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years, especially at volcanoes which haven't erupted for a long time (as is the case 

with some of the volcanoes we examined, see Appendix A), and that a change of 

stress may help to open and develop new dikes, characterized by new values of 

strike, from which an eruption may occur. With this assumption we preferred not to 

follow Bonali et al. (2013) approach but rather to investigate different values of 

strikes, sampling 360° with intervals of 22.5° plus those values parallel and 

orthogonal to the Middle American Trench.           

 

5.3 Results of the Static Stress Change Analysis 

The results obtained working with Coulomb 3.3 are summarized and listed in 

Appendix C. Here we can see the values of normal static stress change related to 

their receiving fault geometry. All of the calculations have been computed for 

hypothetical faults at 3 km of depth. The first thing we can notice is how, 

concordant with what we expected, the value of static stress change quickly 

decreases with space: in Fig. 5.1, we can see that it has its maximum at the closest 

volcano to the epicenter (Tenorio) with a change of 0.0402 MPa and has its 

minimum at the volcano furthest away (Cosigüina) with a negative change of 0.0004 

MPa. 

 



30 
 

 

Figure 5.1 - Line graph showing the decrease in the values of normal stress change experience at the 
volcanoes locations. The red diamond dots represent the values of maximum negative (unclamping) 
normal static stress change experienced (with the exception of Barú volcano, which experienced 
only positive stress changes). The green square dots are the absolute values of the maximum 
positive (clamping) normal static stress change experienced. The long dash and dots line and the 
dash line show, respectively, the thresholds of normal static stress changes <0.01 MPa and <0.001 
MPa. The big blue arrows indicate the volcanoes that had signs of activity following the earthquake, 
the little explosion marks, those volcanoes that actually erupted following the earthquake. 

-0.0025 

0 

0.0025 

0.005 

0.0075 

0.01 

0.0125 

0.015 

0.0175 

0.02 

0.0225 

0.025 

0.0275 

0.03 

0.0325 

0.035 

0.0375 

0.04 

0.0425 

N
o

rm
al

 s
ta

ti
c 

st
re

ss
 c

h
an

ge
 (

M
P

a)
 

Volcano (distance from earthquake epicenter) 



31 
 

  

We can thus see that even the greatest values, found at the nearest volcanoes, fall 

into what Bonali et al. (2013) has classified as "weak" changes of stress. Starting 

from the volcano Turrialba,  168 km from the epicenter, the values are all under the 

limit of 0.01 MPa (long dash and dots black line in Fig. 5.1). These values finally 

decrease another order of magnitude (all values <0.001 MPa, dash black line in Fig. 

5.1) beyond Rota volcano, 314 km away. This is in line with the fact that the static 

stress change is thought to have influence only in the near field area. Indeed, our 

seismogenic fault length is about 147 kilometers, we have "weak" responses until 

about 1.14 times the length of our fault. After this distance our values drop and can 

be probably classified as "very weak" or "not significant". The "weak" response 

found even at the closest volcanoes could be related to the magnitude of the 

earthquake, which was only 7.6. The way we present the obtained data in Fig. 5.1 

does not take into account the different values of azimuth of each volcano. Figure 

5.2 shows the result for investigating static normal stress change on optimal normal 

faults (i.e. faults that are optimally oriented to experience the maximum change in 

stress) in our area of interest. Also from this image we see that the volcanoes 

clearly influenced by the static stress change produced by the earthquake are only 

the ones closest to the epicenter.   
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Figura 5.2 - Normal stress change for optimal normal faults in our area of investigation. The ten 
volcanoes that had signs of activity following the earthquake are circled in red.  

 

Cross-checking these results with the volcanic activity reports taken from the Global 

Volcanism Program (http://www.volcano.si.edu/), we can see that seven out of the 

ten volcanoes that showed sign of activity (identified by blue arrows and red circles 

in Fig. 5.1 and 5.2, respectively) were "weakly" influenced by this normal static 

stress change, while three out of ten experienced even weaker changes (less than 

0.001 MPa). 
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Shifting our focus to the strike values, we noted that the maximum (unclamping) 

and minimum (clamping) change of stress were frequently associated with common 

strike values. This analysis is summarized in Appendix D. In Figure 5.3 and 5.4 we 

can clearly see that the maximum values of change in normal stress, thus the 

strongest values of unclamping, are very often associated with faults characterized 

by a strike almost orthogonal (45°) or orthogonal (35°) to the Middle American 

Trench and, thus, to the strike of our seismogenic fault. Sixteen out of 29 values 

follow this pattern. Similarly, almost all of the values of maximum negative change 

in stress (thus, strongest clamping) are associated with strikes which are almost 

parallel (135°) or parallel (125°) to the average direction of the Middle American 

Trench. In this case, 18 out of 30 values suggest this behavior. 

 

Figure 5.3 - Map showing the orientations of faults at our 27 volcanoes relative to maximum 
negative (red short lines) and maximum positive (black short lines) change in stress. The earthquake 
epicenter (red circles) and of the Middle American Trench (long red line) are also shown. Map Data: 
Google, SIO, NOAA, U.S. Navy, NGA, GEBCO. See Appendix H for documentation of permission to 
republish this material. 
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Figure 5.4 - Pie charts showing the recurrence of strike values (listed on the right, in degrees) when 
related to the maximum negative (left) and maximum positive (right) values of stress change. 
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6. Dynamic stress change 

6.1. Introduction 

 

A dynamic stress change is a transient change in stress due to the passage of 

seismic waves. Particularly in this area of study, the dynamic stress change is called 

dynamic in contrast to the static stress change caused by the seismogenic fault, 

which is considered permanent when considering a finite and not-too-long time of 

reference. Because they typically have the greatest amplitudes at the surface, 

surface waves (Love and Rayleigh) carry the largest dynamic stresses. They are 

characterized by much longer periods than the body waves. Because their energy 

decays much less rapidly than the body waves', surface waves can thus travel and 

be effective at much longer distances. Love waves are mainly SH surface waves, 

while Rayleigh are a combination of P and SV. We can thus dominantly see the 

former in the tangential component and the latter in the radial and vertical ones 

(Stein and Wysession, 2003). Therefore, we concentrate our analysis of dynamic 

stress changes to those that are due to surface waves rather than body waves'.  

As with the static stress change, the effectiveness of the dynamic stress change is 

dependent on the magnitude of the earthquake that generated them. However, 

dynamic stress change influence can be seen at much larger distances and it decays 

as 1/r1.66 (Manga and Brodsky, 2006; Delle Donne et al., 2010). The spatial limit of 

their real effectiveness upon triggering volcanic events, even if not quite yet 

understood, can possibly be associated once again with the empirical limits found 

by Linde and Sacks (1998) and Delle Donne et al. (2010)(Eq. 3) explained in Section 

5. Time-wise, the waves effect is only temporary and thus mechanisms are required 

to maintain this change in stress (Manga and Brodsky, 2006). Many authors have 
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proposed several models to explain this process (Manga and Brodsky, 2006), some 

of these will be explained in the next sub-section.  

Compared to the static stress change at the same distance from the epicenter, 

dynamic induced change in stress is usually bigger, but typical values are similarly in 

the range of 10-2 - 10-1 MPa (Manga and Brodsky, 2006). As for the static stress 

change, this means that possibly the volcano effected needs to be already in a 

critical status in order to be triggered (Manga and Brodsky, 2006). Since dynamic 

stress change is related to the propagation of seismic waves, its effect is 

determined by characteristics of the seismic source, such as directivity and 

radiation pattern (Manga and Brodsky, 2006).            

 

6.2. Use of dynamic stress change in the context of the work 

 

Since about half of the volcanoes in analysis are located at more than a fault-length 

away from the earthquake epicenter, and thus can be described as intermediate or 

far-field entities, it was necessary to calculate the change in stress caused by the 

Mw 7.6 Nicoya earthquake also from a dynamic point of view. To assess the dynamic 

stress change experienced by our 27 volcanoes, we proceeded to analyze the 

waveforms that passed under the 27 volcanoes following the earthquake. As 

explained later in a more detailed way, the major interesting feature obtainable by 

these computed waveforms is their amplitude, and thus their peak-to-peak 

acceleration. This latter, with some assumptions and simplifications, can be easily 

transformed in units of stress that can give us a rough idea about the amount of 

increased pressure that the volcanoes experienced. All these processes are further 

explained in the methodology section.  
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The overpressure caused by dynamic stress change is, however, temporary. This 

requires that a mechanism exist to maintain this gained pressure and thus, if the 

overpressure is big enough, to lead the volcano to eruption. Many different models 

have been proposed and continue to be debated (Hill, Pollitz et al. 2002, Manga and 

Bodsky 2006, Watt, Pyle et al. 2009). The most accepted ones are rectified 

diffusion, advective overpressure, the creation of new bubbles and the falling of 

crystal mush roofs (Manga and Brodsky, 2006 and reference therein; Ichihara and 

Brodsky, 2006).  

Rectified diffusion is based on the principle that while seismic waves are passing 

through the magma chamber of a volcano, the bubbles there present experience 

cycles of expansion and contraction. This causes, in both cases, a net flux of 

volatiles between the magma and the bubbles. The bubble will lose gases when 

squeezed and gain them when stretched. However, the bubble will experience a net 

gain of volatiles due to the bigger surface area of the bubbles when stretched. 

Bigger bubbles are more buoyant and this, step by step, can lead to an eruption 

(Manga and Brodsky, 2006 and reference therein; Ichihara and Brodsky, 2006).  

Advective overpressure simply models that, following the passage of seismic waves, 

more and more bubbles are freed from the chamber walls and surfaces and thus 

are able to rise, coalesce and generate further overpressure (Manga and Brodsky, 

2006 and reference therein).  

Another model assesses that even a slight overpressure originated by the passing of 

seismic waves can provide the supersaturation pressure required to start the 

nucleation of bubbles (Manga and Brodsky, 2006 and reference therein).  

Finally, the falling roof model expects passing seismic waves to shake loose and 

break the bonds between magma chamber roofs and crystal mush, this latter would 
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then sink into the magma body creating a vertical convection in the chamber. 

Nucleation of bubbles would start in the rising melt and further overpressure would 

be generated in the magma chamber (Manga and Brodsky, 2006 and reference 

therein).  

The first two models are thought to create overpressure that are probably 

insignificant and way too weak to lead to an eruption. The last two can possibly lead 

to more significant changes but would also required many more ideal conditions to 

be effective. Another limitation of all these models is that they generally 

oversimplify the whole magma chamber structure, not taking into account many 

important features, such as its rigidity, level of saturation and so on (Manga and 

Brodsky, 2006 and reference therein).             

 

6.3. Synthetic seismograms 

 

Synthetic seismograms are computed waveforms that approximate and simulate 

the waveform originated by a given earthquake, and recorded at an arbitrary 

position. Since there were not real seismograms available for the 27 volcanoes, we 

computed synthetic seismograms using the CPS program. The program needs 

several inputs. To model the Earth structure, we used the model AK135-F (Kennett 

B.L.N. et al., 1995), which is an isotropic, spherical earth, one dimension and 

constant velocity layered model. For every layer, the model provides information 

about its thickness, seismic velocities, density and Q values (attenuation quality 

factor). The program then needs the characteristics of the source mechanism, 

which are the focal mechanism, depth and moment magnitude of the earthquake in 

analysis. This information will influence the radiation pattern of the seismic waves 
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generated at the earthquake. It finally requires the sampling interval, number of 

samples and the distance and azimuth from the earthquake epicenter of the 

location you want to compute the synthetic seismogram at. All this information is 

used to create body and surface waves phase velocity dispersion curves, their 

eigenfunctions and finally the Green's functions needed to calculate the synthetics 

seismograms. The program goes then through a last step filtering the Green's 

functions, giving as output a three-component time histories related to a particular 

source mechanism as recorded at a given distance and azimuth. The unit measure 

of the amplitude of the waves used in the output of this program is cm/s. Due to 

some program limitations, we had to simplify the AK135-F Earth model deleting 

those layers below 2800 kilometers of depth, which represents the outer and inner 

core of the Earth. The program thus permit to obtain a simplified version of the 

original waveform passing at given locations. The major limitation of this program is 

due to the oversimplification of the Earth model used and to the fact that it's 

impossible to take into account local heterogeneities and structures of the crust. All 

the data, once the computation on the software was finished, has been further 

processed with the help of the software MATLAB R2013a (The MathWorks Inc., 

Natick, MA, 2013). 

 

6.3.1. Finite fault effects (directivity) 

 

While for every of the 27 volcanoes we computed synthetic seismograms 

characterized by a single point source, for the ten volcanoes (except Tenorio and 

Irazú) that showed signs of activity after the Mw. 7.6 Costa Rica earthquake, we 

also computed synthetic seismograms using the 80-patch finite-fault model 

released by the USGS. A finite-fault model takes into account that a seismogenic 



40 
 

fault doesn't rupture instantly along all its length but that different parts rupture at 

different times, with different amounts of slip, and with possibly different 

geometries. These sub-faults also release different amounts of energy (Motazedian 

and Atkinson, 2005). Due to these facts, the earthquake as a whole may produce a 

strong directivity, depending mainly on the style and direction of the rupture 

process.  

As explained in Chapter 2, directivity happens when the energy of the seismic 

waves pile up towards a single direction following the single or dominant direction 

of rupture of the seismogenic fault (Somerville, 2003). Thus, depending where the 

point of interest is located, a given location may experience either forward or 

backward directivity, which results in, respectively, an enhancement or decrease of 

seismic waves amplitude. For dip-slip faulting, the effects of directivity are mainly 

focused on regions located updip from the hypocenter, assuming the fault ruptures 

updip (Somerville, 2003). The Mw 7.6 Costa Rica earthquake was generated by a 

reverse fault. The motion of the hanging wall was directed toward the Pacific Ocean 

and from Fig 2.4 we can see that the rupture of the fault doesn't seem to have a 

dominant direction. However, the largest slip occurred updip from the hypocenter, 

meaning directivity effects may be significant. We tested the effects of its possible 

directivity by computing synthetic seismograms for two points orthogonal to the 

strike of the seismogenic fault, but located in opposite directions. The two points 

were roughly at the same distance from the epicenter (60 kilometers). The resulting 

synthetic waveforms (Fig 6.1), calculated this time only for the vertical component, 

show a drastic difference. The amplitudes at the oceanward location (with an 

azimuth of 220° from the epicenter) are much greater than the one at the landward 

point (30° of azimuth from the epicenter). For comparison, the peak-to-peak 

amplitude is 9.22 cm/s for the former location and 3.80 cm/s for the latter. This 

suggests a significant directivity effect. The directivity effect can also be seen on the 
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duration of the computed waveforms. In Fig. 6.1, we can clearly see how the 

duration of the landward waveform (on the right) is longer, while the oceanward 

one is much more compressed. These differences may be important when assessing 

the mechanisms for triggering volcanoes.  

 

Figure 6.1 - Synthetic seismograms computed to test the effect of directivity. At the 

oceanward location (left) surface waves show much greater amplitude than at the 

landward one (right).  The duration of the signal is also different.  
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6.3.2. Synthetic seismogram testing 

 

We tested the codes by making synthetic seismograms for the Mw 7.6 Costa Rica 

earthquake at the location of five real seismic stations, taken from the Incorporated 

Research Institutions for Seismology (IRIS) Data Management Center 

(http://www.iris.edu). The stations were chosen to be far enough from the 

earthquake epicenter to show distinct and clear waveforms, they also needed to 

sample different azimuth. The closest five stations to answer to this need were 

located in Jamaica (MTDJ station, CU network), Cuba (GTBY, CU), Galapagos Islands 

and Otavalo in Ecuador (PAYG and OTAV, IU) and Mexico (TEIG, IU). These locations 

are showed in the map of Fig 6.2.  

 

Figure 6.2 - Location of the seismic stations chosen to test the synthetic seismograms computed with 
Computer Program in Seismology (Herrmann, 2003). Map Data: Google, SIO, NOAA, U.S. Navy, NGA, 
GEBCO. See Appendix H for documentation of permission to republish this material. 


