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ABSTRACT
Three intervals of glaciomarine diamictites with extensive glendonites in middle to upper 

Permian sediments were found in the Kobyume River, southern Verkhoyanie, Russia. The suc-
cessions are biostratigraphically constrained as middle to upper Permian. The middle Permian 
diamictite horizons extend over a large area with a lateral distance of >1000 km. The upper
Permian diamictites developed only locally. The diamictites are interpreted as glaciomarine sedi-
ments containing ice-rafted debris. Two glacial episodes in Siberia temporally correspond to the 
P3 (middle Permian) and P4 (late Permian) glacial events of eastern Australia, strongly suggest-
ing a global bipolar climate and well-developed climatic belts during the middle to late Permian.

INTRODUCTION
The Late Paleozoic Ice Age (LPIA) was one 

of the most pronounced and intensive of the four 
global Phanerozoic glaciations. The most exten-
sive record of the LPIA came from the South-
ern Hemisphere, i.e., Gondwanan glaciation, 
where glacial deposits of Carboniferous and 
early Permian age are widespread. The middle 
and late Permian glaciation episodes (P3 and P4 
alpine glaciations) have been described as only 
local and/or regional to eastern Australia (Field-
ing et al., 2008a, 2008b; Isbell et al., 2012).

Climatic models for the Carboniferous and 
Permian support the prospect of bipolar glacia-

tion (Hyde et al., 2006; Montañez and Poulsen, 
2013), but both the nature and extent of Northern 
Hemisphere ice remain elusive. We report exten-
sive middle to late Permian marine facies with 
glendonites and possible glaciomarine diamic-
tites in the Kobyume River, southern Verkhoya-
nie, Russia (Figs. 1 and 2; Figs. S1–S9 in the 
Supplemental Material1).

GEOLOGICAL SETTING
The Verkhoyanie fold-thrust system consists 

of an S-shaped belt between the Lena and Indi-
girka Rivers (Fig. 1; Fig. S1). The system devel-
oped on the passive margin of the Siberian craton 
and comprises late Precambrian to Jurassic ter-
restrial and marine rocks deposited on crystalline 
Precambrian basement. During the middle to late 

Permian, the southern Verkhoyanie was at high 
latitudes (∼65–70°N) (Fig. 1). The glaciomarine 
sediments in Siberia contain ice-rafted debris 
(IRD) similar to that reported in the modern-day 
Arctic seas and Arctic Ocean (Lisitzin, 2002). 
In the latter, water exists as a solid phase most 
of the year, both in submarine drainage systems 
and on the sea surface. The environments on the 
Arctic Ocean shelf are characterized by perennial 
permafrost. Biogenic processes in the modern-
day IRD sediments have had minimum effect on 
sediments because of the long polar night and be-
cause ice blocks photosynthesis (Lisitzin, 2002). 
No evidence of terrestrial glaciation during the 
Permian has ever been reported in Siberia. IRD 
can be incorporated into sediments without the 
influence of glaciers (Isbell et al., 2021).

PERMIAN STRATIGRAPHY AND 
ENVIRONMENTS OF THE KOBYUME 
RIVER

The thick Permian siliciclastic succession 
at the Kobyume River (∼2900 m) (Fig.  2; 
Figs. S2–S6) includes (upward) the Kobyume, 
Tiryakh, Lugovaya, Privolnyi, and Nekuchan 
Formations (Abramov, 1974) (see details of the 
litho- and biostratigraphy in the  Supplemental 
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Material). The lower Nekuchan Formation, 
which encompasses the Permian-Triassic 
boundary, comprises well-bedded siltstone with 
numerous cherty carbonate ellipsoidal concre-
tions and rare beds of fine- to medium-grained 
sandstone in 0.5–3-m-thick beds (Kutygin et al., 
2019) (Fig. 2; Fig. S6). The entire Permian suc-
cession at the Kobyume River reveals deposition 
in prodelta to delta-plain sedimentary settings 
with mouth sand bars (Figs. S2–S7) and with 
no signs of sedimentary gaps in the sequence. 
The succession progressively shallows upward 
and becomes very shallow in the middle to up-
per Privolnyi Formation, where wood and floral 
debris is found (see Figs. S2–S6 for all samples 

collected in the succession). All samples were 
collected along the bottom of the river cut in a 
distance of ∼5 km. Sedimentation rates in the 
Permian of the Kobyume section are generally 
uniform throughout (Fig. 2). The entire Permian 
succession is driven by eustacy (Fig. 2; Fig. S7). 
Glaciogenic cyclopels and cyclopsams (graded 
sand-mud couplets) (Mackiewicz et al., 1984) 
are rare and found only in the lower Tiryakh For-
mation (Fig. S9). A progressive increase in cycle 
thickness (decimeter to meter) in the Kobyume 
section is associated with sea-level fluctuations 
(allocycles) that shallow (coarsening sediments) 
upward. No Bouma cycles with fining-upward 
beds or chaotic and/or folded strata were rec-

ognized in the section. Asymmetric (0.3–04 m) 
and linguoid (0.15–0.2 m) ripple marks at the 
top of the allocycles are rare in the Kobyume 
Formation and more common the Tiryakh For-
mation (Fig. 2; Fig. S10) and indicate environ-
ments close to wave base (20–80 m) or shal-
lower. Ripple marks, subaqueous cracks, and 
hummocky and cross-bedding structures are 
frequent in the Lugovaya and Privolnyi Forma-
tions (Fig. 2; Figs. S10 and S11).

GLENDONITES IN THE KOBYUME 
SECTION

Glendonites (calcite pseudomorphs after the 
metastable mineral ikaite, CaCO3·6H2O, crys-
tallized at a temperature <4–6 °C with normal 
marine pH) are unevenly distributed in the Ko-
byume section (Figs. 2 and 3G–3J; Fig. S8). 
Their morphology varies from horizon to hori-
zon, but star-like rosette shapes are most com-
mon and stellate crystals are rare (Figs. 3G–3J; 
Fig. S8). The glendonites in the Kobyume section 
generally occur below and above the diamictites 
(Fig. 2). The stable isotope composition (δ13C 
and δ18O) of the glendonites shows a negative co-
variance, with δ13C values ranging from +2.94‰ 
to −14.11‰ and δ18O values from −13.96‰ 
to −26.37‰ (Fig. 4). Isotopically, the Permian 
glendonites from the Kobyume section slightly 
overlap with those from eastern Australia (Frank 
et al., 2008, 2015) and generally have a lighter 
δ18O value (Fig. 4) that suggests a slight diage-
netic overprint (Popov et al., 2019).

MIDDLE TO LATE PERMIAN 
DIAMICTITES IN THE KOBYUME 
SECTION

Two types of diamictites are recognized in 
the Kobyume section: (1) ice-proximal, massive 
to coarsely bedded diamictites in the Tiryakh 
Formation (Figs. 3A–3D; Figs. S12–S16); and 
(2) ice-distal, laminated, clast-poor diamictites 
in the Privolnyi Formation (Figs. 3E and 3F; 
Fig. S17). The Tiryakh diamictites form mas-
sive, stratified beds from 0.5 m up to 20–30 m 
thick (Fig. S12). Glaciomarine diamictites are 
composed of two components: the dominant 
fines (clay, mud, and fine sand) settling from 
meltwater plumes, and coarse material released 
from IRD (Powell, 1990). Clast to matrix (silt) 
ratio ranges from 0.15 to 0.40. The clasts are 
composed of igneous, carbonate, sandstone, 
and rare cherty boulders as much as 1.0 m in 
length. Striated clasts are very rare (Fig. 3D), 
and lack of striated clasts is characteristic for 
IRD (Lisitzin, 2002). The greenish-gray ma-
trix is fine siltstone with a minor volcaniclastic 
component. Rounded clasts are predominant 
in the glaciomarine sediments at the Kobyume 
section, but faceted polygonal clasts are also 
common (Fig. 3C; Figs. S13A–S13B, S14B, 
and S15C). IRD commonly penetrates soft 
sediments at an angle or perpendicular to the 
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Figure 1. (A) Paleogeography of the Verkhoyanie Basin (present-day northeast Russia) and 
surrounding areas during the middle to late Permian. Note that the north direction in the Perm-
ian corresponds to the south direction in present day. (B) Distribution of glendonites within 
high latitudes in Pangean seas (Matthews et al., 2016). Data are from the Rogov et al. (2021) 
database, but were corrected with regard to a recent chronostratigraphy (Davydov et al., 2018; 
Budnikov et al., 2020; Kutygin et al., 2020; Biakov et al., 2021).
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bedding (Figs. 3A and 3C; Figs. S13A–S13B, 
S15B–S15C, and S16B).

Black, clast-poor diamictites in the Privolnyi 
Formation occur as repeated stratigraphic tabu-
lar horizons intercalated with siltstone and fine 

sandstone (Figs. 3E and 3F; Fig. S17 and S17B–
S17D). The deposits consist of fine-stratified 
mudstones with isolated, well-rounded, medium 
and small quartzite and silty carbonate clasts 
(dropstones) as much as 7 cm in diameter that 

interrupt the lamination (Figs. 3E and 3F). Clast 
proportion relative to matrix varies from 0.5% to 
2%–3% and passes gradationally into the normal 
siltstone-mudstone. These clast-poor diamictites 
are expressed at the Kobyume section as two 

Figure 2. Stratigraphic 
log of middle to upper 
Permian and Lower Tri-
assic deposits along 
the Tiryakh-Yuryakh and 
Kobyume Rivers, Siberia 
(Fig. S1 [see footnote 1], 
locations 19R1, 2u/16–
19R2, and 3u16–19R3). 
Abbreviations: Inter-
n a t . — I n te rn a t i o n a l ; 
Ind.—Induan; Chang.—
C h a n g h s i n g i a n ; 
Lek.—Lekeerian; Nek.—
Nekuchan; F.—Fine; 
C.—Coarse. Most diag-
nostic fossils are in bold 
font. Shaded blue areas 
indicate global glacial 
episodes in eastern Aus-
tralia and cooling events 
elsewhere.
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horizons: the lower is 30–35 m thick, and the 
upper is 3–5 m thick (Fig. 2).

DISCUSSION
The Permian paleogeographic configuration 

of the Siberian platform and Verkhoyanie Basin 
(passive margin of the platform) suggest that 
the current southern Verkhoyanie and Okhotsk 
Basins were at more northerly latitudes than 
the present day central and northern Verkhoya-
nie Basin (Fig. 1A; Fig. S1A). The abundant 
diamictites and glendonites in the middle to up-
per Permian of the Kobyume section indicate 
two to three climatic glacial episodes. The oc-
currence of relatively diverse fauna throughout 
the succession (Fig. 2; Figs. S18–S23) indicates 
normal marine salinity and pH (8.0–8.2). During 
the Permian, the southern Verkhoyanie Basin 
was in the northern end of the foredeep at ∼65–
70°N latitude. The temperature of the modern-
day shallow water at these latitudes in the Arctic 
varies from 0 to −1.7°C, and the shallow marine 
water has lower pH (7.4–8.0) (Lisitzin, 2002).

Prominent glaciation-deglaciation cycles are 
recognized in the distribution of the glendonites 
and diamictites in the Kobyume section. The 
glendonites first occur in the middle Kobyume 
Formation, indicating a potential onset of a gla-
cial episode (Fig. 2). Glendonites disappear in 
the upper Kobyume Formation (lower Guada-
lupian?) below the massive diamictites of the 
Tiryakh Formation, which indicate the initiation 
an interval of glacial retreat (Fig. 2) (Powell 
and Cooper, 2002; Birgenheier et al., 2009). 
In the upper Tiryakh Formation, diamictites 
are absent but glendonites are common again. 
The Lugovaya Formation is generally free from 
both glendonites and diamictites (Fig. 2). The 
climate interpretation for the time of Lugovaya 
Formation deposition is controversial. On one 
hand, the abundance of the fossils suggests a 
warmer climate, but the major regression and 
sea-level fall in the region suggests a glacia-
tion episode. This problem could be resolved 
with the better constraints from U-Pb dates to 
be obtained soon by us (Fig. S18). Clast-poor 
diamictites appear again in the lower Privol-
nyi Formation (2400–2650 m; Fig. 2; Fig. S6). 
Abundant fossils, including Fedorowskites and 
Calophyllum rugosa corals, occur immediately 
above these diamictites, indicating a brief cli-
mate warming pulse. The abundant glendonites 
occur again in thin (3–5 m) horizons, 10–12 m 
above the fauna-rich bed, suggesting another 
potential glacial episode. Another 3–5-m-thick 
horizon of clast-poor diamictites occurs near the 
top of the Privolnyi Formation (Fig. 2; Fig. S6).

The middle Permian diamictites from Ko-
byume River extend laterally over a large area 
northward for 600–700 km (Dyanyshka and 
Echyi Rivers), where the diamictites become 
thinner (<100 m) and gradually disappear to-
ward the modern-day northern Verkhoyanie 

Basin (Fig. 1A; Fig. S1A) (Andrianov, 1966; 
Abramov, 1974). The diamictite-bearing Ko-
byume River succession can be traced to the 
modern-day south (north in the Permian) in 
the upper reaches of the Yudoma River (Yudo-

ma-Mai zone) (Fig. 1A; Fig. S1A) (Shekman 
and Gagen-Torn, 1979; Kanaev et al., 1988). 
The Yudoma River diamictites (as much as 
600 m thick) accumulated in a shallow-water 
setting, commonly with well-preserved plant 
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Figure 3. Diamictite and glendonites from the middle and upper Permian at the Kobyume River 
(Siberia) section (the studied section was at the river cut, where it is best exposed). (A–D) 
Middle Permian diamictites. (A) Quartz pebble within laminated matrix (sampled at 715 m 
above the base of the section). (B) Closer view of the pebble in A with clear deformation of 
laminated matrix. (C) Angular and rounded dropstone with deformation surrounding boulder 
and pebbles (at 805 m). (D) Large boulder (collected at 1190 m) with probable striation; no 
fracture or cracks are observed in this boulder. (E) Wuchiapingian clast-poor diamictites; white 
arrows point to rounded pebbles within mudstone (collected at 2080 m). (F) Wuchiapingian 
cherty dropstone within deformed laminated matrix (collected at 2083 m). (G–I) Rosette and 
stellate middle Permian glendonites. (G: collected at 390 m; H: collected at 1453 m; I: collected 
at 1448 m.) (J) Wuchiapingian glendonite (collected at 2785 m).
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fossils (Shekman and Gagen-Torn, 1979). 
Glendonites have not yet been recognized in 
that area.

The thickness and lateral distribution 
(∼1000 km) of the middle Permian diamic-
tites suggest that the associated climatic glacial 
event in Siberia was significant. The current bio-
stratigraphy in the area suggests a middle and 
possibly late Guadalupian age for this event in 
Verkhoyanie. This climatic episode temporally 
corresponds with the middle Guadalupian P3 
glacial event in eastern Australia (Fig. 2) (Field-
ing et al., 2008b; Frank et al., 2015; Metcalfe 
et al., 2015; Laurie et al., 2016; Davydov et al., 
2018; Phillips et al., 2018).

The second, late Permian, glacial event is 
documented in the current study area and to 
the southwest for a distance of ∼100–200 km 
toward the East Khandyga, Dyby, and Yudoma 
Rivers (Kanaev et  al., 1988; Afanasiev and 
Gorlova, 2013). This event is expressed in the 
Kobyume section as clast-poor diamictites and 
glendonites (Figs. 2, 3E, 3F, and 3J) and bio-
stratigraphically constrained as early late Perm-
ian (Wuchiapingian), therefore correlating with 
the P4 glacial event of eastern Australia (Met-
calfe et al., 2015; Davydov et al., 2018).

The onset of the third, and very small, gla-
ciomarine episode observed near the top of the 

Permian (Changhsingian) is expressed by the 
two glendonite horizons at 2700 m (Fig. 2; Fig. 
S7). This late Changhsingian glacial event has 
not been recognized in eastern Australia. How-
ever, a significant climatic cooling event near the 
end of the Changhsingian was documented from 
geochemical and biotic proxies at the Permian-
Triassic Global Boundary Stratotype Section 
and Point (GSSP) at the Meishan section in 
southern China (Chen et al., 2016), in western 
China (Liu et al., 2022), in the Moscow Basin 
of Russia (Davydov et al., 2020), and in South 
Africa (Rey et al., 2016).

Both the P3 and P4 glacial events in eastern 
Australia are the alpine type, locally developed 
within an orogenic belt (Fielding et al., 2008a), 
whereas in Siberia, the glacial events are ex-
pressed as glaciomarine IRD sediments originat-
ing from perennial oceanic and coastal sea ice, 
similar to the setting in the present-day Arctic 
Ocean and northern coast of Siberia and Russian 
Far East (Lisitzin, 2002). These rocks have been 
designated as a new marine ice-rafting type that 
does not require the presence of a continental 
glacial mass nearby (Lisitzin, 2002; Tremblay 
et al., 2015; Isbell et al., 2021).

The difference in the scale and expression of 
the Guadalupian cooling episode in the South-
ern and Northern Hemispheres can be explained 

by their paleogeographic position. Eastern Aus-
tralia basins during the middle to late Permian 
were located at ∼55–60°S, whereas the southern 
Verkhoyanie Basin was at ∼65–70°N (Fig. 1B). 
This means that the equilibrium-line altitude in 
Siberia was close to or at the shoreline, whereas 
in eastern Australia, it was within moderately 
high mountains. In eastern Australia, the P3 gla-
cial event is stronger and of greater scale than the 
P4 event, and this coincides with observations in 
southern Verkhoyanie. The onset of both glacial 
episodes in the Kobyume section corresponds 
with a sea-level lowstand, and diamictites occur 
during a highstand (Fig. 2), which also mirrors 
the sea-level fluctuations during the P3 and P4 
glaciations in eastern Australia (Fielding et al., 
2008a, 2008b; Frank et al., 2015).

The assumption that “The paleo-arctic re-
gion was totally oceanic during the Paleozoic” 
(González and Díaz Saravia, 2010, p. 108) is 
therefore not supported, at least for middle 
to late Permian time. Rather, the occurrence 
of middle to late Permian glaciomarine sedi-
ments in Siberia is consistent with the proposed 
global Köppen-Geiger climate classification 
(Kottek et al., 2006) and more recent bipolar 
climatic models (Hyde et al., 2006; Montañez 
and Poulsen, 2013). The Köppen-Geiger model 
of the present-day climatic belts and biomes, 
therefore, can be extended into deep time to-
ward at least the middle to late Permian. In the 
Southern Hemisphere, the Carboniferous and 
early Permian glacial events were much more 
strongly developed and widely distributed than 
in the middle to late Permian (Rosa and Isbell, 
2021). The analogues of these events poten-
tially could be found in Siberia. Further study 
of potential upper Paleozoic glacial events and 
paleogeography in these very remote areas of 
Siberia is essential.
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