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Abstract. Nd- and Sr-isotopic data are reported for lavas 
from 23 submarine and 3 subaerial volcanoes in the 
northern Mariana and southern Volcano arcs. Values 
of end range from +2.4 to +9.5 whereas S7sr/a6Sr 
ranges from 0.70319 to 0.70392; these vary systematical- 
ly between and sometimes within arc segments. The Nd- 
and Sr-isotopic compositions fall in the field of ocean 
island basalt (OIB) and extend along the mantle array. 
Lavas from the Volcano arc, Mariana Central Island 
Province and the southern part of the Northern Sea- 
mount Province have end = +4  to + 10 and 8VSr/S6Sr= 
0.7032 to 0.7039. These are often slightly displaced to- 
ward higher 87Sr/86Sr at similar eNa. In contrast, those 
lavas from the northern part of the Mariana Northern 
Seamount Province as far north as Iwo Jima show OIB 
isotopic characteristics, with end< +5 and 87Sr/86Sr= 
0.7035 to 0.7039. Plots of aTSr/SaSr and end versus Ba/La 
and (La/Yb)n support a model in which melts from the 
Mariana and Volcano arcs are derived by mixing of OIB- 
type mantle (or melts therefrom) and a metasomatized 
MORB-type mantle (or melts therefrom). An alternate 
interpretation is that anomalous trends on the plots of 
Nd- and St-isotopic composition versus incompatible- 
element ratios, found in some S-NSP lavas, suggest that 
the addition of a sedimentary component may be locally 
superimposed on the two-component mixing of mantle 
end-members. 

Introduction 

Isotopic studies of ocean-island and ocean-ridge basalts 
have stressed the heterogeneity of the upper mantle and 
demonstrated the various scales of these heterogeneities. 
Concepts of the different scales of upper mantle hetero- 
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geneity have been applied to the origin of arc magmas 
and particularly those from intra-oceanic island arcs 
(Morris and Hart 1983; White and Patchett 1984; Ewart 
and Hawkesworth 1987). Lavas from these areas have 
the advantage of being erupted through oceanic crust, 
precluding contamination by continental crust, therefore 
simplifying the interpretation of geochemical and isotop- 
ic data. 

However, there is still disagreement concerning the 
sources which contribute to arc magmas. Consequently, 
the research foci include the degree of sediment incorpo- 
rated into the source of arc melts (Armstrong 1971; 
McLennan and Taylor 1981; White and Dupre 1986), 
the effects of crystal fractionation (Stern 1979; Wood- 
head 1988), and source metasomatism and/or mixing 
(Arculus and Powell 1986; Vargas and Reagan 1987; 
Ellam and Hawkesworth 1988). Many workers favor 
multi-stage petrogenetic models which can account for 
the great range of chemical and isotopic characteristics 
of arc lavas (Arculus and Johnson 1978; Perfit et al. 
1980). Metasomatism of mantle peridotite by fluids de- 
rived from subducted lithosphere has been argued for 
some arcs, such as the Aleutians (McCulloch and Perfit 
1981) and supported by the results of high-pressure ex- 
periments (Tatsumi et al. 1986). The plum-pudding or 
blob model of heterogeneity deduced for the oceanic 
mantle (Batiza 1984; Davies 1984; Zindler et al. 1984) 
has been applied to arcs as well (Morris and Hart 1983; 
Gill 1984). Unfortunately, mixtures of these different 
components from the mantle wedge are not readily dis- 
tinguished from subduction-related components, such as 
the metasomatic fluids fi'om the subducted slab or pelag- 
ic sediment. The multiplicity of potential sources greatly 
complicates reconstructing arc petrogenesis. 

In this paper, we contribute to the resolution of this 
problem by presenting new Nd- and Sr-isotopic data 
for lavas from the northern Mariana arc and southern 
Volcano arc. These data show significant variation in 
the isotopic compositions of the lavas, in a geographi- 
cally regular manner. These data, in addition to related 
trace element data (Lin et al. 1989), lead to well-con- 
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strained mixing models to explain the origin of melts 
for this arc system. The geographic variation permits 
speculation on the links between chemistry and tectonic 
setting. 

Geological setting and previous work 

The Mariana Island arc lies in the western Pacific. Following the 
geographic distribution of volcanic islands and seamounts, the 
Mariana arc has been subdivided into three provinces (Stern et al. 
1988; Bloomer etal.  1989a): the Southern Seamount Province 
(SSP, Lat. 13~176 the Central Island Province (CIP, Lat. 
16~176 and the Northern Seamount Province (NSP, Lat. 
20 .7~176 Fig. 1). The NSP is further divided into southern 
and northern segments (S-NSP, Lat. 20.7~176 and N-NSP, 
23.4 ~ 24~ due to the distinctive large ion lithophile (LIL) and 
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light rare earth element (LREE) enrichments observed for the N- 
NSP (Stem et al. 1988). The volcanoes from Minami Iwo Jima 
(24~ to Nishino-Shima (27~ belong to the Volcano arc (VA), 
sometimes referred to as the Bonin Arc (Honza and Tamaki 1985). 
Because Iwo Jima shares the distinctive enrichments of the N-NSP, 
it is included here as part of the N-NSP in spite of the fact that 
geographically it belongs to the Volcano arc. 

Previous investigations of lavas from the Mariana arc concen- 
trated on the islands (Meijer 1976; DePa01o and Wasserburg 1977; 
Stern 1979; Dixon and Batiza 1979; White and Patchett 1984; 
Hole et al. 1984; Woodhead and Fraser 1985; Ito and Stern t986; 
Woodhead et al. 1987; Woodhead 1988). Studies of  the subaerial 
edifices have led to a consensus: that CIP lavas are dominated 
by fractionated basalts having chemical characteristics intermediate 
between low-K arc tholeiites and Iow-K calc-alkaline suites, with 
minor andesites resulting from low-P fractional crystallization in- 
volving anhydrous phases (Stern 1979; Dixon and Batiza 1979; 
Meijer and Reagan 1981; Woodhcad 1988). There is a general 
recognition that the isotopic- and incompatible-element ratios 
show remarkably little variation from volcano to volcano (Chow 
et al. 1980; Dixon and Batiza 1979; Stern 1981, 1982; Stern and 
Ito 1983), but controversy persists regarding the sources involved 
in magma generation. This argument concerns the relative roles 
played by the subducted lithosphere and sediment (Kay 1980; 
White and Patchett 1984; Hole et al. 1984; Woodhead and Fraser 
1985) as opposed to that of the mantle wedge (DePaolo and Was- 
serburg 1977; Stern 1981 ; Stern and Ito 1983; Ito and Stern 1986). 

Studies have recently been extended to include submarine vol- 
canoes (Garcia ct al. 1979; Wood et al. 1981; Dixon and Stern 
1983; Stern and Bibee 1984; Liu et al. 1986; Jackson and Fryer 
1988). The results of recent efforts to sample all of the submarine 
volcanoes along the magmatic front of the arc have led to some 
surprises. Lavas from the SSP and NSP show greater compositional 
variability than that seen in the CIP, including variation in mineral- 
ogy, major and trace element chemistry, and isotopic compositions. 
Lavas from the SSP are as evolved as those from the larger CIP 
edifices (Dixon and Stern 1983; Stern and Bibee 1984). In contrast 
to the predominantly basaltic CIP, S-NSP edifices contain abun- 
dant hornblende andesites and more felsic lavas, with modest en- 
richments in LIL and LREE (Bloomer et al. 1989b). Lavas from 
the N-NSP are approximately saturated in silica, contain atypical 
phenocryst assemblages (including biotite in some cases), and have 
strong enrichments in LIL and LREE (Stem et al. 1988; Bloomer 
et al. 1989b). The strong enrichments observed in N-NSP lavas, 
however, are accompanied by lower values of certain elemental 
ratios typically thought to be diagnostic of arc lavas (i.e., Ba/La 
and Sr/Nd; Lin et al. 1989). The incompatible element data have 
led to the development of a two-component mixing model for the 
Mariana arc as shown on Fig. 2 (Lin et al. 1989). In this paper, 
we evaluate and modify this model using Nd- and St-isotopic data. 

1 4 0 ~  145 ~ 150~ 

Fig. 1. Location map for the Mariana arc and Volcano arc (modi- 
fied from Chase et al. 1968). Contour intervals are in fathoms (1 
fathom = 1.829 m). Location of major islands are also shown: GM, 
Guam, RO, Rota, TI, Tinian, SAI, Saipan, AN, Anatahan, SAR, 
Sarigan, GN, Guguan, AL, Alamagan, PA, Pagan, AG, Agrigan, 
AS, Asuncion, MA, Maug, UR, Uracas, MIJ, Minami Iwo Jima, 
I J, Iwo Jima, KIJ, Kita Iwo Jima, NS, Nishino Shima, BI, Bonin 
Islands. Bold labels' are: VA, Volcano Arc, N-NSP, Northern part 
of Northern Seamount Province, S-NSP, Southern part of North- 
ern Seamount Province, CIP, Central Island Province, SSP, South- 
ern Seamount Province. Numbers indicate sample location of sea- 
mounts and volcanoes which are included in this study and identi- 
fied in Table 1 

Analytical procedures 

The samples picked for isotopic analyses were chosen from those 
previously analyzed for LIL and rare earth elements (REE) (Lin 
et al. 1989). All samples were slabbed and then cleaned by consecu- 
tively boiling in de-ionized water, rinsing in acetone, re-boiling 
in de-ionized water, and ultrasonification in distilled water. The 
chemical procedures for Sr-isotope determinations have been de- 
scribed elsewhere (Stern and Bibee 1984). A procedure modified 
after that of Richard et al. (1976) was adopted to separate Nd 
from Sm for the measurement of Nd-isotopic compositions. Stron- 
tium- and neodymium-isotopic compositions (Table 1) were mea- 
sured on unleached samples. Subsequently, some samples were 
leached with 2.5 N HCI for 4 hours and four samples (D33-3-1, 
D38-2, D41-52, D77-1) with 6 N HC1 for 18 hours. The determina- 
tion of 87Sr/86Sr on most unleached samples was done on the 
6 inch radius mass-spectrometer at UTD. Twenty-six analyses of 
the E + A  SrCO3 standard during the course of  this study yielded 
a mean 87Sr/8~Sr of 0_70810_+0.00010 (2a). All leached samples 



Table I. Sr- and Nd- isotopic composition &igneous  rocks f r o m t h e M a r i a n a  and Volcano arcs 

Sample STSr/SaSr 143Nd/l*4Nd eNa Sample 8VSr/S6Sr 

Unleached Leached Unleached Leached 

143Nd/l'*4Nd ~'Na 

Central Island Province (CIP) 

1 Poyo Seamount (E) 
D8-1 0.70347+_4" - - 
D8-3 0.70357 • 7 

2 Cheref Seamount (E) 
D9-6 0.70341 + 6 
D9-7 0.70342• - 0.513065• +7.8 
D9-20 0.70325 • 5 - - 
D10-1-2 0.70333• - 
D10-2-6 0.70326• - - - 
D10-2-7 0.70323• - - - 
DI0-2-11 0.70334• - 
D11-11 0.70340• - - - 

3 Supply Reef (D) 
D13-2 0.70329+6 - 0.513072_+10 +7.9 
D13-11 0.70335__+6 - 
D14-I 0.70330-+5 - - 
D14-15 0.70350• - 

4 Ahyi Seamount (A) 
D15-3-2 0.70336_+4 ~ -- - 
D15-3-3 0.70338• - - - 
Dt6-3 0.70319• - - - 

5 Makhahnas Seamount (D) 
D 18 -9 0.70340 _+ 4" - - 
D18-11 0.70329• 0.512990• +6.3 

6 Uracas (A) 
UR-23 0.70354• - 

7 NW Uracas Seamount (E) 
D19-3-5 0.70334• 0.70338• 
D19-3-10 0.70345• 0.70342+_4" 0.513062+34 +7.7 

Southern-Northern Seamount Province (S-NSP) 

8 Chamorro Seamount (E) 
D23-3 u 0.70352• 

9 S. Daikoku Seamount (D) 
D25-1 b 0.70350 • 5 
D25-8 b 0.70342 • 5 
D25-18 b 0.70355• 
D26-3-1 b 0.70353• 
D26-4- 5 b 0.70346 • 6 
D26-4-6 b 0.70343 • 6 

10 Daikoku Seamount (D) 
D29-1-1 0.70359• 
D29-1-2 0.70359 • 6 
D29-2-2 0.70355 • 6 
D29-2-3 0.70356___ 6 

11 Eifuku Seamount (D) 
D30-6 0.70349 • 6 
D30-7 0.70370 • 6 
D30-8 0.70363• 
D31-1-4 0.70351 _+7 
D31-1-6 0.70352• 
D31-2-2 0.70348 • 5 

12 Kasuga Seamount (E) 
D33-3-1 b 0.70375 • 7 

13 Fukujin Seamount (A) 
D34-1-2 0.70374 • 5 
D34-2-2 0.70379 • 7 
D35-1-2 0.70384 • 5 
D35-2-1 0.70375+-10 

14 Fukuyama Seamount (E) 
D38-2 b 0.70405_+7 

0.70352__+4 a 

0.70349__4 ~ 
0.70348 • 4" 
0.70352• 
0.70346 +_ 4 
0.70345 • 4 
0.70343 • 4 

0.512986___11 +6.3 

0.512935-+9 +5.3 

0.512867• 14 +3.9 

0.512895• +4.5 m 

(0.70365__+4 ~) 0.512996-+16 +6.5 

0.70381• 0.512884__+15 ~ +4.3 
0.70378• ~ 0.512903--+17 +4.6 
0.70374• a 0.512926+__15 a +5.1 

0.70392• 0.512977__.+_10 +6.1 
(0.70384 +_ 4") 

15 Soyo Seamount (E) 
D41-52 h 0.70391 +- 5 0.70383+4" 0.513003• +6.6 

(0.70379 • 4") 

16 Ichiyo Seamount (E) 
D44-1-5 0.70389:_+7 0.70385_+4" 0.512904• +4.7 

17 Nikko Seamount (A) 
D45-11 0.70369• 0.512926• +5.1 
D46-1-1 0.70370-+4 - 0.512922+_13 +5.0 

Nothern-Northern Seamount Province (N-NSP) 

! 8 Ko-Hiyoshi Seamount (D) 
D47-1-1 0.70392.--+6 0.70385___4" 0.512782_+15" +2.3 

19 S. Hiyoshi Seamount (A) 
D48-1-2 0.70379 i 6  - 0.512844• +3.5 
D49-PB 0.70358• 0.512848• +3.6 
D49-1-2 0.70386+_4 - - - 
D49-2-1 0.70369!5 - 
D49-3-2 0.70378• ~ - 

20 Central Hiyoshi Seamount (D) 
D51-3 0.70371 •  - 0.512860• 13 +3.8 
D51-g(a) 0.70359+-6 - - - 
D51-g(b) 0.70350• - 0.512922___15 +5.0 
D52-1-1 0.70383+_5 - 0.512786• 7 +2.4 
D52-3-1 0.70374:-+/7 - 0.512813• +2.9 

21 N. Hiyoshi Seamount (D) 
D53-1-2 0.70387___5 - 0.512799_+9 +2.6 
D53-1-3 0.70385-+5 0.512814• +2.9 
D54-1-1 0.70383 • 5 - - 

22 Fukutoku Seamount (E) 
D55-1-2 0.70392• 0.70393_4 ~ 0.512795• +2.5 
D57-6 0.70387:_+ 5 - 0.512821+_ 17 + 3.0 

Volcano Arc (VA) 

23 Iwo Jima (A) 
IJ- 
trachy- 
andesite 0.70365 • 6 
1J-5-2 0.70375 • 8 
IJ-7-2 0.70387 • 9 
IJ-suribachi 0.70368 :_+4 

24 S. Kito Iwo Jima (E) 
D73-4-2 0.70355• 
D73-4-4 0.70362 i 6 

25 Kaitoku (A) 
D75-4 0.70359 • 5 
D77-1 0.70360 • 6 

26 Nishino Shima (A) 
D79-1 
D79-6 
D80-1 
1973/74 
Flow 

0.512904__+10 +4.7 
0.512913__+10 +4.8 
0.512914_____9 __+4.9 

(0 .70353_4 9 0.513065+8 

0.70344 +- 4" 0.5~ 3150__+ 22 
0.70333 :__+4" - 
0.70347• - 

0.70320__ 5" - 0.513070 • 11 

m 

+7.8 

+9.5 

+7.9 

(1) Values for end are calculated using ~Na=0 for BCR-I and 
(143Nd/144Nd)~c~ -1 = 0.512665 
(2) Value of Sr isotopic composition for leached sample, without 
parentheses, was treated with 2.5N HC1 4 hours while those in 
parentheses were treated with 6N HC1 18 hours 
(3) ~ Analyzed using Finn• MAT261 mass-spectrometer at 
UTD 
(4) Codes in parentheses correspond to state of activity of volcano: 
A, active; D, dormant;  E, extinct 
(5) b Indicating Type II S-NSP lavas; all other S-NSP lavas are 
Type I 
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Fig. 2. Plot of Ba/La vs (La/Yb), for samples from the Mariana- 
Volcano arc after Lin et al. (1989) to show the two-components 
mixing model. Samples from a western Pacific hot spot chain, Pan- 
ape in the Carolina Islands, are also shown (Dixon et al. 1984). 
Metasomatism by a fluid with an exceedingly high Ba/La and Ba/ 
Yb would move source compositions vertically, while metasoma- 
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tism involving a fluid where Ba > La> Yb would move composi- 
tions to the upper right; decreasing degrees of partial melting 
would move melt compositions horizontally to the right. None 
of these processes can acount for the hyperbolic trend which is 
best matched by mixing between two end-members. Numbers" on 
the mixing curve are the fraction of Endmember ~ 1 

and some unleachcd samples were analyzed for Sr in the static 
mode on a newly installed Finnigan MAT 261 at UTD. Thirty 
one analyses of E + A SrCO3 during the course of this study yielded 
a mean 87Sr/S6Sr of 0.70805 _+ 0.00004 (total range) on the Finnigan 
MAT 261. All Sr data is fractionation-corrected to SdSr/aaSr= 
0.11940, and normalized to 87Sr/86Sr=0.70800 for E + A  SrCO3. 
Nd isotopic compositions were determined at DTM using the 
VG 354 multi-collector mass spectrometer and the 38 cm radius, 
60 ~ sector single-collector mass spectrometer. On the VG 354, Nd + 
signals were measured dynamically following the techniquc de- 
scribed in Walker et al. (1989). The current mean for 30 measure- 
ments of the La Jolla Nd standard is 143Nd/14r 
0.000018 (2cr). Nd isotope was analyzed as NdO + on the DTM 
38 cm mass spectrometer and corrected for the oxygen-isotope 
composition reported by Nier (1950). Three samples were run at 
UTD on the MAT 261 using procedures outlined by Stern et al. 
(1990). 143Nd/144Nd ratios are normalized to 146Nd/144Nd= 
0.72190. The mean for 22 measurements of the La Jolla Nd stan- 
dard is 143Nd/144Nd=0.511857+0.000021. Total processing 
blanks for Sr and Nd are 2 ng and 0.5 ng, respectively. 

Results  

The isotopic compos i t ions  o f  selected lavas f rom the 
nor the rn  Mar i ana  and southern  Volcano arcs are re- 
por ted  in Table 1. Samples are f rom active (A), d o r m a n t  
(D) and  extinct (E) volcanoes,  fol lowing the classifica- 
t ion in Bloomer  et al (1989a). For  mos t  samples, there 
is no significant difference between STSr/86Sr determined 
for  leached and unleached samples. In  three instances, 
samples f rom extinct volcanoes (D33-3-1, D38-2, D41- 

52) show significant lowering o f  SVSr/86Sr (ca. 0.0002) 
fol lowing 6N HC1 leaching. The  range o f  N d  isotopic 
composi t ions  is e n d = + 2 . 4  to +9 .5 .  The geographic  
variat ion in isotopic composi t ions  a long the arc is shown 
on Fig. 3. There  is a progressive decrease in end along 
the arc f rom south  (CIP,  mean  end= +7 .0 )  to nor th  (S- 
NSP,  mean  e-Wd= + 5.3), where ~Nd reaches a m i n i m u m  
(mean eNd = + 3.6) at N - N S P  and  Iwo Jima. Values in- 
crease again in the VA nor th  o f  Iwo J ima (mean end = + 
8.4). The mean  Sr-isotopic compos i t ion  increases in a 
complementa ry  fashion f rom south  (CIP,  mean  87Sr/ 
SrSr=0.70343)  to nor th  (S-NSP, mean  87Sr/86Sr= 
0.70362), reaching a m a x i m u m  in the N - N S P  and Iwo 
J ima (mean 87Sr/86Sr=0.70376),  except some samples 
f rom S-NSP (e.g., Kasuga  seamount ,  D33-3-1 ; Fukuya -  
m a  seamount ,  D38-2;  Soyo seamount ,  D41-52) which 
are possibly affected by seawater al terat ion and are ex- 
plained in the fol lowing text. SVSr/S6Sr decreases again 
in the V A  (mean S7Sr/86Sr-= 0.70348). 

The N d -  and  Sr-isotopic da ta  for  the Mar iana  and  
Volcano arc samples fall mos t ly  within the mant le  array,  
as previously noted (Fig. 4 A ;  D e P a o l o  and Wasserburg  
1977; Stern 1981; Dixon  and  Stern 1983; Whi te  and 
Patchet t  1984; Stern and Bibee 1984; W o o d h e a d  1989). 
The new da ta  extend considerably the k n o w n  isotopic 
variability f rom the Mar i ana  arc and  show a range that  
is similar to tha t  o f  the Hawai ian  islands. In  detail, the 
different geographic  provinces have distinct isotopic 
characteristics (Fig. 4 B). The  field o f  Volcano arc sam- 
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Fig. 3. The variation of Sr- and Nd- 
isotopic composition along the 
Mariana and Volcano arc. Numbers 
in parentheses indicate the number of 
analyses involved in determining the 
mean (solid dot) and range (bars) for 
each volcano. Large circles denote 
extinct edifices. Means+_ 1 standard 
deviation are shown for the studied 
portions of the CIP, S-NSP, N-NSP 
through to Iwo Jima, and VA. 
Location of the major volcanic 
islands are also shown: PA, Pagan, 
AG, Agrigan, AS, Asuncion, UR, 
Uracas, I J, Iwo Jima, NS, Nishino 
Shima. Additional 878r/S6Sr and SNd 
data for some volcanic islands are 
from various sources (DePaolo and 
Wasserburg 1977; Dixon and Batiza 
1979; Stern 1981; Notsu et al. 1983; 
White and Patchett 1984; Woodhead 
and Fraser 1985; Ito and Stern 1986; 
Woodhead 1989) 
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Fig. 4. Nd-Sr isotopic variation diagram. A The lavas of Mariana 
and Volcano arcs (dark field) are compared to OIB, MORB and 
other western Pacific ares. The upper boundary of the Pacific man- 
tle array (bold line) is defined by data from Pacific MORB (White 
and Hofiiaann 1982; Ito et al. 1987; White et al. 1987), Hawaiian 
islands (O'Nions et al. 1977; White and Hofmann 1982; Stille et al. 
1983; Staudigel et al. 1984; Roden et al. 1984; Chen and Frey 1985) 
and Samoan islands (Wright and White 1986/87), whereas the 
lower boundary is defined by data for Polynesia (Vidal et al. 1984; 
Duncan et al. 1986) and Hawaiian islands. Also shown are fields 
for lavas from the Mariana Trough (Volpe et al. 1987), the Kurile 

arc (Zhuravelv et al. 1987), Aleutian arc (McCulloch and Perfit 
1981 ; yon Drach et al. 1986) and Izu arc (Nohda and Wasserburg 
1981; Notsu et al. 1983). B Detailed a43Nd/t44Nd vs SVSr/S~Sr 
variation diagram for the Mariana and Volcano arc segments. 
Leached and unleached samples are connected by solid lines. The 
S-NSP field is divided into type I and II, as discussed in the text. 
The SSP field is compiled From other sources (Dixon and Stern 
1983; Stern and Bibee 1984). Additional data for the field of CIP 
are from DePaolo and Wasserburg (1977), Stern (1981), White 
and Patchett (1984), Dixon and Stern (1983) and Woodhead (1989) 
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Note that samples from the different arc segments fall into distinct 
fields as shown. Note that S-NSP lavas are subdivided into Type I 
and Type II. A 8VSr/86Sr vs Ba/La. B 8VSr/86Sr vs (La/Yb).. C 
end VS Ba/La. D ~Na VS (La/Yb)n 

ples overlaps that  o f  the CIP and the SSP, with eNa = + 
6.3 to +9 .5  and 8VSr/S6Sr= 0.70319 to 0.70357, whereas 
the N-NSP and Iwo J ima samples have radiogenic Sr 
and non-radiogenic Nd  (eNa= +2 .4  to + 5.0, SVSrff6Sr = 
0.70350 to 0.70392) that  fall well within the mantle array. 
Samples f rom the S-NSP lie between CIP and N-NSP 
and are displaced to higher SVSr/S6Sr at a given end. 
For example, three extinct seamounts  (Kasuga, D33-3-1 ; 
Fukuyama,  D38-2; and Soyo, D41-52), contain higher 
87Sr/86Sr (0.70375 to 0.70384) and thus extend the field 
of  S-NSP lavas to the upper  boundary  of  the mantle 
array. Lavas f rom the S-NSP form two distinct trends 
on a plot  of  Ba/La against aTSr/S6Sr (Fig. 5A). The ex- 
istence of  two distinct fields for S-NSP lavas leads us 
further to subdivide the S-NSP data  into Type I (lower 
Ba/La at a given STSr/S6Sr) and Type II, as shown in 
Figs. 4 and 5. 

Discussion 

The Sr- and Nd-isotopic data presented here allow us 
to test a two-component  mixing model (Fig. 2) for the 

evolution of  the source region of  the Mariana  and Vol- 
cano arc system, previously proposed on the basis of  
L IL  and REE data (Lin et al. 1989). The combinat ion 
of  the isotopic data with the trace element data shows 
that  the results f rom the Mariana  and Volcano arcs need 
three components  to explain the entire range of  geo- 
chemical variation. The test and the modification make 
up the first par t  of  the following discussion, followed 
by a discussion of  the significance of  these results for 
our understanding of  arc m a g m a  genesis. 

Two component mix ing model  

The trace element characteristics of  lavas f rom the Mar-  
iana and Volcano arcs have been interpreted to result 
f rom mixing of  two distinct end-members  (Lin et al. 
1989). Endmember  ~ 1 is depleted mantle (or melt  there- 
f rom) similar to the source of  M O R B  that  has been 
metasomatized,  while Endmember  ~ 2 (or melt  there- 
from) is LIL-  and LREE-enriched OIB-like source. 
Based on the asymptotes  of  the mixing curves, End- 
member  # 1  has Ba/La_>70 and (La /Yb) ,~0 .5 ,  while 
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Table 2. Inferred trace element and isotope composition of End- 
members 4+ 1, 4+ 2, # 3 and other data 

Element End- End- P A W M S  ~' Endmember ~ 
(ppm) member" member" 4+ 3 

4+ 1 4+ 2 (Fluid) 

Sr 470 1234 1144 217 
Ba 150 1122 1338 400 
La 1.87 74.8 25.8 3.8 
Nd 5.9 48 19.3 2.1 
Yb 2.5 2.5 5.55 0.6 
~d +9.7 +2 -3.3 -3.3 
STSr/86Sr 0.7031 0.7038 0.7083 0.7083 

0.7036 0.7040 
Ba/La 80 15 51.9 105 
(La/Yb), 0.5 20 3.1 4.2 
Sr/Nd 80 25.7 59 103 

"Inferred from key element of Yb (=2.5 ppm) which is similar 
in Endmembers 4+1 and 4+2, and Ba/La=80, (La/Yb)n=0.5 for 
Endmember 4+1, while Endmember 4+2 has Ba/La=15, (La/ 
Yb), = 20 
b Pacific Authigenic Weighted Mean Sediment (PAWMS) from 
Hole et al. (1984). e, Na is from McCulloch and Wasserburg (1978) 
and 8VSr/86Sr from Stern and Ito (~[983) 

Assuming the fluid is derived from PAWMS. Calculated using 
experimental data of the mobility of the element in the fluid (Tatsu- 
mi et al. 1986). The mobilities of Nd is from interpolation and 
assumed has 11%. end from McCulloch and Wasserburg (1978), 
SVSr/86Sr from Stern and Ito (1983) 

Endmember 4~ 2 has Ba/La,-~ 15 and (La/Yb)n >_ 18. 
These end-members are shown in Fig. 5, where ~'Nd and 
87Sr/S6Sr are plotted against Ba/La and (La/Yb)n. end 
for both end-members is fairly well constrained by the 
asymptotes of  the data arrays; end of  Endmember 4~ 1 
is taken from the highest value observed for VA and 
is similar to Pacific MORB (eNd= +9.7 ;  Ito et al. 1987); 
a range of  87Sr/S6Sr was taken from that observed for 
CIP and VA lavas (0.7031-0.7036). For Endmember 
4t=2, end was chosen from the lowest value of  N-NSP 
lavas (eNd= +2)  and a range of  878r/86Sr was inferred 
from data for NSP and IJ (0.7038-0.7040). These values 
are listed in Table 2, along with estimates of  abundances 
for key elements. As Yb abundances are very similar 
along the arc (Lin et al. 1989), Ba and La abundances 
are calculated from constant Yb concentration and the 
inferred end-member ratios in Fig. 5. 

Tests of  the two-component mixing model were done 
by plotting the Sr- and Nd-isotopic data against Ba/La 
and (La/Yb)n, the elemental ratios determined in the 
original model to be diagnostic of the end-members (Lin 
et al. 1989). The match between the data and that pre- 
dicted from the model can be examined in Fig. 5 A D .  
Correspondences are generally good between the data 
and the calculated binary-mixing curves. 

Closer examination of  Fig. 5 A - D  indicates that 
some data points fall far from the curve, and define 
trends that are very different from those predicted by 
the two-component model. The problem is especially ser- 
ious for lavas from the Mariana S-NSP which form two 
parallel trends in Fig. 5A that extend away from the 
mixing curve and towards another component  that has 

high Ba/La and SVSr/86Sr. Some of  the samples identi- 
fied as Type II S-NSP may be altered, as demonstrated 
by the fact that SVSr/S6Sr could be lowered by leaching 
(D33-3-1; D38-2; D41-52). We do not think that the 
most significant part of  the observed elevated Ba/La and 
878r/S6Sr only results from alteration, as this group of  
samples is also distinct on a plot of  end vs Ba/La 
(Fig. 5C) and in their Pb isotopic characteristics (Lin 
etal .  1988). Support  for the inference that some S-NSP 
lavas reflect source histories that are not consistent with 
two-component mixing comes from consideration of  the 
Nd-isotopic and Ba/La data. Several of  the S-NSP data 
points extend well off  of  the mixing curves on plots of  
end VS Ba/La (Fig. 5 C), elements that should be negligi- 
bly affected except by extensive alteration. It is suggested 
that the fields defined by S-NSP Types I and II may 
reflect real variations in source compositions, though 
some samples reveal minor seawater alteration. These 
data force us to consider a more complex model for 
the origin of  the Mariana-Volcano arc source hetero- 
geneity, specifically to include a third component.  

Three component mixing 

To modify the model, it is necessary to infer some of  
the trace element and isotopic characteristics of  the third 
component,  and Ba/La is critical for this purpose. Ele- 
vated Ba/La ratios are characteristic for arc melts, and 
may result from a sedimentary component  (Kay 1980; 
Perfit and Kay 1986). The conclusion that there may 
be an overwhelming sedimentary component  in End- 
member # 3 is consistent with the observation that it 
must also have high 87Sr/S6Sr. Endmember ~ 3 has al- 
most no effect on the REE;  two-component mixing is 
adequate to explain the co-variation ore, No with (La/Yb)n 
(Fig. 5 D). Endmember ~ 3 is not observed to affect the 
REE budget. This indicates that the deviation of  t h e  
S-NSP lavas from the two-component mixing array on 
the plot of  87Sr/S6Sr vs (La/Yb)n is the result of addition 
of substantial amounts of  radiogenic Sr, not LREE-de- 
pleted material (Fig. 5 B). These considerations indicate 
that Endmember ~ 3 has very high Sr/Nd and Sr isotop- 
ic composition, well above those seen in MORB or OIB. 

It is difficult to argue that Endmember ~ 3 is com- 
posed of  bulk pelagic sediments. The values of  Ba/La 
for Type II S-NSP lavas (37-74) are as high as, or higher 
than, those generally inferred for pelagic sediments. For 
example, Ba/La for sediments being subducted beneath 
the Aleutians is 52-69 (McCulloch and Perfit 1981), 
whereas the Pacific Authigenic Weighted Mean Sediment 
(PAWMS) has Ba/La of  52 (Hole et al. 1984). Further- 
more, subducted pelagic sediments often have low Sr/Nd 
(Rogers etal .  1985; Ellam and Hawkesworth 1988). The 
average upper crust has 350 ppm Sr, 26 ppm Nd and 
Sr/Nd--13.5 (Taylor and McLennan 1985). However, 
the fluid derived from sediment may have high Ba/La 
and Sr/Nd since the mobility of  Ba and Sr in hydrous 
fluid is much greater than that  of  La and Nd (Tatsumi 
et al. 1986). These observations support  the argument 
that the high Ba/La and Sr/Nd of  Endmember ~ 3 is 
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not  derived from bulk sediments but rather f rom fluids 
derived f rom sediments. 

The best explanation for the fact that  S-NSP lavas 
have high to very high Ba/La,  but other isotopic and 
trace element traits of  mantle-derived rocks, is that  End- 
member  ~: 3 is a fluid with high concentrations of  alka- 
line earths and low concentrations of  REE.  Recent ex- 
perimental  data  indicate that  the alkaline earths are 
much more soluble in high-P hydrous fluids than are 
the REE (Tatsumi et al. 1986). We therefore have mo-  
delled Endmember  @ 3 as a hydrous fluid released as 
a result of  dehydrat ion of  subducted sediments, assumed 
here to be P A W M S  (Hole et al. 1984). These sediments 
are assumed to have end = - 3 . 3  (McCulloch and Wasser- 
burg 1978) and SVSr/S6Sr = 0.7083 (Stern and Ito 1983). 
The trace element contents of  the sediment-derived fluid 
is calculated f rom PAWMS and according to experimen- 
tal hydrous fluid/solid mobili ty factors (Tatsumi et al. 
1986) (Table 2). We note that these experiments were 
conducted using serpentine, not  sediments, as a starting 
material ,  but the general order of  parti t ioning may hold 

during the dehydration of  sediments as well. The model 
assumes that  the cations f rom each gram of  sediment 
are released into 1 gram of  fluid derived f rom the sedi- 
ment  itself plus a much larger propor t ion f rom the de- 
hydrating oceanic crust and mantle. The model assumes 
that  the non-sedimentary port ion of the subducted oce- 
anic crust and mantle contributes no cations, only water. 

It  may be argued that  the role of  hydrous fluid de- 
rived f rom the altered subducted slab should also con- 
tribute some cations and water to the overlying mantle 
wedge. However,  calculation of  hydrous fluid derived 
f rom altered subducted slab (assumed altered M O R B ;  
Hole et al. 1984) using the elementary mobili ty data 
f rom Tatsumi et al. (1986) only can produce fluids with 
B a / L a =  17 and S r / N d =  17. These cannot  be responsible 
for the high Ba/La and Sr/Nd of  S-NSP lavas. Altered 
M O R B  may have higher 8VSr/S6Sr (0.70334-0.70417; 
O 'Nions  and Pankhurs t  /976) than fresh M O R B  
(0.70232-0.70284; White et al. 1987). Nonetheless, end 
of  altered M O R B  is negligibly changed by seawater al- 
teration. The low Ba/La,  Sr/Nd and isotopic characteris- 
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tics of altered MORB, in fact, cannot explain the anoma- 
lous trend observed from S-NSP lavas as shown in Figs. 
5 A and 5 C. 

These arguments lead to fluid compositions listed 
as Endmember # 3 in Table 2 and plotted in Fig. 6. Also 
plotted (Fig. 6 A D )  are mixing trajectories between 
Endmember # 3 and mixtures of 98% of hybrid of End- 
members #1 and #2  plus 2% of subducted sediment. 
The hybrid source is composed of 90 99% Endmember 
~1 and 1-10% Endmember 4t=2. For the best fit be- 
tween the model and the observed anomalous trend of 
S-NSP lavas, many different proportions of sediment 
were modelled. The result shows that 2% of sediment 
involvement best fits the trend defined by S-NSP lavas. 

These are largely heuristic models, but demonstrate 
in a general way that a modification involving the addi- 
tion of a third component containing high Ba and Sr, 
but negligible REE, is a substantial improvement over 
a model of two-component mixing. 

Implications for the evolution of the source 
of Mariana and Volcano arc melts 

The isotopic data presented here allow us to refine mod- 
els for the evolution of the melt source region beneath 
the Mariana and Volcano arcs. The data generally sub- 
stantiate a model of two-component mixing, involving 
an OIB-type mantle and a much more depleted MORB- 
like mantle that was metasomatically enriched prior to 
mixing. This model reconciles the arguments for a pre- 
dominantly OIB-type mantle source for some arcs (Stern 
1981 ; Morris and Hart 1983) with arguments for a pre- 
dominantly metasomatized MORB-type mantle source 
(Perfit et al. 1980; Ellam and Hawkesworth 1988). Con- 
sideration of the isotopic data along with the trace ele- 
ment data allows the further identification of a third 
component, interpreted here as a metasomatic fluid 
(Endmember # 3). Because mixing trajectories calculat- 
ed for Endmember # 3 extend back to the mixing array 
defined by Endmembers # 1 and # 2, we infer a tempo- 
ral progression. Specifically, mixing between End- 
members #1 and #2  occurred prior to the influx of 
Endmember # 3 which was restricted geographically as 
well as temporally. It must be recognized that End- 
member :tt: 3 bears a very strong chemical resemblance 
to the metasomatic fluid that enriched MORB-like man- 
tle in Ba and radiogenic Sr to generate Endmember # 1, 
and that has been advocated for many arc systems (Perfit 
et al. 1980; Ewart and Hawkesworth 1987; Ellam and 
Hawkesworth 1988). However, the earlier metasomatism 
to form Endmember :tt: 1 predated what appears in the 
northernmost Marianas to be the more important mix- 
ing event, between Endmembers ~ 1 and # 2. Neverthe- 
less, it is clear that fluids like Endmember # 3 are, and 
have been, important controls on the composition of 
the Mariana and Volcano arc melt sources. 

The spatial relationships and tectonic setting respon- 
sible for adding Sr- and Ba-enriched hydrous fluids to 
depleted MORB-like mantle, and to the mixtures of 
Endmembers # 1 and # 2, are obvious. The dehydrating 

subducted slab underlies the mantle sources. A hydrous 
fluid was expelled during dehydration of the slab, taking 
with it a substantial portion of the most soluble cations. 
Some of these (St, Ba) were already enriched in the sedi- 
ments relative to the mantle and these should dominate 
the fluid composition. This low-density fluid rose into 
the overlying mantle wedge, where it enriched the mantle 
wedge in Sr and Ba and led to melting by depressing 
the solidus and encouraging diapiric upwelling (e.g., 
Plank and Langmuir 1988). 

Why mixing between Endmembers =~ 1 and ~ 2 oc- 
curs is more difficult to understand. The observation 
that different segments of the arc are dominated by dif- 
ferent proportions of each end-member is crucial: End- 
member ~ 1 dominates in the Mariana CIP and the Vol- 
cano arc north of Iwo Jima, probably as far north as 
Honshu (Nohda and Wasserburg 1981; Rubenstone 
et al. 1988). Endmember ~ 2 dominates only in the por- 
tion of the arc adjacent to the northern end of the Mar- 
iana Trough back-arc basin, in the Mariana N-NSP and 
Iwo Jima. 

Endmember ~ 1 dominates the mature portions of 
the arc system. Arc volcanism in the Mariana CIP has 
not been interrupted since opening of the Mariana 
Trough, about 5 Ma (Hussong and Uyeda 1981), while 
the Volcano-Bonin-Izu arc system to the north has not 
been disturbed by rifting since the Parece Vela-Shikoku 
Basin opened in the Oligocene (Rodolfo 1980). We infer 
from this that magma generation beneath mature intra- 
oceanic arcs involves the production of low-K arc tho- 
leiites and high alumina basalt melts that tap mantle 
sources similar to that of Endmember ~ 1. This conclu- 
sion is supported by consideration of global data bases 
(Perfit et al. 1980; Plank and Langmuir 1988), in addi- 
tion to being consistent with the regional geology. 

The observation that shoshonitic lavas (melts domi- 
nated by Endmember #2) are restricted to the part of 
the arc adjacent to the northern termination of the Mar- 
iana Trough supports the argument that the back-arc 
basin rift is propagating northward. Shoshonitic lavas 
erupt first during the re-initiation of a new arc following 
back-arc rifting. This is argued to be a consequence of 
the diapiric upwelling of deeper, more fertile parts of 
the mantle, either in response to, or as a harbinger of, 
rift initiation (Stern et al. 1988). Displacing such mantle 
up to the top of the sub-arc asthenosphere where melting 
occurs (Lin et al. 1989) results in the generation of shos- 
honitic lavas. The enriched source becomes progressively 
more depleted of its inventory of incompatible elements 
as the new arc segment ages. With only a variable re- 
charge of LIL elements from the dehydrating slab, the 
sub-arc mantle soon becomes capable of generating only 
arc tholeiites and low-K, high-alumina basalt. 

The model that shoshonitic magmatism in the Mar- 
iana N-SNP and Iwo Jima is the consequence of rift 
propagation is by no means proved. Alternatively, there 
may be some sort of a fixed 'hot-spot' in the region 
causing fertile mantle to be injected into the sub-arc zone 
of melting. Inspection of the isotopic variations along 
the arc indicates a more symmetrical distribution cen- 
tered on the Mariana N-NSP and lwo Jima (Fig. 3) than 
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toward EMI, suggesting that the OIB source for IJ and N-NSP 
melts may have HIMU and EMI type mantle components. Note 
that the trend towards Endmember ~2 does not extend toward 
EMII, interpreted to represent subducted and recycled continental 
material (Hart 1988). Note also that Endmember # 1 is displaced 
to the high 87Sr/86Sr side of MORB, indicating that radiogenic 
Sr has been added to the depleted mantle 

observed for the trace elements (Lin et al. 1989), an ob- 
servation that favors a hot-spot interpretation. 

In addition, a plot of  end versus 87Sr/86Sr (Fig. 7) 
indicates that the field of  IJ and N-NSP is close to 
H I M U  (high U/Pb mantle component ;  Har t  1988) and 
extends toward EMI (type I enriched mantle compo- 
nents; Har t  1988), similar to the trend of  Hawaiian 
islands. Nonetheless, Sr-Pb and Nd-Pb isotopic system- 
atics (J.D. Morris, unpublished data) indicate IJ lavas 
have characteristics transitional to H I M U  while N-NSP 
lavas extend toward EMII  (Type II enriched mantle 
components) instead of  EMI. Resolution of  this problem 
must await more lead isotopic data. Whatever  the en- 
riched mantle is, however, the Sr-Nd isotopic data sup- 
port  the argument that an OIB-like mantle is involved 
in the source region of  IJ and N-NSP magma. 

Whatever tectonic model is applied, two conclusions 
are plausible. First, the isotopic and trace element data 
require a mantle source for the enrichments, and so pre- 
clude interpretations that the subducted slab is the 
source of  Endmember # 2. Second, whatever the ulti- 
mate source of  the fertile mantle, immediately prior to 
diapirism it must be located above the subducted slab, 
within the upper 150 km of  the mantle. 

In either propagating-rift or fixed hot-spot model, 

Endmembers 4~ 1 and # 2 can be expected to mix during 
the diapiric upwelling of  fertile mantle (Endmember ~ 2) 
to partially displace depleted mantle (Endmember ~ 1). 
The scale of  hybridization is unknown, but the mixing 
trajectories are readily interpreted as resulting from the 
preferential melting of  Endmember 4~ 2 domains, with 
an increasing proport ion of  Endmember # 1 involved 
in the melt as the fertile mantle is exhausted. A 'plum- 
pudding'  model of  Endmember 4~ 2 'p lums '  in an End- 
member + 1 'pudding '  may be the ultimate result, con- 
sistent with studies of  Fiji (Gill 1984) and the Aleutians 
(Morris and Hart  1983). I f  water contents were similar 
between 'p lums '  and 'pudding ' ,  melting should first and 
most  extensively involve the fertile mantle (Endmember 

2). After Endmember # 2 was exhausted, Endmember 
4t: 1 would be melted. Endmember ~ 3 would be added 
continuously to the mantle wedge, but may not  be identi- 
fiable until Endmember # 2 had been largely removed 
from the mixture. Note that in Fig. 6, Endmember 4~ 3 
is identified where it has been added to mixtures of  about 
90-99% Endmember 4~ 1. From this point until no more 
Endmember #I=2 may be identified in the mixture, the 
effect of  Endmember # 3 is to reinforce the metasomati- 
cally induced characteristics of  Endmember ~ 1. 

Conclusions 

The characteristics of  the LIL and REE of  the lavas 
from the Mariana and Volcano arcs demonstrate that 
two different sources were mixed and tapped. One is 
a variably metasomatized depleted mantle or melt (End- 
member ~ 1) and the other is a LIL- and LREE-enriched 
OIB-like source or melt (Endmember =~ 2). The isotopic 
characteristics of  Mariana and Volcano arcs lavas sup- 
port  this interpretation. The samples fall in the field 
of  ocean-island basalt and extend along the mantle ar- 
ray. Sr- and Nd-isotopic compositions exhibit variation 
along the arc. High 87Sr/86Sr (0.70350~0.70392) and low 
end (+2 .6  to +5.1)  were found in the N-NSP and Iwo 
Jima supporting the inference that magmas from this 
part  of  the arc are dominated by an OIB-like mantle 
source. The relatively lower 87Sr/86Sr (0.70320-0.70362) 
and higher end (+6 .4  to +9.6)  found for the VA and 
the CIP are consistent with the observation that this 
part  of  the arc erupts lavas which are derived from meta- 
somatized depleted mantle. Constraints imposed by the 
isotopic and trace element data require a mantle source 
enriched by fluids from the subducted slab. Samples 
from S-NSP have higher 87Sr/86Sr at a given eNd , as 
well as Ba/La exceeding that of  Pacific sediment. A mi- 
nor  decrease in STSr/S6Sr of  leached S-NSP lavas be- 
tween 2.5N and 6N HC1 treatment indicates cryptic al- 
teration of  these lavas that even the 6N HC1 treatment 
may not  have removed. However, anomalous trends on 
the plots of  Sr- and Nd-isotopic compositions versus 
incompatible trace element ratios indicate that a third 
component  may exist. A plausible candidate for this 
component  is a minor amount  of  subducted sediment 
and low proport ion of  metasomatic fluid derived from 
sediment. The general agreement of  the three-component 
mixing model with the data indicates that most  Mariana 
and Volcano arc melts result from the mixture of  varia- 
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bly metasomat ized  depleted man t l e  or melt  ( E n d m e m b e r  
# I )  and  a LIL-,  gREE-en r i ched ,  OIB-l ike source or 
melt  ( E n d m e m b e r  # 2). On  the other  h a n d  some Mar-  
iana  S-NSP melts are generated f rom hybr ids  of  End-  
members  # 1 and  4~ 2 that  are c o n t a m i n a t e d  by m i n o r  
a m o u n t s  of  sediment  and  sediment-der ived fluid (End-  
m e m b e r  # 3 ) .  It is inferred that  fertile mant le  (End-  
m e m b e r  # 2) was progressively exhausted since the hy- 
brids were generated,  so tha t  depleted mant le  (End-  
m e m b e r  ~ 1) comes to domina te  melt  compos i t ions  dur-  
ing the evolu t ion  of  the arc. The influx of  sediment-  
derived fluid ( E n d m e m b e r  ~ 3) occurred after mixing 
of  E n d m e m b e r s  ~ 1 and  ~: 2. 
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