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The Mutatd earthquake is a M, 6 earthquake which occurred in northwestern Colombia on September 14, 2016.
This region is located at the junction between three tectonic plates, namely the South American, Nazca and
Caribbean plates, and the Chocé-Panama and Northern Andes Blocks. This event took place in the Murindo
seismic zone, a zone characterized by a high seismic activity involving the Uramita fault zone, which defines the
contact between the two blocks. In this study, we relocate the mainshock — aftershocks sequence and analyze the
source characteristics of the Mutatd earthquake. Using data from the Colombian Seismological National Network,
and after re-picking the 411 events, we obtain absolute locations exhibiting a NW-SE oriented cloud, with the
mainshock being located 8 km away from its original location and at a depth of 17.6 km. The event cloud is
situated at the intersection of three faults with different orientations, the NNW-SSE Uramita Fault, a NW-SE fault,
and a NNE-SSW inferred fault. Using data coming from 8 broad-band seismographs within 300 km of the
mainshock, we perform moment tensor and kinematic slip distribution inversions. The moment tensor inversion
points to an event centroid at 20 km depth, with a predominantly double-couple mechanism. The fault orien-
tations in the area, NW-SE orientation of the event cloud, and hypocenter — centroid technique, indicate that the
NW-SE nodal plane likely corresponds to the fault plane giving a right-lateral strike-slip mechanism on a SW
dipping plane. The rupture model estimated on this plane shows different slip patches, one being close to the
mainshock centroid, and few other patches distributed around the mainshock except to the southeast where most
of the aftershocks are located. The maximum slip for this model is approximately 0.16 m. The source charac-
teristics of the 2016 Mutatd earthquake suggest then that secondary faults within the Murindo seismic zone can
generate large earthquakes, potentially consisting in an important source of seismic hazard in this region.

1. Introduction

The northwestern corner of South America is characterized by the
presence of three major converging plates, with the Caribbean and
Nazca plates subducting beneath the South American plate, and the
Chocé-Panama block (Fig. 1). The Nazca and Caribbean plates are also
divided in a number of flat and dipping segments (e.g., Vargas and Mann,
2013; Cornthwaite et al., 2021; Sun et al., 2022). In the case of the Nazca
plate, flat and normally dipping segments are located North and South of
~5°N, respectively. Relative to the stable South American plate, the
Chocé-Panama block (CPB) is converging eastward toward the Northern

Andes Block (NAB) at a rate of ~15-18 mm/yr, while the NAB is
escaping to the northeast at ~8.6 mm/yr (Mora-Paez et al., 2018). The
NAB is undergoing compression induced by the CBP and the subducting
Caribbean plate, and right-lateral transpression due to the oblique
subduction of the Nazca plate (Taboada et al., 2000; Cortés and Angelier,
2005; Arcila and Munoz-Martin, 2020).

Due to the interactions between these different plates and blocks,
numerous seismically active structures are present at the limit between
the CPB and the NAB, which is currently referred to as the Uramita Fault
Zone (UFZ) (Fig. 1) and the Itsmina deformed zone for the northern and
southern parts, respectively (Léon et al., 2018). In the northern part, the
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Fig. 1. Map of the northwestern part of Colombia, whose position is shown by the inset, with the faults indicated by black lines (from Gomez et al., 2015), active
volcanoes by white triangles (Global Volcanism Program of the Smithsonian Institute), and the black square indicating the position of the enlarged map on the right.
The seismological stations used for the moment tensor and slip distribution inversions are indicated by the red triangles. The Mutata mainshock position obtained in
this study is indicated by the white star. The black dashed line indicates the limit between the North Andean Block to the East and the Chocé-Panama Block to the
West (Leon et al., 2018). Seismicity located by the Colombian Geological Service between 1993 and 2016 is indicated by yellow dots (symbol size scaling with their
magnitude). AB: Antioquia Batholith, CC: Central Cordillera, EC: Eastern Cordillera, WC: Western Cordillera, MC: Murindo Cluster, MF: Murindo Fault, UFZ: Uramita

Fault Zone.

Table 1

Reference 1D P-wave and S-wave velocity models of Vargas (2020) (depths
between 0 and 40 km), completed at depth with the ak135-f model (Kennett
etal., 1995; Montagner and Kennett, 1996). For the crust, a V,/ V; ratio of 1.78 is
used to calculate S-wave velocities instead of the values presented in this table.

Depth (km) Vp (km/s) Vs (km/s)
0 6.0 3.1

15 6.7 3.6

40 7.8 4.0

50 7.89 4.43

189 8.31 4.73

UFZ is characterized by high seismic activity, including the Murindo
seismic cluster, which is the most active crustal seismic cluster in
Colombia. This part of the UFZ, encompassing the Murindo seismic
cluster, is squeezed between the CPB to the West and the Antioquia
batholith to the East (Fig. 1). The Murindo seismic cluster is located
between longitudes of 75.5°W and 78°W, and latitudes of 6°N and 8°N
(Dionicio and Sanchez, 2012). Between 1993 and 2016, the earthquakes
located by the Colombian Geological Service in this zone amount to
almost 6500 events with magnitudes ranging between 0.4 and 6.4.
Significant historical events in this area include the M, 5.9 1952 Mutata
earthquake, the My, 6.5 1977 Apartadé earthquake, the M, 7.1 1992
Murindo seismic sequence (Li and Toksoz, 1993; Arvidsson et al., 2002;
Dionicio and Sanchez, 2012), and the My, 6 2016 Mutata earthquake.

Despite the high seismic activity and the growing information on
potentially tectonically active structures in the Murindo seismic zone,
the actual activity of each structure is still unclear. This study focuses on
the source characteristics of the most recent large magnitude event in
this region, the My 6 2016 Mutatd earthquake, and its aftershocks. Using
a velocity model recently developed by Vargas (2020), we use regional
seismological data acquired by the Colombian Seismological National
Network to first relocate the mainshock-aftershocks sequence, and then
compute both moment tensor and finite-fault slip distribution for the
Mutata earthquake. We finally provide a discussion on possible tectonic
interpretations for this event and its aftershocks, with the rupture of
NW-SE oriented fault or faults, and implications for seismic hazards in
this area.

2. Geological and tectonic background

The Murindo seismic zone and Mutat4 earthquake are located at the
limit between the CPB and NAB. The NAB comprises highly deformed
oceanic and continental terranes accreted to South America at different
times (Restrepo and Toussaint, 1988), while the CPB is constituted by
different oceanic terranes which were accreted to the northwestern edge
of the Western Cordillera during the Neogene (Dugque-Caro, 1990;
Taboada, 2000; Leon et al., 2018; Cardona et al., 2018). The indentation
of the CPB is contemporary to the onset of the main Andean tectonic
phase suggesting a possible relation with the deformation undergone by
the NAB north of 5°N. The eastern tectonic boundary of the CPB is
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Depth (km)

Fig. 2. Mainshock and aftershocks (blue dots) absolute locations showing events with horizontal and vertical uncertainties lower than + 20 and + 10 km,
respectively. Black lines indicate the faults from Gomez et al. (2015), and the white dashed rectangle corresponds to the fault plane used for the kinematic slip
inversion. Above the map are shown moment tensor and focal mechanism solutions obtained in this study and by the USGS for the Mutata earthquake. Mainshock
locations from the Colombian Geological Service and determined in this study are indicated by the red and white stars, respectively. The three focal mechanisms
presented on the map correspond to those of the three strongest aftershocks (1 and 3 with a M,, of 4.7 and 2 with a M,, of 4.6).

defined by the left-lateral Uramita Fault Zone (UFZ), while the Itsmina deformed sedimentary rocks extending for about 320 km from the Pa-

deformed zone is associated with its southern border (Case et al., 1971; cific coast to the eastern flank of the Western Cordillera (Dugque-Caro,
Restrepo and Toussaint, 1988; Duque-Caro, 1990; Taboada et al., 2000). 1990). A large area of the CPB located between the Colombian coast and
The Itsmina deformed zone consists of a 40 km wide zone of highly the UFZ also exhibits a larger strain rate compared with the surrounding
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Table 2

Summary of parameters for moment tensor and kinematic slip distribution in-
versions. Parameters in bold correspond to those of the preferred slip distribu-
tion model.

Parameters Values obtained/used

14/09/2016 1:58:30.30 UTC
7.236°N, 76.275°W
17.6 + 12.6 km, 20+ 3 km

Origin time"

Epicenter”

Hypocenter” and centroid” depths
Strike — dip - rake” N132°E/43°/-173°
Inversion frequency band 0.03-0.09 Hz
Number of stations 8

Fault plane dimensions 50 x 50 km
Subfault size and number ~3 km x 3 km, 289
Number of time windows and overlap 5 or 10, 50%

Rise time 1.1s

Maximum rupture velocity 2.5, 2.8, 3.2 km/s

# Values corresponding to the absolute location in this study.
b Values coming from the double-couple moment tensor inversion.

areas, including Panama to the North and the NAB to the East (Arcila and
Munoz-Martin, 2020).

The UFZ marks the suture between the CPB and the NAB and appears
as a major fault zone delineating the boundary between the turbidites in
the Western Cordillera and the melange materials in the Dabeiba Arch.
This tectonic contact is observed as north as the Uraba Gulf and seems to
be the northernmost surface continuation of the Atrato fault (Duque--
Caro, 1990). The occurrence of earthquakes clustered within the UFZ
indicates that this fault zone is currently reactivated with a left-lateral
transpressional regime (Fig. 1) (Leon et al, 2018). The northern
segment of the UFZ is often covered by middle Miocene to Pliocene
sedimentary sequences leading to a poor constrain of structural data in
this area (Restrepo and Toussaint, 1988; Arvidsson et al., 2002; Leon et al.,
2018). Although the nature of the CPB-NAB suture is still unclear, the
recent seismicity seems to support the existence of a diffuse deformation
zone instead of a sharp border (Arvidsson et al., 2002; Cardona et al.,
2005).

In the area corresponding to the 2016 M,, 6 Mutata earthquake and
the Murindo seismic cluster, the main faults of the UFZ change orien-
tation from a more NW-SE to a NNW-SSE to N-S direction (Fig. 1)
(Gomez et al., 2020). In addition to these main structures, including the
Uramita and Murind¢ faults, smaller faults are also present with orien-
tations varying from WNW-ESE to NW-SE such as the Canasgordas fault
(Gomez et al., 2020). Alternatively, Paris et al. (2000), mention the
Murindé, Murri and Mutat4 faults in this area of the UFZ. The Murindé
Fault, which is located along the western flank of the Western Cordillera,
is a left-lateral or right-lateral fault depending on the segment (Gomez
et al., 2020). This fault has been associated with a M,, 7.2 earthquake,
which occurred in this region in 1992, and its seismic activity has been
recorded since 1883 (Paris et al., 2000; Cardona et al., 2005; Arias et al.,
2009). According to Paris et al. (2000), the fault has an average strike of
N12.6°W with a probable dip to the East. However, the concentration of
a significant part of the aftershocks associated with the M,, 7.2 event to
the West of the Murindo fault surface trace suggests that the fault might
be dipping in this direction instead (Arias et al., 2009; Dionicio and
Sanchez, 2012). The Murri fault has a reverse dextral movement and is
located to the South of the Mutata earthquake and its aftershocks (Gomez
et al., 2020).

3. Methods
3.1. Velocity model

In this study, we use a 1D crustal velocity model based on the 3D
tomography velocity model computed by Vargas (2020). This model was
computed using arrival times of P and S phases observed at 113,269
local earthquakes recorded by 33 seismological stations of the Colom-
bian Seismological National Network. Only initial hypocentral solutions

Journal of South American Earth Sciences 115 (2022) 103728

calculated using at least six stations were considered and both P and S
phases were carefully handpicked. The definition of the 3D velocity
structure started with a 1D model (Ojeda and Havskov, 2001) for
inverting new hypocentral locations with HYPOCENTER (Lienert and
Havskov, 1995). In depth, velocities were linearly interpolated between
layers to define the reference starting model for the 3D inversion.

The 3D velocity model was then estimated using a subset of >14,000
well-located earthquakes and the LOTOS algorithm for local earthquake
tomography (Koulakov, 2009). It performs iterative simultaneous in-
versions for P and S velocities and source parameters, using an adaptive
mesh parameterization with nodes distributed inside the study volume
and guaranteeing no nodes in areas with a deficit of ray coverage (less
than 10% of average ray density). The criteria for selecting the subset of
events included: (1) earthquakes located within the seismic network,
and (2) the spatial distribution of the events guaranteeing as uniform a
sampling as possible in the study area. In the following, we carry out the
event absolute locations, source parameter estimations and slip inver-
sion, with the 1D reference velocity model of this 3D velocity model.
Since this 1D velocity model only includes the crustal part (i.e., depths
<40 km), we completed the deeper part with the akl135-f model
(Table 1) (Kennett et al., 1995; Montagner and Kennett, 1996).

3.2. Earthquake sequence absolute locations

The Mutata sequence including the mainshock and its aftershocks
were originally processed by the Colombian Seismological National
Network of the Colombian Geological Service (SGC), corresponding to
411 events in total. These aftershocks have local magnitudes ranging
between 0.7 and 4.5, forming a NW-SE oriented cloud (Fig. 2). After
recovering the individual files, we manually revised the events leading
to a total of 3557 P-wave picks and 3246 S-wave picks. We then
employed the probabilistic, non-linear location algorithm NonLinLoc
(Lomax et al., 2009) to locate the events. Information on station posi-
tions, velocity model, picking times, and trial event locations are com-
bined into an a posteriori probability density function (Lomax et al,
2009). Travel-time tables are computed for all trial locations on a grid
using a finite-difference implementation of the Eikonal equation (Podvin
and Lecomte, 1991). In the present case, we employ the equal-differential
time likelihood function and the oct-tree search algorithm to reach the
optimal solution. The events are located using the 1D-reference P-wave
velocity model described in the previous section, with a V,,/V; of 1.78
determined using test locations and their root-mean-square residuals.
Picking time uncertainties between 0.1 and 2 s were attributed to P- and
S-wave picks depending on pick quality. Finally, only events with at
least six phase-time picks for stations within a radius of 500 km from the
event absolute locations were included in the location.

3.3. Centroid moment tensor calculation

The W-phase moment tensor estimated by the USGS presents a large
non-double-couple (DC) component (45%) (Fig. 2). This large non-DC
component cannot be explained using the limited information avail-
able for this area (e.g., presence of fluids). We then assess the necessity
of this component in the moment tensor solution using regional stations
operated by the Colombian Geological Service and the same 1D velocity
model. We selected eight broad-band seismological stations (i.e., fre-
quency range 120 s to 50 Hz, with instruments Reftek RT151, Streck-
eisen STS-2.5, Giiralp CMG-3ESP, and Nanometrics Trillium Compact)
distributed around the mainshock based on their distance to the event
(<300 km) and their data quality (Fig. 1). The mainshock epicenter is set
at the location obtained with NonLinLoc, with a depth allowed to vary
between 5 and 35 km by increments of 1 km.

To calculate the moment tensor, we use the ISOLA software suite of
Sokos and Zahradnik (2008), and Sokos and Zahradnik (2013). The
3-component seismograms are first pre-processed, including mainly
decimation, band-pass filtering, and the instrument’s response removal.



J.B. Tary et al.

Full MT inversion

@c.

Depth (km)
o
o

&
S

-40 '
055 06 065 07 075

Variance red. %

NS EW

—— Synthetics —— Observed

Journal of South American Earth Sciences 115 (2022) 103728

DC constr. MT inversion

0

0.55 0.6 0.65 0.7 0.75
Variance red. %

—J\MAMJV*:

i

Not used

Fig. 3. Changes in moment tensor solutions and variance reduction with mainshock depth for the full moment tensor and DC-constrained tensor inversions. The gray
intensity of moment tensor solutions indicates their DC component percentage (white: 0%, black: 100%). Waveforms correspond to synthetics and observed data after
processing for the solutions with highest variance reductions (depth of 20 km), filtered between 0.03 and 0.09 Hz.

Assuming a point source, Green’s functions are then calculated for a set
of trial sources and the different stations using the discrete wavenumber
technique (Bouchon, 1981). The optimal moment tensor is then obtained
through a least-squares inversion for different origin times and the
previously defined point source locations.

The full moment tensor, as well as deviatoric and double-couple
moment tensors, can be computed. The main parameter to determine
is the frequency band used in the inversion. Here we use a frequency
band between 0.03 and 0.09 Hz, defined after examining the signal-to-
noise ratio of the selected stations and the solution stability. The solu-
tion quality is then assessed comparing the different solutions available

(i.e., USGS, focal mechanism, moment tensors calculated in this study),
the variance reduction (VR) corresponding to the fit between synthetics
and observed waveforms, the condition number (CN) of the Green’s
function matrix, the focal-mechanism variability index (FMVAR) and
the space-time variability index (STVAR) (Sokos and Zahradnik, 2013).

3.4. Kinematic slip distribution inversion

Using the same general parameters as those determined for the
moment tensor inversion (i.e., frequency band, selected stations, ve-
locity model), we performed a kinematic slip distribution inversion of
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Fig. 4. Slip distributions obtained for three kinematic slip distribution inversions using three different maximum rupture velocities and the parameters presented in

Table 2. The red star corresponds to the mainshock centroid position.

the regional seismological data to determine the rupture process of the
Mutata earthquake. The same main pre-processing steps are applied to
the seismological data using ObsPy (Beyreuther et al., 2010), including
decimation, band-pass filtering and instrument’s response removal. The
kinematic slip inversion is carried out using the multi-time window
method (e.g., Hartzell and Heaton, 1983; Ide, 2007) together with the
non-negative least-squares (Ide, 2007).

Here we use the MudPy code to carry out the kinematic slip distri-
bution inversion (e.g., Melgar et al, 2015). This kind of method, dis-
cretizing the rupture in both time and space, is commonly used to study
the rupture process of moderate to large earthquakes (e.g., Chi et al.,
2001; Melgar et al., 2015). In time, the rupture is divided into over-
lapping triangular source time functions whose durations are defined by
the rise time (Table 2). In space, we use a fault plane with dimensions of
50 by 50 km, as well as a strike and dip given by the general aftershock
cloud orientation and the corresponding plane of the focal mechanisms
and moment tensors. We further discretize the fault plane into smaller
~3 x 3 km subfaults summing up to 289 subfaults in total. For each pair
source-subfault, Green’s functions are computed using the
frequency-wavenumber technique implemented by Zhu and Rivera
(2002). This kind of inversion being an ill-posed problem, spatial and
temporal smoothing is introduced. The amount of smoothing is indi-
cated by the Akaike Bayesian Information Criterion (ABIC) (Melgar et al.,
2015). The final selection of optimal slip distribution models is based on
the smoothing (i.e, ABIC), VR, moment magnitude, rise time and
maximum rupture velocity Vg. All these essential parameters and others
are listed in Table 2.

4. Results
4.1. Absolute locations and moment tensors

A total of 410 events were located using the aforementioned pro-
cedure, with only one event having less than six phases (Fig. 2). These
absolute locations have an average root-mean square residual in travel-
time of 0.31 s. The horizontal uncertainties range mainly between 2 and
20 km, while vertical uncertainties range mainly between 3 and 20 km.
The M,, 6 mainshock epicenter location shifts to the West by ~8 km
relative to the original epicenter provided by the SGC, with new co-
ordinates and depth corresponding to 7.236°N, 76.275°W and 17.6 km.
Horizontal and vertical uncertainties are estimated at 5.6 and 12.6 km,
respectively. The aftershocks form an elongated cloud in the NW-SE
direction, with most event depths being similar or lower than the one
of the mainshock.

Two moment tensors were calculated using the eight selected sta-
tions presented in Fig. 1. First, the full moment tensor is calculated using
a frequency band of 0.03-0.09 Hz for all stations. The centroid moment
tensor obtained in this case is very similar to the one estimated by the

USGS (Fig. 2), with a non-DC component of 39%. The total VR reaches a
maximum of 70.8% when the centroid is at a depth of 20 km. Trial
sources between 17 and 24 km all show VR > 70% and very similar
solutions (Fig. 3), which provides an estimation of the uncertainty in
depth for this event. Other quality assessment measures include a CN of
5.5, FMVAR 16 + 24, and STVAR 0.10, all indicating a well-constrained
solution (Sokos and Zahradnik, 2013). In order to test the importance of
having the non-DC part within the moment tensor solution and its
impact on the solution quality, we also calculated the double-couple
moment tensor (i.e., DC-constrained) with the same parameters (e.g.,
same stations and frequency band). In this case, the total VR reaches a
maximum of 70.6% at a depth of 20 km. As for the full-MT solution,
similar solutions and VR larger than 70% are obtained for depths be-
tween 17 and 23 km (Fig. 3). For this solution, the non-DC part repre-
sents only 5.7%, the CN is 2.1, the FMVAR 9 + 5, and the STVAR 0.09.
All quality measures also correspond to a well-constrained solution.

Comparing both centroid moment tensor solutions, the similarity in
VR and solution quality indicates that including a non-DC part doesn’t
significantly improve the solution. Its presence within the solution is
then not necessary to better explain the seismological data. To further
compare the nodal plane positions, a focal mechanism was also calcu-
lated based on P-wave first motion polarities with the SEISAN imple-
mentation of FOCMEC (Snoke et al., 2003; Havskov and Ottemoller,
1999). All moment tensor solutions as well as the focal mechanism have
very consistent nodal plane orientations, with the DC-constrained
moment tensor having one plane oriented NW-SE (N132°E) and dip-
ping at 43° toward the southeast, and the other being near-vertical and
oriented NE-SW (N36°E) (Fig. 2). Focal mechanisms calculated for the
three strongest aftershocks having magnitudes between M, 4.6 and 4.7
show relatively similar solutions with one nodal plane being oriented
NW-SE and the other oriented NE-SW. Lower magnitude aftershocks
with local magnitudes between 3.5 and 4.5 also present similar polarity
distributions, which suggests they have similar focal mechanism
solutions.

4.2. Kinematic slip distribution inversion

In order to determine which nodal plane is the fault plane and its
orientation for the slip inversion, we combined the information provided
by the local structural information, the aftershock cloud orientation, the
focal mechanisms and the Hypocenter-Centroid configuration (H-C plot,
Zahradnik et al., 2008a). The mainshock and its aftershocks are located
at the intersection of the southern end of the Uramita fault which, in this
zone, has a strike of N25-30°W, NW-SE oriented faults with strikes be-
tween around N115°E and N135°E, and a NE-SW inferred fault oriented
at N25-30°E (Fig. 2) (Gomez et al., 2020). Both structural and seismo-
logical information suggest then that the NW-SE oriented nodal plane
corresponds to the fault plane. The DC moment tensor and focal
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Fig. 5. Rupture process (a), source time function (b), and synthetics and observed waveforms after processing (c) (filtered between 0.03 and 0.09 Hz), corresponding
to the kinematic slip distribution inversion using a rupture velocity of 2.5 km/s, a rise time of 1.1 s, and other parameters listed in Table 2.

mechanism of the Mutata earthquake show then a mainly right-lateral
strike-slip mechanism. Most of the aftershocks would be located in the
hanging wall of the main event.

To invert for the slip distribution, we defined a fault plane with the
centroid at its center, sides of 50 km and subdivided into approximately
3 by 3 km subfaults. Many inversions were carried out to evaluate the
influence of some parameters on the results, namely the maximum
rupture velocity, rise time, number of time windows, and smoothing
parameters. The maximum rupture velocity is generally within 0.65 g
and 0.85 g, with g the S-wave velocity at the hypocenter position
(Heaton, 1990). Using a S-wave velocity of ~3.8 km/s we obtain a range
of rupture velocities between ~2.5 and 3.2 km/s. We then use three

different maximum rupture velocities 2.5, 2.8 and 3.2 km/s. The rise
time is then estimated using the subfault dimensions and rupture ve-
locities as L/ Vg (i.e., 0.9 < 7 < 1.2 s), where L is the subfault length. For
the number of time windows, the values of 5 and 10 were selected.
With five time windows, none of the slip distribution models reaches
a VR of 80%. In the following, we will then focus on the results using ten
time windows. Comparing the results using a rise time of 1.1 s and the
three different maximum rupture velocities, the VR ranges between 76.9
and 80.1% with a maximum for the maximum rupture velocity of 2.5
km/s (Fig. 4). For all these models the fit between synthetic and
observed waveforms is very high (Fig. 5). The slip distributions obtained
using these three maximum rupture velocities are also similar, showing



J.B. Tary et al.

0.
€
=<
= 20
ol
[0
=)
40 .
75
. 4 . e -76
Latitude S 76.4 -76.2
65 .76.6 ‘ )
Longitude

Depth (km)

Journal of South American Earth Sciences 115 (2022) 103728

0+— — Days
25
10
20
20 4 15
30 - 10
5
40 = — |
766 764 onn . 75 0
Lo 762 7665 4
Longitude Latitude

Fig. 6. Three-dimensional configuration of the fault plane with the coseismic slip distribution (Vg = 2.5 km/s, 7 = 1.1 s) and the aftershock distribution. The af-

tershocks are color-coded by their occurrence time after the mainshock.

several main patches on the fault plane (Fig. 4). One of these patches is
located close to the centroid location, two are located closer to the
shallow part of the fault plane, one is located to the northwest of the
centroid, and another one is located deeper, to the south of the centroid.
Focusing on the model with the highest VR (i.e., maximum Vg = 2.5km/
s, 7=1.1 s), the average and maximum slip estimated for the Mutata
earthquake are around 0.03 and 0.16 m, respectively. The total seismic
moment corresponding to this model is around 3 x 10'® N m, corre-
sponding to a moment magnitude of 6.25. For a total duration of around
19 s, the source time function shows a small peak between 0 and 4 s,
followed by one main peak between 9.5 and 13.5 s and a roughly con-
stant moment rate for ~6 s (Fig. 5). The rupture started close to the
mainshock position, followed by a small patch to the northwest of the
mainshock (Fig. 5). The rupture then propagated in all directions around
the mainshock except to the southeast. The rupture finally ended in the
upper and lower corners to the northwest of the mainshock.

5. Discussion

The contact between the CPB and the NAB in the Murindo seismic
zone, corresponding to the Uramita fault zone, is characterized by a high
seismic activity. An important part of this seismicity is however difficult
to assign to specific structures mainly due to event location un-
certainties, limited information on their source attributes (e.g., focal
mechanisms), the high number of seismogenic structures, and the po-
tential presence of unknown faults or faults with unclear/varying
characteristics in the area. In this context, and despite the information
brought by the aftershock alignment, focal mechanisms and moment
tensor solutions, significant uncertainties remain on the definition of
source characteristics (e.g., fault plane for the finite fault slip inversion)
and tectonic interpretations. For the 2016 Mutata earthquake, the
aftershock number decreases exponentially over time, with more than
50% of the aftershocks occurring within one day of the mainshock. In
addition, the aftershocks are immediately triggered in all parts of the
event cloud (Fig. 6). Hence, their spatio-temporal pattern does not
present a diffusion-like distribution, which could indicate the presence
of fluids and explain the large non-DC components in full moment tensor
inversions (e.g., Julian et al, 1998). The presence of valid non-DC
components can also arise due to rupture complexity (e.g., Zahradnik
et al., 2008b) or rock anisotropy (Vavrycuk, 2005), for example. In our
case however, for the W-phase USGS and full moment tensors, it likely
corresponds to spurious components due to the use of a 1D velocity
model, observational limitations (data coverage and quality, centroid
location), and modelling limitations (frequency band, overfitting) (e.g.,
Duputel et al., 2012). This then illustrates the importance of regional
studies to re-examine earthquake source characteristics.

Structural information and our seismological results suggest that the
fault plane corresponds to the nodal plane oriented NW-SE, corre-
sponding to a right-lateral strike-slip mechanism. This focal mechanism
is roughly in agreement with the general NW-SE compressional stress
regime in this area (Arcila and Munoz-Martin, 2020). The main structures

in this zone, such as the Uramita, Murindo and Canasgordas faults, show
mainly a left-lateral strike-slip regime (e.g., Paris et al., 2000; Gomez
et al., 2020). However, the Murindo seismic zone presents a variety of
focal mechanisms, generally showing a strike-slip component, some-
times combined with either normal or reverse components in different
amounts (Cardona et al.,, 2005; Leon et al., 2018; Castillo Manrique,
2018). This suggests that this zone is accommodating the deformation
between the CPB, NAB and Antioquia batholith by means of complex
interactions between different faults. Within the mainly left-lateral
strike-slip Uramita fault zone, a NW-SE oriented antithetic fault could
have generated the 2016 Mutata earthquake.

The slip distribution results indicate that the rupture occurred in
most directions except to the southeast (Figs. 4 and 6). Most aftershocks
being located in this direction (Figs. 2 and 6) and, considering location
uncertainties, this suggests that stress changes due to the mainshock
triggered seismicity either on another part of the same fault plane, or on
shallower structures in the hanging wall of the mainshock. Tectonic
interpretations remain however speculative considering the un-
certainties associated with the fault plane definition. On the other hand,
characterizing the source of significant events, such as the Mutata
earthquake, provides important information on the seismic activity and
the seismogenic potential of the various tectonic structures present in
the northwestern part of Colombia.

6. Conclusion

Located at the contact between CPB and NAB, the Uramita fault zone
includes the Murindo seismic zone presenting high seismic activity in
terms of numbers and magnitudes. The M, 6 2016 Mutata earthquake,
which occurred within this zone, is situated at the intersection of the
Uramita fault with NW-SE-oriented faults and a NNE-SSW-oriented
inferred fault. After relocation, the earthquake sequence, comprising
the mainshock and its aftershocks (i.e., 410 events), make a NW-SE-
oriented cloud with most of the aftershocks being located above and
to the southeast of the mainshock. A re-analysis of its source mechanism
using eight regional seismological stations points to a DC moment
tensor, an event centroid at a depth of 20 km, and a right-lateral
mechanism for a NW-SE fault plane dipping toward the southwest.
Considering the main kinematic slip distribution inversion parameters
(i.e., smoothing, number of time windows, rise time, maximum rupture
velocity), the maximum variance reduction is obtained for a rise time of
1.1 s and maximum rupture velocity of 2.5 km/s. The corresponding
rupture model has a source time function of about 19 s and slip patches
distributed around the mainshock centroid location in all directions
except to the southeast, where most of the aftershocks are located. The
Murindo seismic zone shows a variety of focal mechanisms likely
reflecting complex interactions between faults within a regional NW-SE
compressional regime. The source characteristics of the M,, 6 2016
Mutata earthquake suggests then that secondary faults are capable of
generating large magnitude earthquakes, and hence contribute sub-
stantially to seismic hazard in this region.
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The regional seismological data used in this study are available on
the Servicio Geoldgico Colombiano webpage http://bdrsnc.sge.gov.co/
paginasl/catalogo/index.php. The Jupyter Notebook using ObsPy and
MudPy to pre-process seismological data and calculate the kinematic
slip inversion of the Mutata earthquake is available at https://github.
com/jbtary.
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