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Abstract The compositional diversity of volcanic rocks reflects the complex interactions between physical and chemical processes
during magma generation, ascent, storage and eruption. Since 5 million years, Changbai volcanoes (including Mount Tianchi, Mount
Wangtian’ e and Mount Nampotae) erupt a lot of basaltic rocks. Their compositions vary significantly (3.2% ~7.8% Mg0O). Previous
studies suggested that the compositional variation is mainly controlled by mantle heterogeneity, differences in the degree of partial
melting and fractional crystallization, with no significant crustal assimilation. This study found that these basalts experienced varied
degrees of upper and lower crustal contamination. Meanwhile, the geochemical and isotopic composition show consistently temporal
variations, which can be divided into three stages: 5 ~2Ma, 2 ~ IMa and 1 ~0Ma, base on ¥ Sr/*Sr ratio and MgO concentration. By
qualitative and quantitative geochemical examination and modeling, we found that the cyclic geochemical variation is mainly related to
open-system magmatic processes, including fractional crystallization, crustal contamination and magma recharge, instead of mantle
source heterogeneity and differences in degree of partial melting. To understand the detail magma stall and transportation information
the cyclic variations record, we conducted energy-constrained recharge, assimilation and fractional crystallization ( ECRAFC) modeling
and found the best fit trajectories defined by the Sr-isotopic and Sr trace-element composition of 5 ~OMa Changbai basalts. Our results
indicate that: The parental basaltic magma of Tianchi and Wangtian’ e eruption center initially store in a connected low-crustal magma
reservoir, though they separated each other in upper-cruatal reservoir related to heterogeneity of regional tectonics; Magmatic storage
systems of Changbai is progressively shallower from lower to upper-crust in 5 ~2Ma, and quickly deeper from upper to lower-crust in 2
~1Maj; During 1 ~ OMa stage, the basaltic magma mainly restore in the lower-crust; The cyclic geochemical variation of basaltic
magma during the last 5Ma is closely related the periodic stress-shift of regional faults, from fast to slow extending.

Key words Basaltic magma; Temporal variations; Crustal assimilation; Energy-constrained recharge, assimilation and fractional

crystallization (ECRAFC) modeling; Changbai volcanoes
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Fig. 1
(modified after Zhang et al. , 2002 ; Fan et al. , 2006)

A simplified geological map showing the distribution of Cenozoic volcanic rocks and tectonic faults of Changbaishan

Main tectonic faults are indicated by numbers: F1-Baishan-Tianchi Fault; F2-Yalujiang-Zengfengshan Fault; F3-Yalujiang Fault; F4-Tianchi-

Guangping Fault; F5-Changbai-Zengfengshan Fault; F6-Fuerhe-Honggihe Fault
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Fig.2 Microphotographs of the basalts less than 5Ma in Changbaishan volcanic field
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Petrography and composition of Changbaishan basalts younger than 5Ma
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Fig. 3 Plots of K,0 + Na,O vs. SiO, (a, after Le Bas et al. , 1986 ; Irvine and Baragar, 1971) and FeO"/MgO vs. SiO, (b, after

Miyashiro, 1974)

Data resources: Xie et al. (1988); Liu et al. (1998) ; Fan et al. (1998a, 2001, 2006) ; Hsu et al. (2000) ; Chen et al. (2007) ; Sun (2008) ;
Chen et al. (2008) ; Kuritani et al. (2009) and this study. Data in Fig. 4-Fig. 9 are the same as those in this figure
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Table 2 Sample compositions of major elements (wt% ) , trace elements ( x 10 ™°) and Sr-Nd-Pb isotopes
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T FA PR
P ive ey ki
o B EPT ww o ww ooew B ks o oan ke LB LT
R XNTIL - JIXHTI2 HSLCI2 - SMELE 1130 wepn0s k02003 K02004 K02004P 1101 1104 CSL-O1 SW-02 SW-05 SW-06
002 01 01 02 -1
AF (Ma) 15.03 1.19 0.54 0.87 0.3 0.3 <0.01 <0.01 <0.01 4.77 3.25 4.77 1.86 ~2.87
() 42.33  41.98  41.73 42,11  41.94  41.94  41.97  41.97  41.97  41.52  41.52  41.78  41.55 41.58 41.58
258 (°) 128.14 127.56 128.10 128.22 127.91 127.91 128.20 128.20 128.20 128.14 128.14 127.95 127.94 127.94 127.94
Si0, 48.91  47.57  49.91  49.88  54.60  54.01  48.21  48.91  48.61 48.61 51.68 51.89  51.28 50.91 51.21
TiO, 1.35 3.23 2.81 2.25 2.36 2.45 3.42 3.35 3.32 3.74 3.42 2.92 2.88 2.7 2.69
Al 04 14.92  15.23 16. 89 16. 46 16.45  16.53 15.27 15.43 15.4 12.54  13.62 13.65  14.82 14.1 14.25
Fe,0F 9.12 12.18 11.56  10.67 8.88 9.09 12.21  11.94 11.88 1519  14.02  12.87 12.16 12.83 12.88
MnO 0.15 0.16 0.18 0.16 0.13 0.12 0.15 0.14 0.14 0.20 0.17 0.16 0.16 0.18 0.18
MgO 9.29 7.33 4.13 4.86 3.51 3.76 4.12 4.12 4.11 4.36 3.78 3.93 4.36 3.90 3.85
Ca0 8.59 8.73 6.57 7.33 5.82 6.15 7.44 7.55 7.49 7.95 7.50 7.65 8.34 7.40 7.41
Na,0 2.95 2.88 4.22 3.77 4.09 4.03 3.59 3.48 3.51 3.06 3.29 3.10 3.07 3.38 3.4
K,0 2.31 1.93 2.5 2.57 3.42 3.23 2.35 2.20 2.18 1.89 1.78 1.88 1. 64 2.07  2.10
P,05 0.46 0.54 0.79 0. 64 0.57 0.59 1.41 1.27 1.26 1.27 0. 60 0.52 0. 66 L12 111
LOI 1.00 -0.44 -0.42 0.32 -0.28 -0.38 1.16 1.08 1.06 1. 14 -0.26 0.52 0.26 0.24  0.59
Total 99.05 99.34 99.14  98.91  99.55 99.58 99.33  99.47  98.96  99.95 99.60  99.09  99.63  98.83 99.71
FeOT 8.36 10.97  10.44  9.73 8.00 8.18 11.18  10.91 10.91  13.82 1262 11.74 11.00  11.70 11.68
Se 37.0 21.8 14.2 26.2 14.5 15.2 13.1 16. 4 18.9 30.0 33.9 25.4 40.4 - -
% 220 224 134 157 116 124 180 152 148 240 265 225 178 - -
Cr 415 138 - 57.3 97.3 116 108 73.4 75.6 - 15.2 38.1 61.1 - -
Co 45.2 47.9 25.0 33.2 23.9 25.5 30.6 30.2 29.3 46. 1 43.1 39.2 37.5 - -
Ni 144 91.5 - 29.8 2.5 43.1 38.2 23.7 23.3 3.8 17.5 17.8 41.1 - -
7n 78.2 121 129 104 115 111 137 131 126 160 150 148 131
Ga 19.6 22.9 24.4 22.4 24.8 24.9 24.9 25.0 24.7 26.1 26.0 25.3 24.5 - -
Rb 68.2 35.3 49.6 44.5 4.6 41.7 37.9 37.7 36.5 35.7 26.2 40.2 27.4 - -
Sr 767 806 887 770 602 645 905 925 918 638 496 498 628 - -
Y 19.2 23.6 31.5 24.4 23.3 23.4 26.2 26.9 27.2 35.6 31.2 30.4 29.0 - -
Zr 167 254 339 241 269 271 272 264 261 250 263 240 215 - -
Nb 29.7 38.9 49.4 40.6 36.3 36.9 38.7 38.8 37.9 24.2 25.0 21.8 19.1 - -
Ba 546 588 860 1195 1120 1102 1863 1845 1806 757 629 590 636 - -
La 26.3 37.4 49.5 44.0 41.7 42.4 47.4 42.1 41.7 35.3 29.2 26.3 26.6 - -
Ce 51.9 75.3 102. 1 86.9 80.5 80.0 91.7 86.7 84.6 78.9 65.2 57.3 60. 5 - -
Pr 7.15 9.92 13.35  11.04 10.32  10.42 12.63 11.50 11.05  11.55 9.59 8.45 9.12 - -
Nd 28.2 38.3 52.7 2.7 2.5 2.4 52.6 48.3 47.0 52.3 41.3 36.4 40.0 - -
Sm 6.06 8.45 11.12 8.62 8.78 8.90 11.91  10.96 10.67 12.98  10.63 8.89 10. 17
Eu 1.75 2.66 3.33 2.88 3.20 3.19 4.48 4.33 4.20 4.55 3.18 2.94 3.52
Gd 5.05 7.55 9. 69 7.01 7. 64 7.70 10.01 9.40 9.21 12.18  9.16 8.77 9.19
Th 0.78 1. 06 1.35 1.07 1.09 1.10 1.35 1.28 1.29 1.67 1.39 1.29 1.34 -
Dy 4.26 5.36 6.96 5.70 5.45 5.45 6.75 6. 40 6.27 8.20 7.82 6.74 7.01 -
Ho 0. 80 0.94 1.28 1. 06 0.98 1.00 1.22 1.12 1.12 1.45 1.45 1.21 1.29 -
Er 2.11 2.34 3.24 2.70 2.30 2.36 2.78 2.58 2.56 3.45 3.57 2.99 3.03 - -
Tm 0.31 0.31 0.44 0.38 0.30 0.31 0.34 0.33 0.33 0.44 0.47 0. 40 0.39 - -
Yb 1.93 1.85 2.65 2.33 1.79 1.78 1.99 1.94 1.90 2.51 2.92 2.39 2.35 - -
Lu 0.29 0.26 0.39 0.34 0.25 0.26 0.28 0.27 0.26 0.35 0.42 0.35 0.33 - -
Hf 4.51 6.38 8. 14 6.06 6.79 6.94 6.96 6.54 6. 51 6. 61 7.50 6.24 6.0 - -
Ta 2.10 2.69 3.28 2.98 2.29 2.37 2.59 2.51 2.43 1.59 1.76 1.39 1.31 - -
Pb 6.07 3.99 6.21 5.51 6.42 6.38 7.57 4.25 4.00 5.61 6.10 5.17 5.30 - -
Th 4.43 4.00 4.59 5.54 5.10 5.15 5.00 4,57 4.49 2.86 3.38 2.63 2.17 - -
U 1.10 0.82 1.09 1.10 0. 84 0.97 1.07 0. 81 0.77 0. 61 0.56 0.48 0. 41 - -
(La/Yb) 5 9.75 14.50  13.41 13.55 16.68  17.08 17.05 15.59 15.78 10.07  7.18 7.89 8.15
Fu/Eu * 0.97 1.02 0.98 1.13 1.20 1.18 1.26 1.30 1.30 1.11 0.99 1.02 1.12
878;/868r 0. 704730 0. 704838 0. 704906 0. 704906 0. 705041 0. 705020 0. 705000 0. 704998 0. 705340 0. 705060 0. 704996
20( x1076) 10 15 11 10 9 12 10 12 12 10 11
3Nd/144Nd 0. 512730 0. 512665 0. 512691 0. 512632 0. 512602 0. 512601 0. 512630 0. 512590 0. 512602 0. 512580 0. 512574 0. 512601
20( x1070) 12 11 10 12 10 13 12 11 10 13 14 14
206pp,/204pl,  18.076  17.833  18.019  17.970 17.404 17.288 17.262
20 0.002  0.002 0.003  0.002 0.002  0.002  0.002
207ph/204pL,  15.546  15.546  15.557  15.536 15.541  15.550 15.512
20 0.002  0.002 0.003  0.001 0.002  0.002  0.002
208ph,/204pL,  38.311 38.278 38.339  38.275 37.616  37.574 37.438
20 0.005 0.004 0.007 0.003 0.005 0.005  0.004

T ARIYECR R [ X FE R E AL, 1982 ; BERLIRAE | 1998h , 2006 5 X175, 20025 Wei et al. , 2007 ; PRIEFI4E,2008. FeOT = FeO +0. 899 x Fe,01. (La/Yb) x W5l
AR EAL UAE , Ew/Eu * = Eupyy/ (Smpy X Gdpy) 172 PM S JELbs b bR A , J5 45 b bR (S 4 Sun and McDonough, 1989
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*3 KAWLRMTEEAARHRTER
Table 3 Range of isotopic compositions of upper and lower crust

of Changbaishan

7S TT 87Sr/%0 Sy RLLR FIE RS
b 0.71 (12); Guo et al. ,
e 0. 707791 ~0. 744306 0.7079 (13) 2009
FHbSE  0.705566 ~0.706986  0.705566 (L1) Z=#E3C,2006

FTE : Sr AL B A, B SMa BB AN 2 45 R R LU fE
T ARk, T LA e 3 A A ST R 1 [ (6 3R LU (AR AT
ATARIR A IE , #B2R FHI i (E

T R A A s mE X s I R s KRS,
PR R A A AN RE TR Z W, TRA FRA
SR B, HAS A LB B AR, N SRR X
R Mg0:3.2% ~6.7% ,Fe0":7.6% ~14.1% ,Ti0,:1.3%
~3.9% ; K [ L i % Mg0:3.6% ~5.8% ,Fe0":10.5%
~15.3% ,Ti0,:2. 2% ~4. 1% ; K T X 55 Mg0:3.2%
~7.8% ,Fe0":9.9% ~12.8% ,Ti0,:1.5% ~3.6% ; Kl Il
HIZ AR Mg0:3.5% ~6.7% ,Fe0" ;7% ~11% ,Ti0,:1.8%
~3.5% , {BASERE S 25 5 Kt I AR 40 A B H A
BHZL A = MgO Al CaO (Bl 4b) 5 Koy [ 3 FIEE KRG A
I3RS A A 4 % AR AL Oy AR FeO' ([ 4d,c) 5K
b T390 B8 DR 098 40 R B A % 2H X U ) AL O, i

fE FeO' (E 4d,c) . fEMS el ([ 4) , RAEH T A
BORAH(E 4e) (HEAE L FHXRAERNFRITE S MO
A BAHNE, CaO 5 MgO IEAHIC(E 4b) ,K,0 5 MgO fit
X (K 4a) . AlLO, FeO" TiO, #1 P,0;, ki MgO /)N, S
TGN, MgO T 5% ~4% B B . ' MgO Z ik
FIAHE 80 E (K,0.P,0, 1 Ti0, ) B A =L & &
PIHR R (B 4a,e, ),

TERG LT R BRI A bR AL EL o (18 S) |, Y2 2
R AR SAE U L T, MR S SRR E, 5
WEMR L, MAXRANWRERLNMBRERZS, (La/
Yb) y BRI T #ASN, 3 7 i AR 2 o T #A (6. 29 ~
13.46) Kl 1T #9 (4.61 ~6.11;9.81 ~17.03) . K i 1 49
(6.91;12.91 ~17.08) BERKY(6.99 ~16.28) , X ik Eu/
Eu” WoRIES A, A E 0.7 ~ 1,33, BRT K
L IT 590 TIT A3 43 5 Eu/Eu® 58055 (1,26 ~ 1.33) , BE R
FB AT AR (0. 74 ~0. 89) ZAh B RE S 4310 T 0. 94 ~
1.20 Z[E] (1 3)) o i n R m g bn s b, A
B R HAH R SO U E 73 =0 (BT 5) L 3 B R & SR AR
FUR, THMHE TR, AAMHBEITCRETT U & LS &
P2 (B 5b-d) , B £ AURAH S0 5 MgO BH 2 97 AH 3¢
(Kl 4i,a,e) o Sr 1 Eu/Eu” fifi MgO /N, JE3 g i/ (
4h,j) .
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Fig.6  Sr-Nd-Pb isotopic diagrams and ¥ Sr/*Sr-MgO and **Pbh/** Pb-MgO plots of Changbai basalts

MORB and OIB fields from and Hofmann, 1997 ; Lower crust (ENCB) and Upper crust (JLUC) fields from Li, 2006; Guo et al. , 2009

4.2 43 Sr-Nd-Pb FE i R4HE

[) 43 2 — T A SORE b TR A 3R I8 TE AN KRS 38
I (E 6) . Sr-Nd [ ZAHCE b, B SR AL T OIB 38
Bl HAEE TR GG g (. Kb 1 391% Se/* Sr(0. 704817 ~
0.705395) ,"*Nd/"™* Nd (0. 512504 ~ 0. 512586 ) , K3tb 1l HiFn
BRI L B A 19 Se-Nd [R] 47 2 AR A L e 414w B S/
Sy = 0.704838 ~ 0.705531," Nd/"™ Nd = 0.512479 ~
0. 512665, J5 Y St/* Sr = 0. 704788 ~ 0. 7062800, ' Nd/"* Nd

=0.512337 ~0.512602, Fi AL RE WAL, B 5

¥ St/%Sr(0. 704906 ~ 0. 705041 ) {43 15, . Pb [Al {7 ZRER
BWEREN, HEeSAdZRAEBEENED: Kb T
206ph/*™ Ph (17.37 ~ 17.63),” Pb/*™ Pb (15.49 ~ 15.54),
B Ph/*™Ph(37.56 ~37.90) ; Kb 11 #5°° Ph/*™ Ph(17.38 ~
17.82),% Pb/*™ Ph (15.51 ~ 15.54) ,® Ph/*™ Pb (37.78 ~
38.24) ; Kot T #9* Pb/*™™ Pb (17.49 ~ 17.60) ,* Pb/*™ Pb
(15.52 ~15.57) ,™® Pb/*™ Pb (37.83 ~38.03) ; B R X it
14200 ph/2% PL (117.25 ~ 18.09),% Pb/*™ Ph (15.46 ~
15.79) ,*®Pb/**Ph(37.28 ~38.42) ,

8Sr/%Sr- " Nd/ ™ Nd F1% St/* Sr-2% Pb/™™ Ph [R] {vi 22 40 52
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& E (18 6a-d) , K HIL KRG ETE T A X Aottt et s
HETH#HRE=EAmuormiRa%LE Eo 787 Sv/* Sr > Ph/
Pb 5 MgO HISCE (& 6e,1) i MgO Wi/l S X
Sr [R5 2 3B W 0 > Ph/>™ P g8 /N G 3 o

5 Wig

5.1 SRR RIS ISEHIZE

[l oL R IR BT (i) %25, 1988 Basu et al. |
1991; Hsu et al. , 2000; #4354, 2007 ; Kuritani et al. ,
2009) R, R IR B R 2R 85 T A6 T 5 1 s A s
A T R (EMD) AR A48 1o MK AL RS EMI 30
kT8 2 A1 HE 415 ( Basu et al. , 1991
1992 FE#HES 48, 2007 ; HEMLIZE, 2007; Zou et al. , 2008;
, 2009, 2011) ., EMI 37T 1) 25 I [R]85 H A< 5L
BTG RE AT H e 5 e U5 X e 6 AR — , i R 48—,
RAZRAERS T RERER, RFEH, KALZRAEE
B 2 25 5 90, 8 7 MU R X A A A BR B (SRR S
2007 ; Kuritani et al. , 2009 ; ZiF 5%, 2010) , i A L T IR
JiE 60 ~80km 55 A% [X 1) 5 7 P JE2 B 4 24 ( & AAAR RISk A5 &
1994) o BRIIL, 4 A7 A 3 0 A 2R X & B U T 407
VB g . Kuritani et al. (2009) A HJ & [ 113 5 % 34 Tio,
AT LA 1Rt 350 il 4 7R BE A TR E , 3 T30 43 Se-Nd [R] 37
5 Ti0, BIMIEIEE , Al 32 H H b 5 X [F] 437 2 20 AN [ 3
JEAEAE AN B — Pk, BIIRE0 & Ti0, 5 EMI HF 5 2 3k (%
SNd/M™N, 7Y Se/* Sr) T AL Ti0, 5 MORB #23f (5
SNd/M™ N Y Se/%Sr) . Kuritani et al. (2009) i % 584
KE A Mg0 ZRA, T Fa Hfb ol 72 p mT BB & )01 4%
B SR TSR YL HE T LA Se-Nd [/l 5 Ti0, . 7R
LR B IH, 5 Ti0, %R Sr/* Sr 26 s AR 1] i
R B A RIS EIR Y (AFC) T3, ANREAC LG 1Y 73 2 A
B—tk o A o s R T RS A 1 i A A Y
LA (40,20 ~ 15Ma (9% LW L IA s S0 A sk A
J7,1994) XS WA Z TR IR PR R (),
1988 ; H=EFATEN-, 1989 ; 4 AR FI K Aiv &, 1994 ) o [ Ga-f

WARKHZRE T MO (=6% ) #E 5 Hofi it X R A 4>

ARAHIT , 34 @R KT St/% Sr, 25" Nd/"™ Nd, 57 Ph/* Pb 11
Fiab o IR HE ISR IR X 5 MeO L AR ZERA B
A ZER . B, ASCA R AR XS e 25 (7] R3O —

Eﬂﬁiﬁ?iﬁdﬂj’/ﬂE@ﬂﬁ&ﬁ%ﬁ%mﬂﬁﬁﬂ@%ﬁl&?
DA ERAME TR T ENER, 0, ZRENH
T EEF(La/Yb) A5 BB A AP (4.1 7558 5) DL R
MgO Z R AR ITTEA = LS 2 AL RHE Y T BE 38 4
SERIAR AR TS ) I 5 S A 3 o s e L 5
AT LA M R 2 2 A W 0 Rl ket K B 1 1 2 i
(Streck and Grunder, 2012) . #NHE]IFR, 2 X 2 6 A ) i g
EE & AR AN A, B0 WA 5RO A

Tatsumoto et al. ,

Kuritani et al.
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B ZL « R B HE/Ta A1 La/Yb H 52 BRI A7 (Cpx) AR AT
(Gv) By . Gu Fn Cpx1 43 fid Z %% B Hart and Dunn (1993)
Cpx2 3 Bic &2 Bk A Hauri et al. (1994); D, Cpx = 0. 0536,
0.0515;D,,Gt=0.016; Dy, Cpx =0.43,0. 633 ,D,, Gt =3. 88 , Dy,
Cpx—O 256,0. 195, Dy Gt = 1. 22; Dy, Cpx = 0. 0077,0. 0081, D,

=0. 0538 ; 2R JH L 244 Al A =X, PR A A5 0l 3t 2 2 IL Streck et
L,wu.@mwﬁé
Fig.7  Evaluating the control of the degree of melting on
compositional spread of high-MgO basalts ( =6% )
Curves: Hf/Ta and La/Yb are assumed to be solely controlled either

by clinopyroxene or by gamet; Cpxl line based on partition

coefficients of Hart and Dunn (1993) ; Cpx2 line based on partition
coefficients of Hauri e al. (1994); D;, Cpx =0.0536, 0.0515;
D,,Gt=0.016; Dy, Cpx=0.43, 0.633, Dy, Gt =3.88, D;;;Cpx =
0.256, 0.195, DGt =1.22, Dy, Cpx =0.0077, 0.0081, Dy, Gt
=0. 0538 were taken from Hart and Dunn (1993) for cpx and from
Hauri et al. (1994) for cpx and garnet. See Streck et al. (2012)

for detail modeling processes

(O1) + BpbiEA (Cpx) + R A (Opx) + 2247 ( Spinel )
+ AMA (G o FEG FF AR 227 HME TR
EAAHXT S A R Al . R A A B A RO b g v
FERIMEE TR M E B YRRV A AR A, e Y
NS/ TCR WA T RS Y6 SR 3
KA RIS AT DL Z RS AT, BRI, BT DASG R R
SIS R B B R AR R ((La/Yb)  fie/hh, Haku3) | & 3R %
FB AT M RRREE S 18% (Wilson, 1989 ; 475 Al 5 4 W MIME 4
b S5 rh by B 2R TE AR A R DX SR /NS A3 AR
B AT I A . FRATTEEEERXT Cpx HT Gt UK S T &R
L, 40 HE/Ta-La/Yb, R A4UREE Cpx FI Gt F8 43475 Rl AR i 3
/N KR BT S RS ER (B T) Kb
FEE R IG5 MgO A OB 2 1) 43 A X 43 Sl % o F
E(18% ~14% ) AL (6% ~9% ) FAMEMIX . BEATZ A
ZE 7% WIS ERERIE . DR, FRATT 0 5% 5 35 43I i DX D IR 358
A3 W R X T R 25 FF RE R ) A R A o X s LA
0, U, AMgO (0.1% ~0.4% ) ,ATiO, (0.8% ~1.7%),



FOEF . Kah B R T KB R TR AR R A

AK,0(0.8% ~1.2%) ,ALa(0 x 10~ ~26 x 10™°) , ASr( 200
x107° ~400 x 10 %) [l & B R0 Z 5 il XA 0 5 1k
HETCRACH ] 1 X = 437 LA K o ] (18] 4) g 2 B
KR, Pl 4h P REA S G L R 3 B4 T
T8 JROR A S AT 1) T8 Ak FA, T #A ] S 22 5 AE 200 x
107° ~400 x 10 7247, (RIS se &l (& 4h) a4~ Sr e R 1Y
AR B (£ 800 x 10 =) 378 K T3 o445 Rl B 14 2 S5 1Rl

g5 b KAl MgO Kl TRz 2 5 7m Lt i U IX A
¥ — o FBOT IR 25 5 A T Sr FUIG S 2R BES
W o ARJR, R ATHs FRE B 2 S L T R RN DT R Y
ARAL LR /N T 43 4 i i B AR AL

5.2 mREL

PSR NENIES e Eiat Fht i Rt gne syl
FRAE B AL D 56 2R (BEBLIRAR, 20065 BRIGEFT S, 2008 5
Kuritani et al. , 2009) , M3 LB H S s A R i 7
o BT M A AR B 2 O T SMa UK 9 5 MgO
ZREA T ICHK (Ca0 AL O, FeO") |Ni I [ 3 53
FHIE (P 4b-d, g [ Se,f) , BN 1A DX R JRULR 9 5 25 AL
Oro HFRR T Rl BEAS [RITE RO (5 Sr) FIRLBE (1 Sr)
PIZEEEEIE (P 4h B 7) o @& Sr BEE IR S5+ P05, La
SEAMIAIUER WA Sr B A S NOT R 5 B (1 4a,e,
hoi) o ZERFUE AL R S B b 3R X U 1R
B L TE RV B s R v B 4G i (A R %, 2013) .
ISEEsE AUV s PELIEE S PN NN P &> SR
A AR B4 0 2 0 ) 32 4% B 70 32 R AR /)N ( Humphreys et
al. , 2008) o LA IK MgO 15 B RIRAE /28 WO 2K it
JE (A ,2013) T £ IT R MgO ARG (IS 3 &) 1k
PRI TGS i B . 18] 4g W78 MgO 5 Ni 1EAHKG,
S HEAREAT 1) 23 B 45 it DR 2 X i A I B il
2 MgO M 8% AR 25 6% (B B, CaO /N AL Oy fE 3
T S RO AT 4 S B AR TR AR T . MeO FRARE
295.5% I} Ca0 AL O St Fl Ew/Eu” JF i il 25 i FEAIC, o
HEHC AT a7 B (B 4b,d b j) o fE MgO £94% Z )5 RHK
AEE T B AR I a6, f AL O; Sr R BEFEAR (1 4d,
h) , [GiF P, 05 \TiO, \FeO' B 5 (FE de,e,f) B ILIT A
HKIFI AT B B AT R ER AL . K, O Hl La 28 AN
FIOCR KA MgO /N SR HEIN (B 4a,i) 52 B A I
AL P AR ICR AT — B P, KBRS X R
JRCE SR AL AP A ) BR 45 23 5 AP < AR £ - B R £ -
RHAT - AT FBRER S A o SRR A 45 2R 5 T A AR~ 1
A TR A 14 L B S R AN L B 45 I — B (AR Ak
i A, 19945 INER 5, 2008 ) o [7] A 495 180 1R A0F 9 S s (3
1), B 2 5a MgO )y, HAHE A7 B 19 Fo fELIg/IN (30 ~
80) , #FA1 MgO I CaO & iy, FHC AT An (YRSt 70 [
A0, XMW THPIES Ao B R MeO L BiA K ik
AR W AR AR, [ 45 T RN iR MgO X
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RAHILEA 4% 0 Eu 5230 1.1 80K 5 1.4 [[R%E R Sr
o T Ao & (B 4h) |, SRITIL B B 2 BT 3
BRE TR A W E £IEM. XfERERTREHM S S
AR LT B IR B A A HE AR R BT B IO S RT DL g R
ASCTC RN 5 /0N LU 25 A v s 4 0 AR 45 A RH A Y
MG, AT IR b /MU LA i 43 W 4 o 21
AR R (B 3, 2006)

2 BT W e BRI L TR AR AR S E
KRG E IR -8 YNBSS RERGRT X
BT I Tt st 2 43 0 AR (¥ AR AR L, 4n MgO (24
8% —2% ) .CaO () 9% —5% ) . K,0(#0.5% —3.5% ) .La
(297 x107°—65 x 107%) . Sr( %y 200 x 10 *—900 x 10 °) ,
B B R R A HERR R FRIR 215200 T Sr e R & fEH LR
/N(ASr<100 x10°°%) ,

5.3 FEIRS

HIABIFZE P 32 300 00 55 A A Rt R EE R X K s IR
A 5T YR G (Hsu et al. , 2000; &g 28, 2007,
Kuritani et al. , 2009; #Li 5%, 2010) . BLRIAY F 55 HA
&Y S/%Sr A U Nd/ M Nd FIHER™ Ph/*™ Ph A4 s, T T M
SEH A BALY Se/% Sr A Pb/*™ Pb 19 45 15 ( Rollinson,
1993) , KAk RAFEIERE RIS, Ad AR E
BT AE AR B2 ot SR P B L R S S VPR AR nh s i
N TR I o RN IR P B S SR R A
BT e, T R o S A A 58 VR LT B i 7 7E
BUE A (4R, 20065 Wu e al. , 2011) , REKHILIZE
R T 2S5 KA W RN RE , B4E Sr-Nd-Pb [F i %~
Erh (B 6a-d) , Z X H R s s 548X AR AR
T FER IR A M (ECNB; 22/ 3C, 2006) FIA X A
ALK 5 (JLUC; Guo et al. , 2010) Bl R AIR Y SC R 1 H.
MgO 5% S1/* Sr F1™ Ph/* Pb 1 % [ v ([ 6e,f) BoR Bl
MgO W/, 2™ Se/™ Sr i die i A Ph/2* Pb Sl il /IN i
o, WOR T RRREE Ay B A R A 2 B bR ST IR g
(AFC) 133 F2, MgO-¥ Sr/% Sr, MgO->" Pb/*™ Pb if i 7% H!
S5Ma DIRZ A LA M R L AR AFC /2, F i, &
BEE KA R AR SRR ATTIE o

5.4 RILEBSMER EIR L

I EXS T AR K L X, IR TG L2 Y A
BFFEINTR T AT I 13 A8 A0 S R R 17 22 K
LS ) B A2y B o BB A AR 1 0 V2 5 B R R A
A, T3 1Y) 728 A TE AN [ I 8] )R B A7 7E ( Newhall et al. |
1999) o [R]— YKt & B T4 N ES 3R 2 18] 9 B 0 25 55 A K J2
B DAL R Z R )83 (4 537 AR 24— Pt i, i ALl 2 i
JEV S RUBE P B89 B 3728 S WA Sy S — 6 52 2 I il X 2R A
M2 645 5 ( Gertisser and Keller, 2003) . A CIEFE T ~5Ma
PR (K Ll e A= i FBT A ) %A B A, 4 6 ik 4
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Fig.8 Variation of selected major, trace elements and isotopes of the Changbai basaltic rocks as a function of time

W ST T A A o SR R, R AR
o R A [ 2R R 18] S 7S — B A 1 ik
A (1B 8) o S J 70 A8 A i m] S, A SO0 A
U 2 BOA T B A I (K02003 5 K02004 ) 45 2 % B
FEIN TR ZE B A HE S RO TR S R AR 8 R (Y
FEH—(F2) . B, 2073 FaE KA L L RS
AT BRSBTS IR 7350, m A A Al
P TR R AT e SR 25 R B M S A PR (I
2d,4j) I BRI R 5 MgO pARSE & b (18] 6e, £) IR & 3K
S0 T Z BT IR . R, FATUC LA 1)
PR 151 ) o 302 A ) R mT SE RS, I A R I A Y JT 8 A A
MU KL X 2% B T X o AR AT R I % o 47 R
YSr/Sr B MgO (1 AL £ N A 8) , Pl LA Ay 3

Bt:5~2Ma 2 ~ 1Ma 1 ~O0Ma, DL 4B Hb BRI 2% i
3Bt s (B 722 A0 B R 1 S HC B B 00 25 3 o Je It Ak A2 o

5 ~2Ma BBt (Rt T AR RIS L i) , BEAE R/,
MgO F1'* Nd/ " Nd y/)h, ¥ Se/% S 38 (€] 8a-c) o LA ~3Ma
F AT 43 P  ATEARR P, 05 Ab, KRS U A W
R 5, CaO St M A T R /N ; K,0,P,04, La
SEAMIZS T HE TR (& 8a-h) ™ Se/% Se( M Nd/ ™ Nd) 388 i1 (9
IN) o RIEAZEA DB JE 0 B30 s BEAR T X A MR R
WA ARG B (An =45 ~60) , /b 4 W A FIAORE
AT (Fo=50 ~65) i XL &8 . X e R W B Bt
BRI AR E ARG X CEIE ) R R A&
2 AL SR YA T (AFC) o 55 ZERR TR 0 2 1 A R
FERR M Z A LU AL 2 3R s (XA 4, 1998 5 i
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F4 EHIFR A EC-RAFC S
Table 4 ECRAFC parameters
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W) 2SR LI 12 13
A ML IR (Tim, C) 1340 1098 1098
FROEWE (Tmo, C 1340 1098 1098
TR YA IR (Tla, °C) 1148 970 970
TR Y ARBT IR B ( Tao, °C) 800 500 500
MR EIBAHLRIRLEE (T1r, °C) 1253 1108 1108
A A IANRIRE (Tro, C) 1253 1108 1108
[ AHLEIRE (Ts, C) 940 750 750
AT (Teq, C) 1072 909 909
25 58 (hm, J/kg) 396000 396000 396000
EH A (epm, J/kg K) 1000 1484 1484
VARG (ha, 1/kg) 370000 270000 270000
TRYL AR A (cpa, 1/kg K) 1400 1370 1370
A E IR G (hr, J/kg) 410000 396000 396000
N R (epr, J/kg K) 1000 1484 1484

RN SR B T
AT
pa o
(Linear Recharge) (Linear Recharge)
gk k3 1140 0.5
Sr Sr Sr

R AR (C0, x107°) 767 515 515
HHY S8 (g,0) 0.70473 0. 70507 0. 70507
HIE TR AT RE(D,,) 1.26 0.8 0.6
MR ICR AT REUE (AH,,, J/kg) -5000 - -
IRYAWIIG &5 (Co, x107%) 254 327 327
TR AAY St/%0Sr(g,0) 0. 705566 0.71 0.7079
TR YA TR IR EU(D,) 0.1 2.6 1
IRYARREE TR L R EUE (AH, , J/kg) - 15000 - -
N H AR & (Co, x107°) 840 587 587
A Y S8 (&,0) 0. 705008 0. 705496 0. 705496
HNAE MR TR TR E(D,) 1 0.3 0.26

AR HE DGR R BUR (AL, J/kg)

BEAE 2007 ; 8111 ,2010) | (EARIA S X A SR A7 T 3
WA FEH ST S B AL . AR R A, KR BTE I F AR R
R ELL ~6m/s )53 2 ( Demouchy et al. , 2006) {58, ZF
1t 40km [ HSE R RS 2h, AR KR EE R ICR TE
eI, T Y I E] Y R AR MESE I AFC i3 R, B,
ASCARK A IFATE 7e 2R BTE I 5

2 ~1Ma BB ( Ko 11 385 & 8a-h) ,MgO ,CaO ., Sr Z5AH 25
JUR PG AN, H MgO ik 5] 5Ma LUK 14 5 {H, K, 0, P, 05,
TiO, ,La % AN AH 2% 70 2 Pl /1N, ™ Se/™ Sr b il B A
N/ N PR T (1] 8ach) o 5 AR P PR MRS £1 R A
PR BRE i EL B, Fo i R R] 3% 80 (K 1), An I GK 70, &A1
R RHLE K L 1) B e A T 2 A
LR RO, A2 R R A s K Bl b
ZF 38 il B ) A 2 B (Prosser and Carr, 1987
Huijsmans and Barton, 1989) ,{H AR X Jf: AN FF& AP AL,
R TCIE AR R — R P L R AR 1 2 R ARG S, BRI

b s LT e KA X A simk (B 6a-f) o B I,
A DX 5T AL A S AR X R R RE AT BETE 5 3. T b
FEATAH X A MgO fILY Sr/™ Sr (53 5 b Hi5E MAI MgO
TSr/ Se L KR F A . RIS RN R AN
HFEHEE ST b2 . B T o JE R A S o It
Foo BB W 0 5 A SR AN 45 3 BUE K T e ) b
HEB IR

1 ~O0Ma BB (Kot T3 , XA i3 B 5 B 9] 2B 1k
PEMTF 5 ~2Ma FIRIIIB B . MgO ,CaO Sr,"*Nd/"™Nd L
{38/ K, 0 P, 0, TiO, F1* St/* Sr {4 )in ( [& 8a-h) , 2+
A —A BRI R SR KA FHA RSN, K
A BB TR AN T 24 A RIERR (B 2) . %
W B B e AT AL, 7 25 37 D IS BB A7 A8 K i HE S A
RN PRI RAEA W AN, (SR A A I 55 v I HE b PR Bl
PARI AR AP Bk,

Zi b KA kil A SMa RIS, H 4 bl % i 18] 2R —



3608
o HRHEY
0.70621 O Kty 1 4]
B ORI
@ R
0.7060
0.7058
0.7056 |-
e
g
£ 0.7054 A
&a £
0.7052 [ ~oz-——=9gf -~
TS
0.7050 m
§
0.7048 = |
O 5[5
B BEWEMABBER
0.7046 ‘ ‘
300 500 700 900 1100
Sr(x10)

£ LFH/ 2014, 30(12)

Acta Petrologica Sinica

5-2 Ma

BRI Kit
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Fig.9 Plot of Srvs. ¥Sr/*Sr and results of EC-RAFC simulations for lineage L1-L3 (a) and schematic illustration of a possible

Changbai magmatic plumbing system based on the results of EC-RAFC models (b)

R VAR A A R M KRBT K R G
ST EAS R IR CEIANG I R (RAFC) il k. W TEEE
A5 7 b 58 5 3K B AR G0 Y I s G B B 2, FRATT N
ECRAFC . (Spera and Bohrson, 2002) #4774,

5.5 FREKIMEESRIEAIER ECRAFC &=

ECRAFC 52 5@ X 2 #b a9 TP CE K R 58, A
AE S Sy e A T 5 R, 2R L) B 2 L e TR Y R A
BIRE W A AF A i #2 ( Bohrson and Spera, 2001, 2003,
2007; Fowler et al. , 2004) . i b B ADL & 1) B it 0 ) 437 26
B AT LR B RAFC b A8, 48000 S 80 56 W0 46 TR |
WORHERIRLEE , LA, 7 v TR 4 HBORIA Bk , -1 U B2 25 A
TSR G IR AR S HR UL R e 58 i 0 R K Rz
RIITEEIT S H . AR SORAYR B SR AS DX b 0 £
PR PR T R BORE i (XNT11-002 5073 W3R 2) , TR Gt i
JCIY R R SR 30 IRARZR IR ] MELTS 5% ( Ghiorso
and Sack, 1995) i1, H'& 2 81E Bohrson and Spera (2007)
AL S IEE N (£ 4) .

M R AR I AR RS (1] 6a-f) , TR AL o 7
53R 3 B, TS B (L) EER R b 5e Br (12) AR |
FLB(13) o S ITB Y IFIA 2 B Ay SRR 4.

B2 AT & T 2 8O 5 40 i e (1 9a)

ECRAFC HiE L) Sr Al 2 FUAE 0. 7052 S5 57y 1 BT 5
P o A READE AR i St i B A 2 s, B
IS V] 76 08 il 3 4 M At B2 e 2t 5 R
(11 Sr) BEEIRG I T AL BLE . Kt ARG Kl XA
Al A AR UT LU B3 E ] T AT Y B AR S AE [ — TR
WFE A DAl . 78 ECRAFC Bl I Sr & 5 B A0 0 1z
EIRIY A AT AN FEPE R AT R M A0 22 Se
E G (Fowler et al. , 2004) o 3K 7E T HU7E 7 B 25 A A
FHAEE S B & BEREAR, [] R 09 45 i AT B B 5 o 1)
BT, el 2 L SR A 0 DR AR 1 M fek HL ok ) [ A 2RO
HehE R, T M iR Y, BT Se/™ S (RGN (B 1) .
BRBRTTH W) 73 8 45 dh A (MgO Bl Iy ) £ A 4 T2 1K
[l INF 2 o 5 Ao 2 o e T 38 00, k2 08 5 T 81 3 S
Feo LHITERIBE (12, 13 ) K% K it 1 B R o 3K s 4 i)
ST AN L M52 A £ 2 i e ) 42 (8] 9a) , Bi ] — 3%
TEHAFIE B B A AT X SE B LRI S o MK
W% B 1] 75 ECRAFC B e W i 9 55 0 B AR e 1Y
IR (B 9b) =5 ~2Ma [ BE, 5 IR s oo fi T #5818
W BT, R TOE KON Hesg i B ST IR, K
BHTEER AR . 2 ~ IMa By B, Pl s 5 3K By ih b 52
o) H5E I I, B R R R . X R TN B = i
FC , 40 I D BCR BE B W A o 1~ OMa i B, Bl it
R LRBTER T 5 st R AL .
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5.6 KLEZHINGIEEK R

ARV, 2R 3 — B T A W A, B,
TR B B) g 32 P9 D7 TR R 1 5 0 ( Philpotts and Ague,
2009) <50 A B s o K B LA BRI R ) . PHE
R, A BN H T B e BN R
YW o K3 TSR A 8 L T ) DR i/ Tk of s
We Ty e BT s S 2, IR AR 3 B IR 15 B0 T 25 5
BRI RSN I D o KB XA i B AR Wk H
TRt K ULFTER R L AR AL T W AR S B (18] 1) o ks
TR Bt T2 SR A 0 23 AL LT e T8 (] o 1 29 25 2K
I3l I, 2 A o) A A AL L RS 2 R ST B
B AS i i v] BB A IX J2 S A 16 S DA G S5 ~
2Ma [y BEHHIT 1 AT BE T NE-SW RIE NNE 9520 32 87228 (15
1, F L= 5 4 -0 L I 28 ) A 5 sl S DD i 5 i
JIA A UL DT G 7P 2% 2 7 28 AR B 1 R A 3 X
A SR (23 ~2Ma) 2435 2, A 0% EAR = L
T AR A7, AT IR QRS AT PRI A7 BRER
W FBEIR AT (K45 5 53 S G (FE 4 11 8) B L™ St/ Sr fi%
MgO i 2 RFRE A 3, B AR B R RETE AL 1 ML T e A
BUf o 2~ IMa KB AR NE-SW 28005 i3 58, H i
PERI AN R AL, Sorb e ) F oS 3% Ds £ Hh Ak B L X
BTCE I (R St/ S IR MgO) J5 M1 T 4 thy R M 7t i i 2%,
TE U 1 R 35 i 2 i (Y Se/% S 85 Mg0) o 1Ma
EOR NSRS S YN TS ST EER U B3 Pk
KM BA Wk o 72 E e, BT a S TE MY 2
P SR T B 1 IR it i A0 A8 A REL T i 0 Rl o
P TAE T HE , 1 DRI A R AN 2R 5 e R ™ A
M, HA TP e o & RGN, S S0a I 5 R U9 i
AR R A 2 B KL A

IO 24 Y L 3 S I AR A A U — A g B
IS, T R TR T AR A e B A DX I 23 R4 0 4 A1 i
J153H7

6 ik

(DR SMa LIk 25 & A7 Bk 27 7 fi £ 2
Gy e IR) B0 — B0 Bk Sh a0 e o AR Se/% Se I MgO (1
KA AT LAY A 3 Be:S ~2Ma,2 ~ I1Ma, 1 ~O0Ma, %8 728
Pt 73 B8 245 3 e TR e R AN 25 1) o AR T o 7 3
JO, T 3L 0 DX AN A — P RIS 0 Rl AR J3E 22 5 5 i
TP AT IR

(2) ECRAFC BLBLE B , 2 B50a iR ) #R A i T
[ — T HB5E IR 5 o B R SR Rt S W o i BE A [
{19 - 3078 [7] (37 3RS R L A ECRAFC Bk, Je e 17—
HAL RS BEACTIAF Al XA R] o BB W o T 7 T sUA
IrBURERL . 5 ~2Ma BrBE AN T 5T ) TSI RS, A
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Prig etk 2 ~ IMa By B, 3% Bi ol b 352 ] T M52 32
ARG AR T A B R BE 2 i m it i Ao 1 ~O0Ma
BB, LB S A TR e, BOA 16 B re st B ARG
e B h T Mo 35

(3) K Al Z BB SR 35 30 -5 AR DX A i BT 2R 1 20
VIS, % i Wkl 2 s A MU T BEXS I T SMa LI
T L X 9 7 K- S5 ) S P BT R Bl AR

Bogt  fEEPSCSRAERIS I I G AR 2] T 9k A X 5 A LA

T IS FARBUSUR o 4 1 0 B s Se i f A 21 1
AR RIS 2 0 2 A Y B S AR R S 5RO
S GKRITLL SR AT 1A BRI TS O L 1 44 T AR SR
AT 5 S R LA e — I SRR B
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