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[1] Moho depth and Vp/Vs estimates from stacking phases of receiver functions along the Aleutian
island arc give new constraints on its composition and structure. They expand on the current
understanding of island arcs and their relationship to continental crust production. We also present
an approach for including constraints from active-source data in receiver function analysis in a
region with sparse data coverage to complement this analysis. Moho depth averages 37.5 km with
an average uncertainty of 2.5 km along the entire arc. Excluding the westernmost island of Attu
yields an average crustal thickness of 38.5 6 2.9 km. The Vp/Vs ratio decreases moving eastward
along the arc with an average value of 1.80 in the western and central portion of the arc built on
oceanic crust, but 1.63 in the eastern section built on continental crust. This may reﬂect tectonic and
compositional changes along the arc. However, overall the arc appears more maﬁc than continental
crust. Near-constant crustal thickness, despite signiﬁcant compositional changes, may indicate that
nonmagmatic processes such as erosion and isostasy act to regulate arc thickness. Additionally,
strong conversions from an upper crustal magma chamber are observed beneath Akutan Island,
conﬁrming and clarifying the geometry of the magma body inferred from other techniques. They
indicate a volcanic body much larger than the eruptive ediﬁce, a feature that must persist between
eruptive cycles.
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1. Introduction
[2] Although island arcs are proposed as sites of
continental crust production, the process by which
this crust is formed is not fully understood [Taylor,
1967]. Average continental crust has a bulk andesitic composition [Christensen and Mooney, 1995;
Rudnick and Fountain, 1995], but existing constraints suggest that many island arcs are more basaltic [Kay and Kay, 1994]. Magmatic mixing and
lower crustal foundering are processes that could
alter island arc crust postformation, leaving behind
crust similar to that of continents [Kay and Kay,
1988; Rudnick, 1995]. Under certain pressure and
temperature conditions, maﬁc to ultramaﬁc compositions commonly found in the lower crust may
be denser than the underlying mantle, potentially
allowing foundering [Jull and Kelemen, 2001].
[3] To examine these ideas, seismology can provide indirect estimates of the composition of island
arc crust. The Aleutian island arc has been the subject of previous studies of its primary magma compositions [Kay and Kay, 1994; Kelemen et al.,
2003] and active-source seismic studies of its P
wave velocities [Fliedner and Klemperer, 1999,
2000; Holbrook et al., 1999; Lizarralde et al.,
2002; Shillington et al., 2004; Van Avendonk et al.,
2004]. Seismic velocities have the advantage of
providing estimates of composition of an intact arc
by remotely imaging the crust; however, the relationship between P wave velocity and composition
is ambiguous, particularly for maﬁc-ultramaﬁc
compositions [Behn and Kelemen, 2003]. Addition
of S wave information can provide clearer constraints [Behn and Kelemen, 2006]. The Aleutian
arc has an ideal history for understanding the role
of island arcs in building continental crust: it is relatively free of preexisting material, and has been
stable with little recent variation in volcanism or
arc rifting [Fournelle et al., 1994; Kay and Kay,
1994]. This arc is also of particular relevance to
study continental crust production because the arc
transitions from a continental arc to an oceanic arc
near 165 W, and there are also along-strike variations in lava composition, the age of the subducting
plate, convergence direction, and other subduction
parameters [Fournelle et al., 1994].
[4] In this study, we examine the whole arc by
analyzing teleseismic waveforms recorded by permanent stations in the Aleutians. Receiver functions systematically measure crustal thickness and
the ratio of P to S wave velocities (Vp/Vs), which
provide improved constraints on bulk arc composi-
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tion. Although sparse, seismic stations are present
along the entire Aleutian arc, enabling us to quantify large-scale changes in composition and crustal
thickness. Our analysis shows a westward increase
in crustal-averaged Vp/Vs ratio from the continental to oceanic parts of the arc, but intriguingly,
crustal thickness remains relatively constant at
38.5 6 2.9 km for much of the arc (excluding
Attu). From these results, we infer that the composition of this island arc varies between that typical
of oceanic and continental arcs. Furthermore, at
several volcanoes we see hints of magma chambers, and the well-sampled magma body under
Akutan Island generates strong signals. The
magma body appears much larger than expected,
complementing previous studies of inﬂation and
seismicity in the area [e.g., Lu et al., 2000; Ji and
Herring, 2011].

2. Methods
2.1. Data Collection and Processing
[5] We examine data from 13 permanent broadband seismometers along the Aleutian island arc recording earthquakes occurring between January
2000 and December 2008. Each station operated
for at least one continuous year during this time
(Figure 1 and Table 1). Earthquakes are selected
from those that originated 25 –90 from a point
central to the stations (54.1 N, 165.8 W), and with
magnitudes between 5.0 and 7.0. Over this period,
approximately 700 earthquakes meet these conditions to at least one operating station, although we
used only a subset. Radial-component receiver
functions are calculated in the frequency domain
from the P wave coda [Ammon, 1991; Zandt et al.,
1995] for records that contain a visually obvious
initial P wave arrival. Receiver functions are disregarded if the signal-to-noise ratio is <2 following
deconvolution or they have obvious long-period
noise. Where possible, a range of back azimuths is
incorporated for each station to detect variations in
structure with direction (Figure 1, inset). Because
earthquakes are distributed unevenly around the
planet, most signals are restricted to those with
back azimuths of 70 –110 and 170 –250 relative
to the stations. A total of 300 receiver functions are
calculated and pass these quality criteria, with 14–
46 per station.

2.2. Moveout Corrections
[6] As the P wave front travels through an abrupt
boundary, it produces a converted Ps phase and
2
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Figure 1. Locations of the seismic stations used for this study and topography of the Aleutians. Cluster of
stations surrounding the volcano on Akutan Island is shown in inset. Arrows indicate the relative plate movement of the Paciﬁc plate [Syracuse and Abers, 2006; DeMets et al., 1994]. Line A2, shown in orange, is
refraction line of Shillington et al. [2004]. Bottom inset: Locations of earthquakes used in calculating receiver
functions (black dots).

surface multiples, termed here Ppms and Psms. In
this paper, we use the terminology ‘‘Ps’’ for the
upgoing P to S conversion off the Moho, ‘‘Ppms’’
for the ﬁrst Moho reverberation with only the last
leg as S, and ‘‘Psms’’ as a Moho reverberation
with the last two legs as S, following Rossi et al.
[2006]. For a given Vp and Vs and ray parameter,
the monotonic relationship between the depth to
the Moho (or any interface) and the arrival times
of each of these three phases can be inverted as a

moveout correction, converting lag time to interface depth. The depths predicted for the three
phases agree at the correct Vp/Vs [Zhu and
Kanamori, 2000; Rossi et al., 2006]. In applying
the correction, we assume a constant crustal Vp
and calculate moveout-corrected traces following
Rossi et al., [2006]. Although the Aleutians are
structurally complex, a 1-D velocity assumption
for each station should sufﬁce since only a small
patch under each station is sampled by the

Table 1. Stations
Station

Networka

Sensor

Latitude

Longitude

Receiver
Functions

ATTU
ATTUB
SMY
ADK
ATKA
NIKO
NIKH
UNV
AKRB
AKGG
AKUT
FALS
SDPT

IM
IM
AT
IU
AK
AK
AK
AK
AV
AV
AT
AK
AT

Geotech KS-54000 borehole
Geotech KS-54000 borehole
Streckeisen STS-2
Streckeisen STS-1
Guralp CMG3-ESP 60sec
Guralp CMG3-ESP 60sec
Streckeisen STS-2 G3
Guralp CMG3-ESP 60sec
Guralp CMG6TD
Guralp CMG6TD
Streckeisen STS-2
Guralp CMG3-ESP 30sec
Streckeisen STS-2

52.8821
52.8821
52.7308
51.8823
52.2027
52.9388
52.9731
53.8465
54.1300
54.1988
54.1352
54.8573
55.3493

173.1643
173.1643
174.1031
176.6842
174.1955
168.8667
168.853
166.502
166.0687
165.9916
165.7719
163.4155
160.4766

46
15
24
31
28
16
14
29
17
17
18
20
25

a

Network information at IRIS DMC.
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Figure 2. Stacks of receiver functions for each station. Positive arrivals are shown in blue, negative arrivals
are shown in red. The lag time is measured with respect to the initial P wave arrival. Back-azimuth ranges
included in the stack are given below the station name, for stations where multiple back-azimuth subsets were
taken. (a) Includes all receiver functions used to determine the Moho depth and average crustal Vp/Vs. The
Ps, Ppms, and Psms arrivals off the Moho are indicated where observed. (b) Stacks of the data that were not
used for the Moho analysis, some of which show evidence for other discontinuities. Green stars indicate multiple off the midcrustal discontinuity. Yellow stars indicate the ﬁrst arrival off the slab.

upcoming waves. All Ps arrivals intersect the
Moho <20 km horizontal distance from the station, and most are between 5 and 15 km (1supporting information).

1
Additional supporting information may be found in the online
version of this article.

2.3. Inversion
[7] For each station, moveout-corrected radialcomponent receiver functions are stacked to
reduce signal noise using the Ps, Ppms, and Psms
predicted moveouts (Figure 2). A grid search similar to Zhu and Kanamori [2000] with error analysis from Rossi et al. [2006] is performed for an
interface depth range of 10–60 km and Vp/Vs
4
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Table 2. Results From Inversion for Crustal Structure
Station

Vp (km/s)a

Moho (km)

Moho
Range (km)

Vp/Vs

Vp/Vs Range

ATTU
ATTUB
SMYc
ADKc
ATKAc
NIKOc
NIKH
UNVc
AKRBc
AKGG
AKUTc
FALSc
SDPT

6.8
6.8
6.8
6.8
6.9
6.8
6.8
7.1
6.7
6.7
6.7
6.9
6.8

26.3b
27.4b
40.7
36.8
43.0b
36.4e
35.7
41.6
39.0
33.8
36.7
41.1
38.5

25–28b
25–30b
39–42
35–39
41–45b
33–41e
34–38
40–44
37–41
31–37
32–41
39–43
35–41

1.96b
1.94b
1.69
1.82
1.74b
1.74e
1.79
1.64
1.62
1.88
1.83
1.55
1.68

1.88–2.05b
1.84–2.08b
1.64–1.75
1.76–1.89
1.68–1.80b
1.5–1.91e
1.73–1.86
1.59–1.69
1.55–1.69
1.70–2.00
1.69–2.01
1.51–1.59
1.61–1.78

Active-Source
Moho (km)

Constrained
Vp/Vs

Constrained
Vp/Vs Range

31.6d
37.4f
35.7
37.7d
37.4
33.3
36.5
39

1.99d
1.68f
1.79
1.70d
1.67
1.88
1.84
1.59

1.80–2.09d
1.63–1.85f
1.73–1.86
1.66–1.82d
1.64–1.72
1.74–1.95
1.77–1.99
1.56–1.64

a

Vp determined from active-source data [Shillington et al., 2004].
Only Ps and Ppms stacked.
Limited back-azimuth range used in calculation.
d
Only Ps stacked.
e
Only Ps and Psms stacked.
f
Only Psms stacked.
b
c

range of 1.5–2.2 above the interface, at intervals
of 0.1 km and 0.01, respectively. The average
crustal Vp used in the inversion is determined
from the results of a wide-angle reﬂection/refraction study parallel to the Aleutian island arc [Shillington et al., 2004] (Line A2 on Figure 1). This
study gives an average crustal P wave velocity of
6.8 km/s; stations that are not located along the
active-source line use this average. Velocities for
stations proximal to the refraction proﬁle of Shillington et al. [2004] are vertically averaged from
the refraction results near these locations. Those
stations are ATKA, NIKO, NIKH, UNV, AKUT,
AKRB, AKGG, and FALS, between 175 W and
162 W, for which the average crustal Vp ranged
from 6.7 to 7.1 km/s (see Table 2 for details). We
tested the sensitivity of our result to the assumptions about Vp by also ﬁxing the average crustal
Vp to a uniform 6.5 and 7 km/s for all stations.
These values span the range observed in activesource images along strike [Fliedner and Klemperer, 1999; Shillington et al., 2004]. Within the
formal errors, the depth and Vp/Vs results agreed
with each other for different input Vp, indicating
that this assumption does not have a signiﬁcant
effect on our results (Figure 6). Variations in
Moho depth are roughly linear with Vp, such that
this range in Vp corresponds to approximately 6 1.5 km variation. The only exception to
this occurred at NIKO, where the Moho arrival is
indistinct (see section 3.2.1).
[8] The inversion ﬁnds the boundary depth and
crustal Vp/Vs for which the three converted phases
(Ps, Ppms, and Psms) best agree (Figure 3). For

each station, the three moveout-corrected and
stacked signals are given weights of 1.0, 0.5, 0.1,
or 0 in order of decreasing signal level according
to their strength of their visual appearance in the
trace. This is assessed by the relative signal-tonoise ratio of the conversions. These weights are
normalized to 1.0 during the inversion. To test
objectiveness of this weighting we performed the
inversion using equal weights for the three multiples; the results were not statistically different.
[9] Where the character of the conversion varies
with back azimuth, the receiver functions are
grouped and stacked in appropriate back-azimuth
ranges before being examined. If the inﬂuence
from complex structure is suspected to interfere
with the Moho arrivals in one or more azimuthal
bins, these bins are not included in the ﬁnal stacks.
We also estimated crustal thickness stacking over
all back azimuths, and the results were not signiﬁcantly different.
[10] At some stations, two arrivals are observed in
the receiver functions representing the Moho
boundary and a shallower midcrustal layer (Figure
2). These features are considered reliable if they
appeared in two of the three mode conversions at
the same moveout-corrected depth. In this case,
the inversion is performed for both boundaries
separately. First, the depth and average Vp/Vs for
the Moho are determined as described above.
Then the process is repeated using an average Vp
adjusted for a shallower layer. Shillington et al.
[2004] also found evidence for a midcrustal interface at 20 km. This is observed at two stations:
5
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Figure 3. Example of receiver function analysis for AKUT station. (a) Receiver functions as a function of
back azimuth, 0.5 Hz low-pass ﬁlter. Predicted arrival times of Moho phases are indicated. (b) Stacked amplitude as function of Moho depth and Vp/Vs, for each major phase. Estimated Moho arrival indicated by the
red curves. Here each multiple is given a weight of 1. (c) Joint stack amplitude of all three phases. Star indicates the estimated Moho depth and average crustal Vp/Vs, and the red contour indicates the 85% conﬁdence
interval. For all stations coincident with Shillington et al. [2004] the result is improved by restricting the depth
to the predicted range from the active-source study (here 35 6 2.5 km, shown by the vertical red dotted lines).
This gives a smaller range for Vp/Vs.

ADK and NIKH. At ADK we use the arc-wide average upper crustal Vp of 6.5 km/s; at NIKH
upper crustal Vp ¼ 6.3 km/s [Shillington et al.,
2004]. Based on the tests of the sensitivity of our
results to assumed Vp for the whole crust, we also
assume that the results for the upper crust will not
be very sensitive to Vp assumptions.
[11] For stations along the refraction proﬁle, we
also perform a set of inversions for Vp/Vs a priori
restricting the depth range to the allowed boundary
depths from Shillington et al. [2004] and Van
Avendonk et al. [2004]. The uncertainties of the
active-source Moho depth are determined from
Van Avendonk et al. [2004]; stations in the middle
of the active-source line have uncertainties of
62.5 km, whereas those on the ends of the line
(ATKA and FALS) have uncertainties of 64 km.
This procedure is particularly useful for stations
and azimuth subsets that have only one clear multiple in their receiver functions, since otherwise
two multiples are needed to determine the depth
and Vp/Vs. Rather than correlating weak multiples, only clear conversions are used to give a
potentially more robust Vp/Vs estimate. In this
case, the result is dependent on both the activesource and receiver function measurements
(Figure 3 and more details in supporting information). This procedure assumes that refraction and

receiver functions sample the same boundary and
same velocities.
[12] Following Rossi et al. [2006], a Student t test
on stack amplitude is used to determine the 85%
conﬁdence ellipse for the depth and Vp/Vs result.
A ﬁxed depth corresponds to an 85% conﬁdence
interval in the two parameters, so that maximal
bounds in any one parameter approximate 95%
marginal conﬁdence limits.

3. Arc-Length Crustal Structure
3.1. Results
[13] At many of the stations, the most prominent
Ps conversion occurs around 5 s after the initial P
wave arrival. The primary free-surface multiples
(Ppms and Psms) are more difﬁcult to discern,
likely due to complex crustal structure (Figure 2).
As a result, the full inversion frequently yields Vp/
Vs estimates with large uncertainties. Results are
summarized in Table 2. The sharpest boundary is
located between 34 and 43 km beneath all stations
excluding those on Attu. We interpret this as the
Moho. The average depth at all stations is 37.5
with a 2.5 km average error and a root-meansquare (RMS) variation of 64.3 km. Excluding
6
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ATTU and ATTUB (which are the same station,
operational at different times) yields a mean
crustal thickness of 38.5 km with average error 2.6
km with a RMS variation of 62.9 km (Figure 4).
We discuss the anomalous Attu results below. The
Moho typically is strong along the arc.
[14] The average Vp/Vs ratio above the Moho is
1.74 with an average error of 0.09 using the
single-layer inversion [e.g., Rossi et al., 2006], but
it ranges from 1.55 to 1.96 for individual measurements. Individual errors range up to 60.20
although are typically <0.10. Constraining crustal
thickness from the active-source data [Shillington
et al., 2004] reduces the uncertainty in the Vp/Vs
estimates. Within the eastern, continental section
of the arc, this added constraint decreases the variation in Vp/Vs between stations. The average Vp/
Vs is 1.77 with 0.08 average error using the
active-source Moho depth constrainted results
where possible (Figure 4). The variability of Vp/
Vs increases for these constrained results even
though on average uncertainty decreases; however, this is largely due to the result at ATKA.
Excluding ATKA leads to a decrease in variation
(RMS variation decrease of 14%). In particular,
RMS variation at UNV, AKRB, AKGG, and
AKUT (four stations clustered within 60 km of
each other) is now 60.10, compared to 60.13 in
the unconstrained inversion.
[15] The largest depth outliers are below the two
westernmost stations, ATTU and ATTUB, where
the crust is 10 km thinner than other stations. The
crust appears to be anomalously thin below Attu
island compared to the rest of the arc, and volcanism with magmatic addition stopped at Attu
some time ago. The western Aleutians undergo
more extension than the eastern and central arc, so
perhaps the crust here is tectonically attenuated
[Yogodzinski et al., 1993]. The remaining stations
show relative uniformity in crustal thickness despite known changes in geologic structure from
east to west.
[16] In contrast to the depth, the Vp/Vs ratios
increase slightly from east to west. While a denser
coverage of stations is needed to understand the
nature of this variation, stations on continental
crust in the Alaska Peninsula-Umnak (FALS and
SDPT) have an average Vp/Vs of 1.62, while the
western stations have an average of 1.77. The constrained results yield averages of 1.63 and 1.80,
respectively. This change may reﬂect the transition
of the overriding plate from continental crust east
of Unimak Pass at 196 longitude to oceanic crust
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west of this location [Fournelle et al., 1994; Fliedner and Klemperer, 2000].

3.2. Secondary Arrivals
[17] Many stations show complicated features in
their receiver functions, including variations with
back azimuth and additional arrivals. Dipping
layers, anisotropy, and low-velocity zones have
the potential to complicate receiver functions
[Cassidy, 1992; Jones and Phinney, 1998; Nikulin
et al., 2009], as do multiple interfaces. In the Aleutians, the subducting slab and geology related to
volcanism likely contribute to this complexity.
The limited back-azimuthal coverage, noisy stations and the sparse geographical distribution of
the stations make it difﬁcult to ﬁnd trends in this
variation and thus to determine its cause, but there
are some clues. A more detailed description of
observations at each station is in the supporting
information.
3.2.1. Midcrustal Boundary and Weakened Moho

[18] Two stations showed clear evidence of a midcrustal boundary in addition to the Moho: ADK at
24 6 1.5 km and NIKH at 17.9 6 2 km (Figure 2).
This layering agrees with Shillington et al. [2004],
who observed an intracrustal interface at approximately 20 km depth along their refraction line.
The Vp/Vs above this boundary is similar to that
for the whole crust with an average for the upper
layer of 1.73; incorporating the active-source
interface depths gives an average of 1.70, which is
slightly lower than what we predict for the whole
crust.
[19] NIKO and NIKH, located 4 km apart in
Nikolski on Umnak Island in the eastern section of
the island arc, appear to have a weak Moho as
indicated by a lack of obvious Ps arrivals. This
agrees with Shillington et al. [2004], who observe
very high P wave velocities in the lower crust
(7.6 km/s) in this part of the arc, which are only
slightly lower than in the upper mantle (8.0–8.1
km/s). FALS also lacks a prominent Ps arrival;
however, this station is at the end of the seismic
line from Shillington et al. [2004] so it could not
be compared (Figure 2).
3.2.2. Shallow Structure

[20] The initial direct P wave arrivals are slightly
delayed in the receiver functions (<0.5 s lags) at
about half the stations. Probably, shallow sedimentary basins or volcaniclastic piles generate conversions that interfere with direct P [Sheehan et al.,
1995]. The data from all stations display negative
polarity pulses following the initial P wave arrival,
7
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Figure 4. Summary of results (Table 2). Results from the single-layer inversion method are shown in black
and those where interface depth is constrained by the active-source data are shown in white. (a) Moho depth
results using the single-layer inversion method. (b) Moho depths including constraints from Shillington et al.
[2004]. (c) Average crustal Vp/Vs results using the single-layer inversion method. (d) Average crustal Vp/Vs
using the active-source Moho depth, where indicated.
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not explained by simple models containing only
the Moho boundary. These features must be due to
complexities in the shallow crustal structure.
Including a thin (<1 km thick) low-velocity nearsurface layer (e.g., weathered layers, erupted
lavas) can account for the discrepancy at many of
the stations (section 3.3). Stations AKGG, AKUT,
and AKRB on Akutan Island require more complex shallow crustal structures to explain early features (section 5.2).
3.2.3. Subducting Slab

[21] Several stations display evidence of the subducting crust. The Aleutian slab dips 45 –55
and is 65–95 km deep below the volcanic front
[Syracuse and Abers, 2006], indicating that a slab
Ps arrival can be expected in the receiver functions
at lags of 7–11 s, between the upper-plate Ps and
Ppms arrivals. Some stations show backazimuthally varying, high-amplitude, positive
pulses in this time range (see supporting information). In some cases, these are as strong or stronger
than the Ps Moho arrival, similar to other receiver
function studies imaging the subducting crust
[Ferris et al., 2003]. The highest amplitude Ps
phases are expected in traces that traveled updip
[Cassidy, 1992], corresponding to arrivals from
earthquakes in a range of back azimuths from NE
to NW. Arrivals with these characteristics are seen
at six stations: ADK, ATKA, ATTU, ATTUB,
SDPT, and UNV (Figure 2). These stations span
the entire range of the arc indicating the feature is
present throughout, including under the far western Aleutians beyond where intermediate depth
seismicity is seen [Syracuse and Abers, 2006].

3.3. Forward Modeling
[22] After inverting for crustal thickness and Vp/
Vs, a synthetic receiver function is generated at
each station using this crustal structure, and
compared to the stacked receiver function data
(Figure 5). Full-waveform receiver functions are
calculated for plane-layered structure with a
propagator-matrix method [e.g., Haskell, 1962].
These synthetics provide a test of the stacking
method, and highlight those features in the receiver function stack that remain unexplained.
[23] At most stations the models predict the timing, width, and amplitude of the Moho Ps accurately. At NIKO and, to a lesser extent, NIKH the
predicted arrival has higher amplitude than
observed, probably due to the low velocity contrast at the Moho. For multiples, amplitudes
generally did not agree as well and in several cases

Figure 5. Comparison of receiver function stacks (black)
and forward modeling results (red) using the Moho depth and
Vp/Vs determined from the unconstrained inversion. These
data, from Figure 2a, are for back-azimuths used to determine
Moho depth in Figure 4. In some cases, secondary phases
unrelated to Moho conversions are readily apparent.

the predicted Ppms and Psms amplitudes were
larger than those observed. The receiver function
inversions (e.g., Figure 3) assume that boundaries
are abrupt and layer properties are constant, but
real data are inﬂuenced by spatially varying and
potentially gradational boundaries; hence, multiples predicted by the forward modeling are
expected to have higher amplitudes than the data
[MacKenzie et al., 2008]. Furthermore, the velocity contrast at the Moho might be lower than that
predicted assuming a one-layer crust, if fast lower
crust is present. In addition, ray parameter corrections are not applied in these stacks yet multiples
display signiﬁcant moveout over the range of ray
parameters sampled, so stacking may reduce the
multiples through destructive interference.

4. Discussion
4.1. Crustal Structure and Composition
[24] With the exception of crust beneath Attu
island, receiver function results that are independent of active-source constraints indicate that the
crust of the Aleutian island arc is 38.5 6 2.9 km
thick, where 2.9 km is the RMS variation of
9
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individual measurements, and not much larger
than the 2.6 km average uncertainty. Thus, crustal
thickness remains relatively constant despite lateral changes in arc properties, including the westward transition from a continental to oceanic
overriding plate, changes in obliquity and speed of
convergence, increasing along-strike extension of
the arc westward [Freymueller et al., 2008], and
changes in composition of primitive lavas or the
parental arc magma [Kelemen et al., 2003]. Our
sampling of the arc is sparse and constrained to
the locations of the islands, so there may be significant variability in crustal thickness at interstation
wavelengths shorter than 50–100 km that would
not be observed. Nonetheless, our data does reveal
that there is comparatively little long-wavelength
variation in crustal thickness along much of the
arc. We would expect an increase in crustal thickness from the oceanic to continental sections due
to thickness changes in preexisting crust, if magmatic productivity remained constant despite large
changes in preexisting crustal thickness along the
arc. Arc-normal convergence rate varies by <10%
from ADK east to SDPT [Syracuse and Abers,
2006]. The observed consistency in crustal thickness implies that some process, either variation in
magma production rate or differential erosion or
foundering of the crust, must modulate crustal
thickness along the arc. Age estimates for volcanic
rocks in the Aleutians from 40Ar/39Ar dating show
differences in ages of eruptive events along the arc
[Jicha et al., 2006] indicating that magma production may not be uniform. On the other hand, most
island summits lie at elevations within 1000 m of
sea level ; thus, similar crustal thicknesses are balanced by similar elevations, perhaps indicating
that erosion and isostasy act to keep crustal thickness roughly constant. We note that the small average velocity changes inferred from active-source
data, roughly 60.2 km/s, correspond to average
density changes of perhaps 100–200 kg/m3, too
small to signiﬁcantly affect isostatic balance more
than 1–2 km in crustal thickness.
[25] The average Vp/Vs of 1.77 indicates an intermediate to maﬁc crustal composition in the Aleutian island arc [Zandt and Ammon, 1995] and is
higher than typical continental crust [Christensen,
1996; Brocher, 2005]. However, lower Vp/Vs
appears to be present in the east than the west
(Figure 6) more similar to that of continental crust
[Christensen and Mooney, 1995; Christensen,
1996]. To ﬁrst order, silica content is inversely
proportional to Vp/Vs [Zandt and Ammon, 1995],
at least in rocks with >55 wt % SiO2 and bearing
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Figure 6. Moho depth and Vp/Vs versus station longitude
along the arc. (top) Moho depth and error bars from the
single-layer inversion method are shown in black. The Moho
depth using Vp ¼ 6.5 km/s is shown with green dashes, and
the depth using Vp ¼ 7 km/s is shown with blue dashes. The
depth proﬁle of the Moho predicted by Shillington et al.
[2004] is plotted as a red line, and the red dashes indicate the
Moho depth result when constrained to the active-source
range. (bottom) The Vp/Vs estimates and error bars predicted
by the single layer inversion are shown in black. The 85%
conﬁdence intervals for the active constrained results are
shown as red rectangles.

quartz [Hacker et al., 2003]. The change implies
that the crust to the west is more maﬁc than that to
the east. This variation in average crustal Vp/Vs
corresponds with the change from continental to
oceanic crust in the overriding plate, which should
lead to a westward decrease in average silica content since the continental crust is expected to contain more evolved continental material.
[26] The other possible contribution to Vp/Vs is
the composition of primary magmas, which can
lead to changes in the crustal composition [Kay
and Kay, 1994; Kelemen et al., 2003]. Speciﬁcally, the concentration of MgO decreases and
SiO2 increases westward along the intraoceanic
part of the arc [Kay and Kay, 1994; Kelemen et
al., 2003]. This should correspond to a westward
decrease in Vp/Vs along the arc, to the extent that
higher SiO2 leads to lower Vp/Vs. This is the opposite of what we observe. Although Vp/Vs
10
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increases with decreasing SiO2 for many bulk compositions, rocks containing <55 wt % SiO2 have
minimal quartz and show a weak positive correlation between Vp/Vs and SiO2 controlled by other
phases [Behn and Kelemen, 2006]. For example,
rocks with greater abundance of olivine and orthopyroxene tend to have lower Vp/Vs than rocks
dominated by plagioclase or garnet [Hacker et al.,
2003]. If most of the intruded lavas are sufﬁciently
primitive that quartz is minor to absent, this trend
would be expected. Primitive Aleutian arc magmas
show SiO2 ranging between 45 and 60 wt % in our
study area and thus straddle both trends [Kelemen
et al., 2003]. At least in the upper and middle crust,
it is reasonable to expect more silicic compositions
consistent with the lower observed Vp/Vs.
[27] In addition to the Moho boundary, a midcrustal boundary is observed at two stations in the central portion of the arc at 20 km depth with a Vp/
Vs of 1.70 in the overlying section. The average
Vp/Vs in the upper crust is lower than the total
crustal Vp/Vs, suggesting that the Vp/Vs in the
lower crust is higher. Such stratiﬁcation is
expected for many crustal differentiation scenarios
that place more silicic rocks in the upper crust
over a lower crust that is maﬁc. Additionally, elevated temperatures, presence of melt, and other
factors that might be relevant to the lower crust
beneath the active volcanic line would also serve
to increase Vp/Vs in the deep part of the crust.

4.2. Previous Studies and Comparison
to Other Arcs
[28] A small number of previous active-source
seismic studies in the Aleutians provide a basis for
comparison to this study. Shillington et al., [2004]
present a P wave velocity model based on a sparse
along-arc seismic refraction proﬁle, 20–40 km
south of the active volcanic line (but within the arc
platform). The ‘‘unconstrained’’ Moho depths
(those independent of the active-source data) are
generally in agreement with the results from Shillington et al. [2004]—their study predicts an average crustal thickness from 35 to 37 km, while the
average crustal thickness from this study is 38.5
km. This agreement is independent of our input P
wave velocity assumption: even a very low crustal
Vp of 6.5 km/s on average does not yield thicknesses less than 35 km (Figure 6). Our results
more closely agree with the results of Shillington
et al. [2004] and Van Avendonk et al. [2004] than
the 30 km thick crust obtained by Fliedner and
Klemperer [1999, 2000] in their analysis of the
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same proﬁle, or equally thin crust (30–32 km)
seen on the cross lines [Holbrook et al., 1999; Lizarralde et al., 2002]. Six of the eight coincident
stations have Moho error ranges that overlap with
the depth range predicted by the Shillington et al.
[2004] active-source data. The mid-crustal layer
observed at approximately 20 km depth in Shillington et al., [2004] also is observed in this study
intermittently.
[29] The Vp/Vs of the lower crust using activesource data by Shillington et al. [2013] yields
somewhat lower values of Vp/Vs (1.7–1.75) than
implied by our study. The active-source proﬁle
lies seaward of the active arc (and seaward of the
arc crust sampled by receiver functions in this
study). While crustal thickness is not expected to
change considerably over the arc platform, there
could be signiﬁcant changes in temperature. Thus,
lower Vp/Vs may be expected there owing to the
absence of melt and lower temperatures [e.g.,
Takei, 2002]. Additionally, at lower temperatures,
alpha quartz is stable at lower-crustal depths; even
small (<5%) amounts can reduce Vp/Vs of the
bulk composition substantially [Ohno et al., 2006;
Shillington et al., 2013]. The Vp/Vs estimates
from Fliedner and Klemperer [1999] agree with
our results in the eastern section of the arc, but
since their crustal thicknesses do not, it is not clear
they can be compared.
[30] Zandt and Ammon [1995] characterize Poisson’s ratio for different types of continental crust
worldwide. While their sampling of island arcs is
very limited and does not include the Aleutians,
they suggest that the average arc has a Vp/Vs of
1.91 6 0.16. This is higher than our measurements,
but within their uncertainties. Studies elsewhere
differ. The Izu-Bonin system exhibits substantial
along-strike variations in average crustal thickness, from 20 km in the Bonin arc to 30 km in
Izu [Kodaira et al., 2007a]; no published information on Vp/Vs exists for this area. This arc contains a thick region of relatively felsic material; it
has been suggested that it may represent a more
mature arc system than the Aleutians [Tatsumi et
al., 2008]. In addition, large variations in crustal
thickness (>10 km) are seen in the Izu-Bonin system on short (between volcanoes) scales [Kodaira
et al., 2007a, 2007b], which are not seen here.
These rapid variations in arc thickness have been
interpreted to imply that focused crustal accretion
and the generation of relatively felsic crust are
occurring beneath large basaltic volcanoes in this
arc. In Costa Rica, the crustal thickness ranges
from 27.2 to 37.9 km while in Nicaragua it ranges
11
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from 24.6 to 43.5 km including the forearc and
backarc, and where differences in preexisting crust
are known to exist [MacKenzie et al., 2008]. Central America shows more crustal thickness variability than we observe in the Aleutians, which
have comparable differences in preexisting crust.
However, studies in the Aleutians do not have a
sampling density comparable to these studies, and
thus would miss volcano-spacing wavelength
structure. But larger-scale variations are not
observed.

5. Akutan Midcrustal Magma Body
5.1. Observations
[31] The stations on the island of Akutan—AKUT,
AKGG, and AKRB—display a strong arrival in the
ﬁrst 3 s of their receiver functions (Figure 7a). The
presence of this arrival varies with back azimuth and
correlates with the location of the station relative to
Akutan volcano (Figure 7b). This large positive arrival follows a sharp negative arrival in signals that
have passed under the volcano at each of the stations.
At AKGG, this signal is observed in most of the receiver functions (back-azimuth range 90 –270 );
its amplitude varies and is greatest between 150 and
270 . AKRB contains the signal in data from 90
to 105 back azimuth. AKUT shows the signal in the
220 –260 back-azimuthal range, although the negative pulse preceding it is not as large.

5.2. Magma Body Geometry
[32] To better delineate the magma chamber, we
map the mode conversions it generates, by backprojecting signals along ray paths. The LVZ is considered present if a pulse arrives within 1–3 s after
the initial P wave arrival and its amplitude is at
least a quarter of the initial P wave (although many
observed conversions have much larger amplitudes). The magma body appears to underlie much
of the island, and extends farther east from the caldera than to the west of it (Figure 7). This feature is
conﬁned to the boundaries of the island at depth but
is much larger in diameter than the ediﬁce. Thus,
we infer that the receiver functions show evidence
for a large upper-crustal magma-rich body, based
on the spatial distribution of signals, their high amplitude and back-azimuthal dependence.

5.3. Modeling
[33] Receiver functions from Akutan that showed
evidence for the magma body are compared to

Figure 7. Back-azimuthal variation of the receiver functions
from Akutan. (a) Stacks of the receiver functions for different
back-azimuth ranges, corresponding to colors in Figure 7b.
The black arrows denote the conversion from base of the
LVZ. (b) Map of Akutan Island, showing stations (large
circles), volcanic ediﬁce (triangle), and the back-azimuthal
ranges at which the LVZ conversions are observed (blue) or
absent (orange). The squares show the piercing points of rays
sampling the LVZ based on the modeled results, and the color
indicates if the individual trace showed evidence of the layer
(blue) or not (orange).

numerical models. At each station, four classes of
models are generated (Figure 8); the exact velocities and depths varied slightly. Each has a boundary at <1 km depth to simulate a near-surface
layer of cracked or porous rock. Model A additionally has a boundary at the Moho. Model B has a
Moho boundary and a midcrustal boundary at
approximately 20 km depth. Model C has the
Moho and a shallow interface (10 km depth).
Model D has a 2 km thick low-velocity layer
near 10 km depth in addition to the Moho. These
groups are compared to determine the underlying
cause of the early signal. More precise depth and
Vp/Vs estimates of those boundaries are determined by adjusting Vp/Vs and layer thickness to
better match observed seismograms, via a simplex
minimization [Press et al., 1986] to match
12
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may be some sort of crystal-rich mush zone. It is
located between approximately 7–10 km depth at
AKGG, at 8.5–10.5 km depth at AKRB, and at 8–
9 km depth at AKUT. The consistency of this feature across the three stations implies that it may be
relatively continuous throughout the island, but
thinner on the east of the island under AKUT, the
station farthest from the caldera. Alternatively,
there may be two magmatic centers on the western
and eastern sides of the island that correspond to
the clusters of seismicity observed in 1996 [Lu et
al., 2000]. Additional modeling analysis may
reﬁne the precise velocities associated with this
layer; however, the geometry and relative changes
observed suggest that a body of partial melt is a robust explanation.

5.4. Interpretation and Comparison With
Other Observations

Figure 8. Four synthetic receiver functions generated to ﬁt
the data at AKGG compared with the actual data for that station, as described in text. Set D shown in red is the best ﬁt
model. Inset shows the corresponding velocity proﬁles.

observed to calculated receiver functions. This
procedure kept the structure close to the initial
model while matching data.
[34] Receiver functions that contain the early pulse
are best ﬁt by Model D at each station. Model D
produces higher-amplitude pulses at 2–3 s, comparable to the Moho amplitude, and matches lag
times better than the Models A-C. The model predicts some features after 7 s that do not appear in
the data, perhaps due to attenuation or scattering
of the later multiples, consistent with other receiver function studies of magma chambers [e.g.,
Chmielowski et al., 1999]. The ﬁnal best ﬁt models
all contain a low-velocity surface-layer, a lowvelocity layer representing the magma body
around 9 km depth with high Vp/Vs, and the
Moho boundary at a depth within the error range
of that predicted by the single-layer inversion
method (Figure 9).
[35] The low-velocity layer varies slightly in
thickness and velocities at the three stations. The
layer can be modeled assuming Vp ¼ 5.9 km/s
with a Vp/Vs of 2.05. The ﬁnite Vs implies that
the layer is not liquid at seismic frequencies, and

[36] A few receiver functions studies on magma
chambers exist. Consistent with our results, they
report high-amplitude positive and negative features early in the receiver function, high Vp/Vs in
the low-velocity zone (LVZ), spatial variation
between receiver functions, and variations in the
arrivals of multiples from deeper features (see supporting information for more details) [e.g., Chmielowski et al., 1999; Wilson et al., 2003; Piana
Agostinetti and Chiarabba, 2008; Abe et al.,
2010].
[37] Akutan volcano is one of the more active volcanoes within the Aleutians, with 31 eruptions
since 1790 most recently in 1992, as well as subsequent seismicity, inﬂation, and steaming [McGimsey et al., 2011]. A seismic swarm in March 1996,
inferred to have been at least in part caused by a
magma intrusion, had epicenters between near-sea

Figure 9. Velocity models describing the LVZ for each of
the three stations on Akutan.
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level to about 8 km in depth [Lu et al., 2000]. This
coincides with the estimated top of the magma
body from the receiver function modeling results.
Modeling of geodetic observations [Lu et al.,
2000] suggests that the top of a large Mogi-type
magma source is located between 8 and 18 km.
The receiver function LVZ is at the shallower end
of the depth range; however, seismometers lie
away from the volcanic summit. Furthermore,
there is no reason to assume that inﬂation is restricted to a single low-velocity layer; Global
Positioning System (GPS) measurements have
been used to locate another magma source at
approximately 3.9 km depth [Ji and Herring,
2011] indicating that magma storage under Akutan
volcano is complex. These results indicate that receiver functions may be a useful, and thus far relatively unexplored, tool for analyzing magma
systems.

6. Conclusions
[38] Receiver functions give the ﬁrst arc-wide
results of the Moho depth and crust-averaged Vp/
Vs along the Aleutian island arc, and indicate that
it is generally more maﬁc than continental crust.
We observe a westward increase in Vp/Vs as the
arc transitions from a continental arc to an oceanic
arc, which we interpret to parallel a gradient in
crust-averaged SiO2 content. However, Moho
depth remains constant at 38.5 6 2.9 km despite
these along-strike transitions in many arc parameters, perhaps because erosion and isostasy mediate
crustal thickness. On the island of Akutan, three
closely spaced seismic stations enabled us to
image a low-velocity zone determined to be a
large magma chamber or magma-rich body; with
additional stations, features such as this may be
observed on other islands. The complex receiver
functions presented here demonstrate the need for
a more densely spaced array of seismic stations to
better resolve variations in Moho depth at the scale
of volcano spacing, and to adequately sample
other secondary features such as midcrustal boundaries, the subducting slab, and low-velocity
zones.
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