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ABSTRACT 

Colombia is located on the South American plate with two zones of subductions, one to the 

west on the Pacific side (Nazca plate), and one to the North on the Caribbean side 

(Caribbean plate). This leads to the presence of large and complex fault system within 

Colombia. On September 14, 2016, a Mw 6.0 earthquake occurred in Northwestern 

Colombia on the Uramita fault close to Mutata at a depth of approximately 18 km. The 

moment tensor calculated by the USGS for this event shows a thrust fault focal mechanism 

with a fault plane dipping at 35° and a small right-lateral component. Interestingly, the 

moment tensor decomposition shows a double couple component of only 55%. This event 

is both one of the most superficial and one of the strongest seismic events that occurred in 

Colombia since the installation of the national seismological network (RSNC) in 1993. In 

this work, we prepared seismological data to carry out an inversion and obtain the slip 

distribution on the fault plane for this seismic event. We use a combination of broadband 

and near-field data provided by the USGS and the RSNC. We first choose the fault plane 

using the moment tensor and the information on the fault system available. The fault plane 

is then divided in a number of rectangular sub-faults in order to calculate the contributions 

of slip from each patch in the source region. Very few earthquakes from Colombia were 

studied in order to determine their slip distribution. This study is then a first step toward a 

better understanding of their complex rupture, and to better estimate seismic hazards in the 

region.  

Key words: Seismology, Slip inversion, Earthquake, Finite Fault analysis, Colombian 

seismicity. 
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RESUMEN 

Colombia se encuentra situado en la placa Suramérica con dos zonas de subducción, una al 

oeste en la región Pacífica (placa Nazca), y otra en el norte en la región caribe (placa 

Caribe). Esto conlleva la presencia de grandes y complejos sistemas de fallas alrededor de 

todo Colombia. En Septiembre 14 de 2016 un terremoto de magnitud 6.0 ocurrió en el 

noroeste de Colombia en la falla de Uramita, cerca del pueblo Mutata a una profundidad 

aproximada de 18km. El tensor de momento calculado por el USGS para este evento 

muestra un mecanismo focal para una falla inversa buzando a 35º y una pequeña 

componente lateral diestra. Este evento es una de los más superficiales y fuertes que ha 

ocurrido desde la instalación de la Red Sismológica Nacional Colombiana en 1993. En este 

trabajo se procesaron datos sismológicos para realizar la inversión matemática de los 

mismos y de esta forma calcular la distribución del deslizamiento cosísmico de este evento. 

Para esto se utilizaron datos tanto en el campo cercano como en el lejano provenientes del 

USGS y de la RSNC. Muy pocos terremotos en Colombia han sido estudiados para calcular 

la distribución del deslizamiento. Este estudio es un primer paso para mejorar el 

entendimiento que se tiene del complejo proceso de ruptura en Colombia, y para estimar 

posibles riesgos geológicos. 

Palabras clave: Sismología, inversion del deslizamiento, terremoto, fallas finitas, 

sismicidad colombiana. 
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1. INTRODUCTION 

The Mutata earthquake of 14 September 2016 𝑀!  6.0  is one of the most superficial and 

strongest seismic event that had occurred in Colombia since the installation of the 

seismological national network. This event occurred within the Fault of Uramita, a fault 

system that will be further discussed in Chapter 2.1. The mechanism of the earthquake is 

mainly a double-couple source (Figure 1.1), meaning mainly shear motion on the fault 

plane. According to the Moment Tensor calculated by the USGS, the depth of the 

earthquake is 17.5km, with an area of about 20km x 10km, an average slip of about 15 cm 

based on the empirical relationships given by Coppersmith (1994). 

	

Figure	1.1:	Moment	tensor	

W-phase moment tensor calculated by the USGS (2016). The moment of the earthquake is of 1.160e+18 N-m, 

and has a magnitude of Mw 6.0. It has a depth of 17.5km, and a percentage of DC of 55%. The first nodal 

plane has a strike of 226º, with a dip of 80º and a rake of 56º. The second nodal plane has a strike of 121º, 

with a dip of 35º, and a rake of 162º.  

Furthermore this earthquake produced an instrumental intensity of level VI (strong), with a 

peak velocity of 9.6𝑐𝑚/𝑠, and peak acceleration of 12%𝑔, generating a green alert (in The 

Modified Mercalli Intensity Scale) according to the USGS. To illustrate the impact of the 

seismic event, the correlation between intensity and hypocentral distance is evidenced in 
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Figure 1.2, while the areas affected with the corresponding intensity can be seen in Figure 

1.3 and Figure 1.4. 

	

Figure	1.2:	Intensity	in	the	Modified	Intensity	Scale	vs	hypocentral	distance.		

The scale takes into consideration responses such as people awakening, damage to furniture and total 

destruction. This scale doesn´t measure the ground motion, instead it considers the impact on the population 

and the infrastructure. It also includes the scales of Atkinson-Wald (2007). Taken from USGS National 

Earthquake Information Center (2016). 

In general terms, during the seismic cycle stresses within a region constantly changing, and 

once it surpasses a critical level it is released as a seismic event, and then start to build up 

again (Pritchard, Simons, & Ji, 2003, p. 135). Even though stress can increase or decrease 

in sudden jerks by earthquakes, there are some studies that show other effects on stress such 

as “stress triggering”, meaning that an earthquake on one part of a fault makes another 

earthquake adjacent to the fault be more or less likely to occur (e.g., Stein et al., 1997), or 

stress changes due to postseismic slip. For this reason, it is important to study the co-

seismic slip distribution in order to have the possibility to better indicate whether an 
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earthquake is more or less likely to occur depending on its location and its relationships 

with its neighbors. 

	

Figure	1.3:	Location	and	intensity	of	the	Mutata	earthquake 

Location of the Mutata (Colombia) earthquake with 𝑀! = 6.0 and depth of 18km, which took place in 2016. 

It includes the Modified Intensity Scale that provides a measure of the severity (non scientific) of the 

earthquake. It takes into consideration the human response, structural destruction and other observed factors. 

The highest intensity (V) took place in the municipality of Mutata, a town with a population of 9,000 (Taken 

from the USGS National Earthquake Information Center, 2016).   

On the other hand, co-seismic slip inversion helps to determine the distribution of asperities 

(a region on the fault rupture surface that has large slip compared to the average slip on the 

fault) relatively to the size of the fault plane, while an average slip distribution (i.e., 

homogeneous slip on the fault) is used for most studies (Ide, 2015, pp. 215). This slip 
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distribution can be used to investigate the source of strong motion earthquakes, and so, 

better analyze possible seismic hazards. In addition, by determining the spatial distribution 

of slip, this study intends to improve the understanding of the triple junction between 

Nazca, Caribbean and South American plates, as done for the 1999 Izmit Earthquake (B. 

Delouis, 2002), where they used this method in order to locate the termination of the North 

Anatolian fault. To achieve this, the data used in this work are broadband and near field 

data of the Mw 6.0 Mutata earthquake, Colombia, 2016.  

	

Figure	1.4:	Instrumental	intensity	map	

Location of the earthquake with 𝑀! = 6.0 and depth of 18km, which took place in 2016 in the northwest 

Colombia, specifically in Mutata, Antioquia. The coordinates of the epicenter are 7.34º𝑁 76.16º𝑊. It 

includes the shakemap that provides near-real-time maps of ground motion and shaking intensity following 

the earthquake. (USGS National Earthquake Information Center, 2016).	
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2. GEOLOGICAL AND SEISMOTECTONIC SETTING 

The Andes of Colombia represent the uppermost termination of the Andean belt, which 

spreads through almost all of western South America and has an extension of over 9000km 

(Taboada, et al., 2000). The intracontinental deformation in the northern Andes is the result 

of a complex triple junction between Nazca Plate, South American Plate and Caribbean 

plate (Figure 2.1). The Caribbean Plate is moving at a speed of 1− 2 𝑐𝑚/𝑦𝑟 towards 

northwestern South America, while the Nazca oceanic plate is converging eastward at 

about 6 𝑐𝑚/𝑦𝑟 relative to northwestern South America (Taboada, et al., 2000).  

	

Figure	2.1:	Structural	map	

Structural map of northern-South America showing the interaction between plates and including the main 

faults of Colombia. Taken from (Garzón, 2012).	

In the Colombian Andes there are three main mountain ranges, which are the Western, 

Central and Eastern Cordilleras, which unite into a single range southward. Furthermore, 

the intracontinental deformation is associated with large-scale reverse and strike-slip faults, 
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with direction ranges of N-S to NE-SW, which fits with the convergence directions of the 

subduction zones (Taboada, et al., 2000). The region is associated with two major structural 

units: the Caribbean coast and the Eastern Llanos basin (Vargas, Pujades & Montes, 2007). 

2.1. Main structural features related to the study zone 

The main geological features related to the study zone are the Uramita, and Murindó fault 

zones, which can be seen in Figure 2.2.  

• The Murindó fault is located westward to the earthquake epicenter, and is situated in 

the west part of the Cordillera Occidental, with a direction of N30ºW, and an length 

of 50km (González & Londoño, 2003). It is considered an active fault, with a high 

percentage of superficial events (<30km). 

• The Uramita fault zone is associated with the earthquake. It lies between the Chocó 

block and the Cordillera Occidental in NW South America, and defines the Eastern 

limit of the Chocó block and the Itsmina Deformed Zone to the south (Mosquera-

Machado et. al., 2009). Its extension to the north is limited by the eastern margin of 

the Urabá gulf (Garzón, 2012). This fault is next to the convergence zone between 

the Caribbean and Cocos Plates, and has a direction of N20-30W (INGEOMINAS, 

2005). The fault is an inverse fault and has a length of 300km (INGEOMINAS, 

2005, p. 1986). 
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Figure	2.2:	Faults	related	to	the	earthquake.	

Main structural features showing the two most important faults that can affect the earthquake, which are the 

strike-slip fault of Murindó and the Uramita Fault, and also the fault where the earthquake is located which 

has no formal name (SGC, 2015). It also includes the moment tensor showing the location of the earthquake 

comprising an oblique-reverse fault (USGS National Earthquake Information Center, 2016). 	
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3. THEORETICAL FRAMEWORK ABOUT SLIP INVERSION 

Since the development of modern seismology, revealing the spatial distribution of slip and 

the underlying rupture physics of fault planes has been a major concern (Ide, 2015). One of 

the first earthquakes where studies considered the spatial aspect of slip took place in Chile 

in 1960 with a magnitude (Mw) of 9.5, where authors such as Benioff (et al., 1961) looked 

at the excitation of the free oscillations of the Earth induced by earthquakes. The present 

section discusses a general view on the theory of inversion, presenting its the main features. 

3.1. Theory of inversion 

The theory of inversion is a mathematical tool widely used to analyze scientific 

measurements in an indirect way (Peña, 2014). When analyzing structures that are 

inaccessible, it is not possible to approach the problem with direct measurements, and for 

this reason it is important to formulate a mathematical model connected to the indirect data 

through a transfer function such as Green functions (Peña, 2014). An example for this can 

be found when seismologists try to estimate the properties of the layers of the earth using 

the velocity of seismic waves. In this case, they don’t have access to samples obtained in-

situ, therefore they have to use seismic wave measurements from earthquakes, in order to 

estimate the behavior of waves in the inner layers (Peña, 2014). The result is a model that 

calculates the velocity structure of the Earth. 

In the study of Geophysics there are two major constraints that are: physical properties in 

the Earth’s interior are retrieved from indirect measurements, and continuously varying 3D 

properties are only measured at a limited number of locations (Sacchi, 2006). Inverse 

problem theory was essentially developed to account for largely underdetermined problems 

(Tarantola & Valette, 1982); the inversion of slip distribution is one of these cases. 
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Another aspect of Geophysics is the problem of non-uniqueness as shown in Equation 3.1, 

which is the Toy Problem (Sacchi, 2006). 

𝑚! +𝑚! = 𝑑 Equation	3.1	

where you need to calculate 𝑚! and 𝑚! and 𝑑 is the given observation. 

In order to deal with non-uniqueness, one needs to incorporate physical constraints, non-

informative priors, and inferred geologic data (Sacchi, 2006). The minimal constraints 

necessary for the formulation of an inverse problem according to Tarantola (1982, pp.159) 

are: 

• The formulation must be valid for linear as well as non-linear problems. 

• The formulation must be valid for over determined as well as for underdetermined 

problems. 

• The formulation must be general enough to allow for general error distributions in 

the data. 

• The formulation must be general enough to allow for the incorporation of any a 

priori assumption. 

• The formulation must be general in order to incorporate theoretical errors. 

The following equation is a simplification of any problem that involves a mathematical 

description of the physical process under study ℱ, the distribution of the physical properties 

𝑚, and the observations 𝑑 (Sacchi, 2006). 

ℱ𝑚 = 𝑑 Equation	3.2	

In a forward problem you know ℱ and 𝑚 and you want to compute 𝑑 at discrete locations, 

in general 𝑚(𝑥) is a continuous distribution of any physical property, whilst 𝑑 is a discrete 
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vector of observations (Sacchi, 2006). On the other hand, in an inverse problem you have a 

mathematical description of the physical process and the vector of observations. In this case 

you need to calculate the distribution of the physical properties (Sacchi, 2006). 

3.2. Slip inversion 

First of all, it is essential to introduce the mathematical formula for slip inversion problems 

using seismic data. An earthquake is composed by the spatial and temporal distribution of 

displacement discontinuities Δ𝑢(𝑥, 𝑡) across fault planes Σ (Ide, 2015, pp. 196). In order to 

obtain Δ𝑢 𝑥, 𝑡 ∙ 𝜈 𝑥 = 0 , where 𝜈 𝑥  is the normal vector to the plane, it is necessary to 

account only shear slip whose direction is perpendicular to the local normal vector (Ide, 

2015, p. 196).  

According to Ide (2015, p.196) the equation of displacement 𝑥, 𝑡  due to a slip distribution 

Δ𝑢 𝜉, 𝜏  in an elastic medium is  

𝑢! 𝑥, 𝑡 = 𝑑𝜏 ∆𝑢! 𝜉, 𝜏 ×𝐶!"#$𝐺!",! 𝑥, 𝑡; 𝜉, 𝜏 𝑣!(
∑

!

!!
𝜉)𝑑 (𝜉) Equation	3.3	

Where 𝐺!",! is a Green tensor function that is the 𝑖th component of displacement at (x,t) 

due to an impulsive force at (𝜉, 𝜏) in 𝑝th direction, and 𝑞 represents the derivative in the 𝜉! 

direction, and 𝐶!"#$ is the elastic constant. In this case the data (𝑢!) and the Greens 

functions are known, while we search for slip model ∆𝑢!.  

On the other hand, the spatial and temporal slip distribution in the ith direction on each of 

the fault planes is given by Equation 3.4, where 𝑢!
! is a unit vector that represents the slip 

direction and 𝜙! 𝑥  is the spatial basis function (Ide, 2015). 



17 

∆u! 𝑥, 𝑡 = 𝑝!
ℱ

!!!

𝑢!
!(𝑡)𝜙! 𝑥 𝑓!(𝑥, 𝑡) Equation	3.4	

One of the methods used to solve Equation 3.4 is the multi-time window method. This 

method works by generating an additional set of seismograms, with synthetics delayed in 

time by the duration of a given boxcar source-time function (Mendoza, Hartzell, & Heaton, 

n.d.). The number of time windows also increases the number of unknowns in the linear 

problem, and in every time window the contribution of the slip is being solved, allowing a 

variable rise time and relaxing the constraints of a fixed rupture velocity (Mendoza, 

Hartzell, & Heaton, n.d.). By using the multi-time window method Equation 3.4 expands 

into Equation 3.5. So by making successive time windows, represented by ∆𝑡, the 

expansion coefficient 𝑞! is forced to satisfy that 𝑞!!
!!! = 1 (Ide, 2015).  

𝑢!
!(𝑡)𝑓!(𝑥, 𝑡) = 𝑞!

!

!!!

𝜈!
!"𝑓(𝑡 − 𝑘 − 1 ∆𝑡 − 𝑡! 𝑥  Equation	3.5	

Substituting Equation 3.5 in Equation 3.1 and integrating for space and time yields the 

predictive data vector 𝑨 in Equation 3.6. The linear equation can be solved using linear 

least-squares inversion. 

In order to calculate the displacement generated by the earthquake we follow the inversion 

scheme of Mendoza, Hartzell, & Heaton (n.d.). This method uses a rectangular fault with a 

predefined geometry based on the geological features of the zone and in concordance with 

the source mechanism of the earthquake. The dimensions of the fault need to be selected in 

order to encompass the expected extent of coseismic slip using empirical relationships 

among magnitude, rupture length, rupture area and surface displacement (the study uses 

these relations because there are no previous studies about this earthquake). Also the fault 
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plane is subdivided into a number of subfaults (Figure 3.1) in order to calculate the 

contributions of slip from each subfault in the source region (Pritchard et a., 2006). It is 

also important that the earthquake hypocenter is placed at an appropriate location and depth 

on the fault plane (Hartzell & Heaton, 1983). In order to calculate the seismic response, a 

series of point sources are distributed across the length and width of each subfault.  

	

Figure 3.1: Model parameterizations  

Example of different fault model parameterizations for the 1995 Kobe earthquake (Ide, 2015). 

Another important aspect of the inversion is the filtering stage. As raw traces come with 

noise, the data need be properly processed in order to prevent noise amplification or 

incompatible traces. The traces are first deconvolved from instrument response and filtered 

using a Butterworth filter. The response of each point source is computed at the different 

recording sites using Green´s function in order to obtain the calculated data vectors (Ide, 
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2015). The Green´s functions for each subfault are then summed to produce synthetic 

seismograms for each recording site. 

Having both sets of data (observed and synthetic) it is possible to solve the inverse 

problem. The process starts by building a matrix equation system as seen in Equation	3.6. 

Here the seismograms are merged to form matrix A, made up of synthetic traces, while the 

observed data are merged to provide vector b (Figure 3.2). The purpose of the inversion is 

to minimize the differences between both vectors in order to estimate the optimum model 

parameters (Ide, 2015). The following system of linear equations (Equation 3.6) shows the 

problem to be solved by inverting the seismic data.  

C!!!𝑨𝑥 = C!!!𝒃 Equation	3.6	

where C!!! is a data covariance matrix that normalizes the observed records to a unit value 

of 1 (Hartzell & Heaton, 1983). 

The elements that correspond to the solution vector x are the ones that correspond to the 

slip from each subfault and that are needed to reproduce the normalized observations C!!!𝒃 

(Mendoza, Hartzell, & Heaton, n.d.). The program we use approaches the problem with a 

multi-time window method to discretize the subfault rise time and rupture time.  
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Figure 3.2: Schematic representation of the slip Inversion problem  

(Taken from Hartzell & Heaton, 1983). 

In order to stabilize the inverse problem Hartzell & Heaton (1983) introduce constraint 

equations of the form 𝝀𝑭𝒙 = 𝝀𝒅 where 𝝀 is a scalar weighting factor. The most common 

constraints are spatial smoothing and moment-minimization (Mendoza, Hartzell, & Heaton, 

n.d.). In spatial smoothing, F and d are build in a way that the difference in dislocation for 

adjacent subfaults is zero (Figure 3.3), while in moment-minimization, d is the zero vector, 

thus reducing the length of x and minimizing the seismic moment (Mendoza, Hartzell, & 

Heaton, n.d.). Both constraints are applied at the same time using the same smoothing 

value, and the solutions vector x is obtained from applying the inversion scheme of Lawson 

and Hanson (1974) non-negative least squares, which limits the result to positive values. 
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Figure	3.3:	Spatial	smoothing	

The	spatial	smoothing	implies	that	if	a	perturbation	is	imposed	over	a	subfault	in	the	location	[i, j] then	the	

faults	in	the	surroundings	[i + n, j + n] 	will	get	some	of	that	impulse,	depending	on	the	smooth	factor	(𝝀).	It	

is	called	spatial	smoothing	because	it	avoids	significant	differences	between	the	values	of	slip	of	two	

adjacent	subfaults	(Mendoza,	Hartzell,	&	Heaton,	n.d.).	
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4. FAULT GEOMETRY 

For approaching the spatial distribution of slip, it is required to divide the fault plane into a 

number of rectangular subfaults in the source region (Ide, 2015). In slip models, each fault 

plane has seven direct parameters that are: the width/length, strike/dip angles, 

latitude/longitude and depth, but we can find them using the focal mechanism solutions 

including the centroid moment tensor (CMT) that provides the force system acting at the 

source (Ide, 2015).  

In this study we use one planar fault segment in order to approximate the complete rupture 

plane after the main shock. This fault plane is then subdivided in a number of rectangular 

patches (i.e., subfaults). The selected fault plane has a strike of N121ºE and is parallel to 

the NW-SE trending Uramita Fault that has a strike of N30ºW (González & Londoño, 

2003). In the following subsection we will explain the method used to select the fault plane.  

4.1. Focal mechanism 

In seismology, the direction of slip and orientation of the fault for an earthquake is given by 

the focal mechanism. The projection used to display this mechanism is the “beach ball”, 

which is usually the projection of the fault plane on the lower hemisphere of the focal 

sphere surrounding the earthquake. Figure 4.1 displays an explanation of the dilatational 

and compressional zones after an earthquake. The moment tensor (beach ball) of the Mutata 

earthquake can be seen in Figure 1.1, where the blue quadrant contains the tension axis (T), 

which represents the minimum compressive stress direction, while the white quadrant 

shows the pressure axis (P) and represents the maximum compressive stress direction. 
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Figure	4.1:	Schematic	model	of	a	fault	zone	after	an	earthquake	

The figure shows an explanation of the compression and dilatation zones occurring during an earthquake, 

showing how the quadrants of the moment tensor are made. Taken from (MIT, 2008, p. 3). 

The mechanism of the Mutata earthquake is mostly a double-couple source (Figure 1.1), 

meaning mainly shear motion on the fault plane. According to the W-phase Moment Tensor 

calculated by the USGS the depth of the earthquake is 17.5km. 

This focal mechanism was computed by the USGS using a method that best fits to the 

direction of P-first motions observed at each station. The compressive first motions should 

lie only in the quadrant containing the tension axis, and the dilation first-motions in the 

quadrant with the pressure axis.  

The moment tensor gives two nodal planes:  

• The first nodal plane has a strike of 226º, a dip of 80º and a rake of 56º. 

• The second nodal plane has a strike of 121º, a dip of 35º and a rake of 162º. 

The principal axes have the following values:  

• Tension axis: Azimuth of 102º, a plunge of 45º and a value of 0.987 ∙ 10!!"Nm. 
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• Neutral axis: Azimuth of 232º, a plunge of 27º, and a value of 0.290 ∙ 10!"Nm. 

• Pressure axis: Azimuth of 342º, a plunge of 27º and a value of −1.278 ∙ 10!"Nm. 

We are going to use a fault plane that goes along the nodal plane with strike 121º. This 

nodal plane is in concordance with the geological features, shown in the National Geologic 

Colombian Map in Figure 2.2. The most important geological feature is the fact that the 

Fault of Uramita has a strike of N150ºE (INGEOMINAS, 2005), which is close to the strike 

of the second nodal plane, whereas the other nodal plane is parallel to a lineament shown in 

the zoom made in Figure 2.2. Lineaments are geologic structures that are generated in stress 

zones, but its orientation is not necessarily an indicative of the direction of principal 

stresses. In this case, the lineament is perpendicular to the main Colombian faults meaning 

that it is a transverse lineament. The fact that transverse lineaments are related to individual 

faults, and usually trend almost parallel to the stress zones (Caran, Woodruff, & Thompson, 

1981), makes this nodal plane incompatible with the model. 

In order to determine the correct fault plane we also used complementary information such 

as the map of GPS stations velocities, generated with the UNAVCO software. In Figure 4.2 

we can see that there is a historically Northeastern migration of the zone in analysis, which 

is in concordance with the chosen nodal plane because it is orthogonal to its strike. 
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Figure	4.2:	GPS	station	velocities	of	Colombia	

This map contains the velocity directions of different GPS stations in Colombia and its surroundings. This 

data is used as complementary information in order to determine the characteristics of the fault plane 

associated to the Earthquake of magnitude 6.0 of Mutata. The map is generated with the UNAVCO software 

using GSRN global velocity model with the IGS08 reference frame (Dixon, 1999). 

Besides this, we also took into consideration the focal mechanism calculated by the 

Geoscope Laboratory. They calculated this focal mechanism using the SCARDEC method, 

which uses teleseismic body waves to retrieve some characteristics of the earthquake. 

Figure 4.3 displays the 3D representation of the fault movement during the earthquake 

taken from the Geoscope Laboratory. 
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Figure	4.3:	3D	representation	of	the	movement	of	the	blocks	during	the	earthquake	

The figure shows a 3D representation of the Mw 6.0 Mutata Earthquake, taken from Vallée (2011). The figure 

illustrates how the two blocks separated by the seismic fault are displaced during the earthquake. The fault 

shows a right lateral movement with an inverse component on a 28° SSO dipping fault. The fault is oriented 

ESE-ONO with a strike of 113°. Vallée (2011) obtained these results by using the SCARDEC method. 

Additionally we compared the two fault planes with the aftershock distribution to check 

which of the two fitted the best. In Figure 5.5 it can be seen that the nodal plane with strike 

of 121º is aligned with the aftershocks while the other is perpendicular. 

The width and length of the fault is calculated by scaling relationships among magnitude, 

rupture length, rupture width, rupture area and surface displacement, using the empirical 

relationships of Coppersmith (1994). Figure 4.6 show the reference framework used in 

order to establish the parameters that we are going to use to describe the fault zone.  
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Figure	4.4:	Aftershock	distribution	vs	the	two	nodal	plane	solutions.	

The map shows the aftershocks that followed the Mw 6.0 Mutata EQ of 2016 including the 

two fault planes from the moment tensor solution with its depth. Both fault planes have a 

width of 10km and a length of 20km. The plane in the bottom image has a strike of 226º with 

a dip of 80º and a rake of 56º, while the plane in the top image has a strike of 121º with a dip 

of 35º and a rake of 162º. The plane in the top was chosen as the real one because it aligns 

with the aftershocks, it is parallel to the Uramita Fault and is perpendicular to the historical 

GPS migrations. The aftershock series was downloaded from the SGC. 
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Figure	4.5:	Reference	framework	for	fault	parameters	

Fault Geometry: The figure shows the parameterization of the fault plane. The values are: Length (L)= 20km, 

depth (d)=17.5km, strike (ϕ)=121º, dip (δ)=35º, rake (λ)=162º, width (W)=10km. Adapted from (MIT, 2008, 

p.2). 

4.2.  Fault plane parameters (summary):  

The values of the fault parameters are: 

• Depth (d)=17.5km 

• Strike (ϕ)=121º 

• Dip (δ)=35º 

• Rake (λ)=162º 

• Width (W)=10km 

• Length (L)= 20km 

• Average slip: 15cm 
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5. FINITE-FAULT APPROACH 

Fault behaviors aren’t homogeneous throughout all the fault plane, and for this reason it is 

necessary to divide the plane into several subfaults (e.g., Ji, Wald, & Helmberger (2002); B. 

Delouis (2002); Hartzell and Heaton (1983); Ide (2015)). The subfaults are small 

rectangular regions of equal areas. Each subfault is a function of its slip amplitude, rake 

angle, rise time function, and rupture velocity (Ji, Helmberger, Wald, & Ma, 2003).  

A way to estimate the response of a finite fault at a station is to sum the contributions of 

several subfaults on a grid (Ji, Wald, & Helmberger, 2002) but before describing this 

process we have to define the dimensions of the subfaults. 

5.1. Selection of the subfaults 

The fault plane needs to be divided into several subfaults in a grid arrangement (Figure 

5.1). The final result of the slip inversion is the same grid containing the slip amount and 

rake on each subfault. We choose the dimensions of the grid by performing several 

inversions with different dimensions and we selected the one that had the best possible 

resolution. 

5.1. Contributions of the subfaults 

According to Ji et al., (1983) the displacement at an arbitrary station 𝑢(𝑡) is: 

𝑢 𝑡 = 𝐷!" cos 𝜆!" 𝑌!"! 𝑉!" , 𝑡 + sin 𝜆!" 𝑌!"! 𝑉!" , 𝑡  𝑆!"(𝑡)
!

!!!

!

!!!

 Equation	5.1	

“where 𝑗 is the jth subfault along strike, and k is the kth subfault down dip. 𝐷!" , 𝜆!" And 

𝑆!" 𝑡  are the average dislocation amplitude, rake angle, and rise-time function, 

respectevely. 𝑉!" is the average rupture velocity between the hypocenter and subfault jk. 
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The terms 𝑌!"! 𝑉!" , 𝑡  and 𝑌!"! 𝑉!" , 𝑡  are the subfault Green´s functions for the unit slip in 

the strike direction and down-dip direction, respectively” (Ji, Wald, & Helmberger, 2002, p. 

1193).  

In order to calculate the contribution of each subfault on the plane, it is important to spread 

different point sources evenly distributed across the grid, the sum of all the responses gives 

us Equation 5.1. In the time window method every point source is delayed proportionally to 

the time that is equal to the shortest on-fault distance from the hypocenter divided by the 

average rupture velocity (Ji, et al., 2003). The number of point sources must be selected 

according to the size of the subfaults and the highest frequency studied.  

	

Figure	5.1:	Subfaults	

The figure shows an example of a nxm grid of subfaults needed to build the solution of the slip distribution. It 

has the same nomenclature as in Figure 4.5. The hypocenter normally is situated on the grid but this is not 

mandatory. The figure is taken from Novoa (2015, p. 35).	
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6. DATA USED 

In order to recover coseismic slip distribution there are several data that can be used (e.g 

geodetic, teleseismic, strong motion, tsunami records, etc. (Benavente & Cummins, 2013). 

The seismic data has been long used in finite fault inversions to obtain slip distributions 

because of its availability and wide coverage [e.g., Benavente & Cummins (2013), Hartzell 

& Heaton (1983)].  

The raw data recorded for the earthquake is obtained from two global earthquake databases 

that are the USGS/NEIC and Incorporated Research Institutions for Seismology (IRIS), and 

from the Colombian National Network (RDSN). In this paper, we model both, teleseismic 

body waves and near-field records, in order to obtain a reliable inversion. It is important to 

address this issue because usually there is no good local coverage, especially in Colombia, 

where near-field data are not always available, so the slip analysis depends only on 

teleseismic data. 

It is also important to use both sets of data because ground motion in the vicinity of an 

active fault can be significantly different from that of the far-field (Kamalian, 2012). In 

order to differentiate between both distances is necessary to define the displacement field 

that is given by the gradient of displacement potential (MIT, 12.510 Introduction to 

Seismology, 2008): 

u =
dϕ
dr

 Equation	6.1	

In a spherical coordinate system the far field term is given by: 
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𝜙 𝑥, 𝑡 =
𝑓 𝑡 − 𝑟

𝑎
𝜏  Equation	6.2	

where r is the distance from the point source, and 𝜏 is the time residual. 

By applying the Helmotz potential, the displacement field is given by the gradient of the 

displacement potential (MIT, 12.510 Introduction to Seismology, 2008): 

𝑢 𝑥, 𝑡 =
1
𝑟! 𝑓 𝜏 +

1
𝑟!

𝑑𝑓 𝜏
𝑑𝜏  Equation	6.3	

where the first term on the right hand of the equation is the near field displacement and 

decays as !
!!

 whilst the term on the right is the far field displacement and decays !
!!

. 

Also given the relations of internal force and moment tensor, it can be shown that the near 

field term has no dependence on time (MIT, 12.510 Introduction to Seismology, 2008). 

This means that the near field shows the enduring static displacement and the far field term 

shows the dynamic response that generates no permanent displacement (MIT, 12.510 

Introduction to Seismology, 2008). 

6.1. Teleseismic body waveforms 

The teleseismic waves used in this study were retrieved from the IRIS server. Broadband 

seismographs at teleseismic distances recorded these traces that belonged to the GSN-

Broadband network. In this paper we analyzed the digital P waves at epicentral distances 

between 30º and 90º as done in Pritchard et al. (2006). Using Wilber 3 (Newman, et al., 

2013), a web application for acquiring seismic data, we get the waveform plots that can be 

seen in Figure 6.1. The sample rate used by the server goes from 10 to 80 Hz, with a corner 
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period ≥ 10 sec, and the sensors type is High Gain Seismometers. We retrieved three 

preferred orientations that are the traditional ones (North [N], East [E], and Vertical [Z]).  

	

Figure	6.1:	Teleseismic	waveforms,	vertical	components. 

Teleseismic waveforms (vertical components) of the magnitude Mw=6.0 Mutata Earthquake of 2016 

(7.3736ºN, 76.1686ºW). The stations chosen are filtered using hypocentral distances ranging from 30º to 90º. 

The time range displays 1 minute before the arrival of the P-wave and goes 5 minutes after the P arrival. The 

record is limited to 500 samples. The traces were retrieved using Wilber 3 (Newman, et al., 2013).  

It is important to note that in dip-slip earthquakes the teleseismic data have a relatively 

good along-strike resolution, while the down-dip resolution present problems (Carlo, Lay, 

Ammon, & and Zhang, 1999). The fact that waves radiated from one patch are reflected 

and partially cancelled in a different patch generates trade-off between the inferred depth, 

the fault slip, and the source time function (Benavente & Cummins, 2013, p. 2). As a result, 

the waveforms that used East and North components were very limited. After sorting the 

signals by quality we decided to process only the BHZ (vertical-component) for the far 

field. 
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Figure	6.2:	Teleseismic	stations	

The map displays the location of the different stations for the Far field slip inversion. They all form part of the 

Global Broadband Network. All the stations are located at a hypocentral distance ranging 30 to 90 degrees. 

The earthquake occurred at coordinates 7.37°, 76.16° and is plotted with the blue star. 

After selecting the data it is necessary to prepare it for the inversion.  First, the linear trend 

and the mean needs to be removed from the amplitude spectrum followed by tapering the 

signal. After this step the traces are ready for instrument correction and filtering, and for 

this the waveforms are deconvolved from the instrument response, and then integrated in to 

displacement units. In order to do this we first use a bandpass pre-filter in the frequency 

domain to the data, following the recommendations from the SAC manual, and then 

establish a maximum and minimum frequency for all the traces. Then using a function from 

obspy we deconvolve from instrument response by also setting a water-level of 60 for 
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stabilizing the process. The water level is a parameter from obspy that represents the 

absolute spectral value corresponding to dB in spectrum spec. The default water level 

parameter in obspy is 60 and prevents from amplifying unwanted noises. Figure 6.3 shows 

a plot generated by obspy that illustrates how the data are deconvolved from the instrument 

response in three different steps, pre filtering, inverting the instrument response spectrum 

with water level, and finally displays the data with the inverted instrument response 

multiplied on it in the frequency domain.  After this they need to be equalized to a common 

magnification and epicentral distance, following the procedure in Delouis et al., (2001). 

Subsequently, all the data need to be detrended, tapered and low-pass filtered to less than 

1Hz using a Butterworth filter and then resampled to 0.2s following the process of 

Pritchard (2006). Figure 6.4 illustrates a) a raw trace as retrieved from the IRIS of one of 

the stations located at teleseismic distance (Columbia, USA) and b) the same trace after 

passing through the processing stages. 

According to Ihmlá and Madariaga (1996), earthquakes can excite large amplitude 

oscillations on seismographs following the P wave, caused by reverberations in the water 

column near the rupture area. For this reason, it is important to cut the teleseismic record to 

avoid the PP phase and nonrupture features, in order to avoid nonrelated or noisy data 

(Pritchard, 2006). We made this by cutting the time window using theoretical P wave time 

arrivals using the Taup model. 
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Figure 6.3: Deconvolution process  

Deconvolution from instrument response for waveform at the station Ocana. The deconvolution takes place 

into three steps band-pass pre filtering, inverting the instrument response spectrum with water level, and 

finally displays the data with the inverted instrument response multiplied on it in the frequency domain 

(Beyreuther, Barsch, Krischer, Megies, Y., & Wassermann, 2010).   

 

Figure 6.4: Traces before and after processing 

A) Raw trace of the Columbia College Station (CA, USA). B) Processed trace of the same station. The trace 

has been detrended, tapered (hann type), bandpass filtered and deconvolved from instrument response. Also 

it has been made as long as the synthetics array by using Lancsoz interpolation. 
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6.2. Near field traces 

In order to process near-field data, the traces need to be integrated to get the ground 

displacements, followed by a band-pass filter between frequencies from 0.1 to 0.5 Hz, 

following the procedure in Delouis et al. (2006). According to this article the high cut 

frequency avoids frequencies that can’t be modeled with a simple crustal model, and the 

low-cut avoids influence of long period noise.  

Additionally, the data was processed using a Chebychev type zero-phase low pass filter, 

then was detrended, tapered (Hann type), bandpass filtered and deconvolved from the 

instrument response. The stations for the near field inversion are shown in Figure 6.5 while 

the traces can be found in Figure 6.6. 

 

Figure	6.5:	Near	field	stations	

Map that displays the location of the different stations for the near field slip inversion. All the stations are 

from the Colombian seismological Network. Even though stations TUM and URI are at an intermediate 

distance they were processed as near field. The earthquake occurred at coordinates 7.37°, 76.16°. 
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Figure	6.6:	Near-field	waveforms	

Near-field waves of the magnitude Mw=6.0 Mutata Earthquake of 2016 (7.3736ºN, 76.1686ºW). The signals 

were generated by high gain seismometers, using the stations that have a distance range from 0º to 30º. The 

waveforms have a vertical orientation and the time ranges between the arrival time of P wave and 2 minutes 

after the P arrival. The record is limited to 500 samples. The vertical axis shows the distance and the 

horizontal the time lapse. The traces were retrieved using Wilber 3 (Newman, et al., 2013). 
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7. SYNTHETIC SEISMOGRAMS 

To carry out the simulation of the synthetics we used the ak135f velocity model in order to 

simulate the velocities of the waves across the different layers (Figure 7.1). This model was 

constructed to summarize the travel time characteristics of the main seismic phases, 

Kennett (1991). We used the IRIS Syngine program in order to obtain the theoretical green 

functions for this specific velocity model and Instaseis to produce the specific synthetic 

seismograms for all the given receivers.  The Green´s Functions used by Syngine were 

generated by Tarje Nissen-Meyer et al. (2014 in IRIS DMC (2015)) using AxiSEM, “an 

axi-symmetric spectral element method for 3D (an-) elastic, anisotropic and acoustic wave 

propagation in spherical domains” (IRIS DMC, 2015). 

 

Figure	7.1:	Ak135f	velocity	model	(Kennett,	

1991)	

AK-135f velocity model in order to simulate 

the velocities of the waves across the different 

layers. This model was constructed to 

summarize the travel time characteristics of 

the main seismic phases, Kennett (1991). 
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Axisem calculates the response of the seismic traces along evenly distributed point-sources 

in the subfaults, and then, sums the responses to construct the synthetic record for each 

subfault. Additionally, the synthetics waveforms were resampled to the same sampling rate 

as the ak135f velocity model and then were convolved with a triangle source time function 

with a rise time of 2s. In order to choose the most adequate velocity model we compared 

three different ones and measured the misfits between the observed and the synthetic 

waveforms for each velocity model (E.g. Figure 7.2). After doing this we selected the 

ak135f to produce the synthetics waveforms. 

 

Figure	7.2:	Comparison	between	three	different	velocity	models	

For selecting the most adequate velocity model we evaluate three different ones and we choose the one with 

the least misfit. In the figure we have the waveforms for the station “CCM” for the Mutata 2016 earthquake. 

The observed waveform is in green and the p wave arrival in black. We compared three models which are: 

ak135f (red), iasp91 (yellow) and prem (blue). 
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8. RESULTS 

After performing the inversion we obtained the synthetics in Figures 8.1 and 8.2. 

  

Figure	8.1:	Synthetic	and	observed	waveforms	

After performing the inversion and trying different types of filtering we obtained this synthetic and observed 

waveforms for calculating the slip inversion. 
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Figure	8.2:	Synthetic	and	observed	waveforms	

After performing the inversion and trying different types of filtering we obtained this synthetic and observed 

waveforms for calculating the slip inversion. 

 

After having the synthetics one can build the matrix to solve in Figure 4.2 and the matrix 

problem can be solved by introducing some constraints for spatial smoothing and moment 

minimization (𝝀𝑭𝒙 = 𝝀𝒅). For the inversion we used only the spatial smoothing constrain 
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of 0.8. Additionally, we used an average rupture speed of 3km/s as used in Zhang, Wang, & 

Chen (2015) for a Mw 6.1 earthquake in South Napa. For the hypocenter location we used 

the one calculated by the SGC and also their aftershocks. The results are given in Figure 

8.3.  

 

Figure	8.3:	Slip	inversion	result	

Map showing the slip distribution and the afterschocks related to the 2016, Mw 6.0 Mutata earthquake. The 

size of the circles is related to the depth of the aftershocks. We used the codes from Mendoza and Hartzell to 

invert the data using a spatial smoothing of 0.8 and a rupture speed of 3km/s. This codes use the Non-negative 

least squares method proposed by Lawson assuming that there is no negative slip.  

We obtained a maximum slip of 140cm in the most central and shallow area of the fault 

plane that could have triggered the aftershocks in the zones where slip didn’t occurred. We 

obtained a mean slip of 0.36m. 
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9. DISCUSION AND CONCLUSION 

We have examined the complete procedure to develop a slip inversion with its scientific 

background. This study is one of the first studies about the slip distribution for a Colombian 

earthquake and is a first step to apply this kind of study routinely to earthquakes of 

moderate and large magnitudes in Colombia. It is very important to be familiarized with the 

mathematical and physical background in order to generate reliable and accurate models. In 

this thesis we presented the complete procedure starting from a proper fault 

parameterization, followed by the data selection and processing, then the generation of the 

synthetics and finally the inversion of the data. After performing the inversion we obtained 

an image of the fault plane with the amount and distribution of the slip. The average slip 

was of 0.36m and the patch where the most slip occurred is located in the most central and 

shallower area of the plane (140cm). 

In the study of the rupture processes in earthquakes it is important to understand the 

slipping patches underlying the rupture mechanics and faulting behavior. The analysis of 

slip not only contributes to the study of the mechanical properties of the earth but also 

provide us with useful information about where the stresses might accumulate. Co-seismic 

stresses play an important part but are also accompanied by other processes like stress 

triggering and postseismic stresses (Cattania, Hainzl, Wang, Enescu, & Roth, 2015). After a 

full slip distribution inversion applied to Colombia we find that where the most slip 

occurred (stress was released) where the fewer aftershocks occurred, and this is because the 

stress accumulate in nearby areas. 
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The main purpose of this thesis is to encourage the scientific community in Colombia to get 

involved with this kind of studies not only for the scientific knowledge but also to analyze 

possible seismo-tectonic implications and seismic hazards. 
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11. APPENDIX 

Event parameters 

Location Date Latitude (degrees) Longitude (degrees) Depth (km) 

Mutata, 

Colombia 

September 

9, 2016 

7.374°N 76.169°W 17.5 

Table	11.1:	Event	parameters	from	usgs	

Source parameters 

Magnitude 

(Mw) 

Seismic Moment 

(dyne-cm) 

Strike Dip Rake 

 

6.0 1.16e25 121° 35° 162° 

 

Width (km) Length (km) Htop 

(km) 

Average rise 

time (s) 

Average rupture speed 

(km/s) 

10 20 14 100 3 

Table	11.2:	Source	parameters	taken	from	the	usgs	


