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ABSTRACT 

Seismic stations comprising of 3 accelerometers, 6 broadband and 5 short period seismometers 

were installed in the Menengai volcanic field to monitor the level of microseismicity over a 

one year period. This was aimed at identifying the seismic events mapping them and 

interpreting their cause. A total of 7241 seismic events depths up to 8.5 km below sea level 

were located and using Hypocentral algorithm then relocated using waveform cross correlation 

and double difference algorithm. The results of the location show significant epicentral 

clustering and hypocentral cluster on vertical structures aligned towards the Molo-

Tectonovolcanic axis, Solai-Tectonovolcanic axis and in the caldera. The hypocentral 

distribution shows depths up to 8.5km depth in the Menengai caldera and shallower depths of 

about 2km in the northeastern part of the Menengai Volcano. Earthquake swarm activity with 

rates of more than 150 events per month was noted. These activities were high in the wet season 

and less in the dry season an indication of triggering by pore pressure diffusion within a 

heterogenous fault zone. The computed one-dimensional (1-D) velocity model used in 

relocating most of the earthquakes occurring at the center of the Menengai Volcano allowing 

one to constrain hypocentral locations effectively. Analysis of focal mechanism, showed a 

region predominantly of normal faulting with a north east trending strike consistent with the 

northeast-southwest low resistivity anomaly obtained in magneto telluric studies carried out 

for the Menengai Volcanic field. An indication of the existence of a geothermal system. Local 

stress conditions favored failure along fault zones of different orientation. A complex network 

of faults and fractures suggests that the tensional strain oblique to the primary rift axis is still 

occurring.  
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CHAPTER ONE 

INTRODUCTION 

1.1  Background Information 

 The ground is continuously at unrest mostly due to waves in the ocean, changes in the 

atmosphere and human activity. Higher amplitude motions are recorded and that is referred to 

as seismic event. These events are caused by a sudden release of energy by seismic sources 

which are mainly earthquakes, but which also can be explosions, volcanic eruptions, landslides 

or rock-falls (Lay & Wallace, 1995; Stein & Wysession, 2003; Zobin, 2003). The earthquakes 

are caused by the passage of seismic waves which when traced back to their sources are found 

to be due to sudden release of strain energy during the movement along a fault (Dunkley et al., 

1993; Simiyu & Keller, 1997; Zobin, 2003). 

 The seismic signal generated at the source, lasts from a fraction of a second to several 

minutes depending on the first rupture. The signal duration at the receiving station takes much 

longer since all energy does not arrive at the same time due to the internal structure of the earth 

and the different wave speeds of different types of seismic waves (Lichoro, 2019; Robertson 

et al., 2016; Waswa, 2017). The elastic waves sent out by the earthquake are recorded both 

locally and globally by seismic instruments called seismographs. The location of the 

earthquake is given by latitude, longitude and depth and is called the hypocenter while the 

projection to the surface (only latitude and longitude) is called the epicenter (Kanda et al., 

2011; Mariita & Keller, 2007; Ottemoller & Havskov, 2014).  

 Today almost all seismographs are based on digital recording where the amplified 

ground motion is recorded as a series of numbers which can be plotted to look like a traditional 

seismogram or used for more sophisticated digital processing (Morley, 2002; Prodehl et al., 

1994, 1997). Using both digital and analog seismic recordings, the gain of the instrument 

(relation between the amplitude on the seismogram and on the ground) is known and can be 

related back to the true motion of the ground (Keller et al., 1994; Maguire et al., 1994; Mechie 

et al., 1997).  The first and main task of earthquake analysis is to pick the arrival times of the 

seismic phases, which is used to locate the earthquake (Smith, 1994; Swain et al., 1994).  

Once the assumed or calculated velocity within the earth is known, the travel time as 

function of epicentral distance is calculated. The arrival times at the stations are used to 

determine hypocenter and the time of the occurrence of the event (origin time) (Maguire et al., 

1994; Mechie et al., 1997). The factors that affect the processing of data are the sensors and 

digitizers (Mariita & Keller, 2007). Seismic sensors record the ground motion and translate it 

into voltage. The measurement is done in a moving reference frame (Omenda, 1998; Simiyu 
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& Keller, 2001). Seismic monitoring is a routine processing program, established to document 

and compile earthquake occurrences, examine their occurrences, and through extensive 

research gain a better understanding of earthquake as well as assess hazards. 

 In this project, preliminary location of the seismic events at the Menengai volcanic field 

were performed using hypocentral location algorithm, (Lienert et al., 1986; Lienert &Havskov, 

1995) and relocated using cross correlation double difference algorithm, Hypodd (Waldhauser 

& Ellsworth, 2000). The relocation was to test the viability of the generated velocity model 

against the existing velocity models. 

 

1.2  Statement of the Problem 

 Location starts with an accurate picking of the seismic phases to determine arrival times 

requires. Inaccurate identification of phases leads to wrong arrival times determined, since the 

hypocenter and origin time are determined by arrival times of seismic phases initiated by the 

first rupture. Since the hypocenter and origin time are determined by arrival times of seismic 

phases initiated by the first rupture, it is essential to know the travel time defined as the time it 

takes to travel from the hypocenter to the station. The hypocentral depth is the most difficult 

parameter to determine due to the fact that the travel time derivative with respect to depth 

changes very slowly as a function of depth unless the station is close to the epicenter. It is seen 

that the travel time curves are not linear, as the earth is spherical and velocity changes with 

depth. Since seismicity of a place changes from time to time there is need to locate the seismic 

events using recently collected data by the Geothermal Development Company and a more 

precise location algorithm to account for the seismic migration. 

 

1.3  Objectives 

1.3.1  General Objective 

Locating and analyzing seismic events within the Menengai volcano. 

 

1.3.2  Specific Objectives 

i. To locate the micro earthquakes events within Menengai volcano. 

ii. To generate a velocity model of the Menengai volcano. 

iii. To determine the main structural patterns through focal mechanism. 

iv. To statistically analyze the seismic events in Menengai volcano with the view of 

understanding its cause. 
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1.4  Hypotheses 

i. Seismic data cannot be used in locating seismic events in any geothermal field or a 

prospect. 

ii. The subsurface earth velocity model cannot be generated based on seismic data. 

iii. The geological structural features or patterns cannot be determined through seismic 

focal mechanisms.  

iv. Seismic velocity model does not provide any geophysical information that can be used 

to elucidate the geothermal field. 

 

1.5  Justification 

Location of seismic events involves studying the first arrivals recorded on 

seismographs. Information retrieved from this aids in noting the orientation of the ruptured 

fault, the direction of its displacement and determining the underlying strain. Previous studies 

conducted along this area were mostly based on regional seismic refraction and microseisms, 

gravity and resistivity measurements. These studies have shown a complex crustal structure 

with very irregular crustal thickness and seismic P-wave velocities. The goal of volcano 

seismology includes monitoring the present status of a volcano, forecasting eruptions and 

understanding the physical processes. In this study, seismic events were located with 

hypocenter algorithm and relocated using cross correlation and double difference algorithm to 

give an insight in to the traversing earthquake swarm activity and stress regime in the volcanic 

field. All these are done to improve location accuracy of earthquakes recorded in the Menengai 

Volcano. Since the Menengai Volcano has ongoing geothermal activity. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1  Theory of Propagation of Seismic Waves 

 Our knowledge of the structure and nature of the Earth’s interior has been derived in 

large part from studies of seismic waves released by earthquakes (Simiyu & Keller, 2001). 

Seismotectonics is the synthesis of earthquake, geophysical, geodetic and geological data to 

deduce the tectonic framework of a region. An earthquake occurs in the crust or upper mantle 

when the tectonic stress exceeds the local strength of the rocks and failure occurs. Away from 

the region of failure seismic waves spread out from an earthquake by elastic deformation of the 

rocks through which they travel (Simiyu & Keller, 1997, 2001; Swain, 1992). Their 

propagation depends on elastic properties that are described by the relationships between stress 

and strain. When a force is applied to a material, it deforms. This means that the particles of 

the material are displaced from their original positions. Provided the force does not exceed a 

critical value, the displacements are reversible; the particles of the material return to their 

original positions when the force is removed, and no permanent deformation results. This is 

called elastic behavior. A seismic wave passes through the Earth as an elastic disturbance of 

very short duration lasting only some seconds or minutes. Elasticity theory is used to explain 

seismic wave propagation (Mariita, 2003; Mariita & Keller 2007; Simiyu, 2010). 

 The particles of the medium carry out simple harmonic motions, and the seismic energy 

is transmitted as a complex set of wave motions. When seismic energy is released suddenly 

near the surface of a homogeneous medium, part of the energy propagates through the body of 

the medium as seismic body waves (Hinze et al., 2005, 2013; Kearey et al., 2013).  The 

remaining part of the seismic energy spreads out over the surface as a surface wave, analogous 

to the ripples on the surface of a pool of water into which a stone has been thrown. Seismic 

body waves are classified as P-waves and S-waves. 

Seismological ideas and their applications introduce several concepts about waves in 

solid medium, which are a powerful insight into how waves propagate and respond to variations 

in physical properties of the earth. These ideas are analogous to the familiar concepts in the 

propagation of light and sound waves (Kearey et al., 2013). 

 The study of seismology gives detailed images of the earth structure, as much as sound 

waves (ultrasound) and electromagnetic waves (X-rays) are used in medicine to study human 

bodies. This occurs through reflection, refraction and diffraction since a seismic ray is a line 

normal to the wave front as it travels through the earth. Since the wave velocity is not constant 

as it traverses through the real earth, the ray will be curved following the Snell’s law (Hinze et 
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al., 2005, 2013; Kearey et al., 2013). If for simplicity it is assumed that the earth can be divided 

into series of flat parallel layers (Fig. 2.1), Snell’s law can be written 

sin(i1)/v1=sin(i2)/v2=P                                                                                                           (2.1) 

where i is the angle of incidence and v the wave velocity (the subscript indicates the layer 

number) and P is the so called ray parameter. 

 

Figure 2.1: A seismic ray through two layers (Ottemoller & Havskov, 2014).  

  

Snell’s law can also be used to calculate the ray paths of reflected and critically 

refracted phases, (Fig. 2.2) (Kearey et al., 2013). 

 

 

Figure 2.2: Reflection and critical refraction of rays (Ottemoller & Havskov, 2014) 

 

Due to Snell’s law, the ray is refracted at the interface if the two velocities are different. 

Since this relation holds for all interfaces, the quantity sin (i)/v will be constant and the ray 

parameter is constant (Kearey et al., 2013). The quantity 1/p is also the apparent velocity along 

the interface which is related to the true velocity by 

v= 𝑐
sin(𝑖)⁄                                                                                                                        (2.2) 

where c is the critical angle of refraction. 
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Using Snell’s law, it is thus in principle possible to trace the ray through a flat earth 

from the hypocenter to the seismic station. If the layers are thin, we can consider the velocity 

as smoothly varying and the ray will be along a smooth curve (Fig 2.3). 

 

Figure 2.3: Ray path in an example of linearly increasing velocity with depth. In this case the 

ray-path is a segment of a circle (Stein & Wysession, 2003) 

  

In this case the ray will have a maximum depth zp at one point. This kind of wave is sometimes 

called a diving wave.  It is seen that in principle, once the velocity of the earth is known, a ray 

can be traced through the earth using a given start ray parameter or angle of incidence at the 

surface or the earthquake hypocenter (Kearey et al., 2013). The radial symmetric earth is a first 

approximation. In the real earth velocities also vary horizontally, particularly at plate 

boundaries, so ray tracing becomes more complicated but it follows in principle the methods 

described above. A further complication can be that the velocity depends on the direction of 

the ray through the media (Kearey et al., 2013; Ottemoller & Havskov, 2014). 

 Due to the internal structure of the earth, seismic waves can travel along multiple paths 

between the source and receiver and this can result in a seismogram containing many more 

phases than just the compressional wave and shear wave that is P and S (Kearey et al., 2013; 

Ottemoller & Havskov, 2014). In order to identify theses phases in the seismogram, as well as 

locating earthquakes based on the observations, it is essential to know the travel time defined 

as the time it takes to travel from the hypocenter to the station.  

 The travel time is the difference between origin and arrival time. Although the waves 

travel in the interior of the earth, the distance is measured in degrees along the surface of the 

earth. It is seen that the travel time curves are not linear, as the earth is spherical and velocity 

changes with depth (Kearey et al., 2013). As the distance increases, the difference in arrival 

time of the different phases generally increases and this is particularly used for the most 

prominent P and S-phases to calculate the epicentral distance.  
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2.2  Earthquake Location 

 The earthquake location is defined by the earthquake hypocenter (x0, y0, z0) and the 

origin time t0. The hypocenter is the physical location, usually longitude (x0), latitude (y0) and 

depth below the surface (z0). The epicenter is the projection of the earthquake location on the 

earth’s surface (x0, y0). For simplicity, the hypocenter will be labeled x0, y0, z0 with the 

understanding that it can be either geographical latitude (deg), longitude (deg) and depth (km) 

or Cartesian coordinates. The epicentral distance Δ is the distance from the epicenter to the 

station (x, y, z) along the surface of the earth. For a local earthquake where a flat earth is 

assumed, it is simply calculated as and, it is usually given in km (Kearey et al., 2013; 

Ottemoller & Havskov, 2014) 

 

The epicentral distance Δ =√(𝑥 −𝑥0)2 +(𝑦 − 𝑦0)2                                                (2.3) 

 

For a spherical earth, the epicentral distance in degrees is calculated along a great circle 

path and it can be shown to be (Stein & Wysession, 2003) 

 

∆= cos−1(sin (θ0) sin (θ) + cos (θ0) cos (θ) cos (λ − λ0)                                                  (2.4)  

 

Whereθ0 and θ are the latitude of the epicenter and station respectively and λ0 and λ are 

the corresponding longitudes. For local earthquakes, the hypocentral distance is also used and 

calculated as: 

∆=√(𝑥 −𝑥0)2 +(𝑦 − 𝑦0)2 +(𝑧 − 𝑧0)2                                                                 (2.5) 

 

While for distant earthquakes, the term hypocentral distance is not used. The equivalent 

distance would be the distance along the ray path. The origin time is the time of occurrence of 

the earthquake (start of rupture) (Kearey et al., 2013; Tongue, 1992; Tongue et al., 1994). 

 In connection with earthquake location we also use the terms azimuth and back 

Azimuth. The azimuth is calculated using the epicenter and the station location. The back 

azimuth can be calculated, but it can also be observed on three component stations and arrays. 

Azimuth is the angle at the epicenter between the direction to the north and the direction to the 

station measured clockwise. The back azimuth is the angle at the station between the direction 

to the north and the direction to the station measured clockwise (Kearey et al., 2013; Tongue, 

1992; Tongue et al., 1994). 
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 Since the P-waves are vertically and radially polarized, the vector of P-wave amplitude 

can be used to calculate the back azimuth to the epicenter. The radial component of P will be 

recorded on the 2 horizontal seismometers north and south and the ratio of the amplitudes 

AE/AN on the horizontal components can be used to calculate the back azimuth of arrival φ 

φ = tan−1AE/AN                                                                                                            (2.6) 

 

For local earthquakes (flat earth assumed), back azimuth and azimuth are 180◦ apart, 

while for global distances, this is not the case and the angles must be measured on a spherical 

triangle. 

There is an ambiguity of 180◦, but the first polarity can be up or down so the polarity 

must also be used in order to get the correct back azimuth. If the first motion on the vertical 

component of the P is upward, then the radial component of P is directed away from the 

hypocenter, while if the motion of the vertical component of P is downward, then the radial 

component of P is directed towards the hypocenter (Kearey et al., 2013; Tongue, 1992; Tongue 

et al., 1994). 

The amplitude AZ of the Z-component can, together with the amplitude AR 

=√𝐴𝐸2 + 𝐴𝑁2  on the radial components, also be used to calculate the apparent angle of 

incidence iapp= tan−1AR/AZ of a P-wave. However, according to Wiechert (1907) the true 

incidence angle itrue of a P-wave is 

itrue= sin−1𝑣𝑝sin(0.5𝑖𝑎𝑝𝑝)

𝑣𝑠

                                                                                                                                                         (2.7) 

 

with the difference accounting for the amplitude distortion due to the reflection at the free 

surface. Knowing the incidence angle i and the local seismic P-velocity vp below the observing 

station, the apparent velocity vapp of this seismic phase can be calculated using equation 2.8 

vapp= 
𝑣𝑝

sin(𝑖𝑡𝑟𝑢𝑒)
                                                                                                                     (2.8) 

 

 With high frequency data it might be difficult to manually read the amplitudes of the 

original break or sometimes the first P-swings are emergent. Since the amplitude ratio between 

the components should remain constant, not only for the first swing of the P-phase, but also for 

the following oscillations of the same phase, with digital data, the method of cross correlation 

between channels (Roberts et al., 1989) can be used to automatically calculate back azimuth as 

well as the angle of incidence. Since this is much more reliable and faster than using the 
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manually readings of the first amplitudes, the calculation of back azimuth from 3-component 

records of single stations has again become a routine practice (Saari, 1991). 

 In case of seismic arrays, apparent velocity and back azimuth can be directly measured 

by observing the propagation of the seismic wave front with array methods. Back azimuth 

observations are useful in restricting epicenter locations and in associating observations to a 

seismic event. Knowing the incidence angle and implicitly the ray parameter of an onset helps 

to identify the seismic phase and to calculate the epicentral distance. With a single station the 

direction to the seismic source is now known (Kearey et al., 2013; Tongue, 1992; Tongue et 

al., 1994). The distance can be obtained from the difference in arrival time of two phases, 

usually P and S. If we assume a constant velocity, and origin time t0, the P and S-arrival times 

can then be written as: 

tp
arr= t0+ ∆/vpts

arr= t0+ ∆/vs                                                                                                                                              (2.9) 

Where tp
ar rand ts

arr are the P and S-arrival times (s) respectively, vp and vs are the P and 

S-velocities respectively and Δ is the epicentral distance (km). If the event is not at the surface, 

Δ should be replaced by hypocentral distance. By eliminating t0 from (9), the distance can be 

calculated as: 

∆= (tp
arr− ts

arr)
𝑣𝑝𝑣𝑠

𝑣𝑝−𝑣𝑠
                                                                                                        (2.10) 

 

But (2.10) is applicable only for the travel-time difference between S and P. They are 

first onsets of the P- and S-wave groups of local events only for distances up to about 100−250 

km, depending on crustal thickness and source depth. Beyond these distances the first onsets 

becomes either head waves critically refracted at the Mohorovicic discontinuity or waves 

diving as body waves in the uppermost part of the upper mantle. At smaller distances we can 

be rather sure that the observed first arrival is P (Ottemoller & Havskov, 2014). 

In the absence of local travel-time curves for the area under consideration one can use 

(2.10) for deriving a “rule of thumb” for approximate distance determinations from travel-time 

differences S-P. For an ideal Poisson solid vs= vp/ √ 3. This is a good approximation for the 

average conditions in the earth’s crust. With this follows from (2.10) 

Normal crust, vp= 5.9 km/s _ (km) = (tS− tP) × 8.0                                                          (2.11) 

old crust, vp= 6.6 km/s _(km) = (tS− tP) × 9.0                                                                  (2.12) 
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However, if known, the locally correct vp/vS ratio should be used to improve this “rule 

of thumb”. If the distance is calculated from the travel-time difference between S and P another 

good rule of thumb is 

P and S∆(km) = (tS− tP) × 10                                                                                             (2.13) 

 

It may be applicable up to about 1,000 km distance. For distances between about 

20◦ <∆< 100◦ the relationship still yields reasonably good results with errors < 3◦. The arrival 

times are in minutes.  

However, beyond ∆= 10◦the use of readily available global travel-time tables such as 

IASPEI91 (Kennett, 1991; Kennett & Engdahl, 1991), SP6 (Morelli & Dziewonski, 1993), or 

AK135 (Kennett et al., 1995) is strongly recommended for calculating the distance. With both 

azimuth and distance, the epicenter can be obtained by measuring the distance along the 

azimuth of approach. Finally, knowing the distance, the P-travel time is calculated and thereby 

get the origin times using the P-arrival time. 

 When at least 3 stations are available, a simple location can be made from drawing 

circles (the circle method) with the center at the station locations and the radii equal to the 

epicentral distances calculated from the S-P times In this case six observations are used, but in 

principle three P arrivals and one S arrival are enough from three stations. The origin time is 

then given through the distance determined from the S-P observation (Kearey et al., 2013; 

Tongue, 1992; Tongue et al., 1994). The distances from the other stations can then be computed 

from the P travel times for the other two stations, and the epicenter found from the intersection 

of the circles (Ottemoller & Havskov, 2014). 

These circles, drawn in the circle method will rarely cross in one point which indicates 

errors in the observations and/or that we have wrongly assumed a surface focus. In fact, ts− tpis 

the travel-time difference for the hypocentral distance r which is, for earthquakes with z > 0 

km, generally larger than the epicentral distance Δ. Therefore, the circles drawn around the 

stations with radius r will normally not be crossing in a single point at the epicenter but rather 

“overshoot”. One should therefore fix the epicenter either in the “center of gravity” of the 

overshoot area or draw straight lines passing through the crossing point between two 

neighboring circles (Kearey et al., 2013; Tongue, 1992; Tongue et al., 1994). 

These lines intersect in the epicenter. Still other methods exist (Båth, 1979) to deal with this 

depth problem (e.g., the hyperbola method which uses P-wave first arrivals only and assumes 

a constant P-wave velocity). The method of triangulation has been used to determine the 

epicenter position (King et al., 2005). 
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With back azimuth available, for a local earthquake, epicenter and origin time can also 

be calculated with two stations with back azimuth and one P or S reading. In order to get the 

depth, at least one P and S-reading must be available. With several stations available from a 

local earthquake, the origin time can be determined by a very simple technique called a Wadati 

diagram (Wadati, 1933). Assuming constant vp/vs, equation (9) can be written in a more general 

case for any travel time function ttra(Δ) as: 

tp
arr=t0+ tp

tra(∆)            ts
arr= t0+ tp

tra(∆)
𝑣𝑝

𝑣𝑠
·                                                                       (2.14) 

and, eliminating tp
tra(Δ), the S-P time can be calculated as 

ts
arr− tp

arr= (
𝑣𝑝

𝑣𝑠
–1)(tp

arr− t0)                                                                                              (2.15) 

and, eliminating tp
tra(Δ), the S-P time can be calculated as 

ts
arr− tp

arr= (
𝑣𝑝

𝑣𝑠
–1)(tp

arr− t0)                                                                                              (2.16) 

 

The S-P times are plotted against the absolute P-time. Since ts
arr− tp

arr goes to zero at 

the hypocenter, a straight line fit on the Wadati diagram gives the origin time at the intercept 

with the P-arrival axis, and from the slope of the curve we get vp/vs. Note that it is thus possible 

to get a determination of both the origin time and vp/vs without prior knowledge of the crustal 

structure. The only assumption is that vp/vs are constant and that the P and S-phases are of the 

same type. Independent determination of these parameters can be very useful when using other 

methods of earthquake location (Kearey et al., 2013; Tongue, 1992; Tongue et al., 1994). 

By making Wadati diagrams of many events, accurate vp/vs– ratio for a region can be 

determined. This is a way of getting information where prior knowledge about the crust is not 

known. This is also in most cases sufficient information for location purposes since the average 

vp/vs ratio is normally used (Kearey et al., 2013; Tongue, 1992; Tongue et al., 1994). 

Note that it is thus possible to get a determination of both the origin time and vp/vs 

without prior knowledge of the crustal structure. The only assumption is that vp/vs are constant 

and that the P and S-phases are of the same type. Independent determination of these parameters 

can be very useful when using other methods of earthquake location. 

Finally, seismic stations are not at sea level while epicentral distances and   

corresponding travel times are calculated on the sea level surface. So the effect of the station 

elevation on the travel time is calculated and added to the travel time. Since the hypocenter and 

origin time are determined by arrival times of seismic phases initiated by the first rupture, the 

computed hypocenter will correspond to the point where the rupture initiated and the origin 

time to the time of the initial rupture. This is also true using any P or S-phases since the rupture 
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velocity is smaller than the S-wave velocity so that P or S-wave energy emitted from the end 

of a long rupture will always arrive later than energy radiated from the beginning of the rupture. 

Standard earthquake catalogs (from the International Seismological Center, ISC) report 

location based primarily on arrival times of high frequency P-waves. This location can be quite 

different from the centroid origin time and location obtained by moment tensor inversion of 

long period waves (Kearey et al., 2013; Tongue, 1992; Tongue et al., 1994). The centroid 

location represents the average time and location for the entire event. 

 

2.2.1  Computer Implementation 

 Earthquake location methods provide insight into the location problem and in practice 

computer methods are used. The calculated arrival time ti
arr at station i can be written as; 

ti
arr= ti

tra(xi,yi,zi, x0,y0,z0) + t0= ti
tra+ t0                                                                                                                   (2.17) 

where ti
tr a is the calculated travel time as a function of the known station location (xi,yi,zi), an 

assumed hypocenter location (x0,y0,z0) and the velocity model. This equation has 4 unknowns, 

so in principle 4 arrival time observations from at least 3stations are needed in order to 

determine the hypocenter and origin time. If there are n observations (n > 4), there will be n 

equations of the above type and the system is over-determined. A solution has to be found in 

such a way that the overall difference between the observed and calculated travel times (the 

residuals) are minimized. The residual ri for station i is defined as the difference between the 

observed and calculated arrival times, which is the same as the difference between the observed 

and calculated travel times 

ri= ti
obs− ti

arr                                                                                                                                                                             (2.18) 

whereti
obsis the observed arrival time. Thus the problem seems quite simple in principle.  

 However, since the travel time function ti
tra is a nonlinear function of the model 

parameters, it is not possible to solve (2.17) with any analytical methods. So even though ti
tra 

can be quite simple to calculate, particularly when using a 1D earth model or travel time tables, 

the non-linearity of   ti
tra greatly complicates the task of inverting for the best hypocentral 

parameters. The non-linearity is evident even in a simple 2D location where the travel time ti
tra 

from the point (x,y) to a station (xi,yi) can be calculated as:  

ti
tra= √

(𝑥−𝑥𝑖)2+(𝑦−𝑦𝑖)2

𝑣
                                                                                                                                                   (2.19) 

where v is the velocity. It is correct to note that ti
tr a does not scale linearly with either x and y 

so it is not possible to use any set of linear equations to solve the problem (Kearey et al., 2013; 

Tongue, 1992; Tongue et al., 1994). 
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2.2.2  Location by Iterative Methods 

 Despite increasing computer power, earthquake locations are mainly done by other 

methods than grid search. These methods are based on linearizing the problem. The first step 

is to make a guess of hypocenter and origin time (x0, y0, z0, t0). In its simplest form, e.g., in case 

of events near or within a station network, this can be done by using a location near the station 

with the first arrival time and using that arrival time as t0. In order to linearize the problem, it 

is assumed that the true hypocenter is close enough to the guessed value so that travel-time 

residuals at the trial hypocenter are a linear function of the correction we have to make in 

hypocentral distance (Kearey et al., 2013; Tongue, 1992; Tongue et al., 1994). 

 The calculated arrival times at station i, ti
arr from the trial location are, as given in (2.17), 

ti
arr= ti

arr(x0, y0, z0, xi, yi, zi)+t0. It is also assumed that the residuals are due to the error in the 

trial solution and the corrections needed to make them zero are Δx, Δy, Δz, and Δt. If the 

corrections are small, the corresponding corrections in travel times are calculated by 

approximating the travel time function by a Taylor series and only using the first term. The 

residual can now be written 

ri=
𝜕𝑡𝑖

𝑡𝑟𝑎

𝜕𝑥𝑖
Δx + 

𝜕𝑡𝑖
𝑡𝑟𝑎

𝜕𝑦𝑖
 Δy + 

𝜕𝑡𝑖
𝑡𝑟𝑎

𝜕𝑧𝑖
 Δz + Δt                                                                            (2.20) 

In matrix form we can write this as 

r = Gx                                                                                                                        (2.21) 

where r is the residual vector, G the matrix of partial derivatives (with 1 in the last column 

corresponding to the source time correction term) and x is the unknown correction vector in 

location and origin time. Except for very simple models with constant velocity, the derivative 

cannot be obtained from a simple function and must be calculated by interpolation of travel 

time tables. 

 This means that the method of earthquake location is decoupled from the complexity 

of the model. Any model for which a travel time can be obtained can be used for earthquake 

location, including 3D models. Then the problem to solve is then a set of linear equations with 

4 unknowns (corrections to hypocenter and origin time), and there is one equation for each 

observed phase time. Normally there would be many more equations than unknowns (e.g., 4 

stations with 3 phases each would give 12 equations). The best solution to (2.21) is usually 

obtained with standard least squares techniques. The original trial solution is then corrected 

with the results of (2.21) and this new solution can then be used as trial solution for a next 

iteration. This iteration process can be continued until a predefined breakpoint is reached. 

Breakpoint conditions can be either a minimum residual r, a last iteration giving a smaller 
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hypocentral parameter changes than a predefined limit, or just the total number of iterations. 

This inversion method was first invented and applied by Geiger (1910) and is called the Geiger 

method of earthquake location. The iterative process usually converges rapidly unless the data 

are badly configured or the initial guess is very far away from the mathematically best solution. 

However, it also happens that the solution converges to a local minimum and this would be 

hard to detect in the output unless the residuals are very bad. A test with a grid search program 

could tell if the minimum is local or tests could be made with several starting locations. So far 

we have only dealt with observations in terms of arrival times. Many 3-component stations and 

arrays now routinely report back azimuth φ. It is then possible to locate events with less than 3 

stations. However, the depth must be fixed. If one or several back azimuth observations are 

available, they can be used together with the arrival time observations in the inversion and the 

additional equations for the back azimuth residual are: 

ri
φ= (∂φ/∂xi)Δx+ (∂φ/∂yi)Δy                                                                                                (2.22) 

 

 Equations of this type are then added to (2.21). The Δx and Δy in (2.22) are the same as 

for (2.21); however the residuals are now in degrees. In order to make an overall RMS, the 

degrees must be “converted to seconds” in terms of scaling. HYPOCENTER (Lienert & 

Havskov, 1995) is the main program used in SEISAN (Ottemoller & Havskov, 2014) for 

earthquake location and magnitude determination. In the location program HYPOCENTER 

(Lienert & Havskov, 1995), a 10 degrees back azimuth residual is optionally made equivalent 

to one second travel time residual. Arrays or single stations do not only measure the back 

azimuth of a seismic phase but also its ray parameter (or apparent velocity) ( Kearey et al., 

2013; Tongue, 1992; Tongue et al., 1994). 

 Consequently, the equation system (2.20) and (2.21) to be solved for locating an event, 

can also be extended by utilizing such observed ray parameters p = 1/vapp. In this case we can 

write for the ray parameter residual: 

ri
p= (∂p/∂xi)Δx+ (∂p/∂yi)Δy+ (∂p/∂zii)Δz                                                                            (2.23) 

 

This equation is independent of the source time and the partial derivatives are often 

very small. However, in some cases, in particular if an event is observed with only one seismic 

array, the observed ray parameter will give additional constraint for the event location. In case 

only a P-observation is available from the array, p must be included to calculate a location. 

 Relation (2.20) is written without discussing whether working with a flat earth or a 

spherical earth. However, the principle is exactly the same and using a flat earth transformation 
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(Müller, 1977), where any radially symmetric earth model can be transformed into a flat model. 

The travel times and partial derivatives are often calculated by interpolating in tables and in 

principle it is possible to use any earth model including 2D and 3D models to calculate 

theoretical travel times. In practice, 1D model are mostly used, since 2D and 3D models are 

normally not well enough known and the travel-time computations are much more time 

consuming (which is why 3D times are pre-computed). For local seismology, it is a common 

practice to specify a 1D crustal model and calculate arrival times for each ray while for global 

models an interpolation in travel-time tables such as IASPEI91 is the most common (Kearey 

et al., 2013; Tongue, 1992; Tongue et al., 1994). 

 Since earthquakes are located with arrival times that contain observational errors and 

the travel times are calculated assuming a velocity model, all hypocenter estimates will have 

errors. Using the least squares solution which is to find the minimum of the sum of the squared 

residuals e from the n observations: 

e =∑ (𝑟𝑖)2𝑛
𝑖=1                                                                                                                   (2.24) 

The hypocentral location would then be the point with the best agreement between the observed 

and calculated times which means the lowest e. The root mean squared residual RMS, is defined 

as √e/n. RMS is given in location programs and commonly used as a guide to location accuracy. 

If the residuals are of similar size, the RMS gives the approximate average residual. RMS only 

gives an indication of the fit to the data, and a low RMS does not automatically mean an accurate 

hypocenter determination (Kearey et al., 2013; Tongue, 1992; Tongue et al., 1994). 

 The average squared residual e/n is called the variance of the data, n the number of 

degrees of freedom, ndf, which is the number of observations – number of parameters in fit. 

Since n usually is large, it can be considered equal to the number of degrees of freedom. This 

also means that RMS2 is approximately the same as the variance. The least squares approach is 

the most common measure of misfit since it leads to simple forms of the equations in the 

minimization problems (Kearey et al., 2013; Tongue, 1992; Tongue et al., 1994). A particularly 

problem is individual large residuals also called outliers. A residual of 4will contribute 16 times 

more to the misfit, e, than a residual of 1. This problem could partly be solved by using the sum 

of the absolute residuals as a norm for the misfit 

𝑒1 = ∑ |𝑟𝑖|𝑛
𝑖=1                                                                                                                (2.25) 

This is called the L1 norm and is considered more robust when there are large outliers 

in the data (Menke, 1989). It is not much used in standard location programs since the absolute 

sign creates complications in the equations. 
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 The RMS of the final solution is very often used as a criterion for “goodness of fit”. 

When earthquake location is based on the least squares inversion and a Gaussian distribution 

of the arrival time errors the statistics are well understood. The errors in the hypocenter and 

origin time can formally be defined with the n variance – covariance matrix σ2X of the 

hypocentral parameters. This matrix is defined as: 

𝜎2𝑋 =

[
 
 
 
 
𝜎2𝑥𝑥𝜎2𝑦𝑦𝜎2𝑥𝑧𝜎2𝑥𝑡

𝜎2𝑦𝑥𝜎2𝑦𝑦𝜎2𝑦𝑧𝜎2𝑦𝑡

𝜎2𝑧𝑥𝜎2𝑧𝑦𝜎2𝑧𝑧𝜎2𝑧𝑡

𝜎2𝑡𝑥𝜎2𝑡𝑦𝜎2𝑡𝑧𝜎2𝑡𝑡 ]
 
 
 
 

                                                                                    (2.26) 

 

The diagonal elements are variances of the location parameters x0, y0, z0 and t0while the 

off diagonal elements give the coupling between the errors in the different hypocentral 

parameters (Stein & Wysession, 2003). The matrix σ2xiscalculated as; 

σ2X=σ2(GTG)−1(2.27) 

where σ2 is the variance of the arrival times multiplied with the identity matrix. 

G is the known matrix of partial derivatives (2.21) which relates changes in traveltime 

to changes in location. GT is G transposed. The standard deviations of the hypocentral 

parameters are thus given by the square root of the diagonal elements. The critical variable in 

the error analysis is thus the arrival-time variance σ2. This value is usually larger than would 

be expected from timing and picking errors alone; however it might vary from case to case. 

Setting a fixed value for a given data set could result in unrealistic error calculations. Most 

location programs will therefore estimate σ from the residuals of the best fitting hypocenter: 

σ2= 
1

𝑛𝑑𝑓
∑ 𝑟𝑖

2𝑛
𝑖=1                                                                                                             (2.28) 

Division by ndf rather than by n compensates for the improvement in fit resulting from 

the use of the arrival times from the data (Kearey et al., 2013; Tongue, 1992; Tongue et al., 

1994). 

 

2.3  Earthquake Magnitude 

Earthquake magnitude is the experimentally determined measure of the size of an 

earthquake. Originally, the magnitude was determined from the horizontal ground motion, 

because seismological stations were equipped mainly with horizontal-motion seismometers. 

However, the surface waves recorded by these instruments consist of superposed Love and 

Rayleigh waves, which complicate the theoretical interpretation of the records. Vertical-motion 

seismometers record only the Rayleigh waves (together with P- and SV-waves), and so 
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progressively the definition of surface-wave magnitude has come to be based on the vertical 

component of motion. The majority of surface-wave magnitudes assigned to earthquakes 

worldwide are now based on vertical-motion records (Kearey et al., 2013; Tongue, 1992; 

Tongue et al., 1994). 

The International Association for Seismology and Physics of the Earth’s Interior 

(IASPEI) has adopted the following definition of the surface-wave magnitude (Ms) of an 

earthquake: 

Ms=log10AsT -1.66 log10 (∆)-3.3                                                                                      (2.29)  

 

where As is the vertical component of the ground motion in micrometers determined from the 

maximum Rayleigh-wave amplitude, T is the period of the wave (18–22 seconds), ∆ is the 

epicentral distance in degrees (200-1600), and where the earthquake has a focal depth of less 

than 50 km. 

 The depth of the source affects the nature of the seismic wave train, even when the same 

energy is released. An earthquake with a deep focus may generate only a small surface-wave 

train, while shallow earthquakes cause very strong surface waves. Equation (2.29) for Ms was 

derived from the study of shallow earthquakes, observed at a distance greater than 20. 

Therefore, corrections must be made to the computed value of Ms to compensate for the effects 

of a focal depth greater than 50 km or epicentral distance less than 20_. The amplitude of body 

waves is not sensitive to the focal depth. As a result, earthquake magnitude scales have also 

been developed for use with body waves. An equation, proposed by B. Gutenberg in 1945, can 

be used to calculate a body-wave magnitude (Mb) from the maximum amplitude (Ap) of the 

ground motion associated with P-waves having a period (T) of less than 3 s: 

Mb=log10ApT - Q (∆,h)                                                                                                    (2.30) 

where Q (∆, h)is an empirical correction for signal attenuation due to epicentral distance (∆) 

and focal depth (h)that is made by reading directly from a graph or table of values. 

 

2.4  Frequency- Magnitude Relationship 

 Frequency-Magnitude relationship is the relationship deduced where events of a 

smaller magnitude occur more often as compared to events with larger magnitudes. Frequency 

is generally expressed in terms of exceedance probability. That is the chance that during a given 

year a seismic event with a certain magnitude is likely to occur.  
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Gutenberg-Ritcher law derives from the power law the relationship between frequency, 

F of occurrence and Magnitude, M of earthquakes and the relationship between annual 

frequency (N) and magnitude (Ms) is logarithmic and is given by an equation of the form; 

𝐿𝑜𝑔𝑁(𝑀) = 𝑎 − 𝑏𝑀                                                                                                         (2.31) 

 where M is the magnitude of the earthquakes, N the number of earthquake per year of 

magnitude, a the productivity(Logarithm of the number of earthquakes with magnitude 

M>0)and the tectonic parameter b- value (Kearey et al., 2013; Tongue, 1992; Tongue et al., 

1994). The a-value is a quantitative measure of the level of activity while the b-value describes 

the relative number of small and large events in the time interval and it can be an indication of 

the tectonics of a region. A high b-value (∼2) is typical of earthquake swarms while a low b-

value indicates high stress conditions (Stein & Wysession, 2003). 

 𝑁(𝑀) is the cumulative curve, giving the number of earthqakes of magnitude M or 

larger per year. But when 𝑛(𝑀) is used, it gives the incremental curve such that 𝑛(𝑀)𝑑𝑀 gives 

the number of earthquakes in a magnitude range of width 𝑑𝑀, centered on M. They relate as: 

𝑛(𝑀) =
−𝑑𝑁(𝑀)

𝑑𝑀
                                                                                                                   (2.32) 

The b-value is the measure of the relative number of small to large earthquakes that 

occur in a given area at a given period. It is the slope of the frequency-Magnitude distribution 

(Gutenberg & Ritcher, 1944; Ishimoto & Lida, 1939).It is calculated using either the least 

square method or the maximum likelihood method. Least square method involves the counting 

𝑁(𝑀)   or 𝑛(𝑀), then fitting a least square line to 𝑙𝑜𝑔𝑁  or 𝑙𝑜𝑔𝑛  vs 𝑀.  The alternative, 

maximum likelihood uses the relationship; 

𝑏 =
𝑙𝑜𝑔10𝑒

�̅�−𝑀𝑚𝑖𝑛
=

0.434

�̅�−𝑀𝑚𝑖𝑛
                                                                                                                    (2.33) 

where 𝑀𝑚𝑖𝑛 is the smallest earthquake in the catalog and �̅� the average magnitude. 

B-value is typically in the range of 0.8-1.1and serves a kind of tectonic parameter 

with;1.8-1.0 representing oceanic ridges; 1.0-0.7 representing inter-plate and 07- 0.4 

representing intra-plate varies along different portions of a particular fault (Ghost, 2008) or 

changes within the same region of the fault (Wierner, 2002). Several factors explaining b-

values variations are effective stress pore pressure, subsurface heterogeneity, focal depth, 

tectonic environment, transport of heat and fluids arising from geothermal and volcanic 

conditions, geophysical and rheological characteristics of the earthquakes. b-values are known 

to accompany micro earthquakes, as reported in a few laboratory experiments and microseismic 

studies (Maxwell et al., 2008; Scholz,1968; Shapiro et al., 2007; Shapiro & Dinske, 2009; 

Vogelaar et  al., 2013; Weeks et al.,1978), to relatively small induced earthquakes associated 
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with mining, large water reservoir and other man-made activities(Gibowicz & Lasocki, 2001; 

Nuannin, 2006; Shatter & Mahmoud,2012; Singh et al., 2008; Urbanic et al., 1992), to large 

tectonic earthquakes (El-Isa et al., 2013).  

The b-value is very much dependent on the seismo-tectonic setting of a seismically 

active zone or region. In a seismically highly active zone, the b-value is normally close to 1.0. 

An increase in b-value associated with increasing crustal heterogeneity, normally is caused by 

rock deformation –folding, fracturing, faulting cracking and micro cracking (Mori & 

Aberecombie, 1997; Power et al., 1998; Wyss & Booth,1997), latent heat introduced by 

intrusions and presence of  magma chambers in volcanic areas(Lin et al., 2007, Muuru, 1999, 

2005, 2007; Wierner & Wyss, 1997, 2002; Wierner et al., 1998; Wyss & Matsumura, 2006; 

Wyss et al., 2004; Wyss & Stefansson, 2006), fluid and pore-pressure increase (Wierner & 

Wyss, 1997,2002; Wierner et al., 1998; Wyss, 1973) with supporting evidence from laboratory 

experiments(Wang, 1988; Warren & Latham, 1970). 

An increase (or decrease) in effective stress acting on a fault system, results in a 

corresponding decrease (or increase) in the b-value(El-Isa, 2013, 2014; Gerstenberger et al., 

2001; Matsumura, 2006; Schorlemmer et al., 2004;Wierner & Wyss, 1997, 2002; Wierner et 

al., 1998; Wyss et al., 2004; Wyss& Stefansson, 2006; Zuniga & Wyss, 2001). 

 

2.5  Poison ratio from Wadati diagram 

Velocity of propagation V through an elastic material is: 

V=(Appropriateelasticmodlus/densityρ)1/2 

P-wave velocity is given as: 

𝑉𝑝=(
𝑘+4𝜇/3

𝜌
)
1/2

                                                                                                                 (2.34) 

Shear wave velocity is: 

𝑉𝑠=(
𝜇

𝜌⁄ )
1/2

                                                                                                                      (2.35) 

The Poison ratio (σ) is: 

𝑉𝑝
𝑉𝑠⁄ =(

1−𝜎

1/2−𝜎
)
1/2

                                                                                                             (2.36) 

The Wadati diagram gives the ratio between compressional wave (P-wave) and the 

shear wave (S-wave) velocities. P and S-wave velocities are important in inferring to the nature 

of the rock deep in the earth. This ratio can indicate the saturation condition of fluids in the 

reservoir since, the velocity attenuation of elastic waves traversing a geothermal field are 
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affected by the presence of vapor phase, porosity, fractures, temperature and available rock 

type (Kearey et al., 2013; Tongue, 1992; Tongue et al., 1994). 

 Poisson’s ratio is defined as the ratio of the strain perpendicular to either type of 

deforming force to that in the direction of the force itself. By using comparison between 

compressional wave velocity and shear wave velocity from Wadati diagram, the Poisson’s ratio 

is defined as: 

𝜎 = (
𝑉𝑝2−2𝑉𝑠

2(𝑉𝑝2−𝑉𝑠2)
)                                                                                                             (2.37)                    

Low Poisson’s ratios associated with shallower hypocenters indicate fractured rocks 

while high Poisson’s ratio is associated with deep hypocenters characterized by unfractured 

rocks and silicified alterations (Kearey et al., 2013; Tongue, 1992; Tongue et al., 1994). 

 

2.6  Elevation and Station Correction 

 In addition to calculating locations for a spherical earth, the effect of ellipticity was 

taken into account (Stein & Wysession, 2003. Each station’s elevation correction was made by 

using the horizontal slowness, Ph, (the horizontal partial derivative calculated by the IASPEI 

software) and a constant velocity layer above the sea level having the velocity V, specified for 

the first layer in the layered model (P and S).Using the horizontal and total slowness’s, the 

vertical slowness, P3of the upper layer was then calculated using 

𝑝3 = (
1

𝑣2 − 𝑃ℎ2)

1

2
                                                                                                          (2.38) 

The time to traverse the upper layer, which was added to the IASP91 time, was thep3H, where 

H was the station elevation in km above sea level (Kearey et al., 2013;Tongue, 1992; Tongue 

et al., 1994). Elevation corrections were made by setting the maximum elevation to be that of 

the highest station elevation 2141 meters above sea level. 
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2.7  Study Site 

 

Figure 2.4: The detailed distribution of volcanic centers and fields along the Kenyan Rift 

graben 

 

2.8  Geological Setting 

Kenya contains the world’s most extensive and voluminous alkaline igneous province. 

Volcanic activity extends 200 km both east and west of the main Rift Valley and is centered 

on the Kenya "dome" which contains three large volcanoes with calderas Menengai, Longonot 

and Suswa and large volcanic fields at Olkaria and Eburru (Smith, 1994). Volcanism in the 

northern half of the Kenya Rift Valley began at 30 million years ago, and in the southern half 

it began at 15 million years ago (Hay & Wendlandt, 1995; Hay et al., 1995; Hendrie et al., 

1994; Mechieet al., 1994).Further, in both parts of rift, volcanism preceded faulting by a few 

Lava flow 
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million years (Morley et al., 1992; Smith, 1994). Seven of the 12 volcanoes in the central 

graben of the Kenya rift have undergone caldera collapse. 

The formation of the rift valley started in the upper Miocene with the up doming and 

volcanism on the crest of uplift and which was followed by faulting to form a half graben. A 

full graben occurred during the early Pliocene. On the floor erupted lava flows of basaltic and 

trachytic composition, and intercalated tuffs. The Quaternary saw the development of many 

large shield volcanoes of silicic composition in the axis of the rift. 

Menengai volcano, the study area, is a Quaternary volcano of predominantly trachytic 

composition with relatively uniform thickness separated by soil horizions (Leat, 1984) and tuff 

or pyroclastic intercalations. It is located in the basement of the Mozambique belt, close to the 

eastern margin of the Tanzanian craton at the intersection of the Nyanzan and the main Kenyan 

rift. The shield volcano of pre-caldera, syn-caldera and post-caldera formation is characterized 

by a system of faults and fractures striking in the NNE-SSW direction and the NW-SE 

direction, which are aligned to the Ol’rongai/Molo Tectonic Volcanic Axis (TVA) and the 

Solai Tectonic Volcanic Axis respectively. 
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Figure 2.5: The faults systems and the volcano tectonic axes on the Menengai volcanic field. 

Map modified from the geology map of the southern Kenya rift by Simiyu and Keller (2001) 
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2.9  Previous studies 

The central graben rift has been the focus of many geophysical studies. Gravity 

summaries (Swain, 1992) have been conducted to estimate the crustal thickness of the rift with 

special attention made on the southern rift (Henry et al., 1990; Swain et al., 1994). Along the 

Kenya Rift, regional seismic studies of the crust (Henry et al., 1990; Mechie et al., 1994;  

Simiyu, 2009; Simiyu & Keller, 2001) showed that there were significant differences in crustal 

structure between the northern, central and southern parts of the rift valley. Integrated 

geophysical analyses carried out by Wamalwa (2013) in Menengai volcano using resistivity, 

seismic and gravity data correlated with the surface geology indicate the observed axial gravity 

high is an intra-rift horst block that extends along the axis of most of the rift valley caused by 

magmatic intrusions into the shallow crust. Previous Seismic work converted their velocity 

structure to densities using standard relationships and showed that the regional Bouguer 

anomaly can be explained well by the southwards crustal thickening along the rift axis. Rift 

axial high anomaly was caused by a basement horst structure at the axis. 

 

2.10  Seismic Monitoring in the Menengai Study Area 

 A seismic velocity models along the rift axis shows a 6.1-6.3kms-1 velocity zone lying 

5-6km directly beneath the Menengai Volcanic field (Simiyu et al., 2001). This was observed 

in the first major study of the crust of the southern Kenya Rift Valley KRISP 90 (Henry et al., 

1990). Detailed micro-seismic surveys carried out in Menengai by Simiyu et al. (1997); Simiyu 

(2009) and Patlan et al. (2013) show the distribution of events located within the individual 

volcanic centers. In the current study, seismic events initially were located with a simple 

hypocenter algorithm and relocated using cross correlation and double difference algorithm 

HYPODD, Waldhasuer and Ellsworh, 2000 to give an insight in to the earthquake swarm 

activity and stress regime of the volcanic field. The seismic events located were compared to 

the seismic events in previous studies to show a clear picture of the seismicity of the Menengai 

Volcanic field (Kearey et al., 2013; Tongue, 1992; Tongue et al., 1994). 
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 CHAPTER THREE  

MATERIALS AND METHODS 

3.1  Data Acquisition System 

 The seismic network was installed in May 2011 by the Geothermal Development 

Company in collaboration with the University of Texas El Paso. Seismic monitoring in, 

Menengai featured deployment of 14 seismic stations (Table 3.1) with a seismograph network 

designed to cover the geothermal prospect area. Instrument locations are close enough to each 

other to detect events of low magnitude. The seismic stations have relatively high sensitivities 

as well in order to record small earthquakes. The seismic network shown in figure 4 featured 

deployments of thirteen broadband Guralp CMG40Ts, CMG3Ts and MINI Seismometers 

around the Menengai study area (table 1). The average distance between stations was between 

8 and 15.5 km from the central reference station MNC1 which is located in the Menengai 

caldera. 

Table 3.1: Seismic stations locations and seismometers deployed within Menengai volcanic 

field 

Location Station Latitude Longitude Elevation (m) Shortperiod 

Seismometers 

Engashura ANR 36.17344 -0.23659 2022 CMG3T 

Bahati BHT 36.15726 -0.14389 2128 CMG3T 

Njoro BLS 35.96514 -0.33561 2141 CMG40T 

Kampiya Moto DIGR 35.98462 -0.09644 1714 CMG3T 

Kiamunyi KIMU 36.02485 -0.26634 1945 CMG3T 

Lanet LWS 36.17608 -0.33477 1927 CMG3T 

Menengai Crater MNC1 36.08294 -0.19370 1878 Mini-seis 

Menengai West MNP 35.94658 -0.21791 1999 CMG3T 

Ol-Banita NDG 36.03567 -0.06384 1719 CMG40T 

Rigogo RGO 36.04927   -0.15614 1959 Mini-seis 

Solai SLS 36.12780 -0.09978 1840 CMG40T 

Ol-Rongai TOR1 36.00683 -0.17793 1947 Mini-seis 

MenengaiView Point VWP 36.09257 -0.25943 2094 CMG40T 

Ol-Kalou GSS 36.23899 -0.15672 2679 CMG40T 
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3.2  Installation of Seismic Stations 

 The seismic stations (Figure 3.1) were installed in two phases. The first phase featured 

deployment of 6 seismic sensors, namely VWP, RGO, BHT, KIMU, TOR1 and MNC1 in the 

month of March 2011. The average distance between stations in this phase was approximately 

8 km from the station MNC1. Installation of the seismic stations ANR, BLS, MNP, DIGR, 

SLS, LWS, NDG and GSS in the second phase, was done later. Average distance to station 

MNC1 was approximately 15.5 km.  Stations were placed in homes or schools for security 

purposes and in good environment to minimize on noise. 

 

Figure 3.1: Seismograph network distribution in Menengai volcanic field used in this study. 

 Installation started with the construction of sensor enclosure dug to reach the bedrock. 

The sensor was placed on a cement pad on the bedrock for stability purposes. Installation starts 

with the construction of sensor enclosure dug to reach the bedrock. The sensor is place on a 

cemented ground at the bedrock for stability purposes. Three channeled sensors are aligned to 

face the North as marked with the line oriented north on top of the sensor.  The sensor is then 
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leveled by adjusting the feet to center the bubble level on top. Once leveled the foot lock ring 

is twisted at the bottom of the slot to lock the foot from turning. The sensor is then covered on 

top with a suitable cover and then buried in the ground. Data was collected by the team from 

Geothermal Development in association with the University ofTexas El Paso. Digital 

Refraction Technology (RefTek) Instruments were used to collect the seismic data. The RefTek 

instruments were equipped with Guralp three-component broadband sensors at the three 

channel stations and one-component sensors for the single channel stations and digital GPS 

timing systems. The Reftek recorder equipment has two slots where two disks are placed to 

store the data.  

 

 Plate 3.1: How to place a seismic sensor on the ground. 

 

 Plate 3.2:  Installation of a seismic station. 

 The three channel sensors were aligned to face the North as marked with a line oriented 

north on top of the sensor. The sensor was then leveled by adjusting the feet to center the bubble 

level on top. Once leveled the foot lock ring is twisted at the bottom of the slot to prevent the 
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foot from turning. The sensors were then covered on top with a suitable cover and then buried 

in the ground. The recording system was installed next to the sensor all powered by the solar 

panel. The Reftek recorder equipment collected real time waveform data and stored it in Julian 

calendar format. At different seismic stations, an earthquake generated different seismograms. 

Initially all the data were stored in the internal memory of the Reftek recorder. But once a set 

threshold was reached, the data were dumped into the two removable disks placed in the Reftek 

recorder. After a given period of data recording, about three months, the disks were retrieved 

and replaced with empty ones.  

 

3.3  Data processing  

The analysis in this research is based on seismic data collected by the Geothermal 

development company for a period of one year. . The data collected in the disks is copied to 

the computer. Seismic monitoring utilizes sensitive seismographs to record the ground motion 

from seismic waves created by earthquakes or other sources. The detection ability of a 

seismograph or network of seismographs is dependent upon the type of instruments, the 

availability of accurate timing, the number and locations of stations relative to the earthquake 

locations, the size of earthquake and ambient ground vibration noise level. The producer 

involved in seismic monitoring involves; identification of valid events, time –picking of arrival, 

event classification, analysis, location of hypocenters and epicenters and quality control. 

The acquired data is first converted from REFTEK to SEISAN format before 

processing. The SEISAN seismic analysis system is a complete set of programs and a simple 

database for analyzing earthquakes from analog and digital data. With SEISAN it is possible 

for local and global earthquakes to enter phase readings manually or pick them with a cursor, 

locate events, edit events, determine spectra parameters, seismic moment, azimuth of arrival 

from 3-component stations and plot epicenters. The system consists of a set of programs tied 

to the same database. Using the search programs it is possible to use different criteria to search 

the database for particular events and work with this subset without extracting the events. The 

data is organized in a database like structure using the file system.  

  The SEISAN continuous data for each station is then registered to a database as either 

local, regional or telesismic events depending on the type of seismic survey carried out. The 

most common signal processing operation is to filter the signals to enhance certain features and 

suppress others. FOURIER transform allows us to move signals between the time and 

frequency domain, which makes it possible to choose either of them for particular operation on 

data. Analysis capabilities include general arithmetic operations, Fourier transforms, spectral 
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estimation techniques and filtering, signal stacking, decimation, interpolation, correlation, and 

seismic phase picking. 

First-arrival times on the seismograms from the local seismic events are identified and 

manual picking of the phases of the first arrivals, P-waves and S-waves, is performed and 

earthquake locations is determined using the Hypocenter earthquake location algorithm a 

continuous database for each station is created. Triggers were then run, to determine if they 

were noise real seismic signals. If they were real signals they were stored in a separate data 

base and the arrivals of various phases were picked. But since most triggers were just noise the 

seismic events are picked from the database and registered into the main location database 

(base file).Figure 3.2 shows an example of an unfiltered seismograph/ trigger recorded by three 

stations.

 

Figure 3.2: Seismogram with no frequency filter applied. (The numbers above the traces to the 

right are the maximum counts and the numbers to the left are the DC values (counts).  Z is 

vertical, N is north-south, and E is east-west. The time scale on the printed page is 3mm/s) 
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 The frequency filter of 1-5 Hz was applied the seismic events were easier to observe 

(Figure 3.3). Using the Hypocenter earthquake location algorithm (Haskov,2003; Lienert &  

Havskov, 1995) the local seismic events (Ts-Tp<3s)were determined based on arrival time 

difference, where Ts and Tp are the arrival times of secondary (S) waves and primary (P) waves 

respectively, obtained through the manual picking of the P and S phases of the first arrivals. 

Seismic events with azimuth gaps of <1800 and containing a minimum of three P and S- phase 

readings were used in the analysis (figure 3.4). 

 

Figure 3.3: Seismogram with 1-5 Hz frequency filter applied. 
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Figure 3.4: Picking of P (indicated by YPG) and S (indicated by YSG) phases on a seismogram 

with 1-5 Hz frequency filter applied. 

 The blue lines represent the approximate P and S phase picked by the computer. The 

red EP and ES lines are the P and S phases that were picked. In order to further analyze the 

results, the swarm activity area was divided into a latitude-longitude grid using the “Swarm” 

program in SEISAN. Around each grid point, there was a cell with a smaller radius. The 

program first checks to determine how many events there are in each cell for the whole catalog. 

It then checks each cell that has more than the minimum number of events to constitute a 

swarm, if enough events are within the required time window. For each time window with 

enough events, a swarm is declared so a swarm lasting e.g. twice the time window will be 

categorized as two swarms. An additional condition was that the numbers of events in the cell 

are greater than the normalized background activity. The normalized activity in this study was 

1.3626 calculated as the activity in the large cell normalized for area to the small cell, and 

normalized in time to the window for the swarm 

 

3.4  Velocity model 

There exists a velocity model for the Menengai and Olbanita region. This study also 

aimed at generating a velocity model for the entire Menengai Volcanic field. In order to identify 

these phases in the seismogram, as well as locating earthquakes based on the observations, it 
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is essential to know the travel time defined as the time it takes to travel from the hypocenter to 

the station. In other words, the travel time is the difference between origin and arrival time. 

Although the waves travel in the interior of the earth, the distance is measured in degrees along 

the surface of the earth. For local earthquakes, distance in km is usually used. The crust has 

large tectonic variations with widely varying Moho depths so travel time curves at local and 

regional distances must be adjusted to the local conditions. In most cases, particular for location 

of local earthquake a flat 1D model is used. The global travel time curves are very similar for 

all regions of the earth indicating that the earth in a first approximation can be described with 

a 1D model. 

Processing of earthquake data is critically dependent on a correct model. While the 

global model for processing purposes is well known and has seen small gradual improvements, 

the local crustal models are often less well known. Once data has been accumulated, it might 

be possible to check and improve on the local model either by using the simplest method to 

determine vp/vs is to make a Wadati diagram or Inversion of arrival times using the VELEST 

program. The 1-D velocity model was generated by VELEST program following the Kissling 

(1998) procedure from the initial Simiyu’s, (2009) Menengai and OlbanitaVp-Vs model 

(Figure 3.5). 

To be able to run the velocity model program there has to be seismic events present. 

Preliminary seismic events location done based on Simiyu’s, (2009) Menengai and 

OlbanitaVp-Vs model. Using these seismic events located a new minimum 1-D velocity model 

was the inverted and generated by VELEST program following the Kissling (1998) procedure. 

After a total of 20 iterations, 12 best solutions for the P velocity model and 7 for S velocity 

models were selected (see figure 3.6 and 3.7). After that, the best P velocity model and S 

velocity model were selected which are in agreement with the Simiyu’s (2009) Menengai and 

Olbanita velocity models and the KRISP Velocity model (see figure 3.8). 
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Figure 3.5: (a) The OlbanitaVp-Vs velocity model, (b) MenengaiVp-Vs velocity model region. 

From “Application of micro-seismic methods to geothermal exploration: Examples from the 

Kenya Rift,” by Simiyu 2009, Proceedings of the Short Course VIII on Exploration for 

Geothermal Resources, Lake Naivasha, Kenya, 31, Results section, Figure 2.1A and 2.1B 

(https://orkustofnun.is/gogn/unu-gtp-sc/UNU-GTP-SC-11-25.pdf ). CC BY 

 

Figure 3.6: The 12 best solutions of the P wave velocity model 

(a) 

(b) 

https://orkustofnun.is/gogn/unu-gtp-sc/UNU-GTP-SC-11-25.pdf
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Figure 3.7:  The 7 best solutions of the S wave velocity model and the velocity model created 

 

Figure 3.8: The P and S velocity model created 

 In order to prove that the velocity model generated can also be used for the entire region, 

the velocity model created and the Simiyu’s velocity models were used to relocate the 
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earthquakes using the HypoDD algorithm. Fixing the velocity model during the inversion also 

allows the stations corrections and hypocenter to approach a local minimum. Earthquake 

relocation with HYPODD was a two-step process. The first step involves the analysis of catalog 

phase data and waveform data to derive travel time differences for pairs of earthquakes. In the 

second step, the differential travel time data from step one is used to determine double-

difference hypocenter locations. 

 

3.5 Local Magnitude Estimation 

The Hutton and Boore’s (1987) formula used to calculate local magnitude (ML) is given 

as; 

ML = a log10 (amp) + b log10(dist) + c dist + d                                                               (3.1) 

where a=0.925, b=0.91 c=0.00087, d=+1.31, log10 is logarithm to the base 10, amp is maximum 

ground amplitude (zero-peak) in nm and dist is hypocentral distance in km. The constants a, b, 

c and d are taken from the ESARSWG (Eastern and Southern African Regional Seismological 

Working Group) (Hollnack & Stangl, 1998; Sehtet al., 2001). The ESARSWG constants were 

used since they are specifically meant for the Kenyan cental rift region. 

Local magnitude was obtained using a simulated Wood Anderson seismogram to 

determine the maximum amplitude (Figure 3.9). The local magnitude was estimate for every 

event individually using the vertical components each seismograph and then obtaining an 

average for each events. The amplitudes were assumed to be ground displacements (in SEISAN 

they are ground displacements highpass filtered at 1.25 Hz to resemble Wood Anderson 

seismograms). 
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Figure 3.9: Wood Anderson Simulated displacement Seismogram. The number to the right is 

magnitude in nm. 

The origin time for each event is determined using a Wadati diagram and the Vp/Vs 

ratio found to be 1.73 from 4396 selected events with a standard deviation of 0.09 averaged 

from 2070 selected events. Frequency- Magnitude relationship (FRM) using the leastsquare 

method was employed in this study because it puts more weight on smaller magnitudes and 

compared to the Gutenberg-Ritcher relation. 

 

3.6  Seismic Events Error Calculation 

Errors in the seismic events location are easily generated through arrival time 

determination and hypocentral depth estimation. For “goodness of fit” the RMS for all events 

was set to be between 0.00 and 0.03.The earthquake location was based on the least squares 

inversion and a Gaussian distribution of the arrival time errors with no systematic errors like 

clock error. The errors in the hypocenter and origin time are defined with the variance – 

covariance matrix σ2X of the hypocentral parameters. This matrix defined as 

𝜎2𝑋 =

[
 
 
 
 
𝜎2𝑥𝑥𝜎2𝑦𝑦𝜎2𝑥𝑧𝜎2𝑥𝑡

𝜎2𝑦𝑥𝜎2𝑦𝑦𝜎2𝑦𝑧𝜎2𝑦𝑡

𝜎2𝑧𝑥𝜎2𝑧𝑦𝜎2𝑧𝑧𝜎2𝑧𝑡

𝜎2𝑡𝑥𝜎2𝑡𝑦𝜎2𝑡𝑧𝜎2𝑡𝑡 ]
 
 
 
 

                                                                                        (3.2) 
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was used. Since σ2X was a symmetric matrix, a diagonal matrix in a coordinate system, which 

was rotated relatively to the reference system, represented it. Using the error ellipse obtained 

from the EPIMAP program (figure 3.10), assuming that all arrival time reading errors are equal, 

and  thus that the size and not the shape of the error ellipse was affected,  the only errors 

remaining emanated from the hypocentral parameters, and the error ellipse simply has semi 

axes σ xx, σyy, and σzz. The main interpretation of the off diagonal elements is thus that they 

define the orientation and shape of the error ellipse.  The errors were large for events outside 

the network and hence only events within the network were considered. 

 

Figure 3.10:  The error ellipses are larger for events outside the network. 
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CHAPTER FOUR 

RESULTS  

4.1  Seismic Events Locations 

 The network provided locations 7269 local earthquakes with 2948 events lying inside 

the Menengai caldera (see figure 4.1). Ninety earthquake swarms were identified from the 

dataset with 788 locatable events in the largest swarm and 2 locatable events in the smallest 

swarm. The local magnitude ranging between -1.5 to 2.1 was obtained for events at depths of 

0 to 10 km below sea level with depths clustering between 2 and 3km below sea level as 

indicated in figures 4.2 and 4.3. 

 

4.1.1 Epicentral and Hypocentral Distribution  

 

Figure 4.1: Epicentral distribution of seismic events in Menengai study area. Triangles are the 

geothermal wells. 
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Figure 4.2: Hypocentral tempo-spatial distribution of seismic events in Menengai study area. 
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4.1.2 Local magnitude Distribution  

 

Figure 4.3: The 3Dmagnitude model showing the magnitude distribution with depth. 

 

4.1.3  Earthquake Swarm Activity in Menengai Volcanic Field 

 Seismicity in the Menengai study area is dominated by earthquake swarms, generally 

defined as the spatial and temporal clustering of earthquakes without an event with a magnitude 

greater than one unit from the swarm average. The total earthquake swarm activity for 5124 

selected seismic events gave a total of 90 swarms without an event with a magnitude greater 

than one unit from the swarm average. The monthly number of seismic events is indicated in 

figure 4.4. 
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Figure 4.4:  Monthly distribution of events 

 

4.2  Fault Plane Solution 

Faults in the subsurface formation are mainly mapped with the help of seismic 

reconstruction. Fault plane solution involves the use of seismograms from an earthquake to 

study the faulting process. A fault plane solution is a way of showing the fault and the direction 

of slip on it from an earthquake, using circles with two intersecting curves that look like beach 

balls. Also called a focal-mechanism solution. An earthquake is caused by the passage of 

seismic waves which when traced back to their sources; they are usually found to be due to 

sudden movements or displacement along a fault in accordance with the elastic rebound theory. 

The energy accumulating in the strained volume of rock is abruptly released; some of it is 

converted by friction into heat along the fault, some may go into seismic waves which travel 

outwards from the fault In its pure form its goal is to evaluate the focal mechanism, the 

geometry and sense of motion of the underlying fault and defining the style of faulting in 

seismogenic volumes at depths for which no surface expression of the fault plane exists. The 

pattern of seismic waves radiated by the earthquake can be understood by representing the fault 

as a plane, trough defining the fault’s strike and dip directions. This is to indicate the correlation 

between the seismicity and recent faulting in the Menengai Volcanic region.  
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First motion polarities are used to obtain fault plane solutions. These are found from 

the directions of the first arrivals at a number of receivers encircling the epicenter. The 

longitudinal waves - P-waves are the earliest seismic waves to reach to a seismograph then 

followed by the body or shear waves –S-waves which usually has larger amplitude than the P-

waves.  

The Fortran program FOCMEC was used to determine fault plane solution assuming 

the double-coupled sources for 22 well located events whose magnitudes were sufficient to 

allow reliable first-motion polarities (figure 4.5).The focal mechanisms in the Menengai region 

imply a thrust faulting, normal faulting and strikeslip faulting regime in Menengai volcanic 

field. A focal mechanism, or "beachball", is a graphic symbol that indicates the type of slip that 

occurs during an earthquake: strike-slip, normal, thrust (reverse), or some combination. It also 

shows the orientation of the fault that slipped. The 2-dimensional focal mechanism circle is 

really the projection of the fault orientation and slip on the lower half of a sphere surrounding 

the hypocenter, the location of the earthquake in the crust. 

 The intersection of major structures such as the Molotectanovolcanic axis and the 

Solaitectanovolcanic axis with the caldera and other structures that run along the rift floor 

appear to have influence on resistivity distribution in this prospect area. The stereographic 

representation of the faults (figure 4.6), indicate a northeast-southwest striking fault regime 

consistent with the low resistivity anomaly from the magneto telluric soundings (Wamenyo, 

2005) carried out for the menengai volcanic region. 

 

Figure 4.5: 22 fault plane solutions. The numbers underneath the respective faults indicate the 

strike, dip and rake details of the fault. 
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Stereonets are very useful as the help in plotting the orientation of many faults in a two 

dimensional space. They are used to explain the strike and slip of faults in a given region. 

Stereonets represent a fault plane by the use of dots which is the interconnection of a line 

normal to the fault plane and the lower hemisphere. 

 

Figure 4.6: The stereographic representation of the focal mechanism for the 102 best solutions. 

The blue dots on the stereonet are the P axes while the red dots are the T axes. 

 

4.3  The Frequency-Magnitude Relationship and Poisson Ratio 

 Frequency-Magnitude relationship computed by both least square method and 

Gutenberg-Ritcher relationship gave b-values of between 0.8 and 1.24 on the incremental and 

the cumulative curves. This is typically for interpolate regions. We divide the field into four 

quadrants with station MNC1 as the center, and estimate b-values and Vp/Vs ratio is for each 

quadrant. Figures 4.6 A, 4.6 B, 4.6 C and 4.6D give the b-values obtained for the NE,SW,SE 

and NW quadrants respectively. The least square values obtained for the same regions are 

shown in table 4.1. 
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Figure 4.7: The four quadrants namely A, B, C and D 

 

The overall Vp/Vs ratio is found to be 1.73 from 5149 selected events with a standard 

deviation of 0.09 averaged from 2243 selected events giving a poison ratio of 0.24 . For the 4 

individual quadrants, the respective Vp/Vs and Poisson’s ratios are shown in table 4.2. 

 

Figure 4.8: The overall frequency-Magnitude relationship computed by Gutenberg- Ritcher 

for the earthquakes located using SEISAN HYPOCENTER algorithm 

A 

B 

C 

D 
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Figure 4.9: The frequency-Magnitude relationship computed by Gutenberg- Ritcher for the 

earthquakes located using SEISAN HYPOCENTER algorithm for regions A. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: The frequency-Magnitude relationship computed by Gutenberg- Ritcher for the 

earthquakes located using SEISAN HYPOCENTER algorithm for regions B. 
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Figure 4.11: The frequency-Magnitude relationship computed by Gutenberg- Ritcher for the 

earthquakes located using SEISAN HYPOCENTER algorithm for regions C 

 

 

 

 

 

 

 

 

Figure 4.12: The frequency-Magnitude relationship computed by Gutenberg- Ritcher for the 

earthquakes located using SEISAN HYPOCENTER algorithm for regions D. 

 

REGION b-VALUE 

A 1.18 

B 0.97 

C 1.24 

D 1.19 

 

 

Table 4.1:  b-values for A, B, C and D. 

D  
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Figure 4.13:  The overall P-wave velocity and S-wave velocity (Vp/Vs) ratio for the located 

events. 

 

Table 4.2: Vp/Vs and Poisson’s ratios for regions A, B, C and D. 

REGION Vp/Vs Poisson ratio 

A 1.72 0.24 

B 1.72 0.24 

C 1.73 0.25  

D 1.73 0.25 
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CHAPTER FIVE  

DISCUSSION 

5.1  Interpretation 

 The epicentral distribution identified the seismically active regions in the Menengai 

volcanic field. The clustering of the seismic events is generally aligned in the vicinity of the 

major fault lines; Molo tectano volcanic and Solai tectano volcanic axes. The seismicity 

migration rate with depth is not constant, and it increased during the period of maximum 

seismicity. There seems to be more seismic activity during the rainy season (figure 4.14 and 

figure 4.15) hence, the timing and location of seismic activity are controlled by a small number 

of highly permeable and heterogeneous fault structures. 

 

Figure 5.1: The epicentral distribution of the earthquakes recorded along the latitudes in 

Menengai volcanic field 
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Figure 5.2: The epicentral distribution of the earthquakes recorded along the longitudes in 

Menengai volcanic field. 

 

The located seismic events (figure 4.15) appeared to cluster in the caldera and align 

along the fault lines surrounding the menengai caldera, to the north-west and the north-east. 

Compared to the previously located events by Simiyu (2009), the cluster proves to have a 

similar pattern (figure 4.16). 
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Figure 5.3: The epicentral distribution of the earthquakes recorded in Menengai volcanic field. 

 

Figure 5.4: The pattern the events form was a similar to the above seismic activity located on 

the previous study of Solai and the Ol’rongai region. From “Application of micro-seismic 

methods to geothermal exploration: Examples from the Kenya Rift,” by Simiyu 2009 

Proceedings of the Short Course VIII on Exploration for Geothermal Resources, Lake 

Naivasha, Kenya, 31, Results section, Figure 3.1 A (https://orkustofnun.is/gogn/unu-gtp-

sc/UNU-GTP-SC-11-25.pdf)  .CC BY 

  

https://orkustofnun.is/gogn/unu-gtp-sc/UNU-GTP-SC-11-25.pdf
https://orkustofnun.is/gogn/unu-gtp-sc/UNU-GTP-SC-11-25.pdf
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Simiyu (2009) created a velocity model for the entire Menengai region and Olbanita 

region combined. In this study, a 1-D velocity model for the menengai region alone was 

deduced. This velocity model was tested by relocating the seismic events from Simiyu (2009, 

Resule section, Figure 3.1 A) data set and the seismic events used in this study. The 3120 

relocated seismic events, using the minimum 1-D velocity model created, form one major 

cluster of 720 events at the caldera aligned towards Molo-Tectanovolcanic axis. This clustering 

is comparative to the seismic events relocated using Simiyu’s velocity model, hence the 

minimum 1-D model generated is comparative to the Simiyu (2009, Result section, Figure 2.1 

A and 2.1 B) velocity models. 

 

Figure 5.5: Preliminary 3120 seismic events located using Simiyu’s 2009 velocity model and 

the double-difference algorithm 

 

Figure 5.6: The relocated seismic event using the 1-D minimum velocity model 

generated and double-difference algorithm in figure. 
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5.2  Discussion 

Seismicity along the Molo TVA and Solai TVA were comparable to previous 

microseismic studies hence, major regional faults were not susceptible to triggered seismic 

failure through stimulation by high-pressure fluid production. Majority of the microseismic 

events take centre stage in front of the growing hydrofracture (Shvarev & Markov 2019).  Local 

stress conditions may instead favor failure along fault zones of different orientations. There is 

an inferred NW-SE trending fissure at the centre of the Menengai caldera resulted from 

transform faulting consistent with the low resistivity body observed inside the caldera 

extending to depths of about 8km. The events were classified as A-type and B-type volcanic 

events with few micro-tremors evident following a main shock- after-shock and swarm 

sequences (Zobin, 2013). These are volcano-tectonic earthquakes generated by stresses, which 

arise during magma migration in the Earth’s crust. They are caused by shear or tensile failure 

and occur during magma movement from the depth to the Earth’s surface through conduits and 

dikes, producing rupture at the tip of magma body and within adjacent fault systems 

The inversion for the velocity model was carried out with the use of the VELEST 

program, which solved the coupled hypocenter- velocity problem from the data set of 3120 

local earthquakes recorded from the Menengai seismic network. The seismic events located 

from the Menengai volcanic field were relocated with the double difference algorithm, 

resulting in better constrained hypocenter locations based on the decrease in RMS and 

corresponding error assessment tests. The P-wave velocity model and the S-wave velocity 

model both give a mohorovicic depth of about 4.2 km in the Menengai volcanic region. This 

depth has a significant effect on station corrections in addition to the surface geology. This 

Mohorovicic depth for the new minimum velocity model is synonymous to the mohorovicic 

depth generated by the initial Menengai-Olbanita region. 

The integrated analysis produced the following; the graben master faults are 

consistently located along the western margin of the rift valley, and there is no evidence for 

half-graben polarity reversals for a distance of about 5 km; (there is no axial (north–south) 

crustal symmetry with respect to the apex of the Kenya dome, and the crustal thickness may be 

as much related to pre-rift crustal type and thickness as it is to crustal thickening and 

modification by magmatic processes; the pre-existing lithospheric contrast between the 

Archaean and Proterozoic basement terrenes played a significant role in the location and 

structural geometry of the rift; low velocities and densities observed under the western flank of 

the rift probably represent reworked Archaean Tanzanian craton; magmatic modification of the 

upper crust is modest except near the major Quaternary volcanic centres that produce a series 
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of isolated axial gravity highs; the other element is an intrarift horst block that extends along 

the axis of most of the rift valley.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

 During an earthquake the accumulated elastic energy is released suddenly by physical 

displacement of the ground as heat and seismic waves that travel outwards from the focus. By 

studying the first motions recorded by seismographs at  distant seismic stations, using the 

teleseimic and micro seismic earthquake records, focal mechanisms; fault-plane solutions can 

be inferred and the motion of the fault –plane together with the regional, local-neotectonics or 

the entire tectonics of a region deduced.  Magnetotelluric studies carried out in the Menengai 

volcanic region by Raymond (2010) and Wamalwa (2013) indicated a low resistance body at 

the centre of the menengai caldera at depths of between 3000 meters and 5000 meters below 

sea level. The high resistivity along the Molo tectanovolcanic axis at depths of 3000 meters has 

been explained by the clustering of the events along northwest direction while the high 

resistivity along the solai tectanovolcanic axis at depths of 5000 meters below sea level 

explains the clustering of events along the north -west direction. 

Seismicity in the region was caused by shear failure as the result of slip on joints. This 

occurs when the effective stress is reduced by increasing the pore fluid pressure. Small 

eruptions and many phreatic (water driven) eruptions, in contrast, involve much smaller 

amounts of magma, and have subtle precursors or sometimes no precursors. A total of 2689 

seismic have been located in the Menengai caldera. Previous Seismic work converted their 

velocity structure to densities using standard relationships and showed that the regional 

Bouguer anomaly can be explained well by the southwards crustal thickening along the rift 

axis (Mariita, 2007). Rift axial high anomaly was caused by a basement horst structure at the 

axis. In working out the fault plane orientation from seismographs P is used as later arrivals 

are more difficult to read. Fault plane solutions can be worked out using P-wave polarities 

amplitude ration (Hardberck & Shearer, 2002, 2003; Snoke et al., 1984).The amplitudes of P-

waves and S-waves vary with distance from their sources because of the effects of physical 

damping and geometric dispersion .The amplitudes also depend geometrically on the angle at 

which the seismic ray leaves the source; the take-off angle. The geometric factor can be 

calculated mathematically assuming a model for the source mechanism.   

In finding where and at what depths an earthquake occurred it is possible to make a 

fault-plane solution which is deducing the orientation of the fault plane and the direction of the 

displacement in that plane. The earthquake produces two regions of compression and two 

regions of dilatation surrounding the hypocenter (Saltiel et al., 2011). These are separated by 

the fault-plane itself, and by an auxiliary plane (plane perpendicular to a fault) through the 
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focus and normal to the fault-plane. Focal sphere for a seismic point source (a sphere centred 

on the source and having arbitrarily small radius) is a convenient device for displaying 

radiations patterns, since information recorded by seismometers (distributed over the Earth’s 

surface) may be transferred back to the focal sphere. In representing these regions, single 

couple or double couple radiations patterns are drawn  a four-lobed radiation pattern, with two 

corresponding to the angular variation of amplitude where the first motion is compressional, 

and  two where the first motion is dilatational. 

Since faults are approximately planes and the displacement is in the fault plane, 

radiation patterns will look the same if viewed along a direction that lies in the fault plane and 

is perpendicular to the direction of the displacement. Therefore, if we turn the fault plane of 

into another orientation, the radiation pattern will be turned with it. The azimuth and dip of the 

angle of departure of the ray from the earthquake focus are calculated and plotted as stereogram 

using Wulff projections or the l projections. The fault plane solutions or focal mechanisms use 

the beach balls symbols to identify fault geometry and the type of faulting (Snoke et al., 1984). 

It is normal for large calderas to show frequent signs of unrest, the vast majority of 

which are not precursors to eruptions. This adds to the uncertainty in dealing with earthquake 

swarms at calderas: false alarms are more likely, but large eruptions are also possible. Swarms 

of microearthquakes (majority of them with magnitudes of about 0) have been recorded on 

different volcanoes of the world (Carniel et al., 2006; Iverson et al., 2006; Macedo et al., 2008; 

Neuberg et al., 1998; Nu´n˜ez-Cornu´ et al., 1994; Orozco-Rojas, 1994; Waite et al., 2008; 

Varley et al., 2010; Zobin et al., 2013).Comparative to the Menengai volcanic field seismic 

signals are numerous, low-amplitude, and form families of similar records. Cross-correlation 

test performed on the initial seismic records of microearthquakes observed between October 

2011 and October 2012 shows that the waveforms have a good intercluster correlation. 

Zobin et al. (2002b) suggested that a moving magma dyke could produce high 

frequency seismic events at distances less than 70 m from the dyke tip along existing fractures 

and trigger the fracturing of local faults at distances greater than 70_100 m from the dyke tip 

as low frequency events. Therefore, the occurrence of the high frequency events may indicate 

the moving of magma from depths, and the low frequency events may reflect the process of 

passageway constructing. Zobin et al. (2005a) attributed the HSD earthquakes as the probable 

product of magmatic heat fracturing of host rocks. The relatively long LSD ruptures may be 

attributed to the slips along the preexisting and forming due to occurrence of large earthquakes 

fractures during magma movement. 
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 Studies have shown that the b-value changes with material heterogeneity (Mogi, 1962), 

thermal gradient (Kearey et al., 2013; Tongue, 1992; Tongue et al., 1994; Warren et al., 1970;) 

and applied stress (Schorlemmer et.al., 2004, 2005a, 2005b).The b-values range from 0.8±0.01 

to 1.2±0.01 with the highest values (up to 1.24±0.01) associated with the central Menengai 

caldera region and the lowest values (from 0.8±0.01) associated with the Molo and the Solai 

system of faults. The high b-values are as a result of high heterogeneity due to layering of lava 

flows, the presence of cooling cracks, dikes and sills, and high thermal gradients. An increase 

in pore-pressure can decrease static friction and cause slip on fault lines with stress fields close 

to fracture. Fluids movement under the earth’s surface with high enough pore-pressures can 

also overcome rock strengths’ and generate new fractures (Saltiel et al., 2011). Moreover, 

because of the dynamic nature of volcanic area, b-values tend to change with changing stress 

conditions through both time and space (Farrell, 2009). For volcanic earthquake swarms, b-

values were estimated as close to 1 or greater, up to 2.6 indicating that volcano-tectonic 

earthquake swarms tend to have an anomalously large number of small events compared to the 

usual seismic sequence (Gresta & Patane´, 1983; McNutt, 1986; Zobin et al., 2002b). Results 

of McNutt (1986) for Pavlof volcano, Alaska, show that b-values of volcano-tectonic 

microearthquake (M=0-1) swarms do not depend on\ the stage of volcanic activity. At small 

magnitude it is the incompleteness of data catalogs. The studies suggest that the decrease of b-

value, below the threshold magnitude is not just an artifact of catalog incompleteness but that 

small earthquakes are really not as numerous as a constant b-value extrapolated from larger 

events would predict and so the decline in frequency may to a a certain extent be real. 

The faulting nature of volcano-tectonic earthquakes may be various: thrust, normal 

fault, or strike-slip. It may be constrained by the regional or local tectonic stress systems Phase 

separation between water and steam is controlled by temperature, pressure, fluid saturation and 

the composition of adverting fluids (Kearey et al., 2013; Simiyu & Marlin, 2000; Tongue, 

1992; Tongue et al., 1994). These are the same factors affecting the ratio between 

compressional waves and shear waves. Vp/Vs ratio generated from magnitudes of Vp and Vs 

were compared to the hypocenter distribution. 

The Vp/Vs ratio at the exploited region is low indicating a phase change, while the 

higher V/p/Vs ratio at the northwest region where there is clustering of events indicates liquid 

dominated reservoir. The poisson ratio indicates that there is extensive fracturing in liquid-

filled rocks and a significant reduction in s-wave velocity and minor reduction in p-wave 

velocity. Vp/ Vs correlated well with the hypocenter distribution. Swarm activity in the area 

was shown to occur in the fluid saturated cracks that had low Vs and high Vp/Vs ratio. These 
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swarms were shown to migrate with the cracks Geology of the menengai region indicated from 

high resolution digital surface models (Achieng et al., 2017), shows presence of North -

northeast striking Holocene normal faults perpendicular to the regional east-southeast and 

west-northwest extension direction dominating the interior sectors of the rift. The clustering of 

the seismic events inside the caldera is as a result of the tectanovolcanic structures that are over 

printed by post collapse doming and faulting of the magmatic centre, resulting in obliquely 

slipping normal faults bounding a resurgence horst. 
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CHAPTER SIX 

CONCLUSIONS AND RECOMENDATIONS 

6.1  Conclusions 

The seismic events in Menengai volcanic field are considered volcano-tectonic 

earthquakes generated by stresses caused by the shear fracturing from depth to the Earth’s 

surface through conduits and dykes. The low resistive of the body at the caldera is indicative 

of the presence of a heat source due to the clustering of the seismic events. The depths of these 

events go up to more than 5000m below sea level. The high resistivity depicted along the Molo 

Tectanovolcanic axis and the Solai tectanovolancic axis has also been constrained by the 

seismic data set in the region. This is indicative of the presence of ground water movement 

along the faults. 

The seismic migration is due to the heterogeneity of the faults hydraulic system. This 

level of seismicity reflects the level of volcanic activity, and suggests that there is a constant 

long-term probability of eruption, usually assumed to be a Poisson process. This means that 

eruptions behave as a random variable, and have no memory (mathematically) of previous 

eruptions. The average rate of eruptions is also assumed to be constant, and the probability 

increases when earthquake swarms occur. The spatial distribution of station corrections 

indicated large-scale geological change. Earthquake relocation was carried using HYPODD 

technique. Swarm like micro earthquakes were evident in the region indicating high stress state. 

The study showed great velocity variation and the need for the 1-D velocity model. 

The main physical processes monitored, however, are those associated with magma 

intrusion. Thus, there will always be a false alarm rate because some intrusions remain at depth 

whereas others reach the surface and erupt. Spatial orientation of the seismicity was coplanar 

with the fissure at the centre of the caldera and the regional faults, suggesting a pre-existing 

fracture zone was being re-opened and expanded.  

During an earthquake the accumulated elastic energy is released suddenly by physical 

displacement of the ground as heat and seismic waves that travel outwards from the focus. By 

studying the first motions recorded by seismographs at distant seismic stations, using the micro 

seismic earthquake records, focal mechanisms; fault-plane solutions can be inferred and the 

motion of the fault –plane together with the regional, local-neotectonics or the entire tectonics 

of a region deduced.  Shear failure allowed existing fractures to open in the direction of the 

maximum principal horizontal stress. 

The faulting pattern in Menengai as depicted by the fault plane solution provides insight 

to the movement of groundwater that extent a strong influence on the distribution of the magma. 
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This helps as a guide to the geothermal energy production activity being undertaken in the 

region. Through the studies of the first motion waves; its bearing (azimuth) with respect to the 

epicenter, its take-off angle we get to know whether the sense of first motion of P arrivals is 

compressional or dilatational, the orientation and slip direction of the fault is easily calculated. 

The data is projected on stereo nets to indicate the azimuth and dip of the fault. This is finally 

represented graphically using the beach balls. According to the study, there are extensive 

faulting accompanied by block tilting characterize the terrain of these area which form 

numerous North-South ridges and faultscarps. This complex network of faults and fractures 

suggests that tensional strain oblique to the primary rift axis is still occurring. Wave form 

modelling and short period seismic events would enable accurate determination of fault plane 

solutions (focal mechanism) for categorization of the seismic events due to tectonic processes 

The stressmeter in the earth’s crust infer a volcanic regime on the Menengai study area 

since the b-value averages about 1.0 in tectonic area, while volcanic areas are characterized by 

b-values greater or less than 1.0. Absence of earthquake magnitudes larger than 3, indicate a 

region of low stress regime, fluid circulation and hydrothermal alteration, hence low risk to the 

surrounding community. Seismic activity within the geothermal prospect was mostly likely 

neither related to the occurrence of diking processes nor the geothermal activity but rather to 

re-activation of the north-south trenching faults to the east and south south-east within the study 

area. 

 

6.2  Recommendations 

The knowledge of temporal variations of the spectral source parameters may allow the 

description of the main events during the eruptive process. There is a growing awareness that 

fluid withdrawal from the earth’s subsurface through geothermal energy production, changes 

the pore pressure, stress, and strain condition in the rock. These can induce microseismic events 

that eventually lead to larger “felt” seismic events. Hence this study gives a good reason for a 

continuous seismic network operation, to monitor the volcanic system and for public safety. 

Advanced microseismic analyses performed overtime can reveal more detailed 

information about the microseismicity of the area and how the rock is responding to geothermal 

activities, leading to increased efficiency and optimized operations. When microseismicity is 

observed over time, operators may start to see patterns of seismicity related to production 

activities. Since in order to continue with geothermal exploration, it is important to re-evaluate 

the seismic rate in the Menengai volcanic field and identify possible seismogenic areas. 
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APPENDICES 

Appendix A. Key data outputs 

 

LATITUDE LONGITUDE ELEVATION MATGNITUDE 

0.00700 36.00700 12.3 0.8 

-0.05900 35.94900 18.0 1.7 

-0.04100 35.93000 41.7 1.1 

-0.05700 35.93200 5.0 0.8 

-0.08100 35.94600 15.0 1.5 

-0.10000 35.95100 15.4 1.1 

-0.08600 35.94100 24.9 0.7 

-0.17400 36.06300 4.1            -0.6 

-0.17600 36.06300 4.1 0.1 

-0.07800 35.97600 18.7 1.0 

-0.17600 36.06400 4.1            -0.2 

-0.09400 35.93700 19.4 1.0 

-0.18200 36.10800 4.2            -0.2 

-0.18100 36.11000 17.5 0.8 

-0.08200 35.91400 11.3 1.4 

-0.12000 36.06100 5.9            -0.3 

-0.17300 36.06500 5.0            -0.1 

-0.17700 36.06300 4.2 0.6 

-0.18400 36.10600 24.1 1.3 

-0.10600 35.97900 7.4 0.8 

-0.12800 36.06300 7.5 0.1 

-0.17600 36.06200 4.7 0.2 

-0.18200 36.10400 5.9 0.0 

-0.18300 36.11100 2.8 0.6 

-0.18700 36.10600 6.2            -0.6 

-0.01300 36.05500 4.7 0.2 

-0.18400 36.07200 4.2 0.2 

-0.18400 36.07300 4.7            -0.5 
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-0.17600 36.06100 10.7 0.3 

-0.19100 36.10500 8.6 0.5 

-0.13300 36.05800 7.4 0.2 

-0.16700 36.10100 4.1 0.1 

-0.17600 36.06500 4.1            -0.7 

-0.18300 36.07300 15.9 0.7 

-0.18500 36.10400 15.8 0.3 

-0.17400 36.07000 4.2 0.3 

-0.12900 36.07100 41.0 0.7 

-0.17800 36.11100 24.2 0.5 

-0.21800 36.10600 4.2            -0.5 

-0.17500 36.07300 4.2 0.2 

-0.18200 36.07100 4.1            -0.3 

-0.18500 36.09700 15.6 0.3 

-0.18200 36.11300 4.9 0.2 

-0.18300 36.10400 5.9 0.0 

-0.18500 36.10100 5.6            -0.5 

-0.19200 36.10300 4.2           -0.1 

-0.17700 36.05900 9.2 0.1 

-0.13700 36.05900 11.6 0.6 

-0.18500 36.07100 4.2            -0.5 

-0.18500 36.07100 5.3 0.4 

-0.17400 36.06600 4.1            -0.2 

-0.17600 36.07000 15.0             0.2 

-0.16600 36.09900 4.1 0.3 

-0.18600 36.10000 37.3 0.7 

-0.18600 36.07200 19.9 1.1 

-0.18600 36.07200 22.3 0.7 

-0.17400 36.07100 4.1 0.3 

-0.17400 36.07100 4.3           -0.1 

-0.11700 36.00300 19.3 0.9 

-0.18100 36.07300 4.2           -0.2 
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-0.22000 36.10500 4.2 0.1 

-0.18500 36.09500 9.0 0.1 

-0.13600 36.06900 7.3 0.5 

-0.18200 36.07000 4.2 0.3 

-0.17900 36.10500 4.9           -0.7 

-0.18000 36.07200 4.2           -0.2 

-0.18600 36.07300 13.2 1.1 

-0.18100 36.07100 4.4 0.2 

-0.18100 36.07100 10.2 0.5 

-0.18800 36.10000 6.7           -0.1 

-0.17600 36.06800 4.2 0.5 

-0.17600 36.06800 6.7 0.0 

-0.17600 36.06800 23.5 0.2 

-0.19000 36.10100 17.3 0.3 

-0.14000 36.06000 15.2 1.3 

-0.13700 35.97200 17.2 1.9 

-0.16700 36.09800 4.1 0.0 

-0.16700 36.09800 6.2            -0.7 

-0.19300 36.10400 19.1 0.2 

-0.19100 36.11300 4.1 0.4 

-0.17400 36.07200 4.2            -0.5 

-0.21800 36.10700 23.3 0.5 

-0.17000 36.10200 4.7 0.6 

-0.17300 36.11100 6.4 0.2 

-0.19000 36.09900 35.7 0.9 

-0.18700 36.11300 18.8           -0.2 

-0.17800 36.10200 4.1 0.0 

-0.14300 35.98100 11.8 1.0 

-0.19000 36.11100 15.7            -0.1 

-0.17700 36.07300 4.1 0.3 

-0.17600 36.11500 9.4 0.3 

-0.11800 36.02000 0.2 0.0 
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-0.17200 36.10100 5.5 0.7 

-0.17800 36.06800 4.2           -0.4 

-0.19400 36.10800 7.1           -0.8 

-0.18600 36.07500 31.3 0.9 

-0.13300 35.99200 5.0 1.0 

-0.09300 35.97100 13.4 1.4 

-0.17600 36.10300 26.2 0.9 

-0.17600 36.10200 4.8 -0.3 

-0.18300 36.07400 4.3           -0.2 

-0.18300 36.07400 15.9            0.4 

-0.18700 36.09400 4.8           -0.2 

-0.16800 36.10000 4.2           -0.5 

-0.16800 36.10000 4.3           -0.3 

-0.18300 36.07000 11.7 0.9 

-0.19100 36.09800 5.0           -1.0 

-0.18400 36.07500 4.2            0.2 

-0.17900 36.06400 4.1            0.2 

-0.17200 36.10400 24.0            0.6 

-0.18200 36.06900 4.2           -0.7 

-0.17700 36.07400 7.5            0.0 

-0.18400 36.06900 4.1           -0.8 

-0.18400 36.06900 4.8            -0.2 

-0.31200 36.11600 4.2 1.8 

-0.19500 36.10800 4.7 0.2 

-0.18400 36.07800 12.7 0.9 

-0.18100 36.07500 10.1 0.1 

-0.18800 36.09800 4.8            -0.1 

-0.17300 36.10000 4.0            -0.6 

-0.17900 36.07600 4.1 0.2 

-0.17100 36.07300 10.3           -0.2 

-0.17500 36.07700 24.9 0.3 

-0.17500 36.07800 5.4 0.8 
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-0.21400 36.10300 4.2 0.3 

-0.17800 36.06600 4.2 -0.3 

-0.17200 36.09800 6.2 -0.4 

-0.17300 36.09800 4.1 0.1 

-0.13900 36.04600 19.1 1.9 

-0.17800 36.07400 4.2 0.4 

-0.18500 36.07500 17.7 0.1 

-0.18400 36.07000 4.1 -0.6 

-0.17800 36.06200 4.2 -0.7 

-0.17500 36.07400 4.1 0.0 

-0.16900 36.09800 5.2 0.2 

-0.16900 36.09800 7.7 -0.1 

-0.18400 36.09700 4.1 -0.1 

-0.17100 36.07400 4.2 0.0 

-0.16900 36.07400 12.5 -0.2 

-0.17300 36.07800 27.1 1.1 

-0.16700 36.07600 4.1 -0.4 

-0.13600 35.94600 11.5 1.3 

-0.17000 36.09500 6.2 0.1 

-0.17900 36.05900 4.4 0.3 

-0.18200 36.05700 4.1 0.9 

-0.17800 36.07600 4.9 0.5 

-0.17800 36.07600 19.1 0.6 

-0.33200 36.07300 4.4 0.0 

-0.19900 36.11000 4.4 0.2 

-0.30500 36.11300 27.2 1.3 

-0.18200 36.07700 14.9 0.6 

-0.18300 36.09800 5.1 0.7 

-0.17000 36.07400 4.8 -0.2 

-0.17800 36.06900 4.1 -0.2 

-0.17800 36.06900 4.2 0.5 

-0.17300 36.07300 4.5 -0.2 
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-0.16700 36.10200 4.2 0.0 

-0.16700 36.10200 5.1 0.7 

-0.18100 36.05500 19.1 0.6 

-0.18100 36.05600 4.2 0.0 

-0.17200 36.08300 14.0 0.4 

-0.18000 36.06700 4.3 0.5 

-0.17000 36.08700 19.5 1.0 

-0.18700 36.07000 4.2 0.2 

-0.17100 36.08000 21.1 1.2 

-0.16900 36.08200 11.2 -0.4 

-0.21600 36.10200 27.1 0.3 

-0.19000 36.09700 25.0 0.6 

-0.17100 36.11300 4.9 -0.4 

-0.30500 36.08800 18.1 0.6 

-0.16700 36.08500 4.5 -0.7 

-0.17200 36.08800 20.3 0.5 

-0.17000 36.08800 5.0 0.3 

-0.18000 36.06400 6.4 0.8 

-0.16700 36.09100 4.2 0.0 

-0.17700 36.07800 12.1 0.9 

-0.17400 36.08200 5.6 0.6 

-0.16900 36.08400 17.9 0.5 

-0.18200 36.09800 8.8 0.2 

-0.16600 36.09200 4.2 0.3 

-0.16600 36.08300 16.1 0.7 

-0.16800 36.09600 4.3 0.3 

-0.17300 36.11400 4.2 -0.4 

-0.17300 36.11400 4.3 0.1 

-0.16800 36.08100 6.8 0.6 

-0.16900 36.09100 12.6 0.5 

-0.18000 36.07700 4.1 0.0 

-0.18000 36.07700 16.2 1.1 
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-0.17000 36.11100 5.0 0.1 

-0.18700 36.09200 5.6 0.8 

-0.34500 36.05500 4.2 0.4 

-0.17700 36.05800 16.5 0.8 

-0.21300 36.11100 21.5 0.5 

-0.31000 36.10700 12.2 1.1 

-0.18700 36.09300 4.7 0.2 

-0.18100 36.06800 4.2 0.2 

-0.33000 36.06100 4.2 0.1 

-0.13400 35.95300 13.3 1.1 

-0.18100 36.08000 17.6 1.0 

-0.18100 36.08000 18.9 -0.2 

-0.16600 36.09100 6.9 -0.1 

-0.18500 36.09300 7.3 0.6 

-0.21500 36.10200 7.3 0.0 

-0.18100 36.06600 4.8 0.4 

-0.18100 36.06700 4.2 0.5 

-0.17700 36.09700 28.6 0.3 

-0.12800 36.01800 0.1 0.1 

-0.17900 36.09800 5.5 -0.1 

-0.18000 36.06000 4.6 -0.2 

-0.18200 36.08500 22.6 0.5 

-0.17700 36.08400 17.7 0.0 

-0.16900 36.11300 5.0 -0.3 

-0.17500 36.09600 5.6 0.1 

-0.18000 36.05900 22.6 0.3 

-0.18900 36.09100 6.4 0.6 

-0.16900 36.11500 6.8 0.7 

-0.18100 36.06500 4.1 0.3 

-0.18100 36.06500 4.3 -0.3 

-0.17300 36.08900 23.9 0.3 

-0.18900 36.09300 20.4 0.2 
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-0.18800 36.09200 18.0 2.0 

-0.17700 36.09600 6.2 -0.5 

-0.18500 36.08700 11.3 0.4 

-0.17600 36.08700 21.1 0.3 

-0.30700 36.11800 21.1 1.0 

-0.17800 36.08900 4.5 0.1 

-0.17700 36.08600 24.8 1.0 

-0.17100 36.10400 5.8 0.2 

-0.18200 36.06500 8.1 0.2 

-0.18200 36.06500 13.9 0.3 

-0.18200 36.05500 10.3 0.0 

-0.18200 36.05500 11.0 0.3 

-0.18200 36.05500 20.7 1.7 

-0.19400 36.09800 15.0 1.2 

-0.17900 36.08500 16.0 0.2 

-0.13500 36.08000 5.5 0.7 

-0.13400 36.03800 7.2 1.4 

-0.17800 36.10700 4.6 0.7 

-0.17600 36.09000 29.0 1.6 

-0.18500 36.08600 9.6 -0.3 

-0.18200 36.06300 17.2 -0.4 

-0.13700 36.01000 17.4 1.8 

-0.18800 36.07000 20.1 0.8 

-0.18200 36.06600 8.8 0.5 

-0.18200 36.06600 11.8 1.2 

-0.17500 36.11000 5.2 1.7 

-0.18100 36.08900 19.9 0.3 

-0.18300 36.06700 5.6 0.0 

-0.18300 36.06700 21.4 0.6 

-0.18400 36.08100 6.1 0.2 

-0.16800 36.10300 4.9 0.2 

-0.32500 36.05300 9.4 0.2 
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-0.18200 36.08300 11.7 0.2 

-0.18300 36.06600 4.1 -0.4 

-0.18300 36.06600 18.5 0.3 

-0.18800 36.08700 5.0 0.2 

-0.17800 36.08300 20.2 0.5 

-0.18900 36.07700 13.5 0.4 

-0.18400 36.09000 11.8 0.8 

-0.18700 36.08500 4.1 -0.1 

-0.18700 36.09000 21.6 0.4 

-0.19400 36.09900 21.9 0.4 

-0.15300 35.94300 15.5 1.3 

-0.17400 36.11000 6.0 -0.5 

-0.20500 36.11100 4.4 -0.6 

-0.20800 36.11200 20.8 0.2 

-0.17900 36.09400 18.5 0.7 

-0.19200 36.09200 12.1 0.3 

-0.15400 35.94100 5.7 0.8 

-0.13300 36.09600 9.2 -0.4 

-0.18900 36.08600 22.7 0.1 

-0.19100 36.08900 18.5 1.0 

-0.13100 36.09600 5.6 -0.8 

-0.16800 36.11400 4.3 0.2 

-0.18500 36.06800 4.1 -0.2 

-0.18500 36.06800 14.3 0.2 

-0.18500 36.06800 15.0 0.6 

-0.18500 36.08000 21.2 0.7 

-0.18400 36.06700 15.9 0.0 

-0.20400 36.11100 4.1 -0.5 

-0.18800 36.08900 17.0 1.0 

-0.19000 36.07700 12.9 0.4 

-0.17000 36.11500 9.8 0.3 

-0.18500 36.08900 16.5 0.9 
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-0.18900 36.07600 17.6 0.2 

-0.21200 36.10600 13.7 1.5 

-0.18400 36.06600 23.9 0.5 

-0.16700 36.11300 4.2 -0.4 

-0.16700 36.11300 4.7 -0.3 

-0.19400 36.09600 24.7 0.4 

-0.19000 36.08600 12.1 0.3 

-0.15600 35.94100 26.6 1.6 

-0.29300 36.09000 12.6 0.7 

-0.17300 36.06600 4.3 0.0 

-0.29600 36.07900 21.9 0.8 

-0.18900 36.08000 4.2 -0.1 

-0.20300 36.10900 22.7 0.9 

-0.16700 36.11200 4.3 0.3 

-0.21200 36.10800 32.0 0.4 

-0.18600 36.08200 0.2 0.6 

-0.19000 36.08000 15.8 0.2 

-0.13700 36.09300 26.2 1.6 

-0.18900 36.08200 25.6 0.7 

-0.29500 36.07400 13.2 0.9 

-0.16600 36.11200 4.4 0.0 

-0.13200 36.10000 5.0 0.1 

-0.14800 36.01000 23.3 0.7 

-0.18300 36.05600 15.2 1.0 

-0.19100 36.07500 4.2 0.8 

-0.19100 36.08500 19.8 0.1 

-0.17700 36.10700 9.0 -0.2 

-0.17300 36.10900 7.0 0.6 

-0.29200 36.09300 18.4 1.5 

-0.14400 36.01300 5.0 0.8 

-0.13700 36.09900 9.6 0.5 

-0.19300 36.08100 17.9 0.5 
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-0.19000 36.08100 25.9 0.8 

-0.16700 36.11100 6.7 -0.5 

-0.14200 36.09700 0.3 -0.2 

-0.31300 36.07400 4.3 0.1 

-0.20500 36.10400 9.5 1.0 

-0.16500 36.11300 4.4 -0.6 

-0.16600 36.11500 6.5 0.2 

-0.20600 36.10600 29.0 0.8 

-0.16500 36.11400 5.8 0.2 

-0.21300 36.10100 12.3 -0.2 

-0.19600 36.09500 4.1 -0.3 

-0.19600 36.09500 4.1 -0.4 

-0.19600 36.09500 22.1 0.9 

-0.19000 36.07100 19.1 1.3 

-0.18200 36.05900 15.0 0.7 

-0.20900 36.10300 4.1 0.1 

-0.29800 36.06500 26.1 1.7 

-0.19400 36.08300 21.7 0.5 

-0.17200 36.10900 4.4 -0.8 

-0.19600 36.09100 4.2 -0.7 

-0.12400 36.11800 6.1 0.5 

-0.13100 36.11300 6.0 0.3 

-0.16500 36.11500 4.1 -0.3 

-0.16500 36.11500 4.5 0.5 

-0.16900 36.11600 4.1 -0.1 

-0.18300 36.05800 11.2 -0.5 

-0.14500 36.09800 15.4 1.0 

-0.14500 36.09700 1.0 -0.4 

-0.17600 36.10700 4.8 0.1 

-0.16500 36.11100 4.2 -0.6 

-0.16500 36.11100 5.8 0.4 

-0.16500 36.11100 6.3 -0.5 
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-0.14600 36.09700 5.2 0.3 

-0.15300 36.06000 7.1 0.2 

-0.19500 36.08700 11.6 0.2 

-0.16400 36.11400 5.7 0.6 

-0.16600 36.11100 5.7 0.2 

-0.14800 35.96200 19.2 0.9 

-0.29000 36.09600 10.3 1.2 

-0.14500 36.09600 24.1 1.7 

-0.19500 36.08600 8.7 0.6 

-0.19800 36.08800 4.2 -0.3 

-0.19400 36.08600 14.9 0.2 

-0.16400 36.11300 15.8 1.1 

-0.19900 36.08800 20.8 1.1 

-0.14500 36.08100 4.2 0.0 

-0.13200 36.11000 7.9 0.1 

-0.19600 36.09000 14.7 0.4 

-0.16800 36.11000 4.1 0.4 

-0.16800 36.11000 4.2 -0.7 

-0.19700 36.09100 18.9 0.8 

-0.14500 36.10000 5.4 0.1 

-0.13300 36.11200 9.7 -0.5 

-0.16600 36.11600 5.0 -0.1 

-0.18300 36.06300 14.9 0.9 

-0.18300 36.06300 15.2 0.6 

-0.18900 36.07200 4.1 -0.7 

-0.16300 36.11200 4.2 0.0 

-0.14700 36.10300 4.2 0.1 

-0.19500 36.08100 22.5 0.7 

-0.19000 36.07200 4.1 0.4 

-0.18000 36.05500 15.4 0.6 

-0.14800 36.09700 0.2 0.1 

-0.19800 36.09000 19.4 0.5 
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-0.14600 36.08100 6.3 0.3 

-0.15200 36.10700 6.2 0.2 

-0.16300 36.11500 4.7 0.5 

-0.20200 36.08500 27.0 1.1 

-0.19700 36.08700 4.5 -0.1 

-0.19700 36.08700 5.9 0.2 

-0.20200 36.08300 4.3 -0.3 

-0.18600 36.06700 5.6 0.7 

-0.20000 36.10100 29.4 0.7 

-0.19600 36.08200 5.8 1.0 

-0.15700 35.95700 44.1 1.3 

-0.19900 36.09100 33.1 0.5 

-0.22700 36.10500 4.3 0.2 

-0.15000 36.10700 5.0 -0.5 

-0.20700 36.09800 7.8 -0.2 

-0.18800 36.06900 4.1 -0.1 

-0.14900 36.10300 4.2 -0.3 

-0.13600 36.11000 4.2 0.1 

-0.22200 36.10000 25.3 0.2 

-0.14900 36.10500 4.1 0.1 

-0.18700 36.06800 14.8 -0.1 

-0.14900 36.09500 5.5 -0.2 

-0.19100 36.07300 13.4 1.8 

-0.16100 36.11200 5.0 -0.8 

-0.16300 36.11400 4.2 -0.7 

-0.15700 36.00700 4.6 0.6 

-0.19300 36.07400 15.1 0.3 

-0.19600 36.08500 13.0 -0.3 

-0.15500 36.01000 6.3 1.5 

-0.15500 36.01000 15.8 0.6 

-0.14500 35.96800 31.3 1.7 

-0.15400 36.07600 8.5 0.2 
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-0.18300 36.05900 12.0 0.5 

-0.29100 36.06600 4.1 -0.3 

-0.28900 36.07100 31.2 1.4 

-0.16200 36.11300 4.4 -0.7 

-0.16200 36.11300 4.4 0.2 

-0.16200 36.11300 6.2 -0.2 

-0.15400 36.10900 5.8 0.2 

-0.19700 36.08600 23.9 0.9 

-0.15300 36.10900 4.2 0.4 

-0.19900 36.10000 4.1 -0.7 

-0.19900 36.10000 12.8 0.5 

-0.15000 36.10500 7.0 0.4 

-0.14500 36.08700 6.5 -0.5 

-0.15400 36.11000 4.3 0.0 

-0.16700 36.11000 4.5 0.2 

-0.16700 36.11000 5.0 0.6 

-0.14400 36.04400 46.5 0.6 

-0.16900 36.10900 5.0 -0.7 

-0.16800 36.07200 5.4 0.9 

-0.20000 36.08600 4.2 -0.1 

-0.16700 36.10800 5.9 -0.4 

-0.16200 36.11400 5.9 0.1 

-0.15100 36.10100 6.8 -0.6 

-0.14900 36.08100 7.3 -0.1 

-0.14000 36.11000 5.1 1.4 

-0.17100 36.10800 5.4 -0.5 

-0.28900 36.08000 6.6 0.3 

-0.17000 36.10800 4.1 -0.3 

-0.16400 36.11000 6.7 0.8 

-0.16800 36.10700 4.1 0.2 

-0.18300 36.06000 4.2 -0.6 

-0.18700 36.06700 5.3 1.1 
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-0.18700 36.06700 5.3 0.0 

-0.19100 36.07100 4.2 -0.4 

-0.14900 36.10000 4.3 -0.2 

-0.28900 36.09900 19.2 1.0 

-0.15400 36.10100 5.4 0.4 

-0.15400 36.10100 7.6 0.2 

-0.18500 36.06500 4.1 0.1 

-0.14300 36.10800 5.7 0.2 

-0.16600 36.10700 4.1 0.5 

-0.16600 36.10700 4.1 0.0 

-0.16600 36.10700 4.2 0.5 

-0.19800 36.09200 19.6 0.4 

-0.20000 36.09300 15.6 -0.1 

-0.16600 36.10800 5.2 -1.0 

-0.16600 36.10800 5.6 -1.1 

-0.16600 36.10800 5.7 0.7 

-0.15400 36.10700 5.0 0.2 

-0.20100 36.10000 16.7 -0.2 

-0.16700 36.10700 5.7 -0.7 

-0.16700 36.10700 8.4 0.1 

-0.20400 36.08600 17.1 0.7 

-0.16400 36.11600 6.1 0.3 

-0.16400 36.11600 7.6 0.2 

-0.20100 36.08200 16.7 -0.1 

-0.20100 36.08200 24.4 0.4 

-0.16500 36.09800 15.0 1.4 

-0.15100 36.10900 6.3 0.2 

-0.15500 36.10800 5.6 -0.3 

-0.13600 36.11800 5.0 0.1 

-0.16000 36.11200 5.6 0.0 

-0.14100 36.11100 5.0 0.8 

-0.15200 36.10600 4.1 -0.6 
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-0.16500 36.11000 5.9 0.0 

-0.15100 36.11000 6.8 0.2 

-0.19700 36.08100 7.4 -0.1 

-0.15400 36.10200 5.4 0.4 

-0.16100 36.11500 4.1 0.2 

-0.16500 36.10700 5.9 0.1 

-0.16500 36.10700 9.1 0.3 

-0.16900 36.10800 4.1 0.0 

-0.16900 36.10800 9.2 -0.3 

-0.15700 36.10700 4.1 -0.5 

-0.19600 36.09800 15.9 0.4 

-0.16700 36.10600 5.6 -0.7 

-0.16400 36.10900 4.9 0.7 

-0.15300 36.11000 5.4 0.1 

-0.20100 36.08900 13.3 0.0 

-0.15300 36.10200 4.1 0.1 

-0.18800 36.05300 12.4 0.4 

-0.13200 36.11900 4.1 -0.5 

-0.22000 36.09800 5.9 0.1 

-0.15600 36.11100 4.3 0.2 

-0.20400 36.08300 4.5 0.1 

-0.13300 36.01600 0.3 0.2 

-0.16100 36.11100 5.0 0.3 
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