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Abstract—Investigation of the Triassic-Lower Cretaceous rocks ol the Dal'negorsk key section (southern
Sikhow Alin revealed the Tollowing successive ussociamtions of authigenic clay minerals: (1) sericile=chloriie
(Lower Triassic), (2) mica—chlorite (Anisian-Noriany, (3) chlofe—mica (Rhactian-Lower Jurassicy: and
{41 smectite—chlorite—mica (Upper Jurassic-Lower Cretaceous). These Tour associations relleel the iy
composilion ol lerigenous admixture in the siliceous sediments and, bence, serve as imporiant indicators ol
puleosedimentation conditions. The first association represents a product of the erosion of metamorphic rock
complexes. The second one relleets the onset of voleanic activity within the sedimentation basin coinciding in
time with a vigorous bloom ol siliceous plankion (radiolarians) and shorl-term appearance ol speeific (anoxic)
carbonneeous secdiments in the sequence, The third association characlerizes the cpoch of minimal supply of
the hasin with volcanic wnd terrigenous clustic materials and the dominant secumulation of almos) pure plank-
tonogeniv sediments, The foorth association marks the change of marainal-marine conditions [er pelapic ones
and is expressed in a significant input of pyroclastic and clastic materials and the formation of distal fysch

tleposins,

Siliceous rocks always contain different clay miner-
als that are of undoubted interest for the reconstruction
of formation conditions of these racks. However, until
recent (mes, their mineral composition and distribution
patern were not sulficiently studied and could not be
adequately used. At present, study of clay minerals with
the help ol high-precision methods allows us 1o reveal
their structural charactenisties and genesis. Therelore,
the establishment of clay mineral associations and their
distribution pattern in siliceous rocks is a pressing
issue. Study of clays in Mesozoic and Paleozoic sili-
ceous rocks of northeastern Russia revealed o primarily
allothigenic origin of terrigenous admixture in cherts
(Volokhin, 1980; Konstantinovskaya, 1997, 1998: and
others). Recent developmem of the detailed (zonal)
stratigraphy of Mesozoic siliceous sequences has cre-
ated favorable conditions for the precise stratigraphic
correlation of the studied mineral associations and the
analysis of their changes and evolution in sedimentary
sequences in key sections. This paper presents results
of the study ol clay minerals from the Triassic—Jurassic
key section of siliceous members near the Settlement of
Dal'negorsk along the Rudnaya River in southern
Sikhote Alin. The section is subdivided into zones
based on radiolarians. In this section, we previously
established the main levels of tixon changes, caleulated
sedimentation rates, and delined characteristic radiolar-
LN assocttions for each time nterval ( Bragin, 2000).

MATERIALS AND METHODS

Clay minerals were studied in several stages. First,
clay minerals and (or) their associations were investi-
gated in thin seclions. We also carried out the petro-
graphic deseription of siliceous rocks. The clay compo-
nent was separated in accordance with the standard pro-
cedure: decantation of clay fraction and preparation of
oriented specimens. Compaosition of clay minerals in
fraction <0.001 mm was determined by the X-ray dil-
fruction analysis, The most representative samples with
the maximum content of clay minerals were analyzed
by the microprabe method with the quantitnive deer-
mination o’ major oxides. Morphological features of
clay- minerals were defined using a scanning electron
microscope.

The radiolarian shell content was caleulated in all
samples with & POLAM L-213M microscope based on
5 measuremnents at each point (magnification [00).

GEOLOGICAL SETTING AND LITHOLOGICAL
CHARACTERISTICS OF THE DAL'NEGORSK
SECTION

Mesozoic siliceous rocks are widespread in north-
eastern Russia (Sikhote Alin, Koryakia, Sakhalin, and
other regions). These rocks or their fragments are
exposed in many terranes of the Pacific Belt. Their
structure has been serutinized in Kamchatka (Grechin,
1972). Primorye (Volokhin er af, 1989, 1990
Volokhin, 1950; Kemkin and Kemkina, 1998: Bragin,
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Table 1. Composition of chlorites from siliceous rocks
Siliceous— Siliccous— Siliceous— Siliceous— Clay-poor sili- | Clay-poor sili-
clayey rock clayey rock clayey rock clayey rock ceous rock ceous rock
Components Tie Tio: TS T T T
19/30 19/30 19/64 19/64+ 19/77 1977
Si0, 29,666 29.036 26. 160 25.667 35,454 | 25201
ALO; 20,204 19.014 20.01 TRTL | 23322 | 23040
Fe® 28,385 | 29,273 ERNIE A9 RIVKELY BRIV
MO 12,0050 13446 5336 0,505 8.4 "A075
Culh 0123 | (.00 | LR X R (LT {LI¥A2
K.0 (L0064 (LG .0623 0.690 03| 0. 169
Lol 50611 90.856 88.297 88.209 87.9306 87,442
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Fig. 1. Geotectomie structune of the southern Sikhote Alin rezion. () Teclonic scheme (alter Mol in, 1991), Inset shows locition
of the regiom, (h Gealogical scheme o the key section ol Trassic rocks along the Rudnaya Biver near Dol negorsk, () Lover Cre-
Laeeous terrigenous recks (predominontly sundstones); (2) siliceous mudstones ond mudstones with spongiolite chert interlayers;
(31 gray radiolarion cherts: (d) basic hvas: (31 alwernation of bogenic cherts, wifosilicnes and siliceows mudsiones; (6) mudsiones
with thin ehlique-bedded sandswne inlerliyers; (7) alernition of ssndstones, siltstones. and mudstones: (8) carbonaceous mud-
strnes s phianates: (9 Gulis: (10 dikes of intermedinge composition: 1) age allocation: (12) rock gccurrence mode,

malkrix content is low, Therelore, the clay fraction con-  sequences (Bragin and Krylov, 2002), The carbon-
tent is also low. Based on X-riy spectroscopy, clay min-

-FiLy spi ; _ aceous rocks make up thin beds in a monotonous inter-
ﬂ?ﬂlmlm, represented by sericite with a minor admixture  cojation of siliceous mudstanes and radiolarian chers,
Ol chlorile,

The carbonaceous horizons have sharp and distinel
contacts with enclosing rocks. They are characterized
by enrichment in organic material and sulfides (pre-

The number of radiolarite interlayers increases and
carbonaceous rock horizons appear in lower Anisian

LITHOLOGY AND MINERAL RESOURCES  Wol 319 No. 2 20



CLAY MINERAL ASSOCIATIONS 159

Fig. 2. Type phoographs of siliceous rocks from the Rudnaya River, Fa) Elenekian rocks of the Lower Trimssic (T 091, (h) Anisian
rocks ol the Micldle Trimssic ITaia b, (o) lower—middie Murian rocks of the | Hper Trissic (0, 20 Cdd B eetion riscka of (he Lippr

Trissic (1

dominantly, pyrite). The Jower Anisian rocks are clayey
radiolarites with strongly deformed radiolarian rem.
nants. Primary sedimentary structures are absent. Mid-
dle-upper Anisian rocks are noted by the predominance
of rudiolurites over siliceons mudstones. The sequence
I characterized by allernations of interlayers with g
variable content of radiolarian remnants, The thickness
of the Anisian sequence is approximately 25 m,

The microscopic study showed that the Anisian
clay-poor silicites consist of fine-grained cryptocrystal-
line quanz agaregates and almost undistinguishable
individual aggregates, Radiolarian remnants are com-
posed of cryplocrystalline quartz with an admixture of
dispersed hematite (Fig. 3b). The imerstitial matrix
with radiolarian remnants js composed of fine-djs-
persed siliceous substance containing a small amoun
of plam remnants, sulfide minerals, and zeolites (not
more than 3-5%). The content of clayey constituents
irregularly changes through the section. Their Hgare-
sdles e up to .01 mm in size, Sericite and chlorie are
the major clay minerals, The chlorite content gradually
increases upward the Anisiun sequence. Sometimes

LITHOLOGY AND MINERAL RESOURCES Yol u

Mo, 2

micaceous minery| agaregates form  clusters and
patches with distinel sericite flakes characterized by
reduced interferential color, The rock is generally
crosscut by different-sized veinlels with spherica|
aggregates of ore mineral. The veinlets are filled with
iron hydroxides and chlorite and micaceous minera]
flakes, Quanz aggregates (or siliceous substance simi-
lar to the host rack) s developed in the central part of
relatively large veinlers.

The overlying late Anisian-early Carnian sequence
(~35 m thick} includes pale gray cherts and red-brown
Jaspers. The rocks contain almost undeformed rem-
nants of radiolarians, theijr spines, and other arginic
remnants. The low-clay silicites cansist of Cryplocrys-
talline quartz with practically undistinguishable agpre-
gates and disseminated ore minerals. The rock is usu-
ally crosseut by numerous chaotically oriented veinlets
with chaleedony in peripheral parts, The central zone of
vemnlets consists of fine scaly ageresates of brownish
a2reen chlorine accasionally associaed with sericite and
iron hydroxides, The clay mineral aggregates do no
excecd 0.01 mm in size.

200k
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Fig. 3. Type thin seetions of chens from different pans of the Rudnaya River section, (a) Siliceous mudsione with partly sulfidized
plant remnants (black ) and poorly distnpuishable Dakes and aperepites of sericile, Indwaniy. Sample 19-2 () Silicesus rock eon-

=

sisting ol eryptocrystalline quarts and some radiolarian relicts, Clay material (chlorite and mica) is present in the form of sepuLfle
Makes or agpregates. Middle Anisian, Sumple 19-54. () Silicile with o high coment ol radislarian remnants and some sullidized
organic material (black). Clay mincrals are almost absent, Radiolarian shells are lilled with chaleedony (in central paris ) and eryp-

ey stid lime quana (in peripherl paris), Lower—Middle Jurassic ()

pPa-dag i Sample 1980, (d) Silsione—mudsione with a high cun-

tent of clay minerals and dispersed arganic material, Radiolarion shells consist of smectite (in central parts) and cryploceysial g
quantz (in peripheral parts). Upper Jurassie—Lower Cretaceous (J41-K v, Sample 19- 100,

The overlying upper Carnian basalts contain thin
interlayers and rare lenses (0.5-2 m) of red-brown jas-
pers with radiolarians, foraminifers, and conodaonts.

The Morian sequence, about 20 m thick, includes
gray cherts of different tints with rare interlayers of yel-
lowish gray siliceous mudstones. Microscopic study
showed that they are made up of eryptocrystalline
quartz aggregates with vague grain boundaries and
fine-dispersed ore material. Rare relicts of undeformed
radiolarians and their spines are composed by cryptoc-
rystalline siliceous material or chalcedony. One can
note a zonation in the radiolarian composition: the cen-
tral part of their shells is composed of chalcedony,
whereas the periphery includes small aggregates of
cryptocrystalline quartz. The number of radiolarians
with chalcedony nfilling significantly increases in
Upper Triassic rocks in comparison to Middle Triassic
rocks. Sectors between radiolarians contain a large
amount of fine, differently oriented flakes of chlorite
and micaccous mineral. [n some cases, mica aggregates
with subdued interference color form clusters. Chlorite
is abserved as flaky and less common rosette-shaped
pale green individuals. Both Norian and more ancient
rocks are characterized by the abundance of differently

LITHOLOGY AND MINERAL RESOURCES

sized and oriented veinlets filled with fine-grained
quartz aggregates, fine-scaly chlorite aggregates, rare
flakes of micaceous mineral, iron hydroxides confined
to peripheral areas of the veinlets, and minor zeolite
usually developed in veinlets with quartz infilling.

Rhaetian silicites, more than 8 m thick, are com-
posed of gray, dark gray, and greenish gray fine-platy
cherts with interlayers of light gray massive silicified
cherts and rare interlayers of brownish gray siliceous
mudstones. The silicites consist of fine-grained cryp-
toerystalline quartz, fine-dispersed ore and organic
materials, and an insignificant amount of undeformed
radiolarians  with  chaleedony infilling  and vague
boundaries. The content of clay minerals is low. They
are observed as pale green fine-scaly ehlorite and minor
miciceous mineral.

Bright olive-green chlorite often associated with
iron hydroxides and some quantity of micaceous and
are minerals is developed in thin veinlets (1-1.5 mm),
In some places, the rock contains abundant veinlels,
which often intersect each other and make up isolated
sectors (pseudoglobules) filled with siliceous material
or chaleedony.

Vol 39 Mo, 2

2004

e




CLAY MINERAL ASSOCIATIONS 161

s

r ‘. : .,.;.F ..I_.,-:.II i
 TOURSR
B P

Fip. 4. Type photopraplis of elay minerals (SEM inages ). () Mica akes in quarty matris. Induan ¢, Sample 1901, (b Mica Nakes

in the siliccous matrix. Norian Stage of the Late Triassic, Sumple 1

9-70. (e} Smeetite Nakes developed on valeonic glass fragment,

Lower Cretzceous, Sample 19- 100, (d) Chlorite Nokes filling Fractwre in rock, Induan (7). Sample 19-11,

Jurassic siliceous rocks in the section are repre-
sented by bright gray cherts and occasional jaspers. The
Early Jurassic silicites consist of fine-grained quartz
with mosaic extinction. The rock comtains fine-dis-
persed clayey material and large iron hydroxide segre-
gations (Fig. 3c). The content of radiolarian relicts is
high. Their shells are undeformed and filled with chal-
cedony in the central part and eryptocrystalline quartz
at the periphery. The content of clay minerals in Early
Jurassic cherts is n%. The rock contains rare, very fine
flakes of chlorite and micaceous mineral (not more than
0.5 vol % in thin sections). Authigenic quartz, flakes of
brown-green chlorite, and micaceous mineral develop
in numerous differently oriented wveinlets, In some
places, the veinlets contain only iron hydroxides (prob-
ably, hematite),

Upper Jurassic-Lower Cretaceous rocks are com-
posed of flyschlike aliernation of fine-grained polymic-
tic sandstones and mudstones, The clustic raction
includes plant remnants, radiolarians, fragments of sil-
iceous rocks and quartz, and clay minerals, Interstices
are practically absent. Clasts and organic remnants are
contained in a hydromicaceous fine-dispersed matrix
probably consisting of a mixture of clay minerals, fine-
dispersed organic and ore materials, and fine-grained
lerrigenous component (Fig. 3d). The content of clay
minerals in the rock is high. They include mica, smec-
tite (Fig. 4), and minor chlorite. Radiolurian shells are
weakly deformed. Their central parts are composed of

LITHOLOGY AND MINERAL RESOURCES  Vul, 39
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clay mineral (probably, smectite), whereas the periph-
eral parts consist of cryptocrystalline quartz.

Thus, Triassic-Jurassic siliceous rocks are subsided
into the following four associations of authigenic clay
minerals grading into each other with time (Fig. 5):
(1) sericite association with miner chlorite {Induan-
upper Olenekian); (2) mica-chlorite association with a
gradual decrease of the mica content and increase of the
chlorite content upward the sequence (lower Anisian—
Narian); (3) chlorite-mica association with a low con-
tent of clayey material (Rhaetian-Lower Jurassic): and
(4) smectite—chlorite-mica association (Upper Juras-
sic=Valanginian).

Moreover, relicts of Olenckian—-middle Anisian
radiolarian shells filled with siliceous mass are replaced
upsection by Carnian-Rhactian radiolarians filled with
chalcedony. The content of shells filled with chalce-
dony is low (3=3%) in the pre-Carnian, increases in the
middle Carnian (15-209), and reaches the maximum
(80%) in the post-Carnian time. In juspers associated
with upper Carnian basalts, radiolarian relicts are filled
with cryptocrystalline quartz (peripheral zone) and
smectite (central zone) rather than chalcedony.

LITHOLOGICAL-MINERALOGICAL,
GEOCHEMICAL, AND FAUNAL FEATURES
OF THE SILICEOQUS ROCKS

Starting with the Anisian layers, radiolarian rem-
nants are apparently a constant component of sedimen-

2004
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Fip. 5. Distribution and composition of elay minerals in the Rudnaya River section. (1) Layer numbers in the sequence (cormespond
to numbers in Fig. 1b). (11) section with indicated age of layers. (111} sample numbers, (1Y) infilling of radiolarions with quany (size
al 1 sreas carresponds o the pereentige of mdiolarians lilled with dilferent types of guartz), (V) clay mincral associations;
(1) sericite with & minor chlurite sdmixture (Induan-upper Qlenckian); (2) mica—chlarite with grodual upsection decrease of mica
and increase of chlorite (lower Anisian-Marian): (3) chlorite-mica. the rock is charselerized by low content of clay material (Rha-
elian-Lower Jurassic); (4) smeetite—chlorite-mica (Upper Jurassie-Yalanginian), (5) peaks of radiolarian assemblages, (6) bound-
aries of changes in radiolarion assemblages, (7) boundaries of changes in elay mineral associations, (%) sample location and number
in stratigraphic section; (9) infilling of radiolarians: (a) eryplocrystalling quarte;, () chalcedony. () lmecile, (o) smeclie,

tary rocks in the Dal'negorsk section. However, the
sequence includes rocks characterized by a wide varia-
tion of the content of rudiolarian skeletons. Locally, the
rocks are almost completely composed of the skeletons
(radiolarites), The calculation of radiclarian remnants
in thin sections made it possible to reveal three peaks
related to sharp increase in the concentration of organic
remains in the siliceous rocks. The first maximum is
observed at the boundary between the early and middie
Anisian (Sample 19-30). The second maximum is
located in a lenshike jasper interlayer sandwiched
between basaltic flows in upper Camian rocks (Sample
19-57). The third, quantitatively most pronounced maxi-
mum shows up in Lower Jurassic rocks (Sample 19-80),
The remaining horizons characterized by the disappear-
ance or appearance of new radiolarian assemblages

contain a relatively stable amount of organic remnants
(Table 2). The lower (Anisian) and upper (Triassic—
Jurassic) peaks immediately overlie carbonaceous
mudstone units, which indicate the manifestation of
anoxic events (Bragin and Krylov, 2002). The middle
(upper Carnian) maximum is observed after the appear-
ance of basalts in the sequence. Radiolarites from the
anoxic horizons are strongly cleaved. Spheroid radi-
olarians are Nattened and characterized by partially dis-
solved skeleton.

These peaks testify to blooms of the radiolarian pro-
ductivity in the marine basin. Since two peaks in the
Dal'negorsk section are related to the termination of
early Anisian and early Toarcian anoxic events, their
relation with the radiolarian bioproductivity is evident.
The subsequent blooms of siliceous plankton are

LITHOLOGY AND MINERAL RESOURCES Vol 39 No, 2 2004
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proven for many anoxic events in the World Ocean.
Thus, the early Toarcian episode in siliccous members
in Japan was accompanied by the appearance of radi-
olarites and the significant qualitative growth of radi-
olarian assemblages (Hori, 1993). The well known
Cenomanian-Turonian anoxic event in carbonate-ter-
rigenous sequences of the Mediterranean and Crimea
preceded the appearance of substantially siliceous radi-
olarites that form the regionally persistent Bonarelli
Horizon (Kuhnt er al., 1986; Marcucci er af., 1991:
(' Dogherty, 1994; Bragina er al., 1999), Meanwhile,
the early Turonian was marked by both quantitative and
qualitative enrichment in radiolarians probably due to
increase of phytoplankion bioproductivity, Such an
intense bloom of bioproductivity in marine basin arises
during transgressions when vast lowlands are flooded
and lacustrine-swamp landscapes are formed under
conditions of humid climate. Based on the study of sev-
eral geological objects, Gavrilov er al. (1996, 1997,
2002} convincingly proved the Fact mentioned above,
Vigorous development of phytoplankion triggers a
short-term acceleration of siliceous zooplankion pro-
ductivity (radiolarians), on the one hand, and oppres-
sion and even extinction of benthonic organisms, on the
other hand, when anoxic conditians spread in near-bot-
tom parts of a basin. One more, not less significant rea-
son for biotic events are volcanic processes leading to
changes in the chemical composition of sea water and
interaction of basaltic lavas with sea water al high tem-
peratures. Researchers have drawn attention to the link
between global deep-water anoxic events and outbursts
of volcanisms (Bralower er al,, 1993: Volokhin er al.,
1990; Kaipov and Levin, 1982; Krasnyi and Mikhailov,
1966). Thus, at least two factors (lransgressions and
outbursts of volcanism) lead to increase in siliceous
plankton (radiolarian) productivity.

According to the available interpretations, siliceous
sequences of the Russian Far East are planktonogenic
sediments of the pelagic zone of a paleacean. The rate
of siliceous sedimentation is estimated at 1.6 mm/ka {or
4.8-9.6 mm/ka if the compaction is taken into account)
(Bragin, 1991). Study of siliceous rocks in southern
Sikhote Alin revealed that cyclicity of siliceous beds is
dictated by the periodic impulsive input of lerrigenous
fine-grained (clay) material during the formation of
clay elements of the eyclites against the background of
a continuous and slow settling of radiolarian skeletons
(Volokhin, 1980, 1985, 1988; Mazarovich, 1981, 1985:
Muzarovich and Rikhter, 1985; Konstantinovskaya,
1998). Clay minerals found in the siliceous sequences
are allothigenous components; i.c., they were supplied
from outside. Their association was governed by the
erosion of continental clastic components. Siliceous
rocks formed due to both biogenic (radiolarites and
spongolites) and terrigenous (¢lays) sedimentation.

The studied siliceous rocks can be compared with
the coeval sandsiones accumulated in the same struc-
wral zone. In (Volokhin, 1988; Markevich, 1978:
Markevich and Konovaloy, 2000; and others), sand-
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Table 2. Number of radiclarian shell remnanis caleuluted in
Lthin sections

Samplenw; Age rr:IILlIIiT: Ili?:.l[r:i
19/-2 Incduan('!) 0
19<10 | Olenckion ]
19¢11 Olenckian ]
19422 (Menckion 2
926 upper Olenckian 2
19430 36
19/35 lovwer Anisian 3
1940 3
19447 28
19/50 218
19454 miclelle Anisian 17
2046 upper Anisian ' EH
19/57 upper Carnian 235
1964 Morian 29
19770 upper Narian 05
19477 Rlactian 58
19/80 Plienshachian 49¢)
1940 38
19798 Titonian-Valanginian 18
15/100 4

stones of the Gorbusha and Taukha formations are
referred to as arkose-graywackes based on the classifi-
cation diagram of Shutov (1972). Arkosic and quart-
zose—sandy materials prevail in Lower Cretaceous
rocks. Acid crystalline rocks (similar to granites and
metamorphic rocks), as well as sedimentary and intra-
basinal basic voleanic rocks, probably served as the
provenance for these rocks. Terrigenous admixture in
cherts depends on the composition of the provenance,
and the change in clay mineral associations indicates
the change in the source during sedimentation. How-
ever, the vertical succession described above can be
related to not only changes in provenances but also o
lithogenetic transformations of the siliceous seqguence.
The X-ray structural analysis (Grechin, 1972:
Volokhin, 1989) is one of the important methods for
determining the rate of postsedimentary changes in sil-
iceous rocks. The X-ray diffraction analysis makes it
possible to define the composition of clay minerals and
the forms of silica segregations. The X-ray diffraction
patterns indicate that the siliceous rocks are only com-
posed of quartz. Less stable varieties of silica {opal,
crystobalite, and others) are absent, suggesting a rather
high metamorphism grade of siliccous rocks in the
Rudnava River section.

Parageneses of clay minerals, as well as their chem-
ical and structural featwres, are also indicators of the
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Fig. 6. Distribution of chlorite types versus Fe and Al eon-
tents. [a) Crystallochemical pater of polygenous chlariies
from siliceous rocks ol the Rudnaya River section (diagram
ficlds are given alwer Drils and Kossovskayi, 19913,
(Jychlorites from  Olenckion chens  (Sample  19/30),
(2% chlorites from MNorion cherts (Sample 19464), (3) chlo-
riles from Rhaetian clay-poor siliceous rocks (Sample
1977y Numerals denote the Tollowing fields: (1) di- and iri-
octahedral Al-Fe-Mg-chlonite, (2} Fe-chlone from iron
ores, (3} Fe=Mpechlorite  from  clistogenic  Tormations,
() Fe=bg- ond Me-chlorites Trom basic magniiv nocks,
(3) Mg-chlorite lrom evaporie [ormations, (6} Mg-chlorie
from halite and Mg=K salts of hasing with a high degree of
salinization, (7) Mg-chlorile from ophiolite, (8) Mg-chlorie
from kimberlite. (b) Al vs. (Fe + Mg} plot for ¢hlarites from
Triassic cherts of the Dol negorsk sceton along the Rudnoyis
River based on classilication diagram in {Kossovskoyn and
Shutow, 1971} Mumersls in the dingram: (1) chlorites rom
Clenckian cherts (Sample 19300, (2) chlorites rom Norian
cherts (Sample 1964), (3) ehlorites from Rhactian clay-poor
siliceous rock (Sample |W77).
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postsedimentary transformation of rocks. The meta-
morphism grade of the analyzed rocks can alsa be
estublished by the erystallinity index (IC) of micas
(Kubler, 1967; Weaver er al., 1984; and others), which
1s defined on the basis of the width of 10 A peak of
ethylenglycol-saturated illite sample at half-maximum
(in mm). The IC value (1C = 2) in the clayey fraction of
siliceous rocks from the Rudnaya River section does not
vary from the Triassic to Aalenian and increases (IC = 3)
only in the upper (Upper Jurassic-Lower Crelaceous)
part of the section. The IC values testify that Triassic
siliceous rocks reached the metagenetic stage, whereas
the Upper Jurassic-Lower Cretuceous part of the sec-
tion was less transformed (possibly, up 1o the initial
stage of metagenesis).

Chlorite is another common mineral in the clayey
fraction of siliceous rocks. Analysis of the composition
of chlorites shows that they belong to Fe—Mg varieties
of metagenetically altered rocks. Unfortunately, it is
difficult to determine the composition of chlorites in
Jurassic—Lower Cretaceous siliceous rocks due to their
extremely fine size. In terms of crystallochemical char-
acleristics, they occupy the following positions: chlo-
rites in the Olenekian and Norian cherts fall into the
field of Fe-Mg chlorites of clastogenic rocks, whereas
chlorites in Rhaetian cherts fall into the field of chlo-
rites from basic magmatic rocks (Fig, 6).

Thus, minerals from the terrigenous admixiure in
siliceous rocks underwent significant lithogenetic
transformations together with host rocks. However, the
degree of these transformations is not o high to oblit-
erate primary sedimentary features of the rocks. There-
fore, changes in the initial composition of the terrige-
nous admixture are manifested as the formation of
more stable structural types of clay mineral associa-
tions, and the clay mineral parageneses are governed by
the nature of adjacent continental provenances.

The chemical composition, mainly distribution of
rare and trace elements, is one of the important param-
eters characterizing siliccous rocks (Table 3). Investiga-
tion of the chemical composition of siliceous rocks
based on the concept of regular changes in the compo-
sition of oceanic water from continental margin to
pelagic zones makes it possible to decipher sedimenta-
tion conditions and reveal specific features of the stud-
ied rocks. In Fig. 4 presented in (Adachi er al., 1986),
siliceous rocks of the Dal"negorsk section are shown as
sedimentary rather than hydrothermal rocks, Regard-
less of the bulk concentration in rocks, the REE distri-
bution in Triassic rocks is similar to that of PAAS. Such
a distribution suggests the formation of clayey lraction
owing to the erosion of sialic crust with biogenic mate-
rial as a dilutor.

The chondrite-normalized REE composition of sili-
ceous rocks displays a negative Eu anomaly (Fig. 5a),
which 15 typical of all sedimentary rocks and indicator
of the absence of hydrothermal components (Fig. 7).
The Anisian siliceous rocks with slightly different
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Table 3. Average chemical composition of Middle Triassic-Lower Jurassic silicites in southern Sikhote Alin (Volokhin,

Cherts Phianiles Clayey chens : Clayey phnanites
Components Rudnaya River (Dal'negorsk, Sadovyi Setlement)
(9 (8) (113 ()

Si0, 91.88 91,6 79.27 #1.85
Ti0A 009 0.09 0.41 (.32
AlaOy 316 2.83 9.25 6.81
Fe,04 0.35 0.44 0.83 109
Fel L] 1.89 32 .97
MpO .61 0.37 1.58 [.26
Cald (.13 0,18 045 .47
MnO Q.09 0.03 0.1 0.06
kL0 0.39 (0L.56 .56 1.63
Nu,O 0.07 0.07 0.25 0.13
P20 0.06 0.07 0.05 0.13
L.l 0,57 135 2.59 368
C'”I-' 0.09 0.28 0.1 .59
(A 0.01 0 0.004 0
Al04/Si0, 0.034 0.031 0.117 0,083
FeO*-(1.578 Al.O, 077 0.649 -1.32 ~{1.88
(FeO + MgOyTiO, 29,89 26,22 10,07 Q.75

Mote: Number of analyaed samples is given in porentheses,

geochemical parameters are an exception. The lower
Anisian rocks are characterized by a positive Th anom-
aly and general enrichment in IREE. The middle Ani-
sian rocks show a weak negative Ce anomaly, suggest-
ing the accumulation of siliceous sediments away from
the continental margin, i.e., in the pelagic zone. However,
its low intensity and weak manifestation confined to Ani-
stan rocks suggest that these rocks formed an an oceanic
rise at the boundary with Ce-depleted deep waters.

RESULTS AND DISCUSSION

In the Early and Middle Triassic, the lowland situ-
ated west of the marine basin was marked by a well
developed river network and homogeneously humid
conditions. The evaporation rate was high and reached
the maximum in the Late Triassic (Yasamanov, 1985).
The principal type of lundscape was represented by syl-
van savanna with massifs of poor xerophyte vegetation.
The denudated sialic complexes (acid crystalline rocks
of the granitoid and metamorphic types) served as
provenances. This is testified by the mica—chlorite asso-
ciation (with the predominant mica and subordinate
Fe-Mg-chlorite of the clastogenic formation) in sili-
ceous rocks. The chlorite content gradually increases or
decreases. The mica/chlorite ratio irregularly changes
in the Triassic and the chlorite content predominates by
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the Anisian. Subsidence of coustal zones started in the
Middle Triassic and a large quantity of organic material
concentrated in the coastal plain was delivered 1o the
basin. Consumption of organic material was followed
by the plankton death on a mass scale and intense Ani-
sian anoxia in the basin, As a result, carbonaceous mud-
stone interlayers appeared in deep-water cherts, and
horizons with a high contem of radiolarians are
recorded in the overlying siliceous rocks.

In the Late Triassic, the Primorye territory was char-
acterized by subtropical climate with high temperature,
humid condition, and high evaporation rate. Land-
scapes of highlands represented deserts, and vegetation
grew only on llooded lowlands ( Yasamanov, 1985). The
formation of intrabasinal volcanic edifices and their
subsequent destruction changed the terrigenous com-
position in siliceous rocks. Micaceous material gave
way Lo chlerite in cherts in the terminal middle Ani-
sian-Rhaetian. The maximum chlorite content s
observed in Camian and Norian rocks. Radiolarian
shells were also filled with chalcedony approximately
during this time interval (middle Anisian-Middle
Jurassic). In addition, jaspers sandwiched between late
Carnian basaltic flows contain radiolarian shells filled
with lutecite. The content of radiolarian remnants is
maximal in the late Carnian cherts, suggesting a high
bioproductivity in this time interval. The onset of the
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late Carnian basaltic volcanism could change geochem-
ical conditions in the marine basin. This, together with
the presence of organic material, could lead to the
growth of plankton_bioproductivity and its consequent
dying off on a mass scale after the termination of the
volcanic activity and onset of a new geochemical envi-
ronment.

The region had 4 humid, moderately warm climate
in the terminal Lias, In the Early-Late Jurassic, coal-
bearing sediments accumulated in coastal zones period-
ically Aooded by the sea, The marine basin received
fresh water during the maximum transgression and a
strongly inundated landscape developed in maritime
zones. Supply of lerrigenous matenial into the maring
basin was minimum. As a result, the Rhaetian—-Early
Jurassic section is dominated by biogenic siliceous
material with a very low content of clay constituent, An
intense anoxic environment was developed at the
beginning of the Early Jurassic. Like in the Anisian, the
large-scale radiolarian bloom observed in this period
(Table 2} was caused by the supply of orpanic material
into the marine basin from coastal zones.

Paleogeographic conditions in the region drastically
changed at the end of the Late Jurassic. The deep-water
sedimentation gave way to the continental margin type.
According to (Kemkin and Kemkina, 1998), the studied
oceanic plate sector approached the accretion zone in
the Late Cretaceocus—Eurly Cretaceous and silica accu-
mulation in the basin gave way Lo terrigenous sedimen-
tation. Flyschlike terrigenous sediments with abundam
smectite, chlorite, and mica started to accumulate in the
basin. The number of radiclarian assemblages reduced.
Unlike radiclarians from the underlying sequence, the
preserved shell remnants are filled with smectite in the

LITHOLOGY AND MINERAL RESOURCES

central part and cryptocrystalline quartz in the periph-
eral zone.

At the Jurassic/Cretacecus boundary, the Sikhote
Alin region was characterized by subduction of the oce-
anic plate under the continental margin. However, evo-
lution of the imbricate structure in the region was only
completed in the Late Mesozoic. The Taukha terrane
corresponds Lo the subduction zone {(Khanchuk, 2001).
The involvement of deep-waler siliceous rocks in the
accretionary complex in the Early Creltaceous, pro-
moted the metagenctic alteration of siliceous rocks,
recrystallization of radiolanian shells, and transforma-
tion of clay minerals into more stable varieties. How-
ever, clay mineral associations in chers preserve spe-
cific features of the primary material. Shells are flled
with chalcedony and smectite and chlone appears in
chert during a single time interval, suggesting a com-
mon source of their formation.

COMCLUSIONS

The change of clay mineral associations in siliceous
rocks of southern Sikhote Alin coincides with large-
scale replacements of radiolarian assemblages and is
governed by paleogeographic, paleotectonic, and pale-
oclimatic conditions. Cherts of the Rudnaya River arca
formed in a deep-water environment in the Triassic—
Lower Cretaceous, it happened at a moderate distance
from the continental margin in the Triassic, and at the
base of the continental rise in the Early Cretaceous.

Carbonaceous horizons of the Triassic-Lower Cre-
taceous section along the Rudnaya River mark signifi-
cant structural reorganizations in the region. Changes
of elay mineral associations and replacement of radi-
Vol. 30
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olarian assemblages postdated these structural reorga-
nizations. The clay mineral associations in siliceous
rocks reflect the primary composition of terrigenous
admixture.
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