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re.rr~lb~f;nm heati.19 and ~,xt(<n,sion o.r.rr~cinr.d ieith ~ / L P  operting t h y  
, > ~ ~ ~ / ~ ~ M ~ J I  

'I'lle norttl-castrni margin of thc f.,m,nsian cnr~tiri~rit ill 

the arca or ronst:~l  S i k k ~ o ~ ~ - A l i i ~  anci Sakl~alitl h i i s  hcc:~  
;1lTL~ctcd t l y  subrl~~criori h:ncc- 11lc 31esotuir :Zur~~rirliai:~ 
r?l a!., 1 '39Oi. and  by extcnsiorl d ~ u i n g  t i l rm~t io l~  of' the 
St-n ofJ.llln11 ir. r l ~ c  Cle~totk~ir: Cl'nn zaki r.t ml., h II!)y;Jc)li~ et 

et ab, 1993) [Fig. I ) .  Thiy rcgic3t I pro\-i<lcs alt important 
opjmrtrln irl- t n  i i  I ~ r l v  t c m p ~ r a l  r h;jnges in rrlaqIn3;L sourre 

xgions a r c o r ~ ~ p a ~ i v i ~ ~ g  i l ~ c  ex,nl~~ticll c j t ' s~~kdir r* t ic~n-  r ~ ~ ~ d  
rxtcnsion-rclated ~ n a g m . ~  ti(: provi!~crs. ;~rld sj)ecific;~l:>- 
d ~ t 1 7  I S  111~ ,~f>o:lihq l>r :I l>:+~.k-:t?-<- 1 1 : t ~ ~ n  (Sr2 I >fJap;a~:) 
Until r c:c,c~~ly,  litllr was k n r w r l  ;~hout  tl be c h c r ~ ~ i c n l  coln- 
po.;i, ion of rhr: Lrr 11-vzuic \ I  ilcanir. 1.ocks f1 om Sikhotc-:Vir~ 
i11iil S;~ktialin, a l~ l iougl~  prc\ - ic>~~r ,;turIics >riggcsi,rd rI1.4 i 

~ h ~ r l :  WAS a ci i ;~r~qc fi-c:nl su1,ductinn-rclatcd LO intr.1- 
plarl;-~ypr m.1: ln;itj,irrl as t l ~ r  Sc;i PC Ja lau~ o p ~ : ~  iinq prl i- 
g rcwd  (Esil~ F( a!., t 995; (-1 k ~ n l r l - a  ct n/.. 1998n; Tatsurrii 
et (11. 2000';. Pctrul ~.ipical ;u)d gcr~l-hcmir~:~l studies of t h r rc  
rc rr.Ls 1i;jve 1ice11 i r w x l  to t:vaJuar r: rhc: t:Ila.~~gi:lg ria t1.11-c of 
it lc mar111c S U A I . ~ ~  regintl? of the rna,gma(ism associatrrl 



Fig. I.  YIap nf tlw nu:ttl-castern Euraslarl s11~1yir; s h n ~ k ~ g  thc location of n!qnr L:< rlo~oic volcanir litld, r i ~  black. hlajur lattl~s ar-e indicated by 
black lines, with tlic dcrll-sea trc~ich mark11 IE the prcscril site of ~111~rl11rtion uf ~ h c  P.&cific Hate dcccl[;ircil with solid t~iarificv. 

with t ! ~ i r  activc conlinrntnl iwargin. Based on a dz~i l i .<l  
Sr-Xd. Pb isotope study, C)kiunura ipt al. ! 1 !b!)iJllj idenri- 
fied temporal ~;cochernical tl.cr11ls in the bikh~)te-Alin and 
Sakhalin vol~.ai~ic rocks t l~al  s u ~ c s r  that as~tlznospheric 
tnantlr: flow tiom heneath no)-111-east China, w l ~ i r h  
rcsultctj iti thc funnation of intrn-plate-9.p~ basal~s, trig- 
grrect r he opcning ol' t11c Sf:a 0f~Ja11at1. Conversrl\, Tar- 
%]mi rl ul. (2000) intcrprctcd varia~ions in t1:r K/Y and 
K/Sb  ratios of Sikhotc-Ain basalts to jnriica~e that sub- 
duction-rrlilterl magmatism was t c r m i u a ~ ~ t l  by opening 
of' thc Sr:\ o l  Japan, and that intraplate-typr m a p n s  
lrcrr qul)sequctltly pmduccd. 'To gain a better ~rl~rler- 
stat~dirlg of the reldtionship ol'ctlanging magmil sourccs 
io che opening of back-arc basins, I\-C have obtaulcd a 
more ~orn~rehensivc rn5jor- ancl tra~e-element and Sr- 
Nd-1% irr)tuye dataset lor the lams of o u r  prcvious s tudy  
(Okmur:! el 01.: 1998~). 'l'hcs,: llew dara arc used In 

idrntify ihe most prirniti1.c n +pas, e1:aiuatr t l  ~ r '  ;ole of 

crustal con~rnination, constrain t11c nature orthc rnan~lr 
sourcr W ~ I O H S ,  and devrlnp rxi lr lcls for magma srnera- 
tion processes. Colnpiirisoi~s arc made be~wecn thc c.twm- 
rral and isotopic corl~p>sition of these lavas a d  thosc of' 
north-?ast China, it~~luding thc hlirjclle Mioce~11.- 
Pliocene H a n ~ ~ u o b a  Ir,tsal~c (Zhi d (11.. 1990; Fan k 
Hoopcr. 1 93 I) and th p. Late h'liocrnc-Holocenc 
hludan-list1 hasalts (Fan B Houper, 1991) shuirn in 
Fig. 1 .  Thesc data provide ituportan( constraino on thc 
~ c ~ t o n i c  evolution  ill‘^ !it Eurasian continental r11a1-gin, and 
rl~r rclatioxiship I~rtrvccn extension- arid subduction- 
rclated rnagnlatium during operliily of' the Sea ofJapan. 

GEOLOGICAL SETTING 
Upper Crct~r  t ' ~ ~ l c  to Plioccne volcanic-plutrrnic rocks 
are widely dislrihiited along lhr 1101-th-eastern Eurasian 
cantinrntal rnntyirl. The  Mesozoic ~olcanic-plutoni~: 
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Fig. 2. Bdnp nl tht Siklroc<--% 11- S ~ k i ~ l i r ~  mid ~io~thc-i~,Jr~pan ~~gioic)li. I.ltr;lmitfir xm01it.i ucturrrnccs arc irldicarcd by opcr~ srara itrrnc\ sl aL, 
3995'1. i\bhrcviatials Tor volcanic iiclds in .5ikhote-..\li~-S;tkk1&: SV, Sovgamn l'la~eau; NI.. Ne11n.a Platcaul; UK Rikin P1:ltmu; SI;. Sh~~l:utu~,o 
PIHIPRII; SH Shufan P h ~ c a ~ l :  SC, S-vwvan; KH Kl ;lbaro~sk: K 4, K~;;rv:llprovo: \.A! X~k!-rlr*.lkfi 

belt5 der,rlapcd i t1 a11 Andean-q-pe trtznnic setting 
rdatrd to subduciion of the Izanagi P I ~ I P  (Xorl~nshain 
et nl., 1990\. Suhsequcnrly, basaliic volra~lisrn occurrcd 
aIorjg the Sca uiJapim coast 10 the Tau1 Strait during the 
I'nccne In Early Fliotenc rigig. 2). Ch,ingcs in the 
cornl~usitioris of rhc <:t.noz~>ic basaltic rocks reflcc~ a. 
change over 55 X4y-r from a supra-subd~~rtiun zont- 10 

R contlllental ri f t  tect011iz scrting, aa iIlc Sea of ,Jayan 
operlcd between eastcrrl Skhok-Ain and ihc islands 
formi~~g Japm. Paleoinapelic studics indici~te that 
sea-iloor spreading has rcsul~ed in eastward migration 
of the Japan arc a w y  fi om tasrerrl Sikh1>lc.-~\hi1. 

prrlducir~g d ~ c  J a p n  a n ~ l  Yaiiato Basins (Ototitji & 
Matsuda, 1984; Otofuji d 6tL. 1994). Ar-!.\r ages 
of sr~noor 1)asalts as c%i-U a s  the t l~ap~ctic aiionialy 
pattern i x j  thc Japan Basin irldicate that sc;i-floor 
spreading oicu~.~.ed from ;tIxmt 20 ro 18-h.1~ ( fmak i  
a t  al., 1 $19 2). 

Based on ficld r t ~ r a ,  ~ n ~ r t h r l .  rt:ith 30 K-,4r ddcs 
(Okarn~tra s ill., 1Y93h), the volcanisln of the Sildio~c- 
&in and Sakhi~lirl ~cgiurl  ~rrnll?riscs thl-r~: distinct 3tagcs: 

( I  j sobduction-relatc.(1, accive co~rtincnial-maqin ~olcm- 
i s n  in thc Eocene-Oli~occnz (55- 2 4 hla) along the 
11or-th-castc~ t~ r,dge .t.aTEn~~sia, pl,cb-d;lti r ~ g  ;ITI r l  cnnrurrerlt 



with thr. opeiling of the Sca crfJ,tt)an, and roniempora- 
ncous w!ih rl~e eruption of rxtcnsiori -related, \\ ithin-plate 
bil'j:dis it~sociatcd tGc11 [~c,rtI-eas~-~rcl~ding grabcns it1 

riotrt~-eas~ C1iin;r; (2) Early Mid-Alicwene (23-15hfa) 
subduction-reiatcd volcxlisin sr irrounding the opcning 
Sea ofJapan in Sikhote-Miri-Sakhalin a h  thc fron~al 
J;aparlcsc i h n d  arc; rr.l;~iivcly fet\- sarnplcs li.orn central 
Sikhotc-A~~II n11c-l Saktidin haw yirlclcd d;ttrs in tli ir  per- 
iozl; (3) Mid- hIiocenc-l'lifw-r~~c (1 4-5 hfa) vo1c;itiism in 
S&lo~e-.AIin arirl Sakhalin, post-dating thl: uprrling of 
thc Sea of Japan, forming plateau bas~l t s  fiiing inlrr- 
iluves. Thc Mid-hIiocene -Pliocene lavas occlir alaue; 
the Sea 04-,Japan coast up 10 thc 'Talar Strait i r i  central 
and south SMlote-Alin: comprising five 1,131i.nux from 
nortl; to south: Sovg;rv:it~~ Nclrna mti Bikin in rentral 
Sikhote-Alin, alld Shukotl>vo and S ttuhn in s o ~ h ~  
Sikhotc-illin (Fig. ' l j .  Thc hliti-Sfioccile-Pliocrnc b4is,ll~ic 
sequcncrb arc chwarterjzcd by large nurnh~.r of'fissur.l-- 
red I R C . ~  flo\m, loci11 y ~ntdlixlg -200 m tilir~h~csscs. 

SAMPLES AND PETROGRAPHY 
Ccnozoil: Sikhott-.Uin and SaUihalin volcar~c rcwks 
include alk:ali olivine basalts, olivine basalts anrl t,asaltic 
andesites. C:lPI,V 11oms indicatc that composiric~tis range 
from tholeiite (qz- alitl al-norrna~ivi-) to alkali basalt 
(r~c>r~nati\-e ne 5 SU/o) and l3asariitr ( t~c > 59h) FiS. 3). 
For simplicity, bns:~rli~es arc inc!uded with :qlkali hasnlts in 
the fbllouing discus~ion. 'l31c F.arly-hlid-?rIic~r.enc Imar 
arc 01- to qz-nornia~ivc tholeiites. rzyhereah rhc Eocrnc- 
C)liqc,cenc a~ld hiid-hliocenc-l'lio1:~t1e lavas qmn a 
broad rang? tiom rle- to C ~ Z - ~ I O ~ T ~ ~ I ~ ~ V C  t:~nqx>sitions. 
hlorc tlnn 70% cjT the klirkil~lr hlioccnr-Minccnc basalts 
arc qz-  and 01-no~~nativc, r v i ~ h  the remainder mildly 113 

ir~od~ralely nr-nr>rnlative. Thr Sovyavan Plateau ]la:, a 
ycaL thidu~rsc of qz- and 01-ncu-rna~ive tholriire flaws 
(,~230 mj, \ \ i t t~ alkali bilsil~s in lcssrr  mounts most$ in 
thr: upper lcvcls. Thr Nclm;~! Shukntovo and ShufAr~ 
P!at<rtux are ~olnposcd pr~dorninan tiy of quartz and 
olivine tholeii~r flaws, inter-la)-crtd with small aI-Llounts 
uf alkali bclsalt (< 1--5%) (Dknmura et al., ! !)981,). The  
Late liiocerle-Holocene hludanjinn bualtl consist of 
rlr-normativr (25Ohj alkali basalts :urd basanit ts. 

Point-counrcd phenocryqt modes :lrc listed in Table 1 
for 48 rcpr-cszlihtivc samples. The Sibotc-Ail1 and 
S;tkha!in r7olcanic rocks are rllostly spa rdy  p'n)ric, with 
ii prinlruy rnitlcral a5se1nblagr- of plagioclase, olivinc, 
clinopyroxenr, titarlornagnctitr :it~rl ilmenilt. Tllc aver- 
age volumc pcrccniage of-priiliav phheocrys~s ~ n d  rnicm- 
phmur:rysts approaches 5C1°/o in thc E:wly-Mid-hl' locerle 
mils ,  hut is m11r11 lower i r l  thc LJid-Mioccne--Plinccnc 
and Euccnr: C)ligocene rocks. The Eocme-Oli~~~cenc 
basdts tqjically have <1IIflu olivine !Foi7 and 
plagioclasf !,hh+70 A h  Orl) phenocr! sts. Oli-\;irie 

pll~noc,~-ys~s cornrnr>~dy cu~ltain Cr-AI h1~-rich sgintll 
hrJusioils iCreO:; - 271b, A12C)7 --J ;)3O/n). ' l 'ht Early- 
Mid-,ll iocenc I~asalts :irr markedly I)orph>r;! ic with 
2&-S 1 0/0 olivine (Fot,,,qo;, c1inup)-roxcnz (Ensy-+t; 
Fs 6-1 b t ' ~ ) , ~ ~ - ~ ~ j  c a ~ ~ d  piasid< lase (A77-4.5 Ab5-23 O r o  
with and l  amounts of cdnop?~~>.ierie and tiianomiigr~e- 
tile. Oli\ilie, clinopyroxcnc 3 r d  plagioclasc j~licrior~~y~ts 
commor~lr contain spinrl inclusions with --, i 3% Cr2U3 
alld -24"/o i\120s.lhr olivine and quartz tholciites ha t  
tfc~rninate a m t q  the Mid-Miocenr-l'liocene basdl~b tyyi- 
cJly have 10 I tio!, phenocrysts of mostly olivinc ( F c ~ ~ ~  
and plaqioclase L4t3.1r,-.70 O r  with srnall 
amounts of clirlopgroxenc (FlrlpG Fs12 I I 1'1'0~~ lF.,). 
Oiibine phenoci~~stj romrnorlly r ontain Cr-;\I- Mgrict~ 
q)i~lel inclurirlrls (Cr20, c-. 25"1i, .41.UzOn - SO%,j. The 
alkali basrtiru 2nd haanircs  p pic ally havc <It i t 'd  olivine 
(yo j ,  .79j, dinop).rr)xcnc (En39-qR Fslu Wo42 and 
p!agji~clase (An4r 5 ,  4 7  C ) T ~ - . ~ ) .  hllid-Miocrnr 
Pliocene bns;t!ts colnmorily conrdin niantllr xenoiitl~s nr  
spinel Ihrrzolitr and wrbste~.itc, or~hopvrox~nitcs or 
unk~~rlwn proverlancc. . ~ n d  niegacq-sts of olivine, clino- 
1,vrr)xcne and o:-thopy~~oxcil~. Thc  Late hlir)t-rt~e- 
Holaccnc hlr~danjian 1)asaltt: are sparsely phyic with 
1 4 %  r)Ii\.ine mri clinopyrcmt nc -pherint.r?st.s. 

GEOCHEMISTRY 
Analytical methods 
Major atid tracc elrrncnt data for 4 1 rocks from Sikl~ote- 
Min, Sahhalin Mudarijinn fiorri nortb-rapt China 
rig.. 1) -81 10 km SW of Skllu tr -Min anr l  ti;Lkhalin arc 
rel~ort~d i ~ i  Tablr 2. .4 tom1 of 93 s:lnlplcs t~ ; i~-e  bccn 
an,~lyzecl, anrl a11 of' these ddtia nre utilized in die 
figuws. The colnplcte dahsrt is inclurlcd in Elcc tronic 
Appendix .A. Major elrrnrnt concentratio~~s were ;ma- 
lysed by X-ray flno~,csccnce (XRF) usillg fused dir;cs 
riiher at Hr~kkaido L~li~ersity or thr Smitlr~sonLzn 1nsiit~1- 
lion. 'l'race elrment concrrltratiotis werr rnensu~cd by 
XRF using liressed por~r1t.r pellets at the Sniith~onia~i 
Ins~ituiion, and by induc.ti\,rlc.ly couplcd plasma-mass 
spectroycopy (IC:I'-MS) at the Macquarie L n i ~ ' ~ r ~ i t y  
Geochcnlici~l Atl;~ly-sis Unit ,~nd the C:coanaIyr ic  a1 
Laboratl~rv nf Washington Stale Universi~. Kt)! Sr, Sm 
and h'd ~:o~lccntrititinns in five sarnplrs rwrc cirtermined 
by isotopc dilution IID) ; i t  OLzymii l:r~ivcrsity (Tnhlr 3). 
Recisions (rtpmrlucibilities. starldwd deviation I G/ 
mean) fbl- XRF arc <I % for m~ jo r  elcrnrr~ IS. 2nd at.nuricl 
5% for n.ar.e elcrnrn~ s. Precisio~ls fbr dl ICX-MS and 11) 
clcmenls arc 4 9 6 ,  escrpt for T h  irn~l I; at 9'%, 

Strontium ;111d ncod?;mi~~m isclinpe arialyscs wer-t: 
delprmined for 38 samples; 17  of these were also :~ndysed 
for l ~ n d  iso~oprs ('l'abl~ 3 ) .  Pb-isntopr analyses werc 
perlht~ned by thermal ionizatinn mdss spcctrorrlr Iery 
at the University c~f California, Los Aiigrles (UCL-2) 
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Fig. 3. {a,! Clasdication diagram for volcanic rock isi t l r  Sib11nre-.~l11~-Sa1.hnlu~ 3 r d  h.ludfij~nr~ .ura I ~ w d  on their C1PJ.V n o r m ~ ~ i v e  
cornposiricrns projcc~ed in S~-Ol -Cp-0px-Qz  cor~lpari~ii~nal ~ > , ) L L  afier T l w ~ n p ~ o r ~  Il'Jc41; h; I ~ I A I  ,ttl..~li 15 ivt % Si02 fur vnlcanir: rock\ 
of the Siote--4in Sakhalin alcl hlt~danjki  area. Flr ld~ ~f t r r  LP h l k i t ~ r  e/ ul. (2U02, 

using a VG 7-collector Sec~or 54 thermal sou~.cc masx Kagaixli et nl. (1987, 1989). The Ph-isotnpr dr~alyses are 
spectrometer. Sr and Nd isotope rneasurrlnellts were normalized to US Nttional Burcau of Stnndal-ds stand- 
performed at Okay-ama University. Mass spr.c:lrl~rrletric ard 901 (NBS981) values. Reproducibilities IOI. Pb arc 
analyses were made following the prl>r.edur.r: of IO.03%r per a.m.u. Rlaxlks for Ph are <500 pg. nncl arc 
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C)XLUTI;RA r.t aL THE ROLE OF LYI'IIOSPHERE C'ERSbS ASTHENOSPHERE 

C P ~  Bm OP* PI CPX 01 Gm Total 
d 

Opq, opaque minerals; Bio, biotite; Opx, orthopyroxene: PI, playioclase; Cpx, clinopyroxene: 01, olivine; Gm. gtor.~ndmass. 
Phenocrysts are defi~ied as  more Than C.03rnm in size, consisfing of phenocryst (;0.3mnd and rnicropheno:yst 
(0.03-0.3 rnml following Wilcax (19541. 

ncgli&:.blc h r  thew a n d p s .  The "h / ' "~r  2nd 
1 I ?,yil,, 1 4 ~ 1  Nd ratios are norn~alizcd to 8'S~r/"%Sr = 
ii-3752\)3 ,ind "'krl/ " ' ~ d  = 0.72 19. resprctively. 'Tllc 
mcas~~rcd ''s, /"SI 1 a ~ i u  liur NBSSST rlnring thib study i b  

0.7102 48 f 0.00UOOfl (;V= 3). Mean a~~alytical unccr- 
rainy fcn $am At: rltlsis:g this siii(Iv is =0.1)0002 (?dl. d The  ' " ~ d , "  4xd ratios >.rc repurtcd relative LO 

'%t.l."'"~d = 0.5 1 2640 fnt RCR- I (Ii'ass~rburg el aL, 
19811. M e a r ~  nn,il\.liCdl urli.i.~-t;iii~'q for sarr~plt. during this 
study is f 0.00002 (20). 

Major-element compositions 
;V1 ctf l l ~ e  srudirct san~ples harvr <56.5 wt '6 Si02.  Rllajor 
t.lcnlerL~ oxides for  he SihIiotc-.Zli~i and Sal;halitl 
1a1.a~ are plor~ed vs bgO as an indcx nf diifcreiltiation 
in Fig. 4. cli.;cis~ctivc comp~si r inr~a l  fcnturt. of the basdts 
is brljad scattcr iri K20, S.t20; Ft.0, TiU? and P205 
conirnzs or t loth ~11r Mid-Miocenr-Plioccne anrl I h r  
Eorcnr Ulipctr~r  ~1.oups. -rht~ ovrmll v2.1-iatinns pmb- 
aldy rcsult fi-uni v ;~ r i~b lc  fi.ilctional c1ystall17;ition eltkcts 
superimpnard or1 a I.:ingc nu parcnt melts. 711c Ear ly  
hIid-h4iocr,1ic i~asilts COII ~ p ~ i w  1 1 1 1 ~ ~ ~ 7  and  r~li\*it~c 
tholeiitcs, c:l~;tracterized hp higher CaO dnd Iu\z-er 
'I'iO;, NaoO and P705  than Any othcr Sikhole-Alin :~nd 
S&hal111 bas:111s at cq~~iv- ; t lc l~~ hfgC) rr,lltzl~rs. T h e y  i:dI 
inlo t h e  thnli.iiiir field on the sibL vo, FeTIL/MgO clis- 
crllliirlant cliagsm 3liyashir.0, 1974 j, :~nd  have composi- 
tion lypical of islai~!l-arc tholtiitc.~. 7 ' i0+ contcilts arc 
cunsiakntIy Imvcr in all the Early-hllid-Miocene basal&, 
2nd the Koccllt  C)lig>i-eny h n r d ~ r  from Sdkllali~~, i11crst 

of which contairi <I \vt ?h TiO? cotr~parcrl with >I 1j.t ' : i> 

for all the Mid-hliocene - f i o m ~ c  basnlts and tllc 
Eat-rnf,-,-Oli>goccnv \~dsalts f~ u\\ :  Sikho~e-,Un. 

Trace-element compositions 
Amvng  he S i k l ~ ~ h e - ~ U n  iir~d Sakllalin ~>olcanic rocks: 
a juhset a f ' t h ~  T:arl1~-h4icl-hIk)ceiic thoIriitcs is distinciix-e 
on   he baqis of f'mat,kedly Iaxv high LeId stri.n@h elrncnt 
(HFSL) ahundanres. T'hc greatest deplution occu~x at N b  
ar~d  T;t or1 kI/XOKB-normaIixed trace-clcmerjt variation 
diagarns /Fig. Sc): similar \.I) rlc.l~le~i(irl> that ;Ire corrl- 
monl! obscrvrd in island-arc volcanic rocks (Gill. 198 1). 
7'11~ Eocct~eOl i3,ocene l i i~as arr: charar.tcrized h o ~ h  
I;irgc loti lithopl~ilr rlemrnt (HI .Rj and RRL cnric \IIII~:I~IS 

rorrlpnrcrl with the dcple~ri. Esrly-~~ir~-Miocc~w tho- 
Iviirrs. b r ~ r  alw SIIOLG- a rdativc depletion i r~  HFST:, 
cven tho11g.R Nh :tnd Ta shov only A weak nr~a t iv r  
arlomaly cornpard with 111t. adjacent elemer~ts (Fig-. 5d). 
'rll r. t ~ r i c l l ~ c l  Erbre~ I r-(-1 I i ~ , > c m  h.~salts rll >se !~  rrpeinblc 
azti\~e-co~~tiriental-rnar@~ 1:~asalts which 11,ivc an 
c:~iricllcd srlbcontinental li~.Ilcr;ph~ric mantle compor.ent 
in their soi1ic.r 1Pra1.r c.  19F3'j Relati\ rly hiyll nbun- 
rlarlccs 01 K, Ba a n d  PI) arc rl~lditional Ir.aturc5 r ~ l  l;ut11 
the Early 3lid-hfioccrlr and the Eocene-Oligot.,-ne 
roch.  -1'11~ Mid-~lir1i-r1-!c-P1ir~rc~~e Ial-;~s kom nll  he 
platcaux exhibit wide ranges ill trace-zlcrne~nt rtbun- 
d:tnccs : r  rlJ pni1c:rrls that vary Lr;tnccr~ LWU distinct enri- 
n l r r n k ~  L)l~cs. :It one rxtrcme: . t lkdi  i)rl\alrs h2.w f&lv 
smooth PvIOKB-rwrrnali~ed patlerns (fig. 5a). Tbcsc 
parrprx? are ncar.1~ indistiquisllablc frorn those of 
intra-pla~r, uceall isIand alkali basalts i,C)Ifi; e ,  y .  Sun Lk 
hlcDonoilgh, 19H9), consister11 with their rleriva~ion frnm 
an asth~r\osphrric m,mtlr: suurrr, without ii_ynificatit con- 
tamination by lithaspherir rnarltlt- ur crus a1 mntrrid. i n  
c:orllrast, quartz 2nd olivine thnleiites fonn thc othcr 
rxtrenlr. cxhibitirlg onlv slig11t l i F h ~  REL ('LREE; cnricll- 
mcnt, IOM. LILT; diburiclances, hut high abundrzncrs ofBa. 
Pb a n d  Sr. Som? of chr quartz tholeiites from south 



Tublr! 2: M+r- ul>d 1rot.t- element ana$:.:.lcr of r tpr t~a~t ,h: t ,  i l o / ~ ~  wic ~ o c k ~  oJ' S'ilhk-,d lin-L~ukhaIiri and 

r M d a ~ i u n  Ly X W  lint1 1CP-iMS 

Mid-Miucene-Pliocenw (74-5 Ma1 

Sarnple no. ~ ~ ~ 1 3 8 1 '  ~ ~ ~ 1 3 2 8 2  ~u.84'  ~ u ~ 1 0 8 / 1 0 '  ~ 3 6 9 / 1 2  SO-3e2 ~ ~ ~ 1 7 8 7 ~  ~ ~ ~ 1 0 8 1 6 '  

Age 9.9 11.9 8 7 5.0 5.4 8.1 

Localin/: Koppi riv. Koppr r:v. Sovgavan PI Sovgavan PI Sl,kotovo PI Bikin PI Nblma PI Sovgauan PI 

Rock name: alhsli basalt bxanire ol lholeiite ol tholol~te ol tholeiite ol tholeiire ol tholeiite ol tholeiite 

(wt 96) 

SiO, 

Ti02 

AIzO; 

F ~ O *  

MnO 

MgO 

CRO 

Na20 

K20 

p205 

Total 

XRF trace skrnentd tpprnl 

Ni 14a 60 

Cr 240 49 

Co 35 37 

Cu 63 30 

Zn 75 109 

V 146 139 

Zr 234 232 

ICP-MS race dev~errts (pprnl 

Ni 161 

Cr 259 

Co 52 

SC 17,3 

Cu 42 

Zn 78 

V '1 74 

Y 20.81 

Ga 17.i 

R b 48.1 

Sr 935 

Ba 944 

Zr 200 

H i  4,m 

Nb 72.31 

Ta 3.35 

Th 4 37 

U 1.12 



OKAIvERA tt uL. THE ROLE OF LI'l'H( Ihl'HERE VERSIJS ASTHKNOSPHERE 

Sample no.: ~ ~ ~ 1 3 8 1 '  ~ u M 1 3 2 e  ~ ~ 8 4 '  Y U S ~ O ~ / I O '  ~ 3 6 9 1 1 3 ~  SO-36' ~ ~ ~ 1 7 8 7 '  Y ~ s ~ D B ! ~ '  

Age 9.9 11.9 8.7 5.0 5.4 8.1 

Localitf: Koppi riv. Koppi riv. Sovgavan PI Sovgavan PI Shkotovo PI Bikin PI Nelma PI Sovgavan PI 

Rock name: alkali basalt basanite ol rholaiite ol thole~ite ol tholeiite ol tholaiiie ol tholeiite ol thols~~ls 

Mid-Miocene- Pliocene t f#-5#al 

Sample no.: E S 9 f l l  ' ~%9/11b' 50-29' YUMI 120' YUSIZD!~' ~ 3 6 ~ :  2' VS-1' VS-3' 

Age [ ~ a l : ~  10.8 8.9 6.4 6.4 11 8 

Locality: Shkotovo PI Shkotovo PI Nelma PI Nelma PI Sovgavao PI Shkotovo PI Sb,ufsn PI Shufan PI 

Rock name ot tholeiite 01 tholeiite qz tholeiite qz  tholeiite qr  tholellre qz IhoIeiite q2 thoftn?~ q z  tholdiite 

/wt % I  

SIO: 51 6 9  

TI@ 1.76 

A1103 15.63 

FeOf 9.86 

MnO 0.15 

M d '  6.12 

CaO 7.86 

NR>O 3-53 

KzO 1.75 

WE 0.43 

Total 98.78 

XRF ?race elements lppml 

Ni 

Cr 

Co 



Mid-Miocene- Pliocen~ 114- 5 &#a1 

Smple no.: P3WI11 ~369 '  1 1  b' SO-29' YUIWI 120' Y U S ~ M I S '  ~ 3 6 9 / 2 '  VS-1 ' VS-3- 

Age (Mal 10.8 8,9 8.4 6.4 1 1.8 

Local~iy. Shkotovo PI ShkMovo PI Nelma PI Nelmn PI Sovgavan PI Shliorovo PI Shufan PI Shufan PI 

Rock name: ul tholeiite ol tholeiite qz tholerrt~ q? tholeiite qz tholeiite qz tholtiite qz tholeiite yz tholaiite 

ICP- MS trace elenlsrrts lppml 

N i 121 

Cr 207 

Co 53 

SC 20.3 

Cu 48 

Zn 122 

V 198 

Y 20.79 

Ga 20.7 

Rb 34 2 

Sr 593 

Ba 358 

Zr 147 

H f 3.43 

Nb 31.22 

Ta 2.01 

Th 3.82 

U 0 97 

Pb 4.16 

Cs 0.26 

Mo 1.5 

Li 10.5 

La 26.28 

Ce 56.11 

Pr 5.94 

N d 13.m 



Ea*-Mid-M~ocene 123- 15Mal Eocene- Oligocene (iT-241Wa) 

Sample no.: Yu17 ~ ~ 1 9 '  5-112 SA-02~ SA-3 S-32 YUMBW' yu7702 

Age ( ~ a ) : ~  21.1 16.9 36.8 24.8 

Locality: Sovgavan Sovgavan Sakhalin Sakhalin Sakhalin Sakhalin Low Amur Low Amur 

Rock name: ol tholeiite 0 1  tholeiite of tholeiite ol tholeiiie qz tholeiite qr tholeiite ol tholeiite el tholeiite 

fM 96) 
S102 49.65 

TiO, 0.86 

A1203 18.61 

F ~ O *  9.39 

MnO 0.19 

MgO 5.90 

CaO 1 1.29 

Na20 2.52 

K 2 0  0.82 

p205 0,17 

Total 99.39 

XRF trace elements lpprnl 

Ni 26 

Cr 59 

Co 33 

Cu 54 

Zn 75 

V 279 

Zr 54 

ICP-MS trace elements brn l  

Pli 

Cr 

Co 

SG 

Cu 

Zn 
V 

Y 

Ga 

R b 

Sr 

Ba 

Zr 

Hf 

Nb 

T a  

Th 

U 

P b 

Cs 



Ear& Mid- Miocene (23- 151WaJ Eocene- Dliyocene (55-24 

Smple no: Yu17 yulg'  5-71: ~ ~ 4 2 '  SA-34' S-32 YUMBOS' yu7707 

Age (~al.' 21.1 16,9 3E.8 14.8 

Lozality 5;rvgauan Sovgavan Sakhal~n Sakhalin Sak-lalin Sakhalin Lcw Amur Low Amur 

Rmk name: ol thdeiite ol tholeiits ol tholeiite ol tholeiite qr tholeills qz tholei~te ol lholeiite 0 1  Iholeiile 

Eocene- Otigucen~ (55-24 Ma/ 

Sam~le no: YuM537 v u 1 5 6 / 1 ~ ~  Yu-S122/7 ~ u ~ 1 2 2 t 8 ~  fuS122/13' Yu~122/14' ~tr7' $0-13' 

Aom (MA).? 166-7 31.5 24.6 29 34.7 

Localiw Low Arrur Low Amur Sovgavan Sovgavan Sovgavan Soiqavan Sovgavan Yelma 

Rock name: ol th~leiiite Cl thole~~te ol tholeiite qz thole'ire d thole~~ls 4 twit* or tholaitc 11 tluulaiite 

(M $1 

510, C* 52.21 52 G5 52,29 9 . 6 ~  52-43 52.25 4-37 

Ti02 1.41 'I .40 1.23 1 4 4  1 .X 1.31 1 .eS 2.38 

A h03 16 n 17,46 19 .3  2 2 . a ~  73-53 17.86 17-96 :5.28 

FGO* IU.l/ 9.34 8 63 8.76 7.76 8.26 9.31 1 'I .68 

MnO 0-15 0.17 0.14 0-17 3.14 0.14 0 13 0.21 

My0 6.78 5.41 4,96 A,& 62 0.30 4.82 4.67 

CaO 8.47 7.96 8.66 7.26 6 92 7.73 6% 5.25 

Na20 3.41 3.45 3 ,% 3.42 4.23 3.81 4.23 3-06 

K?O 7 -20 % 7.61 0.5/ 0.77 ; 40 1,24 1.88 1.33 

p205 0 49 0 53 0.37 0.45 0.35 0.G 0-56 1.33 

Total 97.58 93.54 9 9 , s  loo-27 98.72 RR.61 BD 60 90.54 

XRF haw e/enwts tppmJ 

N i 94 8.3 42 52 33 

Cr 100 113 E 4  70 73 

C 0 d l  34 29.9 38 26 



Eocene- Oligocene 1%-24 Ma) 

Sample no YuM537 ~ ~ 1 5 5 ! 1 ~ '  YU-s122!7 ~ u ~ 1 2 2 : 8 ~  ~ ~ ~ 1 7 2 ~ 1 3 ~  ~ ~ 5 1 2 2 / 1 4 '  V U ~ ~  SO-13' 

Age I M ~ ) . '  36.7 31 5 244 29 a 7 

Locslity: Cow Amur Low Amur Sovgbuan Sovgavan Sovgavan Sovgavan Sovgavan Nelma 

Rock name. ol rholriite 01 Tholeiite ol tholeiite q; tholeiire 01 rholeiite ol tholriire ol tholeiire ol tholeiite 

CjICL4hll!R4 st nl. 

ICP-MS Itace elements lppml 

Ni 57 110 35 

Cr 67 177 84 

CO 38 56 35 

SC 18.3 17.8 21.6 21 4 

Cu I18 46 44 

Zn 83 80 140 

V 21 6 172 235 

Y 29.46 33% 16-97 20 29 26.36 3G. 52 

Ga 20.3 17.4 20 7 

Rb 25.9 7.7 14.7 11.4 18.8 10 6 

Sr 698 585 825 790 711 870 

Ea 493 462 351 250 375 E 4  

Zr 110 146 25D 

H f 3 - 7 ~  4 . a  2-91 3.39 a &  5 13 

Nh 11-57 20 29 9.70 12.57 19.52 23.53 

T a 0.63 1.29 0.73 1.1 2.30 1.08 

T 11 I .m 2.42 1.57 1.58 1.87 1.4a 

U 049 0.80 0.47 0-45 0. Gg 0.39 

P b 10.90 9.15 8.10 7.93 6,11 10.11 

CS 0.64 0 21 0.30 023  0.17 0.20 

M o 1 .O 1.3 1 1  

li 12.5 9.5 13.7 

L H 22.14 27-54 15-E 16-18 24,97 37,75 

CS 45-27 56 51 3445 35.53 46.98 105.91 

Pr 5.73 6.43 4.35 4,5G 5.80 12.26 

Nd 25 56 29 10 18- 16 78.75 3.99 51 HJ 

Sm 15 12 7.12 4.02 4,16 5.79 10.74 

E ~1 1-90 2,225 1-32 1-32 1.96 2.88 

-Tb 0.93 1 09 0-60 0 63 0-85 1 27 

~d 5.79 6.70 4.00 4-77 5 42 9 %  

DY 5 61 6.66 3.35 3.61 ' " ;1,83 R 29 

40 1.11 1-28 3.89 0.75 0,95 1.20 

Er 2.90 3 50 1.92 2.14 2.49 3.17 

Tm 0.41 0.49 0-35 

~b 2 63 3-12 1 .n 2.02 2 10 2 70 

Lu 0.41 0.49 0.27 0.3: 0.32 0.40 

T I E  ROLE (.)IT JATHOSPIILRE \'EIISUS AS'I'H tS'iOSPHERK 



I 
J 0 L ; K N U .  OF PEl-IIOWGl' 1-C)LLlME X NUMBER 2 1 k-LHKIJARY 20Uj  I 

7iLlc 2: continued 

Eocene- Oligocene (55-24 Me/ 

Sample no.: 50-27 SO-g2 $0-23 YuM1119' K-01' SO-6Z2 S-12~ '  S-17' 

~ ~ e t ~ a ) : '  3 6 1  33.6 33 6 34.9 47.3 54.6 a . 7  30.7 

1-ocality: Nelrna Nelma Nel~ne Samarga riv. Kauelorovo Nakhodke Sakhafin SaWalin 

Rock name: ol trnleiite qa thofeiite ar tholeiite q; rholeiite qz rholnme qz tholeiite qz thdle~ite qf tholeilte 

(wr Pill 

Si02 52.53 

f i07  1.62 

A1203 17.27 

FeO* 3,18 

MnO 0.16 

MgO 4.69 

CaO 7.23 

NaiO 3.57 

li:D 1.93 

p205 0.70 

Total 98.89 

XRF trace elernenis lppml 

Ni 

Cr 

Co 

cu 
Zn 

v 
Zr 

/CP- h7S trace dements Ippml 

N i 

Cr 

Co 

sc 

Cu 

Zn 

v 
Y 

G a 

R b 

Sr 

8a 

Er 

Hf 

Nb 

TR 

Th 

U 

Pb 

Cs 

M 0 



Sampleno.: 50-17 SO-Y SO-23' ~ ~ ~ 1 1 1 9 '  K-01' s04Z2 5 1 2 ~ '  5-172 

~ ~ e ( ~ 8 l : ~  36.1 33.6 33.6 a - 9  17 3 54.6 38.7 30.7 

tocal~~y: Nelma Nelma N e h  Sam~rga rlv. Kava l~ro>~o Nakhodks Sakhalin Sakhalin 

Rock name: 01 tholeiite qz tholeiite qz tholeiite qz thols~~te qz thdeiite qz tholeilts qz thole~lte qr tholeiire 

OkMIUkL4 ct el. 

Mudanjian Stanr(ard rock 

Samola no.: J-8* B C R - ~ ~  B I R - ~ ~  

Age ' ~ a l : ~  8.5' 

Loca ~ty: WE China 

Rocb name: basandl9 

'I'IIE RULE OF L1 I'HOSPHEKE VPPBSUS AS I'HCht )SPHKlZ E 

(wt * I  

sio, 4&37 

TiO; 2.28 

A1203 14,s 

FeO' 10.73 

MnO 0 16 

MgO Y.&l 

CaO 9,Ol 

Na20 3-51 

KzO 1,94 

P205 P 6 B  

Total 98.20 

XRF rrace el~ments fppml 

Ni 1 3  

Cl 234 

Co 9 

Cu 42 

Zn B 

V 179 

Zr 213 



Mudenjian Standard rock 

Sample no.: J-82 B C R - Z ~  B I R - T ~  

Agr ( ~ a ) : ~  8.5'- 

Locality NE Chin8 

Rock name, basanite 

ICP-&?S (trace elements lppml 

N i 

Cr 

Co 

sc 22 1 

Cr; 

2n 

V 

'ICP-MS data obtained in the Macquarie University Geochemical A~ialysis Unit. 
'ICP-MS data obtained in the Geoanatytical Laboratory of Washington State University. 
30kamura et sl. (19986). 
4 ~ v e r a g e  of 50 analyses on rock standards at Washington State University. 
' ~ v e r a ~ e  of 33 analyses on rock standards at  Macquarie University. 
'Okamura eta/. (unpublished data). 
qotal Fe as FeO*. 



7 hbk .Y: .Sr7 Xd-Pb isolo/j~(. rk~nr for Sdd1oke-.-l/in- S~~l<hulalin cuknnil: roz!~r 

Sample Age (Ma) Rb  lppm) Sr [ppml w ~ r / s ~ r  measured " S r : " ~ r  ln~tial Sni (ppm) Nd [ppml ' ~ " ~ d / ' ~ ~ d  msa;urnd ' a ~ d 1 1 4 4 ~ d  loitid 'C* i~b/704~b 207~l>laY.~b 211SPb/m~b 

Mid-M~ocene -Pliocene r lJ-SA.!al 

YuM1381 9-9 48 1 

YuM1328 11.9 71.7 

Yu84 7 73.1 

YuS108/10 B 1.2 

P369113 8.7 28.6 

50-36 5.0 9 Y 

YuMlM7 5.4 9 3 

YidS1 be16 8-1 21.5 

P369111 lG.8 34.2 

P369111b 8.8 2.4 

50-29 8-4 15.5 

Yu?AllZO 6.4 29 4 

YuSlZO!S 8 4 3 

P369'2 11.8 6. l 

VS 1 10 13-9 

VS -3 10 29.5 

Ea~lb*-Mid-Miocene 123- 15 Msl 

yu17* 21 16,O 

Yu19 21 -1 7.9 

S-11 16-9 6.d 

SA-04 17 9.0 

Eocene- Oligocene 155 - 24hlaJ 

Y u W  36.8 46.0 

VuT70 24.8 22.0 

Y u ~ 5 3 7 ~  36.7 31-0 

Yu156/16 31.5 23.9 

YuS12217' 24-4 19.0 

YilS122:Y 24 7.7 



Sample Age (Ma) Rb (ppm) Sr (porn) "~ r /=Sr  measured 9 7 ~ r l % ~ r  initial Sm (pprn) Pld (pprn) ' j 3 ~ d / ' 4 4 ~ d  measured l a 3 ~ d :  ' * ~ d  initial x%y'M~b " ~ b l ~ ~ p b  208Pb/m~b 

"~lernent concentrations in samples are from isotope dilution method. 



UH.4 et nl. THE; ROLE CJF I,ITHO>PI3ERIT \-ERSUS ASTEESC)SPHliK E 

South Slkhote-Alin 
u EoceneMligocene 
ts Mi Mimnd 

Pt- 

Sskhalin 
A E-~G+gncene 
A Early+?& M i m e  

+ Mudanjlan alka11 
basalt 
(Me MiooenelHol-e) 

Fig. d. h' t  50 O/o4gs0 r s  1-1 '!'o SiO,:, TiOs, .41,03, tntal Fe as FtO: CaC). Ft,O, K)O and PqO, fnr rhr \-rlr;rnlr roukr ~ 3 f '  ~ h c  
Sikhutt*-.41in-Sakl~dlin and R l u d a n l ~ ~ n  area. 
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Fig. 5. 5-\IORR-normalized hcunipa~iblc e l r r~~c~ i r  diagtmns for: 
a llirl-lrlirrene-Pliocene b n d u  rrom rpntral Siklmte-.2lm; (h) 

\!ld-\L~wen.~-Plioccrle hasalrs firm ~ o u h  Sikhotc-Alin; (cj Eai-I\--- 
.\lid-.\Liu-cne bdr3 from r e n t r d  Sikhurl-:ULl-Sakllalin: (d) E o t r n ~ -  
Oligwene basalri from rrunh. rr-n~rd ~ n d  south Sikhute-.Un 3 r d  
Sakhalin. J a w  %a R4BB h s r k - ~ r c  ~ L I L  basdts) and .Japan SPJ 
CRB continend nfi rholeute, from Pouclcr pi a1 jlD95). K o r m d r m g  
values from Sun B . \ lcD~ncugh 198y. 

Sil;hcltr-:lliir have M> and 'la deple~irjns ~,cl,~rivr to K, 
and Ilmrr closely rcsemblt tl~r iracc-dcmenc paLrt:rns of 
thr, Eor~neOligocene l,;~calts iE'lg. 5Lj. Thc h-acr- 
e l r ~  t1t.111 chwactcristics of spinri Ihcrzolite xenoliths Ikom 
Silrhotc-&in ;ire very rliffet.c.nr trorn those of their hocl  
Mid-Mioccnr-Pliocene alkali b;tsalts (Fig. ti). The 
Sikhotc-Ain pr i - id~) t i~es  have distinct;\-rly low co1ite11 ts 

of Th? Li ,  NL) nrld T a  rclativt: In LKEE ilunov ck aL, 
1995). TIIP gr tl~ritl shape or t hc: xenolith trclc:e-clcmcnt 
pattcrny i s  not similar to that ofthe fior;~ b:~snlt and other 
volcartic r*oc,ks from SM~nte-Alin mi l  SaU~~tlin region. 
'I'hcse futures indicatr nu sei~etic, relationships of thc 
pcriclotireu with  heir host vokanic rocb. 

Chondrite-normalized KbF, patterns for thr hiicl- 
lliocent-F'linccnc balsalts v a l - y  with the magma npc, 
with LKEL rnt-ic k m e n ~  increasing sys~ematically ti-utn 
quartz anr! olivine tholeii~es ro all;,ili basalt types 
(Fig. 7n:.  ' l ' l~c Early-h/Iid-Mioccnc tho!riitrs h a w  flatter 
REE profiles, similar to those of'hlOKH. REE cnrich- 
lncnt appcars to p ivo~  about Dy-TI1 it1 the Eocerlt: 
Oligoccnc basalts and r h ~  h lid-Miocene Plinrcne basalts 
r ig .  7a and c). Hcar;c. REE IXKEL; I)y-Ia) a l~~u~dnnccs  
and (UY/Yb),,+: 1,a11r!s arc thus rssenrially identical l i ~ r  all 
p11cx1ncl shnw rlo vuL~tiun with the degrc-r LIT Sic)?- 
satura~iun. Thc  %lid-Miocene-Pliocent: i,nsaltr 11ar-r a 
rariable rangy i ~ i  La/Yb and Th.'J%, but on average, 
much laurr  ratios tllm th t  Hxi~nuoba &ili basdts 
(Fig. 11). Tt~c systematically ditikrrnt l;a/kI), sjlnilar 
HREE ahundallccs ;md the ~buet1c.c. ot' HRRE depiction 
in Fig. 7 (expcctcd f r u~ r~  melting of g;~rx~et 1hemolirc.l 
suggesL that partial znel ting of a spincl Ih~:1-7cdit~ n-railtlt. 
source occurrtd bcnrath the Sikhotr-Alirl and Sakhal i~~ 
1-cgion. Lavis ilwrli ihr intraplate Hmnuoha n1k;ili hasalts 
arc s t ~ - ~ ~ g l y  enrichcd in I3clrh La and Tb  rclxil-e to kl 
!Zhi rlal., 1990), suggestirlg mclt gcncration horn a garrlet- 
bcaru~g source. The simihr LI ntl11ndaricp.s but syisipm- 
arically higher Yb abundanccs and lower La/lrh in 
the hfid-hliocene-Plioce~lr ;ilkall hasalts rclative io rhc 
Hannuoba alknli basalts are best modclcd by uiailar 
(small perorntj zxlcnh of melting of a spinrj lllerzolite 
mantle sourcc. 

Fiyrr 9 illustr.ates thc variation or ZI/Y with Zr/Nh. 
' rh r  wide range of incompatible-el~nlctlr nbirndmces in 
the Sikhote-Ain and Siakhalin hasalts defixjea a h~pcr -  
bulic, trend corlsistcnt ~ ~ ~ t l i  )nixing of mantle sourccs of 
dill>r-etit composition. The hlid--MiIiocene-l'liorcnr: 
basalts appear to s h o l ~  a cohcrcnt relationship. A ~nixi r~g 
hy-pcrbola i5 illustratcd, calculated using the ulasr 

cxtrelne hauL~lr compositions and the rql~ations of Lmg- 
xnuir el ci (1975). 'The data correspond well to the 
predic~ecl rniuu~g curve. Extrapolation uf (he mixing 
h!,perbola towards lower Zr/Nb itltcrsrrts thc ficld of 
hasalts from Hannuobd (Zhi zt al., 1990) and Mudanjian. 
Extrapolation towards hisher Zr/Nb ratios p l - ~ ~ i d e s  a 
~ u m ~ o s i t i o r ~ a l  rangi tbr the other end-mtmbrl- ~r,ith 
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Fig. 6. N - h l O R R - r ~ u r n ~ d z ~ r l  i i~~om]>~irls l t  rlttnenr d11:rantms tor scla:(.twl sairlpk.; From the Sikhute-~Zliti x1.4 Sakkalin rzgion. Bu 
repw~criring spin~l Lherzoli~~ xenolil1,s from Sikllute-,4lin ;lollnv ,I uk, 19?j; Are plor~ctl inr r o ~ r ~ l ~ l . i s r n ~ .  

21-iNb ;. 35 anti % r / S  .- 1. This ratlgc of values fills 
~ m h i n  those o!'h/lORB (Sun k IlcDilr~wug~i: 1989). It is 
clear,  tic~wcver, that the Eorcnc-Oligocrnc hasalts and 
some ~Ii.lid-hIior.er~c-l'Ii~~c~ei~e basalt5 lie ut! tlw mixit12 
hyperbola. 

Compatible crnce rlcments suc,h ai Ni and Cr Val-$ 

1vidt.l)- in conr:entration. Both art. high 21 the hlid- 
hIiocer~c-Plioc:cne b;twlts; u p  tc? 1140 and 3SU ppm, rcs- 
pecti\rlj~. and. \tithin ~ltis grruq, hot11 t ~ l r r n ~ ~ ~ t s  show. a 
slronfi corrclatian with l l / lgC> (Fig. 10b and r:). 'J'bcse 
katuri-s u e  (;~msiSterit with fractiorlal crys~nllizatior~ or 
buth I-)livint drtd p ~ c ~ x m c .  ~ n d  nl~,r3 C ~ I C J I I ~ C  SPLIICI. 
Thcre is a r , ~ ~ ~ d r :  pnsitirrr r-nrrrlation benvren h l g 0  
and Sc For r11r bIicl-hfioccne-Pliocrt~r and 1' coccne - 

Oligocene layas, s u g p i n g  that pjmxenr frat-tiona ti{>\\ 
may ronlribute tu the Clr variation in addition 10 

('.r-cj,;ntl. The  Earl!--hIid-Mioccnc Iavas havc high SL 
contents :Fig. 104 and pyroxene frac~ionatinrj seeills to 
he prccluiled ar an oxplanation for thcir low l:r contcnls. 
Cnnlpitrcd ui th the 1.lid-R'litvy'c~e Plil2cene qumtz (110- 
lciites with sirnilar h1.O crmtenis, 11ic h l i~I -hf i0~~11~-  
P l io re~~e  alkali basalt!: have Io~vcr \Ti and Cr contrnts 
(Fig. 1 1 1. a111,roachinq those of the hluclnllji~n alksli 
hasdts south-west of Sikhotc--din. The mosl primitive 
hfid-hfir-~ccrlc-P1iv1:~11~ laws conuin 7 -9 1l.t Yo hLg0, 
but must are oat sufir:icntly Xfg-rich to bc in erluilibrium 
with Fog* mantle olivinc. Tlius, they are unlikely to 
repi-esr=~,t p1in;nt-y rrlarltlt. mt'ltu I~ut tt;tr,r r~ndcrgor~e 
~ 1 1 a l 1  ,urlclunts of oliyine frac tionatml, prob;rbly < ~ Y O ,  
b;lsed on ~vholr-rock Xi cunccntratioru >150ppm in the 
prirnitivc mapnas compared with "33 pprn prirnnq- 

m ~ n ~ l e ~ c r i \ - e d  n1r.1 s (S~trr, 1977). T h c  hiid-hlioccr~e 
Pljoccrl~ Lasalts lir Ilrl~ nv thc r~\udcl rnelting c ~ ~ n - e s  in 
Pig. 1 lL, r:alcuia~ed for b w  (1 %) and high !209~)  degrees 
of' rnelting accordir:g to the model proposed by. Hart & 
Davis (7c17H). T-l~cs? cbaracleristic~ are morc collsisrcrit 
with 5-1 5% olivine rractionation, as shown hy tbe model 
fr.~cGon~tiar? trcnds ca lc~~la t rd  ! o ~ .  (Ele rrtlloval of'olivir~c 
6-om thr h4g-0-rich primary ma,<mas. In Fig. I l b, wr 
llote that primam- rncl~s  of low MgO c:ot~icrll will haw 
~.cl;lll~cl\- 1 { 1 ~ r ? i i  rtmtents. Hart k D;n?? I 1978) siygesrrd 
~ t ~ a t  hfgO corltcnts fir parental liquills frorn namr-dl 
hasdtic icrics rarigc frorr~ G to 1'1 UT lh, and  at hydrous 
partial  ~~rclting wf piriu.lc)ti~c Ir.iris to rn3pllas \kith hip11 
SiClz ;md low hlgO conwnts, resulting ill high DM; and 
low prim:~t-y Ni conzents. Thew cnlculations su.gest tha t  
the mosr nlagncsid11 &jli hasalts lrray 11al.e espcrienrwd 
S ? ' u  r~li~inc frar:tionntion from rt primary lnclt cbith more 
than 10 urt :/Ij M#, I+, he rexs the  qliartL il1o1eiitc.s could 
have experienccd cnrly 1-2 wr % oliyinti rrartionatiorl 
from a m ~ l l  u-it11 less than 7 wt 9'0 MgO. The Eor,erie- 
C7ligocenc and bar-ly-h'liti-hlic~t~e~ie bas&, charar~er- 
izcd by !ewer Ni and Cr contents (Fig. lob al id c), a r  
cl<:trly rmt  primat?; melts (in the rcnse u f  bcing in ecpiIi- 
briurn with a FogO-Enog clonljnatcd upper man~l t )  and 
must have undergone cnnsidcra';~le oIir-ine fractions tion. 

Sr-Nd-Pb isotopic compositions 
The Sikl ute-Alin and Sakhalin a.lm 1 ~ s  rxhiSit a sipifir-  
mr rallgr ot " ' ~ r / ~ %  and "'Piil/'&Xd (Fig i ?), 'I'wo 
b~oad groups can he cistinguirhcd: (1) ;i trend of 
increasing ' ' ~ r / " ~ r  with drcrcz<irlg t4'i\'d:11'~d, serll 
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prcd~rnirlantl~ in the Eoterlr-Oligocene Irlvas: (!!j a 
scattsl. in b u ~ h  Xd- and S~-i.;ot<)pe composirjo~l the 

Ylid-kIior:cnc-Plio~:~:r~t: la\.as. The E~~r;cne-C3li~occ~~~ 
bflPsalts havc v ~ i a b l r  "sr/'%r (0.7i1564.705 1) and 
' 4S~d /1 ' ?Vd  [0,5!2rl:i -0.51 290), and  arr similar jso- 

topically tu nokh-?as, Honshujapanese a r c  layas. 'l'hc 
Early hGd-Mioce~lt: basa!t~ have a inore restricted 
r a n g  oof " 7 ~ r / 2 ' ~ r  {0.703:3 O.;O:jG) and 1 4 " ~ d / i ' I N d  
0.5 1 2 8 8 0 . 5  1292), and arc the s!iost unradiogcnic in 
B7Ss/"'Sr ~ n d  radiogenic in 1 ' '~d l '4 '~d  of thc 
Sikhotc-hlin and Sakhalirl rocks. Within dl<, hiid-hfio- 
crr~e-Plloccne basalts. t!lc laws of' suuth Sikhnte-Alil~ 
h;j\-c st.l:~civel.; high ' 7~r / i i '~r .  and low '"~d,' "'Nd 
sin2ilar tc, the Eorcnc-Oligocrr~r Iitvas, \vherea\ t1)wc 
o f  central Sild~ure-Alin ha l e  .;iTificantlp lower- 
~QT:"~'s~/ '"N~ and X 7 ~ r / " ~ r  cxtent l i r~~ trlward thc 
e~~r iched  rnan~lr: cud-mcmbcr EhfI (EJofiuann, 1397) or a 
lo~vrr-cr~~sr,,il componen( (7.ht'rman & Hai11~:s. 1988). 

T h r  kad isotopr: ratio> I'or ;ill of'the Sikhotr-l-llin and 
Sakhalill sar~lplcs plot :hove the Yorthtrn Hemisphrrc 
Rcfkl-cnce Tine (h-HKL; as d e h e d  L!: thi. Pacific ;lIOKB 
array), with cieva~rr! '" ' 'PL/~' ' 'P~ an rl 2rr'~b/2["' ph corn- 

with l>pical MORB and 01B, over a 1,11.gc r;irtxe in 
" " ' p ~ / ~ ~ % ' h  (Fig-. 13a and h ~ .  The "' 'P~/~~'PI-, a given 
' " " P I I / ~ ~ P ~  is higher in thc &lid-h~iocei~ePIioccne lwas 

' lIICCI1C than in tlir F~>ienc-Oligoce~~t: ancl Early hfid-hI*. 
lavas. 'Ulc 'Ut'~ij!20'Ptj ftbr the hfid-h.llc7ccnePlinrer1~ 
samples rangcs from 17.26 to lfl.32 for rhc tholciites 
(Tnhle 3). 'l'l~le h I i~~-h~l~ccnc-Plincene tholciitcs also 
TI-cnrl 1%) the lor\, : 'u1'~b/2( '"~b, Iorv "7~b/2011'tr cnd of 
thc. NHRL. and plot 0x1 thr lcfi aide of the -1.55 G a  
gcochmn, similnr tn the Par,m;l flofid t)asalts of Brazil 
(Ha~vkcswor~ I)  r l  QI. 1986). Irldiari MORE (Mahoney 
c t  a[., 1989, 19921, an$ I~asnlts from mstrrn Cl~irla (Sor~g 
d # I . .  19110; %hang tt MI., 1998). Low '''~b/'''~b ratios 
m:ty i~ldit.:~ie a signiticnnt role fijr thc contirlcrllal litllo- 

4 sphrrc in basalt prtt'ogenesis as an aticient (>I  0 ?-earj, 
is, 1l;ited mantle rcsc~~.oir  (e.g. Mit.hard it la/ . ,  1986; Pricc 
et nl., 1 986). Foul- distinct source ctlmponec n h~volved in 
t h ~  petrogrncsis nf the Sikhote-Ain and SnUlalLl sam- 
ples may Ije idcntifkd on the hxis  of Figs 1 3 ,tnd 1 4. Most 
of the i s ~ t o p e  compositions of h r  Eocenc-Oligocerle and 
Early-hlid-hlit>cene basalts define an array consiste~~t 
with mixing of'nro g ~ ~ c l ~ e m i c a l l y  dis~illcr componenis- 
Uh,bl (depicted h.IORJ5-source ~narltlcj and EJhIIII 
jc~~ricl~ed-mantlc qpe TI). In contrast, thc hlicl- 
h,liocc-n~-FIia~ rnc basal& drtinc a distinctly I-liifcrcnt 
array. Thc hIid-Mioccnc-Plit-)~'~~~~ tholciitcs have high 
07~r/"srr:  2 " ~ h / 2 ' M ~ b  and " 8 ~ u / 2 0 1 ~ t ,  and low 
1 4 3 _ ~ / 1 4 4 ~ ~  and 206 ~h /~" l ' b  iso~opic signdturcs that 

Fig. 7. (: l~onrl~i1c-r~ormal17.t~l R EE patterns ior: (2: hMid-h8h~~.rnr- 
Plinrrl~c t,ssal&; $) Early-Mid-h!inre[ir basits; (c) Focsr~c- 
C j l ~ g o ~ e n ~  ba:~lt, Rqirtsenrativc Hal~nuohs llkali ha~;tlts (Lhl el 0 1 ,  
1990) arc alsn plrr(crcl Nurmalizing v;rl~~ck i ~ ~ r n  Sun k h'Ic1)oncrugti 

( 1  9893. 



Fig. 8. T d Y b  r s  V>/'Jh fur Sikhr,t~-,X~r~~Sakhalin v<:olc;triic 1rlcL5 

Ficlds l i b l -  Hanriuoha h a l t s  LAB, a l k ~ l ~  tlaialt; TK, tr;rl>.ii~ioilai basalt; 
'TH. th(11tlitr1 fro111 Zhi er r,i. jl9W). Sylltlah as in Fig. 3. 

Fig. 9. %r/Y i s  Zr/\h fur Sikftrbtp-,UinSakhalin ~rblr:ailic rock< .uld 
hiurhi?ji,tr~ alkali has;~ltu. nntttc! l u w  1s mixing h>pwlvia calculatr.~l 
bc~\,,c-tri the h17u cxlrtme 1,c~ui~s of tile datascl, using the cquarinnq ol- 
L ~ I ~ ~ I I I L L W  e( 01. ;197U;. N-hlOKIS comllorlrion (rycll c ' luss~ From Stir) ?r 
h4cT)ontnl:l:h (19U9:8. H-qtuuuoba alkali h ; ~ ~ n l ~ >  nu in Fig. 8. Symbols as it1 

Fig. 3. 

arc well outside the range of occanjc baaalts: but (he 
clt,.;rsi in composition to the h>potheucal cnd-memhcr 
EkI or lower crust. 

Fig. 10. I \ [  'k hIg0  w :A) Sc, C:r "lid (c) Ni fLt Sikl~nte- 
:\Inn f ;~khalu i  i~ l can ir  ro& ,ttlrl Riudai?jian hlkali b.aalls. S!rnt>ol? 
:lC m fig. 3. DISCUSSION 

Crustal assimilation vs enriched 
lithosphere 
Bawd un incompatible-elrt~~tkt a b t r n d a n c c ~ .  p,~rticularly 
rhp dcpletinns in Nh and 'Fa rplativc tu elemcrlts of 

similar incom~~atibility in uppcr-rrra~~tle rnr!ciu2 
procrr;r;cs, it i s  evident t h ~ ~  thr pe~rogcncsis or thc 
Eoccne-Clligoccnc t d s ; ~ l ~ s  and some Mid-hfioccne - 
Plioccne tholeiitcs ciitYcrs horn t h  a1 of' oceanic island 
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Fig. 11. \k7t GgCJ r-s {A) Cr and ( S j  Ni Tor hlid-3iLlir~t~~:ri~-Plioi~nc 
basalt5 frc~rrr Sikhnrr-.Ul. Partial ~ncliulg cunres aIc for I nrrtl 20°/n 
l a t h  ppar~;.ll rriclts 01 q>ir,cl lhcrzulirc. T h e  NI Lnllrents u l  [mi-tial tnrhs 
uf vai-~br~a hlgU have I)cc11 c.i!cl~lacctl iisuig tlw Ni partition rclntiun- 
s h i p  given by Ha11 & Davis ( I l iQ .  (Ni In ol ivin~/Y~ hi liquid) = 
!17+/hlgC)) - 0.') T h c  inihd modal rnutcraIog)-, tAv tlir1tirlg pro- 
pvrtluns and nine&- n~ir~cr-a1 partition ~:dfic,icntu 6,1 h1 are uurd 
f o l l o ~ u ~ ~  thr proccd~i~c uf Hart & U L ~ S  (i97!1), LracticrnJ tl-i-;?rxl- 
lizatiorl curies arc sho{+ri iur hqilirlq qmrtiiq on rht I snd 20% ~ j i r l r l r ~ g  

lines with h l g 0  canrellts or 1 1  w d  7 " r ,  rcspcctixrly h'urrlbcrs s t  crwss- 
tick are the ;tlnCslrl;r t r t  olivine ciycrallized. CJli~.ule fi.a~l,un~tior~ cd- 
cnl.ib,:J assi~mine \:uiation of Dv1 with h1gCl given by Har~ Sr 13a1.i~ 
( l g i k ; .  

dioleiitcs: and is pcr,haps mcrrc similiir to h a t  of' con~i-  
nenhl flood bayaitc, such as the Colurr~bia Rivrr ilrSA) 
and Icaroo (southern .Mric:l\ (U'right 21 l ~ i . ,  1989; Houpcr 
k FIawkes~wl t l ~ ,  1993; L:issi~er & UePaolcl. 1997). S l a n ~  
c.crntincntal flood basalts hrtvc prnt~ounced drplctinns in 
H E E  reln~ir-e to withirl-platc lmsalts from oceanic act- 
t ine ,  as indicated. for cxarnplc, hy lo\\- NWLa (rbndt & 
Cl~risier~sen, 19112). -4vcrase ccontinenlal crust is idso 
.<trorlgly dcplrtcd 111 HFSE paylor P: Rfc,I.ex~na~~, 1985). 
T l ~ e s c  obsemations ha\-r led many research trs to cnn- 
dude that t t w  low NIdLa characteristics nf many roll- 
t i n e n t i  ilood basalt suites rpquire crustal assirnilatinn 
rather than assjlnil;ition of con tiilcrlial lithospheric Inan- 
tle ( , h id t  et aL, 199:% Rra11dorl and Goles, 1995). If thc 
Ta dcpIeticr t i  in most Sikhotc-Alin and Sakhalin hasalts 
is takcn a h  tGdencc Ti,r crustal assimilation, we rvould 
expec,t a positivr cort.claiiori hc-tueen La/Ta and La/ 
Sm, hrr.,iusc upper uoiltinental crust ur n~odcrate-dtg~ce 
partial n ~ e l t ~  of the lower contiriental crust M ~ U ,  in gcn- 
rral, be erlrichcd in LRLE (TayIor h IbIcLer~rau, 1985). 
Fier.c 15 sliuws L;r/Srti -Ila/Ta ~-;iriatiorls i i~r  lavas ut 

Fig. 12. ' " ~ d / ' ~ ~ b * r d  r-7 m ~ r / " F ' ~ r  tor Sikho~c-AUI-Sakhdi~i \ ulcunir 
rocks. T)MM r l ~ l c t c d  hlOKB-ryx niantle; HIhqU, t~i~h-p-t)pc man- 
11,: $ = 2"il ' ' ~h ) ;  EhlI EhIII. cr~ri<:l~ed-~-nn~lilr qpe 1 and 
h11~ I1 (Lindlpr k lla~t, 1°C; l h t ,  IIIGDI;  LCC, 1 ~ 1 ~  1 ~dntinentdl 
cnlsr (Zartnmn & Haiilm. 1988); Bh. sulk E a ~ ~ h .  Data Tr01i1 Hm- 
nuoba (S~brlg rt al., 199(1:. ~lonh-easl Honshu ik~ru~ lrly at n l :  19!lfji dsld 
Pacific slid liidian hIORD [Hickc~ -\'xpq, 1991 ) nrtl shown Tur cum- 
pariuun.Jal)ar~ SL,~ ,  DARR uid Jnpan Sea CRU a7 ill Fip. .', Sjmhols 
a:: in Flq. 3. 

thc Sikhotc-.Uin and Sakbalin rcgion. SIIIIC lavas do 
posscss rtbtiv-clv high La/S1n dt id  La/Tir valnrs consis- 
ten! wit11 crustal assimilation. Ln particular, the Lclccne- 
Oliglj~enc hasalts from north and scl~~th Sikhote-.din 
have clevatcd T.a/Sm 2nd La/Ta+ Howevcr, the Mid- 
R1inceri~-l'lio~tw lavns have ua1,iable La/Sir: but 1mv 
La/Ta, and therefort, do nut appc.ar affectcd by awlmila- 
tion of ~,outincnial ciust. Thr Mid-lIiocenc-Plio~:e~~e 
alkali basalh haw high ILa/Sn1 arid very luw- La/Ta 
sin1il;ir to d~rlsr of the Iiast Asian cuntin~ntal alkali 
basalts. such as Hmmi.~aba. Signllicanlly, tbu very h i ~ h  
I,a/'Ta of thc Early-Mid-Miacenc bayalts, combinrd 
with low and constant LaiSm, suggcsi ~ h a r  t h c  hasalts 
havc not expericnred signilicanr r;rustal cnntanlination, 
hur instcar1 werc dcritrd from a HFSL-clcpleted MOKB- 
source mnntlr cumpollen i .  Lams with highel' 1a/Sn1: 
i%.hich prot,atly have assimilated crustal material: ai-t 

rts+xictcrl to somc Eocene-Oligo~eric basal&. 
Thrre are two principal hypo~hesrs that can cxplain 

the SI, -Nd-PI) isotopic and trace-elpn~tnt charar,tcristics 
of the Mid-RIifi:m4'lioctne hasalts. Thcy niay reprcs- 
ellt 11) mixing brwct-n ashmusphere-dcriveci melts 
(e.g. alkali basdt) anrl partid nlelts of mctasomatird!!- 
cnricherl, arlcieilt lithosphcric tnmtlr. or (2) mixing 
l:r\ween xqthel~osphere-den~rcrl melts and pal-tin1 melts 
of cotltirlental crust or the l~roducts of AFC: prorecszs. It is 
clear from the abovr discussion &at some Eocenr- 
Clligocent: quartz tholciites that clisplay posi [lye ' co~~ana- 
tion of' La/Sm and La/Ta t r q  have experienced 
relatirrly mirlor c r u s ~ I  contaminatiun. Some 12-orkers 



Fig. 13. "'~~/"'l't> vs ""PL/""P~ a11d (bl " " ~ b / " ~ ~ b  fur Si!diolc-Aliil4aUrdlin vnlcariir: rr,ch. UCC, upper r:r>ritii~r:iltd crusl (Za1hrra11 & 
Haincs, ISHfij; FOZO, roc31 zone (Hart et oLj 1992; Hauri d a!., 1904); I\-HRT., Norr1~rr.n Hcmisphcrc rcrcrcncc lint (Ha7.1, 1984). Fielrl for Pacific 
sedime~lts j(:ouse~ls (1 ol., 1994, is show11 for comparison. Synlhols anrl data sources as in Fi<p 3 and 12. 

C)KAMIJIL4 at oL 

have a~~ernpted to explain the HFSE depletion in con- 
tinental flood basalts by thc contamination of OIB-likc 
magmas with continerital crust (e.g. 'lhompson et al., 
1983). Ormcrod et al. (1988) argued that the luw Nb 
corlterlts of tlit: 13 Basin and Range lams (1 0 20 ppm) 
could no1 be generated hy any crustal contamination 
scheme involvirlg an OIB-type (asthenospheric) parental 
m a p a  (-50 ppin Nb) as something of the order uf 150- 
400°/; crustal matcrid tlrz.ould have to be assimilated. 

'I'HE KOLE OF LI'I'HOSPHEl1F. VEIlSUS AS'I'HENC)SPHE11E 

Similarly: to reduce the cor~centration of Nh in the Mid- 
hliocene-Pliocene OIB-type alkali basalts from a rangc 
of 40-70 ppm to the +20 ppm range characteristic of 
thc Mid-h/Iioccn~l'lioccnc quartz tholciitic basah would 
require thc addition of large amounts of crustal matrrial, 
assuming the la~ter was entirely devoid of Nb. The com- 
patible trace-elements systematics (Fig. 1 1) suggest that 
thc most magnesian hficl-R/Liocenc-l'lioccnc akali basalts 
haw experienced >ri 9/n olivine fractionation from a 



Fig. 14. (a) 2'H'~bi7'n P ~ J  . . . s~/'"sI- aritl C I ~  " ' ~ d / ' ~ ' ~ d  fm- S~khol . : - ,h i -Sakhal i~~ vo1c;triic ~ n r . k ~ .  S!.lnl)oIs a i d  data w~~tvi.s as iri 
FLKY 3. 12 and 13. 

primary 111rlt i111d thc quartz th~lciitcs 01l1y 1-2'/0 r>livil?~ 
fractiona~in~l . 'T'he haid-hIioczrle-Piioccnr I ~ ~ s d t s  coulcl, 
thercforc, he relati\,ely untnotlified rnanrlp rtlelts. Thus, 
r t ~ e  relative dcplctinns i r ~  HFSE cannot I-rsult from crustal 
conta~llination, but rather reflect the original compqsi~.io~i 
of the rrlarhle sourcc region. 'I'hr currently ;nailaMr :lata, 
therefore, 5uqgest that mixing betw ccn mantle-dcri\.ed 
d k d i  basalt? 2nd partial mel~s  of cilntjl~enral crust (or 
:WC) cannot explaili all thc Sr-Nd -Pb isotopic 2nd tracc- 
r!emen~ characteristii~ of rhe Mid-hlior:e:~c-Mincene 
thoiriires tiom the Sikhntr-!Uin and Sakhalin rc-gion. 

Identitication of source compouents 
Si~nific,antly, thc higher R;i/n'b and Rb/A-b in thc 
Eoicne-C)ligocrl>c basd~s are characteristirc; that have 
typicallv beell associatc~l w iih sub duct in^ i-l.ela~ied 
magmar: (pear<-e, 1983). 'l'hese qimilaritics suggest  bat 
subduction p:,clcesses harc played some rolc in the 
pctrogellesis of the Errczne-Oligocenr hasalts. kluids 
drivcn off a subducting alab inherit the? dr~nental and 
iuutupic clraracteri~rics lioln h e  subductcd occ.lnir (,rillit, 
inclurlin~ pelagic sediment, and crri~ld, thcrcforc. bc rely 
similar to those inferred to h a ~ c  atlmted thc. lithosphe~ir 
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Fig. 15. I ;t/Snl vu La/'I'a for the volcanic i,ucku ol tllc 
S&~utr.-.UitlSakl~alin, thy hludanjian arid Harinut,t>a bac;rlrs 
M h i  (i ~ r i .  1'39qs. S>rrlbolv and data sources as in Figs 3 aid  8. 

rnanrlc her~ealh the Sikhote-Ain and Sakhalin region. 
These fluid: will irifil(~-atr and metasomatizc thr nvr r- 

lying ~narllle wedgc, which may e v ~ r ~ ( u ; t l l ~ -  brcurnc 

accreled to thc subconthwntal rr~anr le, ,just ds islar~cl :IS< 

material evcr~tually bccorncs n c c l ~  tecl In thr COII tine n t i l l  
ciust (Othman tl d., 1989). 

hiosl of the Sr--Nd-Pb-i~.~ntilp~ roinpcniticjt~s of the 
EoccneOligocene arid E;a1-l~--Alid-hlior~t1e ba.;alt.; 
erupted prc- and syn-opening of (he Sta  o f , ] ~ l > ~ ~ n  dctit~c 
an array cor~sister~t with rn~xi11g of rwo grorl~rrl~it.ally 
distinct mantle component?-F,hlIl hnd DhKbl. Tilt- 
Eocene43ligocene basalis arid Itilrly-Mid-hlioccnc 
basah from central Sikhote-:Vin imd SakRalin, respect- 
ively, cxhibit positive co~relations bctwccn La/k% and 
87 ~ r / " ~ r  (Fig. 16a). Tllis observation, togrther with t l ~ c  
Yd-isrl~c~r~r: dab, is consistent with invnlvenjent of an 
i~ ~c,on~patihlc-clcrne 111 -(lq)leted cvrnponeilt with a tracc- 
~ l p r n e n ~  9 i ~ 1 ; i t u r ~  su~liLZr to MOW-source rnaritlt (low 
La/\%, '' ~ r / " ~ S r  ,ind high '4%d/14'~dj. " ~ r / ~ " ~ r  
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Fig. 16. (a) L / Y b  and $(, as? us ' ' ~ r / " ~ r  for the ~,olranir, mck. ti-urn Sikhok-Alin-Sakhalin. Symbnls as in Fig. 3. >\~c ~i21a  Crcjrr~ K-rL rhtlny 
{<lkamura 0 4  1998B). 



raiiilu of 110th central Sibhntc-rilitl and S&alin hnsalts 
dccrcasc with dccreasirig age of  cr~rption of thr  basalts 
(Fig. I6bj. We ~u~qgest 011  his biihis that rhc sites of 
m n ~ 1 a  gcnrlztion bencath Sikllotz-Ail1 arid Sakhalit~ 
n~ovrd  do\\ t l  from thc auhduction-n~oclifie~cl, Ehl 11-likc 
man~le hrhosphrrr 10 the MCIKR-source ds~henospherc 
as  ~prcaclirlg prcyresscd in I?IC Sra oFJat3:zn. P d e u m ~ y -  
~letic studic? indicarr rhat eas~warcl migration of rklc 
Japan xc away frurr~ Fastern SW~ute-=Uin ha? produced 
~hrJapiln and l'amato Basins ( O ~ o f ~ ~ j i  & hlatsudii, 19%; 
Otofi?ji ~ , f  nl., 1 !)FJ4). C40ntinen~;tl rifting ancl the opening 
of' an otranic basin !-equirc floct, of' ;ts~henospltere illto a 
rrgiun pse\.iou:!y occupiccl t)): subcontii1cnti;tl lithn- 
sphcrc. Thc bclurcc r t ~ i l ~ n  for r hc E;irlv-h3id-\,Iir7ccne 
basaltr crul~ted dilring r lw  upenin5 uf thc Srij ofJapan is 
~ i d w  t c ~  that of' Indian Ocean kf.LC)RB, i.r. with h i g l l ~ ~ .  
2 0 ~ C ~ ~ / 2 0 4 ~ ~  md YU7W/7fl+pb raliirs at a givtrl 
"~hF 'b /2w4~l~ value lhan the NHRT, iFig. 13). 1V"l:c suggest 
t h a ~  nsther~ospbrl-Y oi' Indian Ocean MORB source t?'pr 
(;(-~mnposrs at Ir;tsl part ?o f  thr Sihucc-;21in7Sak1~ahn 
lnandc ~wclgr and that there i q  no cont~ibil~iotl of 
;tsthzi~osphrrc of Facific Orcan MORE-~oilrcc: a ~ a l ~ l l r  

iu t11c Cp.nozni( volcarli~m of' the norrll-rastcrn 1<11~asian 
margin. As~hrnosphr~ic  mantlc of Indian Occar~ 
L40RR-sourcc r)7)9; thcrrforc, trlust h ; w  upwrlled 
kt-~rn I~erleath the zone ol' :,itting and mig~atcd latemlly- 
as rile back-arc Las in  dcxeloprd betweerr castern 
Sikhorc-Alin and rheJapiln a r c .  

The Sea or_) lzpilrl loascmcn~ cornj>riscs con (incnr;il rilt 
t hr~leiites .11id back- nrc basil1 basalt5 pruptrd during upen- 
irig in tile Early 1,ficrccne (Pnu<lct. tt a/., 1995). Lr:ochem- 
i c d y ,  tlw former basalrs arc. mildly I,KEE-cnrirhtd 
tholriitw with slight Xb depletion, characterized by 
high "~r/ '%r and low 1 4 ' i ~ d / l W ~ d ;  rcsrntbling the 
Enccne Oligclce~ic I~asal!s [Yiys 5 anrl 12). l l r  la~rcr 
b a ~ k - a t . ~  basin baiil~:. have neithtr enrichn~r.ltt nor 
dcplctic- ti of T6LE. : ( I I ~  ncxly Oat REE patrc~~ls  intcr- 
inediatc bet\v(.cn thosc uf island arc tholeiites ;ai:d 
hlOW !Fig. 5c). Thc hrk-arc t,asin basalis a r t  tile 
clucrst in ixrtopic 1.otnpositi011 to dzpletcd hlC71tB wirh 
low '"~r/"'sr high 14"~ii'%d, sjmilar to chose nt' 
the Early-h/Iid-Miocenc baalts (Fig. 12). Pouclcr et ai. 
( 1  99.5) prtq)oscd rhnl dur ing opcriing of tlli: 8ca of 
,Jay>;lil, the manrlr source ~.~gions involvrd in mapna 
gztlcsis we1.c ~iisthcno~pheric) depleted mantle fol-niirlg 
back-&I-(- basin hasalts, a n c l  sul>cr~ntiner~~al lirhoapherc 
of KhIII-like cornpositinn (fo~lning ro~itinenhl rift 
ttroleiites), strongl!- containiriatcd by subduction-rcli~trd 
componrnb. 

Thl: Earl!--1lid-.\Iiocenc hasalts ,we dihtinctive 
I~ccause the!- havc generally lorver trace-elrmcnt crxizen- 
tratiuns than an\- odier SikElorc-PJin and Sakllalin 
basalts. The nlorr srriking geochemical f ~ t u r t :  is t h p  

relati\-el>- lo{\- abundance of the HFSE with resl~cct la 
the ULE-A xe:eachem;r:al feature cornlnorlly found in 

island-iirc volca~~ics ((>ill, 1 l?H 1 !. 'The Early,-iI,firl- 
Mioccrle. 13~sal:s 3rc also drpletcd in HFSI1, Y a:irl 
HREE relir~i\.c to the ]jack-arc bacit~ hasalts Irwm the 
Sea ol-Japan basenlrtlr (Fig. 5c) ,  and rhry appear to 
havc  bceri dcrix-eil from ~ ~ i a n d c  snurccs t t~at  are more 
drpletcd ill incompatik~le elemen15 than thnsr inppcd 
during Ibnnation 1 bf thc Sea of' Japan bark-arc hasin 
hasnits. Sourcc cleplction by melt cxtmrtion, prior :a 
arc rnncpnra gencsis, expi;lirls thc similar degrcc- or Y 
rieplction and, by -1nalog7, thc HKEE depletion, LO that 
ol- HFSE in island arc basalt+ (lVoodileac1 t.r a/., 1'39'$]. 
I'c:trce & Parkinson (1  993) arrd Wo~jdhcad ct u/ .  l.I!!!!l:i) 
arguctd [hat istiind arc hasalts can Ix prodllccd t,y tnulting 
of clc-pleted, rcsir!ual rniintlc soulmt-es after prior hack-arc 
basin ba5nlt rnelc cxt~.ac~ic~n.  Thc ICariy-51ici-Micrcc~~c 
bavalts zl-r char;tctr~.izcd hY higher LITAF, rclative ta 
RICjRB: but I r w  a b s ~ ~ l l ~ l e  cont-r ntrations of' Nh,  T a ,  Z!. 
,tnd HE requking a pctmg.ynesis i n v o l ~ ~ g  re-fcrtilja~tion 
rmeiaso~na~ism) uf a dcpleted mianlie sourer. to cre~ttc it 
1.TLE-cn~,ichecl sourrc. An al~propriiitc working petrogr- 
ueric nlodcl is that tllc l?,arly-h,lid-LJiocen~: basiil~s rtvclr 
derivrd fmrii a deplrrrd resirhial asihc~osphcric niantle 
sourcc- iirt er thc hack-arc b:~sin basal15 had bcer~ 
r~tracted.  c10,srly s s o c i ; ~ ~ c d  ~ i t h  an irlfl~v clC L11.L- 
c~richecl bur HFSE-dcplcrctl subdt~r ~ion-rc l ;~~ed melts 
tlr tlaids. The  nlarked porphyritic dwmcter of 
the ITnrly--h,lirl-hiiocerlr basalts, corn~>arccl with other 
Sikhotc-.Uin and Sakhnliri suitrs. is clocumcnt<il in 
'1';ible 1 .  It is notr\tc,rlhy t h ; ~ ~  alrilouqh the rlvcrail pbc- 
nocryst asseinhlage is tllc snrtir in thr Early -R/Lid-Mio- 
cene as  i r ~  L ~ I C  other, Skhute-din 2nd Skllalin lavas, 
some p1;tgioclasc core cony-jositiorls a]-r strikingly 
anorthi~ic, consI.;ient with hiqher water ctlrltc~~ts in the 
In:t,pas !.4rculus & Wills, 1980). Hi<ller w a t e ~  rorltellls 
and lower el,uytior~ !t.niperalurcs nlxy have Lit(-ti f'aclors 
leading LO a g-rdies clepre o:'ctvstallinitl; nC the Early- 
Xlid-hljorcnc bahalts. 

Thc dccoupling of uacc-elernrtlt and 51--Nd-Pt>- 
isotrjpir: ratios in [lie Sikhotr-,Uin and Saklldlin lava~, 
and their contrast ~ v i t l ~  rhc trace-clentet~r patterns char- 
acteristlc of 0 1 H ,  suggrst  hat lord rn;jrillc: scrurcc 
ellrid~rurnt procwses, operating over r w y i l ~ y  time-scales, 
hnve playcd a role in ~ h r  pctrogenesis of the rnagn1,ls. 
The rrlntivcly minor Mid-Miocerie-Plioctnr alkali 
bas& were rmpted during fllr late stag? of ~ h c  Iav2 
srquencrs. Thc riormalizrti tracr-elenlcnt abundwicc 
pattcrns crf the hiid-kliocenc-Pli~~r~ci1e alha6 basdts 
arc. Iriore similar ro those i~i'  Ha~.vaii;jn a h l i  hasalrs, 
which arc gerierdy corlsiderrd to br plume-rrlated. 
OIB arr  thought to br tllc products of partial nlrlting or 
several componcnti within the m;tntle (Zincli~r & H ~ r t .  
1 9R6), one of which (EhlIi !nay be reryrled cnntirie~~tal 
litho~pheric mantle hlcKenzic & O'Kiqns: 1987j, This 
clearly cornpliwtes tile recognition of'lithosl~hcric tnantle 
5igriatur.r~. Wnxx-cver, 0 1 B  undoubidly represent 
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rnapJ-n;is mostly grlrrated w-ithir~  he a~rhenospller~, with 
ur ~.it l lout  Srjurce colnpnnrrlr additiorls from 111mtlc: 
glurnes. '1711e trace-derurnt characteristics of dlc un- 
con~al~iinated Mid-hiioccnr -Pliocene alkali hasalts al-e 
similar to ihnsc ok' ~ h c  Hannuoba alkali basdts (F ie  9 
ar~tl 15j, ccrtlsistcnt \r,ith melting of asthenospheric 
nlanrle at clcpth (Sollg t-t ab, 19!)11). Barry k Kcnt (1  998) 
clajr~tec-l that nIB-like C:cil~~oic basalts have I x c n  
erupted in z ~ s t c m  China, .\longolia ~ n d  Sjberin ~ i l l i e  .I( 
lcast 30 htn, concur:-ell[ with 51 ~bduz~ion-rclatrrl activc 
con1 i nental-ma~.gin vulcanism  it^ the L ,I-cnc-~ligocenc::nc-Olig-occne 
w i t h  thc Siktiotc-Ali~i 2nd Sakl~nlin 1,egion. The Om 
and MORB clam nrrajs ir i  Sr-Xd -1%-isotopc space trend 
toward a focal zolic (h'OZO i!i F i p  I ? md 14) betwccr~ 
T)h\.Ch4 anand HIhJI!; FOZO might be ;I cornponcnt rrom 
the lu~vrr  mantle (Hart c~ aL, 1'192) or tlle Transi~ional 
Znnc (Himan & Grahani, 1996). O n  thr Imis of their. 
iwtopc systematicr;, the hlid-I\/Tiocr~~e-Pliorcne ~lkal i  
basalts may have her11 arrived from a11 OiR-~ypc rrlandc 
sourcc mixed ~ 5 t h  a FOZO-lilcr cornponeni. 

\t'r car1 be confident t l ~ t  dcvintinils frcm intraurcanic 
OIB cornpr~sitiorls must rrl~rcserlt input f r o a ~  addillond 
sources. T hc M i c l - R  liocenc--Pli o c z ~ c  tholciitic magmas 
arc rharactclized by- low 2 0 ' ~ ~ ~ / 2 0 4 ~ b  r nupled with h$t 
sn ;pL,204 PI) , ~ n d  20"l~/"'k~b-ft:ai~irc~ typical uf  Chc 

Eh/II n~antlc crld-rnc111t)er (Hofmann, 1997) (Il'ig. 1 3). 
'I'hesi: characterisrit s wcre  originally rcfcrr<<l to as the 
TI TJPAL anp~naly-- -a circurk~global ar~umaly rclatrd 11, il. 

trmpnrally persistcnt mantle coilvectinr~ svstern rentwed 
on latitude 30"s (Hart; 1984). T h e  distribu~ion of l>1.ll,ak- 
ty-~)~: oceanic bns;ilts r,vitl~i~~ the Sr>utllcrrr Hcrnisplierc 
was linker! to a sul>litl:osphcric mantlc reservoi~-, eiihcr 
d c r i ~ r d  tiom mantle plumes involvu~g significar~~ 
amounts of a1:cicnt subdur:led sedirrlents (Hart, 1988; 
Castillo. 19R8) or thrrnldly eror3r.d Gondcvan;.. litho- 
sphcric ~nandc (Hn\vi;esu,orth CL dl . ,  1986). For examplr. 
ancicnt contintnu1 litllosphcre with d Dupal sipnaturr 
was considcrcd io bc dispcrszd and inrot-porated Lllo the, 
Indian Ocean MORB 5ource during thc break-up of 
Gorrd\r.dna (hiahoney et a/.,  1989, 1992). Similar Pb- 
isorope c.llnsactrriutics, :uicl broadly similar Sr- atlcl 
Kd-isotoilc corrq,ositions, are obscl~erl in the nearby. 
contrlnporantnlrs, I h t  Asi:lll basdts, such as the 
Hiirlrluoba tl!oleiitcs [Fig? I 3  and 1418. For Hann~ivI,a, 
%hi tt lil. I 1990) ;md bong et al. (1990) at1 rjbuted the 
T>UP,*L isotopic 1.1~aracteristics QC the tholeii~c's to rnelt- 
ins of ancicr~r sukcon~ir~entd lithospheric mantle during 
continental exiensiun; and I ~ E  distinct rharartclistics 
of the alkali basalrs eichcr tu mcltlng of th~t [orvcrno~i 
litl~osphert: or thc iisthcnc~p!~erc. Thus.  by i~ i fcrcnc~,  i t  
,ippears th:h the 101.v 20f i~b/ '04~b rharacteristics thc 
Mid-Xliocenc-Pliocc m tholeiitic ma-a is likcly krr be a 
lithosp t writ rnalxic fk;~lul.c. 

111 sunlnla:y, wc suggeu: thal thcrr i s  an indication that 
mixing ul'tnarldc soul.ccs was nn impo~tant prrjccss in lhc 

origin of 111e Mid-h,Iioccne PIiocrrir has dts rnlptcd post 
openilig of the Sea of.Japan, r t j t1 i  tnd-~~iembers 1)eirlg an  
cririched OIR-@pc rrranl-lr rwrce similar to FOZO. ;uld 
an EkH-wr mantle scmrcc. 'l I)? Nb ; i r w l  ?'it d~p ic t i~ r l s  
in somc of (he hlid-hiioccnr Pliocene tholrii~es (Fig. 5h) 
;arc rriorr: consijtrnt with a . j~l l~cl~~~ti~ln-mt~dif ied malhle 
source. \Y L conclu d~ d13t ihe Mi r! -kIiocenr:-Pliocer~c 
tholriiti;: b:lsaJts reqaire a signiii<:xlt co~llrib~iti~~11 rron~ 
an rnrichcd Lhn-ppe Precam br im slrbrr)ntiiiental litho- 
sphcric nianrlc snurcc, in part posibhy moditirti by 
ancient (>lo9 yeal-l lurtasomatisrn above a 51; hdi~ction 
zone. The Eocene-Oligoccnc. and Early-Mid-Mincer~r 
hasalts haw EkIII- and D U M - ~ ~ C  siy;iiurcs xlri dir not 
show ,In) cor~clusivc gcuchemic;il signatures fir clrriva- 
tion [ram FC)ZO- dntl EkIJ-t!-pc: tnarllle scmrc:es d u r i ~ ~ g  
tlie prc- a ~ l d  syi-tq~erling p!~ascs. 

Lateral variation of lithospheric thickness 
The Mid-hLiocenr Pliocc~~c basalts have ln~rcr  X.a/Yb 
and 'l'b/\% ratios than thr Harirluaba alkali basalts 
(Fix. 3). ' rh t  s?.sternaiically r!iff'ercnt La/l'b and 5irniIar 
HREk; ahuncktnces could havc been prr~duccd hv nlclt- 
ing uf   pin el Ih~rzolicr: bencatll thc Sikhotr-lllin arlci 
S:+Uralin region. Hrc;~usc rhr Hannuoba .ilkali b a s ~ l ~ s  
:~rld the h,lid-Miocenc-PIi~)c:zr~c alkali 1:rasd~s arr; rharac- 
terizrrl by sitnilar isu~opic signatures [c.g. Ncl- and 
Sr-isncope ralios intermccli;ite bctween thohe of MORB 
and infcrrrrl L>r the Bulk Exr~hj, the KET: diffcrrfires 
br(~,vccn t ! ~  Hannur,l>a and ihc Miil-Miocene--Pliocene 
basillrs (Fi5. R l  asr tcr bc expectcd given [lie tectonic 
setiill3s of [he w o  provinces. Tlic transition rrom syinel 
to garnrt lherznlite clnsc: to ~ h c  pe~idotitr solidus 
probiild!' occurs ar pressurry it1 excess at' 2+5GPa 
(Hirschmann k S~olper? l g ! f t ; ! .  thesc minirnuin d e p h  
of tneh scpnration arr c o r r e b t ~ d  wit11 thicktnirlg of 
thc litjwq'hcre from tht: continental margin [Sikhote- 
=Uin ~ t l d  Sakhalin reginn) to thc coritincutal intcriur. 
< H ~ n ~ o h i a ) ,  I hey mid? sdlcct dorninar:iIy asth~nosphetic. 
nielting !or r t ~ c  intra-plate, OTB-like dkali baqnltr. The 
rrlorc prunounrrr! garnct signnrurt in the REE parterns 
of- relatively t~ncontaminatcd Hanl~uobil. alkali b:tsal ts 
cornparcr! with thc blid-klioczne-Plio(:t:nc basal:s is con- 
sistrnl with the intetpretation that the Hannuoha basil~c: 
aw gcnera~ert throug11 sinall d c ~ e e s  of' l~,~!-tial 
melting oThot tni~ntle l x n t a ~ h  a [hi,-k lithosphcric licl. 

Aburldant spirlcl lhcrzolit~ xcnuli~hs are prcscnt in t l~r  
hslid-hqiocene-Plioc'cx~e alkali hasalts ill thc Sikhotc-Aliri 
i.cgion. Ionnv CL al. (1'395) rcpor~ed spi11r.l 1herzt)litcr with 
accer;Foy plagiclclase ti-om the koppy Kix-e? rluar (he 
8ovg;tv;tn and Selma Pla~rnux? which suggests a sh21llow 
source r~g ion  for rhc xmaliths a1 :I clepth 01' -50 h n ,  
within thc transition bettvccn r he pliginclasr lherzolitt: 
and spinel Iherzolite stalrriliv ficlds. C;cophysical data 
indicate relau\;rly thin crusl (-'l.i-3r3 h i )  bcnea~h 












