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Chuaria is one of the few globally distributed macrofossil pioneers documented in the Precambrian. It is perhaps the most con-
troversial fossil in term of its affinity despite more than one hundred years of study. Many mutually exclusive affinities have been
suggested for this frequently encountered fossil. Although often treated as a multicellular alga, this interpretation remains incon-
clusive because the lacking unambiguous demonstration of cellular structures. In this paper the cellular details of Chuaria are
clearly revealed for the first time. The cell walls in Chuaria suggest that it is a multicellular eukaryotic alga, in agreement with the
latest biogeochemical analyses. Different thicknesses of cell walls suggest primary cellular differentiation in this organism. Mem-
brane-like structures within the cells (the first to be reported in Precambrian fossils) imply a eukaryotic nature. This study partially
resolves the century-long controversy over the affinity of Chuaria, and makes Chuaria one of the few recognized multicellular

eukaryotes before the Neoproterozoic glaciation.
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The genus Chuaria was established by Walcott in 1899. It
includes circular carbonaceous discs found in the Chuar
Group in the United States [1]. Later studies indicate that
Chuaria occurs from the Palaeoproterozoic to the Neopro-
terozoic in China, the United States, Canada, India, Austra-
lia, Africa, and other regions, and that it is an important
fossil organism in the Precambrian biota [2—-19]. Since the
erection of the genus by Walcott, more than 10 mutually
exclusive affinities have been suggested for Chuaria, in-
cluding an inorganic structure, a dubiofossil of unknown
origin, a brachiopod, a gastropod, a chitinous foraminiferid,
a hyolithid operculum, a trilobite egg, a juvenile medusoid,
an alga, a cyst, a spore sac, or an acritarch [1-19]. The con-
troversy over Chuaria persists mainly because of a dearth of
anatomical or cellular evidence and most of the hypotheses
are based on morphological comparisons and speculations.
This uncertainty hinders further understanding on Chuaria
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and its role in the Proterozoic ecosystem. In this paper
specimens of Chuaria collected from the Neoproterozoic in
the Anhui Province, China are studied from a new perspec-
tive. The combination of replica techniques, light micros-
copy (LM), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) reveals cellular
details and the affinity of the fossils. Membrane-like struc-
tures are reported for the first time in Chuaria.

The Neoproterozoic succession of the southeastern mar-
gin of the North China Block is well exposed in the Anhui
Province. In the Huainan region of northern Anhui, it un-
conformably overlies gneisses and schists of the probable
Archean-aged Fengyang Group and disconformably un-
derlies the trilobite-bearing Lower Cambrian strata of the
Houjiashan Formation [20]. In an ascending order, the suc-
cession consists of the Bagongshan, Liulaobei, Shouxian,
Jiuligiao, Sidingshan, and Fengtai Formations [18].

Near Shouxian, the Liulaobei Formation at the Diangeda-
Baieshan section is ~530 m thick. The upper part of the
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Liulaobei Formation is composed of yellowish green shales
that are interbedded with thin beds of quartz sandstone, cal-
careous siltstone, and argillaceous limestones, with the
limestone interbeds becoming increasingly abundant toward
the top of the section (Figure 1b). The formation yields
abundant leiospheroid acritarchs [21] and macroscopic car-
bonaceous compression fossils such as Chuaria, Tawuia,
Ellipsophysa, and Sinosabellidites [20,22,23]. Conformably
overlying the Shouxian Formation, the Jiuligiao Formation
(~71 m thick) consists mainly of thin-bedded argillaceous
limestone, and stromatolitic limestone, with calcareous silt-
stone intercalations. Macroscopic carbonaceous compres-
sion fossils, including Chuaria, Ellipsophysa, Sinosabellid-
ites, Pararenicola, and Protoarenicola, are abundant in this
formation [18,20,22,23]. The formation also contains a
large quantity of leiospheroid acritarch [24].

Recent Sm-Nd dating of diagenetic chert from the Sid-
ingshan Formation yielded an isochron age of 801+46 Ma
[25], and SHRIMP zircon U-Pb measurements on dolerites
that intrude the Huaibei Neoproterozoic succession in the
region provided ages of 97624 Ma and 1038+26 Ma [26].
The acritarchs of the Liulaobei Formation are comparable to
those of the late Riphean (Neoproterozoic) pre-Cryogenian
assemblages well known from Europe and North America
[21]. Taken together, these observations suggest that fos-
siliferous Liulaobei and Jiuligiao Formations are pre-Cryo-
genian in age.
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The fossils were collected from the Jiuligiao and Liulaobei
Formations, Shouxian, Anhui Province, China (Figure 1a,b).
The specimens were first observed and photographed with an
Aigo digital viewer. Replicas were made on some of the
specimens [27], demineralized with HCI-HF-HCI, coated
with gold, and observed using a Leo 1530 VP SEM at the
Nanjing Institute of Geology and Palacontology, Nanjing,
China (NIGP). For comparison, a sample collected from a
Triassic cycad leaf was processed and observed in the same
way. EDXMA (energy dispersive X-ray microanalysis) on
both Chuaria and its sediment matrix was carried out using
the same SEM. A total of 14 specimens were observed using
the SEM. Afterwards the replica was embedded in SPI-
Pon812 resin, ultrathin-sectioned, stained with lead citrate,
and observed using a Hitachi-7650 TEM at Nanjing Normal
University, Nanjing, China. All Chuaria specimens are de-
posited in NIGP, while the fossil cycad is deposited in
Shenzhen Fairy Lake Botanical Garden, Shenzhen, China
(SFLBG). All micrographs were saved in TIFF format, and
prepared for publication using Adobe Photoshop 7.0.

2 Results

The specimens of Chuaria were embedded in the yellowish
slightly calcareous siltstone of the Liulaobei (Figure 2a-h)
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Figure 1 Basic information concerning the specimens studied. a, Geological map of the fossil localities in the Huainan region, northern Anhui Province.
Ptb: Bagongshan Formation; Ptl: Liulaobei Formation; Pts: Shouxian Formation; Ptj: Jiuligiao Formation; Ptsd: Sidingshan Formation; Ptf: Fengtai Forma-
tion; €-0: Cambrian to Ordovician; Q: Quaternary; b, thin-bedded limestones in the uppermost Liulaobei Formation. Arrows point to the layers yielding
Chuaria; c, Energy dispersive X-ray microanalyses on Chuaria and its sediment matrix. Note that carbon (black triangle) is almost completely absent in the
sediment while it is abundant in the specimen, suggesting the biological source of the specimen.
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and Jiuligiao Formations (Figure 3a—g) in Shouxian, Anhui
Province, China. They were circular, 1.47-1.95 mm in di-
ameter, or oval, up to 4.5 mm x 6.5 mm, preserved as dark
organic compressions (Figures 2a,b; 3a,f). Replicas made on
the specimens were cleaned with HCI-HF-HCI, coated with
gold and observed using SEM (Figures 2c-h; 3b,g). The
organic materials appear dark brown or black in color under
the light microscope (Figures 2a—b; 3a,f). Organic material
in all fourteen of the specimens observed by SEM consis-
tently revealed preserved cellular details (Figures 2c-h;
3b-e,g). The cells were polygonal in profile, 10-32
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pm long and 3.6-18 pm wide (Figures 2d-h; 3b,g). The
cells were separated by cell walls (Figures 2e,h; 3b,g),
which varied in thicknesses (Figures 2e, h; 3b,g). The cells
with thin walls were either slightly flattened, isodiametric
polygons, or highly flattened, more or less elongate poly-
gons (Figures 2e; 3b,g). The thin cell walls appear as a thin
sheet about 100 nm thick, either sandwiched between cells
or, where the adjacent cell had detached, the cell wall was
perforated with holes 350 nm to 1 pm in diameter in surface
view (Figures 2e-h; 3b,g). The thick cell walls, frequently
seen at the margin of the specimen, were up to 2 um thick

Figure 2 A specimen of Chuaria still attached to sediment and its cellular details. Specimen number PB21277, deposited in NIGP. a and b are LM, all
others are SEM. a, A general view of the specimen. Note the upper-left corner of the specimen is still covered in the sediments. Bar = 1 mm. b, A replica
made from the specimen. Note the portion formerly covered by sediments in Figure 2a (arrow) is now standing on the replica. Bar = 1 mm. ¢, An SEM view
of the replica. Bar = 1 mm. d, A detailed view of the portion arrowed in Figure 2c. Note there are at least two layers of tissue (one arrowed and the other to
the left). Bar = 0.1 mm. e, Free-standing thin cell walls (black arrows) and cell walls adhering to the cells (white arrow). Note the hole on the cell wall
marked by the topmost black arrow. Bar = 5 pm. f, Cells enlarged from the left piece of tissue in Figure 2d. Note the blocks of organic materials (cells). Bar
=50 um. g, Multiple layers of cells in the specimen. Note the polygonal outlines of the cells and the cell wall (arrow) of the cells in the layer beneath. Bar =
0.1 mm. h, An oblique view of the broken surface near the arrow in Figure 2c. Note the thick cell walls between two lumina and the fissure between the

adjacent cell walls (arrows). Bar = 10 um.
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(Figure 2h). Adjacent thick cell walls were not completely
fused but were separated by a fissure (Figure 2h). Some-
times membrane-like structures were observed in the cells
(Figure 3c—e). These membrane-like structures appeared
different in sections at different levels of the same region in
the same cell, suggesting a three-dimensional configuration
(Figure 3d,e). Energy dispersive X-ray microanalyses per-
formed on Chuaria and its sediment matrix indicated that the
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fossils were composed of organic material rich in carbon and
distinct from the sediment matrix (Figure 1c). The above
mentioned cells and cell walls of Chuaria were similar to
those seen in a Triassic cycad leaf (Figure 3h,i), in which
the cells appeared as blocks of organic material sandwich-
ing thin two-dimensional cell walls (Figure 3i). There were
also pits on the cell walls when the cells were removed
(lower-left corner of Figure 3i).

Figure 3 Specimens of Chuaria with cellular details and ultrastructures, and their comparison with those of a fossil cycad. a—e (PB21279) and f-g
(PB21278), deposited in NIGP; h—i (LNFC-2007-001), deposited in SFLBG. All are SEM except Figure 3a, f, h (LM) and Figure c—e (TEM). Figure 3b, g
and i is of replicas. a, A circular specimen with dark organic material. Bar = I mm. b, Cells with cell walls (white arrow) sandwiched between them. Bar = 5
pum. ¢, Several layers of membrane-like structures in the cells. Bar = 100 nm. d, e, The same membrane-like structures in the same cell. Note the subtle dif-
ference between the corresponding structures (arrows) at different levels. Bar = 100 nm. f, A specimen of dark organic material. Note its circular shape and
the dark organic material. Bar = 1 mm. g, A broken surface showing cells (C), cell walls in cross- (black arrow) and surface-views (at the right), and pits on
the cell walls (white arrows). The inset shows a detailed view of the pits, with a 1um bar. Bar = 5 pm. h, A Triassic cycad (Holozamites hongtaoi [28]) leaf
from western Liaoning, China. Note the dark drop of the liquid that latter condenses into the replica showed in Figure 3i. i, Cells with preserved organic
material in the cycad leaf. Note the cell walls (black arrow) either sandwiched between cells (C) or freely standing where the cells have detached (white

arrows), and cell wall with pits in surface view (lower-left corner).
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3 Discussion

Chuaria is a circular, discoidal fossil of millimeter dimen-
sions, consisting of carbonaceous compressions. It is also
one of the oldest known macroscopic body fossils [7]. De-
spite its long history of study, the biological affinity of
Chuaria has been problematic for a variety of reasons.
Well-preserved coalified specimens of Chuaria were stud-
ied here using the replica technique to reveal cellular de-
tails. This technique makes a faithful impression of cellular
structures, which also may bring some organic material with
intact cellular features to be studied and demonstrated
clearly using SEM and TEM (Figures 2c-h; 3b—e,g). The
thin cell walls appeared as sheets of organic material sand-
wiched between cells (Figures 2e; 3b,g). This was con-
firmed by observation on original samples that had cleaned
with HCI and thus, eliminated the possibility of artifacts
introduced by the replica technique. The space between the
cells and their cell walls may reflect the original difference
in organization and differentiated shrinkage in the fossils,
and this space remained unfilled despite subsequent com-
pression. This space is distinct from the previously reported
cracks in the “amorphous” envelope of Chuaria (see Plate
4, Figure 2 in Steiner [10]), which lacked a cell wall be-
tween the adjacent blocks. Disturbance during deminerali-
zation and rinsing may have detached cells that were
weakly associated with their cell walls, leaving the cell
walls intact and exposed in surface view (Figures 2e, h; 3g).

An alternative interpretation that the putative cell walls
were simply resulted from in-filling between cells (or
blocks of organic material) appears implausible because (1)
cell walls were restricted only to regions where organic fos-
sil material was preserved and were completely absent from
areas lacking fossil material; (2) inorganic in-filling would
be expected to fill the gaps between cells or blocks rather
than to leave spaces between them; (3) inorganic in-filling,
if present, would have been dissolved to some degree during
the demineralizing process. The congruence between ob-
servations before and after demineralization suggests that,
in this case, the cell wall was composed of organic material
derived from the organisms themselves. Most of the thin
cell walls appeared as sheets of organic material about
80-150 nm thick, and their thickness was independent of
the gap between cells. An inorganic in-filling, if present,
would be expected to have a thickness closely correlated
with the gap dimension; (4) pits were frequently observed
on the cell walls (Figures 2e; 3g). They appeared as irregu-
larly scattered circular holes on the cell wall, quite similar
to those seen in another cycad fossil plant (lower-left corner
in Figure 3i). Their existence suggests possible communica-
tion channels (pits and plasmodesmata) between these cells,
which are a feature of eukaryotes. Their presence is hard to
explain by inorganic infilling; (5) the thick cell walls (Fig-
ure 3h—i) framed concave lumina, just like those of living
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plants; (6) some of the thick cell walls were composed of
two layers (Figure 2h) apparently representing two adjacent
cell walls. This phenomenon cannot be attributed to inor-
ganic infilling between organic materials but compares well
with cell walls in living plants; and (7) membrane-like
structures within the cells of Chuaria (Figure 3c—e) were
very similar to the ER or other membranes seen in other
much younger fossil plants [29-36]. These membrane-like
structures suggest strongly a eukaryotic nature of Chuaria.
In short, the constant and coherent spatial relationships
among the cells, cell walls, pits on the cell walls, and mem-
brane-like structures in the cells of Chuaria are similar to
those in extant and fossil plants and suggest that cell walls
are an authentic feature of Chuaria. These cellular details
indicate that Chuaria belongs to the plant kingdom.

There are many features that distinguish plants from
animals, e.g. the presence of chlorophyll and chloroplasts,
vacuoles, and cell wall. Among these, cell wall is by far the
most idiosyncratic anatomical feature that can be used to
distinguish plants from animals. The presence of cell walls
in Chuaria eliminates the possibility that it is an animal. Its
multicellularity, pits on cell walls, and membrane-like struc-
tures eliminate the possibility of it being a prokaryote, as
suggested previously [11,12]. The cells with thick cell walls
were observed only at the margins of the organism, suggest-
ing a possible role in retaining the form of the organism (as in
living plants) (Figure 2h). This observation is in accord with
Amard’s study [8] on Chuaria although his conclusion con-
cerning its affinity is different from ours. The latest geobio-
chemical studies indicate that Chuaria contains aliphatic
biogeopolymer, suggesting an algal origin, which is in
agreement with our conclusion [17,19]. Although the three-
dimensional distribution of the cell types in the organism is
still unclear, the presence of different types of cells implies
that there is a primary cellular differentiation in Chuaria.

Many fossils of similar age and morphology have been
regarded as Chuaria. Many of them differ from the present
observations, especially in their dimensions. Therefore it is
likely that not all fossils named as Chuaria belong to the
same biological taxon. However, the consistent SEM ob-
servations on all fourteen specimens of Chuaria studied
here certainly suggest that all of these macroscopic Chuaria
belong to the plant kingdom. It is logical to assume that
Chuaria has an important role as a primary producer in the
Proterozoic ecosystem.

There are relatively few well-recognized multicellular
macroscopic eukaryotes recorded for the period before the
Neoproterozoic glaciation [37—40]. Our study indicates that
these discoid Chuaria were important eukaryotic elements
during the Proterozoic, and that they represent the evolu-
tionary level of the multicellular eukaryotes at that time.
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