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south-western Mongolia
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Early diagenetic chert nodules and small phosphatic clasts in carbonates from the early Ediacaran Shuurgat Formation on
the Zavkhan Terrane of south-western Mongolia preserve diverse microfossil communities. Chert nodules contain
abundant fragments of organic material, which include organic-walled microfossils and pieces of microbial mats. These
fragments are dominated by several Siphonophycus species forming a variety of microbial textures. Spheroids such as
Myxococcoides are of secondary importance but dominate one rock sample. Dispersed phosphatic clasts within the
carbonate matrix preserve degraded filaments and spheroids. Petrographic characteristics and the composition of the
palaeobiological community are similar to those of early Ediacaran assemblages elsewhere. The presence of Salome
hubeienesis, previously reported in the Doushantuo Formation of South China and the Krol Group of the Lesser Himalaya,
India, and possible multicellular fossils similar to those of Doushantuo, prompts comparisons with the diversity of other
biotas, suggesting similarities in regional early Ediacaran communities. The Shuurgat fossils add to the growing evidence
for the nature of Ediacaran ecosystems at this critical juncture in Earth history.
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Introduction

The Ediacaran Period (635–541 Ma) witnessed one of the

most critical transitions in the history of life on Earth. Fol-

lowing the environmental upheavals of the preceding Cry-

ogenian Period (Hoffman & Schrag 2002; Rooney et al.

2015), the emergence of widespread macroscopic multi-

cellular fossils (Xiao & Laflamme 2009), sometimes with

biomineralized parts (Knoll 2003a), constitutes a pro-

found shift from the microbial communities that dominate

the fossil record of the previous »3 billion years

(Knoll 2003b, 2014, 2015; Knoll et al. 2006; Cohen &

Macdonald 2015). Although molecular clock and

biomarker data extend metazoan origins deeper into Neo-

proterozoic time, Ediacaran sequences provide the first

robust body fossil evidence for animal life (Erwin et al.

2011; dos Reis et al. 2015; Gold et al. 2016).

Early Ediacaran fossil Lagerst€atten offer glimpses of

the transition from a microbial world to one with more

complex ecosystems that include macroscopic algae and

possible metazoans. Early diagenetic cherts, shales and

ore-grade phosphorites preserve soft tissues in extraordi-

nary detail on both macroscopic and microscopic scales

(e.g. Xiao et al. 1998, 2014a, b; Y. Zhang et al. 1998;

Xiao 2004; Yuan et al. 2011; L. Chen et al. 2014; Liu

et al. 2014; Muscente et al. 2015). Eukaryotes, in particu-

lar, show a significant increase in disparity, as docu-

mented by the diversification of acanthomorphic

acritarchs (Y. Zhang et al. 1998; Xiao 2004; Grey 2005;

Liu et al. 2014; Xiao et al. 2014a; Cohen & Macdonald

2015), and multicellular forms (Y. Zhang et al. 1998;

Xiao 2004; Xiao et al. 2004, 2014a, b). Some of these

acanthomorphs and multicellular fossils have been inter-

preted as animal resting stages and embryos, respectively,

and may represent some of the earliest body fossil evi-

dence for animals (Xiao & Knoll 2000; L. Yin et al. 2007;

Cohen et al. 2009; L. Chen et al. 2014).

Here we describe a new assemblage of early Ediacaran

fossils from south-western Mongolia preserved in early

diagenetic cherts and phosphate clasts in the Shuurgat

Formation on the Zavkhan Terrane of south-western Mon-

golia. We compare the biodiversity and taphonomy of this

diverse array of permineralized microbial fossils with

others on the Zavkhan Terrane and beyond, notably the

Doushantuo Formation of South China and the Krol

Group of the Lesser Himalaya, India.
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Geological setting

The Neoproterozoic–Palaeozoic transition is recorded in

the carbonate dominated Tsagaan-Olom Group and over-

lying foreland deposits on the Zavkhan Terrane of south-

western Mongolia, a fragment of Proterozoic continental

crust embedded in the Central Asian Orogenic Belt

(CAOB) (Fig. 1) (Bold et al. 2016). The Tsagaan-Olom

Group consists of the Cryogenian Maikhan-Uul, Taishir

and Khongor formations, and the Ediacaran Ol and Shuur-

gat formations. These strata were accommodated by

»787–717 Ma rifting and record extensive passive margin

sedimentation (Bold et al. 2016). Following a late Edia-

caran karstic hiatus, the succession was buried by Edia-

caran–Cambrian foreland deposits (Smith et al. 2016).

Carbonates of the Zuun-Arts Formation span the Edia-

caran–Cambrian transition and are overlain by mixed sili-

ciclastic-carbonate strata of the Bayangol and Salaagol

formations, and siliciclastic rocks of the Khairkhan For-

mation (Smith et al. 2016). Palaeozoic orogenesis resulted

in low-grade metamorphism and broad folding on the

autochthon (Bold et al. 2016). Carbonate strata lack folia-

tion and preserve primary fabrics where dolomitization

has not occurred.

Figure 1. Geological setting of the Shuurgat biota. A, map showing Mongolia and Russia, in addition to major tectonic regimes. B, gen-
eralized stratigraphy of the Zavkhan Terrane, south-western Mongolia; carbon isotopes are plotted for chemostratigraphical correlation
globally; yellow star denotes fossiliferous Shuurgat Formation. C, geological map of the Zavkhan Terrane with fossil sampling locality
denoted by yellow star; adapted from Smith et al. (2016).
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The Tsagaan-Olom Group records the two major

Cryogenian Snowball Earth glaciations. The Maikhan-

Uul Formation has been correlated with the global

Sturtian (»717–660 Ma) glaciation (Macdonald et al.

2009; Macdonald 2011), and a recent Re-Os radiometric

date for the overlying basal Taishir Formation of 659 §
3.9/4.5 Ma (internal uncertainty/decay constant uncer-

tainty) supports this claim (Rooney et al. 2015). The

stratigraphically higher Khongor Formation represents the

Marinoan (»640–635 Ma) glaciation (Macdonald et al.

2009; Macdonald 2011). This correlation is supported by

the sedimentology and geochemistry of the overlying Ol

cap carbonate, which displays characteristics of Marinoan

cap carbonates elsewhere, including low-angle cross

stratification, tubestone stromatolites, giant wave ripples

and crystal fans, as well as negative carbon isotope values

(nadir d13Ccarb D »¡6 %), and 87Sr/86Sr ratios of

»0.7076 (Macdonald et al. 2009; Macdonald 2011; Bold

et al. 2016).

The Shuurgat Formation lies conformably on the

»635 Ma basal Ediacaran cap carbonate of the Ol Forma-

tion, but does not contain evidence of the late Ediacaran

Shuram negative carbon isotope excursion (Macdonald

et al. 2009). 87Sr/86Sr values from Shuurgat rocks range

from 0.7076 to »0.7082 (Fig. 2), providing additional

support for an early Ediacaran depositional age (Bold

et al. 2016). Values from later Ediacaran successions, in

contrast, tend to exceed 0.7083 (e.g. Halverson et al.

2010; Bold et al. 2016 and references therein). The Shuur-

gat Formation is separated from the overlying latest Edia-

caran Zuun-Arts Formation by a karstic unconformity,

and previous studies have inferred that late Ediacaran

strata are missing below this surface (Macdonald et al.

2009; Bold et al. 2016).

The carbonate-dominated Shuurgat Formation is 100–

500 m thick and can be subdivided into four members:

Sh1–4 (Fig. 2). The Lagerst€atte occurs near the base of

Sh3 in the vicinity of Khunkher Gorge (Figs 1 and 2). Sh2

is faulted against the underlying Ol Formation here and

Sh1 is absent (Bold et al. 2016). Sh3 and Sh4 are »170 m

thick and are dominated by fine- to medium-bedded lime-

rhythmite, calcisiltite and shale with interbeds of intra-

clast breccia. Dolomite is present through the middle of

Sh3–4 and in the upper 65 m. This fabric-destructive dolo-

mite obliterates primary textures and precludes identifica-

tion of the Sh3–4 contact.

Bold et al. (2016) interpreted the Shuurgat Formation to

record deposition on a carbonate ramp that was beveled to

a flat-topped margin. According to this interpretation, Sh1

represents a transgressive systems tract from a mid- to

outer-ramp setting. Sh2 is a highstand systems tract in a

mid- to upper-ramp setting with a karstic surface. Sh3

constitutes a second transgressive systems tract overlain

by a broad highstand systems tract that continues into

Sh4. The transition from a carbonate ramp to flat-topped

margin took place during deposition of Sh2 and Sh3. A

flat-topped margin is evidenced by sharp facies changes

from Sh2 to Sh3, thickening of Sh3 and Sh4 to the south-

east with an apparent rim southeast of the Taishir locality,

and well-developed parasequences in Sh4 (Bold et al.

2016).

Deposition of the fossil-bearing units occurred just

above the basal Sh3 maximum flooding surface near the

base of the highstand systems tract. Chert nodules occur

Figure 2. Detailed stratigraphy of the Shuurgat Formation at
Khunker Gorge, with underlying Ol and Khongor (K) Forma-
tions and overlying Zuun-Arts (ZA) Formation. Carbon and
strontium isotopes are plotted for chemostratigraphical correla-
tion. Fossiliferous horizon denoted by yellow star. Adapted from
Bold et al. (2016).
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in graded beds of flat-laminated micritic limestone, vari-

ably dolomitized, with minor grain flows of redeposited

ooids. Thus, it appears that these strata were deposited in

a subtidal environment below fair-weather wave-base.

They record shallowing upward through the next »40 m

into a peritidal setting with clear evidence for traction cur-

rents and subaerial exposure.

Palaeobiological setting

The Zavkhan Terrane has yielded an array of diverse fos-

sil communities in addition to that described here (Fig. 3).

The »655–640 Ma Taishir Formation preserves unicellu-

lar testate fossils in carbonate rocks but multicellular fos-

sils have not been discovered (Bosak et al. 2011a, b).

Some of these organic microfossils, which are 50–

400 mm in maximum dimension, share characteristics

with modern agglutinating protists (Bosak et al. 2011a,

b). The Taishir Formation also hosts macroscopic organic

sheets, with »100 mm tall warty protuberances, identified

as possible remnants of marine algae (Cohen et al. 2015).

These Taishir fossils provide a record of eukaryotic life

during the »660–640 Ma Cryogenian non-glacial inter-

lude, an interval that has yielded few fossils of eukaryotic

affinity globally to date (e.g. Anderson et al. 2013;

Riedman et al. 2014; Cohen & Macdonald 2015).

Problematic macroscopic structures, described as remains

of colonial microorganisms, have been recovered

from the underlying Sturtian-equivalent glaciogenic

Maikhan-Uul Formation (Serezhnikova et al. 2014).

Putative sponge spicules from the Zuun-Arts Formation

(Brasier et al. 1997) were considered to be evidence of

some of the oldest fossil animals, but their nature and

even biogenicity have been questioned (C.-M. Zhou et al.

1998). More recently, macroscopic Burgess Shale-type

carbonaceous compressions of possible marine algae have

been reported from this formation (Dornbos et al. 2016).

Additional diversity is known from silicified phosphatic

sediments at the base of the Zuun-Arts Formation, above

a regional stratigraphical marker horizon of Boxonia stro-

matolites. Preliminary studies have reported diverse

microbial communities dominated by prokaryotic fossils

but also including acanthomorphic acritarchs and multi-

cellular forms (Ragozina et al. 2007, 2010, 2016). Simple

bed-planar trace fossils also occur in the Zuun-Arts For-

mation (Goldring & Jensen 1996; Smith et al. 2016).

The most celebrated fossils from the Zavkhan Terrane

are diverse Cambrian small shelly fossils and archaeocya-

thid patch reefs (e.g. Korobov & Missarzhevsky 1977;

Korobov 1980; Voronin et al. 1982; Endonzhamts &

Lkhasuren 1988; Gibsher & Khomentovsky 1990; Dorj-

namjaa & Bat-Ireedui 1991; Gibsher et al. 1991; Dorj-

namjaa et al. 1993; Ushatinskaya 1993; Wood et al. 1993;

Astashkin et al. 1995; Brasier et al. 1996; Esakova &

Zhegallo 1996; Goldring & Jensen 1996; Khomentovsky

& Gibsher 1996; Kruse et al. 1996; Lindsay et al. 1996;

Maloof et al. 2010; Smith et al. 2016). A recent review

refines the distribution of these fossils such that

the Bayangol and Salaagol formations yield anabaritids,

protoconodonts, cap-shaped fossils, Salanacus, hyolithel-

minthes, coeloscleritophorans, tommotiids, orthotheci-

morphs, molluscs and calcareous brachiopods, as well as

Figure 3. Palaeobiology of the Zavkhan Terrane. Occurrences
and stratigraphical ranges (solid bars) of the known fossil
assemblages from the Zavkhan Terrane. Plotted against a gener-
alized stratigraphy (Bold et al. 2016; Smith et al. 2016) are:
problematic structures (Serezhnikova et al. 2014); testate micro-
fossils (Bosak et al. 2011a, b); macroscopic organic warty sheets
(M.O.W.S.) (Cohen et al. 2015); Shuurgat Lagerst€atte (this
study); possible acanthomorphic acritarchs and multicellular
microfossils including mat communities not dissimilar to those
of this study (Ragozina et al. 2007, 2010, 2016); Burgess Shale
Type (BST) macroscopic organic compressions (Dornbos et al.
2016); and small shelly fossils, and simple/complex trace fossils
(Smith et al. 2016).
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a variety of trace fossils (Smith et al. 2016). Archaeocya-

thids are confined to the Salaagol Formation (Smith et al.

2016). The Bayangol and Salaagol formations also host a

variety of complex trace fossils (Goldring & Jensen 1996;

Smith et al. 2016).

Material and methods

All rock samples and corresponding thin sections are

deposited in the collections of the Yale Peabody Museum

of Natural History (YPM) Division of Invertebrate Pale-

ontology. YPM collection numbers and sample identifica-

tions are given for each rock sample, thin section, and

figured microfossil or population.

Three rock samples of the Shuurgat Formation were

collected from the base of member Sh3 in the vicinity

of Khunkher Gorge (Figs 1 and 2; 46�43043.69700N,
96�0030.57500E) and each proved fossiliferous (YPM

534014, RPA1401-1; YPM 534015, RPA1401-2; YPM

534016, F726-165A). The samples were collected from a

thin stratigraphical interval (<5 m) or from float derived

from the lowermost carbonate beds of Sh3. Thousands of

fossils were examined via 30 mm thick polished petro-

graphic thin sections cut subperpendicular to bedding. A

single thin section (YPM 534017, RPA1401-1) was

obtained from sample YPM 534014 (RPA1401-1). Two

thin sections (YPM 534018, F726-165A-A and YPM

534019, F726-165A-B) were obtained from different

chert nodules within a 10 cm2 area of sample YPM

534016 (F726-165A). Seven thin sections (YPM 534020,

RPA1401-2; YPM 534021, RPA1401-2a; YPM 534022,

RPA1401-2b; YPM 534023, RPA1401-2c; YPM 534024,

RPA1401-2d; YPM 534025, RPA1401-2e; YPM 534026,

RPA1401-2f) were obtained from a variety of chert nod-

ules (YPM 534020, RPA1401-2 and YPM 534026,

RPA1401-2f from the same large chert nodule) from sam-

ple YPM 534015 (RPA1401-2).

Photomicrographs were obtained using a Leica

DM 2500 P petrographic microscope combined with a

Jenopik CF scan camera, which allows multiple images at

higher magnification to be combined. Cathodolumines-

cence microscopy was carried out using a Reliotron

Cathodoluminoscope attached to a Wild M400 Photoma-

croscope and SPOT Flex camera. Operating conditions

were 8 to 9 kV with a 0.5 mA beam current.

Dimensions were measured on fossils encountered

along random linear transects of the thin sections. All

available specimens of a taxon were measured across mul-

tiple thin sections unless hundreds of individuals were

available, in which case a representative-sized sample

was selected. A statistical method for likelihood-based

model selection (Bayesian information criteria, BIC) was

used in the package MCLUST in the statistical software R

(Fraley & Raftery 2007; R Development Core Team

2010) to identify the most likely number of size modes in

the population of Siphonophycus (see Darroch et al. 2013

and references therein).

Petrography and taphonomy of fossiliferous

cherts and phosphatic clasts

Shuurgat microfossils are preserved in early diagenetic

black chert nodules and small phosphatic clasts within a

bedded, finely crystalline carbonate matrix in which detri-

tal grains such as quartz are rare. The matrix is composed

largely of dolomite with minor calcite and phosphate

and rare detrital silicates. Petrographic examination

revealed that this matrix is predominantly micritic, with

areas of silt-sized carbonate grains, variable amounts of

phosphate, local concentrations of interstitial silica, occa-

sional linear arrays of dark organic matter that are not

always parallel to bedding, and some small (100s of mm)

sub-rounded white chert nodules. These small chert nod-

ules contain little organic material and no microfossils,

and the cement is chalcedony.

Chert nodules. Chert nodules that preserve organic mat-

ter are abundant. Compaction and deflection of laminae

below the chert nodules and draping above them (Fig. 4A)

suggest that the nodules formed during early diagenesis.

The chert nodules are composed predominantly of micro-

to meso-crystalline quartz, have sharply defined margins,

and fall into two broad categories.

Nodules in Category 1 (mm to cm scale and sub-

rounded to rounded, e.g. Fig. 4B) are light in colour with

low concentrations of organic matter. They often contain

botryoidal silica cements with thicknesses on the order of

10–50 mm (Fig. 4D). The botryoidal growths may nucle-

ate on organic material, including microorganisms, and

they occasionally fill cavities in the surrounding carbonate

matrix. These organic-poor cherts occur in a distinctive

dark-coloured, finely crystalline carbonate matrix, com-

monly displaying sub-mm scale crinkly laminae. This

matrix is partially silicified with abundant phosphate in

clasts and linear arrays, and also disseminated finely

throughout the matrix (Fig. 5A, B).

The preserved organic matter within these chert nod-

ules is dominated locally by Myxococcoides (Fig. 6),

numbering in the 100s–1000s and closely packed in

clumps. Where pervasive, these microfossils can form the

fabric of the organic matter. Organic matter also occurs as

amorphous clots. Occasionally, microfossils are present in

the silicified portions of the surrounding matrix.

Chert nodules in Category 2 (cm scale and rounded, e.g.

Fig. 4C) are black, organic-rich and waxy. They contain a

higher concentration of organic matter than Category 1,

but the matrix surrounding the nodules is lighter in colour

and contains less phosphate. The sharply defined margins

Palaeobiology of the early Ediacaran Shuurgat Formation, Mongolia 5



Figure 4. Photomicrograph overviews of the Shuurgat biota. A, multiple focal-plane stacked image of rock sample showing fossilifer-
ous chert nodules within carbonate matrix; arrows denote deflection of matrix carbonate laminae around black chert nodule; YPM
534014, RPA1401-1. B, Category 1 chert nodules surrounded by heavily phosphatized dark matrix; YPM 534017, RPA1401-1. C, Cate-
gory 2 chert nodules (Ch), often with calcite rims (CaCO3 rim), and matrix with phosphatization limited to small clasts; YPM 534020,
RPA1401-2. B and C are flatbed-scanned images of thin sections. D, botryoidal growth of chert; YPM 534027, RPA1401-1, N75/0. E,
microbial mat composed of multiple specimens ofMyxococcoides sp. indet.; YPM 534028, RPA1401-1, B74/0. F, layered mat textures;
YPM 534046, RPA1401-2a, X59/0. G, layered Siphonophycus typicum mat; YPM 534047, RPA1401-2a, D62/0. H, layered interwoven
mat of various Siphonophycus; YPM 534041, RPA1401-2, Z62/2. I, Siphonophycus mat showing criss-crossing texture; YPM 543056,
RPA1401-2c, N41/3. J, clast of allochthonous microbial mat; YPM 534052, RPA1401-2b, O45/3.K, phosphatic clast within matrix con-
taining degraded microfossils; YPM 534048, RPA1401-2a, B48/0. L, various unnamed fossils within a phosphatic clast; YPM 534049,
RPA1401-2a, B48/1. In this and Figures 5–9 YPM numbers are given, in addition to rock sample/thin section identifications and, where
appropriate, England Finder coordinates for all illustrated sedimentary structures, microfossils and populations.
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Figure 5. Cathodoluminescence of Shuurgat cherts and phosphatic clasts. A, plain light photomicrograph of darker silicified and phos-
phatic matrix; B, cathodoluminescence photomicrograph of same area; organic-lean Category 1 chert nodule (Ch) in top right (black/
dark blue); matrix comprises dull-luminescent, red finely crystalline dolomite (Dl) with disseminated phosphate (Ph) as well as clasts
and linear arrays of phosphatic material; phosphatic material is bright blue; isolated calcite grains are also observed (bright to dull,
blotchy yellow); YPM 534017, RPA1401-1, V48/1. C, plain light photomicrograph of Category 2 chert nodule boundary; D, cathodolu-
minescene photomicrograph of same area; organic-rich chert nodule (Ch) is non-luminescent (black) with isolated bright-luminescent
red dolomite (Dl) rhombs; sparry to bladed calcite (Ca) rim is shown luminescing bright to dull, blotchy yellow; matrix is defined by
dull-luminescent, red finely-crystalline dolomite (Dl) with clasts of phosphatic material (bright blue, Ph); YPM 534024, RPA1401-2d,
O47/4. E, plain light photomicrograph of phosphatic clasts within carbonate matrix; F, cathodoluminescence photomicrograph of same
area; phosphatic clasts (blue, Ph) are distinguished from the predominantly red, dull-luminescent dolomitic (Dl) matrix; minor bright-
luminescent yellow, subhedral calcite also forms part of the matrix and is occasionally present in phosphatic clasts; YPM 534024,
RPA1401-2d, V52/0.

Palaeobiology of the early Ediacaran Shuurgat Formation, Mongolia 7



of the nodules are often characterized by a rim (»1 mm

maximum thickness) of sparry bladed to equant calcite,

with crystals up to »1 mm in length (Figs 4C, 5C, D).

The calcite crystals may have more bladed, euhedral faces

projecting inward toward the centre of the chert nodule,

suggesting that they formed during an episode of de-silici-

fication postdating deposition. Small (<100 mm maximum

dimension) clusters and isolated euhedral dolomite rhombs

occur sporadically within the nodules, overprinting both

chert and calcite (Fig. 5C, D). Similar carbonate rims and

dolomite rhombs have been reported in association with

lower (Member II and lower strata of Member III) Doush-

antuo (South China) chert nodules of similar age (Y.

Zhang et al. 1998; Xiao et al. 2010). However, a layer of

pyrite often separates the calcite rim from the chert nod-

ules in Doushantuo examples (Xiao et al. 2010), a feature

that we have not observed in the Shuurgat Formation.

Nodules in Category 2 are dominated by irregular clots

of organic matter with scattered microfossils. Occasional

in situ accumulations are present of laminated microbial

mat about 1 mm thick and made up of individual laminae

10s of mm thick. The laminae comprise alternating layers

of Siphonophycus (Fig. 4F–H) (the tubes usually oriented

parallel to the laminae), and darker amorphous organics.

Both monospecific (Fig. 4G) and mixed (Fig. 4H) mats

are present, but the latter are usually not as extensive and

are rarely stacked (in contrast to Fig. 4F). Mats are com-

monly preserved at an angle to bedding, possibly reflect-

ing disruption and destabilization of the microbial

community prior to fossilization. Salome hubeiensis

(Fig. 7) forms a much rarer component of these communi-

ties. Siphonophycus also occurs in clumps, with individu-

als interwoven and criss-crossing each other (Fig. 4I). The

preservation of Siphonophycus within the microbial mats

varies. In some cases, the cell walls appear thicker as a

result of degradation (e.g. Fig. 8C, G, J). Siphonophycus

tubes with thicker walls, however, commonly occur in

association with exceptionally preserved examples.

Clearly, the silicification that ensured the stability of the

microfossils on a geological timescale was preceded by a

degree of decay of some individuals.

Rounded intraclasts of microbial mat several hundred

mm in maximum dimension are a common constituent of

the chert nodules in Category 2 (Fig. 4J). They are pre-

dominantly composed of Siphonophycus septatum and S.

robustum (often criss-crossing and interwoven at random

angles, resulting in a clumped mat morphology), although

examples of S. typicum and S. kestron are occasionally

observed. The microfossils suffered some degradation

prior to fossilization (evidenced by less-distinct margins)

and this, together with the rounded nature of the mat

clasts, suggests that they may have been transported.

In addition to these microbial mat textures, acritarchs

infilled with botryoidal silica growths occur in Category 2

chert nodules (Fig. 9E–G).

Phosphatic clasts. Small sub-rounded to rounded dark

brown phosphatic clasts (on the order of 10s to 100s mm
maximum dimension) occur sporadically within the finely

crystalline carbonates that host the chert nodules (Figs

4K, L, 5E, F). Of note is rock sample YPM 534014,

RPA1401-1 where phosphatization is not confined to

clasts but is pervasive throughout the matrix (Figs 4B,

5A, B). A thin layer of silica cement surrounds some of

the clasts, suggesting that phosphatization may have pre-

ceded silicification. Phosphate is common in the overlying

late Ediacaran Zuun-Arts and Cambrian Bayangol forma-

tions (Smith et al. 2016) and in coeval strata on the

Khuvsgul Terrane of northern Mongolia (Macdonald &

Jones 2011), but this is the first report of phosphatic sedi-

ments in early Ediacaran Mongolian strata. Organic-rich

material may have provided a locus for phosphate miner-

alization during decay (Briggs & Kear 1993; Briggs 2003;

Schiffbauer et al. 2014). As such the phosphatic clasts

may represent original clasts of organic material within

the carbonate matrix that were preferentially phosphatized

during diagenesis. Phosphatic sediments are known to

promote exceptional preservation in other terminal Prote-

rozoic sequences such as the Doushantuo Formation (e.g.

Xiao et al. 1998, 2004; Y. Zhang et al. 1998; Xiao &

Knoll 2000; Schiffbauer et al. 2014).

The Shuurgat phosphatic clasts often contain microfos-

sils (e.g. Fig. 4L). The clasts that preserve microfossils

tend to be slightly darker in colour. The communities

comprise filaments and spheroids, which often occur as

isolated individuals in close proximity but not criss-cross-

ing or woven together in a mat texture. Preservation

within the phosphatic clasts differs from that in the chert

nodules – the organic matter is darker and appears more

degraded, making taxonomic identification difficult. Phos-

phatic clasts may have offered less protection from subse-

quent maturation (e.g. microfossils are adversely affected

by diagenesis and metamorphism: Knoll et al. 1988) than

did the chert nodules.

Systematic palaeontology

Chroococcacean Cyanobacteria

Genus Eoentophysalis Hofmann, 1976, emend.

Mendelson & Schopf, 1982

Type species. Eoentophysalis belcherensis Hofmann,

1976.

Eoentophysalis belcherensis Hofmann, 1976

(Fig. 9C)

For synonymy see Sergeev et al. (2012).
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Remarks. We identify spheroidal to ellipsoidal colonial

cells, »10 mm in maximum dimension with thin (<1 mm)

walls, as Eoentophysalis belcherensis. The fossils were

found in one isolated broadly spheroidal colony (150 mm
in maximum dimension, YPM 534044) in a chert nodule

within thin section YPM 534020, RPA1401-2.

Incertae sedis

GenusMyxococcoides Schopf, 1968

Type species. Myxococcoides minor Schopf, 1968.

Remarks. Spheroidal microfossils of uncertain system-

atic affinity are assigned to the genus Myxococcoides and

identified as known species where possible (see Remarks

below).

Myxococcoides minor Schopf, 1968

(Fig. 9A, B)

For synonymy see Sergeev et al. (2012).

Remarks. Myxococcoides minor comprises spheroidal

fossils that possess a thin (<1 mm) cell wall and are

4–8 mm in maximum dimension. Individuals almost

always display an irregularly shaped amorphous inclusion

of opaque organic matter (<2 mm maximum dimension)

at their centre. The fossil was found in a single cluster

(YPM 534039) within a silicified portion of the matrix in

thin section YPM 534017, RPA1401-1.

Myxococcoides grandis Horodyski & Donaldson,

1980

(Fig. 6G–J)

For synonymy see Sergeev et al. (2012).

Remarks. Myxococcoides grandis comprises hollow

spheroidal to ellipsoidal fossils with thin organic walls

(»1 mm) which often show folds or creases. The species

ranges in maximum dimension from 5 to 45 mm with a

slight left skew to the size distribution (Fig. 6K). Very

rare examples reach larger sizes of up to 115 mm (only

three of the 151 sampled exceed 45 mm in diameter) and

these may not represent the same species. Individuals of

M. grandis (150–200 specimens) are found in thin section

YPM 534017, RPA1401-1 in discrete associations of a

few cells or occasionally in isolation.

Myxococcoides sp. indet.

(Figs 4E, 6A–E)

Remarks. Spheroidal structures 5–12 mm (mean D 7.8 §
1.3 mm, n D 222) in maximum diameter with dark cell

walls, often several mm thick with occasional projections

(e.g. Fig. 6D). Petrographic examination suggests that

microcrystalline quartz crystals, formed during early dia-

genesis, caused the displacement of organic matter within

the wall, leading to a thickened appearance; the wall

structure does not appear to have been complex. The

structures are often intimately associated with botryoidal

silica growths, where the silica appears to nucleate on the

organism. The structures could be diagenetic, but a con-

fined normal size distribution (Fig. 6F) and possible

examples of binary fission (Fig. 6E) provide evidence of

biogenicity. We therefore include these structures as a sin-

gle indeterminate species of Myxococcoides (based on the

size distribution) but acknowledge that they could be

explained by the diagenetic redistribution of organic mat-

ter. The thickness of the wall and poor preservation pre-

vent an accurate taxonomic assignment.

The fossils are confined to thin section YPM 534017,

RPA1401-1, where they are the dominant species (100s of

specimens) and form large clusters in Category 1 chert

nodules and occasionally in silicified portions of the sur-

rounding matrix. In some places they comprise the fabric

of the organic matter within Category 1 chert nodules.

Genus Salome Knoll, 1982

Type species. Salome svalbardense Knoll, 1982.

Remarks. Tubular Proterozoic fossils with trichomes

characterized by multiple sheath layers (up to eight),

which are evident in both longitudinal and transverse sec-

tions, are assigned to Salome, distinguishing them from

Siphonophycus. Two species are differentiated primarily

on maximum cross-sectional diameter. Salome svalbar-

dense has an inner sheath diameter of 8–16 mm and an

outer diameter that reaches 65 mm (Knoll 1982). Salome

hubeiensis has an inner sheath diameter of 20–60 mm and

an outer diameter that reaches 150 mm (Y. Zhang et al.

1998). The two species therefore overlap in size. Some

authors (Z. Zhang 1984; C. Yin & Liu 1988) have argued

for the presence of multiple species in the Doushantuo

Formation but Y. Zhang et al. (1998) grouped all speci-

mens as a single morphologically variable population of

S. hubeiensis, arguing that it overlaps in size with S. sval-

bardense. Given that the size distribution of our speci-

mens suggests a single population that encompasses the

size range of S. hubeiensis, we follow Y. Zhang et al.

(1998) and assign all our specimens to this species.

Salome hubeiensis Z. Zhang, 1986

(Fig. 7A–E)

For synonymy see Y. Zhang et al. (1998).

Remarks. Salome hubeiensis occurs in chert nodules in

almost all of our Shuurgat thin sections except YPM

534017, RPA1401-1 as rare clusters (several individuals

within a »1 mm scale area) and isolated individuals.
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Figure 6. Photomicrographs of Myxococcoides with size distributions. A–F, primary mat building Myxococcoides sp. indet. fossils in
Category 1 chert nodules and surrounding silicified matrix; thickened walls reflect dispersion of organic wall through microcrystalline
growth of quartz; A, YPM 534029, RPA1401-1, T47/3; B, YPM 534030, RPA1401-1, V45/1; C, YPM 534031, RPA1401-1, B74/0; D,
YPM 534032, RPA1401-1, J73/2; E, potentially records binary fission, YPM 534033, RPA1401-1, B74/0; F, histogram of maximum
diameter for M. sp. indet. G–K, rare spherical-ellipsoidal Myxococcoides grandis; G, YPM 534034, RPA1401-1, C55/0; H, YPM
534035, RPA1401-1, C56/1; I, YPM 534036, RPA1401-1, H43/0; J, YPM 534037, RPA1401-1, X43/0; K, histogram of maximum
diameter forM. grandis.
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There are »50 specimens. The sheaths are multilaminate:

one end of the specimen in Figure 7A is oriented in a way

that provides a cross section revealing at least four sheath

laminae. Salome hubeiensis is often found twisted and

broken transversely into filaments of varying lengths.

Occasionally, degradation has occurred at the extremities

of the long axis, giving the impression of a ‘rupturing’ ter-

mination (Fig. 7C). The filaments are often disrupted, with

breaks at irregular intervals that may be offset about the

longitudinal axis (Fig. 7B). A well-developed inner sheath

encloses a single trichome that is rarely preserved (the tri-

chome was found in <10% of specimens) (Fig. 7E). The

wide range in cross-sectional diameter reflects the com-

mon loss of outer sheaths which, unlike the inner sheath,

are rarely preserved (Y. Zhang et al. 1998). In contrast to

Doushantuo specimens, the maximum cross-sectional

diameter reaches only »80 mm and many specimens are

less than 20 mm, down to a minimum of »5 mm (Fig. 7F),

extending the known size range of this species.

Genus Siphonophycus Schopf, 1968, emend. Knoll,

Swett & Mark, 1991

Type species. Siphonophycus kestron Schopf, 1968.

Remarks. Proterozoic tubular microfossils, which proba-

bly represent extracellular sheaths of cyanobacteria, are

assigned to Siphonophycus, the major microbial mat

builder fossilized in Proterozoic successions (e.g. Y.

Zhang et al. 1998). Siphonophycus is abundant in other

early Ediacaran successions (e.g. Knoll 1992; Tiwari &

Knoll 1994; Y. Zhang et al. 1998; Xiao 2004; Liu et al.

2014) and it has also been reported from younger units

(latest Ediacaran) in the Mongolian sequence (Ragozina

et al. 2007, 2010, 2016).

Species of Siphonophycus are separated on the basis of

their maximum cross-sectional diameter (Knoll et al. 1991)

and diagnosed by dimensions spanning powers of two (1–2,

2–4, 4–8, 8–16, 16–32 mm, etc.). We recovered thousands

of specimens from the Shuurgat Formation corresponding

in size to at least five of the dimensionally defined species

(1–2, 2–4, 4–8, 8–16 and 16–32 mm). However, a size fre-

quency analysis of the maximum diameters of 600 randomly

encountered specimens (Fig. 8K) did not identify five dis-

tinct biological populations. BIC statistical analysis, plotted

as a density function (Fig. 8K, dotted line), reveals that there

are most likely three dominant size classes with modes at

»3.4, »6.5 and »11.7 mm. The lower two of these three

correspond to the reported size classes 2–4 and 4–8 mm.

The BIC analysis combines individuals larger than this into

Figure 7. Photomicrographs of Salome hubeiensis with size distribution. A–E, Salome hubeiensis, showing cross section in A and
breaks transversely in B; well-pigmented inner sheath is evidenced in C and D with C also displaying a ‘ruptured’ end (arrow); E shows
evidence of trichomes; A, YPM 534061, RPA1401-2e, H51/1; B, YPM 534050, RPA1401-2a, O63/0; C, YPM 534053, RPA1401-2b,
O67/1; D, YPM 534042, RPA1401-2, X56/2; E, YPM 534063, RPA1401-2f, F61/2. F, histogram of maximum diameter.

Palaeobiology of the early Ediacaran Shuurgat Formation, Mongolia 11



Figure 8. Photomicrographs of Siphonophycus with size distribution. A, Siphonophycus septatum; YPM 534038, RPA1401-1, T50/3. B,
Siphonophycus robustum; YPM 534043, RPA1401-2, P70/4. C, Siphonophycus typicum and S. kestron both in cross section; the cell
walls in both instances have degraded to give the appearance of a thickened wall; YPM 534062, RPA1401-2e, J47/1. D, Siphonophycus
typicum showing break/tear transversely in cell; YPM 534054, RPA1401-2b, L46/0. E, Siphonophycus kestron showing degraded
and thickened wall; YPM 534059, RPA1401-2d, J54/4. F, Siphonophycus typicum and S. septatum; YPM 534064, RPA1401-2f, C47/2.
G, H, Siphonophycus solidum; G, YPM 534065, RPA1401-2f, N37/3; H, YPM 534068, F726-165A-B, V42/2. I, possible Siphonophy-
cus with brittle longitudinal fractures in cell wall; YPM 534057, RPA1401-2c, H42/4. J, ghost Siphonophycus filaments in poorly pre-
served setting; YPM 534058, RPA1401-2c, O69/3. K, histogram of maximum diameter with »100 individuals measured per thin
section (grey, S. septatum; blue, S. robustum; magenta, S. typicum; green, S. kestron; yellow, S. solidum); density function (dotted line)
from Bayesian information criteria (BIC) is superimposed on histogram showing modal size categories.
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a single variable size class, although this class has far fewer

representatives (Fig. 8K). It is unclear whether the absence

of a clear separation of the larger size classes that have been

described in the literature (8–16 and 16–32 mm) is real or

simply reflects the small sample size. Neither does the BIC

analysis resolve the smallest species (1–2 mm). This taxon

has previously been questioned since small specimens could

represent a larger species that shrank during diagenesis

(Knoll 1981). For consistency with previous work we report

all observed size classes, yet note that our analyses suggest

that they may not all reflect true biological populations.

Specimens of Siphonophycus often show evidence of

fracturing/tearing across the long axis (e.g. Fig. 8D).

Additionally, we document a single specimen, preserved

in cross section, which shows four almost equal longitudi-

nal divisions of the cell wall (Fig. 8I). We tentatively

interpret this as a result of brittle fracturing of the cell

wall for reasons unknown.

Siphonophycus septatum (Schopf, 1968) Knoll,

Swett & Mark, 1991

(Figs 4H–J, 8A, F)

For synonymy see Butterfield et al. (1994).

Remarks. Siphonophycus septatum comprises filamen-

tous tubes 1–2 mm in maximum diameter. Within the

Shuurgat Formation, S. septatum is found within mat

clasts, often with its tubes interwoven in a criss-crossing

random fashion (as in the »800 Ma Svanbergfjellet For-

mation: Butterfield et al. 1994), or as isolated filaments. It

is present in chert nodules from all rock samples exam-

ined and may not be confined to a single ecological niche

within the formation.

Siphonophycus robustum (Schopf, 1968), comb.

Knoll, Swett & Mark, 1991

(Figs 4H–J, 8B)

For synonymy see Schopf et al. (2015).

Remarks. Siphonophycus robustum comprises filamen-

tous tubes 2–4 mm in maximum diameter. It occurs as iso-

lated filaments, often associated with additional

specimens in a local (100s of mm) area, and as a major

component of microbial mat clasts and laminae. Within

mats S. robustum is interwoven either in a criss-crossing

random fashion or aligned along a single plane defined by

sedimentary laminae. It is present in chert nodules from

all rock samples examined and may not be confined to a

single ecological niche within the formation.

Siphonophycus typicum (Hermann, 1974) comb.

Butterfield in Butterfield, Knoll & Swett, 1994

(Figs 4G–I, 8C, D, F)

For synonymy see Butterfield et al. (1994).

Remarks. Siphonophycus typicum comprises tubes with

a maximum diameter of 4–8 mm. Siphonophycus typicum

is the most abundant species of Siphonophycus preserved

within Shuurgat rocks. It is the principal mat builder in

both mat clasts and layered microbial laminae, and was

observed in chert nodules from all thin sections except

YPM 534017, RPA1401-1.

Siphonophycus kestron Schopf, 1968

(Figs 4H, 8C, E, F)

For synonymy see Y. Zhang et al. (1998).

Remarks. Siphonophycus kestron comprises tubes with a

maximum diameter of 8–16 mm. The majority of speci-

mens are <12 mm. It is often found in association with S.

typicum within clasts and layered microbial mats of the

Shuurgat Formation but it also occurs as isolated individu-

als. The species is present in chert nodules from all thin

sections except YPM 534017, RPA1401-1.

Siphonophycus solidum (Golub, 1979) comb. But-

terfield in Butterfield, Knoll & Swett, 1994

(Fig. 8G, H)

For synonymy see Schopf et al. (2015).

Remarks. Siphonophycus solidum comprises tubes with

a maximum diameter of 16–32 mm. The taxon is

extremely rare in Shuurgat chert nodules (2% of our ran-

dom sample of 600 Siphonophycus specimens: Fig. 8K),

occurring mostly as isolated specimens, although it is

occasionally associated and entwined with smaller

Siphonophycus species.

Filaments

(Figs 4L, 9K)

Description. Dark, unbranched organic filaments

(<5 mm maximum diameter) are transected along their

length at irregular intervals. The organic matter is darker

than the Shuurgat Siphonophycus tubes described above.

Remarks. The filaments (100s of specimens) are con-

fined to phosphatic clasts (Fig. 4K, L) where they form

loose clusters, often at random orientations with respect to

each other. They were observed in all thin sections except

YPM 534017, RPA1401-1. The filaments resemble those

fossilized in Archaean rocks (e.g. Schopf 2006; Knoll

2012, 2015) and the genus Gunflintia from the Palaeopro-

terozoic Gunflint Formation, Ontario, Canada (Barghoorn

& Tyler 1965). Given the poor quality of preservation,

however, we do not assign a taxonomic name – they could

be specimens of Siphonophycus tubes with transecting

elements generated by degradation and redistribution of

organic matter (e.g. Knoll 2012).
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Large amorphous structures

(Fig. 9J)

Description. Large amorphous structures up to several

hundred mm in maximum dimension are preserved in

chert nodules. The structures comprise a thick dark outer

envelope <10 mm in maximum dimension which is very

variable in shape. Areas of diffuse dark organic matter

occur inside the envelope, often concentrated into solid

ovoids 10–20 mm in maximum dimension.

Figure 9. Rare fossils in the Shuurgat Lagertst€atte. A–G, rare forms from large black chert nodules; A, B, Myxococcoides minor, YPM
534039, RPA1401-1, P56/0; C, Eoentophysalis belcherensis, YPM 534044, RPA1401-2, O50/2; D, multiple tubes within sheaths
(because of the small size of this specimen, imaging was challenging), YPM 534055, RPA1401-2b, U69/3. E–G, Leiosphaeridia spp., E
may show binary fission, and F–G show silica growths toward the cell centre from the wall; E, YPM 534069, F726-165A-B, U54/2; F,
YPM 534066, RPA1401-2f, S67/3; G, YPM 534067, RPA1401-2f, Q36/0). H, I, unnamed large spheroidal body, arrow denotes separa-
tion of some internal spheres into two halves YPM 534070, F726-165A-B, Y42/2. J, unnamed amorphous large structure; YPM 534045,
RPA1401-2, C55/4. K, L, unnamed forms from phosphatized clasts; K, YPM 534060, RPA1401-2d, E62/1; L, YPM 534051,
RPA1401-2a, B48/0.
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Remarks. These enigmatic structures are quite degraded,

as evidenced by the diffuse organic matter within the

thickened, poorly defined envelope. They may represent

clusters of small spheroidal unicells enveloped by a

sheath, accounting for their variable morphology (e.g.

Knoll 2015). Given their rarity (<10 per chert nodule),

amorphous nature and poor preservation, we do not assign

them to a taxon.

Multiple tubes within sheaths

(Fig. 9D)

Remarks. A single specimen preserves two tubular struc-

tures (1–2 mm maximum diameter) within an outer tubular

sheath (<5 mm maximum diameter). The internal tubes are

entwined in a helical manner. Given that we only observed

a single specimen we choose not to assign it taxonomically.

Spheroids

(Figs 4L, 9L)

Description. Spheroids (100s of specimens) of various

sizes (up to 16 mm maximum diameter) are commonly

preserved in phosphatic clasts (Fig. 4K, L). The organic

matter comprising the spheroids is very dark and is com-

parable to that making up the filaments described above.

The boundary of the spheroids is often diffuse (Fig. 9L).

Remarks. The spheroids, like the filaments from the

small phosphatized clasts, are poorly preserved. The dif-

fuse boundaries and dark organic matter suggest some

degradation prior to fossilization, or alteration during dia-

genesis/metamorphism, leading to redistribution of

organic matter (e.g. Knoll 2012). There is insufficient

information to assign them to a taxon.

Large spheroidal structure with internal spheres

(Fig. 9H, I)

Description. A single spheroidal specimen 250 mm in

maximum diameter with a sharp boundary was discovered

in YPM 534019, F726-165A-B. Enclosed within the large

sphere are multiple small rounded spherical bodies, 20–

25 mm in maximum diameter. These are only present

loosely packed along one margin of the specimen, and

they appear degraded. Some appear to be transected by

the outer envelope. Organic material of the same dark

appearance as these small bodies, but of uncertain mor-

phology, is present elsewhere in the sphere, suggesting

that they may have once filled the entire structure. Some

of the internal bodies appear to be separated into two

halves (Fig. 9I).

Remarks. The specimen resembles the multicellular fos-

sil described as Megaclonophycus onustus from the

Doushantuo Formation (Xue et al. 1995; Xiao & Knoll

2000; Xiao 2004). We follow Xiao et al. (2014a, b) in

synonymizing Megaclonophycus with Megasphaera.

Megasphaera is globular, with a thin, smooth envelope

that in specimens originally described as Megaclonophy-

cus encloses hundreds of small (20–40 mm diameter)

spherical internal bodies (Xiao & Knoll 2000). It has been

interpreted as the remains of sulphur-oxidizing bacteria

(Bailey et al. 2007), unicellular protists (Bengtson et al.

2012), mesomycetozoean-like holozoans (Huldtgren et al.

2011), Volvox-like green algae (Xue et al. 1995; Butter-

field 2011), and embryos of metazoans or bilaterian ani-

mals (Xiao et al. 1998; Xiao & Knoll 2000; Hagadorn

et al. 2006; L. Yin et al. 2007; J.-Y. Chen et al. 2009;

Cohen et al. 2009; Z. Yin et al. 2013). A recent reexami-

nation of the species, which focused on cell differentia-

tion, considered an affinity with cellularly differentiated

multicellular eukaryotes, which include stem-group ani-

mals and algae, most likely (L. Chen et al. 2014; Xiao

et al. 2014b). Xiao & Knoll (2000) recognized degraded

Megasphaera specimens from the Doushantuo Formation

(cf. Y. Zhang et al. 1998, fig. 13, parts 7–8), but none of

those figured show the same degree of degradation as the

Shuurgat specimen and they do not provide a basis for

effective comparison.

Although the Shuurgat specimen may share an affinity

with Megasphaera from the Doushantuo Formation, the

availability of a single poorly preserved specimen, which

shows only a few internal spheroids and provides limited

information regarding the outer envelope, prevents a confi-

dent assignment. The structure may represent a single large

leiosphaerid acritarch infilled with early diagenetic silica

(acritarchs infilled with silica occur within Shuurgat cherts,

e.g. Fig. 9E–G). The internal spheroids may be diagenetic

which might explain why some of them appear to be trans-

ected by the outer envelope, a scenario which is unlikely if

they were spheroidal cells enclosed by a large biological

envelope. Examination of further Shuurgat samples both in

thin section and via weak acid maceration (a technique

used for Doushantuo fossils) is required to find similar

specimens and determine whether this is the first represen-

tative of Megasphaera to be found outside the Doushantuo

Formation or simply an artefact of diagenesis.

Acritarchs

Genus Leiosphaeridia Eisenack, 1958

(Fig. 9E–G)

Type species. Leiosphaeridia baltica Eisenack, 1958.

Leiosphaeridia spp.

(Fig. 9E–G)

Remarks. Simple spheroidal fossils are placed in the

genus Leiosphaeridia without differentiating species, fol-

lowing Y. Zhang et al. (1998). These fossils are rare in

Shuurgat chert nodules (10s of specimens). They are often
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infilled with silica that precipitated inwards from the

organic wall (e.g. Fig. 9G).

Discussion

Palaeoecology
Reconstructing the palaeoecology of Proterozoic micro-

bial communities is challenging due to the difficulty of

assigning systematic affinities to many fossils, and limited

knowledge of taphonomic biases. Chert commonly only

preserves extracellular sheaths, thus providing somewhat

limited biological information (Knoll 2012, 2015; Schopf

et al. 2015), and the majority of cherts represent shallow

peritidal environments (Knoll 1985; Maliva et al. 1989).

However, the study of a single region, through detailed

sampling of multiple stratigraphical sections in a palaeo-

environmental context with an understanding of tapho-

nomic bias, can reveal palaeoecological information. For

example, the composition of microbial communities from

the »760 Ma Draken Formation of Spitsbergen (Knoll

1982) was found to reflect their origin in upper or lower

tidal flat, lagoonal and oolitic shoal sedimentary facies,

permitting the reconstruction of the ecology of the envi-

ronmental settings represented by the formation (Knoll

et al. 1991).

The chert-hosted Shuurgat microfossils likewise hint at

differing palaeoecologies. Category 1 chert nodules are

dominated by Myxococcoides which can form large

masses and is also occasionally preserved in silicified por-

tions of the dark, phosphatized matrix that surrounds the

nodules. Category 2 chert nodules, in contrast, are domi-

nated by Siphonophycus. They yield Siphonophycus in

small associations of isolated individuals of S. septatum

and S. robustum. These nodules also often contain well-

preserved microbial mats composed of Siphonophycus fil-

aments, the most fully developed layered examples of

which are composed of a single species (usually S. typi-

cum or S. kestron), whereas smaller mats may be com-

posed of multiple species.

Small rounded intraclasts of Siphonophycus mat com-

posed predominantly of interwoven clumps of Siphono-

phycus septatum and S. robustum, with occasional S.

typicum and S. kestron, also occur within the Category 2

chert nodules and may represent a third microbial commu-

nity. These mat fragments may be derived locally and

rounded during transportation by a storm event prior to

silicification.

Comparison with other early Ediacaran

Lagerst€atten
The discovery of the Shuurgat Lagerst€atte adds to a grow-

ing number of early Ediacaran units that preserve fossils

in cherts and phosphatic sediments. Some of these other

units preserve possible body fossil evidence of the earliest

animals through acanthomorphic acritarchs and multicel-

lular fossils often interpreted either as resting stage cysts

or as embryos (Xiao & Knoll 2000; L. Yin et al. 2007;

Cohen et al. 2009; L. Chen et al. 2014). The Shuurgat

biota shares some characteristics of community composi-

tion and taphonomy with two of these units: the Doushan-

tuo Formation (South China) and Krol Group (Lesser

Himalaya, India).

The »635–500 Ma Doushantuo Formation preserves

fossils in three broad assemblages: those of its lower

(Member II and lower strata of Member III) and upper

(Member III) cherts, and those of its phosphorites (Y.

Zhang et al. 1998; Xiao 2004; McFadden et al. 2009; Liu

et al. 2014; Xiao et al. 2014a; Muscente et al. 2015).

These fossiliferous strata are early Ediacaran in age and

are bracketed broadly by Marinoan glacial deposits and

the Shuram carbon isotope excursion (Condon et al. 2005;

Muscente et al. 2015). The lowermost Krol A Member of

the Krol Group also preserves microfossils in chert nod-

ules at its base (Tiwari & Knoll 1994). These fossils are

likewise interpreted to be early Ediacaran in age, based on

litho- and chemostratigraphical correlations (Jiang et al.

2002; 2003; Valdiya 2016). The fossils were originally

thought to be from the underlying Infra Krol Formation

(Tiwari & Knoll 1994), but revision of the stratigraphy

has assigned them to Krol A (Jiang et al. 2002, 2003). In

either case, their age remains early Ediacaran as the entire

sequence is bracketed by a glacial diamictite below a cap

carbonate (Blaini Formation) thought to represent the

(»640–635 Ma) Marinoan Snowball Earth glaciation

(Jiang et al. 2003).

The Shuurgat chert nodules, particularly those in Cate-

gory 2, share many petrographic characteristics with those

of the lower Doushantuo and Krol A. They are similar in

overall size and shape (cm scale and ellipsoidal), and in

their internal microfabrics which include abundant amor-

phous organic matter and textures such as layered Siphon-

ophycus mats (Tiwari & Knoll 1994; Y. Zhang et al.

1998). The Shuurgat and Doushantuo nodules share a car-

bonate rim »1 mm thick which, in the case of Doushan-

tuo, is thought to be a product of later diagenesis (Y.

Zhang et al. 1998; Xiao et al. 2010). Such a rim is not

documented on Krol A nodules. All three contain scat-

tered small dolomite euhedra (Tiwari & Knoll 1994; Y.

Zhang et al. 1998), but the Shuurgat nodules differ in

lacking small pyrite euhedra.

The Shuurgat (Category 2), Doushantuo and Krol A

chert nodules yield similar microfossil communities. All

are dominated by Siphonophycus which occurs as individ-

uals, loose clusters and complex microbial mats. Siphono-

phycus robustum, S. typicum, S. kestron and S. solidum

are present in Doushantuo cherts, with possible occur-

rences of S. septatum (Y. Zhang et al. 1998; Xiao 2004;

Liu et al. 2014). Similarly, S. robustum, S. typicum
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(described as S. inornatum) and S. kestron are present in

Krol A cherts (Tiwari & Knoll 1994). Myxococcoides and

Leiosphaeridia also occur in all three settings (Tiwari &

Knoll 1994; Y. Zhang et al. 1998; Xiao 2004; Liu et al.

2014).

The occurrence of these early Ediacaran Siphonophy-

cus, Myxococcoides and Leiosphaeridia communities

does not necessarily imply biostratigraphical equivalence.

Each of these form-taxa may represent a number of differ-

ent biological species, their morphology converging as a

result of taphonomic processes (Knoll et al. 1991). More-

over, chert nodules hosting such fossils are not confined

to early Ediacaran time but occur in a variety of other Pro-

terozoic successions (e.g. Schopf 1968; Knoll et al. 1991;

Schopf & Klein 1992; Sergeev et al. 2012).

An additional morphologically distinct taxon reported

here in chert nodules in Category 2, which was previously

known only from Doushantuo and Krol A cherts, is

Salome hubeiensis (Z. Zhang 1986; Tiwari & Knoll 1994;

Y. Zhang et al. 1998; Liu et al. 2014). This species is rare

in lower Doushantuo but common in upper Doushantuo

and in Krol A cherts (Z. Zhang 1986; Tiwari & Knoll

1994; Y. Zhang et al. 1998; Liu et al. 2014). Its presence

in Doushantuo, Krol A and Shuurgat cherts may reflect

coeval deposition, palaeogeographical proximity and/or

similar depositional environments. Cherts with similar

petrographic characters from a similar palaeodepositional

setting in the approximately coeval Scotia Group of Sval-

bard do not preserve S. hubeiensis (Knoll 1992; Y. Zhang

et al. 1998), suggesting that it is not ubiquitous in early

Ediacaran successions globally and may not be a good

global biostratigraphical marker. Palaeomagnetic and

detrital zircon data suggest that the South China and

Indian land masses were in close proximity between 635

and 580 Ma, and collision between the two may have

started at this time (Li et al. 2013; Yao et al. 2014). The

palaeogeographical location of the Zavkhan Terrane,

which hosts the Shuurgat Formation, however, is

unknown. Li et al. (2013) placed the Zavkhan Terrane

proximal to but northeast of South China/India, with Lau-

rentia (including the Scotia Group that does not preserve

S. hubeiensis) distal to all three. Consequently, the pres-

ence of S. hubeiensis in the Doushantuo (South China),

Krol A (India) and Shuurgat (Mongolia) cherts, but not in

the Scotia Group (Laurentia), may indicate that the spe-

cies was confined to a regional palaeogeographical area.

In spite of similarities in petrography and biota, the

Shuurgat cherts have not yielded many of the taxa in the

Doushantuo and Krol A cherts that represent the complex

morphologies characteristic of Ediacaran microfossil

communities. Both Doushantuo and Krol A cherts yield

acanthomorphic acritarchs (Tiwari & Knoll 1994; Y.

Zhang et al. 1998; Xiao 2004; McFadden et al. 2009; Liu

et al. 2014; Xiao et al. 2014a), which occur in Ediacaran

successions globally (e.g. Zang & Walter 1992; Grey

2005; Vorob’eva et al. 2009; Golubkova et al. 2010; Ser-

geev et al. 2011). The absence of such fossils from the

Shuurgat cherts may reflect limited sampling. Within the

Doushantuo Formation, for example, McFadden et al.

(2009) reported that acanthomorphic acritarchs comprised

only »3% of 32,719 described fossils from a total of 422

chert nodules in 176 distinct stratigraphical horizons. In

comparison, prokaryotic forms accounted for »85% of

the fossils. Indeed, in early studies, prior to more detailed

sampling (e.g. McFadden et al. 2009), acanthomorphic

acritarchs were described as absent from lower Doushan-

tuo cherts, which the Shuurgat cherts most closely resem-

ble petrographically (Y. Zhang et al. 1998). Elsewhere on

the Zavkhan Terrane, phosphorites of the basal Zuun-Arts

Formation (stratigraphically above the Shuurgat Forma-

tion and likely late Ediacaran in age: Smith et al. 2016),

have yielded possible acanthomorphic acritarchs, includ-

ing examples assigned to Knollisphaeridium (described

under its former name Echinosphaeridium in Mongolia)

(Ragozina et al. 2007, 2010, 2016), which is also known

from the Doushantuo Formation (Xiao 2004; Liu et al.

2014).

Acanthomorphic acritarchs have been used as a biostra-

tigraphical tool to correlate different regional sections of

the Doushantuo Formation (e.g. Xiao 2004; C. Zhou et al.

2007; McFadden et al. 2009; C.-Y. Yin et al. 2009, 2011;

Xiao et al. 2012, 2014a; Liu et al. 2014; Muscente et al.

2015). Since such fossils have yet to be revealed by our

exploration of the Shuurgat Formation, we are unable to

correlate Shuurgat strata with the Doushantuo sequence at

the level of individual Doushantuo members.

The best-known fossils from the Doushantuo Formation

are multicellular and mostly preserved in ore-grade phos-

phorites (Xiao et al. 1998, 2004, 2014a, b; Xiao & Knoll

2000; Xiao 2004). They include red algae (Xiao et al.

2004) and possible animal embryos (e.g. L. Chen et al.

2014). Thallophycoides, a multicellular form from the

Doushantuo phosphorites interpreted as a stem group flo-

rideophyte (Xiao et al. 2004), has been reported from the

basal Zuun-Arts phosphorites in Mongolia (Ragozina

et al. 2007, 2016). The Shuurgat chert nodules, in con-

trast, have yielded no multicellular forms to date, with the

possible exception of a single degraded specimen of a

large spheroidal body containing loosely packed spheroids

(Fig. 9H, I) which bears a resemblance to Megasphaera

from Doushantuo. However, this poorly preserved single

specimen is not sufficient evidence to show that the

Shuurgat cherts preserve multicellular forms. Multicellu-

lar fossils are rare in the Doushantuo Formation (Y. Zhang

et al. 1998; Xiao & Knoll 2000; Xiao 2004; Liu et al.

2014; Xiao et al. 2014a, b). Their absence in the Shuurgat

cherts may therefore be a reflection of a different deposi-

tional environment and/or small sample size.

The Shuurgat sequence is variably phosphatized and

often contains small phosphatic clasts that preserve
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fossiliferous material, another parallel with Doushantuo.

The small phosphatized areas in Shuurgat rocks may rep-

resent clasts of microbial mat. The preservation is poor

and the organic material is often redistributed, distorting

the morphology of the fossils. Furthermore, only unnamed

simple filaments and spheroids are preserved. This con-

trasts with the spectacular preservation in the phosphorites

of the Doushantuo Formation (e.g. Xiao et al. 1998,

2014a, b; Y. Zhang et al. 1998; Xiao & Knoll 2000; L.

Chen et al. 2014; Muscente et al. 2015). While the Shuur-

gat sequence may not be an obvious target for phospha-

tized microfossils, exceptional fossils have been reported

from the phosphorites of the basal Zuun-Arts Formation

higher in the Mongolian sequence (Ragozina et al. 2007,

2010, 2016) which are more extensive stratigraphically

and likely have a higher phosphate content. Fossils have

also been reported from the late Ediacaran ore-grade

phosphorites of the Khuvsgul Terrane of northern Mongo-

lia (Zhegallo et al. 2000; Macdonald & Jones 2011),

although their diversity has yet to be fully explored (Dorj-

namjaa & Altanshagai 2015).

The similarity of the biota preserved in Shuurgat cherts

to those of Doushantuo and Krol A cherts, in particular

the presence of Salome hubeiensis, suggests regional bio-

stratigraphical equivalence. The Shuurgat Formation thus

provides a new window onto the early Ediacaran biologi-

cal world and hints at the ecological complexity of Edia-

caran communities, with the possible appearance of

multicellular forms (?Megasphaera, Fig. 9H, I).

Conclusions

In addition to the discoveries described here, the Zavkhan

Terrane has already yielded micro- and macrofossils of

Cryogenian age (Bosak et al. 2011a, b; Serezhnikova

et al. 2014; Cohen et al. 2015), and possible acanthomor-

phic/multicellular microfossils and macroscopic carbona-

ceous algal compressions from later Ediacaran rocks

(Ragozina et al. 2007, 2010, 2016; Dornbos et al. 2016),

as well as a diverse trace, small shelly and reefal fauna

which flourishes into Cambrian time (e.g. Smith et al.

2016). This rich palaeobiological record, viewed in the

context of new palaeoenvironmental and geochronologi-

cal data (Bold et al. 2016; Smith et al. 2016), highlights

the global importance of Mongolian sequences to our

understanding of the transition from a microbial world to

one containing complex metazoans.
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