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S U M M A R Y
We use seismic waves for a magnitude 6.3 intermediate-depth (160 km) earthquake in the
Bucaramanga Nest, Colombia, to infer a complex rupture process with two distinct stages,
characterized by different rupture velocities possibly controlled by the evolution of strength
on the fault. Our integrated data processing permitted to precisely characterize the multistage
rupture and the presence of a strong weakening event. The resulting seismic radiation is
interpreted as resulting from an extreme weakening due to a cascading thermal shear runaway,
with an initial inefficient radiation process followed by a fast and dynamic efficient rupture. Our
results imply dynamic complexity of the seismic rupture deep inside the Earth, and may help
to give some new insights about the physical mechanism of intermediate-depth earthquakes.

Key words: Earthquake dynamics; Earthquake source observations; Body waves.

I N T RO D U C T I O N

The physical process responsible for intermediate-depth and deep
focus earthquakes is still poorly understood and remains one of the
outstanding questions in geophysics (Green 1995; Frohlich 2006;
Houston 2007). The high temperatures and pressures hundreds of
kilometres deep inside the Earth should inhibit the occurrence of
brittle failure, however global seismic networks routinely locate
earthquakes at depths larger than 50 km.

Shallow (0–50 km), intermediate-depth (50–350 km), and deep
(350+ km) earthquakes all represent shear slip on a fault; however,
anomalous behaviour has been reported for deeper events includ-
ing: significant non-double couple focal mechanisms (Richardson
& Jordan 2002), radiated seismic energies (Wiens 2001), b-values
and aftershock sequences (Wiens & Gilbert 1996; Frohlich 2006;
Houston 2007) and source durations and stress drops (Frohlich
2006; Houston 2007; Poli & Prieto 2014) that often differ from val-
ues observed for shallow events. Detailed comparison between deep
earthquakes shows a large diversity of rupture behaviour (Wiens
2001), with mainly slow rupture velocity and low efficiency events
observed in warm subduction slabs, and faster more energetic rup-
tures in cold slabs (Kanamori et al. 1998; Chen et al. 2014; Zhan
et al. 2014a). Unfortunately, our ability to resolve the fundamental
rupture parameters (e.g. geometry and rupture velocity) remains
inadequate due to the limited resolution offered by observations at
teleseismic distances (Zhan et al. 2014a).

A magnitude (Mw) 6.3 earthquake on 2015 March 10 occurred
at ∼160 km depth in the Bucaramanga Nest (BN) in northern

South America (Fig. 1). The BN is the densest concentration of
intermediate-depth earthquakes in the world (Prieto et al. 2012). In
this contribution we the study the rupture process for the M6.3 Bu-
caramanga event, showing a complex rupture process with evidence
for a strong weakening event during the dynamic rupture.

Focal mechanism

We invert broad-band seismic records at regional distances (100–
500 km) to retrieve the moment tensor and centroid time/position.
For the regional inversion we use the ISOLA software (Sokos &
Zahradnik 2008) and obtain a similar moment tensor solution to
that obtained teleseismically from the gCMT, NEIC and FDSN
(Table 1). For calculating the Green’s functions we use the 1-D
velocity model from the Colombian Geological Survey, which is
based on the results by (Ojeda & Haskov 2001).

Results were obtained in the frequency band 0.04–0.1 Hz (see
Fig. S1). Higher frequencies gave a poorer fitting due to the sim-
plicity of the used velocity model and relatively large hypocentral
distances. Nevertheless, a common feature found in all tested com-
binations of stations, frequency bands (up to 0.3 Hz) and source
positions, is the stability of the obtained focal mechanism, always
showing normal faulting similar to the final solution. Our results
(Figs 1, S1 and S2) show a dominant double-couple solution with a
7–10 per cent CLVD component consistent with the dominant stress
field around the BN (Cortés & Angelier 2005; Prieto et al. 2012),
and similar to other reported MT solutions (Table 1). Regional and
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Figure 1. Map showing the position of the Mw 6.3 Bucaramanga Nest (star) earthquake and the seismic station used in this study (red triangles and dots).
(a) Focal mechanism obtained by inversion of regional data at red triangles. The red dots on the global map are the global stations included in our study. (b)
Apparent (blue) and predicted (red) STFs at selected stations (green dots in a) showing a clear rupture directivity effect on the P-wave pulses. Blue dots indicate
the arrival times of the centroid for E1 and E2. Name of the station, azimuth and centroid time (w.r.t. origin time) are reported.

Table 1. Moment tensor (MT) using regional data (this study) and reported by NEIC and the Global CMT. Per cent DC shows the percentage of pure
double-couple mechanism, with the rest mostly associated with CLVD. FDSN report does not include per cent DC (Vallee et al. 2011).

Source M0 × 1018 (N.m) Mw Strike/dip/rake 1 Strike/dip/rake 2 Per cent DC Method

This study 3.245 6.27 26/76/−67 147/26/−147 93 Regional MT
NEIC 2.671 6.22 28/77/−73 154/21/−142 95 Teleseismic body wave
GCMT 3.016 6.25 26/76/−66 144/27/−149 93 Teleseismic centroid MT
FDSN 3.040 6.25 28/78/−64 141/29/−153 N.A. Teleseismic scardec

teleseismic P- and SH-polarities provide further constraints on the
MT (Figs S3 and S4).

Waveform analysis and details of the rupture process

A closer look of seismic waveforms, recorded at both regional and
teleseismic distances, indicates a more complicated rupture process.
Instead of a single energy burst, the Mw 6.3 event can be divided
into two major subevents E1 and E2 (Figs 1, S3 and S4). Systematic
delay between the times of E1 and E2 as well as the broadening of
the seismic waveforms as a function of azimuth shows a directivity
effect, related to directional rupture process on a finite fault.

To determine the rupture history and constrain the physical pro-
cess associated with this Mw 6.3 intermediate-depth earthquake, we
analysed seismic data from both regional (<10o) and teleseismic
(30–90o) distances. Because of the moderate size of the event, the
first step in studying the directivity is to improve the signal-to-noise
ratio of the teleseismic P waves. To that end, we constructed several
subarrays composed of stations from the global network (GNS),
USArray (TA) and the Brazilian network (RSBR; Bianchi et al.
2014). Other available data in Europe or Chile are in the nodal
plane of the Focal mechanism and have little energy in the P ar-
rival. Fig. S4 shows a selection of apparent source time functions
at teleseismic distances, where two clear subevents are visible. The
STFs (source time function) are obtained using similar processing
to that used for receiver function analysis (e.g. Rondenay et al.
2005). First, the waveforms filtered between 0.01 and 2 Hz, for
arrays of closely spaced sensors are aligned using a multichannel

cross correlation (MCCC) around the P-wave arrival (VanDecar &
Crosson 1990). Once aligned, the source signature is extracted us-
ing Principal Component Analysis (PCA; Yu et al. 2013), which
preserves the amplitudes. For each teleseismic subarray we obtain a
STF as plotted in Fig. S4. We estimate regional STFs using a small
subset of BN earthquakes (Mw 4–5) and applying empirical Green’s
function deconvolution (e.g. Prieto et al. 2009) to the main shock
waveforms.

To quantitatively estimate the time and geometric characteristic
of the sub events, we use an inversion algorithm similar to Zhan et al.
(2014b), fitting the STFs with one Gaussian for each subevent. In
our inversion we only fixed the number of subevents and the fitting
is done using a non-linear algorithm (Seber & Wild 2003), which
provides as output amplitude, polarity, standard deviation (duration)
and the centroid time for each Gaussian (Figs 1, 3 and S3).

We then estimate the relative locations of the hypocentre, E1
and E2 centroids, using a double-difference location algorithm
(Waldhauser & Ellsworth 2000; Fig. 2). The combination of tele-
seismic and regional data allows for well-constrained centroid
locations (Fig. S6), in particular the regional data allows for
constraining the vertical separation. The centroid of E1 is lo-
cated ∼3.7 km from the hypocentre and is 1.5 km deeper, while
that of E2 is ∼6.7 km from the hypocentre and is 7 km shallower.
All location and source parameters for E1 and E2 are shown in
Table 2.

The preferred result for E1 is a ∼4 km rupture with an azimuth
205o (clockwise from North), and dipping downward –26o from
horizontal. For E2 two possible ruptures can be starting at the
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Figure 2. Subevent relative location and rupture directivity. Left-hand panel shows cross-section of the seismicity in the BN between 2010 and 2015.
Right-hand panel shows the locations of the hypocentre and E1, E2 centroids with arrows indicating the rupture direction. The background seismicity shows
M3+ earthquakes (grey dots) 3 months before and 1 month after the Mw 6.3 earthquake.

Table 2. Rupture parameters for subevents E1 and E2 of the Mw 6.3 Bucaramanga Nest earthquake. Centroid locations and times are obtained by double-
difference relocation and are relative to the hypocentre. The horizontal (H) and vertical (L) dimensions and the rupture velocity (VR) are estimated from the
unilateral rupture. Scalar seismic moment (M0) and radiated seismic energy (ES) for each subevent are estimated from the STFs. Stress drop (�σ ) and radiation
efficiency (η) are computed from the previous parameters.

Centroid Horizontal distance Vertical distance H L VR M0 × 1018 ES × 1012 �σ η

Event time (s) from hypocentre (km) from hypocentre (km) (km) (km) (km s−1) (Nm) (J) (MPa)

E1 1.55 3.7 +1.5 3.4 1.4 2.45 1.0684 7.80 19 0.05
E2 3.39 7.0 –6.7 7.0 –6.6 4.5 1.6026 5.20 3.3 0.2

centroid time of E1: (1) E2 starting at the centroid position of E1
and rupturing for ∼9 km towards 300o, (2) A bilateral rupture with
E2 starting at the hypocentre and rupturing for 8.2 km towards 300o.
Given the delay time E1–E2 being 1.8 s we obtained Vr ∼ 5.2 km s–1

for case 1 and Vr ∼ 4.5 km s–1 for case 2. We can further con-
strain the rupture geometry if we consider a 3-D unilateral rupture
(Warren 2014; Zhan et al. 2014a) and analyse the azimuthal delay
of the centroids. Comparing the relative locations and the delay of
the centroids, our results suggest that the more moderate rupture
velocity of 4.5 km s–1 is more likely for E2.

Using the parameters in Table 2 and assuming the event 2 starting
at ∼1.5 s of the rupture time we calculated synthetic waveforms for
comparison with actual data. The agreements between predicted
and observed STFs well explain the orthogonal rupture directions
between E1 and E2. The agreement is showed in Fig. 3 where
observed and predicted STFs at regional and teleseismic distances
are plotted.

The non-negligible CLVD component of the MT solution can be
explained by allowing rotation of the focal mechanism between E1
and E2, as observed from amplitude ratios (Frohlich 1994; Fig. S6).
The change in rupture direction and focal mechanism is in agree-
ment with the wide range of focal mechanisms observed in the BN
(Cortés & Angelier 2005; Prieto et al. 2012).

Released seismic energy and stress drop

We estimate the total energy radiated by this earthquake by integrat-
ing the average squared spectrum of the P-wave particle velocity
recorded at teleseismic distances (Boatwright & Choy 1986). Prior
to integrating, we must correct for the intrinsic attenuation of seis-
mic waves caused by the Earth. The t∗ parameter, describes the
attenuation of seismic waves as they propagate through the Earth.
To estimate a reliable t∗ we first determine the apparent rupture du-
ration τ by stacking teleseismic P wave STFs (Poli & Prieto 2014).
We then grid search over a range of t∗ values, and compare the
observed P-wave spectra with an omega-squared model using the
corner frequency fc ∼ 1/τ estimated from the source time function
and the moment tensor from the CMT catalogue. Our preferred t∗

(0.3 s) is the one that minimizes the misfit between the average ob-
served and theoretical spectra for all stations. Our preferred t∗ value
agree with previous observation for deep earthquakes (Ye et al.
2013). The P wave spectra have all been corrected for geometrical
spreading, the radiation pattern and attenuation, and we averaged
the integrated energy flux at each station to obtain the seismic
radiated energy (Boatwright & Choy 1986). The average spectrum
from the global P-wave data is shown in Fig. S7. To account for
the finite bandwidth (the highest observed frequency is 2 Hz), we
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Figure 3. Left-hand panels: observed centroid times for E1 and E2 (grey) and corrected centroid times along the horizontal directivity parameter (yellow
dots). Difference between observed and corrected times suggests that a significant vertical rupture is present. Right-hand panel: selected apparent STFs from
teleseismic and regional stations (black) and predicted STF for E1 and E2 (grey). Our bidirectional model provides good agreement of centroid times and
widths of E1 and E2 even though the durations are not used in the determination of the rupture velocities.

extrapolated the spectrum to 200 Hz, assuming an omega-squared
decay.

The estimated total radiated energy of the Mw 6.3 BN earthquake
is 1.3 × 1013 Joules. The scaled energy (e = Er/Mo) is ∼3 × 10−6,
fundamentally lower than the typical values observed for crustal
earthquakes (Ide & Beroza 2001). We use our fitted STFs cor-
rected for radiation pattern and rupture propagation to determine
the relative radiated energy of each event (Fig. 4a). While map-
ping the radiated energy back to the source is complex (Rivera &
Kanamori 2005), we here assume that energy is radiated near the
corner frequency (e.g. Kaneko & Shearer 2015) and we only aim
to track the time dependence of energy release to discuss the dif-
ferent part of the rupture. Because of the limited frequency of the
source time function, it is not possible to directly estimate the en-
ergy released, we thus set the energy at the end of the source time
function being equal to the radiated energy estimated from spectral
analysis (Fig. S7). We further test the difference in time energy
release by analysing the single station STFs in different frequency
band, showing how the first part of the rupture contains less high
frequency energy (Fig. S8). Following our analysis we estimated E1
and E2 to contribute 60 and 40 per cent of the total radiated energy,
respectively.

We calculated the stress drop assuming the rupture being com-
posed of two circular cracks. For each one we calculated the radius
from the measured duration of the subevent (Boatwright 1980) and
using the relative moment (Table 2) and the obtained rupture veloc-
ities we obtained the stress drop (Eshelby 1957). From the estimates
of radiated energies and the static source parameters (Table 2) we
determine radiation efficiency η = 2μES/(M0�σ ) of 0.05 and 0.2 for
E1 and E2, respectively. Recent estimates of radiation efficiencies
of moderate BN events (Prieto et al. 2013) show a very dissipative
mechanism similar to E1, with a potential for thermal shear runaway.
Furthermore, in contrast to the observed moment rate function, the
cumulative radiated energy (Figs 4a and S7) shows very little radia-
tion during the first second of rupture. Then after about one second
from the origin time, significant seismic radiation is observed and
E2 is triggered.

D I S C U S S I O N A N D C O N C LU S I O N S

The Mw 6.3 BN earthquake rupture process can be divided into two
stages (Fig. 4b). A slow rupture characterizes stage 1, with low effi-
ciency suggesting a high frictional stress. The low rupture velocity
and high stress drop is similar to smaller dissipative events in the
Bucaramanga area (Prieto et al. 2013). A significant portion of the
available potential energy goes into breakdown work (Cocco et al.
2006) potentially heating the fault zone and leading to melting and
extreme weakening that leads to the next stage. In stage 2, a new rup-
ture develops towards the W–NW (E2), which radiates energy more
efficiently at fast rupture velocities. This last stage could be a inter-
preted as a second weakening process as proposed by Kanamori &
Heaton (2000), where the frictional stress dramatically drops to low
values after a certain critical slip distance is reached when melt-
ing and/or other thermally driven weakening mechanism reduces
friction. Laboratory and geological observations of large frictional
strength reduction also show such extreme weakening, although
the interpreted mechanisms may vary (Fialko & Khazan 2005; Di
Toro et al. 2006, 2011; Green II et al. 2015). A possible alterna-
tive scenario is given by the triggering of the second event by the
strong weakening process in place during the first event (Meng et al.
2012).

Seismically determined source parameters (magnitude, stress
drop, radiated energy) outline the energy release during earthquake
rupture and provide key constraints on the weakening mechanisms
that have been observed in earthquake analog experiments (Fialko &
Khazan 2005; Di Toro et al. 2006; Kaleman & Hirth 2007; Green II
et al. 2015). The inferred dynamic behaviour of the earthquake sug-
gests a cascading triggering mechanism (Chen et al. 2014) driven
by thermal shear runaway (John et al. 2009; Chang et al. 2012),
with large and fast rupture propagation being possible after a first
weakening process during which most of the energy goes into heat-
ing the fault region, and the frictional stress remain high. The latter
conditions allow for the runaway process to drastically reduce the
dynamic frictional stress (Di Toro et al. 2006, 2011; Green II et al.
2015) and viscous effects (Fialko & Khazan 2005).
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Figure 4. Model of the Mw 6.3 Bucaramanga nest rupture process. (a) Cumulative radiated energy (blue) as a function of rupture time, estimated from the
observed source time function (black). Estimated source time functions for subevents E1 (green) and E2 (red) are also shown. The black dashed lines separate
the three stages of the rupture process. (b) Schematic model of the rupture process projected onto a horizontal plane on the subducted plate (see inset) showing
the spatial and temporal features of E1 and E2. Yellow dot represents the hypocentre.

Thru our analysis a tentatively estimation of Dc is possible. Being
the average slip at the end of E1 ∼0.6 m and given the beginning
of high energy radiation observed for the second event at the end of
event 1, we estimated the weakening distance to be of the order of the
same order. This observation is supported by previous observation
(Prieto et al. 2013) and agrees with the low efficiency observed for
event 1 [e.g. Dc = (1–η) D = 0.57 m, with D being the average
slip].

Based on the timing of the initiation of E2, the efficiency of
E1 and the source scaling in the Bucaramanga Nest (Prieto et al.
2013), the critical weakening distance (Dc) may be of the order
of ∼0.5 m. This value is an order of magnitude larger than those
predicted based on extrapolation of laboratory experiments (Di Toro
et al. 2011; Schubnel et al. 2013; Green II et al. 2015) suggesting
that the weakening mechanism requires fracture energy accumula-
tion. The nature of the weakening mechanism is an active area of

research, and our seismological observations highlight the impor-
tance of thermally controlled processes in both intermediate-depth
and deep earthquake rupture. Whether the mechanism is purely
thermal or related to phase and dehydration reactions requires a
combination of observational, laboratory and theoretical studies
that we hope to pursue.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1. Regional moment tensor solution of the Mw 6.3 Bu-
caramanga Nest Earthquake. (a) Map of regional stations and Mw

6.2 hypocentre. (b) Cross section of the Mw 6.3 event (red) and
aftershocks (black) along the line in (a). (c) Estimated focal mech-
anism and (d) The correlation coefficient as a function of source
depth (5 km interval) for inverted regional moment tensors and the
corresponding DC per cent for each solution.
Figure S2. Broad-band waveform comparison between observed
(red) and synthetic (black) data. Synthetics are computed using the
moment tensor solution given in (b). Numbers indicate peak dis-
placement (in metres) of observed data. Grey traces were not used
in the MT inversion.
Figure S3. Observations of apparent source time functions
(coloured lines) at various teleseismic subarrays using MCCC and
PCA. Dashed coloured lines below STFs are the predictions based
on our rupture model. Two subevents E1 and E2 are clearly observed
at all stations along with azimuthal variation in STF duration and
relative amplitudes of E1 and E2. The focal sphere shows the MT
solution planes and first motion polarities for all stations (positive
‘+’ and negative ‘o’).
Figure S4. SH-Polarities and selected STFs for the Mw 6.3 Bu-
caramanga Nest earthquake. Note the clear polarity change in the
northern quadrant, which is in agreement with the proposed fo-
cal mechanism. Positive polarity STF are shown in red, negative
polarity in black, and undetermined in grey.
Figure S5. Observed and predicted arrival time differences between
the hypocentre P-wave arrival times and E1 (a) and E2 (b) centroids
ad between the E2–E2 centroids (c). These time differences are

used to determine the relative locations shown in Fig. 2. Note that
the relative times of E2 w.r.t. the hypocentre and E1 are similar,
suggesting that E2 is shallower compared to both.
Figure S6. Estimated amplitudes of each subevent and amplitude
ratios from regional and teleseismic P waves. The amplitude ratio
for two events with the same focal mechanism is expected to be
constant, while here it shows that the focal mechanism of the 2
events is slightly rotated. Estimated rotation of the focal mecha-
nism of E2 (red lines) assuming E1 has same focal mechanism as
the broad-band moment tensor solution (beach-ball). Yellow lines
shows range of viable mechanisms for E2.
Figure S7. Global average spectrum of P waves (blue) and omega-
squared model (red dashed line). The total radiated energy from this
earthquake is 1.3e13J (see supplementary text).
Figure S8. Energy radiation for an apparent source time function
at azimuth 330◦ and distance 40◦. The source time function (red
trace) is corrected for the T∗ value obtained from spectral analysis.
We then filter the source time function in a long period (0.05–0.5
Hz) an short period (0.5–2 Hz) frequency bands, and the integral
of the squared velocity waveform is calculated. As evident the first
part of the rupture is dominated by long period radiation (blue
trace). The second and more efficient part of the rupture radiates
larger high frequency energy (green trace). The crossover between
the two energy accumulation functions occurs at time ∼1.5 s, the
time interpreted as the moment at which the extreme weakening
process is occurring (see main text) (http://gji.oxfordjournals.org/
lookup/suppl/doi:10.1093/gji/ggw065/-/DC1).

Please note: Oxford University Press is not responsible for the
content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should be
directed to the corresponding author for the paper.
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