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Abstract

We report [Li] and d7Li values for a well-characterized suite of 52 geographically (165–184�W), compositionally
(SiO2 = 46–70 wt.%), and temporally (0–38 Ma) diverse lavas and intrusive samples. The d7Li in these rocks range from
�0.7‰ to +14.2‰, with 32 of the 35 lavas and 12 of the 17 intrusive samples falling within the depleted mantle range
(d7Li +1.6 to +5.6‰), as sampled by mid-ocean ridge basalts (MORB). The d7Li values of Aleutian lavas do not exhibit
the spatial trends observed in other slab component tracers, nor do d7Li values correlate with any slab component indicators,
such as radiogenic isotopes, oxygen isotopes, or trace element ratios such as Cs/La and Th/La. The d7Li values in Aleutian
intrusions also do not exhibit temporal trends, however, an overall positive relationship exists between d7Li and Th/Nd. Mix-
ing models for d7Li and 143Nd/144Nd values suggest that Aleutian samples within or above the MORB d7Li range can be
explained by addition of <1–2% sediment-derived aqueous fluid and �3% sediment melt to depleted mantle; both are required
to explain the range in d7Li that is observed. Sediment-derived fluid exerts a stronger control on Aleutian samples having
higher d7Li values than the MORB range, while sediment melt skews the Li isotopic compositions of MORB-range samples
to slightly lower values than if sediment fluid was the only slab influence. Our study demonstrates that a slab signature may be
deciphered via modeling even in arcs where spatial trends in d7Li values and correlations with slab component indicators are
lacking.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Arc lavas are well documented to be geochemically dif-
ferent from mid-ocean ridge basalts (MORB), with elevated
incompatible trace elements and more enriched isotope
ratios indicating that melting of MORB-source mantle
alone cannot produce these lavas (Kay and Kay, 1994;
Elliott, 2003; Kelemen et al., 2003). Two components of
the subducting slab, sediment and altered oceanic crust,
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have, in varying proportions depending on the arc, been
implicated as the primary sources of these non-MORB sig-
natures (Elliott, 2003). However, questions remain as to
which components are present in a given arc, and whether
those components are transported into the mantle wedge
via melts, or by supercritical aqueous fluids (Miller et al.,
1994; Class et al., 2000; Elliott, 2003; Kelemen et al.,
2014). Thus, a potential tracer should help differentiate
the cause(s) of geochemical differences between MORB
and arc lavas with respect to the influence of components
from the subducting slab. Trace element and radiogenic iso-
tope signatures are often used to examine the potential
presence of slab components; however, their interpretation
is not always straightforward, and as such, multiple types of
data are often required. In particular, light stable isotope
systems, such as Li, are of interest due to the large fraction-
ation that occurs at Earth’s surface (e.g., Penniston-
Dorland et al., 2017, and references therein).

Lithium is a moderately incompatible, water soluble,
alkali metal present only in the +1 valence state. It has
two isotopes, 7Li (92.4%) and 6Li (7.6%), and a large
(�17%) relative mass difference resulting in significant frac-
tionation of the two isotopes (Burton and Vigier, 2011;
Tomascak et al., 2016; Penniston-Dorland et al., 2017). This
fractionation is expressed relative to the L-SVEC lithium
carbonate standard (Flesch et al., 1973) using the d7Li
notation: d7Li (‰) = ([7Li/6Li]sample/[

7Li/6Li]standard-1) �
1000. Higher d7Li values indicate a preference for 7Li
relative to 6Li.

Temperature is known to have a significant impact on
equilibrium Li isotope fractionation. Low temperature,
near-surface weathering processes, particularly those
involving fluid-rock interactions (Chan et al., 1992; Chan
et al., 2002a; Pistiner and Henderson, 2003), are the domi-
nant causes of equilibrium Li isotope fractionation and
produce a span in d7Li of over 50‰ (see review of
Penniston-Dorland et al., 2017). Secondary mineral forma-
tion is a major cause of this fractionation, with 6Li prefer-
entially incorporated into the mineral while 7Li remains in
the fluid phase (Rudnick et al., 2004; Teng et al., 2010;
Liu et al., 2013; Liu et al., 2015). In contrast, high temper-
ature equilibrium igneous processes, such as mantle melting
and fractional crystallization of basalts cause insignificant
Li isotope fractionation (Tomascak et al., 1999), though
fractionation may occur during the latest stages of evolu-
tion of granitic systems (Teng et al., 2006). High tempera-
ture metamorphic processes, such as metamorphic
dehydration (Marschall et al., 2007; Teng et al., 2007; Qiu
et al., 2009; Qiu et al., 2011a, 2011b) also produce very min-
imal isotopic fractionation. Thus, Li isotope compositions
of igneous rocks that deviate beyond the range of mantle-
derived basalts (+1.6 to +5.6; Penniston-Dorland et al.,
2017) usually reflect the influence of low temperature
fluid-rock interactions. The non-MORB d7Li values may
be caused by post-crystallization alteration, or may be
inherited from an altered source. Kinetic fractionation
can occur at high temperatures and produce significant Li
isotope fractionation (e.g. �40‰ in a study by Richter
et al., 2003) because 6Li diffuses up to 3% faster than 7Li
in a silicate melt and water (Flesch et al., 1973; Richter
et al., 2003; Lundstrom et al., 2005; Richter et al., 2006).
However, given the scale of processes examined in this
study, equilibrium fractionation is expected to be the
dominant influence.

The potential to use Li isotopes as tracers for subduction
zone processes was realized when Chan et al. (1992) noted
that Li isotopes are strongly fractionated during basalt-
seawater interaction. This interaction could produce d7Li
signatures in altered oceanic crust significantly different
from those of the mantle (e.g., Penniston-Dorland et al.,
2017 and references therein). The same potential applies
to subducted sediment input, especially in arcs where there
is a significant component of highly weathered terrigenous
sediment being subducted (e.g., the Lesser Antilles island
arc, Tang et al., 2014). Aside from the possibility of distinc-
tive isotopic signatures, the behavior of Li as an element
(incompatible and water-soluble) means it can be trans-
ported into the mantle wedge by slab-derived fluids and,
if present, slab-derived melts. The high solubility of Li
implies a slab signature could be transported by slab fluids,
albeit with a fractionated isotopic signature due to the pref-
erence of 7Li for the fluid phase. Because Li behaves as a
moderately incompatible element during mantle melting,
and Li isotopes are not fractionated by mantle melting
(Tomascak et al., 1999), high temperature processes should
not obscure the low temperature signature. Therefore, Li
isotopes have the potential to be good tracers for recycling
of slab components in arc settings.

The existence of isotopically fractionated slab-derived
fluids, sediment, and altered oceanic crust has been previ-
ously documented in arc lavas (Chan and Kastner, 2000;
Chan et al., 2002a, 2006; Agostini et al., 2008; Bouvier
et al., 2008; Tang et al., 2014). The d7Li values of fresh
mid-ocean ridge basalt (MORB) (+1.6 to +5.6‰;
Penniston-Dorland et al., 2017) are taken to reflect the range
of depleted mantle values, and slab fluids are expected to
have a heavy Li isotopic signature compared to the mantle
(Tang et al., 2014 and references therein). The latter is sup-
ported by fore-arc seamount fluids with d7Li as high as
�+20‰ that are interpreted to derive from the subducting
slab (Chan andKastner, 2000; Tang et al., 2014). In contrast
to the heavy fluid signature, subducting sediments span a
wide range of d7Li values (�1.1 to +9.4‰; Chan et al.,
2006; Plank, 2014) extending to both lighter and heavier val-
ues compared with the mantle range. Melt from altered
oceanic crust could also contribute a wide range of d7Li val-
ues to the mantle, as d7Li of altered MORB (�1.7‰ to
+20.8‰) extends to more positive and negative values than
fresh MORB (Chan et al., 1992, 2002; Bouman et al., 2004;
Brant et al., 2012) due to the effects of hydrothermal leach-
ing and secondary mineral growth, which can decrease and
increase d7Li values, respectively. Chan et al. (2002a) noted
depth-dependent variations in d7Li values of altered oceanic
crust, wherein the highest d7Li values were recorded in the
upper portion of the volcanic section, which was underlain
by a transition zone of isotopically light values before reach-
ing unaltered MORB. Penniston-Dorland et al. (2017) cal-
culate an average altered MORB value of 5.6 ± 4.5‰.

The Aleutian arc provides an ideal location to investi-
gate the use of Li isotopes as a tracer for slab-derived
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components. It contains the type locality for adakites
(Adak Island), which were initially interpreted to derive
from partial melting of the subducted oceanic crust (eclog-
ite; Kay, 1978), however, more recent work indicates this
eclogite component may be due to subduction erosion of
the mafic forearc (e.g., Kay, 2003; Jicha and Kay, 2018).
Additionally, the Aleutian Arc was one of the first arcs
identified as having a subducted sediment signal (Kay,
1980), and has the highest calculated sedimentary Li flux
(18 g/yr/cm) of any arc examined by Chan et al. (2006).
The subducting sediment in the Aleutian trench has a mass
weighted mean d7Li value of 2.0‰ (Chan et al., 2006), and
while that value falls on the lowest end of the mantle range,
it may still be light enough to allow a sedimentary signature
to be resolved. Finally, the well-characterized Aleutian
samples studied here allow lithium isotopic signatures to
be compared to existing slab component parameters to
determine whether Li isotopes reflect fluid, slab melt, and/
or sediment melt signatures already identified in some of
the samples (Kay, 1978, 1980; Miller et al., 1994; Class
et al., 2000; Yogodzinski et al., 2010).

2. GEOLOGICAL SETTING AND SAMPLES

The Aleutian island arc is located on the northern rim of
the Pacific basin west of the ocean-continent transition
(George et al., 2003). Here, the �50 Ma Pacific plate sub-
ducts beneath the Bering plate at the Aleutian trench
(Fig. 1; Jicha and Kay, 2018). Because of the Aleutian arc’s
Fig. 1. Map of the Aleutian Arc and its location relative to portions o
included in this study are noted with red stars. Location of DSDP Core
shape, convergence is nearly normal in the east, becoming
oblique near Adak island, and ultimately forming a nearly
strike-slip boundary in the far western reaches of the arc
(Vallier et al., 1994). The orthogonal convergence rate also
decreases from � 60 to 75 mm/yr from Adak east to
<40 mm/yr in the far western reaches of the arc
(Fournelle et al., 1994).

The Aleutian arc can be divided into three sections
(Fig. 1). The eastern Aleutians are located east of 164�W
(Kelemen et al., 2003). Geochemically, these volcanoes
could be influenced by continental crust from the Alaskan
peninsula and are not included in this study. The central
Aleutians, located from 164�W to Bowers Ridge, represents
a classic oceanic arc composed mainly of tholeiitic basalts
and their differentiation products (Kelemen et al., 2003).
The western Aleutians, located west of Bowers Ridge
(Fig. 1, Kay et al., 1982), contain a mix of tholeiitic basalts
and calc-alkaline andesites, with calc-alkaline lavas becom-
ing dominant toward the western portion of the segment
(Kelemen et al., 2003).

Aleutian trench sediments are largely turbidites com-
posed of detritus from the Alaskan range and the Chugach,
Wrangell, and St. Elias Mountains, but show an increase in
the proportion of pelagic relative to continentally-derived
sediment in the western arc (between 182 and 190�W; see
Kay and Kay, 1994, for discussion). According to geophys-
ical data, Aleutian trench sediments gradually thicken from
�900 m near 160�W to over 1400 m around 172�W, then
gradually thin again west of 172�W (Kelemen et al.,
f North America and Asia. Volcanoes and plutons with samples
Hole 183 is also shown on the map.
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2003). A well-studied Deep Sea Drilling Program (DSDP)
core (Site 183) is located at 52.57�N, 161.20�W on the
northern edge of the Alaska Abyssal Plain (Fig. 1) and pro-
vides a bulk estimate of Aleutian trench sediment. The base
of the core is composed of 253 m of turbidites with silt and
clay (plus a thin, 4 m limestone horizon at the very base).
The turbidite sequence is overlain by 38 m of pelagic clay
+ chalk, which, in turn, is overlain by 210 m of ash-rich
diatomaceous ooze (Chan et al., 2006). Plank and
Langmuir (1998) provided major and trace element concen-
trations and radiogenic isotope ratios for DSDP Site 183
sediments, with some trace element values updated by
Plank (2014) using data from Chan et al. (2006) and
Vervoort et al. (2011). Chan et al. (2006) analyzed Li iso-
topes for the sedimentary units, the d7Li values of which
range from +1.3‰ for clay and silt horizons to d7Li
+5.6‰ for the diatomaceous ooze, with a mass weighted
mean of +2.0‰ for the entire core. While the nature of sub-
ducting sediment varies from dominantly terrigenous in the
east, to an increasing pelagic component in the west (e.g.,
Yogodzinski et al., 2010), Chan et al. (2006) were unable
to distinguish between pelagic and terrigenous sediments
based on d7Li values.

This paper presents Li concentrations and isotopic sig-
natures for 31 lavas and 17 intrusive samples from the Cen-
tral and Western Aleutians. Tomascak et al. (2002)
published Li concentration and isotopic data for an addi-
tional four Aleutian lavas in their global-scale study of Li
in island arcs. This research has incorporated those data,
but greatly expands on the number and geographic distri-
bution of Aleutian samples in order to examine potential
spatial relationships. The sample suite incorporates lavas
from 11 volcanic centers as well as three intrusive bodies
(Fig. 1) that span a geographic range from 165�W to
184�W, a compositional range from 46 to 70 wt.% SiO2,
and an age range from <1 Ma to 38 Ma. The intrusive sam-
ples are from the Hidden Bay and Finger Bay plutons on
Adak Island, and the Kagalaska pluton on Adak and
Kagalaska Islands, and range in age from 14 to 38 Ma
(Kay et al., 2019).

Major and trace element compositions are published for
all samples, and radiogenic isotopes and d18O data are
available for many samples (Walker, 1974; Arculus et al.,
1977; Kay, 1977, 1978; Kay et al., 1978; Sun, 1980; Kay
et al., 1983; Kay et al., 1986; Neuweld, 1987; Kay et al.,
1990; Miller et al., 1992; Kay and Kay, 1994; Class et al.,
2000; George et al., 2003; Kelemen et al., 2003; Munker
et al., 2004; Yogodzinski et al., 2010, 2015; Nielsen et al.,
2016; Kay et al., 2019), providing the opportunity to com-
pare Li isotopic signatures to a variety of inferred proxies
for fluid, slab melt, and sediment melt components. A com-
pilation of these previously published results is provided in
the Electronic Annex.

3. ANALYTICAL METHODS

Lithium isotope values and lithium concentrations were
analyzed for a suite of 48 Aleutian sample powders studied
by Kay and Kay (1994), or prepared from whole rock sam-
ples. Whole rock samples were cut and then pulverized
using an alumina jaw crusher after any weathered/altered
surfaces of samples were sawn off. All preparation and
analyses were conducted at the Geochemical Laboratory
of the University of Maryland. The method of lithium iso-
tope analysis used here was previously described in Liu
et al. (2010, 2013) and follows from that originally
described by Moriguti and Nakamura (1998a). A brief
description of sample dissolution, column chemistry and
instrumental analysis is provided below.

For each sample, between 20 and 100 mg of rock pow-
der was dissolved using a �3:1(v/v) mixture of HF and
HNO3 in Savillex� screw-top beakers on a hot plate (T �
90 �C), followed by twice HNO3 and once HCl addition
until all powder was dissolved and the final solution was
clear. Final solutions in 4 M HCl were then purified using
four-step cation exchange columns (BioRad AG50W-x12,
200–400 mesh). The first two columns eliminate major
cations in samples using 2.5 M HCl and 0.15 M HCl,
respectively. The third column separates Na from Li using
30% ethanol in 0.5 M HCl and the fourth column is a
repeat of the third to further separate Na from final solu-
tion for instrumental analysis. Yields from the chromatog-
raphy were determined to be greater than 95% (Marks
et al., 2007). Finally, Li solutions (�50 ppb Li in �2%
HNO3) were analyzed using a Nu Plasma Multi
Collector-Inductively Coupled Plasma-Mass Spectrometer
(MC-ICP-MS). Standard bracketing, using L-SVEC
(Flesch et al., 1973), was performed for all analyses. Li con-
centrations were determined from Li intensity during iso-
topic measurements compared to that of the standard
(precision is <10%, 1r; Teng et al., 2004). The external pre-
cision of d7Li, based on 2r of duplicate runs of pure Li
standard solutions, is �±1.0‰. For example, repeat analy-
ses of two pure Li solutions, analyzed during the course of
this study yield the following results: an in-house standard,
UMD-1, a purified Li solution from Alfa Aesar�, gives d7Li
= +55.1 ± 0.7‰ (2 r, n = 21) and IRMM-016 (Qi et al.,
1997) gives d7Li = 0.2 ± 0.9‰ (2 r, n = 23). In addition,
several USGS rock standards were run repeatedly
(Table A1 in the Appendix). BHVO-1 yielded d7Li of 4.8
± 0.1 (n = 2) cf. 4.0 to 5.6 in the literature (GeoReM data-
base: http://georem.mpch-mainz.gwdg.de/); and BCR-1
yielded d7Li of 2.9 ± 1.1 (n = 2) cf. 2.0 to 3.0 in the litera-
ture (GeoReM database).

It should be noted that flux-dissolution methods, which
commonly use Li as a major constituent, cannot be used in
Li isotope analyses. Even a small amount of lithium metab-
orate flux can contaminate powders and drastically impact
Li isotope measurements, making it is advisable to carry
out all sample preparation for Li isotopes in a laboratory
where such fluxes are not in use. Most commercially avail-
able Li is enriched in 7Li due to extraction of 6Li for other
purposes (e.g., the Alfa Aesar� Li solution mentioned
above). Thus, most examples of sample contamination
due to inadvertent addition of Li flux increases the d7Li
of the sample. An example of this contamination was noted
during collection of data in this study. A powder of gabbro
from the Finger Bay Pluton came from a laboratory where
Li metaborate fluxes were in use. The measured Li concen-
tration and isotopic composition of this powder were

http://georem.mpch-mainz.gwdg.de/
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10.7 ppm and +28‰, respectively. Rocks with such a high
d7Li are rare. To investigate whether this unusual isotopic
composition was due to Li metaborate flux contamination,
eight fresh powders from original rocks, including the Fin-
ger Bay Pluton sample, were prepared at University of
Maryland where Li metaborate fluxes are not used. All
newly prepared powders yielded the sample Li concentra-
tion and isotopic composition as previously determined
on the original powders, within the analytical uncertainty,
with one exception: the Finger Bay Pluton sample, where
the newly prepared powder had Li concentration and d7Li
values of 9.6 ppm and +0.7‰, respectively. The addition
of a very small amount of Li flux in the original powder
increased the Li concentration by 1 ppm or �10%, which
falls within the uncertainty of measurement for Li concen-
tration, but had a significant impact on the Li isotopic com-
position of the sample due to the presumed extreme Li
isotopic composition of the flux (see detailed description
in electronic supplement of Penniston-Dorland et al., 2017).

4. RESULTS

d7Li values for 32 of the 35 lavas and 12 of the 17 intru-
sive samples fall within the MORB range (Table 1a-b). Two
lavas (�0.7 and +0.5‰) and one intrusive sample (+0.7‰)
exhibit values lower than the MORB range, while one lava
(+8.4‰) and five intrusive samples (+5.9, +6.9, +7.2, +7.7,
and +14.2‰) exhibit higher values (Fig. 2). To reveal any
subtle variations that may not be obvious from the data
set as a whole, samples were evaluated based on geochem-
ical series (Kay and Kay, 1994), composition (basalt, basal-
tic andesite, andesite, etc.), and volcanic center. Examining
the data by geochemical series and composition did not
reveal any trends, and examining the data by volcanic cen-
ter was not very informative because some volcanoes had
two or fewer data points. Thus, data are grouped into
‘‘lavas” and ‘‘intrusions” in this paper.

To evaluate the possibility of post-eruption weathering
affecting lithium isotope signatures, d7Li values of Aleutian
samples are plotted against the Chemical Index of Alter-
ation (CIA; Nesbitt and Young, 1982) and the Mafic Index
of Alteration (MIA; Babechuk et al., 2014), since loss on
ignition (LOI) data were not available for many samples
(Fig. 3). CIA is the molar ratio of [Al2O3/(Al2O3 + CaO
+ Na2O + K2O)] * 100, while MIA is the molar ratio
of [(Al2O3 + Fe2O3(T))/(Al2O3 + Fe2O3(T) + MgO + CaO +
Na2O + K2O)] * 100. All samples have CIA values <50
and MIA values <52 suggesting they are unweathered.
No trends exist between d7Li values and either of the weath-
ering/alteration parameters for lavas or intrusions. Three of
the five intrusions with d7Li > MORB range have higher
MIA values than the majority of intrusive samples, how-
ever, these samples also have higher SiO2 concentrations,
and Aleutian data show a positive correlation between
MIA and SiO2, suggesting a compositional influence is pre-
sent. Lavas and intrusions show significant overlap in CIA,
while lavas plot to a higher average MIA value than
intrusions.

The d7Li values of lavas and intrusions are plotted
against longitude to examine whether along-arc variability
exists. No systematic along arc variations are observed
(Fig. 4). However, the greatest variability in d7Li values
occurs between 176 and 177�W, with the highest
(+14.2‰) and lowest (�0.7‰) samples both collected from
Great Sitkin Island (176.13�W). The other two data points
with d7Li below the MORB range were collected from the
Holocene Mount Adagdak (+0.5‰) and the Eocene Finger
Bay pluton (+0.7‰), both of which are on Adak Island
(176.59�W). Even when considering only samples with
d7Li within the MORB range, the 176–177�W arc segment
still spans a slightly wider range of d7Li (+1.6 to +5.6‰)
than other areas sampled in this study. Lavas were also
examined for trends in d7Li versus distance from the trench
(Fig. A1a in the Appendix) and depth to the Wadati-
Benioff Zone (Fig. A1b) using the depth values of
Syracuse and Abers (2006), however, no correlations were
found. Values for these parameters were not available for
intrusive samples and would be hard to calculate due to
the northward migration of the arc since the Eocene (Kay
et al., 2019).

Aleutian lavas in this study do not exhibit correlations
between d7Li values and any radiogenic isotopes (Fig. 5a–
c). The 143Nd/144Nd ratios of Aleutian lavas fall closer to
the depleted mantle values than to the sediment values
(Fig. 5a). The lava with d7Li > the MORB range has Nd
isotope ratios slightly closer to sediment values than all
other lavas except the backarc lava (1927 from Bogoslof
Island; see Electronic Annex for data). The sample with
the lowest d7Li value falls well within the Nd isotopic range
of the rest of the samples, while 143Nd/144Nd ratios were
not available for the second lowest d7Li lava. Nd isotope
data are available for select Aleutian intrusive samples,
and 143Nd/144Nd for these samples show an overall trend
of increasing d7Li values with decreasing 143Nd/144Nd
(Fig. 5a). Some of the intrusions overlap with 143Nd/144Nd
of the lavas, while others fall to more radiogenic values.
Two of the three intrusive samples with d7Li > the MORB
range fall to slightly higher 143Nd/144Nd than the rest of the
intrusions, while the sample with d7Li < the MORB range
falls within the range of 143Nd/144Nd of the rest of the
intrusive samples.

Like 143Nd/144Nd, the 177Hf/176Hf of most lavas fall clo-
ser to depleted mantle values than to sediment values, clus-
tering near the global MORB average (Fig. 5b). The lava
with d7Li > MORB falls slightly closer to sediment Hf iso-
tope values than all samples except the backarc sample,
while the lowest d7Li sample falls well within the
177Hf/176Hf range of the rest of the samples. Hafnium iso-
topes are not available for intrusions, or for the second low-
est d7Li lava. The 206Pb/204Pb ratios of most lavas form
trends between depleted mantle and average Aleutian sedi-
ment, with the highest d7Li sample falling closer to the sed-
iment 206Pb/204Pb ratio than any sample other than the
backarc lava (Fig. 5c). No Pb isotope data are available
for the second lowest d7Li sample or for most of the intru-
sive samples in this study.

Aleutian lavas for which there is published oxygen iso-
tope data do not exhibit a trend between d7Li and d18O
(Fig. 5d). Most samples fall beyond the MORB range for
d18O values (5.4–5.8‰; Eiler, 2001) but within the MORB



Table 1a
Li concentration and isotopic values for lavas used in this study.

Sample Latitude (N) Longitude (W) Lithology Li (ppm) d7Li

Mount Westdahl, Unimak Island

SAR11 54.556 164.761 Basaltic andesite 7.07 +2.2
SAR4 54.556 164.761 Trachydacite 18.26 +2.4

Bogoslof Island

1927a 53.930 168.030 Basalt 5.00 +2.3

Mount Okmok, Umnak Island

QAF-70a 53.420 168.130 Basalt 9.79 +2.8
UM10 53.420 168.130 Basalt 4.83 +4.1
UM11 53.420 168.130 Basaltic andesite 4.79 +5.7
UM22 53.420 168.130 Basalt 6.09 +3.0
UM4 53.420 168.130 Basalt 5.57 +4.6
UM5 53.420 168.130 Basaltic andesite 11.83 +3.6
UM16 53.420 168.130 Basaltic andesite 10.08 +3.3

Mount Recheshnoi, Umnak Island

LUM-17a 53.367 169.183 Andesite 22.57 +3.9
LUM-21a 53.583 169.283 Basalt 9.22 +3.2

Islands of Four Mountains

FMI-8 53.070 169.770 Andesite 11.57 +2.9
FMI-7 52.900 170.050 Andesite 12.67 +2.5
FMI-6 52.820 169.950 Rhyolite 16.49 +2.4
FMI-5 52.750 170.120 Andesite 8.45 +8.4

Yunaska Island

FMI-2 52.650 170.760 Andesite 13.56 +3.6

Great Sitkin Volcano, Great Sitkin Island

SIT-RK4 52.080 176.130 Trachydacite 16.30 +5.6
GS721B 52.080 176.130 Andesite 11.13 +2.7
GS723 52.080 176.130 Andesite 13.50 +5.1
GS727 52.080 176.130 Basalt 7.93 �0.7

Mount Adagdak, Adak Island

ADG14 51.990 176.587 Basalt 10.79 +0.5
ADG2 51.990 176.587 Andesite 10.78 +2.1
ADG7A 51.990 176.587 Basalt 5.23 +1.6
ADG8 51.990 176.587 Andesite 9.48 +4.7

Mount Moffett, Adak Island

MOF81-17 51.930 176.750 Basaltic andesite 5.83 +5.1
MOF81-56A 51.930 176.750 Andesite 9.37 +1.8
MOF81-15 51.930 176.750 Basalt 5.73 +1.8
MOF81-44 51.930 176.750 Andesite 9.12 +3.8

Older Flow Under Mount Moffett Flows, Adak Island

MOF53A (ADK-53) 51.930 176.750 High-Mg andesite 7.20 +3.7

Bobrof Island

BO9-6A 51.900 177.430 Andesite 9.92 +4.1
BO9-8A 51.900 177.430 Basaltic andesite 6.69 +3.1

Buldir Island

BUL4D 52.370 184.020 Basaltic andesite 12.75 +2.7
BUL6A 52.370 184.020 Andesite 13.80 +4.3
BUL6B 52.370 184.020 Basaltic andesite 7.24 +5.5

a d7Li values and Li concentrations from Tomascak et al. (2002).
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range for d7Li values. The lava with d7Li > the MORB
range falls within the range of d18O values for the other
Aleutian lavas. The two lavas with d7Li < MORB do not
have published oxygen isotope data, nor do the intrusive
samples.
Finally, Li isotopic compositions are plotted against
trace element proxies for sediment melt (Th/La and
Th/Nd; Fig. 6a and b), eclogite melt (Sr/Y and La/Yb;
Fig. 7a and b) and fluids (Li/Y and Cs/La; Fig. 8a and
b). Use of trace element ratios to identify slab components



Table 1b
Li concentration and isotopic values for intrusive samples used in this study.

Sample Latitude (N) Longitude (W) Lithology Li (ppm) d7Li

Hidden Bay pluton, Adak Island

HB5-137 51.6953 176.7167 Silicic Granodiorite 5.34 +7.7
HB5-193 51.7101 176.6216 Diorite 12.99 +2.3
HB7-10 51.7243 176.7138 Gabbro 9.20 +4.7
BW7-28 51.6953 176.7167 Feldspar Porphyry 15.19 +2.7
HB5-160 51.7235 176.6320 Diorite 8.17 +4.4
HB7-16 51.7181 176.6927 Porphyric Diorite 5.69 +5.1

Mafic dyke cutting Hidden Bay Pluton and older host rock

BW8-55 51.6953 176.7167 Dike 18.52 +2.4
HB6-83J 51.7184 176.6529 Dike 10.60 +7.2

Finger Bay pluton, Adak Island

FB53 51.831 176.588 Gabbro 2.95 +3.2
FB44 51.831 176.588 Gabbro 3.12 +5.9
FB97 51.831 176.588 Gabbro 9.50 +0.7

Kagalaska pluton, Kagalaska and Adak Islands

Kag7-50 51.829 176.429 Gabbro 2.20 +4.3
Kag7-32 51.808 176.437 Granodiorite 6.83 +3.8
Kag7-1A 51.818 176.431 Granodiorite 8.34 +6.9
Kag7-19B 51.837 176.438 Mafic Granodiorite 9.54 +5.5
Kag7-44 51.833 176.456 Basaltic Dike 4.12 +1.4

Gabbro Xenolith, Great Sitkin Island

GS725B 52.080 176.130 Gabbro xenolith 2.79 +14.2

Fig. 2. Range of d7Li values in Aleutian lavas compared to
published values for other arc lavas. Gray field indicates d7Li range
for MORB. Global arc lava data sources from Tang et al. (2014),
with addition of data from Brens et al. (2019).
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δ
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Fig. 3. Plot of d7Li in Aleutian lavas and intrusions versus a.
Chemical Index of Alteration and b. Mafic Index of Alteration.
d7Li error bar (2 sigma) for Aleutian samples is ±1.0‰. See text for
definition of CIA and MIA.

328 H.D. Hanna et al. /Geochimica et Cosmochimica Acta 278 (2020) 322–339
is generally applied only to lavas with less than �56 wt.%
SiO2 because partition coefficients of the ratioed elements
begin to diverge at higher extents of fractionation (Elliott,
2003; Tang et al., 2014), and more evolved samples may
reflect magma mixing and crustal assimilation prior to
eruption. Thus, the data set was significantly reduced in
number, with 20 lavas and 11 intrusive samples remaining
once more evolved samples were removed. All Aleutian
samples with d7Li values < MORB were primitive enough
to remain in the data set, while three of the five intrusions
with d7Li > MORB also remained.

Fig. 6a and b show d7Li values for Aleutian samples
plotted against the Th/La and Th/Nd ratios, which are
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Fig. 4. Plot of d7Li in Aleutian lavas and intrusions versus
longitude. d7Li error bar for Aleutian samples is ±1.0‰. Symbols
as in Fig. 3.
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sensitive to the addition of melts from subducting sediments
(Plank, 2005; Singer et al., 2007; Plank, 2014). Included for
reference on the diagrams are a modeled Aleutian sediment
melt composition from Singer et al. (2007) and the melted
average mantle composition, as represented by the average
global MORB trace element values of White and Klein
±

±

δ

δ

Fig. 5. Plot of d7Li versus a. 143Nd/144Nd b. 176Hf/177Hf c. 206Pb/204Pb an
MORB from White and Klein (2014); d7Li values from Penniston-Dorlan
et al., 2006) and Nd, Hf, and Pb isotope ratios (Plank, 2014) are used for
lavas from Yogodzinski et al. (2010); 206Pb/204Pb isotope ratios for Aleut
Kelemen et al. (2003), Yogodzinski et al. (2015), and Nielsen et al. (201
143Nd/144Nd ratios for Aleutian intrusions from Kay et al. (1983), Kay et
from Penniston-Dorland et al. (2017); Nd and Hf isotope ratios from Y
Hart (2005). Gray box in 5d indicates MORB range for d18O (Eiler, 20
Aleutian samples is ± 1.0‰. Error bar for average MORB d7Li value is
(2014) and the global MORB d7Li value from Penniston-
Dorland et al. (2017). Aleutian lavas plot between the two
end members despite scatter in the d7Li values, though they
cluster closer to the MORB end member, and do not show
a correlation between d7Li values and either Th/La or Th/
Nd. Aleutian intrusions overlap with the lava field, but, on
average, plot to lower Th/La and Th/Nd for a given d7Li
value. Kay et al. (2019) also note lower Th/La ratios in
the plutons relative to the younger Adak volcanic samples.
Intrusive samples show an overall positive relationship
between d7Li and Th/Nd. A weak correlation between
d7Li values and Th/La may also exist in the intrusion data,
however, the correlation rests largely on one sample. The
sample with the highest d7Li values, a gabbroic xenolith
from Great Sitkin, also has the highest Th/Nd and Th/La
ratios, while the other two intrusive samples with d7Li val-
ues > MORB fall within the trace element range of the
other intrusions. The three samples with d7Li val-
ues < MORB have Th/La and Th/Nd ratios within the
range of the majority of the samples.

Fig. 7a and b show d7Li values for Aleutian samples
plotted against trace element indicators of eclogite melts,
namely Sr/Y and La/Yb. Included for reference are the
average global MORB values of White and Klein (2014)
δ

δ

δ

±

±

d d. d18O. Nd, Hf, and Pb isotope ratios and d18O values for Global
d et al. (2017). DSDP Core 183 average values for d7Li (2.0‰; Chan
the sediment melt. 143Nd/144Nd and 176Hf/177Hf ratios for Aleutian
ian lavas are from Kay (1978), Kay et al. (1978), Class et al. (2000),
6); d18O values for Aleutian lavas are from Kay and Kay (1994).
al (1990); and Kay et al. (2019). Average depleted mantle d7Li value
ogodzinski et al. (2010) and Pb isotope ratios from Workman and
01) and d7Li (Penniston-Dorland et al., 2017). d7Li error bar for
± 0.7‰ and smaller than the symbol.
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Fig. 6. Plot of d7Li versus a. Th/La and b. Th/Nd. Average d7Li value of 2.0‰ for DSDP Core 183 from Chan et al. (2006); Th, La, and Nd
concentrations for DSDP Core 183 sediment melt are from Singer et al (2007). Global MORB Li isotope value from Penniston-Dorland et al.
(2017); trace element values are from White and Klein (2014). Th, La, and Nd values of Aleutian samples from Kay et al. (1983, 1990); Kay
and Kay (1994); Class et al. (2000), Yogodzinski et al. (2015), and Kay et al. (2019). d7Li error bar for Aleutian samples is ±1.0‰.
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and Penniston-Dorland et al. (2017), and a proposed slab
melt composition from Kelemen et al. (2003). Aleutian
lavas plot roughly between the two end members, despite
scatter in the d7Li values, clustering closer to the MORB
end member. Aleutian intrusive samples overlap with the
lava field, but, on average, plot to higher Sr/Y and
La/Yb for a given d7Li value. Neither intrusive samples
nor lavas exhibit a correlation between d7Li values and
either Sr/Y or La/Yb. The sample with the highest d7Li
value has lower Sr/Y and La/Yb ratios than other intrusive
samples, while the other two intrusive samples with d7Li
values > MORB either plot within the range of the other
intrusions or show conflicting results (i.e., high La/Yb but
not Sr/Y). Samples with d7Li values < MORB fall within
the trace element ratio range of the other samples.

Fig. 8a and 8b show d7Li values for Aleutian samples
plotted against trace element ratios indicative of slab fluids:
Li/Y and Cs/La. Global MORB values of White and Klein
(2014) and Penniston-Dorland et al. (2017) and modeled
slab fluid values of Singer et al. (2007) are included for ref-
erence. Trace element ratios of Aleutian lavas and intru-
sions cover roughly the same range of values between the
two end member compositions. Both lava and intrusion
data cluster closer to MORB values for Li/Y (Fig. 8a),
but span a continuum of values for Cs/La. d7Li values of
most lavas and intrusive samples plot within or below the
MORB range, while three samples with less than � 56 wt.
% SiO2 have d7Li values that fall above the MORB range
and below the slab fluid end member. Neither intrusive
samples nor lavas exhibit a correlation between d7Li values
and either Li/Y or Cs/La. With respect to samples with d7Li
values > MORB, Li/Y and Cs/La ratios seem to yield
opposing results. For example, the intrusive sample with
the highest d7Li value also has Cs/La ratios higher than
the other intrusive samples, but has the second lowest
Li/Y. By contrast, another high d7Li value intrusive sample
has high Li/Y, but low Cs/La. Samples with d7Li val-
ues < MORB fall within the range of the other Aleutian
samples.

5. DISCUSSION

5.1. Previous studies of d7Li values as a tracer of slab

signatures

Previous studies have examined Li isotopes as a slab
component tracer, though they vary in their success and
sometimes yield conflicting results. Moriguti and
Nakamura’s (1998b) study of Li cycling in the Izu arc noted
an across-arc trend between d7Li and slab depth, which the
authors attributed to the transfer of isotopically heavy Li
from the subducting slab to the mantle. However,
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Fig. 7. Plot of d7Li versus a. Sr/Y and b. La/Yb. Global MORB Li isotope value from Penniston-Dorland et al. (2017); Trace element values
from White and Klein (2014). Proposed slab melt from Kelemen et al. (2003). Sr, Y, La, and Yb data for Aleutian samples are from Kay et al.
(1983, 1990), Kay and Kay (1994), Class et al. (2000), Yogodzinski et al. (2015), and Kay et al. (2019). Sample MOF53A (ADK-53) has a La/
Yb ratio of 31 and therefore does not appear on Fig. 7b. The d7Li error bar for Aleutian samples is ±1.0‰.
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Moriguti et al. (2004) did not find evidence of a slab signa-
ture in data from the northeastern Japan arc, which is con-
tiguous with the Izu arc.

Chan et al. (2002b) analyzed samples from the Guate-
mala, El Salvador, Nicaragua, and Costa Rica portions of
the Central American Volcanic Arc (CAVA), and noted
that only the Nicaraguan samples exhibit correlations
between Li isotopes and slab fluid indicators such as
B/La and Y/Li. Clift et al. (2005) significantly expanded
data for the Costa Rican portion of the arc and found an
inverse correlation between d7Li and Li/Y, which was not
previously observed. Additionally, modeling of d7Li versus
eNd suggested the presence of a slab component in
Clift et al.’s data, however crustal assimilation is also
required.

Some studies have yielded negative results, which they
sought to explain by invoking mantle reaction processes.
For example, Tomascak et al. (2000) attributed a lack of
correlation between d7Li and B/Be in Panama arc samples
to sequestration of slab-derived Li in the sub-arc mantle.
Likewise, Tomascak et al. (2002) proposed removal of Li
by mantle chromatography to explain a lack of correlation
between d7Li and trace element ratios in Kurile, Sunda, and
Aleutian arc lavas. However, Plank (2014) noted that man-
tle chromatography fails to explain the enrichment of Li
relative to Y in arc lavas compared to MORB
(see Fig. 8a of this paper and Fig. 9 of Plank, 2014), which
suggests that equilibration of these elements with the man-
tle does not occur. Raleigh distillation modeling by Caciagli
et al. (2011) was also used to argue against Tomascak
et al.’s chromatography model, as preferential partitioning
of 6Li into the mineral phase would produce isotopically
heavy liquids, not the MORB-like d7Li signatures seen in
most arc lavas.

A final group of studies examining Li cycling in subduc-
tion zones have yielded more positive results. Leeman et al.
(2004) and Magna et al. (2006a) both identified a slab com-
ponent in data from different segments of the Cascadia arc.
Leeman et al. (2004) noted that basalts from the southern
Washington portion of the Cascadia arc exhibit a very
slight positive correlation between d7Li and Li/Y, while
Magna et al. (2006a) observed an overall inverse correlation
between d7Li and distance from the trench in samples from
the northern California portion of the Cascadia arc. Ulti-
mately, both studies attributed d7Li trends in their respec-
tive data sets to a slab fluid signature.

Brens et al. (2019) noted a lack of correlation between
d7Li values and sediment tracers in samples from the
Tonga-Kermadec arc, but concluded that elevated Li/Y
ratios required the presence of a sediment component.
Modeling of d7Li versus Y/Li suggested that mixing of
1–3% sediment with a mantle end member could explain
their observations, with fluid scavenging of Li possibly
inflating that estimate (Brens et al., 2019).



Fig. 8. Plot of d7Li versus a. Li/Y, b. Cs/La. Li isotope data for
slab fluid from Tang et al. (2014); trace element concentrations for
slab fluids from Singer et al. (2007). Global MORB Li isotope
value from Penniston-Dorland et al. (2017); trace element values
from White and Klein (2014). Y, La, and Cs concentrations for
Aleutian samples are from Kay et al. (1983, 1990); Kay and Kay
(1994); Class et al. (2000); Yogodzinski et al. (2015); and Kay et al.
(2019). The d7Li error bar for Aleutian samples is ±1.0‰.
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Tang et al. (2014) present the strongest evidence yet for
the presence of slab-derived Li in their study of isotopically
light Martinique lavas. The authors used a Monte Carlo
simulation to create a two-component, d7Li versus Y/Li
mixing model which suggests their data can be reproduced
by addition of �2% subducted sediment to depleted mantle.

The Tang et al. (2014) study benefitted from the substan-
tial difference in d7Li values between the mantle and sub-
ducting sediment in the Lesser Antilles (the mean d7Li
value of sediment is �0.8 ± 1.5‰ for DSDP Site 543 and
�1.3 ± 2.9‰ for DSDP Site 144; Tang et al., 2014). How-
ever, such a significant difference may not be necessary since
some authors have successfully modelled a slab signature
when the average d7Li value of subducting sediment falls
within the mantle range. A slab signature was noted in
the Nicaragua arc (d7Li = 5.6‰) by both Chan et al.
(2002b) and Plank (2014); in the Cascadia arc
(d7Li = 2.2‰) by both Leeman et al. (2004) and Magna
et al. (2006a, 2006b); in the Tonga-Kermadec arc
(d7Li = 5.0‰) by Brens et al. (2019); and in the East Sunda
data of Tomascak et al. (2002) by Plank (2014). This sug-
gests that, even when Li isotopic signatures of a slab com-
ponent are not drastically different from mantle values, Li
isotopes, in combination with radiogenic isotope or trace
element ratios, can still be used as a slab component tracer.
5.2. d7Li values and an Aleutian slab signature

Many of the existing studies of Li in arcs rely on models
that combine d7Li values with trace element ratios, particu-
larly Li/Y, to detect slab signatures (Chan et al., 2002b;
Tomascak et al., 2002; Leeman et al., 2004; Clift et al.,
2005; Magna et al., 2006a; Plank, 2014; Tang et al.,
2014). While trace element ratios are viable tracers of slab
components, their use can sometimes be problematic. The
divergence of distribution coefficients in higher SiO2 lavas
(>56 wt.%), combined with potential magma mixing, crus-
tal assimilation, and crystal fractionation in more evolved
samples can impact the usefulness of trace element ratios.
Given the prevalence of more evolved lavas in the Aleutian
data set, trace element ratios can only be used to model a
subset of the data. Within the remaining samples, trace ele-
ment ratios do not always behave as expected. For instance,
Ba/La, generally considered to track slab fluids, is strongly
correlated with Th/La in Aleutian lavas (Kay and Kay,
1994; Kelemen et al., 2003; Schaen et al., 2016; Kay
et al., 2019) setting the Aleutians apart from other arcs
worldwide (Elliott, 2003). Ba is fluid mobile while Th is
immobile, thus, if Ba/La was a proxy for slab fluids in Aleu-
tian magmas, this correlation should not exist. However, Ba
and Th are both incompatible during melting, thus, in the
Aleutians, these elements are likely transported from the
subducting slab into the mantle wedge via silicate melt, with
or without slab fluids (Kelemen et al., 2003).

Trace element ratios applied to the Aleutian data also
yield complicated and sometimes conflicting results. For
instance, the intrusive samples show a general trend of
increasing Th/Nd with increasing d7Li values (R2 = 0.65;
Fig. 6b), which could suggest a sediment melt influence
on d7Li values. A similar positive trend should also be seen
between Th/La and d7Li, yet the R2 value for this pair is
only 0.41. Another example is the conflicting results of
Cs/La and Li/Y in samples with d7Li values > MORB
range. These complications suggest it may be useful to
explore alternative proxies for deciphering slab components
in the Aleutians, particularly for plutonic samples whose
trace element ratios can be affected by mineral addition
and removal.

Radiogenic isotopes can provide an alternative for slab
signature modeling and have been successfully used in pre-
vious Aleutian studies. Kay et al. (1978) determined that a
2% sediment component could explain isotopic composi-
tions of Aleutian volcanic samples based on mass balance
calculations using Sr and Pb isotopes. Kay (1980) modeled
slab contribution using (Ba/La)N and (La/Sm)N ratios from
multiple arcs, including some samples from the Aleutians.
They noted sample UM-5, a high-alumina basalt, was con-
sistent with a mixture of mantle, sediment, and subducted
oceanic crust end members. The sediment contribution in
their model is <0.5%. Class et al. (2000) calculated the addi-
tion of up to 1.5% sediment fluid and up to 2.5% sediment
melt to the mantle source of lavas from Umnak island, with
sediment melt dominating Nd isotopic ratios, and sediment
fluid dominating Pb isotopes. Jicha et al. (2004), using Sr,
Nd, Pb, and Hf isotopes, focused on the role of sediment
fluid contributions, and calculated a contribution of 0.2–
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5% to Aleutian lavas, depending on the volcanic center.
Finally, Yogodzinski et al. (2010) conclude that a 2–3% sed-
iment component is present in the mantle source of Aleu-
tian lavas based on eHf and eNd. They argued that a
sediment melt component is necessary to produce the ele-
vated Nd/Hf ratios of Aleutian samples, but do not quan-
tify what percentage of the sediment component in the
model is sediment melt.

Aleutian intrusive samples show an overall relationship
of increasing d7Li values with increasing Th/Nd ratios
(Fig. 6b), suggesting that additional exploration into the
presence of a sediment melt signature may be warranted.
To further examine this possibility, one mantle-sediment
fluid mixing model, one mantle-sediment melt mixing
model, and one mixing model that employs all three end
members were calculated using the parameters in
Table A2. These mixing models use Nd isotope ratios in
combination with d7Li values because (1) radiogenic iso-
topes do not have the compositional limitations of trace ele-
ment ratios for evolved lavas and intrusions; and (2) Nd is
the only isotopic system for which data exist for a majority
of both lava and intrusive samples.

The Depleted Mantle-Sediment Melt mixing scenario
extends between the depleted mantle end member and the
sediment melt end member in Fig. 9. The depleted mantle,
which has been used for modelling in previous studies (e.g.,
Leeman et al., 2004; Tang et al., 2014; Brens et al., 2019),
was chosen to represent an unmodified mantle end member
with which to mix sediment components. Nd and Li con-
centrations for the depleted mantle are from Salters and
Stracke (2004), and Nd isotope ratios are from Jicha
et al. (2004; Table A2). The Li isotope value of the depleted
mantle end member represents the average mantle value of
δ

±

Fig. 9. Depleted mantle-slab fluid mixing model for d7Li versus
143Nd/144Nd. The + symbol on Depleted Mantle-Sediment Fluid
and Modified Mantle-Sediment Fluid Mixing Scenarios indicates
1–3% sediment fluid component. The + symbol on Depleted
Mantle-Sediment Melt mixing scenario indicates 1–5% sediment
melt component. See Table A2 for values and associated references
for the three mixing scenarios. The d7Li error bar for Aleutian
samples is ±1.0‰.
Penniston-Dorland et al. (2017). Nd and Li concentrations
of the sediment melt end member were calculated using par-
tition coefficients of Johnson and Plank (2000) and assume
5% melt in equilibrium with DSDP Hole 183 sediment. Li
and Nd isotope ratios of the sediment melt end member
are those reported for DSDP Hole 183 sediment by Chan
et al. (2006) and Plank (2014), respectively (Table A2).

The Depleted Mantle-Sediment Fluid mixing scenario
extends between the depleted mantle end member and the
sediment fluid end member with the higher d7Li value
(Fig. 9). This scenario uses the same depleted mantle end
member as above, but instead mixes it with a sediment fluid
end member (Table A2). Neodymium and Li concentra-
tions of the sediment fluid end member were calculated
using partition coefficients of Johnson and Plank (2000)
and assume 5% fluid in equilibrium with DSDP Hole 183
sediment. The Nd isotope ratios of the sediment fluid end
member are those reported for DSDP Hole 183 sediment
by Plank (2014; Table A2). Previous studies adopted a
range of Li isotopic compositions for sediment fluid, from
�10‰ in Moriguti and Nakamura (1998a) to 20‰ in
Tang et al. (2014). A mid-range value of 15‰ provided
the best solution for Aleutian data in this mixing scenario
(Table A2).

The Modified Mantle-Sediment Fluid mixing scenario
extends between a modified mantle end member and the
sediment fluid end member with the lower d7Li value
(Fig. 9). The modified mantle end member represents 3%
sediment melt addition to the Li and Nd concentrations
and isotopic values of the depleted mantle (Table A2).
The Nd isotope ratios of the sediment fluid end member
are those reported for DSDP Hole 183 sediment by Plank
(2014), and the d7Li value of sediment fluid is from
Moriguti and Nakamura (1998a).

Two samples from our study meet the adakite geochem-
ical criteria of Kelemen et al. (2003): a porphyritic diorite
from the Hidden Bay pluton (HB7-16), and an 11.8
± 0.3 Ma sample from a flow stratigraphically under the
Moffett flows (MOF53A, also reported as ADK-53; see
Jicha and Kay, 2018, for more information on this sample).
This sample is the original ‘adakite’ from Kay (1978). How-
ever, we do not consider a subducting eclogite melt compo-
nent for the Aleutian samples because recent work has
discredited slab melting as the source of the adakite geo-
chemical signature. Instead, adakite-like signatures are
attributed to subduction erosion and subsequent melting
of the mafic Aleutian forearc (Kay, 2003; Jicha and Kay,
2018; Kay et al., 2019). The potential for mixing between
a depleted mantle end member and a slab fluid end member
that includes altered oceanic crust, such as the slab fluid
from Singer et al. (2007) used in Fig. 8, was explored in
our modeling. However, the model proved to be a poor
fit for the Aleutian data, in part because of the similar
Nd isotope ratios between the altered oceanic crust and
the depleted mantle. This suggests the inability to discern
altered oceanic crustal components may be a disadvantage
of the isotopic modelling employed in this study.

Only a few Aleutian samples fall along the Depleted
Mantle-Sediment Fluid mixing scenario line, suggesting
two-component mixing between depleted mantle and sedi-



334 H.D. Hanna et al. /Geochimica et Cosmochimica Acta 278 (2020) 322–339
ment fluid may not adequately explain the Aleutian data.
Of particular issue are the lower than MORB-range of
d7Li values of several samples, which would require
depleted mantle d7Li values of �2‰, which have not been
observed (e.g., d7Li values in unaltered peridotite xenoliths
range from �+2.5‰ to �+4.9‰; Brooker et al., 2004; Seitz
et al., 2004; Magna et al., 2006b; Jeffcoate et al., 2007;
Magna et al., 2008; Gao et al., 2011; Pogge von
Strandmann et al., 2011; Lai et al., 2015, with an average
of 3.8 ± 0.7, Penniston-Dorland et al., 2017). A more likely
scenario may be the presence of a sediment melt component
that can skew the d7Li values of MORB-range samples to
slightly lower values than if sediment fluid was the only slab
influence (Fig. 9). Thus, the majority of Aleutian samples
may be explained by the addition of <1% sediment fluid
to a mantle component that may have been modified by
up to �3% sediment melt (Fig. 9). This result is consistent
with the previous Aleutian isotope studies discussed above,
and with models using d7Li values and 206Pb/204Pb ratios
(Fig. A2; Table A3).

The mixing models in Fig. 9 suggest a sediment fluid
component may be the dominant influence on most samples
with d7Li values greater than the MORB range, however, it
does not explain the sample with the highest d7Li value.
This sample, a gabbro xenolith from Great Sitkin island
with an unknown geologic context, also has low Li concen-
tration (2.8 ppm) suggesting it may be best explained by dif-
fusive loss of 6Li to the host lava. The models also does not
explain the lava and intrusive samples with d7Li val-
ues < MORB range, since the d7Li values of sediment in
DSDP Core 183 do not extend to low enough values
(Chan et al., 2006). These samples plot within the range
of the rest of the data with respect to trace element and
radiogenic isotope ratios, suggesting their low d7Li values
do not result from source heterogeneity. The cause of these
anomalously low d7Li values is unknown at this time,
though it is possible that the average d7Li value of DSDP
Core 183 is not representative of all sediments being sub-
ducted beneath the Aleutians and that regional variations
may exist.

5.3. Implications for modeling a sediment signature using

d7Li values

Many studies have relied on spatial trends in d7Li
(Moriguti and Nakamura, 1998b; Moriguti et al., 2004;
Magna et al., 2006a) or correlations between d7Li values
and slab component indicators (Tomascak et al., 2000;
Chan et al., 2002b; Tomascak et al., 2002; Leeman et al.,
2004; Tang et al., 2014) when evaluating the presence of a
slab signature in arc lavas and intrusions. However, the
results of this study suggest a slab signature may be present
in Li isotope data, even when obvious trends between d7Li
values and other tracers are absent. Instead, mixing models
combining d7Li values with radiogenic isotopes or trace ele-
ment ratios may be necessary to decipher the presence of
slab signatures in arc lavas and intrusive samples
(Moriguti and Nakamura, 1998b; Clift et al., 2005; Plank,
2014; Tang et al., 2014). This is also illustrated by the model
of Plank (2014), which found a slab signature in the East
Sunda data of Tomascak et al. (2002) after the original
study came to a negative conclusion based on a lack of cor-
relations between Li isotopes and trace element ratios.

Our study also suggests it may be necessary to use more
than two slab components in mixing models to adequately
explain some data sets. While some studies have demon-
strated that two-component models explain some arc Li
isotope data (e.g., Plank, 2014; Tang et al., 2014), a three
component model incorporating both sediment melt and
sediment-derived fluid is preferred for the Aleutian data.
The inclusion of a melt component is in line with previous
studies, which have also suggested a sediment melt compo-
nent in the Aleutians (Class et al., 2000; Yogodzinski et al.,
2010). The presence of sediment melt may partially offset
the higher d7Li values from sediment-derived fluid, particu-
larly in arcs with lower sediment d7Li values. Therefore, a
sediment melt component may play a role in keeping many
arc lava d7Li values within the MORB range.

Finally, this study supports earlier studies that have
shown that Li isotopes can be useful in settings where the
d7Li values of subducting sediments fall within the mantle
range (Leeman et al., 2004; Clift et al., 2005; Magna et al.,
2006a; Plank, 2014), particularly when used in conjunction
with other isotopic systems. Of the arcs with published Li
isotope data (Izu, Japan, Sunda, Lesser Antilles, Kurile,
Guatemala, Costa Rica, El Salvador, Nicaragua, Panama,
Cascadia, and the Aleutians), the majority have had slab sig-
natures detected in the d7Li data. While some of the seven
arcs have sediment d7Li values well above (Izu arc) and well
below (Sunda, Lesser Antilles) the MORB range, sediment
from the other arcs fall within the MORB range (Aleutian,
Cascadia, Nicaragua, Costa Rica). This has important
implications for the usefulness of Li isotopes as a sediment
tracer because 20 of the 30 arcs reported in Plank (2014)
have average subducting sediment with MORB range d7Li
values. Thus, with appropriate modeling, Li isotopes could
have widespread applicability as a tracer of sediment signa-
tures, even in arcs where the d7Li values of sediment do not
vary drastically from the MORB range.

6. CONCLUSIONS

Li isotope values of Aleutian lavas and intrusions span
the entirety of the MORB range, with three samples falling
below the range and five falling above. The d7Li values of
Aleutian samples do not show the spatial variability
observed in some other slab component tracers (e.g., B/
La, B/Nb, B/Be, Cs/La, Pb/Ce; Singer et al., 2007) nor
do they exhibit correlations with most of these tracers.
However, modeling d7Li values in combination with
143Nd/144Nd ratios suggests that most Aleutian lavas and
intrusive samples that fall within or above the MORB
d7Li range may be explained by mixing <1–2% sediment
fluid and up to �3% sediment melt with a depleted mantle
source; these estimates are in line with previous studies
using non-Li slab component tracers. The model also sug-
gests that sediment fluid plays a larger role in samples with
d7Li values greater than the MORB range, while the pres-
ence of a sediment melt could skew the d7Li value of
MORB-range Aleutian samples to slightly lower values
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than if sediment fluid was the only slab influence. Aleutian
samples with d7Li values less than the MORB range cannot
be explained by the addition of slab components because
none of the slab components have d7Li values low enough,
though it is possible that the d7Li of subducting sediment
varies beyond that observed in the single drill core that is
available.

The results of this study indicate that a sediment signa-
ture may be present in Li isotope data, even when spatial
trends and correlations with slab component indicators
are not evident. Modeling may be required to decipher these
signatures, and these models may need to accommodate
both sediment-derived fluid and sediment melt in some arcs.
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APPENDIX A

See Tables A1–A3 and Figs A1 and A2.
d7Li Source

4.76 This study
4.81 This study
4.8
0.1
4.0–5.6 GEOREM database

3.32 This study
2.54 This study
2.9
1.1
2 � 3 GEOREM database

.

i Nd (ppm) 143Nd/144Nd

b 0.713a 0.5131c
e 4.50d 0.51263f

b 0.713a 0.5131c

13.45d 0.51263f

h 0.827h 0.51302h
i 13.45d 0.51263f

d assuming 5% fluid or 5% melt in equilibrium with DSDP Hole 183

value of Tang et al. (20‰; 2014) of and the low d7Li fluid value of

tion from Depleted Mantle-Sediment Melt and Depleted Mantle-



Table A3
Values and associated references for the three mixing scenarios in Fig. A2.

Li (ppm) d7Li Pb (ppm) 206Pb/204Pb

Depleted Mantle-Sediment Melt Mixing Scenario

Depleted Mantle 0.7a 3.8b 0.0232a 18.3a

Sediment Melt 83.36c 2.0d 16.31c 19.042e

Depleted Mantle-Sediment Fluid Mixing Scenario

Depleted Mantle 0.7a 3.8b 0.0232a 18.3a

Sediment Fluid 53.66c 15f 13.69c 19.042e

Modified Mantle-Sediment Fluid Mixing Scenario

Modified Mantle 1.23g 2.8g 0.186g 18.95g

Sediment Fluid 53.66c 9.7h 13.69c 19.042e

a Salters and Stracke (2004).
b Average mantle value of Pennston-Dorland et al. (2017).
c Calculated using partition coefficients of Johnson and Plank (2000) and assuming 5% fluid or 5% melt in equilibrium with DSDP Hole 183

sediment.
d Chan et al. (2006).
e Plank (2014).
f Selected as an intermediate composition between the high d7Li fluid value of Tang et al. (20‰; 2014) of and the low d7Li fluid value of

Moriguti and Nakamura (1998).
g Represents 1% sediment melt addition to depleted mantle composition from Depleted Mantle-Sediment Melt and Depleted Mantle-

Sediment Fluid mixing scenarios.
h Moriguti and Nakamura (1998).

Fig. A1. Plot of d7Li versus a. distance from the Aleutian trench
(km) and b. depth the Wadati-Benioff Zone (km) in Aleutian lavas.
Distance from trench and depth to Wadati-Benioff zone values are
from Syracuse and Abers (2006). d7Li error bar for Aleutian
samples is ±1.0‰.

Fig. A2. Depleted mantle-slab fluid mixing model for d7Li versus
206Pb/204Pb. The + symbol on Depleted Mantle-Sediment Fluid
and Modified Mantle-Sediment Fluid Mixing Scenarios indicates
1–3% sediment fluid component. The + symbol on Depleted
Mantle-Sediment Melt mixing scenario indicates 1–5% sediment
melt component. See Table A2 for values and associated references
for the three mixing scenarios. The d7Li error bar for Aleutian
samples is ±1.0‰.
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Supplementary data to this article can be found online at
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