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Abstract—The first data on the whole-rock chemical composition of Jurassic—Lower Cretaceous sedimen-
tary rocks cropping out in the Soloni—Umal’ta river interfluve (Bureya sedimentary basin) are used for
revealing the distribution of their rock-forming elements. It is shown that the clastic material originated
mostly from acid igneous rocks, while their intermediate varieties, as well as quartz-rich sedimentary and
metamorphic rocks, played a subordinate role. It is assumed that the bulk of the clastic material was trans-
ported from the west and southwest (Bureya massif) and a smaller share from the east. The most significant
differences between the Lower—Middle Jurassic and Upper Jurassic—Lower Cretaceous rocks mark a break

in sedimentation.
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INTRODUCTION

The original factual data on the whole-rock chem-
ical composition of the Jurassic—Lower Cretaceous
sedimentary rocks in the Bureya sedimentary basin
served as a basis for this investigation. Its main pur-
pose was to reveal the lithogeochemical features of
these rocks and determine, based on their analysis, the
composition and location of the main sources of clas-
tic material.

The Bureya basin hosts hard coal and gas deposits
with insufficiently known reserves. With further study,
more extensive reserves and oil deposits may be dis-
covered. Prospecting and exploration works in the area
have been accompanied by variably detailed geologi-
cal—geophysical (including special) investigations,
most of which were dedicated to the study of the
Upper Jurassic and Cretaceous rocks of the productive
coralliferous sequence [2, 5,9, 13, 16, and others]. The
data on the chemical composition of some rock types
were partly published in [10, 11]; in the current work,
we consider the composition of all of the studied rock
varieties.

MATERIALS AND METHODS

Rock samples were collected from outcrops along
the Baikal-Amur Mainline railway (Soloni River) and
excavations and quarries along highways on the left

bank of the Soloni River and right bank of the
El’gandzhya, Chegdomyn, and Umal’ta rivers.

The samples were subjected to mineralogical—
petrographic examination under a polarizing micro-
scope (petrographer M.K. Zheverzheeva). The con-
tents of rock-forming oxides were determined in
85 samples by the X-ray fluorescence method in the
X-ray spectral analysis laboratory of the Northeast
Complex Research Institute, Far East Branch, Rus-
sian Academy of Sciences, Magadan (analysts
T.D. Borkhodoeva and V.1. Manuilova). The obtained
data were processed according to the lithochemistry
technique using the Russian algorithm known as the
“YuK Standard” [19]. Earlier chemical classifications
were also used [12, 24].

BRIEF GEOLOGICAL REVIEW

The Bureya basin (Bb) is considered as being a
marginal (foreland) trough [6] on the eastern margin
of the Bureya massif, which represents an element of
the Jiamusi—Khanka—Bureya superterrane (Fig. 1).
In the Jurassic, the Bureya basin was united with other
troughs in Russia (Gudzhik, Bira) and China. In the
central part of the basin, the Jurassic stratigraphic suc-
cession consists of the Lower Jurassic Desh (J,ds),
Middle Jurassic Sinkal’ta (J,sn), Epikan (J,ep), El’ga
(J,el), Chaganyi (J,cg), Talyndzhan (J,_;t/), and
Upper Jurassic Dublikan (J;db) formations (Fig. 2).
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Fig. 1. The Bureya basin and its elements, after [11] with
reference to [7]. Troughs (encircled numbers): (1) Bureya,
(2) Kyndal, (3) Gudzhik, (4) Bira, (5) Sivak. (MOOB)
Mongol—Okhotsk orogenic belt; (OVPA) Ogodzha vol-
cano-plutonic area. Sampling sites: (/) sections along the
Soloni (1), Chegdomyn and El’'gandzhya (2) rivers;
(2) excavation along highways.

The Cretaceous section includes the Soloni (K;sn),
Cagdamyn (K,¢g), Chemchuko (K,¢m), lorek (Kjr),
and Kyndal (K,_,kn) formations. The thicknesses of
the Jurassic and Cretaceous deposits vary from 4300 to
7500 m and from 2500 to 3500 m, respectively.

The Jurassic—Cretaceous sedimentary succession
is represented by alternating conglomerates, gravelly
conglomerates, sandstones, siltstones, mudstones,
their calcareous and tuffaceous varieties, and acid tuffs
(Fig. 2, Photo 1). The sequence exhibits cyclic pat-
terns of different orders reflected in the regular transi-
tion from coarse- to fine-grained varieties (from con-
glomerates to mudstones) [7].

The section along the Soloni River is dominated by
siltstones and sandy siltstones accompanied by subor-
dinate mudstones and sandstones. To the southwest
and northeast, the share of sandstones increases [1, 7].
The upper part of the section (Upper Jurassic—Lower
Cretaceous) includes intercalations and lenses of car-
bonaceous rocks, coals, and bentonite clays. Signifi-
cant hiatuses are observed in the upper Toarcian—
Aalenian, upper Bajocian, and upper Oxfordian—
Kimmeridgian intervals [1, 7].

MINERALOGICAL-PETROGRAPHIC
PROPERTIES OF ROCKS

The samples were divided into two selections:
sandstones (with prevalence of fine-grained varieties)
and clayey—silty rocks (with prevalence of siltstones
and sandy siltstones and, less commonly, mudstones).

Sandstones. The rock is grayish—yellowish white,
light gray to dark gray (Photo 2). The structure is mas-
sive, with thin parallel bedding, mottled, poorly
sorted. The contacts between the laminae are even,
slightly undulating, discrete, denticulate, distinct,
and/or vague. Locally, light sandstone contains filmy
laminae of dark material (clayey films or plant detri-
tus). The calcareous varieties are frequently indistin-
guishable visually from their noncalcareous counter-
parts. Clasts sized mainly from 0.1 to 0.5 mm across
(less commonly 0.05 or 1.0 mm) are angular in shape
(Photo 3a—3d). The content of clastic material
(quartz, K feldspars, acid plagioclases, micas, various
rocks, and accessory minerals) varies from 60—70 to
90—95% and that of cement, from 5—10 to 30—40%.

Accessory minerals (single grains) include zircon,
titanite, garnet, zoisite, apatite, tourmaline, horn-
blende, amphibole, pyroxene, monazite, and ore min-
erals (from 1—2 to 5%). Authigenic minerals are repre-
sented by single grains of glauconite and chlorite (the
latter constitutes locally up 1%).

The cement is of the basal, interstitial, filmy, and
contact types, being quartz, hydromica, sericite—
hydromica, sericite—quartz, calcite, ferruginous, and,
rarely, chlorite in composition. In the same thin sec-
tion, rocks may be characterized by cement of differ-
ent types. In calcareous sandstones, the cement is
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Fig. 2. Schematic stratigraphic section of Jurassic—Lower Cretaceous deposits in the central part of the Bureya sedimentary basin,
after [1] modified. (/) conglomerates; (2) sandstones; (3) siltstones; (4) mudstones; (5) tuffstones; (6) tuffaceous siltstones;
(7) acid tuffs. Sample numbers are given in the Roman type; italics designate clayey—silty rocks. The stratigraphic column corre-

sponds to the sampled interval of the sedimentary sequence.

mostly carbonate. In the triangular classification dia-
gram by Shutov [ 18], the data points of the sandstones
are located in the field of feldspar graywackes (clasts
constitute 25—74%), graywacke arkoses, and arkoses
(content of rock clasts 8—25%) (Fig. 3). According to
the classification by Shvanov [15, 17], in the composi-
tion of the magmatic rock clasts in the graywackes,
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they are divisible into basic, intermediate, and acid
varieties. The clasts in the graywackes are dominated
by granites and acid (less commonly, basic and inter-
mediate) volcanics, which allows these rocks to be
attributed to petroclastic acid graywackes.

Clayey—silty rocks. They are dark gray to black,
locally with brownish or slightly whitish tints (calcare-
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Photo 1. Outcrops of sedimentary rocks on the left side of
the Soloni River. (a) light sandstone intercalations (left
lower part of the outcrop, observation point 6632-2) and
calcareous mudstones (right upper part of the outcrop,
observation point 6632-1) among dark clayey—silty rocks
of the Chaganyi Formation (observation point 6632), J,(g;
(b) massive sandstone of the Epikan Formation, J,ep;
(c) contact between massive sandstones (below) and silt-
stones with the shelly joint of the Sinkal’ta Formation,
J,sn. All photos were taken by the author except Photo 1a
(0.S. Dzyuba).

ous varieties), uniform, slightly mottled or horizon-
tally bedded rocks (Photo 2d). Some samples demon-
strate thin inclusions and lenses of black plant detritus.
The bedding surfaces are frequently covered by mica
accumulations. In the transmitted light, the clayey—
silty rocks are gray and their calcareous varieties are
brown. The textures are psammitic—aleuritic, aleu-
ritic, and pelitic (Photos 3e—3g). The clasts are usually
0.01—0.10 mm to, less commonly, 0.3 mm in size.
Among the clasts, quartz prevails over feldspars and
rock fragments.

Tuffs are light pinkish gray, massive and vaguely
bedded rocks with rare feldspar crystals. The micro-
texture is finely aleuritic, ashy, vitrocrystalloclastic
(Photo 3h). The content of mineral fragments (domi-
nant quartz, subordinate plagioclase and sericite) may
be as high as 40%. They are mainly (60—90%) repre-
sented by slightly crystallized acid volcanic ash.

WHOLE-ROCK CHEMICAL COMPOSITION
AND CASSIFICATIONS

Oxides in noncarbonate sandstones examined in
48 samples are present in the following quantities
(hereinafter, wt %): SiO,, 62.4—78.2; TiO,, 0.17—0.88;
Al,O5, 11.0—15.8; Fe,05, 1.0—-7.0; MgO, 0.08—3.37;
CaO, 0.1-3.7; Na,O, 1.32—4.90; K,O 1.45-5.00

(Fig. 4).1

As compared with the sandstones, the clayey—silty
rocks (20 samples) are characterized by lower SiO, and
Na,O and higher Al,O;, Fe,0;, and MgO contents:
Si0,, 57.9—67.5; TiO,, 0.50—0.78; Al,O5, 13.5—18.4;
Fe,05, 1.9-6.1; MgO, 0.34—4.10; CaO, 0.22—4.20;
Na,0, 0.44-3.30; K,O 1.47—3.90. In the calcareous
varieties, the CaO concentrations exceed 4% (7 and
8 samples of sandstones and clayey—silty rocks,
respectively). The tuffs are characterized by relatively
high SiO, content (comparable with that in the sand-
stones) and low concentrations of Fe and Mg oxides.

According to the Pettijohn classification [12], most
of the sandstones are attributed to graywackes and a
minority to arkoses. According to the Herron chemi-
cal classification, the clayey—silty varieties belong to
shales [24].

Using the techniques recommended by the “YuK
Standard” algorithm in [19], the plurality of analytical
data was subdivided into 16 clusters and 19 individual
analyses, which were excluded from averaging. The
so-called “YuK Sialite Standard” was proposed in [19]
for description of the lithochemical features of silicate
rocks. It uses normalized contents of rock-forming
oxides or modules: hydrolysate HM = (TiO, +
Al,O; + Fe,0; + FeO + MnO)/SiO,, aluminosilicate
ASM = Al,0,/Si0,, femic FM = (Fe,0; + FeO +

! The results of laboratory measurements are completely given in
(http://www.itig.as.khb.ru/POG/index.htm)
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Photo 2. Rock samples. (a) conglomerate of the Desh Formation, J,ds; (b) inequigranular sandstone of the Dublikan Formation,
J3db; (c) fine-grained sandstone of the EI’ga Formation, J,e/; (d) laminated siltstone of the Dublikan Formation, J3db.

MnO + MgO)/SiO,, titanium TM = TiO,/Al,0;,
alkaline AM = Na,0/K,0, normalized alkalinity
NAM = (Na,O + K,0)/Al,0;, iron IM (Fe,0; +
FeO + MnO)/(TiO, + Al,O;), sodium SM =
Na,0/Al,0;, potassium PM = K,0/Al,04
(Tables 1, 2).

It should be noted that the normalized alkalinity
module (NAM) represents in fact an agpaicity coeffi-
cient, which has long been used in petrochemistry
[19].

The hydrolysate classification module is the main
one. According to the latter, the examined sandstones
are attributed to silites (HM < 0.3) and the clayey—

Table 1. “Sialite standard:” classes of sialites and siferlites

silty rocks to sialites (HM = 0.31—0.39), with almost
all of them belonging to the subtype of true sialites
(MgO contents <3%). During this study, the (Na,O +
K,0)—HM diagram served as the main one for the
clusterization procedure (Fig. 5). This procedure con-
sisted in uniting the spatially closest data points of
rocks in the diagram. In the rocks united into compo-
sitional clusters, all of the other characteristics were
similar. The cluster usually included rocks from a par-
ticular formation. The formation could be character-
ized by one or two clusters and/or several individual
compositions.

The feldspars in the Lower Jurassic graywackes
from the Desh Formation (Table 3, cluster 1) are clas-

Class HM ™ IM* FM NAM ASM AM
Hypo- 0.30—0.33 <0.030 <0.30 <0.10 <0.20 <0.20 <0.30
Normo- 0.34—0.48 0.030—0.070 0.30—0.55 0.11-0.20 0.21-0.40 0.20—0.35 0.30—1.50
Super- 0.49-0.55 0.071-0.100 0.56—0.70 0.21-0.25 0.41-0.45 0.36—0.40 1.51-3.00
Hyper- No >0.100 0.71-0.75 >0.25 >0.45 >0.40 >3.00
* Only for sialites.

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol.10 No.4 2016
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Fig. 3. Rock-forming components of Mesozoic sandstones
from the central part of the Bureya basin. Data point of
sandstone and fields of formations: (/) Desh, (2) Sinkal’ta,
(3) Epikan, (4) El’ga, (5 Chaganyi, (6) Talyndzhan,
(7) Dublikan, (8) Soloni. (Q) quartz, (L) rocks, (F) feld-
spars.

sified with alkaline supersodium normosilites
(Na,O0 + K,O0 = 5.96%, NAM = 0.47, AM = 1.7,
HM = 0.19).

The data points of the Middle Jurassic sandstones in
the (Na,O + K,O)—HM diagram form a compact
group in the miosilite field, although several of them
fall into the normosilite field (Fig. 5). Proceeding from
their belonging to a particular formation, several clus-
ters were defined: I1 and I1a (Sinkal’ta Formation), I11
and IIla (Epikan Formation), IV and I'Va (El’ga For-
mation), and V and Va (Chaganyi Formation).

Two data points of arkoses and one data point of
graywackes from the lower part of the Sinkal’ta For-
mation are united into cluster Ila, which is similar in
module values to cluster I (Na,O + K,O = 5.7%,
NAM = 0.50, AM = 2.88, HM = 0.18). Clusters I and
IIa are lithochemically identical to each other, being

Table 2. Classes of silites

characterized by different petrographic compositions.
The rock fragments in the graywackes constitute 47—
74% (calculated for 100%) and they are represented by
granites, pegmatites, acid (less commonly, intermedi-
ate) volcanics, and rare sedimentary rocks. The quartz
content is as high as 13—21%. The arkoses are charac-
terized by higher quartz content (25—41%) and lower
share of rock fragments (12—15%). The acid igneous
rocks enriched with silica oxide determine its high
concentration in the graywackes of the Desh Forma-
tion. Therefore, it is unreasonable to unite clusters I
and Ila, although this seems logical from the point of
view of lithochemistry.

The high NAM and AM values indicate the pres-
ence of feldspars and good preservation of pla-
gioclases, while the low TM, FM, and IM values
(TM = 0.015 and 0.018, FM = 0.03—0.04, I = 0.14—
0.20) characteristic of rocks from clusters I and Ila,
respectively, imply the acid composition of the parent
rocks, represented by acid volcanics and subordinate
granites and sedimentary rocks.

The sandstones of Middle Jurassic clusters 11—V
are generally classified as alkaline miosilites (Na,O +
K,O = 5.35-7.21; HM = 0.22—0.30), normal with
respect to all other parameters except AM, according
to which they are classified with supersodium rocks
(AM = 0.83—2.36). It should be noted in addition that
some compositions of these rocks are characterized by
high values of normalized alkalinity module (NAM =
0.52—0.57), according to which they are attributed to
superalkaline rocks.

The difference between clusters I1a and 11 consists
in lower values of almost all modules. The exceptions
are NAM (0.50 and 0.46, respectively) and especially
AM (2.88 and 0.83, respectively). The difference in
the NAM values indicates that the sandstones from
cluster Ila are characterized by higher quartz and
lower feldspar concentrations. At the same time, the
individual composition of the greywacke (sample
6609-2, Sinkal’ta Formation) with the higher NAM
value (0.53) demonstrates the moderate content of
quartz (21%) and simultaneously the abundance of
rock fragments (53%).

The calcareous sandstones forming clusters Illa
(Epikan Formation) and Va (Chaganyi Formation)
are expectedly attributed to miosilites. In their values

Class HM ™ IM* FM NAM ASM AM
Hypo- 0.20—0.30 <0.020 <0.20 <0.03 <0.20 <0.05 <0.20
Normo- 0.11-0.20 0.021-0.080 0.21-0.70 0.04-0.10 0.21-0.50 0.06—0.20 0.21-0.80
Super- 0.051-0.10 0.081-0.120 0.71-1.0 0.11-0.15 0.51-0.70 >0.20 0.81-2.50
Hyper- <0.05 >0.120 >1.0 >0.15 >0.70 No >2.50

(HM) hydrolysate module (TiO, + Al,O5; + Fe,05; + FeO + MnO)/SiO,; (TM) titanium module TiO,/Al,05; (IM) iron module
(Fe,O3 + FeO + MnO)/(TiO, + Al,O3); (FM) femic module (Fe,O3 + FeO + MnO + MgO)/SiO,; (NAM) normalized alkalinity

module (Na,O + K,0/Al,03); (ASM) aluminosilicate module Al,03/SiO,; (AM) alkaline module Na,O/K,O.
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Photo 3. Thin sections of main rock types from the Bureya basin. Sandstones: (a) greywacke arkose of the Sinkal’ta Formation,
J,sn, Soloni River; (b) greywacke arkose of the Epikan Formation, J,ep, Soloni River; (c) feldspar greywacke of the Chaganyi For-
mation, J,¢g, EI’gandzhya River; (d) quartz feldspar greywacke of the El’ga Formation, J,e/, Soloni River. Siltstones: (e) Epikan
Formation J,ep, Soloni River; (f) EI’ga Formation, J,e/, EI’gandzhya River; (g) calcareous siltstone of the Talyndzhan Forma-
tion, J,#/, Soloni River; (h) acid ashy tuff of the EI’ga Formation, J,e/, Soloni River. Parallel nicols.
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(15) Soloni; (16—20) clayey—silty rocks of formations: (/6) Sinkal’ta, (1/7) Epikan, (18) El’ga, (19) Chaganyi, (20) Dublikan;
(21—23) calcareous clayey—silty rocks of formations: (27) El’ga, (22) Chaganyi, (23) Talyndzhan; (24) tuff of the EI’'ga Formation.

of modules, these clusters are similar to clusters I11
and V, differing mainly in higher CaO contents (Fig 4,
Table 3), which is their distinguishing characteristic.
They also exhibit elevated MnO concentrations.

The individual composition of the arkose in
sample 6614-1 from the Epikan Formation differs
from that in clusters IIT and Illa in its high SiO,

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol. 10

(75%), total alkalis (7.83), high NAM (0.64), and low-
ered iron (IM = 0.12, hypoferrous) and femic (FM =
0.02, hypofemic) values. The rock is classified with
superalkaline normosilite (HM = 0.19). This is most
likely explained by the elevated contents of quartz
fragments (44% versus 26—34% in the rocks of clusters
I1I and I11a).
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Table 3. Chemical composition of sandstones from the Bureya basin

Formations Desh Sinkal’ta Epikan
clusters/compositions| | I Ia 6609-2 I e 6614-1
outside of clusters
carbonate-
chemotypes normosilite| miosilite |normosilite| miosilite | miosilite bearing |normosilite
miosilite
number of samples 2 6 3 1 3 2 1
SiO, 77.38 68.93 77.46 75.10 66.58 64.43 75.02
TiO, 0.20 0.52 0.20 0.29 0.58 0.49 0.27
Al,O4 12.75 14.36 11.24 12.97 14.75 12.26 12.32
Fe, 0, 1.79 3.79 2.24 1.97 4.44 3.70 1.41
MnO 0.02 0.03 0.02 0.02 0.05 0.25 0.04
MgO 0.15 1.32 0.57 0.66 1.36 1.23 0.40
CaO 0.39 0.76 0.76 0.67 1.43 5.57 1.15
Na,O 3.62 2.88 4.21 3.18 348 3.62 4.94
K,O 2.34 3.65 1.47 3.64 3.58 2.16 2.89
P,0s 0.06 0.11 0.07 0.06 0.15 0.13 0.06
L.O.I. 1.32 3.62 1.63 1.44 3.94 6.10 1.50
Sum 100.00 99.90 99.93 100.00 99.91 99.92 100.00
Na,O + K,O 5.96 6.63 5.70 6.82 7.06 5.77 7.83
HM 0.19 0.27 0.18 0.20 0.30 0.26 0.19
M 0.14 0.25 0.20 0.15 0.29 0.31 0.12
FM 0.03 0.08 0.04 0.04 0.09 0.08 0.02
ASM 0.16 0.21 0.15 0.17 0.22 0.19 0.16
™ 0.015 0.035 0.018 0.022 0.041 0.040 0.022
NAM 0.47 0.46 0.50 0.53 0.48 0.47 0.64
AM 1.70 0.83 2.88 0.87 0.97 1.68 1.71
SM 0.28 0.20 0.37 0.25 0.24 0.30 0.40
PM 0.18 0.24 0.13 0.28 0.25 0.18 0.23
Formations El'ga Chaganyi
clusters/compositions | -y, IVa 010-3 012-5 | 6624-2 v Va
outside of clusters
carbonate- carbonate-
chemotypes miosilite hyposialite [normosilite| bearing miosilite bearing
miosilite miosilite
number of samples 15 2 1 1 1 4 2
SiO, 68.64 73.17 64.76 76.33 64.17 70.50 65.80
TiO, 0.59 0.24 0.69 0.26 0.67 0.51 0.36
Al,O4 13.71 12.60 15.84 10.97 11.95 14.06 12.23
Fe, 03 3.66 2.45 4.67 2.00 3.23 3.08 2.63
MnO 0.04 0.10 0.03 0.06 0.20 0.08 0.15
MgO 1.49 0.49 2.07 0.42 1.11 0.72 0.75
CaO 1.34 1.23 1.15 1.06 6.72 0.98 4.97
Na,O 3.30 2.99 3.22 3.16 3.11 4.58 4.30
K,O 2.85 4.22 3.37 2.71 2.00 1.97 2.04
P,0; 0.14 0.05 0.17 0.06 0.15 0.15 0.12
L.O.L. 3.87 2.40 3.95 2.87 6.69 3.58 6.59
Sum 99.92 99.91 99.92 99.90 100.00 99.92 99.93
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Na,O + K,0 6.03 7.21 6.59 5.87 5.11 6.75 6.34
HM 0.27 0.21 0.33 0.17 0.25 0.25 0.23
M 0.27 0.20 0.28 0.18 0.27 0.22 0.22
FM 0.08 0.04 0.10 0.03 0.07 0.05 0.05
ASM 0.20 0.17 0.24 0.14 0.19 0.20 0.19
™ 0.042 0.019 0.043 0.024 0.056 0.036 0.030
NAM 0.44 0.57 0.42 0.54 0.43 0.47 0.52
AM 1.21 0.71 0.96 1.17 1.56 2.36 2.11
SM 0.24 0.24 0.20 0.29 0.26 0.33 0.35
PM 0.20 0.34 0.21 0.25 0.17 0.13 0.17
Formations Talyndzhan Dublikan Soloni Chagdamyn|Chemchuko
clusters/compositions |, | 024-3 Y| 018-2 018-3 018-1 6638 6637
outside of clusters
carbonate-
carbonate- bearing
chemotypes normosilite| bearing miosilite miosilite | hyposialite miosilite miosilite
miosilite pseu.d(?hyp ©
sialite
number of samples 1 1 4 1 1 1 1 1
SiO, 75.79 66.77 74.26 71.37 62.39 51.04 71.87 70.36
TiO, 0.47 0.29 0.35 0.539 0.28 0.44 0.37 0.44
Al,O4 11.26 12.97 13.00 14.43 13.26 11.36 14.42 14.74
Fe,0; 1.70 2.84 2.08 2.49 7.02 5.27 2.14 3.43
MnO 0.03 0.06 0.03 0.033 0.128 0.12 0.01 0.04
MgO 0.21 0.35 0.25 0.4 1.79 3.71 0.41 1.00
CaO 1.72 4.31 0.24 0.71 1.49 8.44 1.52 1.58
Na,O 2.38 2.26 2.18 2.85 2.73 2.09 2.17 3.48
K,O 2.65 2.83 4.21 3.39 2.99 2.61 3.92 2.56
P,0; 0.07 0.06 0.04 0.14 0.074 0.13 0.07 0.10
L.O.1 3.62 7.19 2.58 3.55 7.77 14.72 3.10 2.28
Sum 99.91 99.92 99.96 99.90 99.92 99.93 100.00 100.01
Na,O + K,0 5.03 5.09 6.46 6.24 5.72 4.70 6.09 6.04
HM 0.18 0.24 0.21 0.25 0.33 0.34 0.24 0.27
M 0.15 0.22 0.15 0.17 0.53 0.46 0.15 0.23
FM 0.03 0.05 0.03 0.04 0.14 0.18 0.04 0.06
ASM 0.15 0.19 0.18 0.20 0.21 0.22 0.20 0.21
™ 0.042 0.022 0.03 0.037 0.021 0.038 0.026 0.030
NAM 0.45 0.39 0.51 0.43 0.43 0.41 0.42 0.41
AM 0.90 0.80 0.52 0.84 0.91 0.80 0.55 1.36
SM 0.21 0.17 0.16 0.20 0.21 0.18 0.15 0.24
PM 0.24 0.22 0.32 0.23 0.23 0.23 0.27 0.17
The El’ga graywackes in the El’gandzha River sec- represented by acid volcanics, volcanic glasses,

tion (cluster IVa) are attributed to superalkaline mio-
silites (NAM = 0.57; HM = 0.21).

They differ from the sandstones of cluster IV in the
higher prevalence of K,O over Na,O, higher SiO, and
total alkali contents, and, correspondingly, lower val-
ues of all modules except for NAM and AM (Table 3).
The detrital material contains abundant quartz
(approximately 30%) and rock fragments (30%) are

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol. 10

quartzites, and fine-grained granites.

The individual composition of the graywacke
(sample 012-5, El’ga Formation) differs from clusters
IV and IVa in its high SiO, contents (76.3%) and
NAM value (0.54) against the background of lowered
IM and FM values (0.18 and 0.03, respectively). It is
identified as hypoferrous and hypofemic superalkaline
normosilite (HM = 0.17). Such properties of this rock
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are primarily explained by its petrographic composi-
tion: quartz, 25%; feldspars, 25% (equal proportions
of plagioclase and K feldspars); rock fragments repre-
sented largely by acid volcanics, volcanic glasses, rare
quartzites, and mudstones, 50% (greywacke). The
peculiar composition of another sandstone from the
El’ga Formation (sample 010-3), which is classified as
superalkaline normosodium hyposialite, is most likely
determined by the relatively higher cement content.

The arkoses from the Upper Jurassic Dublikan
Formation (cluster VI) are generally identified as
superalkaline (NAM = 0.51) normosodium miosilites
(HM = 0.21). In these rocks, K,O prevails consider-
ably over Na,O (the lowest AM (0.52) among all clus-
ters), which makes the Dublikan sandstones different
from most sandstone varieties in other formations.

The position of the data points of the rocks in the
(Na,0+K,0)—HM diagram, belonging to different
formations (compositions of samples 018-2, 6637,
6638) and different classes (compositions of samples
018-1—018-3 from the Soloni Formation) gives reason
to characterize every Lower Cretaceous sandstone
separately (Table 3).

Two sandstone samples from the Soloni Forma-
tion, one of which is calcareous (sample 018-1, CaO =
8.44%, SiO, = 51%), are classified as superalkaline
(NAM = 0.41-0.43) hyposialites (HM = 0.330—
0.337) normal with respect to all other modules. At the
same time, the calcareous sandstone (sample 018-1)
contains MgO = 3.71% and, thus, should be consid-
ered as pseudohyposialite (Table 3).

The sandstones from the Soloni (sample 018-2),
Chagdamyn, and Chemchuko formations are
attributed to normal miosilites (HM = 0.24—0.27), but
the compositions of samples 018-2 and 6637 are super-
sodium according to the alkaline module.

With respect to IM and FM, the miosilite from the
Chagdamyn Formation is hypoferrous, close to
hypofemic, which makes it similar to the Talyndzhan
normosilite and Dublikan miosilites.

The middle Jurassic clayey—silty rocks of the
Sinkal’ta, Epikan, El’ga (clusters VII, VIII, IX), and
Chaganyi (sample 6632) formations are generally clas-
sified as hyposialites (HM = 0.31—0.33), alkaline with
respect to total alkalinity (Na,O + K,O = 5.6—6.4%)
and normal with respect to other modules (Table 4).

The calcareous siltstone (sample 019-1) and two
siltstone samples from the El’ga (cluster 1Xa) with
MgO content exceeding 3% are identified on average
as carbonate-bearing pseudohyposialite.

Six samples of calcareous clayey—silty rocks from
the Talyndzhan Formation are classified as carbonate
superalkaline supersodium normosialites (HM = 0.37,
Ca0 =22%, NAM = 0.42, AM = 1.87).

Three samples of clayey siltstone from the Dub-
likan Formation (cluster XI) are identified as hypofer-
rous, hypofemic normosialites (HM = 0.35, IM =
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0.20, FM = 0.08), normal with regard to other mod-
ules.

Based on total alkalis, the sandstones (clusters I—
VI) and clayey—silty rocks of pre-Late Jurassic age
(hyposialites of clusters VII—IX) are considered as
being alkaline (Na,O + K,0 =5.00—7.25%), while the
Upper Jurassic clayey—silty rocks (normosialites of
clusters X, XI) demonstrate no elevated total alkalinity
(Na,O + K,0 = 3.84 and 4.94, respectively).

No specific values of the modules are recorded in
individual carbonate-bearing rocks and their clusters.
Carbonate in the sandstones is present in rock cement
and, locally, in the form of faunal remains.

The calcareous mudstone of the Chaganyi Forma-
tion (sample 6632-1) taken from an intercalation
approximately 30—40 cm thick occurring among nor-
mal clayey—silty varieties (Photo 1a) is classified as
carbonate (CaO = 18.2%) normoalkaline (Na,O +
K,0 =3.85%) supersodium (AM = 1.94) normosialite
(HM = 0.39).

The tuff from the ElI’ga Formation (sample 012-2)
is identified as alkaline miosilite (HM = 0.23). In its
total alkalinity of 8.04% (type of alkalites), the rock
sharply differs from the other varieties (Fig. 5,
Table 4). The difference between the tuff and some
sandstones in the SiO, and Al,O; contents and HM
values is less notable. It appears that some sandstones
classified as normosilites are characterized by values of
modules similar to their counterparts in tuffs, which
hampers their reliable diagnostics. Nevertheless, the
low TM values and elevated total alkalinity in the tuffs
(like in rhyolites) [19] make it necessary to verify the
correctness of the tuff definition by lithochemical
methods. In their lower values of all modules and
lower content of femic elements, the tuffs are most dif-
ferent from the clayey—silty rocks (Fig. 6).

DISCUSSION

In accordance with the “YuK Standard” [19], the
sandstones are classified based on their lithochemical
parameters as silites (normo- and mio-) and the
clayey—silty rocks, as sialites (normo- and hypo-);
i.e., the lithochemical characteristics of the rocks
depend on their grain-size composition, which is a
usual situation in lithochemsitry.

The generally high values of the aluminosilicate
(ASM), sodium (SM), and alkaline (AM) modules
and the practically uniform hydrolysate (HM) mod-
ule, which serves as a quantitative measure of super-
gene differentiation of material, indicate the immatu-
rity of the Lower—Middle Jurassic sandstones. At the
same time, the values of these modules for the Upper
Jurassic—Lower Cretaceous rocks of the Dublikan,
Soloni, and Chagdamyn formations imply their sub-
stantially higher degree of maturity as compared with
the underlying deposits.
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Table 4. Chemical composition of clayey—silty rocks from the Bureya basin
Formations Sinkal’ta Epikan El’'ga Chaganyi
clusters/compositions | vy 002-2 VIII 006-3 IX IXa 6632
carbonate-
chemotypes hyposialite miosilite hyposialite miosilite hyposialite bearing hyposialite
pseudohypo-
sialite
number of samples 4 1 6 1 2 3 1
SiO, 63.47 64.98 64.74 64.29 67.02 57.94 64.36
TiO, 0.62 0.58 0.67 0.56 0.64 0.62 0.53
Al O5 14.92 14.03 15.78 13.54 15.61 13.66 15.66
Fe,0; 5.59 4.21 4.75 4.10 4.55 4.98 4.05
MnO 0.05 0.15 0.04 0.18 0.02 0.09 0.10
MgO 1.99 1.56 1.80 1.52 1.31 3.87 1.41
CaO 1.69 3.02 1.35 4.18 0.60 3.82 1.89
Na,O 2.73 3.28 3.01 3.28 2.79 2.57 2.98
K,O 2.96 2.62 3.33 2.45 3.34 2.66 3.54
P,0;4 0.18 0.17 0.17 0.17 0.16 0.16 0.11
L.O.I. 5.63 5.32 4.17 5.67 4.00 9.12 5.37
Sum 99.92 99.91 99.92 99.94 100.00 99.918 100.00
Na,O + K,O0 5.61 5.90 6.42 5.73 6.12 5.23 6.52
HM 0.33 0.29 0.33 0.29 0.31 0.33 0.32
M 0.36 0.30 0.29 0.30 0.28 0.34 0.26
FM 0.12 0.09 0.10 0.09 0.09 0.15 0.09
ASM 0.24 0.22 0.24 0.21 0.23 0.24 0.24
™ 0.042 0.041 0.042 0.041 0.041 0.046 0.034
NAM 0.38 0.42 0.40 0.42 0.39 0.39 0.42
AM 0.93 1.25 0.90 1.34 0.84 0.93 0.84
SM 0.18 0.23 0.19 0.24 0.18 0.19 0.19
PM 0.20 0.19 0.21 0.18 0.21 0.20 0.23
Mesozoic
Formations Chaganyi | Talyndzhan Dublikan El'ga granite, after
[3, 14]
Ch(’)s:fsrlscl/g?;‘gz:iE;HS 6632-1 X X1 6636-3 | 012-2 tuff
chemotypes carbor%at.e carbor%atf: normosialite| miosilite miosilite
normosialite | normosialite
number of samples 1 6 2 1 1 4
SiO, 43.02 37.55 62.35 62.34 69.05 70.81
TiO, 0.42 0.37 0.77 0.50 0.20 0.38
Al,O4 11.11 9.29 17.80 13.46 14.28 15.80
Fe,04 4.34 4.12 3.59 2.44 1.72 2.92
MnO 0.72 0.30 0.03 0.02 0.02 0.04
RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol.10 No.4 2016
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Table 4. (Contd.)

MgO 1.02 1.25 1.19 0.38 0.32 0.58
CaO 18.18 21.89 0.42 0.44 0.34 2.29
Na,O 2.54 2.45 1.32 0.44 6.34 3.69
K,O 1.31 1.40 3.62 1.47 1.70 3.34
P,0;, 0.15 0.27 0.12 0.02 0.04 0.11
L.O.L. 17.17 21.17 8.81 18.49 5.92

Sum 99.98 99.97 100.00 100.00 99.93 99.64
Na,O0+ K,0 3.85 3.84 4.94 1.91 8.04 7.02
HM 0.39 0.37 0.36 0.26 0.23 0.27
M 0.44 0.46 0.20 0.18 0.12 0.19
FM 0.14 0.14 0.08 0.05 0.03 0.05
ASM 0.26 0.24 0.29 0.22 0.21 0.22
™ 0.038 0.040 0.043 0.037 0.014 0.024
NAM 0.35 0.42 0.28 0.14 0.56 0.46
AM 1.94 1.87 0.36 0.30 3.73 1.13
SM 0.23 0.26 0.07 0.03 0.44 0.24
PM 0.12 0.15 0.20 0.11 0.12 0.21

Values of normalized alkalinity (NAM) exceeding
0.4 suggest the presence of feldspars. High values of
the alkaline module (AM > 1) indicate well-preserved
plagioclases acted as alkali carriers in most Lower—
Middle Jurassic rocks. The Late Jurassic Epoch was
marked by intensified chemical weathering, which
resulted in the destruction of plagioclases and Na
removal, evident from the lowered alkaline module
(AM < 1) of the overlying sandstones of the Talyn-
dzhan (AM = 0.90), Dublikan (AM = 0.52), Soloni
(AM = 0.85), and Chagdamyn (AM = 0.55) forma-
tions. Inasmuch as rock maturity represents an indica-
tor of the intensity of chemical weathering, which is a
climate-dependent process, the warmest climate
during the considered time interval is reconstructed
for the Late Jurassic Epoch. This inference follows
from the postulate that according to [23, 25, 27], the
indices of chemical weathering CIW (CIW =
([ALL,O5/(Al,O; + CaO + Na,0)] x 100) and CIA
([A1,05/(Al, 05 + CaO* + Na,O + K,0)] % 100) in the
shales, which amount to approximately 80 and 70,
respectively, are considered as marking the lithochem-
ical boundary between the cold and warm climates.
For the sandstones, the CIW and CIA values are
lower.

The presented data show that the warm climate
existed only during the Late Jurassic Epoch (Table 3,
Fig. 7); during other periods, the climate was temper-
ate. It should, however, be taken into consideration
that the degree of rock alteration is also determined by
the relief, which depends on the tectonic setting. In
differentiated mountainous systems (intense tectonic
activity), physical weathering prevails even in warm

climatic environments. At the same time, physical
weathering is mostly characteristic of plains (calm tec-
tonic settings) under dry climatic conditions. It is
believed that changes to the flora are more informa-
tive. Unfortunately, findings of fossil plant remains are
recorded only in a small part of the distribution area of
terrigenous rocks. In the Bureya basin, the warm
humid Late Jurassic—Early Cretaceous climate is con-
firmed by the presence of many coal seams, the forma-
tion of which is related to the abundant and diverse
vegetation that existed there at that time. The available
reconstructions of climate changes in the Bureya basin
obtained by different methods coincide. Prior to the
Late Jurassic, the provenances were characterized by
differentiated topography and the cold climate stimu-
lated wide development of physical weathering. For
the terminal Jurassic—initial Cretaceous, leveled relief
and temperate humid climate are reconstructed.

A.A. Migdisov demonstrated that dynamic sorting
of detrital material (natural panning) increases the
content of Ti minerals in sandstones, which usually
results in increase of their titanium module (TM) as
compared with clayey—silty rocks. Ya.E. Yudovich
named this property as the Migdisov regularity [19].

No Migdisov regularity is documented in the
Lower—Middle Jurassic rocks: the median TM values
in the sandstones are lower, although insignificantly,
as compared with this parameter in the clayey—silty
rocks (Tables 3, 4). Consequently, disintegrated mate-
rial was deposited during a relatively short period,
which is characteristic of tectonically active structures
with highly differentiated mountainous relief.
Although the terminal Jurassic—initial Cretaceous was
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characterized, according to reconstructions, by rela-
tively calm tectonic activity and relief leveling, the
Migdisov regularity in the rocks of this age is also
indistinct. This may be explained by low-energy
hydrodynamic activity in swamping basins, which
accumulated coals, while transported ashy material
rapidly covered drifts and prevented panning [5].

These facts allow an assumption that the terrige-
nous rocks inherited the composition of the parent
rocks. The given composition of the examined rocks is
also evident from the positive correlation between FM
and IM, TM and IM (Fig. 6) and the negative correla-
tion between NAM and HM; i.e., they represent rocks
of the first cycle [19].

In the tuff, the high total alkalinity and low HM,
TM, FM, and IM values serve as indicators of the acid
composition and volcanic origin of this rock. At the
same time, the lithochemical parameters alone are
insufficient for correct discrimination between acid
tuffs and purely terrigenous rocks (superalkaline sand-
stones). With sufficient experience, the tuffs can be
distinguished visually from their structural—textural
features and coloration; under a microscope the deter-
mination can be made with full confidence.

Genesis of terrigenous rocks and provenances. The
detrital rocks represent indicators of the composition
of rocks developed in the provenances. Nevertheless,
it should be noted that their petrographic composition
is identical to that of the parent rocks only at the earli-
est stages of clastics formation. The composition of the
rock fragments and accessory minerals in the sand-
stones allows granite gneisses and acid magmatites to
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Table 5. Variations of chemical weathering indices (CIA
and CIW) in rocks of the Bureya sedimentary basin

Sandstones Clayey—silty
rocks

N ) I3 K, P I3
CIA
min 58 47 53 56 46 69
Average 58 55 58 57 57 75
max 59 62 62 60 64 81
CIwW
min 64 52 62 63 51 83
Average 66 63 73 67 65 87
max 67 72 84 71 75 90
n 2 37 5 4 17 3

(min) minimum value; (max) maximum value, (#) number of
samples.

be considered as their main parent rocks. Sedimentary
rocks—sandstones and clayey—silty varieties—make
up a small share in the composition of the parent
rocks.

In the F1—F2 factor diagram for the chemical
composition of the primary rocks [26], the data points
of the examined sandstones and clayey—silty rocks are
mostly located in the field of acid volcanics. More-
over, the data points of the clayey—silty rocks are
drawn toward the field of intermediate volcanics
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Fig. 6. Module diagrams for Jurassic—Lower Cretaceous rocks of the Bureya basin. For legend, see Figs. 4 and 5.
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Proceeding from the geological situation, the prob-
able provenances could be located west, southwest
(Bureya massif as a constituent of the Jiamusi—
Khanka—Bureya superterrane), north (Amur—
Okhotsk and Stanovik—Dzhugdzhur regions), and
east (presumably, Chegdomyn inlier of the Bureya
massif) of the region under consideration. In the scope
of this investigation, the median chemical composi-
tions of the Jurassic rocks of the Bureya basin were
compared with the compositions of the Paleozoic
granitoids located immediately westward [3, 14], the
pre-Mesozoic intrusive rocks of the Bureya massif as a
whole [4], the Amur—Okhotsk domain [4], and the
Stanovik—Dzhugdzhur region [4].

In SiO,, Fe,0;, Na,O, and K,O, the Jurassic ter-
rigenous rocks are most similar to the closely spaced
Paleozoic granitoids of the Bureya massif (Fig. 9). It
may confidently be concluded that the main share of
detrital material was transported from the west and
southwest. It originated most likely from the Bureya
massif, which is composed of metamorphic and sedi-
mentary terrigenous rocks, in addition to igneous vari-
eties. This assumption is consistent with the inferences
in [6, 8]. It is conceivable that beginning from the
Bajocian, some material was transported from the
east [6].

It is undoubted that the sedimentation basin
received acid material. Its diagnostics in the terrige-
nous rocks on the basis of oxide contents and
lithochemical modules is not a simple task [19, 21].
This is aggravated by the fact that magmatites (intru-
sive and volcanic) and granite gneisses, also acid in
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Fig. 8. Position of data points of Jurassic—Lower Creta-
ceous rocks from the Bureya basin in the diagram of rock
composition in provenances, after [26]. (/— 10) sandstones
of formations: (/) Desh, (2) Sinkal’ta, (3) Epikan,
(4) El’ga, (5) Chaganyi, (6) Talyndzhan, (7) Dublikan,
(&) Soloni, (9) Chagdamyn, (/0) Chemchuko; (I1—
15) calcareous sandstones of formations: (//) Sinkal’ta,
(12) Epikan, (13) Chaganyi, (/4) Talyndzhan, (15) Dub-
likan. (F1) = 30.638TiO,/Al, 05 —
12.541Fe,0O5(tot)/Al,O5 + 7.329MgO/Al,05 +
12.031Na,0/Al,03 + 35.402K,0/Al,05 — 6.382. F2 =
56.500TiO,/Al,0; —  10.879Fe,0O5(tot)/Al,053  +
30.875MgO/Al,03 - 5.404Na,0/A1,04 +
11.112K,0/Al1,05 — 3.89.

composition and, consequently, bearing similar
lithochemical modules, were simultaneously eroded.
This task may be solved using the petrographic
approach, since peculiar clasts of volcanic glass
observable under a microscope in sandstones serve as
good indicators of ashes ([20] and others). The pres-
ence of intercalations of volcanic rocks and bentonite
clays is a reliable indicator of volcanic activity. The
analysis of geological maps ([22] and others) allows an
assumption that volcanoes may have been located to
the north, south, and southwest during different peri-
ods, which was noted by previous researchers [5, 6, 9].

In the Jurassic Period, they may be represented by
volcanoes in China (present-day coordinates) to the
south and southwest and volcanoes of the Uda—Mur-
gal volcanic arc to the north. In the Cretaceous, the
Khingan—Olonoi and Ogodzha volcanic belts were
active to the west and north, respectively. It is conceiv-
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Fig. 9. Position of sandstones from the Bureya basin and pre-Mesozoic intrusive rocks in variation diagrams. (/) sandstones;
(2) Bureya Paleozoic granite, after [3, 14]; (3—&) pre-Mesozoic intrusive rocks, after [4]: (3—5) granites ((3) Stanovik—Dzhug-
dzhur domain (SDD), (4) Amur—Okhotsk domain (AOD), (5) Bureya massif as a whole (BM)); (6—8) granodiorites ((6) SDD,

(7) AOD, (8) BM).

able that the finest fractions may have originated from
the volcanoes of the Okhotsk—Chukotka volcanic belt
(OCHYVB). The share of ash admixture varied depend-
ing on the remoteness of the volcanoes, as well as the
directions and strength of winds in the Middle—Juras-
sic and Early Cretaceous epochs. This intriguing prob-
lem requires a special investigation.

CONCLUSIONS

(1) In their chemistry, the examined sandstones are
of acid composition corresponding to that of the gran-
ite—rhyolite series; clayey—silty rocks are transitional
between granodiorites and diorites (or their volcanic
analogs: dacites and andesites).

(2) The distribution of elements in the clayey—silty
rocks is similar to that in the sandstones, which is eas-
ily explained by their co-occurrence in alternating
sequences.

(3) The Migdisov regularity is not observed.

(4) On the whole, the examined rocks are imma-
ture, representing a product of the first sedimentation
cycle.

(5) The parent rocks are mostly represented by acid
and subordinate intermediate intrusive and volcanic
partly metamorphosed rocks (granite gneisses, crys-
talline schists) and terrigenous sedimentary varieties.

(6) The lithochemical modules give reason to
assume the presence of ash admixture in the rocks and
to discriminate between acid tuffs, on the one hand,
and sandstones (with some conditionality) and
clayey—silty rocks (confidently), on the other. In the
situation under consideration, diagnostics of the
petrogenic and pyrogenic constituents is substantially
hampered by the occurrence of rocks within thick
sequences of the marginal trough and lithochemical
criteria alone are insufficient for their discrimination.

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol. 10

(7) The Bureya massif was the most probable
source of clastic material. Its main share was trans-
ported from the west and southwest; a smaller share
originated from the Chegdomyn inlier located to the
east, which is also composed of acid rocks. Ashy mate-
rial may have been transported from volcanoes located
to the south, southwest, and north.

(8) Despite the significant compositional similarity
of the examined sedimentary rocks to the rocks in the
provenances, more reliable inferences on the position
of particular provenances are possible after additional
investigations.
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