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 ABSTRACT 

Seismic hydraulic diffusivity at the Paka geothermal prospect is investigated to examine the 

implications of fluid movements and volcano-tectonic activity on the seismic activity at the 

geothermal prospect. This is achieved by estimating the seismic hydraulic diffusivity from a source 

that originates from a point where the pore pressure propagates from for a distance (r) and time (t) 

from the single source that initiated the seismic swarms to each earthquake in the swarm. The 

seismic events located for the two years are mainly shallow seismic events that have magnitudes 

with a range of 0.29 ≥ MLv≤ 3.62 and at focal depths ranging from 0.8 km to 18.3km. This is due 

to their occurrence along the Kenyan arm of the East African Rift system where there is thinning 

of the crust as a result of the rifting and volcanic processes. The seismic events showed linearity 

with the major rift faults in the area. From the analysis of the seismic hydraulic diffusivity for the 

earthquake cluster located eastwards from the volcano has values that range from 7.5 *10-2 m2/s to 

1.67 m2/s. The regions with high seismic hydraulic diffusivity values have a high pore pressure 

variation in comparison with the regions with lower seismic hydraulic diffusivity values. This is 

as a result of the dependence of pore pressure variation on the diffusion of fluids in the rock mass 

which causes the geothermal reservoir induced seismicity as pore pressure diffusion plays a role 

of triggering seismicity and also decreases the coefficient of friction. The faults and fractures 

where the pore pressure diffusion takes place are the zones of high permeability that act as conduits 

of convective heat transfer. The upflow zones in the study area lie in the regions that have high 

seismic hydraulic diffusivities. 

The focal mechanism solutions show that the faulting at the Paka geothermal prospect has; normal, 

normal strike-slip, reverse, reverse strike-slip, strike-slip reverse and strike-slip normal with nornal 

faulting being dominant. The strike directions from the inversion of the focal mechanism solutions 

are NW-SE, NE-SW and E-W strike directions on the faults; representing the regional tectonic 

stresses and local magmatic effects on the stresses. The tectonic regime at Paka is a normal faulting 

regime 
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CHAPTER 1. INTRODUCTION 

1.1.  Background Information 

 The characterization of hydraulic properties in fluid-induced seismicity is an important and 

difficult task in reservoir geophysics especially in geothermal areas located in regions of active 

tectonic activity. Fluid induced seismicity results from injection of fluid back to a geothermal 

reservoir where the microseismicity is caused by the linear relaxation of the pore pressure 

perturbation (Serge A Shapiro et al., 2005), or from the spontaneously triggered natural 

microseismicity within the geothermal reservoir. The natural microseismicity in such cases present 

as earthquake swarms (Parotidis et al., 2003, 2005; S A Shapiro & Dinske, 2009; Serge A. Shapiro, 

2000)  

Earthquake swarms are characterized by many small magnitude earthquakes that do not have a 

main earthquake shock and are often found in volcanic and/or tectonic active areas (Sigmundsson 

et al., 1997) such as in the Somma-Vesuvius volcano(Saccorotti et al., 2002), and the Vogtland 

Seismoactive region (Parotidis et al., 2003) where many of the earthquake swarm regions are found 

within Quaternary volcanos(Spicak & Horalek, 2001). According to Brauer et al. (2003) 

earthquake swarms are caused by the increase in pore pressure perturbations which results from 

the fluid flow within the reservoir and the faults act as conduits of the fluid flow. 

Seismic hydraulic diffusivity is the hydrologic property that controls the pore pressure diffusion 

and its estimation is a technique used to determine the pore pressure diffusion which is a triggering 

mechanism for earthquakes (Parotidis et al., 2005). The pore pressure diffusion is  mostly 

responsible for the buildup of fluid pressure and the onset of seismicity (Talwani et al., 2007).  It 

provides information on the triggering mechanism of earthquakes in a volcano-tectonic setting also 
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giving information on the flow direction of the pore fluids. To study the correlation between the 

distribution of natural seismicity and seismic activity induced by fluid transmission, a study on the 

microseismic activity is carried out.(Bourouis & Cornet, 2009; Serge A Shapiro et al., 2002). This 

correlation between seismicity and fluid movements through pore pressure diffusion in Kenyan 

geothermal reservoirs is carried out in the stage where fluids are injected back to the reservoir and 

not fully examined in the exploration stage where the seismicity is natural (Simiyu, 2000). 

This study’s aim is to investigate the correlation between the seismicity and fluid circulation in a 

reservoir induced setting in this case a geothermal system. It focuses on the Paka Geothermal 

Prospect in Kenya where the seismic hydraulic diffusivity of the earthquake events occurring in a 

cluster will be estimated. The Paka Geothermal Prospect is an interesting area for carrying out this 

study as it lies on the East African Rift System (EARS), it has a volcano-tectonic setting as it lies 

at the Paka volcano (Mutonga, 2013), there has been no fluid reinjection that has been carried out 

in the area thus the study relies on reservoir induced seismicity (RIS) to determine the seismic 

hydraulic diffusivity using the linear fluid-rock interaction(Talwani & Acree, 1985). The seismic 

hydraulic diffusivity (D) a function of two parameters which are the distance (r) the wave has 

propagated and the time (t) taken by the wave to propagate (Parotidis et al., 2005; Serge A. Shapiro, 

2000; Serge A Shapiro et al., 2002); 

𝑟2 = 4. 𝜋. 𝐷. 𝑡 

1.2. Location of Study Area 

 The Paka geothermal prospect lies at the Paka volcano which is a Quaternary complex volcano 

with multi-vents and comprises of basalts and trachytes. It covers an area of about 280 km2 and a 

height of 1697 meters above sea level and lies north of Lake Baringo. The volcano has an extensive 



3 

 

caldera of approximately 1.5 km and also has minor volcano centers which are linked by linear 

basalt and trachyte zones, and fissures to the main volcano (Mutonga, 2013). According to 

(Dunkley et al., 1993; Mutonga, 2013), the geothermal manifestations at the surface comprise of; 

geothermal grass, hot ground and fumaroles associated with hydrothermal alterations evident at 

the northern rims and the summit. 

 

Figure 1: A map of the Paka geothermal prospect area. 

1.3. Statement of the Problem 

  Epicentral trends determined previously from seismic monitoring in geothermal areas can be 

utilized to determine source properties of the seismic activity in relation to fluid flow (Simiyu & 

Keller, 2000). To study the correlation between the distribution of natural seismicity and seismic 

activity induced by fluid transmission, a study on the microseismic activity is carried out, this has 
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not been fully investigated in the Kenyan geothermal areas. (Bourouis & Cornet, 2009; Serge A 

Shapiro et al., 2002). Seismic events that occur as a result of fluid movements from previous 

studies have seismic phases that are not clear with well-defined onset time in comparison to 

earthquakes that result from the volcano-tectonic processes. Studies on pore pressure diffusion 

have been carried out in the exploitation stage of a geothermal field in particular during reinjection 

of fluid back to the geothermal system thus causing induced seismicity. However, studies on pore 

pressure diffusion, and its hydrologic property; the seismic hydraulic diffusivity on geothermal 

reservoir induced seismicity have not been carried out in the Kenyan geothermal fields.  

The Paka Geothermal prospect is an ideal location to study the diffusivity of natural seismic events 

since fluid injection has not been done in the area and therefore the seismic activity is due to natural 

events. In this study, the effect that fluid flow has on seismic activity at the Paka Geothermal 

prospect was determined by calculating the seismic hydraulic diffusivity (D) of all seismic events 

with respect to each station’s location and time taken for the wave-front to propagate to the station 

1.4. Aim 

To study the seismic hydraulic diffusivity in order to understand the correlation between fluid 

movements and seismic activity at the Paka geothermal system.  

1.4.1. Specific Objectives 

 To determine the precise hypocentral locations, outline seismic event location  and 

correlate them with the causative faults  

 To determine the focal mechanisms and establish the style of faulting and fault plane 

orientation. 
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 To estimate the seismic hydraulic diffusivity, and establish the source properties in the 

causative faults. 

1.5. Justification and Significance of the Study 

A study on the effect that fluid movements have on the seismic activity at the Paka geothermal 

prospect will provide an improved understanding of the geothermal prospect and other geothermal 

areas in Kenya. The results accrue from this study are expected to contribute to the professionals 

working in geothermal prospecting. These includes understanding the geothermal system better 

before production and being used as a baseline for fluid injection stage. Additionally, it will help 

in delineating the regions that have high permeability therefore having high productivity. The 

characterization of the focal mechanisms will give an insight in the active faults orientation and 

their tectonics. The stress diffusion mechanism in geothermal systems, pore pressure diffusion, 

will be used to determine the relationship between seismicity and fluid circulation. 

The determination of hypocentral locations helps to outline the locations of the seismic events as 

well as information on event depth and magnitude. The alignment and depth of hypocenters will 

be used in locating the causative faults and distinguish them from the inactive faults in the area. 

These causative faults will be used in identifying the locations of future earthquake by mapping 

the heterogenesis and asperities in the fault zones. 

The determination of focal mechanisms will provide a better insight on the faulting style and 

orientation of fault planes. Fault plane solutions can be distinguished from regional tectonics or 

magmatic effects on crustal stresses by studying their distribution. 

Seismic hydraulic diffusivity estimation will be used to relate the spatial occurrence of seismicity 

and fluid flow. This results from the diffusion of pore pressure which acts as a stress transmission 
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mechanism in geothermal reservoirs. This is applied with the assumption that the epicentral trend 

increase of earthquake swarms in the study area is a direct result of pore pressure diffusion. Seismic 

hydraulic diffusivity provides an understanding of the source properties in the causative faults by 

determining the pore pressure diffusion which is used in localizing high permeability zones that 

act as conduits of convective heat transfer. High fluid producing wells target areas lies in these 

zones as they are known to have the major mass output 

This study will provide a better understanding of how geothermal reservoir induced seismicity 

(RIS) can be used to determine pore pressure diffusion thus understand the permeability of 

geothermal systems as well as active seismic zones. Consequently, seismic hydraulic diffusivity 

can be used as a tool in determining source properties in a volcano-tectonic region, which is 

resourceful information to policy makers. 
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CHAPTER 2. LITERATURE REVIEW 

2.1.  Tectonic Setting and Geology 

The East African Rift System (EARS) is a continental rift zone that is active, it starts from the Afar 

triangle to Mozambique and it begun developing in Oligocene. Paka Geothermal Prospect lies on 

the Eastern arm of the EARS in northern Kenyan rift. Along the axis of the Great Rift Valley, the 

development of shield volcanoes is evident. The rift axis is the focus in which most geothermal 

prospects are located which results from raised heat flow from the upper mantle, a source of the 

thermal bulge in the central Kenya region. The existence of low to high geothermal systems are as 

a result of the fracture networks resulting from the formation of the rift  (Dunkley et al., 1993; 

Mutonga, 2013; Simiyu, 2010b; Simiyu & Keller, 2000). Volcanoes present in the Kenyan rift are 

inclusive of the following; Olkaria, Suswa, Menengai, Paka, Emuruangogolak, Barrier Complex, 

Silali, Longonot, Eburru and Korosi. 

The evolution of the Paka volcano resulted from a  lava shield formation that had a diameter of 

approximately 25 km and on the western side the formation of a tuff cone and there after the 

caldera’s formation followed (Mutonga, 2013). There are two occurrences of trachytic eruptions 

that are separated by basaltic eruptions and faulting. The geological sequence of the area consists 

of the Lower trachytes, Lower basalts, Upper trachytes, pyroclastic deposits and trachyte and 

mugearite an oligoclase basalt. The eruption of the lower basalts occurred from fissures located on 

the eastern margins of the volcano and faulting which formed the NNE trending faults 

accompanied this eruption. The axial zone evident on the eastern and western margins of the 

volcano resulted from repetitive faulting. The caldera was formed as a result of the pyroclastic 

activity that caused the summit to collapse. Normal faulting dominates the study area with N-S 

trending faults on the southern flanks and a deviation to the NNE direction towards the summit 
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and NE direction on the western boundary faults and on the eastern flanks. There is an evident 

NW-SE elongation of the volcano which resulted from regional stresses (Dunkley et al., 1993; 

Hackman, 1988; Mutonga, 2013). 
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Figure 2: The geology of the Paka Geothermal Prospect Area modified from the Geology of 

Baringo-Laikipia map (Degree Sheet 35) (Hackman, 1988). 
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2.2. Geothermal Background 

In 2006-2007 a comprehensive geothermal potential study was carried out at the Paka area. The 

manifestation of the geothermal system at the Paka area is widespread through the evidence of hot 

grounds, fumarolic activity, rocks altered by the hydrothermal activity and sulfur deposits. The 

results from the study show that a heat source that is centered at depth below the summit crater 

and extending towards the east drives the geothermal system at Paka. The syenitic nodules present 

within the pyroclastic deposits that which erupted as the caldera was formed show the evidence of 

a magmatic body that is shallow. The possible geothermal heat source is a trachyte or a trachyte-

basaltic body that underlies the volcano. There is evidence of deep seated faults from fumaroles 

that have sulphur deposits that are well-crystalized on the Eastern crater. The permeability of the 

geothermal reservoir is mainly controlled by a wide graben that runs in the NNE direction across 

the volcano massif. From chemical geothermometry analysis, the estimated temperatures at the 

reservoir are between 180°C and 300°C and the estimated potential is above 500MWe (Simiyu, 

2010b). According to Dunkley et al, (1993) (figure 3), there are seven areas in which the 

geothermal activity is located at Paka. These include:  

 Eastern crater:  The areas with the maximum activity have temperatures between 90°C and 

95.9°C and those with the minimum activity having temperatures between 40°C and 80°C. 

There exists a large fumarole producing a visible steam plume on the eastern edge of the 

crater.  

 Old crater and Western margins: The activity is evident in the linear zone trending in NNE 

direction alongside the western boundary fault. The fumarolic activity is weak with 

temperatures between 48.7°C and 77.5°C. 
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 Caldera: There is extensive activity with the basaltic scoria cone having the largest 

intensity. There are several fumaroles that have temperatures above 80°C. It lies in the fault 

zone trending northwards.  

 Southern margins: On the pyroclastic deposits there are weak fumaroles with temperatures 

of 42.7°C to 77.5°C. 

 Northwestern flanks: The activity lies on an extensive zone on the fault that trends in the 

NNE direction on the western margin, the temperature exceeds 90°C. The activity is intense 

in three zones as shown below;  

o Zone A; It has temperatures of up to 96.1°C and lies between two parallel faults 

trending northwards. 

o Zone B; Lies on the upper margins of the volcano and trends in the NNE direction 

with temperature between 46.7°C and 93°C. 

o Zone C; It lies on discrete fault-controlled areas having temperature between 

35.5°C and 96.3°C. It has a general trend in the NNE direction.   

 Murulen: The geothermal activity is isolated and lies on the basaltic scoria cone with the 

temperature reaching a high of 39.9°C. 
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Figure 3: The active thermal areas at the Paka area and their association to the faults 

(Dunkley et al. 1993). 
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2.3. Seismicity 

Beneath the eastern part Paka volcano, seismicity exhibits a pipe-like outline which has an 

anomalous low velocity of the S phase due to the an active fluid flow signifying geothermal 

potential at depths of 3 km to 6 km. The Paka area is characterized by significantly low magnitude 

(ML<3) background seismicity which outlines both the NE-SW striking structures. The Focal 

mechanisms show the P-axis striking in the NE-SW direction and indicate that the faulting is 

controlled by local stresses as well as tectonic regional stress. Beneath the volcano there are 

seismic events that have small magnitudes and are shallow, they result from the weaker upper crust 

where the earthquakes are associated with lower depths in the crust in the magmatic sections of 

the rift where there is a possibility of magmatic fluids exsolving slowly (Patlan et al., 2017; Simiyu 

& Keller, 2000). 

There are two key layers of the crust in the Paka area from studies on the velocity structure by 

(Kangogo et al., 2018), the first one is 10 km thick with a P-wave velocity between 2.63 km/s and 

5.94 km/s, the second one is 12km thick with a P-wave velocity between 5.94km/s and 7.08km/s. 

The second layers lower velocity boundary corresponds to the Moho discontinuity that is sharp. 

The velocity of the S wave in the crust id 3.75km/s.  

From a passive seismic study on the seismic activity in the northern area of the Kenyan Rift Valley 

(KRISP 81)  by (Pointing et al., 1985) carried out in the first months of 1981, seismic events with 

north-south linearity were located within the Rift which ran from Suguta valley in the north and 

Lake Baringo and Bogoria in the South. In Lake Turkana’s southern area, the seismicity was more 

diffuse. Around the northern part of Kenya where a there exists a broad zone of splay faulting, 

there was slight seismic activity. The activity within the Rift was separated by a relatively quiet 

zone from a second, north-south, diffuse zone located further eastwards (Pointing et al., 1985). 
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According to a study done by (Henry et al., 1990) on the seismicity of the Kenyan rift valley under 

the (KRISP 85) study where two seismic profiles; alongside the axis and across it were used to 

investigate the structure of the crust using the long-range explosion seismology, there is an 

occurrence of a moderate crustal thinning in the central segment of the rift. 

In January 1990 to March 1990 a temporary seismic network was set up in the Lake Baringo basin, 

which was used to investigate the earthquake occurrence by (Tongue et al., 1994). The results from 

the study showed a location of eighty local earthquakes within the central rift with magnitudes less 

than two, at a depth of 5 km beneath Lake Baringo, there was evidence of earthquake swarm 

activity. The earthquakes showed an association with the main rift faults, there was also a brittle-

ductile zone if transition at 12 km to 16 km depths. There is a WNW-ESE extension and stress 

regime from the focal mechanisms and shear wave polarizations analysis.  

According to the seismic studies carried out in the study area as well as in the Kenyan rift show 

that there is crustal thinning in the rift especially in the volcanic centers, there earthquakes that 

occur are mainly small magnitude and shallow due to the existence of a weak upper crust and the 

stress regime from focal mechanism solutions is controlled by both the regional stress as well as 

local magmatic stresses. However the study on the fluid movement association with the natural 

seismicity in the geothermal reservoirs has not been carried out. 
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CHAPTER 3. MATERIALS AND METHODS 

3.1.  Introduction 

There are several seismic stations installed at the Paka Volcano operated by the Geothermal 

Development Company. The seismic network was installed in 2009 to monitor the seismic activity 

at the area as well as investigate the geothermal potential of the prospect. The stations are equipped 

with Guralp CMG-40T seismic sensors and Reftek 130 dataloggers. The data for this study was 

obtained for a two year period where a total of 100 seismic events were recorded for the Paka 

Geothermal Prospect area. 

3.2.  Software Used in Seismic Data Analysis 

The operating system used for this study is Ubuntu 16.04. 

SEISCOMP3- This is a software package that is used in acquiring seismic data and exchange of 

the data in real time through Seedlink. It has capabilities to carry out processing of the data 

automatically. The graphical user interfaces (GUIs) are used for visualization, quality control and 

in reviewing the events. Spread is used as a communication tool between the different modules in 

the software, it is based on TCP/IP infrastructure. The package consists of three main components; 

Data acquisition using SeedLink and ArcLink; Data Processing which used various modules such 

as Scautopick to automatically process the data and the Graphical User Interfaces which are used 

to display and also as post-processing tools such as Scolv (Saul et al., 2015; SeisComP3 Seattle 

Documentation, 2013). 

Generic Mapping Tools (GMT) - this is an open-source software that contains command line tools 

and map projections. It uses Cartesian and geographic data where processes such as gridding, trend 

fitting, filtering and projecting are carried out and the output produced in the Post Script format 
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which ranges from 3D views, contours maps, x-y plots to artificially illuminated surfaces (The 

Generic Mapping Tools Documentation, 2019). 

STRESSINVERSE- this is a Python or MatLab software package that uses focal mechanisms to 

carryout inversion for fault orientations and stress (Vavryčuk, 2014).  

FMC- this is a software uses focal mechanism data to compute the various parameters of 

earthquakes, then classifies the rupture type, it also performs cluster analysis of the data (Álvarez-

Gómez, 2019)  

SURFER – this is used in visualization and analysis of data sets.  

ARCGIS – this was used in geoereferencing, digitizing and the generation of maps.  

Microsoft Excel – it was used in performing calculations. 

3.3. Methods 

The first part of data processing was done in Seiscomp3. This included archiving the data in the 

Seiscomp Data Structure, locating the seismic events automatically, revising the origin 

information, relocation of the seismic events and determining the fault plane solutions using the 

P- phase polarity first motion method. The location of seismic events in Seiscomp3 was carried 

out in offline mode without connecting to the messaging nor to the database because the data was 

not real-time using playback modules in the Ubuntu Terminal. The second part was carried out 

using the following software; STRESSINVERSE carry out an inversion of the focal mechanisms, 

FMC to compute the seismic event parameters and of estimating the seismic hydraulic diffusivity 

was carried out in Microsoft excel. 
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3.3.1. Pre-Processing and Data Preparation 

The data acquired was in the raw Reftek format. First, the data was rearranged from hourly data to 

daily data, then converted into Mini-seed format, this was done using a Reftek to-mini-seed script 

which used the rt-mseed package ran in the Ubuntu terminal (REF TEK Utilities Users Guide, 

2006). 

3.3.2. Initial processing 

The mini-seed format data was then loaded into Seiscomp3 using the Seiscomp Data Structure 

(SDS) by rearranging the data according to the stations and channels which was stored into an 

archive folder ~/seiscomp3var/lib/archive. It was then Scarted by creating playback files which 

are multiplexed mini-seed files from the data in the Seiscomp Data Structure (SDS) archive in 

offline mode, the output was stored in an xml file instead of in the database using scart an archive 

tool used to import or export Mini-seed data to and from an SDS archive After scarting the data a 

search of waveform anomalies in the form of changes in amplitudes was done using the Scautopick 

module which uses the third-order Butterworth filter with corner frequencies of 0.7Hz  and 2Hz. 

Scautopick also calculated the amplitudes for the given magnitude types where the window started 

at the P-phase pick time, the P-phase picks were then stored in an xml file.  

Scautoloc module was then used to locate the events automatically using the P-phase picks file 

created by scautopick by reading the P-phase picks in the file and associating them with the 

associated amplitudes creating an origin of the events, the output file created was an origins file 

stored in an xml file.  At least four stations were used to locate the events, a minimum amplitude 

of 10 and minimum Signal to Noise Ratio (snr) of 7 was used. The xxl feature; a feature in 

Seiscomp3 Scautoloc module that allows creating preliminary origins with already 4 phases and 

amplitudes with exceptional large amplitudes area(SeisComP3 Seattle Documentation, 2013), was 
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used to allow the software to locate events in a small area and also allowed location using a 

minimum of four stations. The locator used was LOCSAT using an IASP91 velocity profile for 

the initial automatic location. 

The scamp module was then used to calculate the amplitudes based on the origins and picks 

associated with them. The input file is the origins file created by scautoloc and an output file 

origins-with-amps is created. 

The next step was calculating the magnitudes from the amplitudes where the scmag module was 

used. This module does not access the waveforms. The purpose of scmag is the decoupling of 

magnitude computation from amplitude measurements. The local magnitude MLv was calculated 

on the vertical component. The input file was the origins-with-amps file and the output file origins-

with mags file.  

Finally, the event was determined using the scevent module which associated the origins to an 

event by using matching P-phase picks. The input file is the origins-with-mags file and the output 

file is the events file that holds all the events.  

Since the analysis was all done in the offline mode, the information was then populated into the 

database using the scdb utility in Seiscomp3 (SeisComP3 Seattle Documentation, 2013).. 

3.3.3. Post Processing 

The results in Seiscomp3 were saved as an xml document which was viewed using the graphical 

interface module scolv. The seismic events were listed in the events tab which showed the event 

The dominant strike direction in the study area is the E-W direction. These focal mechanism 

solutions represent the regional tectonic stresses and local magmatic effects on the stresses. 
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Information such as event ID, event time, magnitudes, location and depth (SeisComP3 Seattle 

Documentation, 2013) as shown in the figure below; 

 

The scolv Graphical User Interface was used to review the origin information such as picks, 

location, depth, time, magnitudes, and event association. The origin information in the events file 

was loaded into scolv. The first process was carrying out the waveform review using the waveform 

picker window. The process of waveform review was as follows (SeisComP3 Seattle 

Documentation, 2013): 

1. Select an event from the events tab. 

2. Click on Picker which opens the waveform picker window. 

3. Select a waveform trace from the trace list containing traces for each station. 

4. Zoom the trace and repick the P-wave. 

Figure 4: Events catalogue in the scolv module. 



20 

 

5. Define the Pick Polarity, this can either be positive, negative, undecidable, or unset. If set 

it is displayed as an arrow. 

6. Accept the picked phase 

7. Repeat steps 3, 4, 5 and 6 for all traces 

8. Apply the changed picks to the origin and update the residuals which closes the waveform 

picker window 

9. Relocate using LOCSAT and the Paka velocity model profile  

10. Compute magnitudes  

11. Confirm the event 

12. Change to the events tab 

13. Go to 1 

The scrtdd module in Seiscomp3 was used in the relocation of the seismic events using the Double 

Difference relocation method by applying the Least Squares algorithms LSQR (Paige and 

Saunders, 1982) and the LSMR algorithm (Fong and Saunders, 2011), a velocity model for the 

Paka area was used in the relocation. An event catalogue was generated for the relocation process 

where three files were extracted from the seiscomp3 database, they included the Event.csv, 

Phase.csv and Station.csv files. The event file contained the following event information; the event 

Id, latitude, longitude, date and time, depth, magnitude and rms (root-mean-square); the phase file 

contained information on the phases used and the station file contained information of the seismic 

stations used in such as the location Id, latitude longitude, depth and seismic network.. 

After the relocation was done three files were generated; the reloc-event.csv file, reloc-phase.csv 

file and the reloc-station.csv file. The files were combined and converted to a seiscomp3 xml file 
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and loaded back to the seiscomp3 database to determine the focal mechanism solutions using the 

polarity of the P-wave First Motion.  

3.3.4. Focal Mechanisms 

The focal mechanism analysis was done in scolv graphical user interface in seiscomp3. The 

following process was used: 

1. Select an event from the events tab. 

2. Click on Picker which opens the waveform picker window. 

3. Select a waveform trace from the trace list containing traces for each station. 

4. Define the Pick Polarity, this can either be positive, negative, undecidable, or unset. If set 

it is displayed as an arrow. 

5. Accept the picked phase 

6. Repeat steps 3, 4, and 5 for all traces 

7. Apply the changed picks to the origin and update the residuals which closes the waveform 

picker window. 

8. Click on the first motion tab and plot the fault plane solution using the polarity of the P-

wave First motion. 

9. Commit the fault plane solution. 

10. Change to the events tab 

11. Go to 1 

The focal mechanisms were determined using the first motion of P- wave polarities where the first 

motion detected at a particular station was either motion up for compression (push away) from the 

focus, motion down for dilatation towards the focus or undecidable where there was no apparent 

signal (Cronin, 2010) as shown in figure 6 below;  
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The P-wave travels to the seismograph from the earthquake hypocenter on a curved path due to 

the variation of the seismic velocities with varying depth and different mediums. For every single 

ray, the calculation of the takeoff angle which is the emergence angle, the azimuth from the 

hypocenter to the seismograph and a vertical imaginary line that extends through the hypocenter 

is done  

Polarities were set as either positive for motion up, negative for motion down, or undecidable 

where the signal was not clear. They were plotted by a solid green dot for the positive polarity, an 

open dot for negative polarity and an x for undecidable in Seiscomp3 as shown in figure 7 below; 

 

 

 

 

 

 

 

 

 

 

The plot for each symbol is defined by the azimuth where it is positioned in a line that extends 

towards the azimuth from the center showing relativity to the hypocenter and takeoff angle. The 

Figure 5: Focal mechanism solution using Seiscomp3 showing first motion up (green dot) 

and first motion down (open dot) (Sira et al., 2014). 

Figure 4: Compression and Dilatation of first motion (Cronin, 2010). 
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focal mechanism was then graphically determined by finding the best fit of the nodal planes which 

are two great circle arcs, the solution obtained is useful in understanding the fault type and the 

causative fault’s orientation.  

Stress inversion was carried out on the focal mechanism solutions in order to determine the faults 

orientation and the stress regime in the study area, this was done using the STRESSINVERSE 

software (Vavryčuk, 2014), an iterative joint inversion algorithm. The apart from the orientation 

and stress regime, the algorithm also determined two principal focal mechanisms and the focal 

mechanism solutions having the correctly selected fault planes. 

Later FMC software (Álvarez-Gómez, 2019), was used on the focal mechanism solutions to 

compute the rupture type, and classification of each focal mechanism.  

Both algorithms used in STRESSINVERSE and FMC were run on python. 

3.3.5. Seismic Hydraulic Diffusivity 

In a porous medium, the rock mass deformation and fluid flow in the pore spaces, interaction is 

referred to as poroelasticity. Equations by Biot (Boit, 1962), define the theory of poroelasticity in 

a time-dependent interaction of the fluid flow and rock mass deformation. According to the 

equations, there is the presence of one shear wave and two compressional waves in a system in the 

general case, in the presence of fluids in the system, the shear wave is neglected. The P and S 

seismic waves form the first compressional and shear wave propagating in the medium, the second 

compressional wave is defined for lower frequencies than the Biot critical frequency and is a 

diffusional wave. The Biot critical frequency is defined as the highest frequency where the solid-

fluid friction controls the propagation of the wave which is analogous to the pore pressure diffusion 

(Andreassen & Fabricius, 2010; Boit, 1962; S. A. Shapiro et al., 1997). For pore pressure p, 
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equation of inhomogeneous diffusion is one of linear poroelasticity governing equations as shown 

in equation (a): 

𝐵

3
.
𝜕𝜎𝑘𝑘

𝜕𝑡
+

𝜕𝑝

𝜕𝑡
=

𝑘

𝜇. 𝑆𝜎
 . ∇2p … … … … … … … … … … … … … … … … … … … … … … (a) 

B is the Skempton’s Coefficient, 

σkk = σ11 + σ22 + σ33, the mean stress, 

k is the permeability, 

μ is the viscosity of the fluid, 

Sσ is the coefficient of unconstrained specific storage,    and  

t is the time (Parotidis et al., 2003; Wang, 2000). 

In the case of fluid injections, a displacement field that is irrotational in a domain that is unbounded 

is assumed to be valid, as equation (i) is mathematically uncoupled from the mechanical 

equilibrium equations in one out of four cases, Equation (a) becomes: 

𝜕𝑝

𝜕𝑡
= 𝐷. ∇2𝑝 … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . . (𝑏) 

Where D is the hydraulic diffusivity. 

According to (Scholz, 2002), the earth’s crust diffusivity is assumed to being between 0.01 m2/s 

and 10 m2/s. With regard to hydraulic and elastic properties, the medium in equation (b) is 

considered to be isotopic and homogeneous.  

𝐷 =
𝑘

𝜇𝑆
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . (𝑐) 



25 

 

Equation (c) describes the relationship between diffusivity and permeability where; 

S is the coefficient of uniaxial specific storage. 

A solution for equation (b) was determined for a source originating from a point in a medium that 

is poroelastic, isotropic, saturated and homogenous and the distance r in which the pore-pressure 

front propagated from the source is defined as: 

𝑟2 = 4. 𝜋. 𝐷. 𝑡 … … … … … … … … … … … … … … … … … … … … … … … … … … … … … (𝑑) 

Equation (d), is used to study the earthquake swarms initiated by pore pressure diffusion, it has 

been applied in various areas such as seismicity in volcanic regions (Parotidis et al., 2005; 

Saccorotti et al., 2002). 

Studies on earthquake swarms, which are seismic sequences without a mainshock, and therefore, 

they have no dominant magnitude are used to study seismic hydraulic diffusivity. The earthquake 

swarm occur often in volcanic and/or tectonic active regions (Sigmundsson et al., 1997). It is 

assumed that for each earthquake swarm there is an injection point which is considered to be 

secondary sources that result from a single source that initiated the seismic swarms. The following 

criteria are defined for detection of an earthquake swarm: 

 Spatial- where all seismic events in an earthquake swarm must lie within a defined volume. 

 Temporal- where all seismic events in an earthquake swarm must be within a defined 

window of time. The starting time is defined by the first event which is assumed as the 

injection or the secondary source of the pore pressure perturbation (Parotidis et al., 2005; 

Saccorotti et al., 2002).  
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The seismic hydraulic diffusivity was calculated using equation (d), where (r) is the distance the 

waveform has propagated and (t) is the time taken for the waveform to propagate the distance. The 

diffusivity was calculated for an earthquake cluster that is located slightly to the east of the Paka 

volcano, where one event was assumed to be the initial earthquake and the other occurred as a 

result of fluid flow through the region the earthquakes clustered (Parotidis et al., 2005). The 

distance (r) is the difference between each event location and the initial earthquake location and 

the time (t) is the difference between the initial earthquake origin time and earthquake event time 

for each event in the earthquake cluster. The calculation of the seismic hydraulic diffusivity was 

done in Microsoft Excel with the assumption that the source of the earthquake cluster in the study 

area results from a single point,  

The earthquake cluster is concentrated between latitudes 0.84°N and 0.91°N and longitudes 

36.19°E and 36.25°E covering a volume of 7.9*10.2*16.9 km3 in the (N-S*E-W*depth) 
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CHAPTER 4. RESULTS AND DISCUSSIONS 

4.1.  Hypocentral Locations 

A total of 100 microseismic events were obtained for the Paka Geothermal Prospect area. The 

magnitudes have a range of 0.29 ≥ MLv≤ 3.62 and at focal depths range from 0.8 km to 18.3km.  

For the two-year period, most of the seismic events occur on the Eastern to Southern eastern area 

of the Paka volcano mostly along the highly faulted area with a few occurring north of the Paka 

Volcano and North of Lake Baringo. The seismic events show a NE-SW occurrence trend. Most 

of the events show linearity with the major rift faults (figure 7) occurring on the NNE trending 

faults on the eastern margins that were formed during the eruption of the lower basalts (figure 8). 

The teleseismic events recorded were filtered out by the Butterworth filter with corner frequencies 

of 0.7Hz and 2Hz as they were not part of the objectives of the study.  Beneath the volcano and 

south of the volcano, the seismic events have moderate depths of between 5.5 km to 8.5 km, the 

North eastern and eastern parts of the study area show depths ranging from 0.8 km to 5.5 km and 

the south west and north of the Paka volcano has depths ranging from 6km to 18 km as shown in 

figure 6 below: 
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Figure 6: Depth distribution of the seismic events at the Paka geothermal prospect area.  

 

The magnitudes at the study area are generally small magnitudes, Most of the seismic events have 

magnitudes ranging from 0.3 ≤ MLv≤ 1.5, and they lie on the eastern side of the volcano running 

from the north of the volcano to the south east of Paka volcano. A few seismic events have 

magnitudes MLv ≥ 1.5 most of which lie north of Lake Baringo. There are two events that have 

MLv ≥ 3 which are located east of Lake Baringo as shown in figure 7. 

PAKA 
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Figure 7: Seismic events at the Paka geothermal prospect showing the varying magnitudes. 
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Figure 8: Earthquake hypocenters at the Paka Geothermal Prospect showing the their  

geology and faults . 
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4.2. Focal Mechanisms Solutions  

The focal mechanisms were determined using the graphic technique from first-motion P-wave 

polarities. 31 seismic events were used in the determination of the focal mechanisms from the 

relocated events. Normal and normal strike-slip faulting are the dominant faults type in the area, 

the other fault types present are; reverse, reverse strike-slip, strike-slip reverse and strike-slip 

normal. Figure 9 below shows the faults classifications computed from the focal mechanisms 

solutions of the Paka geothermal prospect. Figure 10 shows the graphical representation of the 

focal mechanisms. The focal mechanisms of the corrected fault planes from the inversion of stress 

show that the strike direction in in the NW-SE, NE-SW and E-W directions. 

 

Figure 9: Faults classification from the focal mechanisms at the Paka area showing 

dominant normal faulting.  
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Figure 10: Focal mechanisms for seismic events at the Paka area 
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The principal stresses; Sigma 1 (S1), Sigma 2 (S2) and Sigma 3 (S3) plunge and azimuth are shown 

in table 2, these stresses were used to determine the stress regime in the area, the plot of the 

principal stresses are shown in figure 11. 

Table 1: Principal stresses of the Paka area. 

S1 plunge/azimuth S2 plunge/azimuth S3 plunge/azimuth 

55/320 32/114 12/213 

The stress inversion on the focal mechanism solutions imply a normal faulting regime in the study 

area by using the tectonic regime classification method in table 3.  

Table 2: Tectonic Regime classification (Zoback, 1992) 

P/S1-axis B/S2-axis T/S3-axis Regime SH- Azimuth 

pl > 52 
 

pl < 35 NF azim. of B-axis 

40 < pl < 52 
 

pl < 20 NS azim. of T-axis + 90° 

pl < 40 pl > 45 pl < 20 SS azim. of T-axis + 90° 

pl < 20 pl > 45 pl < 40 SS azim. of P-axis 

pl < 20 
 

40 < pl < 52 TS azim. of P-axis 

pl < 35 
 

pl > 52 TF azim. of P-axis 
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Figure 11: The Principal axes from the stress inversion 

The principal fault mechanism solutions (Table 4) determined through the stress inversion and 

identifed throuth the clustering. The principal faults are the two points on the Mohr circle where 

the Mohr-Coulomb failure envelope  lies on the circle (Vavryčuk, 2014) they also show that the 

dominant faulting in the area is the normal faulting. The two solutions show that the two faults 

surfaces strike in the NW-SE direction. The positions of the faults in the Mohr circle are shown in 

figure 12. 

Table 3: Principal fault Mechanism solutions  

Principal fault 

mechanisms 

Strike  Dip  Rake 

1 108.19 79.54 -122.84 

 2 310.54 56.49 -50.23 
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Figure 12: The Mohr Circle diagram showing the positions of the faults. 

 

4.3. Seismic Hydraulic Diffusivity 

The seismic hydraulic diffusivity estimates for the earthquake cluster located east of the Paka 

volcano (figure 13) has values that range from 7.5 *10-2 m2/s to 1.67 m2/s, figure 14 below shows 

a map of the diffusivity values for the earthquake cluster located east of the Paka volcano.  The 

average seismic diffusivity value for this cluster is 6.5*10-1m2/s. The western and south western 

part of the earthquake cluster shows the high vales of the seismic hydraulic diffusivity. The north 

eastern and eastern part shows low values of the seismic hydraulic diffusivity.  
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Figure 13: Earthquake cluster location at the Paka Geothermal Prospect 
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Figure 14: The Seismic Hydraulic Diffusivity map for the earthquake cluster east of Paka 

volcano 

PAKA 
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4.4. Discussions 

The earthquake events are mainly shallow small magnitude events since they occur along the 

Kenyan arm of the East African Rift and under a volcano where there is thinning of the crust due 

to the rifting processes. Teleseismic events were not considered in this study as they were filtered 

out by the Butterworth filter with corner frequencies of 0.7Hz and 2Hz.  The seismically active 

part of the study area is the area east of the Paka volcano. 

 The seismic events show linearity to the major rift faults in the area which indicates that the 

causative faults for those particular events which agree with studies carried out on the Kenyan rift  

(Kuria et al., 2010; Mulwa & Kimata, 2014; Pointing et al., 1985; Simiyu & Keller, 2000). 

However, there are few seismic events which do not lie on the major Rift fault zones located 

beneath the Paka volcano as there are no faults present on the volcano, this area has anomalously 

low velocities of the S-wave which is due to an active fluid flow that signifies the geothermal 

potential. The seismic events mainly lie on the faults on the Eastern margins where the geology 

comprises of the trachytes and tuffs which were extruded towards the end of the second trachytic 

eruption (Hackman, 1988). 

The focal mechanism analysis was done on 31 selected events where 6 or 7 seismic stations were 

used. From the classification inversion done using the FMC Iterative Joint Inversion software, 

showed the existence of six fault types namely; normal, normal strike-slip, reverse, reverse strike-

slip, strike-slip reverse and strike-slip normal. The dominant fault type is the normal fault type.The 

inversion of the focal mechanisms for stress analysis show the presence of NW-SE, NE-SW and 

E-W strike directions on the faults. The Principal stresses show that the tectinic stress regime in 

the area is the normal faulting regime according to (Zoback, 1992). The principal fault mechanism 

solutions for the two fault planes that signify the two points in which the Mohr failure evnelope 
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touches the Mohr circle, also shows that the donimant faulting that occurs at the Paka geothermal 

system area to be normal faulting, the strike directions for the two planes show a NW-SE strike 

direction.These solutions show that the distribution of the focal mechanism solutions represents 

regional tectonic stresses and local magmatic effects on the stresses, this is also the case with the 

focal mechanisms at the Menengai geothermal area where the orientation in the minimum 

compressional stress for the normal faults aligns with the regional stresses of the rift system (Patlan 

et al., 2017). They are also in agreement with the normal, dextral (right lateral), strike slip and 

sinistral (left lateral) faults in the Magadi area (Kuria et al., 2010).   

The main aim of this study is to investigate the role fluids play in initiating seismic activity at the 

Paka Geothermal Prospect, this has been done by estimating the seismic hydraulic diffusivity 

which is the hydrologic property that controls the pore pressure in a rock mass in poroelastic 

deformation. The diffusivity estimates calculated for the earthquake cluster that is located east of 

the volcano ranges from 7.5 *10-2 m2/s to 1.67 m2/s with an  average seismic diffusivity value for 

this cluster is 6.5*10-1m2/s. The western and south western part of the earthquake cluster shows 

the high vales of the seismic hydraulic diffusivity. The north eastern and eastern part of the 

earthquake cluster zone shows low values of the seismic hydraulic diffusivity.  The area with the 

high seismic hydraulic diffusivity values lies on the  southern flanks of the Paka volcano which 

extends eastwards in the earthquake cluster zone area, according to (Dunkley et al., 1993; Simiyu, 

2010a), these two areas have geothermal activity. The pore pressure diffusion is not controlled by 

the faults as the distinct boundary between the high diffusive areas and the low diffusive areas runs 

in an opposite direction to the faults trending in the NNE direction. The crustal hydraulic 

diffusivity estimates are generally between 10-4 m2/s and 10 m2/s (Scholz, 2002; Serge A Shapiro 

et al., 2005), The Vogtland swarms NW Bohemia in 2000 have diffusivity values between 0.3 and 
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10 m2/s (Serge A Shapiro et al., 2005), and at the Somma-Vesuvius volcano, Italy have diffusivity 

values that range from 0.18–0.28 m2 s−1 (Saccorotti et al., 2002). This indicates that the region with 

high seismic hydraulic diffusivity values have a high pore pressure variation in comparison with 

the regions with lower seismic hydraulic diffusivity values. This is because pore pressure variation 

depends on diffusion of fluids in the rock mass which causes reservoir induced seismicity (RIS) 

as pore pressure diffusion plays a role of triggering seismicity and also causes the ratio between 

the shear and effective normal stress to exceed the coefficient of friction by the reduction of the 

effective normal stress in the faults (Baisch & Vörös, 2010; Ferreira et al., 1995; Talwani & Acree, 

1985). The fluids flow to the areas with high seismic diffusivity through fractures and faults, which 

indicate the direction of pore pressure diffusion from areas with low seismic hydraulic diffusivity 

to areas with high seismic diffusivity leading to pore pressure buildup consequently triggering 

seismicity (Lupi et al., 2010, 2011). The upflow zone in the Paka geothermal prospect are located 

in the area that has high seismic hydraulic diffusivities which lies on southern flanks and the 

southeastern region. They are also in line with the studies on the presence of hydrothermic minerals 

the clay minerals such as kaolinite that occur in the fault zones in the geothermal prospect (Achieng 

et al., 2017)and the fumarolic condensates that also occur within the geothermal prospect in Paka 

(Mulusa, 2015). The seismic events that lie in the areas with high seismic hydraulic diffusivity are 

caused by pore pressure diffusion through the faults and fractures rather than the bulk of the rock 

(Talwani et al., 2007) which are the high permeability zones that act as conduits of convective heat 

transfer.  

The seismic events that occur as a result of volcano-tectonic movements are all the other relocated 

events that did not lie on the earthquake cluster zone. This is because the earthquakes that occur 

as a result of the fluid flow exhibit swarm like characteristics and occur in clusters. These events 
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caused by the volcano-tectonic movements show linearity in the faults which indicates that they 

result from the rifting process. The area where the earthquake cluster is located has a low velocity 

of the S-wave which indicates the existence of fluid movements, this was also used to select the 

area for further analysis on the seismic activity. 
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS 

5.1.  Conclusions 

The seismic events are generally shallow small magnitude events as they occur along the Kenyan 

arm of the East African Rift and under a volcano where there is thinning of the crust due to the 

rifting and volcanic processes in the geothermal prospect area. The events show linearity with the 

major rift faults which are the causative faults of those particular events implying that the rifting 

process plays a role in initiating the earthquakes. 

The focal mechanism solutions show that although the faulting of the Kenyan Rift valley is 

predominantly normal faulting, the faulting at the Paka geothermal prospect has; normal, normal 

strike-slip, reverse, reverse strike-slip, strike-slip reverse and strike-slip normal. The dominant 

fault type is the normal fault type. The strike directions from the inversion of the focal mechanism 

solutions are NW-SE, NE-SW and E-W strike directions on the faults. The Principal stresses show 

that the tectinic stress regime in the area is the normal faulting regime. The principal fault 

mechanism solutions for the two fault planes also shows that the donimant faulting that occurs at 

the Paka geothermal system area to be normal faulting, the strike directions for the two planes 

show a NW-SE strike direction.These solutions show that the distribution of the focal mechanism 

solutions represents regional tectonic stresses and local magmatic effects on the stresses. 

The seismic events found in the areas with high seismic hydraulic diffusivity in the Paka 

geothermal prospect are interpreted as to be caused by fluid movement this is because this zone of 

the earthquake clusters also has low velocities of the S-wave indicating the presence of fluids. The 

volcano-tectonic events do not have the characteristic of earthquake clustering and show linearity 

to the causative faults. The study also agrees with Simiyu’s and Dunkley’s study on the geothermal 
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active zones where the southern flanks of the Paka volcano has high seismic diffusivities of up to 

1.67 m2/s which lies on the southern flanks and is also an active geothermal area. The faults and 

fractures where the pore pressure diffusion takes place are the zones of high permeability that act 

as conduits of convective heat transfer. The upflow zones in the study area lie in the regions that 

have high seismic hydraulic diffusivities. Pore pressure is not the only triggering mechanism, as 

all earthquakes do not lie in the cluster and the earth is dynamic.   

5.2.  Recommendations 

The region on the southern flanks of Paka volcano that extends eastwards that lies in the earthquake 

cluster area is the most suitable target for drilling high fluid producing wells as there is high pore 

pressure diffusion within the reservoir. 

Similar studies should be carried out in the geothermal prospects within the Kenyan Rift valley 

that have not started production and fluid-reinjection as the seismic hydraulic diffusivity 

estimation is an effective tool in determining the pore pressure diffusion and therefore 

understanding the fluid rock interaction. 
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APPENDICES 

Appendix 1: Commands used in the location in Seiscomp3 

 To scart and pick the changes in amplitude;  

scart -dvsE -t '2013-01-01 00:00:00~2016-12-31 23:59:59' | scautopick -d 

mysql://seismics:seismics@localhost/seiscomp3 --playback --ep -I - > picks.xml. 

To locate events; 

 scautoloc --ep picks.xml -d mysql://seismics:seismics@localhost/seiscomp3 --playback --xxl-

enable=1 --debug > origins.xml 

To calculate the amplitudes;  

scamp –d mysql://seismics:seismics@localhost/seiscomp3 -I sdsarchive: 

///home/seismics/seiscomp3/var/lib/archive --ep origins2016.xml --debug > origins-with-

amps.xml 

To calculate magnitudes;  

scmag -d mysql://seismics:seismics@localhost/seiscomp3 --ep origins-with-amps.xml --debug > 

origins-with-mags.xml 

To determine events;  

scevent --ep origins-with-mags.xml --debug > eventsf.xml. 

To load events to the database;  

scdb -i eventsf.xml -d mysql://seismics:seismics@localhost/seiscomp3  
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To relocate events; 

scrtdd --reloc-profile myprofile --verbosity=3 --console=1 -d 

mysql://seismics:seismics@localhost/seiscomp3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


