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Sikhote-Alin and Sakhedin ave boeated in the Russian Far East flank
af & northe rrast parf gf the Neor of Japreae, Meogmatisng i 4435
region preceded, was concurrsnt with, and continned after the exten-

stor and sen-floor sproading (25 168 Ma) that formed the Sea of
Japan, Among the Sikhote-lin and Sakhalar wilcane suwie,

Focene—Oltgocene (33-24 Maj luvas wre dhuaetirized by greater
darge Fany lithaplale viecn' and rove carth rlement ourichmests
combiered with Eorly Mid Muocene (23— 15 Ma) tholentes, and
s show a defletion in Jugh ficld strength elements (HESE). Thr
geochentical choracterisiics of the Focine—Oligasere and  Far--
Mid-Miveene Fasalts ave consictent wish wugration of the locws of
maaena generntom beneoth the Sikiote- 5 and Sulhalin croas from
szbidue lion-madified ikaspaert mantle inty mid-ocean vidge bacalt
(MORB)-sunrce asthenaspiere as spreseing in the Sea of Japan
progressed, Ml Aweene Pliveene (T4 5 Maj favas, erted fl-

lowiny the apering of the Sea of Fapan, include albaline and sub-
eliafine basals with wode sungey i trace clement abundances,
garving belween oo disknct end-mombers: (1) volumetrically
manor alkaline baralls wite J-Nb ard Sr-Nb Ph Gsotope com.

postfions sonllar D esinennsprgre-cenved,  ila-pilele—t ot
basalts from eastern Ghuna; (2) more abundani, lithosphere-derived,
Jore-aitali thilidites depleted te HESE The similanty of isolofiic
signreiures coupled with sydenvitically different rawe earth clement
(REE) abundances i the Md-Miocene Phocere and  Chinese
boadis are hest amdeled By vimilor evteals of maltmg uf spivel
tharzolite and gavnet therzolite, respectivgly. The Mud-Miocene -
Pliscene alkali basalts icere generated by small dogrees of pariicd
saefting of hwt withenosphiers buneath a hin lithospheric Uid; the thin
fithosphertc mantle beweal the Sikhote-Uin and Sakhatin rezion
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resulled from heating and extension assaciared with the opening of the
Setr ot Jupm.
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INTRODUCTION

I'he north-eastertn margin of the Eurasian coutinent
the arca of roastal Sikhowe-Alin and Sakhalin has been
allocted by subducdon since the Mesozowe (Zunenshun
el ol 19900 and by extension dunng tormation of the
Sea of Japan it dhe Uenozote {Tamali o af, 1992 Jolver
ef af, 1993 (Fig. ). This region provides an lmporiant
appormuainye o slucy femporal changes in magma sowree
regions accompanying the evalutien ot subduction- and
extension-relaled magmatic provinces, and specificaly
durtig the opening o a back-are basm (8ea of Japan).
Uniil recendy, lilde was known about the chemical com-
poxtion of the Genogzole volcanie rocks rom Sikhote-Alin
and Sakbalin, alithough previous studies suggested thal
therz was a change frem subduction-related 10 intra-
platc-ype magmatism as the Sca of Japan opening pro-
gressed (Esin o af., 1995; Okamuva ef af, 1998 Tatsund
et al. 2000%. Pewological and gearhemical studies of these
rochs have been wsed to evaluae e changiag nature of
the mantle source regions of the magialisin associated
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Fig, 1. Map of the notthi-castern Eurasian snargin showing the location of major Conozoic volcanie fields in black. Major faulis are indicated by
black Tines, with tlic deejr-sea trench marking the presenl site of subrdnrtion of the Pacific Plate decoraed swith solid triangdes,

with this active conlinental margin, Based on a detailed
Sr=Nd Ph isotope study, Okamura e al. (19984) identi-
fied temporal geochemical orends in the Sikiiote-Alin and
Sakhalin voleanic rocks thal suggest that asthenospheric
mantle ow trom heneath norvih-east China, which
resulted in the formation of intra-plate-type basalts, trig-
gered the opening of the Sea of Japan. Conversely, Tar-
sumi ¢ gf. {2000) interpreted variations in the K/Y and
K/Xb ratios of Sikhote-Alin basalts to indicale that sub-
duction-related magmatism was terminated by opening
of the Sen of Japan, and that intraplate-type magmas
were subsequently produced. To gain a better under-
standing of the relationship ol changing magma sources
io the opening of back-arc basins, we have obtained a
more comprehensive major- and trace-element and Sr—
Nd-Pb isotope dataset tor the lavas of aur previous study
{Okamura e al., 19984). These new dara arc used 10
identify the most primitive magmas, evaluate the vole of

crustal contzmination, constrain the nature of the mantle
source regions, and develop madels for magma genera-
tion processes. Comparisons arc made between the chem-
wal and Isotopic compeosition of these lavas and thosc of
north-east China, including the Middle Miocene—
Pliocene Hannuoba basalls (Zhi ef «f, 1990; Fan &
Hooper, 1991} and the Late Miocenc—Holocene
Mudanjian basalts (Fan & Hooper, 1991} shown in
hig, 1, These data provide important constraints on the
Lleclonic evolution ol the Eurasian continental margin, and
the relationship between extension- and subduction-
related magmatism during opening of the Sea of Japan.

GEOLQOGICAL SETTING

Upper Cretaceous to Pliocene voleanic—plutonic rocks
are widely disiributed along the north-eastern Eurasian
continental margin. The Mesozoic volcanic—plutonic
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Fig. 2. Map of the Siklrore-Aln- Sakiialin and northen Japan vegion. Ultramalic xenofith vceurrences are indicated by open stars (Tonev o al.,
19951, Abbreviadons for volcanic ficlds in Sikhote-Alic—Sakhalin: 8V, Savgavan Plaleau; NI, Nela Platcan, BK, Bikin Plateau; SK, Shukotovo
Plateau; SH, Shufin Plaican: 3G, Sevgavan; KH. Klabarowsk; KA, Kavalerovo: NA, Nakhodka.

belts developed in an Andean-type tectonmic sciting
related o subduction of the Izanagi Plate (Zonenshain
et af., 1990). Subsequenty, basallic voleanism occurred
along the Sca of Japan coast 1o the Tatar Strait during the
Focene to Farly Pliocene (Fig. 2). Changes in the
compositions of the Cenozole basaltic rocks veflecr a
change over 53 Myr from a supra-subduction zone- 10
a continental rift tectonic seuing, as the Sea of Japaop
opened between eastern Sikhole-Alin and the islands
forming Japan. Paleomagnetic studics wndicate that
sea-tloor spreading has resulied in eastward migration
of the Japan arc away from castern Sikhowc-Aba,

producing the Japan and Yamato Basing {Otoful &
Matsuda, 1984; Otofuji & of. 19941 Ar-Ar ages
of sealloor Lasalts as well as the magnetic anomaly
pattern in the Japan Basin indicate that sca-floor
spreading occurred from abow 28 o 15-Ma {Tamaki
et af., 1992).

Based on ficld dawa, together with 30 K-Ar dates
(Okamura & af., 19938), the volcanisin of the Sikhote-
Alin and Sakhalin region comprises three disthier stages:
{1} subduction-related, active continental-margin volcan-
ism I the Eocene-Oligocene (55 24Ma) along the
north-castern edge of Ewrasia, pre-dating and concutrent
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with the opening of the Seca of Japan, and coniempeora-
ncous with the eruption of extension-related, within-plate
basalls associated with north-easi-trending grabens in
notrh-east Ching; (2] Early Mid-Miocene {23-15Ma)
subduction-related volcanisin sirrounding the opening
Sca of Japan in Sikhote-Alin—Sakhalin and the frontal
Japanesc island arc; relalively few samples from central
Sikhote-Alin and Sakhalin have yielded dates in this per-
iod; (%) Mid-AMiocenc—Phiocene (14-3Ma) volcanism in
Sikhote-Alin and Sakhalm, post-daling the opening of
the Sea of Japan, forming platcau basalts filling inter-
fluves. The Mid-Miocene Pliocene lavas occur along
the Sea of Japan coast up Lo the Talar Strait in central
and south Sikhote-Alin, comprising five plateaux from
nortl: Lo south: Sovgavin, Nelma and Bikin in central
Sikhote-Alin, and Shukotove and Shulan in south
Sikhote-Alin (Fig. 2), The Mid-Miocene—Pliocene basaltic
sequences arc characterized by a large number of fissure-
fed lava flows, locally otalling ~200 m tincknesses,

SAMPLES AND PETROGRAPHY
Cenozoic Sikhote-Alin and  Sakhalin voleanic rocks
include alkali olivine basalts, olivine basalts and basaltic
andesites. CIPW norms mdicate that compoesitions range
from tholeiile {gz- and al-normative) to alkali basalt
{normative ne < 5%} and basanite (ne > 5%) (Fig. %),
For simplicity, hasanites arc included with alkali basales in
the following discussion. The Carly-Mid-Miocene lavas
arc ol- to gz-normalive tholeiiles, whereas the Eocene-
Oiigocence and  Mid-Miocene—hocene lavas span a
broad range ftom ne- o gr-nomative  compositions.
More thar 70% of the Middle Miocene-Pliocene basalts
are gz- and ol-normative, with the remainder mildly 10
moderately pe-normative, The Sovgavan Platcau has a
greal thickness of gz~ and olnormative tholvite flows
(230 mj, with alkali basalts in lesser amounts mostly in
the upper levels. The Nelma, Shukeotovo and Shutin
Plateaux are c¢composcd predominandy of quartz and
olivine tholeiite flows, inter-laycred with small amounts
of alkali Gasalt (<1-5%) {Okamura ¢ al, 19985). The
Late Miocene—Holocene Mudanjian basalts consist of
ne-normative (>>5%) alkali basalts and basanites.
Peint-counted phenocryst modes are listed i Table 1
for 4§ representative samples. The Sikhote-Alin and
Sakhalin volcanic rocks are mostly sparsely phyric, with
a primary mincral assemblage of plagioclase, olivine,
clinopyroxenc, titanomagnetite and dmenite. The aver-
age volume percentage of primary phenocrysts and micro-
phenocrysts approaches 50% in the Early-Mid-Miocene
units, but 18 much lower in the Mid-Miocene-Pliocenc
and Eocene ligacene rocks. The Eocene—Oligocenc
basalts tvpically have =<10% olivine (Foz; g4) and
plagioclase (Angs 7 Abg_ye Or)) phenaerysts. Olivine
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phenocrysts commonly contain Cr—Al Mg-rich spine}
inclusions {CreOy ~ 27%, AlQy ~ 25%). The Early-
Mid-Miocene basalls are markedly porphyritic with
20-51% olivine (Fogu_aol, cdinopyroxene (Engg s
Fsirois Woso_ag) and plagioclase (Az7_us Abs_pz Orge gl
with small amounts of orthopyroxene and tilanomagne-
tite. Olivine, clinopyroxenc and plagioclase phenocrysts
commonly contain spincl inclusions with ~73%% CryOy
and ~24% AlyO4.The olivine and quartz tholeiites Lhat
dorinate among the Mid-Miocene—Pliocene basalis typi-
cally have 10 16% phenocrysts of mostly olivine (Fozg g4)
and plagioclase (Anyg a3 Abue 7o Ori_syl. with small
amounts of clinopyroxenc (Ensg 43 Fspa 11 Woag 4l
Oiivine phenocrysts commonly contain Cr—Al- Mg-rich
spinel inclosions (CroQy ~ 25%, AlLOg ~ 30%). The
alkali basalts and basanites typically have <l olivine
(Fog2_5¢), clinopyroxene (Ensg gs 51y |3 Woyg i) and
plagioclase (Angs 51 Abyg 47 Orpey). Mid-Miccene
Pliocene basalts commonly contain manth: xenoliths of
spinel Therzolite and websierite, orthopvroxenites  of
unknown provenance, and megacrysts of olivine, clino-
pyveoxene and orthopyroxene, The Late Miovene—
Holocene Mudanjian basalts are sparsely phyric with
1-8% olivine and clinopyroxenc phenocrysts.

GEOCHEMISTRY
Analytical methods
Major and trace elerent data for 41 rocks from Sikhote-
Alin, Sakhalin and Mudanjan from north-east China
Tig. 1) ~800km SW ol Sikhote-Alin and Sakhalin are
reported n Table 2. A wtal of 93 samples have been
analyzed, and all of these data are utlized in the
figures. The complete dalasct is included in Electronic
Appendix A, Major element concentrations were ana-
lysed by X-ray flnorescence (XRF) using fused dises
vither at Hokkaido University or the Smithsonian Instiu-
tion. Trace element concentrations were measuted by
XRF using pressed powder pellers at the Smithsonian
Insutution, and by inductively coupled plasma-mass
spectrascopy  (FGP-MS} at the Macquarie University
Geochemical Analysis Unit and  the Geoanalytical
Laboratory of Washington State Universiry. Rb, Sr, Sm
and Nd concentrations in five samples werce determined
by isolope dilution (1D} at Okayvama University {Table 3).
Precisions (reproducibilities, standard deviation 1o/
mean) tor XRF arc <1% for mujor elements, and around
5% for wrace elcmenis. Precisions for all TCP-MS and ID
clements are <3%, exccpt for Th and U at 9%,
Strontium aid neodvmium solope analyses were
determined for 38 samples; 17 of these were alio analysed
for lead isolopes (Vable 3i. Ph-isotope analyses werc
performed by thermal ionization mass spectromelery
at the University of California, Los Angeles (UCLA])
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Fig. 3. {(a} Classification diagram for volcanic rocks of the Sikhote-Alin-Sakhalin and Mudanjian area based on their CTPW pormative
compositions projecied In Ne—O-Cpx-Opx-0z compositional space after Thempson (1984 (b 1otai alkali v wi % 8103 for voleanic rocks
of the Sikhote-Alin Sakhalin and Mudanjian area. Vields after Le Maiuc ef of. (2002).

using a VG 7-collector Sector 54 thermal source mass  Kagani ef al. (1987, 1989). The Ph-isotope analyses are
spectrometer. Sr and Nd isotope measureiments were  normalized (o US National Burcau of Standards stand-
performed at Okayama University. Mass specirometric  ard 981 (NBS981) values. Reproducibilities for Pb arc
analyses were made following the procedure of  <0:05% per am.u. Blanks for Pb are <500 pg, and arc
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Talble 1: Pount-caunted phenccryst modes fool. 7e) for representative valame rocks of Sikhote-Alin—Salhalin and
Mudanjian (= 1000 points for each sample)

Opg Bin Opx Pt Cpx ot Gm Taotal

Mid-AMiocene— Pliocene

talkali basalt)

YuS21/B 9-d 90-6 1000
Yuhd 1381 0-8 0-8 21 95.5 100-0
Yubd 1328 a8 11 2.2 959 1004

{olivine thelsiite)

YuB4 11 0-4 105 1-4 13 852 100-0
YuS108/10 - 0-2 99-8 100-0
P369/13 50 4.2 90-8 1000
Yu6s 16-2 133 11 a1.9 1000
50-36 30 97-0 1000
YuM1787 27 973 1000
Yus108/4 5] 911 100-0
ALKE 0-3 56 M1 100-0
YuSI08/6 65 535 100-0
YuBs 14 08 ’ 93 2.5 16 84.3 100-0
YuBS579 32 86-B 10-0
PAES/11 11 76 92.0 100-0
P369/11k 2.4 52 22.4 100-0

{quartz tholgiite)

50-73 0-8 g3 929 100-0
5029 1000 100-0
YuhM 1120 01 12 98-8 100-0
YuSi20/% 100-0 100-0
vS-3 23 43 934 1000
P368/2 1000 160-0
V51 100-0 100-0

Earfy-Mic-Migeene

Yul? 12-9 38 28 795 1000
Yul9 20-4 8.2 2.7 60-8 100-¢
83 01 1-8 227 750 100-0
S-11 1.2 341 B2 71 494 100-0
5402 0.6 274 85 97 53-8 000
SA-04 08 [R-] 258 36 71 1.2 100-0

Eacene — Ofigocens

lolivine tholeite]

5013 o4 98-8 1000
YuMB0s 29 28 94.3 100-0
YuF70 34 §5 890:0 100-D
YuMB3?7 07 22 971 100-D
YuS122/7 47 34 1.3 100-0
Yu186/18 2.0 24 95-6 100-0
Yu3122/13 47 4.0 a0-4 100-0
YuS122/14 3 96-9 100-0
Yu? 0-8 4.5 -9 1000
5017 AR 05 990 100-0
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Cpx

Cpg Bia Opx Pl Ql G Total
4

(quartz tholeifte)
508 Q-6 994 100-0
K-01 1-2 36 85-2 10060
50-23 35 965 1000
S0-62 15 21 96 4 1000
Yul123/8 - 989 100-0
5-12A b 20 959 100-0
YuM11i9 20 4-5 235 100-0
517 8.2 a7 7-2 838 100-0
Mudanjmn
48 78 922 1000

Opg, opaque minerals; Bio, biotite; Opx, orthopyroxene: Pi, piagicciase; Cox, clinapyroxene: OI, oliving; Gr, groundmass.
Phenocrysts are defined as more than G-03mm in size, consisting of phencecryst (0-3mmi and microphenosryst

(0-03—~0-3mm) following Wilcax {1954).

neglighle for these analyses. The '8¢/%Sr and
NN ratios are nomalized 1o #8r/%Sr
3379299 and N/ "Nd = 0-7219, respectively. The
mcasured 27Sr/%8r tatio for NBS987 during this study is
0-7102 48 £+ 0-000008 (¥ = 3). Mean analytical unecr-
tainty for sample during this study is =0-00002 {Za).
The "Nd/'**Nd vatios are repurtcd  relative o
ENL NG = 0-512640 for BCR-1 (Wasserburg ef af.,
1981 Mean analytical uncertainty for sample during this

study s £0-00002 (20),

Major-element compositions

Al of the studted samples have <36-5 wt % SiOy. Major
element oxides for the Sikhote-Alln and  Sakhalin
lavas are plotted ve MgQ) as an index of ditferentiation
in Fig. +. A distinetive eompasidonal feature of the basalts
is broad scatter in KO, NagQ, Fe), Ty and P,04
contens of hioth the Mid-Miocenc—Pliccene and the
Eocene Oligorene groups, The overall variations preh-
ably result from variable [ractional crystallization eliccts
superimposed on a range of parcnt melts. The Early—
Mid-Miocenc  basalts
tholeiites, characterized by higher CaQ and lower
110, NagQ and P04 than any other Sikhote-Alin and
Sakhalin basalts at cquivalent MgQ contents. They fall
into the rhaleiitie field on the Si0, vs FeO*/MgO dis-
erinunant diagram Mivashiro, 1974}, and have compoasi-
tion typical of island-arc tholeiites. TiOg contemts arc
consistently lawer in all the Barly-Mid-Miccene basalts,
and the Eocene Oligocene basalts from Sakhaling, st
of which contain < wt % TiO; compared with >1 wt %
for all the Mid-Miocene -Pliocene hasalts and the
Eocene—Oligocenc basals fow: Sikhote-Alin.

comprise. piartz and  olivine

Trace-element compositions

Among the Sikhote-Alin and Sakhalin volcanic rocks,
a subset of the Farlv—Mid-Mincenc tholeiites is distinciive
on the basis of markedly low high field strength element
(HESE) abundances. The greatest depletion occurs at Nb
and Ta on MORB-normalized trace-clement variation
diagrams (Fig. 3cj. similar 1o depledons that are com-
monly ahserved in island-are volcanic rocks (Gill. 1981},
The Eocenc—Oligocene lavas are characterized by both
large lon lithophils clement (LILE) and REE enrichments
compareel with the depleted Farlv—Mid-Miocene tho-
leiires. bur also show a relative depletion in HFSL,
cvenn though Nb and Ta show only a weak negative
anomaly compared with the adjacent clements (Fig, 5d).
The eariched Facenr—Olligacene hasalts closely resemble
active-continental-margin - Lasalts  whick  bave  an
enriched subcontinental lithospheric mantle comporent
in thelr sonrce {Peavce, 19837 Relatively high abun-
dances of K, Ba and Ph arc additional [raturcs of Loih
the Farly Mid-Miocene and the Eorene—Oligoczuc
rocks. The Mid-Miocene—Pliocene lavas fromn all the
platcaux  exhibit wide ranges in trace-clement abun-
dances snd patterns that vary between two distinet end-
member lypes. At one extreme, alkah basalss have fairly
smooth MORB-vormalized paiterns (Fig. 3a). These
patterns are ncarly indistinguishable from  those of
mra=plale, ocean island alkali basalts (OIB; e.g. Sun &
McDonough, 1989, consistent with their derivation from
an asthenospheric mantle source, without significant con-
tamination by lithospheric: mante or crusial matersal. In
conlrast, quartz and olivine tholettes form the other
extrere. exhibiting only slight light REE (LREE; enrich-
ment, jow LILE abundances, but high abundances of Ba,
Pb and Sr. Some of the quartz tholelites from south
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Table 2: Magor- and irace-element analyses of representative volcanic rocks of Stkhote-Alin-Sakhalin and
Mudanjian by XRF and ICP-MS

Mid-Migeene—Pliacene (145 Ma)

Sample no.: YuM1381° Yumi32s? Yugs? Yus108/19" P369/13° $0-36 YuM 1787 YuS108/6
Age (Ma):? 9.9 119 87 5-0 54 81
Locality: Kappi riv. Koppi rv. Savgavan Pl Sovgavan Pl Shkotavo Pl Bikin Pl Nelma Fl Sovgavan £
Rock name: alkali basalt basanite al tholgiite ol tholeiite ol tholsiite ol tholeiite ol tholeiite ol tholeiite
fwt %/

Si0; 4782 . 48.99 5(-95 51.93 51-06 49-65 43.94 49-36
TiDy 1-83 1-80 215 141 1.88 2:23 2.18 175
150 1587 1673 1784 1592 15-3b 15-85 14-46 15.28
FeD* 9-64 218 1114 1143 1.73 10-20 12.18 E Bl
MnQ 013 D16 009 013 Q17 Q.18 014 04
MgQ B.-42 G-05 393 683 814 210 704 796
Cald 283 732 518 800 &-70 813 787 845
ER] 343 426 3-84 344 3-89 3467 370 3-41
K0 2-19 2.28 ) 321 017 1.74 0-96 099 1.08
P20 0-54 Q.62 0-80 0-17 Q47 0-47 3-37 034
Tetal 9829 98-38 8517 9943 9394 98-41 494-88 99-06

XRF trace slermnents fppm)

Ni 148 60 120 144 140
Cr 240 43 132 187 n
Ca 35 37 21 42 54
Cu a3 30 b2 40 33
én 75 108 17 17 18
Vi 146 138 182 173 196
Zr 234 232 158 167 127

fCP—MS trace sfements (pom)

Ni 161 183 188
Cr 59 220 257
Co 52 54 58
S¢ 17:3 18-8 1341 178 196 193 236 19:8
Cu 42 65 81
Zn 78 1186 o
74 B 199
Y 2081 25-87 25-26 19-11 27-92 2368 2760 15-47
Ga 171 2721 199
Rix 48-1 .7 731 1.2 286 59 93 215
Sr 335 828 876 474 387 841 433 500
Ba 944 LT 1273 100 458 17 372 320
Zr 200 Fil 9
Hi 4:30 543 4-80 1-74 353 402 347 270
Nb 723 8118 5726 459 30-53 3108 25-41 14-60
Ta 335 384 338 0-31 1.38 1-84 1-45 112
Th A.87 8-87 5-60 0-88 2.98 3-00 2 188
U 112 168 114 012 0-63 0-35 5-50 0-57
Pb 329 594 445 184 218 259 2.48 2-65
Cs &-a? 138 0-44 o7 -18 016 0-08 1-08
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Mid-Miocene— Pliocene (14—5Ma)

Sample no.: Yum1381" Yul1328% Yusd® Yus108/10" P369/13° 50-36* YuM1787* Yus108/6'
Ags (Ma):? 9.8 (EE:] 87 50 54 81
Locality: Koppi tiv. Koppi riv. Savgavan Pl Sovgavan Pi Shkotovo Pl Bikin Pl Nelma Pt Sovgavan Pl
Reck nama: alkali basalt basanite al thaleiite ol tholeiite ol tholeiite ol tholeiite ol tholeiite ol thoisite
Mo 1-8 0-4 0-7

Li 75 88 7

La g1-64 4503 45.14 4.92 2773 22:-67 228 14.22

Ca 99-92 7325 7481 1229 46-15 44-09 3866 30-32

Ps 9-63 851 8-39 1-88 5.82 B.53 4.78 392

Nd 34-76 T 34415 36-36 10-22 25.49 24.92 2154 16-81

S &0 720 80 328 g-39 680 612 3-58

Eu 1.97 3.23 2-73 121 234 2.4 2.20 139

b PRrrd -84 11 0-54 105 &-87 0-29 061

Gd 552 B-01 6-22 3-58 6-87 635 637 410

Dy 38 5-25 5.33 208 5-99 550 §-82 3%

Ha 073 097 0.9 0-60 1-09 0-23 1-04 066

Er 1-96 2.45 222 1-59 2:60 2-19 2-54 173

Tem 0-34 0-31 : 0-34 0-22 0-33

Yb 1-6% 212 182 1.29 202 1-58 1-92 1-44

Lu 025 0-32 027 018 0-30 0-23 0-29 021

Mid-Migcene— Pliocene (14—5Ma/

Sample no.: F369/11' P369/11p" 50-29" YuM1120' Yus120/9' P368:2' vs-1' vs-a?
Age {Ma):? 10-8 89 64 6-4 118

Locality: Shkotova Pl Shkotovo Pl Melma Pl Meima PI Sovgavan Pl Shkotove Pl Shutan Pl Shufan Pl
Rack name of tholgiite ol tholsiite gz tholeiite qz thoieiite gz tholeiite gr tholgiite qz tholgiize qz thaleiite
fut %)

5i0 51-69 45.29 5257 5362 53.97 £43-46 b5 b6 3.2
Tid= 1.76 1.37 1.82 1-64 151 1-85 1-B0 2-B3
AfQs 1563 16.72 1522 1667 i5-79 12-78 14-58 14-05
FeQ* 9-86 1154 9.86 940 894 9-08 B-3B 12:36
Mn 015 013 0-15 015 014 014 012 [
MgQ 612 729 672 480 5.54 6-58 6-56 4.5%
Ca0 7-86 8-63 779 723 860 7-49 7-68 8.87
MNas0 3563 3-08 352 3-26 386 3-09 309 3-04
K0 175 -3 0-93 21 016 0-44 0-en 1-74
PO 3-43 15 0-29 0-75 020 018 0-27 057
Total 98-78 98-54 28-87 99-63 98-61 98-81 99-92 99-64
XRF trace elerments [ppm)

M3 hitr}

Cr 129

Co 42
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Mid-Mivcene — Pliocene (14— 5 Ma)

Sample na.: P368/11! P36%/ 110’ §0-29" YuM1120' YusS120/9' P369/2' Wws-1! v§.3°
Age (Mard 108 89 84 §-4 L]
Locally: Shkotovo Pl Shkotown FI Melra P! Nelma Pl Sovgavan Pl Shkotove P Shufan PI Shufan Pl
Rock name: ol tholeiite al tholaiite oz tholeiite q2 tholeiite gz tholeiita qz 1holeiite qz tholeite gz tholaiita
Cu 39
Zn 115
Y 20
Zr 189
fCP—MS trace elements (ppm)}
Mi 121 145 175 137 151 138 183
% 207 239 218 159 282 261 234
Co B3 66 682 51 47 51 47
Se 203 21.Q 1%-3 178 172 17-4 156 202
Cu 48 a4 B8 60 48 41 84
Zn 122 47 113 106 12 107 107

198 170 "8 187 160 182 181
Y 2079 18-56 2567 22-68 2147 19-86 1831 26:3
Ga 207 192 221 20-4 22.7 x4 206
Rb -2 24 185 20-4 4.9 61 139 295
Sr 593 235 536 595 408 286 553 676
Ba 356 129 270 474 103 165 200 527
Zr 147 101 134 132 73 83 105
Hf 3.43 2.26 202 318 190 218 2:50 5.06
Wb 322 1217 18-50 22.36 4.37 730 508 12.03
Ta 2 088 113 1-36 030 052 0-40 034
Th 382 187 1-43 1-97 0-44 1-06 081 1G4
U 057 0-38 034 0-48 0-10 o 0-21 036
Pl 416 227 1-96 242 1-28 1.83 2-44 374
Cs 0-26 018 28 .44 019 009 G20 0-35
o 15 0-8 12 1-4 05 0-4 Q-5
Li 10-5 93 5.5 B-3 60 5.3 2-4
La 2628 766 1218 18:20 615 72 340 2113
Ce 55-11 16-10 2857 31-88 14-33 1412 1872 45-85
Pr 584 216 372 4.31 245 275 285 847
Wd 33.08 925 17-46 19-45 13-25 11-58 14-68 3045
Sm 4-92 2-63 496 512 4.28 394 4.24 .47
fu 1-85 1-01 176 1-77 156 1-47 1-56 281
Tb a-73 0-50 0-78 078 -G8 0-6a 0-81 1-05
Gd 49 308 5.22 5-32 4.65 438 4.27 714
Dy 283 3407 426 415 3.73 35b 324 5-66
Ho 075 0-47 08 075 -7 066 060 0-99
Er 1-95 169 206 1.99 180 1-68 1-82 3.24
Tm 024
i 1-58 1-48 1-63 1.688 136 1-20 1-19 1-68
Lu 023 321 124 022 019 a-18 017 024
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Early-Mid—Mrocene (23— 15Ma) . Eoceng— Ofgocene (85—249Ma)l
Sample no.: Yul7? Yu1g' 8112 SA-02% SAD4 5.3 YuME0g’ Yu770°
Age (Ma}:® 211 189 368 24.8
Locality: Sovgavan Sovgavan Sakhalin Sakhalin Zakhalin Sakhalin Low Amur Low Amur
Rock name: al tholsiite ol tholeiite of tholeiite ol tholeiite gz tholeiite oz tholeiite ol tholeiite ol tholeiite
fwt %)
51U, 49.55 48.87 437 46.31 B0-48 519 54-01 49-6
TiQ 0-88 0.86 0-80 1.05 a-71 042 1-14 i85
AlzO, 18-81 17-68 18-32 1995 18-21 17.42 17-48 17-465
FeO* 2.39 10-9% 10-33 10:-64 9-23 825 8-08 10-03
i Ialel 019 0-17 0-20 012 0-21 017 015 0-1g
Mgl 5-80 628 580 4-32 4.42 458 5-08 657
CaC 1129 10-67 1218 12.82 19-21 1142 741 B-28
NaxO 2.52 2-36 2:23 225 2.53 2-84 3.74 316
K20 082 075 0-65 0-33 0-31 0-36 201 1.57
Fo0g 017 015 009 014 0-14 0-18 0-45 0-40
Tatal 99:39 9875 99:20 98-80 98-08 95.-04 83.51 98-81
XRF trace efements (gpm) .
Ni 26 7 14 70
Cr 59 1 23 B4
Co 33 jrj ) 33 39
Cu 54 95 41 30
Zn 7B 81 1 a2
W 79 379 252 4
Zr 54 18 39 148

CP—MS trace eferments fopm/

Ni 54 68

Cr 78 13

Co 53 61

Sc 329 48-3 460 30-4 327 22-¢ 290
Cu 8 65

Zn 70 81

W 330 211

Y 1885 16-22 2308 17-18 2500 21-08 28-08
Ga 176 19-4

Rb 78 6.4 1.8 g 35 46 2
Sr 610 362 3B 383 342 724 947

Ba 175 164 151 159 143 640 316

Zr 47 132

Hf 124 071 137 1-21 202 3.E9 2.91
Nb 1-53 0-46 1-41 1-58 203 932 11-83
Ta 0-22 0-03 011 009 0-14 Q-22 0-66
Th 1-24 0-83 1-08 1-05 0-60 378 13
) -3 Q-26 g-32 0-38 0-21 105 0-34
Pb 5.27 342 388 563 B.32 10-48 5.22
Cs 0-22 06 207 Q-89 023 205 0-28
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Table 2: continued

ELarty-Micd—Miocere (23— 150Ma) Eocena— Oligocenc (55--24 Maf
Sample no.: Yul? yYutg? 8-11° sa-q2° SAME s-3? YuMEos' Yuiio’
Age {Ma).® 2141 169 368 2R
Locality. Sovgavan Sovgavan Sakhalin Sakhalin Sakaaiin Sakhalin Loww Amur Low Amur
Rock narme: ol tholeite ol tholeiite ol tholgiite ol tholeiite g thaleine gz tholefite ol tholeiite ol thalsiite
Ma a5 13
Li 72 68
[ TG4 3-68 512 507 5-64 251 15-44
Ce 14-68 8-34 1235 1312 1335 bz 34 2
Pr 207 114 1-77 176 1-91 6.47 412
=] 9-52 5-83 9-14 g-50 9-50 2867 192
sm 254 205 2-98 25C 319 5.55 524
Eu 0-86 n.78 114 6-92 1-U5 1.60 187
Th 0-45 0-43 = 048 0-63 0-79 0-87
Gd 2.77 2:39 363 273 378 625 510
Dy 278 2.87 ’ 4.28 314 4.49 444 53
Ha 281 0-61 0-87 0-66 0-94 0-86 108
Er 1-79 1-74 2:54 1.77 281 2# /B
Tm 0-24 0-37 036 0-33 0-39
Yb 1-70 148 223 174 2-35 254 250
Lu 026 L3pt) 0-28 )27 033 0-35 g-32

Focene~Ofigocene (55— 24 Ma)
Samale no.: YuMB37 Yu155/1B? Yu-§122/7 Yu$122/87 Yus122/13' Yus122/14! yu?? $0-13'
Boe (May? 367 ng 244 29 .7
Lacality: Low Arryr Low Amur Sovgavan Sovgavan Savgavan Sovgavan Sovgavan elma
Rock name: al tholaifte ¢l tholeiite ol tholeiite gz tholeite o tholene ol thaleiite of tholsite 3l tholeiite
fwt %5/
5i0; 48-GR 42.21 52 ¢t 52.29 62 52-43 52.25 48-37
TiO, 1-41 140 1-28 1-04 120 1-31 1-89 2:38
Ak, 16.77 1745 9.2 21.42 13-88 1785 17-98 ‘522
Fe® 1a-14 934 853 876 776 8-26 931 11-68
Mnd 015 017 0-14 17 344 014 013 o2
Mgl 5-78 541 4.96 4-69 162 -3¢ 4.62 467
a0 847 7-86 366 7-25 5-92 773 588 325
Na.Q 34 345 388 342 4.23 381 4.23 3-08
Kt} 1-28 * 181 L EYy 077 140 124 1-88 133
P30g 949 083 0-37 0-45 0-35 0-4g 0-56 1-33
Total 27.58 9354 99.65 100-27 9872 a%-681 a6 88 95-54
XRF trace sfements (oppm)
Ni 94 8 42 52 33
cr 100 113 58 70 73
To 41 H 22-9 38 26
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facane—Ofigocene (45— 24 Mal

Sarmple no.: YuMB37 Yu1s5/ 1B’ Yu-5122/7 Yus122:8° Yug122/18! Yus122/14 Yu?? 50-13’
Age (Ma):* 387 315 234 b 4.7
Lacality: Lene Amur Lows Amur Sovgavan Savgavan Sovgavan Sovgavan Sovgavan Nealma
Rock name, ol thaleiite ol tholeiite ol tholeiite qz tholeiite ol tholeiite ol tholeiite o tholeiite ol thaleiite
Cu 23] 77 4719 38 s
Zn g5 95 34 T2 140

Ay 210 210 02 181 209

Z 135 163 125 210 229
ICP—ME lriane elements {ppm!

i 57 [hls} 35
ar a7 177 84
Co 35 6 35
Ze 258 29:2 183 178 21-8 24
Cu s 48 44
In 83 20 140

W . 216 172 234

A 29.45 33-B5 16-97 2 24 26.36 3682
Ga 3 1749 207
Rl 238 77 147 114 188 106
S 558 485 a25 FH0 m 870
Ea 403 462 351 250 375 543

Zr 110 148 250
Hf 336 4.84 29 33 4-48 513
e 11-57 2029 9-70 12.57 1962 2363
Ta 0-63 129 0-73 11 1.30 1.08
Th 1.89 2-42 1.57 1-68 1-87 1-42
W] 048 0-80 0-47 0-45 060 039
Fb T0-80 915 g1 70 g:11 10-11
Cs 0-64 g-21 0-30 023 017 a-20
Mo 10 1.3 11
Li i2.5 9.5 137
L 2214 2750 15-63 16-18 24.97 3775
Ca 45-27 56 51 3445 3553 46.958 108-91
Pr 573 6-30 4-35 466 5-A0 12.268
el 2556 2910 18-16 1875 24.99 51-60
5m G138 72 4.02 415 5 1074
Eu 1-80 235 t-32 1-32 1-86 2-88
Th 0-93 109 0-80 083 -85 1.27
G 5.79 670 4-00 417 542 B56
Dy 581 5-66 33 361 .83 628
Ho 1-11 1-28 {69 075 095 120
Er 2:80 380 1-52 2.4 248 317
Tm a2-41 0-48 0-35

kil 263 312 1.77 2.02 20 270
Lu 041 0-49 027 03 033 (-4
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Table 2: continued

Eocene— Qligacene (55— 24 Mg/

Sample no.: 50-17 S0-¢? 50-23' Yumi11g' K-01" 50-627 8-124% $-17
Age(Ma}:® 31 334 336 349 473 54-5 387 307
Locality: Aelma Nelma Nelma Samarga riv. Kevelarovo Nakhodka Sakhafin Sakhalin
Rock name: ol traleiite qz tholeifte g2 tholeiite gz tholefite ge tholsine gz tholeiita uz tholeite gz tholeita
fwt Sad

5i02 52.53 51-42 51-52 bZ.02 520 53.76 5464 52.63
TiQ2 1-62 166 1-84 1-58 1-88 1-33 0-95 162
A0y & 17-08 15 96 16-38 17-36 17-83 1782 17.27
Fel® 518 9-51 966 946 8-37 734 -0 8.18
MnO 18 a-18 018 019 014 014 o0 016
MgO 4-69 539 5-58 448 438 372 §-17 4-69
Ca0 723 813 786 6-99 8-68 808 77 723
Ma 0 357 3-42 340 in 350 3-88 385 3-57
KD 1-84 114 135 1.497 149 1-83 108 1-94
Pl 070 079 108 68 0-72 03 031 &-7¢
Total 9889 8871 93-43‘ 2775 99.14 95-33 503 58-89

XRF trace eferments [pprml

M 57 65 134 43
Cr 108 63 198 86
Co 22 28 40 26
Cu 24 17 50 39
Zn 114 21 53 T}
W 208 145 168 200
Zr k) 235 7 218
ICP— MS trace elements fpam)
Ni a4 34 g2
Cr 129 a3 138
Co 34 k?. 32
5S¢ 211 12-8 176 1499 195 20-8 201
Cu 41 39 n
Zn e 108 o5
v 97 204 206

2628 32 2737 22.07 253 1862 18-68
3a 94 19-1 208
Rb 1B-4 15-8 393 161 49.3 g2 67
Sr 835 Mz 766 861 755 727 681
Ba 526 867 681 626 576 276 279
Zr 248 164 182
Hf 4-33 509 342 4-29 5-24 2.63 256
Nb 1377 20-57 1119 11-77 14-82 771 781
Ta 073 0-96 0-B4 077 0-89 .51 0.49
Th 4-33 193 3.78 4-03 5.09 0-50 096
u 092 0-83 109 a9 D-88 Q-28 a-25
Pb 12.49 10-81 .73 &M 917 4.88 747
Cs 0.72 092 0-81 0-96 343 024 010
Mer 1-3 1 0-8
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Eocene— Oligocene (55—24 Ma)

Sample no.:  50-17 509 8g-23' YumM1119' K-’ S0-62° 51242 5-172

AgeiMal? 36-1 336 338 .9 a7 BB 387 07

Locality: Nelma MNeima Melma Samarga riv. Kavaleraveo Nakhodka Sakhalin Sakhalin

Rock name: ol tholeiite qz tholeiite qz tholeiite qz tholeite qz tholelite qz thoieiite: gz tholeiite gz tholefite

Li 11-3 v &3

La 3196 %68 23-04 24-45 30 1241 1224

Ce 6244 95-08 62.27 634G £89-50 26-42 5.5

Pr an 1104 6-89 7-01 7-86 326 313

Nd 36-32 a5-67 2357 2783 3158 14.22 14.53

Sm 2.2 92 g-09 G2 686 3-68 361

Eu 2:43 241 179 186 201 1.24 1.28

Th 49 110 0-79 Q-80 88 0-58 0.57

Gd 6-58 8-20 560 566 569 3.57 3.58

Dy 562 5-49 4.17 4.20 814 353 346

Ho 102 1-08 083 084 098 071 07

Er 243 282 2-28 228 251 1-89 184

Tm 035 0.38 0.27 D26

¥h 215 245 2412 2:04 217 1-71 188

lu 0-32 36 030 0-30 0-35 0.27 D-26
Mudaryian Standard rock

Sampla no.:  J-8° BCR-2* BIR-1°

Age ‘Mal! 35"

Loca ity: HE China

Rack namea: basanite

fat %)

Si0, 45.37

TiD2 228

A0 14.88

FeD* 10-73

Mnc 016G

Mg 9-64

Cal am

NagD 35

K0 1.94

P20 D68

Total 48-20

XRF trace elements [ppm)

Mi
Cr
Co
Cu
Zn
v
Zr

173
269
g2
42
=
17
213
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Mudanfian Standard rock
Sample no.:  J-8° BCR-2* BIR-1°
Age {Ma):® 85
Locality- MNE China
Rock name: basanite
1CP—MS trace gferments (ppm)
i
Cl
Co
S¢ 21
Cu 7 E3
Zn 68 +2
Y 21-58 3811+ 0.29 166403
Ga
Rb 17-5 48-06 + 0-B7 23 + 002
Sr 837 1M +2
Ba ZH) 670-50 & 12.68 75 L 008
Zr 183 = 0-2
HE 480 4.87 + 0-07 0042 = 0-002
§[*] 4994 1331 £ 028 067 L 001
Ta 325 482 + 002 27402
Th 345 513 1 049 0-039 = 0-005
i} 1-14 115 L a1 00111 £ G-0006
Fix 2-85 911 £ 028
Cs 038 Q-95 = 0-03
o
Li
La 3253 26:26 + 049 063 = 008
Ca 6161 5167 L 062 188 + 0:02
Pr 702 632 -1 0-06 0-376 = 0-003
Nd 29-53 7-3+048 237 £ 000
Sm 8.95 793 + 015 110 £ 0-n
Eu 2-35 214 =+ 404 (52 + g-01
Th 090 117 £ 000 1-78 & D02
Gd 524 675 £ 008 9-351 £ 0006
Dy 4.02 714+ 010 252 + 0-03
Ho 087 144 + (02 0-586 + 0-007
Er 1-95 4.05 + 0-06 173 £ 003
™ 026 0-88 = g-m 1-61 & 002
b 139 3-36 £ 002 0-262 = 0-008
Ly 0.20 952 £ 0N 0577 + 0-007

;ICP-MS data obtained in the Macquarie University Geochernical Analysis Unit.
ICP-MS data obtained in the Geoanalytical Laboratory of Washington State University.

*0kamnura er g/. (1998h),

4average of B0 analyses on rack standards at Washington State University.
SAverage of 33 analyses on rock standards at Macquarie University.

SCkamura et af. {unpublished data).
*Total Fe as FeQ™.
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Tuable 3: Sr=Nd=Pb isolopic duta_for Sikhote-Alin- Sabhalmn voleanic rocks

Sample AgeiMal  Rb ippm}  Srlppml  FSe/®Srmeasured  ¥Sr™Srintial  Sm (ppm} Nd ppmb TUNd/ N measured  UNdO NG inival Ph/%Ph 2P Mpe 8pp e
Mid-Migcene - Pliocene (14— 5 Ma)

YuhA1281 9.9 481 o35 0703710 0-703689 600 34-76 0512677 0-512662 18360 15-481 3R-664
YuM1328 119 7 329 0704362 0-704320 720 3415 0-512804 0512794

Yug4 7 731 276 0702840 0702816 801 36-86 0512714 0-512708

YuS108/10 & 1.2 474 0703976 0703925 328 1022 0512574 0512564

P369/13 B7 28-6 387 0704488 0704462 6-89 25-43 0512634 0-512675

50-26 5.0 99 g4t 0-704085 0.704082 .80 24.92 0-512743 0512738

YurM 1787 54 83 483 0-704243 0-704239 612 2154 0-512727 0-512721

YuS108/6 81 215 500 0704128 0-704112 398 16-61 0-512647 0-512639 17.687 15-437 37734
P369/11 10-8 24.2 583 0704289 1-704263 192 2308 0-512692 0 512683 18-056 15547 38166
P369/11b 89 2.4 235 0-704450 0-704476 2.63 8.25 0512791 0512781 18-324 15555 35.435
50-29 5-4 185 636 0-703853 0703844 4.96 1746 0512815 1512808

YuM1120 64 294 595 D-7D3R5Y 0.703846 512 19-45 0-8 12705 0-512698 17-380 15564 38-008
YuS120/9 8 18 409 0704325 0704321 4.78 1225 0-512496 0-512486 17-299 15-490 37-288
P369./2 11-8 61 285 0 704893 0-704683 3 1158 0-512643 0512633 17.970 15.558 38 087
VS1 10 13-9 553 0704152 0704142 424 1469 0512716 0-512706 17-266 15-481 37109
vs3 10 29-5 676 0704757 0-704739 847 30-46 0512623 0-512612 17.308 15614 37-353
Fariy — Midh-Miocane (23— 15 0Ma!

Yui?® 2 160 534 0703434 0-703411 3-00 136 0-512918 D-512896 t
Yulo 211 79 610 0703359 0-703348 259 9.52 [-512905 0512883 13.213 15520 38185
s-11 15-9 B4 362 073634 0703622 2.06 5-83 0512842 0512913

SA04 17 a.0 383 0703650 0-700634 2:50 B-50 0-512922 0-512902

Eocene— Ofigocene 155 — 24 Ma)

¥ UMB0 36-8 460 724 0-704030 0-703834 585 2667 0512844 0-512814 18-472 15.605 38 550
Y70 24.3 220 947 0-703835 0-708872 524 19-21 0-512856 0-512859

YuMB37* 367 310 549 0 703945 0-703873 0-512787

Yults/1B 315 23-9 698 0 703392 0 703248 613 26.56 0512836 0512806

YuS122/7° 244 19-0 761 0703985 - 703330 463 21.34 0512827 0512806

YuS122/9 24 77 485 (703733 0-703717 7-12 2310 0512902 512879
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Table 3: continued

Sample Age itMal  Rbippm}  Sripoml  FSr/®Srmeasured  YS/®Srinitial  Sm (ppm)  Nd (ppmi 'UNd/™MNd measured  'PNd Nd initial PR MPb TRbsAMPL 2PpsP4Ph
YuSi22/13 29 1.7 825 0-703874 0-703853 402 1815 0-512846 0512821 18-202 15-533 38-262
YuS$122/14 290 114 790 0-703771 0-703764 4186 1875 0-512881 0-512856 18-259 15638 38-245
Yu? 5 188 M 0-703693 0-703672 5.7 24-99 €-512900 0-512877

50-13 34.7 10-6 870 0704563 0-704546 10-74 51-80 0-512669 0-512640 13-384 15-523 38435
50-17* 36-1 134 744 0.704378 0704311 0-512755

50-9 336 184 835 0-704467 0-704437 8-34 3632 0512683 0-512653

S0-23 336 198 812 0704438 0.704404 9.26 1587 0-512732 0-512705 18-370 15-545 38-395
YuM1119 349 393 766 0704806 0-704732 608 2857 0512738 0-512709 13478 15-645 38.749
K-01 433 16-1 261 0-705087 {-705061 §-02 2833 D-B12647 0-512608 18308 15-573 38 508
s0-62 54.8 49.3 755 0706157 0706010 6-86 31-58 0-512662 0512615 ’
S-124 387 82 727 0-704155 0-704137 3-69 1422 0512851 0512821

517 07 67 651 0703506 £-703893 3.61 14.53 (-512845 0512816

*Element concentrations in samples are from isotope dilution method.
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Sikhote-Alin have Nb and L'a depletions relative to K,
and mure closely resemble the trace-clement patterns of
ihe, Eocene—Oligocene basalts (Fg. 5b). The trace-
elernent characteristics of spinel lherzolite xenoliths from
Sikhotc-Alin are very differenc trorn those of their host
Mid-Miocene—Pliocene  alkali basalts {Tig. 6). The
Sikhote-Alin peridotites have distoctively low contents
of Th, U, Nb and Ta relative 10 LREE {Ionov e al,
1995), The general shape of the xenclith trace-clement
patterns is not similar to that of the host basale and other
voleanic rocks from Sikhote-Alin and Sakhaln region.
‘These features indicate no genetic relationships of the
peridotites with their host volcanic rocks.

Chondrite-normalized RLEF patterns for the Mid-
Miocene—Pliocene basalts vary with the magma opc,
with LREE enrichment increasing systematically from
quartz and olivine tholeilles 10 alkali basalt types
{Tg. 7a}. ‘L'he Early—Mid-Miocene tholetites have flatter
REE profiles, similar to those of MOREB. REE cnrich-
ment appears to pivol about Dy-Th in the Eocene
Oligocence basalts and the Mid-Miocene Pliocene basalts
(T'ig. 7a and ¢). Heavy REE (HREE; Dy-Ta) abundances
and {Dv/Yb)y ratins are thus essentially identical for all
types and show no variation with the degree of SiQ)y-
saturation. The Mid-Miocene—Pliocene hasalts have a
vanable range 1 La/Yh and Th/YD, but on average,
much lower ratios than the Hannuoba alkali basalts
(Fig. 8). The systematically ditferent La/Ybh, similar
HREE abundances and the absence of HREE deplction
in Tig. 7 (expeeted fron melting of garnet lherzolire]
suggest that partial melting of a spincl [herzolite mantle
source occurrcd heneath the Sikhote-Ahn and Sakhalin
region. Lavas trom the intraplate Hannuoba alkal basalts
are strongly enriched In both La and Th relative o Yb
{Zhi g, 1990), suggesting mclt generation from a garnet-
bearing source. The similar La abundances but system-
atically higher Yh abundances and lower La/Yh in
the Mid-Miocene—Pliocene alkali basalts relative (o the
Hannuoba alkali basalts are best modeled by stmilar
(small percent) extents of melting of a spincl lherzolite
mantle source.

Figure 9 illustrates the variaton of Zr/Y with Zr/Nb.
The wide range of incompatible-element abundances in
the Sikhote-Alin and Sakbalin hasalts defines a hyper-
baoli trend consistent with mixing of mantle sources of
different  composition. The Mid-Miocene—liocens
hasalts appear to show a coherent relationship. A wiving
hyperbola is illustrated, calculated using the mast
cxtreme basall compositions and the equations of Lang-
muir g . (1978). The data correspond well to the
predicted mixing curve. Extrapolation of the mixing
hyperbola towards lower Zr/Nb intersects the ficld of
hasalts from Hannuoba (Zhi ¢ al.,, 1990) and Mudanjian.
Extrapolation towards higher Zr/Nh ratios provides a
compositional range tor the other end-member with
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Zr/Nb > 38 and 7Zr/Y =~ 4, This range of values falls
within those of MORB (Sun & McDonough, 1989;. It is
clear, hewever, that the Eocene-Oligocene basalts and
some Mid-Miocene-1iocene basahs lie off the muxing
hyperhola.

Compatible teace elements such as Nioapd Cr vary
widely in concentration. Both are high n the Mid-
Miocenc—Pliocene basalts, up to 190 and 350 ppm, rcs-
pectively, and, within this group, borh elements show a
strong correlation with Mg (Fig, 10b and ¢). These

features are consistent with fractional crysallization of

both oiivine and pyvroxenc. and also chzomme spincl.
There 35 a crude prsitive correlationt benveen MgO
and S¢ for the Mid-Miocene-Pliocene and Loccne -
Oligocene lavas, suggesting that pyroxene fracnionation
may coniribute to the Cr vanation in addition Lo
Cr-spinel. The Early-8fid-Miacene lavas have high Sc
contents Fig. 10a) and pyroxene fractionation seems o
be precluded as an explanation for their low Cr contents.
Compared with the Mid-Miocene Pliacene quartz tho-
iciites with similar MgO contents, the Mid-Miocene—
Pliocene alkali basalts have lower Nt and Cr contents
(Fig. 11} approaching those of the Mudanjian alkali
basalts south-west of Sikhote-Aln. The most primitive
Mid-Miocenc—Pliocenc lavas contain 7 -9 wt % Mat),
but most are not suffiviently Mg-rich 10 be i equitibrium
with Togy mantie olivinc. Thus, they are unlikely io
represent primary mantle melts but have undergone
surall arnounts of olivine fractionation, probably < 5%,
based on whole-rock Ni concentrations =130 ppm in the
primitive magmas compared with >233 ppm in primary

mantle<lerived mes (Saro, 19771 The Mid-Miocene

Piiocene hasalts lie below the medel melting curves in
Fig, 11b, calculated for low (1 %) and high 120%) degrecs
of melting accordicg to the model proposed by Hart &
Davis (1978 These characieristics are more consisient
with 5-15% olivine fractionation, as shown by the model
fractionation trends calculated for the removal of olivine
from the MgC}-rich primary magmas. In Fig. 11b, we
nate that primary melis of low MgO content will have
relatvely low Nicontents. Hart & Davis i 1978) suagesied
that MgO contents for parental liquids from natural
basaltic sevics range fro 6 to 13 wt %, and that hydrous
partial meling of peridoite leads 1 rnagmas with high
810y and low MgO contents, resulting in high Dy and
low primary Ni conzents. These calculations suggest that
the most magnesian alkali basalts may have experienced
1% olivine fractionation froim a primary melt with more
than 10wt % MgO, wheveas the quarts tholeiites could
have experienced anly 1-2 wt % olivine fractionation
from a mell with less than 7 wt % MgO. The Eocene—
Qligocene and Early—Mid-Miccene basalts, character-
ized by lower Ni and Cr contents (Fig. 10b and ¢, are
clearly not primary melts (in the sense of being in equdli-
brium with a Fooy—Engy dominated upper mantle) and
must have undergone considerable olivine fracticnation.

Sr-Nd-Pb isotopic compositions

The Siktote-Alin and Sakhalin s:-lmll;)les exhibit a signific-
ant range of *'Sr/ o5 and "INA/ NG {Fg. 1. T'wo
broad groups can be distingvished: (1) a trend of
increasing *'Sr/ G with decreazing "N/ "Nd, seen
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predominantly in the Eocene—Oligocene lavas: (2) a
scatter in bath Nd- and Sr-isotope compesition [or the
Mid-Miocence—Pliocene lavas. The Eocene-Oligocene
basalts have variable ®Sr/%S¢ (0.7036-0-7051) and
MING/ NG (0-51265-0-51290), and are similar iso-
topically to north-east Honshu Japanese arc lavas. The
Early Mid-Miocene basalts have a more restricted
vange of P78r/MSr (0-703% (-7036) and "¥Nd/'''Nd
g0-51288—0'51292), and arc the most unradiogenic in
S$r/"8r  and  radiogenic in NG/ TN of the
Sikhotc-Alin and Sakhalin rocks, Within the Mid-Mio-
cene—Pliocene basalts, the lavas of south Sikhote-Alin
have eelatively high B18:/%8r and low '**Nd/'**Nd
similar o the Eocenc—Oligocene lavas, whereas those
of central Sikhote-Alin - have  significantly  lower-
&QIMNd/ N and #Sr/%Sr cxtending toward the
enriched manile end-member EMI (Hofivang, 1997) ora
lower-crustal component {Zaruman & Haines, 1988).
The lead isotope ratios for ull of the Sikhote-Alin and
Sakhalin samples plot above the Northern Hemisphere
Refercnce Line (NHRL; as defined by the Pacilic MORB
array), with elevared *7Ph/2"Pb and 2™Pb/*""Ph com-
pared with typical MORB and O1B, over a large range in
¥y, /204Dl (Fig, 13a and bi. The *Ph/2**Ph ar a given
206Ph /" *Ph is higher in the Mid-Miocene—Plioccne lavas
than in the Eocenc—Oligocene and Early- Mid-Miocenc
lavas. The ***Ph/**Ph for the Mid-Miocene—Pliocene
samples ranges from [7-26 to 18-32 for the tholciites
(Tahle 3). The Mid-Miocene—Pliocene tholciites also
wrend 1o the low “Y““Ph/2™MpY, low 27 Pb/ 20ph end of
the NHRL. and plot on the left side of the 455 Ga
geochron, similar to the Parana flood basaits of Brazil
{Hawkesworh e al, 1986} Indian MORB (Mahoney
ef @f., 1989, 1992, and basalts from eastern China (Song
ef al., 190 Zhang ef af., 19498). Low 206Ph/ ™ Pl ratios
may indicale a significant role for the continenial htho-
sphere in basalt petrogenesis as an ancient (> 07 year),
isalated mantle reservoir (c.g. Michard e af., 1986; Price
et al., 1986). Four distinct source components invalved in
the petrogenesis of the Sikhote-Alin and Sakhalin sam-
ples may be identified on the basis of Figs 13 and 14. Most
of the isotope eompasitions of the Eocene—Oligocene and
Early—Mid-Miocene basalts define an array consistent
with mixing of two geachemically distinet components- -
DMM  {depleted MORB-source mante) and EMI
{enriched-msantle owpe 0. In contrast, the Mid-
Mioccne—Plincene basalts detine a distinctly «lifferent
array, The Mid-Miocene—Plincene tholclites have high
B8r /%8y, ¥Ph/2MPh and 8pMpL and  low
19Nd/*" Nd and 2*Ph/**Pb isolopic signatures that

Fig. 7. Choncvite-normalized] REE patterns for: (a} Mid-Miocene-
Pliocene:  basalts; (b)) Early-Mid-Miocene  basalts:  {¢)  Focene-
Oligocene basales. Represenrative Haunuoha alkali basalts (£l ef af,
1990} are also plotted. Nommalizing values irom Sun & McDonough
1 1989).
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are well outside rthe range of oceanic basalts, but the
closest in composition to the hypothetieal end-member
EMI or lower crust.

DISCUSSION

Crustal assimilation vs enriched
lithosphere

Based on incompatible-element abundances, particularly
the depletions in Nbv and Ta relative to elements of
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similar  incompatbility m  upper-mantle  meltng
processes, 1t 1 evident that the pewrogenesis of the
Eocene—Oligocene  basalls and  some  Mid-Miocene-
Pliocene tholedites ditfers from that of oceanie island
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culaved assuming valaton of Dy, with MgO aven by Hant & Davis
(1978).

tholeiites, and is perhaps more similar to that of conti-
nental flood basalt, such as the Colurnbia River (LISA}
and Karoo (southern Africa) (Wright e o, 1989; Houper
& Hawkesworth, 1993; Lassiter & DePaole. 1997), Manv
coutinernial flood basalts have pranounced depletions
HEFSE relative to within-plate basalts from oceanic set-
tings, as indicated, for example, by low Nb/La (Arndt &
Christensen, 1992). Avcrage continemial crust is also
strongly depleted in HFSE (Taylor & McLennan, 1983).
These observations have led many researchers to con-
clude that the low Nix/La characteristics of many con-
tinental flocd basalt suilles require crustal assimilation
rather than assimilation of continental lithospheric iman-
tle (Arndt ¢ al, 1993 Brandon and Gaoles, 1995). If the
Ta depletion in most Sikhote-Alin and Sakhalin basalts
is taken as evidence for crustal assimilation, we would
cxpect a positive corrclation between La/Ta and La/
Sm, because upper continental crust or moderate-degree
partial melts of the lower continental crust will, in gen-
eral, be enriched in LREE {Taylor & McLennawn, 1985).

Figure [5 shows La/Sm-La/Ta variations for lavas of
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the Sikhote-Alin and Sakhalin region, Same lavas do
possess relatively high La/Sm and La/Ta values cansis-
tent with crustal assimilation. In particular, the Encene—
Oligoeenc basalts from north and south Sikhote-Alin
have elevated La/Sm and La/Ta. However, the Mid-
Miocene—Pliccene lavas have varable La/Sm but low
La/Ta, and therefore do not appear affected by assmila-
tion of routincnial crust. The Mid-Mincenc—Pliocene
alkali basalts have high La/Sm and very low La/Ta
similar to those of the Hast Asian continenial alkali
basalis, such as Hannuoba. Significandy, the very high
La/Ta of the Early-Mid-Miocene basalts, combined
with low and constant La/Sm, suggesi thar the basalts
have not expericneed significam crustal contamination,
bui mstead were derived from a HFSE-depleted MORB-
source mantle component, Lavas with higher La/Sm,
which probably have assimilated crustal material, are
restricted to some Eocene—Oligocene basalis.

Thert are two principal hypotheses that can cxplain
the Sr-Nd-Ph isotopic and trace-element characteristics
of the Mid-Miovene—Pliocene basalis, They may repres-
ent (1) mixing between asthenosphere-derived melts
(e.g. alkali basalt) and partial melts of meiasomatically
cnriched, ancient lithospheric mantle, or (2} mixing
between asthencsphere-dernved melts and partial melts
of coniinental crust or the products of AFC processes, It is
clear from the above discussion that some Eacenc—
Oligocene quartz tholelites that display positive covana-
non of La/Sm and La/Ta may have experienced
relatively minor crustal contamination. Some workers
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have attempted to explain the HFSE depletion in con-
tinental flood basalts by the contamination of OIB-like
magmas with continental crust {(e.g. Thompson e al,
1983). Ormerod & af {1988) argued that the low Nb
contents of the 1S Basin and Range lavas (10 20 ppm)
could not be generated by any crustal contamination
scheme involving an OIB-tvpe (asthenospheric) parental
magma { ~30 ppm Nb) as something of the order of 150-
400% crustal material would have to be assimilated.

Similarly, 10 reduce the concentration of Nb in the Mid-
Mioccene—Pliocene OIB-type alkali basalts from a range
of 40-70ppm to the 420 ppm range characteristic of
the Mid-Miocene—Pliocence quartz tholeiitic basalts would
require the addition of large amounts of crustal material,
assuming the latter was entirely devoid of Nb, The com-
patible trace-elements systematics (Iig. 11} suggesi thai
the most magnesian Mid-Miocene—Pliocenc alkali basalts
have experienced >5% olivine fractionation from a
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primary meit and the quartz tholeiites only 1-2% olivine
fractionation. The Mid-Miocene—Pliocene basalts could,
therefore, be relatvely unmodified mantie melts. Thus,
the relative depletions in HFSE cannot result from crustal
contamination, but rather reflect the original compasition
of the mantle source region, The currenily available data,
therefore, suggest that mixing between mantle-derived
alkali basalte and partial mells of continental erust (or
AFC) cannot explain all the Se-Nd -Ph isotopic and trace-
clement characteristics of the Mid-Miocene-Pliocene
tholeiites trom the Sikhote-Alin and Sakbalin region.

BT80S und i "NA/Nd S Sikhow-Alin-Sakhalin voleanic yocks. Svinbols and data sewrces as in

Identification of source components

Significanily, the higher Ba/Nb and Rh/KNb in the
Eocene—Oligocene basalis are characteristics that have
typicallv  heen associatcd  with  subduction-related
magmas [Pearce, 1983). 'These similaritics suggest that
subduction processes have played some role in the
petrogenesis of the Eacene—Oligocene basalts, Fluids
driven ofl a subducung :lab inherit thewr elemental and
1sotopic characteristics from the subducted oceanic crust,
including pelagic sediment, and ¢ould, thercfore, be very
similar to those inferred to have attected the lithospheric
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mantle beneath the Sikhote-Alin and Sakhalin region.
These fiuids will infilirate and metasomatize the over-
lying mante wedge, which may eventually become
accreted fo the subcontinental mantle; just as island are
material eventually becomes accieted o the continental
crust (Othman et af., 1989).

Most of the Sr-Nd-Ph-isotope compasitions of the
Eocence—Oligocene  and  Early-Mid-Miocene  basaits
erupted pre- and syn-opening of the Sea of Japan detine
an array consistent with mixing of two geochemically
distinct mantle components—EMIL and DMM. The
Eacene—Oligocene  bhasalis  and  Early—Mid-Miccene
basaits from central Sikhote-Aln and Sakhalin, respect-
ively, exhibit positive correlations between La/Yh and
¥78r/%8r (Fig. 16a). This observation, together with the
Nd-isotope data, 1s consistent with involvement of an
incompatible-clement-depleted component with a trace-
clement si§1|:1turc similar to MORB-source mantle (Jow

i7hi e al, 1990} Symbols and data sources as in Figs 3 and 8. La/Yh, ¥ Sr/%Sr and h_igh 1/1'31\&1/14‘1-1\‘(1\). 8?SI‘/E‘EHST
as |
. (a)
30 =)
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Fig. 16. (a) La/Yb and W} age vs ¥78/%8r for the voleanic rocks from Sikhote-Alin-Sakhalin. Symbols as in Fig. 3. Age daia frorm K-Ar duting

ikamura o al, 19988).
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ratios of both central Sikhote-Alin and Sakhalin basalts
decrease with decreasing age of cruption of the basales
{Fig. 16b.. We suggest on this basis that the shes of
magma generation bencath Sikhote-Alin and Sakbalin
moved down from the subduction-madified, EMTI-likc
mantle fichosphere to the MOREB-source asthenosphere
as spreading progressed in the Sea of Japan. Paleomag-
netic studies indicare that eastward migration of the
Japan arc away from eastern Sikhote-Alin has produced
ihe Japan and Yamato Basins (Owofuji & Martsuda, 19834;
Oofugt of of,, 1994). Continental rifting and the opening
of an oceanic basin require flow of usthenosplere inte a
region previously occupicd by subcontinental litho-
sphere. The source reginn for the Early-Mid-Miocene
hasalts crupted during the opening of the Sea of Japan 13
similay ta that of [ndian Ovean MORB, 1.6, with higher
22ph/29%,  and  2YPh/"™Pb  ralios at a  given
2°PL /2" Ph value than the NHRTL {Fig. 13). We suggest
that asthenosphere of Indian Ocean MORB source iype
composes at least part ot the Sikhote-Alin—Sakhalin
mante wedge and that there it no contribution of
asthenosphere of Pacific Orcean MORB4ouree manile
io the Cenozow: volcanism of the north-eastern Furasian
margin.  Asthenospheric mantlc of Indian Ocean
MORB-source type, therefore, tmust bave upwelled
from beneath the zone of rifing and migrated laterally
as the hack-arc basin  developed hetween castern
Sikhore-Alin and ihe Japan arc.

The Sea of Japan basement comprises continenral rilt
tholeiites and back-arc basiu basalts erupted during open-
ing in the Larly Minccne (Pouclet e af., 1995%. Geochem-
ically, the former basalts arc mildly ] REE-cnriched
tholeiiies with slight Nb depletion, characterized by
high 8c/%8r and low "**Nd/'"™Nd, resemibling the
Encene Oligocene basalts (Figs 5 and 12). The lauer
back-arc basin basahx have neither enrichment nor
depletion of LILE, and ncarly flat REE patrains inter-
mediate between those of istand arc tholetites and
MORBE (Fig. 3c). The back-arc basin basalts are the
closest in olopic ceanpesition to depleted MORB wilh
low Sr/%8r and high "**Na/""*Nd, similar to those af
the Farlv—Mid-Miocene basalts (Fig, 12). Poucler # af.
(1995) proposed that during opening of the Sca of
Japan, the mantle source reglons involved in magma
genesis werc (usthenospheric) depleted mantle forming
back-arc basin basalts, and subcontinental lithosphere
of FMIil-like composition (forming conunental rift
tholeiites), strongly contaminated by subduction-related
components.

The Earlv-Mid-Miocene  basalis distinctive
hecause they have generally lower trace-¢lement concen-
trations than anv other Sikhote-Alin and Sakhalin
basalts. The most suiking geochemical frature is the
refarively low abundance of the HFSE with respect 1o
the LILE—a geochemnical fature commonly found in

dare
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island-arc  volcanics (Gill, 19811, The Early—Mid-
Miocene basalis arc also depleted in HEFSE, Y and
HREE relative to the back-arc basin basalts frum the
Sea of Japan basement (Fig. 5¢), and thev appear to
have been derived {rom mantle sources that are more
depleted v incompatible elemenis than those tapped
during formation of the Sea of Japan back-arc basin
basaits, Source depletion by melt extraction, prior 10
arc magma genesis, explains the similac degree of Y
deplction and, by analogy, the HREE depletion, Lo that
of HFSE in island arc basalts (Woodhead o af., 1993)
Pearce & Parkinson (1993) and Woodhead ot of {1993)
argued that istand are basalts can be prodnced by meiting
of depleted, residual mantle sources after prior hack-are
basin basalt melt exiraction. The Eariy-Mid-Miocene
basalts are characterized by higher LILE rclative to
MORB, but inw absolule concentrations of Nb, Ta, Zr
and H, requiring a petrogenesis involving re-fertilication
{metasomalism)} of a depleted mantle source to create a
LILE-¢nviched source. An appropriatc working petroge-
netic model is that the Tarly-Mid-Miocene basalts were
derived from a depleted residnal asthenaspheric mantle
source alter the back-arc hisin basalis had been
cxtracled, closely associaled with an influx of LILE-
cnriched but HFSE-depleted subduction-relited melts
or thuids. The marked porphyritic  character of
the Rarly—Mid-Miocene basalts, compared with other
Sikhote-Aln and Sakhalin suites, & documcnted in
‘Table L. [t s noteworthy that although the overall phe-
nocryst assemblage is the same in the Early -Mid-M:o-
cene as in Lthe other Sikhote-Alin and Sakhalin lavas,
some  plagioclase compositions  are  strikingly
anorthitic, consistent with higher water conlents in the
magmas (Arculus & Wills, 1980). Higher water contenis
and lower eruption 1emperalures may bhave been faclors
leading o a greater degree of crysiallimty of the Early-
Mid-Mmcene basalts.

The decoupling of tracc-elernent and  Sr-Nd-Pb-
isotupic rating i dhe Sikhote-Alin and Sakhalin lavas,
and their conirast with the trace-clement patterns char-
acteristic of OIB. suggest that Jocal mantle source
enrichment processes, operating over varying time-scales,
have played a role in the petrogenesis of the magmas.
The relatively minar  Mid-Miocene-Pliocene  alkali
basalts were erupted during the late srage of the lava
sequences. The normalized trace-element abundance
patterns of the Mid-Miocenc—FPhocene alkali basalts
are more similar o those of Hawallan alkali hasalts,
which arc generally considered to be plume-rclated.
OIB are thought to be the produrts of partial melring of
several components within the mantle (Zincdler & Hart,
1886}, one of which (EMU) inay be rerycled continental
lithospheric manile (McKenzic & OrNions, 1983), This
clearly complicates the recognitian of lithosplieric mantle
However, OIB undoubledly represent

COre

signatures.
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magmas mostly gencrated within the asthenosphere, with
or without source component additions from nantle
plumes. The irace-element characteristics of the un-
contaminated Mid-Miccene -Pliocene alkaly basalts are
similar to those of the Hannuoba alkali hasalrs ({Tigs 9
and 15}, consisteni with melting ol asthenospheric
mantle at depth (Song ef gl, 1991, Barry & Kent (1998)
claimed that OIB-like Cenozolc basalts have boen
erupted in eastern China, Mongolia and Siberia since at
lcast 30Ma, concurrent with subducton-related active
continental-margin volcanismm in the Fawcene—Oligocene
within the Sikhote-Alin and Sakhalin region. The QI3
and MORB data arrays in Sr—Nd-FPh-isotope space trend
toward a focal zone (FOZO i Figs 13 and 145 between
MM and HIMU; FOZO might be a component from
the lower mantle (Hart 2 g, 19925 or the Transitional
Zonc (Hanan & (Graham, 1995). On the basis of their
isolope systematics, the Mid-Micerne—Phiocene alkali
basalts may have been derived from an OTB-type mantle
source mixed with & FOZ0-like component.

We can be confident that deviations fram intraoceanic
OIB compasitions must represent mput from addilional
sources, The Mid-Miocene—-Pliogcene tholelitic magmas
are characterized by low 206 py, /204y, coupled with high
WiPL/2Ph and P*Ph/ M Ph—features typical of the
EM] mantle end-member (Hofmann, 1997) {ig. 13),
These characteristics were originally referred to as the
DUTAL anomaly- -« circuniglobal anomaly telated 1o a
temporally persistent mantle convection system centered
on latitude 30°S (Hart, 1984). The distributinn of Dupal-
type occanic basalts withsn the Scurthern Hemisphiere
was linked (0 a sublithospheric mantle reservoir, either
derived  from mantle plumes involving  significant
amounts of anclent subducted sediments (Hart, 1988;
Castillo, 1988) or thormally eroded Gondwana litho-
spheric mande {Hawkesworth e 4L, 19380). For example,
ancient continental lithosphere with a Dupal signature
was considered o be dispersed and incorporated into the
Indian Ocean MORB source during the break-up of
Gondwana (Mahoney e af, 1989, 1992). Similar Pb-
tsotope characteristics, and broadly similar Sr- ane
Nd-isolope compositiuns, are observed in the ncarby.
contemmporanenus, [ast Asian basalts, such as the
Hannuoba tholeiites (Figs 13 and 14% For Hannuoba,
£hi et al (1990} and Song ef af (1990) atiributed the
DTUPAL isotopic characteristics of the tholetites to melt-
ing of anciert subcontinental lithospheric mantle during
continental extension, and the distinet characteristics
of the alkali basals either to melting of the {owermost
lithosphere or the asthenopherc. Thus, by inference, it
appears that the low **Pb/?"*Pb chatucteristics of the
Mid-Miocene-Pliocene tholeiitic magma s likely 1o be a
lithosptieric mande feature.

In summiary, we suggest that there 15 an indication that
mixing of mantle sources was an impaortant process m the

THE ROTLE OF LITHOSPHERE VERSUS ASTHENOSPHERE

origin of the Mid-Miocene Pliocene basalts erupted post
opening of the Sea of Japan, with end-members being an
enriched OIB-type manile source similar to FOZO, and
an EMI-type mantle source. 1le Nb and Ta deplctons
in somg of the Mid-Miocene Pliocene tholeintes (Fig. Hb)
are more consistent with a subduction-modified mande
source. We conclude that the Mid-Miocene—Pliocenc
tholeiitic basalts require a signtficant contributiun [rom
an enriched EMI-type Precambuian subreontinental litho-
spheric mande source, i part possibly modified by
ancient {>10% vear) wetasomatism above a swhduction
zone. The Eocene-Oligocene and Barly—Mid-Miocene
hasalts have EMIIL- and DMNM-type sigratures and do not
show any conclusive geochemical signatures for deciva-
tion Irom FOZO- and EMI-tvpe manile sources during
the pre- and syn-opening phases,

Lateral variation of lithospheric thickness

The Mid-Miocene Pliocene basals have lower La/Yh
and Tb/Yb ratios than the Hannuoba alkali basalts
{Tg. 8). The systematically dilterent La/Yhb and similar
HREE abundances could have been produced by melt-
ing of spinel lherzolite bencath the Sikhote-Alin and
Sakhalin region. Hecausc the Hannueba alkali basalis
and the Mid-Miocene—Phocene alkali hasalts are charac-
terized by similar dsolopic signatures (c.g. Nd- and
Sr-isorope ratios intermediate hetween those of MORB
and inferred for the Bulk Earth), the REE diffcrences
between the Hannupba and the Mid-Miocene--Fliocenc
basalts (Fig. 8) are o be expected given the tectonic
setiings of the two provinces. The transition [rom sprnel
to garnet lhersolite close to the peridotite solidus
probably occurs at pressures In excess of 2-5GPa
{(Hirschmann & Stolper, 19%6). As these minimun depths
of melt separation are correlated with thickening of
the lithosphere from the continental margin (Sikhote-
Alin and Sakhalin region! to the continental interior
iHannuoba), they may reflect dominanily asthenospheric
meliing for the intra-plate, OIB-like alkali basalts, The
more pronounced garnet signature i the REE patterns
ai” relatively uncontarmnated Hannueba alkali basalts
comparcd with the Mid-Miocene—Pliocenc basalts is con-
sistent with the interpretation that the Hannuoba basalrs
are primarily generated through small degrees of partial
melting of hot mantle beneath a thick lithospherie Lid.
Abundant spinel therzolite xenoliths are present in the
Mid-Miocene—Piiocene alkali basalts in the Sikhotc-Alin
vegion. Ionav e al. (1995} reporied spinel lherzohtes with
accessory plagioclase from the Koppy River ncar the
Sovgavan and Nelma Plateaux, which suggests a shallow
source regien for the xenaliths al o depih of ~D0km,
within the transition between the plagioclase lherzolite
and spinel lherzolite stability Gelds. Goophysical data
mdicate reladvely thin crust (~23-30km) bcneath
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Fig. 17. Composition of estimated primary magma for the Mid-
Miccene—Pliocene basalts from Sikhate-Alin=Sakhalin region projected
into the psendotcmary syster olivine plagioclase—quartz {Olv—Flag—
(7). Normative components are calenlated following  expressions
given by Grove o al. {1992 All components have been normalized
wr equal oxygen umits, The compesitions of anhydrous partial melts of
peridotite formed at 1-3GTa (10- 30 kbar} {Hirose & Kushiro, 1993)
are shown by continuous lines. '

eastern Sikhole-Alin (Karp & Lelikov, 1990). Projections
of cstimated primary basalt (melt plus ~6% of frac-
nonated olivine) compositions for  Mid-Miocene—
Pliocene basalls from the Sikhote-Aln and Sakhalin
region in the pscudoternary system olivine—plagioclase—
quartz (Olv—Plag—Ohz), using the procedure of Takahashi
{1986), are shown in Fig. 17. One interpretation of the
prajected data relative to high-pressure cotectics is that
primary magma scgregation for all primitive basaltic
compositions occurred at depths of less than 70km
(~2GPa or 20kbar). Thercfore, petrological and geo-
physical evidence is consistent with the existence of a
thin lithospheric lid beneath the Sikhote-Alin and
Sakhalin region. The basalt-hosted xenoliths  from
Hannuoba are dominantly spincl lherzolite with sub-
ordinate amounts of pyroxenite and garnel lherzolite
(Tatsumoio ¢t al., 1992}, Fan o al. (2000} suggested that
seismic, heat flow and thermobarometric data indicate
that the present-day lithosphere beneath eastern China s
~80 km thick. The geochemical differences between the
Hannuoba alkali basalts and the Mid-Miocene—Pliocene
alkali basalts probably represent a lateral wvariation
in lithospheric thickness from eastern China to the
Sikhotc-Alin and Sakhalin region (Sea of Japan).

The major- and trace-clement compositions of the
spinel lherzolite xencliths from Sikhote-Alin provide
evidence of depletion and enrichment events and indicate
large-scale mantle heterogeneities within accreted litho-
spheric blocks of different provenance and metasomatism
during continental rifting (Tonov ¢t af., 1995). lonov e af,
(1993) suggested that the higher oxygen fugacity inferred
in the mande bencath Sikhote-Aln Tonov & Wood,

1992) relative to inland central Asia may be a regional
feature-rclated to the fact that Sikhote-Alin is located
closc_to the continental margin. We propose that the
mctasomatic event recorded in the thin lithospheric man-
fe beneath Sikhote-Alin resulted from continental rifting
closely related o the opening of the Sea of Japan.
Cenozolc basalls and assoclated mantle xenoliths from
eastern China indicate that an EMII mantle domain may
be present in the Chinese continental lithosphere just
above an EMI domain in the lower part of the lithosphers
(Tatsumoto e af., 1992). As the Eocene—Oligocene and
Early-Mid-Miccene basalis have EMII- and DMM-type
sighatures and fail to show any conclusive geochemical
signatures for derivation from an EMI-type enriched
subcontinental lithospheric mantle during the pre- and
syn-opening phases, thc mantde lithosphere under
Sikhote-Alin and Sakhalin may have preserved only the
EMII mantle domain (Fig. 18a and b). The appearance of
FOZO- and EMI-type components in the post-opening
Mid-Miocene—Pliocenc basalts may rellect mande flow
o the region through asthenospheric injection under
north-easi China that led o thinning of the subcontinen-
tal lithosphere via partial delamination. The source of the
FOZO-related alkali basalts was most obviously tapped
during post-opening magmatism. If we assume that the
FOQZO-type component was derived from the upwelling
asthenosphere beneath north-east China, then it is likely
that the fapan Sea opening and associated magmatism in
the back-arc basin were triggered by lateral migration of
the FOZO-type asthenospheric mantle from heneath
north-east China toward the Japan arc (Fig. 18b and c).

CONCLUDING REMARKS

High Ba/Nb and Rb/Nb in the Eocene—Ohgocene sam-
ples suggest that subduction processes have played a role
in the petrogenesis of basalts of this age. The Early—Mid-
Miocene basalts are the closest in isotopic composition 1o
deplcted MORB, similar to the back-arc basin hasalts
from the Sca of Japan. On the other hand, these hasalrs
are characterized by higher LILE relative to MORB, but
low absolute concentrations of HFSLE, Y and HREE
relative to the back-arc basin basalts. Thus, the most
likely petrogenctic model is that the Early—Mid-Miocene
basalts were derived from depleted residual astheno-
spheric mantle after the back-arc basin basalts were pro-
duced, and were closely associated with an mflux of
highly LILE-enriched and HFSE-depleted melt or fluid
related to subduction. The Sr—Nd-Ph isotopic and trace-
element systematics of the Eocene—Oligocenc basalts
and Early—Mid-Miocere basalts suggcest that the sites of
magma generation beneath the Sikhote-Alin - and
Sakhalin region have moved from subduction-enriched
lithosphere deeper into MORB-type asthenosphere as
spreading progressed in the Sea of Japan.
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north-castern Burasian margin for 1a) pre-opening stage, b svi-
opening stage and (0 post-opening stage of the Sea of Japan. SO,
subduction components.

The post-Sca of Japan opening Mid-Miocene—Pliocene
lavas exhibit wide ranges in trace-element abundances
that vary between 1wo distinet end-member types. The
minor Mid-Miocenc—Pliocene alkali basalts have OIB-
like race-element and Sr Nd-Ph-isotope compositions,
similar (o the Hannuoba alkali basalts from the East
Aslan continent, consistent with melung of astheno-
spheric mantle at depth. By contrase, the Mid-Miocene—
Pliocenc tholetites [orm the other exireme with HFSE
concentrations that are ynuch lower than those of ele-
ments of similar incompatibility. The relative depletions
in HFSE are not a feature of crustal contamination
processes, but rather reflect lithospheric mantle source
region. The wide range of incompatible-clement

18. Schematic crosssceuon  Mustratng  tectonic model of

abundances in the Mid-Miocene—LPliocene basalts defines
coherent trends consistent with mante mixing between
an isotopically enriched FOZO-type asthenospheric
mantle and an isotopically enriched EMI-type subconti-
nental lithospheric mantle. The similar 1solopic signa-
lures but systematically different REE abundances in
the Mid-Miocene—Pliocene alkali basalts and Iast Astan
continental basalts are besl modcled by similar extents of
melling of spinel Iherzolite and garnet Therzolite, respect-
ively. These melting conditions arc correlated with thick-
cning of the lithosphere from the continental margin
{Sikhote-Alin and Sakhalin region) to the continental
interior (Easi Asian continent). We propose that a heating
cvent closely related to the opening of the Sea of Japan
might have resulted in lormation of a thin lithospheric lid
heneath the Sikhote-Alin and Sakhalin region,
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