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The Kuanchuanpu biota (ca. 535 Ma) from the basal Cambrian in South China yields various phosphatized, three-di-
mensionally preserved microscopic fossils, such as animal embryos, cyanobacteria, and algae. This provides an excep-
tional window for investigating the rapid divergent evolution of animal phyla in the early Cambrian ocean. However,
the fossil eukaryotic algae are poorly documented and are not properly incorporated into the conceptual food web of
the Cambrian ocean ecosystem. In this study, we report a new taxon of calathiform alga, Calathophycus irregulatus
Tang gen. et sp. nov., and an indeterminate alga, from the Kuanchuanpu biota. Calathophycus irregulatus can be dis-
tinguished from other reported phosphatized multicellular algal fossils from the Kuanchuanpu biota and the Ediacaran
Weng’an biota (Guizhou Province, China), based on the external morphology and features of cell clump aggregation.
The observation of C. irregulatus and the indeterminate alga indicates a certain diversity of algae at the beginning of the
Cambrian. Concerning the regularly or irregularly shaped multicellular algal fossils from the Kuanchuanpu Formation,
co-occurring spherical fossils, previously interpreted as “cleavage stage” of animal embryos, should be reconsidered
in affinity.
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Introduction

Algae are one of the important primary producers in the
Earth’s ecosystem and the influence of their evolution on
early Earth has been extensively studied. Eukaryotic mul-
ticellular algae appeared, based on the fossil record, be-
fore the Mesoproterozoic, when cyanobacteria were still
dominant in the ocean (Butterfield 2000; Bengtson et al.
2017; Tang et al. 2020). Biomarker evidence suggests that
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the ecological rise of algae occurred between 659 and 645
Ma, following which the algae broke the incumbency of
phototrophic bacteria as the principal marine primary pro-
ducers (Brocks et al. 2017).

Algal fossils, exceptionally preserved in the Ediacaran
strata of South China, provide solid evidence for macroal-
gae reaching unprecedented morphological complexity and
taxonomic diversity during the Ediacaran period (Xiao
2013). These fossils are grouped into two major taphonomic
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modes, based on their chemical compositions (carbon or
phosphate). A remarkable amount of macroscopic algae
is preserved as carbonaceous compressions in the Lantian
biota (Yuan et al. 2013, 2016; Wan et al. 2016), Miaohe biota
(Chen et al. 1994; Ding et al. 1996; Xiao et al. 1998a, 2002;
Yuan et al. 2002; Ye et al. 2017), and Wenghui biota (Zhao
et al. 2004; Wang et al. 2016). The phosphatized microalgae
with cellular structure are represented in the Weng’an biota
(Zhang 1989; Zhang and Yuan 1992; Xiao et al. 1998b,
2004), in the Ediacaran Doushantuo Formation in Guizhou
Province.

Following the Ediacaran, the characteristics of the Cam-
brian marine ecosystem changed completely; the modern-
type ocean food webs driven by prey-predator arm race
were gradually established (Vannier et al. 2007). Eukaryotic
algae, as vital oxygen and nutrients providers to various
animals, however, have been rarely reported from the lower
Cambrian (Guo et al. 2008, 2010; Hou et al. 2017; Fu et al.
2019; Wang et al. 2022).

The Kuanchuanpu biota, from the lowermost Cambrian
in South China, comprises a variety of three-dimensional
preserved phosphatized microscopic organisms. With the
exception of the various hard parts (i.e., tubes, sclerites, or
shells) of Small Shelly Fossils (SSFs) (Qian 1977; Steiner
et al. 2004), the Kuanchuanpu biota consists of soft-bod-
ied fossils, such as scalidophoran worms (Liu et al. 2014b,
2019; Zhang et al. 2015; Wang et al. 2019, 2020) and animal
embryos mostly being assigned to cnidarians (Bengtson
and Yue 1997; Dong et al. 2013; Han et al. 2013; Wang et
al. 2017). In addition, various cyanobacteria (Ding 1986;
Yin 1987; Qian et al. 2007), characterized by colonial coc-
coids (Cui et al. 2020) or microscopic, directional, sessile
bundles (Liu et al. 2014a), were reported from the same
biota. Therefore, the Kuanchuanpu biota provides possibil-
ities to investigate the interactions among the major com-
ponents of a shallow, euphotic tidal zone marine ecosystem
in the early Cambrian. However, the eukaryotic algae in
the Kuanchuanpu biota, which are the primary producers
of the local marine ecosystem, are poorly understood in
terms of palacontology, evolution, and autoecology. A few
investigations have revealed column-like algal fossils (Liu
et al. 2009), sub-spherical fossils with tetrad cell structure
(Zheng et al. 2017), and membrane-bearing multicellular
aggregate fossils (Zheng et al. 2021). The membrane-bear-
ing aggregate fossils show characteristics consistent with
those of multicellular algae in the Weng’an biota in terms of
morphology and organization. However, assigning a formal
taxonomy to these fossils is difficult, owing to their wide
scope of morphological variation (Zheng et al. 2021).

Here we describe two new taxa (Calathophycus irreg-
ulatus Tang gen. et sp. nov. and an indeterminate alga) of
eukaryotic algae from the Kuanchuanpu Biota. This con-
tributes to the diversity of algae in the beginning of the
Cambrian. Unlike the previously reported forms, these two
taxa exhibit relatively definite shape and patterns of cellular
organizations.
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Institutional abbreviations—SKLELE, Shaanxi Key
Laboratory of Early Life and Environments, Xi’an, China;
SKLCD, State Key Laboratory of Continental Dynamics,
Xi’an, China; JASRI, Japan Synchrotron Radiation Research
Institute, Hyogo, Japan.

Other abbreviations—EDS, energy dispersive X-ray spec-
trometer; Micro-CT, micro-computed tomography; SRXTM,
synchrotron radiation X-ray tomographic microscopy; SSFs,
Small Shelly Fossils; s.d., standard deviation; X , X-bar, mean
value.

Nomenclatural acts—This published work and the no-
menclatural acts it contains have been registered in Plant
Fossil Names Registry (PFNR): urn:lsid:plantfossilnames.
org:act:2870 and urn:lsid:plantfossilnames.org:act:2871.

Geological setting

The specimens were collected from the Shizhonggou
Section in the lower Cambrian Kuanchuanpu Formation in
Ninggiang County, southern Shaanxi, China (Fig. 1). This
region comprises a series of shelf carbonate deposits of
the Yangtze Platform, which is in turn primarily composed
of dark grey or black phosphorus limestone interbedded
with thin-layered cherts. In this section, the Kuanchuanpu
Formation unconformably overlies the gray-white dolomite
at the top of the Ediacaran Dengying Formation and is un-
conformably overlied by the siliciclastic lower Cambrian
Guojiaba Formation composed of dark-gray silty shale. The
Kuanchuanpu Formation is approximately 60—70 m thick
and it is rich in SSF and animal embryos. The fossil assem-
blage is chronologically equivalent to the first assemblage
zone of SSF (i.e., the Anabarites trisulcatus—Protohertzina
anabarica Zone) of the Fortunian Stage (Terreneuvian
Series) (see Steiner et al. 2004: fig. 2).

In the cherts of the Kuanchuanpu Formation, condensed
mat fabrics with quartz grains indicates for microbial mat
layers (see Cui et al. 2020: fig. 13a). Tabular cross beddings
are common in the phosphorus limestones (SOM: fig. 1,
Supplementary Online Material available at http:/app.pan.
pl/SOM/app67-Tang_etal SOM.pdf). Taken together with
evidence of sorting and transporting of SSFs (Steiner et al.
2007) and cyanobacteria (Ding 1986; Yin 1987; Qian et al.
2007), it indicates a shallow marine depositional setting in
a fluctuating tidal environment above wave base for the
Kuanchuanpu biota (see Yin et al. 1999).

Material and methods

Fifty-six specimens were obtained from the Shizhonggou sec-
tion of the Kuanchuanpu Formation. Approximately 5 tons of
rock samples were macerated in 8—-10% acetic acid solution.
Fossil samples were selected manually from the insoluble re-
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Fig. 1. Geological map (A; modified from Han et al. 2016), stratigraphic column (B), and typical fossils (C—E) from Cambrian the Shizhonggou section
in Ninggiang County, Shaanxi Province, China. C. Carinachitid Carinachites spinatus Qian, 1977. D. Anabaritid Anabarites trisulcatus Missarzhevsky in
Voronova and Missarzhevsky, 1969. E. Olivooid Olivooides multisulcatus Qian, 1977.

siduals using standard binocular microscopy. The specimens
showing well-preserved cellular structure were examined
using an FEI Quanta 400F scanning electron microscope
(SEM), equipped with an Oxford Instruments energy disper-
sive X-ray spectrometer (EDS), micro-computed tomography
(Micro-CT) (Xradia520 Versa) at State Key Laboratory of
Continental Dynamics (SKLCD), and using synchrotron ra-
diation X-ray tomographic microscopy (SRXTM) at SPring-8
(Hyogo, Japan) (Uesugi et al. 2012). All Micro-CT data were
processed with VG Studio 3.2 Max for tomographic analysis
and 3D visualization. Fossil size measurements and statistical
analysis were performed using Image J and Origin 2019, re-
spectively. All analyzed specimens are deposited in the Early
Life Institute, Northwest University, Xi’an, China.

Systematic palaeontology

Phylum, class, order, and family uncertain
Genus Calathophycus Tang nov.

PFNR: urn:lsid:plantfossilnames.org:act:2870

Type species: Calathophycus irregulatus Tang sp. nov.; by monotypy,
see below.

Etymology: From Latin calathus, bowl; with reference to the cala-
thiform shape of the fossils; and Latin phycus, sea weed. The name
is assigned based on its morphology and presumed affinity. Gender
feminine.

Diagnosis.—As for the type species by monotypy.

Calathophycus irregulatus Tang sp. nov.
Figs. 2,3, 5; SOM 1, 2.

PFNR: urn:lsid:plantfossilnames.org:act:2871

Etymology: From Latin irregulatus, irregular; with reference to the
irregular morphology of the fossils.

Holotype: Anearly complete specimen preserving cells and cell clumps,
ELISN72-52 (Fig. 3A,, Ay; SOM 1).

Type locality: Shizhonggou section, Ninggiang County, southern
Shaanxi, China.

Type horizon: Kuanchuanpu Formation, Fortunian, Terreneuvian, Cam-
brian.

Material—Type material and fifty-three specimens. All
from the type locality and horizon.

Diagnosis.—Calathiform thallus, 0.45-2.12 mm in length,
with a deep or shallow central concavity. Thallus enveloped
by a thin, tightly attached membrane; comprised of multiple



ACTA PALAEONTOLOGICA POLONICA 67 (2), 2022

Fig. 2. SEM images of problematic alga Calathophycus irregulatus Tang gen. et sp. nov. with a shallow central concavity; Kuanchuanpu Formation,
Fortunian, Terreneuvian, Cambrian in Ninggiang County, Shaanxi Province, China. A. ELISN80-91; A, front view; A,, back view. B-D. ELISN85-39,
ELISN163-455, ELISN164-15, respectively. E. ELISN164-271; E,, front view; E,, close-up view. Cell clumps, white arrows (A, C, D); gaps between
cell clumps, black arrows (B, E); external membrane, equilateral arrowheads (B, C, D). The specimens are selected and arranged in order of size so as to
indicate a possible sequence of growth and development.

Fig. 3. SEM images of problematic alga Calathophycus irregulatus Tang gen. et sp. nov. with a deep central concavity; Kuanchuanpu Formation, Fortunian,
Terreneuvian, Cambrian in Ninggiang County, Shaanxi Province, China. A. ELISN72-52, holotype; A, front view; A,, back view. B. ELISN163-729;
B, front view; B,, back view. C. ELISN133-60. D. ELISN163-339. Cell clumps, white arrows (A, C, D); gaps between cell clumps, black arrows (A, B;).
Fossils are arranged in order of size, suggesting a possible sequence of growth and development.

cell clumps with nearly uniform cells. Cells are irregularly — shaped with a shallow (Fig. 2) or deep (Fig. 3) central con-
arranged, polygon-shaped, 20-35 um in length. cavity, and display a cauliflower-like, irregular bulging sur-
Description.—The specimens of Calathophycus irregulatus ~ face (Figs. 2, 3; SOM 1, 2). The specimens are, in length and
Tang gen. et sp. nov. are superficially calathiform or disc-  width, respectively, 0.58-2.12 mm (X = 1.14 mm, s.d. = 0.35,
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Fig. 4. Measurements of problematic alga Calathophycus irregulatus Tang gen. et sp. nov. and concave opening. A. Histogram of maximal length and
width of bowl-shaped fossils. B. Histogram of maximal length and width of concave opening. C. Scatter diagram indicating a linear relationship between
the maximal length and width of C. irregulatus. D. A linear relationship between the maximal length and width of the concave opening.

n = 54) and 0.45-1.7 mm (X = 0.91 mm, s.d. = 0.30, n = 54;
Fig. 4). The central concavities are 0.13—1.23 mm in length
(X =0.64 mm, s.d. = 0.28, n=54) and 0.04—1.11 mm in width
(x = 0.44 mm, s.d. = 0.23, n = 54; Fig. 4). Externally, these
specimens are wrapped by a thin, close-fitting membrane
(1-2 um), which mostly falls off the surface; it is barely visi-
ble in the concave area of poorly preserved specimens (Figs.
2B-D and 5By, equilateral arrowheads). EDS spectrums
show that the specimens are enriched in calcium and phos-
phorus (SOM: fig. 2), suggesting an apatite composition.
The specimens consist of several cell clumps (100—
500 um) (Figs. 2, 3, 5, white arrows), which are loosely or
tightly packed. These cell clumps contribute to the cauli-
flower-like external surface and the gross thickness of the
specimens. Externally, the cell clumps are much evident at
the peripheral margin of the thallus in larger specimens,
displaying a lobed appearance (Figs. 2, 3). The inter-clump
gaps are wider and easier to identify in some areas (Figs. 2,
3, 5A,4, B¢, B4, black arrows). X-ray tomography revealed
that some larger cell clumps contain several smaller cell

clumps (Fig. 5As, B;). These cell clumps, which are hon-
eycomb-like in virtual sections, are composed of tightly
packed polygonal cells (Figs. 2E;, E,, 3A;, D, 5), which
are 20—-50 um long and exhibit distinct gaps in-between
(Fig. 5A4, Bs, By, white arrowheads). In addition, there
are clear gaps between the cells and clumps (Fig. 5, black
arrowheads), indicating the external membrane of cell
clumps. However, cell structures are not well preserved in
some cell clumps (Figs. 2C, 3A,).

Remarks.—In Calathophycus irregulatus Tang gen. et sp.
nov., membrane-bearing cell clumps are wrapped by a thin
membrane. It is superficially similar to the nested indi-
vidual and common colloid sheaths of the cyanobacteria.
Morphologically, however, cyanobacteria are generally col-
onies of hemispherical to spherical shaped individuals, or
branched, unbranched filaments, tubes and trichome, which
can be seen both in living species (Lee 2008) and fossils,
such as Myxococcoides sp. (Cui et al. 2020), Gloeodiniopsis
lamellose Knoll and Golubic, 1979, Palaeosiphonella sp.
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Fig. 5. Internal structure of problematic alga Calathophycus irregulatus Tang gen. et sp. nov. revealed by Micro-CT; Kuanchuanpu Formation, Fortunian,
Terreneuvian, Cambrian in Ningqiang County, Shaanxi Province, China. A. ELISN72-52, holotype; A;, SEM image; A,, 3D rendering; A;, As, virtual sec-
tions; Ay, Ag, close-up views. B. ELISN164-15; B, SEM image; B,, 3D rendering; B;, B,, B, virtual sections; Bs, B, close-up views. Gap between cell
clumps, black arrows (A4, Bg, B7); gaps between cells, white arrowhead (A,); interval between polygonal cells, white arrowhead (Bs); interval between
cells and clumps, black arrowheads (Ag, Bs, Bg); cell clumps, white arrows (Bs, B;); external membrane, equilateral arrowhead (Bg).




TANG ET AL—MULTICELLULAR ALGAE FROM THE EARLIEST CAMBRIAN OF CHINA 323

(Cui et al. 2020), and Siphonophycus typium Hermann,
1974 (Butterfield et al. 1994). It is quite different from the
polygonal cells and calathiform shape of C. irregulatus.
Besides, the size of individuals of the coccoidal fossils
mostly ranges 15-30 pm, smaller than cells in C. irregu-
latus; although a few vesicles of cyanobacteria reach about
60 um in diameter, they consist of 2—6 cells and occur as
dyads, triads, tetrads, and hexads (Cui et al. 2020). Taken
together with the differences in size, morphology of cells
and cell colonies, it is reasonable to infer that C. irregulatus
is not cyanobacterium.

The external morphology of C. irregulatus is quite sim-
ilar to the multicellular aggregate algae fossils from the
Kuanchuanpu biota (Zheng et al. 2021), which exhibit some
similarities with C. irregulatus: (i) Both possess an external
membrane (Figs. 2, 3; see Zheng et al. 2021: fig. 2) and are
composed of several cell clumps. (ii) The maximal length
and maximal width of the two kinds of fossils are 0.2—
2.5 mm. However, the following differences exist: (i) The
multicellular aggregate fossils are irregularly spherical or
nearly spherical in shape, and devoid of a central concavity
(see Zheng et al. 2021). (i1) The multicellular aggregate fos-
sils exhibit a distinct two-layered cell differentiation, with
spherical cells with a diameter of about 5 pm inside, and
polygonal cells with a length of about 50 um and a width of
about 15 pm outside (see Zheng et al. 2021: fig. 5). (iii) The
hypothesized life cycle of multicellular algae in Zheng et al.
(2021) shows that at middle of expansion stage, some outer
cells develop as bump structures by proliferation and do not
start to differentiate (see Zheng et al. 2021: fig. 9); its amor-
phous external morphology formed by randomly allometric
growth is apparently different from the fixed and specific
shape of C. irregulatus, although the cell configuration at
this stage is similar to that of C. irregulatus. Therefore, they
are not exactly equivalent to C. irregulatus.

Calathophycus irregulatus Tang gen. et sp. nov. resem-
bles the invaginated, gastrula-like algae (Yin and Zhu 2011)
from the Weng’an biota in central concavity and morpholog-
ical characteristic. However, the invaginated algae (Yin and
Zhu 2011) exhibit small outer cells and Paramecia-like in-
ner cells, contrasting with the nearly uniform cells in C. ir-
regulatus. In addition, the difference in cell morphology and
arrangement (i.e., pseudoparenchymatous) can distinguish
C. irregulatus from Weng’an algae, such as Thallophyca
ramosa Zhang, 1989, Gremiphyca corymbiata Zhang, Yin,
Xiao, and Knoll, 1998, Thallophycoides phloeatus Zhang
and Yuan, 1992.

Comparisons with the co-occurring multicellular algae
(Zheng et al. 2021) and Weng’an algae indicated that C. ir-
regulatus is likely a kind of eukaryotic multicellular algae.
Morphologically, C. irregulatus is similar to modern species
of Dictyosphaeria (class Ulvophyceae, order Cladophorales,
family Siphonocladaceae), which are solid spheroid and in
growth changing to hollow spheroid then breaking apically to
form irregularly bowl shape (SOM: fig. 3; Alves et al. 2012).
Species of Dictyosphaeria have rhizoids (SOM: fig. 3a) for

sessile life, which are not found on C. irregulatus (Figs. 2A,,
3A,, By). In addition, C. irregulatus (0.45-2.12 mm in shape
and 20-35 um in cell diameter), is much smaller than the spe-
cies of Dictyosphaeria (several millimeters to centimeters in
shape and 300—1000 pm in cell diameter) at different growth
stages (Zeng and Zhang 1962; Chen and Zhou 1980; Alves et
al. 2012). The calathiform shape and size range indicate that
C. irregulatus can be inferred as a benthic alga, which may
have been disturbed, broken into fragments, or transported
frequently by waves before burial. Therefore, it cannot be
ruled out that C. irregulatus is fragment of Dictyosphaeria-
like algae. Nevertheless, it is always been highly speculative
to correlate Ediacaran—Cambrian fossil algae to modern al-
gae merely based on the shape and cell configurations, with-
out any primary chemical composition. Therefore, continuing
discovery and analysis could be helpful to refine our ideas
about the biological affinity of C. irregulatus.

Stratigraphic and geographic range.—Type locality and
horizon only.

Indeterminate alga
Fig. 6; SOM 3.

Material —Two specimens (ELISN103-361 and ELISN111-78;
1.07 and 0.7 mm in maximal length, respectively) from from
the Kuanchuanpu Formation, Fortunian, Terreneuvian, Cam-
brian in the Shizhonggou section, Ninggiang County, south-
ern Shaanxi, China.

Description.—The available specimens exhibit a smooth
surface and superficially an urn-shaped or cup-shaped pro-
file. Unlike in Calahophycus irregulatus Tang gen. et sp.
nov., only a few cell clumps (100-200 pm) are prominent at
the urn margin (Fig. 6B,). SEM and SRXTM revealed that
the cells are tightly packed and arranged in two different
ways. Some of them are aggregated in cell clumps (Fig. 6By,
Bg, B7; SOM 3), in which the cells near the central concavity
are smaller (Fig. 6B,4, B;). The other cells are irregularly
arranged in two layers (Fig. 6A,, B,, B4;—Bg). The outer cells
(50-100 pm high and about 20-35 pm in length and width)
away from the central concavity are much bigger than the
inner cells (20-35 pm), thus indicating a cell differentiation.
The distinct gaps between polygonal cells indicate the sep-
aration of neighboring cell walls (Fig. 6A,, B,, Bg). In addi-
tion, there are gaps between the polygonal cell walls and the
external membrane of whole specimen (Fig. 6B,, By).

Remarks—Both Calathophycus irregulatus Tang gen. et
sp. nov. and the indeterminate alga exhibit a central con-
cavity; however, the indeterminate alga differs from the
co-occurring C. irregulatus in terms of cell configuration.
The cells of the indeterminate alga differentiate into irregu-
lar layers, some of which aggregate as cell clumps; these are
not seen in C. irregulatus. There is another possibility that
cells of C. irregulatus re-arranged to decrease the thickness
and differentiate into irregular layers like the indeterminate
alga; hence, these two types of fossils may belong to differ-
ent stages of same species. However, it is debatable as the
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Fig. 6. SEM and SRXTM images of the indeterminate alga; Kuanchuanpu Formation, Fortunian, Terreneuvian, Cambrian in Ninggiang County, Shaanxi
Province, China. A. ELISN103-361; A, SEM image; A,, A3, A4, close-up views of polygonal cells. B. ELISN111-78; B;, SEM image; Bs, 3D rendering;
B4, By, B, virtual sections; Bs, Bg, close-up views of B, and B, (respectively). Intervals between cells, white arrowheads (A4, B,, Bs); cell clumps, white
arrows (B, By, By); intervals between cell and membrane, black arrowheads (B,, Bg).

&
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specimens of the indeterminate alga are much smaller than
C. irregulatus. Therefore, more specimens are needed to
clarify the nature of the indeterminate alga and its relation-
ship with C. irregulatus.

Discussion

Many tiny spherical microfossils from the Kuanchuanpu
Formation, which were previously treated as the cleavage
stage of the life cycle of animal embryos (see Bengtson and
Yue 1997: fig. 1A-D; Dong et al. 2013: fig. 1a), should be
reassessed for their affinity. Firstly, none of them exhibits
an envelope. Secondly, these cleavage fossils, much smaller
than subsequent embryos with egg envelope, are inconsistent
with the classic palintomic division. Thirdly, these fossils are
quite similar to the spherical cell clumps hosted by the algal
fossils (this study and Zheng et al. 2021) in the Kuanchuanpu
biota in size, shape and cell configuration. Lastly, concern-
ing the boundaries and gaps among spherical cell clumps,
Calathophycus irregulatus Tang gen. et sp. nov. and the
co-occurring multicellular algae (Zheng et al. 2021) may be
fragmented into several clumps, which may develop into a
new, independent individual, by some phytophagous inverte-
brates or water flows in a tidal setting from the Kuanchuanpu
Formation (see Zheng et al. 2021: fig. 9). Therefore, further
work is necessary to ascertain the reliable differences be-
tween these Cambrian animal embryos and algae.

Conclusions

The three-dimensional preservation of phosphatized mi-
croscopic fossils from the Kuanchuanpu Formation pro-
vides an exceptional window to investigate the cell con-
figuration of organisms at a cell-level resolution; and
therefore, it is critical for clarifying the affinity of or-
ganisms. Based on the external morphology and the cell
organization, Calathophycus irregulatus Tang gen. et sp.
nov. is more likely to be interpreted as an eukaryotic multi-
cellular alga, rather than as animal gastrula or cyanobacte-
rium. Although difficult to determine the biological affin-
ity of C. irregulatus and the indeterminate alga in phylum
level, this study sheds lights on the diversity of algae at the
beginning of the Cambrian.
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