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ARTICLE INFO ABSTRACT

Artidehistory-‘ We define subducting plate geometries in the Nazca subduction zone by (re)locating intra-slab
Recegved 31 Jaquafy 2018 earthquakes in southern Peru (14-18°S) and using previously published converted phase analysis results
Received in revised form 5 July 2018 to clarify the slab geometry and inferred relationships to the seismicity. We also provide both P-

Accepted 10 July 2018

Available online 20 July 2018 and S-wave velocity models of the subducting Nazca Plate and mantle layer above the slab using

double-difference tomography to understand upper-plate volcanism and subduction zone process. The

Editor: M. Ishil double-difference constraints for determining the hypocenters and velocity model ensure high accuracy
Keywords: of the relative location of earthquakes with respect to velocity structure. The relocated seismicity shows a
seismicity smooth contortion in the slab-dip transition zone for ~400 km between the shallow (30°)-to-flat dipping
subduction zone system interface to the northwest and the 30°-dipping interface to the southeast. We find a significant slab-dip
Nazca Plate difference (up to 10°) between our results and previous slab models along the profile region sampling the
relocation horizontal slab at a depth of ~85-95 km. Robust features in both P- and S-wave tomography inversions

double-difference tomography

are both arc-normal and along-arc velocity variations. In the arc-normal direction, all profile results show
southern Peru

that the slab velocities beneath the forearc (down to a depth of ~100 km) transition to higher velocities
beneath the backarc (at ~100-140 km depth). In the along-arc direction, velocities of the subducting flat
slab are shown to be depressed compared to those of the normal-dip slab. In addition, high shear-wave
velocities and low Vp/Vs are detected in the mantle layer above the flat slab, indicating its cold and
dry environment. Such differences in the velocity structures for the slab and mantle wedge between the
two regions may indicate different hydration states, which greatly affects the upper-plate structure of
southern Peru.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction Kim et al, 2015; Ma and Clayton, 2015; Bishop et al, 2017),
decrease in magmatic activity towards the flat slab subduction
Along the South American margin between 2°S and 20°S lat- (Ramos and Folguera, 2009), and variability in earthquake rupture

itude, the Nazca Plate subducts beneath the South American patterns and coupling state (Chlieh et al,, 2011): The ﬂat. slab sys-
Plate, causing earthquakes, volcanism and upper-plate deformation. tem developed at 11-2 Ma Yvhen the I?uoyant r¥dge collided Wlt_h
Earthquakes in this region exhibit complex rupture characteris-  the forearc at ~11°S, and since that time the ridge has been mi-
tics that are related to subducting asperities on the Nazca Plate  8rating southward (Hampel, 2002). Its present location coincides
(Bilek, 2010). In particular, significant subduction-zone complex- with the.soqthern end of th? flat SUdeFUO“ segment, wh.ere the
ity in S. Peru has been previously attributed to the moderate- dense seismic arrays are available. In this study, we exploit array
size (~200 km x 18 km) Nazca Ridge and the Nazca fracture data from the Peru Subduction Experiment (PeruSE, 2013) and the
zone (Fig. 1). This region includes a transition in slab geometry ~ Central Andes Uplift and Geophysics of High Topography (CAUGHT;
from flat to normal from north to south (Cahill and Isacks, 1992; Beck et al., 2010) experiment to better define the subduction zone

Hayes et al., 2012; Phillips et al., 2012; Phillips and Clayton, 2014; geometry and constrain the plate boundary dynamics in the slab-
dip transition zone at 14-18°S latitude and at 30-130-km depth

(Fig. 1).
* Corresponding author Earthquake locations typically provide a first-order estimate of
E-mail addresses: hbim7676@snu.ac.kr (H. Lim), younghkim@snu.ac.kr (Y. Kim), the slab geometry, and by exploiting the relatively long South
clay@gps.caltech.edu (R.W. Clayton), cthurber@wisc.edu (C.H. Thurber). American earthquake catalog, various groups have constructed
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Fig. 1. Topographic-bathymetric map of the study region. Seismic data used in this study are from Peru Subduction Experiment (PeruSE, 2013) and Central Andes Uplift
and Geophysics of High Topography (CAUGHT). The topography and bathymetry are contoured with 1000 m interval. Inset indicates the locations of volcanos Quimsachata,
Sabancaya, and Chachani. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

slab geometry models defined by earthquake locations determined
from regional and teleseismic recordings (Figs. 2, 3 and S1-3).
The sparsity of the regional seismic network, however, results in
a significant disagreement among these models, particularly in the
iso-depth contour lines of the Nazca slab at 50 and 100 km, which
show the least coherence (Figs. 2, 3 and S1-3). Furthermore, the
correlation between the location of the volcanic front and the
corresponding slab depth is neither clear nor consistent among
the models (Figs. 2, 3 and S1-3). The location of the plate inter-
face beneath the stations is most directly resolved using methods
based on teleseismic P-to-S converted phases (Phillips et al., 2012;
Phillips and Clayton, 2014; Kim and Clayton, 2015; Ma and Clay-
ton, 2015; Bishop et al., 2017). However, these types of analyses
do not constrain the plate geometry between the two linear arrays
(PE and PG; Fig. 1) in the region where the horizontally subducting
Nazca slab transitions into a normal-dipping slab.

In this study, we focus on the region of flat-slab subduction
where the Nazca Ridge subducts; the normal-dip subduction zone
south of Nazca Ridge; and most importantly, the region between
the two to examine along-strike variations in plate geometry and
seismic velocities at depths of 30-130 km. We use regional earth-
quakes recorded from PeruSE, which consists of three dense seis-
mic array lines surrounding the region between the flat and nor-
mal Nazca slab systems and four stations deployed along the coast,
and two stations from the CAUGHT network (Fig. 1). Using images
based on the relocated seismicity and double-difference tomogra-
phy (Zhang and Thurber, 2003), we clarify the Nazca Plate geome-
try and inferred relationships to the subduction process, volcanism
in the upper plate, and the occurrence of earthquakes.

2. Data and methods
2.1. Data and initial velocity model

We use the data recorded from the temporary seismic arrays
in S. Peru (142 stations from PeruSE and 2 from CAUGHT) from

July 2008 to April 2013 (Fig. 1). Interstation spacing of PeruSE is
6-10 km for the PE, PG and PF lines and ~75 km for the PH line

(Fig. 1). We detect local earthquakes using FilterPicker, an auto-
matic picking program that uses multiple frequency bands (Lomax
et al., 2012). The program generates over 34 million picks, of which
we select only those in which the difference in trigger times is less
than the interstation distances divided by the apparent P-wave
velocity of 7.0 km/s. Of the 451 earthquakes selected within the
study region (Table S1), we manually pick the P wave on vertical-
component data and the S on the transverse-component data. The
S phase effectively reduces a trade-off between origin time and
the depth of intermediate-depth (>100 km) hypocenters.

Initial hypocenters are determined by inverting the arrival
times of the P and S phases and using the AK135 velocity model
(Kennett et al., 1995) as an initial model. These arrival times are
also used to obtain 1-D and 3-D velocity models of the region (see
the Supplementary Material). Figs. S4a and b and Table S2 show
the optimal 1-D model derived in this study. The hypocenters are
then determined based on Markov Chains Monte Carlo method
(Myers et al., 2007).

2.2. Double-difference tomography

We apply the double-difference tomography method (Zhang
and Thurber, 2003), which jointly inverts, for earthquake hypocen-
ters, P-wave velocity (Vp) and S-wave velocity (Vs). The method
minimizes residuals between the observed and calculated arrival
times, and the differences between pairs of nearby earthquakes,
employing an iterative damped-least-squares method. This method
builds on the earthquake location procedure of Waldhauser and
Ellsworth (2000), which utilizes the differential times of the P
and S phases. 6559 P- and 4145 S-wave arrival times are used in
the inversion, and 24,212 differential times measured using wave-
form cross-correlation are used to constrain the relative locations
of the events. Nodes for the inversion are spaced 20 km apart lat-
erally and placed on both the arc-normal trench-perpendicular and
along-arc trench-parallel directions (Figs. S4c and d). The nodes are
placed at 0, 30 and 50 km in depth for sampling the continental
crust, and every 20 km in depth from 70 to 410 km for the mantle
wedge and slab (Figs. S4c and d). We determine and apply smooth-
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Fig. 2. The model construction for the top slab interface in the slab-dip transition zone and the normal slab-dip zone. (a) Our final slab model. (b) Comparison with previous
slab models (see the legend for references) along the trench-parallel profile (C-C" in Fig. 1). (c¢) Comparison with previous models along the trench-perpendicular profile
(E-E’ in Fig. 1). The model in the slab-dip transition zone is constrained from the iso-depth contour of the slab interface from the relocated earthquakes at the depth of (d)
90 km, (e) 110 km and (f) 130 km. See Fig. S9 for seismicity plotted on a map view with a depth interval of 5 km.

ing and damping parameters of 8 to stabilize the inversion process
(Fig. S4e). The variance reduction for the inversion results shows
that its rate of the decrease slows after 11 iterations (Fig. S4f). We
then assess the robustness and distribution of the imaged veloc-
ity anomalies using checkerboard tests with noise-free data for Vp
and Vs in the horizontal and vertical sections (Figs. S5 and S6, re-
spectively).

Lastly, we apply a 2-D and 3-D Gaussian filter to Vp, Vs
and Vp/Vs at each inversion node to suppress small-scale hetero-
geneities. The standard deviations of the Gaussian function for a
filter of 10 km-by-10 km and 0.1°-by-0.1° are used for the vertical
and horizontal images, respectively, and 14 km for the 3-D visu-
alization. The inversion results for the Vp, Vs and Vp/Vs models
without the Gaussian filtering are shown in Fig. S7.

2.3. Construction of a slab geometry model

Our final slab model for the slab-dip transition zone is based
on the double-difference algorithm (Zhang and Thurber, 2003). We

incorporate receiver functions to improve the depth resolution of
the plate interface in the vicinity of the station arrays because the
teleseismic converted phases are sensitive to changes in Vs struc-
ture, and hence provide better depth resolution than that of the
tomography. Our model shows both horizontal and vertical sec-
tions compared to that of previous models (Figs. 2, 3 and S1-3).
The basis of the model construction is as follows. First we iden-
tify seismic and aseismic zones at a depth of 75-115 km (Figs. 2,
3 and S8). We assume that at this depth range earthquakes oc-
cur at and below the slab-mantle interface. To constrain the slab
geometry in the slab-dip transition zone, the hypocenters within
+3 km from the 90-, 110- and 130-km depth are projected onto
the horizontal planes at those depths, and the boundary between
the seismic and aseismic zones are manually tracked (Figs. 2d-f).
We incorporate the slab-interface depth estimates from the re-
ceiver functions along the PF line (Phillips and Clayton, 2014) to
constrain the slab depth beyond 130 km in depth. The earthquakes
at depths shallower than 90 km are dismissed to avoid ambiguity
in distinguishing between intra-slab and crustal earthquakes. For



H. Lim et al. / Earth and Planetary Science Letters 498 (2018) 334-347 337

(a) (b)

DL L L L LS S i
' =P
e ="

140 &

Depth (km)

T T T
200 300 400
Distance from trench (km)

()

85 km \ '

Fig. 3. The model construction for flat slab region. (a) Our final slab model. (b) Comparison with previous slab models (see the legend in Fig. 2 for references) along the
trench-perpendicular profile (D-D’ in Fig. 1). The slab geometry is constrained by incorporating both receiver function result (Ma and Clayton, 2015) and iso-depth contour
based on relocated seismicity with an equal weight on each. The iso-depth contour of the slab interface is obtained from the relocated earthquakes at the depth of (c) 70 km,
(d) 75 km, (e) 80 km and (f) 85 km. Red stars indicate earthquakes that are used to constrain the slab geometry at the corresponding depth along the D-D’. See Fig. S9 for

seismicity plotted on a map view with a depth interval of 5 km.

the flat-slab region, we incorporate the estimates from the receiver
functions along the PG line (Ma and Clayton, 2015) in addition to
our seismicity at 70-85 km to achieve enhanced resolution on the
slab depth (with an equal weight on each) (Fig. 3). Second, we
constrain shallow-depth slab geometries from the trench location
(Bird, 2003) and receiver functions for the PH line (Kim and Clay-
ton, 2015). Table S3 shows our slab depth model.

3. Results

We first describe the slab structure derived from the relocated
seismicity (Figs. 2 and 3) and then summarize features that are
seen in the obtained velocity models using double-difference to-
mography (Zhang and Thurber, 2003) (Figs. 5-8 and S9-510). A se-
ries of checkerboard resolution tests using more realistic struc-
tures based on our slab model (Figs. 2, 3 and S11) in addition
to the regular checkerboard pattern of opposite polarities (Figs.
S5 and S6) are performed to evaluate the resolution capability of
the data set and sensitivity of the models. Fig. 4 demonstrates
that the inversion fully recovers a thin (10-20 km) velocity struc-
ture.

3.1. Nazca slab geometry based on the double-difference method

3.1.1. Normal-dip slab region

In the normal-dip Nazca slab region, the relocated seismic-
ity extends down to a depth of ~240 km. The normal-dipping
segment of the slab (along the profile F-F' of Figs. 5f, 6f and
8f) subducts at a ~30° dipping angle, which is consistent with
that of previous models (Figs. S1-3; Cahill and Isacks, 1992;
Gudmundsson and Sambridge, 1998; Hayes et al,, 2012; Syracuse
and Abers, 2006; Dougherty and Clayton, 2014). While the dip of

the slab is similar in all the models in the normal-dip segment,
depths to the top slab interface vary, with a difference up to 10
km from our result (Fig. S2f).

3.1.2. Flat slab region

Relocated hypocenters projected to profile D-D’ in Figs. 5d,
6d and 8d delineate the horizontally dipping slab. The seismic-
ity extends laterally to ~380 km from the trench and abruptly
ceases. The absence of slab seismicity in the region between 71°W
and 72.5°W is not an artifact of network coverage because the
densely spaced PG-line stations are present near to this region
(Fig. 1). Kumar et al. (2016) also observed an absence of seis-
micity along the projected location of the ridge. The seismicity
is elevated by 10-20 km within 14.1°S to 14.7°S (a distance of
240-340 km from the trench) along the profile D-D’ (Figs. 5d, 6d,
8d and S2d), as also observed by Dougherty and Clayton (2014)
and Ma and Clayton (2015), with a slight difference in the loca-
tion.

We observe scattered seismicity at 70-100 km depth beneath
the PG line, and this can be due to the topographical bulge that we
observe (Figs. 5d, 6d, 8d and S2d) and the uncertainty in relocated
seismicity (e.g., errors in the manual picking of P and S). Our slab
model beneath the PG line (profile D-D’) does not exactly follow
the seismicity (e.g., Fig. 3b) because a subregion of the slab model
beneath the PG line is also constrained using the previous receiver
functions (Fig. 3; Ma and Clayton, 2015). Such difference can be
attributed to inconsistent velocity model and/or uncertainty of re-
located hypocenter. Furthermore, lateral velocity variation within
the continental crust and along the top of the slab can also affect
depth estimates of the local earthquakes as well as the top plate
interface from the receiver function.
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Fig. 4. The recovery test results for the mantle structure between the continental crust (Crust 1.0 model; Laske et al., 2013) and the subducting Nazca slab using our slab
model. (a)-(c) Input velocity pattern which constitutes alternating flat cuboids parallel to the trench with £5% relative velocity. (d)-(i) Recovered Vp (d)-(f) and Vs (g)-(i)
models. Images along the profile D-D’ (Fig. 1) are shown in (a), (d) and (g), profile E-E’ (Fig. 1) in (b), (e) and (h), and the profile F-F' (Fig. 1) in (c), (f) and (i).

3.1.3. Slab-dip region between the normal-dip slab and flat slab

The relocated seismicity delineates the slab-dip transition ge-
ometry between the flat and normal subduction zone. The depth
variations between the different models are up to 40 km down
to 240 km in depth (Fig. S2). Based on the synthetic test and
considering the realistic station-source geometry, we obtain an
earthquake-depth uncertainty of <10 km in the center of the ar-
rays (Fig. S3).

Along the PG line (profile D-D’), the top slab interface in the
subduction-zone backarc is approximately horizontal at a depth
of 85-95 km (Figs. 5d, 6d and 8d). The dip of the along-trench
slab interface gradually increases towards the SE in the backarc.
The transition between the normal and flat slab segments appears
smooth based on the seismicity, and we find no sign of a slab
tear from the trench to a distance of ~420 km and down to a
depth of 200 km (Figs. 2, 3 and S2). This is consistent with re-
sults based on seismicity (Hasegawa and Sacks, 1981), regression
analysis of regional seismicity (Dougherty and Clayton, 2014), and
receiver functions (Phillips and Clayton, 2014) along the PF line,
sampling the slab-dip transition zone.

3.2. 3-d seismic velocity structure

3.2.1. Synthetic test results

The checkerboard test results for both Vp and Vs in the hori-
zontal slices show that the resolution of the Vp and Vs estimates
improves with depth and is stable down to a depth of 130 km
(Figs. S5 and S6). In particular, the resolution of the Vp and Vs esti-
mates is good down to a depth of 90 km in examining the slab-dip
variation along the trench near the coast (Figs. S5 and S6). The Vs
estimates show a similar pattern to that of the Vp estimates (Figs.
S5 and S6); however, they show reduced spatial resolution primar-
ily because of the lower number of S-wave phase picks. However,
we note that the resolution for Vp and Vs is sufficient in the region
that covers both the subducting slab and mantle wedge above the
slab. The resolution becomes somewhat limited between 130 km
and 220-240 km depth, primarily because of the lack of seismicity
at deeper depths.

We next explore more realistic input models and observe how
well the inversion recovers them (Figs. 2a, 3a and S11). For this
test, we use our slab model as an input, assign a 5% increase in Vp
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4 for P-wave data. See Supplementary Data for details.

and Vs with respect to the initial 1-D model for the slab and test
how sensitive the inversion is to the slab velocity structure. We
note that the absence of a high-velocity anomaly along the flat slab
region at 90 km (Fig. S11) represents a case for a topographical
bulge on the slab, which is shown by the seismicity (Figs. 3b). The
seismicity is elevated by 10-20 km from the horizontal plane (also
noted in Section 3.1.2). We observe that an inversion recovers the
fast-velocity anomaly reasonably well at a depth range of 50-110
km for both Vp and Vs (Fig. S11). The high-velocity anomaly for the
flat slab in the backarc at 90 km is not well recovered (Fig. S11).

We then construct a model based on our slab geometry (Figs. 2
and 3) and examine how sensitive the inversion is to the mantle-
wedge velocity structure. Our slab model (Figs. 2 and 3), as well
as receiver functions (Ma and Clayton, 2015; Bishop et al., 2017),
indicate that the mantle layer is quite thin (<20 km) between the
overriding plate and the slab in the flat-slab region. We observe
that the inversion is sensitive to a thin (10-20 km) structure, and
the velocity recovery is moderate with noticeable vertical smearing
in all profile images (Fig. 4).

3.2.2. P-wave velocity structure

The inversion results of Vp are presented with the top slab
interface in Figs. 5, S7a and S9. The estimates of nodes with suf-
ficient ray coverage are enclosed by a green line in the figures.

Figs. 5 and S9 show the absolute value of Vp from the inversion in
the vertical cross-section and horizontal slice views, respectively.
Fig. S7a shows the inversion results in a horizontal slice without
Gaussian filtering.

Several structural elements related to the Nazca slab and man-
tle layer can be identified from the inversion results. The Vp es-
timates for the slab (the imaged region below the top plate in-
terface) down to a depth of 200 km along all profiles vary sig-
nificantly in the vertical and lateral (arc-normal) directions, and
overall show values between 7.4 to 8.6 km/s (Figs. 5 and S9). In the
arc-normal direction, all profile results show that the slab veloci-
ties beneath the forearc (down to a depth of 100 km) transition to
higher velocities beneath the backarc (at a depth of 100-140 km).
In the arc-parallel direction, we also observe relatively a low Vp
within the slab along the profile D-D’ and profile F-F, and a
high Vp in between (profile E-E’). In particular, high Vp esti-
mates (8.0-8.6 km/s) are observed along profiles B-B’ (distance
180-420 km; Fig. 5b) and C-C’ (190-350 km; Fig. 5¢). Low Vp esti-
mates (7.4-8.0 km/s) are observed along profiles A-A’ (40-200 km
at 74-8.0 km/s; Fig. 5a), B-B’ (40-180 km at 7.4-8.0 km/s and
440-540 km at 7.8-8.0 km/s; Fig. 5b) and C-C’ (100-180 km at
7.6-8.0 km/s and 320-480 km at 7.6-8.0 km/s; Fig. 5c).

The mantle layer corresponds to the imaged region between
the base of the continental crust (Laske et al, 2013) and the
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top slab interface defined in our model (Figs. 2 and 3). The Vp
of the forearc mantle ranges from 7.2 km/s to 8.0 km/s (Fig. 5).
The Vp above the flat slab in the forearc is 7.2-7.6 km/s (dis-
tance 170-220 km; Fig. 5d), 7.4-8.0 km/s in the slab-dip region
(160-230 km; Fig. 5e), and 7.6-8.0 km/s in the normal-dip region
(160-230 km; Fig. 5f). The Vp of the backarc mantle ranges from
7.4 to 8.4 km/s (Fig. 5). The Vp above the flat slab in the backarc
is 7.4-7.7 km/s (330-400 km; Fig. 5d), 7.8-8.4 km/s in the slab-dip
region (260-420 km; Fig. 5e), and 7.2-7.8 km/s in the normal-dip
region (270-380 km; Fig. 5f).

3.2.3. S-wave velocity structure

The inversion results of Vs are presented in Figs. 6, 7, and S7b.
Figs. 6 and 7 show the absolute value of Vs from the inversion
in vertical cross-section and horizontal slice views, respectively,
and Fig. S7b shows a horizontal slice view without Gaussian fil-
tering. The spatial resolution of the recovered Vs is slightly less
compared to the results of Vp, as also observed in the checker-
board test results (Figs. S5 and S6). Regardless, we observe broadly
similar patterns in the Vp results.

Similar to the Vp estimates, we observe a relatively low Vs
within the slab beneath the PG (profile D-D’) and PE (profile
F-F') lines, and high Vs in between (profile E-E’). High Vs es-
timates (4.6-5.1 km/s) are obtained along profiles B-B’ (distance
180-420 km; Fig. 6b) and C-C’ (190-350 km; Fig. 6¢). Low Vs esti-

mates (4.2-4.6 km/s) are observed along profiles A-A’ (40-200 km
at 4.2-4.6 km/s; Fig. 6a), B-B’ (40-180 km at 4.2-4.6 km/s and
440-540 km at 4.2-4.6 km/s; Fig. 6b) and C-C’ (100-180 km at
44-4.6 km/s and 320-480 km at ~4.6 km/s; Fig. 6¢). These veloc-
ity anomalies are also observed along three trench-perpendicular
profiles (Figs. 6d-f). In addition, our Vs values at the dipping-slab
segment at 90 km in depth (profile D-D’) agree well with previous
estimates (Ma and Clayton, 2014; Ward et al., 2016).

The Vs of the forearc mantle ranges from 4.2 km/s to 4.6 km/s
(Fig. 6). The Vs above the flat slab in the forearc is 4.2-4.3 km/s
(distance 170-220 km; Fig. 6d), 4.5-4.6 km/s in the slab-dip region
(160-230 km; Fig. 6e), and 4.3-4.5 km/s in the normal-dip region
(160-230 km; Fig. 6f). The Vs of the backarc mantle ranges from
4.0 to 4.7 km/s (Fig. 6). The Vs above the flat slab in the backarc is
4.5-4.7 km/s (330-400 km; Fig. 6d), 4.4-4.6 km/s in the slab-dip
region (260-420 km; Fig. 6e), and 4.0-4.3 km/s in the normal-dip
region (270-380 km; Fig. 6f).

3.2.4. P-to-S wave velocity ratio (Vp/Vs) structure

Vp/Vs is obtained by taking the ratio of the Vp and Vs esti-
mates retrieved from the inversion. We note that in the inversion
the P- and S-wave travel times are inverted simultaneously with
the same damping factor. The resulting ray coverage for Vp/Vs is
different from that of the Vp estimates because the number of
S-wave arrival times is less than that for the P-wave. Because of
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differing data quality and distribution between the P and S data,
Vp/Vs estimated from Vp and Vs can be difficult to interpret (Zhang
and Thurber, 2003). Regardless of such a limitation, Vp/Vs pro-
vides an important constraint on the physical state of the imaged
structure (i.e. the mantle wedge) in terms of temperature and/or
composition. Our estimates for Vp/Vs are presented in vertical and
horizontal slice views in Figs. 8 and S10, respectively, and Fig. S7c
shows a horizontal slice view without Gaussian filtering.

The Vp/Vs from the inversion shows an approximately similar
pattern to values obtained for Vp and Vs (Fig. 8). The Vp/Vs of
the forearc mantle ranges from 1.65 to 1.80 (Fig. 8). The Vp/Vs
estimates above the flat slab in the forearc are 1.70-1.80 (dis-
tance 170-220 km; Fig. 8d), 1.65-1.75 in the slab-dip region
(160-230 km; Fig. 8e), and 1.70-1.80 in the normal-dip region
(160-230 km; Fig. 8f). The Vp/Vs of the backarc mantle ranges from
1.60 to 1.90 (Fig. 8). The Vp/Vs above the flat slab in the backarc
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is 1.60-1.70 (330-400 km; Fig. 8d), 1.80-1.90 in the slab-dip re-
gion (260-420 km; Fig. 8e), and 1.80-1.85 in the normal-dip region
(270-380 km; Fig. 8f).

3.2.5. Crustal low-velocity zones

We identify several localized crustal low-velocity zones along
different profiles beneath the PE, PF and PG lines (profiles F-F/,
C-C’ and D-D’, respectively; Figs. 9a and S12). We confirm this
as a low-velocity feature from the filtered seismic phases of the
local earthquakes (Figs. 9 and S12). The waveform record sections
show either attenuated amplitudes of S phases or a complicated
body-wave coda for waves passing through those zones (Figs. 9
and S12).

The most prominent low-velocity zone is imaged beneath sta-
tions PG16-PG27 (Fig. 9). The Vs estimates are <3.6-3.8 km/s,
which are a <8-10% reduction with respect to our 1-D model.
Ma and Clayton (2015) also detected this low-velocity zone from
teleseismic P-to-S converted phases. Based on our results (consid-
ering 3.8 km/s contour values and less), its approximate dimension
is ~60 km (arc-normal direction) by ~100 km (along-arc direc-
tion). The waveform record of one crustal earthquake at a depth
of 30 km near the PG line shows a clear difference in ampli-
tude of the S phase between the waveforms from the stations
PG15-PG26 and PG28-PG45 (Fig. 9b). The amplitudes from sta-

tions PG15-PG26 appear to be substantially attenuated, and their
raypaths pass through the low-velocity zone.

In addition, we observe a low-velocity zone (Vs of ~3.8 km/s;
8% reduction beneath volcanoes; Sabancaya and Chachani; Fig. 1)
along the PE line in a 30 km depth slice (Fig. S12a and b). The
spatial dimension of this zone is ~30 km based on the velocity
contour (Fig. 7a), and it is coincident with a scatterer location that
was discussed in an ambient noise cross-correlation study (Ma et
al., 2013). Another low-velocity zone (Vs of <3.8 km/s) is observed
beneath and near Quimsachata volcano (Fig. 1), which is ~160 km
from the volcanic front (Fig. S12¢ and d). The waveform record
section along the PF line from a deep earthquake shows more com-
plicated S arrivals for stations PF32 and PF33, which pass through
this crustal low-velocity zone (Fig. S12d). Its corresponding lateral
dimension is estimated to be ~5 km or less (Fig. S12c).

4. Discussion

In this study, we define the slab geometry down to a depth
of 130 km by relocating the seismicity with the highest resolu-
tion and examine the slab-dip velocity transition using the inver-
sion based on the double-difference algorithm. The tomography
jointly inverts velocities and hypocenters and thus enables one
to compare velocity anomalies directly using seismicity. There is a
discrepancy between the velocity and hypocenter unless they are
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based on the same velocity model. Because the structural feature
that we image can be quite thin (i.e. a <20-km-thick mantle layer
above the flat slab; Fig. 4), a slight error in earthquake locations
can lead to erroneous interpretation.

4.1. Nazca slab geometry based on seismicity

4.1.1. Flat slab region

In the flat slab region, the Nazca slab subducts at a 30° dipping
angle down to 85-95 km depth, and then transition into generally
flat geometry for ~200 km (Fig. 3). Although our model domain
is limited to a distance of ~400 km from the trench, the flat slab
extends further inland for approximately 100 km based on receiver
functions (Phillips and Clayton, 2014; Ma and Clayton, 2015). We
observe topographical bulge on the slab, elevated by ~10-20 km
from the slab surface at the localized zone (14.1°-14.7°S) (Figs. 3,
5d, 6d and 8d). Given this observation, the slab geometry following
the topography of the continental Moho (Ma and Clayton, 2015)
probably indicates the presence of an enhanced slab suction force
(Tovish et al., 1978).

Although there are many factors contributing to the flat-slab
development in Peru (e.g., Manea et al., 2017), the seismologi-
cal evidence suggests that suction force plays an important role
in maintaining the flat plate geometry in the vicinity of the sub-
ducting ridge because its buoyancy alone cannot fully explain the
slab-flattening process (Kim and Clayton, 2015; Ma and Clayton,
2015). The constriction of the mantle layer between the flat slab

and continental crust inhibits typical asthenospheric corner flow,
leading to a large negative pressure that further decreases the dip
angle of the slab (Ma and Clayton, 2015). The presence of a thick
(Ryan et al., 2016; Bishop et al., 2017) and cold continental litho-
sphere (Currie and Hyndman, 2006) may act as a partial barrier
to the mantle-wedge flow, resulting in a decreased pressure in the
mantle-wedge corner (O'Driscoll et al., 2012).

The decreasing dip of the slab certainly indicates a decreasing
influx of asthenospheric mantle above the slab. As a result, the
slab flattening process significantly cools the system, particularly
the upper lithosphere (e.g., Ramos et al., 2002), and a decreasing
degree of partial mantle melting is expected at the arc location
eventually shutting off arc magmatism in the flat slab region. Our
seismicity results show that locations of the volcanoes correspond
to the 85-105 km iso-depth contour of slab-surface beyond the flat
slab region towards the SE (Figs. 2 and 3).

4.1.2. Slab-dip transition zone

The relocated seismicity shows a smooth contortion in the slab-
dip transition zone for ~400 km between the 30°-to-horizontal
dipping interface to the NW and 30°-dipping interface to the SE.
This slab-dip transition zone is currently under an extensional
stress regime based on the N-S and NW-SE extensional mecha-
nisms of the regional earthquakes (Dougherty and Clayton, 2014).
Based on our seismicity, we do not observe any sign of slab
tear including upwelling of sub-slab asthenosphere (Figs. 2, 3 and
S1-2). The slab is estimated to have experienced 10% strain in the
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along-strike direction across this transition (Dougherty and Clay-
ton, 2014).

We note that our study has an adequate resolution down to
a depth of about 240 km (Figs. 5, 6 and 8) for interpreting fea-
tures associated with the dipping slab and mantle in the vicinity
of the subducting slab. The teleseismic tomography study by Scire
et al. (2016) covers a larger spatial region with a deeper depth
resolution from ~100 km to 660 km and shows a similar slab-
dip transition zone from shallow (flat) subduction in the northern
area to more normal dipping subduction to the south. In particu-
lar, their results show the transition from horizontally dipping to
steeply dipping (~70°) in the flat slab region. This region of the
slab steepening corresponds with the predicted edge of the sub-
ducted Nazca Ridge, implying that the geometry of the Nazca slab
is at least locally influenced by the presence of the ridge (Scire et
al., 2016).

4.2. Seismic velocity variation based on tomography

The images of the Vp, Vs and Vp/Vs structures of the dipping
slab are interpreted simultaneously with seismicity because these
measurements provide different types of constraints and the use of
all four structures can reduce ambiguity in interpretation. The ve-
locities, particularly Vp/Vs, and earthquake locations are important
for discussing variations in temperature and/or composition of the
slab and also the mantle layer above the slab.

4.2.1. Nazca slab velocity variation

A relatively higher-velocity slab is imaged along all profiles ex-
amined (Fig. 1), and the velocity variations are substantial in the
arc-normal and along-arc directions (Figs. 5, 6 and 10a). The im-
ages along the arc-normal profiles show that the velocities of the
slab in the backarc are elevated compared to those in the forearc.
Such an arc-normal change in velocities can be attributed to a min-
eral phase change (e.g., eclogitization) within the subducted crust
(Peacock, 2004). Typically, teleseismic converted phases at the top
of the slab can sharply constrain the basalt-to-eclogite transition
and associated slab dehydration along the slab interface. In the
normal slab-dip region, such converted signals at the top plate in-
terface disappear at depth of ~100 km in S. Peru (Phillips et al.,
2012) and 120 km in the central Andes (Yuan et al,, 2000). In the
flat-slab system, converted signals are well observed down to a
depth of ~80 km and up to ~500 km from the coast (Phillips
and Clayton, 2014; Ma and Clayton, 2015). Although tomography
cannot sharply constrain the depth of the eclogitization, the ob-
served arc-normal velocity variation (increasing velocities towards
the backarc) can be somewhat constrained by the petrological
transition because of changes in pressure (P) and temperature (T)
conditions within the slab.

In the along-arc profiles, the flat slab is associated with rela-
tively lower velocities than those of the slab-dip and the normal-
dip slab regions (Figs. 5, 6 and 10a), which is consistent with
the converted phase analysis results (Kim and Clayton, 2015). The
flat portion of the upper part of the oceanic crust was shown to
be more fluid-rich than the normal-dip region by Kim and Clay-
ton (2015). They observed considerable Vs reductions of ~20-40%
near the top plate interface of the flat slab at ~40-120 km depths
(which is ~10-20% lower than the estimates for the normal slab-
dip region). In fact, such velocities are far lower than expected for
unaltered mid-ocean ridge basalt (MORB) or gabbro in the appro-
priate region of P-T conditions at that depth (Hacker et al., 2003),
and cannot be fully explained without the presence of fluid (Kim
and Clayton, 2015). Considering such a different hydration degree
between the flat and normal slabs, the subduction of the ridge
could be a critical factor in the supply of the fluid into the sys-
tem (Kim and Clayton, 2015). Also, it may be that the subduction

of the ridge retards the phase transition to a denser mineral (e.g.,
eclogite), and ultimately contributes to the buoyancy of the flat
slab. The retardation of the phase transformation (i.e. the basalt-
to-eclogite conversion) in the oceanic crust is also supported by
weakened P-to-S converted signals (Bishop et al., 2017).

The 90 km-depth slice from our inversion (Fig. 7d) shows the
clearest image of the slab geometry. A faster Vs (4.5-4.6 km/s;
Fig. 7d) corresponds to (1) a flat-slab segment with intense in-slab
seismicity along the PG line (profile D-D’) and (2) a dipping-slab
segment in both the slab-dip transition and normal-dip zones that
extends 250 km from the trench. Such high velocities and the per-
vasive presence of earthquakes in this high Vs region confirm the
presence of the Nazca slab at 90 km depth along the PG line (pro-
file D-D’). A slightly lower Vs (4.3-4.4 km/s) is also obtained in the
flat slab region at the same depth (Fig. 7d). Earthquakes occur in
the vicinity of this low Vs region. It appears that the velocities of
the flat slab below the top plate interface laterally vary, and thus
this observation points to the heterogeneous nature of the flat slab,
which could be closely related to the phase transition and possibly
influenced by the subducting ridge. Antonijevic et al. (2015) dis-
cussed low-velocity features in the NW region of the ridge (beyond
our study region) as a possible slab tear. The relocated seismicity
in this study is not consistent with a slab tear (Figs. 6d and S8).

4.2.2. Velocities and Vp/Vs of the mantle layer above the Nazca slab

Upon subduction, the fluids are released from the subducting
slab in a series of metamorphic reactions, and the flux into the
mantle wedge modifies its chemical and physical properties. Such
subduction-related hydration plays a significant role in controlling
Vs within the upper oceanic crust and overlying mantle wedge, as
evidenced in Kim and Clayton (2015) and Ma and Clayton (2015)
for S. Peru, and from the studies in central Mexico (Kim et al.,
2013) and central Chile (Porter et al., 2012). The hydration process
within the forearc mantle is closely related to serpentinization,
which can drastically reduce the seismic velocity and density of
the mantle while increasing Poisson’s ratio (and Vp/Vs) (Hyndman
and Peacock, 2003).

Generally depressed velocities and elevated Vp/Vs in the fore-
arc mantle (Figs. 5, 6, 8 and 10b) indicate an overall low degree
of serpentinization in S. Peru, compared to estimates from other
subduction zones (e.g., Alaska-Aleutians (10-20%) and Cascadia
(<50-60%) beneath forearc and/or active arc) (Hyndman and Pea-
cock, 2003). The low degree of serpentinization in S. Peru can be
attributed to slow dehydration of the slab because of relatively old
age of the oceanic plate (Abers et al., 2017). The degree of serpen-
tinization in the flat slab, the slap-dip and the normal-dip regions
are 10-30%, 0-20% and 5-15%, respectively (Hyndman and Pea-
cock, 2003). Relatively higher degree of mantle serpentinization in
the flat slab region than that in the other regions can be attributed
to hydrous compositions in the subducting ridge and metasedi-
ments (Kim and Clayton, 2015).

The key features in our velocity models are the relatively high
Vs (4.5-4.7 km/s) and low Vp/Vs (1.60-1.70) in the thin mantle
layer above the flat slab in the backarc (Figs. 6, 8 and 10b). In
the flat slab region, Currie and Hyndman (2006) mentioned the
presence of a notably cool backarc mantle. Ma and Clayton (2015)
also imaged the high-velocity mantle above the initial half of the
flat slab and normal velocity values on the remainder of the flat-
slab segment. Similar values to ours are observed in central Chile,
where the Juan Fernandez Ridge is subducting (Porter et al., 2012),
and Wagner et al. (2006) suggested that the high Vs (4.6-4.7 km/s)
and low Vp/Vs (1.64-1.74) above the central Chile-Argentina flat
slab cannot be modeled using any hydrated composition. In both
flat-slab systems where the ridge subduction is involved, the com-
position of the mantle is probably enhanced by the region’s low
geotherm, and point to seismic properties of dry Mg-rich peridotite
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and orthopyroxene enrichment (e.g., Wagner et al., 2006, 2008;
Qian et al, 2018). For orthopyroxene enrichment in the mantle,
a large quantity of silica must be added to the mantle (Wagner
et al., 2008) and the source for this silica would be the metased-
iments and subducted crust (Nazca Ridge) in S. Peru (Kim and
Clayton, 2015). This process coincides well with the cessation of
arc volcanism at the surface.

We note that our velocity and Vp/Vs estimates can be alter-
natively explained by the anisotropy of the mantle peridotites
(Hacker and Abers, 2012). Our estimates can be biased by ani-
sotropy in mantle rock fabric or by the raypaths through the man-
tle, leading to relatively high Vs and/or low Vp compared with
isotropic averages (Hacker and Abers, 2012). Local S-wave split-
ting measurements suggest that mantle above the flat slab appears
to be anisotropic, with ~4% anisotropy in a ~30 km-thick man-
tle layer (Eakin et al., 2014). This anisotropy estimate is explained
by the lattice-preferred orientation of olivine (Eakin et al., 2014),
and thus we cannot rule out the possibility for the contribution of
seismic anisotropy to our estimates.

The observed low Vs (4.0-4.3 km/s) and high Vp/Vs (1.80-1.85)
above the normal-dip slab in the backarc indicate partially molten
state of the mantle, which can be attributed to the arc magma-

tism. The temperature of the subarc mantle is 1100-1300°C at
60-120 km in depth (Currie and Hyndman, 2006).

4.2.3. Presence of crustal low-velocity zones associated with past and
present volcanism

Crustal low-velocity zones are identified in the PG, PF and PE
lines (profiles D-D’, C-C’ and F-F/, respectively) from both our
images and also raw waveform data showing either changes in
S-phase amplitudes or complicated body-wave coda primarily be-
cause of different path effects (Figs. 9, 10c and S12). Such observed
seismic anomalies can be closely associated with the presence of
partial melt related to past or present volcanism. In particular, the
imaged low velocities at the PE and PF lines (Figs. 10c and S12) can
be associated with present-day volcanism because of their close
proximity to active volcanoes present (Sabancaya and Chachani
along the PE line; Quimsachata along the PF line). Finally, the most
prominent low-velocity zone is observed in the forearc of the flat
slab region along the PG line (Figs. 9 and 10c). Although this re-
gion is not coincident with current volcanism, this imaged seismic
anomaly represents molten rocks related to volcanism during the
steepening of the Oligocene flat slab beneath the Altiplano plateau
(Ma and Clayton, 2015).
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5. Conclusions

We image the Nazca Plate subduction zone system in S. Peru
by relocating intra-slab earthquakes and inverting for seismic ve-
locities. For the images, we use data from seismic arrays that were
deployed to target geophysical characterization of the subduction
system in the slab-dip transition zone between the flat and nor-
mally dipping segments of the Nazca Plate. Relocated seismicity
from the inversion based on the double-difference method sug-
gests a smooth contortion of the slab along the transition from
30°-to-flat-to-normal subduction. In addition, the slab elevates, fol-
lowing the continental Moho (Ma and Clayton, 2015), in the flat
slab region, adding another force for flattening (suction) in addi-
tion to the buoyancy of the Nazca Ridge. The slab suction force
plays an important role in maintaining the flat plate geometry in
the vicinity of the subducting Nazca Ridge because its buoyancy
alone cannot fully explain the slab-flattening process. Notable fea-
tures in the inversions for the flat slab region are the relatively
lower velocities for the flat slab and the high Vs and low Vp/Vs
in the thin mantle layer in the backarc. The lower slab velocities
suggest that the subduction of the Nazca Ridge retards the phase
transition to a denser mineral (e.g., ecologite), and contributes to
the buoyancy of the flat slab. An observed high Vs and low Vp/Vs
in the thin mantle layer above the flat slab at ~60-85 km in depth
may reflect cool conditions and possible chemical alteration via
slab-derived fluids, as evidenced in the Chilean flat-slab region.
The interaction of slab-derived fluids with the overlying mantle
layer influences the overall slab dynamics and the cessation of
upper-plate volcanism in the flat slab region.
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