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In order to further constrain the timing of the Aleutian Arc initiation as well as its early evolution, an extensive
40Ar/39Ar dating and geochemical (major and selected trace elements) campaign (40 samples) of the lower
units of the Aleutian ridge has been carried out on samples dredged from deep fore-arc canyons and rear-arc tec-
tonic structures. The new dataset slightly increases theminimum inception age for the Aleutian system, with the
two oldest samples dated at 46.1± 3.3 Ma and 47.80± 0.57Ma. Bothmid Eocene ages were obtained on tholei-
itic mafic volcanic rocks from the western section of the arc. The new data also support the occurrence of three
distinct periods of enhanced magmatic activity (magmatic pulses) during the pre-Quaternary evolution of the
arc (at 38–27, 16–11 and 6–0 Ma), as previously suggested based on a more limited and dominantly subaerial
dataset. Moreover, the data refine the duration of the first pulse of activity, which ended 2Ma later than previous
estimates. The first and last pulses may be associated with rotations of the subducting plates while the second
pulse might result from regional tectonic changes. The significant overlap between the age distribution of the
submarine and subaerial samples suggests that much of the earlier parts of the arc may have been uplifted and
subaerially exposed. The expected crustal growth associated with the pulses is unlikely to have significantly im-
pactedmagmatic residence times, since no variation in the degree of differentiation of the rocks can be observed
during or after the pulses. On the other hand, the type ofmagmas eruptedmay have changed during the arc evo-
lution. Prior to the first pulse, activity appears to have been dominantly tholeiitic. On the other hand, the first
pulse was characterized by coeval tholeiitic, transitional and calc-alkalinemagmas, with calc-alkaline activity in-
creasing after thefirst ~3Ma. Subsequently, a dominantly calc-alkaline period occurred from29 to 8Ma, followed
by a progressive return of coeval tholeiitic, transitional and calc-alkaline activity. These temporal changes in
magma types correspond to likely variations in arc crustal thickness beneath the active front, and could therefore
be a response to physical changes of the overriding plate.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Since the 1960's the Aleutian Arc (Fig. 1) has been a key and exten-
sively studied locality to understand subduction zone processes, the
evolution, composition and structure of arc crusts and the link between
arc and continental crust (e.g., Coats, 1962; Kay and Kay, 1994; Kelemen
et al., 2003). Nevertheless, many aspects regarding its formation remain
unknown or uncertain. In particular, the age at which the Aleutian Arc
ogy, Goettingen University, Goldschm
ezard).
crust started to develop, the evolution of its accumulation rate through
time (in pulses vs. steady state) and the related impact on its magma
compositions remain conjectural.

The oldest agemeasured so far in the Aleutians, which is also the ac-
cepted minimum inception age for the subduction system, is an
40Ar/39Ar age of 46.31 ± 0.91 Ma (2 sigma-error here and in the rest
of the manuscript; Fig. 2a) obtained on a metavolcanic rock from the
submarine Murray canyon (at 3018 m depth; Jicha et al., 2006). Three
idtstrasse 1, 37077 Goettingen, Germany.
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Fig. 1.Map of the western and central Aleutian Arc showing the dredge locations (red circles) from which the dated samples were recovered. The range of ages obtained for each area
(taking age errors into account) is also shown. White arrows show the movement direction of the subducting Pacific plate. The bathymetric map was made using GEBCO data
(GEBCO_14 Grid, v. 20,150,318; http://www.gebco.net). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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contemporaneous or older K/Ar ages (Fig. 2) have been viewed as unre-
liable, in part due to their large uncertainties (55.3± 6.7Ma, 45± 5Ma
and 42.3 ± 4.6 Ma by Marvin and Cole (1978), Tsvetkov (1991) and
Delong et al. (1978), respectively) and lack of reproducibility upon re-
sampling and 40Ar/39Ar analysis. A subduction initiation age for the
Aleutian arc remains unknown because rocks older than 40 Ma are
scarce and come primarily from one locality. It is an important piece
of the puzzle that is missing tomodel the Paleogene geodynamic evolu-
tion of the Pacific Basin and in particular, to understand the potential
triggers for the 50–47Ma old Hawaiian-Emperor Bend, a geological fea-
ture located south of the Aleutian arc in the central Pacific. The
Hawaiian-Emperor Bend, which has been interpreted to reflect either
a change in direction of the Pacific plate (e.g., Morgan, 1971; Sharp
and Clague, 2006) or a change of mantle flow (e.g., Steinberger et al.,
2004; Tarduno et al., 2003), is contemporaneous with the oldest
Aleutian rock and has therefore been linked by some to subduction ini-
tiation in the Aleutians (O'Connor et al., 2015).

The age distribution of pre-Quaternary magmatic activity in the
Aleutians also remains insufficiently constrained. Based on the available
ages (Fig. 2a), the evolution of the arc has been characterized by three
magmatic pulses or ‘flare-ups’ at 38–29, 16–11 and 6–0 Ma (Jicha
et al., 2006). The number of ages, however, is not extensive (Fig. 2a)
and most were obtained on samples from island outcrops, which may
not be representative of the full magmatic history of the arc (see Fig. 3
for the distinction between subaerial and submarine dated samples).
Moreover, despite the large amount of geochemical data generated in
the last 60 years, the published geochronological data has often been
obtained on samples lacking geochemical characterization, precluding
a comprehensive assessment of the type of magmatism characterizing
the pre-Quaternary arc evolution.

With the goals of further constraining the age of arc initiation aswell
as the age distribution and composition of pre-Quaternary activity, we
carried out a comprehensive sampling and combined geochronological
and geochemical investigation of the lower submarine units of the cen-
tral and western Aleutian Arc. Sampling took place during two cruises
with the German research vessel Sonne (SO249 Leg1 and 2). Combined
2

with the literature, the dataset provides new insights into crustal accre-
tion and the magmatic evolution of the arc through time.

2. Geological setting

The Aleutian Arc is a ~ 2200 km long, 160–222 km wide
(e.g., Holbrook et al., 1999; Lizarralde et al., 2002) arcuate ridge
resulting from the subduction of the Pacific Plate beneath the North
American Plate (Fig. 1). The crust has a nearly constant thickness of
38.5 ± 2.9 km in the eastern and central arc, and is likely to be as
thick in the western arc (Janiszewski et al., 2013). The convergence
angle changes from almost orthogonal in the eastern part of the sub-
duction zone to oblique in the west. Due to the oblique subduction, a
transtensional regime exists in the overriding plate of the central-
western arc, resulting in the formation of northwest-southeast ori-
ented (trench-parallel) right-lateral strike-slip faults, such as the
Kresta shear zone (Scholl, 2007 and references therein). The strike-
slip faults have broken the central and western Aleutian Arc basement
into blocks separated by deep canyons (e.g., Adak, Amatignak, Murray
and Attu; Geist et al., 1988) that have undergone clockwise rotation.
The canyons provide deep basement exposures extending from the
fore arc into the arc itself (Jicha et al., 2006; Scholl et al., 1982). Geo-
physical studies of the eastern and central part of the arc suggest that
the Aleutian crust contains three layers: 1) an upper ~7 km thick layer
inferred to consist of extrusive and intrusive igneous rocks of varying
composition, and some volcaniclastic sediments (Holbrook et al.,
1999); 2) an andesitic to basaltic mid-crustal layer made of andesitic
intrusions or remnants of the oceanic crust on which the arc was
built (Holbrook et al., 1999; Janiszewski et al., 2013; Shillington
et al., 2004); and 3) ultramafic-mafic cumulates and/or granulites
(~20–35 km; Holbrook et al., 1999; Shillington et al., 2004). This struc-
ture is broadly consistent with models based on petrological, mineral-
ogical and geochemical data, at least for the central arc (e.g., Kay et al.,
2019 and references therein). The Aleutian ridge, or arc massif, may
have attained all or most of its current size (height and width) by
the end of the Eocene (Scholl et al., 1987). Based on central-Aleutian
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Fig. 2.Histograms showing the distribution of the 40Ar-39Ar ages obtained in this study. In (a) the new data are comparedwith published pre-Quaternary data for the Aleutian Islands and
canyons locatedwest of 164°W. In (b), only our newdata are shown, indicating the locations fromwhich the sampleswere collected. PublishedAleutian data are fromBorsuk and Tsvetkov
(1982), Cai et al. (2015), Carr et al. (1970), Citron et al. (1980), Coombs et al. (2012), Delong et al. (1978); DeLong andMcDowell (1975); Hein andMcLean (1979), Jicha et al. (2006), Jicha
and Kay (2018), Kay et al. (2019), Marlow et al. (1973), Marvin and Cole (1978), McLean et al. (1983); Schaen et al. (2016), Scholl et al. (1976), Tsvetkov (1991).
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subaerial outcrops, early activity was likely diffuse (explaining the
thick base of the ridge) and transitioned to a focused volcanic front
at the end of the Eocene, e.g., at about ~34 Ma in the central arc
(Jicha and Kay, 2018). The volcanic front has likely migrated
3

northward through time due to subduction erosion (e.g., Jicha and
Kay, 2018; Kay et al., 2019; Kay and Kay, 1994). To date, the scarce
number of investigated submarine outcrops has precluded a thorough
understanding of the arc crustal development.



Fig. 3. Longitude of the investigated samples versus age (Ma). Other pre-Quaternary sampleswith published ages are shown as gray circles. The dotted line shows the previously accepted
minimum inception age. The three gray fields correspond to the revisedmain pulses of enhanced activity of the arc. The striped gray andwhite field corresponds to the Quaternary part of
the third pulse. Literature data as in Fig. 2.
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3. Methods

3.1. Samples

Forty samples from the submarine basement of the central (east of
180°) and western Aleutians were dated and measured for major and
selected trace elements. The rocks were dredged at depths between
5500 and 1000 m below sea level (mbsl) in 6 areas of the arc (Fig. 1)
during the German Research Vessel Sonne Cruise SO249 in 2016. The
sampling effort focused on the deep canyons cutting the fore-arc crust
and extending into the arc (Adak, Amatignak, Murray, Attu and
Komandorsky Canyons), on lower trench slopes (in the Adak area),
and on steep slopes and faults in the rear arc (Komandorsky Block
slopes and Kresta Ridge, a south-facing strike-slip fault scarp). Bathy-
metric maps of the dredged sites (from Werner et al., 2016) can be
found in Supplementary datafile 1. Several criteriawere applied tomin-
imize the likelihood of samples being ice rafted rocks (glacial
dropstones). These criteria included angularity of samples, especially
freshly broken surfaces, because glacial dropstones are typically
rounded by glacial activity and are difficult to break by dredging. An-
other important criterionwas the homogeneity of the rock types within
a single dredge, because dropstone populations are generally very het-
erogeneous. After dropstone filtering, samples were selected to be rep-
resentative of the dredged lithologies and, among samples of the same
type, based on their freshness. More information on the content of the
dredges can be found (open access) in the cruise report (Werner et al.,
2016).

The sample set comprises 35 volcanic, 3 subvolcanic and 2 plutonic
rocks. Individual sample descriptions are presented in Werner et al.
(2016). Twenty-seven of the volcanic samples are porphyric to
glomeroporphyric, and eight are aphyric. Among the porphyric/
glomeroporphyric rocks, with the exception of one sample (DR49-1
from Attu Canyon), plagioclase is always present as a phenocryst.
Clinopyroxene is a nearly ubiquitous phenocrystic phase, while
orthopyroxene, olivine (pseudomorphs for most occurrences) and
opaque oxides occur only in some of the rocks, and typically in lower
modal abundances. Quartz and alkali feldspar phenocrysts are rare
and only present in some of the silicic rocks (e.g., DR15-2 from
4

Amatignak Canyon). Amphibole phenocrysts are present in only 2 of
the investigated volcanic samples (DR51-8 and DR-134-1 from Attu
Canyon and Komandorsky Block slopes, respectively). In one of them
(DR51-8), phenocrysts show opaque rims but are largely preserved,
while in the other (DR134-1), the crystals are largely pseudomorphs.
Vesicles occur in some of the volcanic rocks, and are the largest and
most abundant in the aphyric samples (DR28-3, DR28-4 and DR29-24
from Murray Canyon). In most cases, they are filled with zeolites
(mostly analcime) and more rarely calcite. Veins, also filled by zeolite
or calcite, occur in some of the samples (e.g., DR28-4, DR51-4,
DR153-9 from Murray and Attu Canyons and the Komandorsky Block
slopes, respectively). Vesicle fill and veinswere removed during sample
preparation. Subvolcanic rocks are dominantly made of plagioclase and
clinopyroxene. The assemblage of one of the plutonic rocks (DR39-8,
from Kresta Ridge) is dominated by the same phases (plagioclase and
clinopyroxene), but also comprises small amounts of amphibole,
whereas in the other one (DR148-1, from the Komandorsky Block
slopes), plagioclase and amphibole dominate the primary assemblage.
The samples have undergone various degrees of low temperature
subgreenschist to greenschist facies alteration.

3.2. Ar isotope measurements

Argon isotope measurements were carried out at the Argon Labora-
tory of the Geological Institute of the Technische Universität
Bergakademie Freiberg (ALF, Germany) and at the WiscAr Laboratory
in the Department of Geoscience at the University of Wisconsin-
Madison (USA).

3.2.1. Argon Laboratory Freiberg (ALF)
Samplesmeasured at ALF consisted of groundmass, feldspar and am-

phibole separates ranging in size from 0.12 to 0.50mm. They were pre-
pared by crushing, sieving and magnetic separation in some cases. The
separates were handpicked under a binocular microscope and then
washed in deionized water while being ultrasonicated. Some ground-
mass (as indicated in Table 1) and all feldspars were subsequently
leached. Feldspars were leached in 5% HF at room temperature for
5 min (0.12–0.25 mm grains) or 10 min (0.25 to 0.50 mm). They were



Table 1
Summary of 40Ar-39Ar incremental heating experiments.

Sample (SO249) Location Material Lab # of expts N 39Ar % MSWD Plateau Age
(Ma) ± 2σ

40Ar/36Ari ±
2σ

Isochron Age
(Ma) ± 2σ

DR7-3 Adak plag ALF 1 18 of 24 93.3 0.09 – – 269.1 ±6.1 37.90 ±0.46
DR9-4 Adak gm WiscAr 1 15 of 23 76.4 0.44 38.21 ±0.30 301.9 ±5.7 37.75 ±0.83
DR9-4 Adak plag WiscAr 1 15 of 15 100.0 0.46 38.3 ±1.4 302.1 ±3.4 37.1 ±1.9
DR9-6 Adak gm WiscAr 1 29 of 38 85.2 0.82 34.51 ±0.17 295.5 ±3.6 34.85 ±0.43
DR9-11 Adak plag WiscAr 1 13 of 17 93.8 0.61 33.0 ±1.7 290 ±11 34.6 ±2.6
DR9-16 Adak plag ALF 1 10 of 21 65.1 1.60 – – 276.8 ±2.5 34.40 ±0.86
DR9-21 Adak gm WiscAr 1 16 of 16 100.0 0.64 38.10 ±0.25 299.9 ±3.9 37.92 ±0.58
DR10-1 Adak gm (NL) ALF 1 6 of 15 73.8 0.74 – – 287.7 ±1.0 31.19 ±0.77
DR11-1 Adak gm WiscAr 2 22 of 23 99.9 0.98 12.83 ±0.18 302.5 ±6.3 12.58 ±0.44
DR15-2 Amatignak plag ALF 1 17 of 22 97.3 0.52 – – 268.8 ±2.8 35.26 ±0.42
DR15-3 Amatignak gm WiscAr 1 35 of 53 72.5 0.84 32.81 ±0.09 295.7 ±3.9 32.95 ±0.23
DR16-1 Amatignak gm WiscAr 2 17 of 29 84.6 0.65 32.98 ±0.19 300.6 ±2.6 32.69 ±0.43
DR16-2 Amatignak gm WiscAr 1 15 of 42 55.1 0.66 35.09 ±0.19 297.4 ±5.0 35.21 ±0.54
DR16-4 Amatignak gm WiscAr 1 28 of 32 95.3 0.66 36.01 ±0.32 296.7 ±3.1 36.44 ±0.76
DR25-10 Murray plag ALF 1 10 of 25 53.0 1.70 – – 292.1 ±2.3 32.11 ±0.77
DR26-1 Murray plag ALF 1 12 of 21 70.6 0.79 – – 261.0 ±5.1 38.07 ±0.52
DR26-8 Murray gm (NL) ALF 1 16 of 18 99.4 0.29 – – 298.2 ±2.4 3.50 ±0.64
DR27-1 Murray plag WiscAr 1 17 of 17 100.0 0.55 27.8 ±2.1 287 ±18 29.5 ±3.2
DR27-5 Murray gm WiscAr 1 10 of 23 60.9 0.82 14.25 ±0.07 334 ±50 13.83 ±0.59
DR28-1 Murray gm ALF 1 11 of 17 68.8 1.50 – – 280.3 ±2.1 33.54 ±0.87
DR28-3 Murray gm WiscAr 1 14 of 14 53.8 0.70 47.70 ±0.11 295 ±18 47.80 ±0.57
DR28-4 Murray gm WiscAr 1 18 of 35 52.6 1.30 32.84 ±0.27 299 ±18 32.8 ±1.3
DR29-16 Murray plag WiscAr 1 20 of 20 100.0 1.12 30.20 ±0.37 297.7 ±2.8 30.45 ±0.92
DR29-21⁎ Murray gm ALF 1 11 of 22 57.7 0.10 – – – - 31.16 ±0.37
DR29-22 Murray plag WiscAr 1 35 of 48 80.3 0.89 26.84 ±0.39 296.7 ±3.5 27.5 ±1.3
DR29-24 Murray gm WiscAr 1 22 of 34 72.3 1.39 41.52 ±0.39 299.6 ±4.1 41.3 ±1.0
DR32-1 Murray plag ALF 1 18 of 19 99.5 1.40 – – 296.8 ±4.5 16.21 ±0.42
DR32-5 Murray gm (NL) ALF 1 10 of 16 61.3 0.89 – – 261.8 ±4.5 21.42 ±0.98
DR32-5 Murray plag ALF 1 10 of 15 76.3 1.20 – – 271.3 ±3.5 19.8 ±2.2
DR39-8 Kresta plag WiscAr 2 29 of 31 98.3 0.84 25.75 ±0.21 298.8 ±1.6 25.66 ±0.65
DR39-10 Kresta gm WiscAr 2 32 of 34 98.5 0.51 36.85 ±0.74 298.5 ±1.0 36.9 ±1.0
DR41-1 Kresta plag WiscAr 2 20 of 28 84.2 0.87 30.0 ±1.4 299.4 ±2.2 28.0 ±5.4
DR48-1 Attu gm WiscAr 2 24 of 28 91.9 0.63 15.29 ±0.12 298.6 ±1.7 15.29 ±0.14
DR49-1 Attu gm WiscAr 1 18 of 18 100.0 0.58 5.89 ±0.39 299.1 ±1.1 5.72 ±0.54
DR51-4 Attu gm WiscAr 1 19 of 33 72.2 0.80 43.4 ±1.1 295.5 ±3.6 46.1 ±3.3
DR51-8 Attu amph WiscAr 1 16 of 16 100.0 0.25 5.46 ±0.44 299.3 ±6.4 5.41 ±0.60
DR51-16 Attu gm WiscAr 1 23 of 26 93.9 0.49 21.86 ±0.47 296.7 ±2.2 22.8 ±1.2
DR134-1 Komand. gm (NL) ALF 1 13 of 20 69.5 0.99 – – 294.6 ±3.5 14.78 ±0.40
DR134-2 Komand. gm (NL) ALF 1 19 of 27 71.6 0.93 – – 296.0 ±6.8 15.11 ±0.75
DR148-1 Komand. amph (NL) ALF 1 9 of 19 52.4 1.00 – – 302.1 ±7.5 39.3 ±1.7
DR153-9 Komand. gm ALF 1 8 of 22 50.3 0.80 – – 317.4 ±6.3 36.11 ±0.33
DR155-1 Komand. gm ALF 1 12 of 23 54.7 0.66 – – 302.8 ±5.3 32.54 ±0.67

Ages calculated relative to 28.201 Ma Fish Canyon sanidine standard (Kuiper et al., 2008) using 40K decay constants of 5.463 × 10−10 a−1 (Min et al., 2000).
Atmospheric 40Ar/36Ar = 298.56 ± 0.31 (Lee et al., 2006); (40Ar/36Ar)i = initial 40Ar/36Ar ratio.
# of expts = number of incremental heating experiments performed on a given sample; N = number of incremental heating steps.
Uncertainties are given at the 95% confidence level (2σ).
MSWD = mean square of weighted deviates; gm= groundmass; plag = plagioclase; amph = amphibole; Komand. = Komandorsky; (NL) = not leached.
ALF = Argon Laboratory Freiberg; WiscAr = Geochronology laboratory at the University of Wisconsin-Madison.
⁎ Age derived from combination of two data subsets providing identical ages but slightly different initials. See supplementary data file 5.
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then rinsed and ultrasonicated in deionized water three times for
10 min at 65 °C followed by two rinses at room temperature. Ground-
mass leaching consisted of three steps, all performed during
ultrasonication at 65 °C: (1) 30 min in 1.8 N HCl; (2) 30 min in 0.5 N
HNO3; and (3) 30 min in deionized water. Between each step, the sam-
ples were rinsed 5 times with deionized water.

Samples were subsequently dried, wrapped in aluminum foil and
loaded in wells on aluminum discs (33 mm diameter) for irradiation,
whichwas done for 3 h at the LVR-15 research reactor of theNuclear Re-
search Institute in Řež, Czech Republic. The thermal neutron flux was
~1.2 × 1014 n/cm2 s at a thermal to fast neutron ratio of ~2.3. Irradiated
samples were unwrapped and loaded into small Mo-crucibles for fur-
nace step heating experiments. Step-heating was performed using a
Createc high-temperature cell (HTC) controlled by an Eurotherm 3504
controller (for details see Pfänder et al., 2014). Gas purification was
achieved by two GP50 getter pumps, one at room temperature and
one at 400 °C. Heating and cleaning times were 10 and 7 min each per
step. Argon isotope compositions were measured in static mode on a
5

GV Instruments ARGUS noble gas mass spectrometer equipped with
five faraday cups and 1012Ω resistors for 36Ar-39Ar and a 1011Ω resistor
for 40Ar. Typical blank levels are 2.5 × 10−16 mol 40Ar and 8.1 × 10−18

mol 36Ar. Measurement time was 7.5 min per temperature step acquir-
ing 45 scans at 10 s integration time each. For raw data reduction and
time-zero intercept calculation, an in-house developed Matlab® tool-
box was used. Inverse isochron ages were calculated using ISOPLOT
3.7 (Ludwig, 2008). All ages were calculated using the in-house stan-
dard Drachenfels sanidine (DRFs) as a fluence monitor, with an age of
25.587 ± 0.030 Ma relative to a Fish Canyon Tuff sanidine age of
28.201 ± 0.046 Ma (Kuiper et al., 2008). Decay constants used are
from Min et al. (2000). Reported errors on ages are 95% confidence
levels (± 2σ). Interference correction factors are given in the Supple-
mentary data file 2a.

3.2.2. University of Wisconsin-Madison (WiscAr)
Plagioclase and groundmass were isolated from the samples via

crushing, sieving, and magnetic separation. Groundmass (0.18–0.25
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Fig. 4. Inverse isochrons for ten representative samples. Reported ages are calculated relative to a Fish Canyon sanidine age of 28.201 ± 0.046 Ma (Kuiper et al., 2008) and using a total
decay constant for 40K of 5.463 × 10–10 a−1 (Min et al., 2000). Errors are given on a 95% confidence level (2σ). N = number of steps used for the calculation, MSWD = mean square
of weighted deviates. See method section for more detail.
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mm) was leached in 1.2 M HCl for 10 min, and then rinsed four times
with deionized water. Following initial HCl leaching, groundmass sepa-
rateswere visually inspected using a binocularmicroscope. If alteration/
secondary minerals remained, the groundmass was leached again in 3
M HCl for 10 min followed by 5 rinses in deionized water. Plagioclase
separates were leached in 1.5 M HF at room temperature for 5 min
(0.12–0.25 mm grains) followed by 5 rinses in deionized water. All
acid leaching and subsequent rinses were done at room temperature
using an ultrasonic cleaner.

Purified groundmass and plagioclase separates were wrapped in
aluminum foil, placed in 2.5 cm aluminum disks, and irradiated along
with the 28.201 Ma Fish Canyon sanidine standard (Kuiper et al.,
2008) at the Oregon State University TRIGA reactor in the Cadmium-
Lined In-Core Irradiation Tube (CLICIT). At the WiscAr laboratory, sev-
eral milligrams of material were incrementally heated with a 25 W
CO2 laser, and the released gaswas cleaned during and after the heating
step with two SAES C50 getters, one of which was operated at ~450 °C
and the other at room temperature. Argon isotope analyses were done
using a MAP 215–50 mass spectrometer following procedures outlined
in Jicha and Brown (2014) or with a Nu Instruments Noblesse 5-
collector spectrometer as described in Jicha et al. (2016). Blanks were
analyzed after every one or two laser heating steps. The atmospheric
argon value used for all calculations (40Ar/36Ar = 298.6 ± 0.3) is from
Lee et al. (2006). Reported ages are calculated using the decay constants
7

of Min et al. (2000) and analytical uncertainties are reported at the 95%
confidence level (±2σ). More information can be found is the Supple-
mentary data file 2b,c.

3.3. Major and trace element concentrations

Major and trace (Ba, Co, Cr, Cu, Ni, Rb, Sc, Sr, V, Y, Zn, Zr) elements
weremeasured on fused lithium-tetraborate glass beads using the stan-
dard X-ray Fluorescence Analysis (XRF) technique at the Institute of
Mineralogy and Petrography of the University of Hamburg using a
PanAnalytical MagixPro X-ray fluorescence spectrometer. Loss on igni-
tion (LOI) was determined gravimetrically at 1050 °C (Lechler and
Desilets, 1987). Standards JGB-1, JB3, JB2, JA-3, JG-3 were analyzed in
every batch of samples and provided concentrations typically within
3% of the values from Govindaraju (1994) for major elements and
within 10% for trace elements (see Supplementary data file 3).

4. Results

4.1. 40Ar/39Ar dating

We report 42 new ages from 40 samples. The results are summa-
rized in Table 1 and Figs. 2 and 3. Inverse isochrons for 10 representative
samples are shown in Fig. 4. The detailed dataset is presented in



Fig. 5.Depth at the start of the dredge (m) inwhich a samplewas recovered versus sample
age (Ma).
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Supplementary data files 2 (tables) and 4 (inverse isochrons and age
spectrum diagrams).

4.1.1. Effects of alteration on the 40Ar/39Ar data
The Ar isotope compositions obtained during step-heating experi-

ments suggest that many of the analyzed samples (groundmass, plagio-
clase, amphibole) are affected by post-magmatic processes such as
(hydrothermal) alteration and recrystallization, which produced sec-
ondary phases accompanied by argon loss or redistribution. Despite in-
tensive leaching during sample preparation, the presence of such
phases in several samples led to noplateau on an age spectrumdiagram,
indicating deviation from a simple two-component mixture between
closed-system radiogenic and atmospheric argon (see Supplementary
data files 5 for examples). Age spectrum calculations are usually done
under the assumption that the radiogenic argon component in amineral
phase is only diluted by a variable but known amount of atmospheric
argon, which can be corrected, because the 40Ar/36Ar ratio in air is pre-
cisely known (298.6± 0.3; Lee et al., 2006). In contrast to age spectrum
plots, the calculations for inverse isochron plots do not require the
knowledge of the initial argon isotope composition, but instead calcu-
late it for all or a sub-set of the heating steps. For this study, we use in-
verse isochron ages as the most appropriate estimate of the age of each
sample. Further explanations regarding the effect of alteration and age
derivation criteria are presented in Supplementary data file 5.

4.1.2. The age data
The new ages span a large range from 3.50 ± 0.64 Ma to 47.80 ±

0.57 Ma. The two oldest ages, 46.1 ± 3.3 Ma and 47.80 ± 0.57 Ma, are
contemporaneous and were obtained on samples from Attu and Mur-
ray Canyons, respectively (Fig. 2b and Fig. 3). The majority of the sam-
ples (n = 24) have ages between 27 Ma and 39 Ma. No correlation
between age and dredge depth is observed, except for samples from
the Komandorsky Block (Fig. 5). Both the oldest and the youngest
samples came from Murray Canyon.

4.2. Geochemical results

Major and trace element concentrations obtained by XRF are pre-
sented in Table 2.

Some of the samples have undergone significant seawater alteration
(e.g., three samples have LOI>4wt. %),which can enrich or deplete sea-
floor rocks in fluid-mobile elements (e.g., Pearce, 1996). No clear corre-
lation between the major and trace elements concentrations and LOI
was observed, with the one exception of LOI vs. Na2O (not shown)
forming a crude positive correlation, suggesting addition of Na by
seawater. Alteration, however, generally has a variable effect on fluid-
mobile element concentrations (e.g., Hart et al., 1974). Chances of
heterogeneous alteration effects within the sample set are further in-
creased due to the non-co-genetic nature of the samples, the large
8

geographical differences between their sampling localities and the
large age differences between them. Therefore, we exclude fluid-
mobile trace elements (e.g., Ba, Rb, Sr) from the discussion, and poten-
tially fluidmobile major elements (Na, Mg, Si, K and Ca) are interpreted
with care. For instance, the SiO2 contents (Fig. 6a) of the three oldest
samples (DR28-3, DR29-24 and DR51-4, from Murray and Attu
Canyons) appearmodified by alteration and are therefore not represen-
tative of the degree of differentiation of these rocks. Indeed, compared
to the rest of the sample set, their SiO2 concentrations are visibly
enrichedwhen plotted against Co (Fig. 6b), afluid-immobile compatible
element often used to assess the degree of differentiation of altered
rocks (e.g., Hastie et al., 2007). MgO also appears affected for two of
these samples (DR28-3 and DR29-24; Fig. 6c).

The dated rocks range from basaltic to rhyolitic in composition
(Fig. 6). FeO, MnO, MgO and CaO tend to decrease with increasing
SiO2, while Na2O and K2O tend to generally increase, although no good
correlation exists (Fig. 6a, 7). Among the compatible trace elements, V,
Co and Sc decrease with increasing SiO2, whereas Cr and Ni are highly
scattered with concentrations up to 582 ppm and 179 ppm, respec-
tively, in themoremafic samples (Table 2 and Figs. 6b, 7). Incompatible
trace elements eitherweakly covarywith SiO2 (e.g., Zr; Fig. 7s) or do not
correlate at all (e.g., Y; Fig. 7q). No overall temporal change in thedegree
of magmatic differentiation is obvious in the sample set (e.g., age vs.
SiO2; Fig. 8a).

Although the Miyashiro (1974) classification is traditionally used in
Aleutian arc literature to divide subaerial samples into tholeiites and
calc-alkaline rocks (e.g., Kay et al., 1990; Kay et al., 2019; Kay and Kay,
1994; Yogodzinski et al., 2015), the Ross and Bédard (2009) classifica-
tion (an optimized version of the Barrett andMacLean (1999) diagram)
is preferred here, because it relies on fluid-immobile elements Zr and Y
instead of SiO2 and MgO, which can be affected by seawater alteration.
All mentions of calc-alkaline and tholeiitic affinities in the discussion
therefore refer to the Ross and Bédard (2009) classification. Using this
scheme, the dated samples range in composition from tholeiitic to
calc-alkaline (Fig. 8b). The three oldest rocks are tholeiitic (Fig. 8c).
Calc-alkaline rocks are found from the beginning of the first pulse
(~38Ma) until thefirstMa of the third pulse (until ~5Ma; Fig. 8c). Tran-
sitional rocks occur from the onset of the first pulse, during the first
pulse and during the third pulse. Finally, with the exception of one sam-
ple, tholeiitic rocks in our sample set were produced during the early
history of the arc (i.e., older than 29 Ma; Fig. 8c). We note that,
excluding the three samples with visibly modified major element con-
tents, theMiyashiro (1974) classification (Fig. 8d) is globally concurrent
with this scheme (Fig. 8e). Most of the rocks classified as tholeiitic or
transitional in the Ross and Bédard (2009) division are tholeiitic in the
Miyashiro (1974) classification (Fig. 8e). For samples classified as calc-
alkaline, most discrepancies between the two schemes correspond to
samples plotting on, or very close to the Miyashiro discrimination line
(Fig. 8d, e), and are thereforemost likely the result of classification inac-
curacy and/or small alteration effects on SiO2 for some samples.

5. Discussion

5.1. A 48 Ma minimum subduction inception age

Up tonow, the oldest sample recovered in theAleutianswas46.31±
0.91 Ma (Jicha et al., 2006). The oldest age obtained in our study is only
slightly older outside of 2σ error (47.80 ± 0.57 Ma). As with the previ-
ous estimate, the newminimum subduction inception age clearly over-
laps with the formation of the Hawaiian-Emperor Bend, formed
between 50 and 47 Ma ago (Jicha et al., 2018; O'Connor et al., 2015;
Sharp and Clague, 2006). While the development of Izu-Bonin-Mariana
(IBM) and Tonga subduction systems at ~51–52 Ma in the western
Pacific (Ishizuka et al., 2011; Meffre et al., 2012; Reagan et al., 2019) is
often invoked, the development of the Aleutian Arc has also been
recently viewed as a potential trigger for the formation of the



Table 2
Whole rock major and selected trace element concentrations of the samples investigated (expressed in wt. % and ppm, respectively).

Sample (SO249) DR7-3 DR9-4 DR9-6 DR9-11 DR9-16 DR9-21 DR10-1 DR11-1 DR15-2 DR15-3 DR16-1

Location Adak Adak Adak Adak Adak Adak Adak Adak Amatig. Amatig. Amatig.

Lat. (°N) 50.786 51.340 51.340 51.340 51.340 51.340 51.250 50.575 50.954 50.954 50.881
Long. (°W/°E) -176.169 -177.134 -177.134 -177.134 -177.134 -177.134 -177.350 -178.245 -179.458 -179.458 -179.586
Rock type P volcanic P volcanic P-GP volcanic P volcanic P volcanic P volcanic P volcanic MP volcanic P volcanic P-GP volcanic P-GP volcanic
SiO2 67.98 50.34 55.63 52.73 53.25 49.82 51.20 52.11 64.40 65.18 50.30
Al2O3 14.21 18.54 16.66 18.59 17.94 18.87 20.06 16.38 15.11 15.31 16.07
FeOT

a 4.81 9.28 7.64 8.11 8.95 7.75 7.64 7.88 5.67 5.06 13.24
MgO 1.04 5.41 5.53 4.93 3.47 6.71 4.77 7.97 2.10 1.54 4.73
MnO 0.17 0.18 0.09 0.13 0.13 0.13 0.13 0.13 0.10 0.09 0.26
CaO 2.83 11.20 9.62 9.75 9.44 12.46 11.59 10.60 2.80 3.08 8.25
Na2O 5.58 3.07 2.98 3.45 3.58 2.89 2.78 2.95 4.99 4.54 3.47
K2O 2.23 0.71 0.97 1.02 1.34 0.55 0.44 0.77 3.33 3.68 2.07
TiO2 0.92 1.08 0.77 1.07 1.50 0.75 1.10 0.81 1.13 1.14 1.29
P2O5 0.24 0.21 0.10 0.23 0.38 0.09 0.30 0.39 0.36 0.38 0.32
LOIb 3.49 1.14 1.18 1.82 3.75 2.89 3.52 1.17 1.63 0.92 1.64
Mg#c 0.28 0.51 0.56 0.52 0.41 0.61 0.53 0.64 0.40 0.35 0.39
Ba 571 130 203 230 220 105 103 199 494 541 516
Co 7 31 30 23 23 39 28 34 6 16 35
Cr BDL 73 94 69 19 350 87 336 BDL BDL BDL
Cu 20 181 104 149 252 131 179 88 57 64 141
Ni BDL 30 36 35 14 83 37 132 BDL 1 15
Rb 67 9 8 15 20 8 2 10 41 42 31
Sc 11 28 34 23 23 35 29 29 16 12 31
Sr 187 623 464 499 479 439 395 454 311 324 427
V 52 297 248 271 319 271 268 240 107 108 461
Y 46 21 15 24 33 12 25 13 37 36 24
Zn 99 75 65 81 89 57 84 70 74 75 98
Zr 237 64 66 105 151 26 109 80 259 243 73

Sample (SO249) DR16-2 DR16-4 DR25-10 DR26-1 DR26-8 DR27-1 DR27-5 DR28-1 DR28-3 DR28-4 DR29-16

Location Amatig. Amatig. Murray Murray Murray Murray Murray Murray Murray Murray Murray

Lat. (°N) 50.881 50.881 51.691 51.511 51.511 51.628 51.628 51.693 51.693 51.693 51.688
Long. (°W/°E) -179.586 -179.586 176.757 176.111 176.111 176.409 176.409 176.781 176.781 176.781 176.788
Rock type P-GP volcanic A volcanic Sub-volcanic P volcanic P volcanic P volcanic P volcanic P volcanic A volcanic A volcanic Sub-volcanic
SiO2 51.87 52.74 51.32 65.45 50.20 53.41 54.42 52.86 54.18 52.27 56.03
Al2O3 15.71 17.96 18.73 15.19 16.94 19.24 16.98 18.33 16.14 14.86 17.31
FeOT

a 12.54 8.46 10.07 5.54 8.22 7.53 7.06 8.31 8.97 13.55 9.74
MgO 4.55 5.75 4.07 1.56 8.22 4.26 8.11 4.77 5.81 4.55 3.47
MnO 0.30 0.42 0.17 0.07 0.13 0.11 0.13 0.13 0.26 0.31 0.20
CaO 7.87 6.14 9.17 2.90 12.26 10.90 8.31 9.53 5.08 8.58 5.22
Na2O 4.23 6.17 4.56 4.33 2.48 2.53 3.24 3.20 6.53 3.51 5.25
K2O 1.30 1.49 0.94 3.61 0.60 1.31 0.95 2.00 2.19 0.58 1.56
TiO2 1.28 0.80 0.87 0.90 0.82 0.60 0.65 0.70 0.76 1.39 1.01
P2O5 0.35 0.08 0.11 0.44 0.12 0.11 0.13 0.18 0.08 0.40 0.22
LOIb 1.44 6.65 2.34 3.29 0.83 0.31 1.49 1.43 4.78 1.40 1.73
Mg#c 0.39 0.55 0.42 0.33 0.64 0.50 0.67 0.51 0.54 0.37 0.39
Ba 436 60 228 698 197 186 169 263 92 350 425
Co 31 40 30 10 35 26 38 30 62 42 22
Cr BDL 57 12 BDL 582 29 478 43 29 BDL 1
Cu 80 355 281 81 118 58 88 163 183 620 196
Ni 12 43 8 BDL 149 23 179 19 57 13 6
Rb 18 16 15 61 10 12 11 17 22 7 16
Sc 29 39 36 14 36 29 25 25 41 32 28
Sr 402 234 408 275 330 816 377 619 67 492 326
V 432 241 382 82 256 225 169 244 221 457 273
Y 26 22 17 39 19 14 18 19 23 25 26
Zn 50 77 67 77 69 57 72 77 171 128 81
Zr 79 45 47 290 59 71 94 102 47 87 69

Sample (SO249) DR29-21 DR29-22 DR29-24 DR32-1 DR32-5 DR39-8 DR39-10 DR41-1 DR48-1 DR49-1 DR51-4

Location Murray Murray Murray Murray Murray Kresta Kresta Kresta Attu Attu Attu

Lat. (°N) 51.688 51.688 51.688 51.508 51.508 53.271 53.271 53.405 52.605 52.282 52.260
Long. (°W/°E) 176.788 176.788 176.788 176.058 176.058 171.595 171.595 171.172 171.400 172.276 172.970
Rock type P volcanic P volcanic A volcanic P volcanic P-GP volcanic plutonic A volcanic Sub-volcanic P volcanic P volcanic A volcanic
SiO2 56.26 54.02 58.52 57.54 53.23 60.62 53.46 57.75 51.13 52.47 52.31
Al2O3 15.10 18.33 17.43 17.41 19.50 16.14 15.41 17.03 17.42 17.86 15.08
FeOT

a 11.00 7.76 7.48 6.47 7.21 7.01 12.57 8.91 7.52 7.57 8.04
MgO 3.64 4.58 5.09 4.59 4.71 3.14 5.49 3.32 7.47 7.01 7.98
MnO 0.22 0.12 0.17 0.12 0.17 0.12 0.19 0.21 0.16 0.14 0.15
CaO 5.13 8.85 2.86 8.34 8.89 4.74 8.51 2.78 9.52 9.54 10.62
Na2O 6.10 3.55 5.09 3.52 3.88 5.85 2.80 8.38 4.03 3.30 4.42
K2O 1.21 1.93 2.69 1.07 0.66 1.27 0.22 0.15 0.92 1.08 0.17

(continued on next page)

R. Bezard, K. Hoernle, J.A. Pfänder et al. Lithos 392–393 (2021) 106147

9



Table 2 (continued)

Sample (SO249) DR29-21 DR29-22 DR29-24 DR32-1 DR32-5 DR39-8 DR39-10 DR41-1 DR48-1 DR49-1 DR51-4

Location Murray Murray Murray Murray Murray Kresta Kresta Kresta Attu Attu Attu

TiO2 1.15 0.70 0.64 0.77 1.54 0.93 1.19 1.19 1.49 0.81 1.12
P2O5 0.21 0.15 0.03 0.16 0.22 0.18 0.17 0.30 0.35 0.23 0.10
LOIb 2.28 1.78 6.17 0.94 2.71 1.32 1.38 1.91 2.23 2.2 2.67
Mg#c 0.37 0.51 0.55 0.56 0.54 0.44 0.44 0.40 0.64 0.62 0.64
Ba 263 320 168 173 109 581 68 24 131 348 118
Co 27 26 60 21 28 15 33 13 33 26 53
Cr BDL 46 38 81 43 14 BDL BDL 181 277 335
Cu 60 225 119 53 79 36 157 49 96 55 169
Ni 3 17 74 27 20 10 11 1 122 98 55
Rb 16 26 38 7 5 23 3 BDL 5 20 BDL
Sc 33 30 40 21 24 18 40 27 23 26 40
Sr 294 597 124 490 641 473 259 106 1029 439 155
V 318 264 159 166 232 258 432 169 220 201 257
Y 30 16 12 15 18 24 24 29 20 19 25
Zn 55 56 288 59 75 41 118 87 65 63 66
Zr 75 82 34 105 124 130 56 96 154 128 55

Sample (SO249) DR51-8 DR51-16 DR134-1 DR134-2 DR148-1 DR153-9 DR155-1

Location Attu Attu Komand. Komand. Komand. Komand. Komand.

Lat. (°N) 52.260 52.260 54.348 54.348 55.269 55.639 55.519
Long. (°W/°E) 172.970 172.970 168.685 168.685 167.065 165.012 164.888
Rock type P volcanic A volcanic P volcanic P volcanic plutonic A volcanic P volcanic
SiO2 57.03 55.59 58.99 60.48 47.43 58.87 48.81
Al2O3 18.01 14.32 18.63 18.93 16.58 17.35 19.23
FeOT

a 6.46 12.33 5.52 4.70 11.59 7.27 9.66
MgO 5.70 5.51 2.96 2.74 11.52 2.01 5.67
MnO 0.16 0.16 0.08 0.07 0.25 0.15 0.18
CaO 6.65 4.01 6.74 6.62 10.55 5.67 11.53
Na2O 3.84 4.66 4.76 4.39 1.36 4.46 3.28
K2O 1.31 2.36 1.10 1.16 0.14 2.57 0.57
TiO2 0.71 0.97 0.98 0.76 0.54 1.25 0.92
P2O5 0.13 0.09 0.24 0.14 0.04 0.42 0.15
LOIb 3.07 8.03 1.73 1.36 1.94 1.81 2.58
Mg#c 0.61 0.44 0.49 0.51 0.64 0.33 0.51
Ba 157 285 104 126 70 294 170
Co 24 40 18 15 59 21 30
Cr 85 32 33 13 152 BDL 38
Cu 128 222 43 30 159 66 119
Ni 33 16 24 23 80 5 20
Rb 15 15 5 6 BDL 23 6
Sc 23 38 14 15 26 17 31
Sr 598 1042 559 713 289 431 497
V 206 356 137 115 195 167 327
Y 15 20 15 10 12 34 16
Zn 69 104 51 47 86 141 70
Zr 82 35 145 83 12 121 25

Concentrations normalized to 100% volatile free. Amatig.= Amatignac, Komand.=Komandorsky block, Lat.= latitude, Long.= longitude. P=porphyric, GP=glomeroporphyric,MP=
microporphyric, A = aphyric.

a FeOT = total iron as FeO.
b LOI = loss on ignition.
c Mg# = molar Mg# = Mg/(Mg + Fe).
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Hawaiian-Emperor Bend since it could have resulted in a change of the
basal dragging force associated with the interface between the
convecting upper mantle and the Pacific Plate (O'Connor et al., 2015).
Our dataset reinforces the idea that such a scenario is possible. However,
it would require the oldest Aleutian rock to be produced during or close
to subduction initiation, andwhether or not this is the case is difficult to
constrain without drilling the arc basement or additional sampling via
remotely operated vehicle (ROV). Comparing the compositions of the
oldest Aleutian samples, which are tholeiitic and lack boninitic charac-
teristics (e.g., Ti/V = 21–26, while Ti/V < 10 for boninites (e.g., Taylor
et al., 1994)), with those of rocks known to have been produced during
or close to initiation of other subduction systems such as the IBM
(e.g., Ishizuka et al., 2011; Reagan et al., 2010), Tonga (Meffre et al.,
2012) or Matthew and Hunter (M&H) (Patriat et al., 2019) has
10
limitations. This is because the type of rock produced during inception
is widely variable and is not unique to the first stages of a subduction
system. For instance, boninite production was restricted to the first
few million years after inception in the IBM but not in Tonga, where
boninitic activity produced significantly later in the lifespan of the sys-
tem has been identified (Meffre et al., 2012). Similarly, tholeiites
thought to be contemporaneous with subduction inception in the IBM,
called fore-arc basalts (FABs), can be discriminated from those erupted
later based on their trace element concentrations, but this does not
apply to all subduction systems. For instance, both FAB-like and typical
low-Ti island arc tholeiites were erupted during initiation of the M&H
subduction system. Furthermore, Guilmette et al. (2018) showed that
the subduction system associated with the formation of the Semail
ophiolite initiated 8 Ma before FAB-like crust was produced. Hence,



Fig. 6. (a) MgO (wt. %) versus SiO2 (wt. %) and (b, c) Co (ppm) vs. SiO2 (wt. %) and MgO
(wt. %) for the samples investigated. The name and position (dotted circles) of three
samples for which MgO and/or SiO2 are/is inferred to be visibly affected by alteration
are indicated in (a, b, c).
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the compositions of the oldest Aleutian rocks alone cannot provide con-
straints on the timing of subduction inception.

The recovery of only two ~46–48 Ma samples in the fore arc (the
third oldest age being 41 Ma) despite an extensive dating campaign of
the submarine basement at a dredging depth of up to 5500 mbsl sug-
gests that the oldest units are either mostly altered, not voluminous or
mostly not exposed. Alternatively, the lack of voluminous older units
11
in the fore arc could be explained by their reworking via processes
such as subduction-erosion. This process is inferred to be occurring at
least in the central Aleutians, where it is associated with a northward
migration of the arc and a significant reduction of the frontal units
(e.g., Jicha and Kay, 2018; Kay et al., 2019). Depending on the styles of
subduction initiation, crustal growth and crustal differentiation pro-
cesses, the oldest crust could also have been initially volumetrically lim-
ited and/or may have been buried in the arc root by later volcanism. In
any case, the scarcity of >45 Ma samples suggests that the existence of
even older units is possible. Murray and Attu Canyons appear to be
prime localities for further investigations since the oldest Aleutian
rocks dated so far come from there (this study and Jicha et al., 2006).

5.2. Pre-Quaternary arc crust accretion and reworking

5.2.1. Three pulses of magmatic activity
Most of the ages obtained in this study fall within the three mag-

matic pulses previously defined for the Aleutian Arc (Jicha et al.,
2006): (1) 38–29 Ma, (2) 16–11 Ma and (3) 6–0 Ma. Furthermore, the
new ages occur in a similar proportion to published data (Fig. 2): the in-
tensity of the three pulses decreases from the oldest to the youngest.
This distribution (the positive correlation between pulse intensity and
age in our submarine sample set) is unlikely to reflect a sampling bias
associated with outcrop accessibility since older samples should be par-
tially covered by younger rocks and be more difficult to date. Further-
more, representative samples were chosen from each dredged
lithology for age determination. As can be seen in Fig. 2 and Table 1,
the samples falling within the three pulses defined by Jicha et al.
(2006) originate from several localities, dredges and water depths,
and therefore do not reflect repeated dating of the same units. As men-
tioned in Section 1, the definition of the three periods of activity was
made based on a dataset dominated by subaerially-exposed outcrops
and, therefore, would not be expected to be representative of the age
distribution of the pre-Quaternary activity. Hence, our submarine base-
ment dataset, which significantly increases the number of pre-
Quaternary data and shows the same age distribution pattern as the
previous compilation, provides strong support for the occurrence of
three distinct magmatic pulses during the pre-Quaternary evolution of
the arc, as suggested by Jicha et al. (2006).

When coupled with the compiled literature data (Fig. 2; see caption
for all literature references), the new ages suggest a protracted end to
the first pulse of activity, which most likely continued until 27 Ma in-
stead of the 29 Ma limit defined by Jicha et al. (2006). The limits of
the first pulse are of particular importance because increased Pacific
subduction zone volcanic activity at that time has been associated
with climatic change at the Eocene-Oligocene boundary (Jicha et al.,
2009). Compared to the former estimate, the updated termination age
of the first pulse more closely coincides with the global increase in
deep-sea temperature observed at ca. 26 Ma (suggested by oxygen iso-
topic records). This further supports the idea that flare-ups in circum-
Pacific subduction zone volcanism may be a significant force in driving
Cenozoic climate change, as suggested by Jicha et al. (2009). In addition
to refining the boundaries of the first pulse, the updated dataset shows
that increased igneous activity took place throughout the western-
central Aleutian Arc during that period, i.e., from the Komandorsky
block to the Adak area. Previously dated samples belonging to the first
pulse were dominantly located east of 180o and west of 170oE (Fig. 3).
The new data shows that increased activity also occurred between
180o and 170oE, contradicting a previous suggestion that subduction
was interrupted along that section of the arc, located south and south-
west of the Bowers Ridge (Fig. 1), during the first magmatic pulse
(e.g., suggested interruption between 34 and 26 Ma; Vaes et al., 2019).
The Bowers Ridge is an extinct arc that was active during the Oligocene
(Wanke et al., 2012; Sato et al., 2016). Hence, our data shows that sub-
duction beneath the Bowers Ridge and the adjacent part of the Aleutian
Arc (170°E–180°) was occurring contemporaneously, i.e., the two



Fig. 7. Harker diagrams showing (a-h) major and (i-s) trace element variations among the dredged samples (except for MgO and Co, already shown in Fig. 6).
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Fig. 7 (continued).
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Fig. 8. (a) SiO2 (wt. %) versus age (Ma), (b) Zr (ppm) versus Y (ppm), (c) Zr/Y versus age (Ma), (d) FeOt/MgO versus SiO2 (wt. %) and (e) Zr/Y versus age (Ma). In (b, c, e), tholeiitic,
transitional and calc-alkaline fields are separated based on Zr/Y values from Ross and Bédard (2009). In (d), the tholeiitic-calc-alkaline (TH/CA) discrimination line is from Miyashiro
(1974). In (d, e) symbol shapes reflect sample locality as defined in the legend presented in (a), but the color reflects the rock type as defined by the Miyashiro (1974) classification
presented in (d): yellow symbols correspond to tholeiitic rocks, brown symbols correspond to calc-alkaline rocks and symbols with both colors correspond to samples plotting on or
extremely close to the discrimination line. In all panels, the three samples for which major element concentrations are visibly affected by alteration are circled (dotted circles). In (c, e),
a dash-dotted line at 35 Ma, the time after which calc-alkaline magmatism began to be more important, is shown. Literature data as in Fig. 2. Out of the samples with major element
data from the literature shown in (a, d), only 6 samples were not measured for Zr and Y and are therefore not shown in (b, c, e): 4 of them are calc-alkaline according to the Miyashiro
definition (aged ~6 Ma, 14 Ma, 31 Ma and 31 Ma) and 2 are tholeiitic (aged 31–32 Ma). Two samples from Cai et al. (2015) have Zr/Y higher than the range shown in (c, e), so their
positions are indicated with arrows in these panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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subduction zones co-existed during that period. As in the subaerial re-
cord, samples erupted during the second pulse were found in both the
central and western arc (Fig. 3). Submarine samples belonging to the
third pulse, were only found in Attu and Murray Canyons but literature
data show that the activity has also been significant in the central arc
(e.g., Jicha and Kay, 2018; Schaen et al., 2016). Hence the absence of ac-
tivity during the third pulse only characterizes the Komandorsky Block,
which is consistent with the inferred shift of the volcanic front to the
14
north, where it lies today and is defined by submarine edifices such as
the Piip volcano (e.g., Tsvetkov, 1991; Yogodzinski et al., 2015).

Episodic rather than steady-state magmatic evolution has been rec-
ognized for all long-lived Phanerozoic continental arcs (e.g., Paterson
and Ducea, 2015 and references therein) as well as oceanic arcs for
which large geochronological datasets are available, such as the IBM
arcs (Jicha et al., 2009). The reason for episodic, rather than
steady-state, evolution of arc magmatism remains a matter of debate
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and could differ among localities. Possible processes are numerous and
include tectonic events causing external forcing (e.g., increase in oce-
anic crust production rates and/or plate reorganization; Matthews
et al., 2012), regional physical changes in the overriding plate such as
tectonic shortening (e.g., Ducea and Barton, 2007) or changes in the
dip of the subducting plate such as slab rollback (e.g., Ferrari et al.,
2007). In the Aleutians, the first pulse of activity is coeval with
circum-Pacific elevated magmatic activity (at both continental and oce-
anic arcs) and the second and third pulses correspond to periods of in-
tense activity in western Pacific island arcs (IBM, Tonga) (Jicha et al.,
2006, 2009). Hence, at first glance, the periods of increased Aleutian ac-
tivity appear linked to large-scale (e.g., Pacific-wide), rather than re-
gional, triggers.

Based on the plate motion model of Hassan et al. (2016), a small
clockwise rotation of the Pacific plate could have occurred between
35 Ma and 30 Ma, a period corresponding to the middle of the first
pulse of activity in the Aleutians, followed by increasingly counter-
clockwise rotation between 30 and 10 Ma (see Fig. 5c of Torsvik et al.,
2017). Clockwise rotation of the subducting Pacific plate would have re-
sulted in a slightlymore orthogonal convergence angle in the Aleutians,
likely associated with changes in the thermal regime of the subduction
zone and increases in sediment and fluid fluxes to the wedge. It could
therefore explain higher magma production rates at least during the
middle and the end of the first pulse (~35–27 Ma). A change in plate
motion would also have the potential to affect magmatic activity at
other circum-Pacific subduction zones. However, if the model is accu-
rate, the rotation would have been small and the first pulse (~38–27
Ma) would have started before Pacific plate rotation occurred (~35
Ma). It is therefore likely thatmore than one factorwas involved. Poten-
tial additional causes include two important tectonic changes on the
subducting plate, close to the arc, just before the first pulse (~40 Ma):
the end of Kula-Pacific ridge spreading (chron 18r; ~41 Ma; Wright
et al., 2016) and the end of the Kronotsky arc activity (Vaes et al.,
2019). These changes, or their triggers, might have had an effect on
the slab, and therefore on arc magmatism.

Despite the apparent coeval increase of activity at other Pacific sub-
duction zones (western Pacific), no large-scale tectonic change, such as
clockwise rotation or speed increase of the Pacific plate, could be iden-
tified at the onset or during the second Aleutian pulse (16–11 Ma)
(e.g., Hassan et al., 2016; Seton et al., 2012). On the other hand, two
major regional events may have occurred in the Bering sea area just be-
fore the second pulse (~20 Ma): 1) the onset of Komandorsky basin
spreading, associated with the slab pull from the proto-Komandorsky
oceanic crust subducting beneath Kamchatka (e.g., Vaes et al., 2019;
Yogodzinski et al., 1993); and 2) the beginning of seafloor spreading be-
tween the Bowers Ridge and the western Aleutian Ridge, associated
with either Bowers (Scholl, 2007) or Aleutian (Vaes et al., 2019) slab
rollback. Both spreading and slab rollback would result in renewal of
hot asthenospheric mantle in the area, which could lead to increased
arc magmatism in both the central and western arc. It is therefore pos-
sible that one or both of these events could have resulted in the second
pulse of activity. Finally, as pointed out by Schaen et al. (2016) and Jicha
and Kay (2018), a clockwise rotation of the Pacific plate motion likely
occurred between 10 and 5 Ma (e.g., Hassan et al., 2016; Stotz et al.,
2017) providing a suitable explanation for the third pulse of activity
(6–0 Ma) observed in the Aleutian, as well as the coeval increase of ac-
tivity in western Pacific oceanic subduction zones.

5.2.2. Uplift and erosion of the arc crust
The significant overlap between the age distribution of submarine

and subaerial Aleutian rocks (Fig. 3) suggests that, except for activity
older than 40 Ma, the submarine record of the arc may be similar to
that presently exposed in the pre-Quaternary units of the islands. No ev-
idence for slumping or landsliding can be seen on bathymetric maps of
the dredged localities (see Supplementary data file 1). Furthermore,
slumping would not explain the occurrence of some of the oldest
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rocks in the shallowest dredges. For instance, the recovery of the
~46 Ma sample at ≤1500 m below sea level (dredge 51; Fig. 5) is nearly
impossible to explain without uplift of older units. Therefore, the con-
temporaneous ages of rocks collected in subaerial and submarine out-
crops is best explained by vertical movement of older complexes and
erosion, at least at some localities. Vertical displacement of older com-
plexes is not unexpected because, as mentioned in Section 2, the central
and western Aleutian Arc crust has been reworked, at least since the
Miocene, and is now dissected in blocks due to clockwise rotation ac-
companied by arc-parallel transtension (Geist et al., 1988).
5.3. Magma composition during arc evolution

The age distribution of the basement rocks (Fig. 2) suggests that
most of the Aleutian ridge was built during its early evolution, as pro-
posed by Scholl et al. (1987). The significant increase in crustal thick-
ness during the first pulse of activity would be expected to affect the
plumbing system of the arc. In particular, magma residence times
could have increased, enhancing the production of intermediate to si-
licic magma compositions via crystallization and crustal assimilation
(e.g., Leeman, 1983). However, as can be seen in Fig. 8a, our dataset
combined with compiled literature data shows no increase in the de-
gree of differentiation of the central andwestern AleutianArc rocks dur-
ing the first pulse or between thefirst pulse and the subsequent activity.
The same applies for the second and third pulses of activity. The range of
SiO2 covered by samples of all ages significantly overlap (Fig. 8a). Hence,
if representative, the available Aleutian data set indicates that a signifi-
cant increase in silicic magma production through time is unlikely to
have occurred. This, in turn, suggests that the thickness of the crust is
unlikely to have been a dominant control on the degree of differentia-
tion of the pre-Quaternary central and western Aleutian Arc magmas.
Similar observations and conclusions were made in other circum-
Pacific systems with similar accretionary evolutions (i.e., coeval mag-
matic pulses; Jicha et al., 2009) such as the IBM arc (Straub, 2003).

In contrast to degree of differentiation, rock types (calc-alkaline vs.
tholeiitic) may have varied through time (Fig. 8c). The compositions
of the two oldest samples, from Murray and Attu Canyons, indicate
that tholeiitic activity existed at the onset of the Middle Eocene in the
western Aleutian Arc. The same type of activity (tholeiitic) appears to
have characterized the rest of the Middle Eocene too (i.e., until the
first pulse; Fig. 8c), as previously suggested by Tsvetkov (1991) based
on the oldest subaerially exposed units of the arc, in the Komandorsky
Islands. Thereafter, in both the central and western arc, the first pulse
of activity was characterized by coeval calc-alkaline, transitional and
tholeiitic magmatism (Fig. 8c), with the relative abundance of calc-
alkaline rocks increasing after the first 3 Ma (i.e., from ~35 Ma;
Fig. 8c). This was previously observed in some of the central Aleutian
Islands (e.g., Kay et al., 2019; Schaen et al., 2016) and is now shown to
apply to the entire western-central arc. After the first pulse, central
and western arc activity may have become almost exclusively calc-
alkaline until the end of the second pulse (Fig. 8c). Finally, intermediate
and tholeiitic magmatic activity progressively returned, starting with
coeval calc-alkaline and intermediate rocks just before and during the
beginning of the third pulse (pre-Quaternary; with the exception of
one tholeiitic lava; Fig. 8c) followed by coeval calc-alkaline, intermedi-
ate and tholeiitic activity during the Quaternary part of the third pulse
(see Quaternary rock compositions in Fig. 4b of Yogodzinski et al.,
2015). Cai et al. (2015) speculated that primitive tholeiitic and calc-
alkaline magmas could have been coevally produced throughout most
of the pre-Quaternary evolution of the central and eastern Aleutian
arc. Our study suggests that this is most likely only true for the early
(until the end of the first pulse) and late (transitional rocks since
~8Ma and tholeiitic rocks during the Quaternary) activity of the central
and western arc. The lack of tholeiitic or transitional volcanic rock with
an age between the end of the first pulse (27 Ma) and ~ 8 Ma (with the



R. Bezard, K. Hoernle, J.A. Pfänder et al. Lithos 392–393 (2021) 106147
exception of one sample) suggests that only one type of activity could
have dominantly existed during this period.

Determining the cause(s) behind the temporal variations presented
above is not straightforward. A large number of processes have been
suggested regarding the production of calc-alkaline versus tholeiitic
arc magmas (e.g., Chin et al., 2018 and references therein). For the
pre-Quaternary Aleutian Arc, both source and crustal controls have
been invoked. For instance, Cai et al. (2015) suggested that Cenozoic
calc-alkaline plutons from the central and eastern Aleutian Arcwere de-
rived from a different type of parentalmelt, with higher SiO2, fO2 and/or
H2O than the tholeiitic rocks. This kind of model was also invoked by
other authors for Miocene to recent calc-alkaline magmatism in the
western Aleutians (Yogodzinski et al., 1993, 2015, 2017). On the other
hand, Kay et al. (1990, 2019) and Kay and Kay (1994) suggested that
tholeiitic and calc-alkaline pre-Quaternary Aleutian rocks, with the ex-
ception of rare rocks with strong adakitic signatures (high La/Yb, Sr/Y
and Sr contents; Kay, 1978), are derived from similar parental magmas,
with the calc-alkaline flavor developing during magmatic differentia-
tion. In their model for the Adak region of the arc, Kay et al. (2019) sug-
gested, based on the chemistry of plutonic rocks, that differentiation in
the lower arc crust produced water-rich high-Al basalts. These basalts
then either stalled in the middle-crust during ascent, where they
acquired a calc-alkaline flavour via fractionation of a pargasitic
amphibole-bearing assemblage, or ascended without mid-crustal
stalling and amphibole fractionation, and were erupted as tholeiitic
magmas. The authors suggested that calc-alkalinemagmatismappeared
in the central Aleutian Arc at about 35 Ma (Adak and Kagalaska) due to
an increase in crustal thickness aswell as the compressional stress asso-
ciated with the northward migration of the magmatic front. The role of
compressional stress in determining the type of magmatism in the arc
has also been invoked in other studies such as Yogodzinski et al.
(1993), Kay et al. (1982) or Singer and Myers (1990).

While testing the validity of the models discussed above is beyond
the scope of this contribution, the increased temporal and geographical
resolution of pre-Quaternary rock type distribution provided by our
sample set allows the discussion of potential large-scale drivers of
magma composition. One important parameter, expected to have fluc-
tuated during the subduction zone evolution and having the potential
to affect magmatism in the entire central-western arc segment, is
crustal thickness. Crustal thickness has previously been inferred to con-
trol the nature of arc magmatism through crustal and/or mantle pro-
cesses. For instance, as described in the previous section, Kay et al.
(2019) suggested that, under compressional stress, calc-alkaline
magmas formation is favoured as crustal thickness increases due to en-
hanced stalling of water-rich mafic melts in the middle crust. On the
other hand, Chin et al. (2018), noting that calc-alkaline and tholeiitic
magmas are both produced in thin juvenile island arcs while calc-
alkaline rocks are dominant in thicker arcs (see also Farner and Lee,
2017; Tang et al., 2018), invoked a response in the mantle wedge.
More precisely, the authors suggested that the thickness of the
crustal/lithospheric columncontrols the degree ofmelting in themantle
wedge, as originally proposed by Plank and Langmuir (1988). Melting
degree, in turn, controls the water and Fe3+ contents of primitive arc
melts and therefore the differentiation trend of these melts (e.g., Chin
et al., 2018). The crust of the Aleutian Arc ridge is expected to have sig-
nificantly thickened during the first and most important pulse of arc
magmatism. Therefore, the increase in calc-alkaline activity a few (~3)
Ma after the beginning of that first pulse would be consistent with a
control by crustal thickness. As the crust is expected to have further
thickened during the remainder of the first magmatic pulse, a control
of crustal thickness on the nature of the subsequent activity would
also be consistent with the change from coeval eruption of tholeiitic, in-
termediate and calc-alkaline rocks to calc-alkaline rocks alone at the
end of the first pulse. Although other parameters with the potential to
influence magma type also changed during the late Miocene, such as
the decrease in compressional stress in the central and western arc
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crust (e.g., Scholl, 2007), the return of transitional and tholeiiticmagmas
during the recent activity of the central and western arc (from about 8
Ma) could also correspond to a change in crustal thickness at the volca-
nic front. Indeed, volcanic activity is thought to have significantly shifted
northward over the last 5 Ma (Jicha and Kay, 2018) and the locus of
mantle partial melting could therefore have been shifted beneath a
thinner part of the arc root.

Hence, even if other factors also operated, changes of crustal thick-
ness throughout the arc evolution could be a potential driver for the ob-
served changes in whole-rock chemistry (rock types) through time.

6. Conclusions

An extensive 40Ar/39Ar dating campaign of the submarine central
and western Aleutian basement provides a revised minimum initiation
age for the Aleutian Arc of 47.80± 0.57Ma, which is similar but slightly
older than the previous estimate. The study significantly increases the
number of pre-Quaternary 40Ar/39Ar ages from the Aleutians and sup-
ports the occurrence of three pulses of activity (at 38–27, 16–11 and
6–0 Ma), as previously suggested based on a more limited and domi-
nantly subaerial literature compilation. The first and the last pulses pos-
sibly result from changes in direction of motion of the subducting plate,
while the second pulse might be the consequence of regional tectonic
processes. The coeval ages of subaerial activity and deep submarine
units, as well as the lack of correlation between dredge depth and sam-
ple age are likely the consequences of tectonic reworking of the base-
ment and erosion. The new dataset combined with the literature data
suggests that AleutianArcmagmas did not becomemore silicic after im-
portant periods of crustal accretion, precluding a strong control of
crustal thickness on their degree of differentiation. On the other hand,
some temporal variations of rock type (tholeiitic, transitional and calc-
alkaline) are observed and potentially result from arc crustal thickness
variations.
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