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ABSTRACT. The Neoproterozoic Tsagaan-Olom Group is exposed in the Zavkhan
Terrane of southwestern Mongolia and hosts unique geochemical, paleoclimate, and
paleontological records that have become central to our understanding of this pivotal
interval of Earth history. New sedimentological, stratigraphic, geochronological, and
geochemical data provide context for and further develop these records. Detrital
zircon provenance indicates that Neoproterozoic strata of the Zavkhan Terrane were
derived from basement with age peaks between 1950 to 2100 and 2400 to 2600 Ma. At
~800 Ma, the Zavkhan Terrane transformed from an active arc and back-arc complex
to a rifted ribbon continent with passive margins on both sides. Deposition was
accommodated by extension, which is recorded with syn-sedimentary normal faulting
and alluvial fan deposition in the Zavkhan and Khasagt formations. Passive margin
sedimentation in the overlying Tsagaan-Olom Group begins with the glacigenic Maikhan-
Uul Formation, which consists of two massive diamictite units separated by clast-poor
graded beds of the middle member. Detrital zircon at the base of the middle member
of the Maikhan-Uul Formation were dated with U-Pb chemical abrasion isotope-
dilution thermal ionization mass spectrometry and constrained its age to <729.8 = 1.4
Ma. This, along with chemostratigraphy and Re/Os geochronological constraints from
the overlying Taishir Formation, supports our correlation of the Maikhan-Uul Forma-
tion with the ~717 to 660 Ma Sturtian glaciation. The Taishir Formation was deposited
on a carbonate ramp in four large-scale sequence tracts that thin to the southwest. The
Taishir Formation preserves a large negative 8'*C excursion referred to as the Taishir
excursion that covaries in carbonate and organic carbon isotopes in limestone sections.
A dolomitization front at the top of the Taishir Formation also results in depleted 8'*C
values, however, these are related to local processes and do not represent a global
Trezona excursion. Although 8'?C values in the Ol Formation are highly variable along
strike, 0.70756 initial strontium isotope values in limestone of the upper Ol Formation
are consistent with earliest Ediacaran values. A sandstone-filled karst surface at the top
of the Shuurgat Formation that overlies the Ol Formation defines the top of the
Tsagaan-Olom Group and is interpreted to mark a major unconformity. Carbon and
strontium isotope values in the uppermost Shuurgat Formation are also consistent with
early Ediacaran values and suggest that most of the late Ediacaran Period is missing in
the Zavkhan Terrane of Mongolia. Carbon isotope profiles from sections preserved as
limestone and dolostone display large differences and indicate that isotopic data from

* Department of Earth and Planetary Science, Harvard University, 20 Oxford St., Cambridge, Massachu-
setts, 02138

*#* Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

##% Department of Earth and Environment, Boston University, Boston, Massachusetts 02215

8 Department of Geosciences, Boise State University, Boise, Idaho 83725

T Corresponding author: E-mail: fmacdon@fas.harvard.edu; Tel.: (617) 496-2236; Fax: 617-495-8839



2 Uyanga Bold and others—Neoproterozoic stratigraphy of the Zavkhan Terrane of

dolomites should be used with caution. With our new data and correlations, we
construct composite Cryogenian and Ediacaran carbon and strontium isotope curves
from limestone-dominated successions in Mongolia, and then integrate additional
geochronological and geochemical data sets from around the globe.

Keywords: Neoproterozoic, Cryogenian, Ediacaran, Zavkhan Terrane, Tsagaan-
Olom Group, Taishir excursion, detrital zircon geochronology, carbon isotopes, and
strontium isotopes

INTRODUCTION

Neoproterozoic strata record global, low-latitude glaciations (known as Snowball
Earth episodes: Kirschvink, 1992; Hoffman and others, 1998; Hoffman and Schrag,
2002), the break-up of the supercontinent Rodinia and assembly of Gondwana
(Hoffman, 1991; Li and others, 2008), large perturbations to geochemical cycles (for
example, Halverson and others, 2010), a putative second global oxygenation event
termed the Neoproterozoic Oxygenation Event (Planavsky and others, 2010; Och and
Shields-Zhou, 2012), and the diversification of eukaryotes followed by the rise of
metazoans (Knoll and others, 2006; Erwin and others, 2011). Unravelling the interrela-
tionships between these climatic, tectonic, geochemical, and biological milestones is
dependent on integrating high-quality data sets from around the world.

Thick, low-grade Neoproterozoic successions are spectacularly exposed in the
Tsagaan-Olom Group in the Zavkhan Terrane of Mongolia (fig. 1) (Macdonald and
others, 2009a; Macdonald, 2011). The Mongolian records are important because,
along with Namibia (Hoffman, 2011) and Arctic Alaska (Macdonald and others,
2009b), they represent the only carbonate-dominated Cryogenian1 successions. Unlike
the other two successions, the Tsagaan-Olom Group, particularly the Taishir Forma-
tion (Fm), is fossiliferous (Bosak and others, 2011a, 2011b, 2012; Cohen and others,
submitted®) and composed predominantly of limestone, making it ideal for a variety of
geochemical proxy studies. These paleontological and lithological features distinguish
Mongolia as an ideal locality to explore Cryogenian and early Ediacaran biogeochemi-
cal cycles.

Since the conception of the Snowball Earth hypothesis, the number and duration
of Neoproterozoic glacial events has been debated (Rooney and others, 2015). The
lack of a robust global age model has made it difficult to integrate geochemical and
paleontological data with the glacial record. Recent geochronology coupled with
geochemistry has reinforced geochemical correlations and has suggested a long
Sturtian glacial epoch from ca. 717 to 660 Ma, and a relatively short Cryogenian
nonglacial interlude (Macdonald and others, 2010; Rooney and others, 2014, 2015).
These geochronological constraints, directly linked to carbon and strontium isotope
chemostratigraphy, provide a template to more broadly integrated global records.

Previous attempts at integrating Mongolian records into the global database have
been limited not only by the lack of robust geochronology, but also by the lack of
regional geological mapping and stratigraphic studies. Particularly, disagreement has
centered on the number and age range of Cryogenian glacial deposits (see review in
Macdonald, 2011). The earliest description of the sedimentology of the Maikhan-Uul
Fm, which forms the base of the Tsagaan-Olom Group, was interpreted as evidence of
two glacial advances separated by an interglacial period (Lindsay and others, 1996).
This study, however, was from a single locality, Tsagaan Gol (¢r. “‘White Gorge’; here we

! The Cryogenian Period was redefined in 2015 by the International Commission of Stratigraphy at
~720-635 Ma.

2 Cohen, P. A., Macdonald, F. A., Matys, E., Pruss, S. B., and Bosak, T., submitted, Cryogenian
Macroscopic Organic Warty Structures (MOWS) and the Rise of Macroscopic Algae: Palaios.
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Fig. 1. Location map of the Zavkhan Terrane of Mongolia. (A) Location map showing extent of the
Central Asian Orogenic Belt (CAOB) and its surrounding areas (Sengoér and others, 1993). (B) Tectonic
map of western Mongolia (after Badarch and others, 2002; Bucholz and others, 2014). Contacts modified
from the 1:1,000,000 geological map of Mongolia (Badarch and others, 1998).

use ‘gorge’ in place of ‘gol’), and it is unclear if these deposits represent movement in
the ice-grounding line or two distinct early Cryogenian glaciations (Macdonald, 2011).
Macdonald and others (2009a) discovered a large negative 3'%C excursion in the
Taishir Fm that covaries in organic and carbonate carbon isotopes (Johnston and
others, 2012), and a Marinoan age diamictite and basal Ediacaran cap dolostone in
overlying strata, which defined the Cryogenian-Ediacaran boundary in Mongolia.
Despite these refinements of the age model for the Tsagaan-Olom Group, it has
remained uncertain whether the Maikhan-Uul Fm represents a single Sturtian glacia-
tion or multiple Cryogenian glaciations. Moreover, it has also been unclear if the
Taishir excursion is correlative with the Cryogenian Trezona excursion in Australia,
Namibia, NW Canada and elsewhere (Swanson-Hysell and others, 2010; Macdonald
and others, 2013), or if it represents a distinct event that has not been well-
documented in records elsewhere. Here we present a comprehensive stratigraphic
study of Cryogenian successions from southwest Mongolia that provides sedimentologi-
cal and tectonic context to these records. We then consider the degree to which these
geochemical records are affected by diagenesis and represent global conditions, refine
global correlations, and then discuss how the successions of the Zavkhan Terrane
inform our understanding of Cryogenian and early Ediacaran Earth history.
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Fig. 2. Revised stratigraphy of the Tsagaan-Olom Group modified from Bold and others (2013).

GEOLOGICAL SETTING

Neoproterozoic strata are exposed in the Mongolian Altaids as crustal fragments
embedded within the ~5000 km long Central Asian Orogenic Belt (CAOB) (fig. 1A).
Early studies on the Mongolian Altaids divided the region into two super-units: the
Neoproterozoic northern super-unit, or Mongolian continent, which was consolidated
with an early Paleozoic orogeny, and an early Paleozoic southern super-unit that
accreted during the late Paleozoic (Zonenshain, 1973). These were later divided into
zones, blocks, and terranes (for example, Ruzhentsev and Pospelov, 1992), culminat-
ing with the separation of the Mongolian Altaids into 44 terranes (Badarch and others,
2002) (fig. 1B).

The stratigraphy of the Zavkhan Terrane (fig. 2) was first described by Bezzubtsev
(1963) who named the Zavkhan, Tsagaan-Olom, and Bayangol formations (fms). After
regional scale mapping (1:200,000 scale), Togtokh and others (1995) identified and
named the Maikhan-Uul Fm, a unit below the Tsagaan-Olom Fm (fig. 2). The first
stratigraphic descriptions in English came in 1996 with the publication of a Geological
Magazine issue dedicated to the Neoproterozoic-Cambrian stratigraphy of southwest-
ern Mongolia (Brasier and others, 1996a). This publication included the translation of
geological maps and measured sections into English (Khomentovsky and Gibsher,
1996), a reconnaissance chemostratigraphic characterization of the Tsagaan-Olom,
Bayangol, and Salaagol fms (Brasier and others, 1996b), and a detailed stratigraphic
study of the Maikhan-Uul Fm at Tsagaan Gorge (Lindsay and others, 1996). More
recently, this stratigraphic framework was revised by Macdonald and others (2009a)
and formalized by Bold and others (2013) (fig. 2).

Although distinguished by Badarch and others (2002), the Zavkhan and
Baidrag terranes are commonly grouped together and called one or the other (for
example, Levashova and others, 2010), or even grouped with the Lake Zone (for
example, Kroner and others, 2010). We separate the Zavkhan and Baidrag terranes
because they lack a shared Neoproterozoic overlap assemblage (Badarch and
others, 2002), and it appears unlikely that they were attached until at least the
Cambrian. Moreover, in our distinction of terranes, we separate the Altai alloch-
thon from the Lake Zone (also called the Ozernaya Zone, for example, Khomen-
tovsky and Gibsher, 1996) (fig. 1B).

It is widely cited that the Zavkhan Terrane hosts Archean to Paleoproterozoic
crystalline basement (for example, Yarmolyuk and others, 2008). This stems in part
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from the inclusion of the Baidrag Terrane and the Dariv Range with the Zavkhan
Terrane (for example, Lehmann and others, 2010). However, there is no exposed
basement on the Zavkhan Terrane older than ~850 Ma (Kozakov and others, 2012).
According to our study, the newly discovered Tsagaankhairkhan Fm (figs. 3 and 5),
which underlies the Zavkhan Fm, is the oldest sedimentary succession on the Zavkhan
Terrane. Further south, the relationship between the Tsagaankhairkhan Fm and
undifferentiated Neoproterozoic units that underlie the Zavkhan Fm is unclear (fig.
3). The Zavkhan Fm (figs. 4 and 5) is overlain by siliciclastic rocks of the Khasagt Fm
and glacial diamictite of the Maikhan-Uul Fm, which is the basal unit of the Tsagaan-
Olom Group.

The Tsagaan-Olom Group (#. ‘White bridal strap’) was named after the epony-
mous location near the Khevtee Tsakhir Range (abbreviated as KI'N by Khomentovsky
and Gibsher, 1996). Unfortunately, the Maikhan-Uul and Taishir fms are largely
faulted out at this location, leaving just the early Ediacaran Shuurgat Fm of the
Tsagaan-Olom Group exposed. Previous studies have focused on sections exposed at
Bayan and Tsagaan gorges (Brasier and others, 1996; Khomentovsky and Gibsher,
1996) where ~200 m of stratigraphy in the middle of the Tsagaan-Olom Group is
faulted out and poorly exposed. Recently, the Tsagaan-Olom was elevated to Group
status and the informal members (Macdonald and others, 2009a) were elevated to
formations (Dorjnamjaa and Enkhbaatar, 2011; Bold and others, 2013). Spelling of
Formation names were changed from Russian to Mongolian and the informal Ulaan-
bulag fm (Macdonald and others, 2009a) was changed to Shuurgat Fm because the
former name was already used for other units on regional maps (Bold and others,
2013).

The Tsagaan-Olom Group begins with the Maikhan-Uul Fm, which consists of 3 to
500 m of glacigenic diamictite and siliciclastic rocks that unconformably overlie the
Khasagt and Zavkhan fms (figs. 2 and 5). The Maikhan-Uul Fm is sharply and
conformably overlain by 300 to 600 m of dark-colored limestone of the Taishir Fm,
which is composed of four super-sequences that are locally dolomitized towards the
top. Rooney and others (2015) recently dated the base of the Taishir Fm with Re-Os on
organicrich carbonate at 659.0 * 3.9/4.5° Ma (MSWD4 = 0.67), which further
supports correlation of the base of the Taishir Fm with Sturtian cap carbonates around
the globe. The Taishir Fm is sharply overlain by 0 to 50 m of glacigenic diamictite of the
Khongor Fm and an additional ~500 m of early Ediacaran carbonate strata of the Ol
and Shuurgat fms (fig. 2).

In the late Ediacaran Period, the passive margin on the southwestern side of the
Zavkhan Terrane was transformed into a foreland basin and an active margin with the
arrival of the Ediacaran to Paleozoic arc terranes to the south (Macdonald and others,
2009a). Above the karstic unconformity that defines the top of the Shuurgat Fm,
simple bed planar trace fossils are present within the Zuun-Arts Fm (¢r. ‘eastern
Juniper’) (Goldring and Jensen, 1996) as well as a large negative 3!%C excursion
(Brasier and others, 1996; Macdonald and others, 2009a) indicating a latest Ediacaran
to early Cambrian age with the Ediacaran-Cambrian boundary in the uppermost
Zuun-Arts Fm (Smith and others, 2015). Consequently, the Zuun-Arts Fm (formerly
the upper member of the Tsagaan-Olom Fm) was removed from the Tsagaan-Olom
Group to reflect its position above a major unconformity and tectonostratigraphic
affinity to the Bayangol Fm (Bold and others, 2013).

The Neoproterozoic stratigraphy of the Zavkhan Terrane was buried with ~1 km
of early Cambrian foreland deposits and then deformed and weakly metamorphosed

* + Internal uncertainty only/including decay constant uncertainty.
* Mean Square of Weighted Deviates.
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during multiple Paleozoic orogenic events in the CAOB (fig. 1A). After late Ediacaran
to Ordovician accretion of arc terranes to the south (Macdonald and others, 2009a;
Jian and others, 2014), the late Ordovician to Silurian record of Mongolia is marked by
sinistral transtension (fig. 3), extensional magmatism and basin formation (Krdéner
and others, 2010; Gibson and others, 2013). During this time, the Zavkhan Terrane is
interpreted to have been part of a composite ribbon continent that was located
between North China and Siberia (Wilhem and others, 2012). From the Devonian to
early Permian, the Zavkhan Terrane was oroclinally buckled during the convergence
between North China, Tarim, and Siberia (Lehmann and others, 2010; Edel and
others, 2014). Locally, in the Zavkhan Terrane, this late Paleozoic collision is mani-
fested in dextral strike-slip wrench structures (fig. 1B) and widespread Permian
plutonism (Jahn and others, 2009).

STRATIGRAPHY

Here we briefly describe the Zavkhan and Khasagt fms. Then we describe
measured stratigraphic sections of the Tsagaan-Olom Group in more detail. The
Tsagaan-Olom Group is exposed on the Zavkhan Terrane in eight structural blocks,
referred to here as the Taishir, Salaa, Tsakhir, Khavchig, Tsagaan, Orlogo, Khunkher,
and South Khukh Davaa blocks, each of which are bound by major faults (fig. 3) and
characterized by distinct stratigraphy.

Zavkhan and Khasagt Formations

The Zavkhan Fm consists of >1 km of volcanic and volcanoclastic rocks domi-
nated by rhyolite with subsidiary dacitic and basaltic flows that are exposed in the
Zavkhan Terrane for >400 km along strike (fig. 3). Rhyolites of the Zavkhan Fm are
red to green in color and form massive domes and thin-bedded ignimbrites and lithic
tuffs. On the South Khukh Davaa block (fig. 4A), the Zavkhan Fm begins with >1 km of
boulder clast conglomerate with interbedded rhyolite flows that structurally overlie the
Tsagaankhairkhan Fm (fig. 5). Although the contact is locally faulted, the lower few
tens of meters of this conglomerate unit are dominated by redeposited clasts of the
Tsagaankhairkhan Fm dolostone, which suggests a stratigraphic relationship between
the two. Up-section, conglomerate is interbedded with medium-bedded sandstone and
the clasts become dominated by sedimentary quartzite of an unknown source that is
not exposed on the Zavkhan Terrane. Hence, itis inferred that these clasts preserve an
inverted footwall stratigraphy from a syn-sedimentary fault, providing a window into
units underlying the Zavkhan and Tsagaankhairkhan fms. This conglomerate unit is
topped by >500 m of thin-bedded rhyolite flows and felsic tuffs, which are overlain by
massive rhyolite domes that are >1 km thick.

On the Taishir, South Khukh Davaa, Tsakhir and Salaa blocks (fig. 4B), the
Zavkhan Fm is unconformably overlain by conglomerate and sandstone of the Khasagt
Fm (named after the Khasagt Khairkhan Range where these rocks are the ridge-former
and best exposed). On the Taishir, South Khukh Davaa, and Tsakhir blocks, the
Khasagt Fm consists of 0 to 200 m of red to green, medium-bedded sandstone and
siltstone with common large-scale trough cross-stratification, channelization, and
minor basalt flows (fig. 5). Thickness of the Khasagt Fm increases abruptly across the
fault that marks the western margin of the Salaa block. There the Khasagt Fm is
composed of >1 km of red to green graded beds of siltstone, sandstone and conglom-
erate (fig. 5).

Tsagaan-Olom Group
Measured stratigraphic sections of the Maikhan-Uul, Taishir, Khongor, Ol and
Shuurgat fms of the Tsagaan-Olom Group are reported in this paper with locations
marked on figures 3 and 4. The stratotype sections are assigned and presented in Bold
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and others (2013). Carbonate and siliciclastic lithofacies are defined in table 1. We
have further distinguished facies assemblages in table 2 for glacigenic facies of the
Maikhan-Uul and Khongor fms and for carbonate facies of the Taishir, Ol, and
Shuurgat fms.

Maikhan-Uul Formation.—The Maikhan-Uul Fm (#r. ‘tent mountain’) rests on the
Khasagt Fm at Tsagaan Gorge, Salaa Gorge, Shivee Tsakhir, and Khukh Davaa, the
Zavkhan Fm near Khunkher Gorge, Khongor Range and west of Taishir (fig. 6) and on
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Fig. 5. Stratigraphy of the Zavkhan and Khasagt formations with age constraints discussed in the
geochronology section. Bulk TIMS U-Pb zircon age is from Yarmolyuk and others (2008).

~850 Ma gneiss to the north in the Zavkhanmandal zone (Kozakov and others, 2012).
The Maikhan-Uul Fm progressively thickens to the westsouthwest (fig. 6), but also
displays considerable variability along strike. For mapping purposes, the Maikhan-Uul
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TaBLE 1

Carbonate and siliciclastic lithofacies used in this paper with descriptions of lithology,
bedding, grains, and sedimentary structures that distinguish these facies

Lithofacies Bedding Grains Sedimentary
Structures
Carbonate Facies
Micrite Flat thin beds Mud Grading
Calcisilitite Flat to nodular Mud to silt Ripple cross-lamination
and grading
Grainstone (includes  Thin to thickly bedded Peloids, ooids, and chips  Trough cross-bedding
wackestone and of microbialite and normal grading
packestone)
Microbialaminite Crinkly laminated =~ Boundstone with cement Microbial bounding of
and organic mats grains, cements,
dolomitized tops
Breccia Massive Carbonate clasts with ~ Teepee structures, void-
ubiquitous cement filling cement and

dolomitization
Heterolithic interbeds Thin to thickly bedded Angular to sub-rounded Imbrication and normal

clasts and grains grading
Siliciclastic Facies
Massive diamictite Massive to thickly ~ Shale to sandstone matrix ~ Shear fabrics, soft-
bedded with common boulder- to  sedimentary folding,
gravel-sized clasts of concretions, scours
underlying units
Stratified diamictite Fine laminated to  Shale to sandstone matrix Normally graded with
medium bedded with rare lonestones lamination penetrating
clasts
Conglomerate Massive to medium Clasts of carbonate, Weakly graded with
bedded quartzite, and volcanic imbrication
rocks
Sandstone Thin to massive Fine- to coarse grained  Both normally graded

volcaniclastic (quartz, and cross-bedded facies
feldspar, lithic fragments)

Siltstone Thin to medium, Volcaniclastic (quartz,  Grading from shale to
commonly graded  feldspar, lithic fragments) fine sandstone, ripple
between shale and cross-lamination

fine-sandstone

Shale Thin Green to black colored  Suspension lamination

Fm is separated into informal lower, middle, and upper members. Generally, the lower
and upper members are composed of diamictite with clear evidence of a glacial origin
including lamination-penetrating dropstones (fig. 7A) and striated (fig. 7B) and
faceted clasts (Lindsay and others, 1996; Macdonald, 2011) that are separated by a
middle, diamictite-free siliciclastic unit.

In the Maikhan-Uul Fm, we distinguish stratified diamictite from massive diamic-
tite and use other sedimentary features to identify glacitectonic deformation such as
soft-sedimentary folding and shear fabrics (table 1). Massive diamictite is distinguished
from conglomerate in that diamictite facies are matrix-supported and poorly sorted. In
both the upper and lower members of the Maikhan-Uul Fm, the diamictite matrix is
composed of shale to sandstone that varies in color from black to green to brown to red
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TABLE 2

Carbonate and glacial facies assemblages used in this paper with descriptions of lithofacies
associations and depositional environments

Assemblage | Lithofacies Associations | Depositional environments

Carbonate Facies Assemblage

Inner ramp Micrite, calcisiltite, grainstone, Periodically restricted and sub-aerially
microbialaminite, intraclast breccia |exposed intertidal platform with early
in m-scale parasequences. dolomitization capping parasequences

Mid-ramp Medium-bedded micrite, Near or below wave-base with ooid-
calcisilitite, grainstone and grainstone shoals and frequent storm-
heterolithic interbeds. derived grain- and debris flows

Outer ramp Flat, graded, thin beds of micrite, |Below wave base with gravity deposits
calcisilitite, grainstone, and on lower ramp to basin

conglomerate interpreted as debris
flow with minor slump folding.

Glacial Facies Assemblage

Subglacial-ice Massive to weakly bedded Lodgment till and till in a proximal ice-
contact diamictite with glacio-tectonic contact fan deposited below an ice sheet
deformation, minor sandstone. grounded to a marine margin
Sub-ice shelf or Graded beds of shale to sandstone. | Turbidites and shale deposited below an
glacio-laucustrine ice shelf or distal to the grounding line
without evidence of significant ice-
breakup
Proglacial Pebbly cross-stratified sandstone, |Marine ice contact fan to glacio-fluvial
and both massive and stratified environments
diamictite

(fig. 6). Clasts are commonly sub-rounded and faceted and consist predominantly of
felsic volcanic rocks from the underlying Zavkhan Fm, siliciclastic rocks from the
Khasagt Fm, minor dolostone clasts from the Tsagaankhairkhan Fm, granite, and
meta-sediments and meta-volcanics of unknown origin. Clast-size varies from granule
to boulder (Macdonald, 2011). Below we describe the stratigraphy from northeast to
southwest in 11 measured stratigraphic sections (fig. 6) of the Maikhan-Uul Fm.

In the Khukh Davaa region (stratigraphic sections F1203 and F1204, fig. 6) of the
Tsagaan block, the Maikhan-Uul Fm is 250 to 370 m thick. The lower member rests on
an erosional unconformity and consists predominantly of red-green colored, massive
diamictite. The contact between the massive diamictite of the lower member and the
green shale and siltstone at the base of the middle member is marked by a ~20 cm
thick bed of concretionary limestone. The middle member coarsens upwards to
massive sandstone, which is in turn succeeded by a second succession of recessive,
thinly bedded shale and siltstone. Rare lonestones and lamination-penetrating drop-
stones are present in the upper ~20 m of the middle member. The middle member
culminates with massive, channelized sandstone bodies that are <10 m wide with ~4 m
of local relief on incising margins. These sandstone bodies are succeeded by massive
diamictite of the upper member. Striated clasts and carbonate concretions are
common. At western Khukh Davaa, the upper member consists of interbedded
siltstone, sandstone, conglomerate, and diamictite. Mudcracks are present near the
top of the upper member (fig. 7E).
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Fig. 6. (A) Stratigraphy of the Maikhan-Uul Formation. Location of sections is shown in figure 3. MU -
Maikhan-Uul, m - mudstone, sf - siltstone to fine-grained sandstone, ms - medium-grained sandstone, ¢ -
coarse-grained sandstone, cg - conglomerate. (B) Carbon-oxygen isotope cross-plot of cements in the
Maikhan-Uul Formation. C/E — clathrate- or evaporation-influenced cement. Dashed line is a mixing line
between ice-sheet influenced cements and clathrate- or evaporation-influenced cements. Values of carbon
and oxygen isotopes from the Taishir Formation, which includes both cements and micritic groundmass, are
also outlined to show range of values from cements that could have precipitated at a later stage.

To the southeast on the Salaa block, in Salaa Gorge (stratigraphic sections F950
and F1212, fig. 6) and at Shivee Tsakhir (stratigraphic sections F1127 and F1214-1216,
fig. 6) (fig. 3), the lower member of the Maikhan-Uul Fm consists predominantly of
massive, green wackestone matrix diamictite with minor siliciclastic strata and com-
mon concretionary carbonate. Similar to northeastern and western Khukh Davaa, the
lower member is sharply overlain by green shale and siltstone with the contact marked
by a <20 cm thick concretionary limestone bed. The middle member of the Maikhan-
Uul Fm is composed of graded beds of sandstone, siltstone and shale. Lonestones have
only been observed in the uppermost ~5 m of the middle member, directly below an
erosive contact with the upper member that is marked by a concretionary limestone. At
both Salaa Gorge and Shivee Tsakhir the upper member is composed of green and red
colored massive diamictites composing the lower ~150 m and a >50 m massive
diamictite with a black colored wackestone matrix forming the uppermost unit. This
upper black diamictite unit is separated from the underlying red and green diamictites
by a laterally continuous, ~50 cm thick concretionary carbonate bed.

On the Tsagaan block, in Tsagaan Gorge (stratigraphic sections F724 and F948,
fig. 6), where the Maikhan-Uul Fm measures >275 m, again two diamictites are
separated by a thick sequence of flat bedded, shale, siltstone and sandstone (Lindsay
and others, 1996). There the lower member consists of at least five massive diamictite
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Fig. 7. Sedimentary features of the Maikhan-Uul Formation. Mongolian coin is 2.25 cm in diameter. (A)
Bed-penetrating dropstone in lower member of the Maikhan-Uul Formation at Khongor Range. (B) Striated
clast from lower member of the Maikhan-Uul Formation at Khukh Davaa. (C) Top to the right (southwest)
shear fabric and concretionary carbonate horizon from the lower member of the Maikhan-Uul Formation at
Tsagaan Gorge. Fabric is traced on right side of image. (D) Brown weathered, green when fresh,
mm-laminated and varve-like shale, siltstone and sandstone of middle member of the Maikhan-Uul
Formation exposed in Tsagaan Gorge. (E) Mud-cracks in the upper member of the Maikhan-Uul Formation
at South Khukh Davaa. (F) Orange when weathered, stratified rain-out deposit at the top of the upper
member of the Maikhan-Uul Formation at western Taishir, sharply overlain by the Taishir Fm. Arrow points
to boulder lonestone.

units separated by carbonate concretions, erosive surfaces, boulder pavements, shear
fabrics (fig. 7C) and evidence of soft sedimentary deformation. Striated and faceted
bullet-shaped clasts are common. The top of the lower member is marked by 20 cm of
stratified diamictite and succeeded by shale, and then ~50 m of siltstone dominated
graded beds with 1 to 5 m intervals of graded sandstone. The middle member coarsens
up from a lower package of graded siltstone to massively bedded very coarse sandstone
with weakly developed ~50 cm scale tabular cross-beds. This very coarse sandstone is
succeeded by green, mm-laminated, varve-like shale and siltstone (fig. 7D). Cobble
lonestones are present in the upper 50 cm of the middle member. The upper member
begins with a massive diamictite unit above an erosive base that is marked with a
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concretionary carbonate. In total, the upper member at Tsagaan Gorge consists of
massive diamictite separated by <50 cm thick sandstone beds and weakly stratified
diamicite. Clasts of felsic volcanic rocks, carbonate, and siliciclastic rocks are present
with several siltstone clasts that preserve soft-sedimentary folding. The contact between
the Maikhan-Uul Fm and the overlying laminated limestone of the Taishir Fm is not
exposed.

Farther east, in the Khongor Range (stratigraphic section F701, fig. 6) of the
Taishir block, the Maikhan-Uul Fm is composed of three distinct massive diamictite
intervals separated by siliciclastic strata. The lower diamictite-rich interval begins with a
massive, clast-dominated conglomerate, dominated by Zavkhan Fm clasts. This is
succeeded by an interval of interbedded massive and stratified diamictite that contains
both bed-penetrating dropstones (fig. 7A) and striated clasts (fig. 7B). The lower unit
is succeeded by graded siltstone and shale beds and then black shale to wackestone
matrix, massive diamictite. This second diamictite-rich interval contains clasts of
the Zavkhan Fm, the Tsagaankhairkhan Fm dolostone, sandstone and siltstone of the
Khasagt Fm, and granite. It is succeeded by siltstone and sandstone with rare
cobble lonestones and at least two ~20 cm thick bands of concretionary carbonate.
The uppermost diamictite-rich interval exposed at Khongor Range has an erosive base
and contains both massive and stratified diamictite facies with bed-penetrating drop-
stones and striated clasts, and minor sandstone beds. A ~10 cm thick layer of red clay
separates the Maikhan-Uul Fm from the overlying Taishir Fm.

East of the Khongor Range, the Maikhan-Uul Fm rests unconformably on the
Zavkhan Fm, with the contact commonly mantled with a boulder pavement. At the
easternmost exposures on the Taishir block (stratigraphic section F718, fig. 6),
the Maikhan-Uul Fm is only ~7 m thick and composed predominantly of a massive
cobble to boulder clast diamictite, whereas just 1 km to the west (stratigraphic section
F713, fig. 6) it thickens to ~82 m with two diamictite-rich intervals separated by ~57 m
of massive, medium to very coarse-grained sandstone (fig. 6). The lower diamictite-rich
interval consists of stratified diamictite with bed-penetrating dropstones. Clast compo-
sition is dominated by felsic volcanic rocks, presumably from the Zavkhan Fm. Beds of
the overlying middle member of the Maikhan-Uul Fm are commonly graded in cm
thick beds, but massive, poorly-sorted, several meter-thick beds with cross-beds and
outsized gravel to cobble clasts are also present. The upper diamictite-rich interval
begins with massive diamictite with clasts of sandstone and volcanic rocks and culmi-
nates with stratified diamictite and a ~10 cm thick clay bed that is sharply overlain with
laminated limestone of the Taishir Fm (fig. 7F).

Taishir Formation.—The Taishir Fm consists of 300 to 600 m of carbonate that is
comprised of four members (T1, T2, T3 and T4), which record four super-sequences
(fig. 8). Carbonate lithofacies are defined (table 1) and used in the lithostratigraphic
descriptions. In the discussion section, carbonate lithofacies are grouped into facies
assemblages (table 2) to interpret evolving depositional environments and distinguish
stratigraphic sequences. Sequences described are composed of nested parasequence
sets within larger systems tracts (Sarg, 1988).

At all localities, the base of the lower member (T1) rests sharply on the Maikhan-
Uul Fm with a 1 to 10 cm thick claystone layer at the contact (fig. 9A). In the Taishir
region, the T1 cap carbonate is composed of ~0.1 to 0.5 m graded beds of grainstone
and calcisiltite (fig. 9A) within background sedimentation of mm-pinstripe laminated
micritic limestone (fig. 9B). The T1 cap carbonate is tan when weathered, dark gray
when fresh. It is succeeded by 10 to 100 m of pink when weathered and recessive shale,
limestone micrite, calcisiltite with minor nodular chert, and carbonate clast breccias
interpreted as debris flows. T1 culminates with black lime-grainstone that also contains
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Fig. 8. Stratigraphy of the Taishir and Khongor formations. Location of sections is depicted in inset
outline map. Key for the localities labeled in inset map is the same as in figure 3. Dashed line is drawn to
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nodular chert. To the south and west, T1 thins to <10 m and is composed entirely of
mm-laminated micritic limestone (fig. 9B).

The second sequence (T2), thins to the south and west and begins with 1 to 10 m
of limestone calcisiltite and thin-bedded micrite with abundant chert nodules, fol-
lowed by 50 to 200 m of blue when weathered carbonate in 1 to 10 m thick carbonate
parasequences (fig. 9C). The parasequences typically begin with flat- to nodular-
bedded calcisiltite and micrite (table 1), succeeded by grainstone and capped either by
microbialite or brecciated exposure surfaces. The tops of these parasequences are also
commonly partially dolomitized (fig. 9D). Giant ooids, <l cm in diameter, are
common in T2 (fig. 4C).

T2 is sharply overlain by an abrupt, recessive flooding surface (fig. 9E), marking
the base of T3. The third Member, T3, begins with 10 to 50 m of thin-bedded limestone
micrite with interbeds of debris flows with numerous black chert beds and nodules.
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Fig. 9. Sedimentary textures in the Taishir Formation. (A) Basal contact of Taishir Formation at western
Taishir. Rhyolite clast in uppermost Maikhan-Uul Formation is circled. Arrow points to red claystone layer
that separates the Maikhan-Uul and Taishir formations. At this locality, the basal Taishir Formation consists
of ~0.1 m of graded beds of grainstone and calcisiltite in a background of mm-pinstripe laminated micrite.
(B) Pinstripe lamination of the basal T1 cap limestone at Shivee Tsakhir. (C) Resistant ledges marking
meter-scale parasequences in T2 at Khongor Range. Field of view is ~20 m. (D) Partially dolomitized top of
parasequence in T2 at Khukh Davaa. Dolomitized parasequence cap is cut by a scour surfaced and filled with
a lime-grainstone with chips of the underlying dolomitized unit. (E) Recessive calcisiltite and shale interval
marking the onset of T3 and the Taishir excursion at Ol Mountain. Field of view is ~35 m. Note how bedding
becomes thinner above the recessive interval. (F) Dolomitized T3 of the Taishir Formation exposed in the
Unkheltseg Mountain (U1427). (G) Polished slab showing micro-grading and mm-scale bands of remineral-
ization in sulfidic calcisiltite of T3 at Salaa Gorge. Pits are micro-drill holes used to extract carbonate powder
for geochemical analyses. (H) Partially dolomitized giant ooids from top of T3 near Ol Mountain.
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These beds are succeeded by massive weathering, mm-laminated, dark, fetid thin-
bedded limestone micrite with common contortions interpreted as slump folds. The
lamination is highlighted by mm-scale lighter bands of calcite (fig. 9G), presumably
created through remineralization and the in situ production of carbonate alkalinity.
These massive black mudstone facies were originally interpreted as deepwater microbi-
alaminites (Macdonald and others, 2009a; Johnston and others, 2012) due to their
superficial similarity to massive microbialaminites in the Rasthof Fm (Pruss and others,
2010). However, petrographic examination has revealed micro-grading without strong
microbial fabrics (fig. 9G). Consequently, we have reinterpreted these facies as
allodapic micritic carbonate deposited below storm wave base and distal to massive
grain flows and debris flows. Although microbes may have been involved in remineral-
ization and the creation of the thin bands of light-colored calcite and crinkly lamina-
tion, these microbes did not necessarily form mats. This massive unit of black
carbonate mudstone is succeeded by thickly bedded grainstone with giant ooids.
Unlike other units that generally thin to the south and west, the thickness of T3 is
relatively consistent across the platform.

Exposure in the Khongor Range (stratigraphic sections F701-704 and F708, fig. 8)
is similar to what is exposed in the Taishir Region. Here, T1 culminates with
lime-grainstone. T2 begins with shale and calcisiltite, followed by m-scale carbonate
parasequences defined by interbeds of thin-bedded limestone micrite and calcisiltite
and blue when weathered, dark gray when fresh grainstone. T2 is ~20 m thicker than
T2 at the Taishir locality and chert nodules are common in the lower portion, whereas
<1 cm ooids become common towards the top. The base of T3 is also well-exposed and
succeeded by thick fetid limestone. Top of T3 is defined by massively bedded
lime-grainstone with <1 cm ooids at the top. Importantly, this unit is overlain by <10
m of thin-bedded limestone micrite and black shale (T4), which is sharply overlain by
the Khongor Fm diamictite.

The Taishir Fm exposure in Uliastai Gorge (stratigraphic sections 948 and F949)
of the Khunkher block is comparable and similar to exposures in Tsagaan Gorge
(stratigraphic sections U1227, U1230 and F723) of Tsagaan block (fig. 8). T1 is thinner
but T2 is thicker than Khunkher block section. The direct contact of the Maikhan-Uul
Fm and the Tl cap carbonate is not exposed in Tsagaan Gorge although the
Maikhan-Uul Fm is well-exposed and preserved. In addition, T1 recessive interval is
composed of dominantly black shale with interbeds of thinly-bedded and dark colored
carbonate and thin-bedded micrite and nodular-bedded limestone with lenticular
chert nodules. T2 is composed of massively bedded lime-grainstone with abundant
intraclast breccia and lenticular chert nodules with redeposited clasts and coated
grains that become more common up-section. However, in Uliastai Gorge, T2 is
dominated by ooid lime-grainstone. The lower T3 that hosts the Taishir excursion is
not well-exposed in Tsagaan Gorge compared to Uliastai Gorge but the rest of the T3
including fetid and massively weathered limestone mudstone and ooid lime-grainstone
is similarly well-exposed. Although not complete, the Member T4 is preserved in
Uliastai Gorge and consists of ~2 m of microbialiminite, which is overlain by <2 m of
shale.

In Salaa Gorge (stratigraphic section F1132, fig. 8) of the Salaa block, T1 becomes
even thinner and is entirely composed of mm-laminated micritic limestone with a few
meters of pink calcisiltite on top. At the top of the pink calcisiltite unit, gray when fresh
dolostone bed with occasional chert nodules is present and is succeeded by patchily
exposed, dark gray when fresh lime-grainstone. The overall thickness of T2 is greater
than elsewhere. The T2 flooding surface begins with shale and is succeeded by
lime-grainstone with minor interbeds of <10 m thick thin-bedded limestone micrite
with black chert nodules. The base of T3 and the overlying fetid, thin-bedded
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limestone micrite and calcisiltite are well-exposed at Salaa Gorge and starts out with
interbeds of thin-bedded micrite, nodular-bedded limestone, and grainstone followed
by dark gray when fresh, fetid limestone mudstone with an interbed of lime-grainstone.
The uppermost part of T3, usually characterized by ooid lime-grainstone, is faulted out
at this locality.

In Orlogo Gorge (stratigraphic sections U1201 and U1202, fig. 8) of the Orlogo
block, the Taishir Fm is patchily preserved compared to elsewhere with some units that
are not exposed in the transition between the members. Thin (mm)-laminated micritic
limestone of the T1 cap carbonate is overlain by recessive, poorly exposed, pink when
weathered calcisiltite. The upper portion of T1, the whole of T2, and the lower portion
of T3 were not measured at this locality due to poor exposure. However, T3 starting
from the upper part of the fetid, massively weathered, thin-bedded limestone micrite
to the Ol Fm carbonate was measured. The upper portion of T3 is dolomitized at this
locality and transitions from limestone to partially dolomitized limestone to dolostone
are well-preserved. The dolomitized strata of T3 are composed of brown- to yellow-
colored ooid dolostone grainstone that is sugary and vuggy with abundant secondary
calcite veins. More than a meter of non-exposure separates the Taishir Fm and the
overlying Ol Fm, which could be correlated to either T4 or the Khongor Fm.

Similar facies of the Taishir Fm are exposed at the NE Khukh Davaa (stratigraphic
sections U1210 and U1211) and Unkheltseg (stratigraphic sections U1426, U1427 and
U1428) localities although most of the carbonates are dolomitized (fig. 8). T1 is only
10 to 13 m thick at both localities and composed of thinly laminated micritic limestone
at the base that is succeeded by a recessive unit composed of fine- to medium-bedded,
gray limestone and pink calcisiltite. Interbeds of black shale are common at Un-
kheltseg Mountain where the overlying ~80 m thick interval of T2 is characterized by
carbonate parasequences that are composed of dolomite allochems marked by intra-
clast breccia with bedded and nodular chert. Although the parasequences are mostly
dolostone, the lower ~50 m of this sequence are dominated by limestone, and the
transition from limestone to dolostone is characterized by alternations of limestone
and dolomite breccia up to the shale and calcisiltite at the base of the T3. The recessive
unit is composed of pink calcisiltite and brown to gray, thinly-laminated, dark gray
limestone with occasional intraclast breccia and chert nodules succeeded by lime-
grainstone. The rest of the T3 is heavily dolomitized and composed of recrystallized,
sugary, and vuggy dolo-grainstone.

In the South Khukh Davaa block (stratigraphic sections F875, F876, F1125 and
F1126; fig. 8), the contact between the Maikhan-Uul and the basal Taishir Fm is
well-preserved and exposed. However, the T1 cap carbonate becomes very thin and is
composed solely of mm-laminated black limestone. It is overlain by lime-grainstone
and a ~20 m interval that is not exposed. The base of T2 is characterized by thick
limestone microbialite and thin-bedded limestone micrite. It is succeeded by thick
lime-grainstone with several interbeds of microbialite towards the top. The base of T3
is well-exposed at this locality and is composed of thin-bedded limestone micrite. Aside
from a thick non-exposed interval, the upper portion of T3 is well-exposed with a
transition from limestone to dolostone towards the top. Above the non-exposed
interval, the upper part of the T3 continues for ~170 m with the upper ~85 m
dolomitized. The dolostone is characterized by sugary and vuggy dolo-grainstone with
abundant ooids. Due to silicification, the ooids stand out in relief.

At Ikh Goliin Tsakhir Mountain (stratigraphic sections U1432, U1434 and U1436,
fig. 8) of the South Khukh Davaa block, the contact between the Maikhan-Uul and
Taishir fms is well-exposed, and T1 and T2 are thin. T1 is composed of mostly
mm-laminated micritic limestone, which is succeeded by a recessive unit with fine (<10
cm) interbeds of limestone. A massively-bedded limestone caps the recessive unit. The
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base of T2 is well-exposed and characterized by a recessive unit, which is composed of
interbeds of red and pink shale, calcisiltite and weakly-laminated, light brown when
weathered limestone. This light brown limestone is succeeded by medium- to thick-
bedded, black gray limestone with bedded to lenticular chert beds, followed by
massively weathering, black limestone with occasional beds of intraclast breccia. The
lower recessive portion of T3 is composed of <10 cm bedded, massively weathered
orange to brown limestone micrite. It is overlain by fetid thin-bedded limestone
micrite and an additional ~250 m of dolomitized T3. The dolomitized strata are
intensely veined and brecciated. Similar to Unkheltseg, both texture retentive and
destructive dolostone are present. The brecciated interval is succeeded by coarsely
recrystallized, vuggy and sugary dolostone with silicified ooids. Above the ooid dolo-
grainstone, dolomitized T4 is present (fig. 8) and characterized by a ~25 m thick,
weakly-laminated, blue-gray, recrystallized dolostone that is overlain by the Khongor
diamictite.

In the Tsakhir Range (stratigraphic section U1241, fig. 8) of the Tsakhir block, the
Taishir Fm is relatively thin. At this locality, the contact of the Maikhan-Uul and Taishir
fms is well-exposed. Mm-laminated micritic limestone of the T1 cap carbonate is
overlain by a poorly exposed recessive unit characterized by subcrop of pink calcisiltite
and thinly-bedded black limestone. The upper portions of T1 through the base of T3
are not exposed but subcrop measures to <50 m. The overlying fetid thin-bedded
limestone micrite of the T3 is present but partially dolomitized. Similar to the other
localities, the Taishir Fm is preserved as dolostone that is heavily veined and brecci-
ated. Both texture retentive and destructive dolostone are present and are capped by
sugary and vuggy, recrystallized ooid dolostone grainstone. In the Tsakhir Range the
Ol Fm directly overlies the Taishir Fm.

At Zuun-Arts Mountain (stratigraphic section U1329, fig. 8), due to abundant
Permian intrusions nearby, T1 and T2 are poorly exposed. Laterally, they crop out and
are composed of limestone. However, in section U1329, only the upper T3 and its
transition to Ol Fm are captured. Here, the whole T3 is composed of recrystallized,
sugary, and vuggy dolo-grainstone. It is succeeded by medium-bedded, light blue gray
when weathered, black blue gray when fresh, and recrystallized dolostone that is
attributed to T4.

Khongor Formation.—The Khongor Fm is composed of carbonate clasts in weakly
stratified shale, siltstone, or calcisiltite matrix. Clasts range from gravel to boulder in
size and are typically sub-angular to sub-rounded (figs. 8 and 10A). The Khongor Fm is
thickest and best exposed and preserved in three localities: the eastern tributary of
Tsagaan Gorge (stratigraphic section F723), Khongor Range (stratigraphic sections
F708 and F949) and Ikh Goliin Tsakhir Mountain (stratigraphic section U1433) (fig.
8). However, like the Maikhan-Uul Fm, there are significant facies changes due to
channelization.

In the eastern tributary of Tsagaan Gorge (figs. 8 and 10A), the Khongor Fm
diamictite is ~25 m thick and is composed of pebble- to boulder-sized clasts of
blue-gray limestone from the underlying Taishir Fm in a dark gray wackestone matrix
that becomes lighter colored upwards with increasing carbonate content. A glacial
origin is demonstrated by the presence of spectacular striated clasts (Macdonald and
others, 2009a), and cobble dropstones (fig. 10C) that penetrate and deform the
bedded, shale matrix. Just 6 km west, the diamictite is nearly absent with only 2 m of
recessive siltstone preserved.

The Khongor Fm in the Khongor Range (stratigraphic section F708, fig. 8)
consists of ~16 m of sub-rounded limestone pebbles and cobbles in weakly stratified,
gray shale to wackestone matrix. Elsewhere, on the thrust blocks to the northeast, the
Khongor Fm is either thin or absent. Although most clasts in the exposure of the
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Eastern gorge of
Tsagaan Gorge proper

Fig. 10. Sedimentary textures in the Khongor and Ol formations. Mongolian coin is 2.25 cm in
diameter. (A) Khongor diamictite and Ol cap dolostone exposure at Tsagaan Gorge tributary (eastern gorge
of Tsagaan gorge proper). Tree in foreground is growing off of the basal contact with T3. Section is 22 m
thick. Ol cap dolostone is in top right of frame. (B) Limestone clast with soft-sedimentary, glacitectonic
folding from Khongor diamictite. (C) Striated clasts of the Khongor Formation as preserved in the eastern
tributary of Tsagaan Gorge. (D) Finely laminated, pale white colored Ol cap dolostone. Photo is taken in
South Khukh Davaa block (U1216). Pen is 14 cm in length. (E) Silicified aragonite fan growth in the Ol
Formation carbonate (U1217). (F) Plan view of tubestone stromatolites in Ol cap dolostone taken from near
Taishir.

Khongor Fm at the eponymous location can be identified as sourced from the Taishir
Fm, clasts of carbonate mudstone with intense soft sediment deformation (fig. 10B)
were not recognized from exposures of the underlying Taishir Fm. Concentrations of
boulder clasts (‘boulder nests’) are present in the Khongor Range exposures (Macdon-
ald, 2011).

The Ikh Goliin Tsakhir (stratigraphic section U1435, fig. 8) is the third locality
where the Khongor Fm is preserved as a thick diamictite (fig. 11A). At this locality, the
basal part of the Khongor Fm is not well-exposed but is characterized by subcrops of
shale and siltstone with pebblesized carbonate clasts. Interestingly, there is <5 m
thick, brown weathered, black to gray fresh, coarsely recrystallized dolostone preserved
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Zuun-Arts

= Khongor Fm.
Taishir Fm: o

Fig. 11. The Shuurgat Formation. (A) Complete section of the upper Tsagaan-Olom Group, T3 to the
base of Zuun-Arts Formation. Photo is taken in the Ikh Goliin Ts