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Abstract We determined the main parameters
of the source rupture process of intermediate- and
deep-depth earthquakes occurring in the Peru—Bra-
zil-Bolivia border region and northern Chile. The
parameters of depth, fault-plane orientation, sca-
lar seismic moment, slip distribution, and radiated
seismic energy are obtained from seismograms.
We selected 15 intermediate-depth earthquakes
(100 km <h <300 km) and 10 very deep earthquakes
(h>500 km) with magnitudes My, >6.0. For most
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events, the slip distribution over the rupture plane
shows a single asperity, and the source time func-
tion presents a simple pulse. There are differences
between intermediate-depth and deep earthquakes.
The rupture areas, maximum slip and source time
function (STF) duration are larger for intermediate-
depth events than for deep events. Additionally, the
STF’s show a sharper increase for deep earthquakes.
The scaled radiated seismic energy shows larger val-
ues for deep depth events. The stress regime pattern
derived from the obtained focal mechanism agrees
with the geometry of the subduction of the Nazca
plate. At intermediate depths, in the northern area up
to 12°S, the stress pattern corresponds to a horizon-
tal extension, while in the southern area, the tension
axes dip at an angle of 30°. At deep depths, the stress
regime corresponds to vertical compression in the
north and dips of approximately 45° in the south.

Keywords Intermediate- and deep-depth
earthquakes - Kinematic inversion - Source rupture
parameter differences - Nazca plate subduction

1 Introduction

The goal of the present study is to analyze the
source and rupture parameters of intermediate-depth
(100 km <h <300 km) and deep-depth (h>500 km)
earthquakes, specifically focusing on focal depth,
fault-plane orientation, scalar seismic moment,
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radiated energy, source time function, slip distribu-
tion, effective rupture area, rupture velocity, and
stress drop. The study area encompasses the region
of Peru-Brazil-Bolivia border region and north-
ern Chile (henceforth PBBNC), which is defined by
latitudes 1°S to 20°S and longitudes 65°W to 80°W.
Since both types of earthquakes are located in the
same region, we will be able to better analyze the
dependence of the parameters on depth. Campus
and Das (2000) affirm that different tectonic regions
exhibit different behaviors in some cases. In various
subduction zones, there are large-scale differences in
seafloor age, which affect slab temperature and deep
earthquake properties (Zhan 2020).

The use of a homogeneous database in this work
is crucial for making a rigorous comparison between
the rupture parameters of intermediate-depth and deep
earthquakes. For this reason, we estimated the rupture
parameters for the selected earthquakes directly from
seismograms using the same methodology for both
intermediate-depth and deep events, avoiding the use
of source parameters determined by other authors or
methodologies. In this way, the comparison between
the obtained parameters could reveal more precisely
if the rupture processes for the intermediate-depth and
deep events are different. The strength of this work
resides in the fact that we have estimated the rupture
parameters for the selected earthquakes—both of
intermediate-depth and deep- directly from the seis-
mograms using the same methodology. Our analysis is
based on parameters such as depth, fault plane orienta-
tion, source time function, slip, scalar seismic moment
and radiated seismic energy, all obtained directly from
observations. Other parameters derived from them may
be affected by uncertainties, such as the static stress
drop or the seismic efficiency, so we are not consid-
ering those. The values of the source parameters for
these earthquakes will help us to understand the nature
of the processes taking place at intermediate-depth and
deep-depth earthquakes and the relationships between
their source parameters in this particular area.

Recent studies have analyzed variations in source
parameters with depth for a group of selected inter-
mediate-depth earthquakes located in different sub-
duction zones. For instance, in Japan, Ko and Kuo
(2016) found an increase of stress drop with depth
and observed low values of radiation efficiency
for events deeper than 60 km. Similarly, Nishitsuji
and Mori (2014) also obtained values of radiation
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efficiency slightly lower than those for shallow
earthquakes. However, for Northern Chile, Derode
and Campos (2019) found that rupture velocities,
stress drop, and radiation efficiency are higher for
intermediate-depth than for shallow earthquakes. On
the other hand, Megawati et al. (2024) obtained for
intermediate-depth earthquakes located in Java stress
drop values similar to those of shallow earthquakes.
For deep-depth earthquakes, we have also found
studies that examine the relationship between rupture
parameters and depth. For example, Tibi et al. (2003)
observed different behaviours for large deep earth-
quakes from different subduction zones, depending
on the temperature of the subducting plate. They
obtained low rupture velocity values for events in
warm slabs. Park and Mori (2008) also obtained low
rupture velocity values for large deep earthquakes
around Japan. Suzuki and Yagi (2011), applying the
back projection method to large deep-depth earth-
quakes in various subductions zones, obtained low
values for rupture velocity except within the depth
range of 530 to 610 km.

Some researchers have studied the rupture param-
eters of both intermediate and deep-depth earthquakes,
seeking evidence of differences in rupture that could
be related to variations in the physical models of earth-
quake generation. Several works were focused on com-
paring the duration and shape of the source time func-
tion (Houston et al. 1998; Persh and Houston 2004,
Tocheport et al.2007) and have found that the scaled
duration is shorter for deep than for intermediate-
depth earthquakes. It was also observed that the STFs
show more complexity for events occurring at depths
between 350 and 550 km. Poli and Prieto (2016) found
that the stress drop is invariant with depth, while
apparent stress and radiation efficiency increase with
depth. Rodkin (2022), analyzing data from the world
GCMT seismic moment catalog, found that the appar-
ent stress and the averaged normalized rupture duration
versus depth representation exhibit maxima values at
different depth intervals (less than 15 km, 40-50 km,
120-150 km and 500-600 km) corresponding to the
depth intervals of different earthquake generation mod-
els. As we have mentioned before, these studies exam-
ined variations in source parameters with depth for
earthquakes located in different areas and did not spe-
cifically focus on the PBBNC region. Given the diver-
sity of deep event properties, it is important to isolate
the variations linked to the rupture process.
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The seismicity in the region of PBBNC is a conse-
quence of the subduction of the Nazca plate beneath
the South American plate. This subduction process
occurs at an average velocity of 7-8 cm/year in an
approximately west—east direction, generating many
earthquakes at intermediate and deep depths of mod-
erate to large magnitudes. This is due to large defor-
mation across the convergent boundary zone, with the
Peruvian Andes representing the most significant sur-
face expression of this deformation (Norabuena et al
1998; Villegas-Lanza et al 2016; Tamay et al 2021).

Figures 1a and b show the seismicity for the stud-
ied region (period of 1960-2021, M>4.5; Insti-
tuto Geofisico del Perd). The shallow earthquakes
(h<60 km, red circles in Figs. 1la and b) are dis-
tributed in two zones parallel to the coast, mainly

between the trench and the coast; there is an area
where epicenters are concentrated in the south-
ern zone between 14°S and 20°S. In the interior
of the continent, shallow earthquakes are less fre-
quent, and they are mainly concentrated along the
Sub-Andean zone (SAZ) and Eastern Cordillera
(EC) (Fig. la), with moderate magnitudes (gener-
ally less than 6.0). Intermediate-depth earthquakes
(60 km <h <300 km, green circles in Fig. 1a and b)
are distributed in a different pattern from north to
south. Between latitudes 2°S and 10°S, most of them
occur inside the continent, and a few foci occur off-
shore, with a concentration of seismic foci at approx-
imately latitudes 8°S-10°S and at longitude 74°W
(SAZ) near the Brazilian border (Wagner and Okal
2019). From latitudes 14°S to 20°S, the number of
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Fig. 1 Seismicity for the studied region (1960-2021, M >4.5):
(a) distribution of epicenters and (b) hypocenters (Insti-
tuto Geofisico del Peri). Red circles correspond to shallow
events (h<100 km), green circles correspond to intermedi-
ate events (100 km <h <300 km) and blue circles correspond

to deep events (h>500 km). SAZ: Sub-Andean zone; EC:
Eastern Cordillera; WC: Western Cordillera. Lines AA’, BB’,
CC’ and DD’ correspond to the vertical cross-sections shown
in Fig. 2; (c) distribution of epicenters for earthquakes with
170 km <h <300 km
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intermediate-depth earthquakes increases, and a large
number of earthquakes occur in land parallel to the
coast. Deep seismic activity (h> 500 km, blue circles
in Fig. 1a and b) is distributed in two zones (Fig. 1a).
The first zone, on the Peru—Brazil border contains
great activity, with epicenters distributed over a
wide area in an approximately NNW—SSE direction.
In the second zone, in central Bolivia, the epicent-
ers are also more concentrated. A general overview
of the earthquake depth distribution is shown in
Fig. 1b, where the depth gap between intermediate-
depth and deep earthquakes is clearly visible. Addi-
tionally, we observe that the intermediate foci with
170<h <300 km are not uniformly distributed. In
Fig. 1c we observe that they are mostly concentrated
in three zones: Ecuador, central Peru close to the
Peru-Brazil border and southern region of Peru and
Bolivia- Chile border. This distribution agrees with
Rodkin (2022), who proposes that earthquakes occur
in a series of narrow layers whose depths are differ-
ent in the various subduction zones.

To study the depth distribution of seismicity,
four vertical cross-sections perpendicular to the
trench from north to south are shown in Figs. 1 and
2. Cross-section AA’ (Fig. la), which corresponds
to the northern region of Peru (Fig. 2a), shows shal-
low offshore earthquakes (depths less than 60 km)

between the trench and approximately 1000 km
inside the continent, with a gap between 400 and
500 km. The intermediate-depth activity starts at a
distance of 250 km from the section origin, follow-
ing a 30° slope until reaching a depth of 120 km at
a distance of 400 km, and then the earthquakes are
distributed mostly horizontally until reaching dis-
tances of 700 km. The depths increase from 120 to
180 km between distances of 700 km and 800 km,
where intermediate-depth activity stops. In this sec-
tion, no deep-depth activity is observed. Cross-sec-
tion BB’ (Fig. 1a) corresponds to the central region
of Peru, and here, the shallow-depth earthquakes
show a major concentration (Fig. 2b) at distances
between 100 and 300 km and between 500 and
700 km from the origin. The intermediate-depth
earthquakes are distributed following a 30° slope up
to distances of 900 km from the trench, with a hori-
zontal distribution between 400 and 600 km, reach-
ing a maximum depth of 200 km at the eastern end
of the section. Deep earthquakes (depths of 500 km
and 650 km) are located at distances between 850
and 1200 km and are detached from intermediate-
depth earthquakes. For the southern Peru region,
in cross-section CC’ (Fig. la), the shallow-depth
activity (Fig. 2c) is distributed from the trench
to 800 km, with a decrease in the number of

Fig. 2 Vertical cross- (a) (b)
sections (a: AA’, b: BB’, . , Profile BB'
¢: CC’, and d: DD’) with < 8 _ Profile AA z 8 ;
360 km bandwidth projec- 2 Ol A = 0 ;,.)——’_’"’/J—‘\_—’
tion for the 1960-2021 <8 g S < A TR 7
period. Red circles RS M;ﬁximf@»:g@%% RRE 1 b .
correspond to shallow € €
events (h < 100 km), £ 300 < 300
green circles correspond —
to intermediate events 600 600 ™
(100 km <h <300 km) and 300 600 900 1200 ‘ 300 600 900 1200
blue circles correspond to distance (km) distance (km)
deep events (h> 500 km).
T: trench, C: coast, AC: (C) . , (d) . ,
Andean Cordillera . Profile CC - Profile DD

£ £

< =

300 600
distance (km)

@ Springer

900 1200 300 600 900 1200

distance (km)



J Seismol

earthquakes from a distance of 500 km. The distri-
bution of intermediate-depth earthquake follows a
line from 200 to 650 km with a slope of 30°, reach-
ing a maximum depth of 300 km. This slope value
is similar to the dipping slab observed by Phillips
et al. (2012) in southern Peru, based on receiver
function and tomographic studies. They developed
a model extending from the coast to 300 km inside
inland, showing that the margin crust is underthrust
by the Brazilian Shield, which could extend beneath
the entire Altiplano. There is only one deep earth-
quake (depth of 600 km) located at a distance of
800 km from the coast. Finally, cross-section DD’
(Fig. la), located in northern Chile, shows shallow
earthquakes (Fig. 2d) between distances of 200 km
and 1200 km. The large concentration of earth-
quakes occurs at distances of approximately 300 km
to 500 km, with a clear decrease to a distance of
900 km. Another group of shallow earthquakes,
which are less numerous, is located between 900
and 1000 km. The intermediate-depth earthquakes
follow a similar alignment (slope 30°) to that of
cross-section CC’ from distances of 400 km to
900 km, reaching a maximum depth of 300 km.
The deep earthquakes are detached from the inter-
mediate-depth earthquakes and are located between
depths of 500 km and 600 km at distances from
1050 to 1150 km from the coast.

In the region under study, the distribution of earth-
quakes with depth, shown in the four cross-sections
(Figs. 1 and 2), corresponds to the geometry of the
subduction of the Nazca plate beneath the South
American continent in the studied region. At inter-
mediate depths, the subducting slab has a flat part,
which is subhorizontal at a depth of 120 km, in the
north—central regions (cross-sections AA’ and BB’)
and dips approximately 30° in the southern region
(cross-sections CC’ and DD’) due to an increase in
the curvature of the Nazca plate. The deep earth-
quakes are located in two places: the Peru—Brazil
border and central Bolivia (Fig. 1). There is a lack
of earthquakes between depths of 300 and 500 km
(cross-sections BB’ and DD’), so the two groups of
intermediate- and deep-depth earthquakes are clearly
separated by a 200 km depth interval (Fig. 2) (Cabhill
and Isacks 1992; Lindo et al. 1992; Norabuena et al.
1994; Spence et al. 1999; Tavera and Buforn 2001;
Hayes et al. 2012; Lim et al. 2018; Wagner and Okal
2019; Tavera 2023).

2 Data and methodology

For our study, we selected 25 earthquakes, 15 at
intermediate depths (100 <h<300 km) and 10 at
very deep depths (h>500 km), with magnitudes
My, between 5.9 and 8. These earthquakes occurred
between 1997 and 2021 (Table 1, Fig. 3). The data
were taken from BDSN (2014), SCSN (1926), Car-
ibbean Network (2006), GEOSCOPE (1982), GEO-
FON (1993), GTSN (1993), GSN IRIS/IDA (1986),
GSN IRIS/USGS (2014) and IMS (1965) networks.
We assume these earthquakes to be representa-
tive of the intermediate- and deep-depth seismicity
in the region. The selected earthquakes follow two
approximately NNW—SSE alignments: one inside the
continent and one parallel to the coast. The interme-
diate-depth earthquakes are closer to the coast and
form two groups: a northern group with epicenters
in northern Peru and Ecuador and a southern group
with epicenters in southern Peru, western Bolivia
and northern Chile. The deep earthquakes are farther
from the coast and concentrated in the Peru—Brazil
border area and farther south in Bolivia.

The data that were used are seismograms recorded
at epicentral distances of 30°- 90° and were retrieved
from the Incorporated Research Institutions for
Seismology (IRIS Data Manager Center, http://ds.
iris.edu/wilber3/find_event), deconvolved with the
instrument response, converted to ground displace-
ment, and then filtered using a Butterworth bandpass
filter between 0.01 and 1 Hz to eliminate the low
frequencies introduced after the integration process.
The high frequencies present in some records are
due to noise and have not been modeled. The Earth
model that was used corresponds to the IASPEI91
model (Kennett and Engdahl 1991).

We first estimated the following source param-
eters: fault plane orientation, focal depth, scalar
seismic moment, rupture velocity, maximum slip,
rupture area, source time function (STF), and stress
drop. These parameters have been obtained from the
slip inversion over the fault plane of teleseismic body
waves (Kikuchi and Kanamori 1991) with Green’s
functions generated using the IASPEI91 Earth model.

We used a two-step procedure. In the first step,
a kinematic point source model was used to obtain
the fault plane orientation and focal depth from the
inversion of the body waves. Several inversions
were carried out using different depth ranges. In the
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Table 1 Intermediate and

event date time (UTC) longitude (°) latitude (°) h (km) Mw

deep depth earthquakes

used in this study (IRIS 1 2021-11-28 10:52:14 76.811 -04.453 126 75

database) 2 2019-05-26  07:41:15 75.278 -05.813 122 8.0
3 2018-11-01 22:19:51 -69.266 -19.583 106 6.2
4 2018-01-21 01:06:42 -69.445 -18.881 117 6.3
5 2017-01-02 13:13:48 -76.368 -04.895 111 5.9
6 2016-09-10 10:08:20 -76.954 -05.573 122 6.1
7 2015-03-23  04:51:38 -69.166 -18.353 131 6.4
8 2012-11-10 14:57:50 75.071 -08.866 124 6.0
9 2012-08-02  09:38:30 74.259 08.414 150 6.0
10 2012-06-07 16:03:18 72413 -15.877 108 6.1
11 2012-05-14 10:00:40 -69.591 -17.678 110 6.3
12 2011-08-24 17:46:11 -74.530 -07.640 150 7.0
13 2011-03-06 12:31:59 -69.360 -18.020 112 6.2
14 2010-08-12 11:54:15 77310 -01.270 208 7.1
15 2010-05-23 22:46:51 74432 -14.000 103 6.1
16 2018-08-24  09:04:08 -70.828 -11.035 625 7.0
17 2016-12-18 13:30:10 -70.970 09.974 636 6.5
18 2015-11-26  05:45:18 71.257 -09.182 611 6.7
19 2015-11-24  22:45:38 -70.944 -10.537 619 75
20 2011-11-22 18:48:16 -65.090 -15.360 568 6.6
21 2010-05-24 16:18:29 -71.560 -08.090 581 6.4
22 2007-07-21 13:27:04 -71.270 -08.130 637 6.0
23 2003-06-20  06:19:38 -71.720 -07.610 562 7.0
24 2002-10-12  20:09:11 -71.740 -08.300 534 6.9
25 1997-11-28 22:53:41 -68.790 -13.740 615 6.7

second step, we used an extended source at a fixed
depth corresponding to the best result obtained in
the first step. The rupture area is estimated from the
inversion of the observed body waves. We divided
the fault plane into a square grid using a grid with
cell sizes that varied from 6 X6 km to 20X 20 km,
depending on the earthquake magnitude. To esti-
mate the rupture velocity, we carried out the inver-
sion with different values within an interval that
covered a wide range, from 2.5 km/s to 3.5 km/s for
intermediate-depth earthquakes and from 2.5 km/s
to 4.5 km/s for deep earthquakes, with increments
of 0.5 km/s. For each rupture velocity value, we
analyzed the slip distribution, the shape and dura-
tion of the STF and the adjustment between the
observed and theoretical waveforms. The final
rupture velocity value corresponds to the mini-
mum variance value in this adjustment. This rup-
ture velocity value is then used to determine the
effective rupture area. In this determination, we
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considered only the subfaults with seismic moments
greater than or equal to 0.1 times the maximum sca-
lar seismic moment. Other authors took this factor
to be between 0.1 to 0.2 (Lay et al. 2013; Ye et al.
2013, 2016a).

The slip distribution was estimated for each
earthquake for the two planes. The average static
stress drop was calculated using the relationship
between the seismic moment (M) and fault area

S). Ac= %<£)3/2

TR given by Kanamori and

Anderson (1975).

We estimated the radiated seismic energy (Eg)
from the velocity spectrum using the single-station
method (Boatwrigth and Choy, 1986; Venkatara-
man and Kanamori, 2004; Poli and Prieto 2016). The
spectra were computed for the direct P-waves used to
obtain focal mechanisms (Supplementary Material).
We removed the instrument response to obtain the
velocity spectra from 0.01 to 1.5 Hz. Each spectrum
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Fig. 3 Epicentral loca- 0°
tions of the 15 interme-

diate-depth earthquakes

(100 km <h <300 km,

triangles) and the 10 deep

earthquakes (h > 500 km, 4°S
squares) in this study (taken

from IRIS)

8°S

12°S

Brazil

16°s 1 A intermediate

m deep

20°S

was corrected for geometrical spreading, attenuation
(t* =0.3, Poli and Prieto 2016), the free surface effect,
and the radiation pattern of each station according to
the estimated focal mechanism. Finally, we obtained
the apparent stress using the relation o, = uEg/M,,
considering the change of the shear modulus y with
the depth as a linear function. The results for inter-
mediate-depth and deep earthquakes are given in
Tables 2 and 3, respectively.

As an example of the procedure that was used, the
best results of the inversion for intermediate-depth
event 14 (Table 1 and Fig. 3) are shown in Fig. 4. At
the top of the figure, the values of the obtained scalar
seismic moment (My=5.59 X 10'° Nm), the moment
magnitude (My,=7.1), the focal depth (h=212 km)
and the rupture velocity (v,=2.5 km/s) are presented.
In the center, (a) the root mean square error (rms)
between the observed and synthetic waveforms (for
the point source model) versus depth shows the min-
imum at h=212 km, and (b) the chosen fault plane
solution, which corresponds to the minimum rms,
is presented along with the observations used in the

Bolivia

Pacific Ocean

76°W 72°W 68°W 64°W 60°W

inversion. The fault plane solution corresponds to
a nearly horizontal plane (156°, 16°, and -67°) and
a nearly vertical plane (313°, 75°, and -97°). On the
right (c), the source time function (STF) is shown
with a duration of 11 s, which was obtained using
the extended source model (the second step), with
a fixed rupture velocity of 2.5 km/s and a depth of
212 km. Finally, at the bottom (d), we show the slip
distribution over the rupture plane for the horizontal
plane with an effective rupture area of 904 km? and a
radius of 17 km for a circular fault, together with the
value of the maximum slip of 2.16 m. A stress drop of
5.0 MPa and 1.8x 10" J of radiated seismic energy
were obtained. The slip distribution for the vertical
plane is provided in Supplementary Material.

3 Results for intermediate-depth earthquakes
Following the above-described procedure, we deter-

mined the source and rupture parameters of 15 inter-
mediate-depth earthquakes (Table 2 and Fig. 5). In
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Table 3 Focal parameters for deep-depth earthquakes

Au,, (m) S(km? Ac(MPa) STFduration(s) Eg () o,(MPa)

v, (km/s)

strike/dip/slip (°)

Mw  h (km)

M, (x 10'° Nm)

Date

Event

3.0
2.4
1.2

2.3

1.0x 10"

13.0
8.0
8.0

4.4

802
803

1.07
0.08
0.14

3.0

35
2.5

149.0/55.0/-94.0
2.5

655
645

7.0
6.3

4.12
0.40
1.00

2018-08-24
2016-12-18

16

17

8.0x10"
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the Supplementary Material, the results obtained
from the slip inversion are given for each event, along
with the fit of the observed and synthetic seismo-
grams (Fig. S1-S15). For each earthquake, two solu-
tions are shown (a and b), giving the slip distribution
for each of the two planes of the fault plane solution.
In Fig. 5, a summary of these results is represented
on a map showing the fault plane solution, the STF
and the slip distribution over the rupture plane for
each earthquake. To choose the rupture plane from
the two possible planes obtained in the inversion (see
Supplementary Material; the chosen planes corre-
spond to solution a), we considered the slip distribu-
tion and preferred the solution that has fewer asperi-
ties. This choice is based on the observation that for
these events the waveforms are generally very simple
within the selected frequency range.

Geographically, earthquakes can be divided
into two groups. In the northern area (0° to 12°S),
events 1, 2, 5, 6, 8, 9, 12, and 14 take place, while
in the southern area (12°S to 20°S), events 3, 4, 7,
10, 11, 13 and 15 occur. Moment magnitudes vary
from 6.0 to 6.5 (Table 2), except for the four larger
events, namely, events 2 (My,=8.0), 1 (My=7.5), 12
My ="7.1) and 14 (My,=7.1), which are all located
in the northern group. The focal depths obtained
for all the earthquakes (Table 2) are similar to those
given by IRIS (Table 1), with differences of less than
6 km. The only exceptions are for event 2 (145 km in
our solution versus 122 km in IRIS) and for event 13
(127 km in our solution versus 112 km in IRIS).

The earthquakes in the northern area have very
similar focal mechanism solutions (Fig. 5, Table 2),
corresponding to normal faulting, with planes ori-
ented nearly N—S and dipping approximately 45°
and T axes horizontal in nearly an E—W orienta-
tion (P axes are nearly vertical). The only excep-
tion is event 14, the most northern event, which has
dip-slip motion on an almost vertical plane in the
NNW-—SSE direction, T and P axes dipping 45°, T
oriented NE and P oriented SW. The rupture areas
are between 450 km? and 786 km?, and the maxi-
mum slip varies from 0.07 to 2.67 m, depending
on the magnitude of the earthquakes. The rup-
ture velocity used is 3 km/s, except for events 12
and 14, which have 2.5 km/s. The STFs duration
ranges from 4 to 10 s, except for the four largest
magnitude events, which have longer durations:
2 (66 s), 1 (25 s), 12 (11 s) and 14 (11 s). These
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Fig. 4 Source parameters obtained for intermediate-depth
event 14 (Table 1 and 2): (a) rms between the observed and
synthetic waveforms (point source model) versus depth;

four earthquakes also have the largest rupture areas
and radiated energy: 2 (19,340 km* 4.7x10'° ), 1
(5095 km?, 1.9x 10" J), 12 (1157 km?, 1.4x 10" J)
and 14 (904 km?, 1.8x 10" J). The shapes of the
STFs are similar and simple, except for event 2.

As shown in Fig. 5 and Table 2, the earthquakes in
the southern area have similar focal mechanisms, with
a vertical plane in the N—S direction and the other
plane that is nearly horizontal, except for event 15,
with the planes dipping approximately 45°. Events 3,
4,7, and 13 have T axes dipping 28°-35° to the east,
while for events 10 and 11, the mechanism is similar
but with the vertical plane oriented NW—SE for event
10 and NE—SW for event 11. Event 15 has dip-slip
faulting, with planes oriented NNW—SSE and dipping
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(b) fault plane solution; (c¢) source time function (extended
source); and (d) rupture area and slip distribution over the rup-
ture plane

45°. The largest effective rupture areas correspond to
events 10, 5 and 7 (1144 km?, 1129 km?” and 1106 km?,
respectively). Event 13 has an area of 766 km?, and
events 3, 4 and 11 have similar areas, i.e., 340 km?, 394
km? and 393 km?, respectively. In relation to the radi-
ated energy, the largest values correspond to events 7
and 11, with 1.7x 10" J and 2.9%x 10 7J, respectively.
For events 11, 13, 7, 4 and 3, located in northern Chile,
Cabrera et al. (2021) obtained a slip distribution simi-
lar to that obtained in our study but with considerably
smaller dimensions and using rupture velocities lower
than 2.5 km/s. The STFs are simple with a short dura-
tion (less than 10 s), except for event 13, which has a
complex duration, and events 7 and 15, which have
longer durations (11 s).
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Fig. 5 Fault plane solutions, STFs, and slip distribution obtained for the 15 selected intermediate-depth earthquakes

A particular case, given the complexity of the slip
distribution and the largest STF among the studied
earthquakes, is event 2 (My,=8) at a depth of 145 km
(Fig. 6 and Fig. S2a and b). The complex slip distribu-
tion for the vertically marked plane corresponds to an
asymmetric bilateral rupture with three asperities, two
of which are close in the northern part and the other in
the southern part, with a maximum slip of 2.7 m and a
rupture velocity of 3 km/s. The rupture starts close to
the hypocenter and propagates along the rupture plane

to the SSE. The second subevent occurs 10 s later,
starting a bilateral rupture that also propagates to the
NNE and extends along the width of the rupture plane
with a larger release of energy. The third subevent
(interval of 30-50 s) occurs 30 s after the beginning of
the rupture, with the largest amount of energy released
in a bilateral propagation extending along the width
of the rupture plane. Finally, at 50 s, the propagation
to the south stops, and only a small amount of energy
propagating to the NNE is observed. This process is
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shown by the complex STF, with a duration of 70 s,
corresponding to the different episodes of energy
release, with three main pulses. For the horizontal
plane, the distribution is similar (Fig. S2b). This result
is similar to those obtained for this earthquake by other
authors. Ye et al. (2020) reported a complex slip dis-
tribution with three patches, the rupture propagating
northward at 3 km/s, and an STF duration of 66 s. Hu
et al. (2021), indicated a rupture with a higher rupture
velocity (4 km/s) in several episodes, beginning down-
dip and eastward, following northward and then a bilat-
eral rupture episode propagating both northward and
southward and concluding with a unilateral northward
rupture episode Liu and Yao (2020)proposed a rupture
that is mainly unilaterally N—NW, with three high-slip
areas, a lower STF duration (55 s), an average rupture
velocity of 2.7 km/s and a maximum slip of 2 m.

4 Results for deep earthquakes

Of the selected 10 deep earthquakes (numbers 16
to 25) eight (16, 17, 18, 19, 21, 22, 23, and 24) are
located at the Peru—Brazil border (PBB) and two
(20 and 25) are located in Bolivia (Fig. 7), and their
depths range from 545 to 655 km. The criteria used to
choose the rupture plane are the same as those used
for intermediate-depth earthquakes (Supplementary
Material, solution a). Our depths (Table 3) are similar
to those given by IRIS (differences of less than 10 km,
Table 1), except for events 16 and 22 (with differences
between 18 and 30 km). The moment magnitudes for
the largest three are 19 My, =7.4), 16 (My,=7.0) and
23 (My=7.4), and the rest range between 6.3 and
6.6. A summary of the rupture parameters (fault plane
solution, source time functions and slip distributions
over the fault area) for these events is shown in Fig. 7
and Table 3 (the details of the results for each event
are shown in Supplementary Material).

The nine events located at the PBB have the same
focal mechanisms as those of normal dip-slip motion
with planes oriented in the nearly N-S direction, dip-
ping approximately 45° (Fig. 7) and with a nearly hor-
izontal T axis in the E—W direction and a vertical P
axis. Two earthquakes (25 and 20) (Fig. 7) are located
in Bolivia to the south of the PBB group. Their focal
mechanisms are different, showing dip-slip motion
with a nearly vertical plane oriented in the NW—SE
direction; the other plane is nearly horizontal, and the

P and T axes dip approximately 45° in the NE—SW
direction.

The effective rupture areas vary from 222 km?
(event 22, My, 6.0) to 4683 km? (event 23, My 7)
(Fig. 7, Table 3). The slip distributions have a sin-
gle asperity, except for events 24 and 16, which have
two asperities. The maximum slips vary from 0.08 m
(events 18 and 21, My, 6.6 and 6.3) to 1.07 m (event
16, My, 7). For earthquakes 17, 18, 20, 21, 22, and
25, the STFs correspond to single ruptures with very
simple and narrow short durations, ranging from
2 to 10 s. Events 16, 19, and 23 have wider pulses
of approximately 15 s to 20 s. The radiated seismic
energy ranges from 3.0x10' J to 3.0x10% T for
event 21 and event 19, respectively.

Event 24 (M, =6.6) at a depth of 545 km is a spe-
cial case for deep earthquakes because it presents a
complex rupture formed by three subevents with
similar time durations (Fig. 8). For the plane dipping
48° in the NNW direction, the first subevent (dura-
tion of 3 s) starts at a depth of 545 km, with the rup-
ture propagating downward. The rupture stops, and
the second subevent (with a 3 s duration) starts 6 s
later and propagates downward, but now in the SSE
direction. The rupture stops again, and 3 s later starts
again, with a larger duration (5 s) propagating down-
ward toward the SSE. Most of the energy is released
in the second subevent. The process is shown by the
complex STF with three pulses and a total duration of
30 s (Fig. 8). This result agrees with those obtained
by previous researchers (Houston et al. 1998; Persh
and Houston 2004; Tocheport et al. 2007), who
found that earthquakes between depths of 350 km
and 550 km have more complex STFs. For the other
plane, the slip distribution is similar (Fig. S15- S25).

Let’s now consider the 24 November 2015 earth-
quake doublet, which consists of two deep events
that occurring 316 s and 55 km apart. In this work,
we have studied the first one (event 19) obtaining a
depth equal to 625 km, a magnitude My =7.4 and
a normal faulting mechanism with nodal planes in
NS direction. We preferred the nodal plane dipping
toward the west (strike 158.6°), with a propagating
rupture velocity of 2.5 km/s, rupture duration 17.5 s
and stress drop 2.5 MPa. The calculated radiated
energy is equal to 3.0 10 J. Ye et al. (2016b) also
preferred this nodal plane because of the directivity
effect observed at stations in the southern Pacific.
They obtained a similar stress drop value (2.3 MPa)
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Fig. 7 Fault plane solutions, STFs, and slip distributions obtained for the 10 selected deep earthquakes

and radiated energy (4.2x10' J), but a higher rup-
ture propagation speed (4.5 km/s). Zahradnik et al.
(2017) also preferred the same plane from the tec-
tonic context and rupture speeds of 2-3 km/s. Ruiz
et al. (2017) also choose the plane dipping westward
and obtained similar rupture velocity (2.25 km/s)
and radiated energy (3.2 10'° J), but a higher stress
drop (8.4 MPa). Jiménez et al. (2021) showed similar
results to our work but a higher focal depth (655 km)
and STF duration (20 s).
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5 Relation between source parameters and focal
depth

The nature and origin of intermediate-depth and
deep-depth earthquakes in subduction zones are sub-
ject to different explanations. Some authors propose
that the same mechanism, such as plastic instability
instead of brittle failure, could explain the origin of
both types (Roberts and Turcotte 2000), while oth-
ers propose that deep earthquakes could differ from
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intermediate-depth earthquakes because of the ris-
ing pressure and temperature with depth. In this case,
for intermediate-depth earthquakes, models have
been proposed based on dehydration embrittlement
of the subducting slab (Hacker et al. 2003; Okazaki
and Hirth 2016) or viscous shear heating instabili-
ties (John et al. 2009; Prieto et al. 2013), while for
deep earthquakes, explanations have been proposed in
terms of transformational faulting triggered by meta-
stable olivine transforming to spinel (Green 2007),
thermal instability (Kanamori et al.1998; Karato et al.
2001) or dehydration embrittlement (Omori et al.
2004). On the other hand, Rodkin (2022) proposed
that the dominant factor of generation of the inter-
mediate-depth earthquakes (with depths since 30-50
until 100-120 km) is high-pressure fluid, while the
origin of the of the deeper earthquakes is related with
solid-state phase transformations.

Previous works analyzed the values of the source
parameters for intermediate-depth and deep-depth
earthquakes, seeking differences in their genera-
tion processes. The STF’s duration, stress drop, and
radiated energy are usually compared. For instance,
Tocheport et al. (2007) determined the source time
function (STF) and moment tensor of intermedi-
ate-depth and deep earthquakes of worldwide and
found that the scaled STF duration decreases with
depth (about 9 s at intermediate depths while it is
about 6 s for very deep earthquakes). Furthermore,
they showed that the deepest events present sys-
tematically the simplest shapes, with greater com-
plexity observed in the depth range 350 to 550 km.
However, in relation to the radiated energy (Ep) and
seismic moment (M) no variation with depth was
observed in the Ep/M, versus M, relationship. In
contrast, Vallée (2013) analyzing the SCARDEC
STF database, found that deeper earthquakes have
a larger stress drop, which is attributed to the rigid-
ity increase in the Earth. This implies that the strain
drop remains constant, suggesting that a simple
mechanism could be responsible for all earthquakes.
On the other hand, Poli and Prieto (2016) estimated
stress drop, apparent stress, and radiation efficiency
from rupture duration and radiated energy for deep
and intermediate-depth earthquakes in various sub-
duction zones. They concluded that stress drop is
mostly independent of depth but, apparent stress
increases with depth. Additionally, there is an aver-
age increment of radiation efficiency with depth.
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The source parameters we determined for inter-
mediate-depth and deep earthquakes can provide
relevant information regarding their differences and
the relationship between them. First, fault plane solu-
tions are all very similar. For intermediate-depth
earthquakes, there are two types of mechanisms:
dip-slip normal faulting with planes in the approxi-
mately N—S direction and dipping approximately 45°
degrees and dip-slip vertical faulting in the approxi-
mately N—S direction, mainly in the southern part.
Both have mostly horizontal T axes in the east—west
direction and vertical P axes. For deep earthquakes,
except earthquakes 25 and 20, which have dip-slip
vertical faulting, all earthquakes also have a mecha-
nism of normal faulting similar to that of intermedi-
ate-depth earthquakes. Their relationship with the
tectonic setting of the subduction zone in the region
will be explained later.

Figure 9 shows the relationship between the
obtained parameters a) effective rupture area (S), b)
maximum slip (Au max), ¢) duration of source time
function (STF), and d) radiated energy (Ep) with sca-
lar seismic moment (M;). As expected, in all cases,
the values of the parameters increase with the earth-
quakes size given by M,,. Also, Fig. 9 shows no dif-
ference between the relationship of the parameter val-
ues between intermediate-depth (triangles) and deep
(squares) earthquakes.

The effective rupture areas of the intermediate-
depth earthquakes range between 340 km? and 19,340
km?, corresponding to magnitudes between 6 and 8,
while those of deep-depth earthquakes range between
222 km? and 4683 km?, corresponding to magnitudes
between 6.0 and 7.4 (Tables 2 and 3). In Fig. 9a,
we show the effective rupture area versus the scalar
seismic moment with the corresponding stress drop
values. We observe that the stress drop values are
approximately the same for intermediate-depth and
deep earthquakes, which is in agreement with the
results shown by Poli and Prieto (2016). Most values
are in the range of 0.3 to 1.5 MPa, and the highest
values correspond to two intermediate-depth events,
14 (5.0 MPa) and 12 (3.6 MPa), and deep event 16
(4.4 MPa) (Tables 2 and 3). These earthquakes are the
deepest among the intermediate-depth events in each
case (h=155 and 212 km) and some of the deepest
among the deep events (655 km).

To compensate for the effect of the size, we divided
the rupture areas by the seismic moment and represented
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intermediate-depth and deep earthquakes: (a) Effective rupture
area with corresponding stress drop values, (b) maximum slip,

the resulting values versus depth (Fig. 10). The values
for intermediate-depth earthquakes are slightly higher
than those for deep-depth earthquakes, as shown by the
mean values (Fig. 10, dotted line) for the two groups:
20+04)x10" m/N and (1.3+03)x107° m/N
for intermediate-depth and deep-depth earthquakes,
respectively. For intermediate-depth earthquakes, the
lowest values (approximately 2x 107! m/N) corre-
spond to events with magnitude My, >7.1, located in
the northern region (latitudes from 0° to 10°S), where
there is flat subduction. For deep-depth earthquakes,
the lowest values correspond to events with magnitude
My, >7.0 located in the Peru- Brazil border. Therefore,
we can conclude that for intermediate-depth and deep-
depth earthquakes of similar size, the rupture areas are

10" 10%° 10%!
My (Nxm)

(c) STF duration and (d) radiated energy E; The black lines
correspond to the resulting fits

approximately the same, with some higher values for
intermediate-depth earthquakes.

The values of maximum slip (Au,,,) for inter-
mediate-depth earthquakes vary from 0.07 m to
2.71 m, corresponding to magnitudes between 6 and
8, and for deep-depth earthquakes, they vary between
0.08 m and 1.07 m, corresponding to magnitudes
between 6.3 and 7 (Tables 2 and 3). In Fig. 9b, where
these values are represented against the scalar seismic
moment, one can observe again no significant differ-
ence between intermediate-depth and deep events. For
both types of earthquakes, an increase in maximum
slip with size is observed, as shown (black line in
Fig. 9b) by the relationship Au,,,, = 107'#2)>3008
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Considering Au,,,/M,, the values for intermedi-
ate-depth earthquakes are slightly larger than those
for deep-depth earthquakes, as shown by the mean
values (Fig. 11, dotted lines) for the two groups:
(6+1)x102° N7! and (2.5+0.7)x102° N~! for
intermediate- and deep-depth earthquakes, respec-
tively. This result is similar to that found for rup-
ture areas. For the intermediate-depth earthquakes,
the events with greatest magnitude (event 1 and 2,
My, =7.5 and 8.0 respectively) show the largest dis-
persion. The slip distributions over the rupture plane
(Figs. 5 and 7 and Fig. S1-S25) show that for both
types of earthquakes, the ruptures correspond in most
cases to a single asperity, except for complex events
2 and 24 (in agreement with their complex STFs), as
mentioned earlier.

The STFs of most intermediate- and deep-depth
earthquakes in our study show a single and nar-
row pulse (Figs. 5 and 7 and Supplementary Mate-
rial), with the seismic energy released very quickly

Fig. 11 Maximum slip
over scalar seismic moment

versus focal depth. Dotted _1.x10™"°
lines are the mean values ‘TZ 20
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(STF durations less than or equal to 25 s). In addi-
tion, we analyzed the relationship between STF dura-
tion and scalar seismic moment (Tables 2 and 3).
We observed a linear relationship between the loga-
rithm of STF duration and the logarithm of M, for
intermediate-depth and deep earthquakes (black
line in Fig. 9c), resulting in the following equation:
STF duration = 10_4'610'7M8'29i0'04. Therefore, the
time duration scales as the cube root of the moment, as
has already been shown by several studies (Kanamori
and Anderson 1975; Campus and Das 2000; Houston
2001; Persh and Houston 2004; Ye et al. 2016b).

The STF duration divided by M,, is plotted versus
depth (Fig. 12), showing a mean value for interme-
diate-depth earthquakes that is slightly higher than
that for deep-depth earthquakes: (1.94+0.4)x 1078 s/
Nm and (1.5+0.4)x10"® s/Nm for intermediate
and deep-depth earthquakes, respectively. In this
case, there is a difference between the two types of
earthquakes with slightly longer time durations for
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intermediate-depth earthquakes. Four of them (events
1, 2, 12 and 14) with the largest magnitudes (7.5,
8.0, 7.1, and 7.1, respectively) have the lowest val-
ues; they are located in the northern part where the
subducting slab is flat. The STFs of the intermedi-
ate-depth events (Fig. 5), located in the central and
southern areas (12°S to 20°S), show that initially,
only a small amount of energy is released, followed
by, the main release (events 15, 10, 11, 13, 7 and 3).
This situation is not observed for deep earthquakes.
As mentioned earlier, special cases are earthquakes 2
and 25, with complex STFs. For deep-depth event 19,
the STF presents two pulses and a duration of 17.5 s
(Fig. 7), consistent with findings by Ye et al. (2016b),
Zahradnik et al. (2017), and Ruiz et al. (2017).

To carry out a comparison between the STFs of
intermediate-depth and deep-depth earthquakes,
we scaled the STF functions to a common size fol-
lowing the procedure of Houston et al. (1998). We
normalized the STF of each earthquake for time and
amplitude using the scalar seismic moment reference
(My,ep) of 10" Nm, and then the average STF was
estimated by multiplying the time axis by ( */,, ) /s
and the amplitude axis by ( "=/, ) "+ for each earth-
quake (Kanamori and Anderson 1975). In Fig. 13, the
scaled average STF for intermediate-depth (blue) and
deep (red) events are shown. We see that although
the duration is approximately the same for both types
of events, the deep earthquakes (red curve) have a
sharper increase in moments than the intermediate-
depth earthquakes (blue curve). In the same Fig. 13,
both average STF curves have two peaks. For deep
events, the peaks are very close (at 4 s and 5 s) with
similar amplitudes (1.8x10'"® Nm and 1.7x10'
Nm), while for intermediate-depth earthquakes, the

peaks are more separated (at 5 s and 9 s), and their
amplitudes differ greatly; the first peak is larger than
the second (1.8)(1018 versus 1.0x 10'® Nm). Event
24 (h=545 km) was omitted from this calculation
due to its STF complexity and larger moment at
release (Fig. S24a).

Figure 13 shows that for the earthquakes in our
study in the Peru-Bolivia-northern Chile region, both
at intermediate-depth (100-300 km) and very deep
(550-700 km) events have similar STFs displaying
a certain complexity with two peaks. The peaks are
very close in time and have similar amplitudes for
the deep events, whereas there are somewhat larger
differences in time and amplitudes for intermediate-
depth events. These results are compatible with those
obtained by Houston et al. (1998). In our study, we
analyzed deeper earthquakes (between 562 and
636 km) using only one event (event 24 at 545 km)
within the range of 350-550 km, where Houston et al.
(1998) found greater complexity in the STF. This
issue warrants further investigation in future studies.

The estimated Ep values (Tables 2 and 3) are in
agreement with those obtained by IRIS (https://doi.
org/10.17611/DP/EQE.1.) and other authors (Ye et al.
2016b; 2020; Ruiz et al. 2017), except for the inter-
mediate-depth event 1, i.e., 1.9%10™ J in our study
versus 2.6x 10'° J obtained by IRIS (https://doi.org/
10.17611/DP/19633278). In Fig. 9d, we observe a
linear relationship between the logarithm of E; and
the logarithm of M,, for intermediate-depth and deep
earthquakes. The resulting fit (black line in Fig. 9d) is
E, = 10—8¢2M(1).24_r0.1.

Figure 14 shows the Ex/M, (scaled energy) ver-
sus depth. The intermediate-depth earthquakes indi-
cate large dispersion, with values from 0.1x 107 to

Fig. 12 Duration of the 1.x10"7F
STF over the scalar seismic 5. 10-18f
moment versus focal depth. '
Dotted lines are the mean
values for intermediate- g -~
S Z 1.x10"8L
depth and deep earthquakes '
S 5.x10"9F
i
=
(2]
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5.x10720F
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Fig. 13 Scaled average
STF for intermediate-depth
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7107, while for the deep events, the ratio is higher,
with values from 7x107> to 6x107™*. The average
value of the scaled energy is slightly larger for deep
events ((2.7 +0.6) x 107) than for intermediate events
((1.940.5)x 107). This result agrees with Poli and
Prieto (2016) who found that deep earthquakes tend
to be more efficient than the intermediate-depth
earthquakes for the same subduction zone. However,
as we cited previously, Tocheport et al. (2007) did not
observe any variation in the scaled energy with depth.

Newman and Okal (1998) defined the energy-to-
moment ratio factor 0 as the logarithm of the scaled
energy, which can identify source characteristics
such as how slow or fast the rupture was. Convers
and Newman (2011) obtained 6=-4.51 for events

Time (s)

with a normal focal mechanism and 6=-4.74 for
thrust events. In this work, from the average scaled
energy, we obtained 6=-4.7+0.3 for intermediate-
and 0=-4.6+0.2 for deep-depth events, which is not
a significant difference. The apparent stress increases
with depth, ranging from 0.1 to 4.4 MPa for interme-
diate earthquakes and from 0.7 to 7.6 MPa for deep
events, with average values of 1.2+0.3 MPa and
3.2+0.7 MPa for intermediate and deep-depth earth-
quakes, respectively, which are in agreement with
other authors (Poli and Prieto 2016).

Therefore, we observe differences in some rupture
parameters between intermediate-depth and deep-
depth earthquakes. The values of the effective rup-
ture area, maximum slip and STF duration divided

Fig. 14 Scaled radiated
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by the seismic moment for intermediate events are
slightly larger than those for deep events, while the
mean scaled energy is larger for deep earthquakes.
This suggests a faster rupture process for deep events
(Newman and Okal 1998; Convers and Newman
2011). Besides, the apparent stress also increases
with depth in agreement with Liu et al. (2020), who
obtained higher stress drop for deep-depth earth-
quakes than for shallow ones. They also observed
wide variation, suggesting various mechanisms pro-
ducing them. The differences found in our work may
be related to a dependence of the rupture process on
depth in the PBBNC region.

For deep depth earthquakes, a pure brittle rupture
model seems to be unlikely due to the pressure and
temperature conditions. Nevertheless, seismic obser-
vations indicate that the rupture process for shallow
and deep earthquakes is similar despite different
failure mechanisms and physical conditions (Billen
2020). Due to the complexity of deep earthquakes,
there is no consensus on the best physical mecha-
nism to explain their origin; even a dual-mechanism
has been proposed (Zhan 2019). In this work, we
obtained low values of stress drop for deep events
that could be compatible with phase transforma-
tion mechanism (Zhan et al. 2014; Liu et al. 2020).
Nevertheless, Zahradnik et al. (2017) by interpreting
the seismic observations of the November 24, 2015,
doublet that occurred in the Peru-Brazil region, con-
cluded that a high-pressure variant of the dehydra-
tion embrittlement hypothesis was the most likely
seismogenic mechanism. On the other hand, Billen
(2020) asserted that the large gap in seismicity in
the region (between 300 km -500 km) is inconsistent
with any mechanism that is primarily controlled by
temperature.

For intermediate- depth events the situation is sim-
ilar and the dehydration embrittlement mechanism
has been widely used to explain their origin (Hacker
et al. 2003; Okazaki and Hirth 2016). In particular,
for the Peru region, a relationship with the morphol-
ogy of the slab has also been proposed (Lemoine
et al. 2002; Liu and Yao 2020).

In our work, the stress drop values are similar
for both intermediate and deep earthquakes, which
agrees with Vallée (2013) and Poli and Prieto (2016).
However, it is important to note that these estimations
depend upon the assumed source model and may be
subject to large uncertainties.

6 Source parameters and tectonic setting
of the subduction zone

Tectonically, the intermediate-depth and deep-depth
earthquakes, for which we have determined their
source parameters, correspond to the northern part of
the subduction of the Nazca plate beneath the South
American plate. The tectonics of this region have
been the object of numerous studies (for example:
Dewey and Lamb 1992; Jaillard et al. 2000; Gutscher
et al. 2000; Engdahl et al. 2020; Tavera et al. 2021).
As already mentioned, there is a lack of earthquakes
between depths of 300 and 500 km. At those depths,
the subducting plate is either inactive or not present
(Barcheck et al. 2012). According to Wortel (1984),
the subducting Nazca plate is discontinuous, but for
James and Snoke (1990), the plate is continuous, and
the absence of earthquakes between depths of 300
and 500 km is due to a phase transition of the mate-
rials from brittle to ductile due to thermal variations
within the subducting plate.

The parameters more directly related to the tectonic
conditions are the focal mechanism orientations. Fig-
ure 15 shows the horizontal component of the T axes
for both intermediate-depth and deep earthquakes. In
the northern part (from 0° to 12°S), the stress pattern
generally corresponds to an E—W horizontal exten-
sion, with the tensional axis perpendicular to the
trench, indicating that the likely mechanism for defor-
mation is slab pull according with previous studies of
this subduction zone (Cahill and Isacks 1992; Slancova
et al. 2000; Brudzinski and Chen 2005). South of 12°S,
the T axes are not horizontal but dip between 30° and
53°. A small change in the horizontal orientation of the
T axis may be observed from NE—SW in the northern
part to E—W in the southern part. The observed differ-
ences in the T axis orientation agree with the geom-
etry of the subduction zone. The horizontal extension
observed for the intermediate-depth earthquakes in the
northern part corresponds to the flat part of the sub-
ducting plate (Figs. 2a and 2b). In the southern part,
the T axes of intermediate earthquakes dip approxi-
mately 30°, which is in agreement with the slope of
the subducting slab. For this southern part, Bloch et al.
(2018) correlated the increase in event rate of M>7
intermediate-depth earthquakes with the increase in
the absolute slab pull component of the stress field.

In Fig. 16, we show the general geometry of the
subduction zone in the region and the results of the
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Fig. 15 Map showing the
orientation of the horizontal
projection of the tension
axes
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orientation of the stresses at intermediate and deep
depths obtained in this study. To the north, to 12°S,
the Nazca plate dips to the east under the American
plate and changes into a flat slab at a depth of 100 km
(Barazangi and Isacks 1976; Gutscher et al. 2000;
Engdahl et al. 2020; Tavera et al. 2021). The stud-
ied intermediate-depth earthquakes, located at these
latitude intervals, have occurred within this flat por-
tion of the subducted slab and have focal mechanism
solutions of normal motion with the T axis nearly
horizontal and in an E—W orientation, which is typi-
cal for the events that occur at intermediate depths
in the sub-Andean zone of Peru, showing the sub-
ducted plate being stretched outward (Tavera 2012).
Between 13°S and 16°S, there is a transition zone in
the subduction geometry, from flat to dipping 30°.
Between the horizontal profile beneath central Peru
and the 30° dipping plate in southern Peru, there is
a contortion over a 100 km wide continuous lateral
section of the subducting plate (Hasegawa and Sacks
1981). This change explains the focal mechanism of
event 10, corresponding to dip-slip motion with the T
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axis dipping approximately 40° to the east. In north-
ern Chile, between 17°S and 20°S, the subducted slab
presents a slope of 30°, and in accordance, the corre-
sponding intermediate events have a focal mechanism
with T axes dipping 28°-35° to the east approximately
parallel to the local dip of the descending Nazca
plate. Therefore, intermediate-depth earthquakes
within the descending slab have tension axes nearly
parallel to the local dip of the slab, in agreement with
Hasegawa and Sacks (1981). The complex rupture
process for some intermediate-depth earthquakes
may be explained in terms of a heterogeneous stress
pattern due to the flexed geometry of the slab in the
northern region where the slab changes from flat to
sinking (Liu and Yao 2020).

The occurrence of deep earthquakes at latitudes of
6°—16°S and at a distance greater than 800 km from the
trench may be explained by the vertical subduction of
the lower part of the Nazca plate (Schneider and Sacks
1987; Bernal and Tavera 2001; Tavera and Buforn
2001). The focal mechanisms obtained in our study for
the deep earthquakes located in the northern part have
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Fig. 16 Scheme of subduc-
tion in the region. Green
circles correspond to the
location of the studied inter-
mediate-depth earthquakes,
and blue circles correspond
to deep earthquakes. Red
arrows represent the T axes
at intermediate depth, and
black arrows represent the P
axes at deep depth 300

400 -
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a vertical pressure axis, showing vertical compression
along the subducted plate. To the south, from 14°S to
16°S, the focal mechanisms for the deep events are dif-
ferent, showing dip-slip motion with the P axis dipping
45° to the NE (Fig. 15). These deep-focus earthquakes
indicate a vertical segment of plate under axial com-
pression at depths of 550-600 km (Stauder 1975). In
conclusion, the obtained focal mechanisms agree with
the general stress regime of the subducted slab corre-
sponding to extension at intermediate depths and com-
pression at the deepest depths.

7 Conclusions

From a study of the source parameters of 15 interme-
diate-depth and 10 deep earthquakes located in the
PBBNC, we conclude the following:

— There are differences between the effective rup-
ture areas and maximum slips for intermediate-
depth and deep earthquakes, with higher values
for intermediate-depth earthquakes. For interme-
diate-depth earthquakes, the lowest values corre-
spond to events located along the flat subducting
slab. Slip distributions, except for a few cases,
correspond to simple ruptures. The STFs, in gen-
eral, are single pulses, with larger time durations
for intermediate depths and shorter durations for
deep shocks and differences in the average shapes
of the moment-scaled STFs. Values of the scaled

energy show less dispersion and higher average
values for deep earthquakes than for intermedi-
ate-depth earthquakes. The apparent stress also
increases with depth.

— Based on the mechanism of earthquakes at inter-
mediate depths, the stress regime pattern corre-
sponds to horizontal extension in the north and
extension dipping 30° in the south. At deep depths
(500-700 km), the stress regime corresponds
to vertical compression in the north and dips of
approximately 45° in the south. These results are
in agreement with the inferred geometry of the
subduction of the Nazca plate, which has a flat
part in the north, depths of approximately 100—
120 km, and dips 30° from 500-700 km. In the
south, the plate dips 30° continuously from the
surface to 700 km.

8 Data and resources

Digital data have been obtained from Incorporated
Research Institutions for Seismology (IRIS) (available
at http://ds.iris.edu/wilber3/find_event; last accessed
October 2023). Most data processing was done using
SAC2000 software (available at http:/ds.iris.edu/ds/
nodes/dmc/software/downloads/sac;  last  accessed
October 2023). Several of the plots in this paper were
made using the Generic Mapping Tools software
(Wessel and Smith 1998). The Kikuchi and Kanamori
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codes for inversion and slip distribution are available
at https://wwweic.eri.u-tokyo.ac.jp/ETAL/KIKUCHI/
(last accessed October 2023). Supplementary Mate-
rial for this article includes the results obtained from
the slip inversion for each event and for the two planes
of the fault plane solution, together with the fit of the
observed and synthetic seismograms.
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