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Abstract—Comprehensive lithogeochemical analysis is carried out for Norian sediments from the central
part of the Kular—Nera shale belt. The sediments are represented by alternation of sandstones and siltstones.
Petrochemical typification shows that the sandstones are subdivided into graywacke, arkose, and subarenite,
while the siltstones belong to shale. The Norian sediments were mainly deposited in an oxidizing environ-
ment of a well-aerated basin in the distal parts of the Verkhoyansk passive continental margin. They are char-
acterized by a high sorting of sedimentary material. The correlation between the rock-forming elements and
the wide range of (La/YD),, ratios indicate that the sedimentation basin contained the disintegration products
of both acid [(La/Yb), = 10.52—27.26] and mafic [(La/Yb], = 6.22—8.96)] rocks. The high values of the
La/Sc and Th/Co ratios are typical of acid rocks. The low K,0/Al,05 values (0.16 + 0.02) and high Zr/Sc
ratio (10.1 £ 2.74) are typical of redeposited material. It is established that several provenances were involved
in the formation of the Norian sediments in the central part of the Kular—Nera shale belt. Multicomponent
clastics and well-sorted recycled material were supplied into the sedimentation basin.

Keywords: lithology, geochemistry, Upper Triassic, sandstones, siltstones, lithochemical modules, redox con-
ditions, provenances, Kular—Nera shale belt, East Yakutia

DOI: 10.1134/S1819714016030052

INTRODUCTION

Upper Triassic terrigenous sequences are wide-
spread east of the Siberian Platform. In the Verkhoy-
ansk fold-and-thrust belt, they are represented by
shallow-water coastal-marine and shelf sediments
which pass into the slope and foot sediments of the
continental margin of the Kular—Nera shale belt [13].
In recent years, the Triassic sediments of East Yakutia
have been studied by many researchers [2, 3, §—10,
14]. At the same time, some questions regarding their
formation and subsequent changes, especially for the
distal facies of the sedimentation basin, where shelf
sediments are replaced by deep-water sediments,
remain insufficiently studied. The Triassic sequences
have attracted much attention not only because of the
opportunity to decipher the Triassic sedimentation
conditions and paleogeographical settings over the
vast area of northeastern Russia, but also because of
their association with numerous, frequently large,
noble metal deposits [15—17, 27, 28].

In this work, we characterized the lithological fea-
tures and the degree of postsedimentation transforma-

tions of the terrigenous sequences and also analyzed
and deciphered the provenance composition and con-
ditions of formation of the Late Triassic sediments of
the Kular—Nera shale belt, which accumulated in the
Oimyakon sedimentation basin. The basin was initi-
ated on the eastern margin of the North Asian Craton
in the Carboniferous during Middle Paleozoic rifting.
A decrease of the basin in the late Triassic—Early
Jurassic led to a change in the sedimentation condi-
tions [11, 13].

In order to typify the sediments and to reconstruct
their terrigenous provenances, the contents of rock-
forming, trace, and rare-earth elements (Tables 1—3)
were analyzed using modern classification diagrams
and the most informative geochemical coefficients
and modules. The average chemical compositions of
the dacite, basalt, rhyolite, and sandstone were used
during analysis [12]. A comparative characterization
was performed for rocks of different stratigraphic lev-
els and lithological types, including the Lower and
Middle Norian (Upper Triassic) sandstones and silt-
stones and upper Norian siltstones.
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Fig. 1. Geological scheme of the Bol’shoi and Malyi Taryn interfluve (a) and its position in the review map (b) and stratigraphic

column of the Upper Triassic and Lower Jurassic sediments (c).

(1—6) Sediments: (/) modern and Upper Quaternary alluvial deposits; (2) Lower Jurassic; (3—6) Late Triassic: (3) Upper Norian,
(4) Middle Norian, (5) Lower Norian, (6) Carnian; (7) Early Cretaceous granitic massifs; (§) Late Jurassic dikes of diorite por-
phyrites and rhyolite porphyry; (9) branches of the Adycha—Taryn fault zone; ( /0) axis of the Malyi Taryn syncline; (/) sampling
localities and numbers. Stratigraphic column: (/2) siltstones, (/3) sandstones, (/4) conglomerate lenses.

Inset: (SP) Siberian platform, (VFTB) Verkhoyansk Fold-Thrust belt; (OT) Okhotsk Terrane; (KOS) Kolyma—Omolon Supert-
errane; (KNSB) Kular—Nera Shale Belt; (PDT) Polousnyi—Debin terrane.

GENERAL INFORMATION

The studies were carried out in the Taryn River
basin (the right tributary of the Indigirka River). The
Upper Triassic of the considered territory is repre-
sented by Carnian (T;k) and Norian (T;n) sediments
[1] (Fig. 1). The Carnian sediments are dark gray to
black bedded sitlstones with thin intercalations of red-
dish-gray fine-grained sandstones. The visible thick-
ness is around 800 m.

The Norian sediments are the most widespread in
the studied territory and are subdivided into three sub-
stages. The lower substage (T5n,;) is represented by
alternating siltstones and quartz—feldspathic and
quartz sandstones with lenses of fine pebbly conglom-
erates. The lower substage sequences (900—1200 m
thick) were mapped on the northwestern flank of the
Bol’shoi and Malyi Taryn interfluve. The Middle
Norian (Tsn,) sediments 400—500 m thick are exposed
as an S—N trending band in the interfluve of the main

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol. 10

water streams and in the basins of the left tributaries of
the Bol’shoi Taryn River. They are mainly represented
by siltstones, with less abundant fine-grained sand-
stones. The Upper Norian is made up of 450—600 m
thick siltstones with scarce sandstone intercalations.
The Lower Jurassic sequence includes the sediments
of the undivided Hettangian and Sinemurian stages
(J,g-s). They are recovered in the Malyi Taryn syncline
and represented by siltstones and sandy siltstones. The
sequence lies conformably and is 800—900 m thick.

PETROGRAPHY

Sandstones occur as gray and dark gray with a
brownish tint; fine- to coarse-grained; mainly cross-
lenticular; and fine- and coarse-bedded (more rarely
massive) rocks. Transitional varieties (silty sandstones)
show a spotted structure. The clastic material is repre-
sented by quartz, plagioclase, feldspar, fragments of
volcanic rocks, muscovite, and biotite. Detrital miner-

No. 3 2016
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Fig. 2. Microimages of polished thin section from the Upper Triassic deposits of the central Kular—Nera shale belt.

(a) Fine-grained feldspar—quartz sandstones with mixed cement, T3n,; (b) fine cross-bedded siltstones, T3nj3; (c) gravity corro-
sion structures, T3n;, with analyzer; (d) aggregate cleavage, without analyzer.

als are represented by equant to sharply elongated,
semirounded to angular grains. The following types of
cement are recognized in the sandstone: predominant
contact basal, with less common filmy crustification,
corrosion, and regeneration types. The cement is
quartz—coaly—micaceous, chlorite—sericite—carbon-
ate, and micaceous—chlorite—ferruginous in compo-
sition (Fig. 2a). In terms of the mineral composition,
the sandstones are subdivided into quartz—felds-
pathic, polymictic, and calcareous varieties.

The siltstones are represented by dark gray; fine- to
medium-grained; silty, psammitic—silty pelitic, and
silty-pelitic rocks with lamination (Fig. 2b). The clas-
tic material is represented by quartz, plagioclase, mica
plates, and fragments of shales and volcanic rocks. The
cement is basal, contact, pore-filling. It is quartz—
sericite—chlorite and chlorite—clayeye—ferruginous in
composition and contains carbonate and coaly mate-
rial. Accessory minerals are apatite, rutile, and zircon.

Medium- to fine-pebbled conglomerates (pebble
size 8—16 mm) form scarce dark gray spotted interbeds
with psephitic texture. Pebbles composed of quartz,
quartzite, volcanic rocks, hornfels, chert, and sand-

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol. 10

stones are cemented by the sericite—ferruginous
matrix.

The sandstones were transformed under conditions
of deep catagenesis—beginning of metagenesis [23,
24]. The compaction and chemical dissolution of the
detrital grains led to the formation of the gravity cor-
rosion texture and authigenic minerals (Fig. 2c). The
detrital quartz is fringed by authigenic rims of regener-
ation quartz, while the interstitial space is filled with
hypidiomorphic quartz—sericite aggregate showing a
typical “checkerboard” extinction. Under stress con-
ditions, the authigenic mica and chlorite form “beard-
like” ingrowths into the quartz and feldspathic grains.
More pervasive postsedimentation transformations
are related to blastesis, which is manifested along the
periphery of the detrital quartz, and to the initial stage
of plagioclase albitization, accompanied by partial
corrosion and regeneration of the grains.

The rocks in the fault influence zones experienced
dynamometamorphism accompanied by textural—
structural alterations. The siltstones and fine-grained
sandstones in the regional fault zones record brittle—
ductile and ductile shear zones of varying scale, which
are associated with the tectonic flowing of the rocks

No.3 2016
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Fig. 3. Position of data points of the Upper Triassic sandstones and siltstones in the classification diagrams.
(a) Herron’s diagram for sandstones and shales [30]; (b) diagram by Kossovskaya and Tuchkova [4] for sandstones.

Hereinafter: sediments of (/) lower substage, (2) middle substage, (3) upper substage. Filled symbols are siltstones, open symbols
are sandstones. Coordinates: Q = SiO,; F = Fe;03 + FeO + MgO + MnO + TiO,; L = Al,O5 + CaO + Na,O + K,O. Fields:
(I) quartz sandstones, (II) oligomictic sandstones, (I1I) polymictic sandstones, (IV) volcaniclastic sandstones.

and formation of such indicative microtextures as
aggregate-type and intergranular cleavage (Fig. 2d),
deformation fibers, and pressure shadows, which in
aggregate form a shear—cataclastic morphological
type of flow textures [9].

The presence of the above-mentioned microtex-
tural markers indicates that the deformation was a
multistage and long-lasting process which resulted in
the redistribution of diverse components in the fault
influence zones. The brittle—ductile deformations
operating at the initial stages caused the development
of brecciation and aggregate-type cleavage. The duc-
tile deformations were accompanied by the develop-
ment of intergranular cleavage, porphyroblastic sys-
tems, and the wide distribution of oriented blastic and
folded textures.

GEOCHEMISTRY

Examination of the chemical composition of the
sediments (Table 1) allowed us to distinguish several
features. The Al,O; content in the sandstones is some-
what lower (average value of 11.19 & 1.77) than that of
the siltstones, which in addition show a wider range of
variations from 10.63 to 19.65%, averaging 15.91 *+
2.59. The alkali contents are close in different litho-
logical varieties and at different stratigraphic levels:
the average K,O content is 2.31 + 0.45; Na,O 1.83 =
0.23; K,O + Na,O = 4.14 £ 0.43. However, the rocks
show a sufficiently wide scatter in Na,O/K,O ratio
(from 0.28 to 1.73). The sandstones are dominated by
sodium, while the siltstones by potassium. The sand-
stones (samples mt-8, mt-9, ap-1) are characterized
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by elevated CaO contents (from 2.09 to 8.01%). The
contents of trace, including ore elements, show wide
variations in different lithologies and at different
stratigraphic levels. Normalization of the element
contents in the Norian (Cn) rocks to their contents in
sedimentary rocks (Ck) after Turekian and Wedepohl
[5] revealed comparable contents of Ba, Sr, Co, Ni,
Sc, and S (0.94 < Cn/Ck < 1.16); lower contents of V,
Zr, Cu, Be, Cd, Th, and Mo (0.31 < Cn/Ck < 0.83);
and extremely high (supraclarke) contents of Zn, Cr,
Li, and As (Table 2). The sandstones differ in elevated
Zn content (Cn/Ck = 3.96 £ 0.49), while the silt-
stones have elevated Li contents (Cn/Ck = 6.69 +
3.55). The REE distribution (Table 3) shows no signif-
icant variations in the rocks from different strati-
graphic levels and of different lithological types. The
total REE + Y in the analyzed rocks varies from 158.23
to 222.24 ppm, averaging 190 £ 27.36. The REE pat-
tern is characterized by a high LREE/HREE ratio
(9.10 + 2.43).

The petrochemical type of the rocks was deter-
mined using Herron’s diagram [30] and the classifica-
tion proposed by Kossovskaya and Tuchkova [4]. The
former was used to classify the clastic rocks and to esti-
mate the extent of preservation of Fe—Mg minerals,
while the latter determines the sandstone associations.
In Herron’s diagram, the rocks are subdivided into
petrographic varieties: the data points of the siltstones
are confined to the shale field, while the sandstones
are divided into wacke and arkose (Fig. 3a). In the dia-
gram by Kossovskaya and Tuchkova (Fig. 3b), the data
points of the rocks fall mainly in the field of polymictic
sandstones and partially in the field of volcaniclastic
rocks.
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Lithochemical studies were carried out using the
technique of Yudovich and Ketris [21, 22] based on the
following modules: hydrolyzate HM = (TiO, +
Al,O; + Fe,0; + FeO + MnO)/Si0,, aluminum—sil-
ica ASM = Al,0,;/Si0,, iron IM = (Fe,O; + FeO +
MnO)/TiO, + Al, O3, alkaline AM = Na,0/K,0, nor-
malized alkalinity NAM Na,O + K,0/Al,O;, and tita-
nium TM = TiO,/Al,0;. The sandstones have hydro-
lyzate module (HM) less than 0.3 and may be classi-
fied as clayey silicites and mesomictic and polymictic
sandstones (Table 1). Based on the elevated content of
detrital quartz and the low content of feldspar and clay
minerals, they are highly mature rocks. In terms of all
parameters (HM, TM, IM, FM, NKM, ASM, and
AM), the siltstones are ascribed to normosiallites.
Some siltstones may be ascribed to the pseudosiallite
subtype—volcanosedimentary rocks. They differ in
elevated contents of Mg (MgO > 3 wt %) at values
of femic module within 0.18—0.21 (Table 1, an. ms-1;
vs-37, d-44). In combination with the elevated K con-
tent (K,0 3.0—3.6 wt %), this suggests the presence of
both authigenic mica and sericite aggregates. Titanium
module (TM) is an important geochemical character-
istic of supergene processes, which is related to the
dynamic sorting of material and the behavior of Ti-
bearing minerals during sedimentation and further
rock transformations [21]. It should be noted that the
studied rocks are characterized by elevated (relative to
the average chemical composition of the sedimentary
rocks) Ti content (TiO, up to 1.13 wt %). According to
the applied classification, the rocks in terms of TM
values are normally titanium, but the Mesozoic
sandy—clayey sediments have elevated TM = 0.06—
0.08, which indicates the high dynamic sorting of the
detrital component and the presence of volcanogenic
material, possibly of mafic composition. As seen in the
TiO,—TM diagram (Fig. 4a), the Norian rocks are
mainly restricted to the field of quartz sandstone, but
some data points fall in the field overlap, which indi-
cates the presence of mafic tuffs or tuffoids in the sam-
pling.

In the HM—NAM diagram (Fig. 4b), the data
points of the Norian (Upper Triassic) rocks define a
negative correlation (r = —0.79) between the average
compositions of the basalt, dacite, and sandstone. The
different composition of the material delivered to the
sedimentation basin is also observed in the F1—F2 dia-
gram proposed by Bchatia and Crook [25] (Fig. 4c¢):
the siltstones are characterized by quartz clastics,
while the data points of the sandstones fall at the
boundary between the intermediate and felsic rocks.
The wide range of (La/Yb), ratios indicates the pres-
ence of disintegration products of both felsic
[(La/Yb), = 10.52—27.26] and mafic [(La/YDb), =
6.22—8.96] rocks [6]. In the La/Sc—Th/Co diagram
[26], the data points of the Norian sandstones and silt-
stones fall mainly in the region of felsic rocks (Fig. 4d).
Analysis of the diagrams presented in Fig. 4 shows that
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the main contributor to the Lower Norian rocks con-
sisted of quartz-rich felsic rocks. The Middle and
Upper Norian rocks are characterized by a wider
diversity of terrigenous sources. Thus, the Norian sed-
iments have a mixed composition and diverse genesis,
which was possibly caused by the involvement of sev-
eral provenances in their formation.

The average value of the Ce anomaly is Ce/Ce* =
1.04 £ 0.17 (Ce/Ce* = Ce,/((La, + Pr,)/2)), which is
typical of sediments forming in a passive continental
margin setting [7]. The localization of the data points
in the diagrams SiO,—K,0/Na,O [33] and (K,O +
Na,0)—(Si0,/20)—(TiO, + Fe,O; + MgO) [32]
(Fig. 5) along the boundaries of the fields of different
geodynamic settings points to unstable sedimentation
conditions, which is typical of the distal parts of the
passive continental margins.

Another important problem in the understanding
the compositional specifics of the provenances is the
examination of the rocks for the presence of redepos-
ited material, which is characterized by the following
features: K,0O/Al,O; ratio less than 0.3 [26]; elevated
contents of Th, Y, and Zr; and practically invariable
value of Eu anomaly (Eu/Eu*), which shows no frac-
tionation relative to other REE during recycling [6].
The average K,0/Al,O; ratio in the Norian silty sand-
stones is 0.16 = 0.02, while the Zr/Sc ratio reaches suf-
ficiently high values (10.1 £ 2.74) (Fig. 6), which is
typical of fine aluminosiliciclastics formed by erosion
of a mature continental crust. The Eu/Eu* ratio is on
average 0.52 £ 0.2 (<0.9), but the values show suffi-
ciently wide variations from 0.33 to 0.93, which indi-
cates the input of diverse erosion products in the sedi-
mentation basin.

The redox setting in the near-bottom waters of the
sedimentation basin plays a significant role during the
formation of sediments. The Mo/Mn, V/(V + Ni),
V/Cr, and Ni/Co ratios (Fig. 7), as well as the total Mn
content, may be used as geochemical indicators of the
redox state. According to Kholodov [18, 19], Mn and
Mo are accumulated at similar rates in the oxygen-
bearing settings of well-aerated basins, but the solubil -
ity of Mo decreases in H,S-rich settings, which leads
to its accumulation in sediments owing to coprecipita-
tion with sulfides, while Mn concentrations strongly
decrease in anoxic environments. The average
Mo/Mn ratio in the Triassic silty sandy rocks is 0.004,
which indicates the accumulation of primary sedi-
ments in oxic environments. The V/(V + Ni) index
varies from 0.23 to 0.77, which corresponds to values
typical of oxic and moderately anoxic near-bottom
waters [29]. Nickel and cobalt are intensely absorbed
by manganese oxides from water masses in oxic envi-
ronments (i.e., in oxidizing conditions) and, in con-
trast, are released in suboxic and anoxic environments
(reducing settings). The Ni/Co values presented in
Table 2 usually vary within 1.8—4.7, corresponding to
the oxide zone of the near-bottom waters. The V/Cr
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F| = 0.303 + 0.0447Si0, — 0.972TiO, + 0.008Al,03 — 0.267Fe,O3 + 0.208FeO — 3.082MnO + 0.14MgO + 0.195Ca0 +
0.719Na,O — 0.032K,0 + 7.51P,05; F, = 43.57 — 0.421Si0, + 1.988TiO, — 0.526Al,03 — 0.551Fe,O3 — 1.61FeO +
2.72MnO + 0.881MgO — 0.907CaO — 0.177Na,0 — 1.84K,0 + 7.244P,05. Symbols are shown in Fig. 3.

ratio shows wide variations. According to Jones and
Manning [31], the boundary between oxidizing and
reducing near-bottom settings may be drawn at
V/Cr= 2.0. The average V/Cr ratio in the studied
rocks is 0.86 (V/Cr,,.« 1.85), which suggests that the
studied sediments were mainly accumulated in oxic
environments. It should be noted that the sandstones
are characterized by elevated V/Cr = 1.2—1.9, while
the siltstones have V/Cr ratio varying from 0.4 to 1.4.
In general, this indicates an unstable setting and short-
term changes of redox conditions in the near-bottom
waters of the sedimentation basin [20] (Fig. 7). Thus,
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the Triassic sediments were formed in a well-aerated
basin with clearly expressed redox settings.

CONCLUSIONS

The Upper Triassic sediments of the Kular—Nera
shale belt are represented by the alternation of
inequigranular siltstones and sandstones. In terms of
the mineral composition, the sandstones are domi-
nated by quartz varieties, while the siltstones have a
mainly chlorite—smectite—hydromica composition.
The postsedimentation transformations of the rocks
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Fig. 5. Position of data points of the Norian rocks (Upper Triassic) in the SiO,—K,0/Na,O diagram [33] and (K,O + Na,0)—
(8i0,/20)—(TiO, + Fe,03 + MgO) [32]. Compositional fields: A, oceanic island arc; B, continental island arc; C, active conti-
nental margin; D, passive continental margin. Symbols are shown in Fig. 3.

reached deep catagenesis—beginning of metagenesis.
The metagenetic transformations in the region are
related to the P—T activation in response to a change
of the geodynamic setting in the Late Jurassic. The
dynamometamorphic transformations of the initial
stage are mainly confined to the fault zones and
marked by shear-cataclastic flow textures.

Our study showed that the Upper Triassic terrige-
nous sediments are subdivided into several petro-
chemical types: shale, wacke, arkose, and volcaniclas-
tic varieties. According to the petrochemical classifi-
cation, the Norian sandstones from the central part of
the Kular—Nera shale belt are ascribed to the clayey
silicites, while the siltstones are ascribed to the normo-
siallites. The elevated MgO and TiO, contents testify
to the presence of alkaline mafic tuffoids of the pseu-
dosiallite subtype. The studied rocks are characterized
by the high sorting of sedimentary material. The Trias-
sic sediments were formed mainly in oxidizing setting
in a well-aerated basin in the distal parts of the
Verkhoyansk passive continental margin.

The Upper Triassic sediments are characterized by
a mixed composition and diverse genesis. The values
of the (La/Yb), ratio and the correlations between the
hydralyzate module (HM) and total alkalinity module
(TAM) indicate that the sedimentation basin con-
tained disintegration products of both felsic and mafic
rocks. The high La/Sc and Th/Co ratios are typical of
felsic rocks. The low K,0/Al,O; ratios and high Zr/Sc
are typical of redeposited material. Thus, several prov-
enances supplied multicomponent clastics and well-
sorted recycled material to the sedimentation basin.

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol. 10

The disintegration products of felsic composition were
presumably transported in the Oimyakon sedimenta-
tion basin from the southwest (Central Asian fold belt,
Angara—Vitim batholith, and Aldan shield). Mafic
clastic rocks were supplied by the Siberian trap prov-
ince. The volcaniclastic material in the Late Triassic
was derived from the southeast and east (Uda—Murgal
island arc).

10

Th/Sc

Zr/Sc
100

0.1

Fig. 6. Th/Sc—Zr/Sc diagram for the Norian (Upper Tri-
assic) rocks. Symbols are shown in Fig. 3.
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(1) In the sediments of the lower substage; (2) sediments of the middle substage; (3) sediments of the upper substage.
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