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ABSTRACT. The lithology, composition, U-Pb LA-ICP-MS ages of detrital zircons from sediments of the Western
Kamchatka Basin (Russian Far East) provide important insight into paleogeography and tectonic setting of the Sea of
Okhotsk in the Eocene. Our study is based on mapping, structural observations, descriptions of the sections and lithology,
composition of the sandstones, and U-Pb LA-ICP-MS dating and morphology analysis of detrital zircons from the Eocene
sandstones of the Western Kamchatka Basin. The provenance for the sandstones is mainly associated with orogen recy-
cling in magmatic arcs. The analysis of heavy minerals indicates mafic to sialic sources. The mafic terranes of the Asian
margin on the west or/and Olyutorka-Kamchatka ensimatic island arc affected the mechanism transferring the basic
material to the Western Kamchatka Basin in the Eocene. The sialic clasts originated from continental blocks of the Asian
margin and the Okhotsk-Chukotka volcanic belt.

New data allow us to prove that the erosion of the Okhotsk-Chukotka belt had a significant influence on the sedimenta-
tion system in the north of the Sea of Okhotsk in the Eocene. We can assume that the Paleo-Penzhina River system already
existed in the Eocene. The existence of the sialic sources in Eocene allows us to assume the possibility of finding the good
quality collectors in the Eocene deposits of the Western Kamchatka Basin and the north of the Sea of Okhotsk.
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BO3PACT M COCTAB 30IIEHOBBIX IECYAHUKOB 3ANA/ITHOM KAMYATKH: PEKOHCTPYKIIUA
HUCTOYHHUKOB CHOCA A1 HE®TET'A30OHOCHBIX KOJIJIEKTOPOB OXOTCKOI'O MOPA
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AHHOTAIMUA. Jlutonorus, coctas, U-Pb LA-ICP-MS Bo3pacT 3epeH 06/10MOUYHOTO [IUPKOHA U3 0CaZ0YHbIX TOPOJ,
3anagHo-Kamuartckoro 6acceiiHa ([JanbHuit Boctok Poccun) ganoT BaxkHyo HHGOpPMaIMIO 0 najeoreorpaduu U TEKTO-
HHUYecKoM o6cTaHOBKe B OXOTCKOM Mope B 30lieHe. McciiejoBaHre OCHOBAHO Ha KapTUPOBAHUH, CTPYKTYPHBIX Ha6JIt0-
JleHUSIX, OIMCAaHUU Pa3pe30B U JIUTOJOTUH, cocTaBe necyaHukos, U-Pb LA-ICP-MS gaTupoBanuu U Mop¢doioruyeckoM
aHasM3e 06JI0MOYHOrO LIMPKOHA U3 3011eHOBBIX NecyaHMKOB 3amnaHo-KaMyaTckoro 6acceitHa. OCHOBHBIM HCTOYHHUKOM
CHOCa NecyaHHWKa OblJI pelMKJINPOBAHHbBIA OPOTeH C BAMSHWEM MarMaTH4YecKOW Jyru. AHa/IU3 TsKesblX MUHEpaJoB
yKasblBaeT Ha CMeCb MaTepHasia U3 6a3UTOBBIX U CHAJNYeCKUX UICTOYHUKOB. TeppeliHbl 0OCHOBHOI'O cOCTaBa A3MaTCKOMN
OKpauHbI ¢ 3anaja u/uan OntorTopcko-KaMuaTckas aHCHMaTHYecKasl OCTPOBHAs Aiyra C BOCTOKA [TOCTABJIsA/IM OCHOBHOM
MaTepHras B 3anajHo-KamuaTckuit 6acceiiH B soleHe. UCTOYHHKaMM CHOCA CHa/IMueCKHUX 00JI0MKOB GbIJIM KOHTHUHEH-
TaJIbHble 6JI0KU Ha okpanHe A3ur U OX0TCKO-UyKOTCKUI ByJIKaHUYECKUH TOSC.

HoBble laHHbIe JOKa3bIBaIOT, YTO 3p03ust OXOTCKO-UyKOTCKOro nosica okasasa CylleCTBeHHOe BJIUsSHHEe Ha 0caj-
KOHaKoIlJleHHe Ha ceBepe OXOTCKOro Mopsl B 301eHe. MOXKHO NPeAI0JI0XKUTh, UTO peuyHas cucTeMa [laseo-IleHKUHBI
y’Ke CyllecTBOBaJa B 3olieHe. Hasmuue cuajnyeckux HCTOYHUKOB B 301leHe [T03BOJISIET NPeJ0JI0XKUTh BO3MOXKHOCTh
06HapyKeHHs KayeCTBEHHbIX KOJIJIEKTOPOB B 3011€eHOBbIX OT/IOXKEHUSX 3anajHo-KaMuaTckoro 6acceiiHa u ceBepa OxoT-
CKOT'o Mops.

KJ/IKOYEBBIE C/IOBA: 06;10M04HbIH 1UpKOH; Mopdouiorus; U-Pb LA-ICP-MS fnaTupoBaHue; HICTOYHUKHU CHOCA; 01IEH;
3anagHo-Kamuartckuit 6acceitn; OXoTckoe Mope
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BeJleHbl npu noggepxkke PODU (rpanter Ne 13-05-00485_a, Ne 12-05-31299 mos1_a) B pamkax rocsazanus [eosoru-
yeckoro uHctutyTa PAH (mpoexkt Ne ®MMTI-2023-0009). U-Pb gaTupoBaHue e TPUTOBBIX IUPKOHOB MPOBOAUJIOCH B

Arizona LaserChron Center no rpanTty NSF-EAR 0732436.

1. INTRODUCTION

The Sea of Okhotsk is a frontier basin that has gen-
erated significant interest in the viability of petroleum
systems originating and hosted within the Eocene strata
[Gladenkov, 1980; Khvedchuk, 1993; Harbert et al., 2003].
Huge (14 billion barrels (1.9 billion tons) of oil and 96 tril-
lion cubic feet (2.7 trillion cubic meters) of gas) petroleum
resources in the northern Sakhalin [sland have heightened
interest in the petroleum potential of the Sea of Okhotsk as
a whole [Kharakhinov, 2010; Khisamutdinova et al., 2018;
Stoupakova et al., 2021; Kalinin et al., 2022]. In [Mel’nikov
et al,, 2022] the available geological and geophysical data
served as a basis for making quantitative assessment of
the total initial resources of the Kamchatka Krai as on
01.01.2022, which was 499.8 million tons of hydrocarbon
equivalents (geological) (Fig. 1).

A critical piece of the puzzle is the quality of the sand-
stone reservoir that hosts matured petroleum reserves. For
instance, high-quality arkose reservoir rocks of the Sakhalin
system occur within long-lived perideltaic deposits of the

Amur River, which drains a vast area (~1.85M km?) of
the Russian Far East comprising the evolved continental
basement. The question is whether the Sakhalin Island
is a unique reservoir structurally related to the Sakhalin-
Hokkaido shear zone [Rozhdestvenskiy, 1982; Worrall et
al., 1996] or there are other viable high-quality host-rock
systems within the Okhotsk Basin. This paper interrogates
sediment provenance and the paleogeography of sediment
dispersal systems exposed in the Western Kamchatka as a
predictive model for occurrence of reservoir quality rocks
in the circum-Okhotsk region.

Northeast Asia includes the Paleozoic to Cenozoic ocean-
ic and arc terranes that have been swept into the margin
during the Late Jurassic to Tertiary (Fig. 2) [Nokleberg et
al,, 2001; Khanchuk, 2006]. A dominant geological feature
along this margin is the Cretaceous Okhotsk-Chukotka vol-
canic belt (OCVB), which is a prominent subduction-re-
lated magmatic province formed as a part of this terrane
collage. The OCVB represents a laterally extensive Andean-
style arc that persisted along the southern margin of the
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western and northern edge of what is now the modern
boundary of the Sea of Okhotsk and Bering Shelf [Nokleberg
et al, 2001]. The modern studies indicate that the Middle
Albian to Early Campanian (106-77 Ma) magmatic activi-
ty in the OCVB was highly discontinuous [Akinin, Miller,
2011; Tikhomirov et al., 2012; Akinin et al., 2022]. The vol-
canism was terminated by the 76-78 Ma plateau basalts
[Hourigan, Akinin, 2004], which mark a change in the geo-
dynamic setting from frontal subduction to the regime of
a transform margin with local extension [Akinin, Miller,
2011]. Since the Cretaceous, the OCVB has been a main
mountain chain on the North-East Asian margin that shed
clastic material off toward the marginal seas and the pa-
leo-Pacific.

The Sea of Okhotsk region (Fig. 2) remains a geologic
frontier. The Sea of Okhotsk is floored almost exclusively
by a thin crust of debated affinity. The material dredged
from bathymetric highs and the velocity structure form
the basis for interpretation of basement geology of the Sea

of Okhotsk. Given the paucity of direct evidence, leading
models reveal significant disparities in: 1) captured oceanic
plateau [Watson, Fujita, 1985; Bogdanov, Dobretsov, 2002];
2) accreted microcontinental block [Parfenov, Natal'in, 1977;
Konstantinovskaia, 2001], or 3) extended continental frame-
work of accreted terranes [Hourigan, 2003; Schellart et al,,
2003; Verzhbitsky, Kononov, 2006].

Collided-block models hold that an allochthonous mi-
crocontinent or oceanic plateau collided with the margin
of northeastern Asia in the Late Cretaceous, resulting in
the cessation of magmatism in the Andean-style Okhotsk-
Chukotka belt [Parfenov, Natal'in, 1977; Konstantinovskaia,
2001; Bogdanov, Dobretsov, 2002]. Both [Parfenov, Natal'in,
1977; Konstantinovskaia, 2001] argued that the microcon-
tinental block extends on land on the Kamchatka Peninsula.
However, these models are inconsistent with a more re-
cent model demonstrating the Eocene high-grade metamor-
phism of northeast Russia sediments within the Sredinniy
Range [Hourigan et al., 2009].
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Fig. 1. Density map of the total initial HC resources of the Kamchatka Region as on January 1, 2022 after [Mel'nikov et al.,, 2022].
Borders of oil and gas geological zoning: 1 - provinces; 2 - regions; 3 - areas. Density of total initial recoverable resources, hydrocarbon
equivalents thousand t/km?: 4 - up to 1; 5 - from 1 to 3; 6 - from 3 to 6; 7 - more than 6; 8 - uncertain prospects.

Puc. 1. KapTa nji0THOCTH HayaJIbHbIX PECYPCOB YIJIEBOJLOPOHOI0 ChIpbsi KamuaTckoro kpast Ha 01.01.2022 r. no ganHbIM [Mel'nikov

etal, 2022].

Hedrerasoreosiornyeckoe paitoHupoBaHue: 1 - IPOBUHIMY; 2 — pailoHbl; 3 - 06/1acTU. [I/IOTHOCTB HayaIbHbIX CyMMapHBIX U3BJIEKae-
MBIX PECYPCOB, B yIJIEBOJOPOJHOM 3KBUBaJIeHTe ThIC. T/kM?*: 4 — 0 1; 5- 0T 1 0 3; 6 - oT 3 10 6; 7 - GoJiee 6; 8 — Heonpe/ieJIeHHbIe

NnepCreKTHUBLbI.
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An alternative view is that the Omgon-Palana belt (north
and west of the Sredinniy Range) acts as a collision zone se-
parating the Sea of Okhotsk plate from the West Kamchatka
microplate. [Bogdanov, Chekhovich, 2002] argue that a frag-
ment of an ancient oceanic plateau makes up the Sea of
Okhotsk microplate, while the West Kamchatka plate is a
quasi-continental crust [Bogdanov, Chekhovich, 2002].

Finally [Hourigan, 2003; Verzhbitsky, Kononov, 2006]
propose a back-arc extensional model with basement geol-
ogy made up of a variety of the Mesozoic terranes. [Schellart
et al., 2003] assume the occurence of slab rollback based
on the eastsouthward-propagating extensional zone that
has progressively extended since the Eocene [Hourigan,
2003].

In this context, the provenance composition of the Eocene
sediments in the Western Kamchatka Basin (Fig. 3) should
provide insight into the Early Paleogene paleography of
the Sea of Okhotsk. Each model outlined above provides
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The basement of the Kamchatka can be subdivided into
four terranes: Ukelayat-Omgon (UOM), Olyutorka-Kamchat-
ka (OKA), Vetlovskiy (VT), and Kronotskiy (KRO) (see Fig. 2)
[Noklebergetal., 2001; Khanchuk, 2006]. The deposits of the
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viev, 2009]. The Ukelayat-Omgon terrane (UOM) consists
of strongly deformed (tightly folded) Cretaceous - Middle

NSV — Verkhoyansk belt and other

METAMORPHOSED CONTINENTAL-MARGIN
TERRANES

SD - Seward, SR — Sredinny-Kamchatka,
ZL — Zolotogorskiy, GN — Ganal,

KV — Khavyven, TL — Talovka

ACCRETED TERRANES

Island-arc terranes
1 (PZ-K1): KM — Kony-Murgal,

q MAI — Mainitskiy, OL — Oloy and other;
1:: é 2 (K2-MZ): KRO — Kronotskiy,
[1\\2] OKA — Olyutorka-Kamchatka

(OKA covered: light gray, ruled)

Accretionary-wedge, subduction-zone,
or ophiolite terranes

[N

1

-
-

b‘

A

I
Dominantly oceanic rocks: |
EK — Ekonay, PA — Penzhina-Anadyr,

PK — Pekulney, VT — Vetlovskiy

Dominantly turbidites:

1 —AV — Alkatvaam,
UOM - Ukelayat-Omgon
(2 — UOM covered)

OVERLAPPING J2-K1 ASSEMBLAGES
ONTO KOLYMA-OMOLON SUPERTERRANE

ANNANA
ANNANA

1002 Sea of

Okhotsk

io — Indigirka-Oloy

QM
OVERLAPPING K AND P2 MAGMATIC ARCS oa
1 (P2): kk — Kamchatka-Koryak; (s
i tﬁg 2 (K): es — East Sikhote-Alin, _/E
~74] oc — Okhotsk-Chukotka

CONTACTS AND FAULTS

~—— Contact
LS—4_4 Active subduction zone
A& Thrust fault

0 800 km

| —

7560

oc=106—78 Ma
- ~Z
S _—<
KM=230- :
150-120 Ma 1

SR | &HF
1800-2000,| 4
500-50 Ma =B

2600,1900, LI 2%
400-360, [FSZN/n/N

— 68°

\E o e
e TR
[T SIS e v
i ’ uo

2R

2B
OKA=45-0 Ma

190 Ma

OKA

!

— 60°

&

)

\\\\\\
iy

Pacific
Ocean
768"

Fig. 2. The tectonostratigraphic terranes and overlap assemblages of the Russian Far East (modified after [Nokleberg et al., 2001;

Hourigan et al.,, 2009]).

Puc. 2. TekToHOCTpaTUrpadpuuecKue TepperHbl U MepeKpbIBaoL]
2001; Hourigan et al.,, 2009], c u3MeHEeHUSIMHU).

He ux KoMmIiekcol JlaabHero Boctoka Poccuu (o [Nokleberg et al,,
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Eocene continent-derived flysch-like sediments [Garver
et al,, 2000]. The deposits of the Ukelayat-Omgon terrane
were accumulated along the continental margin of the north-
east Asia. The Omgon Range of Western Kamchatka con-
tains the Middle to Upper Cretaceous sequence of flysch
with tectonic inclusions of the Jurassic - Cretaceous oceanic
rocks inferred to have been imbricated together in an ac-
cretionary prism [Soloviev et al.,, 2006]. The accretionary
prism resulted from subduction of the Pacific paleo-oceanic
plate (Izanagi) under the Eurasian continental margin and
was attended by volcanism in the inboard Okhotsk-Chukotka

volcanic belt. Internal imbrication was completed by the
Maastrichtian (~70 Ma) as indicated by apatite fission-
track ages that record cooling and exhumation of this crustal
block [Soloviev et al., 2006]. The Olyutorka-Kamchatka ter-
rane (OKA), composed of the Late Cretaceous to Paleo-
cene basalt, chert, intermediate volcanics and associated
volcanogenic sediments, has been interpreted as an island
arc. The allochthonous island arc units and continental
margin strata are juxtaposed along a ~1500 km-long su-
ture zone (see Fig. 2). The northeast, central and south-
west segments of this fault are referred to as the Vatyna
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Fig. 3. The geological map (modified after [Litvinov et al., 1999]) (a) and cross section of the Western Kamchatka study area (b). The
cross section has been drawn using the unpublished seismic data obtained by PetroKamchatka Ltd. The samples under study are

shown by rhombuses.

Puc. 3. Teosnoruyeckas kapra (no [Litvinov et al.,, 1999], c usmeHeHusiMu) (a) 1 paspes UccaefyeMOr TeppUTOPUHN Ha 3anafHoOU
Kamuatke (b). Pa3pe3 cocTaBJieH ¢ HCII0Ib30BaHHEM HeONYBJINKOBAaHHbIX celicMuYecKkuX JaHHbIX PetroKamchatka Ltd. O6pasusl ajis

HCC/ieJOBaHHWA ITIOKAa3aHbl p0M6aMI/I.
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thrust (Koryak Highlands), the Lesnovsk thrust (Lesnovsk
Highlands in the Kamchatka Isthmus), and the Andrianov
thrust (Sredinnyi Range), respectively [Soloviev etal., 2001;
Hourigan et al., 2009]. The forearc sediments of Ukelayat-
Omgon terrane were deformed in the Eocene (52-46 Ma)
because of collision between the Olyutorka-Kamchatka
terrane and northeastern Asian margin [Soloviev et al,,
2002, 2011].

3. GEOLOGY OF THE WESTERN KAMCHATKA BASIN

The Pre-Tertiary rocks in Western Kamchatka generally
occur as isolated exposures (Fig. 3) [Litvinov et al., 1999].
The Lesnovsk thrust which separated the Ukelayat-Omgon
and the Olyutorka-Kamchatka terranes from each other
is observed in erosional windows (Fig. 3, 4). The eastern
part of the Sea of Okhotsk and the western Kamchatka
Peninsula are occupied by the Western Kamchatka Basin
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filled with the Cenozoic sediments [Litvinov et al., 1999].
The Tertiary rocks in Western Kamchatka are poorly ex-
posed, and the outcrops are difficult to access due to lim-
ited infrastructure. The best-described are those located
along the coastal cliffs. These outcrops are most critical for
understanding of the structure of the Tertiary complexes,
which is, in turn, significant for interpretation of geody-
namics of the Sea of Okhotsk and reliable assessment of its
petroleum resource potential.

The previous geological mapping revealed that the Ce-
nozoic sequences of the Western Kamchatka Basin are de-
formed into simple folds with the NNE-trending axes [Geo-
logical Map..., 1965]. According to [Litvinov et al., 1999]
the Tertiary sediments fill grabens and rest upon the ero-
sional surface of the highly deformed pre-Cenozoic base-
ment. It has been recently shown that the Tertiary sediments
of western Kamchatka experienced significant fold-thrust
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Fig. 4. The tectonostratigraphic column for the Western Kamchatka Basin: the relationship between lower plate, upper plate and cover.

The stratigraphic chart is from [Ogg et al., 2008].

Puc. 4. TeKTOHOCTpaTI/II‘pa(l)I/I‘{ECKaH KOJIOHKa 3aHa,£[H0-KaM‘laTCKOI‘O 6acceriHa: COOTHOLIIEHHE ABTOXTOHAQ, a/IV/IOXTOHA KU HEOABTOXTOHA.

CtpaTturpaduyeckas cxema coctaBJiieHa o [Ogg et al,, 2008].
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deformations [Mazarovich et al.,, 2010]. The Oligocene -
Lower Miocene sequences demonstrate isoclinal super-
posed folds, thrusts, and duplex structures characteristic
of the compression regime (see Fig. 3). The last stage of
strong deformations occurred in the mid-Miocene and may
represent a response to termination of collision between
the Eastern Peninsulas (Kronotskaya) island arc zone and
the eastern Kamchatka Peninsula [Verzhbitsky, Soloviev,
20009].

[Gladenkov, 1980; Gladenkov et al., 1997] report a gen-
eralized stratigraphy of the West Kamchatka basin, marked
by the Eocene - Pliocene strata overlying the Cretaceous
strata, which consist mostly of deep marine turbidites and
organic-rich mudstone. The Eocene part of the succes-
sion is largely nonmarine and consists of a 500 m thick
fining-upward succession of predominantly coarse clastic
material interbedded with coal and organic-rich shales. A
3000 m thick succession of the Upper Eocene-Oligocene
sandstone, coal and shale beds in the Western Kamchatka
Basin is capped by a thick, laterally widespread mudstone.
The 4000-4500 m thick Miocene section with a sandstone-
rich unit (>1000 m) at the base is thought to have been
deposited in shallow marine shelf environments. It is over-
lain by an approximately 500 m thick interval of tuffaceous
cherty rocks that underlie a 2000-2500 m thick sequence
of interbedded sandstone, conglomerate and diatomite.
The uppermost Miocene-Pliocene section consists of in-
terbedded sandstone and coal. In the Western Kamchatka
Basin, this succession consists of the Eocene - Lower Oli-
gocene nonmarine-shallow marine sequence, overlain by
the much thicker Oligocene-Upper Miocene upward-shoal-
ing progradational slope to shelf sequence. [Oleinik, 2001]
consider the Eocene-Miocene rocks as the major Miocene
transgressive sequence ranging from tidal-to-shelf envi-
ronments at the bottom of the section to slope facies.

Scout reports from the onshore gas-condensate fields
of the Western Kamchatka Basin also place the interval

of interest in the Paleogene section, unconformably over-
lying the Upper Cretaceous strata [Belonin et al., 2003].
The sedimentary section in these onshore areas is subdi-
vided into five lithostratigraphic sequences: (1) the alluvi-
al Khulgun formation; (2) the alluvial-lagoonal Napana for-
mation; (3) the nearshore shelf Snatol formation; (4) the
coastal plain Kovachin formation; (5) the deep-water shelf
Kuluven and Viventek formations. We collected ten (10)
sandstone samples from the lower part of the Paleogene
section (Khulgun, Napana and Snatol formations). The lo-
cations of the samples under analysis and discussion are
shown in Fig. 3, 4 and their exact locations and ages are
listed in Table 1.

4. SANDSTONE COMPOSITION

Poorly sorted and angular to slightly rounded grains,
together with quartz, plagioclase and mica point to proxi-
mal orogenic sources that contained mostly volcanic rocks
and some sedimentary rocks which are present as abun-
dant lithic fragments therein (Fig. 5; App. 1, Table 1.1,
1.2). Volcanic lithic fragments are dominated by variable
amounts of mafic to felsic volcanic rocks and devitrified
glasses. Sedimentary and metasedimentary rocks also form
an important component of the sandstones. These are most-
ly fragments of siltstone, fine-grained sandstones, cherts
and metaquartzites (Fig. 5; App. 1, Table 1.1). The sand-
stones are quartz-feldspar graywackes [Pettijohn, 1975]
or lithic arenites [Folk et al., 1970]. The sandstones were
mainly derived from orogen recycling in magmatic arcs
(Fig. 5) [Dickinson, 1985].

Heavy minerals include variable percentages of zir-
con, apatite, rutile, leucoxene, sulphides, ilmenite, garnet,
black spinel (App. 1, Table 1.3). All samples can be divided
by sulfide content into high-, medium- and low-sulphide
groups. According to [Pettijohn, 1975], all diagnosed min-
erals were divided into three groups: indicator minerals
for acid rocks - zircon, apatite, rutile, tourmaline; indicator

Table 1. Location and age of the Eocene sandstone samples (Western Kamchatka)
Ta6smua 1. Mecra or6opa 06pa3ioB ¥ HHGOPMaIHs 0 BO3PACTe MaJeoreHOBbIX ecyaHUKoB (3anaaHas Kamuarka)

Field number Latitude, N Longitude, E Map unit Age
95]JG16 61°41'57" 171°47'51" Ukelayat group Early Eocene
XA08-106 58°16'53" 158°42'30" Snatol fm. Middle Eocene
XA08-99 58°16'42" 158°42'16" Snatol fm. Middle Eocene
SNO1 58°16'40" 158°42'07" Snatol fm. Middle Eocene
XA08-69 57°47'44" 156°51'57" Cape Zubchaty fm. Paleocene (?)
XA08-81 57°46'03" 157°19'20" Khulgun fm. Paleocene (?)
XA08-86 57°46'06" 157°19'51" Snatol fm. Middle Eocene
XA08-60 57°43'29" 157°40'22" Snatol fm. Middle Eocene
06AS10 57°41'27" 158°19'44" Napana fm. Middle Eocene
06AS09 57°41'26" 158°19'48" Napana fm. Middle Eocene
06AS08 57°41'25" 158°19'51" Napana fm. Middle Eocene

Note. The detrital zircons from samples highlighted bold were dated by U-Pb LA-ICP-MS method.

[IpumeuaHue. O6JI0MOYHbIE IUPKOHBI 6bLIN JaTUpoBaHbl MeTo0M U-Pb LA-ICP-MS 13 06pa3uos, BblieJI€HHBIX YKUPHBIM IPUPTOM.

https://www.gt-crust.ru


https://www.gt-crust.ru

Soloviev A.V. et al.: Age and Composition of Eocene Sandstones...

Geodynamics & Tectonophysics 2025 Volume 16 Issue 5

vfeldsp*ar”

»

(d)

Fig. 5. Photomicrographs (a-c) and point-count data (d) for the Eocene sandstones from the Western Kamchatka Basin.
(a) - sample XA08-81, x-polars; (b) - sample AS06-9, x-polars; (c) - sample XA08-106, x-polars; (d) - ternary diagram shows monocrys-
talline quartz (Qm), feldspar (F), total lithic (Lt) composition and provenance fields: C - continental block, R - recycled orogen, M -

magmatic arc, m - mixed [Dickinson, 1985].

Puc. 5. MukpodoTorpaduu (a-c, CKpellleHHble HUKOJIM) U JJaHHbIe TOYe4YHOTo nojcyeTa (D) /151 3011eHOBBIX eCYaHUKOB 3ana/jHo-

KaMuaTckoro 6acceiiHa.

(a) - o6paser; XA08-81; (b) - o6pazew; AS06-9; (c) - o6paszer; XA08-106; (d) - TpeyroapHas AuarpaMMa NoKasblBaeT COCTAB MOHOKPHU-
cTasinyeckoro kBapua (Qm), nosesoro mmnara (F), cymMapHoro inTudeckoro Marepuaa (Lt) ¥ noJist HCTOYHUKOB cHoca: C - KOHTH-
HEHTa/IbHbIN 6J10K, R - peiuKk/IupoBaHHbIN oporeH, M - MarmaTudeckas Ayra, m - cMemasHbli [Dickinson, 1985].

minerals for basic rocks - pyroxene, ilmenite (leucoxene),
spinel; other minerals. It should be noted that pyrite domi-
nates quantitatively in this group. An insignificant amount
of garnet probably indicates the presence of high-alumi-
nous granitoids or metamorphic rocks. It should be noted
that minerals typical for metamorphic sources were not
detected in samples.

Obviously, there are at least two sources of erosion with-
in the study area: acid and basic igneous rocks. Zircon and
apatite are most common in sialic rocks. Basic rocks are
mostly characterized by anatase, pyroxene, ilmenite, along
with leucoxene, chromite and rutile. Hence, the analysis of
heavy minerals indicates a mixture of materials derived
from mafic and sialic sources.

5. DETRITAL ZIRCON DATA
Zircon crystals were extracted from samples by tra-
ditional methods of crushing and grinding, followed by
separation with a table, heavy liquids, and a magnetic sepa-
rator. Samples were processed so that all zircons were re-
tained in the final heavy mineral fraction. The separations

were made in the Laboratory of mineralogical and fission-
track analysis (Geological Institute of Russian Academy of
Sciences).

The analysis of detrital zircon morphology [Pupin, 1980;
Belousova et al., 2006] indicates that subalkaline (calc-al-
kaline) granitoids played a key role in the formation of the
Western Kamchatka Basin in the Eocene, with an insignifi-
cant participation of high-aluminous muscovite-bearing
granites (App. 2, Table 2.1; Fig. 2.1, 2.2).

Detrital zircons from two sandstone samples were dated
by the LA-ICP-MS method at the Arizona LaserChron Cen-
ter (100 single grain ages per sample). Sample locations
are listed in Table 1, description of analytical methods is
given in App. 3, measured isotopic ratios and interpreted
ages and Concordia diagrams are presented in Suppl. 1 (see
article page online). The U-Pb ages from each sample are
plotted on relative age probability distribution diagrams
[Ludwig, 2008] in Fig. 6. The relative age probability dis-
tribution diagrams for detrital grains younger than 500 Ma
provide a more detailed comparison of the younger popu-
lations of zircons in the samples (Fig. 6).
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Grain U-Pb ages of detrital zircons are scarce for the
Sea of Okhotsk region. A lone detrital zircon dataset is
published for the Early Eocene sample (95]G16) from the
Ukelayat Basin [Reiners et al., 2005; Hourigan et al., 2009].
Detrital zircon in modern sand (sample Amur) of the Amur
River [Safonova et al., 2010] is used for comparison as
"fingerprint” of the intracontinetal zircon provenance in
northeast Russia. Finally, a compilation of *°Ar/**Ar and U/
Pb SHRIMP ages for the Okhotsk-Chukotka volcanic belt

[Akinin, Miller, 2011; Akinin et al., 2020, 2022] is useful
for characterization of the expected zircon age range for
arc-derived detritus.

All of the samples from the Sea of Okhotsk region have
a few Archean grains, but the age distributions have a sig-
nificant percentage of 2.0-1.8 Ga zircons (14-24 % of the
populations). The Amur sample alone has 8 % of 2.0-1.8 Ga
zircons. The presence of the Early Proterozoic zircons in-
dicates that the source region likely included the Siberian
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Fig. 6. Comparison of the ages of the detrital zircons from the Sea of Okhotsk region based on age probability plots: 0-3000 Ma (a),

0-500 (b). See text for details.

Puc. 6. CpaBHeHUe pacnpe/iesieHHs 3HaYeHUH Bo3pacTa 06J10MOYHOI'0 LIUPKOHA 110 06pasLaM u3 OXOTOMOPCKOro peruoHa Ha OCHOBE
rpa¢uKoB MIOTHOCTU BeposiTHOCTU: 0-3000 mutH seT (a), 0-500 muiH sieT (b). [IoApOGHOCTH CM. B TEKCTE.
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Craton, which shows a peak in magmatic activity at 1900 Ma
[Rosen, 2002]. In the Sea of Okhotsk region there are the
Avekova, the Okhotsk and the Omolon cratonal terranes
[Nokleberg et al., 2001]. The Okhotsk and the Omolon ter-
ranes are interpreted as those derived from the North
Asian (Siberian) Craton [Nokleberg et al.,, 2001]. The 1.9-
1.8 Ga old zircons occur in metamorphic and migmatitic
rocks of the Okhotsk [Kuz'min et al., 2009], Omolon and
Avekova [Khanchuk, 2006] terranes. The recent study con-
firms the global episode of crust formation at 2.0-1.8 Ga,
which gave rise to the Columbia supercontinent [Safonova
etal, 2010].

The Paleozoic zircons are not present in significant
abundance in the studied deposits. The Middle Eocene
sample (06AS10) exhibits a small peak (3 % of the popu-
lation) at ~500 Ma. The Late Paleozoic - Early Mesozoic
zircons (~400-215 Ma) in the modern Amur sand could
be derived from the Mongol-Okhotsk orogen [Safonova et
al.,, 2010].

A set of ages, spanning the Mesozoic and Cenozoic
(~250-45 Ma), is the most abundant zircon age popu-
lation (~52-74 %). The zircons older than 110 Ma are
present in large percentages (~47 %) only in the Amur
sample, but samples from the northern part of the Sea of
Okhotsk region contain much less zircons (~10-25 %) of
this age (~250-110 Ma). The northeast margin of Russia
is characterized by the occurrence of long-term island arc
and continental arc magmatism that can account for the
observed Mesozoic zircon ages [Khanchuk, 2006; Miller et
al,, 2002; Khanchuk et al., 2025]. The peak (~110-77 Ma)
is significant in all samples (~22-54 %) with exemption
of the Amur sample (5 %) (Fig. 6). The Okhotsk-Chukotka
Volcanic Belt (OCVB) was active from about 106 to 77 Ma

Table 2. K-S test results for samples from the Sea of Okhotsk region

[Akinin, Miller, 2011; Tikhomirov et al., 2012]. In particu-
lar, the Cretaceous grain-ages can be related to the OCVB
formation sources.

Both scattered volcanic rocks in the Koryak Highlands
[Ledneva, Matukov, 2009] and volcanic belt in the Western
Kamchatka (see Fig. 2, kk - overlapping magmatic arc) show
the early Cenozoic activity. These sources may account for
the zircons younger than 77 Ma. The Early Eocene zircons
(~55 Ma) are typical for the sample (95]G16) from the
Ukelayat Basin [Hourigan et al., 2009]. Four grains from
the sandstones of the Western Kamchatka Basin date back
to the Middle Eocene (~48-44 Ma). The Kinkil (Western
Kamchatka) volcanic belt was active contemporaneously
with deposition in Western Kamchatka Basin in the Middle
Eocene.

6. INTERPRETATIONS

The study of the sandstones sampled near the base of
the Western Kamchatka Basin suggests that the prove-
nance for the sandstones is mainly associated with orogen
recycling in magmatic arcs (see Fig. 5) [Dickinson, 1985].
The analysis of heavy minerals indicates a mixture of mafic
and sialic materials. The only possible provenance for si-
alic material is the terranes of northeastern Asian margin
and the Okhotsk-Chukotka volcanic belt built on these ter-
ranes (see Fig. 2). This conclusion is supported by the
north-northeast paleocurrent directions [Khisamutdinova
et al,, 2016]. On the one hand, the mafic clastics from the
east were probably derived from the Olyutorka-Kamchatka
ensimatic island-arc collided with continental margin in
the Eocene. On the other hand, the mafic terranes of Asian
margin could shed off sediments towards the Western Kam-
chatka Basin from the west.

Ta6auna 2. PesynbraTtsl K-S TecTta A5 06pasnoB u3 OX0TOMOPCKOT0 peruoHa

K-S P-values using error in the CDF

SNO1 06AS10 95]G16 Amur
SNO1 0.001 0.004 0.000
06AS10 0.001 0.780 0.000
95]G16 0.004 0.780 0.001
Amur 0.000 0.000 0.001

Note. The data are presented for sample 95JG16 [Reiners et al,, 2005; Hourigan et al., 2009] and for sample Amur [Safonova et al., 2010]. The K-S test is
a non-parametric method for comparing cumulative probability distributions. P(KS) gives the probability that random chance alone might produce the
observed difference in two distributions derived from the same parent population. A low test probability, such as P(KS)<0.05, would indicate that the
differences between the two distributions are significant and that the samples are not similar in terms of their age population. If P(KS)>>0.05, then the
differences are just a factor of random chance. To apply the K-S test to the data, we used the algorithm from [Guynn, Gehrels, 2010]. Values that pass the
K-S test at 95 % confidence level and not rejected are shown in yellow.

[IpumMeyaHue. [IpuBeieHbl aHHbIe AJ151 06pa3noB 95]G16 [Reiners et al, 2005; Hourigan et al,, 2009] u Amyp [Safonova et al., 2010]. Tect Konmoroposa-
CMHpHOBA NpeACTaBJsieT cO60H HenapaMeTPUUECKUH TeCT, IPUMeHSAEMBIH JJIs1 CDaBHEHHUsI KyMYJISTUBHOT'O pacnpe/ie/ieHUsl BEpOsITHOCTeH. 3Ha-
yeHuto P(KS) cooTBeTCTByeT BEPOSITHOCTD TOTO, YTO YK€ caMa CJIy4alHOCTb MOXeT ObITh IPUYMHON PA3/IM4Us [JBYX paclnpesie/leHUH, BbIBEIeHHbIX
M3 OJIHOW U TOM e UCXOZHOUM coBOKynHOCTH. Huskas BeposiTHOCTb TecTa npu P(KS)<0.05, 6yzeT o3HauyaTh, YTO pa3HULA JIBYX paclpesieseHui cy-
LIECTBEHHA, U YTO 06pa3libl He SBJSIOTCS OJHOPOJHBIMU C TOUKU 3peHUs BO3pacTHOTo coctaBa nonynsuuu. Ecau xe P(KS)>>0.05, To pazinyue
SIBJISIETCSI TPOCTO PaKTOPOM ciiydalHOCTH. [lisi npuMeHeHus Tecta Kosimoroposa-CMUpPHOBA K IaHHBIM Mbl HCII0J/Ib30BAJIU Q/IFOPUTM, TPUBEI€HHBIN
B pa6oTte [Guynn, Gehrels, 2010]. 3HayeHus, npoueare Tect KosMoroposa - CMUpHOBa NpU YPOBHE JI0BEPUTEJbHONU BEPOSTHOCTH 95 % U He 1o-
HaBIlIHe B BBIOPAKOBKY, I0KA3aHbI KEJITHIM IIBETOM.
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The morphology of detrital zircons indicates that the
dominant provenance of the Eocene subalkaline (calc-al-
kaline) granitoids was the Western Kamchatka Basin with
a small amount of high-aluminous muscovite granites. We
correlate the morphologies of detrital grains, observed in
CL-images, with ages of zircons (Fig. 7). The crystals with
morphologies L5 and S10 are typical for subalkaline (calc-
alkaline) and alkaline granitoids and have ages similar to
the OCVB age (Fig. 7, a, sample SNO1). Some crystals exhibit
elongation attributed to volcanic sources, for example, L5 -
84.1+2.1 Ma, L5 - 81.1+2.3 Ma (Fig. 7, a). Sample 06AS10

(a) L1 100.8£1.3 M
+
.ox7. a

contains zircons with a larger age difference (Fig. 7, b). The
crystal (Q1 - 44.0+1.3) is definitely related to the Kinkil
(Western Kamchatka) volcanic belt.

The Kolmogorov-Smirnov (KS) statistical test was used
to further assess the similarity of distributions of the U/Pb
LA-ICP-MS ages of single grains, with the results presented
in Table 2 (Fig. 8). According the K-S test, the sample from
the modern Amur sand is different from other samples. The
distributions of the detrital zircon ages are similar in sam-
ples 95JG16 and 06AS10. It is an unusual and important
observation because sample 95JG16 was collected from

L5 81.1+2.3 Ma

O L191.4+1.6 Ma

L5 84.1+2.1 Ma

(@)

(b)

Fig. 7. Correlation of morphology of detrital zircons on the CL-image with ages. (a) - sample SNO1, (b) - sample 06AS10.
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Puc. 7. ConocraBsieHre MOP}OJIOTHMH 06JIOMOYHBIX UPKOHOB Ha CL-n306pakeHUsX ¢ Bo3pacToM: (a) - o6pasen; SNO1, (b) - o6paser

06AS10.
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Fig. 8. Comparison of detrital ages distributions in samples from the Sea of Okhotsk region based on the cumulative age probability

plot.

Puc. 8. CpaBHeHMe pacnpe/ie/ieHUs] 3HAYeHUH Bo3pacTa 06J10MOYHOTr0 LIMPKOHA B 06pa3iax u3 OX0TOMOPCKOTO perrnoHa Ha KyMyJisi-

TUBHOM rpaduKe BEPOSITHOCTH BO3pacCTa.

the forearc sediments deposited before the arc-continent
collision event in the Middle Eocene [Soloviev et al., 2002].
Sandstone sample 06AS10 has been taken near the base of
the Western Kamchatka Basin. The sedimentation in this
basin started after the collision of the Olyutorka-Kamchatka
island-arc terrane with northeastern Asian margin. The
new detrital zircon data allow us to speculate that deposi-
tional system along the northern Kamchatka segment of
the Asian margin was not dramatically affected by arc-con-
tinent collision, because collision in this area occurred at a
low crustal level, and the suture is only shallowly exposed
(~3-4 km) [Shapiro et al., 2008; Soloviev, Garver, 2012].
The difference between samples 06AS10 and SNO1 could
be explained by their stratigraphic positions (see Fig. 4) and
provenance evolution up the section. The sources were more
various in the beginning of sedimentation in the Western
Kamchatka Basin and similar to deposition in the preexist-
ing forearc basin. The provenance is becoming more uni-
form up the section, and the OCVB starts to dominate as a
source for clastics (see Fig. 6, sample SNO1).

Thereby, new data allow us to prove that sedimentation
in the Western Kamchatka Basin started in the Eocene,
and the Okhotsk-Chukotka vocanic belt, terranes of the
northeastern Asian margin and the Olyutorka-Kamchatka
island-arc terrane shed off clastic material towards this
basin. We can speculate that the Paleo-Penzhina River sys-
tem has already existed in the Eocene.

7. CONCLUSIONS
The study of the sandstones near the base of the Western
Kamchatka Basin suggests that the provenance for the
sandstones is mainly associated with orogen recycling in
magmatic arcs. The presence of rutile, black spinel, anatase
and pyroxene in heavy fraction may indicate the erosion

of basic rocks; the prevalence of these minerals also indi-
cates a significant effect of the source. The mafic terranes
of the Asian margin on the west or/and the Olyutorka-
Kamchatka ensimatic island arc supply the basic material
to the Western Kamchatka Basin in the Eocene. By the
presence of zircon and apatite, we can also suggest the
existence of granitoids in the area of erosion. The prove-
nances of the sialic clasts were continental blocks in Asian
margin and the Okhotsk-Chukotka volcanic belt. The ex-
istence of the sialic sources in the Eocene allows us to as-
sume the possibility of finding the good quality collectors
in the Eocene deposits of the Western Kamchatka Basin in
the north of the Sea of Okhotsk.

According to the analysis of the morphology of zircon
we can make the following conclusion: subalkaline (calc-al-
kaline) granitoids with a small proportion of high-alumi-
nous muscovite granites are dominant in provenances for
the Western Kamchatka Basin in the Eocene. This con-
clusion is consistent with the results of dating of detrital
zircons from sediments of the Western Kamchatka Basin.
The Eocene deposits contain detrital zircons whose ages
are similar to the age of the Okhotsk-Chukotka volcanic
belt, which is known for large amounts of calc-alkaline ig-
neous rocks, including contaminated mantle-crust gran-
itoids [Akinin, Milller, 2011].

Most of the clastic material was transported from the
north and northeast. The erosion of the Okhotsk-Chukotka
belt had a significant influence on the Eocene sedimenta-
tion, where the longitudinal clastic material transport domi-
nated over the transfer across the main strike of the struc-
tures. Thus, we can assume that the Paleo-Penzhina River
system has already existed in the Eocene, and, perhaps,
even earlier after the formation of the Okhotsk-Chukotka
volcanic belt.
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APPENDIX 1
Table 1.1. Composition of the Eocene sandstones from Western Kamchatka
Ta6mna 1.1. CocTaB 301|eHOBBIX IECYaHUKOB 3anagHoi KamyaTku
Lvl Lvmm Lvf Lvv Lm Lssh Lsa Lss Lsch Lst Lso
Sample Qm Qp Qq P Op nOp U T Mtx Aut
Lv Ls
95]G-16 52 7 4 62 9 12 28 17 6 2 56 6 4 17 3 1 2 12 300 125 6
XA-08-106 64 30 21 65 34 12 17 30 0 6 0 0 0 9 0 4 1 7 300 78 6
XA08-99 62 41 10 57 21 9 25 41 2 6 0 0 0 7 0 0 7 12 300 120 14
SN-01 60 22 5 26 10 4 5 30 15 0 0 5 10 0 0 2 2 4 200 51 11
XA08-69 70 37 7 67 17 4 26 34 0 8 0 0 7 2 0 8 3 10 300 96 17
XA08-81 71 24 30 55 12 25 23 21 12 6 0 5 0 0 0 5 4 7 300 104 4
XA08-86 70 38 15 48 15 23 26 24 7 12 0 4 0 0 0 7 2 9 300 130 25
XA08-60 38 20 2 25 0 0 0 0 0 5 0 0 0 0 0 0 0 10 100 150 7
AS-06-10 57 16 10 20 16 2 18 28 10 4 0 8 19 0 0 0 0 3 200 63 17
06AS-09 74 31 43 56 15 17 34 10 1 7 0 0 0 0 0 0 4 8 300 098 5
06AS-08 69 41 37 48 13 19 27 15 2 9 0 0 0 0 0 0 8 12 300 108 8

Note. Qm - monocrystalline quartz; Qp - polycrystalline quartz; Qq - quartzites of unclear origin; P - feldspar; fragments of fine-grained rocks: Lv - vol-
canics, Lvl - volcanics with the lath texture (mainly mafic and intermediate), Lvm - rocks with the microlitic texture (mainly andesite, dacite, and their
analogues), Lvf - acid rocks with the felsitic texture, Lvv - recrystallized glass barren of microlites, Lm - metamorphic rocks (including metaquartzites),
Ls - sedimentary rocks, Lssh - shales, Lsa - argillite and aleuropelite, Lss - siltstone and fine-grained sandstone, Lsch - cherts, Lst - tuff, tuffogene
silicilith, and tuffogene argillites, Lso - other sedimentary rocks (carbonate, coal), Op - ore minerals, nOp - colored minerals, U - undetermined rock
fragments; T - total number of determinations of grain composition in thin section, Mtx - matrix and cement, Aut - authigenic minerals.

[Ipumevyanue. Qm - MOHOKPUCTAINYECKHH KBapL; Qp — MOJUKPUCTAINIECKUH KBapL; Qq — KBapLUTBI HESICHOTO IPOUCX0X/ieHHs; P - nosieBoii
wrat; GpparMeHThbl MEJKO3ePHUCTHIX OPOJ;: Lv - ByliKaHUTBI, LVl — ByJIKAaHUTBI C JIEHCTOBU/HOM TEKCTYpOU (IJIaBHBIM 06Pa30M OCHOBHOT'O ¥ TpOMe-
JKyTOYHOrO0 cocTaBa), Lvm - mopo/ibl C MUKPOJMTHIECKOH TEKCTYPOU (B OCHOBHOM aH/{€3UThI, JALMThI ¥ UX aHasioru), Lvf - kucsiblie nopoasl ¢ Gpesib3u-
TOBOM TEKCTYPOM, LVV - peKpUCTaIJIN30BAHHOE CTEKJIO U MUKPOJIUTHI, Lm - MeTaMopduryeckrie Nopo/bl (BKJIOYas MeTaKBapUuThl), Ls — ocagouHble
nopozpl, Lssh - cnaHupl, Lsa - apruJuidT ¥ aseBporeauT, Lss — aeBpOJIMT U MeJIKO3epHHUCTHIN necyaHuk, Lsch - uéprsl, Lst - Tydd, Tydorennbiit
CUJIMLIMJIUT, @ TaKxkKe TyporeHHble apru/uUInThl, LSO — npodne ocajj04Hble NOpo/bl (Kap6oHaT, yroJib), Op — pyAHble MUHepasibl, nOp - LBETHbIE MHU-
Hepauibl, U - pparmMeHTb! HeM3BecTHOU nopobl; T - 06Liee YMCII0 onpe/ieJieHHiH rPpaHy/JIOMeTPHUYeCcKOro coctaBa B uiude, Mtx — MaTpULa U LIEMEHT,
Aut - ayTUreHHble MUHEPAJIBI.

Table 1.2. Percentage of rock-forming minerals in Eocene sandstones of Western Kamchatka
Ta6smua 1.2. [IpoleHTHOE COOTHOILIEHHE TOPO000Pa3yIoIMX MUHEPAJIOB 301,eHOBbBIX TeCYaHUKOB 3anagHol KamyaTku

Sample T Q% F % L% L(vms) V% M, % SS% V(mf) VL% Vm% VE% Mtx,%
AS-06-10 200 37 10 53 94 63 11 26 33 48 6 46 24
SN-01 200 43 13 44 79 62 19 19 19 53 21 26 20
XA-08-106 300 33 23 44 108 86 0 14 63 54 19 27 21
XA08-99 300 37 20 43 111 86 2 12 55 38 16 46 29
XA08-69 300 38 24 38 98 83 0 17 47 36 9 55 24
XA08-81 300 34 19 47 104 78 12 10 60 20 42 38 26
XA08-86 300 38 17 45 111 79 6 15 64 23 36 41 30
XA08-60 100 64 28 8 5 0 0 100 0 - - - 60
06AS-09 300 37 19 44 84 90 1 9 66 23 26 51 25
06AS-08 300 39 17 44 85 87 2 11 59 22 32 46 26
95]G-16 300 21 12 58 160 41 4 55 49 18 24 58 29

Note. Total components values are calculated using the formulas: Q %=(Qm+Qp)/Tx100; E%=P/Tx100; L,%=(Qq+Lv+Lm+Ls)/Tx100; L(vms)=Lv+Lm+Ls;
V,%=Lv/Lvmsx100; M,%=Lm/Lvmsx100; S,%=Ls/ Lvmsx100, V(Imf)=Lvl+Lvm+Lvs; V],%=Lvl/VImfx100, Vm,%=Lvm/VImfx100; Vf,%=Lvf/VImfx100;
mtx,%=mtx/(mtx+T)x100.

[IpuMeyanue. CyMMapHble 3Ha4eHHsI KOMIOHEHTOB pacCYUThIBalOTCs o Gpopmynam: Q,%=(Qm+Qp)/Tx100; E%=P/Tx100; L,%=(Qq+Lv+Lm+Ls)/Tx100;
L(vms)=Lv+Lm+Ls; V,%=Lv/Lvmsx100; M,%=Lm/Lvmsx100; S,%=Ls/Lvmsx100, V(Imf)=Lvl+Lvm+Lvs; V1,%=Lvl/Vimfx100, Vm,%=Lvm/VImfx100;
VE,%=Lvf/VImfx100; mtx,%=mtx/(mtx+T)x100.
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Table 1.3. Composition of heavy minerals of the Eocene sandstones (Western Kamchatka)
Ta6una 1.3. CoctaB MUHepasioB TSkKeJI0M GppaKLuK B 90LeHOBbIX ecyaHUKax (3anagHas KaMmyaTka)

Mineral Sample
XA-08-106 XA-08-99 SN-01 XA-08-69 XA-08-81 XA-08-86 XA-08-60 AS-06-10 AS-06-09 AS-06-08

Zircon 11 24 17 29 3 3 8 4 22 34
Apatite - 2 m - - 5 - 1 m -
Rutile 4 3 2 3 2 2 20 4 4 4
Anatase - m - - m m - m - m
Tourmaline - m - - m - - - 1 -
Leucoxene 26 39 - m 24 1 - - 29 15
Sulphide 20 7 13 16 60 67 63 75 - 14
Clinopyroxene - - 1 36 - - m m - -
Orthopyroxene - m 2 - - m 2 - - m
Amphibole - - - - m - 5 - m -
[Imenite 10 - 10 6 9 21 - - - 4
Spinel 17 15 12 7 m - m 14 26 21
Garnet 12 10 10 3 2 1 2 2 18 8
Black ore mineral - - 33 - - - - - - -

Note. m - single marks.
[IpuMeyaHue. m - eJUHUYHbIE 3HAKH.
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APPENDIX 2
MORPHOLOGY OF THE DETRITAL ZIRCON
After the mineralogical analysis, zircon crystal morphol-  half-rounded grains and about 20 % for rounded grains, so
ogy was analyzed using Pupin’s method [Pupin, 1980].  as the grains from detrital rocks were studied.
J.P. Pupin found the variability of zircon crystal forms de- The initial classification of zircons [Pupin, 1980] was

pending on conditions in which granitoids are formed. It = modified to make counting easier. Morphological types with
is found that chemical composition of the medium affects  a similar structure were grouped excluding elongation fac-
the growth and development of the pyramidal crystal faces,  tor; each group was named by the leftmost morphological
while temperature affects the prismatic faces. Accordingto  type from the classification (App. 2, Table 2.1, Fig. 2.1, 2.2).
this, a classification has been proposed for the main types = Counting was performed on 100-250 grains depending on
and subtypes of zircon forms depending on temperature  the content of zircon in the sample. The result of the count-
(IT index) and alkali/alumina ratio in mineral-forming me-  ing shows five morphological types of zircons dominat-
dium (index [A). The first one shows the rate of crystalliza-  ing in the samples - H, L4, S9, S15, S25 (App. 2, Table 2.1,
tion and presence of volatile components in the melt, the  Fig. 2.1, 2.2). The content of other morphotypes of zircon
second one shows the heterogeneity of the medium and  is insignificant.

the evolution of its chemical composition [Pupin, 1980]. Let us consider which kind of rocks could supply the
This method of the analysis of detrital zircons can also be  Eocene sedimentary basin with zircons of the predominant
used for the reconstruction of the features of the granitoids =~ morphological types. According to the classification [Be-
in granitoid provenance (for example, [Dunkl et al., 2001]).  lousova et al., 2006], H-type zircons are common for high-
Based on the ].P. Pupin’s chart [Pupin, 1980], a typological =~ aluminous muscovite-bearing S-type granites. L4-type zir-
chart was developed by [Belousova et al., 2006] classifying ~ cons come from hybrid (contaminated) monzonites and
zircons by belonging to the type of granitoids. With the help ~ alkali granites. S9 and S15-type zircons are typical for
of this chart it was determined which types of granitoids = contaminated subalkaline and alkaline granites of I-type,

are eroded. including calc-alkaline subduction-related ones. S25-type
A fraction sized - 0.07 mm was used to analyze the mor-  zircons are common for alkaline granitoids and I-type tho-

phology as the most representative from the point of preser-  leitic granites.

vation of the crystal forms of zircon. The counting was per- Thus, the morphology of detrital zircons indicates that

formed only among the euhedral grains. In average, for all ~ subalkaline (calc-alkaline) granitoids were dominant in the

the samples it was about 35 % for unrounded lightly col-  provenance of the Western Kamchatka Basin in the Eocene,

ored and colorless euhedral crystals of different morpho-  with a small amount of high-aluminous muscovite-bearing

logical type, which are valid for counting, about 45 % for  granites.

Table 2.1. Contents of detrital zircons (%) of different morphological types [Pupin, 1980] in the Eocene sandstones from the Western
Kamchatka

Ta6auna 2.1. CopepxaHue 3epeH 06J10MOYHOr0 LIUpKOoHA (%) pa3HbIX Mopdosoruiyeckux Tunos [Pupin, 1980] B 3011eHOBBIX
necyaHvkax 3anagHor KamuaTtku

Morphological type

Sample

B AB4AB5 A H L1 L3 L4 Gl I Q2 S6 S7 S9 R2 S15 S19 R4 S22 S24 S25 RS
XA08-106 0 0 0 0 7 7 2 27 1 0 2 0 0 14 1 17 3 0 4 2 13 0
XA08-99 0 0 0 0 5 1 1 22 11 0 3 0 2 20 1 20 3 0 2 2 1
SNO1 1 0 1 1 4 4 0 22 0 3 8 4 2 9 1 23 1 0 3 4 1
XA08-69 0 0 0 0 17 2 1 14 2 1 4 0 1 22 2 11 4 0 0 2 14 3
XA08-81 1 0 0 0 6 1 0 24 0 0 0 8 0 36 0 17 0 0 0 0 0
XA08-86 0 0 0 0 6 1 25 5 5 2 1 4 15 1 17 0 0 1 1 0
06AS10 0 1 1 0 6 6 1 19 4 3 4 1 4 15 0 13 5 1 7 4 1
06AS09 0 0 0 0 18 2 3 23 2 0 3 2 5 18 0 9 4 0 2 0 0
06AS08 0 0 0 0 16 5 0 20 0 0 0 7 1 13 0 12 1 0 0 8 17 0

Note. The symbols of the morphological types correspond to domain joins: B=B, AB4=AB4, AB5=AB5, A=A, H=H+Q1, L1=L1+L2+S1+S2, L3=L3+S3, L4=
=L4+L5+54+S5, G1=G1+P1, I=I+R1, Q2=Q2+Q3+Q4, S6=S6+S11, S7=S7+S8+512+513, S9=59+S510+P2+S14, R2=R2+R3, S15=515+P3+520+P4, S19=519,
R4=R4, S22=S22+S23+]2+]3, S24=S24+]4, S25=S25+P5+]5+D, R5=R5+F. The dominating morphological types of zircons are highlighted in bold.
[IprMeyanue. CUMBOJIBI MOP}OJIOTUYECKUX TUIIOB COOTBETCTBYIOT IPUCOEJUHEHHUSAM K foMeHaM: B=B, AB4=AB4, AB5=AB5, A=A, H=H+Q1, L1=
=L1+L2+S1+S2, L3=L3+S3, L4=L4+L5+S4+S5, G1=G1+P1, I=1+R1, Q2=Q2+Q3+Q4, S6=S6+S11, S7=S7+S8+S512+S513, S9=59+510+P2+S14, R2=R2+R3,
S15=S15+P3+S20+P4, S19=S19, R4=R4, S22=S22+S23+]2+]3, S24=S24+]4, S25=S25+P5+]5+D, R5=R5+F. [loMmuHupyomue Mopdposoruueckre THUIIbI
LUPKOHOB BbI/IeJIEHbI YKUPHBIM LIPUDTOM.
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Fig. 2.1. The content of detrital zircons (%) of different morphology for sample SNO1 is shown by colors (App. 2, Table 2.1). Zircon
typological classification and corresponding geothermometric scale proposed by [Pupin, 1980]. Index A reflects the Al/alkali ratio,
controlling the development of zircon pyramids, whereas temperature affects the development of different zircon prisms.

Puc. 2.1. ConepxaHHe AeTPUTOBOrO IUpKoHa (%) pasinyHoi Mopdosioruu B o6pasue SNO1 nokasaHo B uBete ([Ipu. 2, Ta6.1. 2.1).
TumnoJsiornyeckas kaaccudukanusa HUPKOHOB U COOTBETCTBYIOLAs re0TeEPMOMETPHYECKas LIIKaJIa, Ipe/JIoKeHHast B paboTe [Pupin,
1980]. Mnzekc A oTpaxkaeT COOTHOLIEHHE aJIIOMUHUSA U 1eJ1049€el, KOHTPOJIMPYIOIee PAa3BUTHE NUPAMUAANBbHBIX IPOCTBIX GOpM, B
TO BpeMsl KaK TeMIlepaTypa OKa3bIBaeT BIUSHUE HA Pa3BUTHE NIPU3M.
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Fig. 2.2. The content of detrital zircons (%) of different morphology for sample 06AS10 is shown by colors (App. 2, Table 2.1). Zircon
typological classification and corresponding geothermometric scale proposed by [Pupin, 1980]. Index A reflects the Al/alkali ratio,
controlling the development of zircon pyramids, whereas temperature affects the development of different zircon prisms.
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Puc. 2.2. CopepxaHue eTpUTOBOr0 LIUpKoHaA (%) pasiinyHoM Mopdosioruu B o6pasie 06AS10 nokasaHo B uete ([Ipus. 2, Ta6s. 2.1).
TumnoJsiornyeckas kaaccudukanusa HUPKOHOB U COOTBETCTBYIOLAs re0TeEPMOMETPHYECKas LIIKaJIa, Ipe/JIoKeHHast B paboTe [Pupin,
1980]. Mnzekc A oTpaxkaeT COOTHOLIEHHE aJIlOMUHUSA U 1eJ1049€el, KOHTPOJIMPYIOILee PAa3BUTHE NUPAMUANBbHBIX IPOCTBIX GOPM, B
TO BpeMsl KaK TeMIlepaTypa OKa3bIBaeT BIUSHUE HA Pa3BUTHE NIPU3M.
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APPENDIX 3

U-Pb GEOCHRONOLOGIC ANALYSIS OF DETRITAL ZIRCONS (Nu HR ICP-MS)

A large split of zircons (generally 1000-2000 grains)
was incorporated into a 1" epoxy mount together with frag-
ments of our Sri Lanka standard zircon. The mounts were
sanded down to a depth of ~20 microns, polished, imaged,
and cleaned prior to isotopic analysis.

U-Pb geochronology of zircons was conducted by laser
ablation multicollector inductively coupled plasma mass
spectrometry (LA-MC-ICP-MS) in the Arizona LaserChron
Center [Gehrels etal., 2006, 2008]. The analyses involve ab-
lation of zircon with a New Wave UP193HE Excimer laser
(operating at a wavelength of 193 nm) using a spot diame-
ter of 30 microns. The ablated material is carried in heli-
um into the plasma source of a Nu HR ICP-MS, which is
equipped with a flight tube of sufficient width so that U,
Th, and Pb isotopes are measured simultaneously. All mea-
surements are made in static mode, using Faraday detec-
tors with 3-10'! Ohm resistors for 238U, 232Th, 208Pb /205PD,
and discrete dynode ion counters for 2°*Pb and ?°?Hg. lon
yields are ~0.8 mv per ppm. Each analysis consists of one
15-second integration on peaks with the laser off (for back-
grounds), 15 one-second integrations with the laser firing,
and a 30-second delay to purge the previous sample and
prepare for the next analysis. The ablation pit is ~15 mi-
crons in depth.

For each analysis, the errors in determining 2°Pb /238U
and ?°°Pb/?**Pb result in a measurement error of ~1-2 %
(at 20 level) in the 2°°Pb /238U age. The errors in measure-
ment of 2°Pb/2’Pb and 2°°Pb/2**Pb also result in ~1-2%
(at 20 level) uncertainty in age for grains that are >1.0 Ga
and substantially larger for younger grains due to low
intensity of the 2°7Pb signal. For most analyses, the cross-
over in precision of 2°°Pb /238U and 2°°Pb/2°’Pb ages occurs
at ~1.0 Ga.

204Hg interference with 2*Pb is accounted for measure-
ment of ??Hg during laser ablation and subtraction of 2°*Hg
according to the natural ?**Hg/?**Hg of 4.35. This Hg cor-

rection is not significant for most of the analyses because
our Hg backgrounds are low (generally ~150 cps at mass
204).

Common Pb correction is accomplished by using the
Hg-corrected 2°*Pb and assuming an initial Pb composition
from [Stacey, Kramers, 1975]. Uncertainties of 1.5 for 2°Pb/
204Pb and 0.3 for 2°7Pb /2°*Pb are applied to these composi-
tional values based on the variation in Pb isotopic compo-
sition in modern crystal rocks.

Inter-element fractionation of Pb/U is generally ~5 %,
whereas apparent fractionation of Pb isotopes is generally
<0.2 %. In-run analysis of fragments of a large zircon crys-
tal (generally every fifth measurement) with the known
age of 563.5%£3.2 Ma (20 error) is used to correct for this
fractionation. The uncertainty resulting from the calibra-
tion correction is generally 1-2 % (20) for both 2°°Pb/%*’Pb
and 2°°Pb/?38U ages.

Concentrations of U and Th are calibrated relative to
our Sri Lanka zircon, which contains ~518 ppm of U and
68 ppm Th.

The analytical data are reported in Suppl. 1. The uncer-
tainties shown in these tables are at the 1-sigma level and
include only measurement errors. The analyses with >20 %
discordancy (by comparison of 2°°Pb/?8U and 2°°Pb/%’Pb
ages) or >5 % reverse discordancy are not included.

The resulting interpreted ages are shown on Pb*/U con-
cordia diagrams and relative age-probability diagrams us-
ing the routines involved in Isoplot [Ludwig, 2008]. The
age-probability diagrams show each age and its uncer-
tainty (for measurement error only) as a normal distribu-
tion, and sum all ages from a sample into a single curve.
Composite age probability plots are made from an in-house
Excel program (available from www.geo.arizona.edu/alc)
that normalizes each curve according to the number of con-
stituent analyses so that each curve contains the same area
and then stacks the probability curves.
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