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The Alaska Peninsula section of the Aleutian-Alaska subduction zone exhibits significant along-strike 
variations in plate coupling, earthquakes, and arc magmatism. Here we use regional and teleseismic 
data from 1990 to 2018 to investigate intermediate-depth intra-plate seismicity beneath the Alaska 
Peninsula. The distribution of these events shows five distinct segments from southwest to northeast: 
Unimak, Pavlof, Shumagin, Semidi, and Kodiak. We identify two double seismic zones (DSZs) in the 
Pavlof and Semidi segments but not in others. The magnitude-frequency relationship of these earthquakes 
(b-value) also varies along strike, suggesting more fluids in the southwestern segments and closer to 
the slab top interface. We also evaluate trace elements of arc lavas in the Alaska Peninsula. Th/La ratios 
indicate a significant amount of sediments subducted in the Semidi segment that includes Aniakchak and 
Veniaminof, and the sediment signature peaks beneath the Black Peak volcano. In contrast, high Pb/Th 
but low Th/La ratios from southwestern volcanoes suggest high fluids released from the subducted slab. 
In sum, our observations suggest that the slab is more hydrated and thus undergoing more intensive 
dehydration in the southwest than in the northeast, whereas more sediments are subducted in the 
northeast than in the southwest. These along-arc changes are generally in agreement with previous 
studies of plate coupling and the crustal structure of the incoming plate. Moreover, the complexities 
beyond the monotonic changes imply that the intermediate-depth intra-plate seismicity and sub-arc 
melting are influenced by not only the pre-existing fabrics in the incoming plate, but also the subducted 
sediments and plate stress state.

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

Subduction zones drive material exchange between the Earth’s 
surface and its interior. Near the oceanic trench, a subducting plate 
is hydrated along the plate-bending faults in the form of hydrous 
minerals (Shillington et al., 2015). Water and marine sediments en-
ter the trench as part of the subducting plate and return through 
flux melting via arc magmatism (van Keken et al., 2011; Grove 
et al., 2012). A series of dehydration reactions of hydrous min-
erals occur under a variety of pressure-temperature conditions in 
the subducted slab. For instance, the breakdowns of lawsonite in 
the crust and antigorite in the mantle release a large volume of 
water (Guiraud et al., 2001; Hacker et al., 2003). During the in-
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situ dehydration reactions or the migration of the released fluids 
from the source (Faccenda et al., 2012), the increased pore fluid 
pressure can reduce the effective pressure to trigger intermediate-
depth intra-plate earthquakes. This mechanism is referred to as 
dehydration embrittlement (Kirby et al., 1996) or more generalized 
fluid-related embrittlement (Wei et al., 2017). Therefore, the distri-
bution of intermediate-depth earthquakes at 50–300 km depths is 
potentially indicative of free fluids in a slab that most likely come 
from dehydration reactions (e.g., Hacker et al., 2003; Yamasaki and 
Seno, 2003).

More intriguingly, a double seismic zone (DSZ), in which 
intermediate-depth earthquakes occur along two layers parallel to 
the dip of the subducting slab, is observed in several subduction 
zones (e.g., Yamasaki and Seno, 2003; Brudzinski et al., 2007). The 
upper plane is usually confined in the slab crust and uppermost 
mantle with downdip compressional stresses, whereas the lower 
plane is about 20–40 km deep from the slab surface with downdip 
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Fig. 1. Tectonic map of the Alaska Peninsula and adjacent regions. The bold black arrow indicates that the Pacific Plate subducts along the Alaska trench. Black triangles 
indicate Holocene volcanoes. Black dashed contours outline the rupture zones of previous megathrust earthquakes (Davies et al., 1981). The beachball indicates the M7.8 
Simeonof earthquake on July 22, 2020. Red, yellow, cyan, and blue curves show the Alaska slab surface at 50, 100, 150, and 200 km depths, respectively, based on the Slab2 
model (Hayes et al., 2018). Gray contours on the Pacific Plate outline the seafloor magnetic anomalies (Maus et al., 2009). Yellow shaded areas show the significant sediment 
input to the Alaska Trench (von Huene et al., 2012). The dark gray box indicates the study region in this paper. (For interpretation of the colors in the figure(s), the reader is 
referred to the web version of this article.)
tensional events. These phenomena are generally explained by a 
combination of slab unbending and fluid-related embrittlement 
(e.g., Wang, 2002; Hacker et al., 2003). The existence of a DSZ 
thus may serve as indirect evidence of fluids or volatiles in the 
slab mantle >20 km beneath the slab Moho. Although a DSZ has 
been observed in many, if not all, subduction zones (Brudzinski 
et al., 2007; Florez and Prieto, 2019), a study in NE Japan with a 
higher spatial resolution shows a sporadic rather than continuous 
lower plane (Igarashi et al., 2001), suggesting that deeper parts of 
the slab mantle are not uniformly hydrated.

Geochemical tracers have been developed to track fluids and 
melts within convergent margins (Hawkesworth et al., 1997; Plank 
and Langmuir, 1998; Kelemen et al., 2003; Grove et al., 2012). 
Besides the first-order factors like plate age and geometry that 
control dehydration and melting (van Keken et al., 2011), these 
processes may be also a function of the thickness and degree of 
hydration of the downgoing plate as well as the type of subduct-
ing sediment (Singer et al., 2007; Plank, 2014). Collectively, these 
parameters control the magma genesis in arcs prior to any interac-
tion with and residence within the overriding crust (Hildreth and 
Moorbath, 1988; Winslow et al., 2020).

The Aleutian arc is an excellent endmember among conver-
gent margins to deconvolve the various components that may con-
tribute to arc magmatism (e.g., Miller et al., 1994; Class et al., 
2000; Kelemen et al., 2003; Plank, 2005; Singer et al., 2007; Yo-
godzinski et al., 2015). Slab recycling has been reconciled mostly in 
segments of the Aleutians using trace element and isotope signa-
tures, which include melts of the subducting sediment (e.g., Plank, 
2005), the altered oceanic crust (AOC) (e.g., Kelemen et al., 2003) 
and hydrothermal contributions (e.g., Miller et al., 1994). How 
magma generation continues to the east along the Alaska Peninsula 
has yet to be constrained. The exceptionally distinct along-strike 
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variations in sediment input offshore the Alaska Peninsula allow 
us to test specifically whether such changes pass through the sub-
duction system and get imparted onto the arc source magmas. In 
combination with geophysical constraints, we may further shed 
light on the processes within the slab and during magma gener-
ation.

2. Geological setting

The Alaska Peninsula section of the Alaska-Aleutian subduction 
zone (AASZ) has a relatively constant convergence rate, direction, 
and plate age. This configuration has remained stable for the last 
40–50 Ma, suggesting a uniform thermal state of the subducted 
slab along strike. Yet, substantial along-strike variations in seismic-
ity are observed throughout the entire subduction zone. At shallow 
depths, megathrust earthquakes, including the 1938 M8.2 earth-
quake, occur every ∼50–75 yr in the Semidi segment (Davies et 
al., 1981). In contrast, the “Shumagin seismic gap” stayed inac-
tive for at least 200 yr until the M7.8 Simeonof earthquake on 
July 22, 2020 (Fig. 1). Geodetic observations reveal a transition of 
the seismogenic zone near the Shumagin Islands from dominantly 
creeping in the southwest to locked over a broad area in the north-
east (Li and Freymueller, 2018). Intermediate-depth seismic activity 
also varies along strike (Shillington et al., 2015). A DSZ was discov-
ered beneath the southwestern tip of the Alaska Peninsula, with 
a sharp end west of Shumagin Islands (Reyners and Coles, 1982; 
House and Jacob, 1983; Hudnut and Taber, 1987).

These along-strike variations generally coincide with the change 
in the pre-existing seafloor fabrics of the incoming Pacific plate. In 
the southwest, the incoming plate fabric makes a moderate angle 
with the trench, which correlates with abundant outer rise bend-
ing faults and lower velocities in the incoming plate uppermost 
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Fig. 2. Map of relocated intermediate-depth earthquakes from 1990 to 2018. Earthquakes (dots) are color-coded by depth. Focal mechanisms are determined by the Global 
CMT solutions (Ekström et al., 2012). Black lines illustrate the center of the 17 cross-sections in this study. The mid-points of cross-sections 1–16 are at the 75-km-depth 
contour of the Slab2 model (Hayes et al., 2018) spacing 50 km apart, except that the mid-points of #9 and #10 are 25 km apart. Each cross-section, numbered sequentially, 
is 111-km wide, 6◦ long, and perpendicular to the average strike of the Slab2 model at 50–100 km depths. Cross-section 17 is 500-km wide along the slab strike.
mantle compared to the northeast, where the incoming plate fabric 
is nearly trench-normal (Shillington et al., 2015) (Fig. 1). Based on 
these observations, Shillington et al. (2015) suggest that the fabric 
change near the Shumagin Islands, inferred from magnetic anoma-
lies (Maus et al., 2009), enhances faulting and slab hydration be-
fore subduction and may control slab dehydration and earthquakes 
at depths. However, this fabric-control hypothesis is challenged by 
complex variations in intermediate-depth earthquakes and the re-
cent M7.8 Simeonof megathrust earthquake.

In addition to the slab fabric change, sediment thickness and 
lithology vary along the strike of the Alaska Peninsula (Kelemen 
et al., 2003). A combination of locally derived turbidites, pelagic 
diatomaceous ooze, and relatively far traveled turbidites of the Zo-
diac fan enter the trench offshore. The Zodiac fan is a 280,000 km3

headless deposit of turbidites originating potentially from British 
Columbia in the Eocene to Oligocene (Stevenson et al., 1983). The 
thickest sedimentary cover enters the trench between Veniaminof 
and Aniakchak (Fig. 1) with an average thickness of >300 m 
(Stevenson et al., 1983). East and west of this part, the Zodiac Fan 
pinches out, and pelagic sediments become increasingly dominated 
by younger diatomaceous ooze. Locally derived turbidites may also 
increase towards the eastern and western boundaries of our study 
area. However, they are largely absent at the Deep Sea Drilling 
Project (DSDP) site 183 (52.57◦N, 161.21◦W) southwest of Veni-
aminof, where a 505-m thick sedimentary sequence was drilled 
with ∼200-m thick pelagic deposits of diatom-rich silty clay and 
diatom ooze overlying ∼250-m thick Zodiac turbidites (Creager et 
al., 1973).

The volcanoes of the Alaska Peninsula have diverse eruptive his-
tories and edifice characteristics that have been linked to magma 
chemistry and structural controls in the crust (Larsen, 2016). Our 
data analysis includes the Ukinrek Maars (∼156.5◦W) in the east. 
To the west, Aniakchak (∼158◦W), Black Peak
(∼158.8◦W), and Veniaminof (∼159.4◦W) represent a cluster of 
3

volcanic systems that all experienced caldera forming eruptions in 
Holocene with numerous smaller eruptions more recently. Pavlof 
volcano (∼161.9◦W) is a steep stratocone and among the most 
active volcanoes historically in the Aleutians. Unimak Island with 
Shishaldin volcano (∼164◦W) represents the western boundary of 
our study area. Shishaldin has been part of prior along-arc inves-
tigations (Singer et al., 2007) and builds an important anchor for 
our analysis further east.

3. Intermediate-depth earthquakes

3.1. Data and earthquake relocation methods

We relocate intermediate-depth earthquakes between 1990 and 
2018 with local magnitudes (ML ) ≥ 2.0 that were initially located 
by the Alaska Earthquake Center (AEC). We use local seismic arrival 
data (P and S phases) collected at the AEC stations and teleseis-
mic P , S , pP , and sS arrivals from the International Seismological 
Centre database to constrain the absolute and relative locations. 
We also relocate 63 earthquakes earlier than 1990 from the Global 
Centroid Moment Tensor (CMT) catalog (Ekström et al., 2012) in 
the same region. It is worthwhile to note that multiple stations 
on the Aleutian Islands west of the Alaska Peninsula also recorded 
thousands of arrivals (Fig. S1a), assuring the relocation precision 
towards the west end of our study region.

We use an improved version of teletomoDD (Pesicek et al., 
2010), a teleseismic double-difference relocation package with 3-D 
ray tracing, to relocate all the earthquakes. This method can uti-
lize all local and teleseismic P , S , pP , and sS arrivals as well as 
a 3-D velocity model, thus can better constrain relative and ab-
solute hypocenters. Due to the limited ray path coverage in the 
upper mantle, we only invert for the earthquake hypocenters and 
fixed the 3-D velocity model as known. We estimate relocation un-
certainties with a bootstrap resampling approach. More details are 
described in Supplementary Text S1.
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Fig. 3. Selected cross-sections of relocated earthquakes. Other cross-sections are shown in Fig. S3. Earthquakes are grouped into 5 segments based on their depth distributions 
shown in Fig. 4. Each of cross-sections 1–16 is 111-km wide and perpendicular to the average slab strike at 50–100 km depths, according to the Slab2 model (Hayes et al., 
2018). Cross-section 17 is 500-km wide along the slab strike with all intersect cross-sections labeled on the top. The black curve in each panel indicates the slab top interface 
from the Slab2 model. The cross-section index number is at the top right corner of each panel. The bathymetry is plotted on top with vertical exaggeration. Focal mechanisms 
are color-coded by depth.

Fig. 4. Depth distributions of intermediate-depth earthquakes along all cross-sections. Vertical gray dashed lines illustrate the segment boundaries. (a) The number of 
intermediate-depth earthquakes deeper than 50 km (circles) and the ones at 50–120 km depths (crosses). (b) Vertical depth distribution. The number of events is normalized 
along each cross-section. Red lines show 50 and 120 km depths. (c) Slab-normal depth distribution of earthquakes at 50–120 km depths. Red dashed boxes highlight the 
double seismic zones (DSZs).
We further project all relocated earthquakes to 17 vertical 
cross-sections (black lines in Fig. 2) for further analyses (Fig. 3). 
The Slab2 model (Hayes et al., 2018) is used as the reference slab 
geometry. The mid-points of cross-sections 1–16 are chosen at the 
75-km-depth contour spacing 50 km apart, except that the mid-
point of cross-sections 9 and 10 are only 25 km apart. Each cross-
section is 111-km wide, 6◦ long, and perpendicular to the average 
strike of the Slab2 model at 50–100 km depths. Along each cross-
section, we analyze the number of intermediate-depth earthquakes 
and their vertical depth distribution. In order to identify DSZs, we 
4

also calculate the slab-normal depth distribution of earthquakes at 
50–120 km depths (Fig. 4).

3.2. Earthquake distribution

More than 28,000 events with a 95% confidence in relative loca-
tion smaller than 5 km in all directions are relocated. The median 
horizontal standard deviation is 0.45 km, whereas the median ver-
tical standard deviation is 0.67 km (Fig. S2). About 21% of earth-
quakes are relocated shallower than 50 km and thus excluded in 
the following analyses. 152 events with the Global CMT solutions 
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Fig. 5. Magnitude-frequency relationship of intermediate-depth earthquakes. (a) The accumulative number of earthquakes as a function of local magnitude (ML ) determined 
by the AEC in the study region. (b) b-values of intermediate-depth earthquakes along all cross-sections. Error bars indicate the 95% confidence intervals. (c) The accumulative 
number of earthquakes as a function of local magnitude (ML ) for the upper and lower planes of the Pavlof and Semidi DSZs. Gray symbols are not used for determining 
b-values.
(Ekström et al., 2012) are relocated. Many of them appear to be 
thrust events on the slab interface shallower than 50 km after 
relocating. It is important to note that the absolute number of 
earthquakes is controlled by not only local physical and geologi-
cal properties but also detection capability. More events towards 
the northeast may simply reflect the higher detection capability 
near the mainland Alaska. We therefore focus on relative numbers 
along each cross-section.

Intermediate-depth earthquakes show significant along-strike 
variations in depth distributions (Fig. 2, Fig. 3, Fig. 4, and Fig. S3). 
According to their distribution, these earthquakes can be grouped 
into five segments from southwest to northeast: Unimak, Pavlof, 
Shumagin, Semidi, and Kodiak. In the Unimak segment, earth-
quakes concentrate in the upper 100 km depths, with a few ex-
tending to >150 km depths. The Pavlof segment is characterized 
by a clear DSZ at 50–120 km depths (Fig. 4c), which was ini-
tially discovered in the 1980s (Reyners and Coles, 1982; House and 
Jacob, 1983). Compared to its neighbors, the Pavlof segment has 
more earthquakes deeper than 100 km. Our results show a sharp 
eastern boundary of the Pavlof DSZ west of the Shumagin Islands, 
consistent with a previous study (Hudnut and Taber, 1987). The 
Shumagin segment has the least number of earthquakes in this re-
gion, which are almost confined above the 100 km depth and near 
the slab top interface. Earthquakes in the Semidi segment are also 
confined above the 100 km depth and form a DSZ, although the 
separation of the two planes is not as distinct as that of the Pavlof 
DSZ. The Kodiak segment has more earthquakes forming a single, 
thick layer extending to 200 km depth. We further confirm the 
Pavlof and Semidi DSZs with a variety of relocation algorithms and 
cross-section orientations (Supplementary Text S1).

Focal mechanisms of most intermediate-depth intra-plate earth-
quakes consistently show downdip extensional stress as suggested 
by previous studies (Reyners and Coles, 1982; House and Jacob, 
1983). To the west of the Unimak Island (cross-section 1), a few 
5

events mark the transition of the slab stress state from downdip 
compressional along the Aleutian Arc to downdip extensional along 
the Alaska Peninsula (House and Jacob, 1983). The Global CMT so-
lutions show that the upper planes of the Pavlof and Semidi DSZs 
consist of downdip extensional events. This is different from most 
DSZs in other subduction zones, suggesting that this part of the 
slab is overwhelmed by the downdip slab pulling force. Deepest 
earthquakes (∼200 km) are found in the Pavlof and Kodiak seg-
ments, both showing maximum principle stress parallel to the slab 
strike, as a result of the slab along-strike contraction and downdip 
pulling (Ruppert, 2008).

3.3. Magnitude-frequency relationship (b-value)

Earthquake magnitude-frequency distribution can also reflect 
the nature of earthquakes. This distribution is commonly described 
by the Gutenberg-Richter law: log10N = a – bM , where N is the 
number of earthquakes with magnitudes equal to or larger than 
M , and a and b are both constants. Laboratory experiments and 
statistical analyses have demonstrated that high b-values of earth-
quakes are caused by lower stress of the source region (Scholz, 
1968). For intermediate-depth seismicity, high b-values are usually 
attributed to fluids as the elevated pore fluid pressure can reduce 
the effective pressure and stress (Florez and Prieto, 2019).

We examine the magnitude-frequency relationship of inter-
mediate-depth earthquakes and estimated the b-values along all 
cross-sections (Supplementary Text S3). All magnitudes are lo-
cal magnitudes (ML ) determined by the AEC. The b-value of all 
intermediate-depth earthquakes in the entire region is 0.927 ±
0.005 (Fig. 5a), consistent with that of other subduction zones 
(Zhan, 2017). We also observe an along-strike variation of b-value 
from 0.86 ± 0.02 to 1.35 ± 0.04 (Fig. 5b). High b-values (>1.1) 
are generally found in the southeastern part of the study region 
(cross-sections 2–4 and 7–11). For the Pavlof and Semidi DSZs, the 
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Fig. 6. (a) Th/La vs. Sm/La in magmas from the Alaska Peninsula, Deep Sea Drilling Program (DSDP) Sites 178 (offshore Alaska) and 183 (offshore Alaska Peninsula), mid-
ocean ridge basalt/ocean floor basalt [MORB/OFB; from Jenner and O’Neill (2012)). Highlighted segments from the mid-ocean ridge and ocean floor basalt dataset include 
the Southern Explorer Ridge (SER, brown circles, white outline), the Juan de Fuca Ridge and Blanco Fracture Zone (JdFR/BFZ, brown circles, black outline), and the Northern 
Eastern Pacific Rise (N-EPR, brown diamonds). Eclogite melt is calculated following Yogodzinski et al. (2015) with the range corresponding to the enriched endmembers of 
JdF/BFZ and SER and a normal MORB as a depleted endmember (Sun and McDonough, 1989). Sediment melt and fluid are also calculated following Yogodzinski et al. (2015). 
See Supplementary Text S4 for Alaska Peninsula magma data. DSDP data include Zodiac Fan (ZF) turbidites from Plank and Langmuir (1998) and Plank (2014). (b) Ba/Th vs. 
La/Th. Symbols as in (a). Three-component mixing lines are calculated for the endmembers of pelagic ooze, Zodiac Fan turbidites, and a most depleted SER sample with La/Th 
∼ 13. Eclogite melt and the sub-arc mantle are similar and share the same characteristics. The inset shows the full data range including low Th samples from Pavlof and 
N-EPR. While fluid may have leverage for Ba/Th, its low concentrations in La and Th render its contributions small in most cases. Circles with lighter fill colors are average 
compositions for each volcano and referred to in the text. Sediment melt contributions following the arguments of Yogodzinski et al. (2015) would lead to higher Ba/Th than 
the bulk. The correlation of all volcano data and bulk sediment compositions suggests that Ba/Th is added equally from the sediments.
b-values of the upper planes are higher than those of the lower 
plane (Fig. 5c).

4. Trace elements of volcanic rocks

4.1. Geochemical tracers for variable sediment recycling

We use published geochemical major and trace element data 
of Alaskan igneous rocks to investigate slab dehydration and sub-
arc melting beneath the Alaska Peninsula. Details about and con-
straints on the data as well as data filtering are described in Sup-
plementary Text S4.

During crustal differentiation, Th is fractionated from the rare 
earth elements (REEs), resulting in elevated Th/La ratios in deriva-
tive subducted sediments. This Th enrichment relative to REEs 
correlates with known input sediment compositions in arcs world-
wide (Plank, 2005). Given that Th and REEs are greatly enriched 
in sediments compared to the sub-arc mantle and underlying sub-
ducting basaltic crust, Th and REE budgets are strongly controlled 
by the subducting sediments. The volcanoes in the Alaska Penin-
sula show a remarkably consistent behavior for Th/La versus Sm/La 
(Fig. 6a). All centers form a coherent trend between bulk sedi-
ment compositions derived from DSDP 183 and a single mantle 
source (or fixed combination of mantle melts with other com-
ponents). The mantle source here is represented by glass mea-
surements from ocean floor basalts worldwide (Jenner and O’Neill, 
2012) with basaltic glasses from the Southern Explorer Ridge (SER, 
∼49.6◦N, 130.3◦W) and the Juan de Fuca Ridge and Blanco Frac-
ture Zone (JdFR/BFZ, 43.2-44.8◦N, 127.5-130.4◦W) specifically high-
lighted. The SER and JdFR/BFZ are the nearest active mid-ocean 
ridges to the Alaska Peninsula and may represent the oceanic crust 
that subducts underneath the Alaska Peninsula today based on cur-
rent plate motions. Moreover, basalts from the Northern Eastern 
Pacific Rise (N-EPR) (∼22.75◦N, ∼108.2◦W) are shown to highlight 
a common depleted mid-ocean ridge basalt (MORB) mantle, which 
is the next closest active mid-ocean ridge region.
6

Sediment-dominated volcanic suites from Black Peak, Ani-
akchak, and Veniaminof fall close to the sediments at DSDP 183 
and their derived melts (Plank and Langmuir, 1998). In particular, 
Black Peak is almost identical to the average DSDP 183 sediment 
(Fig. 6a). Pavlof, Shishaldin, and Ukinrek show a less prominent 
sediment signature. Their compositions extend the array towards a 
common endmember, which is a combination of the melts of the 
mantle wedge and of AOC in the form of eclogite melts. The lat-
ter is discussed in greater detail below and more details about the 
various components in the source magmas is presented in Sup-
plementary Text S5. This endmember is slightly offset from the 
average SER-JdFR/BFZ basalt composition representing the man-
tle source to lower Sm/La in many geochemical discrimination 
diagrams in response to eclogitic contributions. Pavlof samples 
extend to a Th/La ratio below the mantle array. These samples 
have anomalously low Th concentrations compared to other trace 
element systematics, either related to a distinct contribution to 
magma genesis or potentially due to Th loss during sample prepa-
ration (0.4–0.5 ppm Th versus 0.75–1 ppm Th for most of the other 
Pavlof samples). Other highly incompatible elements (Cs/La, Rb/La, 
U/La; Fig. S4) show the same mixing array between the DSDP 183 
bulk sediment and a restricted AOC plus mantle component. Black 
Peak is consistently the most enriched in the sediment component, 
followed by Aniakchak and Veniaminof. The centers with a smaller 
sediment signature vary in their rank. Most notably, Pavlof shows 
a slightly stronger sediment signature than Shishaldin compared 
to Th/La, further highlighting that the Th concentrations at Pavlof 
are somewhat anomalous.

Ba/La and Pb/La (Fig. S4) deviate from this general trace ele-
ment pattern. Ba varies by a factor of ∼5 in the two main litholo-
gies in DSDP 183, pelagic diatomaceous ooze and turbidites of the 
Zodiac fan, while all other incompatible trace elements generally 
vary only by a factor of ∼0.6–1.2, in particular, La varies by a factor 
of 0.68 (Plank and Langmuir, 1998). Consequently, Ba/La in clastic 
sediments such as turbidites associated with the Zodiac Fan (∼35) 
is significantly lower compared to Ba-rich pelagic sediment of di-
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Fig. 7. (a) Th/Nd vs. Hf/Nd. Symbols as in Fig. 6a. Hf/Nd ratio for the eclogite and sediment melts from Yogodzinski et al. (2015), Th/Nd for the eclogite melt inferred from the 
data trajectory. Eclogite melt is calculated following Yogodzinski et al. (2015) with the range corresponding to the enriched endmembers of JdF/BFZ and SER and a normal 
MORB as a depleted endmember (Sun and McDonough, 1989). Sediment melt and fluid are also calculated following Yogodzinski et al. (2015). The calculated sediment melt 
represents a lower Th/Nd estimate (∼0.43–0.51) than high Th/Nd for sediment melt has been proposed by Class et al. (2000; Th/Nd sediment melt ∼0.6) and Singer et al.
(2007; Th/Nd sediment melt ∼1.1). (b) Pb/Th vs. Nd/Th. Sediment and eclogite melts are displaced to low Pb/Th and low Nd/Th. Specifically, Aniakchak and Black Peak show 
this signature. High Pb/Th, in particular for Pavlof and, to lesser extent, Shishaldin, cannot be explained by sediment and eclogite melts in addition to the arc mantle source 
(generally similar to the MORB/OFB array). An additional Pb component likely represents slab fluids, either from MORB or underlying serpentinite. Inset: Zoom-in of the low 
Pb/Th and low Nd/Th region of the diagram showing sediment and eclogite melts as well as data trends from the bulk sediment composition towards these endmembers.
atomaceous ooze (∼260). In fact, the average Ba/La of 115 in DSDP 
183 is significantly higher than the Ba/La value (∼50, Black Peak) 
in lavas with the strongest sediment signature derived from other 
incompatible elements. The array of magma compositions for the 
Alaska Peninsula is significantly less coherent than the other mix-
ing diagrams. This suggests that sediment contributions to the arc 
lavas are a combination distinct from the average DSDP 183 com-
position.

Ba/Th ratios are uniquely sensitive to the type of sediment in-
put present along strike the Alaska Peninsula and may reveal the 
relative contributions from turbidites and pelagic ooze. Ba/Th is 
best constrained when compared to La/Th (Fig. 6b). Linear combi-
nations in this diagram are mixing lines because of the common 
denominator Th. In addition to turbidites and pelagic ooze, the 
third component (AOC + mantle) is estimated from the intercept 
with the mantle array from Fig. 6a with a La/Th ratio of ∼13. Al-
though this ratio is not well constrained given the small variations 
in Th/La of the mantle array, its co-location with trace element 
ratios for eclogite melt further strengthen this end-member com-
position (see Supplementary Text S5 for details). The sediment 
component for all magmas in the Alaska Peninsula is dominated 
by clastic sediments described as turbidites and green clay equiva-
lent to the Zodiac Fan. All datasets for each volcano trend towards 
this endmember, with Black Peak, Aniakchak, Veniaminof receiving 
their sediment signature almost exclusively (>9:1) from the tur-
bidites and green clays. The Ukinrek Maars samples and the aver-
age composition of Shishaldin have a contribution from turbidites 
to the sediment signature 80–90%. However, Shishaldin samples 
show the largest variations in Ba/Th with a factor of ∼2, and there-
fore the turbidite contribution may range between ∼50–95%. Some 
of this variability is independent of La/Th and only expressed in 
Ba/Th, which may represent a superimposed fluid signature. Pavlof 
shows the largest contributions of pelagic ooze to the sediment 
signature (up to 100%). The anomalously low Th samples from 
Pavlof fall outside of the mixing triangle. Except for Shishaldin 
and Pavlof, the relative sediment contributions of turbidite/green 
clay versus pelagic ooze are relatively insensitive to the choice of 
the AOC + mantle endmember. Some uncertainties may be intro-
duced by looking at magma compositions that exceed 60 wt.% SiO2
7

(Fig. S5, Fig. S6, and Fig. S7). Lastly, Ba/Th has been conventionally 
interpreted to be a fluid signature (e.g., Hawkesworth et al., 1997), 
but the low mobility of Th and REEs in fluids would require very 
large contributions from fluids that can be simply accommodated 
by a changing sediment melt source for most samples. As noted 
above, an exception shows that the primitive samples of Shishaldin 
(Fig. 6b and S7) follow a trajectory to high Ba/Th at a nearly con-
stant La/Th value, possibly indicating fluids. Whether Pavlof also 
follows such a superimposed fluid trajectory is unclear as it may 
be biased by the samples for which we question the reported Th 
concentrations.

It is noteworthy that while Th/La consistently tracks sediment 
input, it misses significant sediment contributions for Pavlof and 
Shishaldin, a phenomenon also reported by Plank (2005) for other 
arcs. Therefore, at the Alaska Peninsula, Ba/Th is primarily an effec-
tive signature to unravel the different sediment inputs rather than 
a fluid signature, which others have also cautioned (Hermann and 
Rubatto, 2009).

4.2. Sediment contributions and the role of AOC

Previous studies in the Aleutians have argued that the sediment 
contribution is in the form of a melt based on isotope systematics 
combined with geochemical tracer such as Th/Nd, which behaves 
similarly to Th/La (e.g., Class et al., 2000; George et al., 2003; 
Singer et al., 2007). These studies inferred a sediment melt with 
high Th/Nd (∼0.4–0.5 to ∼1.1). Constrained by sediment melting 
experiments, Yogodzinski et al. (2015, their Fig. 18) showed that 
sediment melts are also enriched in Hf relative to Nd. Moreover, 
they demonstrated that eclogite melts of AOC are low in Hf/Nd as 
Hf tracks residual garnet and zircon (see Supplement Text S5 for 
details). Thus, in the absence of isotopes, the Th/Nd versus Hf/Nd 
systematics may reveal the relative importance of sediments and 
their melts as well as eclogite melts of AOC.

Magma compositions from the Alaska Peninsula require con-
tributions from sediment and eclogite melts (Fig. 7a). Fluids may 
have similar Th/Nd and Hf/Nd characteristics, but their low carry-
ing capacity of these elements make fluids less likely to control the 
source compositions here. A coherent trend of a two-component 
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mixing between a sediment melt component with Hf/Nd >0.2 and 
high Th/Nd and an eclogite melt component with low Th/Nd and 
low Hf/Nd explain the variance in the data with small modifica-
tions by the sub-arc mantle represented by lavas from JdF/BFZ and 
SER. Consistent with previous observations, we find the largest 
contributions of sediment melt in samples from Black Peak, Ani-
akchak, and Veniaminof. In contrast, eclogite melt contributions 
are most pronounced in magmas from Shishaldin, Pavlof, and Uk-
inrek. Pavlof is the only center that falls off the main trend, po-
tentially related to a larger contribution from a depleted mantle 
source. Especially, the low Th samples require a depleted mantle 
source, similar to the N-EPR with low Th/Nd but high Hf/Nd char-
acteristics.

4.3. Potential fluid indicators

Although trace element systematics suggest a predominance of 
four melt components (turbidites, pelagic ooze, eclogite, and sub-
arc mantle) contributing to magmas in the Alaska Peninsula, minor 
variance in the data may be related to fluids. While Ba variations 
can be explained primarily using sediment and eclogite melt pro-
portions (Fig. 6), Pb in Alaskan magmas requires additional contri-
butions, potentially fluids, which have been long recognized [e.g., 
by exploring Ce/Pb (Miller et al., 1994)].

We explore Pb and potential fluid contributions using Pb/Th 
vs. Nd/Th (Fig. 7b, see also Pb/La in Fig. S4), with Nd/Th being 
linked closely to contributions from sediment and eclogite melts 
(Fig. 7a). Our model for eclogite melt uses compositions of the 
oceanic crust not affected by potential Pb loss due to hydrother-
mal leaching (e.g., Peucker-Ehrenbrink et al., 1994) and thus may 
represent a maximum Pb/Th in eclogite melts (see Supplementary 
Text S5 for details). Most volcanic centers cluster at low Pb/Th and 
low Nd/Th pointing to an enriched eclogite (i.e., JdF/BFZ and SER) 
and/or mantle source. A separate vector in the data that cannot be 
reconciled with just sediment and eclogite melts is found in sam-
ples from Pavlof and to a lesser extent from Shishaldin with high 
Pb/Th and elevated Nd/Th. For Shishaldin, a more depleted eclog-
ite/sub-arc mantle would have to be invoked to explain the higher 
Nd/Th. Therefore, any magma that is enriched in Pb (high Pb/Th) 
beyond the sediment signature and falls outside of a ternary mix-
ture of sediment melt, eclogite melt, and sub-arc mantle requires 
an additional component, presumably fluids. This deviation is most 
evident for Pavlof samples. At Shishaldin, the fluid signature is not 
strongly expressed in Pb/Th, but together with the observation of 
a trajectory in Ba/Th, suggesting that Shishaldin also contains a 
stronger fluid signature.

5. Fluids and sediments in the subducting slab

5.1. Slab dehydration revealed by intermediate-depth seismicity and 
trace elements

High Pb/Th ratio along with low Th/La indicate high fluid con-
tributions from MORB crust or serpentinized mantle of a sub-
ducted slab (Scambelluri et al., 2019). In addition, it is generally 
agreed that intermediate-depth intra-plate earthquakes are related 
to dehydration reactions within the subducted slab (e.g., Hacker et 
al., 2003; Yamasaki and Seno, 2003). Although the absolute num-
ber of intermediate-depth earthquakes depends on a variety of fac-
tors, including the slab stress state, hydration status, and detection 
capability, the relative distribution of these earthquakes has been 
widely used as a proxy for slab-derived fluids. More earthquakes at 
greater depths may imply more water subducted to those depths 
(Wei et al., 2017), and more earthquakes in the slab interior be-
neath the slab Moho generally suggest more dehydration in the 
slab mantle.
8

High b-values of intermediate-depth earthquakes are also in-
dicative of fluids. Studies in the Alaska, NE Japan, and New Zealand 
subduction zones show high b-values (>1.2) coinciding with seis-
mic low-velocity anomalies that indicate fluids released from slab 
dehydration and magma in the overriding plate (Wiemer and 
Benoit, 1996; Wyss et al., 2001). For DSZs in multiple subduction 
zones, the b-value of the upper-plane seismicity appears to be con-
sistently higher than that of the upper-plane events (Florez and 
Prieto, 2019), suggesting more fluids near the slab surface. One ex-
ception is observed in the Tohoku DSZ, where the lower plane has 
a higher b-value compared to the upper plane (Kita and Ferrand, 
2018).

At the Alaska Peninsula, intermediate-depth seismicity and 
chemical signatures of arc magma indicate along-strike variations 
of fluid distribution in the slab and slab dehydration (Fig. 8e). 
In the Unimak segment, a 30-km-thick seismic zone at 50-100 
km depths, few earthquakes deeper than 100 km, high b-values 
(>1.2), and high Pb/Th (2.2 ± 0.5) with low Th/La (0.14 ± 0.03) 
in Shishaldin magmas all suggest that slab dehydration extends 
from the slab crust to ∼20 km beneath the slab Moho and is 
mostly confined above the 100 km depth. In the Pavlof segment, a 
DSZ extends from the slab crust to 30 km beneath the slab Moho, 
the b-value of the upper plane is among the highest (∼1.2), more 
earthquakes extend to depths greater than 100 km, and the Pb/Th 
ratio (5.1 ± 1.7) at Pavlof is significantly higher than that at other 
volcanoes, while Th/La is the lowest (0.10 ± 0.03). These all sug-
gest that the slab dehydration extends to ∼200 km depth and also 
the inner part of the slab mantle. In the Shumagin segment, most 
earthquakes with high b-values (1.1–1.3) are confined to <100 km 
depth and within the slab crust, suggesting high water content and 
thus more extensive dehydration near the slab surface. This is con-
sistent with the relatively low Pb/Th ratio (2.1 ± 0.1) in relation 
to elevated Th/La (0.18 ± 0.01) at Veniaminof. In the Semidi seg-
ment, the DSZ implies that slab dehydration may occur in the slab 
interior. However, the lower Pb/Th ratios (1.8–2.0) with high Th/La 
(0.20–0.28) at Aniakchak and Black Peak suggest less fluid in this 
segment compared to the Pavlof segment. Moreover, the moderate 
b-values (1.0 for the upper plane and 0.8 for the lower plane) and 
few earthquakes deeper than 100 km also suggest that slab de-
hydration is restricted and does not extend to greater depths. The 
Kodiak segment has a thick seismic zone extending to ∼200 km 
depth with moderate b-value (0.9–1.0) and the lowest Pb/Th ratio 
(1.3 ± 0.2) and relatively low Th/La (0.14 ± 0.01) at Ukinrek, sug-
gesting that moderate slab dehydration extends ∼20 km into the 
slab mantle and to ∼200 km in vertical depth.

In sum, slab dehydration appears to be most extensive in the 
Pavlof segment in both slab-normal and vertical directions (Fig. 8a 
and Fig. 8b). Additionally, b-values of these events and Pb/Th ratios 
of arc magma suggest that the slab dehydration is more inten-
sive in the southwest compared to that in the northeast (Fig. 8c). 
The presence of slab fluids is consistent with previous geochemi-
cal studies for Shishaldin (Singer et al., 2007). The fluids are likely 
derived from the subducting slab crust and serpentinized mantle 
at depths, which have been imaged in the Japan subduction zone 
with extensive seismic data (Zhang et al., 2004; Nakajima et al., 
2009). Seismic images beneath the outer rise of the Semidi seg-
ment suggest that the crust and uppermost mantle of the incoming 
plate are hydrated through bending faults (Shillington et al., 2015). 
More high-resolution seismic images of the Alaska slab from the 
trench to great depths will reveal the relationship between the 
serpentinized mantle beneath the outer rise and the slab mantle 
dehydration at depths greater than 50 km. High b-values (>1.0) 
are generally associated with earthquakes near the slab surface in 
the Unimak and Shumagin segments, where events concentrated 
within the top 15 km from the slab surface. In contrast, the b-
values of earthquakes in the slab interior are relatively (<1.0) low 
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Fig. 8. Spatial correlation among earthquake parameters and geochemical proxies along all cross-sections. Selected volcanoes are plotted at the top, whereas segment names 
are shown at the bottom. (a) The number of earthquakes deeper than 100 km compared to all intermediate-depth events (> 50 km). (b) Slab-normal depth distribution of 
earthquakes at 50–120 depths from Fig. 4c. Cyan and green illustrate the upper and lower plane of the DSZs, respectively. Note that the Slab2 model (Hayes et al., 2018) 
introduces a systematic shift of earthquakes relative to the slab surface along certain cross-sections. (c) b-values of intermediate-depth earthquakes along all cross-sections, 
the same as Fig. 5b. Cyan and green boxes indicate the b-values of the DSZ upper and lower planes, respectively, with their vertical widths showing the 98% confidence 
intervals. (d) Th/La (red) and Pb/Th (blue) ratios from selected volcanoes as proxies of subducted sediments and fluids, respectively. The blue shade area indicates the Pb/Th 
values that can be explained by sediment and eclogite melts without invoking fluids according to Fig. 7. Pavlof shows a strong fluid signature, whereas other volcanoes in 
the northwest show low fluid concentration. The fluid signature at Shishaldin is elusive based on the existing Ba and Th data (see details in section 4.3). (e) Cartoons (not 
to scale) illustrating the slab dehydration and sediments based on the along-strike variations in the above panels. Blue to cyan colors indicate high to low level of slab 
dehydration. The yellow layer on top of the slab represents the subducted sediments.
in the Kodiak segments, where the majority of earthquakes are 
in the slab mantle. In addition, b-values for the DSZ upper-plane 
earthquakes are consistently higher than those for the lower-plane 
events, in agreement with the previous global survey (Florez and 
Prieto, 2019), implying a dryer lower plane compared to the up-
per plane. The existence of a DSZ does not correlate with a high 
b-value for either the upper or lower plane, suggesting that flu-
ids are not the predominating factor in developing a DSZ. Instead, 
9

the local stress state within the slab is probably more important in 
triggering earthquakes in the lower plane.

5.2. Sediments revealed by trace elements and plate slip deficit

It has been long recognized that thorium (Th) is an excellent 
tracer of sediment input into a subduction zone (e.g., Plank, 2005). 
Along-strike variations in Th/La suggest variable input of subducted 
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Fig. 9. Along-strike segmentation of the Pacific slab beneath the Alaska Peninsula. The red curve indicates the 50-km depth contour of the slab surface, roughly delineating 
the boundary between intra-plate intermediate-depth seismicity and inter-plate seismogenic zone at shallow depths. Green boxes outline the identified Pavlof and Semidi 
DSZs, that divide the slab at intermediate depths (50–200 km) into 5 segments (blue texts). Red to blue polygons show the plate coupling model from locking to creeping 
based on geodetic observations (Li and Freymueller, 2018). The pre-existing fabrics of the incoming plate are represented by seafloor magnetic anomalies (Maus et al., 2009) 
on the Pacific Plate. The yellow dashed lines illustrate the subducted Zodiac Fan sediments inferred from the Th/La ratios in Fig. 8d. Other features are the same as Fig. 1.
sediments along the Alaska Trench (Fig. 8d). The highest Th/La 
ratios in the Semidi segment indicate the subducted Zodiac Fan 
sediments down to at least 100 km depth. In contrast, the low 
Th/La ratios in the Unimak and Pavlof segments suggest signifi-
cantly less sediment subducted to this depth. Towards the south-
west, the influence of the Zodiac Fan vanishes, and any sediment 
input becomes increasingly dominated by pelagic diatomaceous 
ooze (Fig. 6b).

In the seismogenic zone above 50 km depth, subducted sed-
iments can smooth the plate interface, enhancing plate coupling 
and facilitating megathrust earthquakes (e.g., Ruff, 1989). In the 
Alaska Peninsula section of the AASZ, the along-strike variation 
of sediments in the seismogenic zone can be roughly revealed by 
plate slip deficit constrained by geodetic observations (Fig. 9). In 
Pavlof and Unimak segments, the subducting plate is nearly de-
coupled from the overriding plate. In contrast, two plates are fully 
locked in the Kodiak segment (Li and Freymueller, 2018), coin-
ciding with the subduction of Zodiac and Surveyor sedimentary 
fans (von Huene et al., 2012). This is in good agreement with the 
change in Th/La ratio that samples the sediments at great depths, 
suggesting more sediments input in the northeast.

The recent M7.8 Simeonof earthquake ruptured the shallow part 
of the Shumagin segment, which had been seismically inactive for 
at least 200 yr. It is unclear whether the rupture extended into the 
Pavlof segment. Therefore, the Shumagin segment appears to be 
a transitioning point that separates the fluid-rich, sediment-poor 
southwestern segments from the fluid-poor, sediment-rich north-
eastern segments.

5.3. Depletion of Nb in subduction zones

A fundamental characteristic signature of arc magmas is the de-
pletion of Nb (and Ta) relative to similarly incompatible elements 
(e.g., Ce). It remains an unresolved question (Plank, 2014) whether 
the low Nb/Ce signatures in arc magmas are mostly inherited from 
continents through bulk involvement of subducting sediments or 
10
Fig. 10. Th/Ce vs. Nb/Ce. Symbols as in Fig. 6a. Large colored circles are the averages 
for each magmatic center. Bulk mixing between sediment and altered oceanic crust 
(AOC) is shown as a limit for the highest possible Nb/Ce, assuming that the SER 
and JdFR present good endmembers for the AOC. Melting of sediment or eclogite, if 
rutile-bearing, is displaced to low Nb/Ce in case of residual rutile. The dashed line 
is the inferred Nb/Ce ratio assuming a zero-H2O intercept for primitive magmas in 
the Aleutians from Plank et al. (2013).

further enhanced during melting in subduction zones in the pres-
ence of residual rutile, which retains Nb (Hermann and Rubatto, 
2009). Since our and other geochemical studies (e.g., Class et al., 
2000; George et al., 2003; Singer et al., 2007) using Th/Nd have 
shown that the sediment contribution is primarily in the form of a 
sediment melt (Fig. 7a), we can explore the role of residual rutile 
for this segment of the arc using Th/Ce vs. Nb/Ce (Fig. 10), with 
Th/Ce replacing Th/La and Th/Nd to retain the same denominator.
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We have argued that many trace element signatures point to-
wards an eclogite melt endmember that is similarly enriched like 
the SER and JdFR (Section 4.1). This is consistent with the low 
Sm/La data for Shishaldin (Singer et al., 2007) that reveal a more 
enriched mantle + AOC endmember compared to volcanoes west 
of Shishaldin. Moreover, published 143Nd/144Nd ratios of ∼0.5131 
in basalts from the SER and JdFR (Hegner and Tatsumoto, 1987; 
Cousens et al., 2017) are consistent with the mantle + AOC iso-
tope compositions for Shishaldin magmas (Singer et al., 2007), and 
plate motion today suggests that these mid-ocean ridge segments 
project towards the Alaska Peninsula. However, we note that a 
commonly depleted endmember cannot be rejected at this point. 
Therefore, our preferred enriched source represents an upper limit 
for any Nb/Ce in magmas from the Alaska Peninsula when consid-
ering bulk mixing of sediment and mantle + AOC. A lower limit for 
mantle + AOC may be represented by samples from the N-EPR. We 
reject this composition as an endmember for Alaskan volcanoes 
because it would require bulk mixing of DSDP 183 sediments and 
mantle + AOC to produce the magmas of Ukinrek, Aniakchak, Ve-
niaminof, Shishaldin (low Th/Nb set), and Pavlof. While Aniakchak 
would even require preferential addition of Nb from sediments to 
extend Nb/Ce beyond the composition of bulk sediment nearby, 
Black Peak would require Nb retention.

Instead, we argue that residual rutile during sediment melting 
and eclogite melting enhances the low Nb/Ce ratio in the Alaska 
Peninsula. Depending on the slab thermal condition and the sedi-
ment thickness, Nb is variably added during magma genesis along-
strike, and most efficiently under Aniakchak and Veniaminof. The 
Th/Ce vs. Nb/Ce systematics show the need for further constraints 
of the mantle + AOC component to fully understand and quantify 
Nb systematics (Fig. 10).

These findings regarding Nb/Ce in the Alaska Peninsula have 
important implications for water estimates in arc magmas of the 
AASZ. A recent compilation of water contents in AASZ magmas 
(Plank et al., 2013) presented an anti-correlation between H2O/Ce 
and Nb/Ce, supporting the hypothesis that volatile contents mea-
sured in melt inclusions represent primitive arc magma water con-
tents. However, the H2O/Ce-Nb/Ce relationship projects to Nb/Ce of 
∼0.22 for quasi-dry magmas. This implies that magmas from Ani-
akchak and to a lesser extent from Veniaminof would be almost 
water-free, a prediction that contradicts their explosive eruptions. 
Shishaldin has the next highest Nb/Ce of the studied volcanoes and 
has a direct water measurement from melt inclusions [∼2 wt.% 
(Plank et al., 2013)]. It was one of the volcanoes for which the 
H2O/Ce-Nb/Ce relationship was derived. However, those contents 
were determined in evolved olivine (∼Fo72), potentially limiting 
the use of constraining primitive water contents. These consider-
ations question the simple anti-correlation between H2O/Ce and 
Nb/Ce. Instead, higher water contents may be permissible in some 
of these primitive magmas (Gavrilenko et al., 2019).

5.4. Controlling factors on along-strike variations

Our results are generally consistent with the fabric-control hy-
pothesis (Shillington et al., 2015), suggesting that the fabric orien-
tation and slab hydration at the outer rise have a lasting impact on 
intermediate-depth seismicity and sub-arc melting. The Pavlof seg-
ment has the greatest extent of slab dehydration at great depths, 
whereas the Semidi segment has the least water subducted beyond 
50 km depth (Fig. 8e). The incoming plate in the Pavlof segment is 
more hydrated because the seafloor fabrics are sub-parallel to the 
trench and thus easier to open as outer rise bending faults. After 
being subducted to shallow depths (<50 km), more water is re-
leased from the subducted sediments and upper crust to facilitate 
plate creeping. Beyond 50 km depths, more hydrous minerals in 
the slab crust and mantle break down, releasing water to facilitate 
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hydrous flux melting and trigger more intermediate-depth earth-
quakes. In contrast, the incoming plate in the Semidi segment is 
less hydrated because of the orientation of the seafloor fabrics; the 
slab thus experiences less dehydration at all depths, resulting in 
more plate coupling and weaker seismic activity.

However, our results also show more complexities beyond the 
fabric-control hypothesis that only considers water stored in the 
plate-bending faults. First, although the Unimak, Pavlof, and Shu-
magin segments of the subducting plate share the same fabric ori-
entation and the high water content inferred from b-values, the ex-
tent of slab dehydration varies significantly (blue shades in Fig. 8e). 
Particularly, the sharp boundary of plate coupling from creeping to 
partially locking west of the Shumagin Islands coincides with the 
eastern boundary of the Pavlof DSZ. This suggests that fabric ori-
entation is not the only factor controlling the slab hydration state. 
The subducted sediments may serve as a cover impeding more wa-
ter penetrating into the slab interior of the Shumagin segment. 
Alternatively, if the lower plane of the Pavlof DSZ is caused by 
carbonate-related shear instability (Kirby and Kelemen, 2019), the 
contrast between the Pavlof and Shumagin segments then reflect 
the change in carbonate rather than water within the slab. Sec-
ond, in the Semidi and Kodiak segments, the subducted sediments 
appear to be more important than water. The thick Zodiac and Sur-
veyor sedimentary fans not only smooth and lock the plate inter-
face, but also contribute to the sub-arc melting. Third, intra-plate 
seismicity extends to ∼200 km depth in the Pavlof and Kodiak seg-
ments but not the others, although the thermal parameter is nearly 
constant across the region. This variation conflicts with the hy-
pothesis that the maximum depth of intermediate-depth seismicity 
is mainly controlled by the slab thermal state because serpentine 
dehydration reactions are most sensitive to temperature (Wei et 
al., 2017). The slab stress state may play a more important role 
in affecting the maximum depth of intermediate-depth seismicity 
beneath the Alaska Peninsula. Further investigations, particularly 
high-resolution seismic tomography of the slab and volatile mea-
surements of melt inclusions, are needed to explore the distribu-
tion of fluids and sediments in the slab.

6. Conclusions

We analyze the distribution and magnitude-frequency relation-
ship of intermediate-depth intra-plate earthquakes and trace ele-
ments of arc lavas in the Alaska Peninsula. Our results show five 
distinct segments of the slab deeper than 50 km along strike from 
southwest to northeast (Fig. 8e and Fig. 9):

Unimak: A 15-km-thick seismic layer with high b-values (>1.2) 
extends to about 100 km depth. Arc lavas are characterized by low 
Th/La (0.14 ± 0.03). The relatively high Pb/Th value (2.2 ± 0.5) and 
a nearly vertical trend in the Ba/Th-La/Th diagram may indicate 
fluids in addition to sediment and eclogite melts in the arc magma 
source region. These imply that the slab dehydration occurs in the 
slab crust and uppermost mantle down to 100 km depth, and there 
is little sediment subducted to this depth.

Pavlof: A 35-km-thick seismic layer extends to about 200 km 
depth, and a DSZ exists at 50–120 km depths. The upper plane 
of the DSZ has high b-values (∼1.2). Arc lavas have the lowest 
Th/La (0.10 ± 0.03) but highest Pb/Th (5.1 ± 1.7) in the region. 
The slab dehydration appears to occur in the slab crust and upper-
most mantle down to 200 km depth, and there is little sediment 
subducted to the sub-arc melting source. The distinct two planes 
of the DSZ probably suggest that the slab internal stress due to 
plate unbending drives fluids to these two regions.

Shumagin: Most earthquakes with high b-values (1.1–1.3) are 
confined in the slab crust and above 150 km depth, and the Th/La 
(0.18 ± 0.01) and Pb/Th (2.1 ± 0.1) ratios of arc lavas are moderate. 
The slab dehydration is confined primarily in the slab crust down 
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to 150 km depth and there are moderate sediments subducted to 
the sub-arc melting source.

Semidi: A 40-km-thick DSZ with moderate b-values of the up-
per plane (∼1.0) extends to about 100 km depth. Th/La (0.20–0.28) 
is the highest in the region, whereas Pb/Th (2.0–2.2) is low. We 
suggest that the slab dehydration is less intensive compared to 
the southwestern segments and occurs in the slab crust and up-
permost mantle down to 100 km depth, and there are significant 
Zodiac Fan sediments subducted to the sub-arc melting source. Al-
though the fluid concentration here is allegedly lower than that 
in the Pavlof and Shumagin segments, the slab internal stress still 
drives fluids to form a DSZ.

Kodiak: Most earthquakes with low b-values (0.9–1.0) occur in 
the slab mantle down to 200 km depth, and Th/La (0.14 ± 0.01) 
is moderate with the lowest Pb/Th (1.3 ± 0.2), implying that fluids 
distribute widely in the slab mantle down to 200 km but with a 
low concentration. Although there are significant amounts of sedi-
ments subducted to about 50 km depth, they appear to not reach 
the sub-arc melting source region.

This segmentation suggests that the slab dehydration and sub-
arc melting vary along strike, primarily controlled by the water 
and sediments subducted with the slab. More water is subducted 
in the southwest whereas more sediments in the northeast. This 
transition is probably influenced by the change in the orientation 
of pre-existing fabrics in the incoming plate as well as the sub-
duction of the Zodiac sedimentary fan. More intriguingly, the slab 
segmentation deeper than 50 km inferred from our results remark-
ably coincides with the plate slip model shallower than 50 km (Li 
and Freymueller, 2018). This coincidence suggests that the along-
strike variations in the slab affect seismicity and mantle melting 
from the trench to great depths.
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