Structure and composition of the Aleutian island arc
and implications for continental crustal growth
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ABSTRACT

We present results of a seismic reflection and refraction investigation of the Aleutian island
arc, designed to test the hypothesis that volcanic arcs constitute the building blocks of conti-
nental crust. The Aleutian arc has the requisite thickness (30 km) to build continental crust, but
it differs strongly from continental crust in its composition and reflectivity structure. Seismic
velocities and the compositions of erupted lavas suggest that the Aleutian crust has a mafic bulk
composition, in contrast to the andesitic bulk composition of continents. The silicic upper crust
and reflective lower crust that are characteristic of continental crust are conspicuously lacking
in the Aleutian intraoceanic arc. Therefore, if island arcs form a significant source of continental
crust, the bulk properties of arc crust must be substantially modified during or after accretion
to a continental margin. The pervasive deformation, intracrustal melting, and delamination of
mafic to ultramafic residuum necessary to transform arc crust into mature continental crust
probably occur during arc-continent collision or through subsequent establishment of a conti-
nental arc. The volume of crust created along the arc exceeds that estimated by previous workers
by about a factor of two.

INTRODUCTION ing of the composition and rates of magmati&€ocene lower sequence of volcanic rocks, an
Understanding the origin of continental crust iproduction of island arcs. Geophysical data pr@ligocene to Miocene middle sequence of
hampered by our limited knowledge of the comvide key constraints by providing estimates ofmarine sedimentary rocks, and a Pliocene and
position and structure of island arcs, which havemagma volumes and a basis for comparing pro@uaternary upper sequence of sedimentary and
been proposed as a principal site of crustal genesigies of island arcs and continental crust. In thigneous rocks (Scholl et al., 1987). Magmatism
at least throughout the Phanerozoic, and perhapaper we present a new seismic velocity model @faxed and waned over time (Fournelle et al.,
longer. Two decades ago, Taylor and McLennatie Aleutian island arc, based on seismic date994), with a major arc-building episode in the
(McLennan and Taylor, 1982; Taylor, 1977; Tayloracquired in 1994. Our results show that, althougBocene and a concentration of magmatic activity
and McLennan, 1981) proposed the “andesitine volume of crust created in the Aleutian islantb form summit volcanoes ca. 40 Ma (Scholl
model” of continental crustal growth, which holdsarc is greater than previously supposed, the se&t-al., 1987). The arc is structurally segmented
that arcs produce crust of bulk andesitic composinically inferred composition and reflectivity of into blocks that have undergone clockwise rota-
tion, in accord with the andesitic bulk compositiorthat crust are unlike those of mature continentéibn (Geist et al., 1988). Aleutian arc lavas range
of continental crust (Christensen and Mooneyrust, implying that, if island-arc crust forms ain composition from basalt to dacite, with rare
1995; Rudnick and Fountain, 1995). Growingsignificant portion of continental crust, it must berhyolite (Fournelle et al., 1994; Kay et al., 1982),
evidence, however, indicates that the bulk comp@ubstantially modified during or after accretion tdut the dominant lava is basaltic (Myers, 1988).

sition of island arcs is closer to basalt than ta continental margin. A geophysical study by Grow (1973) found a
andesite, thus posing an apparent paradox in the crust of maximum 25 km thickness and a volume
“island arc” model of continental crustal growthGEOLOGIC SETTING AND SEISMIC of about 2300 krhper kilometer of arc.

(e.g., Kay and Kay, 1986; Smithson et al., 1981 EXPERIMENT The data reported in this paper were acquired in

Delamination of mafic and ultramafic lower crust The Aleutian island arc, which is the result 0fL994 during a two-ship seismic reflection and
has been proposed as a possible solution to thisrthwestward subduction of the Pacific plateefraction survey. Shots fired by the 20-element
paradox. Alternatively, Kelemen (1995) has probeneath the North American plate, formed in thairgun array of the R/\laurice Ewingwere re-
posed that island-arc crust may contain a substaarly Eocene (55-50 Ma), probably in responseorded at near-vertical incidence on a 4-km multi-
tial proportion of andesites with high Mg/(Mg +to buckling of the Kula plate (Scholl et al., 1987)channel hydrophone streamer on Maurice
Fe) composition. Reflection seismic and mapping data indicatEwing and at farther offsets on ocean-bottom
In order to test such models of continentathat basement rocks of the Aleutian morphologimstruments (Woods Hole Oceanographic Institu-
crustal formation, we need improved understandidge comprise three stratigraphic units, ation hydrophones and U.S. Geological Survey

Data Repository item 9905 contains additional material related to this article.
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Figure 1. P-wave velocity model of litho- 0
sphere along Aleutian island-arc profile 5
A1 (white line, lower left inset). Velocities

- 10
(white numbers) are contoured every
0.2 km/s from 5.0 to 7.2 km/s. White cir- 15
cles are earthquake hypocenters, from 20
database provided by R. Engdahl, U.S. 25

Geological Survey; only those hypocen-
ters are plotted that lie within 125 km to
west of line Al and have hypocentral
depth-determination errors <4 km. Black
circles show locations of ocean-bottom
seismic instruments on which wide-
angle data were recorded. Lower right
inset shows part of stacked, multichan-
nel seismic (MCS) reflection data on
profile AL, extending 25 km horizontally
and from 9 to 17 s two-way traveltime.
Red box shows approximate region cov-
ered by MCS data in inset; bold white — ‘
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seismometers) deployed from the RApha that continues 100 km behind the arc, and a suby (1) the rough similarity in thickness and
Helix and on portable seismometers deployed afucting slab that is only 50-60 km beneath thB-wave velocity of this layer and the Pacific
Aleutian islands (Fliedner and Klemperer, 1998)present-day arc platform. In addition, one featureceanic crust south of model km 100 and (2) the
One along-arc and two arc-crossing profiles wetis notably absent: there is virtually no materiatontinuation of the layer to the north end of the
recorded. In this paper we present the P-waweithin the arc with velocities of 6.0 £ 0.4 km/s.model, at a depth at which oceanic crust of the
velocity structure of the island arc along profileThis finding is in marked contrast to recent resultsackarc must eventually appear. Although our
A1, which crosses the island arc in Seguam Passom the Isu-Ogasawara arc (Suyehiro et alsurvey did not extend far enough to confirm the
between Seguam and Amlia Islands (Fig. 1).  1996) and to the velocity structure of continentatontinuity of the mid-crustal layer farther into the

crust, as we discuss in the following. backarc, we tentatively interpret this layer as a
VELOCITY MODEL AND CRUSTAL The interpretation of composition from seismichinned, intruded remnant of Kula plate oceanic
COMPOSITION P-wave velocity is nonunique and affected bgrust. In this case, the bulk composition of the

The P-wave velocity model shown in Figure Jnumerous factors such as pressure, temperatuegjer would presumably be that of mid-ocean
was derived by traveltime inversion (Zelt andand porosity. Nonetheless, given constraints aidge basalt (MORB).
Smith, 1992) of wide-angle reflections and repressure and temperature and some reasonabl&elocities of 6.9-7.3 km/s in the thick lower
fractions recorded on ocean-bottom instrumentssumptions, P-wave velocities can provide ircrust are indicative of a mafic bulk composition
on line A1l Velocities in the arc are constrainedsight into crustal composition. In the upper 7 kn{Christensen and Mooney, 1995; Holbrook et al.,
by intracrustal refractions and reflections obef the crust, velocities of 4.3-5.4 km/s are too lovt992). Two candidate compositions for the lower
served on 10 instruments. In addition, the strude correspond to crystalline rocks and thus indierust (Kay and Kay, 1985) are the mafic residua of
tures of the forearc and backarc basins weaate fractured, porous, or altered rock. On theither calc-alkalic fractionation (43.2 wt% SiO
constrained by reflections on the stacked multbasis of exposed geology, we interpret the uppéB.2% MgO) or tholeiitic fractionation (47.9%
channel seismic (MCS) section (Bangs et algrust to consist largely of extrusive and intrusiv&iO,, 12.5% MgO). We can test the appropriate-
1995). Wide-angle Moho reflections from theigneous rocks of varying composition, and somaess of these compositions by using the empirical
arc were observed on six instruments, at offset®Icaniclastic sediments. The boundary betwearelocity-composition relationship of Kelemen
as great as 180 km. We estimate uncertainty layers with velocities of 4.3-5.0 km/s and 5.2-and Holbrook (1995), y= 8.054 — 0.024(Si¢) +
average velocities within crustal layers to b&.4 km/s may represent a downward increase hh029(MgO), where SiQand MgO are oxide
+0.1 km/s in the upper crust and £0.15 km/s ithe abundance of plutons or increasing congompositions in weight percent. The predicted
the middle and lower crust. paction of extrusive rocks. Despite the compositelocities (at 4 kbar pressure and 25 °C) of the

The principal features of the Aleutian ardional variability of igneous rocks in the Aleu- calc-alkalic and tholeiitic residua are 7.4 km/s and
velocity structure are (1) a crustal thickness dfans, the predominant lava types are basalt aifd3 km/s, respectively, which correspond to about
25-30 km beneath the arc and most of thigasaltic andesite (e.g., Myers, 1988); therefore wel km/s and 7.0 km/s at in situ temperatures, in
backarc; (2) two upper crustal layers of relativelyassign this layer a bulk composition intermediatgood agreement with observed lower crustal
low velocity (4.3-5.0 km/s and 5.2-5.4 km/s) bebetween basalt and basaltic andesite. velocities. These mafic residua, combined with
neath a drape of volcaniclastic sediments; (3) a Two interpretations of the mid-crustal layerintruded primary melts of mafic composition, are
mid-crustal layer with a thickness of 3—6 km and6.5-6.8 km/s) are possible. First, the layer mathus likely constituents of the lower crust.
a velocity of 6.5-6.8 km/s; and (4) a lower crustepresent arc-related intrusions, perhaps at a levelSubcrustal velocities beneath the arc are
of variable thickness (10-20 km) and velocityfrom which mid-crustal magma chambers feghoorly constrained by our data, gswas not
(6.9-7.3 km/s). Several aspects of the model aserface eruptions. The velocity of 6.5-6.8 km/spbserved on any ocean-bottom instruments.
remarkable, including the relatively thick crustat 3—4 kbar confining pressure, would be consis€ritical distances of fP reflections, however,

ent with intermediate (andesitic) compositionsuggest that velocities increase to about 8.0 km/s

ml?epository item 9905, seismic data ange.g., Holbrook et al., 1992). A second possibilityover a relatiyely short vertical' distance (<3 km).
traveltime fits, is available on request from Documents> that the layer represents a remnant of the Kukdong-arc wide-angle reflection and refraction
Secretary, GSA, P.O. Box 9140, Boulder, CO 80301plate oceanic crust on which the island arc wadata recorded on Aleutian islands indicate aver-
E-mail: editing@geosociety.org. originally built. This interpretation is supportedage subcrustal velocities of 7.7 km/s (Fliedner
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and Klemperer, 1998). The position of the sul Velocity (km/s) TABLE 1. ESTIMATES OF BULK CRUSTAL

ducting slab is well constrained by wide-angle r 4 5 6 7 8 COMPOSITION
flections on ocean-bottom instruments as far no 0 — ‘ Aleutian Average
. . ! .
as model km 175, where the plate boundary is | R—— - island arc continental crust
about 20 km depth. At greater depths, dipping 1 N 5\_: Si0p 495+0.8 59.1
. \ -
flections that presumably come from nearthet. 19 4 TiOy 06+02 0.7
of the slab were observed at 13-17 s two-w == 1;‘%03 12? £ 871 122
; e T . ! e 1+0. .

trgveltlme on the coincident MCS profl!e (msg . ' MnO 02201 ol
Fig. 1; Bangs et al., 1995); after migration usir g 20 MgO 10.6+1.3 44
our velocity profile, these reflections form a dip = Ca0 13.0+£08 6.4

. ) S NayO 13.0+08 32
ping zone at 40-50 km depth. Plotting of eart 2 K0 05402 19
guake hypocenters confirms that these reflectic O | 2 ) ) '
are located appropriately to be the top of the sli 30 Lo ;Estimate based on 6( é(m of Basalt 11L bfsglf)c

o i : ; : . + andesite in upper crust (Fournelle et al., N
Itis mtergstlng that these reflections imply th: _ .: 5 km of MORB in middle crust (McKenzie and
the slab is ~60 km, not 100 km, beneath the ci : Bickle, 1988, 1280 °C), and 19 km of tholeiitic
rently active arc, a depth similar to that recent 0 I rEeSldu];lm in lower frust, (tISay_alldhKay,tl985) .

H H H ITOr bars represent variation i chemistry

obtained in the Casca_dla arc (Parsons et . using various alternative models of
1998). The thick crust in the backarc sugges ‘ ‘ ‘ ‘ composition (e.g., dacite in the upper crust;
that the locus of magmatism has migrated sot.... calc-alkalic residuum in the lower crust).

with time, perhaps because of slab rollback (GaFigure 2. Velocity-depth profile from Aleutian From Rudnick (1995).

. . island arc (dashed line), from British Columbia
funkel et al.,, 1986; Hamilton, 1988). accreted terranes (solid line; Morozov et al.,

1998), and for globally averaged continental

DISCUSSION crust (solid line connecting circles with error crustal reflectivity (e.g., Mooney and Brocher,
Important constraints on continental growttbars; Christensen and Mooney, 1995). 1987), is conspicuously lacking in the Aleutian
via accretion of intraoceanic arcs can be place arc. MCS profiles acquired across and along the
by comparing arc properties to those of matur _ arc during our experiment (Bangs et al., 1995;

continental crust. An important question idower crust. Candidate rock types were deteMcGeary and Aleutian Working Group, 1996)
which characteristics of mature continental crushined from observed lava chemistry in the uppeshow little intracrustal reflectivity, despite the
are generated in arcs and which are acquiredust (Fournelle et al., 1994) and seismic velociecording of deep reflections from the slab
during later events. Our results provide aties in the middle and lower crust, and chemicdFig. 1). This result indicates that, like the silicic
opportunity to compare three large-scale propecompositions were taken from the compilation ofipper crust, pervasive seismic reflectivity is not
ties—thickness, bulk composition, and interna(Fournelle et al., 1994) and the fractionatiomative to arcs and therefore must be acquired dur-
structure—between Aleutian island-arc crusmodels of Kay and Kay (1985). Combininging later tectonic and magmatic events.
and mature continental crust. chemical compositions in the proportions dic- These differences in internal structure and bulk
Our results suggest that the thickness of crutdted by the thickness of seismic layers yieldedomposition indicate that, if island arcs serve as
produced in an island arc is sufficient to formthe results in Table 1. Our preferred model hashkailding blocks of continental crust, their proper-
continental crust, but that the bulk compositiomixture of basalt and basaltic andesite in thees are significantly altered during or after accre-
and internal structure are dissimilar to maturepper crust, MORB in the middle crust, andion to a continental margin. Two processes must
continental crust. The 25-30-km-thick crustholeiitic residuum (47% plagioclase, 33%occur in order to transform Aleutian island-arc
forms a buoyant block, the likely fate of which isclinopyroxene, and 20% olivine; Kay and Kay,crust into crust that resembles mature continental
to accrete to a continental margin rather than tt985) in the lower crust. The resulting chemicatrust: a substantial upper crust of silicic composi-
subduct. However, the velocity structure, andomposition is significantly more mafic thantion must be created, and much of the mafic lower
hence the composition, of the Aleutian crust ibulk continental crust (Rudnick, 1995). crust must be removed. These processes are likely
rather different from that of continental crust. The Aleutian island arc lacks any seismic eviaccomplished by a combination of intracrustal
These differences are demonstrated by a comence for silicic compositions in the middle crustmelting and delamination of a mafic and/or ultra-
parison of velocities in the Aleutian arc to thosén contrast to a recent study of the 1zu-Ogasawaraafic lower crust. Welding of oceanic arc terranes
of (1) average continental crust (Christensen aratc that found a 5-km-thick unit with a velocity ofto a continent may result in eclogite formation
Mooney, 1995) and (2) the accreted terranes 6f0—6.3 km/s, which Suyehiro et al. (1996) interthat would stimulate delamination (e.g, Kay and
British Columbia (Morozov et al., 1998) (Fig. 2).preted as granitic. The resulting discrepancy iKay, 1988; Nelson, 1991). In addition, subduction
Both the average continental crust and thseismically inferred bulk crustal compositionoutboard of a newly accreted terrane may be
accreted terranes have a substantially lower priaplies that (1) the middle crust of the lzu-established, forming a continental arc. Magmas
portion of mafic material in the lower crust thanOgasawara arc is anomalously hot or fractureérupting through the thickened crust of the
the Aleutian crust has, and both have a distingielding lower velocities; (2) the low-velocity accreted continental margin will be likely to frac-
upper crustal layer with velocities of 6.1-6.4(4.3-5.0 km/s) upper crust of the Aleutian artionate and form silicic plutons in the upper crust.
km/s, which is lacking in the Aleutian crust. consists predominantly of silicic lavas; or (3)Intracrustal melting and fractionation are neces-
We can place bounds on the major-elemembagmatic processes may be different in the tweary components of the model: delamination of
composition of the Aleutian island arc by usingarc systems. We consider the first two possibilitiearc lower crust alone is insufficient to drive $iO
the seismic constraints imposed by our modelinlikely. However, additional, well-constrainedand MgO compositions from island-arc to bulk-
combined with knowledge of Aleutian lavaseismic studies of intraoceanic arcs are neededdontinental values (Table 1). A combination of
chemistry (Fournelle et al., 1994) and fractionadnderstand the potential variability in magmaticelamination and partial melting of the lower
tion models (Kay and Kay, 1985). We calculategirocesses and crustal composition. crust was also proposed by Pearcy et al. (1990)
a suite of compositional models using a range of Another defining geophysical characteristic obased on chemical modeling of exposed island arc
plausible compositions for the upper, middle, andontinental crust, the pervasive middle and lowederranes. Segregation of cumulate olivine beneath
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the seismic Moho during intracrustal fractionatiorhristensen, N. 1., and Mooney, W. D., 1995, Seismidyers, J. D., 1988, Possible petrogenetic relations be-

may also help push bulk crustal composition from velocity structure and composition of the conti- tween low- and high-MgO Aleutian basalts: Geo-
basaltic toward andesitic nental crust: A global view: Journal of Geophys- logical Society of America Bulletin, v. 100,
: ical Research, v. 100, p. 9761-9788. p. 1040-1053.

Our results show that the volume of crust alongliedner, M., and Klemperer, S. L., 1998, Structure oNelson, K. D., 1991, Deep seismic profiling and conti-
the arc, and thus the implied magma production  an island arc: Wide-angle seismic studies in the  nental evolutionjn Meissner, R., Brown, L.,
rate, exceeds that estimated by previous workers eﬁsternIAIeutian Iﬁlands,Alaska: Journal of Geo- Dl'Jrfbaum, Hc.'-J., Franke, V\IlI Euchrs], K., and

; ; _ physical Research. Seifert, F., eds., Continental lithosphere: Deep
by a.bout. a factor of two, which ma.y . ImporFournelle, J. H., Marsh, B. D., and Myers, J. D., 1994, seismic reflections (Geodynamics Series Volume
tantimplications for models of continental growth " g’ character, and significance of Aleutian arc ~ 22): Washington, D.C., American Geophysical
(e.g., Reymer and Schubert, 1984). The volume of  volcanism,in Plafker, G., and Berg, H. C., eds., Union, p. 377-382.
material in the arc beneath line Al is about 5500 The geology of Alaska: Boulder, Colorado, Geo-Parsons, T., Trehu, A. M., Luetgert, J. H., Miller, K.,
km3/km: subtracting a 6-km-thick preexisting Iogica_ll Society of America, Geology of North Kilbrid_e, F., Wells,R. E., Eisher, M.A., Flueh, E.,
oceanic crustal layer yields 4100 HRm of arc America, v. G-1, p. 723-757. ten Br_lnk,‘U. S.,and Chrls_tensen, N_. l., 1998, A

. ! * Garfunkel, Z., Anderson, C. A., and Schubert, G., 1986, new view into the Cascadia subduction zone and
magmatism. If this crust was produced since  mantle circulation and the lateral migration of volcanic arc; implications for earthquake hazards
75 Ma, the magma production rate is 553 subducted slabs: Journal of Geophysical Re-  along the Washington margin: Geology, V. 26,
per 1 m.y., in contrast to the rate of 23-33/km ~ search, v. 91, p. 7205-7223. p.199-202.
per 1 m.y. inferred by Reymer and Schuber(l"e'St’ E L Childs, J._ R., a_nd Scholl, D.W.', 1983, Th.ePearcy, L. G., DeBari, S. M.,_and Sleep, N. H.Z 1990,

. origin of summit basins of the Aleutian Ridge: Mass balance calculations for two sections of

(1984). If we use 55 Ma as the formation age of Implications for block rotation of an arc massif: island arc crust and implications for the formation
the Aleutian arc (Scholl et al., 1987), the rate  Tectonics, v. 7, p. 327-342. of continents: Earth and Planetary Science Let-
becomes 82 kitkm per 1 m.y. A similar discrep- Grow, J.A., 1973, Crustal and upper mantle structure of  ters, v. 96, p. 427-442.
ancy appears for the Izu-Ogasawara arc: the vol- the central Aleutian arc: Geological Society ofReymer, A., and Schubert, G., 1984, Phanerozoic addi-

. . America Bulletin, v. 84, p. 2169-2192. tion rates to the continental crust and crustal
ume of arc m_agmatlsm onthe transe_Ct of _Suyeh'f—?amilton, W. B., 1988, Plate tectonics and island arcs: growth: Tectonics, v. 3, p. 63-77.
et al. (1996) is about 3100 Rfkm, which yields Geological Society of America Bulletin, v. 100, Rudnick, R. L., 1995, Making continental crust: Na-
amagma production rate of 66 %km per 1 m.y., p. 1503-1527. ture, v. 378, p. 571-578.

given an age of 47 Ma for that arc. Thus recetolbrook, W. S., Mooney, W. D., and Christensen, N. I Rudnick, R. L., and Fountain, D. M., 1995, Nature and
results suggest island-arc magma production rates 1992, The seismic velocity structure of the deep composition of the continental crust: A lower

. continental crustn Fountain, D. M., Arculus, R., crustal perspective: Reviews of Geophysics,
of 60 + 10 kni/km per 1 m.y., in contrast to the and Kay, R., eds., The lower continental crust:  v. 33, p. 267—-309.
20-40 kn¥/km per 1 m.y. estimated by Reymer  Amsterdam, Elsevier, p. 1-43. Scholl, D. W., Vallier, T. L., and Stevenson, A. J., 1987,

and Schubert (1984). Using their estimate dfay, S. M., and Kay, R. W,, 1985, Role of crystal Geologic evolution and petroleum geology of the
37000 km of globally active arc length, we get a cumulates and the oceanic crust in the formation  Aleutian Ridgejn Scholl, D. W., Grantz, A., and
magma production rate of 2.2 w exactly of the lower crust of the Aleutian arc: Geology, \_/edder, J.G,, gds., Geology and resource poten-

: ) ! v. 13, p. 461-464. tial of the continental margin of western North
twice that of Reymer and Schubert (1984). If thRay, R. W., and Kay, S. M., 1986, Petrology and geo-  America and adjacent ocean basins—Beaufort
seismic results from the Aleutians and lzu-  chemistry of the lower continental crust: An Sea to Baja California: Houston, Texas, Circum-
Ogasawara arcs are representative of island arcs overvic?w,indDan](l)n, J.B., Céarswr?ll, D.A, Hi‘”,h Pacific Cour12c3il for Energy and Mineral Re-

; ; J., and Wedepohl, K. H., eds., The nature of the sources, p. 123-155.

_elseWhere‘ PhanerOZ_OIC m_agma prOdUCtlo.n rates lower continental crust: Geological Society [Lon-Smithson, S. B., Johnson, R. A., and Wong, Y. K., 1981,
in arcs are substantially higher than previously don] Special Publication 24, p. 147-159. Mean crustal velocity: A critical parameter for
thought. In order to fully assess whether theseay, R. W,, and Kay, S. M., 1988, Crustal recyclingand  interpreting crustal structure and crustal growth:
higher productivity rates imply a proportionally the Aleutian arc: Geochimica et Cosmochimica Earth and Planetary Science Letters, v. 53,

greater contribution of arc magmatism to I:)han_ay écf\i/li’ ngily FI)? {/?/51;115 5Cgi)t.ron G. P, 1982, Tec Suyeﬁirgzi_s'?:kahashi N., Ariie, Y., Yokie, Y., Hino
_erOZO'C Cont'_nental crustal gro_w_th,_we need (1l)< ’ tonic Ycontré)ls on t’holeiitic and’calc-allkaline’mag- R., ’Shi’nohara, M.’, Kéinaze;wa’, T, Illira’ua, NY.,
improved estimates of productivity in other arcs  magism in the Aleutian arc: Journal of Geophysi- Tokuyama, H., and Taira, A., 1996, Continental
and (2) quantitative estimates of the amount of arc  cal Research, v. 87, p. 4051-4072. crust, crustal underplating, and la@-upper

lower crust that delaminates or is otherwise rd<elemen, P. B., 1995, Genesis of high Mg# andesites ~ mantle beneath an oceanic island arc: Science,
; and the continental crust: Contributions to Miner- V. 272, p. 390-392.

cycled back into the mantle. alogy and Petrology, v. 120, p. 1-19. Taylor, S. R., 1977, Island arc models and the composi-

Kelemen, P. B., and Holbrook, W. S., 1995, Origin of tion of the continental crugt Talwani, M., and

thick, high-velocity crust along the US East Coast Pitman, W. C., eds., Maurice Ewing Series, \Vol-

margin: Journal of Geophysical Research, v. 100, ume 1: Washington, D.C., American Geophysical
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