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Questions for This Talk

What is calc-alkaline magmatism?
What causes it?
Why does it matter?

Where (exactly) does the water come from?

What is the nature of island-arc crust?  
Is it geochemically / geophysically like continental crust?



Discriminant line for tholeiitic / calc-alkaline igneous series from Miyashiro (1974)
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TH vs CA line from Miyashiro (1974)
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Fig. 3. A1/Si (molar) in hornblende and coexisting liquid. Syn- 
thesized phases are shown as filled diamonds (high-alumina basalts 
and gabbros) and as inverted triangles (granodiorite, Appendix 1); 
natural phenocrysts-liquid pairs are split circles (Appendix 2). 
Dashed line encloses hornblende - melt pairs from other experi- 
mental studies (Helz 1973, 1976; Cawthorn et al. 1973; Nicholls and 
Harris 1980; Allen and Boettcher 1983; Green and Pearson 1985; 
Rutherford et al. 1985; Naney 1988; Johnson and Rutherford 1989) 
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Fig. 4. Fe-total/Mg (molar) in hornblende and coexisting liquid. 
Symbols as in Fig. 3. KD Fe-Mg is 0.38-0.30 in basalt and andesite 
liquids but drops to low values in more silica-rich liquids (inset) 

parent K Fe-Mg drops markedly for more siliceous liquids, 
and this decrease could result from high but unknown 
ferric/ferrous iron in the siliceous liquids. 

Liquid lines of descent, multiple saturation boundaries, 
and crystallizing phase proportions 

Liquids produced in the experiments on high-alumina 
basalts and the hornblende gabbro define crystallization 

paths similar to those found in many calc-alkaline suites. 
This is illustrated with the AFM diagram of Wager and 
Deer (1939) and the Miyashiro (1974) discriminant dia- 
gram of FeO*/MgO versus SiC 2 (Figs. 5 and 6). Crystal- 
lization of ferromagnesian silicates and calcic plagioclase 
enriches the liquids in silica and alkalis. Ferromagnesian 
silicates crystallize in high proportions relative to plagio- 
clase, compared to anhydrous melts, thus preventing ab- 
solute iron enrichment. Magnetite crystallization further 
reduces the abundance of iron in the liquid which prevents 
strong increases in FeO*/MgO. Exceptions are the horn- 
blende diorite and diorite plus plagioclase mix which do 

q 

O 

0 

O 

i, 

Na20 & K20 

79-35g FeO* 
82-62 A 
82-66 / ~% 
87S35a / ~ Experimental Liquids 
85S52b+Anso / '  ' ~  2kb, H20 saturated 
79-35g fO2>NNO / 
82- 

MgO 

Fig. 5. Experimental liquids projected on a total alkalis - total iron 
(FeO*) - MgO ternary plot (weight units). Tholeiitic (TH)-calc- 
alkaline (CA) dividing line from Irvine and Baragar (1971). Liquids 
from high-alumina basalt 79-35g solid circles; 82-62, inverted trian- 
gles; 82-66, open diamonds; hornblende gabbro 87S35a, solid trian- 
gles; and diorite 85S52b + Anso , squares. Liquid from an experi- 
ment atfO2 > NNO on 79-35g, open circle, and from an experiment 
a t f O  2 < NNO on 82-66,filled diamond 
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Fig. 6. Experimental liquids projected on the FeO*/MgO versus 
SiC a variation diagram (FeO* = total Fe as FeO). Tholeiitic (TH) - 
calc-alkaline (CA) dividing line is from Miyashiro (1974). Symbols as 
in Fig. 5. General trends followed by tholeiitic or calc-alkaline rock 
suites are depicted as shaded arrows and are after Grove and Kinzler 
(1986) 
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Abstract. Phase relations of natural aphyric high-alumina 
basalts and their intrusive equivalents were determined 
through rock-melting experiments at 2 kb, HzO-saturated 
withfO 2 buffered at NNO. Experimental liquids are low- 
MgO high-alumina basalt or basaltic andesite, and most 
are saturated with olivine, calcic plagioclase, and either 
high-calcium pyroxene or hornblende ( + magnetite). Cr- 
spinel or magnetite appear near the liquidus of wet high- 
alumina basalts because H20 lowers the appearance tem- 
perature of crystalline silicates but has a lesser effect on 
spinel. As a consequence, experimental liquids follow calc- 
alkaline differentiation trends. Hornblende stability is 
sensitive to the NazO content of the bulk composition as 
well as to H20 content, with the result that hornblende 
can form as a near liquidus mineral in wet sodic basalts, 
but does not appear until liquids reach andesitic composi- 
tions in moderate Na20 basalts. Therefore, the absence of 
hornblende in basalts with low-to-moderate Na20 con- 
tents is not evidence that those basalts are nearly dry. 
Very calcic plagioclase ( >  An9o ) forms from basaltic 
melts with high H2 O contents but cannot form from dry 
melts with normal arc Na 20 and CaO abundances. The 
presence of anorthite-rich plagioclase in high-alumina 
basalts indicates high magmatic H20 contents. In sum, 
moderate pressure HgO-saturated phase relations show 
that magmatic H20 leads to the early crystallization of 
spinel, produces calcic plagioclase, and reduces the total 
proportion of plagioclase in the crystallizing assemblage, 
thereby promoting the development of the calc-alkaline 
differentiation trend. 

Introduction 

Mafic through silicic arc volcanos often erupt explosively 
with the violent release of magmatic volatiles. This erup- 
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tive style combined with the occasional presence of hyd- 
rous phenocrysts, as well as other more subtle features, 
have suggested to many investigators that H20 is import- 
ant for subduction zone magmatism (see Gill 1981, 
p. 116-121 for a summary). Kennedy (1955) proposed 
that the calc-alkaline magma series, now known to 
characterize subduction environments, resulted by crys- 
tallization differentiation of hydrous basalts. H20-bearing 
basaltic magmas were thought to crystallize an iron oxide 
phase early and differentiate with silica and alkali en- 
richment and iron depletion (calc-alkaline series) whereas 
dry basaltic magmas fail to crystallize an iron oxide phase 
early and instead differentiate with iron enrichment and 
only modest increases in silica content (tholeiitic series). 
Osborn (1959) concurred with Kennedy's model, arguing 
that dissociation of dissolved magmatic HzO would pro- 
duce a h i g h / 0  2 leading to early and abundant oxide 
precipitation and a caic-alkaline differentiation trend. 

Experimentation in both synthetic and natural sys- 
tems as well as studies of the crystallization of historic lava 
lakes have confirmed that dry sub-alkaline basalts follow 
tholeiitic differentiation paths while crystallizing at geo- 
logically relevant oxygen fugacities and at pressures ap- 
propriate to the crust (Osborn 1959; Grove and Baker 
1984; Helz 1987; Juster et al. 1989). Tholeiitic liquid lines 
of descent, temperatures, solid phase compositions, and 
solid-liquid exchange reactions are now well established 
for anhydrous basalts at low pressures. 

Calc-alkaline differentiation trends have proven con- 
siderably more difficult to reproduce experimentally. Esti- 
mates of thefO2 of subduction magmas fall in the range 
of below but close to the quartz-fayalite-magnetite (QFM) 
buffer to one log unit more oxidizing than the Ni-NiO 
(NNO) buffer (Gill 1981, p. 124). Anhydrous basalt melts 
have not crystallized along calc-alkaline differentiation 
paths over this range of fO z conditions at crustal pres- 
sures (Grove et al. 1982; Juster at al. 1989). 

Early studies of the hydrous melting of basalts focus- 
sed on the influences of HeO-pressure andfO2 on phase 
appearance sequences and liquidus temperatures (Yoder 
and Tilley 1962; Holloway and Burnham 1972; Helz 1973, 
1976; Allen et al. 1975). Some of this research was per- 
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Water and the Oxidation State
of Subduction Zone Magmas
Katherine A. Kelley1*† and Elizabeth Cottrell2*
Mantle oxygen fugacity exerts a primary control on mass exchange between Earth’s surface and
interior at subduction zones, but the major factors controlling mantle oxygen fugacity (such as
volatiles and phase assemblages) and how tectonic cycles drive its secular evolution are still
debated. We present integrated measurements of redox-sensitive ratios of oxidized iron to total
iron (Fe3+/SFe), determined with Fe K-edge micro–x-ray absorption near-edge structure
spectroscopy, and pre-eruptive magmatic H2O contents of a global sampling of primitive
undegassed basaltic glasses and melt inclusions covering a range of plate tectonic settings.
Magmatic Fe3+/SFe ratios increase toward subduction zones (at ridges, 0.13 to 0.17; at back arcs,
0.15 to 0.19; and at arcs, 0.18 to 0.32) and correlate linearly with H2O content and element
tracers of slab-derived fluids. These observations indicate a direct link between mass transfer from
the subducted plate and oxidation of the mantle wedge.

Plate tectonics leads to a two-way geo-
chemical exchange between Earth’s interior
and exterior. This process is driven by the

formation of new oceanic crust by mantle melting
at mid-ocean ridges, hydration and oxidative
alteration of oceanic crust as it transits the seafloor,
and the subsequent return of hydrated oxidized
oceanic crust to the deepEarth at subduction zones
(Fig. 1A) (1, 2). How this exchange has affected
the oxygen fugacity of the mantle spatially (3) and
over time (2, 4, 5) remains unclear. Many lines of
evidence point to oxidizing conditions in arc
peridotites and magmas (1, 6), but a quantitative
link between oxidation state and the subduction
process, although intuitive, has not been established.
Here we provide coupled measurements of the
redox-sensitive Fe3+/SFe ratio andmagmatic H2O
concentrations at the same spatial resolution in a
global suite of undegassed basaltic glasses, in order
to determine the current oxidation condition of the
mantle as a function of tectonic regime.

The ratio of oxidized iron to total iron [Fe3+/SFe=
Fe3+/(Fe3+ + Fe2+)] in primary, mantle-derived ba-

saltic melts reflects mantle oxygen fugacity, pro-
vided thatmagmas experienceminimalmodification
as they ascend to the surface (1, 6–8). Melts may,
however, be oxidized by crustal assimilation, crys-
tallization, or degassing during ascent (3, 8, 9).
Interpretation of bulk measurements of Fe3+/SFe
ratios in lavas (for example, by wet chemistry or
Mössbauer spectroscopy) can be complicated be-
cause many rock samples, even at small scales,
are mixtures of crystals and glass that may not
represent true magmatic liquids. Lavas erupted
on land also extensively degas, which alters their
primary Fe3+/SFe ratios (9). Submarine pillow
rim glasses andmelt inclusions (Fig. 1), however,
can preserve primitive, minimally degassed mag-
matic liquids (10, 11).

We used synchrotron-based FeK-edgemicro–
x-ray absorption near-edge structure (m-XANES)
spectroscopy to derive Fe3+/SFe ratios from the
valence-sensitive pre-edge feature corresponding
to the 1s→ 3d electronic transition (12). The area-
weighted average energy of the baseline-subtracted
pre-edge feature (the centroid) shifts in energy as
a function of Fe oxidation state in basaltic glass
(13) (Fig. 2A). Natural basalt powders were equil-
ibrated over 16 oxygen fugacities, between –3.5
and +4.5 log units relative to the quartz-fayalite-
magnetite (QFM) buffer, to create a suite of
calibration glasses of known Fe3+/SFe ratios,
independently determined byMössbauer spectros-

copy (14). Over this compositional range, neither
H2O content (15) nor basalt major or minor
element concentrations (14) influence the relation
between the energy of the area-weighted centroid
and Fe3+/SFe. These reference glasses can be used
to extract the Fe3+/SFe ratio of basalts from
multiple tectonic settings and with varying H2O
content, with a precision of T0.0045, comparable
to that determined by wet chemistry (14).

Our samples represent melts from a range of
tectonic settings, including global submarine pillow-
rim glasses from primitive [>6 weight percent (wt %)
MgO] mid-ocean ridge basalts (MORBs) and
Mariana Trough back-arc basin basalts (BABBs),
as well as basaltic olivine-hosted melt inclusions
from one MORB and a global suite of arc vol-
canoes (Fig. 1) (12). Based on m-XANES spectral

1Graduate School of Oceanography, University of Rhode
Island, Narragansett, RI 02882, USA. 2National Museum of
Natural History, Smithsonian Institution, Washington, DC
20560, USA.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
kelley@gso.uri.edu

Fig. 1. (A) Cartoon showing plate tectonic settings
of samples analyzed in this study. Mid-ocean ridges
create oceanic crust through mantle upwelling.
Hydrated and altered mid-ocean ridge crust is
returned to the mantle by subduction, where H2O
released by metamorphic reactions enters the
mantle sources of arc volcanoes and back-arc basins.
(B) Photomicrograph of a double-polished, olivine-
hosted arc melt inclusion (sample GUG-DB). The
melt inclusion is originally glassy, free of daughter
crystals, and contains a single vapor bubble caused
by the contraction of the glass upon cooling. The size
of the m-XANES beam is shown for reference. (C)
Photomicrograph of a wafered back-arc basin glass
chip (sample ALV1839-21).
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global suite of undegassed basaltic glasses, in order
to determine the current oxidation condition of the
mantle as a function of tectonic regime.

The ratio of oxidized iron to total iron [Fe3+/SFe=
Fe3+/(Fe3+ + Fe2+)] in primary, mantle-derived ba-

saltic melts reflects mantle oxygen fugacity, pro-
vided thatmagmas experienceminimalmodification
as they ascend to the surface (1, 6–8). Melts may,
however, be oxidized by crustal assimilation, crys-
tallization, or degassing during ascent (3, 8, 9).
Interpretation of bulk measurements of Fe3+/SFe
ratios in lavas (for example, by wet chemistry or
Mössbauer spectroscopy) can be complicated be-
cause many rock samples, even at small scales,
are mixtures of crystals and glass that may not
represent true magmatic liquids. Lavas erupted
on land also extensively degas, which alters their
primary Fe3+/SFe ratios (9). Submarine pillow
rim glasses andmelt inclusions (Fig. 1), however,
can preserve primitive, minimally degassed mag-
matic liquids (10, 11).

We used synchrotron-based FeK-edgemicro–
x-ray absorption near-edge structure (m-XANES)
spectroscopy to derive Fe3+/SFe ratios from the
valence-sensitive pre-edge feature corresponding
to the 1s→ 3d electronic transition (12). The area-
weighted average energy of the baseline-subtracted
pre-edge feature (the centroid) shifts in energy as
a function of Fe oxidation state in basaltic glass
(13) (Fig. 2A). Natural basalt powders were equil-
ibrated over 16 oxygen fugacities, between –3.5
and +4.5 log units relative to the quartz-fayalite-
magnetite (QFM) buffer, to create a suite of
calibration glasses of known Fe3+/SFe ratios,
independently determined byMössbauer spectros-

copy (14). Over this compositional range, neither
H2O content (15) nor basalt major or minor
element concentrations (14) influence the relation
between the energy of the area-weighted centroid
and Fe3+/SFe. These reference glasses can be used
to extract the Fe3+/SFe ratio of basalts from
multiple tectonic settings and with varying H2O
content, with a precision of T0.0045, comparable
to that determined by wet chemistry (14).

Our samples represent melts from a range of
tectonic settings, including global submarine pillow-
rim glasses from primitive [>6 weight percent (wt %)
MgO] mid-ocean ridge basalts (MORBs) and
Mariana Trough back-arc basin basalts (BABBs),
as well as basaltic olivine-hosted melt inclusions
from one MORB and a global suite of arc vol-
canoes (Fig. 1) (12). Based on m-XANES spectral

1Graduate School of Oceanography, University of Rhode
Island, Narragansett, RI 02882, USA. 2National Museum of
Natural History, Smithsonian Institution, Washington, DC
20560, USA.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
kelley@gso.uri.edu

Fig. 1. (A) Cartoon showing plate tectonic settings
of samples analyzed in this study. Mid-ocean ridges
create oceanic crust through mantle upwelling.
Hydrated and altered mid-ocean ridge crust is
returned to the mantle by subduction, where H2O
released by metamorphic reactions enters the
mantle sources of arc volcanoes and back-arc basins.
(B) Photomicrograph of a double-polished, olivine-
hosted arc melt inclusion (sample GUG-DB). The
melt inclusion is originally glassy, free of daughter
crystals, and contains a single vapor bubble caused
by the contraction of the glass upon cooling. The size
of the m-XANES beam is shown for reference. (C)
Photomicrograph of a wafered back-arc basin glass
chip (sample ALV1839-21).
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Zimmer et al. (2010 - J. of Petrology)

Fig. 7. THIvs H2O. (a) THI and average maximum magmatic water content measured in melt inclusions (as in Fig. 6) for eight volcanoes from
the Aleutian volcanic arc (Table 1). Abbreviations as in Fig. 5. Filled circles are TH, open circles are CA, and gray circles are transitional,
based on the SiO2 vs FeO*/MgO diagram of Miyashiro (1974). (b) THI vs H2O for arcs (filled circles), back-arc basins (gray circles), ocean
islands (open circles), and mid-ocean ridges (open circles with crosses). THI for two layered mafic intrusions (gray circles with crosses) shown
at 0wt % H2O (no measured H2O). THI for Hawaii is also shown as calculated at maximum FeO* (!; see text for details). Regions lacking
water data (plotted at 0% H2O) and ocean islands are not included in regression. THI error bars (2s standard error) are propagated from
standard deviation of the mean Fe4·0 and Fe8·0, and H2O error bars are 1s standard deviation (see Table 1 for values and abbreviations).
Best-fit curve (logarithmic) to data determined by reduced major axis regression. The 95% confidence interval on H2O (dashed lines, read
horizontally off the x-axis) gives a roughly similar error ("#1·2wt %) at both high and low water contents. Data sources and a description of
THI and H2O calculations for volcanoes outside the Aleutians are given in Electronic Appendix A.
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Questions for This Talk

What is calc-alkaline magmatism?
What causes it?
Why does it matter?

Where (exactly) does the water come from?

What is the nature of island-arc crust?  
Is it geochemically / geophysically like continental crust?



Alamagan Island

Island Arc

Mariana Forearc

Mariana Trench

Serpentine mud 
volcanoes

Undersea volcanoes, ooz ing green, asbestos-rich mud , were
d iscovered just west of the Mariana Trench in the western
Pacific. Seafloor volcanoes are normally composed of molten
lava, but the unusually large (more than 25,000 m in d iameter
and 2,000 m high) “Conical Seamount” mud volcano was
formed by gradual build up of low-temperature, fine-grained ,
unconsolidated serpentine flows. Serpentine, an asbestos
mineral, is formed when water is mixed w ith rock material
originating from the mantle, tens of kilometers below the
seafloor. The flows carrying the serpentine and other rocks
formed by chemical transformation under elevated tempera-
tures and pressures (metamorphism), move upward to the
seafloor along deep ly penetrating faults that extend down to
the subducting p late. Water, an essential ingred ient for
metamorphism of the mantle to serpentine, is squeezed from
the downgoing slab and percolates upwards, due to its lower
density. Our first efforts to samp le this volcano, to learn more
about its origin, involved shipboard dredging of rocks and
muds from the volcano’s surface. Sonar imaging of the seafloor
ind icated large flows, and submarine investigation proved
these to be composed of serpentine muds. However, drilling
was required to truly understand the internal mechanics of
Conical Seamount, and the origin of the fluid . With these goals
in mind , ODP Leg 125 penetrated the summit and flanks of the

ODP DISCOVERS MUD VOLCANOES
FROM THE MANTLE
Patricia Fryer, Hawaii Institute of Geophysics and Planetology, SOEST, University of Hawaii

volcano in 1989 and confirmed that the entire ed ifice, and not
just the surface, was composed of serpentine mud flows.
Furthermore, drilling provided the first evidence that fluids
derived from the down-going p late were actively emanating
from the seamount. The composition of these fluids is unique in
the world ’s oceans. For examp le they are more basic (pH of
12.6), than any ever measured from the deep ocean. ODP also
recovered rock fragments in the muds that could only have
formed at great dep ths (tens of km), most likely from the
subducting p late. This observation proved that the routes for
the slab-derived fluids likely penetrate to the décollement, the
contact between the overrid ing and subducting p lates. The
mantle rock fragments recovered by ODP are remarkab ly
uniform in composition. The important imp lications of this are
that the rising fluids are w ill be sub jected to a less comp lex
range of chemical interactions on their journey to the seafloor
than would occur in more lithologically variab le regions. As
such, the Mariana serpentine seamounts are an excellent p lace
to study slab-derived fluids that are more pristine than those
collected elsewhere, such as at accretionary sed imentary
wedges. Scientists need to understand the fluxes and composi-
tions of slab-derived fluids from these locations, and others
world-w ide, in order to determine the subduction-related
contribution to global mass balance. Because these seamounts

are the only serpentine
mud volcanoes known
to be active, they
provide the op timal
site for such stud ies.
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Table 1 |Average volatile, trace element and stable isotope compositions of melt inclusions from Lassen Region cinder cones.

Sample �Davg. measured⇤

( )
�Dlowest measured
( )

�Dinitial
( )

H2Omax
(wt%)

H2Omax/Ce (Sr/P)N La/Yb Nb/Zr SiO2
(wt%)

Olivine
Fo

BBL �66 �79 �85 1.40 802 1.18 3.45 0.0429 49.76 84–87
BAS-44 �52 �53 �70 1.30 521 1.80 3.31 0.0341 49.66 87–88
BPPC �46 �56 �75 2.47 1,503 2.81 2.97 0.0239 51.70 86–88
BRVB �33 �42 �75 2.60 702 1.19 8.04 0.0705 49.73 84–86
BORG �58 �67 �90 3.40 2,026 2.87 3.84 0.0413 50.49 86–89
Cinder cone �67 �83 �95 3.20 1,329 1.46 5.01 0.0602 51.85 89–90
BPB �36 �37 �80 3.23 969 1.31 6.91 0.0591 51.94 85–87
⇤�Davg. measured is the average of measured values excluding those severely e�ected by post-entrapment hydrogen loss. �Dinitial is a calculated best estimate of the initial �D after correction for di�usive
hydrogen loss (see Supplementary Fig. 3 and Methods). SiO2 and Olivine Fo (forsterite content) are averages and ranges, respectively, taken from a larger melt inclusion data set (see Supplementary
Methods).
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Figure 1 | Cascade Arc regional map and Lassen sample locations.
a, Regional map of the northwestern United States showing major tectonic
boundaries. Black arrows show the direction and convergence rate of the
Juan de Fuca and Gorda plates. Lassen Peak (red triangle) represents the
southernmost active volcanic centre of the Quaternary Cascade Arc.
b, Expanded map of the Lassen Region with locations of Quaternary cinder
cones sampled in this study. Symbols and colours for calc-alkaline basalt
(CABs; squares) and CAB-transitional (circles) samples are used
throughout the article.

Slab surface temperatures
To better understand thermal conditions at the slab–wedge
interface, we developed a two-dimensional steady-state thermal
model for this region2. The maximum depth of slab–mantle

decoupling (MDD) controls the trench-ward extent of solid mantle
wedge flow, and this depth tends to be 70–80 km for most
subduction zones2. In our model for the Lassen segment, we assume
that the MDD is 75 km. Temporal changes in regional tectonics
or slab geometry can cause deviation from the common MDD.
Thus, the range of slab surface temperatures predicted by models
with MDD of 65–85 km depth are shown in Fig. 2b. We also
calculated slab surface temperatures using the H2O/Ce ratio17 (see
Supplementary Information) as an independent comparison with
the thermal model. Slab surface temperatures at sub-arc depths of
⇠85–95 km (ref. 18) beneath the Lassen segment calculated using
this method are 725–850 ± 50 �C (Fig. 2b), slightly lower than
temperatures predicted by the thermal model. Our thermal model
does not include the e�ects of fluid circulation within the oceanic
crust at shallow depths in the subduction zone or the latent heat of
fusion that would a�ect temperatures if the oceanic crust at the plate
top was partially melted (see Supplementary Information). Each of
these e�ects could reduce the slab surface temperatures by ⇠50 �C
(ref. 19). Furthermore, in interpreting H2O/Ce temperatures, we
neglect the potential e�ects of lateral migration of fluids and melts
through thewedge20 whichmay contribute to the di�erence between
the two estimates (see Supplementary Information). Regardless of
the small o�set, both the thermal model and H2O/Ce temperature
estimates indicate active fluxing of hydrous material from the slab
into the mantle wedge beneath the arc rather than down-dragging
of hydrous mantle from the forearc region. If the latter was an
important process, it would have imprinted the mantle wedge with
relatively high H2O/Ce, resulting in lower apparent temperatures17.
Calculated slab surface temperatures beneath the Cascades (from
both methods) also plot at or above the solidi of both mid-ocean
ridge basalt (MORB) + H2O (ref. 21) and sediment + H2O (ref. 22;
Fig. 2b), indicating the likelihood of partial melting of the slab top
if H2O is present.

Hydrogen isotopes
The melt inclusion data from the Lassen Region show a negative
correlation between measured �D values and H2O (Supplementary
Fig. 3). Recent experimental work demonstrates that this correlation
is the result of post-entrapment fractionation caused by preferential
di�usive loss of H relative to D through the olivine host23,24, and
our data show the first evidence for this process in naturally glassy
samples (Supplementary Fig. 3). Using a di�usive re-equilibration
model24, we calculated the initial �D composition for each cone
by assuming that the highest H2O concentrations measured are in
melt inclusions that are least a�ected by this process (Supplementary
Fig. 3). We compare our results (Fig. 3a) with published data
from the Marianas12, where negative correlations between �D
and H2O wt% are not observed. The Marianas data come from
longer-lived volcanoes that erupted more explosively, and di�usive
H loss may have been minimized by rapid ascent rates and lower

2 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

ARTICLES NATURE GEOSCIENCE DOI: 10.1038/NGEO2417

BRVB Manus Basin (pillow lavas)
BORG
Cinder cone

BPB
Back-arc basalts
MORB

Melt inclusion data
Marianas arc basalts
Koolau, HawaiiBPPC

BBL
BAS-44

−200

−150

−100

−50

0

50

0.0 1.0 2.0 3.0 4.0 5.0
H2O (wt%)

Seawater

Lassen
measuredMORB

Arc fumaroles

a

Distance (km)

D
ep

th
 (k

m
)

100 150 200 250
−140

−120

−100

−80

−60

−40

−20

0.0

0.5

1.0

1.5

2.0

2.5

3.0

300

H
2 O

 (w
t%

)

Eclogite
transition

Serpentine out

Chlorite out

Arc

Region of slab
melting

b
D

ep
th

 (k
m

)

−140 −120 −100 −80 −60 −40 −20 0
−160

−140

−120

−100

−80

−60

−40

−20

0

Lassen MI

Measured MI

50%

75%

0% H2O
remaining
in the slab

25%

50%

75%

c

Complete dehydration of
upper crust-shift to

composition of
chlorite derived fluids

Percentage of H2O
remaining in the slab

Initial serpentinite δD

Marianas

δD
 (  

   
 )

−40
−60

δD (     )

Figure 3 | Hydrogen isotopes: measured values and model results. a, H2O
versus �D for Lassen (green shaded region excludes inclusions severely
a�ected by H loss; coloured symbols are initial values; errors based on
di�usion correction; Table 1; Supplementary Information), the Marianas
Arc12, Koolau46, Manus Basin47, MORB26 and arc fumaroles28.
b, Distribution of bound H2O in the slab calculated with our Lassen thermal
model (Supplementary Fig. 4 and Supplementary Information). Slab
thickness exaggerated by a factor of three. c, Fractionation model results.
�D of fluids released from the entire slab package as a function of slab top
depth beneath the Cascades (green) and Marianas (blue). Uncertainty is
± 15h (shaded regions; 2� ; Supplementary Fig. 4 and Supplementary
Information). Grey boxes show range in melt inclusion data at
sub-arc depths.

Cascades, model results for the Marianas (Fig. 3c), where older
oceanic crust is being subducted, show that temperatures within
the slab remain cool enough to carry bound H2O in hydrated
upper mantle well past sub-arc depths (⇠160 km). In the Marianas,
modelled D/H values for fluids released from the plate overlap with
the lowest measured melt inclusion values. Although the modelled
values do not reproduce the full range of the data for the Marianas,
the model does predict higher �D values for fluids released beneath
the Marianas Arc than for the Cascades.

Evidence and implications for slab melting
Beneath the Lassen Region, the upper, completely dehydrated
portions of the plate are likely to be at or above the MORB + H2O
(ref. 21) and sediment+H2O (ref. 22) solidi (Fig. 2b). Ourmodel re-
sults predict that H2O-rich fluids are released from the slab interior
during chlorite breakdown at sub-arc depths, providing H2O that
could cause partial melting of the slab top. Although sediment melt-
ing imparts a distinctive trace-element signature on many arc mag-
mas worldwide34, in the Lassen Region it seems to be subordinate to
contributions from the subducted basaltic crust14. Previous work in
the Lassen segment14,15 found that magmas with the highest (Sr/P)N,
and therefore the greatest amount of subduction component, have
the lowest Sr isotope ratio (87Sr/86Sr = 0.7029–0.7034), similar to
unaltered Gorda Ridge MORB (ref. 35) (87Sr/86Sr = 0.7024; Supple-
mentary Fig. 6). In light of our new results, we interpret the MORB-
like 87Sr/86Sr signature to reflect hydrous partial melting of Gorda
Ridge MORB in which altered domains with radiogenic Sr derived
from seawater have lost much of their Sr during the shallower stages
of dehydration (see Supplementary Information). Strong negative
correlation of 87Sr/86Sr and (Sr/P)N in the Mount Shasta region36 is
also consistent with this interpretation, but existing data for other
segments of the arc further to the north do not show this pattern37,38

(Supplementary Fig. 6).
Our results provide strong evidence for melting of sediments

and basalt in the upper part of the subducted oceanic plate by
fluids rising from deeper parts of the slab6,7,17,39,40. Because melting
of the upper oceanic crust takes place in the garnet stability field,
a hallmark of slab melting is the geochemical signature imposed
by garnet, such as high Sr/Y and La/Yb. Lavas from the Cascades,
and other relatively hot-slab subduction zones such as Mexico, have
values of these ratios that are higher than most other arc magmas,
but not as extreme asmany so-called adakites, which are interpreted
to be slab melts41. Wet melts of the basaltic crust are expected to be
andesitic to dacitic in composition42,43, and will infiltrate and react
with the overlying mantle wedge and lower its solidus temperature
as they rise from the plate interface. A comparison of temperature-
sensitive (H2O/Ce) and garnet-sensitive (La/Yb) parameters for arc
magmas worldwide (Supplementary Fig. 7) lends support to our
interpretation that slab melting plays an increasingly important role
in arcs where younger, warmer oceanic crust is being subducted.

Methods
Methods and any associated references are available in the online
version of the paper.
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Questions for This Talk

What is calc-alkaline magmatism?
What causes it?
Why does it matter?

Where (exactly) does the water come from?

What is the nature of island-arc crust?  
Is it geochemically / geophysically like continental crust?
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seismometers) deployed from the R/V Alpha
Helix and on portable seismometers deployed on
Aleutian islands (Fliedner and Klemperer, 1998).
One along-arc and two arc-crossing profiles were
recorded. In this paper we present the P-wave
velocity structure of the island arc along profile
A1, which crosses the island arc in Seguam Pass,
between Seguam and Amlia Islands (Fig. 1).

VELOCITY MODEL AND CRUSTAL
COMPOSITION

The P-wave velocity model shown in Figure 1
was derived by traveltime inversion (Zelt and
Smith, 1992) of wide-angle reflections and re-
fractions recorded on ocean-bottom instruments
on line A1.1 Velocities in the arc are constrained
by intracrustal refractions and reflections ob-
served on 10 instruments. In addition, the struc-
tures of the forearc and backarc basins were
constrained by reflections on the stacked multi-
channel seismic (MCS) section (Bangs et al.,
1995). Wide-angle Moho reflections from the
arc were observed on six instruments, at offsets
as great as 180 km. We estimate uncertainty in
average velocities within crustal layers to be
±0.1 km/s in the upper crust and ±0.15 km/s in
the middle and lower crust.

The principal features of the Aleutian arc
velocity structure are (1) a crustal thickness of
25–30 km beneath the arc and most of the
backarc; (2) two upper crustal layers of relatively
low velocity (4.3–5.0 km/s and 5.2–5.4 km/s) be-
neath a drape of volcaniclastic sediments; (3) a
mid-crustal layer with a thickness of 3–6 km and
a velocity of 6.5–6.8 km/s; and (4) a lower crust
of variable thickness (10–20 km) and velocity
(6.9–7.3 km/s). Several aspects of the model are
remarkable, including the relatively thick crust

that continues 100 km behind the arc, and a sub-
ducting slab that is only 50–60 km beneath the
present-day arc platform. In addition, one feature
is notably absent: there is virtually no material
within the arc with velocities of 6.0 ± 0.4 km/s.
This finding is in marked contrast to recent results
from the Isu-Ogasawara arc (Suyehiro et al.,
1996) and to the velocity structure of continental
crust, as we discuss in the following.

The interpretation of composition from seismic
P-wave velocity is nonunique and affected by
numerous factors such as pressure, temperature,
and porosity. Nonetheless, given constraints on
pressure and temperature and some reasonable
assumptions, P-wave velocities can provide in-
sight into crustal composition. In the upper 7 km
of the crust, velocities of 4.3–5.4 km/s are too low
to correspond to crystalline rocks and thus indi-
cate fractured, porous, or altered rock. On the
basis of exposed geology, we interpret the upper
crust to consist largely of extrusive and intrusive
igneous rocks of varying composition, and some
volcaniclastic sediments. The boundary between
layers with velocities of 4.3–5.0 km/s and 5.2–
5.4 km/s may represent a downward increase in
the abundance of plutons or increasing com-
paction of extrusive rocks. Despite the composi-
tional variability of igneous rocks in the Aleu-
tians, the predominant lava types are basalt and
basaltic andesite (e.g., Myers, 1988); therefore we
assign this layer a bulk composition intermediate
between basalt and basaltic andesite.

Two interpretations of the mid-crustal layer
(6.5–6.8 km/s) are possible. First, the layer may
represent arc-related intrusions, perhaps at a level
from which mid-crustal magma chambers fed
surface eruptions. The velocity of 6.5–6.8 km/s,
at 3–4 kbar confining pressure, would be consist-
ent with intermediate (andesitic) compositions
(e.g., Holbrook et al., 1992). A second possibility
is that the layer represents a remnant of the Kula
plate oceanic crust on which the island arc was
originally built. This interpretation is supported

by (1) the rough similarity in thickness and
P-wave velocity of this layer and the Pacific
oceanic crust south of model km 100 and (2) the
continuation of the layer to the north end of the
model, at a depth at which oceanic crust of the
backarc must eventually appear. Although our
survey did not extend far enough to confirm the
continuity of the mid-crustal layer farther into the
backarc, we tentatively interpret this layer as a
thinned, intruded remnant of Kula plate oceanic
crust. In this case, the bulk composition of the
layer would presumably be that of mid-ocean
ridge basalt (MORB).

Velocities of 6.9–7.3 km/s in the thick lower
crust are indicative of a mafic bulk composition
(Christensen and Mooney, 1995; Holbrook et al.,
1992). Two candidate compositions for the lower
crust (Kay and Kay, 1985) are the mafic residua of
either calc-alkalic fractionation (43.2 wt% SiO2,
13.2% MgO) or tholeiitic fractionation (47.9%
SiO2, 12.5% MgO). We can test the appropriate-
ness of these compositions by using the empirical
velocity-composition relationship of Kelemen
and Holbrook (1995),Vp = 8.054 – 0.024(SiO2) +
0.029(MgO), where SiO2 and MgO are oxide
compositions in weight percent. The predicted
velocities (at 4 kbar pressure and 25 °C) of the
calc-alkalic and tholeiitic residua are 7.4 km/s and
7.3 km/s, respectively, which correspond to about
7.1 km/s and 7.0 km/s at in situ temperatures, in
good agreement with observed lower crustal
velocities. These mafic residua, combined with
intruded primary melts of mafic composition, are
thus likely constituents of the lower crust.

Subcrustal velocities beneath the arc are
poorly constrained by our data, as Pn was not
observed on any ocean-bottom instruments.
Critical distances of PmP reflections, however,
suggest that velocities increase to about 8.0 km/s
over a relatively short vertical distance (<3 km).
Along-arc wide-angle reflection and refraction
data recorded on Aleutian islands indicate aver-
age subcrustal velocities of 7.7 km/s (Fliedner
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Figure 1. P-wave velocity model of litho-
sphere along Aleutian island-arc profile
A1 (white line, lower left inset).Velocities
(white numbers) are contoured every
0.2 km/s from 5.0 to 7.2 km/s. White cir-
cles are earthquake hypocenters, from
database provided by R. Engdahl, U.S.
Geological Survey; only those hypocen-
ters are plotted that lie within 125 km to
west of line A1 and have hypocentral
depth-determination errors <4 km. Black
circles show locations of ocean-bottom
seismic instruments on which wide-
angle data were recorded. Lower right
inset shows part of stacked, multichan-
nel seismic (MCS) reflection data on
profile A1, extending 25 km horizontally
and from 9 to 17 s two-way traveltime.
Red box shows approximate region cov-
ered by MCS data in inset; bold white
lines show migrated positions of sev-
eral prominent events in MCS data.

1GSA Data Repository item 9905, seismic data and
traveltime fits, is available on request from Documents
Secretary, GSA, P.O. Box 9140, Boulder, CO 80301. 
E-mail: editing@geosociety.org.

and Klemperer, 1998). The position of the sub-
ducting slab is well constrained by wide-angle re-
flections on ocean-bottom instruments as far north
as model km 175, where the plate boundary is at
about 20 km depth. At greater depths, dipping re-
flections that presumably come from near the top
of the slab were observed at 13–17 s two-way
traveltime on the coincident MCS profile (inset,
Fig. 1; Bangs et al., 1995); after migration using
our velocity profile, these reflections form a dip-
ping zone at 40–50 km depth. Plotting of earth-
quake hypocenters confirms that these reflections
are located appropriately to be the top of the slab.
It is interesting that these reflections imply that
the slab is ~60 km, not 100 km, beneath the cur-
rently active arc, a depth similar to that recently
obtained in the Cascadia arc (Parsons et al.,
1998). The thick crust in the backarc suggests
that the locus of magmatism has migrated south
with time, perhaps because of slab rollback (Gar-
funkel et al., 1986; Hamilton, 1988).

DISCUSSION
Important constraints on continental growth

via accretion of intraoceanic arcs can be placed
by comparing arc properties to those of mature
continental crust. An important question is
which characteristics of mature continental crust
are generated in arcs and which are acquired
during later events. Our results provide an
opportunity to compare three large-scale proper-
ties—thickness, bulk composition, and internal
structure—between Aleutian island-arc crust
and mature continental crust.

Our results suggest that the thickness of crust
produced in an island arc is sufficient to form
continental crust, but that the bulk composition
and internal structure are dissimilar to mature
continental crust. The 25–30-km-thick crust
forms a buoyant block, the likely fate of which is
to accrete to a continental margin rather than to
subduct. However, the velocity structure, and
hence the composition, of the Aleutian crust is
rather different from that of continental crust.
These differences are demonstrated by a com-
parison of velocities in the Aleutian arc to those
of (1) average continental crust (Christensen and
Mooney, 1995) and (2) the accreted terranes of
British Columbia (Morozov et al., 1998) (Fig. 2).
Both the average continental crust and the
accreted terranes have a substantially lower pro-
portion of mafic material in the lower crust than
the Aleutian crust has, and both have a distinct
upper crustal layer with velocities of 6.1–6.4
km/s, which is lacking in the Aleutian crust.

We can place bounds on the major-element
composition of the Aleutian island arc by using
the seismic constraints imposed by our model,
combined with knowledge of Aleutian lava
chemistry (Fournelle et al., 1994) and fractiona-
tion models (Kay and Kay, 1985). We calculated
a suite of compositional models using a range of
plausible compositions for the upper, middle, and

lower crust. Candidate rock types were deter-
mined from observed lava chemistry in the upper
crust (Fournelle et al., 1994) and seismic veloci-
ties in the middle and lower crust, and chemical
compositions were taken from the compilation of
(Fournelle et al., 1994) and the fractionation
models of Kay and Kay (1985). Combining
chemical compositions in the proportions dic-
tated by the thickness of seismic layers yielded
the results in Table 1. Our preferred model has a
mixture of basalt and basaltic andesite in the
upper crust, MORB in the middle crust, and
tholeiitic residuum (47% plagioclase, 33%
clinopyroxene, and 20% olivine; Kay and Kay,
1985) in the lower crust. The resulting chemical
composition is significantly more mafic than
bulk continental crust (Rudnick, 1995).

The Aleutian island arc lacks any seismic evi-
dence for silicic compositions in the middle crust,
in contrast to a recent study of the Izu-Ogasawara
arc that found a 5-km-thick unit with a velocity of
6.0–6.3 km/s, which Suyehiro et al. (1996) inter-
preted as granitic. The resulting discrepancy in
seismically inferred bulk crustal composition
implies that (1) the middle crust of the Izu-
Ogasawara arc is anomalously hot or fractured,
yielding lower velocities; (2) the low-velocity
(4.3–5.0 km/s) upper crust of the Aleutian arc
consists predominantly of silicic lavas; or (3)
magmatic processes may be different in the two
arc systems. We consider the first two possibilities
unlikely. However, additional, well-constrained
seismic studies of intraoceanic arcs are needed to
understand the potential variability in magmatic
processes and crustal composition.

Another defining geophysical characteristic of
continental crust, the pervasive middle and lower

crustal reflectivity (e.g., Mooney and Brocher,
1987), is conspicuously lacking in the Aleutian
arc. MCS profiles acquired across and along the
arc during our experiment (Bangs et al., 1995;
McGeary and Aleutian Working Group, 1996)
show little intracrustal reflectivity, despite the
recording of deep reflections from the slab
(Fig. 1). This result indicates that, like the silicic
upper crust, pervasive seismic reflectivity is not
native to arcs and therefore must be acquired dur-
ing later tectonic and magmatic events.

These differences in internal structure and bulk
composition indicate that, if island arcs serve as
building blocks of continental crust, their proper-
ties are significantly altered during or after accre-
tion to a continental margin. Two processes must
occur in order to transform Aleutian island-arc
crust into crust that resembles mature continental
crust: a substantial upper crust of silicic composi-
tion must be created, and much of the mafic lower
crust must be removed. These processes are likely
accomplished by a combination of intracrustal
melting and delamination of a mafic and/or ultra-
mafic lower crust. Welding of oceanic arc terranes
to a continent may result in eclogite formation
that would stimulate delamination (e.g, Kay and
Kay, 1988; Nelson, 1991). In addition, subduction
outboard of a newly accreted terrane may be
established, forming a continental arc. Magmas
erupting through the thickened crust of the
accreted continental margin will be likely to frac-
tionate and form silicic plutons in the upper crust.
Intracrustal melting and fractionation are neces-
sary components of the model: delamination of
arc lower crust alone is insufficient to drive SiO2
and MgO compositions from island-arc to bulk-
continental values (Table 1). A combination of
delamination and partial melting of the lower
crust was also proposed by Pearcy et al. (1990)
based on chemical modeling of exposed island arc
terranes. Segregation of cumulate olivine beneath

GEOLOGY, January 1999 33

0

10

20

30

40

D
ep

th
 (k

m
)

4 5 6 7 8
Velocity (km/s)

Figure 2. Velocity-depth profile from Aleutian
island arc (dashed line), from British Columbia
accreted terranes (solid line; Morozov et al.,
1998), and for globally averaged continental
crust (solid line connecting circles with error
bars; Christensen and Mooney, 1995).
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as model km 175, where the plate boundary is at
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flections that presumably come from near the top
of the slab were observed at 13–17 s two-way
traveltime on the coincident MCS profile (inset,
Fig. 1; Bangs et al., 1995); after migration using
our velocity profile, these reflections form a dip-
ping zone at 40–50 km depth. Plotting of earth-
quake hypocenters confirms that these reflections
are located appropriately to be the top of the slab.
It is interesting that these reflections imply that
the slab is ~60 km, not 100 km, beneath the cur-
rently active arc, a depth similar to that recently
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1998). The thick crust in the backarc suggests
that the locus of magmatism has migrated south
with time, perhaps because of slab rollback (Gar-
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which characteristics of mature continental crust
are generated in arcs and which are acquired
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structure—between Aleutian island-arc crust
and mature continental crust.
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produced in an island arc is sufficient to form
continental crust, but that the bulk composition
and internal structure are dissimilar to mature
continental crust. The 25–30-km-thick crust
forms a buoyant block, the likely fate of which is
to accrete to a continental margin rather than to
subduct. However, the velocity structure, and
hence the composition, of the Aleutian crust is
rather different from that of continental crust.
These differences are demonstrated by a com-
parison of velocities in the Aleutian arc to those
of (1) average continental crust (Christensen and
Mooney, 1995) and (2) the accreted terranes of
British Columbia (Morozov et al., 1998) (Fig. 2).
Both the average continental crust and the
accreted terranes have a substantially lower pro-
portion of mafic material in the lower crust than
the Aleutian crust has, and both have a distinct
upper crustal layer with velocities of 6.1–6.4
km/s, which is lacking in the Aleutian crust.

We can place bounds on the major-element
composition of the Aleutian island arc by using
the seismic constraints imposed by our model,
combined with knowledge of Aleutian lava
chemistry (Fournelle et al., 1994) and fractiona-
tion models (Kay and Kay, 1985). We calculated
a suite of compositional models using a range of
plausible compositions for the upper, middle, and
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ties in the middle and lower crust, and chemical
compositions were taken from the compilation of
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models of Kay and Kay (1985). Combining
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tated by the thickness of seismic layers yielded
the results in Table 1. Our preferred model has a
mixture of basalt and basaltic andesite in the
upper crust, MORB in the middle crust, and
tholeiitic residuum (47% plagioclase, 33%
clinopyroxene, and 20% olivine; Kay and Kay,
1985) in the lower crust. The resulting chemical
composition is significantly more mafic than
bulk continental crust (Rudnick, 1995).

The Aleutian island arc lacks any seismic evi-
dence for silicic compositions in the middle crust,
in contrast to a recent study of the Izu-Ogasawara
arc that found a 5-km-thick unit with a velocity of
6.0–6.3 km/s, which Suyehiro et al. (1996) inter-
preted as granitic. The resulting discrepancy in
seismically inferred bulk crustal composition
implies that (1) the middle crust of the Izu-
Ogasawara arc is anomalously hot or fractured,
yielding lower velocities; (2) the low-velocity
(4.3–5.0 km/s) upper crust of the Aleutian arc
consists predominantly of silicic lavas; or (3)
magmatic processes may be different in the two
arc systems. We consider the first two possibilities
unlikely. However, additional, well-constrained
seismic studies of intraoceanic arcs are needed to
understand the potential variability in magmatic
processes and crustal composition.

Another defining geophysical characteristic of
continental crust, the pervasive middle and lower

crustal reflectivity (e.g., Mooney and Brocher,
1987), is conspicuously lacking in the Aleutian
arc. MCS profiles acquired across and along the
arc during our experiment (Bangs et al., 1995;
McGeary and Aleutian Working Group, 1996)
show little intracrustal reflectivity, despite the
recording of deep reflections from the slab
(Fig. 1). This result indicates that, like the silicic
upper crust, pervasive seismic reflectivity is not
native to arcs and therefore must be acquired dur-
ing later tectonic and magmatic events.

These differences in internal structure and bulk
composition indicate that, if island arcs serve as
building blocks of continental crust, their proper-
ties are significantly altered during or after accre-
tion to a continental margin. Two processes must
occur in order to transform Aleutian island-arc
crust into crust that resembles mature continental
crust: a substantial upper crust of silicic composi-
tion must be created, and much of the mafic lower
crust must be removed. These processes are likely
accomplished by a combination of intracrustal
melting and delamination of a mafic and/or ultra-
mafic lower crust. Welding of oceanic arc terranes
to a continent may result in eclogite formation
that would stimulate delamination (e.g, Kay and
Kay, 1988; Nelson, 1991). In addition, subduction
outboard of a newly accreted terrane may be
established, forming a continental arc. Magmas
erupting through the thickened crust of the
accreted continental margin will be likely to frac-
tionate and form silicic plutons in the upper crust.
Intracrustal melting and fractionation are neces-
sary components of the model: delamination of
arc lower crust alone is insufficient to drive SiO2
and MgO compositions from island-arc to bulk-
continental values (Table 1). A combination of
delamination and partial melting of the lower
crust was also proposed by Pearcy et al. (1990)
based on chemical modeling of exposed island arc
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rocks diverging from the main trend to even higher
concentrations.
Chondrite-normalized REE patterns for the range

of lithologies from the Talkeetna Arc (volcanic
rocks, intermediate to felsic plutonic rocks, chilled
mafic rocks, and gabbroic rocks) are remarkably parallel
and increase in abundance systematically from the
basal gabbronorite and lower crustal gabbronorite
(1–10 · chondrite) through the volcanic upper crust
(8–38 · chondrite) (Fig. 6a and c). The patterns are
flat through the middle REE (MREE) and HREE, with
very few crossing patterns. The gabbronorites with
lower abundances are noticeably LREE depleted and
have distinct positive Eu anomalies. The LREE segments
progressively flatten with increasing REE abundance
in gabbroic rocks. Patterns for the mid-crustal gabbros,
and several chilled mafic rocks and intermediate to
felsic plutonic rocks, are nearly flat with small Eu
anomalies.
The REE patterns for the volcanic samples throughout

the arc section form a distinct band with parallel MREE
to HREE segments. However, three lavas, out of the 84
analyzed, are strongly depleted in HREE, similar to a
single HREE-depleted volcaniclastic sample reported by
Plafker et al. (1989) (Fig. 6a). The patterns in the main

band are progressively LREE enriched with increasing
abundance and samples with higher abundances gener-
ally have more pronounced negative Eu anomalies. REE
patterns for volcanic and chilled mafic rocks found in
close proximity (<1 km) are nearly identical. Several of
the intermediate to felsic plutonic rocks are slightly LREE
enriched and most of these patterns overlap volcanic rock
REE patterns.
Normal mid-ocean ridge basalt (N-MORB)-

normalized trace-element patterns are characterized by
high concentrations of large ion lithophile elements
(LILE) Ba, K, and Pb and lower abundances of high
field strength elements (HFSE) Nb, Ta, Zr, Hf, Ti, Y
(Fig. 6b and d). The concentrations of virtually all incom-
patible elements rise incrementally, from basal gabbro-
norites through the upper volcanic rocks, with noticeably
parallel patterns. Positive Pb and Sr spikes, relative to
adjacent elements, are present for all lithologies, with the
exception of eight volcanic rock samples with high trace-
element concentrations, which have negative Sr and Eu
anomalies. Ti concentrations are higher relative to
HREE in cumulate gabbronorites from the Tazlina and
Barnette areas, whereas Ti is depleted relative to HREE
in most of the volcanic and intermediate to felsic plutonic
rocks.

Fig. 6. Whole-rock REE and trace-element concentrations for volcanic rocks (a and b) and plutonic and chilled mafic rocks (c and d), normalized
to C1 chondrite (Anders & Grevesse, 1989) and N-MORB (Hofmann, 1988). The contrast in Ti anomalies between the cumulate gabbronorites
and the other lithologies should be noted (d). Samples from the Nelchina dike complex are not included because of extensive alteration. ICP-MS
analyses were used for all the elements except Ni, Ti, and K, for which XRF data were used.

24

JOURNAL OF PETROLOGY



Tamura et al. (2009 - J. of Petrology)

La
Ce

Pr
Nd

Sm
Eu

Gd
Tb

Dy
Ho

Er
Tm

Yb
Lu

10

100

C
on

ce
nt

ra
tio

n/
C

1 
ch

on
dr

ite

La
Ce

Pr
Nd

Sm
Eu

Gd
Tb

Dy
Ho

Er
Tm

Yb
Lu

10

100

C
on

ce
nt

ra
tio

n/
C

1 
ch

on
dr

ite

Sumisu rift
(1888-10, 1888-13, 1895-4)
north of Sumisu rift
(336-R2, 336-R7)
Dredges from rift
(51-1, D624-3)

(a)

Sumisu

Hachijo, Miyake, Oshima
Torishima

La
Ce

Pr
Nd

Sm
Eu

Gd
Tb

Dy
Ho

Er
Tm

Yb
Lu

10

100

C
on

ce
nt

ra
tio

n/
C

1 
ch

on
dr

ite

La
Ce

Pr
Nd

Sm
Eu

Gd
Tb

Dy
Ho

Er
Tm

Yb
Lu

10

100

C
on

ce
nt

ra
tio

n/
C

1 
ch

on
dr

ite

SW Torishima
South Sumisu
Sumisu Knolls
Myojin Knoll
South Hachijo

(b)

(c) (d)

R1

R3

R2

R2

R3

R1

La
Ce

Pr
Nd

Sm
Eu

Gd
Tb

Dy
Ho

Er
Tm

Yb
Lu

2

10

100
C

on
ce

nt
ra

tio
n/

C
1 

ch
on

dr
ite

(e)

Sumisu-Torishima basalts (Tamura et al., 
                                               2005; 2007)

Hachijo basalts (Ishizuka et al., 2008)
Miyake basalts (Yokoyama et al., 2003)

La
Ce

Pr
Nd

Sm
Eu

Gd
Tb

Dy
Ho

Er
Tm

Yb
Lu

2

10

100

C
on

ce
nt

ra
tio

n/
C

1 
ch

on
dr

ite

Sumisu-Torishima basalts

Hachijo basalts
Miyake basalts

R1 rhyolites

(f)

Fig. 5. REE patterns of (a) rhyolites from basalt-dominant volcanoes (R1), (b) rhyolites from rhyolite-dominant volcanoes (R2) and (c) rift-
type rhyolites (R3). (d) Different REE patterns between R1 (blue field), R2 (yellow field) and R3 (red field). (e) REE patterns of Quaternary
arc front basalts (AFB) from Miyake, Hachijo, Sumisu and Torishima. (f) REE patterns of R1 rhyolites and AFB, showing similar patterns
depleted in LREE compared with middle REE and heavy REE. (g) La/Sm vs Dy/Yb of Quaternary arc front basalts (AFB), Quaternary rift
basalts (RB) and Oligocene mafic turbidites (OMT). (h) La/Sm vs Dy/Yb of three kinds of rhyolites (R1, R2 and R3) compared with fields of
AFB, RB and OMT.
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rocks diverging from the main trend to even higher
concentrations.
Chondrite-normalized REE patterns for the range

of lithologies from the Talkeetna Arc (volcanic
rocks, intermediate to felsic plutonic rocks, chilled
mafic rocks, and gabbroic rocks) are remarkably parallel
and increase in abundance systematically from the
basal gabbronorite and lower crustal gabbronorite
(1–10 · chondrite) through the volcanic upper crust
(8–38 · chondrite) (Fig. 6a and c). The patterns are
flat through the middle REE (MREE) and HREE, with
very few crossing patterns. The gabbronorites with
lower abundances are noticeably LREE depleted and
have distinct positive Eu anomalies. The LREE segments
progressively flatten with increasing REE abundance
in gabbroic rocks. Patterns for the mid-crustal gabbros,
and several chilled mafic rocks and intermediate to
felsic plutonic rocks, are nearly flat with small Eu
anomalies.
The REE patterns for the volcanic samples throughout

the arc section form a distinct band with parallel MREE
to HREE segments. However, three lavas, out of the 84
analyzed, are strongly depleted in HREE, similar to a
single HREE-depleted volcaniclastic sample reported by
Plafker et al. (1989) (Fig. 6a). The patterns in the main

band are progressively LREE enriched with increasing
abundance and samples with higher abundances gener-
ally have more pronounced negative Eu anomalies. REE
patterns for volcanic and chilled mafic rocks found in
close proximity (<1 km) are nearly identical. Several of
the intermediate to felsic plutonic rocks are slightly LREE
enriched and most of these patterns overlap volcanic rock
REE patterns.
Normal mid-ocean ridge basalt (N-MORB)-

normalized trace-element patterns are characterized by
high concentrations of large ion lithophile elements
(LILE) Ba, K, and Pb and lower abundances of high
field strength elements (HFSE) Nb, Ta, Zr, Hf, Ti, Y
(Fig. 6b and d). The concentrations of virtually all incom-
patible elements rise incrementally, from basal gabbro-
norites through the upper volcanic rocks, with noticeably
parallel patterns. Positive Pb and Sr spikes, relative to
adjacent elements, are present for all lithologies, with the
exception of eight volcanic rock samples with high trace-
element concentrations, which have negative Sr and Eu
anomalies. Ti concentrations are higher relative to
HREE in cumulate gabbronorites from the Tazlina and
Barnette areas, whereas Ti is depleted relative to HREE
in most of the volcanic and intermediate to felsic plutonic
rocks.

Fig. 6. Whole-rock REE and trace-element concentrations for volcanic rocks (a and b) and plutonic and chilled mafic rocks (c and d), normalized
to C1 chondrite (Anders & Grevesse, 1989) and N-MORB (Hofmann, 1988). The contrast in Ti anomalies between the cumulate gabbronorites
and the other lithologies should be noted (d). Samples from the Nelchina dike complex are not included because of extensive alteration. ICP-MS
analyses were used for all the elements except Ni, Ti, and K, for which XRF data were used.
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Fig. 5. REE patterns of (a) rhyolites from basalt-dominant volcanoes (R1), (b) rhyolites from rhyolite-dominant volcanoes (R2) and (c) rift-
type rhyolites (R3). (d) Different REE patterns between R1 (blue field), R2 (yellow field) and R3 (red field). (e) REE patterns of Quaternary
arc front basalts (AFB) from Miyake, Hachijo, Sumisu and Torishima. (f) REE patterns of R1 rhyolites and AFB, showing similar patterns
depleted in LREE compared with middle REE and heavy REE. (g) La/Sm vs Dy/Yb of Quaternary arc front basalts (AFB), Quaternary rift
basalts (RB) and Oligocene mafic turbidites (OMT). (h) La/Sm vs Dy/Yb of three kinds of rhyolites (R1, R2 and R3) compared with fields of
AFB, RB and OMT.
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Y. Cai et al. / Earth and Planetary Science Letters 431 (2015) 119–126 121

Fig. 2. Selected major and trace element compositions versus molar Mg# of Aleutian plutons and lavas, showing that the Eocene–Miocene plutonic rocks resemble western 
Aleutian lavas and match better with the continental crust than Holocene central and eastern Aleutian lavas. Molar Mg# = molar MgO/(molar MgO + molar FeO), with 
all Fe as FeO. Of the plutonics, only two of our studied samples and a few of the literature samples (outlined in red) show chemical signatures that indicate incorporation 
of cumulate plagioclase, such as elevated Al2O3 contents and “positive” Eu anomalies (Eu/Eu∗ > 1, where Eu∗ = Eu(N)/[√Sm(N)∗Gd(N)] and elemental concentrations are 
normalized to chondrite compositions from McDonough and Sun, 1995). Overall, at a given Mg# the plutonic rocks show similar to higher mol% Na + K, and similar to 
lower wt% CaO than central and eastern Aleutian volcanics. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 3. Present-day Nd and Pb isotope ratios of Aleutian magmas vs. longitude (A and B) and vs. ages (C and D). Circles are central and eastern Aleutian volcanics (the two 
larger circles are from this study): Yellow = Rat and Delarof Islands, Green = Adak and Kanaga, Blue = Atka, Purple = Umnak, White = Unalaska. Error bars are smaller 
than the symbols. The other symbols are the same as in Fig. 1. In C) and D), the Holocene volcanics are separated by location only without age differences. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)

with positive Eu anomalies (marked with red rims in the figures) 
show clear signatures of plagioclase accumulation (e.g., high Al). 
However, we include these samples in the following discussion 
because they have similar isotope compositions as other plutonic 
samples, and because plagioclase accumulation would not change 
the isotopic composition of the magma.

The Eocene–Miocene central and eastern Aleutian plutons show 
higher present-day εNd and εHf, and lower Pb isotope ratios than 
the Holocene volcanic rocks from the same area (Figs. 3 and 4). 
Age-corrected Sr isotope ratios in the plutonic samples are also 

generally lower than in Holocene lavas from the same islands 
(Fig. S4), though we place less weight on the Sr data due to the 
possible effects of alteration. The isotopic compositions of the plu-
tonic rocks fall between the fields defined by central–eastern and 
western Aleutian lavas (Fig. 4). There is no clear temporal trend 
in Nd–Hf–Pb isotope compositions of Aleutian plutonic samples 
(Fig. 3). Without sintering, Hf isotope ratios and concentrations 
reflected incomplete digestion of zircons (shown in Supplemen-
tary Materials). After sintering, Nd–Hf isotope ratios lie close to 
the mantle crust array (Vervoort et al., 2011) and show negative 
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with positive Eu anomalies (marked with red rims in the figures) 
show clear signatures of plagioclase accumulation (e.g., high Al). 
However, we include these samples in the following discussion 
because they have similar isotope compositions as other plutonic 
samples, and because plagioclase accumulation would not change 
the isotopic composition of the magma.

The Eocene–Miocene central and eastern Aleutian plutons show 
higher present-day εNd and εHf, and lower Pb isotope ratios than 
the Holocene volcanic rocks from the same area (Figs. 3 and 4). 
Age-corrected Sr isotope ratios in the plutonic samples are also 

generally lower than in Holocene lavas from the same islands 
(Fig. S4), though we place less weight on the Sr data due to the 
possible effects of alteration. The isotopic compositions of the plu-
tonic rocks fall between the fields defined by central–eastern and 
western Aleutian lavas (Fig. 4). There is no clear temporal trend 
in Nd–Hf–Pb isotope compositions of Aleutian plutonic samples 
(Fig. 3). Without sintering, Hf isotope ratios and concentrations 
reflected incomplete digestion of zircons (shown in Supplemen-
tary Materials). After sintering, Nd–Hf isotope ratios lie close to 
the mantle crust array (Vervoort et al., 2011) and show negative 
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