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ABSTRACT titative understanding and for modeling (Ayers, 1998) of subduction-zone—

In order to constrain the large ion lithophile (LIL) element distri-  related metasomatic mass-transfer processes.
bution for subduction-zone environments, exchange coefficients The major goal of this paper is to determine partitioning coefficients
Kphe-fluid = (xphe - X fuid)j(x phe - X Wi, ) for K, Rb, and Cs between of Cs, Rb, and K between aqueous fluid and phengitic muscovite at high
aqueous fluids and phengite (phe) have been determined experimentallypressures by exchange experiments. The results will help to constrain how
at2.0 and 4.0 GPa. Derived Kvalues for the Rb-K exchange slightly in-  these elements may be transferred from the slab into the overlying mantle
crease from 1.62 £ 0.10 at 2 GPa, 600 °C, to 1.84 + 0.15 at 4 GPa, 700 °@iedge. We investigated the pressure range 2—4 GPa, which corresponds t
For the Cs-K exchange, much lower i values of 0.22 + 0.06 (at 2 GPa, the typical depth of the subducted slab beneath the volcanic front in island
600 °C) and 0.37 £ 0.10 (at 4 GPa, 700 °C) were determined. The resultarcs (e.g., Tatsumi, 1986).
show that, for the pressure-temperature range investigated, Rb prefer-
entially fractionates into phengite, whereas Cs partitions into the fluid. EXPERIMENTAL TECHNIQUE

Assuming a one-step model of perfect Rayleigh fractionation for Experimental techniques are only briefly documented herein; see
continuous decomposition of phengite during subduction, varying Wunder et al. (1999) for more details. Synthesis experiments were per-
alkali ratios observed for island-arc basalts as a function of slab depth formed at 2.0 GPa, 600 °C and 4.0 GPa, 700 °C in piston cylinder presses.
may be explained by the LIL-fractionation behavior between fluids Phengites were synthesized from oxide mixtures and 2 molal aqueous
and phengites determined in this study. Our data indicate that previ- chloride solutions, which contained the exchangeable cations in excess. For
ously derived models for metasomatic mass transfer during subduction each of the two different pressure-temperature conditions, 10 experiments
processes need to be reconsidered. with varying (containing Cs or Rb) fluid/solid ratios were performed
gable 1). The synthesis followed the exchange technique, a detailed de-
scription of which was given by Zimmermann et al. (1997). This technique
was chosen to avoid the formation of metastable assemblages due to frac-
INTRODUCTION tional crystallization (Zimmermann et al., 1997). After the fast quench of the

Knowledge of petrological processes taking place during subductexperiment (samples cooled below 150 °C in <10 s) the capsule was openec
is important not only for a better understanding of the magma productioarad the fluid extracted. No evidence for quench crystallization, which could
active plate margins but also for the understanding of element cycles duaiifiect the fluid composition with respect to the alkalies, was found in any of
processes of crustal destruction and formation (Gill, 1981). The large flba runs. The low concentration of alkalies within the fluid guarantees that
lithophile (LIL) elements K, Rb, and Cs are suggested to be important galbdissolved alkalies remain in the fluid during quenching. The fluid was
chemical tracers for subduction-zone environments. The typical enrichneerdlyzed by inductively coupled plasma—atomic-emission spectroscopy
of these LIL elements in island-arc basalts (IAB) relative to mid-ocean rid¢@€P-AES) for K and Rb and by ICP-MS (mass spectroscopy) for its Cs
basalts (MORB) is thought to be due to the transport of LIL elements froomtents. The solid products were characterized optically and by scanning
the subducted slab into the arc by metasomatic fluids and/or melts (Figldctron microscopy (SEM). The composition was determined by routine
e.g., Gill, 1981). Fluids derived from the breakdown of OH-containing miatectron microprobe (EMP) analyses. Polished samples were analyzed with
erals within the slab during the subduction process are water rich, carndna
mainly silica and LIL elements. Important minerals that may act as sour  "GSA Data repository item 200065, Appendix Tables 1 and 2, Starting mix-
and sinks of structurally bound water in the subducted slab are amphibt(l;rseAs, a;%?g%lggifg’aggﬁﬁj; %’g'%lggool'jgf%’ezﬂ:ﬁ]ng" gggg?oi?sy_soigeé?ry’
and micas. Because Rb and Cs structurally may replace K within these \yy, geosociety.org/pubs/ft2000.htm.
erals, cross-arc geochemical variations of LIL elements (Fig. 1), observeu uo

Keywords: phengite, LIL-fractionation, subduction zone, exchang
coefficients.

a function of the depth of the Benioff zone (e.g., Ryan et al., 1995), ma ~100 — 200 km
influenced by the fractionation behavior of Cs, Rb, and K between fluid ( . _ .
melts) and the LIL element-hosting minerals at different slab depths. volcanic front

Phengites are proposed to be the main host of LIL elements in mete
mentary and metabasaltic blueschists and eclogites. Experimental stud
the stability of phengitic muscovite (Schmidt, 1996; Domanik and Hollow
1996) indicated that K mica persists to depths much greater than the zc
melt generation (80—150 km) beneath arcs. As mentioned by Domanik
Holloway (1996, p. 4133), “This [the extended phengite stability] require
mechanism of partitioning of LIL-elements into migrating fluids rather th
the simple dehydration of phengite beneath arcs in order to provide fo
transfer of these slab signature elements from phengite into arc magi :

Experimentally determined partitioning coefficients of LIL elemer ﬁepth between 100 and 300 km in-

uence alkali-element budget of

between fluids and minerals at high pressures and temperatures % island-arc basalts.
Brenan et al., 1995; Stalder et al., 1998) are rare and have not been avi

for phengite until now. However, such data are highly desirable fora qi |\ Csik

*E-mail: smelzer@gfz-potsdam.de. =100 pepth to Benioff zone [km] <300

Figure 1. Schematic model show-
ing process of dehydration below
volcanic front at convergent plate
margins. Systematic variations of
alkali-element ratios (Rb/K, Cs/K)
in volcanic magmas across island
arc (Hutchison, 1976; Ryan et al.,
1995) give evidence that fluids de-
rived from subducted slab at

" slab dehydration™ »

Data Repository item 200065 contains additional material related to this article.
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TABLE 1. CHEMICAL COMPOSITIONS OF PHENGITES AND COEXISTING FLUIDS

Run number 1 2 g 84 85§37 55 57 63 76 5 7 8 9 10 }5 6 6 78 79
Run duration [d] 6 6 4 5 5 2 4 4 2 4 6 6 6 6 6 3 3 3 4 4
Run conditions 2 GPa, 600 °C 4 GPa, 700 °C 2 GPa, 600 °C 4 GPa, 700 °C

Phases [wt%]

1M phengite 26 37 35 38 25 19 14 10 1 s 33 25 23 34 31 31 17 29 17 18
2M, phengite 53 S3 57 62 68 54 64 63 52 72 61 70 77 43 68 44 59 63 46 68
quartz / coesite 21 10 8 7 18 13 14 21 ! 6 5 23 1 16 15 4 19 9
kyanite 9 9 3 26 12 9 9 3 19 7
Phengite composition”

Si 3.66 3.62 358 3.64 3471 373 3.59 3.61 3.61 3.63] 343 3.49 352 343 346} 368 3.70 3.61 3.67 3.65
Al 1.86 1.86 1.93 1.88 2.0} 1.70 1.89 1.83 190 190{ 227 211 2.04 227 2.12{ 1.8] 18 189 182 186
Mg 051 055 0.52 048 049 0.64 055 061 0.51 047 040 0.48 048 036 0.46i 0.52 049 0.53 054 050
K 066 042 0.84 076 057{ 047 074 063 081 078 059 0.77 081 069 0.85i{ 0.79 0.68 0.64 0.75 057
Rb 0.10 045 0.03 0.11 025 025 0.14 022 006 007] 0.00 0.00 000 000 0.00{ 000 0.00 0.00 0.00 0.00
Cs 0.00 0.00 0.00 000 000§ 0.00 000 000 0.00 000! 0.06 001 001 004 0.05{ 002 0.09 0.9 003 025
Xg 087 048 097 088 0.70i 0.65 0384 074 093 091} 091 099 099 095 095{ 097 0.89 0.77 096 0.6Y
Xan 0.13 052 003 012 030i 035 016 026 0.07 0.09; 0.00 0.00 0.00 0.00 0.00; 0.00 000 000 0.00 0.00
Xee 0.00 0.00 000 000 000{ 0.00 0.00 000 000 000 009 0.01 001 005 005{ 003 0.11 023 0.04 031
Fluid composition

Xg 089 0.61 098 094 076, 079 089 083 094 092{ 072 093 092 077 0.68{ 0.78 0.56 0.58 0.90 044
Ao 0.11 0.3% 0.02 006 0.24{ 021 0.11 0.7 006 008 0.00 000 000 0.00 0.00] 0.00 0.00 0.00 0.00 0.00
Nes 0.00 0.00 0.00 000 0.00f 000 000 0.00 000 000 028 0.07 008 023 032] 022 044 042 010 0.56

TAnalytical sum < 85%.
“Cation proportions normalized to 11 oxygens and based on average electron microprobe analyses. Full analyses aréav@blbatet Repository item 200065 (see footnofe 1).

Cameca SX50 and SX100 microprobes equipped with wave-length dispe# GPa were produced. mgvt;d values of the coexisting fluid were in the
sive systems. Counting times for all elements were 20 s on the peak positinge 0.02—0.39 (at 2 GPa) and 0.06—-0.21 (at 4 GPa), respectively. Phengites
and 10 s on the background of each side of the peak. Operating condifions the Cs-K series have mole fra(:ti()(“@;e= Cs/(K + Cs) of 0.0k Xg*;e
were 15 kV and 20 nA. Significant losses of alkalies were not observed @L-09 at 2 GPa and of O.@S(gge <0.31 at 4 GPa. For the coexisting fluid
ing the analysis. Repeated measurements on the same point result in id({gms significantly higher (0.07-0.32, at 2 GPa; 0.10-0.56 at 4 GPa).
cal alkali concentrations. In addition, for quantitative phase analysis, X-ray The element partitioning of Rb-K and Cs-K between phengite and fluid
powder diffraction patterns (XRD) of all solid products were collected. is shown in Figure 2 as reciprocal ternaries. Within the analytical errors, the
tie lines between phengite and the coexisting fluid are internally consistent;
RESULTS only minor crosscutting occurs and the tie lines are close to the bulk compo-
Results of synthesis-exchange experiments are summarized in Tats@i@n. This strongly suggests that chemical equilibrium has been attained
Run products consisted predominantly of phengitic mica. Additional phaaes that equilibrium exchange coefficientsriday have been approached in
are quartz in the 2 GPa run and coesite and kyanite in the 4 GPa run. Rhaisexperiments. Some tie lines miss the bulk composition because of ana-
proportions as determined by XRD are listed in Table 1. Grain sizes of migtsal errors and due to the formation of additional phases (Table 1). This is
formed at 2 GPa are rather small, often gi®in diameter and <im in  supported by the fact that only one population of phengite is present in each
thickness. At pressures of 4 GPa, micas are significantly larger, form@geriment. Fractional crystallization during the course of the synthesis
platelets to 4Qum in diameter. Most EMP analyses of phengite synthesizedhatuld lead to varying phengite compositions, which were not observed.
2 GPa have totals below 70 wt% and were therefore rejected. Only anallyses Figure 2 it becomes evident that, at each of the experimental condi-
with totals >85 wt% were used for the determination of the phengite comimas, Rb partitions into the phengite relative to K, whereas Cs strongly frac-
sition (exceptions are phengites of runs 82 and 84; see Table 1). For pherngitegtes into the coexisting fluid. The resulting Rb-K and Cs-K partitionings
synthesized at 4 GPa, EMP analyses mostly resulted in totals >90 wt% fdsetiveen phengites and agueous fluids are present@ffin X1id andXpe
runs. Chemical variations within each run are rather small, indicating only ené‘éus'd plots in Figure 3. Strong deviations from the ideal exist for both the
population of phengite. Chlorine was not detected in any of the analysesRb-K and Cs-K partitioning. Exchange coefficients are defined by:
Normalized to 11 oxygens, micas show phengitic compositions in the

range of (K, Rb, Cgg, ., 0.0l 1 53+ 0.0M0.50 + 009504 2 0.0A 0.41 + 0.00 (XS{;?C f'g{‘gs)

Siz 594 009 (O;/[OH],). For the Rb-K series phengites with mole frac- Kgb'CS'K(phe-fluid) = ——. @)
tionsXpie= Rbi(K + Rb) in the range of 0.03-0.52 at 2 GPa and 0.07-0.35 (xgre/xgue)
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Figure 2. Reciprocal ternary diagrams showing (A) Rb-K and (B) Cs-K distribution between mica and fluid. Squares show bulk
compositions and circles show compositions of coexisting phengites and fluid. Tie lines between product phengite and fluid close
to bulk composition indicate chemical equilibrium. Error bars correspond to compositional range of electron microprobe analyses
for phengite, and to 3% relative errors for fluid. Estimated errors for bulk composition are smaller than symbol size.
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It is evident from Figure 3 that Henry’s law is valid for low Rb and Cs codeviation from ideal Rayleigh fractionation (batch equilibrium) would result
centrations X XRe< 0.1). Therefore, constant exchange coefficients lowering the fractionation of alkalies. In our model, the Cs/K and Cs/Rb
were determined (Table 2) by using the fitted curves and extrapolating timages continuously decrease and the Rb/K ratios increase for decreasing
data to Rb and Cs concentrations of the parts per million range, which is fedetions F of phengite. The same variations of the alkali ratios are observed
vant for nature. Based on these derivgd/lues, the exchange coefficientwithin island arcs as a function of the depth to the Benioff zone (Fig. 4B).
for Cs-Rb (Table 2) was calculated according to Thus, variable alkali ratios in IAB at different distances from the trench cor-

K Cs-K responding to different depths to the Benioff zone may be due to a continu-

K §>RYphe-fluid) = % Ro - )

ous decomposition of phengite within the slab during an ongoing subduction.
It is generally accepted that fluids derived from the subducting slab in-
Calculated partition coefficientspeluid= cphe. /cliiq. for Rb and Cs are fluence the trace element patterns of IAB. Despite the fact that slab-derived
also listed in Table 2. However, D values strongly depend on the molalifla&ls may interact with peridotitic mantle during their transport through the
of the chloridic solution, whereas the exchange coefficigndées not. wedge (e.g., Stolper and Newman, 1994), fluids must retain a major portion of
their initial element signature. There is also strong evidence that sediments
DISCUSSION with high phengite abundances play an important role for the trace element
The formation of phengite will drastically alter the K/Rb, K/Cs, anudget of subduction-related fluids (e.g., Bailey, 1996; Plank and Langmuir,
Cs/Rb ratios of fluids according to the contrasting fractionation behaviorl@98; Bebout et al., 1999). Alkali ratios of IAB systematically vary with in-
Rb and Cs relative to K. Consequently, these ratios will also vary in fluzfeasing depth to the Benioff zone (Fig. 4B). This zone, underlying the vol-
released by dehydration of phengitic micas. Although phengite is stableanic front, corresponds to pressures of 4—10 GPa and temperatures of
pressures of 10 GPa, corresponding to depths of about 300 km (Schré@i;-800 °C (depending on the thermal characteristics of the subduction
1996; Domanik and Holloway, 1996), a K-rich fluid is continuously rezone), under which dehydration processes, including decomposition of phen-
leased during the subducting process due to the reaction phengite = Kgititimica, occur (Schmidt, 1996). The calculated variations of Rb/K, Cs/K,
omphacite + enstatite + coesite + K-rich fluid (Schmidt, 1996). Within @md Cs/Rb ratios (Fig. 4A), based on our experimental results, and assuming
open system, each portion of produced fluid is immediately transported jpeofect Rayleigh fractionation during a continuous decomposition of phen-
the overlying mantle wedge. In other words, the fluid is distilled from tlggte, agree very well with the observations in IAB (Fig. 4B). We therefore
slab and LIL elements will be fractionated due to their different partitioniaggue that cross-arc variations of alkali ratios in IAB are strongly controlled
behavior between remaining phengite and fluid. by the ongoing dehydration of phengitic mica during subduction until phen-
Assuming perfect Rayleigh fractionation, the element ratios R (= Rb#ite is completely used up. We also propose that fluids released from the slab
Cs/K, Cs/Rb) of phengite and the coexisting fluid vary as a function of theess through the mantle wedge relatively unaltered with respect to their alkali
fraction of remaining phengite (F) depending gnafd the alkali element content. However, extensive mantle metasomatism beneath island arcs (e.g.
ratio R of phengite at the beginning of the reaction. Matsubaya and Matsith 1981; Stopler and Newman, 1994) might lead to the formation of further
(1982) derived equation 3 for Raleigh distillation for abundance ratios  alkali-bearing minerals, such as micas and amphiboles. Precipitation of these
minerals might drastically alter the alkali budget within the mantle wedge. As
Epphelj[i-'- Rphel:@%ﬂ: B @_ FQJ/KD B ]@ determined by Melzer et al. (1998) and Melzer and Wunder (1999), phlogo-
%% + RSh.E N ' pite and richterite have contrasting exchange coefﬁcient%*b\‘ Kphlogo-
pite-fluid) = 2.5 and of K®* (richterite-fluid) = 0.5 at 2.0 GPa and 800 °C,
respectively. Thus, the Rb/K ratio of the migrating fluid remains only un-
changed, if both minerals (phlogopite and richterite) are absent or coexist.

®)

This equation may be simplified to

_ 1 o ke
Rphe - K Rphe D: ’ (4)
D TABLE 2. EXCHANGE COEFFICIENTS Kp

because for R values close to 0, the second term on the left side of equ AND DISTRIBUTION COEFFICIENTS D

3is ~1. Phengites formed in subduction zones at high pressures gene FOR PHENGITE - FLUID

have low Rb/K, Cs/K, and Cs/Rb ratios, <0.1 (Bebout et al., 1999). The greergsp;::tu[r&[;]cl 6g° 720
sulting variations of R values for fluids KPRy gy 1.62+010  184+0.15
_ 1 phe fluid ~ _ 022+0.06 0.37+0.10
Riuid = - (Rpe. ®) Kp (G5
D KpD € -Llull (CS 'Rb) 0.14 £ 0.05 0.20£0.07
- . . e-fluid
and of the coexisiting phengites, based on the model of perfect Rayleigh Dp: . (RD) 3881004 441£010
pPheid () 05402  09+02

tionation and with our derived Kvalues, are shown in Figure 4A. Any
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Keppler (1996) determined that the partitioning coefficients for Rb and K [Bgenan, J.M., Shaw, H.F., Ryerson, F.J., and Phinney, D.L., 1995, Mineral-aqueous

tween silicic melt and an aqueous chloridic fluid are nearly equal. This indi- gi’?‘erﬁnitieo:ti”cgh‘e";:_'sat‘;e g'fegﬁsgttﬁea;?g%;% sfg i?aﬁr?égogzgiwﬁ_gg ?teéfézce
. ; L . . istry u uids: imi -

ca_te§ that fIw_ds will have an glmost similar alkali element signature as a co- mochimica Acta, v. 59, p. 3331-3350.

existing melt in the source region of IAB. Therefore, based on our model, ffgnanik, K.J., and Holloway, J.R., 1996, The stability and composition of phengitic

varying alkali element compositions in arc basalts may be explained by one muscovite and associated phases from 5.5 to 11 GPa: Implications for deeply

step, i.e., the ongoing decomposition of phengite and the simultaneous fluid- subducted sediments: Geochimica et Cosmochimica Acta, v. 60, p. 4133-4150.

; ; : ; : : J., 1981, Orogenic andesites and plate tectonics: Berlin, Springer-Verlag, 390 p.
phengite alkali fractionation during the subduction process. In contrast, A)&u chison, C.S. %976 Indonesian actriJve volcanic arc: K, Sr a?nd gRb variat?on witﬁ

(1998) suggested a four-step model, the reliability of which depends on sev- depth to the Benioff zone: Geology, V. 4, p. 407—408.

eral somewhat arbitrary chosen parameters, including the fraction of free fikégipler, H., 1996, Constraints from partitioning experiments on the composition of
in the slab and the melt fraction in the source region of IAB. A further dis-  subduction-zone fluids: Nature, v. 380, p. 237-240. o
advantage of Ayer's model is that his calculated trace element budget of M%Bl:illjlgt)ilgﬁ-C)ée?)rgigﬂn?itcs;%osdr’nﬁs\f’1L€lmltaifg tfsté‘e application of Rayleigh dis-
released from the slab is ba§ed on partition Coeﬁicient§ between fluid ﬁ@ger, S, aﬁd Wunder, B., 1999, E;p'erirﬁgﬁtally dete'rmined K-Rb-Cs exchange co-
model eclogite. However, this model assemblage of minerals lagks H

efficients between micas, amphiboles and aqueous chloride solutions between
bearing minerals, which may act as a source for free fluid within the slab. 0.2 and 4 GPa: Eos (Transactions, American Geophysical Union), v. 80, p. 361.
Melzer, S., Gottschalk, M., and Heinrich, W., 1998, Experimentally determined par-
titioning of Rb between richterites and aqueous chloride solutions: Contribu-
CONCLUSIONS L . tions to Mineralogy and Petrology, v. 133, p. 315-328.
The trends of alkali ratios in lavas erupted at convergent plate Mar@ipgy 1. and Langmuir, C.H., 1998, The chemical composition of subducting sedi-

are due to compositional variations in fluids released from the subducting ment and its consequences for the crust and mantle: Chemical Geology, v. 145,
slab. Compositions of these hydrous fluids reflect their sedimentary origin p. 325-394.
and will modify the alkali element budget of melts in the source regionffan: J.G., Morris, J., Tera, F., Leeman, W.P., and Tsvetkov, A., 1995, Cross-arc geo-

- . chemical variations in the Kurile arc as a function of slab depth: Science, v. 270,
IAB. The results of our study indicate that the fluid produced by the break- 625627,

down of phengite within a subducting slab may pass through the magtgmidt, M.w., 1996, Experimental constraints on recycling of potassium from sub-
wedge into the subduction-related magma, without any large changes in its ducted oceanic crust: Science, v. 272, p. 1927-1930.

alkali ratios. However, any formation of LIL-containing hydrous phas&#alder, R., Foley, S.F., Brey, G.P., and Horrl, ., 1998, Mineral-agueous fluid parti-
such as phlogopite or richterite within the mantle wedge during the descent fioning of trace elements at 9001200 °C and 3.0-5.7 GPa: New experimental

) . . . .~ data for garnet, clinopyroxene, and rutile, and implications for mantle meta-
of the fluid would drastically alter the alkali content of the fluid due to their (g1 1atism: Geochimica et Cosmochimica Acta, v. 62, p. 1781-1801.

different Kj values (Melzer et al., 1998; Melzer and Wunder, 1999) corstolper, E., and Newman, S., 1994, The role of water in the petrogenesis of Mariana
pared to those of the system phengite-fluid. trough magmas: Earth and Planetary Science Letters, v. 121, p. 293-325.
Tatsumi, Y., 1986, Formation of the volcanic front in subduction zones: Geophysical
ACKNOWLEDGMENTS o _ , Research Letters, v. 13, p. 717-720.
Helpful comments by A. Feenstra and W. Heinrich on this manuscript are grgighitford, D.J., 1975, Strontium isotopic studies of the volcanic rocks of the Sunda
fU”y aCknOWledged. We thank P. Dulski and E. Kramer for their technical aSSiStance, arc, |nd0nesia’ and their petrogenetic imp”cations: Geochimica et Cos-
and K. Domanik and P.J. Wallace for their critical reviews. mochimica Acta, v. 39, p. 1287-1302.

REFERENCES CITED Woodhead, J.D., and Johnson, R.W., 1993, Isotopic and trace-element profiles across

Ayers, J., 1998, Trace element modeling of aqueous fluid—peridotite interaction in the thed'\IlDthV B;ma'n 'Slligd'af%gﬂaguf New Guinea: Contributions to Mineralogy
mantle wedge of subduction zones: Contributions to Mineralogy and Petrolq% anad Fetrology, v. P-4 . . . .
v. 132, p. 390-404 nder, B., Andrut, M., and Wirth, R., 1999, High-pressure synthesis and properties

: . : . : f OH-rich topaz: European Journal of Mineralogy, v. 11, p. 803-813.
Bailey, J.C., 1996, Role of subducted sediments in the genesis of Kurile-Kamchatka 0 S -
island arc basalts: Sr isotopic and element evidence: Geochemical Jou g]’mermann, R., Gottschalk, M., Heinrich, W., and Franz, G., 1997, Experimental

v. 30, p. 289-321. Na-K distribution between amphiboles and aqueous chloride solutions, and a

Bailey, J.C., Frolova, T.I., and Burikova, I.A., 1989, Mineralogy, geochemistry, and mixing model along the richterite—K-richterite join: Contributions to Mineral-
petrogenesis of Kurile-island arc basalts: Contributions to Mineralogy and ogy and Petrology, v. 126, p. 252-264.
Petrology, v. 102, p. 265—-280.
Bebout, G.E., Ryan, J.G., Leeman, W.P., and Bebout, A.E., 1999, FractionatioMafuscript received December 1, 1999
trace elements by subduction-zone metamorphism—Effect for convergd®evised manuscript received March 24, 2000
margin thermal evolution: Earth and Planetary Science Letters, v. 171, p. 63-Manuscript accepted April 3, 2000

586 Printed in USA GEOLOGY, July 2000



