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Abstract

The Atkan Formation in the Ayan-Yuryakh anticlinorium, Magadan province, northeastern
Russia, is of great interest because of the occurrence of deposits of apparent “dropstones” and
“ice rafted debris” that have been previously interpreted as glacial. Two high-precision U-Pb
zircon ages, one for an intercalated volcanic tuff (262.5 + 0.2 Ma) and the other for a boulder
clast (269.8 £ 0.1 Ma) within a diamictite of the Atkan Formation, constrain the age of the
Atkan Formation as Guadalupian (middle Permian). Sedimentologic study of the Atkan
Formation casts doubt on the glacial nature of the diamictites. Deposition of rocks of the Atkan
Formation temporally correlates with the Capitanian interglacial event in the southern
hemisphere that recently was calibrated with high precision CA-TIMS. The previously proposed
climate proxy record based upon warm-water foraminifera, which corresponds closely to global
climate fluctuations, is compared with the glacial record of eastern Australia and indicates that
the Capitanian was a time of globally warm climate. The sedimentology of Atkan Formation, the

record of diversification of both fusulinids and rugosa corals, global sea-water temperature, and
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sea-level fluctuations agree well with high latitude paleoclimate records in northeastern Russia
and eastern Australia. Major components of the Atkan Formation, the volcanic rocks, are
syngenetic with the sedimentation process. The volcanic activity in the nearby regions during
middle-late Permian was quite extensive.

Key words: Guadalupian volcanism, Middle-Late Permian glaciation, U/Pb geochronology,

Guadalupian climate, North-East Russia

1. Introduction

Bipolar ice caps are a main feature of many models for Earth’s glaciations. For the late
Paleozoic ice age, the evidence for bipolarity is not so obvious, although it is assumed in most
publications (i.e., Gonzalez and Diaz Saravia, 2010; Montanez and Poulson, 2013 and references
there within). The Permian in northeastern Russia contains key sedimentary deposits that have
been previously interpreted as glacial. The most cited glacial unit is the upper Permian Atkan
Formation in Magadan province, northeastern Russia, and correlative units in the Omolon
microcontinental block (Chumakov, 1994, 2015; Epshteyn, 1972; Raymond et al., 2004), where
glacial deposits, including dropstones and ice rafted debris were reported (e.g., Epshtein, 1972;
Chumakov 1994). These upper Permian deposits (in the older sense, but which now include
middle [Guadalupian] and upper [Lopingian] Permian of the recent geologic time scale) have
become the most commonly cited evidence for late Paleozoic glaciation in the Northern
Hemisphere (Chumakov, 1994; Isbell et al., 2012; Montanez and Poulsen, 2013). Other
Pennsylvanian and Cisuralian glacial deposits in northeastern Asia are very poorly documented
or constrained (Ustritskiy and Yavshits, 1971).

Permian chronostratigraphy in northeastern Russia and correlative units outside of the
region are still poorly defined due to an absence of diverse and high resolution conodont or

fusulinid fossil faunas; the strong provinciality within other fossil faunas including brachiopods,
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bivalves, smaller foraminifera, and ammonoids; and a lack of radiometric dates. Although
recent biostratigraphic studies have greatly improved the chronostratigraphy of these strata
(Biakov, 2010; Davydov and Biakov, 2015, in press; Ganelin and Biakov, 2006; Karavaeva and
Nestell, 2007; Klets et al., 2006; Kutygin et al., 2006), many problems remain in constraining the
important paleobiologic and geologic events in this region. The presence of Permian volcanism
is currently disputed by some geologists, and volcanic material, including boulders and gravel
within the Atkan Formation, is interpreted as Devonian in age (Chumakov, 1994; Epshteyn,
1981; Ganelin, 1997, 2013). The new interpretations of the Atkan Formation as volcanoclastic
diamictites (Biakov et al., 2010) provided an opportunity to apply recent geochemical methods,
particularly U-Pb zircon geochronology, to resolve some of the chronostratigraphic problems
mentioned above.

The Atkan Formation and similar diamictite-bearing sediments are widely distributed in
northeastern Russia (Ganelin and Biakov, 2006; Biakov et al., 2010). In the Ayan-Yuryakh
anticlinorium of the Magadan province, the formation hosts major gold deposits that include
the giant Natalka deposit.

Here, we document the first high-precision chemical abrasion isotope dilution thermal
ionization mass spectrometry (CA-TIMS) age for strata of the Atkan Formation using zircons
collected from a volcanic ash bed and from a boulder contained within a “diamictite” (Fig. 1).
These dates confirmed the widespread Permian volcanic activity in this and surrounding
regions. The high precision U-Pb ages and sedimentologic nature of the Atkan diamictites also

provide important constraints on regional and global paleoclimate interpretations.

2. Geologic setting
Northeastern Asia now consists of a complicated system of amalgamated allochthonous and

autochthonous terranes. However, during the Permian, the region consisted of numerous
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developing sea and ocean basins (Parfenov et al., 1993; Shpikerman, 1998). A passive margin
characterized the north-western (in paleo coordinates) border of the Siberian (North-Asian)
Craton adjacent to the Verkhoyansk epicontinental sea along the passive margin of the Craton
(Fig. 2). As much as 5.5 km of sedimentary successions deposited in this sea consist of relatively
shallow-water, rhythmically- stratified siliciclastic deposits (Klets, 2005). To the northwest (in
paleo coordinates), the Okhotsk Microcontinent comprised continental and shallow marine
sedimentary deposits including abundant volcanic debris of various sizes and compositions
(Umitbayev, 1963). Further west (in paleo coordinates), the Omolon Microcontinent was
separated from the Siberian Craton and the Okhotsk Microcontinent by a series of deep-water
basins including: 1) part of the Verkhoyansk epicontinental sea, 2) the Ayan-Yuryakh trough,
and 3) the Balygychan and the Sugoy basins (Figs. 1-2). The Okhotsk-Taigonos volcanic arc
(Biakov et al., 2005, 2007; synonymous with the Koni-Taigonos or Uda-Murgal arcs of
Zaborovskaya, 1978; Nekrasov, 1976; Parfyonov, 1984) developed north and north-west of the
basins and Okhotsk Microcontinent (Fig. 2). Rocks of this arc are composed of calc-alkaline
volcanics (Umitbaev, 1963), with maximum eruptive activity having occurred during the
Capitanian (Gizhigian) and continued volcanism that may have extended to the end of the
Permian (Biakov, 2003; Biakov et al., 2005, 2010). The northwestern part of the arc likely
developed upon the Okhotsk Microcontinent, whereas to the west, the Omolon Microcontinent
was bounded by the deep-water Gizhiga and Taigonos basins (Umitbaev, 1963; Zhulanova et al.,

1998).

3. Material
The Permian rocks described and analyzed in this paper were collected in the Natalka open-pit
gold mine located in the southern part of the Yana-Kolyma fold belt on the southeastern flank

of the Ayan-Yuryakh anticlinorium (Fig. 1). Here, the 5.5-km-thick Permian strata consist of the
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Cisuralian and Guadalupian Pioneer, the Guadalupian Atkan, the Guadalupian to Lopingian
Omchak, and the Lopingian Staratel’ (Prospector) Formations (Biakov, 2007). At this locality, the
Atkan Formation occurs on the limbs of the Natalka syncline, with rocks exposed along
Geological Creek and the right bank of Natalka Creek at the margin of the mine pit (Fig. 1) that
consist of the following 480-m-thick succession (from bottom to top):

1. Dark-grey massive diamictites with up to 1-m-thick layers of grey to light-grey fine-

grained sandstone and silicic crystal tuffs (110 m)

2. Dark-grey massive diamictites (70 m)

3. Dark-grey massive diamictites intercalated with 1- to 25-m-thick, fine- to very fine-

grained siltstones and 0.1- to 0.2-m-thick medium- to coarse-grained sandstones, with

rare and thin horizons of silicic crystal tuffs (100 m)

4. Dark-grey massive diamictites (45 m)

5. Intercalations of dark-grey, fine- to very fine-grained siltstones, with rare beds of

grey, medium- to coarse-grained sandstones (75 m)

6. Dark-grey massive diamictites (80 m)

Diamictites in the Atkan Formation are interbedded with thick, marine fossil-bearing
graded sandstone and mudstone beds. The latter sometimes possessed deep-water trace
fossils. Ripple marks and hummocky cross-stratification were not observed in the examined
exposures. The diamictites are bedded. No striated or grooved surfaces were found beneath
any of the units. The diamictites are matrix supported and vary from clast-poor to clast-rich
deposits (cf. Hambrey and Glasser, 2012). Clasts are randomly dispersed throughout the
diamictite and do not display preferred orientations, clast clustering, or striated and faceted
surfaces.

The diamictites consist of mixed volcanic-siliciclastic debris, with volcanic components

comprising from 10 to 50% of individual units (Biakov et al., 2010). The matrix of the diamictites
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consists of dark-grey, sericitized, silty-clay, with some sections transformed into a microfelsite
aggregates with chaotically dispersed clasts ranging in size from granules to boulders. However,
the vast majority of clasts fall within the granule to pebble size range. Granules contained
within the matrix are partially composed of dacite and rhyolite. In thin-section, sand-sized
particles (0.25-0.5 mm) dispersed in the matrix are angular to rounded and consist of equal
amounts of volcanic quartz, plagioclase feldspar lathes, and larger lithic fragments.
Approximately 50% of the lithic fragments consist of devitrified volcanic glass that has altered
to a clay aggregate containing microfelsite crystals. Pumice debris, 0.2 -20 mm in diameter,
with “torn” edges and occasional irregular “branchy” shapes, occur together with glassy
palmate debris. Smaller grains of carbonate are also present.

Pebble to boulder-size clasts of volcanic rhyolite and dacite, and rare intrusive diorite
and granodiorite, are unevenly distributed within the diamictites. Some boulders are as large as
0.7 m in diameter. A significant number of clasts, particularly the intrusive clasts, are well
rounded, sometimes nearly isometric in shape, but the majority of the clasts (volcanic) have
irregular shapes (Fig.3). Clasts displaying embayments and finger-like protrusions are common.
Alteration hallows also surround some clasts. The magmatic clasts are “floating” in a fine-
grained volcanic-siliciclastic matrix. Morphologically, the textures of these deposits closely
resemble some glacigenic diamictites from Gondwana (cf. Fielding et al., 2008a; Isbell et al.,
2013b; Jones and Fielding, 2004; Young, 2013).

An absence of wave indicators, the association of the diamictites with graded sandstone
beds that are interpreted as deep water turbidites, the occurrence of marine fossils, and the
occurrence of deep-water trace fossils within the diamictite-bearing successions suggest that
the Atkan strata were deposited within a deep-water marine environment that was well below
storm-wave base. Although these deposits were previously interpreted as having a glacigenic

origin, glacial indicators, such as striations and faceted surfaces, were not observed on any of
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the clasts, and an absence of grooved and striated surfaces beneath the diamictites precludes a
subglacial origin or an origin as iceberg-turbate features (cf. O'Brien and Christie-Blick, 1992;
Woodworth-Lynas and Dowdeswell, 1994; Eyles et al., 2005; Vesely and Assine, 2014). An
absence of clast clusters and an absence of observed lonestones (dropstones) within non-
diamictite facies suggest that ice rafting was not a factor in deposition of these units (cf.
Thomas and Connell, 1985; Gilbert, 1990). The bedded nature of the diamictites (less than 2 m
thick), their occurrence as thick diamictite successions, and an absence of preferred orientation
of clasts suggest deposition of these units as debris flows within sediment gravity-flow fans (cf.
Mulder and Alexander, 2001; Haughton et al., 2009; Carto and Eyles, 2012). The predominance
of volcanic clasts, volcaniclastic sand grains, and tuff/volcanic glass fragments within the matrix
indicate a volcanic arc provenance (Biakov et al., 2010). The absence of bullet-shaped and
striated clasts, the abundant of clasts with embayments and finger-like protrusions, and an
abundance of glass shards and grains containing altered volcanic glass preclude a glacial origin.
Volcanic grains displaying these shapes and compositions would not survive intense abrasion
typical of subglacial environments or long-term chemical weathering of pre-existing
sedimentary rocks. The composition and shape of the grains suggest derivation from active
volcanic sources or volcanic sediments, and the presence of embayed clasts and alteration
halos in the matrix surrounding clasts may have resulted from the incorporation of
incandescent grains into the volcanic debris flows.

The magmatic clasts were historically considered as Devonian, although the exact age
was never established. Recently, however, U-Pb SHRIMP zircon analyses from the Atkan
Formation have yielded an age of 278.8+3 Ma (Biakov et al., 2010), for a sample collected from
the matrix (unpublished data, A. Biakov). But the matrix in the Atkan diamictites consists of
particles of various sizes, including volcanic clasts and microclasts of various compositions.

Some of these particles are reworked volcaniclastic grains. Therefore, the zircon crystals
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analyzed by Biakov et al (2010) likely included detrital components, which suggest that the
reported age may not be the depositional age of the Atkan Formation.

In this study, two samples were collected from the Atkan Formation. One sample was a
light grey rhyolite boulder (10 x 20 cm) that was enclosed within a dark-grey volcanic-siliciclastic
matrix (Fig. 3) collected in the lower part of the Atkan Formation at Geological Creek (Figs. 1, 3).
The second sample was collected from strata in the middle part of the Atkan Formation
exposed in the Natalkin — Glukharynyi Creek watershed. This sample was a whitish-pink crystal
tuff (0.5 kg) of probable rhyolitic composition. The tuff is altered, and it was not possible to

make a thin-section from the collected material (Fig. 3).

4. Results. U-Pb geochronology

The U-Pb dates were obtained by the CA-TIMS method on single zircon grains (Table 1).
Zircon was separated from rocks using standard techniques, annealed in a muffle furnace at
900° for 60 hours, mounted in epoxy, and polished until the centers of the grains were exposed.
Cathodoluminescence (CL) images were obtained with a JEOL JSM-1300 scanning electron
microscope and Gatan MiniCL. Zircon grains selected on the basis of CL images were removed
from the epoxy mounts and subjected to chemical abrasion in concentrated hydrofluoric acid at
180°C for 12 hours, after which they were rinsed, spiked with the EARTHTIME ET535 isotopic
tracer, and totally dissolved. Further details of chemical separation and mass spectrometry
have been published in Davydov et al. (2010) and Schmitz and Davydov (2012). The CA-TIMS U-
Pb dates and uncertainties were calculated using the algorithms of Schmitz and Schoene
(2007), EARTHTIME ET535 tracer solution values of 2°U/?*®Pb = 100.233, and 23U/?*°U =
0.99506, and the U decay constants of Jaffey et al. (1971). The 206Pb/mU ratios and dates are

reported as corrected for initial 20T disequilibrium.
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Weighted mean *°°Pb/**3U dates were calculated from equivalent dates. Errors on the
weighted mean dates are given as * x (y) [z] , where x is the internal error based on analytical
uncertainties only, including counting statistics, subtraction of tracer solution, and blank and
initial common Pb subtraction; y includes the tracer calibration uncertainty propagated in

quadrature; and z includes the >

U decay constant uncertainty propagated in quadrature. All
errors are reported at the 95% (2-sigma) confidence interval.

Nine zircon grains from the volcanic tuff sample 12VD105 were analyzed, the four youngest of
which yielded equivalent *°°Pb/?*3U dates with a weighted mean *°°Pb/?*3U date of 262.45 +
0.21 (0.24) [0.37] Ma (MSWD = 1.3, probability of fit = 0.27) interpreted as the eruption and
depositional age of the tuff. Four other grains yielded 2%pp /238y dates up to 266.3 £ 0.8 Ma in
age, and one grain yielded a 2%5pp /238y date of 298.17 + 0.26 Ma; all are interpreted as
inherited grains.

Six zircon grains from the volcanic boulder epiclast sample 12VD108a were analyzed, all of
which yielded equivalent 2%pp /238y dates with a weighted mean 2%pp /238 date of 269.80 +

0.08 (0.1) [0.32] Ma (MSWD = 2.2, probability of fit = 0.05). This is interpreted as the volcanic

crystallization and eruptive age of the epiclast.

5. Discussion
5.1 Atkan Formation and its relationship to Gondwana Glaciation
Our results indicate that contemporaneous volcanism was occurring during deposition of strata
in the Atkan Formation and that reworking of these materials, as well as Guadalupian-age
volcanic deposits, supplied detritus to depositional basins adjacent to the late Paleozoic
Siberian Craton. These deposits formed in deep-water settings well below wave base as
volcanic debris flows, rather than as glacial deposits as previously interpreted. A deep-water

origin is indicated by a lack of storm or wave reworked deposits, the presence of deep-water
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trace fossils, and an association of the diamictites with sandstones deposited as turbidites. The
bedded nature of the diamictites and the occurrence of randomly dispersed clasts within
individual units suggest that these deposits formed as debris flows. The abundance of volcanic
grains and glass shards, the occurrence of embayed clasts, and an absence of striated and
faceted clasts all indicate that the sediment originated from erosion of a volcanic landscape,
rather than as a product of glacial processes.

The age of the Atkan Formation was initially proposed as Upper Permian (sensu lato)
(Epsteyn, 1981), which in 1981 included the Guadalupian (middle Permian) and Lopingian
(upper Permian sensu stricto) of the modern Permian International Time Scale (Henderson et
al., 2012). The extensive study of brachiopods and bivalves in recent years has provided better
age constraints for the formation (Biakov, 2007). The Atkan Formation in the Ayan-Yuryakh
trough is assigned to the Maitaia bella bivalve zone that corresponds to the lower Gizhigian
regional stage of northeastern Russia (Fig. 1) (Biakov, 2010). The latter correlates with the
Capitanian of the International Time Scale because of the occurrence of the ammonoid
Timorites, together with Gizhigian bivalves and brachiopods in the Transbaikal region (Kotlyar
et al., 2006).

Our CA-TIMS U-Pb zircon ages corroborate the Capitanian age of the Atkan Formation,
with the volcanic tuff depositional age of 262.45 + 0.21 Ma. The eplclastic volcanic detritus
comprising much of the Atkan Formation is also middle Permian (latest Roadian), based upon
the rhyolite boulder age of 269.90+ 0.08 (Fig. 4).

The widely accepted model of late Paleozoic Gondwana glaciation, which was derived
entirely from eastern Australia and extended to include purported glaciation in the Russian Far
East, does not easily equilibrate with new global faunal and geochronological data. In eastern
Australia, two glacial episodes were reported for Guadalupian Series strata: the P3 glaciation

that extended from upper Kungurian through Roadian time, and the P4 glaciation that
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developed from late Wordian through the entire Capitanian (Fielding et al., 2008b; Isbell et al.,
2012; Henry, 2013; Montanez and Poulsen, 2013). These middle Permian glaciations are
interpreted to have been smaller than early Permian Asselian-early Sakmarian (P1-Gondwana
wide glaciation) and late Sakmarian-Artinskian (P2- only known from Australia) glaciations
(Fielding et al., 2008b; Isbell et al., 2012; Frank et al., 2015). The P2, P3, and P4 glaciations of
eastern Australia occurred at a time when polar Gondwana was apparently ice-free (Isbell et al.,
2012, 2013b).

A new high-precision U-Pb calibration of the middle-late Permian strata of eastern
Australian has recently placed revised constraints on the P3 and P4 glacial events (Metcalfe et
al., 2015). The P3 glacial episode is now known to extend between ca. 271 Ma and 263.5 Ma
(lower Roadian to lower Capitanian; Fig. 5). The older limit of this glacial event is well
constrained. The younger limit is somewhat conventional and approximately constrained with
the age of 263.51 that came from the top of the mid-Capitanian Broughton Formation. The
latter is interpreted to have been deposited at the short interglacial episode between P3 and P4
alpine glaciation (Metcalf et al., 2015).

The age of the P4 glaciation is taken here to extend from 260 to 254.5 Ma (early to
middle Wuchiapingian, possibly includes the latest Capitanian). This event occurs on the
International Chronostratigraphic Chart between what is interpreted as the Guadalupian-
Lopingian mass extinction, which might occur slightly below the formal G-L boundary, and two
established U-Pb ages, 255.26 Ma that is slightly older than the P4 glacial deposits and 253.38
slightly younger than the glacial deposits (Metcalf et al., 2015).

Original dating of the P3 and P4 glacial events of eastern Australia and the original
purported age and interpretation of suggested glacial diamictites in Siberia suggested that the
Capitanian was a cold interval in Earth history. Our new dates for the Atkan Formation and the

new dates for middle and late Permian glaciation in eastern Australia now indicate that the
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deposition of rocks of the Atkan Formation was not coeval with the eastern Australian P3 or P4
glaciations, but rather occurred during the warm interval between the two glacial events. The
interpretation of the Atkan diamictites as volcanic debris flows suggests that the Capitanian in
the northern polar region was also a warm climate interval. Therefore, the nature and age of
the Atkan Formation has far reaching significance for middle and late Permian climatic models.

This significance is outlined and its relationship to other climate indicators is explored below.

5.2 Capitanian Climate

In the last decade, the Capitanian was traditionally considered as an interval of global
cooling, the Kamura event, associated with a high positive value of 8'3C for the carbonate
record (Isozaki, 2007). At first, it was interpreted to have started in the early Capitanian (low
part of Yabeina zone) and lasted as long as 4-5 million years. As proposed (Isozaki et al., 2007),
during this time the 8'3C carbonate value rose above +4.5%. and reached the maximum of
+7.0%0 within the Yabeina fusulinid Zone of the early-middle Capitanian. This cooling event,
interpreted to have been caused by high biotic productivity, may have been coeval with a long-
term cooling event, which induces the mass extinction at the end of middle Permian (Isozaki,
2007). This mass extinction mainly effected the symbiont-bearing faunas of the “tropical trio”,
i.e. fusulinids Verbeekinidae, giant bivalves Alatoconchidae, and rugosa corals
Waagenophyllidae (Isozaki and Aljinovic, 2009). In later studies, however, the beginning of
Kamura cooling event was placed in the middle Capitanian and the latest Capitanian and
Wuchiapingian was interpreted as being a globally warm interval (Isozaki et al., 2011). Kofukuda
et al. (2014) indicated the Kamura cooling event was associated with a so-called “barren
interval” and extinction interval in the Akasaka and Ishiyama limestone terranes of Japan that
correspond only to the uppermost part of Capitanian. The duration of the Kamura event was

originally proposed as 4-5 million years (Isozaki et al., 2007), but has not been re-assessed since
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that work. According to the Japanese sedimentological record, the “barren interval” might not
be greater in duration than about 15 percent of the Capitanian (i.e. less than 1 million years;
Kofukuda et al., 2014; Ota and Isozaki, 2006). In the marine record, the Kamura event is
correlated to the P4 glaciation in the continental record of eastern Australia (Isozaki et al.,
2011; Fielding et al., 2008; Kofukudaet al., 2014).

The lack of analyses on the dynamics of fusulinid evolution within the Capitanian, as
mentioned in the studies described above (Isozaki et al., 2007 etc.), conceal the fact that the
highest diversity among Capitanian fusulinids occurs at the end of the stage (Chedia, 1987;
Davydov, 2014; Leven, 2003; Ozawa, 1987), where, following the logic of the progressive
cooling development (Isozaki et al., 2007), the diversity should be the lowest. Another feature
that is contradictory to the proposed extinction/cooling during the entire Capitanian is the
existence of a diverse assemblage of fusulinids, including advanced neoschwagerinids such as
Lepidolina, in southern China in the type section of the Capitanian-Wuchiapingian boundary
(Penglangton section), up to the top of the Capitanian J. granti/Clarkina postbittery
hongshuensis conodont zones (Shen et al., 2007; V.I. Davydov, unpub. data). In fact, the
assemblage from the Laibin Limestone, which constitutes the upper 10 m within this 120-m-
thick Capitanian succession, contained the greatest diversity among fusulinids in the entire
section (Shen et al., 2007).

The P3 or P4 cold climatic episodes in southern Gondwana are well correlated with
global warming and cooling episodes documented in the record of benthic warm-water
foraminifera along the North American continental shelves (Davydov, 2014). The global climatic
warming events are associated with diversity peaks and with migration events of warm-water
fusulinids into temperate North American shelves. These warming events are proposed to have
occurred in the late Artinskian, the late Kungurian, the Capitanian, and the Changhsingian (Fig.

5). The cooling events correspond with low taxonomic diversity in the North American
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foraminiferal record and are proposed to have occurred in the early Artinskian, the early
Kungurian, the Roadian—early Wordian, and the early Wuchiapingian (Davydov, 2014).
According to these data, Capitanian time was associated with a warm global climate that, in
addition to fusulinid data, is also supported by data showing global reef expansion (Weidlich,
2002) and an increase in global diversity of rugosa corals (Fedorowski, 1989).

These data are consistent with the records from the type area of the Capitanian in
Texas. During the Pennsylvanian and Permian, the North American shelves were located in
tropical paleolatitudes. However, these shelves appear to have had temperate paleoclimates
as indicated by significantly lower foraminiferal and coral diversity than correlative warm-water
Tethyan faunas (Davydov 2014; Fedorowsky, 1997; Fedorowsky et al., 2009). Davydov (2014)
proposed that the episodic appearances of Tethyan warm-water fusulinid faunal elements in
North American shelves indicate paleoclimatic warming events, rising sea levels, and
interregional migrations of these taxa in the region. The recent record from several sections
and wells in western Texas shows that a prominent warming event and a major fusulinid
migration to North America occurred in the middle-late Capitanian (Nestell et al., 2006).
Tethyan fusulinids, such as Yabeina, Pseudokahlerina, Paradoxiella, Reichelina, Codonofusiella,
Rauserella, and Lanchichites, and the very characteristic Tethyan smaller foraminifera
Abadehella, have all been found above the Yabeina in Texas (Dunbar and Skinner, 1937; Skinner
and Wilde, 1955; Nestell et al., 2006). Neoschwagerinids, including Yabeina, are climatically
sensitive foraminifera that survive only in very warm paleoenvironments where surface waters
are thought to have exceeded an annual temperature of 20-22 °C (Ueno, 2006; Davydov and
Arefifard, 2013). It seems that the shallow-water paleoclimatic condition in Texas at that time
was marginal for neoschwagerinids, as Yabeina is rare in the area and is represented by a small
and primitive form. The remainder of the fusulinids, i.e., schubertellids schwagrinids and

ozawainellids, survive into more temperate environments (Davydov, 2011, 2014; Davydov and
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Arefifard, 2013). Polydiexodina predominates among fusulinids in the lower-middle Capitanina
in Texas (Wilde, 2000). The morphologic and environmental similarity of Eoparafusulina,
Monodioexodina, and Polydiexodina (Davydov, 2014; Davydov and Arefifard, 2013; Ueno, 2006)
also suggests a more temperate climate in the early-middle Capitaninin of Texas. The Texas
fusulinids generally show increased diversity towards the end of the Capitanian (Nestell and
Nestell, 2006), and therefore suggest a progressive warming rather than cooling trend at that
time. The extinction episode in Texas occurs in the latest Capitanian between middle and
upper Tonsil Members (Nestell and Nestell, 2006) and at the top of Reef Trail Formation (Wilde
et al., 1999), near the top of the global Capitanian Stage, and the top of the Jinogondolella
granti and Clarkina postbittery hongshuensis conodont zones (Nestell and Wradlaw, 2010). We
consider the idea that the fusulinid genera that are all known in the J. granti conodont Zone
also occur in Wuchiapingian strata elsewhere in the world (Bond et al., 2010) to be incorrect,
because of a lack of an supporting data for such conclusion (Davydov and Arefifard, 2013;
Kobayashi, 2012; Kofukuda et al., 2014; Kolodka et al., 2012; Wingall et al., 2012). For the
Capitanian, a strong link between biotic and climatic events in North America, and the similarity
of biotic changes between the North American and other regions, suggests that paleoclimatic
events within the North America were controlled by global factors (Davydov, 2014).

The data from Zagros sections in Iran are also consistent with the latter
observation (Davydov and Arefifard, 2013). Warm-water Neoschwagerinids Afghanella and
Sumatrina in the region occur in late Capitanian, whereas temperate Chusenella,
Eoplydiexodina, and Monodiexodina kattaensis are documented in the early Capitanian
(Davydov and Arefifard, 2013). Similarly, in Transcaucasia, the fusulinids from the lower Midian
substage (analogue of upper Wordian) consists of predominantly schubertellids, ozawainellids,
and endemic schwagerinids, whereas in the upper Midian (e.g., Capitanian) Neoschwagerina

and abundant Kahlerina are present (Kotlyar et al., 1989).
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The essentially complete Wordian-Wuchiapingian shallow carbonates succession has
been described lately in the north-east Thailand (Hada et al., 2015). The Capitanian there
assigned to the Lepidolina fusulinid zone divided into two units. Unit one characterized by
relatively diverse assemblage including Sumatrina annae (Volz), S. longissima (Deprat),
Neoschwagerina craticulifera (Schwager), Yabeina cf. globosa (Yabe), Lepidolina asiatica (Ishii)
and L. columbiana (Dawson). However, upper unit (two) contains very diverse assemblage of
several Lepidolina, Verbeekina, Codonofusiella and Dunbarula species. Besides, the abundant
green algae Mizzia, Macroporella and Gymnocodium along with extraordinarily large
Alatoconchidae bivalves documented in the uppermost Capitanian (Hada et al., 2015).
Therefore, again as in the other regions the most abundant and warmest assemblage of
fusulinids, algae and bivalves occur in the upper Capitanian.

Recently, the Kamura event has been recognized in the Chandalaz regional stage in
southern Primorie, Russian Far East (Kossovaya and Kropacheva, 2013) and is correlative to the
Capitanian of the International Time Scale. The 8'3C carbonate isotopic signature within the
limestone succession of the Chandalaz Formation interpreted as the evidence of the Kamura
cooling event. The fusulinids in the Monodiexodina sutchanica-Metadoliolina dutkevitchi zone
of the lower Chandalaz Formation consist predominantly of temperate Monodiexodina and rare
Metadoliolina, Parafusulina, Pseudofusulina, Chusenella, Minojapanella, Codonofusiella,
Sichotenell, Rauserella, and Reichelina. Single and incomplete specimens of neoschwagerinids
(Colania/Lepidolina) are found near the top of this zone (Chedia in Kotlar et al., 1989; V.I.
Davydov, unpub. data). Fusulinid diversity increases dramatically in the overlying Parafusulina
stricta zone, where neoschwagerinids Lepidolina, including L. kumaensis, become common (Fig.
6). The dominant taxa there are Parafusulina, Pseudofusulina, Skinerella, Chusenella, and
numerous and diverse schubertellids and ozawainellids. In the upper part of the Chandalaz

fusulinid zone, Metadoliolina lepida- Lepidolina kumaensis, the neoschwagerinds, are the
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dominant element of the assemblage. They include Lepidolina, Neosumatrina, Yabeina, and
Neoschwagerina. The verbikiinids, schwagerinids, schubertellids, and ozawainellids are
exceptionally diverse (Chedia, 1981; Chedia in Kotlar et al., 1989; Sosnina, 1981, 1983). Thus,
the fusulinids in Primorie are characterized by the same trend in diversity increase towards the
end of the Capitanian as those in Texas, Transcaucasia, Zagros, and southern China.

Similar to the fusulinids, the rugosa corals in southern Primorie in the lower Chandalaz
Formation Monodiexodina sutchanica-Metadoliolina dutkevitchi fusulinid zone, are represented
by the solitary form only and their diversity there is low (Kossovaya and Kropacheva, 2013).
Solitary corals appear in a wide range of the climatic environments from temperate to very
warm, whereas massive colonial corals exist only in predominantly warm climate (Fedorovsky
et al., 2007; Kossovaya and Kropacheva, 2013). A dramatic increase in coral diversity occurs in
the Parafusulina stricta fusulinid zone. Rare massive colonial forms were found in the upper
part of this fusulinid zone (Figure 6). The latter corals predominate in the Metadoliolina lepida-
Lepidolina kumaensis fusulinid zone (Kossovaya and Kropacheva, 2013). Only rare solitary corals
are present in the uppermost part of the Chandalaz succession where fusulinids are absent.
This part of the succession reasonably correlates with the “barren interval” of the topmost
Capitanian Kamura event in Japan (Kossovaya and Kropacheva, 2013). The diversity data of
rugosa corals in the Capitanian of Primorie are consistent with the overall diversity trends
throughout Tethys (Fedorovsky, 1997) (Figure 6).

The trend of increasing faunal diversification throughout the Capitanian and the
appearance of warm-water massive colonial corals (i.e., Waagenophyllidae) and tropical reefs
in the upper Capitanian Metadoliolina lepida- Lepidolina kumaensis fusulinid zone are
inconsistent with the suggested Kamura cooling event at that time (Kossovaya and Kropacheva,
2013). This contradiction could be explained by southward movement of the Primorie terranes

during the Capitanian (Kossovaya and Kropacheva, 2013). However, most of the widely
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accepted paleogeography maps (Boucot et al., 2013; Golonka, 2011; Lawver et al., 2011;
Scoteese, 2014) suggest stable or northward movement of the terranes during Cisuralian and
Guadalupian. In addition, southward movement that would be great enough to cause warming
of at least 4-5 °C (low diversity solitary forms in Monodiexodina sutchanica-Metadoliolina
dutkevitchi fusulinid zone vs dominance of massive colonial forms in zone Metadoliolina lepida-
Lepidolina kumaensis fusulinid zone) in deep-slope temperate water environments and habitats
of the Primorie corals (Kossovaya and Kropacheva, 2013) would require southward movement
of at least 1500-2000 km during the Capitanian (Montanez and Poulsen, 2013). This is
unrealistic as it is more likely that the late Capitanian fusulinid and coral diversification was
associated with late Capitanian climate warming.

Recent studies 6'%0 isotopes from biogenic carbonates in the low, middle and high
latitudes (Korte et al., 2008) clearly suggest a global cooling phase during Roadian time and
then the subsequent progressive warming from Wordian towards the end of the Capitanian.
High-resolution oxygen isotope data for the entire Permian, with ages based on the several
hundred conodont biogenic apatite dates from low latitude locations in southern China, Iran,
and Texas, USA, provide a unique late Paleozoic paleotemperature and ice volume history on a
global scale (Chen et al., 2013). This record shows significant surface temperature fluctuation
within the Guadalupian-Lopingian transition, with a 4 °C warming in the late Capitanian,
followed by 6 to 8 °C cooling during the early Wuchiapingian. This cooling is interpreted as a
combined climate change signature initiated by Emeishan volcanism and changes in the habitat
depth of gondolellid conodonts as a consequence of sea-level changes (Chen et al., 2013). The
global eustatic sea-level variations (Rigel et al., 2008) are not always supported by the
paleoclimate model proposed here, mostly because of less reliable chronostratigraphic

constraints that require further study. The biogenic conodont apatite geochemical data are
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consistent with the glaciation-deglaciation records and recent data from eastern Australia

(Metcalfe et al., 2015) and the model proposed here.

6. Conclusions:

1. High-precision U-Pb zircon dates for the Atkan Formation in the Ayan-Yuryakh
anticlinorium, Magadan province, northeastern Russia verify a Capitanian depositional
age, and support intensive volcanic activity in the region during Guadalupian time.

2. The sedimentology of the Atkan Formation casts doubt on the glacial nature of the
diamictites.

3. The Capitanian was most likely a time of global warming, based upon the new available
high-precision U-Pb zircon ages of the eastern Australian glacial record and available
geochemical data.

4. The diversification of fusulinids and corals increased from the early Capitanian towards
the end of the stage. This correlates with the migration event of warm water
neoschwagerinid fusulinids and massive colonial rugosa corals into temperate North
America shelf basins and it agrees well with high-latitude paleoclimate records in
northeastern Russia and eastern Australia.

5. The conodont biogenic apatite isotopic data agree with biota and glacial records and
suggest a warming trend occurred from early-middle Guadalupian to the end of the

Capitanian.
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Figures and tables capture.

Table 1 U-Pb isotopic CA-TIMS data from samples 12VD105 and 12VD108.

Fig. 1. Generalized Permian and Lower Triassic succession and location of the Ayan-Yuryakh
Basin in the tectonic montage of the Yana-Kolyma folded system in northeastern Russia (after
Shpikerman, 1998; Biakov, 2006).

Fig. 2. Paleogeographic map of the globe during the Lopingian (Lawver et al., 2011). Main
cratons include: AFR, Africa; AMR, Amuria; BAL, Baltica; GR, Greenland; NAM, North America;
NCB, North China Block; SIB, Siberia. High-latitude northern terranes and arcs: AOA, Alazeay-
Oloi Arc System; OB, Omulevka Block; OK, Okhotsk Block; OM, Omolon Microcontinent; OTA,
Okhotsk-Taigonos Arc system; VB, Verkhoyansk epicontinental sea.

Fig. 3. Photos of rock and strata exposed around the Natalka gold mine. 3A, general view of the
Natalka gold mine, red arrow shows the approximate position of the volcanic ash (sample
12VD105) from which zircons were obtained for dating; 3B, the rhyolite volcanic boulder
epiclast (sample 12VD108) within Atkan diamictite rock; 3C, cross-cut of the boulder; 3D and
3F, semi-altered volcanic ash (sample 12VD105).

Fig. 4. Plot of °°Pb/?*®U dates from single grains of zircon analyzed by CA-TIMS. Plotted with
Isoplot 3.0 (Ludwig, 2003). Error bars are at the 2-sigma confidence interval. A weighted mean
date is shown and represented by the grey boxes behind the error bars. One older date from

12VD105 is not shown.
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Fig. 5. Warming and cooling events along the North American shelves during late Cisuralian
through the end of the Permian. The warming events associated with diversity peaks and occur
in late Artinskian, late Kungurian, Capitanian, and Changhsingian. The cooling events
correspond to low taxonomic diversity interval and proposed to occur in early Artinskian, early
Kungurian, Roadian—early Wordian, and early Wuchiapingian (from Davydov, 2014).
Radiometric calibration of P3 and P4 glacial events of Australia from Metcalfe et al., 2015. The
age of the volcanic tuff from the middle Atkan Formation is slightly younger the age 263.51
from the top of mid-Capitanian Broughton Formation that is interpreted as the short
interglacial episode between P3 and P4 alpine glaciation (Metcalfe et al., 2015). Abbreviations
for the chronostratigraphic units: Lnx—lower part of Lenoxian. Word.—Wordian; Changhsin—
Changhsingian. P2 glacial event (Artinskian-Kungurian) cited in the literature as a single
glaciation, whereas fusulinid record suggests a global warming climatic episode in late
Artinskian. Therefore, it is proposes the existence of two glacial episodes that are not yet
recognized as separate. The late Artinskian warming spike is derived from fusulinid data from
Urals, North America shelves, Timor, and Thailand (Davydov et al., 2013; Davydov, 2014; Ueno
et al.,, 2015).

Fig. 6. Biota (fusulinid and rugosa corals), conodont biogenic apatite geochemistry, global
eustatic sea-level and radiometric calibration constrains in regards of the recognized
paleoclimatic events and proposed here. Fusulinid data and paleoclimate interpretations from
Davydov, 2014. For more explanations see figure 5. Tethyan rugosa corals diversity from
Fedorovsky, 1997 and Wang and Sugiyama, 2002. Two diversity peaks in Rugosa generally
corresponds with late Artinskian and middle-late Capitanian fusulinids diversity maximum,
although the chronostratigraphic constrains on the corals are not as accurate as on fusulinids
and thus, the diversity pattern is more generalized. The details of the Capitanian rugosa record

(selected by the dashed lines) are from the Primorye region (Kossovaya and Kropacheva, 2013)
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as the records from other areas are lacking this information. The dominance of massive colonial
forms (Szechuanophyllum kitakamiense—Wentzelloides ussuricus coral zone) corresponds with
highest diversity among fusulinids in both Texas and Primorie regions (see details in the text).
The biogenic apatite geochemical sea-water temperature from Chen et al., 2013 and the global
eustaic sea-level frequency and magnitude is from Rigel et al., 2008. The paleotemperature and
global sea-level fluctuations show general trend from ice house to greenhouse global climate.
Sharp early Wuchiapingian sea water temperature drop (Chen et al., 2013 ) coincided with P4
glacial event in eastern Australian. The global eustatic sea-level variations (Rigel et al., 2008)
are not always supported the proposed paleoclimate model because of less reliable
chronostratigraphy constrains on the sea level curve, which require further updates. Conodont

abbreviations: C. — Clarkina; J. - Jinogondolella
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Tablel

Table 1. U-Pb isotopic CA-TIMS data.

Radiogenic Isotope Ratios
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210 0814 00326  9161% 4 025 215 0258 0049824 3219 0.285676 3.366 0041585 0418 0406 1868 749
12vD108a
2 0519 12358  9912% 34 091 2060 0164 0051675 0200 0304742 0245 0042771 0068 0732 2710 4.6
z2 0.505 0.9075 99.65% 87 0.26 5224 0.160 0.051649 0.120 0.304422 0.170 0.042748 0.070 0.814 269.9 2.7
23 0549 08097  9960% 75 027 4482 0174 0051636 0143 0304073 0193 0042709 0078 0761  269.3 3.3
74 0.455 0.4759 99.27% 40 0.29 2467 0.144 0.051522 0.226 0.303718 0.272 0.042754 0.082 0.665 264.3 5.2
) 0466 09950  99.49% 58 043 3516 0148 0051509 0167 0303381 0210 0042717 0071 0720 2637 338
%6 0592 06129  9935% 47 033 2770 0187 0051600 0199 0304062 0245 0042737 0077 0698  267.7 46

(a) z1, z2, etc. are labels for analyses composed of single zircon grains or fragments of grains that were annealed and chemically abraded (Mattinson, 200t
Labels in bold denote analyses used in the weighted mean calculations.

(b) Model Th/U ratio calculated from radiogenic 208Pb/206Pb ratio and 207Pb/235U date.

(c) Pb* and Pbc are radiogenic and common Pb, respectively. mol % “*>Pb* is with respect to radiogenic and blank Pb.

(d) Measured ratio corrected for spike and fractionation only. Fractionation correction is 0.16 + 0.06%/amu or 0.18 + 0.06%/amu (atomic mass unit) (2 si
based on analysis of EARTHTIME 202Pb-205Pb tracer solution.

(e) Corrected for fractionation, spike, common Pb, and initial disequilibrium in 230Th/238U. Common Pb is assigned to procedural blank with compositir
206Pb/204Pb = 18.04 + 1.22%; 207Pb/204Pb = 15.54 + 1.04%; 208Pb/204Pb = 37.69 + 1.26% (2 sigma). 206Pb/238U and 207Pb/206Pb ratios corre:
in 230Th/238U using Th/U [magma] = 3.0 + 0.6 (2 sigma)

(f) Errors are 2 sigma, propagated using algorithms of Schmitz and Schoene (2007) and Crowley et al. (2007).

(9) Calculations based on the decay constants of Jaffey et al. (1971). 206Pb/238U and 207Phb/206Pb dates corrected for initial disequilibrium in 230Th/23
=3.0+0.6 (2 sigma).
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