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Genesis of Mariana shoshonites:
Contribution of the subduction component

Chih-Hsien Sun and Robert J. Stern

Center for Lithospheric Studies, University of Texas at Dallas, Richardson, Texas

Abstract. The Izu-Bonin-Mariana arc contains a unique group of shoshonitic volcanoes from
along the magmatic front of this intraoceanic arc. Shoshonites are greatly enriched in incompati-
ble elements compared to lavas typically found in primitive arc settings but have fractionations
of lithophile (LIL) and high-field strength (HFSE) incompatible elements characteristic of con-
vergent margin magmas and thus are characterized by an unusually large "subduction compo-
nent." New geochemical and isotopic data for Izu-Bonin-Mariana shoshonites and related rocks
are presented and interpreted to examine the origin of these enrichments. Enrichments are associ-
ated with distinctive isotopic compositions, including the most radiogenic Pb (**Pb/***Pb ~19.47)
and least radiogenic Nd (eNd ~5.6) from along the magmatic front of the arc. Despite highly ele-
vated concentrations of fluid-mobile lithophile elements in the lavas, the similarity of diagnostic
element ratios (e.g., Ba/La, Pb/Ce, and U/Th) to those in mid-ocean ridge basalts and ocean island

basalts indicates little role for fluid-induced elemental fractionation in the generation of these
shoshonites. Modeling isotopic data allows up to 6% subducted sediments to be involved, but
oxygen isotopic evidence limits this to < 3%. Low-P fractionation explains most of the chemical
variations observed in these shoshonites. Removal of < 2% Ti-rich phases could fractionate HFSE
from LIL, indicating an important role for low-P fractionation. Although many features of these
shoshonites are consistent with a greater role for subducted sediments, such a role is not accom-
panied by an unequivocal and universal signal in both isotopic compositions and trace element
abundances and fractionations. This signifies a large role for both equilibration of these melts with

mantle and for low-pressure fractionation.

1. Introduction

Arc magmatism is a result of subducting lithosphere and sedi-
ments interacting with overlying mantle asthenosphere. Arc lavas
generally are enriched in large ion lithophile (LIL) and light rare
earth elements (LREE) relative to mid-ocean ridge basalts
(MORB) and oceanic island basalts (OIB). High field strength
elements (HFSE) are commonly depleted in most arc lavas com-
pared with MORB and OIB. The high LIL/HFSE along with
variable isotopic compositions in arc volcanics implies a major
role for a "subduction component” in generating arc melts. The
subduction component has several potential origins in the mantle
wedge and subducted plate. These include enriched mantle, zone
refining of the mantle wedge, melts from subducted crust or
sediments, and hydrous fluids released from dehydration of sub-
ducted materials (Figure 1). The latter two factors are particularly
important because adding such enriched components to depleted
mantle source regions may reproduce significant features of arc
melts, such as high LIL/HFSE.

The shoshonite series is one of the three principal rock series
in convergent margins [Jakes and Gill, 1970; Jakes and White,
1972] and may indicate an advanced evolutionary stage of arc
volcanism, unusual tectonic setting, or unusually enriched
sources. Shoshonitic lavas have an unusually large "dose" of the
subduction component, as has been inferred from trace element
and isotopic compositions of shoshonitic rocks from Papua New
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Guinea [Woodhead and Johnson, 1993], Sunda [Edwards et al.,
1991], Aeolian Arc [Ellam et al., 1989], Puerto Rico [Jolly et al.,
1998], and Fiji islands [Gill and Whelan, 1989].

The principal objective of this study is to understand which
sources and what processes cause the unusual chemical enrich-
ments in arc melts by examining how these factors affect the
generation of shoshonitic series lavas in the Izu-Bonin-Mariana
arc system. This shoshonitic volcanism are particularly important
because it is currently active, allowing parallel construction of
tectonic setting. In addition, the arc is built on oceanic crust, ob-
viating the role that contamination by granitic crust might have in
fostering these enrichments.

To assess the contribution of subduction component in the
genesis of this shoshonitic province, petrogenetic models are
tested with geochemical and isotopic data. Trace elements, such
as Th, Pb, and HFSE, and radiogenic isotopes are emphasized
since they act as important petrogenetic fingerprints.

2. Geological Background and Previous Studies

The 2500-km-long Izu-Bonin(Volcano)-Marana arc system re-
sults from the subduction of the Pacific plate beneath the Philip-
pine Sea plate (Figure 2a). Volcanic rocks from this active mag-
matic arc have predominantly tholeiitic and calc-alkaline affini-
ties, with subordinate shoshonitic occurrences. Some shoshonites
erupt from rear-arc volcanoes, such as the Kasugas [Fryer at al.,
1997], but there is also a 150-km-long segment along the mag-
matic front which erupts shoshonitic lavas. Bloomer et al.
[1989a] called this the "Alkalic Volcano Province," which ex-
tends from Iwo Jima in the Volcano Arc through the Hiyoshi
Volcanic Complex to South Hiyoshi in the northern Mariana arc
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Figure 1. Schematic illustration for the origin of the “subduction component” in the subduction environment. The
subduction component is manifested by the unusual geochemical signatures of arc melts and results from a
complete interaction of subducted and mantle sources as well as processes accompanying magma ascent, storage,

and fractionation.

(Figure 2b). The Alkalic Volcano Province is noteworthy for sev-
eral reasons: First, unlike Kasuga cross-chain seamounts, vol-
canic edifices in the Alkalic Volcano Province are aligned along
the magmatic front. Their distinctive compositions do not corre-
late with the thickness of arc crust or depth to the Benioff zone.
Second, there is no known compositional transition from tholei-
itic to calc-alkaline to shoshonitic series with time in any individ-
ual edifice of the province. In fact, these shoshonitic edifices ap-
pear to be among the youngest in the arc system [Stern et al.,
1988]. Third, the relationship of these shoshonites to tectonic
setting can be studied. This alkalic province is associated with the
northern termination of a propagating back arc basin rift axis in
the Mariana Trough, which may provide unusually fertile sources
or trigger an unusual process of melt generation [Stern et al.,
1984]. Also, a colliding oceanic plateau (the Ogasawara Plateau)
intersects the Izu-Bonin trench just north of the Alkalic Volcano
Province and the alkalic province lies along a portion of the arc
where convergence is highly oblique [Seno and Maruyama,
1984].

Geochemical characteristics of the shoshonites are unusual
among Izu-Bonin-Marian arc lavas. Incompatible element abun-
dances can be up to 10 times that found for other volcanoes along
the magmatic front but are still associated with elevated
LIL/HFSE. Models for the origin of this alkalic province, as well
as those of ordinary Bonin and Mariana arc lavas, have attributed
these enrichments and fractionations to a subduction component.
A number of authors [ Lin et al., 1989; Elliott et al., 1997] sug-
gest that the abundances of hydrous fluid-mobile elements in
these lavas result from mantle metasomatism by fluids from de-
hydrating subducted materials. A sedimentary component has
been emphasized by Woodhead and Fraser [1985], who infer that
up to 70% of the Pb in Mariana arc lavas is derived from sub-
ducted sediments. Mass balance calculations [Plank and Lang-
muir, 1993] indicate that the sedimentary input into the subduc-

tion zone substantially enriches Mariana arc volcanics in certain
incompatible elements (e.g., Rb, Ba, K, Cs, La, Th, and U).
Elliott et al. [1997] argued that a sediment-derived melt, rather
than hydrous fluids, enriched the source of some Mariana arc la-
vas and caused the highly fractionated LIL/HFSE ratios. Much
controversy has been centered upon the OIB-like isotopic compo-
sition of lavas in the Mariana arc. Stern and coworkers [Stern,
1981, 1982; Ito and Stern, 1986; Lin et al., 1989] noted the af-
finities of Sr, Nd, and O isotopic compositions between ordinary
Mariana arc lavas in general and the shoshonitic lavas in particu-
lar and OIB mantle sources. A similar conclusion was reached
by Morris and Hart [1983] for arc volcanics worldwide using Sr,
Nd, and Pb isotopic compositions and incompatible element ra-
tios.

3. Analytical Techniques

Submarine samples were dredged by R/V Thomas G. Thomp-
son during cruise TT192 in 1985. Locations, bathymetric maps,
and geochemical and isotopic data of a small suite of samples are
reported by Bloomer et al. [1989a, 1989b], Lin et al. [1989,
1990], and Peate and Pearce [1998]. Iwo Jima samples were
collected by R.J.S. in 1981.

Thirty-eight samples were analyzed. Major and trace elements
(including Nb, Ta, Hf, Th, and REE) were determined at the
Plasma Analytical Laboratory of the University of Kansas by in-
ductively coupled plasma atomic emission spectrometry (ICP-
AES) and inductively coupled plasma mass spectrometry (ICP-
MS), respectively. (Analytical procedures for ICP-MS and ICP-
AES can be found at http://www.geo.ukans.edu/icpmain.html.)
Analytical precision for major elements was generally within
4%. For most trace elements the analytical error was usually bet-
ter than 5%, and less than 7% for Nb and Ta. '

Sr, Nd, and Pb isotopic compositions were measured on a Fin-
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Figure 2. (a) Map of the Izu-Bonin-Mariana arc system. (b) Detailed locality map for the Alkalic Volcano Province.

nigan MAT261 multicollector mass spectrometer at the Univer-
sity of Texas at Dallas. A subset was leached in 6 N HCI for 2
hours before dissolution for comparison with unleached samples.
Twenty analyses of E+A SrCO; during the course of this study
gave a mean ¥’St/*%Sr = 0.708063+0.000031 (one standard devia-
tion). All Sr isotopes were corrected for mass fractionation to
86Sr/%8Sr = 0.1194 and normalized to a value of %Sr/%Sr =
0.70800 for the E+A SrCO; standard. The ratio '**Nd/'**Nd were
fractionation normalized to '“Nd/"**Nd = 0.7219. Nineteen
analyses of the La Jolla standard gave a mean '**Nd/'*Nd =
0.51186310.000012. Pb isotopes were analyzed at 1350°C and
corrected for thermal fractionation using 0.15% per amu. Twenty
eight analyses of NBS-981 yielded a mean 2°Pb/%Pb =
16.9442£0.008, *Pb/%Pb = 15.500£0.009, 2**Pb/*Pb
36.743£0.031. Total processing blanks for Sr, Nd, and Pb are
<0.1, <0.3, and <0.3 ng, respectively.

4. Results
4.1. Petrography

Lavas from the Alkalic Volcano Province are characterized by
plagioclase porphyritic textures with glassy or microcrystalline

groundmass (Table 1). Other major phenocrysts include olivine
(O1), clinopyroxene (Cpx), and titanomagnetite (Mt). Subordi-
nate hornblende is found in Central Hiyoshi, North Hiyoshi, and
Iwo Jima. Biotite appears in some North Hiyoshi samples.

The samples typically consist of 2 to 40% vesicles. Lavas
from Iwo Jima show a ductile flow structure, probably corre-
sponding to their more siliceous compositions. Most studied
samples are fresh; however, a few are slightly altered. In some
cases (e.g., D48-5-1 and D52-3-1), olivine margins display in-
cipient alteration to iddingsite.

Most samples do not have the mineral assemblage of typical
shoshonite series defined by Iddings [1895]. Coexistence of cal-
cic plagioclase and potash feldspar (sanidine) is only reported for
one example (3K350-1) from North Hiyoshi [Sun et al., 1999].

4.2. Bulk Rock Compositions

Tables 1 and 2 list the major and trace element compositions
of the analyzed samples. For a more comprehensive treatment of
the Alkalic Volcano Province in the following discussion, we in-
clude data previously published for Fukutoku-oka-no-ba [Sun et
al., 1998] and a subset of North Hiyoshi lavas collected with a
remotely operated vehicle in 1997 [Sun et al., 1999].
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Table 1. Bulk Rock Compositions and Petrographic Features of Alkalic Volcano Province Lavas *

Ko-Hiyoshi

D47-IN D47-1-4 D47-2-1 D47-2-2 D48-5-1 D48-5-2 D48-5-3 D48-5-4 D48-5-5,5-6, DA48-6-1 D49-3-2,4-4, D49-6-2

Sample

South Hiyoshi
6-2 6-3, 6-4, 6-5,
6-6, 6-7
av sd av sd

SiO, 51.99  49.14 5125 52.10 53.51 52.96

55.36  51.83 5225 082 5512 5280 037 56.61

TiO, 0.74 0.79 0.83 0.75 0.76 0.73 0.79 0.91 0.94 0.02 0.72 0.94 0.04 0.88
ALO; 20.09 18.82 18.55 19.71 20.22 16.94 19.57 18.68 18.44 0.27 19.96 18.63 0.19 16.55
Fe,05' 9.25 10.19 10.50 9.36 7.36 9.41 6.77 9.56 10.10 0.26 6.99 9.86 0.20 9.02
MnO 0.20 0.17 0.23 0.21 0.13 0.17 0.14 0.17 0.18 0.01 0.13 0.18 0 0.21
MgO 3.27 5.47 4.66 3.47 2.60 5.25 1.76 3.02 323 0.30 1.59 3.05 0.09 2.19
Ca0 10.03 13.18 10.38  10.03 10.02 9.88 7.43 8.95 8.90 0.13 7.96 8.89 0.12 5.31
Na,O 334 2.35 3.21 3.53 3.38 3.18 4.20 3.45 3.57 0.07 4.06 3.56 0.05 424
K,0 0.98 0.91 0.98 1.08 2.59 1.94 2.98 2.10 222 0.12 2.87 2.13 0.05 3.55
P,0s 0.23 0.22 0.19 0.26 0.38 0.26 0.50 0.38 0.39 0.01 0.40 0.40 0.02 0.58
Total 100.13  101.23 100.78 100.50 100.96 100.71 99.50 99.05 100.22 1.14 99.8 100.44 048 99.14
LOI 0.50 0.59 2.30 1.33 1.30 0.58 1.78 0.70 0.75 035 1.72 0.32 0.18 0.20
Mg#® 44 54 49 45 44 55 36 41 41 33 41 35
Groundmass G G G G G G G M G G G G
Alteration S S S S S
Vesicles 15 40 40 20 T 5 2~20 20 2 T
Plag 40 15 8 35 30 15 25 15 20~25 30 40 5
Cpx 2 3 5 5 1 2 <1 2 1~7 2 <1 1
Ol 2 2 4 3 3 3 T 2 1~3 T T T
Hb
Bio
Mt 1 1 T T T T T T T T
Central Hiyoshi North Hiyoshi Iwo Jima
Sample D51-5-1 D52-1-2,6-1, D53-E, -F D54-E,F,G D54-H D54-K 1J-2C, 19 1J-6B J-11 J-12
6-2, 6-3, 6-4
av__ sd av__ sd av_ sd av_ sd
SiO, 52.42 50.76 0.26 56.27 0.33 4793 0.02 4775 48.07 59.83 0.10 59.84 59.79 59.21
TiO, 0.68 0.80 0.02 0.64 0.02 0.95 0.00 0.91 0.91 0.89 0.00 0.91 0.79 0.84
AlLO; 17.67 18.73 0.16 17.85 0.11 17.43  0.69 17.62 17.54 16.55 0.09 16.75 16.83  16.78
Fe,0y' 9.69 9.77 0.23 729 0.21 11.79 1.07 11.78 11.94 7.10 0.11 7.09 6.93 6.76
MnO 0.23 0.20 0.01 0.15 0.00 0.21 0.04 0.20 0.19 022 0.01 0.22 0.22 0.21
MgO 4.61 423 0.16 292 0.13 6.13 0.53 6.23 6.43 1.45 0.05 1.55 1.61 1.64
CaO 8.64 9.72 0.26 6.58 0.18 11.23 0.07 12.08 12.05 3.07 0.06 3.21 3.16 3.43
Na,O 3.36 3.11 0.04 3.75 0.03 2.59 0.11 2.36 241 591 0.09 6.08 5.82 5.97
K20 1.40 2.57 0.05 4.15 0.14 1.44 0.02 1.20 1.15 4.09 0.09 4.18 4.04 3.86
P,0s 0.34 0.41 0.03 0.35 0.03 0.36 0.02 0.34 0.37 0.47 0.03 0.50 0.51 0.47
Total 99.0 100.30 0.73 99.95 0.17 100.07 0.78 10047 101.05 99.58 0.13 100.35 99.7  99.18
LOI 0.44 0.73 0.30 0.87 0.05 0.67 0.35 0.23 0.32 0.56 0.18 0.00 0.60 0.46
Mg # 51 49 47 54 54 54 31 33 34 35
Groundmass G G G M M M M M M M
Alteration S S S
Vesicles 20 ~5 15~25 20 15
Plag 5 25~35 15 20~35 20 35 7 5 4 10
Cpx 8 2~4 5 6~10 10 8 3 2 T <3
Ol T <1 2 2~4 3 2 S 2 T 3
Hb T 1 4
Bio 1
Mt 1 <1 1 1 1 1 2 T T 2

*The average compositions of several samples are expressed as av; standard deviation of the average is indicated by sd. For description of
sample texture, G is glass groundmass; M is microcrystalline groundmass; S is slightly altered. Vesicle and the proportions (in percent) of each
phenocryst phase in the samples are estimated visually. T, trace amount; Plag, plagioclase; Cpx, clinopyroxene; Ol, olivine; Hb, hornblende; Bio,

biotite; Mt, titanomagnetite.
"Mg # = 100Mg/ (Mg + Fe*"); Fe*'/Fe*'=0.1.

All lavas are evolved, with Mg # (= 100Mg/(Mg+ Fe*");
Fe’*/Fe*"=0.1) less than 57. Most have low Ni (1.5~32 ppm) and
Cr (<65 ppm), except for a Fukutoku-oka-no-ba sample (FO92-1)
which has 188 ppm Cr [Sun ef al., 1998]. The higher K,O in the
§Fudied lavas at any given SiO, distinguishes them from subalka-

lic counterparts elsewhere in the arc (Figure 3). Shoshonitic sam-
ples are highlighted by half-shaded patterns in Figure 3 and in
subsequent figures. Both calc-alkaline to shoshonite series lavas
were collected from North Hiyoshi and South Hiyoshi. Whether
or not related by fractional crystallization, calc-alkaline lavas
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Ko-Hiyoshi South Hiyoshi

D47-IN D47-1-4 D47-2-1 D47-2-2 D48-5-1 DA48-5-2 D48-5-3 D48-5-4 D48-5-5,5-6, D48-6-1 D49-3-2,4-4, D49-6-2

Sample 6-2 6-3, 6-4, 6-5,
6-6, 6-7
av sd av sd

Rb 14.9 173 14.0 19.4 54.1 40.5 73.3 46.2 592 3.6 80.9 562 22 103
Sr 713 811 660 715 727 547 784 667 691 32 635 676 6 511
Ba 518 467 453 467 707 604 945 680 694 8 868 699 18 1056
Zr 73.8 58.6 67.0 86.9 187 142 239 165 168 8 227 167 5 277
Y 245 20.8 23.0 27.8 28.9 24.6 40.3 31.1 303 1.2 31.7 319 1.1 43.6
La 17.8 18.8 16.0 223 343 27.2 48.5 339 406 1.2 46.8 397 1.2 62.6
Ce 346 36.3 315 429 63.2 50.2 89.8 63.4 740 1.8 82.8 728 23 114
Pr 4.56 4.80 4.19 5.53 7.53 6.10 10.8 7.79 8.85 0.13 9.56 872 032 133
Nd 18.9 19.8 17.5 22.4 28.3 233 41.2 30.1 337 03 35.1 338 1.0 49.5
Sm 4.08 4.11 3.88 4.67 5.36 4.55 7.76 5.85 6.43 0.14 6.43 6.52 0.18 9.28
Eu 1.35 1.32 1.28 1.50 1.49 1.29 2.15 1.67 1.79 0.05 1.74 1.80 0.04 2.30
Gd 3.92 3.66 3.79 443 4.75 4.11 6.91 5.22 6.29 0.25 6.22 6.30 0.22 8.93
Tb 0.68 0.60 0.66 0.76 0.81 0.70 1.15 0.89 0.97 0.05 0.97 0.98 0.03 1.37
Dy 3.78 3.19 3.72 4.23 441 3.84 6.32 4.85 536 0.27 5.35 539 0.18 7.62
Ho 0.80 0.64 0.77 0.89 0.90 0.80 1.29 0.99 1.07 0.05 1.09 1.09 0.04 1.54
Er 2.21 1.74 2.15 2.49 2.58 2.28 3.65 2.79 291 0.14 3.03 296 0.09 420
Yb 2.16 1.60 2.09 2.42 2.57 2.31 3.61 2.76 2.88 0.13 3.07 293 0.09 424
Lu 0.35 0.26 0.33 0.39 0.42 0.37 0.59 0.45 0.46 0.02 0.49 0.47 0.01 0.68
Hf 1.72 1.40 1.60 1.97 3.57 3.00 4.78 3.35 3.69 0.09 4.80 3.67 0.11 6.00
Nb 3.38 2.18 3.12 4.43 9.14 6.46 10.3 7.51 9.42 041 12.8 8.89 0.32 16.2
Ta 0.18 0.09 0.16 0.24 0.47 0.33 0.51 0.37 0.40 0.03 0.56 0.39 0.01 0.68
Pb 4.22 3.25 3.89 4.63 7.96 6.38 16.9 7.75 8.50 0.39 9.95 8.01 0.21 12.4
Sc 22.1 37.0 292 23.0 22.0 28.7 21.5 25.4 233 1.1 18.0 243 1.0 19.4
\Y% 239 332 287 240 231 228 176 265 256 10 173 262 8 128
Cr 2.61 229 16.8 4.64 11.4 37.6 8.82 14.1 732 0.82 2.42 737 1.09 BDL
Co 24.8 37.7 31.7 276 21.3 311 149 24.8 250 23 17.9 241 05 18.2
Ni 322 239 12.0 4.40 887 205 1.52 7.51 104 1.0 5.85 997 032 270
Cu 131 120 118 121 165 97.1 95.1 223 204 26 62.0 228 9 75.4
Zn 86.7 68.1 873 959 98.8 78.0 125 96.8 92.0 1.1 88.6 95.1 2.0 112
Ga 20.8 18.6 20.3 21.5 22.1 18.2 23.1 22.1 212 0.1 21.8 218 05 20.7
Cs 0.34 0.26 0.32 0.41 0.75 0.74 1.26 0.85 0.95 0.06 1.29 0.93 0.03 1.63
Th 2.18 2.77 2.15 3.25 8.33 7.08 10.9 7.75 8.63 0.42 12.3 8.15 031 149
U 0.74 0.89 0.60 1.06 2.50 1.91 5.77 2.12 2.36 0.10 3.95 2.25 0.08 4.07
K/Rb 547 437 583 463 398 397 337 377 311 294 315 285
K/Ba 16 16 18 19 30 27 26 26 27 27 25 28
Cs/Rb 0.023 0.015 0.023  0.021 0.014  0.018 0.017 0.018 0.016 0.016  0.017 0.016
Sr/Nd  37.8 409 37.8 32.0 25.7 234 19.0 222 20.5 18.1 20.0 10.3
Ba/La 29.1 24.8 28.3 21.0 20.6 22.2 19.5 20.1 17.1 18.5 17.6 16.9
U/Th 0.34 0.32 0.28 0.33 0.30 0.27 0.53 0.27 0.27 0.32 0.28 0.27
Pb/Ce 0.122 0.090 0.123  0.108 0.126  0.127  0.188  0.122 0.115 0.120  0.110 0.109
Th/Nb 0.64 1.27 0.69 0.73 091 1.10 1.07 1.03 0.92 0.96 0.92 0.92
U/Nb 0.219 0.408 0.192 0.239 0274 0296  0.563  0.282 0.250 0308  0.253 0.252
Zr/Nb 21.8 26.9 21.5 19.6 20.4 22.0 23.4 22.0 17.8 17.7 18.8 17.2
Ti/V 18.5 14.3 17.3 18.7 19.9 19.1 26.9 20.5 22.0 24.9 21.5 41.2
Ce/Yb 16.0 22.7 15.1 17.7 24.6 21.7 24.9 23.0 25.7 27.0 24.8 26.8
(La/Yb)y 5.6 8.0 5.2 6.2 9.0 79 9.1 8.3 9.5 10.3 9.2 10.0
Ce/Ce* 0.90 0.89 0.90 0.91 0.92 0.91 0.92 0.91 0.92 0.92 0.92 0.92
EwEu* 1.03 1.04 1.02 1.01 0.90 0.91 0.90 0.92 0.86 0.84 0.86 0.77



594

Table 2. (continued)
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Central Hiyoshi North Hiyoshi Iwo Jima
D51-5-1 D52-1-2,6-1, DS53-E, -F D54-E,F,G D54-H D54-K 1J-2C, 19 1J-6B 1J-11 1J-12
Sample 6-2, 6-3, 6-4
av sd av sd av sd av sd
Rb 27.6 705 7.6 124 0 31.0 438 23.1 25.6 639 21 62.8 61.9 57.4
Sr 811 1024 14 950 4 1031 62 973 973 459 23 484 506 552
Ba 631 830 14 844 9 742 35 486 488 1115 11 1131 1148 1115
Zr 93.0 144 6 329 3 797 0.5 70.4 78.5 237 11 234 224 217
Y 249 247  1.10 295 0 207 0.7 19.8 21.5 406 1.5 40.6 38.6 379
La 325 443 230 60.8 0.5 307 15 27.7 31.6 61.7 0.2 60.5 58.8 57.5
Ce 60.8 78.7 3.6 108 1 58.7 2.7 57.1 64.0 116 0.2 114 111 108
Pr 7.49 9.29 0.37 120 0.1 7.35 0.30 7.53 8.29 154 0 152 14.7 14.3
Nd 29.4 355 1.40 435 03 299 1.0 31.6 34.6 60.0 0.2 59.2 57.0 55.8
Sm 5.81 6.66 0.27 7.58 0.04 597 0.19 6.46 7.05 106 0.1 10.5 10.1 9.90
Eu 1.73 2.05 0.09 2.02 0.01 1.86 0.06 2.04 2.15 254 0 2.49 2.47 2.47
Gd 5.53 595 0.44 6.45 0.04 541 0.22 5.70 6.13 8.04 0.04 8.00 7.67 7.50
Tb 0.84 0.90 0.04 0.96 0.01 0.80 0.03 0.81 0.88 129 0 1.28 1.23 1.21
Dy 4.49 459 0.21 489 0.03 4.05 0.15 4.06 4.40 6.79 0.01 6.73 6.47 6.36
Ho 0.87 0.87 0.04 091 0 0.76 0.02 0.75 0.81 1.34 0.01 1.33 1.28 1.25
Er 2.34 231 0.07 2.46 0.01 1.98 0.08 1.89 2.07 3.81 0.01 3.80 3.63 3.56
Yb 227 2.16 0.08 2.50 0.02 1.79 0.07 1.67 1.84 3.76 0.03 3.75 3.59 3.50
Lu 0.36 0.34 0.01 040 0 0.27 0.01 0.26 0.28 061 0 0.61 0.58 0.57
Hf 2.28 3.13 0.24 6.11 0.04 2.05 0.05 1.86 1.96 5.57 0.09 5.53 5.29 5.11
Nb 4.66 7.31 0.69 149 02 429 0.13 343 3.66 830 0.13 8.15 7.84 7.57
Ta 0.19 032 0.03 0.66 0.01 0.17 0.01 0.12 0.13 040 0 0.40 0.38 0.37
Pb 6.16 737 0.16 127 0 542 0.29 4.12 3.84 123 04 12.3 11.5 14.9
Sc 25.5 21.7 0.7 177 09 327 0.6 40.2 36.7 126 09 132 12.0 132
\Y% 204 293 14 226 3 388 6.87 378 387 90.7 4.6 96.6 825 94.5
Cr 21.3 890 3.45 1.83 0.23 360 1.73 64.4 454 1.58 0.69 1.72 29.2 1.91
Co 27.8 297 12 228 0.1 447 243 432 41.8 9.68 0.51 10.2 9.65 10.1
Ni 15.0 9.52 1.31 9.51 0.01 296 175 32.1 28.0 2.80 0.61 277 15.7 2.68
Cu 522 102 25 69.1 27 152 11 87.2 132 288 1.9 29.4 337 311
Zn 90.4 853 6.0 754 1.4 787 2.0 77.0 75.9 133 1 132 126 130
Ga 18.9 200 1.2 201 0 185 04 17.6 18.2 200 1.8 20.8 19.6 19.4
Cs 0.41 0.70 0.11 1.78 0 0.71 0.38 0.10 0.13 0.24 0.04 0.67 0.84 0.48
Th 4.59 737 0.12 183 0.1 3.70 0.19 2.49 2.70 11.3 02 11.2 10.7 10.3
U 1.09 1.77 0.08 5.47 0.04 0.98 0.08 0.57 0.76 370 0.11 3.90 3.47 3.37
K/Rb 420 302 277 366 430 371 532 553 543 559
K/Ba 18 26 41 16 20 19 30 31 29 29
Cs/Rb 0.015  0.010 0.014 0.020 0.004 0.005 0.004 0.011 0.014  0.008
Sr/Nd 27.6 28.8 21.8 359 30.8 28.1 7.6 8.2 8.9 9.9
Ba/La 19.4 18.7 139 25.1 17.5 15.4 18.1 18.7 19.5 19.4
U/Th 0.24 0.24 0.30 0.26 0.23 0.28 0.33 0.35 0.33 0.33
Pb/Ce 0.101  0.094 0.117 0.094 0.072 0.060 0.106 0.108  0.104 0.137
Th/Nb 0.98 1.01 1.22 0.84 0.73 0.74 1.36 1.37 1.36 1.36
U/Nb 0234 0.242 0.366 0.222 0.166 0.208 0.446 0479  0.443 0.446
Zr/Nb 19.9 19.6 22.1 18.4 20.5 214 28.6 28.8 28.6 28.7
TV 20.0 16.4 17.1 14.6 14.5 14.1 58.6 56.3 57.6 533
Ce/lYb  26.8 36.4 43.4 325 342 34.8 30.9 30.4 30.8 31.0
(La/Ybn 9.7 13.8 16.5 11.5 11.2 11.6 11.1 10.9 11.1 11.1
Ce/Ce* 091 0.91 0.94 0.91 0.93 0.93 0.88 0.88 0.88 0.88
Eu/Eu* 0.93 0.99 0.88 1.01 1.03 1.00 0.84 0.83 0.86 0.88

*Mean compositions of several samples are expressed as av; standard deviation of the mean is indicated by sd.
BDL: below detection limit.
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Figure 3. K,0 versus SiO, plot for volcanic rocks of the Izu-Bonin-Mariana arc. Each volcanic edifice from the
Alkalic Volcano Province is assigned to a specific symbol; shoshonitic and calc-alkaline lavas are discriminated by
half-shaded and open patterns, respectively. Data for Fukutoku-oka-no-ba are from Sun et al. [1998]; some data for
North Hiyoshi are from Sun et al. [1999]. The shaded field represents calc-alkaline and tholeiitic lavas from the rest
of the Mariana arc and are compiled from various sources [Bloomer et al., 1989a; Woodhead, 1989; Elliott et al.,
1997]. Izu-Bonin arc lavas [Taylor and Nesbitt, 1998] are outlined by dotted line and are shaded. The boundary
between shoshonitic series and calc-alkaline series is from Peccerillo and Taylor [1976].

from the Alkalic Volcano Province clearly have genetic links to
their shoshonitic relatives. For this reason, shoshonitic and non-
shoshonitic samples are discussed together.

K/Rb in these lavas has a relatively low average of 36590
(one standard deviation), typical of arc volcanics and much lower
than normal MORB (1070 [Sun and McDonough, 1989]). The
K/Rb for Alkalic Volcano Province lavas is also lower than the
mean K/Rb of 45685 for other Mariana arc lavas [Lin et al.,
1989]. More depleted Izu-Bonin arc lavas have much higher

K/Rb, with a mean value of 6931105 [Taylor and Nesbiit, 1998].
K/Ba is approximately constant along the entire Izu-Bonin-
Mariana magmatic front. The mean K/Ba of 2748 in the studied
samples is a similar range to that of depleted Izu-Bonin arc
tholeiites (2718 [Taylor and Nesbitt, 1998]) and other Mariana
arc lavas (2717 [Lin et al., 1989]).

Fractional crystallization may have affected some element ra-
tios in these alkalic lavas. Sr/Nd in the samples negatively co-
varies with SiO,, probably reflecting removal of plagioclase from
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Figure 4. NMORB normalized spidergrams illustrating the distinctively enriched compositions of studied Alkalic
Volcano Province lavas compared with Izu-Bonin [Taylor and Nesbitt, 1998] and other Mariana arc [Peate and
Pearce, 1998] basalts and andesites and a Kasuga cross-chain shoshonite (R.J. Stern, unpublished data, 1999). (a)
Alkalic Volcano Province and Kasuga shoshonites. (b) Non-shoshonitic Alkalic Volcano Province lavas.

melt. Sr/Nd ranges from 7 to 41 with a mean of 2219, less than
28+13 of the mean Mariana arc and 3718 of the mean Izu-Bonin
arc.

Although the samples exhibit greater enrichment in incom-
patible elements than ordinary lavas in the arc, some incompati-
ble element ratios show restricted ranges and approach mantle
values. The ratios of Cs/Rb (0.003~0.034) and U/Th (0.22~0.53)
in these rocks are similar to mantle values (0.0125 and 0.26~0.39;
[Sun and McDonough, 1989]). In contrast, the more depleted la-
vas in the arc have distinctly higher means and wider ranges of
these ratios [Lin et al., 1989; Elliott et al., 1997; Taylor and Nes-
bitt, 1998].

Chemical characteristics of the alkalic lavas relative to de-
pleted Mariana arc lavas are summarized on MORB-normalized
spidergrams (Figure 4). Shoshonitic samples show elevated con-
centrations of highly incompatible elements (Rb, Ba, and Th), up
to 200 times MORB, and manifest a Nb-Ta trough. A Nb-Ta
trough is a negative anomaly relative to the adjacent elements and
is a common characteristics of arc volcanics. U/Nb in some sam-
ples (up to 0.56) is slightly higher than that in general subalkaline
lavas in the arc (0.13~0.43 [Elliott et al., 1997; Peate and Pearce,

1998; Taylor and Nesbitt, 1998)), regardless of the absolute con-
centration of Nb. Th/Nb in Alkalic Volcano Province lavas range
from 0.64 to 1.84 compared with the range of 0.24 to 1.37 in the
rest of the arc [Elliott et al., 1997; Peate and Pearce, 1998; Tay-
lor and Nesbitt, 1998]. Such high Th/Nb is uncommon, especially
in island arc volcanism. Some Fiji shoshonites have Th/Nb up to
2.7 [Gill and Whelan, 1989]. Th/Nb up to 6.14 in shoshonites
from the northwestern Alps of Italy [Venturelli et al., 1984] may
be partially due to crustal contamination.

Zr, Hf, Nb, and Ta are typical high field strength elements.
Samples analyzed in this study have a mean Zr/Hf of 45.114.1
which is significantly higher than the mantle value (36 [Sun and
McDonough, 1989]). It is also higher than the Zr/Hf of 3143 in
the Izu-Bonin arc [Taylor and Nesbitt, 1998] and that of 38+2 in
the rest of Mariana arc [Elliott et al., 1997; Peate and Pearce,
1998].

The mean Nb/Ta of 22.312 in the lavas is above the mantle
value (17.8 [Sun and McDonough, 1989]) and also above that re-
ported for other Mariana lavas (16.1+3.4 [Elliott et al., 1997,
Peate and Pearce, 1998]). This element pair has similar
bulk/melt partition coefficients in mantle peridotites. Fractiona-
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Figure 5. Ce-Yb variation diagram for volcanic rocks from the Alkalic Volcano Province and shoshonites from
around the world. Alkalic Volcano Province lavas define a trend similar to that of Aeolian arc and belong to the
high-Ce/Yb group defined by Hawkesworth et al. [1991]. The trend for the studied samples can be distinguished
from other intraoceanic arc shoshonites in Fiji islands. Data for Absaroka are taken from Meen [1987]; for northern
Taiwan from Chen [1984]; for Sunda from Edwards et al. [1991]; for the Aeolian arc from Ellam et al. [1989];
for Puerto Rico from Jolly et al. [1998]; and for Fiji islands from Gill and Whelan [1989]. The field defined by
other Izu-Bonin-Mariana arc lavas consists of data published by Lin et al. [1989], Elliot et al. [1997], Taylor and

Nesbitt [1998], and Peate and Pearce [1998].

tion of this ratio is possible if Ti-bearing phases are residual after
melt generation, during fractionation, or during crustal contami-
nation, since such phases have different partition coefficients for
Nb and Ta [e.g., Green and Pearson, 1987].

Another notable geochemical characteristic of the alkalic lavas
is their negative Ce anomaly. Ce/Ce* in the Alkalic Volcano
Province varies from 0.88 to 0.98 with a mean of 0.90£0.02. Ce
anomalies have been previously reported for Mariana-Volcano
arc lavas [Hole et al., 1984; White and Patchett, 1984; Wood-
head, 1989; Lin et al., 1989]. Their presence in arc lavas have
been attributed to the involvement of pelagic sediments into the
region of melt generation in the mantle wedge, although other
factors (e.g., oxidizing environment) may also fractionate Ce
from the other REE.

Hawkesworth et al. [1991] subdivided rocks from destructive
plate margins into two groups, based on variations of Ce/Yb
(Figure 5). The low Ce/Yb group has a restricted range of nonra-
diogenic Sr and Pb isotopes and radiogenic Nd. In contrast, the
high Ce/Yb group has elevated Ce contents and variable Sr, Nd,
and Pb isotopic compositions, implying crustal contamination,
involvement of subducted sediments or an enriched mantle

source. A comparison of Alkalic Volcano Province shoshonites
with global shoshonites is shown in Figure 5. Note that
shoshonites from northern Taiwan, Puerto Rico, and Fiji islands
belong to the low Ce/Yb group [Hawkesworth et al., 1991]. The
Sunda arc, northwestern Alps, and Absaroka shoshonitic suites
have high abundances of Ce at nearly constant Yb contents; this
probably reflects the role of residual garnet in these continental
arcs. Alkalic Volcano Province shoshonites have Ce/Yb charac-
teristics that are similar to Aeolian arc shoshonites, which were
defined as typical members of the high-Ce/Yb group.

4.3. Isotopic Compositions

Sr, Nd, and Pb isotopic compositions are listed in Table 3 and
plotted along with previously reported Alkalic Volcano Province
samples [Sun et al., 1998, 1999] and MORB and OIB in Figures
6 and 7. The ¥Sr/*Sr variations are less than 0.0002 between
leached and unleached samples, while '**Nd/'**Nd show negligi-
ble differences. Slightly different Pb isotopic compositions before

and after acid leaching are found for samples D47-2-2, D48-5-3,

D49-4-4, D49-6-2, and D54-H but these are mostly attributed to
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Table 3. Isotopic Compositions of Alkalic Volcano Province Lavas

Edifice Sample® 7Sr/*8r® 'Nd/MNGE End 28pp2pp° 27pp/*Pb 26pp/2¥Ph
Ko-Hiyoshi D47-IN 0.70402+2 0.51284+2 3.90 38.730 15.625 18.906
07039241 0.51286+2 431 38.698 15.613 18.891
D47-1-4 0.70402+2 0.5128621 4.33 39.005 15.685 19.041
0.7039142 0.51282+1 3.55 - - -
D47-2-1 0.70398+1 0.51288+3 4.66 38.750 15.627 18.893
0.70389+2 0.51288+1 4.60 - - -
D47-2-2 0.70393+1 0.51286+1 431 38.895 15.647 19.052
0.70387+2 - - 38.811 15.621 19.035
South Hiyoshi D48-5-1 0.70396+1 0.51282+1 343 38.777 15.615 18.947
0.70388+3 - - 38.771 15.612 18.943
D48-5-2 0.7037422 0.51285+1 4.12 38.805 15.614 18.977
D48-5-3 0.70387+2 - - 38.778 15.612 18.973
0.703801 0.51285+1 3.98 38.842 15.632 18.990
D48-5-4 0.70381%3 - - 38.881 15.632 18.994
D48-5-5 0.703861 0.51284+1 3.90 38.810 15.615 18.982
D48-5-6 - - - 38.858 15.629 19.012
D48-6-1 0.70385+1 - - 38.816 15.613 18.981
D48-6-2 - - - 38.836 15.624 18.988
D49-3-2 0.70384%1 0.51286x1 423 38.784 15.606 18.968
D49-4-4 0.7039342 0.51285+1 4.10 39.002 15.672 19.032
0.7037543 - - 38.801 15.609 18.977
D49-6-2 0.70382+1 0.51284+1 3.88 38.763 15.599 18.958
(leached) 0.70384+2 0.51285%1 4.14 38.857 15.630 18.992
D49-6-3 - - - 38.822 15.619 18.987
D49-6-4 0.70371%1 0.51286%1 4.19 38.853 15.627 18.996
D49-6-5 - - - 38.806 15.612 18.980
D49-6-6 - - - 38.814 15.617 18.988
D49-6-7 0.70379+1 0.51284+1 3.90 38.841 15.622 18.991
Central Hiyoshi ~ D51-5-1 0.70369+2 0.512901 5.11 38.906 15.626 19.087
0.70362:+2 0.51285+1 4.10 38.922 15.630 19.092
D52-1-2 0.70371%1 0.512801 3.08 38.829 15.635 18.865
0.70385+4 - - 38.804 15.632 18.866
D52-6-1 - - - 38.786 15.624 18.857
D52-6-2 0.7038245 - - 38.786 15.625 18.860
D52-6-3 - - - 38.849 15.643 18.872
D52-6-4 0.7039343 0.51279+1 2.89 38.891 15.657 18.881
North Hiyoshi D53-E 0.70373+3 0.51279+1 2.89 38.825 15.626 18.982
0.70373+1 0.51281+1 3.24 38.859 15.640 19.001
D53-F 0.70387+1 0.5128242 3.45 38.772 15.605 18.959
D54-E 0.70388+1 0.51284+1 3.86 38.751 15.612 18.893
D54-G 0.703861 0.51280%2 3.10 38.733 15.614 18.886
D54-H 0.70366+2 0.51285%1 4.10 38.802 15.600 19.048
0.7037124 0.51287+1 453 38.893 15.638 19.110
D54-K 0.70380+1 0.51287+1 439 39.054 15.672 19.123
0.70374%3 - - - - -
Iwo Jima 13-2C 0.70376+2 0.51292+1 5.44 39.057 15.627 19.454
1J-6B 0.703563 0.51293+1 5.52 39.079 15.635 19.460
IJ-11 0.70365+2 0.51289+1 4.76 39.086 15.635 19.465
1J-12 0.70386+3 0.512932 5.62 39.002 15.629 19.366
1J-19 0.70359+1 0.51292+1 5.50 39.083 15.634 19.463

* Leached samples were treated with 6 N HCI for 2 hours prior to dissolution.

® Twenty analyses of E+A SrCOs; gave a mean ¥'St/*Sr = 0.708063+0.000031 (one standard deviation).

¢ Nineteen analyses of the La Jolla standard gave a mean '“Nd/"**Nd = 0.511863%0.000012.

4 gnq values are calculated by using eNd = -19.2 for La Jolla Nd standard determined at the University of Texas at Dallas.

¢ Twenty eight analyses of NBS-981 yielded a mean 2*Pb/***Pb = 16.944+0.008, *"Pb/***Pb = 15.50020.009, ***Pb/***Pb = 36.7430.031.

thermal fractionation during analysis. We conclude that the iso-
topic compositions reported here closely approximate those of the
lavas at the time of eruption. The lavas have *’St/**Sr ranging
from 0.70356 to 0.70403, similar to previously reported results of
Lin et al. [1989], and are slightly higher than the rest of the Izu-
Bonin-Mariana arc. The alkalic province is distinct from its calc-
alkaline counterparts in having different Nd and higher Pb iso-

topic compositions. Nd isotopic compositions vary significantly
from north to south along the 2500-km-long arc, with the lowest
eNd in the Alkalic Volcano Province. The eNd drops abruptly
from nearly MORB-like values in the Izu arc (8.2 ~ 9.4 [Taylor
and Nesbitt, 1998]) to 5.5 in Iwo Jima, the northernmost member
of the Alkalic Volcano Province, then reaches the lowest value
(2.8) in North Hiyoshi within a distance of 200 km; ¢Nd in-



