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ABSTRACT

Discovery of seafloor volcanism west of Buldir Volcano, the westernmost emergent volcano in the

Aleutian arc, demonstrates that surface expression of active Aleutian volcanism falls below sea

level just west of 175�9�E longitude, but is otherwise continuous from mainland Alaska to

Kamchatka. Lavas dredged from newly discovered seafloor volcanoes up to 300 km west of Buldir

have end-member geochemical characteristics that provide new insights into the role of subducted

basalt as a source component in Aleutian magmas. Western Aleutian seafloor lavas define a highly
calc-alkaline series with 50–70% SiO2. Most samples have Mg-numbers [Mg#¼Mg/(MgþFe)]

greater than 0�60, with higher MgO and lower FeO* compared with average Aleutian volcanic rocks

at all silica contents. Common basalts and basaltic andesites in the series are primitive, with aver-

age Mg# values of 0�67 (60�02, n¼99, 1SD), and have Sr concentrations (423 6 29 ppm, n¼ 99) and

La/Yb ratios (4�5 6 0�4, n¼ 29) that are typical of island arc basaltic lavas. A smaller group of bas-

altic samples is more evolved and geochemically more enriched, with higher and more variable

Sr and La/Yb (average Mg#¼ 0�61 6 0�1, n¼ 31; Sr¼ 882 6 333 ppm, n¼ 31; La/Yb¼ 9�1 6 0�9,
n¼ 16). None of the geochemically enriched basalts or basaltic andesites has low Y (<15 ppm) or

Yb (<1�5 ppm), so none show the influence of residual or cumulate garnet. In contrast, most west-

ern seafloor andesites, dacites and rhyodacites have higher Sr (>1000 ppm) and are adakitic, with

strongly fractionated trace element patterns (Sr/Y¼ 50–350, La/Yb¼ 8–35, Dy/Yb¼ 2�0–3�5) with low

relative abundances of Nb and Ta (La/Ta>100), consistent with an enhanced role for residual or

cumulate garnetþ rutile. All western seafloor lavas have uniformly radiogenic Hf and Nd isotopes,
with eNd¼9�1 6 0�3 (n¼31) and eHf¼ 14�5 6 0�6 (n¼27). Lead isotopes are variable and decrease

with increasing SiO2 from basalts with 206Pb/204Pb¼ 18�51 6 0�05 (n¼ 11) to dacites and rhyodacites

with 206Pb/204Pb¼18�43 6 0�04 (n¼ 18). Western seafloor lavas form a steep trend in
207Pb/204Pb–206Pb/204Pb space, and are collinear with lavas from emergent Aleutian volcanoes,

which mostly have 206Pb/204Pb> 18�6 and 207Pb/204Pb> 15�52. High MgO and Mg# relative to silica,

flat to decreasing abundances of incompatible elements, and decreasing Pb isotope ratios with

increasing SiO2 rule out an origin for the dacites and rhyodacites by fractional crystallization. The
physical setting of some samples (erupted through Bering Sea oceanic lithosphere) rules out an

origin for their garnetþ rutile trace element signature by melting in the deep crust. Adakitic trace
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element patterns in the dacites and rhyodacites are therefore interpreted as the product of melting

of mid-ocean ridge basalt (MORB) eclogite in the subducting oceanic crust. Western seafloor

andesites, dacites and rhyodacites define a geochemical end-member that is isotopically like

MORB, with strongly fractionated Ta/Hf, Ta/Nd, Ce/Pb, Yb/Nd and Sr/Y. This eclogite component

appears to be present in lavas throughout the arc. Mass-balance modeling indicates that it may

contribute 36–50% of the light rare earth elements and 18% of the Hf that is present in Aleutian
volcanic rocks. Close juxtaposition of high-Mg# basalt, andesite and dacite implies widely variable

temperatures in the western Aleutian mantle wedge. A conceptual model explaining this shows

interaction of hydrous eclogite melts with mantle peridotite to produce buoyant diapirs of pyroxen-

ite and pyroxenite melt. These diapirs reach the base of the crust and feed surface volcanism in the

western Aleutians, but are diluted by extensive melting in a hotter mantle wedge in the eastern

part of the arc.

Key words: island arc; isotope; trace element; major element; calc-alkaline; subduction; magnesian
andesite; mantle; adakite

INTRODUCTION

The distinctive geochemical signatures observed in

rocks produced by subduction magmatism provide an

important source of information about the role of

subduction systems in the evolution of the solid Earth.

The creation of intermediate composition magmas

with high Mg relative to Fe [molar Mg/(Mgþ Fe), or

Mg# >0�50] distinguishes subduction zones from all

other tectonic settings in which magmatism is wide-

spread. Trace element patterns in subduction-related

magmatic rocks are equally distinctive. The most per-

sistent aspects of these patterns are expressed as en-

richments in large ion lithophile elements (K, U, Cs, Rb,

Ba), and depletions in middle and heavy rare earth

elements (MREE and HREE; Dy, Er, Yb, Lu) and in high

field strength elements (HFSE; Ta, Nb, Zr, Hf) compared

with mid-ocean ridge basalts (MORB; Pearce & Norry,

1979; Kay, 1980; Gill, 1981). These aspects of subduc-

tion-related magmatic systems are broadly significant

in the context of solid Earth evolution, because the

same geochemical patterns are present in continental

crust, and because subduction magmatism is widely

inferred to play a key role in the creation of continents

(Kelemen, 1995; Rudnick, 1995; Rudnick & Fountain,

1995; Taylor & McLennan, 1995; Wedepohl, 1995).

The subduction-related geochemical characteristics

just described are evident in both oceanic subduction

zones (island arcs) and continental (Andean-style) sys-

tems. For studies aimed at understanding the origins of

subduction zone magmas, the advantage of island arc

systems stems from the relatively young, thin crust of

the overriding plate, and from the common presence of

primitive magmas (Mg# >0�60) in oceanic settings. As a

result, island arc magmas are less likely to have been sig-

nificantly affected by shallow processes in crustal-level

magma chambers. Island arcs therefore provide our best

opportunity to characterize and model the subduction

zone processes that initiate arc magma genesis.

A key challenge for this research is to understand the

source of island arc magmas, which is known to be a

mixture of sub-arc mantle and subduction recycled

components that include oceanic basalt, seawater and

marine sediment (Armstrong, 1971; Kay et al., 1978;

Kay, 1980; Gill, 1981; Arculus & Powell, 1986; Wheller

et al., 1987; Morris et al., 1990; Hawkesworth et al.,

1993; Plank & Langmuir, 1993; Elliott et al., 1997; Saha

et al., 2005). The complex nature of the arc magma

source makes it difficult to distinguish trace element

signatures imparted by magmatic processes from those

that are inherited from recycled, continentally derived

sediment. This point is well illustrated by Ba/La, which

is nearly always elevated in arc magmas compared

with MORB. This difference may be interpreted to result

from sediment addition to the arc magma source (Kay,

1980), or as the product of selective transport of Ba over

La in aqueous fluids (Tatsumi et al., 1986). These differ-

ent ideas about processes can lead to very different

conclusions about the source of excess Ba in arc lavas,

which may be interpreted to lie largely or entirely in

sediment in one case, or seawater-altered basalt in the

other.

One approach to identifying source components in

island arc magmas has been to focus on high-charge

elements, such as Th, the REE and HFSE, which have

been shown experimentally to be relatively insoluble

and therefore not efficiently transported by aqueous flu-

ids (Eggler, 1987; Brenan et al., 1995; Ayers, 1998;

Stalder et al., 1998; Kessel et al., 2005). This approach,

which aims to simplify the problem by eliminating the

aqueous fluids from the source mixture, led to wide

acceptance of the idea that high-charge element abun-

dances in arc magmas may be explained as binary

mixtures between the sub-arc mantle and a subducted

sediment component, which is mobilized in the form

of a hydrous, silicate melt (Elliott et al., 1997;

Hawkesworth et al., 1997; Class et al., 2000; Walker

et al., 2001; Straub et al., 2004; Plank, 2005; Duggen

et al., 2007; Singer et al., 2007). Although it is rarely

stated, the way this process is modeled implies that sub-

ducted basalt makes a negligible contribution of

Th, REE and HFSE to arc magmas. A lack of high-
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charge elements from basalt is also, more explicitly,

incorporated in magma source models that call on

the selective transport of fluid-mobile elements as the

main process controlling trace element patterns in arc

magmas (e.g. Perfit et al., 1980; Tatsumi et al., 1986;

Miller et al., 1994; Turner et al., 1996; Pearce et al.,

1999).

Study of the western part of the oceanic Aleutian arc

provides a unique opportunity to unravel the arc
magma source, because it is an active island arc in an

oblique convergence setting, for which isotopic data in-

dicate that there is little to no subducted sediment in

the source of the arc magmas (Yogodzinski et al., 1994,

1995; Kelemen et al., 2003b). The western Aleutians

therefore provide an opportunity to evaluate the source
of high-charge elements in arc magmas, in a place

where the source has not been complicated by the add-

ition of recycled continental material.

In a previous contribution (Yogodzinski et al., 2010)

we used Hf and Nd isotope data for Aleutian lavas com-

bined with new data on Aleutian–Alaska sediments
(Vervoort et al., 2011) to show that sediment-derived Hf

is recycled into many Aleutian lavas at a rate similar to

that which has been inferred for Pb, Sr and Nd. Here we

present new Hf, Nd and Pb isotope and trace element

data on an expanded Aleutian sample set, which in-

cludes lavas collected by dredging of seafloor volca-

noes located west of Buldir Island, the westernmost
emergent volcano in the Aleutian arc. The combined

datasets display patterns indicating that a significant

portion of the Th, Nd and Hf in Aleutian lavas is derived

from a geochemical source component that has MORB-

like Hf, Nd and Pb isotopes, and a fractionated (adakitic)

trace element pattern, with low abundances of Ta, Nb,
Y and Yb and elevated Sr, Sr/Y, La/Yb and La/Ta. This

source component, which is interpreted to be a hydrous

silicate melt derived from subducted, MORB-like basalt

in the eclogite facies (e.g. Kelemen et al., 2003a, fig. 12),

is most clearly expressed in seafloor lavas from the

western Aleutians; however, a variety of geochemical

patterns, especially expressed in isotope versus trace
element ratio plots, indicate that the same component

is present in lavas from all parts of the Aleutian arc, as

inferred previously (Kay, 1980; Myers & Frost, 1994;

Yogodzinski et al., 1995; Yogodzinski & Kelemen, 1998;

Kelemen et al., 2003b). These results imply that the

physical conditions for melting of subducted oceanic
crust must exist throughout the Aleutian subduction

system, and provide a revised approach to quantifying

elemental budgets in the source of subduction-related

magmas.

SAMPLES AND DATA

The focus of this study is on late Pleistocene and

Holocene age volcanic rocks from seafloor volcanoes

located west of Buldir Island (Fig. 1). We present new
whole-rock geochemical data for samples collected by

dredging from the US R.V. Thompson during the 2005

Western Aleutian Volcano Expedition (WAVE), and with

the German R.V. Sonne, during the June 2009 SO201-

1b cruise, under the German–Russian KALMAR project.

Sample names, locations and rock types are provided

in Table 1.

An important outcome of the WAVE and KALMAR

cruises was the discovery of areas of active seafloor

volcanism west of Buldir Island, the location of the

westernmost emergent volcano in the Aleutian arc

(Fig. 1). Most of the samples collected during the WAVE

and Aleutian segments of the KALMAR cruise were

dredged from the Ingenstrem Depression—a fault-

bounded rectangular basin, approximately 60 km long

by 10–15 km wide and 2000 m deep, which sits along

the crest of the Aleutian ridge, between Attu and Buldir

islands (Fig. 1). Seafloor mapping reveals the presence

of many small volcanic cones and associated lava

flows, in and around the margins of the Ingenstrem

Depression (Fig. 2a). The largest cones have base diam-

eters of 2–4 km and are 300–600 m in height. Most appear

to be undeformed, constructional volcanic features.

Spatial analysis of bathymetric data indicates that there

are �134 volcanic cones in the Ingenstrem Depression,

which constitute a combined volume of �10 km3—a

volume similar to that of single, small, emergent calc-

alkaline volcanoes found throughout the arc (White et al.,

2007). Western Aleutian seafloor lavas were also

dredged from volcanic cones at an unnamed location

300 km west of Buldir Island, which we refer to as the

Western Cones area (Fig. 1). This area includes five small

cones, aligned along a volcanic front for a distance of

�70 km (Fig. 2b). The largest of the cones, which has a

base diameter of 5–10 km and is 600 m high, is similar in

size to emergent volcanoes in the western Aleutians,

such as Buldir, Kiska and Little Sitkin.

We show here that volcanic rocks from the

Ingenstrem Depression and Western Cones have geo-

chemical characteristics that distinguish them from

common Aleutian volcanic rocks, and we refer to

them collectively throughout this paper as the western

Aleutian seafloor lavas, or simply the western

seafloor lavas. For these samples we present whole-

rock major and trace element data, and isotope ratios

for Pb, Nd and Hf. Additional whole-rock trace element

and Pb isotope data for lavas collected from emergent

Aleutian volcanoes located throughout the arc, for

which Hf and Nd isotopes were previously reported

(Yogodzinski et al., 2010) are included in the

Supplementary Data (supplementary data are available

for downloading at http://www.petrology.oxfordjour

nals.org).

New trace element and Pb, Hf and Nd isotope data

are also presented for Adak and Komandorsky area

magnesian andesites, which were originally studied by

Kay (1978) and later named adakites by Defant &

Drummond (1990). These Miocene age rocks were col-

lected from northern Adak Island at the foot of

Mt. Moffett, and in dredges from the Komandorsky

Straits area (Fig. 1) west of the Komandorsky Islands
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Fig. 1. Maps of the North Pacific and Bering Sea region showing the geographical locations mentioned in text. (a) The whole
Aleutian island arc, from the Cold Bay area at the tip of the Alaska Peninsula in the east to the Aleutian–Kamchatka junction in the
west. White triangles mark locations of emergent volcanoes. White rectangles mark areas of Western Aleutian seafloor volcanism
in the Ingenstrem Depression and at an unnamed location referred to in this paper as the Western Cones area. The inverted white
triangle at the western end of the map area marks the location of Piip Seamount. White arrows show the Pacific–North America
plate convergence direction. (b) The western Aleutian area only, from Segula volcano in the east to Piip Seamount in the west.
White triangles are emergent volcanoes. Red triangles are seafloor volcanoes. (Note the position of the western Aleutian volcanic
front, which is offset to the north of the Near and Komandorsky Islands, which mark the axis of thickened arc crust of the western
Aleutian ridge.)
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(Scholl et al., 1976; Kay, 1978; Yogodzinski et al., 1995).

These samples have distinctive trace element and

isotopic characteristics, and are considered key geo-

chemical end-members in several published models of

Aleutian magma genesis (Kay, 1980; Myers & Frost,

1994; Yogodzinski et al., 1995; Yogodzinski & Kelemen,

1998; Kelemen et al., 2003b).

ANALYTICAL METHODS

Major elements
Rock samples were reduced to powders prior by grind-

ing in agate containers following procedures described

by Bryant et al. (2010). Samples were prepared for X-ray

fluorescence (XRF) analysis by mixing 3�5 g of dry rock
powder with 7 g of Li-tetraborate flux. The rock–flux mix-

tures were melted and quenched in graphite crucibles at

1050�C. The cooled glass beads were ground in a ring

mill using a tungsten carbide container, and the resulting

powders were fused and quenched in graphite for a se-

cond time. One surface of each bead was then flattened
on a diamond lap. Finishing of the bead surfaces and

XRF analysis was done at the Washington State

University Geoanalytical Laboratory. The XRF data are

reported on an anhydrous basis with totals recalculated

to 100% to improve precision for the major elements.
Analytical totals, loss on ignition (LOI) and analytical pre-

cision are also reported (Table 2).

Trace elements
Sample digestion procedures for whole-rock trace elem-
ent analysis by inductively coupled plasma mass spec-

trometry (ICP-MS) at the University of South Carolina

were adapted from the hydrothermal decomposition

method of Krogh (1973). Approximately 40 mg of agate-

ground rock powder was weighed into 3 ml Teflon cap-

sules. The capsules were covered with loosely fitted lids

and positioned in the Teflon inserts of Parr-style steel
bombs, containing 5 ml of an HF–HNO3 mixture (3:1).

The bombs were assembled and held in an oven at

150�C for 4–5 days. The digested samples were trans-

ferred to 15 ml Teflon capsules using 4–6 ml of 15N

HNO3. The samples were then evaporated to incipient

dryness on a hotplate at �90�C. The dissolution in 15N
HNO3 and evaporation steps were repeated twice more.

Samples were then heated gently overnight in 6 ml of a

Table 1: Sample information

Sample ID IGSN Cruise Location Rock Lat. Long. Depth
(�N) (�E) (m)

TN182_13_005 GMY00004P WAVE Ing. Dep. BA 52�4716 175�3297 �791
TN182_09_003 GMY000043 WAVE Ing. Dep. B 52�4343 175�1453 �461
TN182_09_002 GMY000042 WAVE Ing. Dep. B 52�4343 175�1453 �461
TN182_09_004 GMY000044 WAVE Ing. Dep. B 52�4343 175�1453 �461
TN182_09_005 GMY000045 WAVE Ing. Dep. B 52�4343 175�1453 �461
TN182_09_001 GMY000041 WAVE Ing. Dep. B 52�4343 175�1453 �461
SO201-1b-21-004 KALMAR Ing. Dep. B 52�4690 175�3440 �570
SO201-1b-21-005 KALMAR Ing. Dep. B 52�4690 175�3440 �570
SO201-1b-14-007 KALMAR Ing. Dep. B 52�5320 175�2150 �1321
SO201-1b-18-002 KALMAR Ing. Dep. B 52�5020 175�2220 �967
SO201-1b-14-008 KALMAR Ing. Dep. B 52�5320 175�2150 �1321
TN182_06_001 GMY000038 WAVE Ing. Dep. B 52�5357 175�0853 �1084
TN182_12_002 GMY00004K WAVE Ing. Dep. B 52�4588 175�2941 �790
TN182_12_001 GMY00004J WAVE Ing. Dep. B 52�4588 175�2941 �790
SO201-1b-14-001 KALMAR Ing. Dep. B 52�5320 175�2150 �1321
SO201-1b-15-003 KALMAR Ing. Dep. B 52�5130 175�1940 �878
TN182_07_003 GMY00003B WAVE Ing. Dep. B 52�5301 175�2449 �1567
TN182_07_001 GMY000039 WAVE Ing. Dep. B 52�5301 175�2449 �1567
SO201-1b-15-001 KALMAR Ing. Dep. B 52�5130 175�1940 �878
TN182_08_003 GMY00003M WAVE Ing. Dep. B 52�4842 175�2772 �770
TN182_07_011 GMY00003J WAVE Ing. Dep. B 52�5301 175�2449 �1567
SO201-1b-15-005 KALMAR Ing. Dep. B 52�5130 175�1940 �878
SO201-1b-20-012 KALMAR Ing. Dep. B 52�4780 175�2970 �795
SO201-1b-16-006 KALMAR Ing. Dep. B 52�5140 175�2100 �1015
TN182_08_012 GMY00003V WAVE Ing. Dep. B 52�4842 175�2772 �770
TN182_08_011 GMY00003U WAVE Ing. Dep. B 52�4842 175�2772 �770
SO201-1b-16-007 KALMAR Ing. Dep. B 52�5140 175�2100 �1015
TN182_07_007 GMY00003F WAVE Ing. Dep. B 52�5301 175�2449 �1567
TN182_08_009 GMY00003S WAVE Ing. Dep. B 52�4842 175�2772 �770
TN182_07_008 GMY00003G WAVE Ing. Dep. B 52�5301 175�2449 �1567
TN182_08_005 GMY00003O WAVE Ing. Dep. B 52�4842 175�2772 �770
SO201-1b-15-002 KALMAR Ing. Dep. B 52�5130 175�1940 �878
TN182_08_013 GMY00003W WAVE Ing. Dep. B 52�4842 175�2772 �770
TN182_08_010 GMY00003T WAVE Ing. Dep. B 52�4842 175�2772 �770
TN182_08_016 GMY00003Z WAVE Ing. Dep. B 52�4842 175�2772 �770
TN182_07_006 GMY00003E WAVE Ing. Dep. B 52�5301 175�2449 �1567
TN182_07_002 GMY00003A WAVE Ing. Dep. B 52�5301 175�2449 �1567

(Continued)
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4:1 mixture of 18 MX H2O and 15 N HNO3. For most sam-

ples these steps produced clear solutions, free of visible
precipitates. Additional dissolution and drying steps

were needed to produce clear solutions for some sam-

ples. The solutions were transferred to HDPE bottles and

diluted 2000 times the initial powder weight with 18 MX
H2O water containing 25 ppb In and 1% HNO3 by volume.

The final solutions were �80 ml with 2�5% HNO3 and
containing �500 ppm of dissolved rock.

Concentrations of 26 trace elements were measured

at the University of South Carolina on a Varian 820MS

quadrupole ICP-MS system. Instrument settings, which

are summarized in Table 3, were established to control

oxide formation while maintaining a count rate of
200 000 c.p.s. per ppb for Th in a 5 ppb tuning solution,

prior to each analytical run. In-run ThO/Th was typically

0�05–0�07 for most standards and unknowns. Average,

in-run sensitivity for all elements measured on a BCR-2

rock standard solution is 346 000 c.p.s. per ppb.

Sensitivities for all elements are listed in Table 4.

Blank solutions were measured at the beginning
and end of each analytical run. Unknowns were brack-

eted by the USGS reference standard AGV-1, which

was analyzed at the start of each run and after every

five unknown solutions. Average blanks were sub-

tracted from the raw count rates after correcting for
small differences in sample weight and dilution. Count

rates for each element were normalized to the internal

indium standard. Drift corrections were made using

interpolated values measured for the bracketing

AGV-1 standards. Drift-corrected count rates for un-

known solutions were quantified to ppm rock concen-
trations against the same AGV-1 solutions as used to

make the drift corrections. A correction was applied to

the 157Gd peak to remove the effects of the oxide inter-

ference from 141Pr. Results for USGS rock standards

(BHVO-1, DNC-1, W-2) run as unknowns, with compari-

sons to reference values from Kelley et al. (2003) and
from the GeoReM database, are shown in Table 4.

Data reported here are corrected against final results

for the BCR-2 rock standard, which was included in all

runs. Repeat analyses of USGS standards run as un-

knowns indicate that the average precision for most

elements is 2�2–3�2% (Table 4). Standard values used

for AGV-1 and BCR-2 (Table 4) are from Kelley et al.
(2003) and preferred values from the GeoREM data-

base. Results of ICP-MS trace element analyses on un-

knowns are reported in Table 5.

Table 1: Continued

Sample ID IGSN Cruise Location Rock Lat. Long. Depth
(�N) (�E) (m)

TN182_08_014 GMY00003X WAVE Ing. Dep. B 52�4842 175�2772 �770
SO201-1b-20-007 KALMAR Ing. Dep. B 52�4780 175�2970 �795
TN182_08_006 GMY00003P WAVE Ing. Dep. B 52�4842 175�2772 �770
TN182_08_015 GMY00003Y WAVE Ing. Dep. B 52�4842 175�2772 �770
TN182_08_001 GMY00003K WAVE Ing. Dep. B 52�4842 175�2772 �770
TN182_08_002 GMY00003L WAVE Ing. Dep. B 52�4842 175�2772 �770
TN182_08_007 GMY00003Q WAVE Ing. Dep. B 52�4842 175�2772 �770
TN182_08_008 GMY00003R WAVE Ing. Dep. B 52�4842 175�2772 �770
SO201-1b-14-006 KALMAR Ing. Dep. B 52�5320 175�2150 �1321
TN182_08_004 GMY00003N WAVE Ing. Dep. B 52�4842 175�2772 �770
SO201-1b-09-002 KALMAR Ing. Dep. B 52�5650 174�9440 �880
TN182_13_004 GMY00004O WAVE Ing. Dep. BA 52�4716 175�3297 �791
TN182_13_001 GMY00004L WAVE Ing. Dep. BA 52�4716 175�3297 �791
SO201-1b-09-001 KALMAR Ing. Dep. BA 52�5650 174�9440 �880
TN182_13_002 GMY00004M WAVE Ing. Dep. BA 52�4716 175�3297 �791
TN182_13_003 GMY00004N WAVE Ing. Dep. BA 52�4716 175�3297 �791
SO201-1b-09-005 KALMAR Ing. Dep. BA 52�5650 174�9440 �880
SO201-1b-10-003 KALMAR Ing. Dep. BA 52�5650 174�9560 �980
SO201-1b-10-006 KALMAR Ing. Dep. BA 52�5650 174�9560 �980
SO201-1b-10-001 KALMAR Ing. Dep. BA 52�5650 174�9560 �980
SO201-1b-10-005 KALMAR Ing. Dep. BA 52�5650 174�9560 �980
SO201-1b-10-004 KALMAR Ing. Dep. BA 52�5650 174�9560 �980
SO201-1b-20-009 KALMAR Ing. Dep. BA 52�4780 175�2970 �795
TN182_05_002 GMY000036 WAVE Ing. Dep. BA 52�5202 174�9189 �539
TN182_05_001 GMY000035 WAVE Ing. Dep. BA 52�5202 174�9189 �539
SO201-1b-09-007 KALMAR Ing. Dep. BA 52�5650 174�9440 �880
SO201-1b-09-003 KALMAR Ing. Dep. BA 52�5650 174�9440 �880
TN182_11_004 GMY00004F WAVE Ing. Dep. A 52�4599 175�1580 �398
TN182_10_003 GMY000049 WAVE Ing. Dep. A 52�4290 175�2030 �581
TN182_10_002 GMY000048 WAVE Ing. Dep. A 52�4290 175�2030 �581
TN182_10_001 GMY000047 WAVE Ing. Dep. A 52�4290 175�2030 �581
SO201-1b-09-008 KALMAR Ing. Dep. A 52�5650 174�9440 �880
SO201-1b-09-010 KALMAR Ing. Dep. A 52�5650 174�9440 �880
SO201-1b-09-011 KALMAR Ing. Dep. A 52�5650 174�9440 �880
SO201-1b-09-014 KALMAR Ing. Dep. A 52�5650 174�9440 �880
SO201-1b-10-010 KALMAR Ing. Dep. A 52�5650 174�9440 �880
SO201-1b-10-011 KALMAR Ing. Dep. A 52�5650 174�9440 �880

(continued)
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Isotopes (Nd, Hf, Pb)
Isotope ratios for Hf, Nd and Pb reported in this paper

were determined in laboratories at Washington State

University (WSU), the Woods Hole Oceanographic

Institution (WHOI), and the University of South Carolina
(SCAR). Results reported are corrected to a common set

of reference values for isotope standards that are rou-

tinely measured in each laboratory. The reference val-

ues are shown in the notes at the bottom of Table 6.

Analytical procedures used in these laboratories and

external precision based on repeat analyses of stand-
ards are summarized below. References to publications

containing additional analytical information are also

provided.

At WSU, samples prepared for Hf and Nd isotope

analysis were dissolved in 10:1 HF–HNO3 mixtures in

Parr-style bombs at 160�C for 5–7 days. Following pri-

mary decomposition in HF–HNO3, the samples were
treated successively with orthoboric acid and HCl to

convert fluoride to chloride complexes. The Hf and Nd

were purified using well-established ion chromatog-

raphy techniques that have been described elsewhere

(Patchett & Tatsumoto, 1980; Patchett & Ruiz, 1987;

Vervoort & Patchett, 1996; Vervoort & Blichert-Toft;

1999; Münker et al., 2001). Measurements of Hf
and Nd isotope ratios at WSU were done on a

ThermoFinnigan Neptune multi-collector (MC)-ICP-MS

system. Instrumental mass bias was corrected with

an exponential law using 179Hf/177Hf¼0�7325 and
146Nd/144Nd¼0�7219. Analyses of the JMC475 Hf and

La Jolla Nd standards run throughout the course of this

study yielded average values of 176Hf/177Hf
¼0�282149 6 10 (2SD, n¼ 79) and 143Nd/144Nd

¼0�511834 6 14 (2SD, n¼ 70). The Hf and Nd isotopic

composition of samples are reported relative to the ac-

cepted values for these standards (176Hf/177Hf

¼0�282160, Vervoort & Blichert-Toft, 1999;
143Nd/144Nd¼0�511859, Lugmair & Carlson, 1978).
Samples for Pb isotope analysis at WSU were prepared

from whole-rock powders that were leached by sonicat-

ing in 6M HCl followed by rinsing in 18 MX H2O. The

leaching step was repeated until the solutions were

clear. The leached samples were dissolved in an

HF–HNO3 mixture in sealed Teflon capsules at �180�C

on a hot plate for 24 h. Lead was separated using
0�45 ml Teflon columns and BioRad AG1-X8 anion

Table 1: Continued

Sample ID IGSN Cruise Location Rock Lat. Long. Depth
(�N) (�E) (m)

TN182_01_004 GMY00002L WAVE Ing. Dep. A 52�6056 174�9473 �734
TN182_05_003 GMY000037 WAVE Ing. Dep. A 52�5650 174�9440 �880
TN182_11_003 GMY00004E WAVE Ing. Dep. A 52�4599 175�1580 �398
TN182_11_001 GMY00004C WAVE Ing. Dep. A 52�4599 175�1580 �398
TN182_11_005 GMY00004G WAVE Ing. Dep. A 52�4599 175�1580 �398
TN182_11_002 GMY00004D WAVE Ing. Dep. A 52�4599 175�1580 �398
TN182_10_004 GMY00004A WAVE Ing. Dep. A 52�4290 175�2030 �581
SO201-1b-20-005 KALMAR Ing. Dep. A 52�4780 175�2970 �795
SO201-1b-09-012 KALMAR Ing. Dep. A 52�5650 174�9440 �880
70B-29 KALMAR Ing. Dep. D 52�6342 174�8567 �750
TN182_03_004 GMY00002U WAVE Ing. Dep. D 52�6342 174�8567 �730
SO201-1b-20-011 KALMAR Ing. Dep. D 52�4780 175�2970 �795
TN182_03_001 GMY00002R WAVE Ing. Dep. D 52�6342 174�8567 �730
TN182_03_005 GMY00002V WAVE Ing. Dep. D 52�6342 174�8567 �730
SO201-1b-20-004 KALMAR Ing. Dep. D 52�4780 175�2970 �795
TN182_03_008 GMY00002Y WAVE Ing. Dep. D 52�6342 174�8567 �730
TN182_03_007 GMY00002X WAVE Ing. Dep. D 52�6342 174�8567 �730
SO201-1b-20-008 KALMAR Ing. Dep. D 52�4780 175�2970 �795
TN182_03_006 GMY00002W WAVE Ing. Dep. D 52�6342 174�8567 �730
TN182_03_002 GMY00002S WAVE Ing. Dep. D 52�6342 174�8567 �730
SO201-1b-11-002 KALMAR Ing. Dep. D 52�5450 175�0730 �1058
TN182_03_010 GMY000030 WAVE Ing. Dep. D 52�6342 174�8567 �730
TN182_03_009 GMY00002Z WAVE Ing. Dep. D 52�6342 174�8567 �730
TN182_03_003 GMY00002T WAVE Ing. Dep. D 52�6342 174�8567 �730
TN182_07_009 GMY00003H WAVE Ing. Dep. D 52�5301 175�2449 �1567
SO201-1b-13-008 KALMAR Ing. Dep. D 52�5360 175�1330 �804
SO201-1b-11-008 KALMAR Ing. Dep. D 52�5450 175�0730 �1058
TN182_07_010 GMY00003I WAVE Ing. Dep. D 52�5301 175�2449 �1567
TN182_07_004 GMY00003C WAVE Ing. Dep. D 52�5301 175�2449 �1567
TN182_07_005 GMY00003D WAVE Ing. Dep. D 52�5301 175�2449 �1567
TN182_04_002 GMY000032 WAVE Ing. Dep. D 52�6131 174�7802 �250
SO201-1b-13-002 KALMAR Ing. Dep. D 52�5360 175�1330 �804
TN182_04_004 GMY000034 WAVE Ing. Dep. D 52�6131 174�7802 �250
TN182_01_002 GMY00002J WAVE Ing. Dep. D 52�6056 174�9473 �734
TN182_01_006 GMY00002N WAVE Ing. Dep. D 52�6056 174�9473 �734
TN182_01_008 GMY00002P WAVE Ing. Dep. D 52�6056 174�9473 �734
TN182_01_001 GMY00002I WAVE Ing. Dep. D 52�6056 174�9473 �734

(continued)
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exchange resin. The samples were loaded in 0�5M HBr

and eluted with 6�0M HCl. Lead samples were then

evaporated and treated with concentrated HNO3 to des-

troy residual organic materials. Lead isotope measure-
ments were made on the ThermoFinnigan Neptune

MC-ICP-MS system using Tl (203Tl/205Tl¼0�41867) to

correct for mass bias (White et al., 2000). Final Pb iso-

tope values were normalized relative to the values for

NBS981 of Galer and Abouchami (1998). The 2r exter-

nal reproducibility of the Pb isotope measurements
based on repeat analysis of NBS981 averaged 6 0�0021

(206Pb/204Pb), 60�0018 (207Pb/204Pb), and 60�0046 for

(208Pb/204Pb) for multiple analytical sessions.

At WHOI, samples were prepared for Pb and Nd iso-

tope analysis from rock powders leached for �1 h in hot

6�2N HCl, and then rinsed repeatedly with 18 MX H2O.

The leached powders were dissolved in a concentrated
HF–HClO4 mixture, followed by conversion of fluorides

to chlorides by drying down three times in 6�2N HCl.

Separation of Nd was done by ion-exchange chromatog-

raphy in a DOWEX 50 resin, followed by HDEHP-coated

Teflon powder (Taras & Hart, 1987). Separation of Pb

followed the HBr–HNO3 procedure of Abouchami et al.

(1999) using a single column pass. Measurements at

WHOI were made on a ThermoFinnigan Neptune MC-
ICP-MS system. Neodymium isotope ratios were cor-

rected for instrumental mass bias relative to
146Nd/144Nd¼0�7219 using an exponential law. External

precision based on repeat analyses of the La Jolla

standard, and after normalization to reference values, is

615–25 ppm (2r). Lead isotope ratios were measured
using the Tl-normalized method with standard–sample

bracketing, following the procedures of White et al.

(2000). Instrumental mass bias was corrected relative to
203Tl/205Tl¼ 0�41891. External precision based on repeat

analyses of the NBS981 standard is variable from

617 ppm for 207Pb/204Pb to 117 ppm for 208Pb/204Pb (2r).

At SCAR, isotope analyses were done on �200 mg of
rock powder that was leached in HCl at �120�C for

60 min, and then rinsed in 18 MX H2O. Initial sample di-

gestion followed the method described previously for

ICP-MS trace element analyses. The digested samples

Table 1: Continued

Sample ID IGSN Cruise Location Rock Lat. Long. Depth
(�N) (�E) (m)

TN182_01_003 GMY00002K WAVE Ing. Dep. D 52�6056 174�9473 �734
TN182_04_001 GMY000031 WAVE Ing. Dep. D 52�6131 174�7802 �250
TN182_04_003 GMY000033 WAVE Ing. Dep. D 52�6131 174�7802 �250
TN182_01_005 GMY00002M WAVE Ing. Dep. D 52�6056 174�9473 �734
TN182_01_007 GMY00002O WAVE Ing. Dep. D 52�6056 174�9473 �734
SO201-1b-34-004 KALMAR W. Cone RD 53�6240 171�6700 �2829
SO201-1b-36-010 KALMAR W. Cone RD 53�4800 171�9540 �3974
SO201-1b-36-004 KALMAR W. Cone RD 53�4800 171�9540 �3974
SO201-1b-36-012 KALMAR W. Cone RD 53�4800 171�9540 �3974
SO201-1b-36-006 KALMAR W. Cone RD 53�4800 171�9540 �3974
SO201-1b-36-007 KALMAR W. Cone RD 53�4800 171�9540 �3974
SO201-1b-35-002 KALMAR W. Cone RD 53�6490 171�6340 �3955
SO201-1b-36-002 KALMAR W. Cone RD 53�4800 171�9540 �3974
SO201-1b-36-001 KALMAR W. Cone RD 53�4800 171�9540 �3974
SO201-1b-34-002 KALMAR W. Cone RD 53�6240 171�6700 �2829
SO201-1b-34-003 KALMAR W. Cone RD 53�6240 171�6700 �2829
SO201-1b-33-001 KALMAR W. Cone RD 53�6480 171�6350 �3457
SO201-1b-36-009 KALMAR W. Cone RD 53�4800 171�9540 �3974
SO201-1b-36-014 KALMAR W. Cone RD 53�4800 171�9540 �3974
SO201-1b-36-005 KALMAR W. Cone RD 53�4800 171�9540 �3974
SO201-1b-36-011 KALMAR W. Cone RD 53�4800 171�9540 �3974
SO201-1b-36-003 KALMAR W. Cone RD 53�4800 171�9540 �3974
SO201-1b-35-005 KALMAR W. Cone RD 53�6490 171�6340 �3955
SO201-1b-35-003 KALMAR W. Cone RD 53�6490 171�6340 �3955
SO201-1b-34-001 KALMAR W. Cone RD 53�6240 171�6700 �2829
SO201-1b-35-001 KALMAR W. Cone RD 53�6490 171�6340 �3955
SO201-1b-35-004 KALMAR W. Cone RD 53�6490 171�6340 �3955
SO201-1b-36-008 KALMAR W. Cone RD 53�4800 171�9540 �3974
ADK04L7 Adak MA 51�9636 �176�7078 þ2
V3841Y2 Kom. Str. MA 55�668 165�182 �1440
V3841Y3 Kom. Str. MA 55�668 165�182 �1440
V3842Y2 Kom. Str. MA 55�682 165�184 �1200
V3842Y3 Kom. Str. MA 55�669 165�184 �880

IGSN is the international geo sample number. Locations: Ing. Dep., Ingenstrem Depression; W. Cone, Western Cones; Adak,
Adak Island; Kom. Str., Komandorsky Straits. Rock types: B, basalt; BA, basaltic andesite; A, andesite; D, dacite; RD, rhyodacite;
MA, magnesian andesite/adakite. Negative longitude locations are in the western hemisphere. Negative depth values are below
sea level. Sample 70B-29 is from Scholl et al. (1976), with location approximately the same as for TN182_03 samples. Sample
ADK04L7 is a Miocene-age magnesian andesite (adakite) collected at the base of Mt. Moffett in the same location as ADK-53 from
Kay (1978). Samples with V38 identifiers are Miocene-age magnesian andesites (adakites) of Yogodzinski et al. (1995) collected
from locations close to sample 70B-49 of Scholl et al. (1976) and Kay (1978).
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were transferred to 15 ml PFA capsules using 4–6 ml of

15N HNO3. The samples were then evaporated to incipi-

ent dryness on a hotplate at �90�C, then re-dissolved in
6N HCl, and evaporated again to incipient dryness. This

step was repeated twice more, to convert fluorides to

chlorides. The samples were then dissolved in 2 ml of

6N HCl and centrifuged at 40 000 r.p.m. for 10 min. Lead
was extracted first, using conventional HBr–HNO3

Fig. 2. Seafloor bathymetric maps of showing portions of the western Aleutian arc: (a) the Ingenstrem Depression; (b) the Western
Cones area. Contour intervals are 50 m. Regional scale locations of these maps are shown in Fig. 1. Multi-beam data used to pro-
duce these figures were recorded on R.V. Thompson cruise TN182 and R.V. Sonne cruise SO201-1b (Werner & Hauff, 2009).
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methods, with 0�1 ml of anion exchange resin (BioRad

AG-1 8X) in Teflon micro-columns. Washes left from the

Pb chemistry were dried and re-dissolved in 2�5N HCl.

The REE were separated from these using �5 ml of cat-

ion exchange resin (Dowex 50W-8X) in Teflon columns.

Measurements at SCAR were made on the
ThermoFinnigan Neptune Plus MC-ICP-MS system, in

the Center for Elemental Mass Spectrometry. Isotope

ratios for Nd were corrected for instrumental mass bias

relative to 146Nd/144Nd¼ 0�7219 using an exponential

law. Repeat analyses of the La Jolla standard, which

were made at the same time as analyses of the sam-

ples, produced an average of
143Nd/144Nd¼0�511835 6 11 (2r, n¼ 8). Lead isotope

ratios were measured using the Tl-normalization

method with standard–sample bracketing, following the

procedures of White et al. (2000). Thalium spiking was

done to produce 205Tl–208Pb ratios in the sample solu-

tions as close as possible to those of the NBS981 Pb iso-
tope standard. Instrumental mass bias was corrected

relative to 203Tl/205Tl¼ 0�41891. The 2r external preci-

sion, based on repeat analyses of the NBS981 standard,

is 60�0016 for 206Pb/204Pb, 60�0021 for 207Pb/204Pb, and

60�0063 for 208Pb/204Pb (2r).

40Ar/39Ar geochronology
Incremental heating experiments for 40Ar/39Ar age dat-

ing were undertaken on groundmass from five
Ingenstrem Depression lavas. Groundmass separates

were prepared, weighed, and then irradiated at

the Oregon State University TRIGA reactor in the

Cadmium-Lined In-Core Irradiation Tube for 1 h. All age

data presented here are calculated relative to 28�02 Ma

for the Fish Canyon sanidine monitor (Renne et al.,

1998); the decay constants used are those of Steiger &
Jäger (1977). Furnace incremental heating experiments

were performed on 200 mg of groundmass following

the methods of Jicha et al. (2012). All argon isotope ana-

lyses were done using a MAP 215-50; the data were

reduced using ArArCalc software version 2.5 (http://

earthref.org/ArArCALC/). The age uncertainties reported

in Table 7 and Fig. 3 reflect analytical contributions
(including J uncertainty) at the 2r level.

RESULTS
40Ar/39Ar ages
Results from the incremental heating experiments are

summarized in Table 7. Representative age spectra and
isochrons and complete analyses for each experiment

are shown in Fig. 3 and in the online Supplementary

Data. All experiments define statistically acceptable pla-

teaux comprising >97% of the gas released, and have

isochrons with trapped 40Ar/36Ar ratios that are indistin-

guishable from the atmospheric 40Ar/36Ar ratio of 295�5
(Steiger & Jäger, 1977). Thus, we consider the plateau
ages to give the best estimate of the time elapsed since

eruption. Ages of the Ingenstrem Depression lavas

range from 17 to 521 ka (Table 7). Large uncertainties

associated with several of the 40Ar/39Ar ages are a result

of young samples with relatively low K2O contents and

that therefore contain little radiogenic 40Ar.

Major elements
Seafloor lavas from the Ingenstrem Depression and

Western Cones areas are primarily basalts, dacites and

rhyodacites. Basaltic andesites and andesites are pre-

sent among the dredge samples, but they are relatively
few in number and are more geochemically variable

than lavas with both higher and lower silica. This pat-

tern of geochemical variability is well illustrated for

K2O, which generally increases systematically with

increasing silica in the seafloor lavas, but is highly vari-

able between 55 and 63% SiO2 (Fig. 4a). The samples
are widely variable in SiO2 (50–70%) but all have Mg#

values greater than 0�55 (Fig. 4b). As a result, the

Ingenstrem and Western Cones lavas describe a highly

calc-alkaline igneous series based on the criteria of

Miyashiro (1974), who defined calc-alkalinity in the con-

text of whole-rock FeO*/MgO relative to SiO2 (Fig. 4b).

Zimmer et al. (2010) defined the tholeiitic index (THI) as
an alternative measure of calc-alkalinity. On this basis,

which considers the relative FeO* and MgO abun-

dances without regard to SiO2, the Ingenstrem and

Western Cones lavas are also highly calc-alkaline, with

a THI of 0�6, which is low (a more Fe-depleted series)

compared with the values of 0�7–1�1 that are commonly
observed in arc volcanic rocks igneous series (THI val-

ues >1 show enrichment in Fe and so are tholeiitic;

Table 3: ICP-MS instrument settings

Flow parameters (l min�1)
Plasma flow 17
Auxiliary flow 1�70
Sheath gas 0�25
Nebulizer flow 1�00

Ion optics (V)
First extraction lens �2
Second extraction lens �173
Third extraction lens �201
Corner lens �221
Mirror lens—left 33
Mirror lens—right 23
Mirror lens—bottom 37
Entrance lens 0
Fringe bias �2�3
Entrance plate �40
Pole bias 0

Scanning
Scan mode peak hopping
Points/peak 1
Scans/replicate 15
Replicates/sample 3
Dwell time (ls) 10000

Sampling/autosampler (s)
Sample uptake 60
Stabilization delay 150
Rinse 180

Other settings
Sampling depth (mm) 5�0�5�5
RF power (kW) 1�40
Pump rate (r.p.m.) 4�6

Varian model 820 quadrupole ICP mass spectrometer set-
tings used for whole-rock trace element measurements.
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Zimmer et al., 2010). The highly calc-alkaline character

of the western Aleutian seafloor lavas is particularly

well expressed in the rhyodacites, which have some of

the highest silica contents among Aleutian lavas

(69–70% SiO2), but also 2�0–2�5% MgO and very high

Mg# values (0�64–0�68). The western seafloor lavas dis-
play several other distinctive major element characteris-

tics compared with typical Aleutian lavas, which are

also observed in the Miocene Adak and Komandorsky

magnesian andesites. The abundance of FeO*, for ex-

ample, is uniformly low and MgO is generally high at all

silica contents in the western seafloor lavas compared
with lavas from emergent volcanoes throughout the arc

(Fig. 5a and b). Western seafloor lavas with basaltic

compositions (SiO2 <55%) generally have similar Na2O,

CaO and CaO/Al2O3 compared with average Aleutian

basalts. At higher silica contents Na2O and K2O are gen-

erally lower (<5�0% and <2%, respectively) and CaO

and CaO/Al2O3 are higher in the western Aleutian sea-

floor samples compared with common Aleutian lavas

(Figs 5a and 6c–e).

PETROGRAPHY

Observations of approximately 30 petrographic thin

sections spanning the range of western seafloor lava

compositions show no significant effects of alteration

or development of secondary minerals by hydrothermal

or weathering processes. Below, we summarize the
primary textural and mineralogical characteristics of

the samples. Key characteristics described here are

Table 7: Summary of 40Ar/39Ar groundmass incremental heating experiments

Sample K/Ca total 40Ar/36Ari 6 2r Isochron age (ka) 6 2r MSWD 39Ar % Plateau Age (ka) 6 2r

TN182-01-001 0�34 295�6 6 1�9 16�2 6 7�9 0�21 100�0 16�6 6 4�5
TN182-07-004 0�28 296�1 6 1�5 60�7 6 12�8 0�10 100�0 64�1 6 9�2
TN182-08-014 0�07 291�8 6 7�4 231�3 6 191�7 0�22 97�5 133�6 6 35�2
TN182-03-004 0�20 295�9 6 1�0 266�1 6 19�9 0�13 100�0 272�2 6 14�4
TN182-09-001 0�08 295�8 6 8�7 513�8 6 216�1 0�37 100�0 520�8 6 44�3

Ages calculated relative to 28.02 Ma Fish Canyon sanidine (Renne et al., 1998) using decay constant of Steiger & Jäger (1977).

Fig. 3. 40Ar/39Ar age plateau and isochron diagrams for two Ingenstrem Depression lavas, showing the various ages (62r uncer-
tainties) obtained from incremental heating experiments. Arrows indicate steps used to determine plateau ages. Additional age
data are provided in Table 7 and online Supplementary Data.
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also illustrated in photomicrographs provided as

Supplementary Data (SD Figs S1–S6).

Western seafloor basalts are variable between
olivine-rich and plagioclase-rich petrographic types.

Olivine-rich samples contain 10–25 modal % pheno-

crysts of olivine and clinopyroxene only (SD Fig. S1).

Olivine phenocrysts are up to 2�0 mm long and contain

inclusions of Cr-spinel. Clinopyroxene phenocrysts

are smaller (�0�5 mm long), less abundant, and often
glomerocrystic. Plagioclase-rich basalt types are crystal-

rich, with 40–60 modal % phenocrysts and microphe-

nocrysts that are mostly plagioclase (up to 2 mm long)

with lesser quantities of clinopyroxene and olivine

(SD Fig. S2). Remnant phenocrysts of amphibole,

largely replaced by opaque minerals, were observed in

one basalt sample. The groundmass of the basalts is
mostly crystalline and dominated by plagioclase, pyrox-

ene and opaque minerals.

Most basaltic andesites are crystal-rich, often

with 40–60% phenocrysts and microphenocrysts set in

a groundmass of plagioclase, pyroxene, opaque min-

erals and brown glass. The dominant phenocryst min-
eral is plagioclase. These phenocrysts are generally

<1�5 mm long, often with cores clouded by inclusions,

especially in amphibole-bearing samples. Olivine-

bearing basaltic andesites are petrographically similar

to the plagioclase-rich basalts described above. Basaltic

andesites lacking phenocrysts of olivine commonly

Fig. 4. Major element compositions of Aleutian lavas in terms
of weight per cent K2O and FeO*/MgO vs SiO2 for samples
included in this study (large symbols) compared with other
Aleutian lava compositions from the literature (gray circles).
Data for western Aleutian seafloor lavas are from Table 2.
Black squares, basalts (<53% SiO2); gray diamonds, basaltic
andesites (53–57% SiO2); gray squares, andesites (57–63%
SiO2); white squares, dacites (63–67% SiO2); white diamonds,
rhyodacites (67–70% SiO2). Crosses, Miocene-age magnesian
andesites/adakites from Adak Island and the far western
Aleutian Komandorsky area from Table 2 and from Kay (1978)
and Kay & Kay (1994). Dashed lines separating low-, medium-
and high-K fields in (a) are from Gill (1981). The calc-alkaline–-
tholeiitic discriminant line (TH/CA) in (b) is from Miyashiro
(1974). Gray circles, data for Quaternary age Aleutian volcanic
rocks of all compositions compiled by Kelemen et al. (2003b)
and combined with all Aleutian data published subsequently.
Geographical coverage of the database is from the Cold Bay
area in the east to Piip Seamount in the west (Fig. 1).

Fig. 5. Major element abundances of Aleutian lavas showing
weight per cent FeO*, MgO, CaO, Na2O and CaO/Al2O3 vs SiO2.
The high MgO and low FeO* for western Aleutian seafloor
lavas at all SiO2 contents should be noted. Symbols and data
sources here are the same as in Fig. 4.
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contain two-pyroxene glomerocrysts up to 4 mm

long with abundant inclusions of opaque minerals

(SD Fig. S3). Basaltic andesites lacking phenocrysts of

olivine also often contain amphibole phenocrysts up to
2–4 mm long. Most amphibole phenocrysts in basaltic

andesites have opaque rims, are variably resorbed and

appear to have reacted with the surrounding ground-

mass (SD Fig. S4).

The most petrographically distinctive western

Aleutian seafloor lavas are andesites with 58–60% SiO2,
which have phenocrysts of amphibole and clinopyrox-

ene (10–20%), but contain no phenocrysts or microphe-

nocrysts of plagioclase (SD Figs S5–S8). Amphibole

phenocrysts in these lavas are 1–4 mm long and are

often needle-like in shape. Amphibole phenocrysts usu-

ally have opaque rims, but do not appear resorbed or

reacted with the groundmass, which is composed mostly
of dense, microlitic plagioclase with pyroxene, opaque

minerals and brown glass. Clinopyroxene phenocrysts in

these andesites are generally smaller and less abundant

than amphibole. Higher silica andesites and dacites

(61–66% SiO2) are primarily plagioclase–amphibole phy-

ric (SD Fig. S9). Some contain phenocrysts of clinopyrox-
ene, but many do not. Most of the high-silica andesites

and dacites have modest phenocryst abundances

(10–15%) and some are nearly aphyric (SD Fig. S10). The

rhyodacites, which are the most siliceous western sea-

floor lavas (68–70% SiO2), are aphyric to sparsely phyric

with microphenocrysts of plagioclase, amphibole and
clinopyroxene (SD Fig. S11). Amphibole microphenoc-

rysts in the rhyodacites are free of opaque rims and are

often needle-like in shape.

Trace elements
Western Aleutian seafloor basalts have abundances of
incompatible trace elements that are generally similar

to those in basalts from other parts of the arc (Fig. 6).

Fig. 6. Incompatible trace element abundances in Aleutian lavas vs SiO2. The vertical-axis log scale in (a), (d) and (h) should be
noted. Trace element abundances for normal MORB, shown by horizontal dashed lines, are from Sun & McDonough (1989).
Normal MORB abundances for Cs, Ba, La, Th, Sr and Pb (not shown) are near the lower horizontal axis of the respective graphs.
Symbols are the same as in Fig. 4. Trace element data are from Table 5.
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At higher silica, abundances of these elements in the
western seafloor lavas are similar to or lower than those

of the basalts. This is particularly clear for the dacites

and rhyodacites, which have Cs, Ba, Th, Ta, K and La

concentrations significantly lower than those for lavas

with similar silica contents from the central and eastern

Aleutians (Fig. 6). The pattern is less clear in the andes-
ites, which are highly variable and have relatively

high abundances for some elements, especially La, and

Th (Fig. 6) in addition to K2O (Fig. 4a). In contrast

to the incompatible trace elements in most Aleutian

volcanic rocks, which show increasing abundances

with increasing SiO2, incompatible trace elements in

western Aleutian seafloor lavas show flat to decreasing

abundances of incompatible elements with increasing
SiO2 (Fig. 6). This pattern is, again, less clear for the an-

desites, which are highly variable for some elements

(e.g. Hf, Zr, Dy). The only clear exception to the pattern

of flat to decreasing abundances with increasing silica

is Sr, which is below 600 ppm for all basalts, but is

highly variable and greater than 1000 ppm for most of
the higher silica, western seafloor lavas (Fig. 6f). The

highest Sr concentrations are seen in the andesites,

which have Sr between �500 and �2300 ppm.

Incompatible trace element ratios in the western

Aleutian seafloor basalts are generally similar to those

in basalts from other parts of the arc. This is illustrated

in REE patterns for basalts from the Ingenstrem

Fig. 7. Incompatible trace element ratios vs weight per cent SiO2 for Aleutian lavas. Ratios for average normal MORB shown by
horizontal dashed lines are from Sun & McDonough (1989). Normal MORB value for Nd/Pb (not shown) is 24�3. Other MORB ratio
values for normal MORB not shown are near the lower horizontal axis of the respective graphs. Symbols and data sources are the
same as in Fig. 4.
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Depression, which lie approximately parallel to those

observed in basalts from central and eastern Aleutian

volcanoes (La¼ 4–10 ppm with La/Yb¼ 3–6; Figs 6c

and 7g). This results in a pattern enriched in the light

REE (LREE), with La and Ce at �30 times chondritic val-
ues (Fig. 8a). Relative enrichments in Ba and Th in

Ingenstrem basalts are slightly lower than is typical for

Aleutians basalts (e.g. Ba/La �35, Th/La �1�5; Fig. 7a

and e). Relative abundances for the HFSE (Ta, Nb, Zr,

Hf) in Ingenstrem basalts are also similar to those for

basalts throughout the arc, as illustrated by ratios such

as La/Ta and Nd/Hf (Fig. 7f and i).
At intermediate and high silica contents the western

Aleutian seafloor lavas have the most strongly fractio-

nated trace element patterns among Quaternary-age

lavas in the Aleutians. This is most evident in the da-

cites and rhyodacites, which are progressively depleted

in the HREE with increasing silica (Fig. 6g and h), with
Lu and Yb abundances no more than 2–3 times chon-

dritic in the rhyodacites (Fig. 8b). The seafloor dacites

and rhyodacites have strongly fractionated REE pat-

terns (La/Yb >7; Fig. 7g), but their LREE abundances are

not significantly elevated compared with those of bas-
alts (Fig. 8b). All of the western seafloor dacites and

rhyodacites would be classified as adakites, based on

the criteria of Defant & Drummond (1990). However,

relatively low abundances of La, Ce and other LREE,

which are similar to or lower than those for many

Aleutian basalts (Figs 6c and 8b), distinguish the west-
ern seafloor dacites and rhyodacites from Miocene-age

Fig. 8. Chondrite-normalized REE abundances in western
Aleutian seafloor lavas and Miocene Mg-andesites/adakites
from Adak Island and Komandorsky Straits. Chondritic normal-
izing values are from Sun & McDonough (1989). Symbols and
data sources here are the same as in Fig. 4.

Fig. 9. Trace element ratios (a) Dy/Yb, (b) La/Yb and (c) Sr/Y vs
Mg# for Aleutian lavas. The Mg# value is the molar Mg content
divided by the sum of molar Mg and total Fe. Symbols and
data sources are the same as in Fig. 4.
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Adak and Komandorsky magnesian andesites (ada-

kites), which are depleted in Y, Yb and Lu (3–6 times

chondritic), but are also strongly enriched in Sr and

LREE (Figs 6c, f and 8b). Only a small number of andes-

ites from among the western Aleutian seafloor lavas
have both elevated Sr and LREE abundances as well as

fractionated REE patterns (La/Yb >30) and therefore

closely resemble the Miocene-age Adak and

Komandorsky adakites (Fig. 8). It is important to note

that fractionated or adakitic trace element patterns in

western seafloor andesites, dacites and rhyodacites are

most clearly expressed in lavas with Mg#> 0�60 (Fig. 9).
Thus, virtually all adakitic rocks in the Aleutians are

primitive (Mg#>0�60) and so differ from the broadly

defined adakites of Defant & Drummond (1990), which

include a wide variety of volcanic and plutonic rocks

that are highly evolved, with Mg# commonly <0�50 (e.g.

Drummond & Defant, 1990).
Enrichments in Ba and Th relative to the LREE (Ba/La,

Th/La) are similar for all western seafloor lavas, and are

less strongly expressed than in common Aleutian lavas,

especially at intermediate and high silica (Fig. 7a and e).

In contrast, the relative abundances of Sr, K, and Pb are

more variable and are sometimes significantly different

in western seafloor andesites, dacites and rhyodacites
from those for common Aleutian lavas (e.g. Ce/Pb> 8;

Fig. 7c).

Most of the seafloor andesites, dacites and rhyoda-

cites are more strongly depleted in Ta and Nb than is

normally observed in Aleutian lavas (La/Ta>100,

Fig. 7f). The strongest relative Ta–Nb depletions are
present in the andesites, which have markedly

higher La abundances (>20 ppm) and slightly lower Ta

(<0�1 ppm) compared with common Aleutian lavas

(Figs 6c, d and 7f). However, the lowest Ta and Nb

abundances are in the dacites and rhyodacites (Fig. 6d).

Also, Nb–Ta ratios in western seafloor lavas are similar

to those in volcanic rocks throughout the Aleutians (Nb/

Ta �13–16), but the dacites and rhyodacites have sys-
tematically lower Nb/Ta than do the basalts and andes-

ites (Fig. 7h). In contrast, Zr–Hf ratios in western

seafloor lavas appear to be similar at all silica contents

(Zr/Hf �36, Fig. 7j).

Relative depletions of Hf and Zr in the seafloor lavas,

which may be expressed as elevated Nd/Hf or Sm/Zr

relative to MORB, are similar to those for common
Aleutian lavas at all silica contents for all samples but

one andesite, which has Nd/Hf> 7, similar to the

Miocene Mg-andesites (Fig. 7i). The pattern of decreas-

ing Nd/Hf with increasing silica (Fig. 7i), which is evi-

dent in island arc lavas worldwide (Handley et al.,

2011; Woodhead et al., 2011), continues to high silica
contents in the seafloor rhyodacites, which have rela-

tive abundances of Hf and Zr greater than Nd and Sm

on primitive mantle-normalized plots (Fig. 10). The

seafloor rhyodacites have Nd/Hf and Sm/Zr that are

sub-chondritic, and therefore have small positive Hf–Zr

abundance anomalies relative to Nd and Sm (Fig. 10).

The results indicate that incompatible trace element
ratios in western seafloor andesites, dacites and rhyo-

dacites are commonly distinct from those in lavas from

emergent Aleutian volcanoes (Figs 7–10). An important

exception is Ba/Th, which decreases slightly with

increasing silica, but is generally similar in seafloor

lavas of all compositions and in lavas from emergent
volcanoes throughout the arc (Fig. 7b).

Consistent with their primitive, high-Mg# compos-

itions, concentrations of compatible trace elements in

Fig. 10. Trace element abundances in western Aleutian seafloor lavas normalized to primitive mantle from McDonough and Sun
(1995). Basalts and dacites (black and blue) are from the Ingenstrem Depression. Rhyodacites (orange) are from the Western Cones
area. These data are from Table 5.
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western seafloor lavas are also relatively high. A few
evolved basaltic andesites and andesites with <6%

MgO and Mg# <0�56 have Cr and Ni abundances that

are typical of Aleutian andesites, but Ni and Cr abun-

dances in most western seafloor lavas are high relative

to SiO2 and MgO (Fig. 11d, e, g and h). Similarly high Ni

and Cr are seen in the magnesian andesites (adakites)
from Adak Island and the Komandorsky Straits, but with

the exception of a few andesites, the Ni/Cr ratios in west-

ern seafloor lavas are similar to those of volcanic rocks

throughout the Aleutian arc (Fig. 11j and l). Scandium

abundances (Fig. 11a–c) are relatively low in western

seafloor lavas. This is particularly clear for primitive an-

desites, dacites and rhyodacites with Mg# values >0�6
and Sc abundances often <15 ppm (Fig. 11c and l).

Isotopes (Hf, Nd, Pb)
For Hf and Nd isotopes, the western seafloor lavas clus-

ter at the radiogenic end of Aleutian volcanic rock

compositions, which are well correlated along the cen-
ter of the terrestrial array in Hf–Nd isotope space

(Fig. 12). Variability of Hf and Nd isotopes in western

Aleutian seafloor lavas is limited. Total variation for Nd

in 31 samples is only 1�5 eNd units (8�3–9�8). Excluding

one outlier at eHf¼16�2, the total variation for Hf in 26

western Aleutian seafloor samples is 1�6 eHf units
(13�6–15�2; Fig. 12). For Pb isotopes, the strong trend to-

ward high 207Pb/204Pb, which has long been interpreted

to result from a source component for Pb in subducted

sediment (Kay et al., 1978; Kay, 1980), is reinforced by

new thalium-normalized ICP-MS Pb isotope data pre-

sented here for western seafloor lavas (Table 6) and for

samples collected from emergent volcanoes through-
out the arc (Supplementary Data). The data form a steep

trend of increasing 207Pb/204Pb with increasing
206Pb/204Pb (Fig. 13), which approaches the composition

of Aleutian trench sediment from Deep Sea Drilling

Project (DSDP) Site 183 (Peucker-Ehrenbrink et al., 1994;

Plank & Langmuir, 1998; Kelemen et al., 2003b;

Fig. 11. Compatible trace element abundances and ratios vs weight per cent SiO2, MgO and Mg# for Aleutian lavas. Symbols and
data sources are the same as in Fig. 4.
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Vervoort et al., 2011). Western seafloor lavas have rela-

tively unradiogenic Pb, and so lie at the low 206Pb/204Pb

end of this trend (206Pb/204Pb¼ 18�3–18�6; Fig. 13). The

western seafloor lavas also have significantly more
radiogenic Pb than lavas from Piip Seamount (Fig. 1),

which have 206Pb/204Pb <18�1 and fall above the regres-

sion line through the western seafloor lavas in Pb–Pb

isotope plots (Fig. 13). Among the western seafloor

lavas, there is a tendency toward more depleted iso-

topic compositions in higher-silica lavas, which is evi-
dent in Pb and Nd isotopes, but not for Hf (Fig. 14).

DISCUSSION

Extent of the Aleutian volcanic arc
The ages of Ingenstrem Depression lavas determined

for this study, which are variable from 16 to 521 ka
(Table 7; Fig. 3), are similar to ages obtained through

detailed stratigraphic and geochronological studies of

emergent Aleutian volcanoes (Jicha et al., 2005, 2012;

Coombs & Jicha, 2013). We interpret these ages to indi-

cate that volcanic activity in the Ingenstrem Depression

has been ongoing throughout the late Pleistocene and
Holocene. Age data are not available for samples from

the Western Cones, but the location and arc-parallel

alignment of the cones indicates that volcanism is prob-

ably active along a volcanic front that spans the full

700 km distance from Buldir Volcano to Piip Seamount

in the Komandorsky area (Fig. 1). The presence of an

active volcanic front is consistent with trench depths
of 6000–6500 m along the western Aleutian arc and

with geodetic measurements documenting significant

trench-normal convergence near Attu Island, which lies

between the Ingenstrem Depression and Western

Cones areas (Cross & Freymueller, 2008). These obser-

vations, which are consistent with modeling of the

Aleutian slab shape (Hayes et al., 2012), clearly indicate
that the Aleutian arc west of Buldir Island is an oblique

subduction boundary (not a transform boundary).

Thus, it is evident that subduction and arc magmatism

are active and continuous along the full length of the

Aleutian island arc from the Cold Bay area and Unimak

Island in the east to Piip Seamount in the Komandorsky
area in the west (Fig. 1).

It is important to note that Piip and at least one of

the Western Cones are as large as many emergent

Aleutian volcanoes, and that submergence of these

features reflects displacement of the volcanic front

into relatively deep water to the north of the thickened
arc crust of the western Aleutian ridge. We assume

that the location of the volcanic front is controlled by

the shape and dynamics of the subducting plate

(England et al., 2004). It is also evident from geodetic

data that the Komandorsky and Near Islands crustal

blocks (Fig. 1b) are moving along the arc at rates of

tens of kilometers per million years (Cross &
Freymueller, 2008; see also Avé Lallemant & Oldow,

2000). Thus, the location of the volcanic front and the

axis of thickened arc crust are controlled independ-

ently in the western Aleutians. As a result, it is not sur-

prising that an offset between the two exists.

Development of this offset must have been since
�6 Ma, when magmatism in the western Aleutian is-

lands ended (Kay et al., 2014). The main importance of

these issues here is that volcanoes of the westernmost

Aleutian arc, from the Western Cones area to Piip

Seamount in the Komandorsky area, are constructed

largely or entirely on oceanic lithosphere of the Bering

Sea (see also Seliverstov et al., 1990; Baranov et al.,
1991; Yogodzinski et al., 1993). This physical setting for

the volcanism of the Western Cones area is important

because it helps to constrain the origin of their distinct-

ive trace element patterns, which require a significant

role for residual or cumulate garnet, as discussed

below.

Origin of the western Aleutian seafloor lavas
Concentrations of Yb, Lu, Ta and Nb are lower in west-

ern Aleutian seafloor andesites, dacites and rhyodacites

than in western seafloor basalts or in lavas of any com-

position from emergent Aleutian volcanoes (Figs 6–9).

Low Yb and Lu in some andesites and dacites may be
interpreted as an effect of amphibole removal by frac-

tional crystallization (Romick et al., 1992), but

Fig. 12. Isotope correlation diagram for Hf and Nd (eHf, eNd)
showing compositions of Aleutian lavas compared with Pacific
MORB, Attu basement series basalts, DSDP basalts, and bas-
alts from the Pribilof Islands, which are located in the Bering
Sea (Fig. 1). Attu, Piip, Pribilof and DSDP data are from
Yogodzinski et al. (2010). The Attu sample group includes geo-
chemically similar depleted tholeiitic basalt from the
Komandorsky Basin. Sample locations and symbols not
defined on the graph are the same as in Fig. 4. Aleutian data
shown are from Table 6 and from Jicha et al. (2004) and
Yogodzinski et al. (2010). Pacific MORB data are from Sims
et al. (2002), Hamelin et al. (2011) and Waters et al. (2011).
Epsilon notations for Nd and Hf isotopes are defined in the
footnotes to Table 6.
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fractionation of the middle to heavy part of the REE pat-

tern, as seen in rhyodacites from the Western Cones

(Dy/Yb >2�0, Fig. 9), requires a role for garnet (e.g.
Martin, 1994; Kelemen et al., 2003b; Davidson et al.,

2007; Mamani et al., 2010). Low relative abundances of

Ta and Nb are similarly consistent with strong partition-

ing of these elements into rutile (Rapp et al., 1991; Foley

et al., 2000; Schmidt et al., 2004a; Klemme et al., 2005;

Xiong et al., 2005). Trace element patterns in western
Aleutian andesites, dacites and rhyodacites therefore

reflect fractionation involving garnetþ rutile, which is

less evident in lavas from emergent Aleutian volcanoes.

Recent experimental studies of hydrous and oxidized

silicate melt systems indicate that the low Yb–Lu char-

acter of western seafloor andesites, dacites and rhyoda-

cites is unlikely to have been produced by fractional
crystallization of a garnet-bearing mineral assemblage.

Experiments by Müntener et al. (2001) and Alonzo-

Perez et al. (2009) show that hydrous andesitic liquids

will saturate in garnet at pressures of 1�2 GPa, and may,

at that pressure, evolve by fractional crystallization to

higher-silica liquids (see also Green, 1982). Such high-
silica liquids evolving at low temperatures and under

hydrous conditions may also be saturated in rutile

(Ryerson & Watson, 1987). Co-saturation of garnet and

rutile in basaltic and andesitic liquids undergoing frac-

tional crystallization could therefore drive Y, Yb, Lu, Ta
and Nb abundances downward, as seen in western

Aleutian dacites and rhyodacites compared with lower

silica lavas (Fig. 6). However, dacitic liquids produced in

the Müntener et al. (2001) and Alonzo-Perez et al. (2009)

and other experiments (Botcharnikov et al., 2008) all

have FeO*/MgO> 2�0, and so are unlike the highly calc-
alkaline dacites and rhyodacites that we see among

the western seafloor lavas (Fig. 4b). Berndt et al. (2005)

and Sisson et al. (2005) showed that basaltic and andes-

itic liquids may evolve by fractional crystallization under

highly oxidizing conditions [3–4 log units above nickel–

nickel oxide (NNO)] to high-silica compositions

with FeO*/MgO <2. However, evolved liquids in these
experiments commonly contain <1�0 wt % MgO at

63–76% SiO2, and so are also unlike high-silica western

Aleutian seafloor lavas, which contain �2% MgO

at 69% SiO2 and 3–4% MgO at 63–66% SiO2. The ab-

sence of plagioclase phenocrysts from some

Ingenstrem Depression andesites is a clear indication of
high pre-eruptive water contents (see Luhr et al., 1989;

Carmichael, 2002). Based on this it seems likely that

Fig. 13. Variation of 207Pb/204Pb vs 206Pb/204Pb for Aleutian lava and sediment samples compared with Pacific MORB. Sample loca-
tions and symbols not defined on the graph are the same as in Figs 4 and 12. Bold dashed black line is a major-axis regression
through the western seafloor lavas, which passes through Aleutian terrigenous sediment and closely parallels the trend for all
Aleutian lavas. Bulk sediment composition for the DSDP 183 core from Plank & Langmuir (1998) and an average composition for all
DSDP 183 terrigenous sediments are shown by the sediment symbols with a cross through them. The continuous gray line is the
northern hemisphere reference line (NHRL) from Hart (1984). Data for western seafloor lavas are from Table 6. Data for lavas from
emergent volcanoes measured by Tl-normalized MC-ICP-MS are from the Supplementary Data. Sediment data are from
McDermott & Hawkesworth (1991), Peucker-Ehrenbrink et al. (1994), Plank & Langmuir (1998), Kelemen et al. (2003b) and (Vervoort
et al. 2011). Pacific MORB field shows the predominant compositional range based on data compiled from published sources
(Hegner & Tatsumoto, 1987; Ito et al., 1987; White et al., 1987; Bach et al., 1994; Mahoney et al., 1994; Castillo et al., 1998, 2000; Niu
et al., 1999, 2002; Regelous et al., 1999; Vlastélic et al., 1999; Wendt et al., 1999; Chauvel & Blichert-Toft, 2001; Sims et al., 2002;
Davis et al., 2008; Hahm et al., 2009; Hamelin et al., 2011; Waters et al., 2011).
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high water contents have played a role in controlling

the highly calc-alkaline nature of the western Aleutian

igneous series (e.g. Sisson & Grove, 1993; Zimmer

et al., 2010). Nonetheless, we find no experimental re-

sults showing that fractional crystallization from basalt
can drive liquids to high-silica and magnesian compos-

itions (high Mg#, low FeO*/MgO), such as those that we

see in western Aleutian seafloor dacites and rhyoda-

cites. This leads us to conclude that the low-Yb–Ta char-

acter of the western seafloor lavas must have been

produced because garnet and rutile (or perhaps some
other Ta–Nb-rich mineral) were left as residual phases

in the melt source.

Some aspects of the highly calc-alkaline igneous

series defined by the western Aleutian seafloor lavas

(Fig. 4b) may be attributed to extensive melting and re-

active transport of basalt through depleted peridotite

under low-pressure and hydrous conditions (Kelemen

et al., 1990; Yogodzinski et al., 1994). Experimental ob-

servations indicate that such processes may leave an

olivine–orthopyroxene residual mineralogy and pro-

duce hydrous magnesian andesites, with up to 55–57%

SiO2 (Tatsumi, 1982; Grove et al., 2003; Wood & Turner,

2009). Evolution of those primitive andesitic magmas

by fractional crystallization may then produce dacitic

lavas with higher silica and lower Mg# (Grove et al.,

2005). Magnesian andesites from Piip Volcano have

been interpreted to be the products of primitive basalt

reaction with depleted peridotite under low-pressure

and hydrous conditions (Yogodzinski et al., 1994).

Dacites at Piip were likewise interpreted to reflect

fractional crystallization of magnesian andesites

(Yogodzinski et al., 1994). However, Piip lavas do not

have elevated Dy/Yb and therefore are unlike dacites

and rhyodacites from the Ingenestrem Depression and

Western Cones, which have higher silica and show ada-

kitic trace element patterns, including elevated Dy/Yb

that requires a role for residual garnet (Fig. 8b). The

need for residual garnet and some mechanism to pro-

duce high silica therefore rules out peridotite melting as

a model for the origin of the highly calc-alkaline series

defined by seafloor lavas of the western Aleutian arc.

Melting of garnet-bearing deep crust is often cited as

a mechanism capable of producing high-silica magmas

with strongly fractionated trace element patterns (e.g.

Lopez-Escobar et al., 1977; Hildreth & Moorbath, 1988;

Petford & Atherton, 1996). However, this process can-

not have produced residual garnet control over trace

element patterns in western Aleutian seafloor lavas be-

cause those samples with the strongest garnet signa-

tures are rhyodacites from the Western Cones area,

which are submerged in water depths of >3400 m

and are built on oceanic lithosphere of the Bering Sea

(Fig. 2). Under these conditions, the crust beneath the

Western Cones is probably <10 km thick, because such

thicknesses are typical of oceanic crust. This implies

that pressures in the deep crust beneath the Western

Cones must be <0�3 GPa, and so unlikely to stabilize

garnet during crust melting reactions, which usually re-

quires pressures of 1 GPa or more (Wolf & Wyllie, 1994;

Rapp, 1995; Muentener et al., 2001; Alonzo-Perez et al.,

2009). Physical conditions in the crust beneath the

Western Cones (<0�4 GPa) are therefore inappropriate

for garnet stabilization.

As noted above and in previous studies, isotope data

rule out a significant contribution of incompatible trace

elements from subducted, continentally derived sedi-

ment in western Aleutian magmas (Yogodzinski et al.,

1994, 1995; Kelemen et al., 2003b). Figures 15–17, which

are discussed in detail below, also show that many

Aleutian lavas are more strongly depleted in Ta and Yb

relative to Th, Nd and Hf than Aleutian sediment from

DSDP 183. This means that the low Ta–Yb character of

the western seafloor lavas is not derived primarily from

Fig. 14. Lead (Pb), Nd and Hf isotope compositions (eNd, eHf) vs
SiO2 for western Aleutian seafloor lavas from the Ingenstrem
Depression and Western Cones area compared with those
from Piip Seamount and lavas from other Aleutian volcanoes.
Sample locations and symbols are the same as in Figs 4 and
12. Epsilon notation for Nd and Hf isotopes is defined in the
footnotes to Table 6.
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recycled sediment. Therefore, we interpret western

Aleutian seafloor lavas to have inherited their radio-

genic Hf and Nd isotopic compositions from a combin-

ation of subducting oceanic crust and mantle wedge.

This leads us to conclude that residual garnet and rutile

in the source of western seafloor lavas must have been

left in the basaltic part of the subducting oceanic litho-

sphere, following melt extraction under eclogite-facies

conditions.

This model is also consistent with Pb isotope data

showing that western seafloor dacites and rhyodacites

fall at the unradiogenic end of the well-correlated field

of Aleutian lava compositions in Pb–Pb isotope space

(Fig. 13). We interpret this trend to indicate that Pb in

Aleutian lavas is primarily derived from subducted bas-

alt and subducted sediment. This is consistent with pre-

vious interpretations of Aleutian lavas (Kay et al., 1978;

Kay, 1980; Miller et al., 1994), and with recent work from

a variety of arcs where the Pb isotope compositions are

highly variable (Hoernle et al., 2008; Beier et al., 2010;

Regelous et al., 2010).

These interpretations are consistent with recent slab

geometry models (Hayes et al., 2012), which indicate

that subducting oceanic lithosphere is present beneath

the Ingenstrem Depression and Western Cones areas,

even though there is no deep seismic zone and there

are few earthquakes to depths greater than 200 km west

of Buldir Island (Levin et al., 2005; Ruppert et al., 2007).

The lack of significant deep and intermediate depth

seismicity in the area probably results from high tem-

peratures in the subducting oceanic lithosphere be-

neath the western Aleutians, owing to the effects of

oblique subduction (Yogodzinski et al., 1995; Kincaid &

Sacks, 1997; Kelemen et al., 2003b; Lee & King, 2010).

Geodetic observations show that the orthogonal sub-

duction component beneath the western Aleutians is

small compared with the arc-parallel component (Cross

& Freymueller, 2008), so the motion of the subducting

plate through the mantle beneath the western Aleutians

is mostly horizontal. Resultant heating of the subduct-

ing lithosphere is probably enhanced by the effects of a

breached slab or slab portal, brought on by tearing and/

or thermal ablation of the slab (Yogodzinski et al., 2001;

Levin et al., 2005). If this interpretation is correct, it

means that incompatible trace element patterns in

western Aleutian seafloor lavas are derived primarily

from the residual mineralogy and processes related to

the extraction of melts and/or fluids from subducting

basalt in eclogite facies, and that their major and com-

patible trace element compositions reflect interactions

of the resulting high-silica, low-Mg# liquid with perido-

tite in the mantle wedge prior to eruption (see Kay,

1978; Yogodzinski et al., 1994, 1995; Kelemen et al.,

2003b; Portnyagin et al., 2007a, 2007b; Straub et al.,

2008, 2011; Bryant et al., 2010). High Mg# in the andes-

ites, dacites and rhyodacites, and high Cr and Ni abun-

dances in many of these rocks relative to SiO2 and MgO

(Fig. 11), are interpreted to reflect interaction between

high-Si melts from the subducting plate and peridotite

in the overlying mantle wedge. These interpretations

also imply that the dominant process controlling geo-

chemical variation among the western seafloor lavas is

mixing of different primitive magma types, which are

widely variable in SiO2 but which also have Mg# >0�6,

Fig. 15. Neodymium isotope composition (eNd) vs Ta/Th for
Aleutian lavas compared with sediment–mantle mixing lines.
In (a) dashed line is a mixture between depleted mantle and
bulk sediment. The mantle end-member in the mixture is from
Salters & Stracke (2003) with Nd¼0�713 ppm, Th¼0�0137 ppm
and Ta¼0�0138 ppm. The sediment end-member is average
terrigenous sediment from DSDP 183 from Vervoort et al.
(2011; eNd¼ –1�0) and from Plank & Langmuir (1998;
Nd¼19�1 ppm, Th¼5�49 ppm, Ta¼0�545 ppm). In (b), sedi-
ment melt end-members are model compositions based on ex-
periments of Hermann & Rubatto (2009) and Skora & Blundy
(2010). The eclogite melt is a model composition with Ta/
Th¼0�031 (Table 8). The isotopic composition of the eclogite
melt component (eNd�9�5) is estimated from the compositions
of western seafloor dacites and rhyodacites. Sediment and
eclogite melt models are also plotted in Fig. 18. Trace element
ratios for the MORB and depleted mantle fields are based on
average compositions from Sun & McDonough (1989), Salters
& Stracke (2003) and Workman & Hart (2005). Isotopic compos-
itions are set within narrow limits based on mixing trends
inferred from the data trends, and on compositions of key sam-
ple sets, as described in the text. The eclogite melt shown here
and in subsequent figures is the model composition in Table 8.
(See footnotes to Table 8 and text for additional information.)
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and which appear to have been produced in the sub-

duction zone. Straub et al. (2008, 2011) offered similar

interpretations of calc-alkaline volcanic rocks in central

Mexico. It is likely that there have been some effects of

shallow melt storage and fractional crystallization on

the compositions of western seafloor lavas. These ef-

fects are evident for western seafloor basalts and some

basaltic andesites and andesites, which form curved

trends on Cr or Ni versus MgO plots, similar to those of

lavas from emergent Aleutian volcanoes (Fig. 11e and

h). However, for primitive western seafloor lavas that

display widely variable incompatible element patterns

at elevated Mg# (Fig. 9), the dominant geochemical ef-

fects appear to be those produced by partial melting

and melt extraction processes in the subduction zone.

These processes are discussed in detail below.

The eclogite source component in Aleutian
volcanic rocks
The discussion so far has reiterated the conclusion

reached previously, that the western Aleutians is a hot-

slab subduction system (Yogodzinski et al., 1994, 1995;

Kelemen et al., 2003b). Many distinctive characteristics

of western Aleutian lavas are therefore shared with

volcanic rocks from other hot-slab locations such as
Patagonia (Kay et al., 1993; Stern & Killian, 1996); Baja

(Rogers et al., 1985), Costa Rica and Panama (Abratis &

Wörner, 2001), the southern Cascades (Grove et al.,

2002), Central Mexico (Cai et al., 2014), South Island,

New Zealand (Reay & Parkinson, 1997) and the

Soloman Islands (König et al., 2007).

The broader significance of the western Aleutian sea-
floor lavas is that they define a geochemical source

component, which can be recognized in volcanic rocks

Fig. 16. Neodymium and Hf isotope variations (eNd, eHf) vs Yb/
Nd and Yb/Hf for Aleutian volcanic rocks and sediment.
Symbols and data sources are the same as Figs 4 and 12.
Compositions of lavas from Piip Volcano are shown in (a) but
are obscured by other western seafloor lavas in (b) and are not
shown. Mixing lines on these graphs (not shown) are straight.
The MORB and depleted mantle field and eclogite melt com-
position are defined as in Fig. 15. Sediment and eclogite melts
are model compositions (Table 8), also plotted in Fig. 18.

Fig. 17. Neodymium and Hf isotope variations vs Ta/Nd and
Ta/Hf for Aleutian lavas. Symbols and data sources for
Aleutian lavas and sediments are the same as in Figs 4 and 12.
Mixing lines on these graphs (not shown) are straight. The
MORB and depleted mantle field and eclogite melt compos-
ition are defined as in Fig. 15. Sediment and eclogite melts are
model compositions (Table 8), also plotted in Fig. 18.
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produced throughout the Aleutians. The key relation-

ships can be illustrated in graphs of Nd and Hf isotopes

plotted against trace element ratios such as Ta/Th

and Yb/Th, which are strongly fractionated by garnet
and rutile. For the purpose of characterizing source

compositions Ta/Th is best because it appears to be

largely unaffected by fractional crystallization and

related processes that occur in shallow parts of the sub-

duction system. Bulk mixtures between depleted man-

tle (high eNd and Ta/Th) and average Aleutian sediment
(low eNd and Ta/Th) fail to pass through the main cluster

of Aleutian lava compositions (Fig. 15a). Class et al.

(2000) showed that the Aleutian mixing trends on iso-

tope plots versus trace element ratios sometimes point

toward sediment melt compositions that are offset from

bulk sediment (Class et al., 2000, fig. 5). We estimate the
compositions of Aleutian sediment melts based on en-

richment factors (melt/bulk sediment) from 10 experi-

mental runs at 800–950�C and 2�5–3�5 GPa from

Hermann & Rubatto (2009) and Skora & Blundy (2010).

Application of these enrichment factors to average

Aleutian sediment (DSDP 183) produces the sediment
melt models illustrated in Fig. 18a. The sediment melt

models have widely variable Ta/Th that is often lower

Fig. 18. Sediment and MORB eclogite melt models and related data. In (a), the sediment melt models shown by the gray lines are
based on enrichment factors (melt/bulk sediment) from 10 sediment melting experiments at 2�5–3�5 GPa and 800–950�C from
Hermann & Rubatto (2009) and Skora & Blundy (2010). The average sediment melt model, which is produced by the average of the
enrichment factors from the 10 experiments, is shown by the open circles. The sediment melt starting composition is the average
composition of DSDP 183 terrigenous sediment from Plank & Langmuir (1998). Average enrichment factors and sediment melts are
listed in Table 8. In (b) the eclogite melt model is based on element mobility data (partitioning) from the 4 GPa experiments of
Kessel et al. (2005) shown in Fig. 21. The eclogite melt source is an average MORB composition based on TiO2 of 1�50 wt % and
using MORB ratios (Sun & McDonough, 1989) with Ti to derive the abundances of the elements shown (see also Table 8). Gray field
is the average western seafloor rhyodacite 6 1SD. The MORB and eclogite melt composition are defined as in Fig. 15.
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than bulk Aleutian sediment, but mixing lines from

depleted mantle to these sediment melt compositions

nonetheless fail to encompass the compositions of

most Aleutian volcanic rocks (Fig. 15b).

As an alternative to binary mixing between mantle

and sediment or sediment melt components, we hy-

pothesize that a third end-member exists in the upper-

left corner of Fig. 15, at high eNd and low Ta/Th. We

interpret this end-member to be a partial melt of sub-

ducted basalt in the eclogite facies. Throughout the re-

mainder of this paper we refer to this as an eclogite

component or eclogite melt component. This usage is

similar to that adopted by Portnyagin et al. (2007a), who

argued that such a component is present in volcanic

rocks of the Central Kamchatka Depression (see also

Portnyagin et al., 2007b; Bryant et al., 2010). Western

seafloor andesites, dacites and rhyodacites have com-

positions that fall closer to this end-member than any

other Aleutian lavas, but the same component is im-

portant throughout the arc. Three-way mixtures of

depleted mantle, sediment or sediment melt and eclog-

ite source components (Kay, 1980), which are discussed

in detail below, readily encompass the compositions of

Aleutian lavas in Fig. 15. Similar conclusions can be

drawn from plots of Nd and Hf isotopes against Yb/Nd,

Yb/Hf, Ta/Nd and Ta/Hf (Figs 16 and 17). Aleutian

data on these plots show broad patterns of increasing

eNd and eHf with decreasing Yb/Nd, Yb/Hf, Ta/Nd and

Ta/Hf (Figs 16 and 17). Because mixing lines on these

plots are straight, and assuming that mantle melting

does not stabilize abundant residual garnet (which

would fractionate Yb/Nd and Yb/Hf), it is clear that no

binary mixture of depleted mantle and Aleutian sedi-

ment can explain the compositions of Aleutian lavas. It

is important to emphasize that three-way mixing rela-

tionships are present not only in plots involving fluid-

soluble trace elements (e.g. Sr, Ba, Pb) which are widely

recognized to be sourced in seawater-altered subducted

basalt (e.g. Turner et al., 1996; Elliott et al., 1997;

Hawkesworth et al., 1997) but also in plots involving Th,

Nd, Hf and other relatively insoluble elements that are

present in aqueous subduction fluids only in low

abundances.

Three-way mixing patterns are also expressed in

plots of Pb isotopes versus Ce/Pb (Miller et al., 1994)

and other incompatible trace element ratios, which

separate the eclogite melt and mantle source compo-

nents based on their relative Pb abundances (Fig. 19).

Figure 19 highlights the end-member character of

western Aleutian seafloor dacites and rhyodacites, and

because mixing lines on these plots are straight they

demonstrate the need for three end-member mixing to

explain the compositions of Aleutian lavas (Miller

et al., 1994). Although Miller et al. (1994) argued that

the component with unradiogenic Pb and low Ce/Pb

was a hydrous fluid from altered oceanic crust (a

MORB fluid) such a fluid cannot produce fractionation

of trace element ratios such as Yb/Hf and Ta/Hf (Figs

16 and 17). Therefore, we believe that a melt from

oceanic crust (and eclogite melt component) is

required and probably also contributes a low Ce/Pb

component with unradiogenic Pb (Fig. 19a). This, in

turn, indicates that apparent binary mixing on Pb–Pb

isotope plots (Fig. 13) must actually reflect mixing be-

tween radiogenic Pb in subducted sediment and a

combination of unradiogenic Pb sources in the eclogite

and MORB or depleted mantle source components

Mixing lines on Hf–Pb and Nd–Pb isotope plots

are also consistent with the involvement of an eclogite

source component in three-component mixtures

(Fig. 20). The relationships on these plots highlight a gen-

eral problem with interpretations of isotope correlation

diagrams, which is that the data may appear to reflect
mixing between two components, when, in fact, the data

trends are produced by mixing in a three-component

system in which two components lie at the isotopically

depleted end of the data array. The same problem arises

when Nd or Hf isotopes are plotted against ratios such as

Th/Ce or Th/Nd because fractionation of Th from the

LREE offsets the seafloor dacites and rhyodacites only a
small amount from MORB, so the mantle and eclogite

source components lie in the same corner of the graph.

The only Aleutian lavas that fall significantly outside

these mixing patterns are from Piip Volcano, the hydro-

thermally active seamount in the far western Aleutian

Komandorsky area (Fig. 1). The overall trace element
patterns in Piip lavas have been interpreted to reflect

a relatively large contribution from the mantle end-

member compared with typical lavas from emergent

Aleutian volcanoes (Yogodzinski et al., 1994, 1995;

Kelemen et al., 2003b). For this reason, the Piip lavas

are displaced toward possible mantle compositions in

Figs 15–17. Piip lavas also have highly unradiogenic Pb
isotope compositions, which are characteristic of the

Komandorsky region and which appear to fall off the

main mixing trend for Aleutian lavas’ Pb–Pb isotope

space (Fig. 13).

Modeling the eclogite source component
In the previous discussion we showed that data trends

for Aleutian volcanic rocks in a variety of isotope and

trace element ratio plots (Figs 15–20) point to an eclog-

ite melt source component with a depleted (MORB-like)
Hf, Nd and Pb isotopic composition and fractionated

(arc-like) trace element ratios. Each plot (Figs 15–20)

shows compositions for eclogite melt, sediment melt

and depleted mantle or MORB end-members. Trace

element ratios for the end-members are defined within

narrow limits based on eclogite melt and sediment melt

modeling summarized below, and by average MORB
and depleted mantle compositions (Sun & McDonough,

1989; Salters & Stracke, 2003; Workman & Hart, 2005).

The isotopic composition of the sediment end-member

is assumed to be that of average Aleutian sediment

(Vervoort et al., 2011). The isotopic composition of the

depleted mantle or MORB end-member is assumed to
be similar to Attu basement series basalts and similar

basalts from the Komandorsky Basin, which are
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depleted tholeiites that have the most radiogenic Hf

and Nd isotopic compositions in the Aleutian system

(Fig. 12). The isotopic composition of the eclogite melt
source component is assumed to be close to the cluster

of data created by the western Aleutian seafloor lavas,

which show relatively little influence of subducted sedi-

ment in their source. These choices of end-member

compositions do not depict all possible variations in

mantle and subducted basalt compositions that could
be present in the Aleutian system. They are simply rea-

sonable estimates that provide a basis for testing the

hypothesis through modeling that an eclogite melt

source component, with geochemical characteristics

similar to western Aleutian seafloor lavas, is present in

volcanic rocks throughout the Aleutian arc.
Formation of the eclogite melt source component

can be modeled based on partitioning data from Kessel

et al. (2005), whose experiments produced hydrous flu-

ids and melts from MORB eclogite at 4 GPa and

700–1000�C. Experiments by Klimm et al. (2008) at

2�5 GPa also produced hydrous melts of eclogite in this

temperature range, but their experiments produced

fractionation of some key trace element pairs (e.g. La/

Ta), which are not observed in Aleutian volcanic rocks.
Partitioning from anhydrous eclogite melting experi-

ments run at 2–3 GPa and 1200–1400�C (Klemme et al.,

2002; Pertermann et al., 2004) is inappropriate for mod-

eling of subduction zone processes, where conditions

for melting and fluid extraction from subducting MORB

eclogite probably occur at less than 1100�C.

Figure 21 shows bulk partitioning for selected trace
elements measured at 4 GPa and 700–1000�C from

Kessel et al. (2005). Partitioning is expressed as per

cent mobility, which reflects the concentrations of the

Fig. 20. Hafnium and Nd isotope (eNd, eHf) variations vs
207Pb/204Pb for Aleutian lava and sediment samples. Mixing
lines are between average terrigenous Aleutian sediment from
DSDP 183 and depleted mantle and between sediment and a
model eclogite melt composition. Compositions of mixing end-
members are given in Table 8. Data sources and symbols are
the same as in Figs 4 and 12. Small square symbols are
new Pb isotope data from emergent Aleutian volcanoes, pro-
vided in the Supplementary Data. Epsilon notations for
Nd and Hf isotopes are defined in the footnotes to Table 6. The
depleted mantle field and eclogite melt composition are
defined as in Fig. 15.

Fig. 19. Variation of 207Pb/204Pb vs (a) Ce/Pb and (b) Ta/Pb,
modified from Miller et al. (1994). Symbols not defined in the
figure are the same as in Figs 4 and 12. The end-member from
subducted basalt is interpreted to be a mixture of MORB fluid
and isotopically similar eclogite melt. The MORB fluid, sedi-
ment and eclogite melts are model compositions shown in
Table 8 and Fig. 18. The MORB and depleted mantle field and
eclogite melt composition are defined as in Fig. 15.
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elements in experimental liquids relative to the bulk re-

sidual solid. Values used to model the eclogite source

component are plotted in gray symbols. For most elem-
ents, these values are close to those determined at 4 GPa

and 900�C. This choice reflects relatively low Ba/Th in

western seafloor dacites and rhyodacites (Fig. 7b), which

is consistent with partitioning of Ba and Th during melt-

ing, but not during fluid extraction. The transition in

experimental liquids from aqueous fluids to hydrous sili-
cate melts is marked by a 13 times increase in Th mobil-

ity, from an average of 5�6% in 700 and 800�C

experiment, to 73�7% in 900 and 1000�C experiments

(Fig. 21). Using Ba and Th mobility values similar to

those determined at 900�C and 4 GPa, and starting with a

MORB eclogite that has Ba/Th¼52�5, the resulting model

melt has Ba/Th �73. Considering the total range for Ba/
Th in island arc lavas (�50–1000, Labanieh et al., 2012),

this model agrees well with average Ba/Th of 101 6 33

(1SD) in western seafloor rhyodacites (Fig. 18b). Brenan

et al. (1995) measured even stronger fractionation of Ba

from Th based on fluid–eclogite partitioning studies at

2 GPa and 900�C. All of the sub-solidus partitioning ex-
periments predict Ba/Th above the typical range for

Aleutian lavas, which have Ba/Th �100–300 (Fig. 8b).

These characteristics for Ba/Th in the eclogite source

component are broadly consistent with the compos-

itions of lavas throughout the Aleutian arc, which ex-

hibit Ba and Th enrichments that are highly correlated

(Kay & Kay, 1994; Yogodzinski et al., 1994; Kelemen

et al., 2003b). They are also consistent with the compos-

itions of primitive (high-Mg#) island arc lavas

worldwide, which display correlated enrichments for

geochemically diverse elements such as Ba, Th, Pb and

La, which are consistent with melt–rock partitioning and

inconsistent with fluid–rock partitioning (Kelemen et al.,

2003a). This distinction will not vanish with the dis-

appearance of the fluid–melt solvus at high pressures,

where only the melt-like end-members, produced at

900�C and higher, have partitioning that can explain the

Aleutian and global arc trends for Ba and Th (Kessel

et al., 2005). Based on these constraints we conclude

that the eclogite source component in western Aleutian

seafloor lavas is a hydrous silicate melt, produced at

temperatures above the hydrous basalt solidus, which

for MORB eclogite is 800–850�C under water-saturated

conditions at 4 GPa, and 660–720�C at 2�0–3�0 GPa

(Poli & Schmidt, 2002; Schmidt et al., 2004b).

Results of eclogite melt modeling are shown in

Fig. 18b and Table 8. Relative trace element abundances

for the model, which are based on mobility values

(partitioning) shown by the gray symbols in Fig. 21, are

broadly similar to those of the rhyodacites, which are

the western seafloor lavas that show the strongest

effects of residual garnet, as discussed above. Deviations

of the eclogite melt model from the observed rhyodacite

compositions, which cannot be explained by variability

in bulk partitioning determined from basalt–water experi-

ments under eclogite conditions (Kessel et al., 2005;

Klimm et al., 2008), are discussed further below.

Model concentrations for La, Ce, Nd and Sm are

close to those observed in western seafloor rhyodacites

whereas concentrations for Ta, Hf and Yb are below

those in the rhyodacites (Fig. 18b). We assume that this

difference reflects a significant contribution from the

depleted mantle source component (MORB-source),

which is present in the rhyodacites but not in the model

eclogite melt. Kelemen et al. (2003b) showed this effect

in their modeling of reactions between eclogite melt

and peridotite, which produced increasing MREE and

HREE and Hf abundances in resulting melt compos-

itions [see Kelemen et al. (2003b) fig. 21 and related

text]. Relatively low Ba and Th concentrations in the

model cannot be explained in this way. This may indi-

cate that the subducting oceanic crust beneath the

western Aleutians is less depleted in these elements

than in the average MORB composition that is used as

the model melt source. Alternatively, there may be

sources for these elements in western seafloor rhyoda-

cites that are not accounted for in the model.

It is evident from Fig. 21 that we used a relatively low

mobility for Ta in our model. This is because the com-

positions of western seafloor dacites and rhyodacites,

combined with mixing relationships in Figs 15–17, re-

quire lower Ta/Nd, Ta/Hf and Ta/Th in the eclogite

source component than would be predicted based on

partitioning data from Kessel et al. (2005) or from other

studies of bulk partitioning during eclogite melting

(Klemme et al., 2002; Pertermann et al., 2004), or from

studies of Ta partitioning into rutile and other eclogite

minerals (e.g. Foley et al., 2000; Klemme et al., 2005;

Fig. 21. Element mobility for selected trace elements observed
during MORB eclogite melting experiments at 4 GPa from
Kessel et al. (2005). Mobility is the concentration of the element
in the fluid or melt multiplied by the per cent liquid present in
the experiment and divided by the element abundance in the
bulk system, expressed as a per cent (Table 6 Supplementary
Data from Kessel et al., 2005). Gray symbols show values used
in eclogite melt modeling. Results of the eclogite melt model
are shown in Table 8 and Fig. 18b.
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Xiong et al., 2005). This is a significant difference, which

probably cannot be explained by large quantities of re-

sidual rutile, which should be <1% based on the com-

position of average MORB with TiO2 �1�5%. Data trends

in Fig. 15b indicate that Ta/Th in the eclogite source

component must be <0�05. Starting with a MORB eclog-

ite that has Ta/Th¼ 1�1 (Sun & McDonough, 1989) and

assuming that Th is perfectly incompatible during

eclogite melting (100% mobile), the mobility of Ta

needed to produce Ta/Th¼ 0�05 in an eclogite melt

would be 2�1%. This value is 15 times lower than the

mobility of 32% for Ta observed by Kessel et al. (2005)

at 4 GPa and 1000�C (Fig. 21). Models using fluid–melt

partitioning (which would produce Ba/Th far higher

than what is observed) also fail to produce sufficiently

low Ta/Th (<0�05) in the eclogite component.

These modeling results indicate that if residual rutile

is what produces low Ta and Nb in Aleutian volcanic

rocks then melting of subducted MORB beneath the arc

must occur at moderate pressures and temperatures

(<3�0 GPa and 900�C), which favor both larger quanti-

ties of residual rutile and stronger partitioning of Ta
and Nb into rutile (Foley et al., 2000; Klemme et al.,

2002, 2005; Schmidt et al., 2004a; Xiong et al., 2005).

Alternatively, some other residual titaniferous mineral

may also present in the Aleutian source. One possibility

is titanite, but its main effect is to produce partial melts

with high Nb/Ta (John et al., 2011), which is inconsist-
ent with the compositions of western Aleutian seafloor

dacites and rhyodacites, which have low Nb/Ta

(Fig. 7h). It is also possible that the effects of residual ru-

tile are compounded by residual, low-Mg# amphibole,

which produces partial melts with low Nb/Ta, low Ta/La

and high Zr and Hf relative Sm and Nd (Foley et al.,

2002). Interestingly, all of these characteristics are evi-

dent in western Aleutian dacites and rhyodacites (Figs 7

and 10). Thus, partial melting of subducted basalt lead-

ing to the creation of an eclogite melt source compo-
nent may involve residual amphibole in addition to

garnet and rutile.

Constraints from Hf–Nd isotopes and Hf–Nd
abundance ratios
Mixing relationships in plots of Hf–Nd isotopes versus

Hf–Nd abundance ratios (Nd/Hf or Hf/Nd) also require
three-component mixing in the Aleutian source. This is

because Aleutian lavas have widely variable Nd–Hf

abundance ratios across all Hf and Nd isotopic compos-

itions, with no possible mixtures between mantle and

sediment end-members able to explain the compos-

itions of common Aleutian volcanic rocks (Brown et al.,
2005). This is shown most clearly in a plot of eNd versus

Hf/Nd (Fig. 22). Wide variation in Hf/Nd in Fig. 22 is in-

terpreted to reflect three-component mixing combined

with the effects of fractional crystallization, which in-

creases Hf/Nd in evolved magmas (Handley et al., 2011;

Woodhead et al., 2011). An eclogite melt source compo-

nent with relatively low Hf/Nd (Fig. 22) can be modeled,
as described above, using the 900�C and 4 GPa parti-

tioning data shown in Fig. 21. However, western

Aleutian dacites and rhyodacites have relatively high

Hf/Nd, similar to MORB, and so appear to be unlike the

eclogite melt component, which has relatively low

Hf/Nd (Fig. 22). This probably indicates that eclogite
melting beneath the western Aleutians is occurring at

temperatures above 900�C, where Hf and Nd are simi-

larly incompatible (Fig. 21), and melting of MORB eclog-

ite will produce liquids with Nd–Hf abundance ratios

close to those of MORB. This leads us to conclude that

Nd–Hf abundance ratios in an eclogite source compo-

nent will vary widely along the Aleutian arc, reflecting
the highly variable and temperature-dependent parti-

tioning of Hf and Nd in garnet (Kessel et al., 2005;

Klimm et al., 2008).

Contributions from Aleutian source components
Data trends in plots of isotopic composition versus

key trace element ratios (e.g. Miller et al., 1994) provide a

basis for estimating the relative contributions of different

source components in Aleutian volcanic rocks through-

out the Aleutian arc. Source contribution estimates dis-

cussed here, which are plotted against sample location
in Fig. 23, are based simply on the geometric location of

rock compositions relative to the vertices of the triangles

formed by the three end-members in Figs 17 and 19.

Selection of subducted basalt, sediment melt and mantle

end-member compositions, which is guided by the data

trends and by modeling of the eclogite melt component

described above, is defined only by their isotopic and
trace element ratios. A mass-balance calculation for se-

lected trace elements, which provides a more fully

Fig. 22. Neodymium isotope variations (eNd) vs Hf/Nd for
Aleutian lavas and sediment, in comparison with MORB and
model eclogite and sediment melts. Sediment and eclogite
melts are model compositions shown in Table 8 and Fig. 18.
Mixing lines on this plot are straight. Symbols for Aleutian
lavas are defined in Figs 4 and 12. The MORB and depleted
mantle field and eclogite melt composition are defined here as
they are in Fig. 15.
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quantitative estimate of source component contribu-
tions, is treated separately below.

Along-arc changes in source component contribu-

tions are qualitatively similar whether they are based

on Pb, Nd or Hf isotope variability. This is particularly

clear for the sediment component (first column in

Fig. 23). However, the quantity of sediment is higher
when it is based on Pb isotopes (�60% for typical, east-

ern Aleutian lavas) than when it is based on Nd or Hf

isotopes (20–30%). This must reflect the geochemical

behavior of Pb compared with Nd and Hf, as well as the

high relative concentration of Pb in Aleutian sediment.

All of the plots show generally decreasing contribu-
tions of sediment from east to west, reflecting along-

arc shifts toward more depleted isotopic compositions

and the absence of subducted sediment from lavas of

the westernmost Aleutian arc, owing to the effects of
oblique subduction (Yogodzinski et al., 1994, 1995;

Kelemen et al., 2003b). The reverse is true for the sub-

ducted basalt component, which generally increases

from east to west (second column in Fig. 23). The man-

tle component (third column in Fig. 23) is high in some

eastern Aleutian locations, reflecting relatively high
Ce/Pb and Ta/Pb in some eastern Aleutian samples

(Fig. 23c and f). The mantle component also generally

decreases from east to west, as expected from lower

mantle temperatures under oblique-convergence con-

ditions in the western arc (Kelemen et al., 2003b). An

east to west decrease in mantle temperatures beneath
the Aleutians is also consistent with the decreasing size

of Aleutian volcanoes as shown by Fournelle et al.

(1994).

Fig. 23. Predicted weight fraction of sediment, subducted basalt and mantle source contributions for Aleutian lavas versus sample
location in degrees west longitude. Vertical axes on these plots are the weight fractions contributed from each of the source com-
ponents. Source contributions are estimates based on the location of data points for all Aleutian volcanic rocks falling within the
three end-member systems shown in Figs 17 and 19. Source contributions in (a)–(c) are based on analysis of 207Pb/204Pb vs Ce/Pb
(Fig. 19a). Source contributions in (d)–(f) are based on 207Pb/204Pb vs Ta/Pb (Fig. 19b). Those in (g)–(i) and (j)–(l) are based on eNd vs
Ta/Nd and eHf vs Ta/Hf respectively (Fig. 17a and b).
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Some basalts, basaltic andesites and andesites from

the Ingenstrem Depression have variable trace element

ratios that lead to contradictory conclusions about their

source. These samples have elevated Ce/Pb (Fig. 19a),

which may be interpreted to indicate a relatively large
contribution from the depleted mantle (Fig. 23c), but

also low Ta relative to Pb (Fig. 19b), which may be inter-

preted to indicate an enhanced role for the eclogite melt

component (Fig. 23e). These lavas, which include some

andesites and basaltic andesites with high Sr abun-

dances (>700 ppm) and other adakitic trace element

characteristics, appear to be hybrid compositions pro-
duced by mixing and/or melt–rock reactions between

high-silica/low-Mg# end-members derived predomin-

antly from subducting oceanic crust and low-silica/high-

Mg# end-members derived predominantly from the

mantle wedge (Kay, 1978; Yogodzinski et al., 1995;

Kelemen et al., 2003b). Strontium and La concentrations
in these samples are often much higher than in primi-

tive Aleutian basalts or in western seafloor dacites and

rhyodacites (Fig. 6f). These characteristics may indicate

a shift in accessory mineral stability (monazite or allan-

ite) at very high slab temperatures, and/or the effects of

melt–rock reactions. Our view is that where such geo-
chemically variable and Sr-rich samples are observed,

and where they have MORB-like isotope compositions,

they may be interpreted as indicators for the presence

of a substantial eclogite melt source component.

However, they are not themselves the outstanding ex-

amples of lavas produced dominantly by melting of

eclogite (western seafloor dacites and rhyodacites are),
nor are they volumetrically important products of sub-

duction magmatism.

Mass-balance modeling of the Aleutian source
Here we present mass-balance calculations, with the

goal of quantifying the contributions of the source com-
ponents needed to produce isotope ratios like those of

common volcanic rocks from emergent Aleutian volca-

noes, and trace element abundances and ratios like

those observed in primitive Aleutian basalts, with Mg#

>0�60. We do the mass balance simply by mixing sedi-

ment melts and melts of a depleted mantle wedge
(MORB) with a third component from subducted basalt,

which may be a fluid or an eclogite melt. This approach

relies on bulk partitioning data from recent experimen-

tal work (Kessel et al., 2005; Hermann & Rubatto, 2009;

Skora & Blundy, 2010) to produce reasonable compos-

itions for melts and fluids of the type that are widely in-

terpreted to contribute to the formation of arc magmas.
This approach avoids the complexities of melting re-

gime shape (Plank & Langmuir, 1992) and mechanisms

of melt extraction (Kelemen et al., 1995), which can

have a significant impact on trace element abundances

in model compositions but are poorly understood for

subduction systems. This approach does not address
complexities of arc magmatism, such as pyroxenite for-

mation, which are likely to occur when silica-rich fluids

and melts from the subducting plate interact with peri-

dotite in the mantle wedge (Straub et al., 2008).

End-member compositions used in the mass-bal-

ance calculation are listed in Table 8. The mantle melt

component is normal MORB of Sun & McDonough

(1989). We assume that the subducted basalt compo-

nent may be an eclogite melt or a fluid or both.

Modeling of the eclogite melt source component was

discussed previously. The MORB fluid is modeled in the

same way, except that mobility values (partitioning)

were used from Kessel et al. (2005) experiments at

800�C and 4 GPa (triangles in Fig. 21). Sediment melt

compositions are modeled from experimental data as

described previously. To account for the widely vari-

able trace element abundances produced in sediment

melting experiments we do the mass-balance calcula-

tion three times for each model, using sediment melt

compositions with average, high and low trace element

abundances. Results of three mass-balance models are

illustrated in Fig. 24.

Mass-balance Model-1 takes the source contributions

determined from Nd and Hf isotopes, which call for ap-

proximately 20% sediment, 48% MORB fluid and 32%

mantle melt (MORB). This model predicts Pb isotopic

compositions that are slightly more radiogenic than

observed in average Aleutian lavas, and Hf and Nd iso-

tope compostions that are less radiogenic (Fig. 24a). This

means that Model-1 has too much Pb, Nd and Hf from

the subducted sediment source component. Model-1

also predicts REE abundances below those observed in

primitive Aleutian lavas. In Model-2, we raise the mantle

melt component to 48% and adjust the sediment down-

ward to 10%. This leaves the MORB fluid component at

42%. The resulting mixture has appropriate isotopic

compositions and HREE abundances similar to those in

primitive Aleutian volcanic rocks (Yb�1�5 ppm), but the

LREE abundances still fall well below those expected in

primitive Aleutian magmas (Fig. 24b).

More importantly, Model-1 and Model-2 both pro-

duce a source mixture with a Nd/Hf ratio of �3�6, which

is similar to MORB and well below primitive Aleutian

lavas, which have an average Nd/Hf of 5�80 6 1�04 (1SD,

n¼ 84). The creation of mixtures such as these, with in-

appropriately low Nd/Hf, is a persistent feature of mod-

els that rely heavily on MORB fluids, which carry low

abundances of Nd and Hf, and therefore result in a

mass balance where the dominant sources of Nd and Hf

are sediment melts and depleted mantle, which both

have Nd/Hf <4�0 (Table 8). Thus, a key constraint on the

arc magma source mixture comes from recent experi-

mental studies (Hermann & Rubatto, 2009; Skora &

Blundy, 2010), which predict Nd/Hf values in sediment

melts below those of bulk sediment (Fig. 18). Using

these constraints, it appears that no mixture of MORB,

sediment melt and MORB fluid will produce both ele-

vated Nd/Hf and Nd, Hf and Pb isotope compositions

like those observed in Aleutian lavas.

The main problems of Model-1 and Model-2 are

resolved if the subducted basalt component is assumed
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to be an eclogite melt, instead of MORB fluid. This is

seen in Model-3, which is 48% mantle melt, 37% eclog-

ite melt and 15% sediment melt. This mixture predicts

Nd, Hf and Pb isotope compositions, and abundances

for most incompatible elements similar to those

observed in Aleutian lavas (Fig. 24c). A key effect of the

eclogite melt component is the creation of a mixture

with Nd/Hf of �5�2, which is close to the average of

5�8 6 1�0 (1SD) observed in primitive Aleutian lavas.

Again, this reflects the experimental results of Kessel

et al. (2005), which predict both high Nd/Hf and rela-

tively high abundances for Nd and Hf in melts of MORB

eclogite at 900�C and 4 GPa (Fig. 21).

An important caveat for Model-3 is that although it

predicts an average Ce/Pb of �5�2, which is close to the

observed average for primitive Aleutian lavas (Ce/

Pb¼ 4�4 6 2�2), it does so with an eclogite melt end-

member that has Ce/Pb �13. This is a problem because

western seafloor dacites and rhyodacites have Ce/Pb of

5–6, which is close to the composition of the subducted

basalt end-member, which should have Ce/Pb <5, based

on the data in Fig. 19. This probably means that a signifi-

cant quantity of unradiogenic Pb from a MORB fluid is

present in the source mixture, which is in addition to the

eclogite melt component. This means that for Pb, and

probably for other fluid-soluble trace elements, espe-

cially K (see Kay, 1980), the source mixture requires four

source components instead of three. This issue cannot

be resolved if MORB fluid is substituted for eclogite melt

as in Model-1 and Model-2, which produces poor agree-

ment for trace element abundances, in particular for Nd/

Hf, which is persistently low for source mixtures that do

not include a significant quantity of eclogite melt.

It is interesting to note that all of the models predict

stronger Ba enrichments in Aleutian lavas than are

observed. Excess Ba in the models probably reflects the

use of bulk sediment compositions as the source of the

sediment melts, which is the dominant source of Ba. It

is likely, for example, that by the onset of melting, dehy-

dration and fluid loss imposed on the sediment column

beneath the arc has removed large quantities of Ba,

which is far higher in Model-3 (Ba/Th �527, Ba/La �81,

Ba/Pb �183) than in primitive Aleutian volcanic rocks

(Ba/Th¼ 183 6 46, Ba/La¼ 37 6 6 and Ba/Pb¼ 64 6 33).

Class et al. (2000) encountered similar issues in their

mass balance, and they also suggested that the sedi-

ment source for Aleutian lavas might have been

depleted by fluid extraction, prior to melting.

The main effect of the eclogite component on the

mass balance is that it adds a significant source of radio-

genic Nd and Hf, which is in addition to the mantle com-

ponent, and which offsets the contribution from
sediment melts, which contain relatively high abun-

dances of unradiogenic Nd and Hf. This is evident in the

mass balance for Model-3 (Table 9), which shows that a

large proportion of the LREE is derived from the eclogite

melt (36–50% for Sm–La), compared with similar contri-

butions from the mantle (55–20%) and somewhat lower
contributions from sediment (9–30%). The eclogite melt

Fig. 24. Trace element abundances and isotope ratios
for model melts, shown by open diamond symbols, compared
with Aleutian volcanic rocks from emergent volcanoes,
shown by filled squares. Model melts are produced by mixing
of sediment melt and MORB with a third component from
subducted basalt, which is either a MORB fluid or an eclogite
melt. Mixing proportions of the three components are
shown on the graphs. The three model compositions shown
reflect the use of average, low and high trace element abun-
dances in the sediment melt component. Compositions of
the mixing end-members are plotted in Fig. 18 and listed
in Table 8. Average isotope ratios plotted in the upper panels
include all published data for samples from emergent
Aleutian volcanoes (Buldir and east in Fig. 1). The low, average
and high values for Nd isotopes are 6�1, 7�5 and 9�2 eNd

units (n¼255). For Hf isotopes they are 10�9, 13�2 and 15�8 eHf

units (n¼99). For 206Pb/204Pb they are 18�620, 18�830
and 18�992 (n¼254). For 207Pb/204Pb they are 15�520, 15�556
and 15�602 (n¼254). Average trace element abundances
plotted in the lower panels include all published data for
primitive samples from emergent Aleutian volcanoes, which
have Mg# >0�60. The high and low values are the
average 6 1SD.
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contributes somewhat less Hf (18%) compared with
sediment (25%) and the mantle (56%). If this result can

be extended to other arc systems (e.g. Tollstrup et al.,

2010) it will mean that high-charge and relatively insol-

uble trace elements cannot be modeled as binary mix-

tures between subducted sediment and depleted mantle

end-members, as is commonly inferred (Elliott et al.,

1997; Hawkesworth et al., 1997; Class et al., 2000;
Walker et al., 2001; Straub et al., 2004; Plank, 2005;

Duggen et al., 2007; Singer et al., 2007; Woodhead et al.,

2012). More broadly, the presence of abundant Nd, Hf

and other insoluble trace elements from subducted bas-

alt in arc magmas is inconsistent with models that call

on the selective transport of fluid-mobile over fluid-im-
mobile elements as the main process controlling the for-

mation of subduction-related trace element patterns

(e.g. Perfit et al., 1980; Tatsumi et al., 1986; Miller et al.,

1994; Turner et al., 1996; Pearce et al., 1999).

Origin of the arc magma trace element signature
A variety of recent studies have shown that melts of sub-

ducted basalt and sediment may be saturated in

accessory minerals capable of fractionating trace elem-

ents in ways that may exert primary control over the

distinctive trace element patterns expressed in subduc-
tion-related volcanic rocks. A role for accessory rutile

has long been implicated in the control of low Ta and

Nb abundances in arc magmas (e.g. Perfit et al., 1980;

Tatsumi et al., 1986; Miller et al., 1994; Turner et al.,

1996; Pearce et al., 1999), but experimental studies

show that slab-top melting conditions may stabilize a
variety of accessory phases, including allanite, mona-

zite, apatite and zircon, in addition to rutile (Johnson &

Plank, 1999; Klimm et al., 2008; Hermann & Rubatto,

2009; Skora & Blundy, 2010).

Effects of accessory mineral saturation have been

well illustrated by Klimm et al. (2008), who showed

that partial melts of eclogite co-saturated in rutile and
allanite will shift to higher LREE abundances com-

pared with Ti at higher eclogite melt equilibration tem-

peratures. This relationship, which provides the basis

for estimating slab-top temperatures from Ce/H2O

(Plank et al., 2009; Cooper et al., 2012), is consistent

with highly variable relative depletions in Ta among
western Aleutian seafloor lavas (variable La/Ta; Fig. 7f),

which are controlled primarily by variation in LREE

abundances with little change in Ta (Fig. 6c and d). The

patterns of Ta and LREE abundances, which are rela-

tively low in rhyodacites and increase systematically in

dacites and andesites (Fig. 7c and d), are consistent

with increasing equilibration temperatures for eclogite
melts saturated in rutile and allanite, as discussed by

Klimm et al. (2008). In this context, the dramatic in-

crease in LREE abundances in some western seafloor

andesites and basaltic andesites compared with dacites

and rhyodacites (Figs 7c and 8a) could be interpreted to

reflect the loss of accessory allanite or monazite at un-
usually high eclogite melt equilibration temperatures.

In fact, we observe a general east to west shift toward

higher LREE/Ti for Aleutian lavas with Mg# >0�55 (Fig.

25). This pattern is consistent with experimental obser-

vations of eclogite partial melts that are co-saturated in

rutile and allanite over a range of temperatures (Klimm
et al., 2008, fig. 17). However, it does not provide a

quantitative estimate of slab-top temperatures, because

Table 9: Model-3 mass-balance tabulation by element

Eclogite
melt (ppm)

Sediment
melt (ppm)

MORB
melt (ppm)

Eclogite
melt (%)

Sediment
melt (%)

MORB
melt (%)

Model
melt (ppm)

Ba 10�3 473 3�02 2�1 97�3 0�6 487
Th 0�17 0�70 0�06 18�0 75�8 6�2 0�92
Ta 0�01 0�05 0�06 4�4 40�5 55�0 0�12
La 3�03 1�80 1�20 50�2 29�9 19�9 6�03
Ce 6�48 3�86 3�60 46�5 27�7 25�8 13�9
Pb 0�49 2�02 0�14 18�5 76�1 5�4 2�66
Nd 4�16 1�46 3�50 45�6 16�0 38�4 9�13
Sm 0�82 0�21 1�26 35�8 9�0 55�2 2�29
Hf 0�32 0�44 0�98 18�3 25�2 56�5 1�74
Dy 0�08 0�05 2�18 3�4 2�1 94�5 2�31
Yb 0�02 0�01 1�46 1�2 0�9 98�0 1�49

End-member contributions for Model-3 are 48% MORB melt, 37% eclogite melt and 15% sediment melt. End-member compos-
itions are shown in Table 8. Full results of mass balance are illustrated in Fig. 24.

Fig. 25. Sum of the LREE divided by Ti for Aleutian lavas plot-
ted against location in the arc, in degrees west longitude. Only
samples with Mg# >0�55 are shown. Summed LREE are La, Ce,
Nd and Sm.
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a significant quantity of LREE and Ti from the depleted

mantle is present in all Aleutian volcanic rocks. It is im-

portant to note that LREE/Ti in primitive Aleutian lavas

increases from east to west, despite the fact that

Aleutian sediment has relatively high LREE/Ti (�0�019)

and is a larger portion of the source mixture in the east-

ern part of the arc than in the west.
The role of residual garnet, which is well expressed

in some western seafloor lavas, may also play an im-

portant role in the control of certain trace element fea-

tures in arc magmas. It is often noted that island arc

basalts have low abundances of MREE and HREE com-

pared with MORB. This persistent trace element charac-
teristic of arc magmas is commonly attributed to

melting and depletion of sub-arc mantle beneath the

back-arc, prior to melting beneath the volcanic front, as

a consequence of subduction and corner-flow dynamics

(McCulloch & Gamble, 1991). This pattern may also be

interpreted to reflect higher degree melting beneath

arcs than is typical for MORB (Kelley et al., 2006).
Interestingly, this depleted geochemical character is

present in Aleutian lavas, even though the Aleutian

mantle does not appear to be highly depleted (e.g.

Class et al., 2000, fig. 4) and there is no there is no

spreading center behind the arc. Figure 26 shows Dy/Yb

plotted against Yb abundance for primitive Aleutian
basalts compared with primitive MORB. The primitive

Aleutian and MORB lavas overlap broadly for Dy/Yb,

which is mostly from 1�5 to 2�0 for both datasets

(Fig. 26), indicating that fractionation of the middle to

heavy parts of the REE pattern for Aleutian lavas and

MORB are similar. The offset in Yb concentration be-

tween primitive Aleutian lavas (1–2 ppm Yb) and primi-
tive MORB (2–3�5 ppm) is clearly evident (Fig. 26). We

cannot rule out the possibility that low Yb in primitive

Aleutian basalts may indicate that their mantle source

was more depleted than that of MORB (McCulloch &

Gamble, 1991) or that hydrous melting has produced

higher-degree melting than is commonly seen in MORB

(Kelley et al., 2006); however, we note that average Dy/

Yb appears to be slightly higher in primitive Aleutian

basalts compared with primitive MORB, and that
strongly fractionated Dy/Yb in the western Aleutian sea-

floor dacites and rhyodacites shows an inverse relation-

ship for Dy/Yb and Yb with common Aleutian lavas

(Fig. 26). These patterns suggests that low Yb abun-

dances in Aleutian lavas may reflect the influence of the

eclogite melt component on the source mixture, and

therefore may not indicate that the Aleutian mantle
wedge is more depleted than the average MORB

source. Indeed, models of eclogite melt–peridotite reac-

tion (Kelemen et al., 2003b, fig. 21 and related text)

show that low HREE concentrations are a characteristic

of the resulting melts. Increasing reaction progress

(decreasing melt/rock ratio) produces progressively
lower Dy/Yb, approaching primitive mantle values,

whereas HREE abundances in the melt remain low.

Thus, we interpret low HREE concentrations in primitive

Aleutian basalts to result from the addition of an eclogite

melt component in the source, and not to be an indica-

tion of low HREE concentrations in the Aleutian mantle
wedge. This interpretation is consistent with the conclu-

sions of Class et al. (2000), who found that the Aleutian

mantle wedge is no more deleted than the average

MORB source, based on their measurements of Nb/Ta

and Zr/Hf in Aleutian lavas, which they found to be indis-

tinguishable from those in MORB (see also Kay & Kay,

1994). These results also indicate that it may be incorrect
and misleading to use HREE concentrations in arc lavas

to infer the degree of prior melt depletion, and/or the de-

gree of sub-arc melting, in the arc mantle source.

Implications of high-Si magmas in the
mantle wedge
We have modeled the trace element characteristics of
western seafloor dacites and rhyodacites as partial

melts of rutile-bearing eclogites, and suggested that

their high-Mg# is a product of reaction with peridotite in

the mantle wedge. Indeed, if 25% of the Fe in western

seafloor dacites and rhyodacites is ferric iron, as is typ-

ical for arc lavas (Kelley & Cottrell, 2009), then these
rocks have Mg/(MgþFe2þ) greater than 0�7, and thus

are close to Fe2þ/Mg exchange equilibrium with typical

residual mantle olivine and pyroxene compositions

with Mg# values greater than �0�89. However, their

low MgO contents indicate that western Aleutian da-

cites and rhyodacites record relatively low magmatic

temperatures, less than 1100�C (see Kelemen et al.,
2003b, fig. 3). These temperatures are especially low

when compared with those for primitive basalts

erupted nearby, with more than 8% MgO and with likely

olivine-melt temperatures in excess of 1250�C. In some

parts of the Ingenstrem Depression, we sampled primi-

tive dacites and primitive basalts in the same dredge,
indicating very different temperatures in the mantle

source of spatially juxtaposed lavas. Furthermore,

Fig. 26. Variation of Dy/Yb vs Yb for western Aleutian dacites
and rhyodacites compared with primitive MORB and Aleutian
basalts with Mg# >0�60. Primitive MORB data are from Class &
Lehnert (2012). Other data sources are the same as in Fig. 4.

484 Journal of Petrology, 2015, Vol. 56, No. 3



although their high alkali contents and presumed high

H2O contents might stabilize relatively SiO2-rich melts
in equilibrium with olivine at �1 GPa (Tatsumi, 1982;

Draper & Johnston, 1992; Wood & Turner, 2009), da-

cites and rhyodacites with 60–70% SiO2 cannot be in

equilibrium with mantle olivine.

Thus, we think the most likely explanation for our ob-

servations, illustrated in Fig. 27a, is as follows. SiO2-rich
partial melts of subducting basalt in eclogite facies react

with the overlying mantle wedge to form reaction pyr-

oxenite (Straub et al., 2008), which is relatively imper-

meable to porous flow of melt (Fujii & Oamura, 1986;

Zhu & Hirth, 2003). Additional, low-density eclogite

melts pond beneath this impermeable barrier until they
reach sufficient size to form diapirs that rise through the

mantle wedge (Marsh, 1974; Ringwood, 1974; Brophy

& Marsh, 1986). For a density contrast of 400 kg m–3,

radii of 10–100 km, and mantle wedge viscosity be-

tween 1018 and 1020 Pa s, these diapirs are likely to rise

at velocities of microns to meters per year. Larger dia-

pirs, at the faster end of this range, would rise suffi-
ciently rapidly that they would not thermally equilibrate

with the mantle wedge. Smaller, slower diapirs

would thermally equilibrate, but might be armored

from chemical reaction with residual mantle peridotite

via formation of impermeable, hybrid pyroxene reac-
tion products along their margins (Myers et al., 1985;

Myers & Marsh, 1987). This limited wall-rock reaction

might be sufficient to raise the Mg# within the melt-rich

diapirs to values in Fe/Mg exchange equilibrium with

mantle peridotite, while retaining high SiO2 contents

and other characteristics of hydrous partial melts of
eclogite (Fig. 27a).

As they approach the base of arc crust such diapirs

are likely to stall and pond, as they will encounter in-

creasingly cold, high-viscosity mantle peridotite

(Gerya & Yuen, 2003; Gerya et al., 2004) and will have

little or no density contrast with overlying arc crust.
This will form a layer of SiO2-rich, hydrous melt—per-

haps as a porous mush—in the shallow mantle below

the arc crust, where it will continue to partially react

with the surrounding mantle, forming hybrid pyroxen-

ites. Hot, basaltic magmas equilibrated with the

high-temperature core of the mantle wedge may rise

through this layer of low-temperature, relatively
viscous, dacite and rhyodacite to feed basaltic volca-

noes; more rarely, but over a wider region, small

amounts of SiO2-rich magma may also rise to form

Fig. 27. Conceptual model comparing magmatic processes in the western and eastern Aleutian arc. Hydrous partial melts of MORB
eclogite and sediment are shown rising from the subducting plate and interacting with a hotter, overlying mantle wedge (see
Marsh, 1974; Ringwood, 1974; Myers et al., 1985; Brophy & Marsh, 1986; Myers & Marsh, 1987). Black arrows in the subducting
plate indicate relative trench-normal convergence rates. Slow convergence in the west produces a relatively cool and stagnant
mantle wedge compared with the east, where advection of hot peridotite into the wedge is driven by high subduction rates and the
corner-flow mechanism. Dendritic patterns in the mantle wedge depict basalt produced by partial melting of peridotite. Aqueous
fluids from the subducting plate are not shown here but must be present to account for low Ce/Pb in western Aleutian seafloor
lavas. Additional details of processes depicted here are discussed in the text. MASH: melting, assimilation, storage, and homogen-
ization (from Hildreth & Moorbath, 1988).
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dacite and rhyodacite flows, as well as felsic plutons in

the crust.

In the western Aleutians the mantle wedge is rela-

tively cold and the subducting plate is relatively hot

(Kelemen et al., 2003b). These conditions are produced
because low subduction rates limit the advection of hot

mantle by the corner-flow mechanism, and because

heating of the subducting plate has probably occurred

in part, through cooling of the adjacent mantle

(Kelemen et al., 2003b). It also appears that the subduct-

ing plate beneath the western Aleutians has been torn

or somehow breached, and so is probably being heated
on three sides (Yogodzinski et al., 2001; Levin et al.,

2005). Under these conditions, partial melting of perido-

tite in the wedge is limited, but partial melts of subduct-

ing eclogite are abundant, so the products of reactions

between eclogite melt and mantle peridotite are clearly

detectable in the surface volcanism (Fig. 27a). In the
eastern Aleutians (Fig. 27b), which is a more typical arc

setting, subduction rates are higher, so the mantle

wedge is hotter owing to the advection of hot peridotite

by the corner-flow mechanism. As a result, there is

more melting of peridotite, so the arc produces mostly

basalt (Fig. 27b). In this setting, eclogite and sediment
melts are diluted and expressed only as geochemical

source components (Fig. 27b).

Alternatively, it is possible that high-SiO2, high-Mg#

magmas with compositions like those of the western

seafloor dacites and rhyodacites could be the products

of basalt–peridotite reaction in the uppermost mantle,

at 1 GPa or less (Kelemen, 1990; Kelemen et al., 1990;
Yogodzinski et al., 1994; MacPherson et al., 2006). If bas-

altic melts are cooled as they react with peridotite, this

process could produce primitive andesites—and per-

haps even dacites and rhyodacites—from initially bas-

altic melts (Kelemen, 1990). If the resulting melts

became cool and SiO2-rich enough to saturate in rutile
(Ryerson & Watson, 1987), garnet (Müntener et al.,

2001) and allanite (Hermann, 2002) or some other LREE-

rich accessory mineral, while retaining a high Mg#

owing to reaction, this could produce primitive, SiO2-

rich liquids with geochemical characteristics similar to

Aleutian andesites, dacites and rhyodacites. This view

attributes the distinctive characteristics of high-Mg#
western seafloor lavas to an assimilation–fractional

crystallization (AFC; DePaolo, 1981) or melting, assimi-

lation, storage, and homogenization (MASH; Hildreth &

Moorbath, 1988) process occurring not in the crust, but

in the uppermost mantle (Yogodzinski et al., 1994).

Recent experimental results have highlighted this
model for creating primitive andesitic magmas (Weaver

et al., 2011; Weber et al., 2011). However, we tentatively

rule out this model on the basis of isotopic variation.

Western Aleutian seafloor basalts have systematically

less radiogenic Nd and more radiogenic Pb compared

with the dacites and rhyodacites. Although extensive

melt–rock reaction between a relatively isotopically en-
riched basalt parent and a highly depleted mantle peri-

dotite could, in principle, produce this variation in

isotopes with increasing reaction product, the required

low melt/rock ratios (less than 0�001) would form melt

compositions saturated in mantle olivine, very different

from the primitive Aleutian dacites and rhyodacites.

CONCLUSIONS

Discovery of seafloor volcanism west of Buldir Volcano

in the western Aleutian arc demonstrates that the

surface expression of active Aleutian volcanism falls

below sea level west of 175�9�E longitude, but is other-

wise continuous from mainland Alaska to Kamchatka.
Radioisotopic ages indicate that seafloor volcanism in

the western Aleutians has probably been active

throughout the late Pleistocene and Holocene. Western

Aleutian seafloor lavas define a highly calc-alkaline ig-

neous series from 50 to 70% SiO2. This series was not

produced by fractional crystallization of basalt. Strongly
fractionated (adakitic) trace element patterns in andes-

ites, dacites and rhyodacites (high La/Yb, Sr/Y, La/Ta,

low Yb, Ta) appear to be effects of residual garnet and

rutile left after partial melting of MORB eclogite in the

subducting oceanic crust. High Mg# values in the an-

desites, dacites and rhyodacites, and high Cr and Ni
abundances relative to SiO2 and MgO, are interpreted

to reflect interaction between high-Si melts from the

subducting plate and peridotite in the overlying mantle

wedge. Geochemical trends in isotope versus trace

element ratio plots show that western seafloor lavas de-

fine end-member compositions with more strongly frac-

tionated trace elements patterns (low Yb/Nd, Ta/Th, Ce/
Pb) and more depleted (MORB-like) isotopic compos-

itions than common volcanic rocks of the central and

eastern Aleutian arc. This end-member is interpreted to

be the expression of an eclogite melt source component,

which is produced by partial melting of subducted basalt

in the eclogite facies, and which appears to be present
in all Aleutian lavas. Mass-balance modeling indicates

that �15–50% of the LREE and Hf in Aleutian lavas is

derived from this source component. Trace element pat-

terns in Aleutian lavas are interpreted to be controlled by

a residual mineralogy (garnet, rutile 6 allanite/monazite)

that is stabilized during eclogite-melting reactions over a

range of temperatures. The presence of high-silica,
eclogite melts in the Aleutian mantle wedge also sug-

gests a role for pyroxenite formation by melt–rock reac-

tion, and the formation of low-density diapirs of eclogite

meltþ reaction pyroxenite.
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