ﬂhM“WWM

(S Gy og2) oy ddlaie Glacdlil oiuls 5 goudiiymo; cstgadl (oond

YOF B VYY domio 51 VF Y lins opole 5led o5 5 oo Jlo O g

Yksa:.u' 4::3.1.‘0 ‘Yg\ Choe duswduw

O] bz s iz s ol ypgle 0SS o puilil o j 09,5 )
Ol ki i oy oL e ool (2093 09,5=T
O iz iz o aior ol o ol 5 Gtro sl oA o idre peokigeo 03,5 -1
OF YT ol adend VE YN callie 2l )

ol slajsl <l yd 0wl s (Bl soosss w58 g G eskS Fe 0 Ghoy by, (B s AT 0 enss

Ol GBSl S5 n Sl n, w3 @ bl o)y Heeis,

oS S g 0Dl ccpnS gy Jolds oy atie;

Sy g oKinls Sils pedl S 0 MNFey NiMQ locans .cul cdgpn S g4 5l 9 FOms.g7 Faugas oS 5 slls

5,10 (b8 das 4 5305) b5 Cannle o Lol olie Sland cpme sloSis ly 2 b Kie ol i il osijl Lo
Bblieys gl LS5 LSl o aias o ol Liie gylomins Ti 5 28 P ND 52 (HFSE) Wb e was b ol
FogkS Ve dgu> Gee 55 Cdgs ) )8 g Jrl slajle i (J925 adlaie 51 ooy slacdll enijle sleSle il g2
i ST (ol 005 55 Laigas o5 tns o oL 3 poli 1 5L me) Lo fnsd (sl foges ol 38,5 IS5

R ESUR"

1] sl oo oLl calies oSl slaailels l56

Olpl (Brb 0yl (owlidime; 0)lys 9290 (slaosls
e 55155 Rl b et 5 o 5l a8 el Gl ke
Colled el cols Fy sl ol o goaaie Glias]
YVl G (gm0 S 51 Sl iy o oleSLe
aalol Jlo gabes £0 dg0> g o jlel (b Jlo gudeo
Gy Sleaas] wlisKiw sloaw,p o LV o] el azals
@ Slod S Jlws albrerd oS5 g9 9 Slpss Gl
SLSin (oS 5 Slpti 0508 45 g5k 9,95 (o0 i
D] el s adda, B el 5l onsl 39>

S Bluge; oKl 5 2l o
ey Solygy oBws Sl olnl 3% 50 ey Slidss]
0 S 0 iy Slaaasl sla Siw .l g owlids
03 sl (ByS by Slold 4 (laigi-ddog pesiz

0,6 LS 1 iday p oCwls iy 5 (Il 1 g0 llS (sl

doddo
b ol owijle LSl a5 SlacSiw lyie 4 Ll o)
0)by0 gaiadsy,)l Gledbl wyl o S5z alisS gd
wheS 5l a S JSs bbb ase (J3b sl
» @leSle laanlp g slatus olse wslanigs ooled 5
a5 gl sl sl ol cnl L0V] wles oo @0l ailase
Sl lasgs Cigmupn b Jols o byl oS s
Jobad ;e g oYL axieS [ lsld IS gl o ls (slodg
0,by0 ot bl Wilgs o a5 [F] ol CISL o @,
Loy ol aimgy i Gamy OlyesS 5l Gl adsl Ol oS
orsell slojsl %os ol 4 IAVT s es pasy ol
5 Geoe 23S slaanld sl uiedy)l sl ouS” o
5 sowdihie da] SLaT Glacil 5 wtws 15,0 slalSl
ot JolSS log oS L (G cnl (oloond 4525 gl

ssmohammadi@birjand.ac.ir : S mSUl oy = OFYYY Y- £ 2 plas = OFYN  VEFAA 150l ¢ Jotuuns odiun o



Olpl ol S 5 (ol oy alomo

5« Gae YA

St sl Bloie; ol 5 ol Conle
005 lelil Glyuy adlate

dilate gl

B 0R° YO Yo" Lldlim Cosdse b wyy 3,50 dkkaie
TYORV P LYY FL FO" g 3,5 Job 04° Y8 FO"
Vel eweee eolibimey Al (o8 BSu 0 Jled Bye
VYO e wlid ey Al 3,5 idu 9 VW] aaiy e
O 5 S wxly i pcend Sl 13 VAL s
P slacels Jold oadyes 5o (b slafiw ik
5 (WY 5V sla JS8) (il oogs Jlod slapdm o XS,
SEa S glaalas Gl Ky e slaculd (e
st ooty o DAL ey 4l 551 (F0,05 2)
S l) sggle ST g dll xS WS slebiwg, el
a9> Sopes Bl p rey sl )3 aiies (V 5L 0 S
gl — 4l S (8T Gladds> abdie g (9w, sla
ool oo lel adlaie jo JlaaasT codled o 2il)s,8 olas )
@ 00 bl pwgl (b Sl sl GLL e izen
D39k sl orm b pleper (Elege; laglS
0,55 glao Lt ) a4y UL - los sl alys csloo,lus
Wload had psSl = Gy gl Ky 03 el
S &5 bl 5 e sl glaglasssT i e D1V
S5lS5 pwgSll = bl gl o wiyle (il oS s
olpor (V USE) Camls — sl e L sliass]
el ggeis; 1ol s S b 5l oslie plao )bz,
Oy Ly G5 )0 ddayumdiz iy ool alily o
45 03,55 Shp Db 4 9 5,05 lawle sladgs 5l ool
Ol sl lles 58 oo oo 1aglSiS ) a0 LI (S 50
i B9 5 ololaatsl gleglSis b gl o (S axy
s g 4 YL el e a5 () USE) el
i oYL 008 oo had (LY ) e SE) S50
sloojlaS 15 0 a4 cunl (Kiw Bg5 (5,lg1,3T dcgama oyl
momey el ol Lo jls sl (o ¥V JS) sl sl
Ll laojls vy (Sadpes 5 )lad sl
Syge adhain ;0 (V JS2) (Byd iz of Jlod S W,
O SreghS D) D90 b (S0P ;0 (izmes g (o
9y 4 ond plowl (i sl LS5 (s s,
o (O ailaie 40d) 090 glacdll n o el

olSiegs g 05t ol 5l alagisy 45 wisd o
Olyzs 4 ol SleaisT loSin wloads ) p cilisee
bl o lpl Gpb o Slaaisl laesgld 5l (S
ok wgd @ aker 5l oz OlulE bl i
oy 5l a5 w)ls aeid; plaigs 5 ddnpe iz g
it @y Do) digy (B0 g Jled glait s el
slolas, b a5 cul (Sow g G digy Dol dalad
ankd ol axdly JolSS5 i el b G eeS 2l5055
Sl 9 gz Jlod bl ;0 foghS A+ dgu> (sll)s b
D) Gy ot Sy Glily jo feglS Ve Sg0
5 Groe SladeS albo L 02 5 308 Saon jlondioly argy
a3,5 30 odd ouily (gloogS Al 5 o sla 55 e
15 s slrosS At 5 ainl S a5 (g sk cens] 0
Lol B o Sl olal Gy GlaesS as; 5 o)
S S gl Gl S b gl anlal 58 ad il e
s i ds Lol 3.5 ad a5 Jl> 0 wedd sdyp oo
wiblis 51 (S 1V 1 00,8 o (asuiie (sedl ogol ai a8
g M2 Saned oS o JlL S &
Foous by by, gl )l G, Al
el (390 B8 (5 sk S0) Wiz o 355 Coix s teskS
sogs; 69 ik me Jy S aibie cpl o
odd 8 50 (Ko dule —( et sladiini 5 (alpeglSS
Ol Alisee slagiogyy (9ST o)l (geis gl
oS casload plml ooy GLL gblis liassT clacSin
Sl oS LS oin @ e alex o
wor o DD QLl3) olpl Gpb dilaie p)lez ol
Sgjge slatdlil oleSle (G3locre) 5 (owlidSiw
~0s5 ksl cllad gy DY (Ll ) ol 354
DF] (@t ageaiz o ailane) lnl 6% 655155
dibaie laass] GlaSiw cordime) 5 sl Sin (o)
(ol oyn DOl (W2 50 i) i
5z) 90 Grd i3l G (iS5 Glo S
K ol a8 Lxl 5l oges o,lal [VF] (s
iz gy dilaie Slats] asgaze 1o (slofy Coenl (S
53 WloddS (o) S pelie g0 Ay (S g WIS Aoy
Sl 3l el Cussy @l el n i G
WSS S (oot 5 gl ot () WS (2o



ot o Ll o ¥ US) ol slosg IS Jislo hls il [1e] sl ool olis |, (osSll) Sl cysabeat) ¥
(& Y Jg..u) ‘55"""(5" 0dsd QQBL’ ‘535.«.....» col “_;‘X.E..A AJ‘OOL@‘J g.aSl.a 9 ol.:...u L J.’Lc o)...; B &_it) Le oy Oy
59°3530"E 59°36'0"E 59°36'30"E

Legend

32°41'30"N

:l Low level,unconsolidated recent clastic deposits

<
=
(=4

BB Pyroxene andesite

£l [ Biotite dacitic tuff

Alternation of sandy, marly tuff, in partly
with volcanogenic conglomerate

Z
E Phyllite z )
> =
=i o
= a
o
Symbols
Ville
@ Vvilage A A
= Road ko v k4 ¥ o v - ¥ r .
1 T
===l 59°35'30"F 59°36'0"E 59°36'30"E

0 0.25 0.5 1
Kilometers

ol b VW] dis o VYo v e v e aiis ol o ooy dilate il e 4ids V JS3

(@ (3% @ 23) Ll ooy (38 08 )3 b ) 50 ) )5 ks (Wlighay e Siw slaoxly ) 2l o polas ¥ U2
0355 (Pl o 5o Gyt Ll (O d(Grd wsiz 4 W) Sl 6l ooy JLSlu(e (Gs Jlad a4 00) (o —Bg sl o3laS
(& Jlod 40 p0) (AL



Olpl ol S 5 (ol oy alomo

L;!.>.r.3 (S AR

sloygh (Fr opbn S Glaad (rizen wipo
S mds slaysh jga> (¥ JS) o)l 929 (gl
S &S 650k A el ol wnl (b sl 5 Slde 2uSTs
A Llal sl el Gl b oogd co v LeSle slesl Layl i
slojsh ©oge 4 Gl uSgpm 005 has bl
0 905 G, a4 KL 0 U b ISbaass ) (5)gie
SIS S92y 5y DR e Glad ;o 5 S a0
Slaysh clys Sjge @ Oyw 4 Gl (AT )
Sy sldasie (owyp Sgboe ond oliyS ()9l
Loy T oS 5 50 45l 0ol (L g5 s b 1o yaS s s
A Smg 920 £95 5| by g Ol o5z FE oS lade
g2 €55 3] S g msielS dacdlily sl 5l o [y
Foz] R ROV L S KV-PITN U U X B PR Y PR YW W
30,5 oo hlo Cujel a o] cuS 5 g ol oS L b
sl iz Sl bouS s 0 Glo S (IS ek [14]
S S 50 b 5l 66T (S Dge 4 g
b 5l el S aney Lol Lise 098 0 00s0 a0l
o (6,5 ojlal Lhgels asely el ool JSis S g5
€9 5l bl ! g Conl 4z 10 YO 50> DS 9D o
DSl Swy, dadiges (Fp ;0 Aliad o g0l Y
o 85 (S Y JS8) b oLt iand by> Sl
S S 05 7 sl 008 (33555 il sl
a4, G el o s A B YD sgus bayel cllhpo
53 (w2)d B 390> ) azgs JB e @ ) sboysh &)50
ol g aiiKe 0gzg (Y SE) o4l 0gzg S dio;
Ssy s sl GG L T padaid S 0 5 St
O s leSle K 5 IS ol plSin 5y s S,
sl b lojen CoiiSe ol (gns slaleaSle o 15 el
shlad g Of b jlad o aS Jloys wedoe sskie
S o s sk ol GLb Jole 50 SoiiSe oS (5]
S sl slo slacdlil [Y -1 00,8 o (555 PS5
OilaST 15 il (6 iy CoiiSe cngall g slagl
@ LS S8 a e Ll ol e b ongl

IV ] 09 o 5o 516 & 50

ek el Gy,
Sl ol o)l sg2ge Oledlb 6)9Téo.?' 3o
Sl paiged 5 (2o SlalBld iy jum iz 0 S
Slrdiges o 3l ol pll gwyp 090 dilaie slaasly
b 6 S 3 At S5 e ¥o o ol
oBows b abii VP ngll GI (pleerd S5 (omyn 12
L XGT-7200 (XPMA) Jow oSS! 55 S5l p5,
9 0KV sldg bV e v ploy Sae )0 (59,500 V1 a9
Ol ol slo o8 58 olKaulejl jo Ve e MA (L >
Toos S8 L 6l eSe mysd b ol 4y dellin
2 09l AL s S alali e CueBse | plaSe L
Sl S o, dbl e lp polie s Ered )
2 olie aged Voot (olierdiine) lagom)
Sl @B osd slagss, & bl o5,8 ozl
S Slewdly (0> (riwideb 5 (AF-0105) (Lol ole
8 b Sl g ol ol gly (ICP-MS) Ll sus
5 b e slalogas ol 5l ey ol 4325 (MMS-01
23,5 v, Corel Draw 4 GCDKit Minpet sla |34l
3 e e
Sleaisl oogh ol oS 5 ¢ 5155980 Loz il 2
a5 aoldl o a5 el S5l sl Il oy sliassy 3y
w9l g0 3o n ol 2y

Wls o (B g (S ae) b Gy (S 2L
o (Gl Y S oS sl (sl sl i ys el ol
VOBV dgu (0 F JS2) IS8 (0 9 (@7 JS0) o ses
90 4 Loyl ojlul 2 ailosls LSis 1) S oo oy
Sy ad sl lajely (B w0 e 4w B
@ ool Glysl colys 5l golan crimren e oo LA
ool 0T g Cu)lS il e alez Sl Glo S gla SIS
syl (F sl GRSl glead sszy wiload o
Sl Soal b lagpsdsl (Rl el @l isd!
m oo Wl sl Sl S anld b e LigluST Lyl s
Py Fan S Cujiysd Lo slagpgdsl a5 o,
Ay o i ool vgzg e @y 1 aidl pad (53|
Ol 1y (i (ub 3l g aiies i elas GialS]



Y

VFe¥ UL'M) f O)Lo..:} Al J.l}

‘-J.

& A v

S (SS9 S gy 1y S slayeb olyan gl o ISl sla sy il jo (Al iy ddlate lacdlil (Sws Soe sla Sy ¥ USS
Lo LS (6 laisl slasili) sell slo s 15 czmals 4 (& sl oS o 6o ol o (o ecpasll Yo ISbass (gla ol i yo (o

o )0 ‘/A‘U ‘/f? O P205 9 do,yo /\/V(b &y A/\“& O
ol adhie SIL slaSin 6,130 ¢l cwl e
b ooliul (O JS2) [Y0 Y] szl sames, o loges
Rl 53 eip Spe S Shw wadoe owd &S ol
Codle b adlil S g cdll 05l jo cudp 4 dologes
=S Al gl ails )18 (oldBaes a4 o) L3
as ols Lz CIPW i, 4 oby gl g)lun oo
ANAY GAYVEY eyl V08 B AY N0 awngos Y FA L
G NY gl V2P B YAY 565, SYFY B YVYO o]l
@) Py Grizre g 5158 RN (s e (i 9
MgO jlde Cusladiges oldS Conle KLy (ages 90 3>
)D Mg# )|J.M 9 ‘5.’)3 M)Q\ ’/‘Y‘ & ‘\/(N‘ O L(bdaj.o.a )b
SSOlid a5 009 jusie duo o PYFA B OV YA u ladliL o

Ive] el 6lp (glasgS olSiuls

gl (G (oo
S Sl 595 K3 L (Bl n i, 45 @bl el
SIMGO oo () Jgaz) ooy aihaie sl po (nsd!
LYY o FeO Jlaie g (S59 9o )0 FYOA L YASY
b S 5 o Ll 5 009 it S5 00,0 YYPP
Jogmas 3 asell S5 E55 mes lpt s FO75.87 Falya 05
4 o FEPFETHMG olul 1 a5 [YY] 05 506
coobol oyl 1 us 5 eslial wasl oy 811 Mg/Fe®* +Mg
Cedsn,S oS 5o oy slecdlil jo 3szge (ngdl oS S
slognsdl MO# jlaie (7 JSC2) o)1 518 e 5l (8
Ll a0 )3 YE LY Ll Fe# g oo, 0 AV B VO suds (s

b )
Vodsar 5o gl dibie gladised olerda o mls
b FUPA 5l bacKiw ol 4o SIO; ake anl o 0]
GAYY 5TK0 wsyo $AA B YVY 5INaO s ys b4V
o AlLOs ws o APY B AN 5l FE05T asyo VA
Ca0 woys VNVPE VNV Y o TIO; s ) 0) FATLYF VY



Olpl ol S 5 (ol oy alomo

YYY

(0551 F Sls b (555 olasd) (lyay ablaie slacdlil o usddl G ol 53 b (o030 0505 4525 @mls Y Jgor

Aigas M-020-54-1 | 54-2 | 54-4 54-6 54-7 54-8 | 54-11 | 54-12
SiO, \Ed\ia YOEL | YY)A YONO YVES | YVYA | YVEd | Yafy
TiO,
Al,O4 A .Y A .Y .Y A ¥ )
Cr,03 N\ F N\ F <Y N\ F N\ F i -0 )
FeO YV AV YooY | VA0Y 19,94 V4. f VA£Q AR VANE
MnO . V¥ - A - OA i) YA - A - OA - A
MgO £ vy Y- | FVVP £1,2) £15Y FYNS | FYOA | Fe VA
CaO N -NA SNV <0 SNV -\ N N
NazO
K20 Y -\ 0¥ -0 B -V -V M
NiO hid .5 hid - OA A - OY YA A
Egome 49,00 490 | 43,4 49,0 A0A | 2900 | vy | aag.
ST F Al g e yeslS olaws
Si - AY - AY -0 - Af A0 - A0 - A0 A
Ti . . B B . . .
Al o) . Y o) oY ) ) Y
Cr N ) e e e . . .
Fe* - FA il BRNA hai ) <) Y| ey
Mn oY A N N oY ) ) o)
Mg )04 \FO \ Y V20 V2N \FY \ PV YN
Ca ) ) ) o) Y ) ) )
Ni o) A Y o) o) ) ) )
Egoze Y. Y-V Y- f Y- Y- f Y0 Y- f YYY
Sbb slael
Mg (Fo) A YA A A A A AY AY
Fe Js YY YY Y- Y\ Y- Y- \ ‘Y
\ Jode dalal
Sl M-020-56-1 | 56-2 | 56-3 | 56-5 | 56-6 56-7 56-8 56-9
SiO, YV YA YOrEE | YVeY | YOY. | Yo00 | YA YAAY YANY
TiO;, % -\ -\ ) A
Al,O4 Y s ¥ Y oY - -
Cr,03 s . f . f ) 9 Y ¥ Y
FeO YY VY YY) oo | YYAS | YYAA | YYSSP \YAY VASO Y- NY
MnO YA - V¥ Y| - YA <A Hai - 50 Hai
MgO YAFY oM | YASY | YAYE | YASA £1,-9 FANY \RhAS
CaO AR N AV [ e MY N¥ - )Y
Na,O - - ---
K,0 % s Y 9 - F B - F .V
NiO - Yy SYE | ey | exs A NA A A
£goze 49,A) YA | 9 vY | a9y | v AV 494Y 49, YA
0S¥ 4l e 165l ol
Si - AF SAY | A0 | Ay - AY Ve - 3A AY
Ti . e | o b oo . oo oo
Al Y ) ) Y s , .. .
Cr . . . . . . o) o)
Fe* 'y SEU| sy | e oY YA e - F¥
Mn Y Y Y Y Y - B -
Mg ) OY VEY | VOY | VoA \ O A \F- \ OV
Ca A A .Y A o) .Y Y Y
Ni ) ) ) ) ) , .. .
o y0l5 gyome Y0 YoV | Yef | oYY Y.$ A Y- Y Y v
End members
Mg (Fo) 2 \a 2 \id A A YA
Fe JS Yo \AS Yo \As \ia Y- YY




Fayalite
T
Ferro-
hortonolite

Forsterite

T

TITT T T T T T T TTTT

Hortonolite|
Hyalosiderife

TIT T T

Chrysolite
|

b

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

T[T T

Mg/(Fe2+Mg))

RRARE LRRRS LREES LALES RELES RS

AFETH PRTEE FETRY PETEE PETHE FETEY FETEY FTRT) FTEwl P

TTTT

MEFITITS IS IS WS SIS WS A SR S

0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
(Fe2/(Fe2+Mg))
s il el sl Condse s [YF] Cpysall 6,)iSals (ol MOIFEZ +MQ 4y cors FEZIFE MG Jog0i ¥ JSt

1ia

ol adlaie Sk SLeassT slackiw PPM) ;36 5 (G35 0,8) bl yolie oo (e 528 @S Ysur

R M-20-53 M-20-54 M-20-55 M-20-56 M-20-57 M-20-58
Siw £ il dib dib <dlib b <k
cosige X 09°Y0' Fa%° 09°Y0" Y0 09°Y0' 094° 09°Y0" OF A 09°F0' BAL” 09°7' 80"
) Y YYOF- AP YO YO fY YYOF.' g8 YYOFLFY Y YYOFL' 0.0
Si02 4,50 I £94¥ FAAF I Xh% I
TiO2 110 VY VN § \\§ ) AR
Al203 VEAA VEAF VEAF VFAY VFAY VEAF
Fe203T AYY AYD AYY ASY AYS AYA
MnO <A N0 N0 AN <0 <0
MgO AN el 4,07 Y0 1,00 3,40
Ca0 AV ADF ASY ASY AXF A
Na20 Ay f,0A A Y VY f-9 f-A
K20 \,0Y \ Ff \,YY VA id \YE
P205 < FA . FY D - FA il s
LOI() 5 slge) - AY i \R < AA Ja - fa
Soaxe 49,8V 49,VY 49,VY 49A 19,v4 49,4
Ba(ppm) OAd AYY OAA N2 OAY ovY
Cs 1A 10 YA \ ¥ Y \F
Hf Y00 YV fA8 o ¥ Y50 Y. f
Nb Y\Y 14Y Y\Y YYA 144 YA
Rb fY VY 1 Yv i ).
Sr agA AdF ara vy 9.9 AF
Ta VAY \ VA VAN YN0 VYA VAY
Th A A YAY AYY A& V.00
Co 1) YAY AN VA YAY Y4
U VY VY \F \f V0 V0
\Y% Va¥ 14 14 YA 19y YAy
Zr \FY VYA VFY \FY \YTY \YF
Y VYWY \YVE VA VY)Y Vo YWY
La f- T4 f- T4 Y4 YA
Ce VY ) VY V- v #q
Pr i AL AR AYY A¥$ A
Nd Y YY) YA V) YYY YA
Sm A \NAd £54 £A \fa £44
Eu Y £a YVY YN Y YA$ Y N§
Gd OYA oYY N F fA8 fAY Y
Th < AA - 04 - AY -AY - v A
Dy £,00 \AAS YA £¥4 £44 £5F
Er \0A \OY \ V¥ VAA VAY Ia
Tm AR s YA - YA S YY Bhs
Yb A A A ) Y\ Y\
Lu ¥ YA - fY i - ¥5 i
(La,Yb)N \YAY VYO VY AF VYO \Y,0Y \YY-
EuEu* VAN \ 5 \FA Nid VA VY




Ol ol (G g (ol oy ales S (G AN
Y Jgoz aslsl
Eges M-20-59 M-20-60 M-20-61 M-20-62
S g8 <Jiik <Jisk <Jik <Jik
) X| 0o’ sof 83°7a" 0V Y 09°r0' Fa,0° 030" FYA
m Y| ¥YOfavaA YYOFL oYY YYOFL of Y YYOFL By
Si02 oY NN o+ Y 0V
TiO2 RN VY RN WY
Al203 VE VY VEAY VEAY VFAQ
Fe203T AFN AN ASY AND
MnO -NF AT N AT
MgO Ve o¥ vy vy 3,4
CaO AYD AN AYD ADO
Na20 Y44 YAY YA0 f\F
K20 YV )oY V0 \hiz
P205 ha - fY Rig - XA
LOlI .Y A ya "
Egomma 9,55 43, VY 49,vY 49,V
Ba(ppm) OADd OAY INA} 0as
Cs )0 VA V0 )0
Hf AV A% ¥ 5 A%
Nb Y\Y YYA YYA YY) ¥
Rb VY Y- 2 \as
Sr 9. q-94 AdO q-)
Ta VA VAY VAA \NVE
Th A AAY Ae A AYY
Co YA TAA VN Yoy
u V£ VA \F V0
\% 14 Vay \a¥ \ay
Zr YO VEY VFO VFE
Y VWYY VAL VA VA
La v Y4 YA A&
Ce \A £4 £4 A
Pr Axa vy £ Q¥
Nd VY £YY - YV
Sm I £V oy INiYe
Eu Y £ ¥y \fai Yy
Gd I oA AN YS)
Tb < AY N .Y N
Dy £,Y0 £ AA ONY ¥
Er VA8 Y- f VO VAA
Tm X0 i YA Y
Yb Y Y Y)Y Y)Y
Lu ¥l N - %0 - %0
(La)Yb)N VYO VA0 V20 1V
EuEu* I )oY ) FY INF



V¥ ool g e ccmaadl (sond

“5)&&.3.««) VFe¥ ULMM) f O)Lo..i: AR J.l}

=
15 | Basio Intermediate Acid
Ultrabasid
/.o\ Phonolite
Alkaline 4 3
% l[ Phl':" [rathyte
— honolite
3 Foidite PAK Traghydacite
S 01 s\ |
MN g™ Rhyolite
+ Teplirite "
O Basapi
Cé\ ! 5 B - o 2 é ®
i =7 3 =
Z A 34| 3 2
2 % 5 % =
P
<
S
/2
0 g2 | Shbalkalin/Tholeiitiq i

40 50 60 70 80

Si0,(Wt%)

Basic

Ultrabasic

atermediate

15

10

Rhyolite

]

Na,0-+K,0(Wt%)

Subafkaline/ Tholetitic

35 40 45 50 55 60 65 70
Si0,(Wt%)

(=)

IYEXO] aolpo 5l ey @ e 0 s LB ggammo (slalog05 olol oy dilaie slacdlil (6, liKab (0 5 il 0SS

SIS 5 iz T o Codell jeao 5 05 e P (sl
sezg VAl atS o e slmim o o LS o I, Ti
u_)L».as).»oL».C x_)‘)...».au Qg o P 9 Nb Ti u_o.,.n Lg)wgra
2 S ol S5 She ein 0y sladige
ol b als o Rb ve] coul il bl
oS K lade oo)has slacdlil jo a8 el 5l 05 o pumls

D3 o Hlis e 6 lual RD el

1000

100

10

Sample/REE chondrite

[YV] adgl a8 L oudslrigy wleaS jolie sl loges
~edlib sl [YAD o ais b o b ,ob S olic o
Sloas 08,91 © g Al F Gl Ss 0 sy a4 ol sl
ol [YV] gl axags b oaslrigy s paie aiz loged
S adgl At S P 4 Cod polic dan a5 Gao oo
Byl ol 00 B0 Sos f o] i 5 aaly Sos
YU e @ad b yolie ooy ol s (Gl #Uss)
e §ylx o RD yae  Ti Zr P Nb 5> (HFSE)
el Bl K o csll jeas ses el

=
L
s
€ o
o S
2T F
E
&
)
k=g
g
]
wn

Cs Ba U K Ce Pr Pz FEuDyYb

Rb Th Nb La Pb S Nd Sm Ti Y Lu

3L slaojlas sl [YAD o ,auS b o jlonigy 4ol SB jolie 598l (0 LYV] adgl assS b ons lnigy job jolic loges (Il #US2

Ol



Olpl ol S 5 (ol oy alomo

5« Gae A2

Glasss solliuls SS& Gl eon! 5 plbesd
okl g Gl slacdlil Seny 5 eSem
Jas ISe slolie [¥F O] el sas soliial
037) o 5 hol polie coS 5 b » Olgee ) CnS o
-olie 5l eSo5b slaSw sla,el e ys ;o (NI g Ca Mn
Ni 35505 18] 0,5 S5 sy J o oS5 sla
wsd b ol IS @5 ca e b adsl slaclie M Ca
a5 Sl ools plis ()25 S ow) p D9d e J S ALS
O e g S5 @ig p aslgioe Slde S 5 lad-les
S8 53 Sudgn 298 (Jle sl 3850 Sl Ol g gl
cpe g Rl ) Clde sl G S @ie e VL
S gk wasge RlPl ) Cldelinsdl G 25 @59
ool s 9 NIl 8 s 4 cidu slaslin byl cow
~osd b FET g M alas s, Y8l ses 0 M )
Wipld ol b as aes o lis SCalel B sla S isu
ool sk Gl 4 Cond 5 00 Sl MnFe e
sols las baolie b Jolss ,o sbapsedl oS 5 [YV] s
idosd s ead oy Al olie 45 o
odaly clio 51 5oml MNFE cd gl oty o
Il e el slaysl cuye I¥Y] el cwsgn,
5 pomb &S wile ) g o0 e NEME*100 lade ey
S 5 g Sl @lgla (cugildl pliz lacdlil o o] jlade
VA G ¥ NHI00*MNFe 5l 6 immsy 0yms @l K0
S oby s olil (gl lix el 4 Cons
5 ol Sl lagusdl wodioe oms ANV JSS )s
ST FC R | 2N I 5 PUVUIAC OV AN K 1

=
5000
] Olivine from
Partial Melts of
4000 4 Stage 2 Pyroxenites,
- 3000 4
Ni )I
(ppm)
2000 (8-38% MeO)
Olivine from
1000 1 Derivative
=] Magmas
i — (8:13% MeO)
0 : 0[1\’mevlmm D 1\u\|‘\'e I\Iagmas(l‘?‘—l()% MgO)
50 60 70 80 90

Fo(%)

S Sy S polis w0l gy n L sl s
La ;pimes s Pb K U Th Ba Cs ;s> (LILE) o
Th Pb Fos e (@l F JSo) aums po plas Sab oé
odijle LSl yo (glawy Suacl Sl wilg o Ba g U
i ol S olic oSl e [ ] wil b oyl
Sai e dVA]L o yasS a4 s snd Jlrigs 0dds o)
o6 S yole 4 cod (LREE) S job S ole
Sad g (o F S vsb e ongs (HREE) .5
ol s slaiseS saums lis Ce 5 La o9 4 LLREE
o ;b SB yole Sos g5 CeleSle oSuls gl
Jds 4 a5 sl e ol 1) oKials jo co )8 S5 e
ol S yolic g oaiiogd o) ciduogd o 4>,
S 0 5B jpax aileais Clde B o)ly K
WLREE & cons WHREE _Sus g5 Jelse 5l colSnls

Lyy] colacdiil o

Sy

Oraedl oS 5 Al ol e
‘_g‘)_\ G'J‘)L’ 6[&&»..» Kl Gwl.».w@ls 9 stL».w&».w
255 5l odaly slaleSle sBiuls 5 Sldle sloosls Sy
Szl 298 5l SIhL slaleSle ¢ IS o 4y sl o aLsS
oS g 05l Ngd oo JSAT CuinS g5 5 Sy
JaLu)‘ 3o 0&5)9)5 P2} )l W) U;)fé Lg‘dms.’ \)‘9.40 l)
odd 555 5 cweildl atwgs 3 osel y slaclie [¥Y] ol
Mﬁ]‘“ 9 03 LJ“'“S‘B ¢)‘5 M; wgdu}: L! “&"""5)(5"
~adll alisS (6,8 USE jo sae oaijle 4T wims LSS
“ors o Shy Fr D cal el iz gl

2]

T T T T T T T
24+ 1
L P iti =
oy 2.0 yroxenitic source
E 1.6 - o
&
2 L2F 1
S
T 0B h. o
04 Peridotitic source B

00 1 1 1 1 1 1 1
08 12 16 20 24 28 32 36 40
100*Mn/Fe

(o dYA] ol sloysh iy oS 5 5l ooliiul b LSl oliuls aseis slp 100*MN/Fe 4 cows 100*NIIMG Jlsges (@l ¥ S
has il e [l sl sl ol oot s FO(%) a4y coes N jlade 503



VeV o ol g e (gl sond

“5)&:&»“» VFe¥ uw)‘f O)Lo.u.:‘v\ JJ}

Sole 20 5l i FC3MS  Jlode a5 (gy5b a4 wges
sBwls Klas ol 5l S Jlode 5 SiinSg,m oSuls
FeO,Ca0s MgOSiO; sloces [¥] wen SS9y
)‘Jdu Ls sFeO/l\/an Cnns Ssle o9 6L®u|M 5o
JLas 5l Jiee FC3MS Jlade Ll wsyls i ol Lzd
WDl oo 0dud o g o wdl A Gl Sy a5 Gl el
Cows FC3MS slajlogas bl oyljas L sladiges
4 Sows FC3MS ien 5 [Y] MgO 4 SiO; 4
1 L8 Sey p sbeolie o205 o [F8] FEO,MNO
S oy e 0ae) WR-Mg# & ceis FC3MS  jlogas jo
claiges o YAl lansss oSiuls S glp (S
ol 0,8 o ¢ #0 5l S FC3MS L 0y 5L
HFuegd o) crl 5l (& A JSD) Wed e &ly SS9
00D oy p sl Kl (_g|).3 SS9 w;
Dgd oo olpii
5 o o)Ll oyl 4 yii a5 Mg# s MO (VL jluie
Cr o (YYY-YPAPPM) Ni Vb Cos 4 oo pimen
aS s e olid ol sbadll e (YRV-F£Yppm)
Syg0 g 4...9; Jim 6;}![; M}f )‘ L{bui od.))l.w LgLo.fl.o
G sl 03505 )]598 4Bl iolas o5 L adls iolas
@b ey oyl plo bcuS 5 50 4yl "sr/7sr
on Slsd g blaSle ol Gl iy (osn ln
o [V o] Sen 5 Sy dawgs oo plxl sgigh!
SR GreskS B )0 390 slacdlil s adsl SKST
oS )3 Wiad gwyp S50 il ah a5 (o,
wyu ‘))Ja.u u.s‘ 9 009 (‘/V‘f; u.i’l...n) ~/V~f\/ iy ’/V’ff
48,5 IS oYL anngs 5l ol eiile sleSle a5 wyles o
Fres Siledae 5l elnls ulia G (o) 12
boawslico o co)8 [F8] sgi o oolinal 5L ol
LLREE « coi |, LHREE x> & g0 4 (Jun!
- ;0 DY YD (oYL s g, cpl 51LFV] 08 o 0 0
el LI o oKisls jo &)l jeax L el L sle
SY6 DYYD ol b sl oy o5 casuogd
4 o (V PPMI 208) 5ol YO jlaiie 5 (F 51 i)
w)lf—d.......w‘ u‘..\.o ..\)Lm‘so QL?U‘ u...]j)).l J.......».u‘ Kl

Sl wilgs o cpgdl sloyely cips ;0 Ca g NI jlade
~olie s &l SIhL sblSle glanisS oliuls o))
)‘ o.xo]ﬁ LSLQULM A Cands Mﬁﬁ )‘ d.d)f J&w LSLQ
e [¥¥] s 5wl Cag YL NI Glls cusgn
VBN e gy e (sl oS5 0 CaO
Jsaz) e3g eite + ¥ 5 0 ) (5 €A (S 5 (G55 00
Soges ewleS o (gl Sudgy p alleS oKl Silis 5 (3
o I¥al gl sla ol oty FO(%) @ cons N jlaie
sl gl adgl slaolie saums olid jo olas cdlil

IS S (oo by oS (s
ol gllsle Kl Kiw conle olulis
O Loyl ey JelSS g jlsle wnS 5 S o gl
Sl osile aslisl leadlil oKiuls wlis Sw s
<o Sl o ailes s CIll aS o)ls 592y (gouxie walgd Iv]
l% Cudgduy g &MSB)-U O i, (_ngoli».wl} u_m.‘?u
5l an S s slaedlil LEv-Fo] Wl ssmg o] opul
slagidn JolSS 5 (b sl S @l lomy andes
sgro b oJb ol bLFY O] wlass, 15 @ ey Ges
S olSle (Sl oz 5N oledle anl)d iz Sl
L5 S (o5 55 Wl oo (Slamgy S5l 5 (o250
wled Gl |y il oKuls gel i Sledbl g ools jrals
ad s G5 S5 gl cuwnnSg,m [FF )
3l el sy Tl xS llo Lol ogs gy
BON P15 U S VRLIN PR VEURP YLIVE SV S SUREPIPII S I LR VR
-0 op) & ae MO wo o Vel s g as 0 Y
5 b amsls Il sl adsi jo cepe i Wilgs
QG CoinS gy srolie wolatul 090 zly sl slajloges
YU TIO; (aoys & 51 aS) ol MQO (ljls glgl 5>
—olde b (oo, VO 51 2s) YL FEO 4 (aoy0 £ 5l i)
ol s bolie aes oSl (58 L) Codgnn o
,» FeO,Ca0 oYL cons b S gm0 ool el
2 ] Wgs o i MJOSIO; cos 5l (cune e
Wb oy CekaSorm g Sshn Glp @28 @ el
oS! 4en) FC3MS=FeO,Ca0-3*MgO,SiO, !l
@LuLH..: ‘) Lbu.”)la Kl u‘ysn (‘5»)5 oy > g



Olpl ol S 5 (ol oy alomo

YTA

LsLb:Ug.o.; LS‘)-.' LaYb 9 Nb,La sboews s 6“’)5
N0 g (0F 2Sle) ¢ T PY s o ey (Al
S5 ] Glo S e slo,S Ko ojuel axissS g (glo,S
Sl ooy Hlis mmiwles ey s (o & JSK5) &8
SoghS VP L Ve sgas cdgyy) o 8 dKluls Ges a5
& Sl (555,50 ailate [OV] WY1 5L 4 [60] el
azhis 5l as oy ladlil saijle oSl a5 S (lgs oo
2 a5 S5 g S 5 Jal 6 o 5T
i &S ol el ool LSS ZeglST Ve gds Ges
7oA ol sladlil ol S ole jlogad wd o)Ll
B yeax a5 CWHREE I Sab 45 caumoslis (o

leioe a1 olKials ulis SIS o )8

1.5
Pyroxenite

1.0 melts
£, | _______kCc3MS=0.65
2 0.5
8 Peridotite

0.0 | melts

-0.5 - - - - ,

35 40 45 _ 50 55 60 65
SiO,(Wt%)
1.0 -
08 Pyroxenite melts
0.65

0.6
g
= 04
@)
~ 0.24 Peridotite melts: FC3MS<0.65

0.0

-0.2

50 55 60 65 70 73

WR-Mg #

=S Yb Gl cdgs) co)l8 Clie b anslie o cuds;)
Sl (Y0 B 10) 8 DY/ YD cs 9 (Y pPPMoga>) YL
s YYPPM b YN oha leadil o Yb o jlude [¥#]
Eiuls b a5 el YAA L by DYYD cons oSl
Dy, YD jloges jo 5yls Slgten cudgs) oo, 5- Jol
Jnl ©gd logmie o1 o a5 [$97] Yb & o
ool las el o) Jrml 5 Sy ) 88 wedgs )
S35 2 O @l ez (Gl 4 JS5) Cul sas
B sgu> (LASuoed a4z g Sodgy) o)l Jrnl (e
Wages slgrin [FAl )5 5 Caonsl ilazd 518 w0
4 Coi (Ta g ND oy52) LHFSE S g5 Lo & o5
o) NbjLa (oYL cos (glo S i aissS ;0 LLREE
Clocaus 5 oS s aligS oKiuls sasaoylis (V)
S adsS olfuls Sl (10 39a> 5l eS) Sl

1.5
Pyroxenite
1.0 - melts
79 FC3MS=0.65
z O 5 ______________________
O W
— Peridotite
0.0 1 melts
-0.5 : : ; : :
0 ) 10 15 20 25 30
MgO(wt%)
-
1ot Pyroxenite melts
S loss__ _ _________
SLE .
o n Peridotite melts
O -
_0.5 L L 1 L
20 40 60 80 100 120

FeO/MnO

s FC3MS (6la o505 (0 5 Al acdlil it 5 (SainS gpm oKl LS sl loges 5o oy SIhL (sladiges Condae AJSA
(JS K Mg#) WR-Mg# 4 cees FC3MS Jlsges (& 5 [F0] FEO/MNO a5 cos FC3MS Jlsges (o ([¥] M@O 4 SiO; luie 4
(539 22> o> p baST aan FC3MS= FeO/Ca0-3*MgO/SiO;, ) [¥Al



V¥4 ool g e ccmaadl (sond

VFe¥ uLumc) f O)Lo..i: AR JJP

<
2.0
Asthenospheric mantle

1.6
S Average OIB
= ].2_______ 2
é Mixed lithospheric-asthenospheric mantle

0.8

‘ ' Lithospheric mantle
0.4
Average lower crust
0 T T T
0 30 90 120

60
La/Yb

5
Garnet
E Lherzolite
0%
4
o ) 1 5%
T
= 3
a 0%
2 | 15%
Spinel-Garnet
_| Lherzolite 109 Spinel Lherzolite
15% 594 0%
1 T T T T T T T
(6] 2 4 6 8

Yb(ppm)

gy €oyl8 gy ol 98 o s o] 4o a5 [$8] YD & cocs DYIYD Jlagas (Gl 5o ooy sUhL slodiges Coxdge 4SS
aisS eauiSlaz alaiie bl ()] jo a8 [Fa] La/YDh 4y cos ND/LA &l Jloges (o 5 ol o 00ls lis cudgs ) 6,8 Jul

EFloimey b e lp ol aS a5 Ly
Sl g 05 oo ooliwl Hob ol sla loges 5l laadlil Jsiis
oot g ool Sl glajlases gl cnl jo skaie o)l
Ao loged 53 ol wyp Sladiges s, LIS 4 [OV] IS
- Sl slcdll S ie 5, 40 Zr-(Ti100)-(Y*3) b
Sl (AN e SC8) 8355 o0 )8 (slazio (39,8 9 (2Ll3
095 ool albordine; Sl Shs wlob slacdlil
olad 1y (il 8 a4 atly (gSluime; olr 5 slamio
o0 0,5 Siw b (glo,8 atwgy b Sogll LOA ¥ ] wims o
5 omb T2 oml ND (y52) (ilg8 et plaailias wilys
Sbedlil cavyolb oLl a5 05,8 bl (Gl Ti
258 oS 4y auly Olgie 4 oadosgll (glamio (9,0
yolic slaloges 3| (s b [OF] o Kan 5 I 55l 4 [04]
) okeS iy assr il SSE (gl enliiul 30 0L
5L 51 sloyB (e Il (qwgildl Gl aniy I3
—09°) g slacdlil alise gl sy wgil Sl 6
Sl Ladd g 0355 3990 (o) wgd 9 0nj> (g owldl
3 ool gl wity laddlil pan g owgldl pl>
sl 5o gy opl e S5 LB e loges
Il lie glgl S8 gl 00l (Byne oz lojlages
lologas 5l yiiy Sl CIb gloil Sgan e
Zr-(Tij200)~(Sr2) b aw loges LOF] coul 5 o
19 badigas a8 o ool ooy ol LS gl 5
(o Ve 58 wilazs S gl L8 Sal lacdlils 5 pald

RUSWIW. LS“‘S)" olf&wl}ss|o;&uu ‘6|O;Cw

e o oS>

Jolie cuS 5 oS cul by ol Giliee gl oy p gl
Sl ey ol & L slacSin 1ol (o8 (Lol
oS 5 R0 oo el atiwly wiloas JSis o] o aS
Sy olael LB axls flgie 4 wilgs oo IIL slaleSh
ey ogd ad S Sl 0 gl (slagne; oSl s3lusl
Sl L oo bt ooy slaTs b UL slaleSle
ekl ol e ol giee S leinsey o
el sl oSl SSE 6l ke sla)logas
ab plapl omas (Sl e (plulid i 40 4
ey ool b L0s-0V] el sas @l olisipe; solgd
ol 2l L lbSle Lol jole sla S
b polie (B aSh s (SELoire) ool (sl Slods
JeSes ame b b3l 55 SI-NA-PD 55950 (sboailes 4
(S ek a4 [07] Wg, LIS 4 590 ol 4o anle e LSl
Gomes; Alide glgil 4 (Slope) bue 4l p aedlil
sbadlil ol asle bal o iege aSTOFOF] wloas
sl pliz il (MORB) (sl ] (ls slaariy
w98 sl (CAB) slo, g8 slacdliL «(OIB)
(I0AB) _wgldl yg,0 wsd sl (lAB) o, 5>
e Sl (BABB) (usd cuiy ase> slacdlil
sl (CRB) lo,b cils slacdlb (CFB) lo s
(OPB) _wgilidl o)



Ti/100 Ti/100
=)
g3 MORB
a S
a =
g F,
= o ORB, |
§ﬂ
Zr St/2 Zr Y*3

0
0 50 100 150 200 250
Zr(ppm)

2b aw l3ges (o Zr-(Tir100)-(Y*3) ob aw Jlages (I OV] hay aibaie slacdlil c5locrs; ol olulis glologas Vo JS2

[0F] wiee i Jlew SUlib Gilies gyl SSis sl
P TagND are 5 bl 0505 b g 5l ol oe Sl 52
sl o Gladiged suwed, Sl srarnz slyloges
oS 5 (MORB) _wgldl Lo sloariy slacdll
Sl o WLREE § Th Slslé onl o oys38l -5,5 sslial
2l sl opns s dly sladiges SIS ln
59, 5 4 sl ple sloanay lacdlil 5 (sl
by bl (e oKl glulis gl [0¥]
[YV] adgl aiss b ot bnige ol jolic slawslie jloges
“diges g oo oy Al VY S o A L ol eolatul
Gadlil Jols pleS e Glacdlil 4l ol slo
(AB) wd pl> slacdlilb 5 (CAB) slo,B LIS Sal
gl g lo BB e slro S SIS gl s
o e as eslinal [07] TaYb & coes ThYD loges
B sleyB GleS oS e ol Sl sladises (el
395 o09d sladlil o Nb jladie (o VY JS) os)ls
5 onl (AB) 052 usd slacdlily 5 IOAB) (ousgil 3l
0392 YPPM L 21y b 5l e85 V)7 PPM I 1S oo 5 &
i (CAB) 0,8 g8 slacdlsl ;o Nb Jlode a5 Jl> o
pPM Loy slacdlil o Nb jlaie [of] el (7-Y#ppm)
1 o)8 s slaedhil b o] cals a5 ol VA Y-YYA
“Cans 3 6ol M a8 NDTH s wyles oo 0
@i 3 Th g Nb (o 550t s & HFSELILE lo
Ot 5o Ailgl ol b e Olde ws o Ol s 4
5 oS NBTh cos 5+ ] 095 solital 5-lo e dasmo
odgy98 4By slalew o Cuul ilyg 8 oGl KL O
~olas VoYL NDTh e a5 S50 50 wias sl

Ti @ cad Zr &l s loges (o «Zr-(Ti/100)-(Sr/2)

oS @ ataly oSl culles slaailis 5l ol TIO,

Qo3 NV I ooy slacdlil ,o TIO, Jlade [V -] ol
Oy il g Ti plp 0 Z6 &l s Jloges bl
(o Ve JS8) aiten &8ly LIS Sal glacdll o8 o
rolie @lesd ooy oSy b (Sloime) oKl
b yole raeaiz sbologes o ohay sl job
S5 gloyloges cds [0F] () Kea 5 J 5)ls lyan
slrosls dcgozmo I oolaiwl Ly aadlil ol job ole
09,5 93 o el Ghashy @ls Goll W08 (s r
0,8 Ddhew L) alize S5l ) slalass [0 0als
3k owgl3l pliz L (ol Glee atiy ISk !
gl Shgen wiies axg BB Llses Ske (8
—ools 4y axgi o b yloged cpl (84 0%y 4 (2l Al
3l by wigd solawl ol S 5 wlidipe) o
OF] o)) S g J Loy oo (B e damie sl 0905
QO Comd ZOY Jlogad dw p0 Gl Il sladiges Caxdge
sy N YD 0 s ThYD Sloges (a1 VY JS2) Zr
olz b eols plas (o V) ) Zr4-2NDb-Y 5 (o))
“diged Lol W yls Ldgren Al (sloo S 05 oo 0090 AS
L IR p.w)) (CAB) o)lé u.)gs ‘_Q‘LD;,J‘)Ls ‘515 9).0.15 e >
~adll oSl aas oS ol wlas 5 1S (e S,

Sraie Bz sbjloges 5, pl 51wl Jhgen U 4w



Yo

VFe¥ ULUM) f O)Lo..:} Al J.l}

sob w0 hay ladiges o g [FY] YA sga> YL atwg
b 4 el (slatgy Sogll 51 Kilo a5 039 OO Sles
5 b pobe ol Gy SRy ab n (S
S S e (Gl ey ol plulid slajlages
Loy adbie ol JSas oSl glaanls
3 s duglie BB 1Sen 5 Al)e 8 bl slaslas,
LEFl Sl bwg oo plnl cwlionSiw slow, p
Sladasl collad o)l DY nale By 5 DY] L5
Gl &5 Sl oad (S ez iz 58 Olnl B0 et
S 3blie 4 atily 5 QLB Sal g5l loSin acgons

e o5 e

Th/Yb

BABB. Back arc basalt
CAB. Continental arc basalt
CFB. Continental flood basalt
IAB, Island arc basalt

IOAB. Intra-oceanic arc basalt
MORB. Mid-ocean ridge basalt
OIB. Ocean island basalt

OPB. Oceanic plateau basalt

1 10
Nb/Yb

0.01
0.

BABB, Back arc basalt
CAB, Continental arc basalt
CFB, Continental flood basalt
IAB, Island arc basalt

IOAB, Intra-oceanic arc basalt
MORB, Mid-ocean ridge basalt|
OIB, Ocean island basalt
OPB. Oceanic plateau basalt

100

LY 0&5)515 45)5 6L®JL..MJ 05.:.; o aS Cowl ‘S»LQUL.\A [N
o sladlib o NbTh cos (Sl anl oo 999
-Jl...w u,...a.» 9 U’““"‘)?)B olf.;l} LE LQQT (;...w_v‘j aS ol Y/V\
L;O}” s 6‘)-.’ "\’L"‘"Ls” QL)‘ ‘) oddj)g)é 45)5 LgLQ:
s ) nSles [PV ] 008 o soliinl waitis ulas (]
(NbU=b- 5 NbLa-Ydd) a5 5 [#¥] (NDU-=¥¥
5,50 dilaie sloKiw o latwg YT Jlas! [yV]
SOl et sl s ThU cas 5l 0)ls 0425 (g
B M w‘ O eolawl o Syg0 6ng_§w 3o d‘wy

BABB. Back arc basalt

CAB. Continental arc basalt
CFB, Continental flood basalt

Within-plate

basalts _ QB

TAB. Island arc basalt
4| IOAB. Intra-oceanic arc basalt

+| MORB. Mid-ocean ridge basalt
7| OIB. Ocean island basalt

1 e e — —

50 100
Zr (ppm)

2Nb

Within-plate
alkaline basalts

Within-plate
tholetitic basalts

Volcanic arc
basalts

Z1/4

ZrIY Joged (A Jolis [o¥] O g J lawgi cod Bire U aw g olgd slaloges o ooy SIBL sledises Cosdae VY UK

Zrl4-2NB-Y lsg05 (o NO/Y oy e THIYD [loged (@ ZF 4y Cos



10

B >
. Y : . Q\
SHO . LSS e QA é
Lot S 3 ‘\?- i Qe
ICA _ -
. o (5
L S S
i) ] :OQ©°bY$ ALK
> in
A ICA_; _\%_
S TAT | e
( ICA-Island Arc Calc-alkaline Basalts

).1 . [AT-Island Arc Tholeiites

p SHO-Island Arc Shoshonites
MORB-Mid Ocean Ridge Basalts
WPB-Within Plate Basalts
TH-Tholeiitic series
TR-Transitional series
. ALK-Alkaline series |

0.01—_2Z e
0.01 0.1 1 10

Ta/YDb

=& OB w—f— AR
CFB === [0AB
—8—0PB BABB
==¥==CAB === MORB
i Pedaran

Sample/Primitive mantle
=

1

ThNb Ta La Ce Nd Zr HfSm Ti Gd Y Yb Lu

Sladiges Cuxge (o dOF] cll cilisee elgil b ooy slacdlil VY] adgl axsss b ons xigy ;o yolic loges duglio (Gl 1Y S

2 S ity slacdlil JFV] (S g mgely sk 4 06S
al,S Sl 5l ke 5o (ol SleacsT slagls ol
Sty slacdlil onl s JSi Sl sl
slo)B 09y slacdlil 4 SleS lacdlil 51,38 slaglSe
adhie glcdlil G S cald 5525 b aiis
5 ool bgi oad wyn Sk g 5 ol
Sglite b Siw ol wlid o) oSl 25 £0] () Ken
i) slalume 4 gl (Sialy 5, cnl 5l g 00s
U 5] 590 glae

Sl 4

Sy GeskS Foopo glhay gl (B g Al o
@S g, 55 2 Il sleodys Wiz e 50
W18 Ggeidy 0ddye8 5O (S dle - Led slaarigd
Gl (25 5 (Siwiy ae) b sdys S il
aie g Croell slajsk utys Sl eniile sla SIS ol
(Leiife) ;08 G 5 Wil (puSsym Jols ailogn,
SE oSl 5 SEilonn, b s @l bl p ol
APl 5l esliiul g S S (condine) (eired 3 (nodl
sl LSl (FeO,Ca0-3*MgO,Si0;) FC3MS
G ol w85 S (g n amdsS Sl ol SliL
@ Cows b LREE Sui 6 oncmolis ol S ol
I oKl wlis SIS o 26,8 jea> a5 cuwleHREE

LoF] TalYD & e THIYD Jloges , o)y dliL

B Sz @bl slacdlil a5 coul ongy (U]

s aihte ol laass] glacSie sl 5l Sglite ol
565 T 6lb oy el Lol e (5o, (slacdls L L3,
5 &Sl 0szg b gl slbaXw (pl a5 ses o olis
2 ekl polie pliard oS5 aly G BSL sla loges
Bolr Sl 5l Ll S sl LB lacdlil 58
loSiw plo b (S35 (Ston (aleSle (3loirns)
SIS Glgie gy ol 5l olnl (B8 sble lasas]
oy Sogll sr mbolas, Gl Sl 4 oS
2l Cople 9525 b laSiw (nl B oad s adgl LoSLe
ol 1 oS bl 4y wly laSiw o Shs S0
3 o a5 0395 (g0 4 b 65 50l ol adl e
ol Bl o0l (oLl8) LSl adsl Comle JolS 28 o
3 Sl L slao3laS o L [7057] ) Kem
S ety oS oleSle codlad g 05 50lh 5,5 Csix g
S5l e 68 e Olnl et ad GasesSl adg> o
o @ wtee gy il glacdhl ans 5K
S50 s Sw oaijle 5L Sl a5 wilooww, azs
3PS Sy (285 ade> Sy 3 sl St o 2
ol Al sl 4 ilonds LSas e Sl ol
A5 M (SzgS (LS bl JleS cuty laady>
o) oS S A (owsilidl oS S 55,8 b LSl
T S e (2l el pleSle leST ety 3 k]



Yoy o ol g e (gl sond

“5)&&.3.««) VFe¥ ULMM) f O)Lo..i: AR JJ}

[6] Blondes M. S., Brandon M. T., Reiners P. W.,
Page F. Z., Kita N. T., "Generation of forsteritic
olivine (F099:8) by subsolidus oxidation in
basaltic ~ flows", Journal of Petrology 53
(2012). 971-984.

[71 Howarth G.H., Harris C., "Discriminating
between pyroxenite and peridotite sources for
continental flood basalts (CFB) in southern Africa
using olivine chemistry”, Earth and Planetary
Science Letters 475(2017)143-151.

[8] Cao G., Tong Y., Li X., Wang L., "Insights
from olivine chemistry into crustal magmatic
processes and the mantle source lithology of
basalts from Hainan Island, China", Lithos 430-
431(2022) 106852.

[9] Oeser M., Ruprecht P., Stefan W., "Combined
Fe-Mg chemical and isotopic zoning in olivine
constraining magma mixing-to-eruption timescales
for the continental arcvolcano Irazi (Costa Rica)
and Cr diffusion in olivine", American
Mineralogist 103 (4) (2018) 582-599.

[10] Jung D., Keller J., Khorasani R., Marcks Chr.,
Baumann A., Horn P., "Petrology of the Tertiary
magmatic activity the northern Lut area, East of
Iran”, Ministry of mines and metals, GSI,
geodynamic project (geotraverse) in Iran, No.
51(1983) 285-336.

[11] Pang K.N., Chung S.L., Zarrinkoub M.H.,
Khatib M.M., Mohammadi S.S., Chiu H. Y., Chu
C.H., Lee H.Y., Lo, C.H., "Eocene— Oligocene
post- collisional magmatism in the Lut— Sistan
region, eastern lran: Magma genesis and tectonic
implications", Lithos 180-181(2013) 234- 251.

[12] Ghorbani Q., "Petrogenetic investigation of
Quaternary basalts in east of Iran (Khorasan)",
M.Sc. thesis, Shahid Beheshti university, (1993)
250p.

[13] Vosoughi Abedini M., "Petrologic and
tectonomaagmatic aspects of Cenozoic basalts in
east of Iran (Khorasan)", Geosciences 6(23-24)
(1997) 16-31.

[14] Taghribi M., "Neogene-Quaternary volcanism
in east of Iran (Birjand-Moud-Sarbisheh area)",
M.Sc. thesis, Shahid Bahonar university of
Kerman, (1997) 150p.

[15] Yari F., "Petrology and geochemistry of
volcanic rocks of Fanood area (southeast of
Birjand) east of Iran". M.Sc. thesis, university of
Birjand (2011) 113p.

[16] Parsaei M., "The study of geology, alteration
and petrology of igneous rocks in east of Moud
(southeast of Birjand)". M.Sc. thesis, university of
Birjand, (2012) 115p.

e 09z glerbom; TRy aleie aalb
MO YL e (555 Sy VIV TiO; mly
e 5 OV YA-FY FA) MO# (S35 9o ,s 40T\ oY)
=f2 ppm) Cr g (YYY-Y2APPM) Ni oYL Cos @ oo
oaijle leSle a5 wao o lid ol slacdlil jo (YFY
L adls Gl Sjge g a5 S8 (VL 4l 5l L]
JOUINSURINICR I TVIN: SR RV TR TR
ThU 5 NbU NbLa sz cilizes ol yolie glacon
Glatgy Sosll b wiies Gl latag YT 4 a5
Bl Al IS jsb & e e ol |y LSl JolS5 Lo
Sl o)lys iy Slagow, p Grgen 5 S0k O
ool Gl Jlisl & o S5 e olnl 3y
il B e 00l s sl GleSle glaugy Sosll (52
sloSiw s Shy (Fr (b Coale 3525 L oS

s qlas |y S sl 4 atulg

o8

AUV N JRPES u_;lo)aé 5 S il wlie oy
aujp i el sl o sely slags ks alRayle;]
D315 o 5l gt cnl 0 eads bl sl JUT

&=l
[1] Herzberg C., "ldentification of source lithology
in the Hawaiian and Canary islands: implication
for origins", Journal of Petrology 52.1 (2011) 113-
146.
[2] Yang Z.F., and Zhou J.H., "Can we identify
source lithology of basalt?", Scientific Reports 3.1
(2013) 1856.
[3] Yang Z.F., Li J., Liang W.F., Luo Z.H., "On
the chemical markers of pyroxenite contributions
in continental basalts in eastern China:
implication for source lithology and the origin of
basalts”, Earth-Science Reviews 157 (2016): 18-
31.
[4] Yang Z., Lai S.C., Qin J.F., Zhu R.Z., Liu M.,
Zhang F.Y., Yang H., Zhu Y., "Petrogenesis of
Early Cretaceous alkaline basalts in the West
Qinling: Constraints from olivine chemistry",
Geological Journal 58.2 (2023) 780-794.
[5] Hu, Q.W., Mei, S.W., Zhang, L. and
Ren, Z.Y., "Mantle source heterogeneity for
Hainan basalts revealed by Pb and Sr isotopic
compositions in olivine-hosted melt inclusions™,
Lithos 438 (2023) 106991.



Olpl ol S 5 (ol oy alomo

closure in the Balkans", Terra Nova 29(2017)
145-153.

[30] Wilson M., "Igneous Petrogenesis"”, Springer
Verlag, London (2007) 466 pp.

[31] Kuscu G.G., Geneli F., "Review of post-
collisional volcanism in the central Anatolian
volcanic province (Turkey), with special reference
to the Tepekoy volcanic complex”, International
Journal of Earth Sciences 99(2010)593-621.

[32] Kampunzo A. B., Tombale A. R., Zhai M.,
Bagai Z., Majaule T., Modisi M. P., "Major and
trace element geochemistry of plutonic rocks from
Francistown, NE Botswana: evidence for a
Neoarchaean continental active margin in the
Zimbabwe craton", Lithos, 71(2-4) (2003) 431-
460.

[33]Sobolev A.V., Hofmann A.W., Kuzmin D.V.,
Yaxley G.M., Arndt N.T., Chung
S.L.,Danyushevsky L.V., Elliott T., Frey F.A,,
Garcia M.O., Gurenko A.A., Kamenetsky V.S.,
Kerr A.C., Krivolutskaya N.A., Matvienkov V.V.,
Nikogosian I.K., Rocholl A., Sigurdsson LA,
Sushchevskaya N.M., Teklay M., "The amount of
recycledcrust in sources of mantle-derived melts"
Science 316(2007)412-417.

[34] Gleeson M.L.M., Gibson S.A., "Crustal
controls on apparent mantle pyroxenite signals in
ocean-island basalts", Geology 47 (4) (2019) 321
324.

[35] Rasmussen M.B., Halldérsson S.A., Gibson
S.A., Gudfinnsson G.H., "Olivine chemistry
reveals compositional source heterogeneities
within a tilted mantle plume beneath Iceland",
Earth and Planetary Science Letters 531(2020).
[36] Matzen A.K., Baker M.B., Beckett J.R.,
Stolper E.M., "The temperature and pressure
dependence of nickel partitioning between olivine
and silicate melt”, Journal of Petrology54 (12)
(2013) 2521-2545.

[36] Humayun M., Qin L., Norman M. D.,
"Geochemical evidence for excess iron in the
mantle  beneath  Hawaii", Science 306(5693)
(2004) 91-94.

[38] Liu Z., Shea J.J., Foley S.F., Bussweiler Y.,
Rohrbach A., Klemme S., Berndt J., "Clarifying
source assemblages and metasomatic agents for
basaltic rocksin eastern Australia using olivine
phenocryst compositions”, Lithos 390-391(2021)
106122.

[39] Kim S., Choi S.H., "Geochemical studies on
the mantle source lithologies of late Cenozoic
alkali basalts from Baengnyeong, Pyeongtaek, and

[17] Nazari H., Salamati R., "Geological map of
Sarbisheh, scale 1:100000", Geological survey of
Iran(1999).

[18] Eftekhar nezhad J., Stocklin J., "Geological
map of Birjand, scale 1:250000", Geological
survey of Iran (1991).

[19] Deer W.A., Howie R.A., Zussman J., "An
introduction to the rock forming minerals”,
Longman Scientific and Technical. Hong Kong
(1991) 528pp.

[20] Hall A., "Igneous petrology”, Longman,
Newyork (1996)551pp.

[21] Gunnlaugsson  H.P., Helgason, O,
Kristansson L., Nornberg P., Rasmussen H.,
Steinporsson S., Weyer G., "Magnetic properties
of olivine basalt: Application to Mars", Physics of
the Earth and Planetary Interiors, 154(3) (2006)
276-289

[22] Whitney D., Evans B.D., "Abbreviations for
names of rock-forming minerals”, American
Mineralogist 95(2010)185-187.

[23] Wager L.R., Deer W.A., "The petrology of the
Skaergaard intrusion, Kangerdlugssuag, East
Greenland”, Meddelelser om Gronland 105(4)
(1939) 1-352

[24] Cox K.G., Bell J.D., Pankhurst R.J., "The
interpretation of igneous rocks", Allen and Unwin,
London (1979) 450p

[25] Le Bas M.J., Le Maitre R.W., Streckeisen A.,
Zanettin B., "A chemical classification of volcanic
rocks based on the total alkali-Silica diagram”,
Journal of Petrology 27(3) (1986) 745-750.

[26] Christoph B., Karsten M.H., Philipp A.B.,
Stefan H.K., "Primitive andesites from the Taupo
Volcanic Zone formed by magma mixing".
Contributions to Mineralogy and Petrologyl172
(2017) 33.

[27] Sun S.S., McDonough W.F., "Chemical and
isotopic systematic of ocean basalts: implications
for mantle composition and process”. In: A.D.
Saunders and M.J. Norry (Editors), Magmatism in
the Ocean Basins. Geological Society London
Special Publications 42(1) (1989)313-345.

[28] Boynton W.V., "Cosmochemistry of rare
earth elements: meteorite studies”. In: P.
Henderson  (Editor), Rare Earth Element
Geochemistry, Elsevier, Amsterdam (1984) 63-
114.

[29]Prelevic D., Wehrheim S., Reutter M.,
Romer R. L., Boev B., Bozovic M., van den
Bogaard P., Cvetkovic V., Schmid S. M., "The
late cretaceous Klepa basalts in Macedonia
(FYROM) constraints on the final stage of Tethys


https://www.researchgate.net/journal/Geological-Society-London-Special-Publications-0305-8719
https://www.researchgate.net/journal/Geological-Society-London-Special-Publications-0305-8719

“5)&&».«» VFe¥ uw)‘f O)Lo.u.:‘v\ Q.l}

geological significance”, Acta Petrologica Sinica
28(2012)1130-1138.

[51] Ellam R.M., "Lithospheric thickness as a
control on basalt geochemistry”" Geology 20(2)
(1992)153-156.

[52] Ross P.-S., Bedard J.H., "Magmatic affinity of
modern and ancient subalkaline volcanic rocks
determined from trace-element discriminant
diagrams"”, Canadian Journal of Earth Sciences
46(2009)823-839.

[53] Pearce J.A., "Immobile elements
fingerprinting of ophiolites”, Elements 10(2)
(2014)101-108.

[54] Li C.S., Arndt N.T., Tang Q.Y., Ripley E.M.,
"Trace element indiscrimination diagrams",

Lithos 232(2015)75-83.

[55] Saccani E., "A new method of discriminating
different types of post-Archean ophiolitic basalts
and their tectonic significance using Th-Nb and
Ce-Dy-Yb systematics", Geoscience Frontiers 6(4)
(2015) 481-501.

[56] Xia L., a Li, X., "Basalt geochemistry as a
diagnostic  indicator of tectonic  setting",
Gondwana Research 65(2019)43-67.

[57] Pearce J.A., Cann J.R., "Tectonic setting of
basic volcanic rocks determined using trace
element analyses”, Earth and Planetary Science
Letters 19 (2) (1973)290-300.

[58] Wang P., Glover Il L., "A tectonics test of
themost commonly used geochemical discriminant
diagrams and patterns”, Earth-Science Reviews
33(2) (1992)111-131.

[59] Xia L.Q., "The geochemical criteria to
distinguish continental basalts from arc related
ones", Earth-Science Reviews 139(2014)195-212.
[60]Condie K.C., O’Neill C., "The Archean—
Proterozoic boundary: 500 my of tec-tonic
transition in Earth history"”, American Journal of
Science 310(9) (2010)775-790.

[61] He J., Zhang Y., Wang Y., Qian X., Sun L.,
"Late Paleozoic post-collisional setting of the
North Tianshan, NWChina: New insights from
geochronology, geochemistry and Sr—Nd isotopic
compositions of the Permian Nileke volcanic
rocks", Lithos 318-319 (2018) 314-325.

[62] Teng F. Z., McDonough W. F., Rudnick R. L.,
Dalpé C., Tomascak P. B., Chappell B. W., Gao S.,
"Lithium isotopic composition and concentration
of the upper continental crust”, Geochimica et
Cosmochimica Acta 68(2004) 4167-4178.

[63] Rudnick R. L., Gao S., "Composition of the
continental crust”, Treatise on geochemistry4. In:
Reference Module in Earth Systems and

Asan in the Korean Peninsula”, Lithos 404-
405(2021) 106434.

[40] Dai L. Q. Zhao Z.F., Zheng, Y.F,
"Geochemical insights into the role of metasomatic
hornblendite in generating alkali basalts",
Geochemistry,  Geophysics, Geosystems 15
(2014)3762-3779.

[41] Lambart S., stolper E., Baker M., "The role of
pyroxenite in basalt genesis: Melt-px, a melting
parameterzation for mantle pyroxenite between 0.9
and 5gpa”, Journal of Geophysical Research. Solid
Earth 121(2016) (80: 5708-5735.

[42] Liu J.Q., Ren Z.Y., "Diversity of source
lithology and its identification for basalts; A case
study of the Hainan basalts", Geotectonica et
Metallogenia 37(3) (2013) 18 (in Chinese with
English abstract).

[43] Zindler A., Hart S., "Chemical geodynamics",
Annual Review of Earth and Planetary
Sciences14(1986)493-571.

[44] Sobolev A.V., Hofmann A.W., Nikogosian
LK., "Recycled oceanic crust observed in ’ghost
plagioclase’ within the source of Mauna Loa
lavas" Nature 404(2000)986—990.

[45] Altunkaynak S., Unal A., Howarth G.H.,
Aldanmaz E., Nyvit D., "The origin of low-Ca
olivine from ultramafic xenoliths and host basaltic
lavas in a back-arc setting, James Ross Island,
Antarctic Peninsula" Lithos 342-343(2019)276—
287.

[46] An AR., ChoiS.C, YuY. LeD.C,
"petrogenesis of Late Cenozoic basaltic rocks from
southern Vietnam", Lithos272-273(2017)192-204.
[47] Pertermann M., Hirschmann M.M., Hametner
K., Gilnther D., "Experimental determination of
trace element partitioning between garnet and
silica-rich liquid during anhydrous partial melting
of  MORB-like eclogite™, Geochemistry,
Geophysics, Gyosystems (2004) 5.

[48] Smith E.l., Sanchez A., Walker J.D., Wang
K., "Geochemistry of mafic magmas in the
Hurricane Volcanic field, Utah: implications for
small- and large-scale chemical variability of the
lithospheric  mantle”, Journal of Geology
107(1999)433-448.

[49] Aydin F., Karsli O., Chen B., "Petrogenesis of
the Neogene alkaline volcanics with implications
for post-collisional lithospheric thinning of the
Eastern Pontides, NE Turkey", Lithos 104 (2008)
249-266

[50] Sui J., Fan Q., Xu Y., "Discovery of peridotite
xenoliths from the Nuomin river Quaternary
volcanic field, the Great Xing'an Range, and its


https://www.sciencedirect.com/journal/lithos
https://www.sciencedirect.com/journal/lithos
https://www.researchgate.net/journal/American-Journal-of-Science-1945-452X?_tp=eyJjb250ZXh0Ijp7InBhZ2UiOiJfZGlyZWN0In19
https://www.researchgate.net/journal/American-Journal-of-Science-1945-452X?_tp=eyJjb250ZXh0Ijp7InBhZ2UiOiJfZGlyZWN0In19
https://www.sciencedirect.com/science/referenceworks/9780124095489

Olpl ol S 5 (ol oy alomo

magmatism in the Oligo-Miocene basin of the
Northern edge of Central Iran", Scientific
Quarterly Journal, Geosciences25(99)(2016)239-
252.

[67] Ramos V. A., Kay S. M., "Overview of the
tectonic evolution of the southern Central Andes of
Mendoza and Neuquén (35°-39°S latitude). In:
Kay, S. M. and Ramos, V. A. (Eds.): Evolution of
an Andean margin: a tectonic and magmatic view
from the Andes to the Neuquén basin (35°-39°S
Lat)", Geological Society of America, Special
Paper 407(2006)1-17.

Environmental Sciences(Ed. Elias, S.A.) 2nd
edition, (2014) 1-51. Elsevier, Amsterdam.

[64] Khorasani R., "Petrographie und geochemie
spatkretazisch-alttertiarer laven und subvulcanite
der nordlichen Lut ost-lran”, (1982) Dissertation,
Universitat Hamburg.

[65] Ghasemi H., Barahmand M., Sadeghian M.,
"The Oligocene basaltic lavas of east and
southeast of Shahroud: Implication for back-arc
basin setting of Central Iran Oligo-Miocene
basin”, Petrology 2(7)(2011) 77-94.

[66] Ghasemi H., Rostami Hossuri M., Ssadeghian
M., Kadkhodaye Arab F., "Back-arc extensional



