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INTRODUCTION
The fault-bounded Permo-Triassic Tsagaan 
Tolgoi sub-basin (TTSB) in southern Mongolia, 
c. 115 km north of the Chinese border, was 
situated along the northern shores of the South 
Mongolian Seaway during Late Permian times 
(Manankov, 1998, 1999, 2012; Manankov et al., 
2006). Similar Permian coal-bearing basins in 

Mongolia have developed as isolated units often 
sandwiched between wrench faulted basement 
blocks (Michaelsen and Storetvedt, 2023; 2024, 
Storetvedt and Michaelsen, 2024; Michaelsen 
and Demberelsuren, 2024). The reason for 
this structural subdivision is that throughout 
the Palaeozoic, an upper crustal mantle - with 
its steeply dipping northwest- and northeast-
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ABSTRACT
Syn-tectonic deposition of the Late Permian coal-bearing Yamaan Us Formation 
of the Tsagaan Tolgoi sub-basin, South Mongolia, was abruptly terminated 
due to the most severe mass extinction in Earth’s history. As the principal 
dying out events have occurred simultaneously with tectono-magmatic 
upheavals characterizing major geological time boundaries, the Permo-Triassic 
sedimentary fill of the sub-basin is a characteristic example of Earth’s pulse-like 
history. It is considered axiomatic that the pulsing globe is triggered by internal 
outgassing, with related mass reorganization, episodic dynamic implications, 
and inertia-based moderate wrench tectonics. In this development scheme, the 
moderate tectonically deformed sub-basin, c. 1,000 m thick, records a dramatic 
transition from humid fluvio-paralic coal-forming environments characterized 
by abrupt facies changes during the Late Permian, to arid barren terrestrial 
conditions during the Early Triassic. Coal ash composition analysis shows a 
marked increase in average SO3 content from 2.09% in the thick basal seam to 
6.88% in the topmost, which might be coupled to pulses of toxic gas exhalation 
- in this case perhaps mainly from the contemporary Siberian Traps. Very rare 
fire-scarred fossil wood fragments, discovered in the topmost part of the coal 
measures, probably resulted from wildfire- caused by outgassed methane ignited 
by lightning. Preliminary analysis of fossil wood growth rings shows significant 
internal variation in annual ring thickness and overall decrease upwards towards 
the End Permian Mass Extinction, indicating critical stress in plant ecosystems 
linked to complex toxic haze, acid rain and hypoxia. However, the sedimentary 
record shows no spatial-temporal diminution of coal seams prior to the End 
Permian Mass Extension indicating abrupt termination of peat mire deposition.  

Keywords: South Gobi Basin, coal measures, basin analysis, wildfires, End 
Permian Mass Extinction
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oriented orthogonal fracture network - was 
subject to episodic clockwise inertia-triggered 
wrench deformation (Michaelsen and Storetvedt, 
2023). During the Palaeozoic, seawater volume 
was moderate, with a cosmopolitan fauna living 
in epi-continental conditions (Peters and Gaines, 
2012; Storetvedt, 2026). Thus, a plane or slightly 
undulating continental surface must have existed 
when the first water pulses of any importance, 
in Cambro-Ordovician times, were expelled 
from the interior, associated with an explosion 
of higher life forms. Throughout the rest of the 
Palaeozoic, irregular moderate thinning of the 
pan-global continental crust led to formation of 
epicontinental basins (Ruditch, 1990; Storetvedt, 
2003/23, 2025, 2026). Towards the end of the 
Permian, relatively unaffected crustal masses 
experienced its deepest Palaeozoic regression 
(Hallam, 1992). In consequence, the once widely 
covered epicontinental seas of Central Asia 
were reduced to narrow shallow seaways along 
which the economically important Mongolian 
coal-bearing basins developed (Storetvedt and 
Michaelsen, 2024). Furthermore, the deep 
regression, which culminated at the Permian-
Triassic boundary (PTB), coincided with the 
largest extinction in Earth’s history (Retallack, 
1995; Hongfu et al., 2001; Michaelsen, 2002; 
Jasper et al., 2016; Li et al., 2016; Shen et al., 
2018; Cui et al., 2021; Lu et al., 2022; Song et al., 
2022; Jiao et al., 2023; Zhang et al., 2023; Ragon 
et al., 2025). The oscillatory deep regression 
- associated with accelerated regional crustal 
thinning and isostatic subsidence - appears to 
have been primarily localized to the present-day 
Pacific (Ruditch, 1990; Storetvedt, 2025). Crustal 
development was apparently caused by subcrustal 
eclogitization with associated gravity-driven 
crustal loss to the upper mantle (Austrheim, 1987; 
McMillan et al., 2025), a process that was in turn 
closely linked to the release of gases and aqueous 
fluids - on land and in the seafloor (Michaelsen 
and Storetvedt, 2023). In this process, it is 
likely that the associated Late Permian tectonic 
phase triggered widespread gas-driven volcanic 
activity with explosive cratering, particularly in 
regions of ongoing crustal thinning and isostatic 
subsidence.
On this background, we infer that the development 
of the small-scale TTSB is closely connected to 

the physical course of the Earth - a long-lasting, 
slow and episodic degassing history towards 
thermochemical equilibrium. In this process, 
episodic changes of the planet’s moment of inertia 
have become the principal dynamo-tectonic driver 
for all pulse-like geological processes - as well 
as functioning as a hydraulic pumping device for 
ejecting water, metals and abiotic hydrocarbons 
to surface levels (Storetvedt, 2003/23, 2026; 
Storetvedt and Michaelsen 2024). In the degassing 
theory, both marine and terrestrial biotic crises are 
simultaneous and caused by toxic gases and fluids 
released through the surface both on land and in 
the seabed - including sulphur dioxide, hydrogen 
sulphide, hydrogen halides and carbon monoxide 
which are poisonous and combustible. In addition, 
the marine environment suffered from anoxia 
while the continents must have been subject to 
a complex, partly toxic, haze - expectedly giving 
rise to a combination of reduced solar radiation, 
lowered surface temperatures, poorer growing 
condition, wildfires and soot layers (Augland et 
al., 2019; Cai et al., 2021; Dal Corso et al., 2022, 
2024; Jiao et al., 2023; Hua et al., 2024; Xie, 2024; 
Bhattacharya et al., 2025). By using outgassing 
as the axiomatic basis for the Earth’s evolution, 
with its various crustal manifestations, dynamical 
records, and surface products, it appears that a 
“first-order” observation-prediction-verification 
chain may be underway (Storetvedt, 2003/23). 
This implies that Mongolia’s tectono-magmatic 
history, its natural resources, and environmental 
records are sequential in situ products of the way 
the Earth works (Michaelsen and Storetvedt, 
2023; Storetvedt and Michaelsen, 2024). 

WRENCH TECTONICS OF THE TTSB
In a wider perspective, Mongolia’s tectonic 
history constitutes a series of inertia-driven 
transpressive - transtensive reactivations of the 
omnipresent orthogonal and steeply dipping 
fracture/fault system - building up superimposed 
tectono-magmatic successions in situ. In 
southwestern Mongolia, the cutting-across of the 
late Ordovician palaeoequator led to substantial 
reactivation of the steeply dipping orthogonal 
fracture/fault system, as well as paving the way 
for the overall geological history of Mongolia.  
The Late Ordovician palaeo-equator ran along 
the Altai belt (Michaelsen and Storetvedt, 2023). 



Michaelsen and Storetvedt, 2026. Mongolian Geoscientist 31 (62) 

67

Fig. 1. Generalized spatial distribution map of Permian sedimentary strata in Mongolia showing location of the Tsagaan 
Tolgoi study area (modified from Manankov et al., 2006). 

During this time a significant part of Mongolia 
belonged to the northern palaeo-hemisphere, 
where the general inertial effect is clockwise. 
This tectonic situation has persisted, but with 
gradually decreasing strength, resulting from the 
palaeoequator having stepwise moved away from 
Mongolia - towards today’s equator where the 
palaeoequators form intersections at c. 90°E and 
W respectively (Wegener, 1929/66; Storetvedt, 
1990). The Late Ordovician wrenching of an 
upper crustal layer gave rise to predominantly 
different tectonic results between western and 
eastern Mongolia. While the western part was 
dominated by transpression and high strain zones, 
along the basal NW-striking fault set, eastern 
Mongolia was overshadowed by transtension 
along the orthogonal (NE-striking) planar fault 
system (Michaelsen and Storetvedt, 2023). 
During the Palaeozoic, the orthogonal fault 
network was repeatedly inertially reactivated 
during which the (palaeo) latitude-dependent 
westward torsion led to tectonic interaction 
between the two fault sets. This “loop chain” 
interaction is likely the cause of the south-
facing Mongolian tectono-topographic arc, as 
well as the corresponding shape of the Mongol-
Transbaikalian Seaway (Fig. 1). In southern 
Mongolia, however, the interaction between the 
two perpendicular fault sets became unusually 

sharp, causing the prevailing tectonic grain to 
take on an E-W orientation - along which the 
elongate trapezoidal-shaped Late Permian TTSB 
developed (Fig. 2). In the latest Palaeozoic, the 
palaeoequator (along which the inertial effect is at 
its maximum) was more distant from Mongolia, 
running across north-central India. One would 
expect therefore that the related all-Mongolia 
inertial wrenching would be reduced. On the 
other hand, the pronounced crustal break-up 
interaction in south Mongolia and the significant 
earthquake activity notably in southwestern 
regions of the country (Sodnomsambuu and 
Klyuchevskii, 2017) - the latter probably being 
a persistent degassing phenomenon, would have 
led to long-lasting but variable tectono-magmatic 
superimposition. In previous articles (Michaelsen 
and Storetvedt, 2023, 2024; Storetvedt and 
Michaelsen, 2024) we have referred such cases 
to upper crustal inertia-twisted decks - for which 
the (sub)horizontal disconnected crustal ‘cards’ 
are due to a combination of the, by now, abundant 
evidence of hydrous fluids in the continental 
crust - as evidenced in the deep Kola (Kozlovsky, 
1984) and the KTB (Kontinentale Tiefbohr), 
Germany (Ito and Zoback, 2000) boreholes, with 
attendant supercritical water-produced mud, 
serpentinization, and chlorite development. As 
we shall see below, the TTSB is another and not 
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unexpected example where the Lower-Middle 
Paleozoic tectonic grain is rotated, variably 
warped and partly cut by a transverse regional 
wrench fault (Fig. 2) - compressing the Permian-
Triassic sub-basin. 
The elongate fault-bounded TTSB, which 
extends E-W for c. 22 km shows gradual thinning 
eastwards - with width varying from c. 4 to 1.5 
km. To the north, the sub-basin is bounded by 
Carboniferous basement rocks, and partly to the 
south, and on side-wall faults to the west, by 
silicious volcanics (Fig. 3). The main structural 
feature is a broad and gently eastward dipping 
syncline, modified at several levels by smaller-
scale folding and faulting. The syncline axis 
reflects the regional trend of the South Gobi 
Basin - consisting of a series of E-W oriented 
transtensional sub-basins. The eastern sector of 
the TTSB is masked by modern sediments with 
only sporadic Permian outcrops. Therefore, the 
present paper focuses on the western part where 
steeply dipping Late Permian coal measures are 
well exposed in a c. 4 km² large area adjacent 
to the sidewall fault. A thick sequence (up to 50 
m in places) of reworked quarts-rich volcanic 

material - a muddy and conglomeratic rock, 
forms the base of the Late Permian coal measures 
(i.e. the proposed Tsagaan Tolgoi Tuff Member). 
It is likely that the TTSB syncline began its 
subsidence before the volcanic event, with mud 
production through the breakdown of basement 
rocks - a disintegration product of the release 
of high-pressure supercritical aqueous fluids 
(Dimitrov, 2002; Hovland et al, 2006), primarily 
along the central fault zone. 
The most important tectonic event, affecting the 
sub-basin and its surroundings, was however 
a transverse northern palaeo-hemispherical 
clockwise wrench rotation (Fig. 2), which 
probably occurred concurrently with the volcanic 
stage. It is important to point out that in a crustal 
“deck of cards” condition in the Earth’s crust 
(Michaelsen and Storetvedt, 2023), based on 
findings from deep continental drilling (Kola and 
KTB; Kozlovsky, 1984, Ito and Zoback, 2000), 
the need for inertial forces during small-scale 
tectonic rotations may be moderate to small. 
During this regional inertia-triggered event 
(possibly a precursor of the End Permian Mass 
Extinction (EPME) bio-catastrophic event), the 

Fig. 2. A) Advanced spaceborne thermal emission and reflection radiometer (ASTER) image of the TTSB district shows 
that the primordial orthogonal fault network is clearly visible - despite the strong wrench tectonic deformation of the 
upper regional crust during the Permian. Moderate clockwise rotation (top right) is shown for a block covered with 
Carboniferous rocks. B) Rose diagram of reconciled in-situ stress indicators obtained from the study area

B
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northern TTSB boundary became transpressive, 
while the southern faulted boundary underwent 
transtensive conditions. This difference in 
tectonic regime is apparently the reason why 
the predicted explosive volcanism is basically 
concentrated on the southern margin. During this 
tectono-volcanic phase, the western sub-basin 
was most strongly affected - cutting the basin 
into a western and an eastern subdivision by a 
left-lateral SW-NE oriented shear zone (Fig. 3). 
This tectonic disturbance is apparently the reason 
why the proposed Tsagaan Tolgoi Tuff Member 
(TTT in Figs. 4 and 5) of the southwestern sector 
is the thickest of its kind in the TTSB multiphase 
development. It is noted that the NE trending 
sinistral wrench fault has some expression on 
gravity maps, with high gravity values to the 
west of the fault (i.e. the sedimentary depocenter) 
and lower values to the east. This suggests the 
sub-basin experienced syn-tectonic deposition 
during Late-Permian to Early Triassic times as 
we will see in the ensuing Facies Analysis and 
Depositional Environments sections. 
In the inferred transtensive circumstances, the 
Late Permian peat-forming vegetation, which 

colonized the mud-dominated volcanics, might 
have benefitted from carbon-rich gases upwelling 
along the fault-bounded south-western margin. 
Furthermore, the sub-basin constitutes a central 
steeply inward-dipping syncline, presumably 
following along a principal fault zone of the 
regional tectonic grain. Therefore, to account 
for the subsidence of the basin, a reasonable 
explanation is that the basement rocks have 
undergone significant disintegration to mud along 
the central fault zone. In this process, the rising 
high-pressurized gases and supercritical fluids, 
along with the south-westerly sliding effect, 
transported the muddy component away from 
the central fault zone towards the transtensional 
southern border. Consequently, supercritical 
aqueous fluids were both the producer and 
transporter of the sludge that was blown out along 
the southern TTSB border - together with silicic 
mud and fragments of pure degassing-produced 
quartz (Hunt et al., 1992). The volcanic eruption 
centers along the basin’s southern border are 
well demonstrated by whitish hills in the image 
of Fig. 4A. On the planar marshy surface, the 
mud fraction would easily spread out as flood 

Fig. 3. Generalized geology map of the western part of the TTSB showing location of drill holes, bedding, main faults 
and stratigraphic units. The present margin of the sub-basin is a structural/erosional boundary and does not accurately 
reflect the more extensive depositional basin
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Fig. 4. A and B) outcrop images of the TTT from the southwestern flank of the sub-basin looking north, C) photomicrograph 
of thin-section TTT03 showing laminated fine, clay-rich matrix with abundant quartz crystal fragments (i.e. crossed 
polarizers), and D) image looking NNE of the conformable contact between the TTT and overlying deposits. Note the 
elevated northern Carboniferous basement in the background behind the distinct brownish-orange-colored Jurassic 
strike ridges in the depocenter.  

basin deposits. The Permo-Triassic bedding 
generally dips around 60-70° throughout the 
TTSB, indicates that the basin must have been 
affected by significant compression instigated 
by the inferred superimposed inertia-instigated 
clockwise deformation. As will be outlined below, 
we suggest that originally the Triassic sequence 
probably was much thicker than suggested from 
its present depth - with considerable erosion 
during the transtensive tectonic phase. In that 
event, the northwestern end of the Late Permian 
coal-bearing sequence has been inverted, as it 

means that the tectonic deformation of the TTSB 
tightens westward. This indicates that the pivotal 
region of the regional upper crustal inertial 
rotation may lie only a short distance to the west 
(Figs. 2-3).

MATERIALS AND METHODS
This research is based on field work conducted 
sporadically from 2010 to 2026 on the 
sedimentary succession preserved within the 
TTSB, including detailed mapping of the entire 
sub-basin during 2018-2020. A total of 228 

D

A

B

C
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selected field stations were recorded (position, 
strike/dip, stratigraphy, lithology, sedimentary 
structures, fossils, stress indicators such as 
slickenside structures and photo documented). 
This was followed by coalbed methane (CBM) 
target generation work (Channon and Young, 
2019) for Elixir Energy and subsequent deep 
CBM drilling supervision. During the CBM core 
logging program, event signatures, lithofacies 
contacts, sandstone attributes, biogenic features, 
sedimentary structures, coal characteristics, gas 
bubbles and cleats were given special attention. 
The CBM drill cores from the exploration 
program are secured in wooden boxes at the 
senior author’s Camp Slejpner in Dalanzadgad, 
South Mongolia. The classical terminology of 
Wentworth (1922) was used for grain-size sub-
divisions, whereas the standard scheme of Folk, 
(1974) was used for admixtures. Terminology 
of sedimentary structures was obtained from 
Collinson and Thompson (1982), and Miall 
(2006, 2022). Trace fossil intensity was based on 
Bann and Fielding (2004). This study draws on 
1) a new coal quality database encompassing 69 
coal samples obtained from outcrops of seams 1, 
2, 4, 5, 6 and 7; 2) recent coal seam gas and coal 
thickness data from Elixir Energy, continuously 
disclosed to the Australian Stock Exchange and 
as such in the public domain, and 3) historical 
coal quality data by South Gobi Resources which 
were continuously disclosed to the Hong Kong 
Stock Exchange in numerous announcements. 
Recent field work during 2025-2026 focused on 
sedimentary facies analysis of outcropping Late 
Permian coal measures in the western sector, 
the Jurassic system in the depocenter of the sub-
basin, and sampling for age dating. Paleocurrent 
data were collected from sandstone outcrops with 
trough-cross stratification (TCS) across the PTB. 
Furthermore, a total of 11 samples of the TTT 
were attained from outcrops over a strike length 
of 9,6 km along the southern flank of the sub-
basin, with 11 thin sections studied at Mongolian 
University of Science and Technology. Numerous 
silicified tree trunks were collected from the Late 
Permian coal measures and the Permo-Triassic 
transitional zone for rudimentary growth ring 
analysis, partly using the methods detailed by 
Taylor and Ryberg, 2007. The sampling method 
for the new coal outcrop database was non-

uniform: A) thicker coal seams (i.e. +1 m) were 
sampled at 1 m intervals, whereas B) thin seams 
(i.e. <1 m) were sampled at 0.3m intervals. Prior 
to sampling, weathered, oxidized coal and surface 
debris were removed to expose a fresh, clean 
face, typically 30-50 cm deep. Double plastic 
bags were used for each sample which was sealed 
to retain moisture. Sample number, seam number, 
and sample depth were written on all inside bags. 
Coal quality samples for each seam interval were 
compiled in larger marked and sealed double 
plastic bags. All samples were subsequently 
boxed and personally transported to the Energy 
Resources Central Laboratory in Tsogttsetsii, 
South Gobi, for processing, preparation of 
briquettes, maceral group composition analysis, 
measurement of vitrinite reflectance and 
proximate analysis. The ISO 7404-2 (2009) 
standard was followed for the preparation of 
briquettes. ISO 7404-3 (2009) was used to 
determine maceral group composition, whereas 
ISO 7404-5 (2009) guidelines were followed 
for vitrinite reflectance measurements. The 
maceral group composition analysis was carried 
out on prepared briquettes under reflected light 
using a LEICA DM4P polarization microscope 
(Demberelsuren et al., 2023). The spacing 
between the counts was maintained at 0.2 mm and 
500 counts were taken on each sample. The ICCP 
(International committee for Coal and Organic 
Petrology) classification system 1994 was used to 
distinguish maceral groups of vitrinite, whereas 
the liptinite classification system from 1998 and 
2001 were used to distinguish inertinite and the 
system developed by Pickel et al. (2017) was used 
to distinguish liptinite. Clay, carbonate, silica, 
pyrite and other minerals were determined. The 
vitrinite reflectance was measured on a FOSSIL 
#10 726 microscope with a LEICA DM4P camera 
(Demberelsuren et al., 2023). The examination 
was conducted using a 50x magnification ocular 
lens under Zeiss oil immersion (518 N). The 
random vitrinite reflectance was measured from 
50 to 100 points in each sample. The mean 
random vitrinite reflectance values were then 
calculated applying the FOSSIL #10 computer 
program. Proximate analysis was analyzed on 
each sample to determine moisture, ash, volatile 
matter, and sulfur content. MNS GB/T 212:2015 
was used to determine moisture, ash yield, and 
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volatile matter content, and MNS ISO 351:2001 
was used to determine the sulfur content.

Stratigraphic framework of the Tsagaan 
Tolgoi succession
The lithostratigraphic components of the TTSB 
are summarized in Table 1 and described briefly in 
the following, with the focus on the Late Permian 
Yamaan Us Formation (YUF), established 
by Orolmaa et al. (1999), who estimated the 
sedimentary succession to be up to 1,500 m 
thick. This study has revised the true thickness of 
the sub-basinal fill to be up to c. 1,000 m, and c. 
550 m for the coal-bearing YUF, based on recent 
mapping work coupled with observations from 
the latest deep CBM drilling. The Changxingian 
age for the YUF is well established from 
palynomorphs and Angaran compression floras 
by a succession of previous workers (Durante, 
1976; Vakrameev et al., 1986: Burenkhuu et al., 
1995; Zinniker and Badarch, 1997: Orolmaa 
et al., 1999: Durante and Luvsantseden, 2002; 
Uranbileg, 2003; Aristov, 2005; Johnson et al., 
2007; Cai et al., 2022, 2023, 2024; Michaelsen 
and Storetvedt, 2024). However, no absolute 
age dating has been reported given the very rare 
nature of tuffs and absence above seam 3. The 
coal-bearing part of the YUF is estimated here to 
have a maximum true thickness of c. 550 m in the 
western depocenter, with gravity maps indicating 
eastward thinning coupled with the narrowing of 
the sub-basin. Results from recent mapping show 
the formation is sporadically exposed over an 
east-west strike length of c. 22 km. 
The base of the coal measures is characterized 
by an up to c. 50 m thick whitish stratigraphic 
marker bed, locally known as the “Tsagaan Tolgoi 
Tuff” (TTT, Fig. 5), which is proposed here to be 
formally elevated to stratigraphic member status 
given the important marker bed characteristics 
and lateral continuity. Recent mapping shows 
the TTT sporadically outcrops over a c. 22 km 
strike length along the southern margin of the 
sub-basin, and along the NW oriented sidewall 
fault to the west, with only rare outcrops along 
the northern margin (Fig. 3). The unit is best 
exposed in the south-western part of the sub-
basin where it forms a c. 50 m high whitish hill 
which gives the sub-basin its name of Tsagaan 
Tolgoi (“white hill”) Fig. 4A, proposed here as 

Fig. 5. Generalized lithostratigraphic log of the Permo-
Triassic sedimentary succession of the TTSB with informal 
member and coal seam nomenclature.

type section. The unit is very noticeable in aerial 
photographs and LANDSAT images (Fig. 2). 
A total of 11 TTT samples were attained from 
outcrops along the southwestern margin over 
a strike length of 9.6 km (Appendix Table 1). 
Analytical work reveals the volcanic sediments 
are acidic in composition, with secondary quartz 
developed along laminae interfaces (Fig. 4C). 
Recent CBM drilling in the western sector shows 
the TTT is inter-bedded with thin coal beds of the 
basal seam 0 horizon (Fig. 5), and as such should 
be included as a basal member of the YUF. The 
TTT unit is considered here to represent reworked 
deposits of mud volcanoes or fissures associated 
with inertia-driven transtensive reactivation of 
deep-seated primordial fault zones (Michaelsen 
and Storetvedt, 2023, 2024).  It is noted that mud 
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Fig. 6. Field images of the Conulariid fossil fragment 
discovered at the base of the coal measures. 

volcano deposits usually occur as linear features 
(Dimitrov, 2002; Hovland et al., 2006) and 
thought to be deposited due to the over pressure 
of muds at depth caused by a slowly degassing 
Earth. 
The YUF is characterized by a total of eight coal 
horizons (numbered 0 - 7), distributed in three 

Fig. 7. A) Measured section by Johnson et al. (2007) across the Permian-Triassic boundary at Tsagaan Tolgoi (text 
for discussion - modified from Johnson et al., 2007), and B) allochthonous uppermost fossil wood fragment preserved 
within in greenish PTB transitional zone

coal-bearing zones (upper, middle and lower). The 
three coal zones are separated by two c. 75-241 
m thick clastic packages (Fig. 5). The lower coal-
bearing zone includes seam horizons 0, 1 and 2, the 
middle zone contain seam horizon 3, whereas the 
upper zone includes seam horizons 4 to 7. A very 
rare Conulariida fragment (Fig. 6) was recently 
discovered within the clastic sequence between 
seams 0 and 1 along the northern flank of the sub-
basin at 42°52’32.64”N/105°27’45.56”E. Such 
fossils are particularly valuable for reconstructing 
ancient water temperatures, seafloor oxygen 
levels, basin migration patterns and water energy 
(e.g. Van Iten, 1991). During the Permian period, 
the paleogeographic distribution of these fossils 
strongly indicates a preference for cooler waters 
(Waterhouse, 1979). The boundary between the 
Late Permian coal measures and the conformably 
overlying Early Triassic sandstone dominated 
formation is transitional over a c. 50 m thick 
interval (Fig. 7). This stratigraphically important 

A B

A B
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Fig. 8. A-B) Lower Triassic greenish barren sediments and C) calcareous nodules indicating arid desolate conditions 
after the PTB, D) well developed Early Triassic Milankovitch cyclothems, and E) Permo-Triassic paleocurrent data 
showing persistent westward sediment dispersal across the PTB

A B C

D

E
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interval was well documented by Johnson et al. 
(2007), which holistically established the PTB 
within the zone based on Carbon isotope data, 
palynology, macroflora and sedimentological 
observations. Importantly, Johnson et al. (2007) 
reported characteristic Late Permian pollen genera 
such as Cordaitina, Florintes, Potonieisporites 
and Neoraistrickia, whereas Early Triassic and 
transitional zone species comprise Lueckisporites 
virkiae, Lundbladispora sp., and Taenisporites 
sp. Notably, Taeniate-striate bisaccate is typically 
associated with evaporites and more arid 
conditions. The transitional interval is dominated 
by siltstone in the lower part, coarsening 
upwards with an increase of medium-coarse 
grained sandstone beds. The sediments color 
changes from greyish to greenish, calcareous 
nodules measuring up to 1.8 m across appear, 
and siderite horizons gradually disappear (Fig. 
7). Additionally, Johnson et al. (2007) reported 
a prominent negative organic δ13C isotope ratio 
excursion of 4-6‰ coincident with changes in 
lithology and pollen assemblage (Fig. 7). The 
siderite horizons are relatively thin at 12-16 cm 
compared with the typical 25-70 cm within the 
underlying coal measures. Rare allochthonous 
petrified wood trunks (Fig. 7B), measuring up to 
24 cm across, occur in places.   
The conformable overlying Early Triassic barren 
sediments were estimated to have a maximum 
thickness of c. 250 m within the western 
depocenter where they are well exposed and 
dominated by fine-coarse grained sandstone and 
greenish siltstone beds with common calcareous 
nodules (Fig. 8).  The transitional Permo-Triassic 
coarsening upward zone (Fig. 7) is overlain in by 
a fluvial succession of up to nine fining upward 
sequences with individual thickness measured 
during field work at c. 7-16 m (Fig. 8D). Basal 
matrix-supported conglomerate units show 
sub-angular to well-rounded pebble size clasts 
up to 4.1 cm in length and generally overlain 
by pebbly coarse-medium grained sandstone 
beds, showing textural and compositional 
immaturity, fining upwards to greenish siltstone. 
Sedimentary structures are dominated by TCS 
with subordinate horizontal bedding (Fig. 8B). 
Paleocurrent measurements from TCS were 
acquired from medium-grained sandstone beds, 
indicating westward sediment dispersal (Fig. 

8E). Field observations show the Early Triassic 
sediments are unconformably overlain by an up 
to c. 100 m thick coarse grained Upper Jurassic 
fluvial sequence sporadically preserved along 
the synclinal axis in the western depocenter 
(Table 1, Figs. 2, 5D). Compression floras of 
the mosses Tricostium, Yamanusia, Atrichites 
and Palaeosyrrhopodon were reported from the 
unit by Ignatov and Shcherbakov (2011, Table 
1), with Tricostium formerly described from the 
Upper Jurassic (Ignatov and Shcherbakov, 2011). 
Previously Shcherbakov (2008) reported abundant 
insects of protorthopterous Chaulioditidae and 
mayfly nymphal exuvia, from the same unit, and 
suggested a Triassic age. However, results from 
recent mapping agree with the data by Ignatov 
and Shcherbakov (2011). The distinctly colored 
Upper Jurassic sediments form prominent strike 
ridges within the western part of the study area, 
with a maximum length of c. 380 m (Fig. 5D). 
The Paleozoic and Mesozoic sediments are in 
places overlain by semi-consolidated Neogene 
red beds estimated to be up to c. 50 m thick 
(Table 1). The primordial pan-global orthogonal 
wrench tectonic rupture system is expressed by 
numerous linear NE to NW oriented ephemeral 
drainage systems within the study area (Fig. 3). 
Due to the persistent wrench tectonic history, the 
old rupture system has been transferred into ever 
younger surface strata.

RESULTS
Facies analysis of the coal-bearing YUF (P3yb)
The results show the Late Permian YUF is 
characterized by six coal-bearing alluvial to 
shallow marine facies associations (FA), with 
their architectural and temporal relationships 
allowing for a preliminary reconstruction of the 
coal-bearing depositional system. The six facies 
are summarized in Table 2 and briefly described 
below.
 
Facies association 1 (FA1): fluvial channels
FA1 comprises light gray, fine to very coarse-
grained pebbly sandstone organized as erosional-
based ribbons and sheet-like multi-story bodies. 
Rip-up clasts ranging to 8.1 cm in length 
are common. Two sub-facies of genetically 
related deposits with significantly different 
characteristics occur: Sub-facies FA1a comprise 
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multistory sheet-like sandstone bodies up to 18.5 
m thick. The basal bounding surfaces are sharp, 
irregular and erosional, often marked by bedload 
conglomerate deposits. Internally it is medium-
thickly bedded with predominant TCS. Fossil 
wood fragments up to 34 cm in length are common 
in places. FA1a is well exposed as laterally 
continuous strike ridges along the northern flank 
of the sub-basin (Fig. 9). Vertically, the sandstone 
units vary in thickness as they pinch and swell at 
right angles to the axial unidirectional paleo-flow 
direction (Fig. 8E). Sub-facies FA1b comprises 
ribbon sandstone bodies, with a thickness of a c. 
1-4 m. A thin ribbon-shaped sandstone unit with a 
width/thickness ratio of 8 was documented in the 
western part of the study area. FA1b sandstone 
bodies are erosional based single and vertically 
stacked units of pebbly fine- to medium-grained 
sandstone. FA1b are generally medium bedded 
and dominated internally by TCS with moderate 
set heights (Fig. 9C). FA1b are well exposed in 
the western part of the sub-basin, where Johnson 
et al. (2007) noted common convolute bedding, 
slumping, asymmetric current ripples and 
upward-fining trends.  
Interpretation. Sub-facies  FA1a is interpreted 
as the active fills of rapidly aggrading, multi-
story, fault-bounded channel belts. This 
interpretation is based on architecture, common 
rip-up clasts, petrified wood fragments and 
sedimentary structures. Sub-facies FA1b is 
considered to represent sand-filled crevasse-
splay feeder channels with low width/thickness 
ratios, branching of an entrenched, fault-
bounded, axial (i.e. westward draining) trunk 
river system, developed along the northern flank 
of the sub-basin (Fig. 9E). Michaelsen et al. 
(2000) documented similar crevasse-splay feeder 
channels from the Late Permian Rangal Coal 
Measures in NE Australia. More recently, Wang 
et al. (2022) documented similar “pipelines” from 
the Eocene Willwood Formation, Bighorn Basin, 
USA. The presence of a partly preserved petrified 
tree trunk in upright growth position within FA2 
deposits suggests a flashy fluvial run-off regime, 
possibly controlled by A) syn-tectonics or B) 
non-perennial drainage, or both. 
 
Facies association 2 (FA2): Overbank
FA2 is characterized by inter-bedded fine to 

medium-grained light-medium grey sandstone, 
medium-dark grey siltstone and carbonaceous 
mudstone. Sedimentary structures are dominated 
by horizontal, graded and indistinct bedding and 
horizontal and ripple lamination, with occasional 
convolute bedding. Petrified wood and well-
preserved plant material (Fig. 9B) are common to 
abundant, including macroflora such as Cordaites 
Sulcivius, Lepidophyte, Cicadocea (Guramsania 
hosbairica) and Secrospiroxylon tolgoyensis as 
previously reported by Orolmaa et al. 1999 and 
Johnson et al. 2007, among others. Results from 
field work show that strap-shaped carbon-coated 
leaf impressions of Cordaites are by far the 
predominant macroflora (Fig. 9B) and often occur 
as seasonal leaf litter. Siderite horizons, typically 
c. 25-70 cm thick, are common throughout FA2 
(Fig. 10). 
Interpretation. FA 2 is interpreted as proximal-
distal overbank and flood basin deposits, based on 
its overall fine grain-size, sedimentary structures 
and common - abundant plant fossils. Johnson 
et al. (2007) noted the siderite indicate swampy, 
reducing conditions. Tang et al. (2023) reported 
similar siderite in the coal-bearing beds of the Late 
Permian Xuanwei Formation in Eastern Yunnan, 
China. The comprehensive study revealed four 
distinct forms of siderite deposits: A) stratiform-
laminated, B) lens-like nodule, C) sandstone 
cementation, and D) fracture filling. At Tsagaan 
Tolgoi the siderite appears to occur primarily as 
sandstone cementation which Tang et al. (2023) 
interpreted as forming through cementation and 
precipitation within the intergranular pores of 
debris particles under reducing conditions. 

Facies association 3 (FA3): Lacustrine
FA 3 is characterized by very well sorted, thinly 
laminated whitish quartz-rich claystone (Fig. 4). 
FA3 is best developed in the southwestern part of 
the sub-basin where it is up to c. 50 m thick. The 
prominent Tsagaan Tolgoi hill provides excellent 
exposures of FA3. There FA3 is characterized by 
thin horizontal varve-like laminae (Fig. 4B). 
Interpretation. FA3 is interpreted based on its 
fine grain-size attributes, blanketing nature, and 
varve-like laminae to represent deposition in a 
relatively shallow lake. Given the substantial 
thickness and uniform nature, subsidence and 
sediment flux must have been constant over a 
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Fig. 9. Outcrop and drill core examples of facies association characteristics: A) Foreshore deposits of FA5, B) well 
preserved macroflora from FA2 overbank deposits, C) pebbly sandstone channel outcrop (FA1b) with well-developed 
TCS, D) FA5 deposits with disturbed bedding and ichno fossils, E) well developed active channel fill (FA1a) from the 
northern fault-bounded flank of the sub-basin, and F) HCS structures from bidirectional flow (FA5)   
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prolonged period. The lack of cross-lamination 
or rippled bedforms implies uniform low-energy 
conditions and minimal bottom-current activity. 
The rare occurrence of organic material indicates 
that water was sufficiently deep, and possibly 
anoxic, to preclude standing vegetation. The 
Tiaohu Formation of the Santanghu Basin in NW 
China, features thick successions of Permian tuffs 
formed in a deep lacustrine environment. Ma 
et al. (2016) reported that continuous volcanic 
ash settling periodically suffocated aquatic 
ecosystems. Further afield in the Cenozoic coal-
bearing basins of Indonesia, the base sequence 
commonly comprises thick lacustrine shale 
-such as the “Brown Shale” or Pematang Group 
(Longley et al., 1990). 

Facies association 4 (FA4): Peat mire	
FA4 is composed of black coal, classified as high 
volatile B and C of the bituminous class and 
subbituminous A based on the internationally 
recognized ASTM D388 standard. FA4 is very 

well developed within the study area with a total of 
eight seam horizons (Fig. 5) and individual seams 
up to 50 m in apparent thickness. FA4 commonly 
contains numerous fine-grained clastic partings 
of FA2. The economically important seam 
horizon 1 is generally made up of a thick lower 
and upper seam couplet which coalesces over a 
strike length of c. 650 m proximal to the western 
sidewall fault to form a c. 50 m thick super seam. 
This thick basal seam 1 was intersected by Elixir 
Energy’s Nomgon-1 CBM discovery well (Fig. 
3). A very rare 34 cm thick pale brown tuff was 
noted in the basal part of seam 1, characterized 
by a low gamma ray response. Mapping work 
uncovered the thick basal seam 19.4 km east 
of Nomgon-1 along the southern flank of the 
sub-basin. Historical coal quality data from the 
western sector of the sub-basin indicates the thick 
basal seam would generally produce a raw low 
moisture, medium-high ash, moderate Sulphur 
and moderate energy product (Appendix Table 2, 
Fig. 11). Limited historical vitrinite reflectance 

Fig. 10. A) Outcrop example of common shoreface deposits onlapping coal seams with transgressive surface of erosion 
B) Example of common siderite beds from seam 2 horizon, and C) classical shoaling-upward sequence showing low-
angle hummocky cross-stratification developed above high-angle TCS
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(Ro) data from seam 1U-1L shows a value of 
0.74. Independent vitrinite reflectance analysis 
from this study returned similar values of 0.776 
(Appendix Table 3, Fig. 11A). All the coal seams 
at Tsagaan Tolgoi vary greatly in thickness and 
quality as shown in Appendix Table 2. The 
topmost Vitrinite-rich seam horizon 7 underlies 
the Permo-Triassic transitional boundary zone 
(Fig. 7). The thickness varies significantly from 
2.1 - 13.3 m, with an average of 7.9 m. Coal 
quality data shows a relatively low ash average 
of 13.53% (dry basis), and it is noted that this is 
the lowest mean ash content of all the eight coal 
seams. Residual moisture average 5.52% (air dry 
basis), volatile matter average 35.07% (dry ash 
free basis), Sulphur of seam 7 varies significantly 
from 0.32-2.91% (dry basis) with an elevated 
average of 0.88% (Fig. 11B). The average gross 
calorific value for the topmost seam is 30.45 MJ 
(dry ash free basis). Ultimate analysis shows 
the highest Carbon values of the eight seams at 
74.24% (Appendix Table 2). Significantly, ash 
composition testing from this study shows Sulphur 
trioxide values are the highest in the entire seam 
package with 6.88% compared to an average of 
2.88% (Fig. 12). Further, ash composition testing 
shows that Mn2O3 is three times higher at 0.22% 
than the average of the seam package of 0.07%, 
and Fe2O3 are also elevated at 13.12% compared 
to 5.46% for the seam series (Fig. 12, Appendix 

Table 3). SiO2 is lower at 50.94% than the 
average of 64.22% for the entire seam package 
and represents the culmination of an overall 
decreasing upward trend (Fig. 12). Furthermore, 
average K2O values of 0.13% are almost five 
times lower than the average of 0.62% for the 
entire seam package (Fig. 12).
Interpretation. FA4 is considered to represent 
laterally extensive, low-lying peat mire 
systems developed on the lower coastal plain. 
In a sequence stratigraphic context, the facies 
stacking pattern suggest they primarily developed 
during transgressive systems tracts and early 
high-stand systems tracts times (Diessel, 1992, 
2007; Shao et al., 2003). During transgressive 
systems tracts times the sea slowly advances 
with the coastal areas experience a rising water 
table which allows peat-forming ecosystems 
to spread and keep pace with the rising water 
level, whereas during early highstand systems 
tracts times the sea-level rise slows down and 
coal-forming plants can accumulate in a high-
water table environment (Diesel, 2007). Basal 
seam 1 probably represents a prolonged period 
of deposition given the significant thickness. The 
relatively thick (av. 7.85 m) topmost seam 7 is 
relatively low in ash (13.53% dry basis) and high 
in vitrinite (69%).  In this context Diessel (2007) 
noted that simple properties, such as maximum 
coal thickness, low detrital mineral content and 

Fig. 11. A) Coal rank data showing an upward decrease in coal rank, B) Sulphur content of the eight coal seam horizons 
indicating an overall 3rd order sea-level cycle with superimposed 5th order cyclothems, and C) preliminary results from 
maceral analysis of the coal succession
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Fig. 12. Ash composition elements of the Late Permian coal horizons (text for discussion)

cnidarians) was discovered within carbonaceous 
mudstone deposits of FA5 within the basal part of 
the formation (Fig. 6). 
Interpretation. FA5 is interpreted as inter-tidal 
flat deposits developed along the foreshore of 
a mesotidal depositional environment based on 
sedimentary structures and overall moderate 
presence of ichnofossils. The diagnostic HCS 
structures were discovered at 42°52’32.64”N/ 
105°27’45.56”E (Fig. 6) proximal to the 
Nomgon-1 CBM discovery well. HCS is widely 
used as a proxy to identify ancient tidally 
dominated environments (Eriksson, 1977; Singh, 
1980; Daidu et al., 2013). HCS in very coarse 
to coarse-grained sandstone beds forms in high-
energy, tidally influenced environments where 
alternating water currents (flood and ebb tides) 
migrate back and forth (Reading, 1996). The 
HCS sedimentary structures probably developed 
during symmetrical tidal dynamics where flood 
and ebb currents were both sufficient to carry 
the coarse-grained sediments. Similar inter-
tidal deposits were documented within the Late 
Permian coal measures at Bayanjargalant in 
central Mongolia by Michaelsen (2016) and 
Michaelsen and Demberelsuren (2024). The 
very rare Conulariida fragment discovered at 
42°53’39.26”N/105°32’48.83”E c. 50 m south 
of the Carboniferous basement contact, was 

maximum preservation of vitrinite, define a 
good balance between accommodation versus 
peat accumulation, as such, Seam 7 probably 
accumulated during transgressive to early 
highstand systems tracts times of the final high 
frequency sea-level rise prior to the deep End 
Permian lowstand. 

Facies association 5 (FA5): Foreshore
FA5 is characterized by inter-bedded to inter-
laminated fine to coarse-grained sandstone, 
medium-dark gray siltstone and carbonaceous 
mudstone with common pyrite. These sediments 
are moderately bioturbated (Fig. 9D) and 
contain disintegrated organic material in places. 
Depositional structures include small scale 
herringbone cross-stratification (HCS), tidal 
bundles, wavy, disturbed, lenticular and parallel 
bedding. The preserved set heights of the rare 
HCS vary from 7.5 - 11.3 cm, whereas the grain 
size is coarse-very coarse-grained sandstone (Fig. 
9F). The level of bioturbation intensity within 
FA5 is generally moderate, however, varying 
significantly from Bioturbation Index 0 to 4 in the 
scheme of Bann and Fielding, 2004. The biogenic 
structures are characterized by a low diversity 
assemblage of sand-filled Planolites and inclined 
structures (Fig. 9D). A fragment of a very rare 
Conulariida (ie. an extinct group of medusozoan 
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emplaced during a brief shallow marine incursion. 
The conulariida fragment measured 10mm in 
length, showing 12-13 transverse ribs (Fig. 6). 
The fragmented preservation of the conulariia 
fragment on the foreshore might signify a 
relatively high-energy depositional environment 
where the holdfast was dislodged and the animal 
disjointed during a storm event. Significantly, 
Michaelsen (2016) reported a similar very rare 
Conulariida fragment from the base of the Late 
Permian coal measures at Bayanjargalant 524 km 
to the northeast.    

FA6: Shore face
FA6 is characterized by light-medium gray, 
well sorted, very fine-coarse grained sandstone, 
interbedded with subordinate medium-dark gray 
siltstone and dark gray to blackish mudstone. 
FA6 is very well represented in the lower part of 
the sedimentary package, particularly between 
seam horizons 2 and 3 and seam horizons 3 and 4. 
Sedimentary structures include rare low amplitude 
hummocky cross stratification (Fig. 9F), well 
developed TCS with set height up to 93.2 cm, 

planar and disturbed bedding. FA6 commonly 
overlies FA4 (example show in Fig 10A). 
Ichnofossils such as Skolithos and Planolites isp. 
(Fig. 9D, Pemberton and Frey, 1982; Bromley, 
1996) were documented during field work. The 
level of bioturbation intensity is low, generally 
ranging from 0 to 1. Rudimentary microscopic 
analysis of the sandstone composition shows 
well sorted, fine-medium grained, texturally 
immature sandstone, with dominantly angular to 
sub-angular grains often characterized by very 
low sphericity. Framework grains are dominated 
by labile volcano-lithics, limited feldspars and c. 
20% quartz grains. Clearly, the framework grains 
were not significantly upgraded in the shallow 
marine realm (Michaelsen and Henderson, 2000), 
suggesting rapid deposition and burial.  
Interpretation. FA6 is interpreted as shallow 
marine (shore face) deposits based on diagnostic 
sedimentary structures and lithological 
composition. The rare low-angle amplitude 
hummocky cross stratification structures overlie 
well sorted medium-grained sandstone with 
TCS with set height measured at 40-50 cm (Fig. 

Fig. 13. A) Rare example from the middle part of the Late Permian coal measures of large, petrified tree trunk in growth 
position, indicating rapid clastic aggradation at times. The tree trunk was measured at +116.4 cm in length and 44.2 cm 
in width, B) Example of thick well-developed growth rings from the lower part of the YUF (i.e. coal seam 3 horizon), 
and C) Petrified wood trunk from coal seam 4 horizon
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9F). This vertical sequence is a classic indicator 
of a regressive (shoaling-upward) sedimentary 
environment, reflecting a transition from a deeper 
to shallower storm-influenced setting, generated 
by: A) a prograding coastline, or alternatively B) a 
marine regression. Hummocky cross stratification 
represents shallower water depths between the 
fair-weather wave base and storm wave base with 
a depth ranging significantly from c. 2 to +80 m 
(Dott and Bourgeois, 1982). They are created 
by the intense, chaotic orbital motion of water 
combined with bottom-hugging currents during 
severe storm events as documented by Dott and 
Bourgeois (1982). In essence, the discovery 
of amplitude hummocky cross stratification 
structures indicates a high energy depositional 
environment. 

Depositional environments
The sandstone-to-mudstone ratio was estimated 
for the lower part of the coal measures (i.e. seam 
horizons 0-4) at 1.87 based on analysis of the 
deep Nomgon-1 CBM discovery well. The ratio 
is considered to represent an overall moderate to 
relatively high energy setting (Reading, 1996). 
This quantitative data supplements the work by 
Johnson et al. (2007) on the mudstone-dominated 
upper section, showing an overall upward-fining 
and reduced energy shift (Fig. 4). The facies 
analysis of this study shows the YUF developed in 
a dynamic transitional depositional environment 
proximal to the paleo shoreline, characterized 
by frequent transgressive-regressive cycles 
marked by the inter-digitation of paralic-shallow 
marine and alluvial strata. The abrupt facies 
changes (Fig. 10A) documented here could be 
a product of syn-tectonic controlled fluctuations 
in accommodation-to-sediment supply (Gardner 

et al., 2004). High frequency Milankovitch-type 
cyclothems are evident within the coal measures 
from facies stacking patterns, diagnostic 
sedimentary structures such as herringbone- and 
hummocky cross-stratification and coal-chemical 
signatures. The facies analysis indicates a 
mesotidal depositional environment based on 
diagnostic sedimentary structures such as HCS 
and lenticular bedding and the moderate presence 
of ichno fossils (Table 2). The occurrence of 
hummocky cross stratification within FA6 
deposits (Fig. 10C) strongly indicates a high 
energy shallow marine environment, flanked by 
a c. 20-300 m wide foreshore (Anfuso and Ruiz, 
2004). The precise width of the foreshore is 
dictated by the slope of the beach. The common 
abrupt superposition of shallow marine FA6 
sandstone beds immediately above coal seams 
(Fig. 10A) was observed above seven coal seams 
in the Nomgon-1 core and might be a result of rapid 
syn-tectonic generated accommodation space 
caused by reactivation of growth faults (Fig. 3). 
The immature textural and compositional nature 
of sandstone framework grains suggest overall 
rapid aggradation, interrupted by deposition of 
thick blanketing peat-mires during transgressive 
to early high-stand systems tracts times (Diessel, 
1992, 2007; Chou, 2012). The punctuated 
aggradation interpretation is supported by the 
discovery of a +1.16 m long, and 44.2 cm wide 
petrified tree trunk partially preserved in upright 
growth position perpendicular to strike (Fig. 
13). Climatic indicators within the Late Permian 
coal measures include well developed annual 
growth rings in petrified wood trunks measuring 
up to 52.1 cm across and up to 9.5 m in length 
(Fig. 13B-C). Detailed growth ring analysis on 
fossilized wood obtained from the YUF by Cai 

Specimen # / In-situ 
measurement Stratigraphic position Specimen 

width (cm)
Total # 
of rings

Maximum 
width (mm)

Minimum 
width (mm)

Mean width 
(mm)

TTS7001 Above Seam 7 4.9 14 12 1 3.57
TTS7002 Above Seam 7 7.2 13 7 3 5.08
TTS7003 Above Seam 7 8.1 15 9 2 4.53
TTS7004 Above Seam 7 4.8 10 9 2 3.36
TTS7005 Above Seam 7 11.2 24 11 2 3.92
TTS7006 Above Seam 7 13.5 21 10 1 4.24

In-situ Seam 4 horizon 18.3 42 7 1 3.98
In-situ Seam 3 horizon 28.4 20 19 9 12.55

Table 3. Preliminary results from rudimentary growth ring analysis (text for discussion)
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et al. (2023), suggested relatively short growing 
seasons. Further, the authors discovered a 
growth interruption, probably recording an early 
spring cooling event in a temperate climate. 
Cai et al. (2023)  noted  that growth rings are 
inconspicuously present in the studied stem, 
whereas false rings are commonly present 
throughout the secondary xylem, indicating 
eco-physiological anatomical responses to 
continuous environmental turbulence under 
indistinctive seasonal climatic conditions during 
the latest Permian. The detailed work by Cai et al. 
suggests that while the End-Permian was globally 
characterized by a significant warming trend of 
10°C towards the EPME (Ragon et al., 2025), 
the Yamaan Us peat mire ecosystem might have 
experienced a short-lived cooling event during 
overall increasingly warmer conditions. This is 
supported by the presence of the Conulariida 
(Fig. 6) which preferred cooler Permian waters 
(Waterhouse, 1979). Further, recent work by 
Fielding et al. (2022, 2023) on Late Permian 
strata in NE Australia showed that cold climate 
persisted until 253 Ma. Rudimentary growth rings 
analysis on a total of eight petrified trunk samples 
from coal horizons 3, 4 and 7 were recently 
conducted (Table 3, Fig. 14). Preliminary results 
from the limited samples indicates: 1) significant 
variation in annual growth ring width in every 
analyzed sample (examples shown in Fig. 14); 2) 
ring width averaged 4.12 mm for seam horizon 
7, 3.98 mm for seam horizon 4 and 12.55 mm for 

Fig. 14. Preliminary results from rudimentary fossil wood growth ring analysis from coal seam horizons 3, 4 and 7 
indicating climatic instability and deteriorating conditions towards the PTB, and B) fossil wood growth ring analysis 
from coal seam 4 horizon (text for discussion)

seam horizon 3; 3) a marked decrease in growth 
ring thickness upwards from seam horizon 3 
towards the PTB, and 4) ring structures for the 
petrified wood associated with horizons 3 and 
4 coals are similar being strongly dominated by 
earlywood, whereas the six samples obtained 
above the topmost Seam 7 are still dominated 
by earlywood cells but all have thicker latewood 
cell ratio than the stratigraphically underlying 
samples. The significant variations in annual 
growth rings indicate environmental stress (i.e. 
potential pulses of toxic gas exhalation from 
the contemporary Siberian Traps coupled with 
variations in sunlight, precipitation and overall 
increasing temperature). These preliminary 
results are in line with the findings of the detailed 
study by Cai et al. (2023) which indicated 
continuous environmental turbulence during the 
latest Permian. 
Frequent wildfires during the Late Permian have 
recently been reported from numerous global 
studies (Bhattacharya et al., 2025; Hua et al., 
2024; Jiao et al., 2023; Mays and Mcloughlin, 
2022; Song et al., 2022; Lu et al., 2022; Cai et 
al., 2021; Vajda et al., 2020; Jasper et al., 2016), 
and commonly associated with elevated levels 
of inertinite (charcoal). Mays and Mcloughlin 
(2022) quantitatively demonstrated a clear spike 
in wildfire activity around the EPME. Fire-scarred 
petrified wood are extremely rare in Late Permian 
outcrops in Mongolia. Thus far only a few fire-
scarred fragments have been discovered (i.e. all 
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above the topmost seam 7 at Tsagaan Tolgoi). 
These very rare samples resemble the ones 
reported by Byers et al. (2020) and interpreted 
here as being caused by outgassed methane 
ignited by lightning. Preliminary maceral data 
from the YUF are presented in Appendix Table 3 
and summarized in Fig. 11C. Of the three primary 
groups vitrinite dominate with 31-69% and 
average 46%. The inertinite group varies from 
5-38% and average 28% - generally increasing 
upwards, however, with very low values of 5% 
in the topmost seam. Liptinite varies significantly 
from 1-27 %, av. 12%, and mineral matter varies 
from 6-25% with 10% av. Historical vitrinite 
reflectance measurements (ie. RoMax) for seams 
1U-1L, 4U-4L and 4R indicate a thermal maturity 
range of 0.74-0.63, mirroring the results of this 
study (Appendix Table 4). Further, the historical 
thermal maturity range of 0.74-0.63 implies a 
maximum burial depth of 2 km (Underdown et 
al., 2007). The RoMax results of this study are 
up to 0.847 indicating a maximum burial depth 
of c. 2.5-3.5 km. This, in turn, indicates that the 
Triassic deposits were originally much thicker, 
with significant erosion during inversion.    

DISCUSSION
Deposition of the c. 550 m thick Late Permian 
coal measures in the TTSB came to a halt 
after the deposition of the up to 13.3 m thick 
topmost coal seam 7. It is noted that while the 
lithostratigraphic record shows no general 
diminution in the thickness or spatial distribution 
of coal seams prior to the EPME, other data such 
as fossil wood growth ring analysis by Cai et 
al. (2023) coupled with the preliminary results 
from this study (Table 3), indicate continuous 
environmental turbulence during the latest 
Permian. In this context, recent work by Fielding 
et al. (2022) in Australia concluded that the 
Late Permian fossil floras indicate remarkably 
consistent terrestrial ecosystems throughout the 
late Lopingian right until the EPME. The isotope 
study and palynological record across the PTB 
at TTSB by Johnson et al. (2007), complimented 
by the facies analysis from this study, provides 
an important record of very significant climatic 
and environmental changes at a critical period 
of Earth history. In general, the palynological 
and sedimentological record shows an abrupt 

aridification transition, probably driven by rapid, 
volcanically degassing induced greenhouse 
warming (Nagy et al., 2026). The transition is 
characterized by a significant change from humid 
fluvial to paralic coal-forming environments 
during the Late Permian to arid desolate 
terrestrial conditions during Early Triassic times, 
accompanied by a deep regression across the 
PTB (Hallam, 1992). Recent work across the 
PTB in the Sydney Basin, Australia, by Vajda 
et al. (2020) found recovery of vascular plants 
evident <2 m above the EPME level. Further, new 
research from North China by Guo et al. (2026) 
documented rapid riparian ecosystem recovery 
following the end-Permian mass extinction. 
However, thus far no evidence of Early Triassic 
macro flora or ichno fossils has been uncovered 
from the Early Triassic succession within the 
TTSB. Johnson et al. (2007) reported Taeniate-
striate bisaccate pollen within the lowermost 
Triassic sediments, which is typically associated 
with evaporites and arid conditions. While no 
evaporates were observed during field work, 
barren arid conditions were confirmed, with 
common pedogenic carbonate nodules (Fig. 8C) 
suggesting an arid to semi-arid region where 
evaporation outpaced rainfall (Gocke et al., 
2012). 
At the PTB pulses of volcanic gas release from the 
Siberian Traps undoubtedly released catastrophic 
amounts of sulphur gases into the atmosphere 
(Augland et al. 2019; Shen et al., 2018; Dal 
Corso et al., 2022). These gases rapidly oxidize 
into sulphuric acid and sulphur trioxide creating 
widespread acid rain, and environmental toxicity. 
It is therefore likely that gases from the Great 
Siberian Trap volcanism led to environmental 
consequences of unknown extent, but with 
obvious impact in northwestern Siberia and 
parts of Central Asia. However, in a global and 
geohistorical context, this was probably only a 
large regional event superimposed on a general 
global outgassing - both through the seafloor 
and on land. This is the basis of the degassing-
related dynamo-tectonic theory - Global Wrench 
Tectonics, on which the interpretation of the 
formation and development of the Tsagaan 
Tolgoi basin with TTSB. The degassing-related 
development of the Earth’s crust has been 
stepwise, as expressed in the geological time 
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scale. There is a close correlation between changes 
in the Earth’s moment of inertia (with associated 
changes in the Earth’s rotation), the surface 
tectonic pattern, the pulse-like supply of seawater 
from the interior, oceanization (delamination) of 
the originally pan-global continental crust, the 
transport and unloading mechanisms of metals 
by ascending gases and fluids, air and ocean 
pollution, and biological disasters. This leads to 
a coherent multi-phenomenological Earth history 
in which the most striking biological extinctions 
are closely linked to the major geological time 
boundaries which are also linked to marked sea 
level regressions. It is therefore very likely that 
the Earth’s degassing-related modus operandi, 
with a factual basis hidden in an enormous 
number of published works, must form the 
theoretical platform for any realistic interpretation 
of problems of a geological or environmental 
nature. In an evolving physical system, such as 
the Earth, all surface end products will form a 
naturally coherent phenomenological network. 
The ultimate purpose of any science is, then, to be 
able to recognize this physical pattern in a jumble 
of individual observations - and thus establish a 
working paradigmatic foundation.
Dal Corso et al. (2024) documented repeated pulses 
of sulphur-rich volcanic gases that had driven the 
biological and environmental crisis in Northwest 
China at the end of the Permian, but volcanism 
itself is also a product of Earth’s degassing (Hunt 
et al., 1992). At Tsagaan Tolgoi the topmost seam 
7 which underlies the PTB is characterized by 
the highest concentration of Sulphur trioxide of 
6.88% (compared to an average of 2.88% for the 
entire seam package. The relationship between 
total sulphur in coal and sea-level changes is well 
established (Diessel, 1992, 2007; Chou, 2012). 
Combining the Sulphur curve for the Tsagaan 
Tolgoi seam package (Fig. 7B) with the results 
from the facies analysis of this study, suggest the 
coal measures developed during a single 3rd order 
sea-level cycle (Fig. 7B), with superimposed 
5th order para-sequences (Van Wagoner et al., 
1990). Such cycles are well established within 
Permian strata on a global scale (Lanci et al., 
2022). The duration of the 3rd order cycle was 
previously estimated at 0.5-5 My by Haq et al. 
(1988), but recently significantly revised to c. 
0.5-2.5 My by Haq and Ogg (2024) with 5th order 

cycles averaging 100 Ky. It is highlighted here 
that: 1) geometrically, individual 3rd order cycles 
are characterized by asymmetry, with overall 
slow transgression followed by rapid regression, 
and 2) temporally, the stacking pattern of these 
cycles are also strongly asymmetrical as the 
revised charts by Haq and Ogg (2024) illustrates. 
In turn, these repeated patterns strongly argue 
for intermittent tectonic pulses on a global 
scale driven by subcrustal forces (Umbgrove, 
1942/1947) - such as those that build up and are 
released in a degassing Earth.

SUMMARY
	 -In the TTSB, a total of six recurrent coal-

bearing facies associations, from fluvial 
to shallow marine, have been defined. The 
architectural and temporal relationships 
allow a preliminary reconstruction of the syn-
tectonic coal-bearing system. 

	 -A mesotidal depositional setting is strongly 
suggested by sedimentary structures such as 
lenticular bedding, HCS and the moderate 
presence of ichno-fossils. High energy 
shoreface deposits are well preserved with 
diagnostic hummocky cross-stratification

	 -Dramatic aridification is recorded across the 
PTB, from humid coal forming to desolate 
arid conditions, based on palynology and the 
sedimentary record. 

	 -The sedimentary record coupled with 
available coal quality and petrographic data 
suggest the Late Permian Yamaan Us coal 
measures developed during a single 3rd order 
sea-level cycle with duration of c. 0.5-2.5 
My. Primary control of the stratigraphic 
architecture refers to upper crustal wrench 
tectonics, possibly with superimposed high-
frequency orbital Milankovitch cycles. 

	 -The main mechanism behind the 
development of the Tsagaan Tolgoi basin with 
TTSB, as well as all other dynamo-tectonic 
processes affecting the Earth, is the planet’s 
ongoing degassing towards thermochemical 
equilibrium. In this context, the development 
of the basin becomes a snapshot of billions 
of years of outgassing that has given rise to 
all aspects of the Earth’s internal constitution, 
crustal tectonic history, and surface products. 
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APPENDIX TABLE 1 

Sample # Northing Easting Thin Section #
1 42° 52' 15.4" N 105° 30' 58.5" E TTT01
2 42° 52' 14.3" N  105° 30' 59.0" E TTT02
3 42° 52' 06.1" N 105° 30' 26.2" E TTT03
4 42° 52' 05.8" N 105° 29' 23.5" E TTT04
5 42° 51' 46.9" N  105° 29' 01.7" E TTT05
6 42° 52' 02.1" N  105° 28' 14.1" E TTT06
7 42° 52' 29.0" N 105° 35' 17.0" E TTT07
8 42° 52' 25.2" N 105° 34' 05.7" E TTT08
9 42° 52' 20.4" N 105° 33' 34.3" E TTT09
10 42° 52' 16.6" N 105° 32' 37.1" E TTT10
11 42° 52' 05.0" N  105° 29' 23.0" E TTT11
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APPENDIX TABLE 4

Seam Vitrinite 
%

Liptinite   
%

Inertinite   
%

Mineral Matter  
%

Semifusinite 
%

Total  
% Rr Random RoMax 

(measured)
Seam 7 69 0 5 25 1 100 0.372 0.424
Seam 6 41 3 38 6 12 100 0.611 0.663
Seam 6 46 5 29 6 14 100 0.614 0.666
Seam 6 38 12 30 8 12 100 0.586 0.638
Seam 5 49 7 24 14 6 100 0.493 0.545
Seam 5 35 2 38 13 12 100 0.49 0.542
Seam 4 42 3 36 10 9 100 0.632 0.684
Seam 4 42 7 34 7 10 100 0.628 0.68
Seam 4 46 4 31 8 11 100 0.676 0.728
Seam 4 54 2 28 8 8 100 0.669 0.721
Seam 4 59 4 24 4 9 100 0.682 0.734
Seam 4 47 4 33 7 9 100 0.648 0.7
Seam 2 31 0 24 18 27 100 0.719 0.771
Seam 2 41 0 29 14 16 100 0.686 0.738
Seam 2 52 0 22 9 17 100 0.724 0.776
Seam 1 0.794 0.847


