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Ediacaran-Cambrian phosphorite deposits in northern Mongolia have been associated 
with a putative increase in nutrient delivery to the global oceans that drove oxygenation 
and the rise of animals. However, like many phosphorites from this ~130 Myr interval, the 
precise age and depositional setting of these deposits remain poorly constrained. Here, 
we integrate new geological mapping, lithostratigraphy, chemostratigraphy, and U-Pb 
zircon geochronology to develop a new age and tectonic basin model for the Cryogenian 
to Cambrian Khuvsgul Group of northern Mongolia. We demonstrate that Cambrian 
strata were deposited into two composite foreland basins: a ~535–524 Ma pro-foreland 
basin formed during collision of the Khantaishir-Agardag oceanic arc, and a younger 
~523–505 Ma retroarc foreland developed behind the Ikh-Mongol continental arc. The 
Kheseen Formation phosphorites, which include a Doushantuo-Pertatataka-type 
microfossil assemblage, were deposited in the pro-foreland basin between 534 and 531 
Ma, at least 40 million years later than the phosphatized Weng’an Biota of the 
Doushantuo Formation of South China. Tectonically-mediated basinal topography 
associated with foreland development was a necessary condition for phosphogenesis 
along the Tuva-Mongolia-Zavkhan margin, with different styles of phosphate 
mineralization associated with sediment starvation and migrating redox boundaries 
across the margin. The apparent Ediacaran-Cambrian increase in preserved phosphorite 
deposits was not an event associated with an increase in nutrient delivery to the oceans, 
but rather represents the opening of a taphonomic window in which a long-term, 
sustained increase in redox potential enabled increased authigenic phosphate 
accumulation over a protracted period in marginal marine environments with the 
requisite tectono-stratigraphic and sedimentological conditions. 

1. INTRODUCTION 

On geological timescales, phosphate is thought to be a lim
iting nutrient of bioproductivity (Tyrrell, 1999), with phos
phorus fluxes in Earth’s surface environments responding 
to changes in both silicate weathering (Hartmann & Moos
dorf, 2011; Horton, 2015) and environmental redox state 
(Colman & Holland, 2000; Dodd et al., 2023; Ruttenberg, 
2003). The stratigraphic record preserves an apparent 
global increase in the size, grade, and frequency of con
centrated phosphate deposits, or phosphorites, near the 
Ediacaran-Cambrian boundary (Cook, 1992; Cook & McEl
hinny, 1979). Ediacaran-Cambrian phosphorites have been 
found in Asia (Anttila et al., 2021; Banerjee et al., 1980; 
Ilyin & Ratnikova, 1981; Ilyin & Zhuravleva, 1968; Mazum
dar et al., 1999; Meert et al., 2011; Sergeev et al., 2020; S. 

Xiao & Knoll, 1999), Africa (Bertrand-Sarfati et al., 1997; 
Flicoteaux & Trompette, 1998), Australia (Southgate, 1980; 
Valetich et al., 2022) and South America (Misi & Kyle, 1994; 
Morais et al., 2021; Sanders & Grotzinger, 2021; Shiraishi 
et al., 2019), and include some of the largest known phos
phate deposits in the world (Cook & Shergold, 1986). These 
occurrences have inspired hypotheses that link a global in
crease in phosphate deposits around the Ediacaran-Cam
brian boundary to changes in nutrient fluxes to the oceans 
(Papineau, 2010), concomitant oxygenation of the Earth’s 
surface (Laakso et al., 2020; Reinhard et al., 2017), and the 
rise and expansion of life (Shields et al., 2000). 
However, phosphorus delivery to the oceans (Föllmi, 

1996) is only one potential controlling aspect of phospho
genesis: sedimentological (Föllmi, 1990; Föllmi et al., 2005, 
2017), paleotopographic (Föllmi et al., 2017), and biogenic 
(Sanders et al., 2024; Schulz & Schulz, 2005) factors have 
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been shown to control the locus and concentration of phos
phate accumulation in phosphogenic environments. To this 
end, detailed investigations that constrain the age, dura
tion, and depositional context of individual phosphorite lo
calities are a prerequisite of any holistic model for the dri
vers of Ediacaran-Cambrian phosphogenesis. Furthermore, 
constraining the age of Ediacaran-Cambrian phosphorites 
is particularly important given the taphonomic potential 
of phosphogenic environments: early authigenic precipita
tion of phosphate minerals (dominantly calcium fluorap
atite, or CFA) can result in the exceptional preservation of 
biogenous material, including soft-bodied organisms and 
putative animal embryos (S. Xiao et al., 1998). Phospha
tized lagerstätten, such as the Weng’an biota of the 
Doushantuo Formation (S. Xiao & Knoll, 2000) and the 
Portfjeld Formation, northern Greenland (Willman et al., 
2020) provide some of the best windows into the evolution 
and expansion of metazoans around the Ediacaran-Cam
brian boundary. 
The Khuvsgul Group of northern Mongolia (Anttila et al., 

2021; Ilyin & Ratnikova, 1981) contains one of the largest 
ore-grade phosphorites in the world (Ilyin, 1973; Munkht
sengel et al., 2021), and hosts glacial diamictites associated 
with Cryogenian Snowball Earth glaciations (Macdonald & 
Jones, 2011) as well as a diverse Doushantuo-Pertatataka-
Type microfossil assemblage (Anderson et al., 2017, 2019). 
Although the Khuvsgul Group has been the subject of geo
logical investigation for more than half a century (Donov et 
al., 1967), age models for these strata rely on biostratigra
phy (Demidenko et al., 2003; Ilyin & Zhuravleva, 1968; Ko
robov, 1980, 1989; Korovnikov & Lazarev, 2021; Zhegallo, 
2000), which is of limited used in the Neoproterozoic and 
Early Cambrian. Lithostratigraphic correlations to radio
metrically-dated sections elsewhere provide additional age 
constraints on the Khuvsgul Group (Macdonald & Jones, 
2011). 
Here, we develop a new age model for the Khuvsgul 

Group by combining new lithostratigraphic observations, 
carbonate chemostratigraphy, and U-Pb zircon geochronol
ogy from the Khuvsgul region. This framework is paired 
with new geologic mapping and structural data to create a 
tectonic basin model for the Khuvsgul Group. Within the 
context of this model, we compare Khuvsgul Group strata 
to adjacent Cryogenian to Cambrian strata of the Zavkhan 
Terrane in southwest Mongolia (Bold, Crowley, et al., 2016; 
Bold, Smith, et al., 2016; Macdonald et al., 2009; Mac
donald & Jones, 2011; Smith et al., 2016), and explore 
how differences in sedimentology and basin morphology 
may have impacted the mode of phosphogenesis observed 
in each basin. Finally, our chronostratigraphic model pro
vides new age constraints on the phosphatic lagerstätten 
of the Kheseen Formation (Fm) of the Khuvsgul Group, 
which are then discussed in relation to other Doushantuo-
Pertatataka-Type microfossil assemblages and Ediacaran-
Cambrian phosphorites from around the world. 

2. GEOLOGIC BACKGROUND 

2.1. Tectonic setting of the Khuvsgul Group 

The Khuvsgul Group comprises the Cryogenian-Cambrian 
sedimentary cover of the Khuvsgul Terrane, which forms 
the central component of an amalgamated composite ter
rane previously referred to as the Tuva-Mongolia Massif 
(Ilyin, 1973), the Tuva-Mongolia Microcontintent (TMM; 
Kuzmichev, 2015), Central Mongolian Terranes (CMT; 
Domeier, 2018), and our preferred nomenclature of the 
Tuva-Mongolia Terrane (TMT; Bold et al., 2019). The TMT 
(fig. 1) is embedded within the Central Asian Orogenic Sys
tem (CAOS; Kröner et al., 2007, 2014; Windley et al., 2007), 
which formed through collision and accretion of arcs, 
oceanic tracts, and microcontinental fragments from the 
late Mesoproterozoic (Khain et al., 2002) to late Paleozoic 
(Wilde, 2015; Windley et al., 2007; W. Xiao et al., 2003). 
The oldest rocks in the TMT are 2702 ± 6 Ma basement 

gneisses (the Salig Complex) of the Gargan Block (U-Pb LA-
ICP-MS on zircon, Bold et al., 2019). During the Tonian 
Period, volcanic and ophiolitic rocks associated with the 
~1000 Ma Dunzhugur arc (Khain et al., 2002) were obducted 
along the northern TMT margin prior to the emplacement 
of the Sumsunur Complex, which includes tonalite-trond
jeimites that have been dated to 785 ± 11 Ma (Kuzmichev 
et al., 2001), and potentially during 814 ± 10 Ma meta
morphism of the Salig Complex (Bold et al., 2019). The 
Sumsunur Complex is an intrusive complement to volcanic, 
rocks of the coeval Sarkhoi Fm (Kuzmichev & Larionov, 
2011), which have also been correlated with volcanic rocks 
of the Zavkhan Fm (see Bold, Crowley, et al., 2016) in 
southwest Mongolia. Geochemical data suggest that vol
canic rocks of the Zavkhan and Sarkhoi Fms formed a con
tinental arc system across both terranes (Bold, Crowley, 
et al., 2016; Kheraskova et al., 1995; Kuzmichev, 2015; 
Kuzmichev et al., 2001). 

2.2. Cryogenian-Cambrian stratigraphy of the Tuva 
Mongolia Terranes: The Khuvsgul Group 

Carbonate, siliciclastic, and volcaniclastic rocks of the 
Khuvsgul Group overlie the Sarkhoi Fm (and coeval siliclas
tic and volcaniclastic rocks of the Darkhat Group). Here, we 
build on the stratigraphic framework developed from the 
Khuvsgul region of the TMT (fig. 2; Anttila et al., 2021) with 
new chemostratigraphic, lithostratigraphic, and sequence 
stratigraphic data. 
The Cryogenian strata of the Khuvsgul Group include 

two diamictites separated by a carbonate sequence, which 
have been correlated with the Cryogenian Sturtian and 
Marinoan Snowball Earth glaciations and the middle Cryo
genian, respectively (Macdonald & Jones, 2011). The lat
erally-variable thicknesses of Cryogenian strata on the 
Khuvsgul Terrane have been interpreted to reflect syn-de
positional topography: it has been proposed that the Sturt
ian Ongolog diamictite was deposited along active Tonian 
to Cryogenian rift shoulders (Macdonald & Jones, 2011; Os
okin & Tyzhinov, 1998). 
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Figure 1. Location and geological context of study area: A) geopolitical overview map, contextualizing B) the               
Mongolian Central Asian Orogenic Belt, modified from Bold, Crowley et al.            (2016), Bold et al.     (2019), and   
Kuzmichev  (2015). The Khuvsgul Terrane forms the core of the composite Tuva-Mongolia Terrane (TMT). The               
location of 538–494 Ma igneous rocks, as well as the hashed area indicating the putative extent of the Ikh-                  
Mongol continental arc, are modified from Janoušek et al.          (2018). The numerals 1, 2, and 3 indicate the positions           
of the Bayan Zurgh, Eg Gol, and Khoroo Gol study areas, respectively. C) Generalized geologic map of the main                    
Khuvsgul study area, compiled from both original and extant geological mapping            (Buihover et al.  ,  1968). Boxes   
with numerals i, ii, and iii indicate the extent of the Khoridol Saridag, northern, and Darkhat Valley mapping                   
regions, respectively. A 1:100,000 geological map of the Khoridol Saridag mapping area can be found in                 figure 3 ;  
geologic maps of the Northern and Darkhat Valley mapping areas can be found in the Supplementary                 
Information.  

Much of the early geologic inquiry in the Khuvsgul re
gion (Donov et al., 1967; Ilyin, 1973, 2004; Osokin & Tyzhi
nov, 1998) focused on the phosphatic strata of the Kheseen 
Fm, which are stratigraphically above the Cryogenian se
quence and make up one of the largest economic-grade 
phosphorite deposits in the world (Cook & Shergold, 1986). 
Trenches and roadcuts from prospecting are still visible, 
but economic development of mineral resources in the area 
was prevented initially by the remote location of the Khuvs
gul region, and more recently by the recognition of the en
vironmental fragility of the surrounding ecosystem. In ad
dition to their economic significance, phosphorites of the 
Kheseen Fm host a Doushantuo-Pertatataka-Type micro
fossil assemblage (Anderson et al., 2017, 2019), with fos
siliferous strata located in the eastern Khoridol Saridag 
mountain range, on the western shores of Lake Khuvsgul 
(fig. 3). 
The phosphatic strata of the Kheseen Fm are separated 

from the underlying Cryogenian units by a thin package 
of Ediacaran carbonate, lutite, and shale (fig. 2). For this 
reason, previous workers argued for a genetic relationship 
between Cryogenian glacial episodes and the phosphorite 
deposits (Ilyin, 2004; Osokin & Tyzhinov, 1998; Sheldon, 
1984). However, a disconformity surface first recognized by 

Ilyin (2004) at several sites around the basin may be po
tentially correlative to an Ediacaran hiatus observed in the 
Zavkhan Terrane (Bold, Smith, et al., 2016; Macdonald et 
al., 2009), casting doubt upon glaciogenic interpretations of 
phosphogenesis in the Khuvsgul basin. 
The upper Khuvsgul Group includes the ~2 km-thick car

bonate succession of the Erkhelnuur Fm, which discon
formably overlies the Kheseen Fm. Reported trilobite and 
archaeocyathid occurrences within the Erkhelnuur Fm (Ko
robov, 1989) suggest a Cambrian age for this interval. A 
coarse siliciclastic unit, the Ukhaatolgoi Fm, overlies the 
Erkhelnuur Fm, and is the youngest pre-Cenozoic sedimen
tary sequence on the TMT. The accumulation of the Cam
brian platformal carbonate sequence of the Khuvsgul basin 
has been attributed to continued thermal subsidence along 
the TMT margin (Khukhuudei et al., 2020; Kuzmichev, 
2015), and deposition into a riftogenic graben (Ilyin, 2004). 
Conversely, Macdonald and Jones (2011) suggest that, like 
on the Zavkhan Terrane, Cambrian subsidence on the TMT 
margin was driven by collisional tectonics related to the 
Salarian Orogeny (Bold, Crowley, et al., 2016; Ruzhentsev 
& Burashnikov, 1995; Smith et al., 2016). 
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Figure 2. Generalized stratigraphy of the Khuvsgul Group and adjacent strata, after Anttila et al.              (2021).  

2.3. Phanerozoic deformation of the Tuva Mongolian 
Terranes 

Khuvsgul Group strata in the Khoridol Saridag Range (fig. 
1) were previously mapped as km-scale south-plunging, 
north-south-trending anticlinoria (Buihover et al., 1968; 
Mongolian Survey, 1988), intruded by Ordovician post-
metamorphic monzogranites and granodiorites 
(Kuzmichev, 2015). However, these pre-Ordovician struc
tures have not been explicitly associated with a specific col
lision or compressional event, highlighting the need for de
tailed structural characterization of the greater Khuvsgul 
region. Following early Paleozoic deformation, TMT-Siber
ian sutures were reactivated and intruded by Carboniferous 
and early Permian plutons (Buslov et al., 2001, 2009). The 
Neogene development of the Baikal Rift system resulted 
in the generation of new N-S trending normal fault struc
tures and basaltic magmatism in the Khuvsgul region. The 
Neogene extensional regime also reactivated extant older 
structures, leading to block rotation along older faults in 
the region. Seismic activity along both normal and sinistral 
transverse structures in the Khuvsgul region continues to
day (Liu et al., 2021). 

3. METHODS 

3.1. Geological mapping and stratigraphy 

Over the course of three field seasons, we mapped the ge
ology of the Khuvsgul region of the TMT, with an emphasis 
on exposures of the Khuvsgul Group in the Khoridol Saridag 
Range and Darkhat Valley (fig. 1C). Outcrop mapping was 
performed using FieldMove software on Apple iPads. Struc
tural measurements and field photographs were also taken 
and geotagged within the FieldMove program. Shapefiles 
generated from outcrop mapping and structural measure
ments were imported into QGIS and used, in addition to 
satellite imagery and scanned geologic maps from previous 
workers (Buihover et al., 1968; Mongolian Survey, 1988), as 
constraints for the placement of structures and contacts in 
our geologic map of the region. Stratigraphic sections were 
measured with a meter-stick; the locations of all measured 
sections referenced in this manuscript are collated in the 
Supplementary Information (table S1). 
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Figure 3. Geologic map of the Khuvsgul Group in the Khoridol Saridag Range. The location of schematic cross                 
section A-A’ is shown in the main map panel. A companion map highlighting the broad structural features of this                    
map area is provided in the Supplementary Information (fig. S1).           

3.2. Bulk carbonate carbon and oxygen isotope 
analyses 

Carbonate rocks were collected for stable carbon and oxy
gen isotope (δ13C and δ18O) analyses within measured sec
tions throughout the field area. Limestone and dolomite 
hand samples (200–500 g) were collected at 0.5 to 2 m 
intervals within selected measured sections, with samples 
chosen from outcrops with minimal evidence of late-stage 
alteration. Each collected sample was shipped back to the 
University of California Santa Barbara and cut into slabs 
with a rock saw, with slab surfaces cut orthogonal to bed

ding features. Approximately 1 mg of carbonate powder was 
then procured from each slab via microdrilling (0.5 mm bit 
on a vertical press), with a focus on producing a representa
tive and reproducible powder aliquot for each sample: sam
ples with laminar bedding features were drilled along sin
gle bedding surfaces whenever possible, and micritic matrix 
material was targeted for allodapic samples. Drilled slabs 
were labeled and stored. All δ13C and δ18O data are col
lated in the Supplementary Information (table S2), while 
details of analytical procedures are summarized in the Ap
pendix. 
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3.3. U-Pb zircon geochronology 

Samples for U-Pb zircon geochronology were collected dur
ing the course of mapping. Zircons derived from each sam
ple were analyzed with laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS), and a subset of 
zircons from igneous samples, as well as young zircon 
grains from detrital samples, were analyzed with chemical 
abrasion isotope dilution thermal ionization mass spec
trometry (CA-ID-TIMS). Results are summarized below, and 
are collated, along with sample locations, in the Supple
mentary Information (table S3). Mineral separation and an
alytical methods are detailed in the Appendix. 

4. RESULTS 

4.1. Lithostratigraphy and facies associations of the 
Khuvsgul Basin 

The Khuvsgul Group, formalized by Anttila et al. (2021), 
is divided into the Ongolog, Bakh, Shar, Khirvesteg, Khe
seen, and Erkhelnuur Fms, with the Bakh and Erkhelnuur 
Fms further divided into three Members (Mbs). The Khuvs
gul Group is underlain by the volcanic, volcaniclastic, and 
siliciclastic rocks of the Darkhat Group, which includes the 
Sarkhoi and Arasan Fms, and is overlain by siliciclastic 
rocks of the Ukhaatolgoi Fm. 
Lithofacies of the Khuvsgul Group and bounding units 

are described below. These descriptions inform interpreta
tions of the depositional environments of each unit, which 
are subsequently incorporated into a general tectonostrati
graphic model for the Khuvsgul Group in Section 5.4. 

Sarkhoi Formation description.—The Sarkhoi Fm outcrops 
in the Khoridol Saridag Range and Darkhat Valley, and con
sists of purple, red, and green fine-grained rhyolite and 
rhyodacite flows, ignimbrites, volcaniclastic breccias, silt
stone, fine-grained sandstone with linguoid and lunate rip
ples, and feldspathic and lithic wacke. The Sarkhoi Fm is es
timated to be ~4 km thick near the Zabit River of southern 
Siberia (Kuzmichev, 2015), whereas the maximum thick
ness in the Khoridol-Saridag Range and Darkhat Valley is 
~1.5 km. 

Sarkhoi Formation interpretation.—Although the Sarkhoi 
Fm has been interpreted to have formed in a rift setting 
(Ilyin, 1973, 2004), geochemical characterizations of vol
canic rocks of the Sarkhoi Fm suggest a continental arc 
affinity (Kuzmichev & Larionov, 2011), with east-dipping 
subduction inferred to have occurred along the western 
margin of the TMT (Kuzmichev, 2015). In the Khuvsgul re
gion, the close association of volcanic flows and ignimbrites 
with a suite of siliciclastic rocks records volcanic flows in
terfingering with a marginal marine depositional environ
ment, suggesting the proximity of an actively-subsiding 
basin adjacent to an active volcanic edifice. 

Arasan Formation description.—Above the Sarkhoi Fm, 
the Arasan Fm outcrops as tan-to-brown laminated silt
stone with occasional 1–3 cm fining-upward packages of 
medium- to coarse-grained quartz arenite to sublitharen
ite. In the lower Arasan Fm, discontinuous quartz-rich 
granule to pebble lags occur within fine-grained sandstone 

or shale layers directly above thicker sandstone beds. 10–20 
cm thick recrystallized dolomite beds punctuate the up
permost ~100 m of very fine-grained sandstone and silt
stone, with minor coarse-grained sandstone beds interca
lated throughout the uppermost portion of the section. 
Poor exposure precludes both the measurement of a com
plete stratigraphic section through the Arasan Fm, as well 
as identification of the basal contact. 

Arasan Formation interpretation.—Though the contact 
with the underlying Sarkhoi Fm is not exposed, the well-
sorted, moderately-mature siliciclastic rocks of the Arasan 
Fm likely indicate a transition, from mass-wasting-domi
nated deposition in an actively subsiding basin during Sark
hoi Fm time, to shoaling, the development of mature sed
iment sources, and deposition within a more-quiescent 
marginal environment. The close association of shales and 
laterally-continuous graded sandstones in the upper 
Arasan Fm suggests a marine shelf-margin to upper slope 
depozone, with episodic instability on the shelf and upper 
slope driving both gravity-flow and suspension-dominated 
deposition. 

Ongolog Formation description.—Intercalated graded and 
massive sandstone, siltstone, and shale horizons of the 
basal Ongolog Fm are populated up-section by increasing 
numbers of lonestones, forming a stratified, matrix-sup
ported diamictite. The base of the Ongolog Fm is rarely 
exposed: at Kheseen Gol, the ochre to tawny-brown well-
sorted siltstone and sandstone of the upper Arasan Fm 
grades into poorly-sorted green and purple siltstone and 
wacke of the overlying Ongolog Fm. However, this contact 
has been reported to be unconformable elsewhere in the re
gion (Osokin & Tyzhinov, 1998). In some cases, the Arasan 
Fm is completely absent from the stratigraphy, with the 
basal Ongolog Fm directly overlying volcanics of the Sark
hoi Fm (Kuzmichev et al., 2001). In the Khoridol Saridag 
Range, with the exception of the exposures described 
above, the base of the Ongolog Fm is faulted. 
The most complete Ongolog sections outcrop in the 

easternmost exposures of the Khoridol Saridag Range, 
where the basal clast-free portion of the Ongolog Fm is up 
to 400 m thick, and the overlying diamictite ranges from 
100 to 250 m thick. The lower, clast-free interval is exposed 
along the northern ridge bordering the eponymous On
golog Gol (fig. 3), with poorly sorted, green to tawny-brown 
wacke transitioning up-section into olive to dark-brown 
siltstone with discontinuous lenses of medium-grained 
sandstone to poorly-sorted granule conglomerate, and thin 
beds of blue to dark gray micritic limestone. Arkosic wackes 
that make up the coarser sandstone beds include suban
gular quartz and plagioclase grains amidst a fine-grained 
green to brown matrix. 
Up-section, sparse, rounded to subangular quartzite and 

carbonate granule-to-cobble lonestones are suspended in 
laminated green to brown siltstone and fine-grained sand
stone beds. The frequency and maximum size of outsized 
clasts increases dramatically in the top ~200 m of section, 
with nearly continuous exposure on the ridge north of Khe
seen Gol (Macdonald & Jones, 2011). In the easternmost 
Khoridol Saridag Range, the top ~100 m of the Ongolog Fm 
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is composed of a matrix-supported, polyclastic, stratified 
diamictite. Clasts include rounded to sub-angular gravel to 
cobbles of quartzite, plutonic and volcanic rocks, and car
bonates, and are locally observed to be faceted and striated 
(Osokin & Tyzhinov, 1998). The upper 30–50 m of the On
golog Fm consists of resistant, dark-weathering, argillite-
matrix-supported diamictite dominated by subrounded 
dolomite clasts with minor quartzite and granite clasts. 
This facies, termed the “perforated shale” by Ilyin (1973), 
is most dramatically exposed along the banks of Ongolog 
Gol, where dolomite clasts are recessively weathered, leav
ing pockmarked holes in the black argillite matrix (fig. 4A). 
A different facies of the uppermost Ongolog diamictite out
crops to the west in the Darkhat Valley, where only the 
top of the formation is exposed: subangular quartzitic, plu
tonic, and volcanic cobbles are supported in a dark brown 
massive sandstone matrix. 

Ongolog Formation interpretation.—The Ongolog Fm has 
been assigned to the ~717–661 Ma Sturtian Snowball Earth 
glaciation (Macdonald & Jones, 2011). Striated and faceted 
clasts within diamictites of the Ongolog Fm (Osokin & 
Tyzhinov, 1998) support a glaciogenic origin. The grada
tional transition from clast-free shales and wackes at the 
base of the unit to stratified or massive diamictite at the top 
likely represents the evolution of a subaqueous glacioma
rine depositional environment, with stratified diamictites 
interpreted as flow tills deposited in front of a marine ice-
grounding line. It is unclear if the clast-free basal portion 
of the Ongolog Fm was deposited in open water or below 
an ice shelf, but the gradational contact with the overlying 
diamictite suggests the latter: initial sparse outsized clasts 
seen lower in the section, many of which truncate bedding 
planes, are likely ice rafted debris. An up-section increase 
in clast frequency, from isolated lonestone-bearing hori
zons amidst clast-free laminated shales to stratified di
amictite without much evidence for bed-penetrating clasts, 
indicates the advance of the ice grounding line towards the 
depozone. 

Bakh Formation.—Composed of variably laminated lime
stone and dolomite grainstone and rhythmite (finely lami
nated, graded beds of calcisiltite and micrite), the Bakh Fm 
is subdivided into three lithologically distinct Mbs. 

Khurts Member description.—The Khurts Mb of the Bakh 
Fm is dominated by heavily recrystallized carbonate strata 
that form resistant ridges in the Khoridol Saridag Range. 
Its thickness increases, from ~20 to >110 m, east to west 
across the Khoridol Saridag Range. Dolomite and limestone 
micrite and calcisiltite of the Khurts Mb sharply overlie the 
Ongolog diamictite. Above this cap carbonate, the Khurts 
Mb is composed of homogenous <2 m-thick dolomitized 
wackestone beds separated by <40 cm-thick allodapic 
dolomite grainstone beds that occasionally contain sub-
rounded <1 cm carbonate clasts. Up-section, wackestone 
beds thin to ~1 m, with interstitial 50–70 cm intervals of 
finely-laminated, 1–2 cm grainstone beds containing sub
rounded carbonate clasts, small ooids, and rare domal stro
matolites. Coarse grainstone beds increase in frequency up-
section. 

Khurts Member interpretation.—The sharp transition from 
the Ongolog Fm diamictite to laminated carbonate rocks 
of the Khurts Mb is interpreted as a flooding surface as
sociated with eustatic sea-level rise following the termina
tion of the Sturtian glaciation. Facies associations of the 
Khurts Mb are consistent with deposition in a subtidal mar
ginal marine setting on a carbonate ramp. A shift from 
laminated micrite in the basal portion of the Khurts Mb 
to coarser wackestone and grainstone up-section suggests 
a transition from an outer-ramp to middle-ramp environ
ment (Burchette & Wright, 1992). Infrequent, tabular car
bonate allochems in some of the thicker grainstone beds 
towards the top of the Khurts Mb are interpreted as rip-
up clasts, which, along with the occurrence of domal stro
matolitic horizons in adjacent grainstone beds, are inter
preted to reflect cyclic shoaling in a relatively energetic 
upper middle-ramp depositional setting. This interpreta
tion is further supported by the appearance of ooids as al
lochems within some of the larger grainstone beds, sug
gesting relative proximity and/or intermittent sediment 
transport connectivity to shallow, energetic environments 
above fair-weather-wave base. 

Bumbulug Member Description.—The base of the Bumbu
lug Mb of the Bakh Fm is marked by a sharp transition 
from recrystallized dolomite wackestone and grainstone of 
the uppermost Khurts Mb to limestone micrite-wackestone, 
lutite, and rhythmite interbeds. In the eastern Khoridol 
Saridag Range, grainstone and rhythmite beds are stippled 
with <3 cm-long ellipsoidal black and grey chert nodules, 
creating a dappled, almost spongelike appearance on the 
tan- to grey-weathering limestone beds. Chert nodules are 
concentrated primarily in micrite beds and are associated 
with 1–3 mm-thick chert interbeds in adjacent rhythmite 
and lutite. Rare chert-free micrite and wackestone beds 
weather dark grey in contrast to tan-weathering chert-bear
ing carbonates. Exposures of the Bumbulug Mb in the west
ern Khoridol Saridag Range and the Darkhat Valley contain 
less chert. Parasequences of micrite and lutite to grainstone 
and wackestone range in thickness from 0.8 to 2 m. Towards 
the top of the Bumbulug Mb, wackestone becomes the dom
inant component of each parasequence. The thickness of 
the Bumbulug Mb is ~100–150 m across an east-west tran
sect of the central Khoridol-Saridag Range (KSR map area, 
fig. 3), <50 m in the southern Khoridol Saridag Range and 
Eg Gol regions (fig. 1B), and >350 m near Bayan Zurgh (fig. 
1B), south-southwest of the Darkhat Valley. 

Bumbulug Member interpretation.—The base of the Bum
bulug Mb is marked by an abrupt shift from relatively en
ergetic, peritidal to shallow-subtidal grainstone and wacke
stone to finely-laminated micrite and lutite. This shift is 
interpreted as a deepening, from a peritidal to shallow-
subtidal carbonate ramp environment to a deeper, less en
ergetic outer ramp setting, below storm-wave base. This 
transgressive sequence is followed by abundant wackestone 
and massive mudstone, interpreted to record a return to 
more energetic, gravity-driven depositional processes in a 
mid-ramp environment. Despite a substantial increase in 
stratigraphic thickness to the south-southwest, up-section 
facies trends are similar throughout the region, with glob
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Figure 4. Cryogenian chemostratigraphy of the Khuvsgul Group, with field photographs of Cryogenian            
lithologies depicted in inset panels A-D. Stratigraphic sections are arranged, from left to right, along a broadly                  
southwest-northeast transect. Geochemical data and section locations are collated in the Supplementary             
Information (tables S1, S3). A) massive, matrix supported diacmictite of the Ongolog Fm. B) massive diamictite of                  
the Shar Fm, featuring carbonate clasts in a dolostone matrix. C) barite pseudomorphs on a dolomite grainstone                  
bedding plane in the basal Khirvesteg Fm. D) sheetcrack cements in dolomite mudstones of the basal Khirvesteg                  
Fm. The mechanical pencil in panels A–C is 15.5 cm in overall length; the hammer in panel D is 33 cm long                       
overall.  

ular chert-bearing micrite overlain by shallowing-upward 
parasequences at all complete Bumbulug Mb exposures. 

Salkhitai Member description.—The Salkhitai Mb of the 
Bakh Fm consists of interbedded limestone grainstone, mi
crite, and occasional dark, fetid rhythmites, transitioning 
into coarsening-upward dolomitized grainstone, intraclast 
breccia, and massive carbonate breccia intervals that in
clude scattered lithic grains. Best exposed and preserved in 
the Khoridol Saridag Range, dark-colored limestone strata 
near the base of the Salkhitai Mb consist of ~1.5–2 m-
thick parasequences of laminated micrite capped by wacke
stone and grainstone beds that contain edgewise breccia 
and ooids in channelized bodies. 
Up-section, parasequences are increasingly dominated 

by wackestone and grainstone, and are capped by carbonate 
breccia. Fining-upward wackestone and grainstone beds 

with 5-cm diameter grey chert nodules become increasingly 
abundant up-section. Fine- to medium-grained, sub
rounded to subangular quartz and lithic fragments are dis
persed throughout the uppermost limestone unit within 
fining-upwards wackestone and grainstone beds. 
This influx of terrigenous material occurs directly before 

a shift to dolomitized grainstone beds with ~1cm-thick dis
continuous bands of nodular black chert, followed by chaot
ically bedded conglomerates that include dolomite, chert, 
and quartz and lithic grains. The uppermost portion of 
the Sakhitai Mb contains massive coarse-grained sandstone 
with outsized carbonate and lithic clasts, up to granule in 
size, followed by a dolomite grainstone bed. The sandstone, 
as well as an erosional surface at the top of the dolomite 
grainstone, are both best exposed in the eastern Khoridol 
Saridag Range, particularly at the Bakh Gol section. Thick
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ness of the Salkhitai Mb ranges from ~100 to 150 m across 
the basin. 

Salkhitai Member interpretation.—Rhythmite-grainstone 
parasequences (fig. 5A) at the base of the Salkhitai Mb are 
consistent with cyclic carbonate shoaling in a sub-tidal, 
mid-to-upper ramp environment, with facies associations 
trending up-section towards increasingly energetic, proxi
mal depositional environments. Episodic reworking and in
corporation of carbonate and chert into intraclast breccias 
suggests deposition near or above storm-wave base, and/
or repeated shoaling into a more energetic depositional 
regime, above fair-weather-wave base. Up-section, chan
nelization and an increase in terrigenous allochems indi
cate continued shallowing into an upper-ramp or shoreface 
depositional environment. The deposition of grainstones 
and carbonate conglobreccias indicates the continued in
fluence of mass-wasting processes, caused either by the mi
gration of tidal channels or by sea-level forced banktop in
stability. Sandstone beds near the top of the Salkhitai Mb 
have an erosive contact with the underlying grainstone in
terval, and are interpreted as bypass channels (e.g., Smith 
et al., 2016). 

Shar Formation description.—The Shar Fm is composed of 
matrix-supported massive diamictite containing carbonate 
and exotic angular to sub-rounded clasts (0.1–1.2 m) in a 
cream-to-yellow weathering, gray-when-fresh fine-grained 
carbonate matrix (fig. 4B) with minor thin lutite and shale. 
Although clasts are dominated by angular to sub-angular 
micritic dolomite similar to that observed in the most prox
imal underlying strata, limestone rhythmite, oolite, and 
grainstone are present, as well as subrounded lithic and 
quartzite clasts. Significant facies changes occur along 
strike, with massive diamictite with minor laminated beds 
containing bed-penetrating lonestones at Kheseen Gol 
(Macdonald & Jones, 2011) stratigraphically equivalent to 
sedimentary breccia with sub-angular carbonate clasts ap
proaching 1.5 m in diameter <4 km south at Khirvesteg Gol 
(fig. 3). These massive, ungraded, clast-supported dolomite 
breccias consist of angular to subangular dolomite clasts up 
to 30 cm across both above (0–3 m thickness) and below 
(0–25 m thickness) the Shar Fm diamictite. The matrix of 
these breccias is micritic and similar to the composition 
of the clast material, with rare occurrences of terrigenous 
grains and coarser void-filling grainstone. The Shar diamic
tite and associated dolomite breccias vary in thickness 
across the basin from <0.5 m in the central Khoridol Saridag 
Range to nearly 70 m on the ridge above Ongolog Gol. The 
base of the Shar Fm is identified by the carbonate brec
cias and diamictites that occur above an erosional surface 
that cuts into the upper two members of the Bakh Fm, with 
Shar Fm diamictite directly overlying Khurts Mb strata in 
the easternmost Khoridol Saridag Range (figs. 3, 4). 

Shar Formation interpretation.—The Shar diamictite is in
terpreted to be a glaciogenic deposit correlated with the 
Marinoan Snowball Earth glaciation (Macdonald & Jones, 
2011). The clast and matrix composition of the diamictite 
suggests that glacial erosion sampled material from the 
underlying Bakh Fm, with minimal input from siliciclastic 
or basement sources. The dominance of massive, matrix-

supported diamictite suggests deposition in a marine peri-
glacial environment at or near the ice grounding line. How
ever, the presence of laminated intervals with 
bed-penetrating lonestones within massive diamictite-
dominated intervals (Macdonald & Jones, 2011) suggests 
movement of the grounding line, with lonestone-bearing 
strata putatively associated with episodes of grounding-
line retreat and a shift towards distal, suspension-domi
nated sedimentation punctuated by input from ice-rafted 
debris (Domack & Hoffman, 2011). 
Clast-supported breccias are interpreted to be locally 

sourced, short transport distance breccias that formed as 
the result of local glacio-isostatic deformation across the 
carbonate ramp. The erosional surface observed at the 
Salkhitai Mb-Shar Fm contact in the eastern Khoridol 
Saridag Range may have formed following a regression at 
the onset of the Marinoan glaciation, with the overlying 
diamictite and carbonate breccia variably recording glacial 
advance and retreat across the basin. 

Khirvesteg Formation description.—The basal Khirvesteg 
Fm includes a ~1-3 m cream-colored dolomite grainstone 
that overlies the Shar Fm, and hosts twinned barite pseudo
morphs (fig. 4C) and bedding-parallel sheet-crack cements 
(fig. 4D). This interval is overlain by a sequence of lutite 
in the eastern Khoridol Saridag Range, and by thinly-bed
ded lime- and dolo-micrite in the central Khoridol Saridag 
Range and Darkhat Valley. These strata are truncated by 
an unconformity, which outcrops as an identifiable ero
sional disconformity at many of the easternmost Khoridol 
Saridag Range exposures, and ubiquitously as a sharp para
conformable transition from lutite or dolomitized lami
nated grainstones of the uppermost Khirvesteg Fm to the 
overlying allodapic phosphatic and siliceous grainstones of 
the basal Kheseen Fm. 

Khirvesteg Formation interpretation.—The dolomite grain
stone at the base of the Khirvesteg Fm is interpreted to 
be a basal Ediacaran cap carbonate sequence: in addition 
to its proximity with the underlying Shar diamictite, the 
dolomite bed displays features, including sheet-crack ce
ments and crystalline barite, that have been observed in 
other Marinoan cap carbonate sequences from around the 
globe (Hoffman et al., 2011). The fine-grained carbonate 
and siliciclastic sequences that overly the cap dolomite 
likely reflect a post-Marinoan transgression, with facies 
across the basin indicating a shift towards suspension-
dominated deposition in an outer-ramp to bathyal setting. 
Mirroring trends observed in the Bakh Fm, the relative 
abundance of siliciclastic material in lutite in the eastern 
Khoridol Saridag Range compared to thinly-laminated mi
crite in the west is consistent with a west-facing margin and 
deepening to the west in both the Bakh and Khirvesteg For
mations. 

Kheseen Formation description.—The Kheseen Fm dis
plays dramatic lithofacies and thickness variability both 
within outcrop and across the basin, with total thicknesses 
ranging from 160–170 m in sections in the eastern Khoridol 
Saridag Range to over 500 m in the central and southern 
Khoridol Saridag Range and at Eg Gol (fig. 1B). In the east
ern Khoridol Saridag Range, the basal Kheseen Fm dis
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Figure 5. Field photographs of Khuvsgul Group strata. A) Outcrop-scale photograph of well-bedded mudstone-           
grainstone parasequences of the Salkhitai Mb of the Bakh Fm near Agariin Gol. White dashed lines highlight                  
bedding planes through a m-scale fold, with elongated west-dipping fold arms indicating top-to-the-east shear.               
The trend of the fold axis highlighted by the red dashed line is parallel to the trend of D1 structures in the                       
Khoridol Saridag Range. B) phosphatic grainstone of the Kheseen Fm, featuring truncated bedding as well as                 
horizons indicative of primary/multigenerational phosphogenesis. The red arrow indicates the location of a              
multigenerational phosphogenic horizon (phosphatic allochems in authigenic CFA cement)        .  C) thrombolytic   
texture in a phosphatic grainstone interval of the Kheseen Fm. D) imbricate, edgewise breccia horizon within the                  
Kheseen Fm, featuring rip-up clasts of underlying strata. E) wildflysch of the upper Kheseen Fm at Kheseen Gol.                   
Clasts include material similar to underlying Kheseen strata, suggesting an erosive contact at the base of the                  
interval. F) digitate stromatolites in a dolomite grainstone interval of the Middle Mb of the Erkhelnuur Fm. G)                   
bed-penetrating ichnofossils in a limestone grainstone bed of the Middle Mb of the Erkhelnuur Fm. H)                 
disassociated archaeocyathid allochems in a dolomite grainstone bed of the Upper Mb of the Erkhelnuur Fm. The                  
mechanical pencil in panels C-F and H is 15.5 cm in overall length.              

conformably overlies the Khirvesteg Fm above an erosional 
surface and is composed of interbedded black micritic lime
stone and dolomite mudstone, organic-rich lutite and 
shale, and phosphatic and silicified hardgrounds and allo
dapic carbonate (fig. 5B). Hardgrounds are laterally con
tinuous for only a few meters and are typically in close 
proximity to cm-scale channels that truncate primary bed
ding features (fig. 5B), cross-stratified channel fill, and al
lodapic carbonate packages consisting of edgewise breccia, 
granular packstone, and grainstone (fig. 5D). Grainstone 

beds include phosphatic and siliceous grains and clasts. The 
best-preserved examples of Doushantuo-Pertatataka-type 
fossils are found within this lithofacies, in which individ
ual fossils appear as allochems in packstone and grainstone 
beds (Anderson et al., 2017, 2019). Up-section, stacked 30 
cm-thick beds of nodular black chert, in packages up to 5 
m thick, interrupt the hardground/allodapic carbonate se
quence. The cherts are superseded by fetid, carbonate-rich 
shale and thinly bedded lutite with interbedded dolomite 
grainstone and intraclast conglomerate. Up-section, phos
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phatic material is found primarily as allochems in graded 
wackestone and grainstone beds. Chert and phosphorite al
lochems within limestone wackestone and grainstone beds 
decrease in abundance up-section, where micrite with black 
chert nodules and laminar grey chert beds become dom
inant towards the top of the formation. Sharp, uneven 
boundaries are often observed between carbonate and chert 
horizons. 
In the western Khoridol Saridag Range, Darkhat Valley, 

and Eg Gol localities, evidence of primary authigenic phos
phatic and siliceous deposition is less abundant. Instead, 
fining-upward packages of grainstone, packstone, and 
wackestone with phosphatic and siliceous allochems dom
inate and are infrequently punctuated by fetid limestone 
packstone and wackestone beds containing domal stroma
tolites and thrombolitic reefs (fig. 5C). These limestone se
quences are superseded by a dolomite interval consisting 
of laminated micrite, domal stromatolites, and oomicritic 
wackestone and grainstone. In these localities, a 1–6 m-
thick bed of black to maroon-red chert is often found at the 
top of the Kheseen Fm. The chert bed is largely textureless, 
and sharply bounded, both above and below, by dolomite 
wackestone or grainstone. 
At Kheseen Gol in the eastern Khoridol Saridag Range, 

the reworked allodapic carbonates of the uppermost Khe
seen Fm are interspersed with siliciclastic deposits: the top 
of the Kheseen Fm is marked by an influx of siliciclastic ma
terial, including a 10–12m thick, cobble-to-boulder clast, 
matrix-supported conglomerate with an erosive base (fig. 
5E). 

Kheseen Formation interpretation.—In the eastern Khori
dol Saridag Range, phosphogenesis in the lower Kheseen 
Fm occurred in a shallow, energetic depositional environ
ment. The co-location of discontinuous, truncated primary 
bedding surfaces including phosphatic and siliceous hard
grounds, abundant channelization, and cross-stratified al
lodapic carbonates with angular clasts of phosphatic and 
siliceous material is consistent with deposition on a shal
low carbonate upper ramp or banktop environment subject 
to tidal currents. Allodapic carbonates contain evidence of 
local reworking of primary phosphatic and siliceous mater
ial, the primary precipitation of which appears to have been 
concentrated in the easternmost Khoridol Saridag Range. 
Up-section, phosphatic grainstone and wackestone beds 
are reworked, consistent with redeposition as mass-wasting 
deposits in a mid-ramp setting. 
In the western Khoridol Saridag Range and Darkhat Val

ley, Kheseen Fm deposition occurred in a mid- to upper-
ramp environment. In these localities, phosphatic material 
was redeposited as phosphatic and carbonate allochems. 
Normal grading in the allodapic carbonates with horizons 
of stromatolites and thrombolites suggests deposition be
low fair-weather-wave base, but well within the photic 
zone. 
A transition to micrite and bedded chert in the upper 

Kheseen Fm marks a shift from coarser, gravity flow-dom
inated deposition to suspension-dominated deposition and 
continued deepening to a more quiescent basinal environ
ment. Sharp, uneven contacts between chert and micrite 

beds can be attributed to rheological differences between 
lithologies, dewatering, and soft-sediment deformation. 
Together with the geochronological data and carbon iso
tope data described below, the cobble-to-boulder clast, ma
trix-supported conglomerate at the top of the Kheseen Fm 
is interpreted as a debrite (fig. 5E), marking a significant 
unconformity and major tectonic disturbance to the mar
gin. 

Erkhelnuur Formation.—The Erkhelnuur Fm is a ~2 km-
thick carbonate sequence with Middle Cambrian ichnofos
sils, archaeocyatha, and trilobites (Korobov, 1989). It is sep
arated into three distinct Members (Lower, Middle and 
Upper) that can be differentiated both litho- and chemo-
stratigraphically. 

Lower Member description.—The Lower Mb of the Erkhel
nuur Fm is distinguished by repetitive parasequences above 
the lime-micrite, cherts, and conglomerate of the upper
most Kheseen Fm. These parasequences occur as packages 
of thick dolomite and partially-dolomitized lime-micrite 
and grainstone-wackestone interbeds, white laminated 
dolo-micrite and wackestones containing domal or digitate 
stromatolites (fig. 5F), and allodapic packstone and grain
stone beds containing ooids, carbonate clasts, and minor 
black chert clasts. Throughout the Lower Mb, infrequent 
and recessive tan-to-green silicified fine-grained lutites 
stand out as bursts of color in an otherwise blue-gray to 
white expanse of carbonate. The thickness of the Lower Mb 
is 250–300 m. 

Middle Member description.—A transition to limestone-
dominated grainstone deposition marks the base of the 
Middle Mb of the Erkhelnuur Fm. This transition is visible 
both in the field and on satellite imagery, where the light 
grey and white dolomites of the Lower Mb give-way to dark 
blue-grey beds that stand out on ridgetop exposures. Like 
the Lower Mb, dolo-rhythmites and stromatolite-bearing 
mudstone beds are bounded by wackestone and grainstone 
beds in shallowing-upward parasequences. Approximately 
20–50 m above the base of the Middle Mb, bed-penetrat
ing bioturbation is more pervasive in micrite and wacke
stone beds. Irregular tubes, typically 1–2 cm in diameter, 
increase in frequency and density up-section, eventually 
obliterating nearly all primary bedding features. Although 
bioturbation rarely affects the most finely laminated beds, 
most grainstone beds in the upper Middle Mb are thor
oughly perforated with burrows. In the most heavily biotur
bated zones, burrows (fig. 5G) tend to focus on individual 
5-6 cm bedding-parallel layers, with rare vertical burrows 
penetrating 3-6 cm interstitial layers that are more sparsely 
bioturbated. The total thickness of the middle Mb is ~800 
m in the Khoridol Saridag Range, and at least 600 m in the 
Darkhat Valley. 
Archaeocyatha occur ~300 m into the Middle Mb, with 

the best-preserved fossils occurring in zones with minimal 
bioturbation (fig. 5H). Disassociated, randomly oriented ar
chaeocyathid fossils are present in grainstone beds in the 
western Arcai Gol drainage, and along the ridgeline be
tween Khirvesteg and Ongolog Gol. 

Upper Member description.—The base of the Upper Mb of 
the Erkhelnuur Fm is demarcated by a ≥50 m interval of 
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white dolomite grainstone and wackestone beds. Primary 
bedding features are obfuscated by dolomitization, but 
relict 10–60 cm bedding is locally apparent. Like the dark 
base of the Middle Mb, these white bands are visible and 
traceable both on distant ridge exposures and on aerial and 
satellite imagery, which aids the mapping of large-scale 
structures. 
Above the white dolomite sequence, micritic laminites 

and dolo-grainstones form 1–10 m scale coarsening-up
ward parasequences for up to 500 m. Ichnofossils are fre
quent and tend to be concentrated in thicker grainstone 
beds. Where visible in less-bioturbated strata, the Upper 
Mb contains cross-bedded and channelized grainstone, mi
crobial mat textures, and ripple cross-stratification. At the 
top of the sequence, lithic grains and fragments are present 
in coarse-grained, non-bioturbated grainstone beds, be
coming more frequent toward the top of the sequence. 
Thicker sections of the Upper Mb contain more abundant 
siliciclastic grains, which occur in graded beds that increase 
in abundance up-section. 

Erkhelnuur Formation interpretation.—Repeated, shallow
ing-upward parasequences of the Lower and Middle Mbs of 
the Erkhelnuur Fm suggest shoaling in an upper-mid-ramp 
environment. Interbedded micrite and grainstone beds 
record repeated gravity flow deposits. The association of 
domal and digitate stromatolites with thinly-laminated mi
crite and grainstone beds suggests growth of microbial 
communities during periods of minimal gravity-flow input. 
Coarser grainstone and wackestone beds at the top of each 
parasequence contain allochems, including ooids, likely 
sourced from an upper ramp setting, and suggest progres
sive shallowing and increased communication with banktop 
or inner-ramp depozones at the top of each parasequence. 
Sparse evidence for tidal or persistent wave action suggests 
that the Lower and Middle Mbs largely remained below fair-
weather-wave base, but within the photic zone, during de
position. 
In the Middle Mb, the onset of bed-penetrating biotur

bation is broadly associated with an increase in the dom
inance of wackestone and grainstone. However, in these 
heavily bioturbated facies, primary depositional fabrics and 
textures have been destroyed and coarsely recrystallized, 
potentially causing observational bias towards the apparent 
dominance of more-energetic carbonate lithofacies. 
Nonetheless, the appearance of coarser-grained allochems, 
including archaeocyathid hash, in the Middle Mb indicates 
increased sediment flux from shallow-water environments, 
and corroborates an inferred shallowing of the depozone 
through the Middle Mb. 
A transgressive sequence at the base of the Upper Mb is 

marked by an abrupt shift to ichnofossil-free, well-bedded 
grainstone. The resumption of shallowing-upward parase
quences above this interval also marks the return of abun
dant ichnofossils, suggesting a return to a similar upper-
ramp environment as is inferred for the Middle and Lower 
Mbs. As with the Lower and Middle Mbs, limited textural 
evidence for ripple cross-stratification, channelization, and 
microbial-mat-like textures suggests that the Upper Mb 
formed in a middle to upper ramp environment. In the up

permost Upper Mb, ichnofossils are not present immedi
ately below and within gravity flows featuring abundant 
terrigenous allochems that inundate the top of the forma
tion prior to Ukhaatolgoi Fm deposition. 

Ukhaatolgoi Formation description.—The Ukhaatolgoi Fm 
is composed of siliciclastic rocks ranging from tuffaceous 
siltstone to massive subangular boulder conglomerate. 
Coarse-grained, immature green arkosic wacke is the dom
inant lithology, with rare granule-to-pebble lithic clasts, 
angular quartz and plagioclase grains, and carbonate frag
ments in a green siltstone matrix (fig. 6A). The contact be
tween the uppermost Erkhelnuur Fm and basal Ukhaatolgoi 
Fm is rarely exposed but appears to be a gradational con
formable contact: grainstone beds of the uppermost Upper 
Mb of the Erkhelnuur Fm incorporate increasing siliciclas
tic material up-section before being drowned out by mas
sive arkosic wacke, intermittently punctuated by siltstone 
and gravel lag deposits. Elsewhere, the lower Ukhaatolgoi 
Fm includes maroon and green siltstone with minor lags 
of granule-to-pebble conglomerate. The siltstone is typi
cally overlain by several meters of arkosic, angular grit and 
gravel, which grade into cobble conglomerate. Up-section, 
green graywacke is interbedded with siliceous siltstone and 
mudstone and 10 m packages of massive, polyclastic boul
der conglomerate. 

Ukhaatolgoi Formation interpretation.—The accumulation 
of a thick package of poorly-sorted, immature sandstone, 
interspersed with coarser lithofacies, reflects the influx of 
terrigenous material onto a marine, carbonate ramp envi
ronment. Though the Ukhaatolgoi Fm includes siliciclas
tic facies with a range of grain sizes, the dominantly mas
sive and graded bedding observed across all Ukhaatolgoi 
lithologies suggests that gravity flows, rather than fluvial 
or fluvio-deltaic processes, were the dominant depositional 
mechanism during Ukhaatolgoi deposition. Stacked mas
sive and graded beds within the Ukhaatolgoi Fm likely re
flect repetitive failures in the stability of terrigenous ma
terial accumulating on the margin of what had previously 
been a carbonate-dominated platform, resulting in exten
sive siliciclastic gravity flow deposition. 

4.2. Structure 

The greater Khuvsgul map area can be subdivided into 
three structurally-distinguishable map areas (fig. 1C): (i) a 
fold-thrust belt, largely composed of Khuvsgul Group rocks, 
that makes up most of the Khoridol-Saridag Range (fig. 
3); (ii) a region north of Arcai Gol dominated by Darkhat 
Group outcrop, but including exposures of both Khuvsgul 
Group strata and pre-Sarkhoi gneissic basement (fig. S2, 
Supplementary Information); and (iii) the Darkhat Valley, 
which includes limited exposures of the Khuvsgul Group 
and Darkhat Group within a regional topographic lowland 
bounded by both Paleozoic thrusts and small-scale Neo
gene normal faulting (fig. S3, Supplementary Information). 
All three map areas have experienced Neogene-present ex
tensional deformation and volcanism associated with the 
generation of the failed Baikal Rift system. 
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Figure 6. Cambrian chemostratigraphy of the Khuvsgul Group, and a field photograph of the Ukhaatolgoi Fm               
(inset panel A). Stratigraphic sections are arranged, from left to right, along a broadly southwest-northeast                
transect. A legend defining all lithological and sedimentary symbology can be found in              figure 4 . Geochemical   
data and section locations are collated in Supplementary Information (tables S1, S3. The stratigraphic heights of                 
geochronological samples collected within the measured sections presented here are highlighted with white-            
boxed labels. The pen in panel A is 13.7 cm in overall length.              

4.2.1. Structure of the Khoridol Saridag map areas 

In the Khoridol Saridag Range map area, N-S trending, gen
tly S-plunging km-scale anticlinoria are separated by W-
dipping thrust faults that divide the eastern range into 
discrete N-S panels (fig. 3; fig. S1, Supplementary Infor
mation). These N-S trending structural elements are here
after referred to as D1 structures. A second set of km-
scale folds, the axes of which trend generally E-W and are 

hereafter termed D2 structures (fig. S1; fig. 7), cross-cut 
and deform the D1 fold/thrust panels, and are well-devel
oped in the northern and eastern portions of the Khoridol 
Saridag Range. Along the northern border of the range, fold 
axes trend WNW-ESE, following the trace of the Arcai Gol 
Thrust. This generation of folds is accompanied by axial-
parallel, S-dipping thrust faults. 
The intersection of D1- and D2-generation folds results 

in domal structures observed throughout the region. These 
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Figure 7. Stereonets showing the orientations of km-scale folds in the Khoridol Saridag Range that are               
representative of D1 and D2 structures, respectively. Individual bedding measurements are depicted as poles to                
bedding planes. Ductile fabrics (dominantly folded foliation) observed in granodiorites from the Northern              
mapping region (including EAGC1942, 1943, and 1944) are shown on the D1 stereonet, while brittle fabrics                 
(dominantly small-scale, cm-offset faults) observed in the same granodiorites are superimposed on the D2               
stereonet. D1 structures are interpreted to be coeval with (or marginally postdate) the emplacement of the                 
granodiorites, while D2 structures likely postdate granodiorite emplacement. The map locations of all major D1                
and D2 structures in the Khoridol Saridag and northern mapping regions, as well as representative structural                 
measurements, are presented in the Supplementary Information (fig. S1).          

structures are exemplified within the Arcai Syncline, where 
a D1 N-S anticlinorium is cross-cut by a D2 E-W anticline, 
resulting in a domal antiform cored by rocks of the Darkhat 
Group (fig. 3). 
Apart from thrust-proximal outcrops, which typically ex

hibit fault-plane-parallel planar cleavage ~1–3 m on either 
side of observed fault surfaces, secondary fabrics are not 
pervasive across the Khoridol Saridag Range. Some axial 
planar cleavage is apparent near fold axes, and on the limbs 
m- to cm-scale parasitic folds are present within well-bed
ded carbonate strata. Siliciclastic strata carry a weak cleav
age that is typically subparallel to the nearest major fault 
plane orientation. Siliciclastic rocks also appear to mediate 
the location of many of the major thrusts in the region, 
with faults propagating along or near the contact between 
carbonate and siliciclastic strata. Furthermore, thrusts that 
juxtapose two carbonate panels often include entrained 
slivers of siliciclastic material (fig. 8A). 
Traces of E-dipping thrust faults are axial parallel with 

D1 folds, and those of S-dipping thrust faults are axial par
allel with D2 structures (fig. S1). An additional major fault 
with a D1-parallel trace dips shallowly to the west along the 
base of the easternmost Khoridol Saridag Range (fig. 3). Al
though poorly exposed, metasedimentary rocks that make 
up the footwall of the thrust have a well-developed, pla
nar to undulating cleavage that is similar in character to 
that observed on the footwall of the Arcai Gol Thrust to the 
north (fig. 8B). 
The faults described above are crosscut by Ordovician 

and Permian intrusions, which are subsequently cross-cut 
by E-W trending, steeply dipping oblique sinistral normal 
faults with typical lateral offsets of a few hundred meters 

(fig. 3). This fault set is further cut by east-dipping normal 
faults capped by Neogene basalts. 

4.2.2. Structure of the northern map region 

In the northern map region (fig. 1C), exposure is generally 
poor, with heavy vegetation and frost-heave on exposed 
ridges restricting outcrop mapping opportunities to incised 
river valleys and high-relief ridgetops. Regionally, strata 
are folded into N-S trending, km-scale anticlinoria, plung
ing gently to the south (figs. S1, S2), with zones of parasitic 
meter-to-decameter-scale z-folds concentrated largely on 
the western limbs of these anticlinoria. Although granitic 
intrusions that cross-cut the larger-scale D1 folds are found 
throughout the broader Khuvsgul area, the northern map 
region also harbors pre-to-syn-D1-deformational intrusive 
bodies. In the Xachimi Gol drainage (figs. S1, S2), granodi
orite plutons intrude the Sarkhoi Fm. At this locality, both 
the intrusive rocks and the country rock host meter-scale 
N-S folds and fold-axial-planar foliation. 
Secondary fabrics are generally more apparent in north

ern map region outcrops than elsewhere in the greater 
Khuvsgul area, with slaty axial-planar cleavage observed in 
most outcrops that contain meter-to-decimeter scale folds. 
Darkhat Group exposures often feature a well-developed 
asymmetrical crenulation cleavage (fig. 8B). This crenula
tion cleavage is most apparent in the southernmost portion 
of the northern map region (fig. 1C; fig. S1), where D2-par
allel cleavage cuts bedding in outcrops within D1-parallel 
folds. Here, the resultant crenulation generally indicates 
a maximum stress direction for the D2 fabric that trends 
north-northeast - south-southwest: cleavage orientations 
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Figure 8. Field photographs detailing structural elements of the greater Khuvsgul study area. A) a laterally-             
discontinous sliver of Ukhaatolgoi Fm sediment forms the footwall of an east-dipping backthrust in the                
southeast Khoridol Saridag Range. B) crenulation cleavage in a fine-grained lithic wacke of a Sarkhoi Fm outcrop                  
approximately 1 km north of the Arcai Gol Thrust. Elongated cleavage planes, dipping to the south-southwest,                 
indicate shear in a top-to-the-north-northeast direction, consistent with the putative throw of the Arcai Gol                
Thrust. Primary bedding planes are dipping to the west (broadly into the page). C) chevron folds in the Salkhitai                    
Mb of the Bakh Fm, eastern Darkhat Valley. Approximately 1.7-m-tall geologist for scale. Folds are broadly D1                  
parallel, and indicate eastward vergence, putatively associated with their proximity to D) cataclasites adjacent to                
a major east-dipping backthrust (fault surface highlighted with a white dashed line) running along the western                 
margin of the Darkhat Valley and defining the western extent of the Khoridol Saridag Range. E) fabrics                  
representative of those observed in siliciclastic lithologies across the Northern mapping area. F) foliations in                
granodiorite (EAGC1942) of the northern area are broadly axial-parallel to D1 structures. The mechanical pencil                
in panels B, E, and F is 15.5 cm in overall length.             

broadly dip to the south-southwest, with lengthening of the 
south-southwest-dipping cleavage planes indicating top-
to-the-north-northeast shear (fig. 8A). Although there are 
only a few exposures of the fault contact, a majority of the 
footwall rocks at these outcrops feature a single, south-
southwest dipping planar foliation, likely the result of in
tense fault-proximal deformation resulting in the obliter
ation of the earlier N-S axial-planar fabrics. Due to its 
proximity to the E-W trending portion of the Arcai Gol 
drainage, this fault system is referred to as the Arcai Gol 
Thrust (fig. S1). 

4.2.3. Structure of the Darkhat Valley map region 

In the Darkhat Valley (fig. 1C), Khuvsgul Group rocks ex
hibit deformation similar to that observed in the other two 
map areas, including distinct D1 and D2 folds. D2 folds 
dominate the scattered outcrops found in the center of the 
Darkhat Valley, with D1 folds and fabrics predominantly ob
served along the fault bounded edges of the map region and 
in the limited outcrops of Darkhat Group rocks in the north 
Darkhat Valley. 
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Exposures along the southeast edge of the Darkhat Val
ley and the westernmost Khoridol Saridag Range preserve 
sets of tight D1 isoclinal folds and east-vergent chevron 
folds (fig. 8C). These structures are located directly east of 
a west-dipping, D1-parallel fault plane bounded by several 
meters of cataclasite and fault breccia (fig. 8D). This fault is 
inferred to continue north to the outlet of Arcai Gol, defin
ing the western extent of the Khoridol Saridag Range (fig. 
1C). 
On the western edge of the Darkhat Valley, D1 folds 

and fabrics dominate the structural motif, with particularly 
well-developed cleavage observed near the footwall of a 
west-dipping, D1 fault that thrusts Tonian metasediments 
of the Oka Prism (Kuzmichev et al., 2007) atop Khuvsgul 
Group rocks. This cleavage is largely fault-plane parallel, 
and in many cases is sub-parallel to bedding, which at many 
outcrops in the westernmost Darkhat Valley appears to be 
overturned within an east-vergent drag fold along the foot
wall of the thrust. 
Multiple intrusive bodies, ranging from monzogranites 

to tonalites, outcrop throughout the Darkhat Valley, cross-
cutting the folded Darkhat Group and Khuvsgul Group. Sev
eral of these intrusions are inferred to be substantially 
larger in the subsurface than their current mappable out
crops suggest, as surrounding carbonate outcrops are mar
bleized, or have developed chaotic brecciation that has de
stroyed primary depositional fabrics in what is interpreted 
as the metamorphic aureole of the underlying intrusion. 

4.3. U-Pb Zircon Geochronology 

4.3.1. Detrital zircon geochronology 

Sixteen samples from throughout the Khuvsgul basin 
yielded detrital zircon, the ages of which are depicted as 
normalized probability plots (fig. 9). Samples are compiled 
by formation, with normalized probability plots represent
ing compilations of four samples from the Sarkhoi Fm, one 
sample from the Khirvesteg Fm, two samples from the Khe
seen Fm, and nine samples from the Ukhaatolgoi Fm (see 
Supplementary Information, table S2 for all detrital zircon 
ages and sample locations). Note that all uncertainties in 
this paper are reported as 2σ, unless otherwise specified. 
The Sarkhoi Fm compilation reveals a strong peak at ~785 
Ma, consistent with magmatic ages for volcanics of the 
Sarkhoi Fm (Kuzmichev & Larionov, 2011). The single de
trital sample from the Khirvesteg Fm contains zircons 
younger than the peak of Sarkhoi magmatism, yielding a 
maximum depositional age constraint of 687.54 ± 2.05 Ma 
(LA-ICP-MS, n=3). However, this sample is post-Marinoan, 
and thus must be younger than 635 Ma (D. Condon et al., 
2005). A detrital sample from the Kheseen Fm (above the 
primary phosphorite strata) yielded a maximum deposi
tional age of 525.19 ± 1.30 Ma (CA-ID-TIMS, n=4). Notably, 
these samples do not contain the 760-680 Ma detrital peaks 
observed in the Khirvesteg sample. Finally, the Ukhaatolgoi 
Fm compilation includes peaks at ~780 Ma, ~630–640 Ma, 
and ~600 Ma, with a young peak at ~525 Ma and a maximum 
depositional age of 508.78 ± 0.20 Ma (CA-ID-TIMS, n=2). 

4.3.2. Magmatic zircon geochronology 

A porphyritic rhyolite (KH01) from the Darkhat Valley 
yielded eighteen concordant young zircon grains, yielding 
a weighted mean age of 793.7 ± 2.97 Ma. The large MSWD 
of these young grains is likely due to differential Pb-loss 
in several of the analyzed grains; alternatively, the younger 
population represents a true age, and the older zircons can 
be largely interpreted as xenocrystic. As such, we do not at
tempt to isolate a statistically-homogenous magmatic zir
con population from this sample. A porphyritic rhyodacite 
(KH03) from the Sarkhoi Group, sampled in Darkhat Valley, 
yielded a weighted mean LA-ICP-MS age of 810.9 ± 10.9 
Ma (n=5; fig. 10A). A foliated granodiorite (EAGC1942) from 
the region north of the Arcai Gol Thrust yielded an LA-ICP-
MS weighted-mean magmatic age of 498.8 ± 2.2 Ma (n=30). 
CA-ID-TIMS analyses of the five youngest grains from this 
sample yielded a 2-grain weighted mean magmatic age of 
503.83 ± 0.13 Ma, and a single concordant young grain with 
an age of 503.22 ± 0.45 Ma (fig. 10B). Other granodiorite 
samples from the same region (EAGC1943, which is heav
ily foliated, and EAGC 1944, which exhibits relatively light 
foliation), yielded LA-ICP-MS weighted mean ages of 501.3 
± 3.1 Ma (n=15) and 499.2 ± 1.5 Ma (n=88), respectively. 
All three samples from the northern map area (EAGC1942, 
EAGC1943, and EAGC1944) reflect variably-foliated exam
ples of a similar metaluminous granodiorite protolith 
(dominant mineral phases, in order of decreasing abun
dance, of quartz, plagioclase feldspar, microcline, and vari
ably-chloritized biotite and hornblende, with accessory un
differentiated iron/titanium oxides, zircon, and apatite). 
Thin section photomicrographs of portions of these sam
ples are collated in the Supplementary Information (fig. 
S4). 
A phaneritic tonalite (dominant mineral phases, in order 

of decreasing abundance, of quartz, plagioclase, and bi
otite, with accessory zircon, apatite, and undifferentiated 
opaque metal oxides) from the southern Darkhat Valley 
(EAGC1925) yielded an LA-ICP-MS weighted-mean age of 
447.9 ± 2.5 Ma (n=16). A porphyritic granodiorite 
(EAGC1926B, featuring 1–2cm euhedral alkali-felsdspar 
phenocrysts in a medium grained matrix of quartz, plagio
clase, alkali feldspar, partially-chloritized biotite, and mi
nor subhedral hornblende, with accessory zircon and ap
atite) and a porphyritic felsic dike with mm-scale 
plagioclase phenocrysts in a fine-grained matrix 
(EAGC1917) from the Muren Gol/Bayan Zurgh region 
yielded LA-ICP-MS weighted-mean ages of 297.4 ± 0.6 Ma 
(n=210) and 276.59 ± 0.9 Ma (n=74) respectively (fig. 10C). 
Thin-section photomicrographs of samples EAGC1925 and 
EAGC1926B are presented in the Supplementary Informa
tion (fig. S4). All magmatic zircon ages are visually summa
rized in fig. 10 and are compiled and tabulated in the Sup
plementary Information (table S3). 

4.4. Carbon isotope chemostratigraphy 

At the base of the Cryogenian Khurts Mb of the Bakh Fm, 
δ13C values reach a nadir of ~ −6‰, before returning to val
ues of ~0–2‰ (fig. 4). The Bumbulug Mb is dominated by 
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Figure 9. Detrital zircon age spectra from the Khuvsgul study area arranged by relative stratigraphic height.               
Upper inset panels show maximum depositional age (MDA) constraints for the Kheseen Fm (EAGC1905) and the                 
Ukhaatolgoi Fm (compilation of multiple samples) respectively, as determined by the youngest grain and               
youngest population of zircon analyzed by both CA-ID-TIMS and LA-ICP-MS. Lower left inset: concordia               
diagrams for CA-ID-TIMS and LA-ICP-MS analyses of the youngest grains in EAGC1905. All sample locations and                 
geochronological data are compiled in the Supplementary Information (table S3).           

a positive δ13C profile of around ~4‰, briefly dipping to
ward negative values up-section before a recovery to sus
tained, highly enriched (>6‰) values in the Salkhitai Mb 
(fig. 4). In general, chemostratigraphically-correlated Cryo
genian strata appear to expand to the WSW, with the thick
est sections observed in the proximity of Agariin Gol and 
Bayan Zurgh (fig. 1B). Above the Shar Diamictite, the basal 
Khirvesteg Fm hosts a distinctive decrease in δ13C, from 
0 to −3‰, before a recovery to positive values (fig. 4). In 

all sections that contain this isotopic profile, the initial de
crease in δ13C occurs in strata that host sheetcrack cements 
(fig. 4D). 
Condensed phosphorite facies of the Kheseen Fm host 

scattered δ13C profiles with a negative excursion to ~−4‰ 
(with several instances of more-depleted values) before a 
recovery to positive δ13C values (fig. 6). In the more ex
panded upper portions of the Kheseen Fm, δ13C profiles are 
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Figure 10. Concordia diagrams and weighted-mean plots for magmatic zircon populations from A) volcanic rocks of               
the Sarkhoi Fm, B) granodiorites from the northern mapping area and C) igneous intrusive rocks postdating D1/D2                  
deformational events. LA-ICP-MS and CA-ID-TIMS data are collated in the Supplementary Information (table S3).               
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more directly correlated with global composite curves (fig. 
11B) and vary from −2 to +2‰. 
A decrease of δ13C values to ~ −3‰, followed by a re

covery to 0‰ is a profile diagnostic of the Lower Mb of the 
Erkhelnuur Fm (fig. 6). In the Middle Mb, positive values of 
~ +2‰ are followed by a decrease to ~ −1.5‰ (fig. 6). These 
are followed a recovery in the Upper Mb to approximately 
0‰ to +2‰, with these values persisting up to the base of 
the Ukhaatolgoi Fm. 

5. DISCUSSION 

5.1. Structural reconstruction of the Khuvsgul basin 

The stratigraphic thickness of the Khuvsgul Group in
creases to the southwest, with lithofacies changes indi
cating deepening in the same direction (figs. 4, 6). Simi
larly, the relative abundance of terrigenous material in the 
easternmost exposures of the Kheseen and Erkhelnuur Fms 
suggest a terrestrial source, or at least a paleotopographic 
high, to the northeast. We suggest that the northern map
ping area, which hosts the thinnest Cambrian strata, rep
resents the most proximal region of the Khuvsgul basin, 
and sections in the Khoridol Saridag Range, Darkhat Valley, 
and further southwest represent increasingly distal deposi
tional environments. In this model, the northern mapping 
area is considered to be an autochthonous marginal com
ponent, and the fold-and-thrust architecture of the Khori
dol Saridag Range map area is likely an amalgamation of 
parautochthonous platformal material that was folded and 
thrust-repeated during Paleozoic collision and accretion. 
The dominance of the north-south trending D1 structures 
in the northern mapping region and the northern Darkhat 
Valley suggests a regional episode of east-west compres
sion. The presence of ductile D1-parallel fabrics observed 
in granodiorites from the northern mapping region (fig. 
7) constrain D1 to ≥503.87 ± 0.11 Ma (CA-ID-TIMS; fig. 
10). We suggest that this phase of deformation represents 
terminal collision and accretion along the western TMT 
margin and the final stages of a Cordilleran-style retroarc 
foreland basin inversion that was also responsible for the 
earlier flysch deposition of the Ukhaatolgoi Fm (see Sec
tions 5.3.4 and 5.5 for additional discussion). 
The west-dipping fault observed along the eastern foot 

of the Khoridol Saridag Range (fig. 1C, fig. S1) is interpreted 
as the main fault of the Khoridol Saridag Range thrust 
system, with subsidiary east-dipping backthrusts propagat
ing off this surface (fig. 3). Repeated backthrusts break the 
Khoridol Saridag Range into distinct thrust panels, with 
the last major backthrust bounding the eastern edge of the 
Darkhat Valley (fig. 1C, fig. 8D). Tight, west-vergent iso
clinal folds and chevron folds (fig. 8C) in Khuvsgul Group 
strata exposed along the southeast edge of the Darkhat Val
ley reflect this area’s position as the footwall of a major E-
dipping backthrust. 
A second major phase of deformation resulted in the 

generation of east-west trending D2 structures that cross-
cut and deform D1 structures in the Khoridol Saridag Range 
and the Darkhat Valley, as well as a pervasive D2-parallel 

cleavage that cross-cuts D1-parallel bedding orientations 
in the northern mapping area. The propagation of the Arcai 
Gol Thrust (fig. 1C, fig. S1) along the southern margin of the 
autocthonous northern mapping area, resulting in the jux
taposition of Khuvsgul Group strata atop older Sarkhoi vol
canic rocks, suggests that this area was already structurally 
above the basal Khoridol Saridag Range thrust sheet prior 
to the generation of the fault. North-northeast - south-
southwest compression generated major D2 structures in 
the Khoridol Saridag Range, including anticlinal folds that 
crosscut D1 anticlinoria to form domal structures (fig. 3). 
This compressional regime also generated widespread 
crenulation cleavage (fig. 8B) in the southernmost portion 
of the northern mapping area, with cleavage orientations 
indicating reverse motion plane-parallel to the orientation 
of the Arcai Gol Thrust. Because Ordovician intrusions in 
the Khuvsgul region (including the ca. 448 Ma EAGC1925) 
do not host any fabrics similar to those created by this 
event, this compressional stress regime likely occurred in 
the early Paleozoic. We suggest that the D2 deformation 
is associated with a late Cambrian to Ordovician collision 
between the northeastern margin of the TMT and Siberia 
(Buslov et al., 2002; Domeier, 2018; Kuzmichev, 2015), with 
collision marked by ca. 490 Ma magmatic and metamorphic 
zircon ages from the Olkhon Terrane to the NE (Donskaya 
et al., 2017). 

5.2. A new age model and chemostratigraphic 
framework for the Khuvsgul Group 

Bulk carbonate δ13C data from measured sections through
out the Khuvsgul Basin were used, in concert with lithos
tratigraphic, biostratigraphic, and structural context, to 
generate a basinal composite chemostratigraphic curve for 
the Khuvsgul Group (fig. 11A). The resultant composite 
curve was then correlated to contemporaneous, globally 
distributed δ13C curves (fig. 11B) by matching the peaks 
and nadirs of positive and negative δ13C excursions from 
the Khuvsgul composite curve. Additional constraints on 
these correlations are provided both by maximum depo
sitional ages from detrital zircon samples and biostrati
graphic constraints from the first observed appearances of 
archaeocyatha in the Erkhelnuur Fm (figs. 6, 11A). We 
adopt the nomenclature of the 2020 Geologic Timescale 
(Gradstein et al., 2020) and the Cambrian age model of L. L. 
Nelson et al. (2023), but also incorporate the regional Siber
ian timescale nomenclature for the basal Cambrian in our 
discussion and figures, as the bulk of previous work in the 
Khuvsgul region utilizes this framework. 
We use δ13C from carbonate strata as a tool for intra- 

and inter-basinal correlation, and acknowledge that diage
nesis can alter primary carbon isotopic compositions in car
bonates (Ahm et al., 2018). This alteration can be driven by 
a variety of factors, including eustatic variability (Swart & 
Eberli, 2005) and fluid convection through carbonate plat
forms (Kohout, 1965). Other potential drivers of variability 
include changes in the composition or volume of local car
bon sources and sinks (Holmden et al., 1998), and changes 
in the dominant carbonate polymorph present in the de
pozone (e.g., aragonite vs. calcite, Romanek et al., 1992). 
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Figure 11. Age model and compiled chemostratigraphy for the Khuvsgul Group. A) a δ           13C compilation from the Khuvsgul group is correlated with B) a global δ            13C  
compilation and C) a composite δ     13C chemostratigraphy from Cryogenian-Cambrian strata of the Zavkhan Terrane. Note that while we use the global                 
chemostratigraphic compilation of Bowyer et al.       (2022), we utilize the Cambrian age model of L. L. Nelson et al.              (2023).  
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However, given that both regional and global forcings, in
cluding tectonics, climate, and sea level changes, can influ
ence these drivers, carbonate δ13C chemostratigraphy can 
still serve as a valuable correlation tool both within and be
tween basins at a regional or even global scale (Ahm & Hus
son, 2022). 
Additional complexities are inherent in correlating δ13C 

records from primary phosphogenic strata: compounded 
with issues of lateral discontinuity and stratigraphic con
densation (Anttila et al., 2023; Föllmi, 1996; Föllmi et al., 
2017), remineralization and variable redox conditions asso
ciated with phosphogenesis may also drive local δ13C gra
dients: phosphogenesis has been shown to occur in en
vironments that promote the authigenic precipitation of 
carbonate near the sulfate reduction-methanogenic transi
tional zone (e.g., Cui et al., 2016, 2017), resulting in vari
able authigenic δ13C compositions. Though some of the 
δ13C values derived from the condensed intervals of the 
Kheseen Fm likely incorporate an authigenic component, 
texturally homogenous micritic cements within primary 
phosphogenic strata were targeted for δ13C analysis when
ever possible in order to minimize potential authigenic 
contamination. 

5.3. Chronostratigraphy and Neoproterozoic-
Cambrian evolution of the Khuvsgul Group 

We combine our new age model with lithostratigraphic and 
facies observations summarized above to develop a model 
for the Neoproterozoic-Cambrian evolution of the Khuvsgul 
basin. A representative tectonic subsidence curve was cal
culated using a modified version of the backstripping model 
of Müller et al. (2018); all input data and assumed litho
logical characteristics are summarized in the Appendix, and 
tabulated in the Supplementary Information (table S4). The 
model tectonic subsidence curve and a cartoon summa
rizing the tectonic evolution of the Khuvsgul basin(s) are 
shown in figure 12. 

5.3.1. Cryogenian rift-drift transition 

Following the emplacement of volcanic rocks associated 
with the Sarkhoi/Zavkhan arc in the Tonian and termina
tion of arc magmatism on the margin, rifting accommo
dated the deposition of the uppermost Sarkhoi and Arasan 
siliciclastic sequences. The variable thicknesses and facies 
of these units can be attributed to rift-related paleotopo
graphic variability across the basin. The development of 
riftogenic, localized accommodation space continued 
through deposition of the syn-Sturtian Ongolog Fm, fol
lowed by a mid-Cryogenian rift-drift transition to passive-
margin deposition. The passive margin persisted through 
the early Ediacaran (fig. 12A), as evidenced by a shift to
wards more gradational changes in formational thickness 
across the basin in the Bakh Fm and overlying Khirvesteg 
Fm. The development of a passive margin on the western 
margin of the TMT is corroborated by a lack of Cryogenian 
and Ediacaran magmatism, and the apparent exponential 
decay of tectonic subsidence (fig. 12). 

5.3.2. Ediacaran hiatus 

A basinally-ubiquitous unconformity surface above basal 
Ediacaran strata (figs. 6, 11A) across the Khuvsgul region 
is potentially related to accretion on the eastern margin of 
the TMT. An inferred collision is supported by ca. 630–620 
Ma peaks in detrital zircon age data from the Dzhida and 
Hamardavaa regions (Shkol’nik et al., 2016; terrane loca
tions shown in fig. 1), which also occur in detrital zircon 
spectra from younger Khuvsgul Group rocks in the Khoridol 
Saridag Range (fig. 9). A similar hiatal surface is observed 
between the Shuurgat and Zuune Arts Fms of the Tsagaan 
Oloom Group (Bold, Smith, et al., 2016; Smith et al., 2016), 
and is potentially related to accretion of the Bayankhongor 
ophiolite to the east. 

5.3.3. A Cambrian phosphogenic pro-foreland 
basin 

Above the Ediacaran unconformity surface, phosphatic 
strata of the basal Kheseen Fm were deposited into a 
nascent foreland basin associated with collision of the 
Agardag Arc above a west-dipping subduction zone along 
the western margin of the TMT (fig. 12B). In the developing 
pro-foreland, localized zones of primary phosphogenesis 
experienced uplift and reworking, which we attribute to 
forebulge migration. Specifically, condensed primary phos
phogenic zones on a paleotopographic high centered in the 
easternmost Khoridol Saridag Range likely sourced phos
phatic and siliceous allochems that were redeposited in al
lodapic grainstones to the south and west (figs. 6, 13).The 
up-section decrease in phosphatic allochem frequency in 
the Kheseen Fm, as well as an overall trend towards deeper 
facies associations, suggests the onset of rapid subsidence 
associated with a developing foredeep, before an abrupt 
transition to coarse clastic debrites observed in section 
EAGC1905 at Kheseen Gol (figs. 3, 5E, 6), and massive chert 
horizons elsewhere in the basin. We suggest that the Khe
seen Gol debrites are a wildflysch associated with the inver
sion of the Kheseen pro-foreland during the terminal colli
sion of the Agardag arc (fig. 12C, D). As such, the debrites, 
which have a maximum depositional age of 525.19 ± 1.30 
Ma (fig. 9), are potentially associated with a significant de
positional hiatus or erosional unconformity and may be 
temporally isolated from the underlying Kheseen Fm phos
phorites. 
Comparison of δ13C data from the lower interval of the 

Kheseen Fm (fig. 11A) with compiled global δ13C records 
(fig. 11B) provides an end-member age model for the Khe
seen Fm. This model assumes significant depositional hia
tus or erosional unconformity between the upper Kheseen 
Fm phosphatic carbonates and the Kheseen Gol debrites 
and draws an equivalency between a decrease in median 
δ13C values in the basal Kheseen Fm, from approximately 
+3‰ to −4‰, with a similar decrease following Excursion 
1p into the basal Cambrian carbon isotope excursion 
(BACE; fig. 11B). The Kheseen phosphorites are broadly 
temporally equivalent to phosphatic strata of the Zuun-
Arts Fm and BG2 Mb of the Bayan Gol Fm of the Zavkhan 
Terrane (Smith et al., 2016; fig. 11C), and, considering ra
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Figure 12. Tectonic subsidence model for the Khuvsgul Group, paired with a schematic tectonic model (inset               
panel) of the western margin of the Tuva-Mongolia Terrane in Khuvsgul Group time. a) passive margin                 
deposition occurred along the western margin of the TMT during the Cryogenian and early Ediacaran, prior to a                   
prolonged depositional hiatus along the margin. b) deposition of the fossiliferous phosphorites of the Kheseen                
Fm occurred in a pro-foreland basin associated with the approaching Agardag Arc; see              figure 13   for detailed   
schematic of phosphogenic environment. c,d) collision of the Agardag Arc resulted in slab breakoff and                
subduction polarity reversal; uplift associated with these events inverted the pro-foreland, caused putative              
erosion/hiatus, and resulted in the deposition of wildflysch in the eastern Khoridol Saridag Range. e) resumption                 
of E-dipping subduction along the western margin resulted in Ikh-Mongol Arc magmatism, and the deposition of                 
the Erkhelnuur Fm into the Ikh-Mongol retroarc foreland. f) collision along the western margin of the Ikh-                
Mongol arc resulted in regional metamorphism, inversion of the retroarc foreland, deposition of the Ukhaatolgoi                
Fm., and the emplacement of granodiorites       ca.  504 Ma.   

dioisotopic constraints that have been proposed for the 
base of the Cambrian on other paleocontinents (L. L. Nel
son et al., 2023), have a maximum age of ~534 Ma. This cor
relation (fig. 11A–B) suggests that phosphogenesis in the 
Khuvsgul basin lasted ~3 Myr, which is comparable to the 
longevity of other phosphogenic environments in tectoni
cally active Phanerozoic basins (e.g., Anttila et al., 2023). 
The presence of flysch deposits in the upper Kheseen Fm 

suggests a tectonic reorganization of the Khuvsgul basin 
associated with a collision. Uplift associated with slab 
breakoff and subduction polarity reversal could have re
sulted in significant hiatus or erosion and driven the em
placement of terrigenous debrites across the terminal pro-
foreland, prior to the resumption of subsidence in 
Erkhelnuur Fm time. Though these terrigenous debrites 

have thus far been described only at Kheseen Gol, Cloud
ina-bearing conglomerates and breccias of the Boxon Group 
(Khuvsgul-Group-equivalent strata of southern Siberia; 
Kherzaskova & Samygin, 1992) suggest the widespread oc
currence of coarse debrites in the early Cambrian. 

5.3.4. Cambrian retroarc foreland 

The Erkhelnuur Fm was deposited into a rapidly subsiding 
retroarc foreland basin associated with east-dipping sub
duction along the western margin of the TMT (fig. 12E), 
with carbonate platformal growth largely keeping pace with 
subsidence. Shelf-slope transitional facies persist through
out the upper Erkhelnuur Fm (fig. 6), with little evidence to 
suggest a long-term flooding stage or drowning of the plat
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form anywhere in the Erkhelnuur stratigraphy. The inter
pretation of this basin as a retroarc foreland environment is 
supported by the influx of clastic sediments of the Ukhaa
tolgoi Fm, which feature facies characteristics of flysch de
position. Detrital zircon spectra from Ukhaatolgoi Fm sam
ples contain Ediacaran and Cambrian grains from an exotic 
source, presumably the uplifted Agardag arc. In the Khuvs
gul region, terminal foreland sedimentation was accompa
nied by the emplacement and deformation of 504–503 Ma 
granodiorites, further supporting the interpretation of a 
retroarc foreland environment (fig. 7, 10), and potentially 
indicating the collision of another arc/terrane (likely the 
Gorny Altai Terrane; Bold, Crowley, et al., 2016; Buslov et 
al., 2013; Dobretsov et al., 2003) along the western margin 
of the Ikh-Mongol arc. 

5.4. Coevolution of the Khuvsgul Group and 
Neoproterozoic-Cambrian strata of the Zavkhan 
Terrane 

With ties between the Neoproterozoic-Cambrian stratigra
phy of the Zavkhan Terrane and the Khuvsgul Group pro
posed on the basis of lithostratigraphy (Macdonald & 
Jones, 2011), a new composite chemostratigraphy from the 
Khuvsgul Group allows us to refine these earlier correla
tions. The Cryogenian Bakh Fm hosts a carbon isotope pro
file similar to those from other Cryogenian non-glacial in
terlude platformal carbonate sequences around the world 
(fig. 11). In particular, δ13C values of +4 to +6‰ in the 
Khurts Mb of the Bakh Fm are followed by a −3 to −8‰ 
interval in the Bumbulug Mb, with a recovery to positive 
(+6 to +8‰) values observed in the upper Bumbulug and 
basal Salkhitai Mbs. These trends can be directly correlated 
(fig. 11) to similar patterns observed in the Taishir Fm of 
the Tsagaan Oloom Group of the Zavkhan Terrane, the type 
locality of the eponymous negative δ13C excursion (Bold, 
Smith, et al., 2016; Johnston et al., 2012; Macdonald et al., 
2009). This correlation supports the Sturtian and Marinoan 
affinities of the Ongolog and Shar Fms, respectively, and 
further bolsters arguments for a unified Khuvsgul and Za
vkhan passive margin history during the Cryogenian. In ad
dition to similarities in chemostratigraphy, the Bakh Fm 
is broadly similar, in terms of thickness, lithology, and fa
cies association, to temporally equivalent intervals of the 
Taishir Fm (Bold, Smith, et al., 2016). Barite crystal fans, 
sheet-crack cements, and affinities with underlying Mari
noan diamictite sequences underscore the identification of 
the basal Khirvesteg and Ol Fms (Bold, Smith, et al., 2016) 
as Marinoan cap carbonate sequences within the Khuvs
gul and Tsagaan Oloom Groups, respectively. Carbon iso
tope stratigraphy suggests a similar interpretation, with the 
basal portions of both formations hosting similar δ13C pro
files that dip to as low as -5‰ before recovering to ~ 0‰, 
a trend observed within Marinoan cap carbonates around 
the world (Bold, Smith, et al., 2016: fig. 17, and references 
therein). Above the Marinoan cap carbonate sequence, on 
both terranes, early Ediacaran strata are truncated by an 
Ediacaran unconformity (Bold, Smith, et al., 2016; Macdon
ald et al., 2009). 

Above the Ediacaran hiatal surface, the timing of deposi
tion and lithological similarities between terranes begin to 
diverge. On the Zavkhan Terrane, the Zuun-Arts, Bayangol, 
Salaagol, and Khairkhan Fms formed during the latest Edi
acaran to early Stage 2 of the Cambrian (~534-520 Ma), and 
comprise more siliciclastic-rich strata (Smith et al., 2016). 
On the TMT, Khuvsgul Group strata are carbonate-domi
nated, and only the Kheseen Fm appears to have been de
posited prior to Cambrian Stage 2, with the Erkhelnuur, and 
Ukhaatolgoi Fms deposited from Cambrian Stage 2 through 
Stage 3. These stratigraphic differences can be attributed to 
the development of composite foreland basins during arc-
continent collision, slab reversal, and accretion along the 
western TMT-Zavkhan margin. 

5.5. Diachronous collision of a Cambrian arc and 
development of stacked forelands 

Arc volcanism occurred west of both the TMT and the Za
vkhan Terranes in the Ediacaran to Cambrian. In the south, 
the western margin of the Zavkhan Terrane is flanked by 
the Khantaishir Ophiolite, which formed ca. 570 Ma in a 
suprasubduction environment (Gianola et al., 2017, 2019), 
and arc-related igneous rocks. These include the Khan
taishir Magmatic Complex, which hosts continental arc 
lithologies that span ~524–495 Ma (Janoušek et al., 2018). 
In the north, the ~570 Ma Agardag Tes-Chem ophiolite 
(Pfänder & Kröner, 2004) lies west of the TMT, albeit in
board of island arc-related intrusive rocks as young as 535 
Ma (Rudnev et al., 2006) and ca. 522–518 Ma calc-alkaline 
granites of the East Tannu-Ola batholith (Mongush et al., 
2011; Rudnev et al., 2008). 
Janoušek et al. (2018) argued that the Khantaishir Arc, 

Agardag Arc, and various other early Cambrian arc rocks lo
cated west of the TMT-Zavkhan margin were part of a sin
gle arc complex, which is termed the Ikh-Mongol Arc. In 
contrast, Smith et al. (2016) and Bold, Crowley et al. (2016) 
proposed ca. 540–520 Ma arc-continent collision along the 
composite TMT-Zavkhan margin, followed by slab breakoff 
and reversal. In schematic models of the Ikh-Mongol Arc, 
including those found within detailed studies of its compo
nents, the arc system is typically depicted as a continen
tal or peri-continental arc over an east-dipping subduction 
zone (e.g., fig. 19 of Janoušek et al., 2018). However, most 
of the same studies (Gianola et al., 2017, 2019; Janoušek 
et al., 2018) note geochemical signatures, particularly in 
older rocks, that describe an island-arc affinity, while the 
youngest rocks in the same localities are more closely asso
ciated with continental arc compositions. Furthermore, the 
geometric relationship between the arc rocks of the Khan
taishir Arc and the suprasubduction-origin interpretation 
of the Khantaishir ophiolite is inconsistent with east-dip
ping subduction at the time of ophiolite formation. 
Here, parallel to interpretations of Khantaishir Arc sub

duction polarity suggested by Smith et al. (2016) and Bold, 
Crowley et al. (2016), we propose that the Ikh-Mongol Arc 
initiated over a west-dipping subduction zone, resulting in 
the emplacement of suprasubduction ophiolites oriented 
east of the main locus of arc volcanism. As the oceanic 
crust between the arc and the TMT-Zavkhan margin was 
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consumed, the eastward progradation of the pro-foreland 
onto TMT-Zavkhan marginal crust resulted in the depo
sition of the Tsagaan-Oloom Group and the Kheseen Fm 
of the Khuvsgul Group. As the composite Agardag-Khan
taishir arc continued to approach and eventually collide 
with TMT-Zavkhan continental crust, suprasubduction-
zone ophiolites were obducted and sandwiched between 
the arc and TMT-Zavkhan margin, with regional uplift 
along the margin resulting in the deposition of the 
Khairkhan Fm on the Zavkhan Terrane, and wildflysch de
posits, erosion, and/or depostional hiatus in the upper Khe
seen Fm on the TMT. Slab breakoff and reversal along the 
TMT-Zavkhan margin preceded the deposition of the 
Erkhelnuur and Ukhaatolgoi formations behind the 
~522–518 Ma East Tannu-Ola batholith. Such a scenario is 
directly analogous to the present-day Taiwan margin (e.g., 
Clift et al., 2003; Teng et al., 2000). 
Ikh-Mongol Arc accretion culminated with regional de

formation, potentially associated with collision of the 
Gorny Altai Terrane (Bold, Crowley, et al., 2016; Buslov 
et al., 2013; Dobretsov et al., 2003) along the continental 
arc’s western margin, which manifested as D1 structures in 
the Khuvsgul Region and the eastward migration of mag
matism. Granulite metamorphism in the Sangilen region, 
which lies between the Agardag Arc and the TMT, occurred 
ca. 515 Ma (Karmysheva et al., 2021), with lower temper
ature regional metamorphism occurring between 505 and 
495 Ma (Kozakov et al., 2021). This inferred accretionary 
orogeny is contemporaneous with the emplacement and 
subsequent deformation of foliated ~504 Ma granodiorites 
in the autocthonous portion of the Khuvsgul basin (fig. 7, 
10). In the south, rocks in the Khantaishir Magmatic Com
plex began to host geochemical signatures consistent with 
a primitive continental arc after ~520 Ma (Janoušek et al., 
2018), while magmatism on the Zavkhan Terrane occurred 
between 509 and 507 Ma (Bold, Crowley, et al., 2016). 
Together, these data outline the diachronous develop

ment of composite foreland basins along the TMT-Zavkhan 
margin. The nascent stages of Ikh-Mongol Arc collision 
resulted in the deposition of the Zuun-Arts, Bayangol, 
Salaagol, and Khairkhan Fms of the Zavkhan Terrane and 
the Kheseen Fm of the Khuvsgul Group into pro-foreland 
basins between ~534 and ~524 Ma, with the latter strata 
experiencing a potentially significant depositional hiatus 
or erosional unconformity (fig. 11A) contemporaneous with 
continued deposition along the Zavkhan pro-foreland. Fol
lowing slab breakoff and reversal of subduction polarity, 
~524–495 Ma foreland deposition on the Khuvsgul terrane 
occurred in a retroarc foreland basin setting. 

5.6. Pro-foreland phosphogenesis 

Differences in the style and tempo of foreland development 
(Sinclair & Naylor, 2012) along the TMT-Zavkhan margin 
likely had significant impacts on the style and extent of 
phosphogenesis at each locality. Siliciclastic material is 
much more abundant in Cambrian strata of the Zavkhan 
Terrane (Smith et al., 2016) than those of the TMT (fig. 
11C), and the relative proximity to (or availability of) ter
rigenous material in each locality resulted in different 

grades and styles of phosphate mineralization. Phosphatic 
intervals in the Zuun-Arts Fm and BG2 Mb of the Bayangol 
Fm include phosphatic shales, rare phosphatic hardgrounds 
in carbonate strata, and lags of phosphatized small shelly 
fossils in carbonate grainstones (Smith et al., 2016). In gen
eral, the Zuun-Arts/BG2 phosphorite hosts lower phospho
rus concentrations than the Kheseen phosphorites: on the 
Zavkhan Terrane, phosphogenesis manifested as diffuse 
phosphatic material in shale, or as concentrated but iso
lated phosphate precipitation around biogenous material. 
In contrast, primary phosphogenesis in the Kheseen Fm 

(fig. 13) is characterized by localized precipitation of con
centrated phosphatic hardgrounds (fig. 13D, E). Although 
phosphatized microfossils and phosphatic allochems with 
biogenic textures (Anderson et al., 2017, 2019) have been 
identified in phosphatic grainstone beds (fig. 13B) of the 
Kheseen Fm, hardground-bearing zones in the basal Khe
seen Fm lack abundant textural evidence of preexistent bio
logical structures or substrates that would promote calcium 
fluorapatite (CFA) nucleation through direct biological me
diation. Many of the phosphatic hardgrounds of the Khe
seen Fm are found in close association with channelization, 
cross-stratification (fig. 13C) and winnowed beds (fig. 
13C–E), the cooccurrence of which is indicative of an en
ergetic, sediment-starved environment. Importantly, many 
of the phosphatic horizons that initially appear to be hard
grounds in hand-sample are lags of granular phosphatic al
lochems that are cemented with a CFA matrix (red arrow, 
fig. 5B), indicating that multiple generations of phosphate 
mineralization are present in many of the most concen
trated phosphorite horizons. These observations are con
sistent with phosphogenic models associated with multi
generational winnowing and phosphate concentration 
(Anttila et al., 2023; Baturin & Bezrukov, 1979; Föllmi, 
1996), as well as models that invoke intermittent sediment 
starvation and low apparent sedimentation rates as primary 
drivers of ore-grade phosphate mineralization and concen
tration (Föllmi et al., 2017). 
Beyond providing an avenue for multigenerational phos

phogenesis and mechanical concentration, the high-en
ergy, low-sedimentation-rate environment inferred in the 
primary phosphogenic zones of the Kheseen Fm may also 
have promoted permeability barriers conducive to the accu
mulation of elevated porewater phosphate concentrations: 
multigenerational phosphatic horizons are often bounded 
by micrite laminae (fig. 13D, E), which may have provided 
a low porosity/permeability layer that restricted or focused 
porewater throughflow, as well as encouraged reducing 
conditions that increased the concentration of labile phos
phate sourced from redox-sensitive mineral phases (Sundby 
et al., 1986). It has been demonstrated that both directional 
and oscillatory currents can create “armored”, low-porosity 
horizons in sedimentary environments with silt-sand 
grainsize distributions (Wu et al., 2018), with coarser-grain
size layers bounded by finer, lower-permeability horizons. 
An analogous phenomenon occurred in Miocene phospho
rites of the Monterey Fm, where silt- and clay-rich layers 
bound CFA-cemented lags of granule-pebble phosphatic 
clasts (Anttila et al., 2023). Additionally, the formation of 
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Figure 13. Kheseen Fm. phosphorite facies, presented as a thick-section photograph (left) and micro-XRF-           
derived elemental map (right). A) phosphatic allochems within grainstone horizons in interbedded limestone              
grainstone and mudstone. B) fining upward grainstone predominantly composed of phosphatic grains, with              
infrequent void-filling micritic cement. C) cross-bedded phosphatic wackestone and limestone grainstone. Note             
variably angular phosphatic clasts in coarsest wackestone horizon. D) Phosphatic hardground and overlying              
intraclast breccia, with tabular phosphatic clasts supported in a limestone grainstone matrix. Note siliceous               
cementation of limestone grainstone below basal phosphatic hardground. E) Phosphatic hardground, below             
limestone grainstone and wackestone with angular phosphatic and chert allochems. F) cartoon schematic model               
of the Kheseen Fm. phosphogenic sedimentary environment. The putative depositional environments of             
phosphorite facies A-E are shown, with predominantly-reworked facies (A-C) occurring at or below fair-weather-             
wave base (FWWB), and likely above storm-wave base (SWB). Facies D and E are indicative of primary,                  
multigenerational phosphogenesis in a shallow, energetic environment, likely on a banktop/local topographic             
high. The development of locally-variable topography was likely mediated by the eastward migration of a                
forebulge associated with the collision of the Agardag Arc.          

authigenic and diagenetic phosphate minerals along these 
permeability barriers may function as a positive feedback 
through the addition of low-porosity, low-permeability ma
terial along a given horizon (Föllmi et al., 2005). 

5.7. Drivers of phosphogenesis and implications for a 
global Ediacaran-Cambrian phosphogenic event 

Despite differences in phosphorite texture and grade, tec
tonically mediated paleotopography in both the Khuvsgul 

and Zavkhan basins provided the necessary depositional 
conditions to accumulate phosphorus and precipitate/con
centrate authigenic phosphate in the sediment column. We 
suggest that the eastward migration of a forebulge during 
the development of the Khuvsgul and Zavkhan pro-fore
lands drove the formation of paleotopographic highs (fig. 
13F), which hosted sedimentary conditions ideal for phos
phogenesis. In many ways, this scenario is analogous to 
a model for authigenic Superior-type iron ore generation 
in foreland basin environments (Hoffman, 1987), in which 
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the migration of foreland topography drives ore-generating 
conditions in a migrating, foredeep-axis-parallel band 
along the entire foreland margin. Phosphogenesis occurred 
in foreland basin environments throughout the latest Neo
proterozoic and Phanerozoic, including examples from the 
Ediacaran (Flicoteaux & Trompette., 1998; Moreira et al., 
2021), Permian (Maughan, 1994), and Cretaceous (Föllmi, 
1996). Along the TMT-Zavkhan margin, paleotopographic 
highs harbored energetic depositional environments that 
record evidence of abundant erosion and reworking (fig. 
13A–E), winnowing (fig. 13D), and varying degrees of sedi
ment starvation. These features are commonly observed in 
other Phanerozoic phosphorites (e.g., Anttila et al., 2023; 
Föllmi, 1990; Föllmi et al., 2017), and may be a critical com
ponent of condensed phosphorite formation: an energetic, 
winnowing depozone allows for the repetitive restructuring 
of the redoxocline at the sediment-water interface, which 
can greatly impact the lability and mineralogical associa
tion of phosphorus in the sediment column. 
Labile phosphorus can be transferred from the water col

umn to the sediment either with deposited organic material 
(Redfield, 1958), or as inorganic phosphate bound to metal 
oxyhydroxide minerals (Froelich, 1988; Shaffer, 1986). Both 
of these phosphorus shuttles are inherently redox-sensi
tive: the remineralization of organic matter, achievable 
through a variety of metabolic pathways, results in the 
liberation of organically-bound phosphorus as phosphate 
(e.g., Berner et al., 1993; Froelich et al., 1982; Ingall & 
Van Cappellen, 1990), while inorganic phosphate bound to 
Fe and Mn oxyhydroxide minerals becomes labile under 
reducing conditions (O’Brien et al., 1990; Sundby et al., 
1986). Biological mediation of redox conditions adjacent to 
the sediment-water interface may be critical for modulat
ing both phosphate liberation and precipitation: sulfur-me
tabolizing microbial ecologies have been shown to increase 
porewater phosphate concentrations and drive apatite pre
cipitation in experimental (Brock & Schulz-Vogt, 2011; 
Goldhammer et al., 2010), modern (Arning et al., 2008; 
Schulz & Schulz, 2005), and Phanerozoic (Arning et al., 
2009; Berndmeyer et al., 2012; Salama et al., 2015) phos
phogenic environments, with geochemical (Sanders et al., 
2024) and putative paleontological (Bailey et al., 2007, 
2013) evidence suggesting the occurrence of similar 
processes in Ediacaran-Cambrian phosphorites. Recurrent 
redoxocline development in microbial communities (e.g., 
within stromatolites, sensu Sanders & Grotzinger, 2021) or 
in the sediment column (through repetitive deposition, hia
tus, and reworking/removal in winnowing sedimentary en
vironments) promotes the repeated remobilization of re
dox-sensitive mineral- and organic-bound phosphate, a 
fraction of which may precipitate as relatively-insoluble 
authigenic minerals (Föllmi, 1996, and references therein). 
These authigenic CFA nodules or lamina are less suscep
tible to removal during winnowing than fine sediment or 
organic material, resulting in the relative immobility and 
eventual reburial of authigenic phosphatic material that 
can: a) serve as an ideal nucleation substrate for future 
authigenic precipitation (Van Cappellen et al., 1993), and 

b) create low porosity/permeability layers that further con
centrate pore-water phosphate (e.g., Föllmi et al., 2005). 
In this model, the most critical factors governing phos

phogenesis are: i) the prevalence and abundance of shut
tling mechanisms (e.g., organic material and/or redox-sen
sitive minerals) to efficiently transfer phosphate to or 
across the sediment-water-interface, and ii) the effective
ness of the local depositional environment in modulating 
phosphate release, retention, and precipitation in the sed
iment. We propose that changes associated with these fac
tors, rather than changes in gross marine phosphate abun
dance, are responsible for the global Ediacaran-Cambrian 
increase in phosphogenesis. Phosphorus concentrations in 
marine shales indicate that marine phosphate abundance 
was elevated to near-Phanerozoic levels by the Tonian 
(Planavsky et al., 2023), with shallow marine carbonates 
also recording elevated levels of marine phosphate in the 
early Neoproterozoic (Roest-Ellis et al., 2023). As such, the 
relative dearth of Tonian and Cryogenian phosphorites and 
the apparent Ediacaran-Cambrian increase in phosphogen
esis may instead reflect a change that affected the mecha
nism or locus of authigenic phosphate accumulation. 
One such change is the gradual and sustained increase 

in the oxidative potential in Earth’s surface environments 
(Stockey et al., 2024) following the Cryogenian Snowball 
Earth events, which were associated with a return of iron 
formations in the geological record (Cox et al., 2013) and 
a precipitous decline in the abundance of seawater sulfate 
(Hurtgen et al., 2002). We suggest that the Ediacaran-Cam
brian increase in phosphogenesis reflects the opening of a 
taphonomic window, during which redox conditions con
ducive to phosphogenesis expanded into progressively 
deeper marginal marine settings (e.g., Zhang et al., 2019, 
and references therein). These depositional environments 
may be more likely to be preserved in the stratigraphic 
record relative to the proximal, peritidal depozones that 
hosted phosphogenesis during periods with lower oxidative 
potential (G. J. Nelson et al., 2010), resulting in an apparent 
increase in the abundance of phosphorites in the rock 
record across the Neoproterozoic-Phanerozoic transition. 
In this scenario, an increase in pO2 increased terrestrial 
sulfide oxidation and the delivery of sulfate to the oceans 
(Lyons & Gill, 2010), providing fuel for enhanced sulfate re
duction of organic matter (Berner, 1977; Cui et al., 2017; 
Dodd et al., 2023; Kipp & Stüeken, 2017; Laakso et al., 
2020), and increasing the potential for phosphate mobiliza
tion and shuttling across the sediment-water interface in 
marginal marine depozones. 
Although the establishment of requisite redox potentials 

in progressively deeper environments set the stage for 
phosphogenesis to occur within marginal marine settings, 
the locus, timing, and style of authigenic phosphate ac
cumulation in Ediacaran-Cambrian phosphorites was ulti
mately determined by local, depozone-dependent sedimen
tological and putative biologically-mediated conditions. 
The driving role of these local controls is underscored by 
the diachroneity of Ediacaran-Cambrian phosphorites 
across nearly 130 Myr (fig. 14). Despite their dispersion 
in both time and space, all well-described Ediacaran-Cam
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Figure 14. Age and duration of Ediacaran and Cambrian phosphorite occurrences, grouped by craton. The              
temporal range of Doushantuo-Pertatataka-Type microfossil assemblages, including those not associated with            
phosphorites, are depicted in red.      

brian phosphorites summarized in figure 14 host sedimen
tological evidence for intermittently-energetic depositional 
conditions, sedimentary reworking, and localized conden
sation. As we demonstrate above, and as may have been the 
case for other Ediacaran-Cambrian foreland basin phospho
rites, the phosphogenic environments in the Khuvsgul and 
Zavkhan basins were directly modulated by local tectonic 
processes through the generation of topography. 

5.8. Acanthomorphs of the Kheseen Fm: a long-lived 
biota 

Microfossils, including Doushantuo-Pertatataka-Type 
acanthomorphic acritarchs, are found within reworked 
phosphorites of the Kheseen Fm within the easternmost 
Khoridol Saridag Range (Anderson et al., 2017, 2019; lo
cations in fig. 3, and stratigraphic position in fig. 11A). 
Doushantuo-Pertatataka-Type acanthomorphs were a cos
mopolitan organism in the Ediacaran (Cohen & Macdonald, 
2015) that appeared soon after the terminal Cryogenian 
(McFadden et al., 2009), and have been hypothesized (S. 
Xiao et al., 2014), albeit controversially (Cunningham et 
al., 2017), to represent early animal embryos. Doushantuo-
Pertatataka-Type acanthomorphic acritarchs were initially 

thought to disappear from the fossil record prior to or dur
ing the Shuram carbon isotope excursion (Zhou et al., 
2017), a globally-synchronous phenomenon that occurred 
between 574 and 567 Ma (Rooney et al., 2020). However, 
discoveries of acanthomorphic acritarchs in putatively late-
Ediacaran strata (Anderson et al., 2017; Golubkova et al., 
2015; Ouyang et al., 2017) refuted this idea, with the oc
currence of acanthomorphic acritarchs in late Ediacaran 
and basal Cambrian (544–530 Ma) strata of the Oppokun 
Fm of northern Siberia (Grazhdankin et al., 2020) confirm
ing the long-lived nature of these taxa (fig. 14). Our new 
chronostratigraphic model revises the age of the Kheseen 
Fm fossil assemblage described by Anderson et al. (2019) to 
be within the recovery of the BACE and prior to excursion 
2p (fig 11A–B), constraining the ages of this interval to 
between ~533 and 531 Ma, and making this assemblage 
one of the youngest known phosphatized Doushantuo-Per
tatataka-Type fossil localities in the world (fig. 14). More
over, this age constraint demonstrates that Doushantuo-
Pertatataka-type assemblages occurred, at localities around 
the globe, across a span of more than 90 million years. 
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6. CONCLUSIONS 

New geological mapping, chemostratigraphy, biostratigra
phy, and U-Pb zircon geochronology inform a new age and 
tectonic model for the Khuvsgul Group. The Khuvsgul 
Group was deposited into a series of stacked basins that 
developed along the western margin of the Tuva-Mongolia 
Terrane. The Cryogenian Ongolog, Bakh, Shar, and basal 
Ediacaran Khirvesteg Fms were deposited along a passive 
margin, prior to a prolonged depositional hiatus in the mid
dle and late Ediacaran. Phosphorites of the Kheseen Fm, 
which host a Doushantuo-Pertatataka-Type microfossil as
semblage, were deposited into a nascent pro-foreland basin 
associated with the Agardag arc that developed between ca. 
534 and 531 Ma. Wildflysch deposition and several puta
tive exposure surfaces observed around the basin at the top 
of the Kheseen Fm record slab breakoff, foreland inversion, 
and a ca. 525 Ma reversal in subduction polarity, prior to the 
deposition of the ~523–518 Ma Erkhelnuur Fm in a retroarc 
foreland. Collision along the western outboard margin of 
the Ikh-Mongol arc resulted in uplift and the emplacement 
of the Ukhaatolgoi Fm flysch, which directly preceded the 
emplacement of granodiorites on the autocthonous TMT. 
These folded intrusive rocks constrain the age of north-
south trending structures in the Khuvsgul region to ca. 504 
Ma, while a second set of north-northeast - south-south
west trending structures and fabrics indicates collision of 
the TMT with southern Siberia prior to 448 Ma. 
The new age and tectonic model outlined above 

strengthens ties between the Khuvsgul Group of the TMT 
and the Tsagaan Oloom Group of the Zavkhan Terrane and 
supports the notion of a shared TMT-Zavkhan margin 
throughout the Neoproterozoic and Cambrian. The model 
also demonstrates that phosphogenesis occurred synchro
nously along this composite margin in the Terreneuvian, 
albeit with different phosphogenic styles: abundant silici
clastic input resulted in relatively diffuse phosphate min
eralization on the Zavkhan Terrane, while sediment star
vation and winnowing processes drove the deposition of 
highly concentrated phosphate deposits in the Kheseen Fm 
of the Khuvsgul Group. As has been demonstrated for 
younger Phanerozoic phosphorites, the locus and style of 
phosphogenesis along the TMT-Zavkhan margin was tec
tonically modulated, with primary phosphogenesis occur
ring in shallow, energetic depozones putatively associated 
with the eastward migration of the forebulge of the Ikh-
Mongol Arc pro-foreland. To this end, we suggest that the 
increase in Ediacaran-Cambrian phosphorites in the strati
graphic record reflects the taphonomy of a redox-depen
dent depositional process, rather than a shift in global ma
rine phosphate abundance: an increase in marine sulfate 
concentrations in the wake of the Cryogenian may have al
lowed microbial sulfate reduction (and redox conditions fa
vorable to phosphogenesis) to expand into marginal ma
rine environments that are likely to be preserved in the rock 
record. 
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APPENDIX 

1. Carbonate Geochemistry 

Powdered carbonate samples from sections EA1701-05, 
JP1716-17, MG32, EA1801, -02, -05 and -20 were analyzed 
in the Stable Isotope Laboratory of the Precambrian Re
search Office at McGill University. Subsamples of each 
aliquot of carbonate powder were loaded into glass vials 
and individually dissolved in H3PO4 on a NuCarb auto
mated carbonate preparation device. The resultant CO2 an
alyte from each sample was measured on a Nu Instruments 
Perspective IRMS. Both δ13C and δ18O measurements have 
an analytical uncertainty of <0.05‰ (1σ) based on mea
surements of NCM and UQ-6 standards. 
Samples from all other sections were analyzed at the 

Center for Stable Isotope Biogeochemistry at the University 
of California Berkeley. 10–100 microgram subsamples of 
each powder aliquot were reacted with concentrated H3PO4 
at 90 oC for 10 mins to generate CO2 gas for coupled δ13C 
and δ18O analysis using a GV IsoPrime mass spectrometer 
with Dual-Inlet and MultiCarb systems. Several replicates 
of one international standard NBS19, and two lab standards 
CaCO3-I & II were measured along with approximately 40 
unknowns for each run. The overall external analytical pre
cision was about +0.05‰ for δ13C and about +0.07‰ for 
δ18O. 

2. Zircon Geochronology 

Samples were cleaned and trimmed to remove potential 
contamination, and pulverized in an industrial jaw crusher. 
The resultant <500 micron fraction was collected, and sub
sequently washed in an antiflocculant solution to remove 
ultrafine material. Samples were then panned to isolate 
heavy minerals. Samples containing few zircon were further 
magnetically separated with a Frantz device (0.4A at a 20º 
incline), and put through a final density separation in 
methylene iodide. Zircon grains were individually picked 
from resultant heavy mineral separates, annealed in a muf
fle furnace for 48 hours at 900 ºC, mounted in epoxy, and 
polished. The internal structures of the grains were mapped 
with cathodoluminescence (CL) imaging using a Cameca 
SX-100 Electron Probe Micro-Analyzer (EPMA) with a CL 
detector. 

2.1. Laser ablation inductively coupled plasma 
mass spectrometry (LA-ICP-MS) analyses 

LA-ICP-MS U-Pb geochronological analyses on zircon were 
completed at UCSB, using a Cetac/Photon Machines Ana
lyte Excite 193 nm excimer laser attached to a Nu Plasma 
3D multicollector ICP-MS, following the methods of Ky
lander-Clark et al. (2013). Each zircon was ablated with a 
20µm laser spot. The zircon 91500 (Wiedenbeck et al., 1995) 
was used for age calibration. Secondary zircon reference 
materials included 9435, AUSZ, Mudtank, GJ1 (Jackson et 
al., 2004), and Plesovice (Sláma et al., 2008). Iolite (Paton 
et al., 2010) was used to correct for U-Pb mass bias and 

drift following the methods of Kylander-Clark et al. (2013) 
and Horstwood et al. (2016). The resultant U and Pb iso
topic ratios were reduced according to methods outlined 
in Kylander-Clark et al. (2013). Dates for each analyzed 
grain were calculated by importing reduced 238U/206Pb and 
207Pb/206Pb ratios into IsoplotR (Vermeesch, 2018). For ap
propriate magmatic samples, a weighted mean age for each 
sample was calculated by isolating a group of analyses that 
conform to statistical standards of a single magmatic pop
ulation as outlined in Spencer et al. (2016) and references 
therein. 
Detrital zircon normalized age probability plots were 

created for all detrital samples. Discordant analyses from 
detrital samples were removed by excluding all analyses ex
hibiting more than 15% discordance. Reversely discordant 
analyses greater than −10% discordant were also included 
in the compilation, with reverse discordance assumed to be 
attributed to a range of potential factors (see Mattinson 
et al., 1996) putatively associated with various metamor
phic events in the region. Ages from the resultant filtered 
dataset were incorporated into a kernel density estimation 
(KDE) function with 5 Myr bins (full code available in the 
Supplementary Information/GitHub repository). Because 
the detrital populations of interest in our samples are of 
Tonian and younger age, we present detrital spectra of ages 
up to 1Ga, and as such only utilize the Pb206/U238 ages 
of each analysis in the KDE. Maximum depositional ages 
(MDAs) were determined by using the age of the youngest 
individual grain in the sample, or the weighted mean of the 
youngest group of grains in the case of samples with a clus
ter of young analyses that conform to MSWD criteria for 
a single magmatic population (Spencer et al., 2016; Wendt 
& Carl, 1991). Additional CA-ID-TIMS analyses were con
ducted on a subset of grains used to calculate MDAs, meth
ods for which are outlined below. 

2.2. Chemical abrasion isotope dilution thermal 
ionization mass spectrometry (CA-ID-TIMS) 
analyses 

Individual grains from the population of zircons that make 
up the LA-ICP-MS weighted mean age for magmatic sam
ples or the MDA of detrital samples were analyzed with sin
gle zircon U-Pb chemical abrasion isotope dilution thermal 
ionization mass spectrometry (CA-ID-TIMS) at Princeton 
University, following standard chemical abrasion methods 
modified from Mattinson (2005). Previously annealed sin
gle zircons were plucked from epoxy mounts, transferred to 
Teflon beakers, and rinsed with 3N HNO3. Grains were re
moved from the acid rinse and loaded into 200 µl Savillex 
microcapsules with ca. 90 µl 29M HF. Microcapsules were 
assembled in a Parr bomb and zircons were initially leached 
at 180 ºC for 12 hours to remove domains in the crystal 
lattice that may have experienced lead loss. These first 
leaching experiments caused complete dissolution of many 
grains, so a subsequent round of leaching was completed 
at 180 ºC for only 4.5 hours in order to avoid complete de
struction of the grains. While this leaching step did not re
sult in the total dissolution of any zircon crystals, it in
troduced the possibility of the incorporation of 
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crystallographic domains with possible lead-loss into the 
resultant analyte. Only one zircon (EA1905-46B) from this 
lower-duration leach appears to have incorporated signifi
cant lead loss; as a result, we omit the data from this grain 
from maximum depositional age calculations for this sam
ple but have included the data in table S3. 
Following leaching, zircon grains were transferred to 

Teflon beakers, and repeatedly rinsed in 3N HNO3 and 6N 
HCl. The crystals were then transferred back to clean mi
crocapsules, spiked with the EARTHTIME 205Pb-233U-235U 
tracer (ET535; D. J. Condon et al., 2015; McLean et al., 
2015) and placed back into a Parr bomb for dissolution in 
ca. 90 µl 29M HF for 60 h at 210ºC. The resulting solu
tions were then dried down, converted to chlorides in the 
Parr bomb overnight, and dried down once more on the 
hot plate. The samples were then redissolved in 3N HCl 
and loaded into 50 µl microcolumns filled with AG-1 X8 
resin, where U-Pb and trace element solutions were sepa
rated by anion exchange following methods modified from 
Krogh (1973). The U-Pb solution was dried down in a Teflon 
beaker on the hot plate with a microdrop of 0.015M H3PO4. 
Each aliquot was then redissolved in a silica gel emitter 
(Gerstenberger & Haase, 1997), and loaded with an ultra
fine pipette onto a single outgassed zoned-refined rhenium 
filament. 
Lead and U isotopic measurements were performed with 

one of two Isotopx Phoenix thermal ionization mass spec
trometers (TIMS) at Princeton University. Pb isotopes were 
measured using peak-hopping mode on a Daly photomulti
plier ion-counter, while U isotopes were measured as UO2 
in static mode with either Faraday cups coupled to tra
ditional 1012 Ω amplifiers, or to ATONA amplifiers (Szy
manowski & Schoene, 2020). Instrumental mass fractiona
tion for Pb was corrected with a factor (0.14 or 0.18 %/amu) 
derived from a long-term compilation of in-run 202Pb/205Pb 
values of previous measurements of samples spiked with 
an ET2535 trace solution on each TIMS instrument. The 

dead time corrections for of the Daly amplifier systems was 
kept constant throughout the period of the study but was 
monitored through repeat analyses of the NIST SRM 982 Pb 
isotope standard over a range of intensities. All common 
Pb was considered laboratory blank and was corrected us
ing the long-term isotopic composition of the Pb blank at 
Princeton University. U runs were corrected for fractiona
tion using the known 233U/235U composition of the spike 
(D. J. Condon et al., 2015) and assuming a sample 238U/235U 
of 137.818 ± 0.045 (2σ; Hiess et al., 2012). An 18O/16O value 
of 0.002051 ± 0.000010 (1σ) was used to correct for inter
ferences in UO2 analyses based on previous measurements 
of the U500 standard solution (Szymanowski & Schoene, 
2020). 
Data was compiled and reduced in Tripoli and ET_Redux 

(Bowring et al., 2011; McLean et al., 2011). Initial 230Th dis
equilibrium in the 206Pb/238U system was corrected for each 
grain by estimating (Th/U)magma using a fixed (Th/U)zircon-
magma partition coefficient ratio of 0.19 ± 0.06 (1s) based on 
a compilation of natural zircon–melt pairs, and uncertain
ties for the (Th/U)magma were propagated into a final date 
uncertainty for each grain. Weighted-mean ages were cal
culated in ET_Redux. 

3. Backstripping calculations 

A representative tectonic subsidence curve for the Khuvs
gul Group was calculated by entering stratigraphic thick
ness estimates, model ages, approximations of lithological 
composition, and estimated paleo-depths of deposition for 
all Khuvsgul Group strata into the backstripping model of 
Müller et al. (2018). All model inputs, as well as assump
tions about lithological density, porosity, and permeability, 
are tabulated in table S4; full code used to generate fig. 12 
is available within the Supplemental Information as an at
tached GitHub repository. 
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SUPPLEMENTARY MATERIALS 

SUPPLEMENTARY INFORMATION AND DATA for: Cambrian foreland        
phosphogenesis in the Khuvsgul Basin of Mongolia; Anttila et al., 2025            
Download: https://ajsonline.org/article/125832-cambrian-foreland-phosphogenesis-in-the-khuvsgul-basin-of-
mongolia/attachment/265898.zip 
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