Downloaded from rspb.royalsocietypublishing.org on February 8, 2012

PROCEEDINGS

—OF . : ® Proc. R. Soc. B
THE ROYAL og”FirstCite doi:10.1098/rspb.2011.2280
SOCIETY e-publishing Published online

Distinguishing geology from biology in the
Ediacaran Doushantuo biota relaxes
constraints on the timing of the
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The Ediacaran Doushantuo biota has yielded fossils that include the oldest widely accepted record of
the animal evolutionary lineage, as well as specimens with alleged bilaterian affinity. However, these
systematic interpretations are contingent on the presence of key biological structures that have been
reinterpreted by some workers as artefacts of diagenetic mineralization. On the basis of chemistry and
crystallographic fabric, we characterize and discriminate phases of mineralization that reflect: (i) replica-
tion of original biological structure, and (ii) void-filling diagenetic mineralization. The results indicate
that all fossils from the Doushantuo assemblage preserve a complex mélange of mineral phases, even
where subcellular anatomy appears to be preserved. The findings allow these phases to be distinguish-
ed in more controversial fossils, facilitating a critical re-evaluation of the Doushantuo fossil assemblage
and its implications as an archive of Ediacaran animal diversity. We find that putative subcellular struc-
tures exhibit fabrics consistent with preservation of original morphology. Cells in later developmental
stages are not in original configuration and are therefore uninformative concerning gastrulation. Key
structures used to identify Doushantuo bilaterians can be dismissed as late diagenetic artefacts. There-
fore, when diagenetic mineralization is considered, there is no convincing evidence for bilaterians in
the Doushantuo assemblage.
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1. INTRODUCTION

The Doushantuo Formation from south China has
yielded a fossil assemblage that provides a rare window
on multicellular life before the Cambrian. The biota con-
tains fossils of uncontested nature, such as acritarchs
[1,2] and algae [2,3] in addition to more enigmatic
forms [4—6] and fossils that have been interpreted as
the remains of stem- [7] or crown-metazoans [3,8—11]
and even bilaterians [10,12—14]. However, many of
these interpretations of Doushantuo fossils have been
contested, leading to conflicting views on the timing of
the divergence of the crown-metazoan clades.

If the reports of bilaterians [10,12—14] are correct, the
Doushantuo assemblage attests to the divergence of bilater-
ian clades tens of millions of years before the base of the
Cambrian. Importantly, however, several of these identifi-
cations have been contested because they rely on the
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presence of key biological structures that may be more
readily interpreted as geological artefacts resulting from
diagenetic mineralization long after biological tissues
rotted away [7,9,15—19]. With evidence for bilaterians in
the Doushantuo biota lacking, crown-Bilateria may well
have evolved later [7]. For example, it has been suggested
that because it is a well-sampled Lagerstitte that contains
no bilaterians and only earlier branching lineages, the top
of the Doushantuo Formation can be used as a maximum
constraint on the divergence of the crown-Bilateria in
molecular clock studies [20].

Much of the debate surrounding these contentious fos-
sils has hinged on whether what is purported to be
preserved biological tissue has been interpreted correctly.
Here, we attempt to discriminate the phases of minera-
lization that reflect replication of original biological
structure versus diagenetic void filling. To achieve this
end, we have used a combination of back-scattered electron
imaging (BSE), electron probe microanalysis (EPMA) and
synchrotron X-ray tomographic microscopy (SRXTM).
Using Doushantuo algal and acritarch fossils—which are
uncontroversial in terms of the distribution of preserved
biological tissue and void-filling mineralization—the
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chemistry (using BSE and EPMA) and crystallographic
fabric (using BSE and SRXTM) were characterized for:
(i) preserved biological structures, and (ii) void-filling
diagenetic mineralization. The findings allow these two
phases of mineralization to be distinguished in fossils
whose interpretation has proved contentious. We critically
re-evaluate taxa reported from the Doushantuo Formation
in the light of these new data.

2. MATERIAL AND METHODS

The specimens studied derive from the Upper Phosphorites of
the Datang Quarry, Weng’an, Guizhou Province, China [21].
Specimens were extracted by dissolution of the host carbonate
rock in 6—10% acetic acid and sorted manually with the aid of
a binocular microscope. SRXTM experiments were conducted
at the X02DA (TOMCAT) beamline [22] of the Swiss Light
Source at the Paul Scherrer Institute, Villigen, Switzerland
using methods outlined previously [19]. For BSE and EPMA
analysis, specimens were embedded in epoxy resin, ground to
the level of interest using silicon carbide paper before being
polished with 6 wm and then 1 pm diamond paste. The speci-
mens were carbon-coated prior to analysis. BSE analyses were
carried out on a Hitachi S-3500N SEM. EPMA analyses were
carried out on a Cameca SX 100 microprobe with a typical
operating voltage of 15-20 kV, a dwell time of 200 ms and
a beam current of 100 nA. For quantitative elemental analy-
ses, the instrument was calibrated using a Durango apatite
standard of known composition.

3. RESULTS

(a) Algae

There are two distinct phases of mineralization in the
specimens of the alga Sarcinophycus that we have exam-
ined. The first of these (figure 1la, black arrow), a
carbon-rich fluorapatite, has lower X-ray attenuation
(appearing less bright in the figured SRXTM images;
figure 2a) and lower atomic number (appearing less
bright in BSE images; figure 2b,c). This phase defines
the outline of the cells and is composed of very fine crys-
tals that are difficult to distinguish in BSE analysis and
show no evidence for preferred orientation. When
elemental abundances were mapped using EPMA, this
phase was characterized as having relatively higher abun-
dances of C, possibly reflecting kerogen produced by
polymerization of labile organics in the cell or else
carbon in the apatite crystal lattice, and lower abundances
of Ca, P and F (figure 1a). The second phase (figure 1a,
white arrow), a relatively carbon-poor fluorapatite, forms
rims around the first phase with relatively coarse (greater
than 1 pm in length) crystals that are approximately sur-
face-normal (figure 2¢, arrow) as well as filling spaces in
the structure of the first phase. This second phase has
higher X-ray attenuation, higher atomic number, higher
Ca, P and F and lower C than the first phase. There is
no evidence that this second phase preserves the cell
walls. The distinct regions surrounding the cells that com-
prise this phase infill spaces and form rims, and it is a
diagenetic void filling and encrusting phase. The low
attenuation and low atomic number carbon-rich fluorapa-
tite phase define the original morphology of the cells in
their entirety; there is no evidence for the preservation
of organic cell walls in the specimens studied.
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(b) Acritarchs

As with algae, there are two phases of mineralization. The
regions with high X-ray attenuation (figure 2d) in acritarchs
correspond to regions of high atomic number (figure 2e, f)
and high relative abundances of Ca, P and F and relatively
low abundances of C (figure 15, white arrow). Quantitative
elemental compositions for these two phases in acritarchs
are presented in the electronic supplementary material,
table S1. The acritarchs studied have irregular layered tex-
ture in the interior, with variable X-ray attenuation and
atomic number (figure 2d—f). In some instances, these
layers, which are composed principally of surface-normal
crystals, run concentrically around the margin of voids
that still exist (figure 2f). The outer portion of the specimen
has a thick region that preserves the acanthomorphic surface
morphology of the acritarch cyst; there is evidence of layer-
ing in this region of some specimens (figure 2d). A similar
layered region surrounds the shrunken internal body, with
a phase of high attenuation and high atomic number filling
the intervening space (figure 2d).

The sequence of laminations in these two regions is
indistinguishable in terms of their attenuation levels.
This strongly suggests that the layered structures are not
biological: there is no reason that the ultrastructure of
two different biological structures would be so similar.
Moreover, layers are locally absent where the two struc-
tures abut (figure 2d, arrow), consistent with void-filling
cementation. This observation is further evidence that
the layered structures which replicate the acanthomorphic
morphology are diagenetic in origin. The organic wall
itself is usually absent in Doushantuo acritachs from the
light-grey facies, and this is the case in these specimens.
The layered texture of the interior region (figure 2e,f)
also represents void-filling geoidal crystal growth. The
concentric layering in surface-normal crystals, which indi-
cate growth from a pre-existing surface, around a
remaining void, provides a strong demonstration of this
(figure 2f). There is no evidence for preservation of orig-
inal biological structure in the interior of these specimens.

(c) General patterns identified in algae and
acritarchs

Doushantuo algae and acritarchs, discussed above, are
uncontroversial in terms of the distribution of preserved
biological tissue and void-filling mineralization. Hence,
we have identified textural and chemical patterns in
these relatively well-understood taxa with the aim of
establishing criteria that can be used to interpret the
more contentious specimens in the biota. The patterns
identified are:

— regions with higher X-ray attenuation (i.e. that appear
bright in SRXTM images) consistently correspond to
regions of higher atomic number (i.e. appear bright
in BSE images). Regions with high X-ray attenuation
and high atomic number have high relative elemental
abundances of Ca, P and F, but low abundances of
C. The inverse pattern is observed in low-attenuation
regions (figure 2; electronic supplementary material,
table S1; [23,24]);

— preserved soft tissue in these specimens is replicated in
a low-attenuation cryptocrystalline carbon-rich fluora-
patite phase (figure 2a, arrow). However, carbon-rich
fluorapatite alone does not necessarily indicate soft
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Figure 1. Elemental maps of (@) an alga, (b) an acritarch and (¢) ‘Megaclonophycus’-stage cleavage specimens from the Doush-
antuo biota. Each map shows the relative abundance of the element, with brighter tones representing greater abundance. The
right-hand column shows a BSE image of the same region for comparison. In (a) a carbon map of an enlarged region of part of
the specimen with little resin is shown to prevent the signal within the fossil being ‘swamped’ by the very high carbon in the
resin; the box in the BSE image shows the position of this map. Regions of epoxy resin (e.g. in (a) surrounding the alga
and in resin filled cracks that are especially visible in the C map) have very low abundances of Ca, P and F, and very high
abundance of C. Scale bar, 50 wum, except for in the enlarged region in the carbon map in (a).

tissue preservation: it can occasionally be void filling,
in which case it can be identified as such on the basis
of its texture;

— geoidal textures and relatively large (greater than 1 pwm)
crystals with long axes perpendicular to the surface are
associated with diagenetic crystal growth; these regions
are associated with variation in attenuation that
results in a distinctly laminated texture; this presumably
reflects alternation between carbon-rich and carbon-
poor fluorapatite (figures 16 and 2f, arrow). They are
indicative of this phase of mineralization and can be
used to identify void-filling diagenetic crystal growth
in other specimens from the Doushantuo biota. While
it is possible for void fills to replicate the gross mor-
phology of biological features, structures within them
cannot be interpreted as biological; and

— the latest void filling and encrusting mineralization are
typically preserved in a high-attenuation carbon-poor
fluorapatite phase (figure 2b,c, arrows).

(d) ‘Parapandorina’-stage cleavage specimens

These fossils are assigned to the genus Tianzhushania,
which has been interpreted as a senior synonym of
Megasphaera (single-celled specimens), Parapandorina
(multiple polyhedral cells) and Megaclonophycus (large
numbers of spheroidal cells) [25-27]. Tianzhushania is
interpreted here as preserving a single developmental
pathway and includes all known Doushantuo cleavage
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specimens, except for those assigned to Spiralicellula
(specimens with helicospirally coiled cells [28,29]). ‘Para-
pandorina’-stage fossils have been most commonly
interpreted as early cleavage embryos of stem- [7] or
crown-metazoans [3,14,26,30,31]; and have recently
been proposed to represent cyst-forming protists [29].
They have also been interpreted alternatively as giant sul-
phur bacteria [32] (though see [26,27,29] and [33] for
critical views).

Some cleavage stage specimens contain structures (up
to approx. 60 pm in diameter) that have been interpreted
as lipid vesicles or yolk granules similar to those observed
in modern animal embryos [7,34]. These subcellular
structures are preserved in a cryptocrystalline carbon-
rich fluorapatite phase (electronic supplementary
material, table S1) and they are enclosed by regions of
carbon-poor fluorapatite (figure 3a—c). In many speci-
mens, there is a range in the quality of the preservation
of these structures between cells. There is a continuum
from discrete droplets to a clotted fabric, which can be
seen clearly in figure 3a. In less clear examples, differ-
ences in the degree of preservation can give the
impression of different densities of inclusions. The sur-
rounding region consistently shows evidence of fine
concentric layering, sometimes surrounding voids; these
broadly isopachous layers are defined by their having
different attenuation and composition. On the whole,
these layers tend to be brighter in BSE images than are
the lipid vesicles/yolk granules (figure 3c¢).
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Figure 2. SRXTM and BSE images of (a—c¢) Doushantuo algae and (d—f) acritarchs. (@) SRXTM image; arrow indicates
carbon-rich fluorapatite replicating algal morphology. (b—c) BSE images of the same specimen; arrow in (b) indicates encrust-
ing carbon-poor fluorapatite; arrow in (¢) indicates coarse, surface-normal carbon-poor fluorapatite crystals. (d) SRXTM
image; arrow indicates a region where laminae are absent owing to lack of space where structures abut. (e—f) BSE images;
box in (e) indicates region shown in (f); arrow in (f) indicates geoidal apatite growth. Scale bar, (a) 39 pm; (b) 36 pm; (¢)

20 pm; (d) 75 pm; (e) 67 pm and (f) 22 pm.

The droplets are interpreted as preserved biological
structures, as they have the chemistry and texture ident-
ified as being characteristic of this type of preservation.
It is difficult to distinguish between the proposed alterna-
tive interpretations of lipid vesicles and yolk granules.
However, lipid droplets coalesce during decay [34] and
it is possible that the range of sizes in Doushantuo speci-
mens reflects increasing coalescence of lipids as decay
progresses. The geoidal textures in the regions surround-
ing these structures provide strong evidence that the
mineralization of these regions is the product of multiple
diagenetic void-filling phases, consistent with SEM tex-
tural observations [35,36]. This demonstrates that the
diagenetic history of these specimens is more complex
than previously supposed [7] and that even the most
remarkably preserved specimens cannot be compared
with freshly killed organisms without consideration of
diagenetic processes.

Other cleavage specimens have structures that have
been interpreted as nuclei [7,14,29] and some of these
contain smaller structures (termed ‘inner body’ here)
that have been interpreted as potential nucleoli [14]. We
examined representative specimens using SRXTM
(figure 3d,e) and BSE (figure 3f). The putative nuclei
can be located in the centre of the cell or peripherally
within the cell (figure 3d). They are characterized by
two distinct styles of mineralization. The first of these,
corresponding to the inner body, is composed of
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cryptocrystalline carbon-rich fluorapatite. The second
phase, corresponding to the surrounding region, exhibits
geoidal textures when examined with SRXTM (figure
3e). BSE analysis (figure 3f) shows that this phase is com-
posed of large euhedral carbon-poor fluorapatite crystals,
with evidence of euhedral crystals extending from oppos-
ing substrates into a central void. In the majority of
specimens examined, the boundary between the two
phases is irregular, though the outer region is typically
crescent-shaped (figure 3d, arrow). The region surround-
ing the putative nuclei is characterized by a granular
fabric containing structures similar in appearance to
those interpreted as potential lipid vesicles above, but of
smaller size (ca 10 pm). This contrasts with the inner
body of the putative nucleus, which is predominantly
carbon-rich, though heterogeneous at a finer scale
(figure 3f).

Thus, the carbon-poor fluorapatite phase in the outer
regions of putative nuclei has a texture and chemistry
that is characteristic of void-filling mineralization and is
interpreted as such (see also [36]). The carbon-rich
fluorapatite inner body has the characteristics of
preserved tissue and differs from the material outside
the potential nucleus in lacking the granular fabric. It is
possible that the inner body could represent decayed
and collapsed nuclear material, but the surrounding
region undoubtedly represents later mineralization that
filled the void left by the collapsed nucleus. This requires


http://rspb.royalsocietypublishing.org/

Downloaded from rspb.royalsocietypublishing.org on February 8, 2012

Preservation of the Doushantuo biota J. A. Cunningham ez al. 5

Figure 3. SRXTM and BSE images of (a—f) ‘Parapandorina’~stage and (g—1) ‘Megaclonophycus’-stage cleavage specimens from
the Doushantuo biota. (@) SRXTM image of specimen with putatative lipid droplets; note differences in X-ray attenuation
between cells owing to preservation quality. (b,c) BSE images. (d,e) SRXTM images of a specimen showing putative nuclei;
the square in (d) indicates the region shown in detail in (¢). (f) BSE image showing putative nucleus. (g¢) SRXTM image
of ‘Megaclonophycus’ specimen. (£) BSE image of ‘Megaclonophycus’ specimen. (1) BSE image of ‘Megaclonophycus’ specimen,
arrow indicates centrifugal growth rings. Scale bar, (a) 123 pm; (b) 92 pm; (¢) 17 pm; (d) 133 pm; () 21 pm (f) 24 pm;

(g) 129 pm; and (4, 7) 23 pm.

that the surrounding cytoplasm was preserved first (either
by mineralization or a biofilm [37]) allowing the space to
remain open as the nucleus collapsed. This space would
have subsequently been infilled by diagenetic
mineralization.

An alternative interpretation that the putative nuclei
result from degradational collapse of the entire cell [38]
is not consistent with this distribution of mineralization.
Furthermore, it has been argued that the structures
have consistent size, shape, occurrence, position and
volumetric relationships [29] consistent with a biological
rather than taphonomic origin. Their overall morphology
resembles neither the irregular products of degradational
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collapse seen in experimental decay [39] and fossilization
[40], nor degraded and collapsed organic material in the
Doushantuo biota [9].

There is also no support for the interpretation that
the inner body replicates the nucleolus [14] rather than
the remnants of the decayed nucleus. Given the observed
distribution of mineralization, this hypothesis requires
that the nucleolus had special preservation potential,
remaining when the rest of the nucleus has decayed.
The putative nucleolus has an irregular morphology
and an outer region that frequently appears crescent-
shaped in section, which is a shape associated with
degradational shrinkage within an uncollapsed sphere in
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other Doushantuo specimens [9]. Together these facts
indicate that this class of structures is more readily
interpreted as the remains of the degraded nucleus than
as a preserved nucleolus.

(e) ‘Megaclonophycus’-stage specimens

Fossils assigned to Megaclonophycus have been interpreted
as a subsequent stage in the life cycle of Tianzhushania
[30]. They are composed of hundreds to thousands of
spheroidal structures interpreted as cells by previous
workers (figure 3g—i7). Each of these spheroidal structures
contains a central spheroid that is of broadly consis-
tent size across ‘Megaclonophycus’ specimens, typically
around 30 pm in diameter (figure 34,7). This central
spheroid is hollow in some instances. In other cases, it
is filled with large euhedral carbon-poor fluorapatite crys-
tals or with irregular material that possibly reflects
preservation of strongly degraded organic material.

The central spheroid is surrounded by a relatively low-
attenuation rim. The thickness of this rim varies between
specimens, so that these rims are in contact with one
another in some specimens (figure 3:), but not in others
(figure 34). Some rings are composed of concentric
layers (figure 37). The regions of the specimens between
the spheroids and rims are filled with carbon-poor fluor-
apatite. There are also carbon-poor fluorapatite crystals
which cross-cut all the other styles of mineralization
(figure 317). The last indicates the presence of a further
phase of mineralization in the Doushantuo biota (in
addition to replication of biological tissue and void filling)
namely later overprinting and obliteration of the two
earlier mineral phases.

The interpretation of ‘Megaclonophycus’-stage speci-
mens has important implications for understanding the
phylogenetic position of Tianzhushania. Hagadorn ez al.
[7] noted that there was no evidence of gastrulation—
the reorganization of the embryo into tissue layers—by
the time the specimen had developed to ca 1000 cells.
Because gastrulation would be expected by this stage of
development in the embryology of living animals, its
absence in the Doushantuo embryos was taken to indicate
that they are more primitive than any living animal.
However, this argument relies on the assumption that
the cells in ‘Megaclonophycus’-stage specimens are in their
original configuration. Experimental studies have shown
that cell adhesion can be lost after death leading to
a stereoblastula-like appearance [34]. If the cells in
‘Megaclonophycus’-stage specimens are in their original
configuration, they should be in contact with one another,
forming facetted Y-junctions where they abut adjacent
cells [41]. In order to assess whether or not this is the
case, it is important to determine which parts of the fossil
correspond to the original cell boundaries of the organism.

We interpret the concentric rings (of variable thickness
between specimens) around the central spheroids (of con-
sistent diameter) to have grown outwards centrifugally to
different degrees in different specimens. This interpret-
ation of secondary centrifugal growth is supported by
the fact that the rims of neighbouring cells frequently
coalesce in some specimens (figure 37). The crystals
within the central spheroids are interpreted to be centri-
petal infills of the voids because they extend inwards
from the margin into the void, which in some cases
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remains a void. The original cell boundary must, there-
fore, lie at the interface between the centrifugal and
centripetal mineral growth, i.e. at the outside margin of
the central spheroid and the interior margin of the sur-
rounding concentric ring. In the specimens studied,
each cell is always fully enclosed around its entire circum-
ference by at least some thickness of concentric ring.
There was therefore space beyond its external surface
into which minerals could grow. Moreover, the cell
boundaries are non-circular in section (figure 37), indicat-
ing that they may represent the irregular margins of
collapsed cell material on which secondary cements
grew centrifugally. We therefore conclude that the cells
are not in contact and, therefore, not preserved in their
original configuration. Thus, ‘Megaclonophycus’-stage
specimens are not informative about gastrulation in the
Doushantuo biota and, therefore, absence of gastrulation
cannot be used to constrain the systematic position of
these fossil organisms.

4. DISCUSSION

The findings presented here have clear implications for
the interpretation of other fossils in the Doushantuo
biota. First, the fact that even fossils that appear to pre-
serve pristine cells have complex multi-phase diagenetic
histories means that it is important to consider the pro-
cesses of decay and mineralization when interpreting
these specimens: they cannot simply be compared with
candidate living counterparts [42]. Second, the identifi-
cation of textural and chemical indicators of diagenetic
mineralization provides a key to identifying this style of
mineralization in other material from the biota.

Of particular interest are the Doushantuo specimens
that have been interpreted as bilaterians. These include
a suite of specimens interpreted as embryonic bilaterians
on the basis of endodermal cords [14], polar lobes [43],
embryonic polarity [14,31] and duet cleavage [31]. In
each case, the specimens in question are more plausibly
interpreted as cleavage specimens that have undergone
taphonomic and diagenetic processes.

Endodermal cords of a distinct yolk-rich cell type [31]
are more likely to reflect differences in the quality of
preservation, which are often seen between cells of
individual Doushantuo specimens. For example, the
‘Parapandorina’-stage specimen in figure 3a shows differ-
ences in X-ray attenuation, but these can be seen to result
from differences in the quality of preservation of the
putative lipid droplets as discussed above. Indeed, follow-
ing the authors’ criteria, cells not associated with the
putative endodermal cord provide almost as compelling
a case for being yolk-rich.

Polar lobe embryos have been identified in Doushan-
tuo fossils on the basis of external morphology [44], but
Yin er al. [43] argue that this is unreliable owing to the
connection of the neck being hard to detect and there
being a dynamic change in lobe volume during develop-
ment. Yin er al. assert that the key feature that is
required for identification of polar lobes (uniquely bilater-
ian features) is the presence of a connection neck between
the polar lobe and blastomere. However, the connecting
neck is better interpreted as an artefact of taphonomy
and diagenetic mineralization. This is caused partly by
decay making cell boundaries indistinct, but diagenetic
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cements coalescing neighbouring cells (figure 37) can also
result in structures similar to a connection neck. In the
light of our data, high-attenuation rims around cells are
better interpreted as diagenetic crusts rather than cell
membranes, meaning that their absence between some
cells simply indicates the absence of a void rather than
the absence of a membrane.

In the case of specimens proposed to exhibit polarity
[14,31], the cells interpreted as micromeres and macro-
meres are equally well interpreted as belonging to a
continuum of cell sizes and their distributions do not provide
convincing evidence for cell polarity. In the specimens
described as having duet cleavage, there is little difference
in size between the proposed macromeres and micromeres
and they are hard to distinguish from, for example, the
rotational cleavage found in some sponges [45].

In addition to these supposed embryonic bilaterians,
Vernanimalcula was described from specimens in thin sec-
tion as a miniature bilaterian adult, preserved through
mineral replication of cellular tissue layers at a subcellular
level of resolution [12,13], or through diagenetic void-
filling cements templating from an anatomical substrate
[46]. Bengtson & Budd [17] argued against the cellular
preservation of bilaterian anatomical features, interpreting
them instead as artefacts of diagenetic mineralization;
our findings bear out their inferences. Mineral fabrics in
the figured specimens of lernanimalcula [12,46] form
layers of surface-normal crystals that exhibit botryoidal
textures (see also [17]). These are indistinguishable from
mineral fabrics that are demonstrably void filling in other
taxa in the same biota (e.g. acritarchs, figure 2e, f). This
strengthens the case that the published thin sections of
Vernanimalcula represent organic substrates that contain
heavily decayed tissue with several phases of diagenetic
cements [9,17] and not bilaterian animals preserved to a
subcellular level [12,13]. Indeed, the specimens that have
been attributed to Vernamimalcula comprise part of a
broader spectrum of material in the Doushantuo assem-
blage that exhibits multiple phases of diagenetic cement
growing on strongly degraded organic substrates that do
not otherwise replicate original biological structure.

5. CONCLUSIONS

Even the most remarkably preserved fossils in the Doush-
antuo biota preserve a complex mélange of mineral
phases, which must be discriminated for accurate
interpretation of the fossils. This study demonstrates
that crystallography and, to a lesser extent, chemistry
can be used to distinguish between preserved biological
tissue and diagenetic void fill in the biota. As such they
also have the potential to distinguish geology from biology
within other fossil Lagerstétten and perhaps even between
different biotas. Within the Doushantuo biota, critical
reappraisal of the fossils in the light of these findings
has important implications for our understanding of
this assemblage as an archive of Ediacaran animal
diversity. When diagenetic mineralization is taken into
account, there is no convincing evidence for bilaterians
in the assemblage.
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