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Cenozoic calc-alkaline plutons that comprise the middle crust of the central and eastern Aleutians have
distinct isotopic and elemental compositions compared to Holocene tholeiitic lavas in the same region,
including those from the same islands. Therefore the Holocene lavas are not representative of the net
magmatic transfer from the mantle into the arc crust. Compared to the lavas, the Eocene to Miocene
(9-39 Ma) intermediate to felsic plutonic rocks show higher SiO, at a given Fe/Mg ratio, and have
higher eNd-¢Hf values and lower Pb-Sr isotope ratios. However, the plutonic rocks strongly resemble
calc-alkaline Holocene volcanics with more “depleted” isotope ratios in the western Aleutians, whose
composition has been attributed to significant contributions from partial melting of subducted basaltic
oceanic crust. These data could reflect a temporal variation of central and eastern Aleutian magma
source compositions, from predominantly calc-alkaline compositions with more “depleted” isotope ratios
in the Paleogene, to tholeiitic compositions with more “enriched” isotopes more recently. Alternatively,
the differences between central Aleutian plutonic and volcanic rocks may reflect different transport and
emplacement processes for the magmas that form plutons versus lavas. Calc-alkaline parental magmas,
with higher SiO; and high viscosity, are likely to form plutons after extensive mid-crustal degassing of
initially high water contents. This conclusion has overarching importance because the plutonic rocks are
chemically similar to bulk continental crust. Formation of similar plutonic rocks worldwide may play a
key role in the genesis and evolution of continental crust.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

derived andesitic magmas (Kelemen, 1995); mixing of basaltic
rock with silicic magma derived by partial melting of mafic, sub-

Arc magmatism is the most important process that generates ducting crust (Martin, ]986), relamination of felsic, differentiated

continental crust today and probably throughout Earth history. It
is commonly inferred that compositions of primitive arc lavas are
representative of the bulk composition of arc crust (e.g., Rudnick
and Fountain, 1995; Tatsumi et al., 2008). However, the compo-
sition of average arc lavas is basaltic, while the bulk continental
crust is andesitic with high molar Mg/(Mg + Fe) ratio or Mg# (e.g.,
Taylor and McLennan, 1995; Rudnick and Fountain, 1995; Rudnick
and Gao, 2003; Kelemen et al., 2003b, 2014). Many hypotheses
have been proposed to resolve this discrepancy, such as lower
crustal foundering (Herzberg et al., 1983; Arndt and Goldstein,
1989; Kay and Kay, 1991); crustal formation from primary mantle-
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subducted crustal material (Hacker et al., 2011) and fractionation
of water-rich magmas at moderate to high pressure conditions
(Sisson and Grove, 1993; Grove et al., 2003; Jagoutz et al.,, 2011). A
key aspect of several of these hypotheses is that the compositions
of the largely unsampled plutonic arc middle crust may differ from
the erupted arc lavas, and instead more closely resemble the con-
tinental crust (e.g., Perfit et al., 1980; Kay et al., 1990).

Low seismic wave-speeds suggest that plutonic arc middle crust
may be more silicic than surficial volcanic rocks in some arcs
(e.g. Suyehiro et al., 1996; Tatsumi et al., 2008). Similarly, com-
bined geobarometry and geochemistry for the Mesozoic Talkeetna
and Kohistan intra-oceanic arc sections show that felsic rocks are
abundant in the middle crust, and that the crustal bulk compo-
sition may have been andesitic rather than basaltic (Behn and
Kelemen, 2006; Hacker et al., 2008; Jagoutz and Schimdt, 2012;
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Fig. 1. A) Schematic map of the Aleutian island arc, sampled areas are highlighted
in black. B) Wt% SiO, versus Fe/Mg ratio of studied Aleutian magmas and literature
data downloaded from the GEOROC database (http://georoc.mpch-mainz.gwdg.de;
Sarbas, 2008). By convention, the Fe/Mg ratio is calculated using wt% MgO and FeO,
with all Fe as FeO. The bulk continental crust composition is from Rudnick and Gao
(2003). A complete list of references for the literature data is provided in the Sup-
plementary Materials. Samples with Eu/Eu* > 1 are outlined in red (the calculation
is given in the Fig. 2). C) Average trace element compositions of Aleutian plutons
and lavas are fractionation corrected to Mg# = 0.5 following Behn and Kelemen
(2006) and normalized to the composition of bulk continental crust (Rudnick and
Gao, 2003). Extended trace element patterns are shown in Fig. S2. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Rioux et al., 2010). In the Aleutian arc, seismic data require a mafic
bulk composition for the arc lower crust (Holbrook et al., 1999;
Fliedner and Klemperer, 1999; Shillington et al., 2004); however,
the upper and middle crust in the Aleutians contain abundant in-
termediate composition plutons (e.g., Kay et al, 1982, 1990; Kay
and Kay, 1994; Perfit et al., 1980; Yogodzinski et al., 1993).

This paper reports new data on plutonic rocks (and two lavas)
from the central and eastern Aleutian arc, and compares them
with the large existing dataset on Holocene Aleutian volcanics.
We define the central and eastern Aleutians as east of 180° W,
which includes the oceanic arc extending from the western end
of the Alaska Peninsula to the Delarof Islands; and the western
Aleutians as west of 180° W, which includes the active arc ex-
tending from the Rat Islands west to the Komandorsky Islands
and adjacent submarine volcanoes (Fig. 1A). In order to con-
strain the composition and timing of plutonism, we report re-
sults from whole rock major and trace elements; Sm-Nd, Rb-
Sr and Lu-Hf isotopic analyses; and U-Pb zircon geochronol-

ogy.

2. Methods

Zircon U-Pb geochronology was conducted by laser ablation on
a Nu plasma multi-collector ICP-MS at the University of Califor-
nia at Santa Barbara (UCSB), following the procedures described in
Kylander-Clark et al. (2013). Reported 206Pb/238U dates are Th- and
common Pb-corrected, as described in the U-Pb zircon geochronol-
ogy methods and data interpretations sections of the Supplemen-
tary Material (Table S2, Text S1).

All other geochemical analyses were carried out at Lamont-
Doherty Earth Observatory (LDEO). Major element analyses were
carried out using an Agilent ICP-OES on rock powders digested
with LizB407 flux fusion. Trace element analyses were carried out
on a VG PlasmaQuad ExCell quadrupole ICP-MS on rock powders
digested using both hotplate HF-HNO3 acid digestion (Ba, U, Th,
Rb, Sr, Li, Ce, Pb, Nb, Ta) and Na;O, sintering (La, Nd, Sm, Eu, Pr,
Zr, Hf, Tb, Gd, Dy, Yb, Lu, Y) to ensure complete digestion of zir-
cons and other accessory minerals following procedures outlined
in Meisel et al. (2002). Pb-Sr-Nd isotope analyses were carried out
on acid leached and hotplate digested samples. Hf isotope analyses
were carried out on both hotplate digested samples and sintered
samples. A comparison of the effects of hotplate digestions and
sintering demonstrated its importance for elements such as Zr and
Hf, and for Hf isotopes in older samples. Details, and the data, are
in the Supplementary Materials (Tables S1-S5, Text S2).

Nd, Pb, Hf, and Sr isotopes were measured on a ThermoScien-
tific Neptune Plus multi-collector MC-ICP-MS in static mode; some
Sr isotope ratios were measured on a VG-Sector 54 TIMS in multi-
dynamic mode (Table S1). The MC-ICP-MS instrumental drift is
monitored by standard-sample bracketing using JNdi-1, a Johnson-
Matthey lab Hf standard with Hf isotope ratios indistinguishable
from JMC 475, NBS 987 Sr, and NBS 981 Pb. Typically 30-70 stan-
dards and 20-30 samples are analyzed during a 24-hr long run
period, and reported 2SD external errors reflect the reproducibil-
ity of the standards. Reported values are corrected to those of
the international standards. Quality control was further evaluated
through measurements of the La Jolla Nd solution standard, and
rock standards BCR-2 and BHVO-2. The analytical metadata (stan-
dards data, amounts per sample, signal intensities, values used for
international standards, results, and reproducibility) are listed in
Table S5. Hf isotope ratios are often listed as ¢Hf, even on mod-
ern day and recent samples, therefore we do so here, where the
deviation is in parts per 10,000 from a “Chondritic Uniform Reser-
voir” (CHUR) value (Y78Hf/'77Hfcyur = 0.282785, Bouvier et al.,
2008), and also for Nd isotope ratios (where **Nd/"*4Ndcyur =
0.512638, Jacobsen and Wasserburg, 1980).

3. Results

Weighted mean laser ablation-ICP-MS Th-corrected 206Pb/238U
ages of the plutonic samples range from 9.20 + 0.04 to 39.1 +
0.2 Ma (Eocene to Miocene), which means they are older than
lavas from the same region that have been the focus of most pre-
vious studies. The plutonic rocks are predominantly calc-alkaline.
They show higher average SiO, and higher trace element concen-
trations than lavas from the same region at a given Fe/Mg ratio
(calculated using wt% MgO and FeO, with all Fe as FeO) (Fig. 1A-C).
The major and trace element compositions of the studied plutonic
rocks resemble lavas from the western Aleutians, as well as esti-
mates for the bulk continental crust (Fig. 1B-C). Except for two
samples, the plutonics show negligible Eu anomalies. They have
similar or higher Na + K (mol%), and similar or lower CaO and
Al;03 (wt%) at a given Mg# compared to the lavas (Fig. 2). These
data suggest that the plutonic rocks represent fully crystallized
magmas, rather than crystal cumulates resulting from partial crys-
tallization followed by removal of evolved melt. The two samples
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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 Al,03 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.)
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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 ¢Nd and ¢Hf, 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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Fig. 4. A) and B) show present-day Nd, Pb, Hf isotopic compositions of Aleutian
magmas. Central and eastern (C-E) Aleutian plutons fall between the fields defined
by C-E Aleutian lavas and western Aleutian lavas. The eNd-&Hf mantle-crust array
is from Vervoort et al. (2011). The error bars are smaller than the symbols. The
symbols are listed in Fig. 1.

correlations with Pb isotope ratios (Fig. 4). Age corrections do not
change these relationships (Figs. S4-S5 and Table S4).

4. Discussion

4.1. Central-eastern Aleutian plutons and lavas are derived from
distinct sources

This study is the first that demonstrates statistically significant
and internally consistent differences in isotope and elemental com-
positions between lavas and the plutons in any arc. It has been
shown previously that in the central and eastern Aleutians the
erupted lavas are predominantly tholeiitic while the plutons are
predominantly calc-alkaline (e.g., Kay, 1978; Kay et al., 1982; Kay
and Kay, 1994; Fig. 4B in Kelemen et al., 2003a; Figs. 4 and 5
in Kelemen et al., 2003b, 2014), with the exception of the tholei-
itic Finger Bay pluton on Adak Island. Isotopic differences between
plutons and lavas have been inferred previously based on a small
number of samples (Kay et al., 1986).

The differences in isotope signatures between the plutonic
rocks studied here, and lavas from the same islands in the central
and eastern Aleutians, demonstrate that the intrusive and extru-
sive suites in this area are derived from different sources. These
isotopic differences cannot be explained by chemical differentia-
tion or crustal assimilation, although these processes may affect
some other compositional characteristics of Aleutian magmas.

Elevated parental magma water contents and oxygen fugac-
ity can drive the differentiating magma towards the calc-alkaline
trend by suppressing plagioclase fractionation and bringing ox-
ide and amphibole fractionation closer to the liquidus (e.g., Sisson
and Grove, 1993). This process is often called upon to explain co-
existing calc-alkaline and tholeiitic arc magmas (e.g., Osborn, 1959;
Gill, 1981, Sections 11.3 and 12.1; Grove et al., 2003, 2005; Zimmer
et al.,, 2010; Jagoutz et al., 2011). However, it cannot explain the
isotopic differences between the plutons and the lavas.

High eNd and eHf, and lower Pb isotope ratios might be gener-
ated via assimilation of arc crust or pre-existing oceanic crust (e.g.
Kay and Kay, 1994). However, AFC (assimilation and fractional crys-
tallization) modeling shows that to generate the isotopic composi-
tions of the plutons via crustal assimilation requires large extents

of fractionation (up to 90%, Fig. 5) and the resulting magma would
have high Nd and Hf contents and strong negative Eu anomalies.
These signatures are not observed in the plutonic rocks, which plot
far above the AFC trend. Thus, the isotopic differences between the
plutons and the lavas in the Aleutians were not generated through
crustal assimilation.

One may also argue that the plutons could represent deeper
crustal magma chambers that have experienced more mafic mag-
matic recharge (e.g. Lee et al., 2014), a process that could buffer
the isotopic compositions of the magma towards “isotopically de-
pleted” compositions (referring to Nd-Hf-Pb-Sr isotopic values
that reflect long term depletions in incompatible elements, thus
low Nd/Sm, Hf/Lu, U/Pb, Th/Pb and Rb/Sr). However, mafic magma
recharge cannot explain the major element characteristics of the
plutons. For example, compared to the volcanics, the plutons show
elevated SiO, contents for a given Fe/Mg ratio (Fig. 1B) and lower
MgO contents for a given Mg# (Fig. S6A). Additionally, mixing be-
tween more primitive, “isotopically depleted” magmas and more
evolved, “isotopically enriched” magmas should generate negative
correlations between Nd isotope ratios and SiO, and positive cor-
relations between Nd isotopes and MgO, which is not the case for
the plutons (Fig. S6 B-C). Instead, the isotopic differences between
central-eastern Aleutian plutons and lavas persist across a large
range of major element compositions.

4.2. Coeval formation of calc-alkaline and tholeiitic parental magmas?

Instead, we propose two alternative hypotheses based on the
data presented. (1) The sources of central and eastern Aleutian
magmas changed over time, with the early source characterized
by “depleted” Nd, Hf and Pb isotope ratios, represented by the
plutons, which are Miocene and older; changing to a present day
source characterized by relatively more “enriched” Nd, Hf and Pb
isotope ratios, represented by Holocene central and eastern Aleu-
tian lavas. In this view, the isotopic shift was accompanied by a
change in major element magma composition, from more calc-
alkaline to more tholeiitic, perhaps due to decreasing SiO,, fO,,
and/or H,O contents in central-eastern Aleutian parental magmas
over time. (2) The differences between plutonic and volcanic com-
positions reflect coeval input of distinct parental magma types
from the mantle into the Aleutian crust. In this case, the domi-
nance of calc-alkaline compositions among the plutons could re-
flect higher SiO,, fO,, and/or H,O contents in their parental mag-
mas, compared to the basaltic, more reduced magmas with lower
H,O0 contents that are parental to Aleutian tholeiitic lavas (Kay et
al., 1990; Kelemen, 2003a, 2003b, 2014).

The scarcity of isotope data on pre-Holocene volcanics in the
central and eastern Aleutian islands that host our plutonic sam-
ples means that we cannot definitively distinguish between these
two hypotheses. However, the isotopic and geochronological data
from the plutons do not show systematic temporal variations from
39 Ma to 9 Ma (Fig. 3C-D). If central and eastern Aleutian lavas
and plutons have shared a common source composition through
time, then the data require an abrupt change in the magma
source between ~9 Ma and the Holocene, from predominantly
calc-alkaline to predominantly tholeiitic. We are not aware of any
large changes in the regional tectonics that would cause such a
shift. Moreover, coeval calc-alkaline plutons and tholeiitic lavas are
observed at Adak, where calc-alkaline plutons intrude ca. 38 Ma
tholeiitic lavas, suggesting that the observed compositional differ-
ences between the plutons and the lavas have persisted through
time (Jicha et al., 2006; Kay et al., 1983).

Therefore, we prefer the hypothesis that the distinct isotopic
and geochemical signatures of the central and eastern Aleutian
plutons and lavas reflect distinct, coeval magma sources. The ob-
served differences may be generated by the addition of differ-
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Fig. 5. AFC model showing the effect of assimilating arc crust or pre-existing oceanic crust, following DePaolo (1981), assuming Dyg = 0.06, Dyf = 0.1 (calculated assuming
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AFC trend). Only r = Ma/Mc = 0.8 is shown, where Ma = mass assimilation rate and Mc = fractionation rate, following DePaolo (1981). Smaller r values would generate
lower eNd and eHf values at a given F value. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ent types and amounts of subducted material to calc-alkaline and
tholeiitic magmas, mirroring the differences between western vs.
central and eastern Aleutian lavas.

4.3. Central-eastern Aleutian plutons resemble western Aleutian
calc-alkaline lavas

The oceanic part of the Aleutian arc has a well-defined, along-
strike variation in Holocene lava compositions, ranging from dom-
inantly calc-alkaline compositions with “depleted” Sr-Nd-Pb-Hf
isotopic compositions in the western Aleutians, to tholeiitic com-
positions with more “enriched” isotopic compositions in the east
(e.g., Kay and Kay, 1994; Kelemen et al., 2003a, 2003b; Singer et al.,
2007). End-member western Aleutian lava compositions are primi-
tive andesites and dacites showing light rare earth element (LREE)
enrichment, heavy REE (HREE) depletion, and high Mg# (>0.6), Ni
(>150 ppm) and Sr/Nd (>100). These can be understood as the
result of reaction of mantle peridotite and hydrous, low degree
partial melts of subducted material that formed in eclogite facies
(e.g., Kay, 1978; Yogodzinski et al., 1995, 2001, 2015; Yogodzin-
ski and Kelemen, 1998, 2007; Kelemen and Yogodzinski, 2007).
A quantitative model of the reaction process is given in Kelemen et
al. (2003a). Primitive calc-alkaline high Mg# andesites and dacites
with strong adakitic signatures are found erupted through thin
oceanic lithosphere in the western Aleutians, rendering it unlikely
that deep crustal assimilation is responsible for their characteristic
compositional signatures (Yogodzinski et al., 2015).

Western Aleutian lavas have the highest Nd and lowest Pb iso-
tope ratios of any arc magmas worldwide (Kelemen et al., 2003a,
2003b, 2014; Singer et al., 2007; Yogodzinski et al., 2010, 2015).
Both western Aleutian lavas and the plutonic rocks from the cen-
tral and eastern Aleutians show high ¢Nd and ¢Hf values (Fig. 6)
coupled with higher Th/Nd and Hf/Lu ratios than the “depleted
MORB mantle” (DMM) source for mid-ocean ridge basalts (e.g.,
Salters and Stracke, 2004). These compositional characteristics, that
is high Nd-Hf isotope ratios and incompatible element enrich-
ment, are consistent with addition of low degree partial melts
of subducted material in eclogite facies, where garnet and om-
phacite preferentially retain Lu and Nd in the solid residue com-
pared to Hf and Th, respectively (e.g., Cai et al., 2014; Kay, 1978;
Klemme et al., 2002; Yogodzinski et al., 2015).

The eclogite melt component derived from the subducted ma-
terial could comprise ~20% of the parental magma for western
Aleutian primitive andesites and dacites (Fig. 6, and Kelemen et al.,
2003a; Yogodzinski et al., 2015). The SiO,-rich nature of this com-
ponent poses a bit of a conundrum. The high Mg# and Ni contents
of the primitive andesites and dacites suggest extensive interac-
tion with mantle olivine, which should limit SiO, contents of the
resulting magmas to <60 wt% depending on pressure, alkali con-

tent, and H,O content (Carroll and Wyllie, 1989; Draper and Green,
1999). Furthermore, reaction with the hot mantle wedge might
be expected to raise MgO contents, whereas primitive Aleutian
dacites have <5 wt% MgO despite their high Mg#’s. One possi-
ble explanation is that reacting eclogitic melts rise in cold diapirs
that pond just beneath the crust and evolve by combined reaction
and crystal fractionation in the shallow mantle (e.g., Gerya and
Yuen, 2003; Kelemen et al.,, 2003b; Ringwood and Green, 1966).
Instead or in addition, hydrous, high SiO, eclogite melts may be
sufficiently abundant to convert some regions of the sub-arc man-
tle from peridotite to olivine-free pyroxenite by overwhelming the
olivine-pyroxene SiO; buffer (Macpherson et al., 2006; Yogodzinski
et al., 1994). Independent of the cause, the link between a substan-
tial eclogite melt component and primitive andesites and dacites
seems clear, not only in the western Aleutians but worldwide
(e.g. Cai et al., 2014; Defant and Drummond, 1990; Kay, 1978;
Shimoda et al., 1998; Stern and Kilian, 1996; Straub et al., 2011).

The calc-alkaline nature of western Aleutian lavas suggests high
magmatic water contents. Zimmer et al. (2010) and Ruscitto et
al. (2010) demonstrated a correlation between high H,O content
and strongly calc-alkaline magma series in the Aleutians and the
Cascades. It is possible that calc-alkaline magma series also have
higher fO, in their parental liquids, compared to tholeiitic magma
series. Thus, we infer that parental magmas for typical western
Aleutian primitive andesites and dacites likely have higher SiO,
H,0 and fO, compared to parental magmas for typical central and
eastern Aleutian tholeiitic basalts.

In comparison, central and eastern Aleutian volcanics have
lower ¢Nd and eHf values, and higher Sr and Pb isotope ratios,
all of which are consistent with incorporation of a subducted sed-
iment component similar to near-trench sediments sampled at
DSDP Site 183 (Fig. 6 and Peucker-Ehrenbrink et al., 1994). The
sediment component in the central and eastern Aleutian lavas
is thought to contribute just a few percent of the mass of the
parental magmas, with the balance coming from fluxed melting of
the mantle wedge (Class et al., 2000; Kay et al., 1978; Miller et al.,
1994; Singer et al., 2007). The isotopic signals associated with this
sediment component are much weaker in western Aleutian lavas
and systematically decrease with distance west of Adak (Kelemen
et al., 2003a; Yogodzinski et al., 2015).

4.4. Calc-alkaline magmas may preferentially form plutons

If the distinct chemical and isotopic compositions of the plu-
tonic and volcanic rocks in the central and eastern Aleutians are
related to the addition of different types and amounts of sub-
ducted material, the intrusive versus extrusive nature of the lavas
are likely also related to different transport mechanisms. Based
on the major element and isotopic characteristics, the parental
magmas are similar in the central and eastern Aleutian plutonic
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Fig. 6. Model results of different slab contributions for: (A) éNd vs. Th/Nd and (B)
¢Hf vs. Lu/Hf. Green lines show the effect of adding sediment melt to the subarc
mantle wedge; red lines show addition of partial melt of the subducted oceanic
crust (F=0.5%) and subducted sediments (F = 5%) in a 4:1 ratio. Partial melt
of subducted oceanic crust is modeled as a 0.5% equilibrium melt of the average
MORB (EPR north of the equator segment average, Gale et al., 2013). Sediment melt
is modeled as a 5% equilibrium partial melt of DSDP 183 sediments (Plank, 2014).
For slab melts, we assumed Dty = 0.2, Dng = 1.4, Dys = 0.5, Dy = 50 (Skora and
Blundy, 2010). The mantle wedge is modeled as a spinel lherzolite that would gen-
erate typical EPR MORB via 10% equilibrium melting using D-values from Salters
and Stracke (2004). After mixing the slab melt with the mantle wedge, the metaso-
matized mantle undergoes 15% equilibrium partial melting with spinel lherzolite
D-values to generate the mixing lines shown in the figure (Salters and Stracke,
2004). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

rocks and western Aleutian lavas. However, plutonics and lavas
in central and eastern Aleutians have distinctly different parental
magmas. Primitive (Mg# >0.6) andesites and dacites in the west-
ern Aleutians have low MgO, indicative of low melt-mantle equi-
libration temperatures, whereas primitive basalts in the central
and eastern Aleutians have higher MgO, indicative of high melt-
mantle equilibration temperatures. Magmas with high SiO, and
H,0 become viscous, and preferentially stall during mid-crustal
degassing (e.g., Cann, 1970). It is reasonable to infer that in
the central and eastern Aleutians, such magmas predominantly
stall to form the calc-alkaline plutons, rather than erupting as
previously proposed (e.g., Kay et al, 1990; Kay and Kay, 1994;
Kelemen et al.,, 2003a). In the thinner, faulted crust of the west-
ern Aleutians, such magmas erupt to form many small cones on
the seafloor. In contrast, the parental magmas to central and east-
ern Aleutian tholeiitic lavas likely have higher temperatures and

lower SiO, and H,O contents. Such lower viscosity magmas may
readily erupt.

If it turns out that parental magmas for both calc-alkaline and
tholeiitic magma series are simultaneously present in the Holocene
central and eastern Aleutian arc, then hot, parental tholeiites from
the core of the mantle wedge may form conduits that “pierce
through” shallow mantle pyroxenites and ponded parental calc-
alkaline magmas during relatively rapid ascent to the surface. Such
a process in arcs worldwide would result in the bulk arc crust
having higher SiO, than erupted arc volcanics. This has important
implications for our understanding of continent formation, since
arc lavas are routinely used to estimate the average composition
of magmas passing from the mantle into arc crust (e.g., Plank and
Langmuir, 1993; Plank et al., 2002), and the bulk composition of
arc crust (e.g., Tatsumi, 2000; Tatsumi et al., 2008).

5. Conclusions

In summary, Eocene to Miocene plutonic rocks in the cen-
tral and eastern Aleutians show stronger calc-alkaline signatures
than Holocene volcanics from the same region, and are similar to
Holocene volcanics from the western Aleutians. The central and
eastern Aleutian plutonics have higher éNd and eHf, and lower
Pb and Sr isotope ratios than Holocene central and eastern Aleu-
tian lavas. The isotopic signatures of the plutonic samples cannot
be generated by crustal assimilation or magma fractionation in
the Aleutians. Instead, they demonstrate distinct sources for the
Holocene lavas and Cenozoic plutons in the central and eastern
Aleutians. The parental magmas for the calc-alkaline plutons and
lavas likely have higher SiO, H»O and fO, than the parental mag-
mas for tholeiitic lavas. This indicates that the major element dif-
ferences between calc-alkaline and tholeiitic magma series in the
central and eastern Aleutians arise, in part, from parental magmas
with distinct initial compositions. The difference between central
and eastern Aleutian lavas and plutonic rocks may reflect a tem-
poral variation in the nature of parental magmas, or the effect of
magma transport processes alone. More detailed studies of Aleu-
tian plutons and pre-Holocene central and eastern Aleutian lavas
are needed to resolve this uncertainty. However, the available ev-
idence favors the hypothesis that the calc-alkaline magmas pref-
erentially form plutons as they undergo a rapid viscosity increase
during mid-crustal degassing. In contrast, dryer and hotter tholei-
itic parental magmas with lower initial SiO, and H,O contents
preferentially erupt. Regardless of the cause, a first-order implica-
tion is that erupted magmas alone are not an accurate guide to the
composition of the bulk arc crust. Furthermore, Aleutian plutonic
rocks - and similar plutonic rocks worldwide - are composition-
ally similar to continental crust. Such plutons may be important
building blocks for the continental crust. Understanding the pro-
cesses of their formation is a key to understanding the genesis and
evolution of the continents.
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1. U-Pb zircon geochronology

Method:

U-Pb zircon geochronology of the plutonic samples was carried out by laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) at the University of California, Santa Barbara. Zircons
were mounted in epoxy, polished to expose grain cores and imaged by cathodoluminescence prior to
analysis. LA-ICP-MS analyses followed the procedures outlined in Kylander-Clark et al. (2013). A 2%
uncertainty was added in quadrature to the 206pp/28U, 27Pb/*°U and *’Pb/**Pb analytical uncertainties to
account for observed internal variability in excess of counting statistics of standard analyses in the UCSB

lab. 2°°Pb/**®U dates were corrected for initial >*°Th exclusion from the 23

U decay chain based on the
measured Th/U of the zircon and an assumed Th/U of the melt of 2.7. The Th/U of the melt was estimated
from whole rock ICP-MS Th/U of the dated samples, which range from 1.9-3.5, with a mean of 2.7.
Large variations (+ 1) in the assumed Th/U of the melt lead to relatively small changes in the Th-
corrected *"*Pb/**U dates (< +0.03/-0.06 Ma for most spot dates), and the propagated uncertainties in the

assumed Th/U of the melt are overwhelmed by the analytical uncertainties, which are typically an order

of magnitude larger. Data were common Pb corrected using a *’Pb correction assuming a common Pb



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

207p2%6pp = 0.83. 2%Pb/***Pb ratios for the analyses are reported in Table S2, however, the ratios are
likely inaccurate due to low ***Pb count rates and uncorrected ***Hg interferences, making a **’Pb
common Pb correction more accurate. Concordia plots, weighted mean plots and and weighted mean
calculations were generated using the U-Pb_Redux software package (Bowring et al., 2011; McLean et
al., 2011).

Data interpretation:

The fractionation corrected U-Pb data for each sample typically consist of a cluster of concordant or
nearly concordant data points and a variable number of more discordant analyses (Tera-Wasserburg
concordia diagrams, Figure S1). The discordant analyses are attributed to mixing between radiogenic Pb

from the zircon and a common Pb component; common-Pb corrected 206pt, 238

U dates for these data points
generally agree with the 206pp/28U dates of the more concordant analyses (Table S2). To minimize the
uncertainty introduced by the common-Pb correction, spot analyses that were >15% discordant were
excluded from the weighted mean calculations.

The concordant and near concordant (<15% discordant) spot analyses generally form a single cluster
of data on the concordia diagrams. The mean square of the weighted deviates (MSWD) or reduced chi-
squared statistic of the weighted mean Th and common Pb corrected 26pp/28y dates are higher than
expected for repeat analyses of a single age for most samples (i.e. MSWD >> 1; two-sided p-value for the
chi-squared goodness of fit <0.05; Table S2 ‘weighted mean all’). The elevated MSWD or apparent
variability in the data may reflect: 1. Underestimation of the analytical uncertainties on the spot analyses;
2. True variability in the zircon ***Pb/>**U ages due to protracted zircon crystallization; 3. Minor Pb-loss
leading to anomalously young dates for some spots; or 4. Inheritance of slightly older zircons leading to
older dates for some spots. It is not possible to differentiate between these scenarios based on the current

dataset. However, we feel the data topology is most consistent with the interpretation that the slightly

younger and older spots reflect minor Pb loss and inheritance, respectively.
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Fig. S1. Tera-Wasserburg concordia and weighted mean plots for each sample. The concordia plots
include all data from each sample and the plotted data are not *’Th or common Pb corrected; data
excluded from the weighted mean calculations are plotted as dashed ellipses. Weighted mean plots are

B0Th and common Pb corrected " Pb/*U dates and exclude dates that are >15% discordant. Data

included in the weighted mean calculations are solid bars and excluded near-concordant (<15%
discordant) data are open bars. Uncertainties on the weighted mean dates are reported as *internal
uncertainties/external uncertainties Ages along concordia are in Ma.

The weighted mean plots in Figure S1 show weighted mean ***Pb/***U dates calculated excluding the
anomalously old and young analyses. These dates are reported as ‘wtd mn preferred’ in Table S2. The
culled datasets generally have reduced chi-squared statistics for the number of analyzed spots consistent
with repeat analyses of a single age population (i.e. MSWD ~ 1; two-sided p-value for the chi-squared
goodness of fit >0.05), with the exception of samples 47ABy41 and 52-Sn-161 which still have slightly
higher MSWD (2.5 and 1.7, respectively). Uncertainties on the weighted mean dates in Figure S1 and
Table S2 are reported as +internal uncertainties/external uncertainties; external uncertainties are set at 2%
based on the long term reproducibility of zircon standard analyses for the UCSB lab. The final weighted
mean dates are relatively insensitive to the exact data interpretation; the culled weighted mean dates and
the weighted mean dates for the full date set for each sample overlap within uncertainty, with differences
of <0.1 Ma. Sample 52FS85 only yielded 6 zircons, which gave variable dates. We interpret the Th and

common Pb corrected **Pb/**U of the youngest concordant spot analysis as the best estimate of the

crystallization age of this sample.

2. Whole rock major and trace element analyses

Major and trace element analyses were carried out at Lamont-Doherty Earth Observatory
(LDEO). Major element analyses were carried out using an Agilent ICP-OES on rock powders digested
with Li,B407 flux fusion. Trace element analyses were carried out on a VG PlasmaQuad ExCell
quadrupole ICP-MS. In order to ensure complete digestion of zircons and other accessory phases for trace
element analyses, we conducted both traditional hotplate HNOs-HF acid digestion and Na,O, sintering for
the trace elements, following procedures of Meisel et al. (2002). For sintered digestions, 100mg of rock

powder was mixed with 500mg of Na,O, (Fluka®, purum) in glassy carbon crucibles and heated to 490°C
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in a muffle furnace for 30 minutes. After cooling, ultrapure water (Milli-Q) was added drop-wise to the
sintered cake which triggers a vigorous reaction where metal peroxides react with water to form metal
hydroxides. Acid cleaned watch glasses were used to cover each crucible in order to prevent sample loss
and cross contamination from splashing during the reaction. After the reaction subsides, Sml of 3N HNO;
acid is added to the hydroxide-water mixture which completely dissolves the sample and forms a clear
solution. Both the watch glass and the crucibles are carefully rinsed 3 times with 3N HNO; using pipettes
to recover all the samples. Finally, the fully dissolved samples are transferred to acid cleaned bottles for
further dilution and the diluted sample solutions in 3% HNO; were measured directly on the quadrupole
ICP-MS. In order to minimize biases introduced by sample matrix, a mixed rinse solution of 0.1% Na,O,
and 3% HNO; was used during the measurements of the sintered samples. For both major and trace
element analyses, a drift solution made with mixed sample solutions was analyzed at the start and end of
each run period and after every five unknowns to monitor instrumental drift. After drift correction,
procedural blanks were measured and subtracted from the raw counts of the standards and the unknown
samples. The blank correction is generally <1% for both digestion methods. Data reported are corrected
against USGS standards using GeoRem recommended values (Table S1).

Except for Zr and Hf, trace element data from both hotplate and sintered digestion methods agree
with each other within 6%. Hf and Zr contents of the sintered digestions are variably higher (1.2 to 12.1
times) than those from the hotplate digestion. This is likely due to incomplete digestion of zircon crystals
in hotplate digestions, which are completely digested through Na,O, sintering. Concentrations of the
heavy-rare-earth-elements (HREE) are also slightly higher in the sintered digestions, which also likely
reflect incomplete digestion of minor mineral phases, such as zircons, in hotplate digestions. For these
reasons, in order to better compare with literature data and maintain consistency in calculating elemental
ratios, we use only the sintered data for La, Nd, Sm, Eu, Pr, Tb, Gd, Dy, Yb, Lu, Y, Zr, Hf (Table S1, Fig.

S2).
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Fig. S2. Trace element contents normalized to bulk continental crust (Rudnick and Gao, 2003).
3. Literature data sorting and fractionation correction

To calculate the average central Aleutian lava composition for Figure 1, trace element data measured
by XRF or before the 1980’s were removed from the database to maintain consistency in data quality. Th
data from Brophy et al. (1990) are removed from the database as they appear systematically higher than
similar samples reported in more recent studies. Dy* and Tb* are calculated for samples missing Tb or
Dy data using the available Dy and Tb data from central Aleutian lavas, which are highly correlated and
yield the following relationship: Dy=6.3932xTb - 0.0837; Tb = 0.1539xDy + 0.0244 (r = 0.99, n = 260).
In Figures 2 and 3, literature '*Nd/'**Nd data with known Nd standard information were re-normalized to
La Jolla value of 0.511858 to better compare with our new data.

Trace element data are corrected for fractional crystallization to Mg# of 0.5 by regressing the natural
log of trace element concentrations to molar Mg#, where Mg# = molar MgO/(MgO+FeO%*), using
literature data for central Aleutian lavas, following the method of Behn et al., (2011). The regression
would follow [TE] = Axe®™ME) Fractionation corrected trace element concentrations are calculated as
[TE]os= [TE] xe® "+,

4. Whole rock isotopic analyses (Pb-Nd-Sr-Hf)

Pb-Nd-Sr-Hf isotope analyses were conducted at LDEO. Samples were first leached in 6N HCI at

100°C for 30 minutes and sonicated in 6N HCI for 30 minutes, then sonicated and leached with Milli-Q

water three times before hotplate digestion. The samples were then digested with a HNOs-HF acid
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mixture @120°C on a hotplate for column chemistry. For Hf isotope analyses, a subset of unleached
samples was also sintered following procedures of Kleinhanns et al. (2002). Similar to the procedure for
trace element digestion, Milli-Q water was added drop-wise to the sintered cake. However, instead of
adding acids directly to this mixture, the samples are first transferred into 15ml centrifuge tubes and
centrifuged to remove the supernatant that contains dissolved Na and Si as Na,SiO4. After the supernatant
was pipetted off and discarded, the hydroxide precipitates were mixed thoroughly with Milli-Q water and
centrifuged again to further remove the Na and Si by removing the supernatant. After three such Milli-Q
water rinses, the hydroxide precipitates were fully dissolved in 6N HCI and transferred to acid cleaned
Teflon® vials for routine column chemistry. Pb was extracted using Bio-rad AG®1-X8 resin and HBr
and HCI column chromatography. Nd was extracted using Tru-Spec® resin followed by Eichrom Ln-
Spec® resin and HNOs. Sr was extracted using Eichrom Sr-Spec® resin. Hf was extracted using Eichrom
Ln-Spec® resin (Miinker et al., 2001). The total procedural blanks for Pb in hotplate digestions range
from 21-30 pg and the blanks for Nd, Hf and Sr are negligible.

Nd, Pb, Hf, and Sr isotopes were measured on a ThermoScientific Neptune Plus multi-collector MC-
ICP-MS in static mode; some Sr isotope ratios were measured on a VG-Sector 54 TIMS in multi-dynamic
mode (Table S1). The MC-ICP-MS instrumental drift is monitored by standard-sample bracketing using
JNdi-1 for Nd, a Johnson-Matthey lab Hf standard with Hf isotope ratios indistinguishable from JMC
475, NBS 987 Sr, and NBS 981 Pb. Typically 30-70 standards and 20-30 samples are analyzed during a
24-hour long run period, and reported 2SD external errors reflect the reproducibility of the standards.
Reported values are corrected to those of the international standards. Quality control was further
evaluated through measurements of the La Jolla Nd solution standard, and rock standards BCR-2 and
BHVO-2. The analytical metadata (standards data, amounts per sample, signal intensities, values used for

international standards, results, and reproducibility) are listed in Table S5.
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In eNd-eHf isotope space (present-day), three older samples (33-39Ma) dissolved without sintering

plot significantly above the Nd-Hf mantle-crust array (Fig. S3a). However, after sintered digestion these

samples have significantly lower eHf (by 1.5 to 2.9 epsilon units) and fall on the array (Fig. S3b). These

observations indicate that without sintering some zircons with high Hf concentrations were incompletely

digested. Measured Hf concentrations of zircon-bearing samples from the hotplate digestions are

generally less than 20% of the sintered digestions (Table S3). Moreover, the hotplate digestions have

much higher Lu/Hf ratios (e.g., 0.51 and from hotplate digestions vs. 0.11 from sintered digestions),

reflecting high Lu/Hf in the rock matrix and very low Lu/Hf in the zircons.

Such differences in parent/daughter ratios can generate significant differences between Hf isotope

ratios in the matrix and the zircons, on the order of a few ¢Hf units over some tens of millions of years.
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The anomalously high Hf isotope ratios from hotplate digested samples thus appear to mainly reflect the
composition of the rock matrix, which have high Lu/Hf ratios compared to the bulk sample, and which is
readily dissolved during hotplate digestion; while the zircons in some samples, with low Lu/Hf and high
Hf contents, remain intact during hotplate digestions. Nevertheless, most samples show minimal
difference in eHf values between the two digestion methods, with an average difference of 0.24 or 24ppm

(n=9), which is comparable to the analytical error (Fig. S3c).

5. Age correction for isotope ratios

The rocks in this study have ages of up to ~39 Ma, and in order to ensure that our conclusions are
not related to post-emplacement radioactive decay, we have evaluated the effect of age (Fig. S4, S5). We
calculated initial Nd and Pb isotope ratios of the plutonic samples using their U-Pb zircon ages, and their
measured whole-rock parent/daughter element ratios. From these initial ratios, we also calculated what
the isotope ratios would be in the present-day mantle source (Figs. S4-S5). For the mantle source
evolution since the plutons formed, we used Sm/Nd=0.38, Rb/Sr = 0.01, U/Pb = 0.2, Th/Pb = 0.6
("7Sm/"*Nd = 0.1929, ¥Rb/**Sr = 0.029, Z*U/***Pb = 12.35, ***Th /***Pb= 38.24) for the DMM (Depleted
MORB Mantle, e.g., Salters and Stracke, 2004) and Sm/Nd=0.32, Rb/Sr = 0.03, U/Pb = 0.14, Th/Pb =
0.53 ("’Sm/'**Nd = 0.2290, *’Rb/**Sr = 0.087, **U/***Pb = 8.642, **Th /***Pb= 33.78) for PM (Primitive
Mantle, McDonough and Sun, 1995). The age-corrected Nd and Pb isotope data show the same
relationships as the present-day isotope ratios — plutonic rocks from the central and eastern Aleutians
show overall higher Nd ratios and lower Pb isotope ratios than lavas from the same region, instead they

are more similar to lavas from the western Aleutians (Figs. 2-3).
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Fig. §5. Measured and age-corrected data Pb isotope ratios of Aleutian plutons. The reasons for the age
corrections, and the approaches, are explained in the text. All cases show the same relationships between
the plutons and the volcanics.

6. Additional figures

Calc-alkaline magmas, including central-eastern Aleutian plutons and western Aleutian lavas, plot in
an area subparallel to the tholeiitic lavas from central-eastern Aleutians in MgO vs. Mg# space (Fig. S6
A), with lower MgO at a given Mg# in the calc-alkaline suite. This suggests that the parental magmas of
the calc-alkaline magmas and the plutons are cooler than those of the tholeiitic central-eastern Aleutian
volcanics. In addition, eNd values of the plutons remain high across a wide range of SiO, and MgO

contents and they show no correlation with fractionation indices (Fig. S6 B-C). This suggests that (a) the
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