Northwest University, Xi’an, China; and (2)
rephotographed holotype material of saarinids from
Gatchina, Russia (Sokolov 1965, 1967; Gnilovskaya
1996). Body size distributions of these tubicolous
taxa were compared through two-dimensional kernel
density plots (width vs apertural spacing). These analy-
ses were conducted in R freeware (Version 3.4.1
[2017-06-30] – ‘Single Candle’) with the ggplot2 pack-
age (Wickham 2009).
Designated holotype and paratype specimens from

the novel species and genus described herein are
reposited at the Smithsonian Institution (USNM).
Other samples are held at the home institutions of the
collectors, including the University of Missouri, Johns
Hopkins University, and the University of Nevada,
Las Vegas.
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Systematic palaeontology

General information
The cloudinomorphs are typically millimetric tubular
fossils constructed by nested, repeating, collared cylin-
drical units – commonly referred to as ‘funnel-in-funnel’
structures or collars. Representative taxa include the
mineralized type genus Cloudina and the weakly to non-
mineralized Conotubus (Conway Morris et al. 1990;
Grant 1990; Chen & Sun 2001; Cai et al. 2011, 2017).
The cloudinomorph group expands, however, to include
other comparable form-taxa, most of which have previ-
ously been left in open nomenclature above the genus
level. Future systematic revision of taxa including
Saarina Sokolov, 1965, Rajatubulus Yang et al., 2016,
Multiconotubus and Feiyanella may consider the appro-
priateness of placement within the cloudinomorphs,
although a thorough taxonomic revision of the group is
beyond the scope of the current paper.
The cloudinomorphs are known to share some mor-

phological similarity with the Saarinidae Sokolov, 1965.
Unlike the conventional treatment of the cloudinids, the
saarinids are defined as thin-walled, likely nonmineral-
ized tubes, typically preserved via pyritization or
organic carbonaceous compression. However, in the
case of the type genus Saarina, originally designated
under Saarinidae Sokolov, 1965, this taxon clearly has a
comparable morphology to the cloudinomorphs, such as
the genus Cloudina, notably their shared construction by
collared, funnel-shaped, repeating units. In addition,
cloudinids such as Conotubus are commonly preserved
via pyritization and organic carbonaceous compression
(Cai et al. 2012; Schiffbauer et al. 2014). Thus, we
believe it appropriate to consider this genus within the
broader cloudinomorphs.
While comparable tubular morphotypes are common

in the late Ediacaran through early Cambrian, members
of the cloudinomorphs are primarily distinguishable by
their characteristic multilayered and nested tubular con-
struction with smooth inner walls. This construction is
distinct from tubes that lack family level (and higher)
taxonomic assignment, including the lamellar
Sinotubulites Chen, Chen & Qian, 1981, the transversely
annulated Sinospongia Chen in Chen & Xiao, 1992; the
four-fold annulated Corumbella Hahn et al., 1982; and
the cross-walled Ramitubus Liu et al., 2008,
Sinocyclocyclicus Xue et al., 1992, Quadratitubus Xue
et al., 1992 and Crassitubus Liu et al., 2008. Although
some reports have indicated cloudinomorph-like fossils
from the early Cambrian (Vidal et al. 1994; Salak &
Lescinsky 1999; Zhuravlev et al. 2009, 2012; Yang
et al. 2016), the cloudinomorphs are broadly differenti-
ated from Cambrian small shelly fauna, such as the non-

segmented hyoliths, the trifold symmetric anabaritids,
the rod-constructed conulariids, and the shallow cup-
shaped nested laminae of Spygoria Salak and Lescinsky,
1999 (Conway Morris & Chen 1990; Bengtson &
Conway Morris 1992; Ivantsov & Fedonkin 2002;
Malinky & Skovsted 2004; Malinky et al. 2009).
Terminology used for the description of cloudino-

morphs herein broadly follows that of Cai et al. (2011,
2017), and is based principally on external visible and
measurable morphological features. We have compiled a
list of these morphological characteristics that may be
useful for identifying cloudinomorphs and other similar
tubular forms (Table 1).
Our investigation focused on the most abundant tubu-

lar taxon from the Nevada sites, which was previously
generically assigned to Conotubus by Smith et al.
(2016, 2017). These tubes have not been without
internal complication, however, as the same specimen
figured in Smith et al. (2016) as Conotubus was later
refigured as Gaojiashania by Darroch et al. (2018).
This is further compounded by the fact that the original
type material of Conotubus had been thought lost, and a
neotype was designated as a result by Cai et al. (2011).
The Conotubus neotype shows some similarity with the
Nevada tubicolous remains, but does not show the typ-
ical surface ornamentation of funnel-like segments as
seen in the syntypes of Zhang and Lin (Lin et al. 1986).
However, one of the syntypes of Conotubus has been
rediscovered and it is now clear that the Nevada tubico-
lous fossils previously regarded as Conotubus by Smith
et al. (2016) or Gaojiashania by Darroch et al. (2018)
instead comprise two distinct taxa, neither of which are
identifiable as Conotubus.
The higher level taxonomy and phylogeny of the

cloudinomorphs remains largely unresolved, with inter-
pretations ranging from algae (Beurlen & Sommer
1957; Tarhan et al. 2018) to eumetazoa (Germs 1972;
Glaessner 1976; Hahn & Pflug 1985; Conway Morris
et al. 1990; Grant 1990; Chen & Sun 2001; Hua et al.
2005; Cortijo et al. 2010; Vinn & Zato�n 2012). Owing
to this uncertainty, systematic descriptions are focused
on the genus level and below.

Incertae sedis
Genus Saarina Sokolov, 1965 emend.

Type species. Saarina tenera Sokolov, 1965 from the
Rovno Horizon, Gatchina borehole number 13, Russia.

Diagnosis. After Sokolov (1965, 1967), translated by N.
Bykova. Minor differences between the 1965 (p. 91)
and 1967 (p. 203) diagnoses are here merged. “Tubes
were likely very thin and do not show signs of chitiniza-
tion, sculpture preserved through pyritization of the

A new cloudinid fossil assemblage from Nevada, USA 361
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organic membrane. Tubes are large, up to 2–7mm in
width. Funnel-like segmentation is regular with a clear
and sharp edge. Lower Cambrian of the East European
platform, late Precambrian(?) of Tian Shan. Three spe-
cies are known.”
Emendment from Gnilovskaya (1996, p. 548): “The

receptacle of the organism is tubular; at its initial stage
it is ampullaceous, distinctly articulated, and modeled
on funnels closely inserted into one another. The out-
lines of the lateral margins of funnels in different spe-
cies may be direct, convex, or concave. The receptacle
of the organism was originally organic; its surface pyri-
tized after fossilization.”
Type species S. tenera Sokolov, 1965. After Sokolov

(1967, p. 203), translated by N. Bykova: “Tubes are
constructed as dense funnels with clear and relatively
thicker edges. Edges form roll-like structures, sometimes
coupled. Tube diameter is approximately 3.5–5.0mm,
the distance between funnel edges (segments)
is 0.5–0.7mm.”

Emended diagnosis. Straight, curving, or abruptly bent
slightly conical tube. Tubes developed regularly spaced
funnel-shaped collars. Apertural ends open, with dis-
tinctly thickened rim at apertural edge. Lateral shape of
funnel-like units variable. Tube wall shows no evidence
of original biomineralization, or of branching. Interior
lumen of tube smooth.

Dimensions. Tubes reach up to c. 75mm in length,
aperture diameter constrained to less than c. 5mm, inter-
apertural spacing is consistent at less than c. 1mm.

Remarks. Saarina is defined by an organic walled tube
composed of regularly spaced funnel-like collared units.
Showing the common funnel-like collared construction
of the cloudinomorphs, Saarina displays no indications
of biomineralization, branching, budding, internal septa
or cross-walls. These characteristics differentiate
Saarina from other genera, including the biomineralized
and sometimes branching Cloudina (Grant 1990; Hua
et al. 2007) and the irregularly spaced funnel-like trans-
versely annulated units of Conotubus (see Cai et al.
2011, fig. 3 for examples). Saarina is further differenti-
ated from other coeval and outwardly similar tubes,
such as the non-nested Gaojiashania (Cai et al. 2010,
2013), the ribbon-like Shaanxilithes Xing, Yue & Zhang
in Xing et al., 1984, the multi-layered Feiyanella, and
the multi-layered, cone-in-cone Multiconotubus.

Saarina hagadorni sp. nov.
(Figs 2A–F, 3, 4)

2017 Conotubus (Zhang & Lin); Smith, Nelson, Tweedt,
Zeng & Workman: 7, fig. 4a.

Diagnosis. Straight or sinuous, slightly conical form;
tube circular to oval in cross-section. Tube gently tapers
from terminal aperture to base. Constructed of collared,
funnel-like units. Repeating units are singular funnels,
nested at apertural end, with regular interapertural spac-
ing between successive funnel rims. Apertural ends of
funnels are open, with conspicuously thickened apertural
rims; apical rims absent. Funnels flare outward toward
apertural rim, exterior of funnel unit concave. Exterior
and interior of funnel units appear smooth; transverse
annulations, wrinkle textures, septa or cross walls are
absent. Tube may show sections defined by abrupt
bending or change in orientation. Tube wall non-
biomineralized.

Derivation of name. Saarina hagadorni sp. nov. is
named in honour of palaeontologist and sedimentologist
Dr James W. Hagadorn. Hagadorn’s work on Ediacaran
sections and fossils, including tubular fossils, in the
South-West USA was influential for this study.

Holotype. USNM-E1636_009_B13, partially preserved
(Figs 2A, 3A–D), from E1421 fault block float, Deep
Spring Formation at Mt. Dunfee locality, Esmeralda
County, Nevada, USA.

Paratypes. USNM-WCF_005_01, full specimen (Figs
2B, 3E) from Montgomery Mountains section of the
Wood Canyon Formation, Nye County, Nevada, USA;
USNM-MS_DS_12_3, partial specimen (Fig. 2D), from
5 m thick siltstone block from lower Esmeralda
Member, Deep Spring Formation at Mt. Dunfee locality,
Esmeralda County, Nevada, USA; USNM-N1601_FL_
007_A4, partial specimen (Fig. 2E), from Montgomery
Mountains section of the Wood Canyon Formation, Nye
County, Nevada, USA.

Hypodigm. Total number of collected specimens identi-
fied ¼ 88.

Occurrence. The late Ediacaran Wood Canyon and
Deep Spring formations in south-central Nevada, USA.

Description. Tubes of S. hagadorni sp. nov. range from
c. 1–75mm in length and up to c. 4mm in aperture
diameter (Table 2). Funnels display a thickened, flared
lip or rim at apertural opening (Figs 3B, C, 4A),
although no apical rims are apparent. Spacing between
consecutive apertural rims, as a measure of visible fun-
nel height, is constrained to less than c. 1mm.
Interapertural spacing increases as funnels widen.
Funnel-like units are smooth, lacking ornament, septa,
cross walls and transverse annulations (Fig. 4B). Interior
lumen of the tube also appears smooth (Fig. 4B, C).
Tubes are circular-to-ovoid in cross-sectional shape,
partly compressed in cross-section (Fig. 4D). In
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Figure 2. Photomicrographs of Saarina from Nevada localities (A–F) and the East European platform (G) for comparison. A,
holotype of Saarina hagadorni sp. nov., sample USNM-E1636_009_B13. B, paratype, sample USNM-WCF_005_01. C, external
mould with pyritized funnel rim flares, sample USNM-E1630_10_B1. D, E, paratypes of Saarina hagadorni sp. nov., samples
USNM-MS_DS_12_3 and USNM-N1601_FL_007_A4, respectively. F, pyritized compression showing funnel rim imbrication,
sample USNM-E1630_026_B2. G, holotype of Saarina juliae, rephotographed from Gnilovskaya (1996). All scale bars ¼ 1mm.
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compacted specimens, rims are consistently imbricated.
Tubes show no apparent indications of original biomi-
neralization, as shown by plastic deformation; brittle
fracture absent. Specimens are predominantly preserved
as three-dimensionally pyritized tubes (or iron oxy-
hydroxides due to weathering), or pyritized but com-
pressed tubes (Fig. 2F), with rarer examples of external
moulds (Fig. 2C). Preservation of complete tubes is pre-
sumed to be uncommon.

Remarks. The two most morphologically similar fossil
taxa to S. hagadorni sp. nov. are Saarina juliae
Gnilovskaya, 1996 (Fig. 2G) and Conotubus hemiannu-
latus Zhang & Lin in Lin et al., 1986.
With respect to C. hemiannulatus, neither S. haga-

dorni sp. nov. reported here nor C. hemiannulatus from
the Gaojiashan Lagerst€atte show strong evidence of ori-
ginal biomineralization of their tube walls, as supported
by flexible or plastic, but not brittle, deformation. These
two species additionally lack septa, cross walls, and any
other internal structures. However, S. hagadorni sp. nov.
also lacks external, transverse annulations, a feature
known in the best-preserved examples of C. hemiannu-
latus (Cai et al. 2011, fig. 3D, E). We acknowledge that
the preservation of the Nevada material, as compared to
that of the Gaojiashan, may be of lower taphonomic
quality, but even the best-preserved S. hagadorni sp.
nov. with very clearly defined apertural funnel rims
show no further indication of exterior funnel ornament
(Fig. 3A–D). Moreover, the collared funnel-like units in
S. hagadorni sp. nov. flare more widely as compared to
Conotubus. Further, C. hemiannulatus possesses thick-
ened apical funnel rims which appear as faint annuli in
the preserved tubes (Cai et al. 2011, fig. 3D), and on
occasion doubly annulated apertural rims (Cai et al.
2011, fig. 3C), neither of which are observed in S.
hagadorni sp. nov. In C. hemiannulatus, funnel rims
and annulation are typically better developed in the
anterior, apertural end of the tube as compared to the
generally smoother posterior, apical end of the tube (Cai
et al. 2011, fig. 3A). Comparatively, while funnel annu-
lations are absent entirely in S. hagadorni sp. nov., aper-
tural funnel rims are well defined and conspicuous
throughout the length of its tube (Figs 2B, 3E). Saarina
hagadorni sp. nov. also shows regular funnel spacing,
from rim to nested funnel rim, as opposed to C. hemian-
nulatus, which demonstrates irregular spacing (Cai et al.

2011, fig. 3A). In terms of size comparisons of the
measured specimens, S. hagadorni sp. nov. shows a
more constrained distribution in maximum funnel width,
typically exhibiting narrower tubes as compared to C.
hemiannulatus (Table 2; Fig. 9A). The width range of S.
hagadorni sp. nov. would have more comfortably fit
within a previously recognized species of Conotubus, C.
mimicus, but this species has been reconciled as an
ontogenetic variant of C. hemiannulatus – specifically
representing only the protoconch, or embryonic cone
(sensu Cai et al. 2011).
The comparison of S. hagadorni sp. nov. to S. juliae,

however, is not as well delineated. Principally, this is
because the latter has been described and figured only
once previously, with four specimen photographs in the
original publication (Gnilovskaya 1996, fig. 1 a–u). The
holotype from Gnilovskaya (1996) has now been refig-
ured herein (Fig. 2G). In terms of similarities, both taxa
are preserved via pyritization of an originally organic
conotubular tube composed of flared funnel-like, col-
lared, repetitive units. They can, however, be differenti-
ated in several regards (the following characters of S.
juliae are taken from the description of Gnilovskaya
1996). Considering size metrics, both S. hagadorni sp.
nov. and S. juliae share comparable maximum tube
widths (c. 3.9mm vs c. 4.7mm, respectively; Table 2),
but with so few figured specimen of S. juliae, it is not
possible to predict the size range for this species. On
the other hand, the majority of S. hagadorni sp. nov.
specimens are much narrower, falling between c. 0.5
and 1.5mm in width. A comparable pattern is observed
in the interapertural spacing of funnel units (Fig. 9A),
such that the larger S. juliae has wider spacing between
funnel rims (c. 0.7mm) versus that of S. hagadorni sp.
nov. (c. 0.2mm). Further, S. juliae has a substantially
smaller preserved length in the previously published
specimen (c. 18mm vs c. 75mm here), although the
overall length of this taxon is limited by their discovery
in boreholes rather than outcrop. Nonetheless, total
lengths for either species are likely fragmental and not
taxonomically informative.
More robust morphological and preservational distinc-

tions include the following: (1) Saarina juliae shows
smoother sinuousity as compared to S. hagadorni sp.
nov., which shows abrupt changes in tube growth direc-
tion (Fig. 2A, B, E) – more comparable to C.

3

Figure 3. SEM with light microscopy inserts of Saarina hagadorni sp. nov. A–D, holotype; A, backscattered electron image (BSE)
mosaic (same sample as Fig. 2A, rotated c. 180�); B, detailed view of thickened apertural rim morphology in BSE; C, detailed view
of thickened apertural rim morphology in secondary electron image (SE; same view as B); D, BSE of apertural rim detail in mouldic
section or tube preservation. Note that thickened apertural rims are broken and remain within mouldic preservation. E, paratype of
Saarina hagadorni sp. nov., BSE image mosaic (sample USNM-WCF_005_01, also figured in Fig. 2B). F, mouldic preservation
showing isolated thickened apertural rims, BSE imaging (same sample as Fig. 2C). All scale bars ¼ 1mm.
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hemiannulatus (Cai et al. 2011, fig. 6); (2) Saarina
juliae in some specimens illustrates a much stronger
tapering of the tube from anterior to posterior
(Gnilovskaya 1996, fig. 1a, ,, u), whereas S. hagadorni
sp. nov. shows only minor taper (Fig. 2); (3) the funnels
of Saarina hagadorni sp. nov. illustrate consistent and

moderate concave-outward flare (Figs 2, 3). This is dis-
tinct from the pronounced, but less consistent, furl in S.
juliae (Gnilovskaya 1996, fig. 1a–d), exhibiting enrolled
apertural funnel rims; (4) the apertural rims of Saarina
hagadorni sp. nov. funnels are conspicuously thickened
(Fig. 3A–D), whereas no thickening is observed in S.

Figure 4. Tomographic lCT slices and volume renders of Saarina hagadorni sp. nov. A–D, holotype; A, 3D render of external tube
wall; B, longitudinal 2D slice; C, longitudinal 2D slice detail of tube cross-section, showing funnel flare and smooth internal lumen;
D, latitudinal 2D slice of the tube, showing subrounded/compressed cross-section. E–F, 3D renders of rock-enclosed specimens. Note
presence of presumed rounded/curled apical termination in E and subtle funnel furl in F. G, 3D render of abundant rock-enclosed
specimens. All scale bars ¼ 1mm.
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juliae; (5) Saarina juliae is described as having a
smooth posterior portion composed of cup units, which
is not apparent in S. hagadorni sp. nov. (Fig. 2B); (6)
Saarina juliae appears to have indications of tube flexi-
bility prior to pyritization, including some minor twist-
ing of the tube structure as well as transverse wrinkling
(Gnilovskaya 1996, fig. 1,), which are absent in S.
hagadorni sp. nov.; and (7) although described as three-
dimensionally preserved, S. juliae appears in all figured
specimens (Gnilovskaya 1996, fig. 1 a–u) to have been
compressed before pyritization (Fig. 2G), as opposed to
the true three-dimensional nature of S. hagadorni sp.
nov. in nearly all specimens. This latter feature, as well
as the minor twisting and transverse wrinkling in S.
juliae, may be taphonomically induced features such
that post-burial onset of pyritization in S. hagadorni sp.
nov. took place much more rapidly and thus retained
three-dimensionality. Alternatively, this could indicate a
higher level of inherent tube rigidity in S. hagadorni sp.
nov., albeit still an organic walled vessel. We believe
that these differences, in sum, justify the description of
a new species designation within the genus Saarina.

Genus Costatubus gen. nov.

Derivation of name. From Latin, costa, rib, and tubus,
pipe, with reference to the ribbed appearance of the
exterior tube walls characteristic of this genus.

Type species. Costatubus bibendi gen. et sp. nov. (Figs
5A, B, 6, 7) from the Deep Spring Formation, Mount
Dunfee locality, Esmeralda County, Nevada, USA.

Diagnosis. Tube straight or sinuous with open aperture.
Tube wall constructed stout, stacked, exteriorly convex
barrel-shaped units. In cross-section units are slightly
crescentic to allantoid, ends pointed or rounded towards
the interior of tube. Barrel-shaped units slightly overlap
at adjacent interface, each unit inset at a mitred joint
yielding indentations on exterior surface. Tube shows
little-to-no taper, does not branch or split, or show sur-
face annulations.

Remarks. While its small size and similar preservation
could easily lead to confusion with the newly described
S. hagadorni sp. nov., especially via simple optical
examination, microscopic investigation reveals a distinct
morphology of Costatubus gen. nov. that cannot be
readily accommodated in any contemporaneous genus.
Costatubus gen. nov. exhibits stout barrel-shaped, non-
flaring construction with stacked repeating units – i.e.
‘barrel-in-barrel’. The tube construction of this new genus
with non- to lightly mineralized exoskeletons differs from
the prominent members of the cloudinomorphs, such as
the biomineralized funnel-shaped construction of Cloudina

(Conway Morris et al. 1990), the non-mineralized funnel-
shaped units of Saarina and Conotubus, which display
overlapping and flared collars unlike that of Costatubus
gen. nov. This new genus differs from other morphologic-
ally similar genera as well, including the tubes with ring-
like thickenings of the late Ediacaran Gaojiashania and
the transversely annulated, multilayered and non-seg-
mented tube of the early Cambrian Hyolithellus.

Costatubus bibendi sp. nov.
(Figs 5–7)

2016 Conotubus – generic assignment only; Smith
et al.: 913, fig. 3A, B.

2016 Conotubus – generic assignment only; Smith et al.
in Schiffbauer: 976, fig. 1.

2018 Gaojiashania – generic assignment only; Darroch
et al.: 2, fig. 1i.

Diagnosis. As for genus.

Dimensions. Lengths range up to c. 43mm, with aper-
ture diameters ranging up to c. 6.5mm. Barrel-shaped
units with height ranging up to c. 1mm. By individual,
visible barrel-shaped units have consistent heights.

Derivation of name. Derived from Latin, genitive case
of bibendum, meaning to be drunk. Bibendum is the
adopted name of the ‘Michelin Tyre Man’ symbol of
the Michelin company, designed to be an anthropo-
morphic stack of tyres. Used here to denote the ‘stack
of tyres’ morphology of the species.

Holotype. USNM-MS_DS_12, part and counterpart (A/
B) of a single specimen (Figs 5A, B, 6, 7), from E1421
fault block float, Deep Spring Formation at Mount
Dunfee locality, Esmeralda County, Nevada, USA.

Paratypes. USNM-DS_12 (Fig. 5C) and USNM-DS_34
(Fig. 5D), from E1421 fault block float, Deep Spring
Formation at Mount Dunfee locality, Esmeralda County,
Nevada, USA.

Hypodigm. Total number of collected specimens identi-
fied ¼ 97.

Occurrence. The late Ediacaran Wood Canyon and
Deep Spring formations in south-central Nevada, USA.

Description. Tubes typically range from c. 1–43mm in
length, which may record only fragmental length; unit
aperture diameters c. 0.1–6.5mm, c. 0.1–6mm in apex
diameter, and c. 0.1–1mm in unit height (Table 2; Fig.
9A, C). Where barrel-shaped units overlap, there is a
slight indentation at the joint, which gives rise to the
ribbed appearance of the tube (Figs 5A, 6B). No distinct
rims or collars are present on barrel units, although fine
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sediment accumulation between barrels at joint indenta-
tions may yield a rim-like appearance. In latitudinal
cross-section, complete tubes are circular in shape (Fig.
7D). Compression-related ovality is rare; burial com-
pression yields brittle fracture and tube collapse (Figs
6C, D, 7E). In longitudinal cross-section, walls of indi-
vidual barrel units are crescentic to allantoid (Fig. 7B).
Cross-sections of the barrel wall show a typically sharp
apical end which comes to a terminal point and

intersects in a mitred joint with the adjacent barrel unit
which together form a stacked tubular construction
(Fig. 7C). Tubes do not possess septa, cross walls, or
show evidence of transverse annulations (Fig. 7B).

Remarks. Specimens of C. bibendi gen. et sp. nov. are
preserved as pyritized (or iron oxy-hydroxides, due to
weathering) tubes, with the vast majority illustrating
three-dimensionality. Some examples of pyritized

Figure 5. Photomicrographs of Costatubus bibendi gen. et sp. nov. from Nevada localities and the East European platform (E) for
comparison. A, B, holotype part (rephotographed from Smith et al. 2016) and counterpart, sample USNM-MS_DS_12. C, paratype,
sample USNM-DS_12. D, paratype, sample USNM-DS_34. E, holotype of Costatubus kirsanovi, rephotographed from Gnilovskaya
1996. All scale bars ¼ 1mm.
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compressions (Fig. 5C) and external moulds (Fig. 5E)
are present. In most compacted specimens, barrels
experience longitudinal brittle fracture and tube collapse,
but otherwise show little distortion.
While numerous tube constructions have been reported

from the late Ediacaran, the stacked barrel-shaped units

represent a novel construction, which warrants the erec-
tion of a new genus. Costatubus bibendi gen. et sp. nov.
is distinguishable from other species within the cloudino-
morphs by its barrel-shaped elements, as opposed to fun-
nels or conical tubes (see reconstructions of S. hagadorni
and C. bibendi in Fig. 8).

Figure 6. SEM with light microscopy inserts of Costatubus bibendi gen. et sp. nov. holotype part and counterpart from the Deep
Spring Formation, Nevada. A, holotype part in mixed signal BSE:SE (same sample as Fig. 5A). B, detail of barrel morphology in
mixed signal BSE:SE. C, detail of brittle fracture of the tube in mixed signal BSE:SE. D, detail of brittle fracture/tube collapse, in
SE. E, holotype counterpart in SE mosaic (same sample as Fig. 5B). All scale bars ¼ 1mm.
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Other late Ediacaran to early Cambrian tubes express
similar morphologies to this taxon. One species of
Saarina, S. kirsanovi Gnilovskaya, 1996, appears out-
wardly to share this barrel-in-barrel morphology
(Gnilovskaya 1996, fig. 1 l, e; holotype refigured
herein, Fig. 2H), but there are several key differences.
First, the figured specimens of S. kirsanovi are uni-
formly flattened, and are described as composed of
weakly convex arched cone units. Visualizing their cone
unit wall structure is not possible. Secondly, S. kirsanovi
is described as ‘very elastic’ owing to the presence of
transverse wrinkles/folds. This is in stark contrast to the
highly rigid tubes of C. bibendi gen. et sp. nov. Lastly,
S. kirsanovi shows significant tapering of the tube, as
measured on the holotype, a ratio of c. 7:1 from tube
aperture to apex reported by Gnilovskaya (1996).
Comparatively, C. bibendi gen. et sp. nov. shows
minimal tapering (Fig. 5). Costatubus bibendi gen.
et sp. nov. can also be easily differentiated from other

tubular forms. For example, the terminal Ediacaran
Gaojiashania cyclus Yang, Zhang & Lin in Lin et al.,
1986 exhibits an inverse construction of rigid rings con-
nected by concave, presumably flexible ‘buckets’ (Cai
et al. 2013, fig. 4). While Wutubus annularis Chen
et al., 2014 and potentially Sekwitubulus annulatus
Carbone et al., 2015 display a similar ‘stack of tyres’
construction, there are no details on the serial nature of
these tubes or their construction, and both possess hold-
fast structures (Carbone et al. 2015, fig. 3; Chen et al.
2014, fig. 5). Cambrian tubes such as Hyolithellus
Billings, 1871 show remarkably similar traits to C.
bibendi gen. et sp. nov., including tube diameter, ori-
ginal biomineralization, and comparable longitudinal
brittle deformation. While similar, Hyolithellus differs in
its tube wall thickness, which gradually increases
towards the apex, external surface ribbed annulations,
and densely laminated internal structure (Skovsted &
Peel 2011, fig. 2).

Figure 7. Tomographic lCT slices and volume renders of Costatubus bibendi gen. et sp. nov. holotype. A, 3D render of external
tube wall. B, longitudinal 2D slice. C, longitudinal 2D slice detail of tube cross-section, showing allantoid to crescentic barrel wall
cross-sections. D, latitudinal 2D slice, showing circular cross-section. E, latitudinal 2D slice showing brittle fracture and tube
collapse. All scale bars ¼ 1mm.
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Costatubus kirsanovi (Gnilovskaya, 1996)
(Fig. 5E)

1996 Saarina kirsanovi Gnilovskaya: 549, fig. 1 l
[d], e.

Remarks. Saarina kirsanovi, much like the newly
erected genus Costatubus gen. nov., exhibits stout bar-
rel-shaped, non-flaring construction with stacked repeat-
ing units – i.e. ‘barrel-in-barrel’ construction. Whereas
the other two described species of Saarina, S. juliae as
figured herein (Fig. 2G) and S. tenera (Sokolov 1967,
fig. 2 1a), both show repeating collared funnel-like tube
constructions, the placement of S. kirsanovi within the
same genus is viewed as tenuous. Therefore, even with
potential differences in recalcitrance of the tube wall
structure between the rigid Costatubus bibendi and the

presumably more malleable Saarina kirsanovi, we here
propose transferal of S. kirsanovi to the new genus
Costatubus gen. nov. based on the shape of their repeat-
ing unit structure. Differences delineating C. bibendi
and C. kirsanovi to justify retaining two species within
this new genus include the significantly stronger tube
taper and wider barrel-unit per height ratios exhibited in
C. kirsanovi (Table 2; Fig. 9A).

Discussion

Morphometrics
As the width of the anterior-most repeating unit was a
consistent and observable feature, it serves as a proxy for
body size for all identifiable tubicolous taxa (Table 2).

Figure 8. Schematic tube reconstruction of Saarina hagadorni sp. nov. (A, external morphology; B, detailed cross-section
construction) and Costatubus bibendi gen. et sp. nov. (C, external morphology; D, detailed cross-section construction).

372 T. Selly et al.



For comparison, Table 2 and Figure 9A also include the
same metric from morphologically comparable taxa, C.
hemiannulatus from the Gaojiashan Lagerst€atte, and S.
juliae and C. kirsanovi from the East European platform.
From a randomly selected subset of our best-preserved
samples, in each case including the designated holotype,
we assessed the maximum width of each repeating unit
and its corresponding interapertural spacing along the
entire length of the specimen (Fig. 9B, C). As is observ-
able here, while the Nevada taxa show significant over-
lap, their distributions are distinct from either C.
hemiannulatus, S. juliae or C. kirsanovi, the distributions
of which are less well constrained. This separation, along
with morphological distinction, further supports our des-
ignation of S. hagadorni sp. nov. as a new species and
Costatubus gen. nov. as a new genus. By individual both
Nevada taxa show a general positive correlation between
unit width and interapertural spacing. As S. hagadorni sp.
nov. illustrates tapering of its tube, its funnel width by
individual has a broader range than barrel width in
Costatubus gen. nov. by individual (Fig. 9B, C, respect-
ively). A possible alternative interpretation, specifically
with regard to S. juliae and S. hagadorni sp. nov. given
the seemingly linear trend that evolves from the observa-
tion of their funnel width by interapertural spacing (Fig.
9A), is that S. hagadorni represents an earlier ontogenetic
stage of S. juliae – potentially explained as a taphonomic
sorting effect in the Nevada sites versus the (limited)
Russian materials. That no larger S. hagadorni tubes are
recovered, but larger less well-defined tubes on the same
scale as S. juliae are observed in the Nevada sites, may
be an argument against this alternative hypothesis, albeit
equivocal. However, we suggest that the morphological
differences observed in the Nevada specimens indeed jus-
tify the establishment of a new species within Saarina at
this time, but further investigation may be warranted.

Biomineralization and life mode
The two tubular taxa described here from south-central
Nevada illustrate differences in their original tube con-
struction, not just from the perspective of morphological
structure but also from inferences of their original com-
position. Tubes of C. bibendi gen. et sp. nov. display

brittle fracture, a feature interpreted here as evidence of
a notably more robust and potentially lightly mineralized
tube wall in vivo. However, the pyritization process
responsible for the preservation of these tubes, com-
pounded by later weathering diagenesis, overprinted any
evidence of this taxon’s original mineralogy. Thus, it
follows that alternative explanations should be eval-
uated. One such alternative could be that the tube wall
of Costatubus gen. nov. was pyritized very rapidly after
burial, but before sediment compaction and lithification.
Later compaction could have then produced the
observed fracture. This brittle fracturing, however, is
only seen in Costatubus gen. nov. specimens, and not
observed in any S. hagadorni sp. nov., which instead
show plastic deformation and moderate ovality imposed
by compression. In order for the compaction fracture
argument to be valid, it would follow that S. hagadorni
sp. nov. is pyritized less rapidly, such that its tube wall
was still malleable upon sediment compaction and lithi-
fication. Given that these two taxa are found within the
same fossil horizons, it seems that the most parsimoni-
ous explanation requires a distinction in the inherent
rigidity of their tube walls. Further, it is observed in S.
juliae, which is also preserved largely via pyritization,
that the tubes are compressed with indications of trans-
verse wrinkling and twisting. Assuming S. hagadorni
sp. nov. and S. juliae share comparable tube wall com-
position and robustness, S. hagadorni sp. nov. does not
possess a rigid, mineralized tube wall – and that the
three-dimensionality of its tubes in the Nevada localities
are a result of rapid pyritization. If the interpretation of
Saarina possessing a non-mineral tube is correct, the
differences observed in the structural integrity of
Costatubus gen. nov. tubes suggest a more robust ori-
ginal tube histology, potentially ranging from a thicker
or more rigid organic composition through light, struc-
turally relevant biomineralization.
There is only minor, perhaps parallel evidence to

evaluate the possible life mode of S. hagadorni sp. nov.
Comparison of the funnel-in-funnel and sinuous tube
nature of S. hagadorni sp. nov. to other organic-walled
cloudinomorphs could suggest that these organisms
experienced an initial recumbent growth phase during
earlier ontogeny before growing vertically from the

Table 2. Summary statistics of maximum width (mm) of anterior-most repeating unit of tubicolous taxa from Nevada, China
and Russia.

n Min Median Max SD

Saarina hagadorni sp. nov. (NV) 88 0.253 0.739 3.921 0.674
Costatubus bibendi gen. et sp. nov. (NV) 97 0.217 1.091 6.363 1.397
Conotubus hemiannulatus (China) 1975 0.382 2.855 13.736 2.256
Saarina juliae (Russia) 1 4.736
Costatubus kirsanovi (Russia) 1 4.151
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seafloor (Cai et al. 2011). This would serve to increase
the stability of the tube as it grew larger, helping it
maintain an upright orientation and elevating its aper-
tural end for feeding purposes. The sharp changes in
growth direction observed on some specimens may indi-
cate rejuvenation from partial burial or event sedimenta-
tion that had knocked the tube over – effectively
righting the tube back to a vertical position – similar to
that inferred from C. hemiannulatus (Cai et al. 2011).
Costatubus bibendi gen. et sp. nov. and its previously
unreported tube structure, on the other hand, provides
no means for evaluating life mode. We could only
speculate based on comparison to other morphologically
comparable forms whether C. bibendi gen. et sp. nov. is
recumbent, akin to Gaojiashania (Cai et al. 2013), or
upright, like Hyolithellus (Skovsted & Peel 2011).
Further investigation into the community dynamics of
these co-occurring taxa may be able to reveal additional
details on their life mode and autecology.

Palaeogeography and depositional setting
With the discovery and taxonomic classification of S.
hagadorni sp. nov. and C. bibendi gen. et sp. nov., we
expand our understanding of diversity of the terminal
Ediacaran tubular fauna. In order to understand the
broader context and significance of this diversity, it is
important to recognize both the palaeogeographical and
palaeoenvironmental distributions of the cloudino-
morphs. These organisms have reported occurrences in
China (Chen et al. 1981, 2008; Ding et al. 1992; Zhang
& Hua 2000; Chen & Sun 2001; Yang et al. 2016; Cai
et al. 2017), Mexico (McMenamin 1985; Sour-Tovar
et al. 2007), the south-western USA (Taylor 1966;
Mount et al. 1983; Signor et al. 1983, 1987; Smith
et al. 2016, 2017), Namibia (Germs 1972; Grant 1990;
Grotzinger et al. 2000), Kazakhstan (Yang et al. 2016),
Spain (Cortijo et al. 2010; Zhuravlev et al. 2012),
Oman (Conway Morris et al. 1990), Brazil (Walde et al.
2015; Adorno et al. 2017), the East European platform
(Gnilovskaya 1996; Sokolov 1965, 1967), the Siberian
platform (Kontorovich et al. 2009; Terleev et al. 2011;
Zhuravlev et al. 2012), and Paraguay (Warren et al.
2011, 2017), among other localities (see summary in

Figure 9. Body size cross-plots of tubicolous taxa. A, kernel
density plots of apertural width versus interapertural spacing,
by species. Large, black-outlined points represent median value
of measured specimens. B, scatterplot of apertural width versus
interapertural spacing of Saarina hagadorni sp. nov., by
individual. Individual specimens are plotted in different
colours. C, scatterplot of apertural width versus interapertural
spacing of Costatubus bibendi gen. et sp. nov., by individual.
Individual specimens are plotted in different colours.
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Cai et al. 2017). Viewing the palaeogeographical distri-
bution of the currently recognized cloudinomorph sites
(Fig. 10, reconstructed from G-Plates), the Nevada
localities examined here sat on the northern shelf margin
of Laurentia and are definitively tropical. Tubular faunas
known from Oman, Mexico, Kazakhstan, Siberia and
Mongolia are of comparable palaeolatitudes. However,
other localities, such as those from China, the East
European platform and South America, are distributed
within temperate palaeolatitudes. Whereas other terminal
Ediacaran fossils, such as Namacalathus Grotzinger
et al., 2000, have been interpreted to show latitudinal/
climatic preference (Warren et al. 2017), the same can-
not be observed for the broader cloudinomorphs.
Nonetheless, while broad in palaeolatitudinal range, all
of these localities were deposited in shallow shelf envi-
ronments, but there are differences between the facies
recorded. For instance, the Gaojiashan, dominated by
obrution deposits of limestones and fine-grained silici-
clastics (Cai et al. 2010), appears to be a comparatively
deeper water setting, below storm wave base – although
the obrution-deposited nature of these fossils may

indicate transport from a shallower setting. The Nevada
localities, on the other hand, are comparatively shal-
lower settings. The fossils of the Mount Dunfee locality
are contained within finer-grained siliciclastics, specific-
ally silts between stromatolites and ooid shoals, bounded
by coarser sands above and below. The Wood Canyon
fossils sit in a shallower palaeoenvironment, within � 5
m of silt beds also bounded by abundant sandstones
(Fig. 1). These discussions of facies emplacement is
undoubtedly cursory at present, but provide an interest-
ing avenue for follow-up studies to consider potential
facies dependence of the broader cloudinomorphs. In
sum, the addition of these new taxa broadens the known
diversity of the cloudinomorphs, and perhaps provides
further utility for the use of wormworld faunal compo-
nents as index taxa for the terminal Ediacaran – poten-
tially pertinent in forthcoming attempts to establish
Series- and Stage-level subdivisions of the Ediacaran
Period (Xiao et al. 2016).

Conclusions

Our investigation of terminal Ediacaran tubular fossils
from Nevada resulted in the establishment of two novel
species. The first taxon, Saarina hagadorni sp. nov.,
features the characteristic regularly spaced, flared fun-
nel-in-funnel, non-mineralized tube morphology of
Saarina Sokolov, 1965, as described from the East
European platform. We have designated the Nevadan
representatives as a new species based on multiple mor-
phological and preservational distinctions from previ-
ously reported species (Gnilovskaya 1996). In addition,
a new taxon, Costatubus bibendi gen. et. sp. nov., is
designated herein for its novel tubular construction, con-
sisting of very regular, stout and tight units, appearing
like barrel-shaped repeating segments – here denoted as
‘barrel-in-barrel’ morphology.
With the addition of a new species of Saarina in the

form of Saarina hagadorni sp. nov. from a Laurentian
locality, we expand the distribution of this genus to a
new palaeocontinent. In addition, the new genus
described here increases the diversity and morphological
disparity of the terminal Ediacaran tubicolous fauna. In
sum, the addition of these novel taxa to the widespread
occurrences of the cloudinomorphs can augment the glo-
bal picture of a prevalent and diverse tubular fauna in
the shallow seas of the terminal Ediacaran Period.
Continuing investigation of the tubular biota in the
south-western USA may provide further insights into
the evolution of biomineralization and the increasing
ecosystem complexity of non Ediacara-type taxa prior to
the Ediacaran–Cambrian boundary.

Figure 10. A, palaeogeographical reconstruction at 540Ma
using G-Plates. Numbered circles indicate localities where
broader cloudinomorphs have been reported. Localities: 1,
Nevada; 2, Gaojiashan (and other Chinese localities [small
hollow circles]); 3, Baltica/East European platform; 4.
Namibia; 5, Paraguay; 6, Uruguay; 7, Argentina; 8, Brazil; 9,
Spain; 10, Oman; 11, Mexico; 12–14, Siberian and Mongolian
localities; 15. Kazakhstan. B, generalized temporal constraints
of broader cloudinomorphs and other Ediacaran–Cambrian
tube-like forms.
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