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Summary

We study the 2020 My 6.8 Calama earthquake sequence that occurred within the subducting
oceanic Nazca plate. The mainshock is modeled via waveform inversion using a dynamic rupture
model, while detection and location techniques are used to better characterize its aftershock
sequence. We analyze the local seismotectonic and thermal context of the subducting Nazca plate
to understand the trigger mechanism of this earthquake and how it compares with other significant
earthquakes in the vicinity. The stress drop and the related dynamic rupture parameters of the
Calama mainshock are similar to those of the nearby 2007 My, 6.8 Michilla and 2015 My, 6.7 Jujuy
inslab earthquakes, which occurred to the west (trenchwards) and to the east (under the back-arc)
of the Calama earthquake, respectively. The sequences of these three events were located using a
3-D tomographic velocity model. While the Michilla earthquake sequence occurred within the
oceanic crust at temperatures of ~250°C, the Calama sequence occurred within the upper oceanic
mantle at ~350°C and exhibited a smaller aftershock productivity than Michilla. Additionally, the
3-D tomographic model shows intermediate Vp/Vs ratios (1.72—1.76) in the region of the Calama
earthquake. This indicates a less hydrated environment that would be responsible for the smaller

aftershock productivity of the Calama earthquake.

Keywords

Earthquake dynamics. Earthquake source observations. Seismicity and tectonics. Seismic

tomography.

1 Introduction
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Seismicity within the subducting oceanic Nazca plate in the central Andes occurs at a wide range
of depths and magnitudes. Inslab earthquakes in this region can be as shallow as ~40 km depth,
defining a deeper plane of seismicity aligned parallel to the plate interface in northern Chile (Bloch
et al. 2014; Sippl et al. 2018). At depths greater than 60 km, the lack of coupling on the plate
interface results in a considerable decrease of thrust earthquakes, and only inslab earthquakes
occur, defining a double seismic layer within the Nazca plate that extends to ~140 km depth
(Comte et al. 1999; Dorbath et al. 2008; Sippl et al. 2018; Florez & Prieto 2019; Lu et al. 2021).
Beyond those depths, inslab earthquakes are less frequent and more pervasively distributed within
the subducting plate. Most of the recorded My > 7.0 inslab events in the Andes subduction zone
have been deep focus earthquakes within the 550 km and 650 km depth range, including the
1921-1922 earthquakes in northern Peru (Okal & Bina 1994), the 1994 Bolivia earthquake
(Kikuchi & Kanamori 1994), and the 2015 earthquake doublets in the Peru-Brazil border (Ruiz et
al. 2017). The shallower section of the Nazca plate in the central Andes has also ruptured with
large inslab earthquakes, such as the 1950 Mg 8.0 Antofagasta and 2005 My 7.8 Tarapaca
earthquakes (Kausel & Campos 1992; Peyrat et al. 2006). Additionally, starting in 2007 and within
a period of eight years, two My > 6.5 inslab earthquakes struck at 40 km and 250 km depth along

the —23° parallel (Ruiz & Madariaga 2011; Herrera et al. 2017).

In this work, we study the rupture properties of a third inslab event that occurred along the same
—23° parallel: the 2020 Myy 6.8 Calama inslab earthquake (Figure 1). Considering the peculiar
spatiotemporal distribution of these three major inslab earthquakes, we compare their mainshock
properties and aftershock sequences, discussing them within the seismological, thermal, and

compositional context within the Nazca plate at latitude —23° in the central Andes. Our aim is to
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64  evaluate how these factors could control the mainshock and aftershock characteristics of these

65 events.
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23 67 -71° -70° -69° -68° -67° -66°
24 68  Figure 1: Seismological context of the Calama earthquake. Stars show the epicenters of the

26 69  Michilla, Calama, and Jujuy earthquakes. Their focal mechanisms from the Global Centroid
28 70  Moment Tensor (GCMT) catalog (Dziewonski et al. 1981; Ekstrom et al. 2012) are also shown.
31 71 The black dots indicate background seismicity reported by the Centro Sismologico Nacional
33 72 (CSN) and relocated by Pastén.Araya et al. (2018). CC: Coastal Cordillera, ID: Intermediate
35 73 Depression, DC: Domeyko Cordillera, SA: Salar of Atacama, VA: Volcanic arc. The red triangles

74 correspond to the main active volcanoes. Cross section A-A' runs along the —23° parallel.
75

43 76 2 The Calama earthquake sequence

46 77  The Calama mainshock occurred within the subducting Nazca plate at 123 km depth on June 3,
78  2020. Its epicenter was located at latitude —23.247° and longitude —68.53°, near the city of Calama
51 79  in northern Chile, as reported by the Centro Sismoldgico Nacional (CSN) of the Universidad de

53 80  Chile. The focal mechanism solution reported by the Global Centroid Moment Tensor (GCMT)
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catalog (Dziewonski ef al. 1981; Ekstrom et al. 2012) shows that the rupture occurred on a normal

fault (see Figure 1).

Several local strong motion and broadband seismic stations were operational at the time of the
Calama earthquake. To carry out all the analyses shown in this work, we use strong motion and
broadband waveforms from multiparametric stations of the Integrated Plate boundary Observatory
Chile network (IPOC) (GFZ & CNRS-INSU 2006) and the CSN Network (Barrientos & National
Seismological Center (CSN) Team 2018). Strong motion waveforms from the network of
earthquake-triggered accelerometers of the CSN (Barrientos & National Seismological Center

(CSN) Team 2018) are also available.

2.1 Earthquake detection and location

2.1.1 Earthquake detection using template matching

We use template matching (Gibbons & Ringdal 2006) to detect unreported earthquakes around the
Calama mainshock. This was done by analyzing continuous broadband velocity waveforms of nine
stations near the epicenter from the [IPOC and CSN networks (Figure Sla in the Supplementary
Material). We used the three components of these stations and bandpass filtered the data from 5 to
30 Hz, because this frequency range exhibits better signal-to-noise ratios (Cabrera et al., 2021).
The template events are earthquakes reported by the CSN that occurred within a defined space-
time window around the Calama earthquake. When defining a space-time window, a large window
might allow the inclusion of additional events, but also more background seismicity that may not
be related to the target sequence. By contrast. a smaller window mitigates this effect, but it is more

susceptible to miss some events (e.g., Dascher-Cousineau et al. 2020; Cabrera et al. 2021). To
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determine the size of the region enclosing the seismicity of the Calama sequence, we followed the
expression proposed by Dascher-Cousineau et al. (2020) based on the source radius estimated by
Wells & Coppersmith (1994), resulting in a radius of 21 km around the hypocenter. In terms of
time, we scanned the waveforms from one month before to one month after the mainshock
(between May 3, 2020, and July 3, 2020), since this is the maximum number of days for which the
nine stations were operating continuously. This space-time window comprises the mainshock and
26 earthquakes (Dataset S1 in the Supplementary Material), where all of them occurred after the
mainshock. The waveforms of each template event were extracted by cutting the continuous data
0.5 s before the P-wave arrival and 5 s after the S-wave arrival. Wave arrivals were estimated using
a local 1-D velocity model (Husen et al. 1999). The length of templates was defined in this way
due to the difficulty of estimating P-wave arrivals accurately, given the limitations of the 1-D
velocity model (e.g., Frank et al. 2017; Cabrera et al. 2021). To avoid detection of distant events
not related to the studied sequence, correlation coefficients between the template waveforms and
the continuous data were calculated within a sliding window that preserves the seismic moveouts
using the Fast Matched Algorithm (Beaucé et al. 2018) and a GPU-architecture. This resulted in
time series that represent the similarity of the continuous data with every single template. We used
a threshold of 12 times the median absolute deviation (MAD) of the correlation function, which
was averaged over all stations and channels to define the detection of an earthquake significantly
similar to the template. The events detected with this criterion are assumed to occur at the same
hypocentral location as their template (determined by the CSN), and their magnitudes were
estimated by computing the median amplitude ratio between the template event and the aftershock
over the considered stations, assuming that a tenfold increase in amplitude corresponds to one unit

increase in magnitude (Peng & Zhao 2009). The resulting earthquake dataset of the Calama
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sequence now includes 108 events in the magnitude range of 0.8—6.8, including templates (Dataset
S2). Figure S1b shows the comparison of the frequency-magnitude diagrams between the initial
catalog and the new catalog. A higher number of event detections is observed for M < ~3.5, which
is the completeness magnitude of the CSN catalog (Barrientos & National Seismological Center
(CSN) Team 2018). Figure S1c summarizes the normalized waveforms of all the events in the new
catalog recorded at station AFO1, which is the closest to the epicenter (see Figure Sla). No
earthquakes were detected before the mainshock. The new catalog of the Calama sequence features

only aftershocks (see Figure S1d).

2.1.2 Location of the mainshock and aftershocks

To obtain a better resolution of the possible fault plane, we located some of the new aftershocks
that were previously detected with template matching. The location was carried out using the same
stations that were used for template matching (Figure S1a). First, the arrival times of the P and S
waves were manually picked using the SEISAN software (Havskov & Ottemoller 1999). Due to
high noise level in the waveforms and limitations on station coverage, only the mainshock and 37
aftershocks could be reliably located. Once the arrival times were determined, the location was
performed using the Locln software (Potin 2016) on a regional 3-D tomographic velocity model
(Pastén-Araya et al. 2021; Contreras-Reyes et al. 2021) (Figure 2). Location results indicate that
the hypocenter of the Calama mainshock occurred at 113 km depth. Aftershocks were located
mostly updip from the hypocenter, between 100 km and 113 km deep, defining a subvertical
rupture plane, consistent with the NE dipping fault plane (strike=333°; dip=60°; rake=—91°) of the

GCMT focal mechanism (Figures 1 and 2).
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The same location method was applied for both the 2007 Myy 6.8 Michilla and 2015 My, 6.7 Jujuy
sequences, whose mainshock depths were previously reported at 43 km and 254 km, respectively
(Ruiz & Madariaga 2011; Pastén-Araya et al. 2018; Herrera et al. 2017). Our location results show
mainshock hypocentral depths of 43 km for Michilla and 228 km for Jujuy. Compared with the
Michilla earthquake, location uncertainties are larger for the Calama and Jujuy events, since they
occurred at greater depths and were located with a smaller number of available stations, with
important azimuthal gaps (Table 1 and Figure S2a). The located aftershock sequences of these two
earthquakes exhibit nearly vertical spatial distributions, closely aligned with the orientations of the
steeper east-dipping fault planes of their respective focal mechanisms (Figures 1 and 2). These
results are also consistent with the aftershock distributions and the selected fault planes reported
in the aforementioned studies. We also carried out a relocation of these events using a double-
difference method. Although double-difference relocations tend to be slightly deeper (< 2 km) and
slightly more clustered (Figure S2b), results are similar to the trends obtained with the absolute

location approach.
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163  Table 1: Location of the Michilla, Calama, and Jujuy earthquakes. These hypocenters were
164  inferred in this work based on a 3-D velocity model. Their absolute errors were estimated based
165  on the 90% confidence level.
- Dept N° of . Horizonta | Vertica
Event (i;lf;n Lon. (°) | Lat. (°) h g ?/[s) station Aln:lnu(tcl)l)a 1 error 1 error
(km) s sap (km) (km)
. 2007-12-16
Michill | “6.09.172 | 770-182 | 722996 | 43 5 | s 24 81 2.5 3.0
a ] 8 2
2020-06-03
Calama | 07:35:34.8 _68:;,517 _232'250 113.4 | 0.73 9 174 8.0 12.0
2
. 2015-02-11 | —66.858 —23.093
Jujuy 18:57:20.3 4 6 228.7 0.8 13 193 9.0 14.0
166
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Figure 2: Seismicity within the 3-D tomographic model. (a) Vp and (b) Vp/Vs tomography models

(Pastén-Araya et al. 2021) along cross section A-A’ of Figure 1. Hypocenters of the Calama

mainshock and its aftershocks are shown with a yellow star and red circles, respectively. Red stars

indicate the hypocenters of the Michilla and Jujuy earthquakes, and their aftershocks are shown

with blue and green circles, respectively. The continental Moho was inferred by Tassara &

Echaurren (2012). The plate interface as defined by Hayes et al. (2018) is shown by the continuous

10
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black line. The oceanic Moho defining the low limit of the oceanic crust was inferred by Contreras-
Reyes et al. (2021). The oceanic crust is not accurately resolved below certain depths (segmented
line extensions). The red segmented line was defined based on the lower plane of seismicity
reported by Sippl et al. (2018). Red triangles show the main active volcanoes. The discolored areas

of the tomographic model are regions of lower resolution.

2.2 The Calama mainshock

Strong motion data were used to analyze both the ground shaking characteristics of the Calama
mainshock and its rupture properties. This earthquake generated a maximum peak ground
acceleration (PGA) of 0.13 g at the closest station (hypocentral distance of 132 km). In general,
the observed ground shaking intensities are within the ranges predicted by current ground motion
models for Chilean inslab earthquakes (see Text S1 and Figure S3 in the Supplementary Material).
The low frequency rupture properties of the mainshock were inferred via inversion using a finite-
fault model. Following the method used to model the Michilla and Jujuy earthquakes (Ruiz &
Madariaga 2011; Herrera et al. 2017), the rupture model used in this work assumes an elliptical
coseismic slip distribution with semi-axes a and b, centered at (xg, yo) within the fault plane. This
ellipse is also allowed to rotate around its center. The rupture nucleates at the hypocenter within a
circular area. The overall rupture propagation in this model is controlled by a slip-weakening
friction law (Ida 1972). This allows the determination of dynamic rupture parameters, such as:
stress drop (7%), yield stress (7)), slip-weakening distance (D,), and a nucleation of radius R’ with
a stress T," acting inside it (Madariaga & Ruiz 2016). The finite fault was centered at the
hypocenter and was oriented using the strike, dip, and rake of the NE-dipping plane of the focal

mechanism reported by GCMT, as suggested by the spatial distribution of the located aftershocks.

11
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Prior to inversion, the baseline-corrected acceleration waveforms were integrated to velocity and
filtered between 0.02 and 0.1 Hz with a Butterworth bandpass filter. Finally, the horizontal
channels were rotated into radial and transverse components. To create the modeled waveforms,
the wave propagation was simulated with the AXITRA code (Bouchon 1981; Coutant 1989) based
on a 1-D velocity model (Husen et al. 1999). The inversion was performed using the Neighborhood
Algorithm (Sambridge 1999), which in this case minimizes the misfit (y?) to find the best fitting

model:

X, (obs; — pred;)?
B Ziobsi2

XZ

which runs over the samples i of the observed (obs;) and predicted (pred;) waveforms. The three

components (radial, transverse, and vertical) were used in the inversion.

12
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Figure 3: Dynamic modeling of the Calama earthquake. (a) Map showing the stations used for the
modeling. The inset plot shows the best coseismic slip distribution of the Calama earthquake,
zoomed from its epicentral location. (b) Observed (blue) and predicted (red) waveforms associated
to the best dynamic model. Sections highlighted in yellow comprise the P waves (radial and
vertical components) and SH waves (transverse component). The number within each plot is the

maximum waveform amplitude (m/s).

Due to the limitations of the 1-D velocity model, waveforms of a subset of eight stations around
the epicenter were used for modeling (stations shown in Figure 3a). The Neighborhood Algorithm
converged to a best dynamic rupture model that has a maximum coseismic slip of 1.59 m. The two
axes of this elliptical model are 14.1 km and 24.4 km long (Figure 3a), with a rupture time of 5.6
s. Dynamically, the overall rupture had a 7, = 10.1 MPa, T, = 11.9 MPa, and nucleated within a

circle of R’ =1.46 km with T,,” = 15.4 MPa inside. A distance D, = 0.7 m was required to nucleate

13
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the rupture. The model parameters started to converge around these optimal values roughly after
10,000 sampled models (Figure S4). Parameter distributions and their uncertainties around these
optimal values are shown in Figure S5. Some model parameters (e.g., b, yy, T., T,’, and D,) are
less Gaussian-distributed than others, which could indicate trade-offs between them. In particular,
the correlation is stronger between the stresses (Figure S6), since in the model formulation, 7}, and
T, depend on T. If the full seismograms are considered, the overall misfit associated to the best
dynamic model is 0.58. In this case, the high-amplitude SV waves in the radial and vertical
components could not be properly modeled in some stations (Figure 3b), resulting in this large
misfit. This is likely due to converted body and surface waves arriving behind the SV waves, which
could be generated by structures that are not represented by a simple 1-D velocity model. A similar
case was shown by Herrera et al. (2017) for the Jujuy earthquake that occurred further east.
Following their formulation, if the misfit is calculated using only P and high-amplitude SH waves
(highlighted seismogram sections in Figure 3b), its value is reduced to 0.24. This is the misfit
formulation that was minimized in the inversion to obtain the described best dynamic model of the

Calama earthquake.

3 Discussion

3.1 Comparing dynamic properties of mainshock ruptures

The Calama mainshock was modeled using a finite-fault model, where the rupture propagation is
controlled by a slip-weakening friction law. The other two mainshocks at Michilla and Jujuy were
previously modeled using the same dynamic rupture model and inversion method (Ruiz &

Madariaga 2011; Herrera et al. 2017). This allows a comparison of the inferred dynamic

14
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parameters with no bias related to differences in methods. The dynamic rupture parameters are
summarized in Table 2, including the similarity parameter k (Madariaga & Olsen 2000), calculated
assuming the characteristic rupture size as the average of the ellipse semi-axes.. All dynamic
parameters of these three earthquakes are rather similar. In particular, the stress drop does not seem
to be correlated with depth, which has also been observed with global earthquake databases (Poli
& Prieto 2016). Overall, the T, values of these three events fall within the empirically estimated
ranges for inslab earthquakes globally (e.g., Kanamori & Anderson 1975; Poli & Prieto 2016), and
they are larger than the 7, values of thrust earthquakes inferred with the same method in northern

Chile (Otarola et al. 2021).

Table 2: Comparison of the best dynamic models of the Michilla, Calama, and Jujuy earthquakes.
For the Calama earthquake, values of their posterior mean and standard deviation are also shown

in parenthesis.

Parameter Michilla Calama Jujuy
Semi axis a (km) 4.0 7.08 (7.05+0.04) 7.94
Semi axis b (km) 10.12 12.21 (12.24+0.05) 4.87

Center x (km) 0.85 12.83 (12.95+0.1) 12.71
Center y, (km) -2.0 14.56 (14.82+0.26) 11.63
Rotation angle (°) 85.9 159.8 (162+1.8) 203.4
T, (MPa) 14.97 10.05 (9.86+0.14) 11.87

7, (MPa) 19.18 11.87 (11.81+0.12) 14.37

T,” (MPa) 23.65 15.35 (15.11+0.25) 16.1

R’ (km) 0.98 1.46 (1.47+£0.01) 1.09

D, (m) 0.65 0.7 (0.67+0.02) 0.41

K 2.08 1.5 (1.53+0.02) 1.97

3.2 The Calama earthquake occurrence within the upper oceanic mantle

15
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Inslab earthquakes mostly occur in double seismic zones (DSZ), which has been observed in
different subduction zones (Brudzinski et al. 2007). This DSZ is characterized by an upper
seismicity plane (USP) located in the oceanic crust and a lower seismicity plane (LSP) located 20-
40 km below the USP in the upper oceanic mantle. The subduction zone of northern Chile is not
an exception, and this DSZ has also been recognized in that region (Comte et al. 1999; Rietbrock
& Waldhauser 2004, Bloch et al. 2014; Sippl et al. 2018; Florez & Prieto 2019; Lu et al. 2021).
For example, the mainshock and aftershocks of the Calama sequence located in this work are
concentrated between 100 km and 113 km depth, indicating that the rupture occurred in the LSP
within the oceanic mantle, below the oceanic Moho (Figure 4). In contrast, the location results of
the Michilla sequence indicate that its rupture occurred in the USP within the oceanic crust (Figure

4).

Different mechanisms have been proposed for the generation of inslab seismicity (e.g., Frohlich
2006; Houston 2015). For the seismicity located in the USP within the oceanic crust, there is a
consensus that it could be related to the presence of fluids linked to dehydration processes within
the oceanic crust at different pressures and temperatures (e.g., Kirby 1995; Hacker et al. 2003).
Dehydration might cause the reduction of the effective normal stress, promoting brittle rupture of
structures inherited from the faulting process in the outer-rise zone prior to subduction (Ranero et
al. 2005; Ruiz & Contreras-Reyes 2015; Pastén-Araya et al. 2018; Cabrera et al. 2021). However,
the mechanisms that generate inslab seismicity at the LSP are still a subject of debate (Duesterhoeft
et al. 2014; Ferrand et al. 2017; Ohuchi et al. 2017; Scambelluri ef al. 2017). Mechanisms that
point to a hydrated lithospheric oceanic mantle have been proposed to trigger seismicity in the LSP
(Bloch et al. 2018; Cai et al. 2018). On the other hand, analysis of laboratory and field data

suggests that faulting could be triggered in dry rocks within a partially hydrated oceanic

16
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lithospheric mantle (Ferrand et al. 2017; Kita & Ferrand 2018). This process has been referred to
as dehydration-driven stress transfer, which would not require the presence of a highly hydrated
lithospheric mantle. Instead, a rupture could nucleate in a weakly hydrated portion of the
lithosphere and propagate to dry regions of the lithosphere due to the stress transfer associated to
volumetric change of the rock. Additionally, Florez & Prieto (2019) found that globally, LSP
seismicity have consistently smaller b-values compared with the USP seismicity, which would

also indicate a relatively dry environment in the LSP.

According to hydrological and numerical models, dehydration of the subducted slab occurs mainly
in three stages (Ulmer & Trommsdorff 1995; Peacock 2001; Hacker et al. 2003; Riipke et al.
2004). First, dewatering of subducting sediments leads to hydration of the mantle wedge at depths
<20 km (ANCORP Working Group 1999, Riipke et al. 2004). Second, metamorphic dehydration
reactions of the subducting oceanic crust increase pore pressure and decrease effective confining
pressure, thereby promoting inslab seismicity (60—80 km depth) (Peacock 2001; Hacker et al.
2003). Third, at depths larger than 100 km, the subducting lithospheric mantle dehydrates (Riipke
et al. 2004) and triggers inslab seismicity (Yuan et al. 2000; Peacock 2001) causing partial melting
and leading to arc volcanism (Riipke ef al. 2004; Contreras-Reyes et al. 2021). In our study case,
dehydration reactions of the upper oceanic mantle are consistent with a zone of intermediate Vp/V's
ratios (1.72—1.76) in the region of the Calama earthquake (Figure 2b). This zone also presents
“typical” uppermost mantle Vp values of ~8.3 km/s (Figure 2a) at > 600 MPa, suggesting the
presence of dry dunite/peridotite mantle rocks (Christensen 1996). In addition, the mantle wedge
presents large Vp/Vs ratios of 1.8—1.84 above the location of the Calama earthquake, which
indirectly indicates the occurrence of massive dehydration reactions from the subducting oceanic

lithosphere (e.g., Riipke et al., 2004).

17

Page 58 of 86



Page 59 of 86

oNOYTULT D WN =

306

307

308

309

310

311

312

313

314

315

316

317

Geophysical Journal International

In summary, our results indicate that the Calama earthquake is likely a good example of an event
triggered by the dehydration-driven stress transfer mechanism in dryer conditions. By contrast, the
Michilla earthquake occurred within the oceanic crust where Vp/Vs > 1.8 (Figure 2b), suggesting
that the presence of fluids and a reduction of the effective normal stress could favor earthquake
occurrence. The oceanic crust cannot be resolved in the region of the Jujuy earthquake. Moreover,
the tomographic model cannot resolve Vp/Vs properly beyond 150—180 depth (Figure 2b).
Therefore, considering this and the location uncertainties of the Jujuy earthquake (see Table 1 and
Figure S2), for now the available data shows that this event occurred somewhere within the
uppermost oceanic lithosphere, likely at lithostatic pressures of about 7 GPa and estimated
temperatures of 300°C—600°C (Figure 4). At these P-T conditions, the uppermost

oceanic/subducting lithosphere dehydrates, favoring brittle faulting (Riipke et al., 2004).
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Figure 4: Cross section A-A'. Symbols of the Michilla, Calama, and Jujuy earthquakes and their
aftershocks are as described in Figure 2. The black dots indicate background seismicity at the area
reported by the CSN and by Pastén.Araya et al. (2018). The continental Moho was inferred by
Tassara & Echaurren (2012). The orange isotherms correspond to the thermal model of northern
Chile (Cabrera et al. 2021). The slab geometry is the Slab2.0 (Hayes ef al. 2018). The oceanic
crust and isotherms are not accurately resolved below certain depths (segmented line extensions).
CC: Coastal Cordillera, ID: Intermediate Depression, DC: Domeyko Cordillera, SA: Salar of
Atacama, VA: Volcanic arc. The red triangles correspond to the main active volcanoes. The base

of the oceanic lithosphere at ~1200°C is based on Richards et al. (2018).

3.3 Thermal conditions and aftershock rate

Several studies have suggested that temperature could be an important factor that controls the
distribution of both thrust and inslab seismicity (Oleskevich ef al. 1999; Wang et al. 2015; Wei et
al. 2017; Liu et al. 2021). To try to establish the degree of influence of temperature on the Calama

sequence, as well as on the other two inslab earthquakes, we used the thermal model of northern
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Chile proposed by Cabrera et al. (2021), which is well defined between the trench and the volcanic
arc in the upper ~200 km (Figure 4). Clear common trends are observed between the isotherms
and the seismicity distribution. While the thrust seismicity is concentrated along the 200°C
isotherm, the inslab seismicity defined by the DZS is mostly concentrated between the 300°C and
400°C isotherms. A decrease in the seismicity is observed at higher temperatures, which could
indicate a transition from brittle to ductile behavior at greater depths below the 500°C—600°C
isotherm along the subducting plate, particularly in the zones of the Michilla and Calama
earthquakes. The brittle/ductile transition in the region of the Jujuy event seems to be deeper across
the 600°C—800°C isotherms (Figure 4). Cabrera et al. (2021) studied intermediate-depth seismicity
in northern Chile between latitudes —18° and —20° (200—300 km northwards of our study area)
and concluded that the neutral surface and brittle/ductile transition zone becomes deeper within
the subducting plate at depths of 80—120 km (600°C—800°C). Seismicity in the region of the Jujuy

sequence seems to be consistent with these findings (Figure 4).

The Calama sequence occurred between the 300°C and 400°C isotherms (Figure 4), and its
aftershocks mostly occurred at shallower depths than the mainshock. Similar trends were observed
for the aftershock distributions of the 2019 My, 6.7 Coquimbo and 2018 Myy 7.1 Anchorage inslab
earthquakes, which also exhibited shallower aftershocks than the mainshock (Ruiz et al. 2019;
Ruppert et al. 2020; Liu et al. 2019). In particular, the Coquimbo mainshock occurred between the
600°C and 700°C isotherms within the subducting plate (Ruiz et al. 2019). However, its
aftershocks mostly occurred at shallower (and colder) layers, at temperatures below 450°C. These
examples indicate that temperature could play a significant role in the aftershock distribution of

intermediate-depth inslab earthquakes, which tend to occur in layers of lower temperatures.
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The aftershock productivity of inslab earthquakes is another aspect that is related to both the zone
where they are triggered and the temperature. Cabrera et al. (2021) carried out an analysis of
several inslab earthquakes in northern Chile, finding that inslab earthquakes that occur at greater
depths below the 400-450°C isotherms produce very few or no aftershocks, and would be
associated with a dry environment. Conversely, those events that occur at shallower depths above
the 400°C—450°C isotherms, usually produce more aftershocks and would be associated with a
more hydrated environment. Our results corroborate this observation, particularly when comparing
the cases of the 2007 Michilla and the 2020 Calama earthquakes, which occurred at depths where
the thermal model is still well defined. The Michilla earthquake occurred within the oceanic crust
between the 200°C to 300°C isotherms (Figure 4), producing a large number of aftershocks and a
zone with persistent seismicity in time (Ruiz & Madariaga 2011; Fuenzalida et al. 2013; Pastén-
Araya et al. 2018). Conversely, the Calama mainshock and its aftershocks occurred in the upper
oceanic mantle between the 300°C and 400°C isotherms. Within the first five days after the
mainshock, the Calama earthquake produced a much smaller number of M > 2.0 aftershocks (53
events) compared with the Michilla earthquake (313 events). Therefore, these observations, in
combination with the observed differences of Vp/Vs ratios between the Calama and Michilla
earthquakes, suggest that the Calama earthquake occurred in a warmer and less hydrated
environment than the region of the Michilla earthquake, and would be responsible for its lower
aftershock productivity. This is consistent with observations obtained by Chu & Beroza (2022) in
the subducting Pacific Plate in Japan. They found that the aftershock productivity is correlated
with Vp/Vs ratio, discussing that a high Vp/Vs ratio can be a result of high fluid pressure and a
larger number of faults and cracks that could be fluid-filled, or also oriented perpendicular to ray

paths.
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4 Conclusions

The 2020 My 6.8 Calama earthquake is an inslab earthquake that occurred at intermediate depths,
at the same latitude (—23°) as the 2007 Myy 6.8 Michilla and 2015 My, 6.7 Jujuy inslab events. It

featured ground shaking intensities that are typical of Chilean inslab earthquakes.

The hypocenter of the Calama earthquake was located at 113 km depth using a 3-D model. The
same method was used to locate the hypocenters of the Michilla and Jujuy earthquakes, resulting
in depths of 43 km and 228 km, respectively. At their located depths, we observed that the Michilla
earthquake occurred within the oceanic crust, while the Calama earthquake occurred within the
upper oceanic mantle, below the oceanic crust. The resolution of our database does not allow exact
interpretations of the Jujuy earthquake location within the uppermost oceanic lithosphere due to

the larger uncertainties in earthquake, slab, and oceanic Moho locations at those depths.

The dynamic properties of the Calama earthquake were inferred through modeling of low-
frequency waveforms, which is the same method that was used previously to model the Michilla
and Jujuy earthquakes. Despite their different hypocentral depths and locations in different layers
of the subducting oceanic plate, the dynamic properties of these three events are similar.
Particularly, their stress drop values range between 10 MPa and 15 MPa, within the observed
ranges of inslab earthquakes, which are in general larger than stress drop values of thrust

earthquakes.

Thermal and pressure conditions of the subducting plate likely control the spatial distribution of
inslab seismicity along the —23° parallel in northern Chile, where the 500°C—600°C isotherms

along the subducting plate define a limit for inslab seismicity occurrence down to ~150 km depth.
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Additionally, the varying water content and thermal conditions of mantle rocks in the areas where
inslab earthquakes occur play an important role in their aftershock productivity. For instance, the
Michilla earthquake occurred within the oceanic crust at temperatures between 200°C and 300°C,
exhibiting a strong aftershock activity. The large Vp/Vs ratio (> 1.8) at that location indicate a
more hydrated environment that favors brittle rupture and an increase in aftershocks. On the other
hand, the Calama earthquake occurred in the uppermost oceanic mantle, where Vp/Vs ratio is
smaller (between 1.72 and 1.76), and temperatures vary between 300°C and 400°C. This
earthquake exhibited a smaller aftershock productivity, which is likely a result of a less hydrated

environment, as suggested by the reduced Vp/Vs ratios in this region.

Our results show that even though the Michilla and Calama earthquakes occurred in regions of
different thermal and compositional characteristics within the Nazca plate, curiously these factors
do not significantly affect the dynamic characteristics of the mainshocks, which were found to be
within the typical ranges of inslab events. However, they do affect their aftershock productivity.
Additional studies with a larger database of well-recorded earthquakes are necessary to confirm if

this trend is observed in more events.

Data availability statement

Waveform data from multiparametric stations were downloaded from the International Federation
of Digital Seismograph Networks (FDSN) web services using the ObsPy toolkit (Beyreuther et al.
2010). Waveforms from the earthquake-triggered network of accelerometers of the CSN can be

accessed from their website (evtdb.csn.uchile.cl/). The earthquake catalogs used in this study can
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be accessed from their respective websites: CSN catalog (www.sismologia.cl), GCMT catalog

(www.globalcmt.org). Maps were created using Generic Mapping Tools (Wessel et al. 2013).
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Datasets

Dataset S1: The file SM_ 1.txt contains the catalog of earthquakes reported by the CSN that were
used as templates for template matching. Columns correspond to the date (YYYY-MM-
DDThh:mm:ss), latitude (°), longitude (°), depth (km), and magnitude reported on the CSN
website: www.sismologia.cl (last accessed on January 21, 2022).

Dataset S2: The file SM_2.txt contains the resulting catalog of earthquakes after running template
matching. Columns correspond to the date (YYYY-MM-DDThh:mm:ss), latitude (°), longitude
(°), depth (km), and magnitude.
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Text S1: Strong motion analysis

The processing of the acceleration waveforms included the removal of the instrument response,
mean, and linear trend. Then, a fourth-order Butterworth bandpass filter between 0.1 and 35 Hz
was applied. The peak ground acceleration (PGA) at each station was calculated from the
geometric average of the maximum accelerations of the two horizontal components. Station AFO01
(the closest to the epicenter) recorded the highest PGA of this event, which reached 0.13 g. Ground
motion intensities decrease with increasing distance from the earthquake (Figure S3a).
Additionally, we calculated spectral accelerations as a function of period (SA(7)) using the
geometric average of the 5% damped response spectrum (Nigam & Jennings 1969) of the two
horizontal components. PGA and SA(T7) observations were compared with the predictions for
inslab earthquakes of two recent ground motion models (GMM) developed with Chilean data (Idini
et al. 2017; Montalva et al. 2017). The site parameter required by both GMMs is V30, which was
obtained from the site database compiled by Herrera et al. (2020).

Normalized total residuals Z(T) were calculated for each station j:

loge [I]z;bs (T)] — loge [Ié.)red (M)]
o(T)

2 =

where I,4(T) and I{;,red(T) are the observed and predicted ground motion intensities at station j
for period 7, respectively, and a(7) is the total standard deviation of the GMM for period 7, usually
provided in log, units. Residual results are shown in Figure S3b, where in general both GMMs
perform well when predicting ground motion intensities at the selected periods, especially at
distances within their calibration range, as shown by the nearly zero residuals. As expected,
slightly larger residuals are observed at distances greater than this limit, but no systematic
deviation from the zero trend as a function of distance is shown by any residual distribution.



oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDADMDIDMNDAEDANDNWWWWWWWWWWNNNNNNNNNDN=S =2 Q2 aQaaa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOVOVUONOOCULPdMNWN—_ODUOVUONOUVEDSD WN =0

Geophysical Journal International Page 80 of 86

Figures

-68.25°
h -23°

-23.25°

P -235°

(b) (c) AF01 Normalized Vertical Component
e S 1:7'\1""'\\"'\1'1""' AR
BN Templates - CSN Catalog ey %
0| &
§ LA
“6 Kea} 40 v
b E s hirwd
£ 2 |
210t £ 601 b
g 9
B w b
g 80 }.-‘:u}" R 0 8 B i Vil 4
g wmnm..w, i B
100 ‘ ‘ l(X)— . | : '-‘".‘
1.0 20 30 40 50 5
Magnitude
@) a0l
% K I S T T T I T
Q
wn
‘E 20_ .................................
9]
>
* 10+
00— T T T
-30 =20 -10 0 10 20 30

Days from the Mainshock

Figure S1: Template matching analysis to detect earthquakes of the Calama seismic sequence. (a)
Map showing the broadband stations used, the Calama earthquake with its GCMT focal
mechanism, and the aftershocks reported by the CSN (red dots). (b) Frequency-magnitude diagram
of the original CSN catalog and the new catalog with events detected through template matching
(TM). (c) Normalized waveforms of the new catalog for the vertical component of station AFO1,
aligned 0.5 s before the estimated P-wave arrival (grey dashed line). Events are sorted based on
their occurrence time. (d) Daily number of events before and after then mainshock.
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Figure S2: Locations of the three earthquake sequences. Mainshock locations are shown with stars
42 and aftershocks with colored circles. Upper and lower boundaries of the oceanic crust are also

43 shown, which are less resolved at greater depths (segmented lines). (a) Absolute locations. Error
44 bars are also shown for the mainshocks. (b) Relocations obtained with a double difference method.
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Figure S3: Strong motion analysis of the Calama earthquake. (a) Spatial distribution of the
observed PGA at the analyzed stations. The earthquake moment tensor was obtained from GCMT
and is located at the epicenter. The trench line was obtained from Bird (2003). (b) Z, residuals for
PGA and SA(T) at three different periods, which are shown in different colors for each GMM.
Hypocentral distance (Rp,,) is used by both GMMs for inslab earthquakes. The maximum

calibration distance of the GMMs is shown by the red lines.
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Figure S4: Convergence of the 10 parameters of the dynamic rupture model and x. All sampled
33 models are shown by dots colored according to their misfit. The gray dashed line in each plot
34 defines the start of the range where model parameters start to converge.
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