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Abstract

An extensive geophysical survey comprising over 400 MT and 515 gravity stations on the
Korosi, Paka and Silali volcanoes in the northern Kenya rift was conducted in order to
assess the occurrence of geothermal resources in the context of the geophysics of the major
volcanic centers. Additional study has also included speculation of magma detectability
below the volcanoes.

Resistivity data has been interpreted using 1D joint inversion of magnetotelluric (MT) and
co-located transient electromagnetic (TEM) which has revealed a resistivity pattern
consistent with the existence of several geothermal systems within the study area. Each
geothermal system is characterized by a relatively resistive 100 Qm surficial layer
overlying a ~ 10 Qm low resistivity zone interpreted as the hydrothermally altered clay
cap of the system. Low resistivity is also correlated with clay-rich volcanoclastics
deposited on the margins of the rift adjacent to the volcanoes. The cap overlies a higher
resistivity zone of about 60 Qm with a top at about 1000 m depth, interpreted as a potential
high temperature alteration zone. The trend of moderate high resistivity at the depth of the
potential reservoir corresponds to the zone of intense faulting and fracturing as imaged on
the surface.

Gravity data has been analysed through estimation of shallow density by testing the
correlation of measured gravity with topography, reviewing results of earlier density
measurements of surface rocks in the Kenya Rift, comparison to regional gravity surveys
that constrained larger scale deeper density contrasts and 2D gravity modeling correlated
with the MT resistivity pattern. Gravity models reveal a dominant 10 to 15 km wide
gravity high of 8 mGal amplitude striking NNE along the inner rift corresponding to high
resistivity outlined at 2 km depth by recent MT studies. Gravity lows due to structures
shallower than 2 km depth at the Paka and Korosi volcanoes have been interpreted as low
density bodies within their edifices, likely to consist of either unaltered near-surface
pyroclastics or deeper tuffs altered at 60 to 180°C to hydrothermal smectite clay. The high
resistivity, low density near-surface rocks on the flanks are interpreted to represent
unaltered pyroclastics above the water table, whereas low resistivity, low density bodies
underneath the Paka and Korosi volcanos indicate low density tuffs, hydrothermally altered
to hydrated smectite clay. Away from the volcanoes on both East and West low density
and low resistivity anomalies flanks the central gravity high. The deeper high density zone
below the volcanic inner rift is likely to be a combination of higher temperature, low
porosity alteration associated with geothermal reservoirs and/or denser rocks related to
intrusions.

Surface fissure swarm correlates with both high gravity and resistivity south of Paka
volcano but northwards between Paka and Silali volcanoes, there appears inconsistency
where the fissure swarm strikes NE but both gravity and resistivity shows a feature west of
the currently active fissure zone. This suggests that the rift has recently moved eastwards.



A preliminary review of geoscientific data has been made to evaluate the developed
geothermal systems within the Kenya rift and use them as analogs for the geothermal
prospects. The comparisons are based on thermal features, geological structures, gravity
anomalies and resistivity signatures. Further, 2D synthetic modelling was performed to
speculate on the size and depth of magma beneath the volcanoes and demonstrate what can
be resolved at depth and what cannot. This has also been used to illustrate the limitations
of 1D inversion and test the depth and size of magma that can be detected.



Utdrattur

Umfangsmiklar jardedlisfreedilegar meelingar, yfir 150 Magnetotelluric (MT) melingar og
pyngdarmelingar & 515 melistodum, hafa verid gerdar vid eldstodvakerfin Korosi, Paka
og Silali i nordur hluta sigdalsins mikla i Kenia til ad meta jardhitaaudlindir. Samtulkun
MT-melinganna vid Transient ElectroMagnetic (TEM) malingar & sama stad synir
vidnamsskipan sem bendir til nokkurra jardhitakerfa innan rannsoknasveedisins. Oll
jarohitakerfin hafa vionamsskipan sem samanstendur af yfirbordslagi med hau
edlisvidonami (~ 100 Qm), ofan lagvidnamslags (~ 10 Qm), sem er tulkad sem
ummyndunarleirkdpa og pakberg yfir jarohitakerfinu. Nedan lagvidndmskapunnar er
havidnamskjarni med heerra edlisvidnami (~60 Qm). Par sem grynnst er a kjarnann er hann
4 um 1000 m dypi. Havidnadmskjarninn er talinn syna berg med hahitaummyndun.
Havidnamskjarnarnir eru undir brotasvedum, par sem fjélmargar sprungur og misgengi
eru sjaanlegar a yfirbordi.

I pyngdargégnunum er radandi 10 til 15 km breid pyngdarhaed (um 8 mGal) eftir innri
sigdalnum med nordnordaustlega stefnu, sem fellur vel saman vid hétt edlisvidnam nedan
2 km dypis. Pyngdarlaegdir ofan 2 km dypis i Paka og Korosi eldstédvunum eru taldar
endurspegla bergskrokka med litla edlispyngd innan eldstédvanna. Peir eru liklega annad
hvort ur lausum gosefnum eda dypra tuff med smektit-ummyndun vid 60 til 180 °C hita.
Likdn byggd & MT-malingum voru notud til ad skorda tvivid edlispyngdarlikon. Edlislétt
jarolég med hatt edlisviondm til hlidar eru talin vera éummyndud laus gosefni ofan
grunnvatnsbords, medan edlislétt jardlog med lagt edlisvionam undir Paka og Korosi
eldstédvunum eru talin vera edlislétt tuff, ummyndad i vatnadan smektit leir. Dypri
edlispung jardlog undir eldfjéllunum i innri hluta sigdalsins eru talin vera berg med lagan
poruhluta og hahitaumyndun og/eda edlispung innskot.

Sunnan Paka er gott samreemi milli kortlagdra brota, pyngdarfravika og djaps havidnams,
en par fyrir nordan, milli Paka og Silali eldstédvanna, sést misreemi par sem sprungureinin
synir dkvedna nordaustleega stefnu, en baedi edlisviondm og pyngdarmeligdgn syna fravik
vestan vid sprungureinina. betta bendir til pess ad glionun hafi nylega feerst til austurs a
pessu svedi.

Med samanburdi & jardvisindalegum gognum er gerd tilraun til ad draga fram hlidstaedur
milli jarohitasveeda. Samanburdurinn tekur til jardhita & yfirbordi, jardfraedi, pyngdargagna
0og vidnamsskipanar, og ner yfir 7 eldfjalla-/jardhitakerfi. P& eru gerdir tvividir
likanreikningar til ad reyna ad meta umfang og dypi kviku undir eldstddvunum, til ad fa
tilfinningu fyrir pvi hvad heaegt sé ad greina med vionamsmelingum og hvad ekki.
Likanreikningarnir eru einnig notadir til ad syna takmarkanir einvidrar tulkunar
vidnamsmealinga, og til ad kanna dypi og steerd kvikuinnskota sem greina ma.






Preface

Resistivity and gravity methods were applied to geothermal areas in the northern Kenya
Rift, aimed at defining geothermal and structural characteristics of the study area. Further
analysis of developed geothermal fields in other segments of the rift have been used as
analogs for the undeveloped prospects so as to predict their likely character. The results of
this work are summarized in three scientific papers, two of which have been published in
Geothermics and the other was submitted to peer-reviewed scientific journals respectively:

. Lichoro, C.M., Arnason, K., Cumming, W., 2017. Resistivity imaging of
geothermal resources in northern Kenya Rift by joint 1D inversion of MT and
TEM data. Geothermics 68, 20-32.
https://doi.org/10.1016/j.geothermics.2017.02.006

Il. Lichoro, C.M., Arnason, K., Cumming, W., 2019. Joint interpretation of
gravity and resistivity data from the Northern Kenya volcanic rift zone:
Structural and geothermal significance. Geothermics 77, 139-150.

https://doi.org/10.1016/j.geothermics.2018.09.006

I11. Lichoro, C.M., Cumming, W., Arnason, K., 2019. A review and comparison of
developed and undeveloped geothermal systems in the Kenya Rift based on
resistivity, gravity studies and geological structure. Submitted to Journal of
Volcanology and Geothermal Research.


https://doi.org/10.1016/j.geothermics.2017.02.006
https://doi.org/10.1016/j.geothermics.2018.09.006
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1 Introduction

The purpose of this introduction is to give a brief overview of the geophysical methods as
applied in mapping of geological structures that are important in geothermal exploration
especially in the context of the magmatically-heated systems of the eastern branch of the
EARS. The main subjects of the papers are summarized, and the results highlighted with
an attempt to give perspective on the contribution of the overall work. The work involves
application of both resistivity and gravity methods in the characterization of geothermal
systems hosted in northern Kenya volcanic province. This involves delineating the clay cap
above and adjacent to the geothermal reservoir and speculate on the probable geometry of
the magma where it exists. Further the character of already developed geothermal fields to
the undeveloped geothermal prospects is compared so as to use the known geothermal
areas as analogs for unexploited geothermal areas. This way | can characterize the
volcanoes as potential geothermal prospects in the context of the rift.

1.1 Research Background

For centuries geothermal resources have been known to exist in different settings
worldwide; mainly occurring in areas of high heat flow normally characterized by
volcanoes, fumaroles, geysers, hot springs and other geological phenomena. These
Geothermal reservoirs are buried in the earth and sometimes do not express themselves on
the surface. The most productive geothermal resources are found along major tectonic
plate boundaries typically associated with occurrence of earthquakes and volcanoes. One
such tectonic feature known to host commercial geothermal resources is the East African
Rift System (EARS). This is an intra-continental rift stretching over a distance of more
than 3000 km from the Red Sea in the north to Mozambique in the south. The EARS
branches into two to form eastern and western rift basins comprised of subsiding grabens
and uplifted shoulders. The Kenyan rift lies on the eastern branch where this study is
focused.

Previous geophysical studies of the Rift have been regional in scope and focused on
understanding the deeper crust; these have included determining the seismogenic layer
thickness at the base of the crust (Ebinger, 2005), the rifting process driven by
asthenospheric upwelling (Keller et al., 1991; Chorowicz, 2005), crustal thickness
variations (KRISP Working Group, 1991; Mechie et al., 1994) and melt accumulation at
the base of the crust (Pointing and Maguire, 1990). The most detailed regional review of
geothermal prospects in the Kenyan Rift has been done by Dunkley et al. (1993). To date
no resistivity study has been done to characterize the conductivity structure of the entire
Kenyan Rift.
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1.2 Research Prospects

Geophysical surface exploration provides information used to characterize geological
attributes that influence the flow of geothermal fluids. The methods applied, indirectly
determine the physical parameters that define geothermal systems. Geophysical methods
can be used to deduce properties of the geothermal reservoirs like temperature,
permeability, fracture density, system cap, fluid saturation and reservoir boundaries among
others. The main geophysical methods applied in geothermal exploration include
resistivity, gravity and microseismics. The MT method is the most effective technique used
to image the 3D geometry of the low resistivity smectite clay that caps permeable
geothermal reservoirs associated with volcanoes. The gravity method on the other hand
detects lateral changes in subsurface density that may be associated with a variety of
geologic patterns commonly found in volcano-hosted geothermal systems including:
density contrasts where rock properties differ across faults; hydrothermal alteration that
preserves porosity in low temperature hydrated clays or reduces porosity in higher
temperature propylitic alteration and lateral variation in the proportion of low density ash
versus high density lava with respect to vent areas. The “microseismic” studies use the
pattern of hypocenters, the pattern of seismic velocity from tomography, and earthquake
focal mechanisms to infer the presence of magma and the geometry and stress state of
active structures before development. Detailed geophysical exploration studies have been
conducted for some individual volcanoes in the study area but these have not been linked
in a more general interpretation of the Northern Kenyan Rift.

In my opinion, the main contribution of this thesis is the interpretation of low resistivity
zones on the volcanic flanks by inferring their petrological properties from gravity, and the
clear delineation of the high resistivity alignment with the fissure zone particularly the
offset inferred in the segment between Paka and Silali volcanoes where geological
mapping has not been able to detected lithologic variation revealed in this work suggesting
a shift in the axis of the fissure zone.

1.3 Aims of this study

The purpose of this thesis is to investigate causes for the anomalously low resistivity, thick
segment observed on the flanks of most volcanoes on the Kenyan Rift zone. In some areas
this has been assumed to host geothermal resources and has been erroneously interpreted to
represent geothermal alteration or higher permeability. Further work involved comparison
of surface geophysics of undrilled geothermal prospects to the surface geophysics and the
subsurface geology of the drilled fields in the Kenyan Rift and speculate on the likelihood
of existence of magma bodies.

Further primary objectives of this study are:

1. To evaluate the resistivity characteristics of the different sectors of the northern Kenya
Rift in order to define prospective areas for future geothermal development.

2. To identify geological structural trends and correlate them with both MT resistivity and
gravity density models.

18



3. To compare the surface geophysics of undrilled prospects in the Northern Rift to the
surface geophysics, subsurface geology and thermodynamic conditions of the drilled fields
in the South and Central Rift.

4. To analyze MT resistivity and gravity results for Northern Kenyan volcanic centers,
interpret them in a manner that appropriately distinguishes near-surface (<500 m depth)
and deeper (500 to 3000 m depth) geologic elements that are reliably constrained by the
data, and correlate these models with the rift-wide regional interpretations and more local
prospect interpretations previously completed for this study area.

1.4 Geophysical prospecting

The Earth’s interior has undergone geological deformation in the past and continues to
deform at present. These changes have modified the physical properties of the earth and
can be monitored and measured indirectly by geophysical means from the surface. If
detected the properties can be used to explain the nature of the earth and processes that
have taken place. In order to characterize these properties different geophysical methods
are used to map them in terms of size, geometry and depth of occurrence. The reliability of
detection and subsequent interpretation is key issue in geophysical exploration. Although
there have been advances in instrumentation, computer codes, processing and
interpretation techniques to model the earth, progress has been much slower in effectively
characterizing the uncertainty of these models. Resistivity and passive seismic
(earthquake) methods are currently the most used geophysical techniques in the
exploration of volcano-hosted geothermal systems. The MT particularly when used in
conjunction with TEM in a multidimensional approach can delineate the sub-surface
resistivity structure from near surface to depths of tens of km. The gravity method on the
other hand can detect lateral changes in subsurface density that may be associated with a
variety of geologic patterns commonly found in volcano-hosted geothermal systems such
as: density contrasts where rock properties differ across faults; hydrothermal alteration that
preserves porosity in low temperature hydrated clays or reduces porosity in higher
temperature propylitic alteration; and lateral variation in the proportion of low density ash
versus high density lava with respect to vent areas. Likewise, micro-earthquake
applications use the pattern of hypocenters and seismic velocity from tomography, and
earthquake focal mechanisms to infer the presence of magma and the geometry and stress
state of active structures. When applied together they can help gain enormous information
about the earth. However, other geophysical techniques offer important additional
information including ground magnetics, DC resistivity and active seismic. When
integrated with geology and geochemistry support the development of resource conceptual
models used to better understand the sub-surface. Below | present a short overview of the
methods applied in this study.

1.4.1 Magnetotelluric method

The theory of the magnetotelluric method as applied in resistivity studies is based on
Maxwell’s equations which relate electric and magnetic fields. For derivation of the
equations applied in magnetotelluric methods the reader is referred to (Ward and
Hohmann, 1988; Simpson and Bahr, 2005). The magnetotelluric is a passive source
electromagnetic method that utilizes Earth’s electromagnetic fields to investigate the
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electrical properties of the subsurface. The MT method can be used to probe the earth from
depths of tens of metres to tens of kilometres. The MT signal originates from two sources;
high frequency (10* Hz to 1 Hz) from worldwide lightning activity and low frequencies (1
Hz to 10 Hz) from the variations in the magnetic field due to solar activity. When the MT
signals, modeled as coupled electric and magnetic fields traveling as EM waves in free
space, penetrate the Earth's surface, electrical currents induced by the electric field in
conductive materials dissipate the electric field so that EM propagation below the surface
Is governed by a diffusion rather than a wave equation (Vozoff, 1991). The MT measures
only the horizontal components of the resulting electric (Ex, Ey) and three magnetic (HXx,
Hy, Hz) fields.

Most of our MT recording used pairs of non-polarizing porous potentiometer electrodes
(e.g. Pb-PbCIl2) to measure perpendicular electric fields (by measuring potential
difference), magnetic induction sensors to measure magnetic field and a recording unit for
timing and recording the data as shown in Fig. 1.1(a). The standard MT installation in
Kenya include electrode separation of about 50-100 m long with the electrode pairs
installed in the ground in magnetic north-south and east-west directions.

For the MT method, measurement uncertainties mainly result from; static shift distortion
(Ledo et al., 1998), departure from flat earth assumption (in case measurements are taken
in extreme topography), departure from plane-wave assumption of the source field
(Jiracek, 1990), cultural noise, layout or human errors and environmental disturbances e.g
by wild animals among others. The static shift problem is inherent to all methods that use
dipoles to measure the electric field, including MT, and is caused by local near-surface
resistivity inhomogeneities close to the sounding site (Sternberg et al., 1988; Arnason,
2008). Static shift in MT can in most cases be corrected by taking a TEM measurement at
the same site and jointly inverting both data sets (Fig. 1.1c) to correct for the distortion
(Sternberg et al., 1988; Pellerin and Hohmann, 1990; Meju, 1996). This is based on the fact
that TEM measures magnetic field instead of electric field (and so does not use the
electrodes that produce polarization and static distortion effects) and hence it is not
affected by static shift which affects MT. However, this method assumes the structure in
the shallow common depth for MT and time-domain soundings is one-dimension. The
dimensional distortion can be addressed by correctly interpreting MT data for the
appropriate dimensionality in the MT responses. The author recognizes that the earth is
most likely three-dimensional (3D) especially at depth. However, many geothermal fields
have been reliably imaged using appropriately limited 1D methods to the crucial transition
at the base of the clay cap.

The MT information is contained in the impedance tensor whose elements depend on the
conductivity distribution in the subsurface (Simpson and Bahr, 2005). The conductivity
information of MT is derived from the impedance tensor which relates the measured
electric and magnetic fields whose field components are related as follows:

()= (2 22)() W
EJ" Zyx Z}’}’ H}"

The electric field attenuation is frequency dependent such that high frequency attenuates at
shallow depth and hence provides information about the near-surface while low frequency

sample the deepest part of the earth. The Impedance tensor is complex due to phase
differences between the electric and magnetic fields. The off-diagonal components as a
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function of angular frequency of the impedance tensor are used for calculating the apparent
resistivity and phase for the two orthogonal components as follows:

1 2 B ImZ,
Pry = - |ny| & ¢, = arctan (Rery)
)
1 2 B ImZy,,
Pyx = e |Zyx| & ¢, = arctan (ReZyx)

where, ® is the angular frequency and po iS the magnetic permeability of vacuum. The
depth of investigation is dependent on the period of the EM wave and the resistivity of the
medium in which the EM wave propagates. Therefore, apparent resistivity of the earth for
different periods can be approximated using the approximate Cagniad formula as follows:

2

Exy

yx

RhoApp,,, = 0.2T *
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where RhoApp is apparent resistivity in Qm, T is period (sec), Exy is electric field in
mV/km, Hyx is magnetic field in nT in the xy and yx polarizations respectively. For a given
subsurface resistivity the depth of penetration (skin depth) increases with the square root of
medium'’s resistivity and period.

Thus, skin depth §(w) ~ 0.5,/pT [km] (4)

Therefore, in order to realize deeper penetration, data should be acquired at sufficiently
longer periods. The skin depth explains the limitations of the EM technique, particularly
the decreasing resolution with increasing depth of penetration.

MT dimensionality indicators

Before interpreting MT data, a clear analysis of dimensionality in the data is required so as
to know the mode of inversion to apply and understand the limitations of models in case
the correct dimensionality is not addressed. We recognize that dimensionality is frequency
dependent (Simpson and Bahr, 2005), such that the MT response at lower frequencies are
affected by both deeper and most distant changes in resistivity and so the dimensionality of
the data becomes more complex at lower frequency. Some important parameters that are
evaluated to measure dimensionality during MT data interpretation include skew,
ellipticity, MT polarization (polar diagrams) and phase tensor analysis. The most effective
modern dimensionality indicators are the AppRhoxx and AppRhoyy spectra plotted in direct
comparison to the xy and yx spectra.

The skew (S) is a dimensionless parameter that indicates how the data vary from an ideal
2-D model as defined by Swift (1967) and is expressed as follows.

ZXX+Zyy
Z. -7

Xy yX
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When Skew is <0.2, it indicates that the resistivity geometry is likely to be 1-D or 2-D,
whereas Skew >0.2 indicates 3D resistivity geometry (Reddy et al., 1977). A more direct
3D illustration can be reliably demonstrated by comparison of xx and yy amplitude to xy
and yx amplitude on an apparent resistivity vs frequency plot.

Ellipticity (E) on the other hand relates to the ratio of magnitude of the difference of
rotated diagonal elements to the sum of the rotated off-diagonal elements of the rotated
impedance tensor as defined by (Ranganayaki, 1984) as shown below. If E is < 0.1 the
underlying structure is 1D.
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Figure 1.1: (a) MT field layout (b) MT time series data and (c) On the left panel, Joint inversion
of MT (blue) and TEM (red) data; On the right panel is the resultant 1D inversion model. The
red lines mark the inferred low resistivity clay cap.

Phase tensor on the other hand expresses how the phase relationships change with
polarization in the general case where the conductivity structure is 3-D. This method does
not take into consideration the dimensionality of the underlying structure. The Phase tensor
can be shown graphically as an ellipse, such that the major and minor axes represent the
principal axes of the tensor (Caldwell et al., 2004). The advantage of the phase tensor is
that it is independent of the static distortion that affects the impedance tensor. The Phase
tensor can be denoted as an ellipse with principal phase values of the tensor represented by
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major and minor axes of the ellipse respectively and the skew angle (B), which is a
dimensional indicator. When the difference between principal phase values and the phases
for TE and TM are small and the skew angle is zero, then the conductivity structure is
taken to be 2D. On the other hand when a big difference arises between the principal phase
values and the two polarization phase values in addition to a large skew angle then 3D
structure is implied. To visually assess the dimensionality of the resistivity structures over
a given area, a map of the phase tensor ellipses is shown for representative area at Paka
volcano (See Appendix C).

1.4.2 Transient Electromagnetic (TEM) method

The TEM method is a geophysical method which provides subsurface resistivity
information. The method is based upon the fact that a magnetic field that varies in time,
according to the Maxwell equations, will induce an electrical current in the ground.
Usually a transmitter loop of wire is placed on the ground and driven by a time varying
current that creates a primary magnetic field. The transmitter current is abruptly terminated
generating eddy currents, which flow in such a way as to preserve the magnetic field that
existed before the current was withdrawn and further generates a secondary magnetic field.
This secondary magnetic field decays with time and induces a voltage in a receiver coil.
The magnitude of the secondary field depends upon the type and distribution of conductive
material in the subsurface.

Measuring the current in the receiver coil will therefore give information about the
resistivity as a function of depth. Just after the current in the transmitter loop is turned off,
the current in the ground will be close to the surface, and the measured signal reflects
primarily the resistivity of the top layers. At later decay-times the current has diffused
deeper into the ground, and the measured signal then contains information about the
resistivity of the deeper earth layers. The depth of exploration depends primarily on the
transmitter moment (product of the current and the area of the loop) and the conductivity
structure of the earth. Basic foundations of TEM method can be found in Arnason (1989);
Spies and Frischknecht (1991); Ward and Hohmann (1987) or McNeill (1994).

The TEM method used in this study was the central loop which employs a square
transmitter loop and an inductive receiver coil which couples to the logging unit. The
frequency of transmission is regulated by a controller unit that ensures switching on and
off current into the loop. The receiver measures the decaying voltage after the transmitter
is turned off ensuring that small secondary voltages are measured since there is no primary
field when the current is off. Distortions in TEM measurements may result from; cultural
noise, instrumental noise from electronics, natural electromagnetic noise or due to
dimensional distortion, especially related to topography (Stark et al., 2013). Some of these
distortions can be reduced by careful site selection and repetative stacking of
measurements for every frequency and taking averages. The TEM method is well suited
for 1D layered earth model since it is downward focused. It is particularly useful when
resolving the near-surface conductivity structure because it has better resolution compared
to the MT. Therefore, TEM data acquired at same site as MT soundings often provides an
effective means to correct for the MT static shift (Pellerin and Hohmann, 1990; Sternberg
etal., 1988).
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1.4.3 Resistivity methods applied in geothermal exploration in
Kenya

Electromagnetic methods, particularly MT combined with TEM to correct MT static
distortion, have been extensively used in geothermal exploration to inverstigate deep
resistivity pattern in the earth. This is because, unlike other practical resistivity methods,
MT has sufficient depth of investigation to image resistivity to the depth of typical
geothermal reservoir. In particular MT and TEM plays an important role in imaging the 3D
resistivity geometry of crucial conceptual elements of volcano-hosted geothermal
reservoirs including the low resistivity smectite clay that forms the impermeable cap, the
transition to the higher resistivity propylitic alteration of a >200°C permeable reservoir
and, in special cases, the low resistivity magma heat source. The first case of MT
application in geothermal exploration in Kenya dates back to the 1980s but the outcome
did not prove promising as the results were never used for any geothermal development.
Being a new method in Kenya back then, there was lack of knowledge in proper data
collection, modelling and misleading interpretation due to the erroneous assumption that
the geothermal reservoirs should be imaged as a low resistivity zone. This assumption was
born out of some older resistivity methods that had limited depth of investigation that
could only image the shallow low resistivity and the expectation that geothermal reservoirs
were low resistivity. Later in the early 2000s the method gained wider application and has
become the method of choice in geothermal exploration in Kenya. Internationally
combined MT and TEM has been used in many geothermal fields with great success when
delineating geothermal reservoirs and for well targeting. Specifically the method has been
used to resolve the hydrothermal clay alteration overlaying numerous geothermal
reservoirs (Arnason et al., 2000; Cumming et al., 2000; Mufioz, 2014).

1.4.4 Resistivity of geothermal reservoir

Geothermal reservoirs are characterized by numerous properties that affect resistivity
variation in the rocks. Most resistivity variation, especially in volcano-hosted geothermal
systems, is associated with the the low resistivity smectite clay alteration of the cap and the
transition to high resistivity chlorite/illite clay alteration of the reservoir, followed by
porosity, water saturation, temperature and salinity (Ussher et al., 2000). Brine has high
concentrations of dissolved ions that form conductive electrolytes within the rock matrix.
This electrolyte when subjected to high temperature can result in large reduction in the
bulk resistivity. The resulting resistivity can greatly be reduced if clay minerals are present.
It has been demonstrated (Flovenz et al., 2005) that the variation in cation exchange
capacity of the smectite clay content is the main factor that determines resistivity variation
in geothermal systems. In a typical high temperature hydrothermal system, the lowest
resistivity corresponds to the smectite clay cap overlying the geothermal reservoir, in
which case the resistivity of the reservoir itself may be much higher.

The dominant clay type in the low temperature part of the clay cap is smectite but, because
smectite is unstable at temperature higher than 70°C, it alters to chlorite (in the case of
basaltic rocks) or illite (for andesite and rhyolite rocks). The ratio of chlorite or illite to
smectite increases with temperature from 70 to 180 °C, causing low temperature minerals
such as zeolites and smectite to disappear at about 220 °C so that only rare traces of
dehydrated high resistivity smectite are found at temperatures above 240 °C where
chlorite/illite are dominant. The low resistivity imaged above the smectite-illite transition
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zone in many high-temperature geothermal reservoirs is associated with much higher
cation exchange capacity in smectite than in the alteration minerals below. In this way, the
use of MT to image variations in clay alteration is considered to be the most important
geophysical tool used to characterize the geometry of hydrothermal reservoirs and, in
combination with geology and geochemistry to constrain geothermal resource conceptual
models used to target wells. This relationship has also enabled interpretation of resistivity
pattern in terms of temperature, subject to temperature equilibration with the dominant clay
alteration (Arnason et al., 2000). The low resistivity smectite found in the cap is plastic and
so inhibits permeability while the chlorite and illite at higher temperature are more brittle
and permissive of permeability at a much higher clay fraction than smectite. Therefore, as
long as the chlorite and illite content are above 50% or so, stressed fractures are likely to
form open space permeability.

Case histories have shown that fossil hydrothermal pattern have similar resistivity as active
geothermal systems. In some cases, the low resistivity geothermal cap and the high
resistivity core may not have enough contrast to be mapped out. Parts of reservoirs that
have a non-smectite cap such as chlorite will be harder to to delineate, but this is part of the
risk assessment. The most common examples of non-smectite caps are the moderate
resistivity mixed-layer smectite-illite/chlorite clay cap (e.g. Pellerin et al., 1996) or higher
resistivity phyllic (illitic) zones (Melosh et al., 2012) that act as a transition beneath some
smectite caps, or bordering part of a reservoir. For example, the Namora-I-Langit field
shown in Cumming (2000) has a high resistivity chlorite-illite cap on its SW edge, making
the interpretation of that edge more ambiguous. However, these issues can be considered in
the integrated risk assessment, for example, at Silali. Similarly, a thick layer of volcanic
ash and clastics weathered to clay might give a similar conductive structure as a
geothermal clay cap. To avoid misinterpretation, the resistivity imaging should be
integrated with gas and water geochemistry of fumaroles and hot springs, geology
including both deposition and erosion reconstruction, alteration mapping, structural
geology, hydrology, relevant supplementary geophysics such as gravity and seismic
monitoring, and the constraints of thermodynamics to build the resource conceptual models
used to support risk assessments of geothermal resource capacity and target wells. The
gravity and seismic monitoring methods are not generally prudent for all geothermal
targets but they are generally recommended for geothermal prospects in the Kenya Rift.

1.4.5 Gravity method

Gravity prospecting involves measurements of variations in the earth’s gravitational field,
which are caused by the variable mass distribution in the earth related to variations in rock
density. In practical gravity surveys, the magnitude of the gravity variation depends on the
following five factors: latitude, elevation, topography of the surrounding terrain, earth
tides, and density variations in the subsurface. For this study gravity patterns due to density
variations are of interest and so gravity effects by the other factors were removed.
However, density variations occur at different depths in the earth and need to be separated
in terms of regional and residual anomalies due to more local density variations. The long
wavelength features are associated with deeper sources whereas short wavelengths are
associated with near-surface sources. The major challenge in gravity interpretation is
separating anomalies of interest from the overlapping effects of other features, hence the
need to remove the regional field so as to emphasize the residual anomalies. This can be
done in a wide variety of ways including trend surface analysis (fitting and subtracting a
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low order polynomial surface to the observed data) and low-pass filtering. In the current
study trend surface analysis was used.

Gravity interpretation is non-unique, due to the presence of data errors and the inherent
source ambiguity of the gravity potential. Hence an infinite number of bodies can give rise
to a specified anomaly. Therefore, supplementary geological, geophysical, and other sub-
surface constraints are essential to minimize the ambiguity.

A detailed review of gravity technique is found in Telford et al. (1990) and Hinze et al.
(2013). The Bouguer residual gravity pattern is then compared to computed gravity from a
model of subsurface density contrasts to constrain a density distribution that would explain
the anomalies in terms of gravity variation in amplitude and geometry. Rock densities in
the shallow subsurface range from about 0.8 g/cm?® to 3.0 g/cm® and are dependent on
porosity, mineral composition and water saturation which, in turn, depend on rock type,
burial and temperature history among others. Previous gravity surveys in the east African
rift have been either more regional, extending 100s of km outside the EARS and focused
on the deep lithoshere or more local, investigating a specific geothermal prospect.

At the base of the reservoir intrusion of dense material in the crystalline basement could
potentially produce a gravity high but recent intrusions are likely to be less dense than the
Precambrian. When liquid magma intrudes into the basement low density anomalies are
generated. Although these processes occur, they are not the main themes of geothermal
density variation related to gravity interpretation.

Density of rocks

In gravity exploration the quantity sought for is the local lateral variation in density. The
density of the rocks used in interpreting gravity is typically infered from the borehole
logging, drill cores samples or estimated from seismic velocity. Density variations depend
on the rock types, porosity, saturation state, age, depth of burial and mineral composition.
Aside from dense carbonate rocks, sedimentary rock density is primarily affected by its
porosity. Volcanic rocks have a similar range of density but tend to be denser where lavas
predominate over tuff. Intrusive rocks tend to be denser than sediments and shallow
volcanics because of their lower porosity. However, high grade metamorphic rocks tend to
contain many heavier minerals in their matrix and have lower porosity, so they tend to be
the most dense. Density will also vary depending on levels of fragmentation, weathering or
dehydrations due to high temperature alteration.

Geothermal systems can as well have varying gravity anomalies depending on the level of
mineral precipitation especially in low density within high porosity host rocks (Allis,
1990). However, densification of porous rocks may occur for instance due to calcite, silica
or epidote deposition resulting in increased density. On the other hand, if dense rocks are
fractured, they create open space which slightly reduce density, albeit probably not at a
detectable level. Geothermal alteration in fractured and presumably permeable rocks will
not be smectite (or there would be no open fractures). Alteration at higher temperature
usually decreases porosity and increases density. Chemical leaching tends to involve
relatively minor volumes of surface acid leaching and deeper zones in unprospective vapor
cores causing density decrease.
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Density estimation

Because of the ambiguity of gravity interpretation, the density values used in gravity
models are constrained in a wide variety of ways; these include in situ laboratory
measurements of rock densities sampled from the area of study, density measurements in
boreholes, correlative measurements from seismic velocity and theoretical estimation by
Nettleton and Parasnis methods. Laboratory density measurements are subject to a number
of short-comings resulting in unrepresentative densities caused by obtaining weathered
rock samples, making measurements on unconsolidated samples and measuring the density
of rocks with high porosity. Terrain density of near-surface rocks can be estimated by
taking a series of gravity measurements over a topographic feature using the Nettleton
density profile method (Nettleton, 1939). The density which gives the least correlation
between the calculated gravity and the topography is assumed to be the density of the
surface material forming the topography. The Parasnis technique on the other hand
assumes that subsurface density variations will not be correlated with topography,
therefore terms in the Bouguer reduction formula independent of density (Gobs—
Gnt+0.3086*h) are plotted as a function of the terms multiplying density (0.04191*h-Tc)
giving a straight line with a slope equal to the estimated density. In calculation of Bouguer
anomalies, errors may however arise due to the assumed density of material in the near-
subsurface.

Gravity data processing and interpretation

There are two stages of processing employed in this study; 1) data reduction from field
measurements to Bouguer gravity, and 2) modeling and comparison between the gravity
predicted from the model and the measured gravity. Gravity observations include effects
caused by temporal and spatial variations that must be removed before the data can be
interpreted in terms of density variations. These variations arise from instrumentation,
terrain, rotation of the Earth, the tidal effects due to the Moon and Sun, the variation in
radial distance from stations to the Earth's center, and the Earth's average gravity field.
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Figure 1.2 shows steps involved in gravity data reduction in order to obtain residual
anomaly. Gravity data interpretation involves qualitatively and quantitatively analyzing the
reduced data in order to infer an earth “structure”. A common approach to inferring
subsurface structure based on gravity data is to use trial-and-error modeling. In this
approach, a geometric model for variations in density in the subsurface is proposed, the
gravity response of the proposed model is computed, the computed gravity is compared to
the observed gravity, and the model is adjusted to improve the fit in a manner consistent
with other geophysical and geological constraints. By iteration the parameters of the
presumed subsurface model are adjusted until a close match is achieved between the
observed and estimated values. The final interpreted models obtained have to be
transformed into appropriate physical parameters of geological significance.

1.4.6 Use of developed geothermal fields as analogs for
undeveloped prospects

Knowledge gained in exploration and development of one geothermal field can be applied
to other similar undeveloped geothermal prospects. In the Kenyan rift only three
geothermal fields have been developed out of seventeen identified prospects. The
developed geothermal fields are in south and central rift while all prospects in north rift
remain undeveloped. Comparisons based on thermal features, geological structures, gravity
anomalies and resistivity signatures for developed geothermal fields in the Kenya Rift can
be used to get a better understanding of how these are likely to constrain geothermal
resources in the other undeveloped prospects and characterize what additional data would
provide the most effective constraints on resource conceptual models being developed for
resource likelihood, capacity and well target assessment. The approach is to use
geophysical results for southern and central Kenya geothermal fields as analogs for the
undeveloped geothermal fields in the northern Kenya rift. The Olkaria geothermal complex
and Menengai are the areas with the largest expected geothermal power developments in
the south and central Kenya rift respectively.

The known surface geological and geophysical features and subsurface reservoir properties
of analogous developed reservoirs can be compared to similar surface data and models
from the undrilled prospects in order to assess the limitations of resource characterization
based on the MT and gravity data and to identify what additional geophysical data sets
would most improve the integration with gas and water geochemistry analyses of hot
springs and fumaroles, hydrologic modeling and structural geology and supporting
geoscience to produce thermodynamically consistent resource conceptual models. To
achieve this, the elevation of clay cap was mapped by MT to help approximate the top of
the underlying reservoir.

The intensity of smectite clay alteration in the volcanoes is indicative of the character of
the underlying reservoir, whether liquid or steam dominated. The low intensity especially
at Suswa caldera (albeit with minimal MT coverage at the inner caldera), Silali caldera and
at the apex of Paka caldera might point at possible underlying boiling zones.
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1.5 Present study

1.5.1 Study area

The survey area is located within the EARS (Fig. 1.3), covering mainly the Northern
volcanic zone (Korosi, Paka and Silali) and the Southern volcanic zone (Olkaria, Longonot
and Suswa). The Central rift zone where Menengai volcano is located has been used in the
comparisons where applicable. The first part of the study (Paper 1), covers the resistivity
study of the northern rift zone while the second part (Paper Il) covers the gravity
application in the same area. The final part of the study (Paper I1l) compares geothermal
systems developed in the southern and central rift and applies them as analogs for the
geothermal prospects which are yet to be developed in the other sectors of the rift.
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Figure 1.3: Map showing geothermal areas in the Kenya Rift. The dashed-purple rectangles
represent the areas considered in this study. Coordinates are UTM km Zone 37 WGS84.
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Methods used in the study

The occurrence of volcanic centers and geothermal systems within the EARS has allowed
to focus this study in order to gain information and help infer hydrothermal systems and
associated structural features.

This study involves analysis and interpretation of three data sets namely, MT and TEM
resistivity and gravity and synthetic MT computed from 2D models to test 2D modelling
resolution. This approach is aimed at integrating all the datasets to come up with a
geophysical interpretation that is consistent with all the datasets. The MT and TEM have
been jointly interpreted so as to correct for static shift in MT and recover the resistivity
pattern. Although 3D inversion is a standard best practice for most geothermal MT data
sets, this approach was used for only one area in this study because of large gaps in data
coverage and poorer data quality at the lower MT frequencies that would be best analyzed
using 3D inversion. The one 3D inversion was used to test the 1D MT inversion used for a
profile across Paka volcanic center. However the author acknowledge the advantages of
3D MT inversion and recommend extending it to the prospects in the northern Kenya rift
as data coverage improves.

Gravity aims at delineating density contrast in the subsurface and due to its inherent
ambiguity, it has been jointly interpreted using MT resistivity cross-sections as constraints
on likely bodies with contrasting density. Synthetic MT data was computed from 2D
models to test whether the 1D inversions used in this paper could reliably detect a magna
body below the volcanoes. The combined resistivity and density data were interpreted with
context of the volcanic geology of the Kenyan Rift.

This thesis consists of six chapters; Chapter 1 introduces the methods and the geological
aspects of the study area. Chapter 2 summarizes the resistivity structure of the Northern
Kenya volcanic zone as detailed in the published Paper I. In the paper, over 400 MT and
TEM data points were analyzed through joint inversion to come up with resistivity models.
Chapter 3 describes the integration of gravity and resistivity data of the study area leading
to modelling of subsurface density structure as illustrated in the published Paper II. It
encompasses about 515 gravity data points covering the northern Kenya rift province from
where 2D gravity models have been jointly interpreted with MT resistivity cross-sections.
Chapter 4 compares geophysical and geological properties of developed geothermal
systems in the Kenya Rift and applies them as analogs to undeveloped geothermal
prospects and hence predict the likely character of the undeveloped fields as described in
Paper I11. Overall, the compared geothermal fields points at the limitations of resistivity
and gravity to delineate magma under the volcanic systems. Chapter 5 covers general
conclusions and discussions from the previous chapters. Lastly Chapter 6 discusses the
way forward with regards to further research.
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2 PAPER I: Resistivity Imaging of
Northern Kenya rift

2.1 Summary

The search for geothermal resources in the Kenya Rift has intensified since 2000. This has
focused on the volcanoes that align with the rift. Geophysical and supporting geoscience
exploration has been carried out on a number of volcanoes with promising results
indicating resource potential. Resistivity is the most diagnostic geophysical parameter in
the characterization of volcano-hosted geothermal resource capacity and well targets. The
resistivity structure in this case is typically interpreted in terms of alteration mineralogy
where the low resistivity smectite clay cap transitions to high resistivity illite/chlorite in a
potential reservoir (Arnason et al., 2000; Gunderson et al., 2000; Ussher et al., 2000).
These clay transitions are controlled by both temperature and kinetics (Essene and Peacor,
1995). According to Gunderson et al. (2000), as smectite-bearing rocks are compacted and
indurated, smectite becomes more dehydrated as it transitions to mixed layer smectite-
chlorite/illite, and also gradually increases in resistivity. As a result, temperature at the
base of a low to moderate resistivity smectite and mixed layer clay cap can vary widely.
Alteration of precursor minerals to smectite can begin at 60 or 70 °C and the transition
from the smectite to chlorite and illite takes place over a wide range of temperature up to
240 °C (Ussher et al., 2000). Low resistivity smectite (Cumming 2016) is also found in
altered rocks adjacent to geothermal systems and is commonly found as one component of
the clays in sedimentary shales and weathered volcanic lahar and ash deposits commonly
found in basins adjacent to volcanoes.

Previous resistivity studies in the Kenya Rift were focused on individual volcanoes most of
which revealed low resistivity segments on the flanks of the volcanoes that have
sometimes been erroneously interpreted as hosting geothermal resource. This prompted a
regional-wide study of several volcanoes together to better understand this phenomenon.
For this purpose, we have resolved the cause of these deep and conductive segments and
identified promising areas likely to host the geothermal resources. This was achieved by
jointly inverting MT invariant and TEM data to recover the resistivity structure of the
volcanic zone and followed up in Paper Il by modeling this feature together with the
gravity data.

Case studies of many geothermal fields have indicated that 1D inversion of MT data is
usually good enough to characterize the overall resistivity geometry of a geothermal clay
cap but may not be sufficient to resolve variations in resistivity below it, particularly when
higher dimensions are involved (Anderson et al., 2000; Arnason et al., 2000; Cumming et
al., 2000). In this study smooth 1D joint inversion of invariant MT and TEM data were
computed, ensuring good fit between MT and TEM. The resulting inversion models are
stitched to form resistivity cross-sections along interpreted profiles (Fig. 2.1). We reckon
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that the resolution deteriorates beneath the clay cap, making details of resistivity at
reservoir depths uncertain, but with careful modelling, the resistivity pattern can be reliably
interpreted in a conventional geothermal context.

2.2 Main highlights

The resistivity results were determined using one-dimensional joint-inversion of MT and
TEM data to characterize the resistivity pattern of volcanoes as follows:

o A resistive top layer from about 200 m to 500 m depth along the rift overlies a very
conductive layer (~10 Qm) in the Paka-Silali segment and a moderate resistivity
layer (about 30 Qm) beneath Korosi. Both are underlain by a higher resistivity core
(~60 Qm) which domes beneath the volcanoes. The resistive surface layer is
associated with recent, well-drained tuffs and lavas. The second layer is low
resistivity, reflecting hydrothermal alteration with resistivity dictated by the amount
of smectite in the layer. The third layer is higher resistivity, potentially
corresponding to a geothermal reservoir with upwelling zones represented by the
higher resistivity doming beneath a low resistivity cap associated with thermal
manifestations on individual volcanoes.

e Flanking the volcanoes are very thick and deep conductors, which have been
interpreted as volcanoclastic sediments.

e The trend of the resistivity at sea level is aligned with the strike of the exposed faults,
consistent with the distribution of lava and pyroclastics related to fissure eruptions
along the rift axis as well as eruptions associated with the volcanic centers.
However, between Paka and Silali volcanoes the resistivity trend is offset to the
west. This break and the accompanying offset indicates a possible eastwards shift
of the axis of the rift alignment between Paka and Silali volcanoes.

e The lack of a well-developed low resistivity cap in some parts of the volcano edifices
could be related to lack of geothermal activity or to lower production of smectite in
trachyte. This is because trachyte is lower in magnesium than in basalt therefore
magnesium must be added to trachyte by groundwater to form smectite (Cumming,
2016).
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Figure 2.1: Resistivity cross-sections across Korosi, Paka and Silali based on 1D joint
inversion of MT and TEM data: From top; (a) across Silali; (b) between Paka and Silali;
(c) Paka; (d) Chepchuk and (e) Korosi volcanoes as shown on the location map to the left.
Inverted triangles are MT stations and Red symbols on cross-sections are fumaroles.
Volcanoes are shown in broken black lines and craters in purple. Blue stars and yellow

rings: geothermal surface manifestations.
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3 PAPER II: Joint modelling of Gravity
and resistivity of Northern Kenya
rift

3.1 Summary

Gravity studies in the northern Kenya rift segment have been carried out on a regional
scale and therefore have focused on large rift structures with >70 km depth extent and
>200 km width. This implies that structures that are of local importance have been given
little attention and few gravity models at the scale of the volcanoes extending along the
North Kenyan rift have been studied. With this realization, this study acquired data in an
area (30 km wide by 55 km long) covering Korosi, Paka and Silali volcanoes in order to
detect density features at the scales of the individual volcanoes, and extended to examine
variation along the rift axis. Since the areal extent of the current survey is smaller than the
regional surveys, the larger regional trends were removed in the regional-residual
separation in order to allow modelling of smaller residual features as shown in Fig. 3.1 (a-
). Therefore, the current data set is adequate to model the details of the central gravity
high and the immediate gravity low flanking inner rift axis but not the outer edge of the rift
or the deeper roots of the rift below 5 km depth.

Models deeper than (~5 km) could not be supported by the more limited gravity data
distribution (20 to 30 km wide). This disadvantage was offset by reducing the model
ambiguity in several ways, including jointly interpreting the gravity model with MT
resistivity imaging, by correlating the gravity with local geology (Dunkley et al., 1993), by
using measured densities (Cantini et al.,, 1990) from other EAR volcanoes, and by
considering the petrophysical properties from boreholes in roughly analogous areas. Based
on these considerations, the pattern of the gravity could be fit using models to a depth of
only 3 km.

This allowed us to model gravity in conformity with MT resistivity and geological
structures as mapped on the surface. Rock samples from a geologically comparable area at
Suswa volcano (Cantini et al., 1990) showed that a wide range of densities are expected in
the study area. Trachyte and basalt lavas have a typical density of 2.55 g/cm® at most
depths and alteration states. In contrast, trachytic pyroclastics have a density ranging from
1.2 to 2.5 g/cm?®, depending on whether they are dry or wet, altered to smectite clay and
still hydrated with low density, altered at higher temperature to more crystalline chlorite-
illite clay of much higher density; or buried to greater depth and so more compacted to
higher density. Volcanoclastic sediments have a similar density range of 1.8 to 2.5 g/cm?,
with similar sources of the variation. The metamorphic rocks that outcrop adjacent to the
rift and are expected to floor the rift are likely to have a density of over 2.8 g/cm?.
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3.2 Main highlights

¢ Residual Bouguer maps show a clear NNE-SSW positive gravity anomaly extending
through the inner rift segments. The gravity processing and modelling illustrate
how the overall gravity trend correlates with the mapped fissures of the axis of the
rift.

e Gravity results are in agreement with the westward offset in high resistivity seen in
the Silali sector north of Paka volcano (Fig. 3.1d). This pattern has been interpreted
as a possible buried structural step-over in the rift alignment between Paka and
Silali volcanoes. Both studies suggest that Silali volcano lies west of the currently
active rift zone, which has gradually moved eastwards (based on younger eruption
centers) to align with the Paka volcanic axis.

e Combined resistivity and 2D gravity models reveal three density categories, from
shallowest to deepest: 1) a high resistivity surface layer modelled as intermediate
density and consisting of low density tuffs and high density lavas; 2) a low
resistivity smectite clay cap modelled as low density altered tuffs; and 3) a resistive
layer modelled as high density volcanic, intrusive and Precambrian metamorphic
rocks.
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Figure 3.1: Gravity and resistivity maps for study area, showing (a) Bouguer gravity (b)
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rings are geothermal surface manifestations, purple and black dashed line outline the
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4 PAPER III: A review and
comparison of developed and
undeveloped geothermal systems in
the Kenya Rift based on resistivity,
gravity studies and geological
structure.

4.1 Summary

In this study, a choice of 7 volcanoes aligned with the axis of the Kenya Rift are
considered, two of which host developed geothermal fields and the rest are at exploration
stage. These developed fields can be used as analogs in the investigation of similar
undrilled geothermal prospects in the North Rift. Based on resistivity and drilling results at
both the Olkaria and Menengai developed fields, the overall reservoir at Olkaria has much
larger area, much deeper and possibly thicker than at Menengai. Shallow resistivity at
Menengai show a thin low intensity smectite cap especially at the centre of the caldera
where majority of productive wells have been drilled. Away from the central summit area
thicker moderate resistivity dominates and the wells drilled there have not been so
productive. The depth at the base of Menengai reservoir is constrained by intrusions.
Similarly, by comparing results from other undeveloped geothermal systems we can draw
comparisons with these two developed areas. To aid in comparisons we review the
resistivity responses for each area including system capping and volcanic systems relative
to rift activity.

In the usual case for volcano-hosted reservoirs, low resistivity smectite clays form at
temperatures from about 50 to 90°C and are gradually converted to chlorite and/or illite as
temperatures increase  (Arnason et al., 2000) until hydrated smectite has entirely
disappeared by about 220 °C. In the most typical geothermal cases, a map of the base of
the clay cap (BOC) marks the transition from low temperature cap to high temperature
reservoir if the transition takes place over a geothermal reservoir and if the alteration
mineralogy reflects current temperature. In this case, the BOC was estimated by
determining the elevation of the base of the <10 Qm from the 1D models for each MT
station and then contouring the data (Anderson et al., 2000). This is a risky approach
especially for liquid dominated reservoirs and in areas where low resistivity smectite
(Cumming 2016) is found in altered rocks adjacent to geothermal systems or as a result of
the clays in sedimentary shales, weathered volcanic lahar and ash deposits commonly
found in basins adjacent to volcanoes. The Map of BOC shows that the transition occurs at
elevation of above 1000 m in the areas south of Longonot, Olkaria-domes and Olkaria NE
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but appear to be deeper below the Suswa caldera and Olkaria-west. Similarly, BOC
elevation have been contoured for the Korosi, Paka and Silali volcanic zones showing a
consistent elevation along the fractured rift zone between the volcanoes while getting
shallower beneath the volcanic edifices. On the margins of the volcanoes a thick low
resistivity (<10 ohm-m) dominates on either side of the studied northern Kenya volcanoes,
Fig 4.1(a-c) and to the western-most margin at Olkaria complex (Fig 4.1e).

Some areas also lack conductive cap especially those underlain by trachyte or more recent
unaltered eruption vents and therefore may act as potential places where cold water could
penetrate the broken clay cap. Due to tectonic movements crack may form through the
older clay cap cooling the reservoir substantially especially from the margins. At both
Olkaria and Menengai, MT does not detect either cooling in the reservoir or breakages in
the clay cap; these express themselves as temperature reversals in the wells and where they
have been drilled into fossil alteration the wells have turned out to be non-productive. To
alleviate these challenges, a detailed assessment that includes geology, geochemistry and
hydrology need to be incorporated in a conceptual model.

To test whether magma can be detected beneath the volcanoes, we designed a 2-D mesh
for the Paka volcano and generated synthetic data through forward modelling. Synthetic
model studies are useful because the true models are known, and therefore the 1D
inversions used in this study can be tested for its ability to recover the known structure.
Models tested in this study were done by setting known clay cap dimensions in a resistive
half space and imposing deeper conductors corresponding to magma bodies of different
dimensions and then compute the MT responses to a range of magma body sizes and then
test the ability of 1D inversion to detect the body using synthetic 2D MT data. This was
used to demonstrate what can be reliably resolved at depth using 1D inversion and what
cannot. For cases where the near-surface layer is very conductive and thick and the magma
body has a resistivity of 3 ohm-m embedded in 100 ohm-m rock, then resolution of deeper
magma is not easily resolvable. Magma can only be resolved below the clay cap if its
resistivity is low and lateral dimensions are larger than their depth.
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4.2 Main highlights

e From the resistivity patterns (Fig. 4.1) and the modelled magma depths this study
suggests that Suswa and Silali volcanic systems might resemble Olkaria and are
therefore likely to host much large (thicker) resource. However, resistivity at Suswa
has a tabular 2 km thick moderate resistivity slab surrounding it with only a very
thin low resistivity cap but lacks MT data over the inner caldera. On the other hand,
Paka and Longonot geothermal systems might be close to Menengai and likely to
host a thin resource on top of the heat source.

e The evaluation of geothermal prospects especially the undeveloped-fields based on
base of the clay cap is an essential approach in well targeting.

e Resistivity can effectively reveal sub-surface geothermal properties even in areas
lacking both thermal and geological structural features.

o A full 3D inversion of the MT tensor gives results that are comparable to the 1D joint
inversion of MT and TEM data across a selected cross-section through the summit
area of Paka volcano in the top 2 km. The resolution of the resistivity structure
beneath the clay cap is fairly consistent between the two models which gives us
confidence to extend the 1D inversion beyond the clay cap though with potential
limitations.

e The occurrence of shallow seismicity in the upper crust is an indication that the base
of seismicity will be at the brittle-ductile transition especially when consistent with
dike intrusions. This could as well be potentially a consequence of cooling in the
shallow reservoir where cold-water flow interacts with hot rocks. On the other
hand, lack of seismicity as in the case of Silali might point at the uniform stress
state of the crust with respect to the deeper magma chamber.
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alignments and green boxes show geothermal prospect boundaries in south rift.
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5 General Conclusions

This dissertation presents the use of electromagnetic and gravity methods to characterize
geothermal systems hosted in volcanic zones of the Kenya rift. The two methods have been
able to consistently reveal the pattern of hydrothermal systems occurrence and related them
with the known surficial structures. A major finding of this study is the delineation of a
buried trend not discernible from geological surface mapping and interpreted it as an older
buried rift trend north of Paka volcano. This trend is consistently mapped by both
resistivity and gravity and implies that the rift could have moved eastwards in the recent
past. This is supported by occurrence of more active thermal manifestations eastwards.

This study was focused on a regional-wide analysis of several volcanoes so as to examine
the overall geophysical pattern in the entire volcanic zone. Some earlier isolated studies
identified low resistivity zones on the flanks of the volcanoes which could not be clearly
interpreted. These low resistivity zones have been delineated in this study both by
resistivity and concluded that these zones are very unlikely to be prospective for
geothermal development. They result from deposition of low resistivity and low density
volcanoclastics and sediments that have been weathered or altered where they are below
the water table, as is common for such clastics. They however align along the edges of the
high temperature hydrothermal systems identified in the study area.

The study has identified a resistivity pattern typical of a volcano-hosted geothermal
systems with a generally high resistivity unaltered surface formations, likely host for
cooler meteoric aquifers; overlaying a low resistivity clay cap typically characterized by
very conductive smectite clays. However the clay caps in trachytic volcanics are
sometimes not as conductive as in basalts, possibly due to lower content of magnesium in
trachyte compared to basalt, which has to be added to trachyte by groundwater to create
abundant smectite. The higher resistivity zone beneath the clay cap may be associated with
the propylitic alteration of a high temperature geothermal reservoir. If resolvable, localized
zones of low resistivity below the resistive reservoir might be associated with magma that
forms the heat source for the geothermal system.

To test the size of magma body that can be resolved, synthetic MT data was computed
from 2D resistivity models derived from the same profiles as the real data. Drilling has
intercepted magma at Menengai but MT data has not been able to resolve it which implies
that the magma is too small to be imaged. Modelled synthetic data confirms that the
dimension of magma at Menengai needs to be atleast 4 km wide for it to be identified by
1D inversions of MT. Synthetic model studies are useful because the true models are
known, and therefore the 1D and 2D inversion can be tested for its ability to recover the
known structure. The resolvable size of magma is subject to the conductivity and thickness
of the near surface layer in which case magma can only be resolved below the clay cap
using 1D inversion (of noiseless data) if its lateral dimensions are larger than the depth to
the top of the body.
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Considering both the resistivity pattern and the modelled magma depths this study suggests
that Suswa and Silali volcanic systems might somehow resemble Olkaria and are therefore
likely to host much large (thicker) resource. On the other hand, Paka and Longonot
geothermal systems might be close in resemblance to Menengai and likely to host a thin
resource.

Mapping of clay cap geometry is aimed at inferring locations where clay alteration occurs
at shallow depth and can be roughly used to approximate potential areas where reservoir is
shallowest hence suggest upflow zones. This approach however, has many pitfalls, most
commonly, drilling an outflow rather than the reservoir. Areas where the resistivity pattern
indicates deep base of the smectite zone are riskier for geothermal well targeting. The Map
of BOC shows the transition occurs at elevation of above 1000 m a.s.l in the areas south of
Longonot, Olkaria-domes and Olkaria NE but appear to be deeper below the Suswa caldera
and Olkaria-west. Similarly, BOC elevation of about sea level have been contoured for
Korosi, Paka and Silali zone.
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6 Further research

At the heart of the analysis of this MT data is the realization of the importance of MT
remote reference; This however was not applied in the current study. | acknowledge that
this approach could have improved the quality of data and probably the modeled output. I
have however initiated a plan of establishing locations that could serve as good remote
sites for future MT data acquisition. With on-going drilling and installation of power lines
within and close to the geothermal fields in the EARS low quality data will continue to be
acquired and the setting up of remote reference site for use by most MT practitioners in the
East Africa region will go a long way in alleviating the MT data quality issues.

A detailed full tensor 3D MT inversion is recommended once a good quality MT data is
collected for the entire volcanic segment under study; this will aid in development of a
detailed conceptual model of the area. In addition, a 3D inversion code either MoDEM or
CGG code should be availed to carry out the inversion. To better define and characterize
density structure of the segment studied here an extensive gravity survey is proposed to
cover the entire Silali volcano to the north and extending to the rift margins on either side
of the volcanic area under this study.

Further studies to address the lack of seismicity at Silali volcano and understand the rift
dynamics would benefit from the on-going studies by the author on the ambient noise
tomography (ANT). This is effective especially when applied in conjunction with the
earthquake tomography since ANT can resolve shallow velocity structure particularly in
the rift setting like the EARS where teleseismic/local events recorded by the network
cannot resolve small dimensions relative to the wavelength of the low velocity bodies.
Preliminary ambient noise study in the northern Kenya rift show that it has capability to
constrain the upper velocity structure. Since depth is the most inaccurate parameter in
microearthquake hypocenter analyses and the fact that earthquakes do not normally occur
near the surface then ambient noise is a means of further constraining earthquake
depths.Microseismic monitoring surveys are arguably the best practice for developed
geothermal fields where produced water will be injected into rocks below 1 km depth that
are >50°C hotter than the injection fluid or for undeveloped geothermal prospects where
shallow magma may be present. After a limited initial survey has established that sufficient
seismicity exists to warrant a larger scale survey, we recommend that seismic arrays be
installed with capabilities suitable for magma detection at all seismically active prospects.
For example, on-going microearthquake monitoring in the NKR volcanic zone has detected
shallow seismicity at Paka volcano but not at Silali volcano, justifying a more detailed
seismic monitoring survey at Paka. To monitor temporal changes, ground deformation
monitoring by INSAR should also be regularly used to give important information on
subsurface changes and magma movements.
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An extensive electromagnetic (EM) survey comprising over 400 sites on the Korosi, Paka and Silali vol-
canoes in the northern volcanic province in Kenya was conducted in order to assess the occurrence of
geothermal resources in the context of the geophysics of the major volcanic centers of the north Kenyan
East African Rift System (EARS). This area lies within the (EARS) where active extension is currently tak-
ing place. A joint inversion of magnetotelluric (MT) and co-located Transient electromagnetic (TEM) has
revealed a resistivity pattern consistent with the existence of several geothermal systems within the
study area. Each geothermal system is characterized by a relatively resistive 100 £2 m surficial layer over-
lying a~ 10 2 m low resistivity zone interpreted as the hydrothermally altered clay cap of the system.
The cap overlies a higher resistivity zone of about 60 £2 m with a top at about 1000 m depth, interpreted
as a potential high temperature alteration zone. The trend of moderate high resistivity at the depth of the
potential reservoir corresponds to the zone of intense faulting and fracturing as imaged on the surface.
Similarly the moderate high resistivity at sea level mimics the trend of the rift with a break in between
Paka and Silali volcanoes where the resistivity trend is offset to the west. This break and the accompa-
nying offset maps a possible westward shift of the axis of the rift in the rift alignment between Paka and
Silali volcanoes. Although the 1000-2000 m thick low resistivity zones imaged on the flanks of the Korosi,
Paka and Silali volcanoes have been tentatively interpreted as volcanoclastic sediments, elsewhere in the
Kenyan EARS, low resistivity zones adjacent to volcanoes have been interpreted differently. To address
this ambiguity, these thick low resistivity zones will be further investigated, principally using gravity
surveys.
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geothermal reservoirs (Ussher et al., 2000; Rosenkjaer et al., 2015;
Arnason et al., 2010).

1. Introduction

Active geothermal systems are characterized by the pres-
ence of a reservoir with geothermal fluids sustained by a heat
source. Hydrothermally altered rocks are commonly present in and
around the reservoir. The change in physical properties caused by
hydrothermal alteration can be detected by various geophysical
methods including a variety of resistivity methods as well as passive
seismic, magnetic and gravity surveys. Resistivity methods, partic-
ularly magnetotelluric (MT) and transient electromagnetic (TEM)
methods have played dominant role in imaging the geometry of

* Corresponding author at: Geothermal Development Company Ltd, P.O. Box:
17700-20100, Polo House, Nakuru, Kenya.
E-mail address: cnuturia@gmail.com (C.M. Lichoro).

http://dx.doi.org/10.1016/j.geothermics.2017.02.006
0375-6505/© 2017 Elsevier Ltd. All rights reserved.

Using a joint inversion of MT and co-located TEM data this
study was aimed at imaging volcano-hosted geothermal systems
within three volcanic areas in the northern Kenya Rift; Korosi, Paka
and Silali, in order to infer their geothermal potential. Geother-
mal exploration effort in this region has been intermittent from the
1980s until 2010 when it was intensified after the formation of the
Geothermal Development Company (GDC). Early studies included
structural/petrological mapping (Macdonald et al., 1995; Smith
et al,, 1995; Williams et al., 1984; Dunkley et al., 1993), geochemi-
cal studies (Darling, 1998) and upper crustal seismic investigation
(Maguire et al., 1994; Keller et al., 1994a). The earliest comprehen-
sive account of geothermal exploration in the region is given by
(Dunkley et al., 1993). The results indicated geothermal systems at
shallow levels within volcanic centers with young trachytic activ-
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ity. Later studies have focused on the individual volcanic centers
aimed at understanding different aspects of the resources, but a
comprehensive geothermal resource assessment has thus far only
been completed at Silali volcano (Melosh et al., 2014) while an
assessment is in progress at Paka volcano.

MT resistivity surveys, combined with collocated TEM stations
to address MT static distortions (Sternberg et al., 1988; Pellerin,
1990; Arnason et al., 2010; Manzella et al., 2004), are routinely used
to resolve four conceptual elements of volcano-hosted geothermal
systems (Cumming, 2016), enumerated here from shallowest to
deepest. 1) The generally high resistivity unaltered surface forma-
tions typically host cooler meteoric aquifers that may be sources
for cold water intrusion into a geothermal aquifer system if a cold
aquifer at high elevation penetrates the reservoir cap. 2) The low
resistivity clay cap is typically characterized by very conductive
smectite clays, although clay caps in trachytic volcanics are some-
times not as conductive as in basalts. It has been hypothesized
that this is because trachyte is lower in magnesium than basalt
and that magnesium must be added to trachyte or phonolite by
groundwater to make abundant smectite (Cumming, 2016). 3) The
higher resistivity zone beneath the clay cap may be associated
with the propylitic alteration of a high temperature geothermal
reservoir, but this is ambiguous. The higher resistivity may be asso-
ciated with lower temperature outflow, relict alteration zones, or
hot but impermeable metamorphosed crystalline rocks. 4) Local
zones of low resistivity below the resistive reservoir might be asso-
ciated with magma that sometimes floors basalt or trachyte hosted
geothermal reservoirs. The uncertainty in the interpretation of the
third element, the resistive geothermal reservoir, can be signifi-
cantly reduced by combining the resistivity images with the results
of geochemistry, geology, structure and supporting geophysical
surveys in a consistent range of geothermal resource conceptual
models (Cumming, 2016).

Volcanoes built within subsiding basins are commonly sur-
rounded by a thick zone of low resistivity volcanoclastic rocks
underlain by resistive older volcanics or much older crystalline
metamorphic and intrusive rocks. When a geothermal field below
the flank of a volcano is located adjacent to such a basin, the
volcanoclastics may have particularly low resistivity if smectite
clay from the geothermal cap erodes into the basin or a moderate
temperature hydrothermal outflow extends into the basin. How-
ever, particularly thick and deep low resistivity zones in the rift
near the Olkaria geothermal field have been attributed to a more
direct magmatic association, raising the possibility of an alterna-
tive interpretation for the zones adjacent to the Korosi, Paka and
Silali volcanoes.

Previous studies of the geothermal system of Silali volcano
(Wamalwa and Serpa, 2013; Lichoro, 2013; Cumming, 2014)
showed very thick low resistivity zones imaged at 500-2000 m
depth below the flanks of the volcano interpreted by Cumming
(2014) to consist of clay-rich volcanoclastics and altered ash
deposited on the margins of the current and former eruptive axes
of the rift. A zone of high resistivity embedded within N-S aligned
conductors on the southwestern flank of Silali, has been interpreted
(Melosh et al.,2014)as an older rift zone dominated by fissure erup-
tions and now buried by lavas, the more recent volcanism near Silali
has shifted to fissure eruptions within the present rift east and north
of the caldera.

In this paper we correlate the resistivity structure of the North-
ern Kenya rift (including the Korosi, Paka and Silali volcanoes) with
the surface geology, gas and water geochemistry (Marini, 2014)
so as to provide a coherent inference of geothermal potential in
the area. Using joint 1D inversion of MT and co-located TEM data,
we model the resistivity distribution within the rift to support the
development of geothermal resource conceptual models, for exam-
ple, where a high temperature geothermal system is evidenced

below the flank of a volcano by up doming of high resistivity at
the base of the clay cap near fumaroles with gas geochemistry con-
sistent with an underlying high temperature geothermal reservoir.
Although Silali and Paka have been separately investigated using
1D and 3D MT-TEM resistivity imaging, this is the first integrated
geophysical assessment of the geothermal resource potential of
the Northern Kenyan rift as a whole. The ongoing research pro-
gram includes a plan to acquire a more extensive series of gravity
profiles across several segments of the Northern Kenyan Rift and
integrate these with available geophysical and geoscience data to
further develop the geological model for the large volcanoes and
their intervening segmented rift fissures and basins. A series of
resistivity cross-sections through the volcanic centers illustrate the
initial interpretation and highlight ambiguities that ongoing gravity
surveys and microearthquake monitoring are expected to resolve.

2. Evolution, geological and structural setting of the
northern Kenya volcanic centres

The Kenyan Rift is part of the greater East African Rift System
(EARS) which runs from the Red Sea in the north to Mozambique
in the south, a distance of about 3000 km. The Kenya Rift is at an
advanced stage of evolution having formed at about 30 Ma ago
(MacDonald, 2003). Rifting developed as a result of initiation of
mantle plume activity beneath east Africa forming two distinct
eastern and western segments as it propagated from north to south,
as evidenced from gravity and refraction seismic surveys (Ebinger
etal., 1989; Nyblade et al., 1990; Achauer, 1992). The Kenyan Rift is
a part of the eastern branch of the EARS, which is characterized
by much thicker section of recent volcanic rocks and shallower
magma accumulation than in the western branch of the EARS.
Refraction seismic studies have also shown crustal thinning north-
wards from 35 km depth beneath Lake Baringo in the center of the
Kenyan Rift to 20 km thickness in the Lake Turkana area at the north
end (Fig. 1), spanning the study area (Maguire et al., 1994; Keller
et al., 1994a; Mechie et al., 1997). Ebinger (2005) postulated this
crustal thinning to be probably a combination of crustal extension
and plume-related thermal erosion (Ring et al., 2014; Corti, 2009).
Volcanism in this sector of the rift commenced about 23 Ma and
continued until about 2 Ma forming half graben structures (Keller
etal., 1991) that was subsequently infilled by volcanism within the
rift. Volcanism continued through the Quaternary focused within
the 10 km wide area around an axis along the Suguta Trough, north
of Silali (MacDonald, 2003) which led to construction of a series of
large shield volcanoes including Korosi, Paka and Silali. From south
to north, Korosi, Paka and Silali are the largest central volcanoes in
the northern Kenyan Rift. The area is located immediately north of
the Lake Baringo and extends 60 km northwards (Fig. 1). It is within
the inner trough of the Kenya rift which is bisected by an 8-10 km
wide area of intense faulting and fracturing, extending N10°E, from
L.Baringo to north of Silali Volcano. The MT and TEM survey area lies
within this sector extending from the Korosi volcano in the south
to Silali volcano in the north (Fig. 1). The geology of the survey area
is mainly dominated by trachytes but with significant occurrences
of basalts and pyroclastic deposits.

2.1. Geology and structure of Korosi

Korosi volcanic shield mainly consists of a trachyte lava pile of
about 500 m thickness above the rift floor. Volcanic activity dates
back to 0.5 Ma with alternating sequences of trachyte and basalt
eruptions as seen in the stratigraphy. The volcano is bisected by
a fracture zone of NNE-trending faults which steps progressively
eastwards across the volcanic complex between the two major
bounding faults within which numerous geothermal surface man-
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Fig. 1. A simplified tectonic map showing geothermal prospects in Kenya. The rectangular box shows the volcanoes under study.

ifestations occur (Dunkley et al., 1993). Pit craters formed at the
summit of the volcano and are thought to be associated with lateral
drainage of magma.

Surface manifestations include hot ground, steaming ground
and fumaroles and cover an area of about 33 km? (see Fig. 2). Most
manifestations are closely associated with NNE faults within a zone
of generally intense fracturing to the east of the main boundary fault
running along the western margin of the Korosi volcano. Temper-
atures in excess of 95°C have been recorded in the area. Sinter is
found at the locations of former hot springs, indicative of a higher
local water table in the recent past.

2.2. Geology and structure of Paka

The Pakarift zone is bounded by the eastern and western bound-
ary faults which constrain the geothermal activity in the area.
Tectonically, Paka is dominated by a zone of intense normal faulting
and fissuring both on the eastern and northeastern flanks (Dunkley
etal., 1993).The buildup of the Paka shield was initiated by eruption
of the Lower Trachyte formation at about 380 ka which was fol-
lowed by a period of faulting and basaltic volcanism before the next
sequence of trachytic eruptions began (Dunkley et al., 1993; Sceal,
1974). Later alternating sequences of trachyte and basalt eruptions
followed before the eventual eruption of pyroclastic deposits at
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about 10 ka which led to formation of the caldera at the summit
(Dunkley et al., 1993). Post caldera eruptions produced trachyte
and mugearite lava (oligoclase-bearing basalt) in the caldera floor.
Structurally Paka is dominated by a NNE-zone of normal faulting
(about 10 km wide) which cuts across the volcano and extends
both northwards and southwards to Silali and Korosi respectively.
Synthetic Aperture Radar Interferograms (InSAR) show that Paka
volcano was active in the period 2006 and 2007 with an uplift of
21 cm centered at the Paka caldera (Briggs et al., 2009). The uplift
has been attributed to an intrusion of magma into the uppermost
crust, which Briggs et al. (2009) suggest is due to a magma body
centered at a depth of 2.8 km with a lateral conduit that channels
magma aside during deflation episodes.

Geothermal manifestations are extensive at Paka comprising
fumaroles and areas of altered and steaming ground at up to 97 °C,
mainly at the Paka summit craters and on the northern flank (Fig. 2).
The manifestations are spread over a broad NNE — structural trend-
ing zone covering an area of about 32 km? (Dunkley et al., 1993;
KenGen, 2007). These surface expressions occur on scoria and
pumice cones aligned along the NNE-trending faults.

2.3. Geology and structure of Silali

Silali shield construction began at about 460 ka and continued
until 225ka (Dunkley et al., 1993). Ongoing eruptions culminat-
ing in a withdrawal of magma led to caldera collapse at between
64 42 ka and 7 + 3 ka based on the radiometric age of the lavas on
the caldera wall (Dunkley et al., 1993). The youngest dated trachyte
lavas are dated at 4 +2 ka and occur to the east of the caldera and
basaltic lavas erupted on the northern flank and northeast of the
volcano a few hundred years ago. Silali hosts a caldera at the sum-
mit measuring 7.5 km by 5km with major axis in the NNW-ESE
direction and is suggested to have initiated when the stress field
around the volcano was in that orientation (Bosworth et al., 2003).
The occurrence of the younger NE-SW alignment of volcanic cones
to the east of the caldera suggest that a new stress field is evident
within the rift valley axis whose minimum horizontal stress direc-
tion (SHmin) is sub-parallel to the long axes of the Silali caldera
(Bosworth et al., 2000). Satellite radar interferometry observations
in 2007-2008 (Briggs et al., 2009) has shown that the summit area
at Silali has recently been undergoing active subsidence. Due to
absence of a substantial amount of pyroclastic deposits younger
than the lavas Dunkley et al. (1993) suggests that caldera collapse
could have been triggered by magma withdrawal which drained
laterally beneath the volcano. A north to north-northeast trending
volcanic rift zone, 10 km wide and 30 km long which is character-
ized by an area of intense faulting, fracturing and minor grabens
and shows horizontal tensile openings and aligned volcanic vents
bisects the Silali shield.

The main geothermal manifestations around Silali caldera con-
sist of areas of surface alteration and steaming ground, hot springs,
and fumaroles (Fig. 2). The hottest and most extensive manifes-
tations occur in the eastern half of the caldera floor where areas
of surface alteration and fumaroles are aligned to the NNE fissure
zone with recorded temperature up to 96.8 °C. Both CO, and radon
concentrations are elevated in the areas of high temperature, sug-
gesting deep controlling fractures from where the fumarolic fluids
flow sub-vertically from deep aquifers towards the surface (Marini,
2014). Hot springs are found to the immediate west (Kapedo) and
north-west (Lorusio) of Silali with measured temperatures of 55 °C
and 82 °C respectively. These hot springs discharge water from a
deep geothermal aquifer below the caldera mixed with shallow
ground water.

3. Previous geophysical exploration

Geothermal exploration in the Kenyan northern Rift area began
in the 1970s with gravity and geochemistry (Searle, 1970; Lippard
and Truckle, 1978). The first significant advances occurred during
the 1980s and 1990s with several deep crustal and upper man-
tle studies using refraction seismic and gravity data (Keller et al.,
1994a, 1997, 1994b; Maguire et al., 1994; Mechie et al., 1997;
Prodehl et al., 1997). The first MT and TEM surveys in the study
area were completed in 2005 by the Kenya Electricity Generating
Company (KenGen, 2007) and GDC followed up with extensive MT
and TEM surveys from 2011 to 2014 (GDC, 2011). The data from
these surveys are the basis of the resistivity imaging in this study.

The refraction seismic and gravity studies revealed high veloc-
ity and high density material within the rift zone attributed to
upper crustal dikes, thought to connect to the volcanic centers
(Ebinger, 2005; Swain, 1992). Mechie et al. (1997) suggest that the
lower crust reflectors are due to solidified magmatic bodies at the
crust-mantle boundary. Crustal thinning in the northern part of the
Kenya rift (Mariita and Keller, 2007; Simiyu and Keller, 1997) has
been attributed to crustal extension, probably due to plume activ-
ity beneath the rift segment. A positive gravity anomaly within the
rift graben has been postulated to reflect dyke injection, related
to magma reservoirs in the crust (Keller et al., 1994b; Mariita and
Keller, 2007; Simiyu and Keller, 2001). Chorowicz, (2005), has sug-
gested that sediments and volcanic layers in the graben are 3 km
thick.

In 2010, a new geothermal exploration phase was initiated
(GDC, 2011) as part of an initiative to explore for geothermal
resources within the Kenyan Rift. Extensive MT and TEM surveys
were carried out on all the three volcanoes considered here to
be prospective areas for drilling (Lichoro, 2013; Cumming, 2014;
Wamalwa and Serpa, 2013). The surveys revealed a detailed image
of the resistivity pattern in the uppermost 2 km in Silali area, which
is in agreement with the typical resistivity pattern expected for
trachyte-hosted geothermal reservoirs. From 2010 to date over 400
soundings have been carried out in this region (Fig. 2). Some of the
stations were excluded from the present study because of poor data
quality or because the MT was missing TEM data to provide a static
correction (Sternberg et al., 1988). Recently a microearthquake net-
work has been installed on Korosi, Paka and Silali, to monitor local
seismicity and a gravity survey is being been carried out in the area,
both of which will be used in subsequent research and publications
on this area.

4. MT and TEM data acquisition and processing

The MT and TEM surveys carried out in the Korosi-Paka-Silali
area were designed to image resistivity from the near-surface to
several kilometers depth in order to detect the characteristic resis-
tivity patterns associated with occurrence of geothermal resources
in the context of the geophysics of the major volcanic centers of
the north Kenyan EARS. A total of over 400 MT and TEM soundings
have been acquired in field campaigns between 2005 and 2014 in
the entire study area (see Fig. 2). For most but not all survey sites,
both MT and TEM were acquired.

The MT data were acquired with Phoenix MTU-5A 24-bit record-
ing systems using porous pot electrodes and three induction
coils providing a frequency range of 0.001-320 Hz. Telluric dipole
lengths of either 70 or 100 m were used depending on terrain lim-
itations. Although only a small proportion of the MT data were
processed using a remote reference, electrical noise is very low at
most MT sites in the study area and quality assurance procedures
indicated that estimation bias due to the use of self-referenced
processing (Chave and Jones, 2012) was seldom significant at fre-
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Fig. 3. Typical examples of apparent resistivity and phase curves of MT soundings (red and blue are xy and yx respectively) and determinant apparent resistivity in black
symbols for Korosi, Paka and Silali respectively. A non-1D resistivity pattern is indicated by divergence of the red and blue apparent resistivity curves for periods longer than
1s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

quencies higher than 0.1 Hz. However, this limited the reliable
depth of investigation of the MT to about 2 or 3 km in much of the
study area. The MT time series were processed using the programs
SSMT2000 and MTeditor (Phoenix Geophysics, 2005), based on the
robust approach described by Egbert and Booker (1986), to pro-
duce cross-power estimates and generate EDI files (Wight, 1991).
Graphical displays of standard MT and TEM indicators of noise,
static distortion, and dimensional distortion were used to produce a
quality assurance table proposed by Cumming (2014) to assess the
range of frequencies of each MT station that were suitable for 1D
and 3D inversion. A sample of the MT apparent resistivity and phase
curves from Korosi, Paka and Silali are shown (Fig. 3). The red and
blue curves are apparent resistivity for the two polarizations with

the black response showing the calculated invariant (determinant)
apparent resistivity from which the 1D inversion was computed.
TEM data were collected using a Zonge GDP-32 data logger and
a transmitter with current loop sizes ranging between 100 x 100
and 300 x 300 m square. A receiver coil with an effective area of
10,000 m? was placed in the centre of the transmission loop to
measure the decay of the secondary magnetic field. For this sur-
vey, the transmitter square wave current ranged from 9 to 20 A at
repetition frequencies of 16, 8 and 4 Hz. The measured TEM data
was processed using the TemxZ program (Arnason, 2006) which
provided editing, selection, averaging and error estimation tools to
calculate late time apparent resistivity as a function of time. Since
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the shield volcanoes in the study area have subdued topographic
relief, TEM distortion due to topography is expected to be minimal.

4.1. 1D joint inversion of MT and TEM soundings

The program TEMTD (Arnason, 2006) was used to compute joint
MT-TEM 1D Occam inversions of the TEM simultaneously with
the MT determinant resistivity and phase. These joint 1D Occam
inversions were interpolated to generate the resistivity maps and
cross-sections in this study. In addition to adjusting the model
parameters, TEMTD adjusts a shift multiplier for the MT apparent
resistivity so that both the MT and TEM apparent resistivity can be
fit by the same model. The Occam 1D inversion (Constable et al.,
1987) used fixed exponentially increasing layer thicknesses and
smoothly varying resistivities (Fig. 4). The MT apparent resistivity
shown in Fig. 4 in blue was multiplied by 0.402 to fit the pseudo-MT
curve generated from TEM sounding, shown in red (Sternberg et al.,
1988), providing a consistency check of the two datasets. Noisy data
points were masked to ensure smoothness in the Occam inversion
and, for most of the stations, there was relatively good fit between
the MT and TEM responses. In some cases where the fit was poor
due to noisy data or non-one dimensional structures, the data was
not considered in this study. MT data were also excluded at periods
that were expected to introduce artifacts or seemed inconsistent
with 1D inversion.

5. Joint 1D inversion results
5.1. Iso-resistivity maps

The results for the 1D Occam inversions of the MT invariant
apparent resistivity and phase mode (Arnason, 2006) are presented
as iso-resistivity contour maps and cross-sections across the area of
study. 1D resistivity inversion maps and cross-sections from many
geothermal fields have reliably imaged the resistivity pattern of
geothermal systems to the base of the clay cap, above the reservoir
(Cumming and Mackie, 2010; Ussher et al., 2000; Volpi et al., 2003;
Arnason et al., 2010).

In the Korosi-Paka sector, the resistivity map at 800m a.s.l
(about 400 m depth) in Fig. 5a shows a conductive zone (<10 2 m)
on the western flank of Korosi volcano striking in a SW-NE direction
(Fig. 5a) extending to west of Paka with a branch towards Chepchuk
volcano. Elsewhere to the east moderately higher (10-100 £2 m)
resistivities dominate. The section between Paka and Silali vol-
canoes is predominantly high resistivity (>100 €2 -m), inferred to
be associated with the lava pile from the Katemening eruption
(Dunkley et al., 1993). The flanks of Silali volcano are moderate
in resistivity (10-100 €2 m) with a more conductive zone (<10 2 m)
within the caldera and extending to the east and southeast. The
conductive zone within the caldera is interpreted to be due to
hydrothermal clay alteration at this depth, which is in agreement
with the surface manifestations.

In Fig. 5b, the resistivity pattern at 600 m a.s.I (about 600 m
depth), is similar to the pattern at 800 ma.s.l but low resistivity
(<10 2 m) is more prominent on both east and west flanks of Korosi
and Paka volcanoes and at the Silali caldera, although low resis-
tivity is more extensive to the east and southeast of the caldera,
tentatively interpreted as hydrothermally altered sediments. Else-
where intermediate resistivity (10-100 €2 m) appears to align with
the inner trough of the rift where numerous fractures and faults
are mapped between the Korosi and Silali volcanoes. This zone is
bounded by very conductive segments on both sides.

Resistivity pattern at sea level (Fig. 5¢) shows continuation of
low resistivity (<102m) as seen in the shallower levels above.
These conductive segments seem to be more widespread bound-

ing a resistive zone between Korosi and Paka volcano aligned to
inner SW-NE striking rift boundaries. To the north of Paka volcano,
the low resistivity connects to the inferred altered sediments to
the southwest and east of Silali caldera. Moderate higher resistivity
dominates the Silali caldera increasing further to the south where
high resistivity (<100 €2 m) has been inferred to be associated with
buried lava pile (Dunkley et al., 1993).

[so-resistivity maps are shown (Fig. 5d-f) 400 m b.s.l, 1000 m
b.s.l and 2000 m b.s.l. respectively. The lower resistivity seen in
the shallower levels above seems to diminish in areal extent going
deeper from 400 m b.s.I to 2000 m b.s.l as the moderately higher
resistivity (102m to 1002 m) becomes more dominant in the
inner trough of the rift and beneath the volcanoes. At 1000 m b.s.1
the moderate high resistivity zone seems to extend beyond the
inner trough with pockets of (>100 €2 m) resistivity appearing at
northeast of Korosi volcano, south and northeast flank of Paka vol-
cano.

At 2000 m b.s.l higher resistivity (>100 22 m) dominates in the
northeast of Korosi volcano, south and north of Paka volcano and
to the southwest of Silali volcano. At Silali, deep low resistivity
appears to the east of the caldera and to the southeast flank. These
are areas of massive surface manifestations and where the most
recent eruption took place.

5.2. Cross-sections

Previous results have demonstrated that cross-sections stitched
from a profile of MT stations using Occam 1D resistivity inversions
of the invariant mode can provide a realistic and robust display of
resistivity structure of a geothermal system and has been widely
used to build geothermal resource conceptual models for well sit-
ing and resource assessment (Anderson et al., 2000; Cumming and
Mackie, 2010). Studies from several geothermal fields in Iceland
(Arnason et al,, 2010) have indicated that smooth,

minimum structure 1D inversion of the rotationally invariant
MT determinant data can reproduce complex 3D resistivity struc-
tures fairly well. However in presence of dimensional distortion 1D
inversion might exaggerate and offset resistivity boundary (Dyaksa
etal.,2016). We drew resistivity cross-sections in WNW-ESE direc-
tion to show resistivity variations between the summit area and the
flanks of the volcanoes (Fig. 6). All the profiles map very prominent
thick conductors on either side of the volcanoes which has been
interpreted as altered sediments and/or volcanoclastics deposited
in the rift during past eruptions (Cumming, 2014; Lichoro, 2013).
However, beneath the inferred volcanoclastics there appear verti-
cally oriented resistivity contours below 1500 mbsl (Fig. 6) which
we think could be caused by MT distortion due to lateral bound-
aries that are closer in distance than the depth of the feature. This
distortion might limit model resolution at the base of the inferred
volcanoclastics.

In the summit areas the resistivity pattern is characterized by a
thin resistive (>60 £2 m) surficial layer underlain by a more conduc-
tive layer that is about 10 2 m at the Silali and Paka volcanoes and
about 30 2 m at the Korosi volcano. The conductive layer is gener-
ally thinner in the summit areas where it is likely to correspond to
low temperature hydrothermal smectite clay alteration and thicker
adjacent to the volcanoes where it is interpreted as volcanic sedi-
ments and weathered ash with high smectite clay content. A higher
resistivity zone is detected below the conductive clay layer on all
of the MT profiles. The value of the higher resistivity below the
conductor is more ambiguous, both because of inherent limita-
tions to MT (Chave and Jones, 2012) and local data quality issues
(Cumming, 2014). However, the elevation of the transition from
lower to higher resistivity at the base of the conductor is typically
reliably resolved using 1D inversions of the MT invariant or TE-
mode in geothermal settings, except near lateral discontinuities in
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the conductor (Dipippo, 2016) and this has been an important diag-
nostic in geothermal exploration. A local apex in this transition is
sometimes correlated with the top of a high temperature geother-
mal reservoir (Anderson et al., 2000), although such features are
ambiguous since they can also be correlated with warm bouyant
outflows from a geothermal reservoir, shallow smectite clay over-
lying the resistive illite clay (phyllic) cap of a deeper geothermal
reservoir, or relict alteration over an old reservoir that has cooled
(Cumming, 2016). The base of the conductive zone (the top of the
resistive zone) is more elevated below the eastern half of the Silali
volcano, below the Paka summit area and to the SE of Korosi vol-
cano, possibly corresponding to the apex of a high temperature
geothermal reservoir. The ambiguity in the interpretation of the
elevated base of the conductor and of the lateral transition from the
hydrothermal clay cap over a potential geothermal reservoir to the
adjacent clay-bearing sediments is addressed by interpreting the
MT resistivity in the context of an integrated conceptual model that
is consistent with all available geoscience data and thermodynamic
constraints.

In order to characterize resistivity along the rift we constructed
a cross-section cutting through all the volcanoes in the north-south
direction and aligning with the orientation of the rift (Fig. 7). The
profile shows a succession of resistive-conductive-resistive layers
commonly associated with high temperature geothermal systems
hosted in volcanic systems (Arnason et al., 2000, 2010). It shows a
thin top resistive layer continuous along the entire section inter-
preted as volcanic piles in the shallow sub-surface. They overlie
a conductive layer (~14 2 m) with variable thickness and depths
along the profile with a break in the region between Paka and
Silali volcanoes where an inferred thick lava pile from the Kate-
mening eruption (Dunkley et al., 1993) has been proposed. In both
sectors, the conductive layer domes beneath Korosi-Paka area and
beneath the eastern part of the Silali caldera before deepening sig-
nificantly to the NE of Silali caldera where volcanoclastic deposition
has been suggested. The doming of the conductive layer in the

area between Korosi and Paka and in eastern half of Silali caldera
could be related with up-flow zones below these areas. This is vali-
dated by high hydrogen concentrations measured in the discharged
steam from the fumaroles at the summit areas at Silali, Paka and at
the Korosi crater which might indicate proximity to a high temper-
ature resource (Kipng'ok, 2011; GDC, 2011). Outside the summit
areas lack geothermal surface expressions probably due to thick
pyroclastic cover as seen in the Olkaria-Domes area in the southern
rift where geothermal reservoirs have been discovered (Onacha,
2006).

6. Geothermal properties of the Korosi-Paka-Silali Block

Young calderas and volcanic edifices with surface manifesta-
tions of geothermal activity are indicators of potential geothermal
resources. Using MT, we further identify and characterize areas
of promising geothermal potential within different sectors of the
study area. It should be noted that lack of any conductor would
imply high risk of encountering an underlying commercial geother-
mal system. On the other hand, the presence of a conductor over
a resistor is ambiguous because, although this pattern is typical of
almost all geothermal reservoirs, it is also commonly observed in
non-prospective areas. For example, it is typical of clay-rich sedi-
ments overlying older volcanics or metamorphic basement in rift
basins. However, the presence of a conductor overlying a resistor
with the base of the conductor rising towards thermal manifes-
tations with high temperature geothermometry is a more reliable
indication of a geothermal reservoir and, in such cases, the resis-
tivity pattern is the principal constraint on resource size.

A volcano-hosted geothermal system within the Silali caldera
and extending east and southeast of the caldera (Fig. 6a) is char-
acterized by low resistivity at shallow depths that may be due
to higher smectite clay content. Beneath the smectite cap east of
caldera, an extensive higher resistivity zone, interpreted in part as
hosting a geothermal reservoir, is apparent if we are to consider
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the most optimistic (P10) model (Cumming, 2016) but the south-
east area is more like a P90 model based on the thickening and
deepening of the conductor.

In the Paka volcanic zone (Fig. 6¢), alow resistivity cap (<14 2 m)
overlays a resistive zone up doming at the summit caldera and
deepening on either side of the volcano. Paka is an area of
enhanced permeability as evidenced by massive fumaroles partic-
ularly within the summit area (Fig. 6¢). The massive occurrence of
fumaroles along faults suggests leakage of steam where the cap is

cut by the faults. The presence of shallow low resistivity at the loca-
tion of these fumaroles suggests that they are a surface expression
of a major up-flow zone of the deeper heat sources.

In contrast, the Korosi area (Fig. 6e) shows resistivity struc-
ture with medium resistivity (about 30 2 m) at the summit area
which departs from the low resistivity cap. This could be due to
the dominance of trachytic rocks in the volcano and hence lack
of the smectite alteration as discussed previously, resulting in a
moderate resistivity (>30 2 m). This is caused by lack of magne-
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sium in trachyte lava that inhibits smectite alteration (Cumming, on the flanks of the volcanoes (Fig. 6b and c) the same resistivity
2016). Trachyte ash and breccia exposed to meteoric water can alter sequence prevails but the low resistivity zones are more uniform
to smectite because an external source of Mg is available. Beneath in thickness in the middle portion which corresponds to the mar-
the inferred ‘trachyte cap’ higher resistivity dominates with deeper gins of the inner rift. All the cross-sections are characterized by
and thicker low resistivity on both sides. For cross-sections plotted thicker and deep low resistivities on both the northwest and south-
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east flanks. These low resistivities could be related to conductive
sedimentary units/volcanoclastics deposited during past volcanic
eruptions.

The area of study has undergone extensional tectonics as evi-
denced by numerous fractures and faults. In the sector between
Korosi and Paka volcanoes the rift trends in the SW-NE direction
and from Paka volcano northwards it changes trend to north-south
(Fig. 2). Similarly the moderate high resistivity at sea level (Fig. 5¢)
mimics the same trend with a break in between Paka and Silali vol-
canoes where the resistivity trend is offset to the west. This break
and the accompanying offset maps a possible buried structural shift
in the rift alignment between Paka and Silali volcanoes. This implies
that the rift axis at Silali volcano has recently moved to align with
the Paka volcanic axis, as evidenced by the inactive alteration in
the west of the caldera with more recent hydrothermal activity
occurring in the eastern sector.

7. Discussion and conclusions

One-dimensional inversion of MT data indicates the geometry
of geothermal systems associated with the Korosi, Paka and Silali
volcanoes which are characterized by similar resistivity structure.
A resistive top layer between 200 m to 500 m along the rift over-
lies a very conductive layer (~10 2 m) in the Paka-Silali segment
and a moderate resistivity layer (about 30 2m) beneath Korosi.
Both are underlain by a higher resistivity core (~60 2 m) which
domes beneath the volcanoes. The resistive surface layer is associ-
ated with recent, well-drained tuffs and lavas. The second layer is
low resistivity, reflecting hydrothermal alteration with conductivi-
ties dictated by the amount of smectite in the layer. The third layer is
higher resistivity, potentially corresponding to a geothermal reser-
voir with upwelling zones represented by the higher resistivity
doming beneath a low resistivity cap associated with thermal man-
ifestations on individual volcanoes. Flanking the volcanoes are very
thick and deep conductors, which have been interpreted as volcan-
oclastic sediments. It should, however, be noted that as MT high
frequencies are attenuated at shallow depth, the resolution of 1D
inversion deteriorates below the base of the low-resistivity layer
representing the hydrothermal alteration zone. However, when
carefully integrated with geological and surface manifestations the
geometry of the hydrothermal alteration zone as mapped by 1D
inversion can give very clear indication of location of geothermal

reservoirs and upwelling zones. These upwelling zones are man-
ifested by elevation of the base of clay cap (BOC) driven by the
buoyancy of geothermal fluids that may suggest higher tempera-
tures and hence geothermal system in that region. This can also be
used to interpret the likely outflow direction from a geothermal
upflow. The most elevated point of the BOC acts as a safe bet dur-
ing well targeting. The trend of the resistivity at sea level (Fig. 5c) is
aligned with the strike of the exposed faults, indicating that the rift
controls volcanism and hence the resistivity trend could be related
to the lithologic units.

The resistivity pattern is consistent with many geothermal sys-
tems around the world, where a low permeability, low resistivity
clay cap overlays a more resistive high permeability reservoir.
However, the low resistivity alteration layer is not well devel-
oped in some sectors due to lower production of smectite which
is consistent with trachyte. This is because trachyte is lower in
magnesium than basalt therefore magnesium must be added to
trachyte or phonolite by groundwater to form smectite (Cumming,
2016). Reduced intensity of alteration might also be due to lower
permeability in trachyte as compared to basalt. According to
(Hjalti Franzson, personal communication, November 2016) tra-
chyte reacts slowly to alteration, which might explain why trachyte
rocks are more resistive against alteration compared to basalt. The
lack of clay cap may occur in some high temperature volcanic-
associated geothermal systems (Mufioz, 2014).

The resistivity structure in this study can be interpreted in terms
of alteration mineralogy where the low resistivity cap can be associ-
ated with the smectite which transition to illite/chlorite in the high
resistivity core (Arnason et al., 2000; Gunderson et al., 2000; Ussher
et al., 2000). These clay transitions are controlled by both tempera-
ture and kinetics (Essene and Peacor, 1995) in a rock matrix where
smectite is roughly proportional to its water content. According to
Gunderson et al. (2000), as smectite-bearing rocks are compacted
and indurated, smectite becomes more dehydrated as it transitions
to mixed layer smectite-chlorite/illite, and also gradually increases
in resistivity. As a result, temperature at the base of a low to mod-
erate resistivity smectite and mixed layer clay cap can vary widely.
Alteration of precursor minerals to smectite can begin at 60 or 70°C
and the transition from the smectite to chlorite and illite takes place
over a wide range of temperature up to 240 °C (Ussher et al., 2000),
making the transition from low to high resistivity a poor predictor
of specific temperature.
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Although temperature is the most important factor in clay tran-
sitions, there are many other controls on the transition from low
resistivity smectite to more resistive clays, and so these transitions
occur through a wide range of temperature. Therefore, it is seldom
possible to reliably assign a temperature to a specific resistivity
in rocks that include a significant quantity of hydrated smectite
clay. However, based on interpretations of the water table, geo-
chemistry and resistivity pattern, a pattern of isotherms can be
constrained in order to produce the resource conceptual model
needed to guide geothermal well targeting (Cumming, 2016). The
clay transitions considered include; 1) alteration of precursor min-
erals to low resistivity smectite, and 2) alteration of smectite to
moderate resistivity mixed layer clays, and 3) alteration to high
resistivity chlorite (basalt) and illite (andesite etc). The factors that
control the clay transitions include; 1) temperature, 2) pore water
saturation, 3) pore water and gas chemistry, 4) the evolution of
permeability/porosity, 5) mineral chemistry, 6) burial/compaction
history), 7) fluid pressure (albeit mostly through its effect on phase
and gas dynamics in shallow epithermal cases), 8) the thermody-
namics of clay alteration, etc. Essene and Peacor (1995) focus on
a thermodynamic model to explain why clay geothermometry is
unreliable but also review the literature relevant to the processes
that affect the clay transitions.

With respect to resistivity interpretation in the EARS, one basic
point is that low resistivity shallower than 2km is very likely
to correspond to low permeability smectite clay. Its relationship
to thermal manifestations can indicate its likelihood of acting as
a cap over a high temperature geothermal reservoir. Although
the transition from low to high resistivity over a high tempera-
ture geothermal reservoir is sometimes correlated with a specific
temperature range, this depends on its context within the over-
all conceptual model. Outflows of hot water from a geothermal
reservoir at temperatures below 200 °C also create a low resistivity
smectite cap. Unless the outflow has cooled from a period when the
geothermal reservoir was at higher temperature, the chlorite and
illite content of the permeable rocks associated with the outflow
may be relatively low, although alteration is often intense, domi-
nated by other resistive alteration minerals like silica that deposits
as water cools below 180°C. A low resistivity smectite zone has
been interpreted as capping an outflow that extends west of Silali
caldera, for example (Melosh et al., 2014).

In addition, sometimes more resistive types of clay can form a
cap that supplements a smectite cap (Meloshetal.,2010). For exam-
ple, based on hydrology, thermodynamics, geological analogs and
MT resistivity, Cumming (2014) and Melosh et al. (2014) suggested
that Silali was likely to have something like a phyllic cap below
its smectite cap in some area, which in many developed geother-
mal systems, corresponds to reservoir but might also signify older
hydrothermal system and a deeper resource.

7.1. Gas and water geochemistry

The geochemistry of the fumaroles, hot springs, cold springs and
soil gas indicate that one or more geothermal reservoirs suitable for
power production are very likely to occur within the Silali-Paka-
Korosi volcanic segment. As is typical of geothermal exploration,
the location and chemistry of fumaroles and hot springs interpreted
in the context of the resistivity pattern and geology provide the
most reliable constraints on the general properties of a resource
conceptual model, including its permeability geometry, chemistry,
pressure and temperature (Dipippo, 2016). Because this study is
directed at assessing the occurence of the geothermal systems with
respect to major volcanic centers, fissure eruption zones and other
geophysically prominent features of the north Kenyan segment of
the EARS, the geochemistry is reviewed to establish confidence in
the existence of a geothermal system, not to build the detailed

range of geothermal conceptual models used in risk assessments
of drilling targets and resource capacity.

Because Silali geochemistry (Marini, 2014) has been integrated
with other geoscience data in a range of resource conceptual mod-
els to support a well targeting and resource capacity assessment
at Silali (Melosh et al., 2014), the high likelihood for the existence
of a geothermal resource at Silali is well established. A recently
active magmatic heat source is suggested by anomalous 3He/*He
isotope ratios as high as 8 from several fumaroles. Gas geother-
mometry of 310-350 °Cindicates a likely liquid reservoir below the
fumaroles on the southeast rim of the caldera, implying a relative
deep resource of at least 1.3 km, up to 2.3 km. Fumaroles outside
the caldera show evidence of boiling and atmospheric interaction
that makes geothermometry unreliable. The geometry of the base
of the MT low resistivity zone is consistent with an interpretation
of these fumaroles as a boiling outflow. The bicarbonate-chloride
Kapedo and Lorusio hot springs, located at the base of the west and
northwest flank of Silali, establish a water table and their cation
and silica geothermometry of about 120-125 °C is consistent with
gradual cooling in a>10 km outflow from a 310-350°C resource.
The distribution of anomalous CO, content in soil is generally con-
sistent with, but likely to be more reliable than, the 222Rn activity
in soil, implying that an area of over 25 km?2 has been affected by
high temperature upflow and lower temperature outflow at Silali
(Marini, 2014).

Because the geochemistry for the Paka and Korosi volcanoes has
not been integrated with the geophysics and geology data sets and
tested for consistency in geothermal resource conceptual models
with the same detail that has been applied at Silali, the geochem-
istry results are more ambiguous, particularly with respect to the
reliability of the geothermometry. The large number and extent of
fumaroles at Paka, the gas geothermometry up to 300°C and the
3He/*He isotope ratios as high as 8 (Dunkley et al., 1993; Kipng'ok
and Nyamongo, 2013) provides reliable evidence for the existence
of a high temperature system. The gas geothermometry of Korosi
fumaroles is reported as 240°C with an ambiguous hint of tem-
perature over 350°C. CO2 and H2S Gas geothermometry at Korosi
indicate temperatures of 357 and 267 °C respectively (Kipng'ok,
2011; Ofwona et al., 2006). The areas of anomalous CO, content in
soil of 33 km? at Paka and 16 km? at Korosi (GDC, 2011) likely reflect
both upflow and outflow zones. The smaller area for Korosi may be
due to the limited extent of the survey in the likely direction of out-
flow to the northeast. The fumaroles with the high geothermometry
are located in areas where the base of the MT low resistivity clay
cap is at a local high in elevation.
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ARTICLE INFO ABSTRACT

The Northern Kenya Rift has been the least studied sector of the Kenyan part of the East African Rift due to its
remote location. Geothermal exploration conducted in the last ten years has greatly improved the geophysical
constraints on the geology of this area. Recently, about 515 gravity stations have been surveyed around the
Korosi, Paka and Silali volcanoes and analysed in conjuction with resistivity data from over 300 MT stations in
order to jointly interpret the density and resistivity distribution of the Northern Kenya rift. Our models of the
gravity data are in good agreement with previous MT and TEM resistivity studies of the individual volcanoes.
The new Bouguer gravity map is characterized by a 10 to 15 km wide gravity high of 8 mGal amplitude striking
NNE along the inner rift corresponding to resistivity > 50 Qm below 2 km depth. Gravity lows due to structures
shallower than 2 km depth at the Paka and Korosi volcanoes have been interpreted as low density bodies within
their edifices, likely to consist of either unaltered near-surface pyroclastics or deeper tuffs altered at 60 to 180°C
to hydrothermal smectite clay. Magnetotelluric (MT) resistivity models were used to further constrain the 2D
gravity models. The high resistivity, low density near-surface rocks on the flanks of the volcanoes are interpreted
to represent unaltered pyroclastics above the water table, whereas low resistivity, low density bodies underneath
the Paka and Korosi volcanoes indicate low density tuffs, hydrothermally altered to hydrated smectite clay.
Below 2 km depth the deeper high density zone beneath the volcanic inner rift is likely to be a combination of
higher temperature, low porosity alteration associated with geothermal reservoirs and/or denser rocks related to
intrusions. As expected, the greater proportion of dense lavas associated with fissure swarms mapped at the
surface coincide with both relatively high gravity and MT resistivity south of Paka volcano. However, farther
north between Paka and Silali volcanoes, the trends in higher gravity and resistivity lie west of the currently
active fissure zone. This apparently inconsistent trend in the gravity and resistivity has been interpreted as lavas
buried below recent tuffs and clastics associated with a former alignment of fissure eruptions in the rift about 7
km to the west of the current axis of eruption between Paka and Silali.

Keywords:
Bouguer anomaly
Residual anomaly
Density contrasts
Resistivity
Intrusions
Kenyan rift

1. Introduction (Ebinger and Sleep, 1998; Nyblade, 2011) that is the source of the

volcanic rocks that have been erupted across the plateau over the last

1.1. Rift tectonics and overview of the Kenya Rift

The Kenya Rift is part of the East African Rift (EAR) system that runs
from the Gulf of Aden in the north to Mozambique in the south and acts
as a boundary between the Nubian and the Somalian plates. The Kenya
Rift stretches from Lake Turkana in the north to northern Tanzania in
the south and is centred on the Kenya domal uplift (Fig. 1a). The dome
has been attributed to the presence of an underlying mantle plume

approximately 30 Ma. This is consistent with geophysical data sug-
gesting that the rift formed above a mantle plume (Nyblade et al., 1990;
Ebinger et al., 1989; Green et al., 1991; Achauer, 1992). The upwelling
of the mantle plume has caused extensional strains and fracturing of the
brittle crust into a series of normal faults giving the classic horst and
graben structure of present rift valleys. A combination of crustal ex-
tension and plume-related thermal erosion at the base of the crust
(Corti, 2009; Ring et al., 2014) has been postulated to be the cause of
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Fig. 1. (a) Map of the East African Rift System showing the Kenyan and Ethiopian domes that overlay the rift and the associated plate boundaries (EARS; from SRTM;
Wood and Guth, 2015). The black rectangle shows the Kenya rift segment, the red box shows the area of study. (b) Map of the Kenya Rift showing geothermal
prospects in Kenya (modified from Clarke et al., 1990). The rectangular red box outlines the volcanoes considered in this study and the area shown in subsequent
maps in Figs. 3, 6 and 7. The gray-dotted line indicates the location of profle in Fig. 2. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article).

crustal thinning beneath the Kenyan rift (Ebinger, 2005).

The EAR is reported to be opening at a rate of 3-5 mm/yr (Stamps
et al.,, 2008; Calais et al., 2006); If the African plate is also drifting
northwards as reported by George et al., (1998), it complicates exten-
sional motion of the rift such that the rate of rift opening in the east-
west direction is counteracted by the northwards plate drift due to
impact with Arabian plate, thereby reducing the effective rift extension.
Rift extension has been reported to be greater in Afar 1200 km north-
east of the Northern Kenyan Rift (Schilling et al., 1992; Keller et al.,
1994b; Ebinger et al., 1989).

Crustal thickness varies in the Kenyan Rift from 35 km at the apex of
the Kenyan dome around Lake Naivasha, 200 km south of the study
area, to 20 km in the thinned section at Lake Turkana, 150 km north of
the study area (Ebinger et al., 1989; Maguire et al., 1994; Mechie et al.,
1997; Keller et al., 1994b;). Beneath the thinned rift section, lies a low
P-wave velocity mantle of 7.5 km/s implying magma residence in the
upper mantle (Achauer, 1992; Mechie et al., 1994). The extensional
strains that caused crustal thinning (Mechie et al., 1997; Maguire et al.,
1994) could have been accompanied by partial melt leading to dike
injection and volcanism. Additionally, upper crustal studies suggest that
large amounts of mantle derived intrusions all along the rift axis pe-
netrated to depths of 3-6km in the shallow sub-surface (Baker and
Wohlenberg, 1971; Mohr, 1987; Swain, 1992). Williams (1972) has
estimated that about 144,000 km® of volcanics have erupted all along
the present Kenya rift since early Miocene. However, this volume alone
is not sufficient to account for the greater than 30 km of crustal ex-
tension suggested by regional gravity (Prodehl et al., 1997; Morley,
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1994) which means that part of the extension has been accomodated by
emplacement of intrusions in the subsurface. The Kenya rift is still ac-
tive as evidenced by recent observations, ranging from high rate of
seismicity, evidence of high surface heat flow, recent volcanism and
more recent inflation events at some of the volcanoes (Biggs et al.,
2016, 2009).

Within the rifts, as reported both in Iceland (Bjornsson et al., 1977;
Sigmundsson, 2006) and Afar triangle in the Ethiopian rift, (Wright
et al., 2006; Grandin et al., 2009; Rowland et al., 2007) rift opening is
commonly characterized by surface faulting and widening, followed by
dike injections from the volcanic centres. In some instances such dike
intrusions have apparently propagated laterally from the base of the
volcanoes in the northern Kenya rift and sometimes resulted in fissure
eruptions (Dunkley et al., 1993). This is supported by the low volumes
of erupted lava at the volcanoes. An example is the Silali volcano,
which was subject to withdrawal of large volumes of magma beneath
the volcano and subsequent caldera formation (Dunkley et al., 1993).
Subsidence of 2cm/yr occurred at Silali volcano in the period
2006-2010 (Biggs et al., 2016) pointing to on-going extensional tec-
tonic forces generating space in the crust to allow magma drainage from
a shallow magma chamber.

Volcanic development in the Northern Kenya Rift initiated with the
formation of Quaternary volcanoes less than 1 Ma ago. Korosi, Paka and
Silali volcanoes are located in the inner trough of the rift where they
form low-angle shield volcanoes composed predominantly of trachytic
and basaltic lavas and pyroclastic deposits (MacDonald, 2003; Dunkley
et al., 1993; Williams et al., 1984). The volcanoes at Korosi, Silali and
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Paka formed about 500 ka, 460 ka and 390 ka respectively with caldera
collapse at Silali and Paka occurring at about 64 ka and 10 ka, re-
spectively (Dunkley et al., 1993). Subsequently, volcanic domes formed
at all three volcanoes. All of these volcanoes are intersected by the
10 km axial rift wide fault zone that strikes in a NNE-SSW direction.

Geothermal development in the East Africa region has been ongoing
for about 40 years which has led to substantial geothermal power
production (~600 MWe) in Olkaria and drilling is ongoing and power
plant construction under way in the Menengai geothermal field in the
central Kenya Rift (Fig. 1b). Some power production is also at Aluto
Langano in the Ethiopian part of the EAR. Exploration for geothermal
energy in the northern Kenya rift began in the 1990s but was intensified
in 2010 after the formation of the Geothermal Development Company
(GDC). This was motivated by earlier results that hinted at potential
geothermal resources. Numerous hot springs, altered ground and fu-
maroles within the study area have created interest for geothermal
exploration.

The area under study here includes three major volcanoes namely
Korosi, Paka and Silali (KPS) that lie within the Northern Kenya rift
segment. The KPS sector was chosen for this study since it is the next
frontier for geothermal exploration in Kenya after earlier studies had
indicated possible geothermal potential. Preliminary studies
(Cumming, 2014; Ofwona et al., 2006; Lichoro, 2013) along the rift had
detected thick zones of low resistivity on the flanks of the volcanoes
that were interpreted as infilling by clastics of the rift adjacent to the
fissure and volcanic eruption zones, a conclusion that could be verified
using gravity data. In a previous study (Lichoro et al., 2017), we dis-
cussed the resistivity structure of the KPS segment inferred from an
extensive magnetotelluric (MT) and transient electromagnetic (TEM)
resistivity survey.

In the current study, we present a gravity survey meant to com-
plement earlier resistivity studies in order to further constrain the
geologic setting of the potential geothermal resources. Over several
field campaigns between 2014 and 2017, a total of 515 gravity stations
were occupied. The analysis of the gravity data in this study includes
assessing density within the elevation range of the gravity stations to
compute Bouguer gravity, estimating regional and residual gravity,
reviewing of gravity maps with respect to geology and producing
models of subsurface density variation that are consistent with the re-
sistivity structure revealed by the MT/TEM survey (Lichoro et al.,
2017). We expect the locally close spacing of the gravity stations to
reduce ambiguity in the shallow and deep parts of the gravity models
and reveal sub-surface structures that are otherwise unidentified by
surface geological mapping.

Since interpretation/modelling of gravity data is ambiguous (many
models can explain the gravity data), the density models derived in this
study have been constrained by jointly interpreting the gravity with the
MT resistivity and geology. For example, on the volcanoes, a resistive
zone near the surface above the water table will likely correspond to
unaltered volcanics, which could be either lavas or pyroclastics.
However, if correlated with relatively high gravity, then the resistive
zone is more likely to be dense lava. On the other hand, a low resistivity
zone above the water table on a volcano that is correlated with a local
gravity low is likely to be associated with pyroclastics altered to low
temperature clays in the vicinity of a boiling geothermal field or an
active volcano. In contrast, a thick low resistivity below the water table
that correlates with low gravity in the flat areas between the volcanoes
is likely to correspond to clay-rich volcanoclastics. The low gravity in
this case is due to the low density of the relatively high porosity sedi-
ment and volcanic ash, whereas the low resistivity is due to the high
clay content from weathering. Low density pyroclastics below the water
table or above a boiling zone will typically alter to low density smectite
clay at roughly 70 to 150 °C near a geothermal system (Ussher et al.,
2000). At higher temperature within a geothermal system, the clay
loses water as the smectite further alters to chlorite-illite, and the rock
becomes significantly denser. Rocks found in the study area range from
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basalt and trachyte with typical density of 2.55 g/cm® to pyroclastics
with density ranges from 1.2 to 2.5 g/cm® (Cantini et al., 1990).

We review previous geophysical surveys before presenting the de-
tails of the more recent gravity survey and its interpretation. 2D gravity
models along MT resistivity profiles helped constrain the geometry of
the density model while considering the geology, subsurface densities.

2. Previous geophysical studies

Most of the published geophysical studies in the Kenyan rift have
been regional in scope both areally and with depth extending into the
mantle. Broadly, gravity anomalies within the Kenya rift have been
characterized by a long-wavelength minimum due to mantle structure
and shorter-wavelength anomalies due to crustal structure (Swain et al.,
1994). The large scale gravity low aligned with the rift, with wave-
length generally over 250 km perpendicular to the rift strike, has been
attributed to shallowing of the lithosphere-aesthenosphere interface
(Ebinger et al., 1989). Simiyu and Keller (1997) have modelled gravity
of the entire East Africa plateau showing distinct gravity low associated
with the Kenya dome suggesting a deep anomalously low mantle den-
sity beneath (lithosphere-aesthenosphere interface). In the northern
Kenya rift, Mariita and Keller (2007) have modelled variations in
crustal thickness and upper mantle structure which supports earlier
studies (Mechie et al., 1994) that indicated crustal thinning from 35 km
near Menengai in the south to 20 km at L. Turkana in the north (Fig. 2).
This is indicative of the Moho topography which has a characteristic
low gravity over high gravity.

Beneath the rift where the asthenosphere comes to the base of the
crust, the regional gravity low would be expected to be a minimum;
however, a narrower gravity high is aligned within the overall low due
to magmatic modification of the upper crust (Swain, 1992). This
magmatic modification of the upper crust is more prominent below the
major Quaternary volcanic centers that produce a series of isolated
axial gravity highs (Simiyu and Keller, 2001). Mariita and Keller (2007)
have modelled a Bouguer gravity profile across the Barrier complex in
the North rift, indicating a broad high gravity anomaly consistent with
a mafic body in the upper crust. Similarly, the axial gravity profile from
Lake Turkana in the north to Menengai volcano in the south show a
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Fig. 2. North-South gravity model along the axis of the rift shown in Fig. 2b
(modified from Mariita and Keller, 2007). It illustrates the thinned crust in the
northern Kenya rift.The red arrow shows approximate area of study. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).
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series of gravity highs corresponding to major volcanic centres (Fig. 2).
Simiyu and Keller, (2001) reported similar correspondence between
gravity highs and Menengai, Eburru, Olkaria and Suswa volcanic cen-
ters in the southern Kenya rift (see locations on Fig. 1b). Mariita and
Keller (2007) attributed the axial gravity high associated with the main
volcanic centers to mafic bodies and the less prominent adjacent highs
and to densification of the upper crust due to diking and Precambrian
basement horst blocks. Elsewhere within the rift, south of Suswa vol-
cano, there is no indication of a broad gravity high or crustal thinning
as seen in the north which is consistent with the lack of mafic intru-
sions, increased low-density volcanic deposits and reduced crustal ex-
tension southwards (Baker and Wohlenberg, 1971).

The high gravity along the inner axis of the rift (Fig. 1b) corresponds
to high seismic velocity (6.0-6.1 km/s) implying presence of denser
rocks at 3-6 km depth (Swain, 1992; KRISP, 1987). In the part of the rift
considered in this study, the positive anomalies also generally coincide
with intense faulting and fissuring at the surface. Refraction seismic and
gravity studies have revealed high velocity and high density material
within the rift zone attributed to upper crustal dikes that connect to the
volcanic centers in the rift floor (Ebinger, 2005; Swain, 1992). Addi-
tional evidence of axial high density and high velocity along the rift
(Swain, 1992) is corroborated by the high P-wave velocity zones that
Keller et al. (1994a) attributed to mafic intrusives and crustal thinning.

Direct density measurements of rock samples from deep geothermal
wells in Olkaria (Simiyu and Keller, 2001) show density variation from
2.4 g/cm? in the shallow part of the wells to 2.7 g/cm® at 3000 m depth
which is representative of upper crustal density. Elsewhere rock sam-
ples from Suswa volcano (Cantini et al., 1990) show that a wide range
of densities would likely occur in the study area. For example trachyte
and basalt lavas with typical density of 2.55 g/cm® were identified at
most depths and alteration states, while pyroclastics on the other hand
have densities in the range of 1.2-2.5 g/cm®, depending on their sa-
turation state and alteration rank.

Recent MT resistivity studies in the area between L. Baringo and
Silali volcano (Lichoro et al., 2017) have mapped 2-3 km thick low
resistivity structures on both the northwest and southeast flanks of the
rift and an axial high resistivity along the inner rift (Fig. 6d). The low
resistivity is related to conductive sedimentary units/volcanoclastics
deposited during past volcanic eruptions wheareas the high resistivity
reflects buried intrusions beneath the fractured rift segment. In the
sector between Korosi and Paka volcanoes (Lichoro et al., 2017), the
high resistivity at sea level and mapped fissure swarm trends in the NNE
direction. However, from Paka volcano northwards the high resistivity
is offset westwards as the fissure swarm continues straight NE of Silali
caldera. This break and the accompanying offset maps a possible buried
structural shift in the rift alignment between Paka and Silali volcanoes
(Fig. 6d). This implies that the rift axis at Silali volcano has recently
moved to align with the Paka volcanic axis, as evidenced by the inactive
alteration in the west of the Silali caldera with more recent hydro-
thermal activity occurring in the eastern sector (Lichoro et al., 2017;
Dunkley et al., 1993).

3. The gravity survey

The gravity survey discussed here covers the area between Lake
Baringo in the south to Silali volcano in the north (Fig. 3). The coverage
was focused mostly on the Korosi, Paka and Silali volcanoes in order to
better constrain conceptual models being developed for geothermal
resources that have been associated with these volcanoes based on a
wide variety of geoscience data (Melosh et al., 2014). A total of
515 gravity stations were measured by Geothermal Development
Company (GDC) between 2014 and 2017. The gravity station spacing
ranges from 200 to 500 m along traverses spaced from 2 to 10 km apart
(Fig. 3). The survey coverage was limited by the slower progress of off-
road surveys along more regional traverses and by topographical access
limitations in the volcanic areas of greatest interest.
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Field measurements were made using a Scintrex CG-5 gravimeter
(0.001 mGal resolution) with between 3-5 readings taken at every
station. A gravity base station (Lat: 0.602038, Lon: 36.003956, Elev.:
1036.7 m, g: 977,668.989 mGal) was established by GDC at the junc-
tion of the Kampi Samaki and the Marigat-Loruk roads (Fig. 3). Read-
ings were tied to this base station with reoccupation at the start of each
loop in the morning and again about 8 to 12h later after the day's
readings. The standard deviation of the differences in daily readings at
the reoccupations of the base station was 0.013 mGal for the entire
survey period. Elevation and location measurements were achieved
through post-processing of data collected by Trimble GeoXT DGPS in-
strumentation with nominal precision of less than 0.05m in x, y and
less than 0.10 m for z, implying a gravity uncertainty related to eleva-
tion of less than 0.03 mGal.

4. Gravity data processing

In the data processing, gravity corrections were performed to pre-
pare the standard Total Bouguer gravity data set used to prepare maps
where relatively high or low gravity values will be correlated with re-
latively high or low density in the subsurface. Standard gravity reduc-
tion procedures were followed (Telford et al., 1990).

Both the Bouguer and Terrain corrections are geological in nature as
they depend on density of rocks within the range of elevation of the
survey area. The Bouguer gravity reduction formula is given by:-

Ag = Gops — G + 0.3086 h—0.04191ph + Tec. (@9

Where Ag is the Bouguer anomaly, G is observed gravity value at
a station after drift and tide corrections, while G, is the gravity value
that would be observed if the earth was a perfect rotating ellipsoid, p is
the density of the horizontal slab in g/cm?, h is the height of the station
in meters relative to sea level and Tc is the terrain correction.

The processing was completed using the “Gravos” gravity reduction
program developed at Iceland GeoSurvey (ISOR), which converts initial
station readings into absolute gravity values (Gops). Input parameters to
“Gravos” include observed gravity readings at each station of each
survey loop, the instrument calibration table, known absolute gravity
value at the base station and the gravity station coordinates.

4.1. Elevation corrections

The output from Gravos program is further processed by the “Terra”
program developed at ISOR that calculates terrain corrections. This
program is developed on the principle of the Hammer chart method
(Hammer, 1939) which divides the area into several zones and skips the
first two zones near the observation station which are assumed to be
relatively flat within 20 m radius. Terrain correction was done with a
digital elevation model drawn from the ASTER DEM with cell size of
30.8 m and extending for 50 km region beyond the survey area.

Due to limited accuracy of the DEM, we evaluated the differences
between DGPS measured heights and corresponding DEM heights at
every gravity station. This difference varied between 0 m to about 50 m
(see example for the Paka area in Fig. 4). We therefore eliminated all
gravity data points that had elevation difference greater than 15m
before plotting the Bouguer maps. This difference in elevation is likely
brought about by the inaccuracy of the ASTER terrain model since there
are no ground control points in this area and also the elevation con-
sistency of the ASTER DEM has not been fully reviewed globally. Be-
cause the mean difference indicates that the ASTER DEM has a datum
shift of about 5m relative to the geodetic datum used for the gravity
station DGPS survey, terrain corrections are computed relative to the
elevation of the ASTER DEM at the gravity station.
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Fig. 3. Location of gravity stations (blue dots), the black triangle marks the base station. Black lines show the mapped fissure swarms; brown lines outline the three
main volcanic centres: Korosi, Paka and Silali. Black dotted lines represent calderas, white circular features craters and red stars fumaroles. Coordinates are in UTM-
km zone 37 (WGS84). For the location of this area refer to Fig. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article).

4.2. Near-surface density determination

In order to produce maps where high and low gravity do not simply
mimic topography but indicate areas with relatively high and low
density in the subsurface, a density that is representative of the average
rock density within the topographic relief of the survey area must be
estimated to compute Bouguer and Terrain corrections. In the area of
study, there exist no core samples since drilling has not been done yet;
however, surface samples have been taken at a geologically comparable
area at Suswa volcano and provide reasonable constraints on likely
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density variation (Cantini et al., 1990).

We estimated near-surface density by applying both Nettleton and
Parasnis techniques and by comparing maps computed with different
densities. For Nettleton we plotted Bouguer gravity values against
elevation for selected densities along profiles crossing the three volca-
noes. The density that gave the least correlation between topography
and the gravity pattern within the range of elevation of the gravity
stations was adopted as an estimate of average bulk density of the rocks
in the subsurface through the elevation range of the stations. The values
varied from 2.55g/cm®, 2.2g/cm® and 2.1 g/cm® for profiles across
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article).
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Korosi, Paka and Silali volcanoes, respectively (see sample in Fig. 5b).
This is consistent with the surface geology where there are mostly dense
lavas at Korosi and more pyroclastic cover at both Paka and Silali
volcanoes (Dunkley et al., 1993). This indicates the variability in the
density of shallow formations in the study area.

To provide an explicit estimate of a near-surface density that would
be reasonably representative of the entire study area, we used the
Parasnis approach. The Parasnis technique assumes that subsurface
density variations will not be correlated with topography, so that
plotting terms in the Bouguer reduction formula independent of density
(Gobs—Gn + 0.3086 h) as a function (of the negative) of the terms mul-
tiplying density (0.04191*h-Tc) will give a straight line with a slope
equal to the density (assuming that the lateral variation of density
within the survey area is not correlated with topography and that the
local topographic variation is not correlated with a regional gradient in
gravity caused by a large-scale density contrast outside the survey
area).

Granted these assumptions are valid, the variation of gravity due to
lateral variation in rock density inside the survey area will be mani-
fested as offsets from the straight line with a slope representative of the
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average rock density within the elevation range of the survey stations.
Fig. 5a shows such a plot for the gravity data from this study with a best
fit line for the entire data set corresponding to a density of 2.19 g/cm®.
This average density is consistent with the volcanic clastic and ash
formations found in surface exposures over most of the survey area.
Fig. 5b shows, however, that a part of the data set deviates considerably
from the best fit line, as would be expected from the Nettleton analyses.

5. Bouguer gravity map

After applying the described gravity data reductions using the
Bouguer density of 2.19 g/cm®, we gridded the Bouguer anomaly map
in Fig. 6(a) using a spherical-splines-in-tension algorithm (Wessel et al.,
2013) as implemented in Generic Mapping Tools software. The Bouguer
anomaly map reveals a spatial pattern with gravity varying from -95 to
-130 mGal, with relatively low values shaded red in the Fig. 6(a) to the
western, southern and eastern parts of the study area with a narrower
relatively higher gravity trend in the centre. This is in accord with the
earlier results that showed a relative high gravity along the axis of the
rift (Searle, 1970 McCall, 1967; Swain, 1992). The overall pattern is
consistent with generally higher density rocks near the rift axis and at
the volcanoes and lower density rocks on the flanks (Swain, 1992). The
survey is not wide enough to resolve the larger scale (250 km wide)
gravity low interpreted as lower density material at the base of the li-
thosphere under the East African plateau (Simiyu and Keller, 1997;
Swain et al., 1994) that probabaly becomes shallower beneath the rift
segment due to mantle upwelling.

5.1. Regional and residual gravity fields

Because of the < 30 km east-west extent of the gravity survey con-
sidered in this study, it cannot reliably constrain the gravity features
with a scale of 40 km to > 250 km in the regional surveys interpreted
by Simiyu and Keller (2001); Mariita and Keller (2007) and Sippel et al.
(2017) as caused by density variations in the lithosphere from 20 to
70 km depth. Because the planned depth of investigation for this more
local gravity study was much shallower and because the regional data
sets were not available for this study, a second order polynomial surface
was fit to the gravity data to remove an assumed estimated regional
field (Fig. 6b) that was subtracted from the Bouguer gravity (Fig. 6a) to
produce a residual gravity map (Fig. 6¢).

The residual anomaly map (Fig. 6¢) shows an elongated north-south
gravity “high”, with amplitude of about > 4 mgal, and “low” gravity
values outside the active fissure swarm. The northern trend of gravity
high is consistent with the shallowing of Moho northwards in the
narrow zone of considerable dike intrusions and east-west variation
related to Moho topography on either side of the inner rift zone. An
important feature of the residual anomaly map that emerges from this
work is the alignment of the high gravity anomaly with the inner rift
fissure trend (Fig. 6¢). The mapped fissure swarm (Fig. 3) agrees with a
gravity high south of Paka volcano but northwards between Paka and
Silali volcanoes there is inconsistency where the recent fissure swarm
trends NE but the gravity and MT resistivity high (Fig. 6d) trend west of
the currently active fissure zone.

6. Gravity models

We have drawn some representative gravity profiles across the
study area as shown in Fig. 7 in order to further study the structural
features. A location map is inset showing the position of the profiles
from north to south. These profiles are drawn in NW-SE directions
across the volcanoes to detect density variations within the volcanoes
and their flanks. The figure shows residual gravity profiles (Fig. 6¢) and
the regional anomalies (Fig. 6b) superimposed with the left axis re-
presenting the residual anomalies and right axis representing the re-
gional trend. The regional anomalies vary smoothly along the profiles,
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reflecting deeper density variations.

7. 2D Gravity modelling constrained by resistivity

Prior to gravity modelling, MT resistivity profiles were prepared
along the gravity profiles of interest in order to provide independent
constraints on the ambiguous interpretations of the gravity. Because of
the size of the area, the inhomogeneous MT station distribution and the
large number and variable quality of MT stations, completing a 3D MT
inversion was beyond the scope of the project. Because the 2D strike is
not consistent across the volcanoes, 1D inversions of the MT TE-mode
(polarizations along the rift) were stitched into profiles oriented to fit
the gravity profiles. To avoid distortion at depths where the 1D MT
inversions would not be expected to be valid, the 1D models were
truncated at the skin depth corresponding to the lowest reliable fre-
quency of noisy stations or at the skin depth where indications of 3D
distortion such as large on-diagonal impedance elements (large Z,x &
Z,y amplitudes) became prominent. The MT cross-sections generated
(Figs. 8, 9 & 10 ) generally show a resistivity structure with a thin re-
sistive (> 60 Qm) surficial layer underlain by a lower resistivity layer
of about 7-30 m flanked by even much lower resistivity (< 7 Qm) on

146

Elevation ™
(masl)

NurauBEBEEEY

2000 -

Distance (Km)

Fig. 8. 2D density model for profile A (Fig.7) passing in between Paka and Silali
volcanoes overlaid on MT resistivity to match gravity profile. Red squares are
measured gravity points, green curve is the modelled gravity and the purple
arrows are fumaroles. Black lines on MT cross-section mark boundaries of
density bodies. Numbers give densities in g/cm® Vertical exaggeration 3.0. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article).
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Fig. 9. 2D density model for profile B (Fig.7) across Paka volcano overlaid on
MT resistivity to match gravity profile. Red squares are measured gravity
points, green curve is the modelled gravity and the purple arrows are fumaroles.
Black lines on MT cross-section mark boundaries of density bodies. Numbers
give densities in g/cm®. Vertical exaggeration 2.33. (For interpretation of the
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Fig. 10. 2D density model for profile D (Fig.7) across Korosi volcano overlaid
on MT resistivity to match gravity profile. Red squares are measured gravity
points, green curve is the modelled gravity and the purple arrows are fumaroles.
Black lines on MT cross-section mark boundaries of density bodies. Numbers
give densities in g/cm®. Vertical exaggeration 2.0. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article).

both the NW and SE ends of the profiles. A higher resistivity zone (> 60
Qm) is detected at the base of the profile on all the MT profiles and
domes up beneath the volcanoes. The value of the higher resistivity
below the conductive zone is more ambiguous, both because of inherent
limitations to MT (Chave and Jones, 2012) and local data quality issues
(Cumming, 2014). However, the doming up of the transition from lower
to higher resistivity at the base of the conductor is typically reliably
resolved using 1D inversions of the MT TE-mode.

In order to estimate the depth, density and geometry of subsurface
bodies, we used Winglink (°Schlumberger) 2D gravity modelling tools
to compute gravity along cross-sections perpendicular to the strike of
the overall gravity trend. The MT resistivity cross-sections (Figs. 8, 9 &
10) were used as a background constraint during the modelling of the
gravity profiles. In this modelling, the Bouguer density was set to 2.2 g/
cm® (rounded off from reduction density of 2.19 g/cm3), which is the
background density for all undefined parts of the model. The variations
in Bouguer gravity were fit to the MT resistivity models placed in the
background with shorter wavelength features corresponding to shal-
lower bodies.

We iteratively fit the 2D density model to the Bouguer gravity
through forward modelling of bodies with geometry and density con-
trasts guided by surface geology and the background electrical
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resistivity. The calculated gravity response was compared with the
observed gravity anomaly and the model geometry and densities were
adjusted by trial and error until a satisfactory fit between the observed
and calculated anomaly was obtained.

The current models are different from earlier ones (Mariita and
Keller, 2007), mainly because we are able to map shallow densities
related to the volcanoes due to the closer spacing of the survey stations
and use of independent constraints on gravity models to 3000 m depth
provided by MT resistivity. Earlier models (e.g. Mariita and Keller,
2007) were based on regional surveys and focused on resolving deeper
density structure to the base of the lithosphere. In this study residual
gravity was computed so as to resolve shallow features that underlie the
inner-rift segment (see Fig. 6¢). In the models (Figs. 8, 9 & 10), there is
likely to be a density gradient due to lava (higher density) being more
prevalent at the volcanoes and close to axial fissure eruptions along the
rift axis, whereas pyroclastics and volcanoclastics (lower density) are
likely to be more prevalent in the moat between the rift axis and the rift
bounding faults. Since these models are shallow and gradual they can
fit both short and long wavelength gravity variations. The low MT re-
sistivity zones (red) likely correlate with hydrated smectite clay that are
low density in the gravity model. The intermediate resistivities (green)
are ambiguous but, in this context they are likely to correspond to
volcanic rocks with clays that have mostly altered from smectite to
higher resistivity and density illite at over 200 °C or to rocks like lavas
that had low initial porosity and, therefore, higher resistivity and
density. The higher resistivity and density at the base of the profile
models are consistent with a shallower transition to high temperature
and related chlorite-illite alteration along the axis of eruption (e.g
Fig. 9) across the volcanoes but not between the volcanoes. Cumming
(2014) hypothesized that the transition to Precambrian crystalline
rocks might be relatively flat across much of the Silali area, i.e. at about
-1000 masl. This study however suggests that the elevation of the
transition to Precambrian crystalline rocks dips away from the volca-
noes towards the gravity lows on the outer margin of the high gravity
zone. The shallowing of the high density at the base of the models could
also be due to emplacement of numerous axial dikes or a massive in-
trusion into lower density volcanic rocks.

In the models (Figs. 8, 9 & 10), the upper panels show the fit of the
observed Bouguer gravity to the gravity computed from the density
models. Red squares are the observed data, the calculated gravity
anomaly curve is shown in green and the purple arrows are fumaroles.
Fig. 8 shows gravity model south of Silali volcano in a NW-SE direction.
The calculated response of the model shows a fairly good fit to the
observed data and the modelled bodies agree quite well with the re-
sistivity structure displayed in the background. The low density (2.0 g/
cm®) in the NW agrees with the area mapped with thick low resistivity.
This is bordered to the SE (right) by a denser (2.2 g/ ¢m®) formation that
thins eastwards, likely to be a combination of intercollated pyroclastics
and lava. The high density and high resistivity feature appearing be-
tween stations S555 and S556 with its base at 1 km depth seems to be
the southern extent of the hypothesized buried lava (Cumming, 2014)
SW of Silali volcano. To the SE another low density, low resistivity body
with a thickness of about 2 km narrows towards the NW. The deepest
body in the model, is a higher density zone (2.7 g/cm®) that is con-
sistent with high resistivity and domes up along the profile.

The density structure modelled in the profile across Paka volcano
(Fig. 9) shows a sequence from the surface of medium, low and high
density. The modelled density bodies fit the data and are consistent
with the background resistivity profile. The shallowest layer to 300 m
depth is modelled as an average of 2.3 g/cm?, an average of pyroclastics
and lavas (Cantini et al., 1990). A prominent low density, low resistivity
zone is present from about 300 to 1700 m depth and thickens on both
NW and SE ends of the profile. At greater depth, higher density and
resistivity is probably associated with intrusions, higher temperature
alteration and, on the flanks, the transition to Precambrian crystalline
rocks. Both the deeper high density structure and the overlying less
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dense zone seem to dome up below the Paka volcano in the zone
dominated by fumarolic activity (see Fig. 3). This occurrence is con-
sistent with the up doming of high resistivity at the base of the mod-
erate clay cap (green in Fig. 9) reported beneath the volcano (Lichoro
et al., 2017).

The density profile across Korosi volcano (Fig. 10) samples topo-
graphic variations from the lowlands in NW through the volcanic
highland to the lowlands in the SE, along which surface rocks vary
widely (Dunkley et al., 1993). The top intermediate density layer
(2.3 g/cm®) similarly thickens beneath the volcano while thinning on
both NW and SE along the profile. On both sides of the profile a low
density zone (~ 2.0g/cm®) flanks the higher density volcanic core
2.6 g/cm3).

For all the density zones resistivity seem to be an effective con-
straint to gravity modelling as demonstrated by both the low resistivity
on the flanks of the volcano and the “horst-like” high density structure
beneath the Korosi volcano.

8. Correlation of gravity anomalies and resistivity structure

The overall results shown in our gravity residual map (Fig. 6¢) agree
fairly well with earlier observations from resistivity study (Fig. 6d)
reported by Lichoro et al., (2017). Specifically the high resistivity in the
rift axis correlates with the high gravity in the same area. However, in
the area between Paka and Silali volcanoes the (green) high resistivity
trend is interrupted by a (red) conductor but the green gravity high is
continuous, albeit with a shift to the west of the axis of the gravity low.
This inconsistency could be due to thick, compacted high temperature-
altered low porosity tuffs with high density but low resistivity. On the
flanks of the volcanoes, where low resistivity was imaged, low gravity
reveals low densities, which have been interpreted as volcanoclastics/
buried pyroclastic units. Surface geothermal manifestations like fu-
maroles are mainly located at the margin of the high gravity, poten-
tially controlled by faults and those occurring at the summit of Paka
caldera are within a more local zone of relatively low gravity.

Similarly, the gravity results (Fig. 6¢) are in fair agreement with the
westward offset in high gravity in the Silali sector north of Paka volcano
seen in the resistivity (Fig. 6d) which has been interpreted as a possible
buried structural step-over in the rift alignment between Paka and Silali
volcanoes. Both studies suggest that Silali volcano lies west of the
currently active rift zone, which has gradually moved eastwards (based
on younger eruption centers) to align with the Paka volcanic axis
(Lichoro et al., 2017). This is also consistent with the lack of geothermal
activity on the western caldera sector in Silali. Further studies are ne-
cessary to establish whether this offset could be related to presence of a
transform.

Within the inner rift volcanic zone where surface thermal manifes-
tations are found, the combined 2D resistivity and gravity models in-
clude three density categories, from shallowest to deepest: 1) a high
resistivity surface layer modelled as intermediate density and consisting
of low density tuffs and high density lavas; 2) a low resistivity smectite
clay cap modelled as low density altered tuffs; and 3) a resistive layer
modelled as high density volcanic, intrusive and Precambrian meta-
morphic rocks. The combined effect of these layers on all of the profiles
is a gravity high related to the third layer, except for lower amplitude
local gravity lows at the summits of the Paka and Korosi volcanoes
related to very low density tuffs at the surface. The higher density of the
third higher resistivity layer has an ambiguous correlation with geology
since it is likely to be correlated with a shallower transition from
smectite to illite/chlorite alteration below the volcanic centers, dike
intrusions denser than the volcanic and Precambrian rocks, and/or
uplift in the Precambrian crystalline rocks along the rift axis. A domed
pattern of high resistivity beneath a low resistivity clay cap associated
with fumaroles on a volcano is diagnostic of either a geothermal re-
servoir or the acid/vapor-core of an active volcano (Ussher et al., 2000;
Arnason et al., 2010; Cumming, 2016).
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9. Discussion

The residual gravity anomaly map of the Korosi-Paka-Silali region
reveals a coherent pattern with gravity varying over a range of about
20 mGal (Fig. 6¢). It delineates a clear NNE-SSW positive gravity
anomaly extending through the inner rift segments. The gravity pro-
cessing and modelling illustrate how the overall gravity trend correlates
with the mapped fissures of the axis of the rift. The 2D models discussed
above show that the MT resistivity models can constrain modelled
density bodies that match the observed gravity. The MT resolves the top
of the low resistivity clay alteration zone better than its base overlying
the top of the deep resistive high temperature alteration, intrusions and
Precambrian basement. This is illustrated (Chave and Jones, 2012) by
the modelled high density at the base of the profile in the high re-
sistivity zone as shown in Figs. 8 & 9 . The results suggest thata ~2.7 g/
m? high density, high resistivity zone becomes shallower at the volcanic
centers and northwards along the axis of the rift, whereas ~2.0 g/cm?®
lower density, low resistivity clay-rich volcanoclastics fill the zone be-
tween the rift axis and the rift margin.

The mapped rock units in the area are mainly made of trachyte lava
with a likely density of 2.55 g/cm® (Dunkley et al., 1993; Swain et al.,
1981), but the volcanoclastic deposition in the rift would imply a lower
overall density. The models demand higher densities of ~2.7 g/cm® at
depth, which suggests the presence of > 250 °C hydrothermal alteration
and/or dense dikes and intrusions below the volcanoes and along the
rift axis (see Figs. 8, 9 & 10).

Comparison with a previous MT resistivity study (Lichoro et al.,
2017), shows a strong correspondence between the gravity high along
the rift axis and a eastwards shallowing of high resistivity from depths
of about 2 km to 1 km, correlated with the volcanic centers and the zone
of intense faulting and fracturing within the inner rift. Correlation be-
tween MT resistivity and gravity show a good match between low re-
sistivity and low gravity, especially on the flanks of the volcanoes, at-
tributed to greater thicknesses of low density, high clay pyroclastics and
sediments. Also, a shallow layer below the Paka caldera follows the
same pattern, where the conductive clay layer corresponds to a density
of 2.2g/cm>. Elsewhere surficial fracture zones within the rift are
characterized by higher resistivity lavas and probably propylitic al-
teration (Frolova et al., 2010) at depth of about 2km corresponding
to > 2.6 g/cm® density. These have significant implications for the
geothermal potential within this part of the volcanic rift zone.

This study is consistent with earlier gravity surveys (e.g. Mariita and
Keller, 2007) in that it resolved a positive gravity anomaly along the rift
axis in the northern Kenya rift with flanking gravity lows. The high
gravity corresponds to the zone of recent faulting, fissure eruptions, and
the centers of geothermal activity at large volcanoes within the rift. We
have attributed the gravity high to intrusion of dense material and to
high temperature alteration (Frolova et al., 2010) in the shallow crust
which is consistent with earlier interpretations by (Searle, 1970; Swain,
1992; McCall, 1967). It is now more likely that the positive gravity
anomaly within the rift graben is caused by both dense lava at shallow
depths and combination of high temperature alteration at 1-3 km depth
and dyke injection at depths greater than 2 km. For example, the high-
density anomalies (~2.7 g/cms) in the shallow subsurface within the
rift segment correlate with the surface volcanics or inferred upper
crustal dikes (Ebinger, 2005; Swain, 1992) whereas the low gravity
anomalies (~2.0 g/cmS) on the summit of the volcanoes correspond to
volcanoclastic/sedimentary deposits.

Previous studies (Simiyu and Keller, 2001; Mariita and Keller, 2007)
have been more regional and have lacked support from MT resistivity
data and therefore have not focused on modelling local gravity varia-
tions associated with density variations shallower than 2km. Low re-
sidual Bouguer gravity on the flanks of the volcanoes coincide with low-
lying areas stretching from the flanks of the volcanoes to the outer rift
fault scarps east and west of the rift segment and represent the low-
density sediments infill of the valleys. Another point of departure with
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several of the earlier studies is the inferred offset towards the west of
the trend in the gravity high between Paka and Silali, interpreted as a
buried former axis of fissure eruptions that has more recently shifted
east to match the surface fissure trend in the inner rift south of Silali
volcano.

Since the areal extent of the current survey is small, the larger re-
gional feature (with half-width of about 70 km) was removed in the
regional-residual separation inorder to allow modelling of smaller re-
sidual features. Therefore the current data set is adequate to model the
details of the central gravity high and the immediate gravity low
flanking inner rift axis but not the outer edge of the rift. The residual
gravity anomaly profiles (Fig. 7) show that change in slope in the low
gravity at the inner rift boundary is likely due to the volcanoclastics
filling the rift.

Rock samples from a geologically comparable area at Suswa volcano
(Cantini et al., 1990) showed that a wide range of densities are expected
in the study area. Trachyte and basalt lavas have a typical density of
2.55 g/cm® at most depths and alteration states. In contrast, trachytic
pyroclastics have a density ranging from 1.2 to 2.5 g/cm?, depending
on whether they are dry or wet, altered to smectite clay and still hy-
drated and low density, altered at higher temperature to more crys-
talline chlorite-illite clay has much higher density; or if buried to
greater depth and so more compacted to higher density. Volcanoclastic
sediments have a similar density range of 1.8 to 2.5 g/cm?®, with similar
sources of the variation. The metamorphic rocks that outcrop adjacent
to the rift and are expected to floor the rift are likely to have a density of
about 2.8 g/cm?.

The non-uniqueness of the gravity modelling was addressed by in-
tergrating the MT resistivity, the surface geology and measured den-
sities for EAR rocks derived from Cantini et al. (1990). Unfortunately
there is no drill-hole information in the area to constrain depth of the
different density units. In volcanic areas hosting geothermal systems
like the study area, compaction and alteration tend to make both
density and resistivity more uniform at greater depth and, in this case,
the Precambrian metamorphic rocks that floor the volcanics are ex-
pected to be uniformly high density and resistivity.

Gravity has been modelled along profiles perpendicular to the strike
of the rift similar to those used in earlier resistivity interpretations
(Lichoro et al., 2017) to derive a structural model consistent with the
MT resistivity cross-sections and gravity constraints on density. The
purpose of this comparison is to further constrain the published re-
sistivity structure of the area, particularly with respect the variations
detected in the alignment of the rift axis. Although the interpretation of
gravity data alone is relatively ambiguous, 2D density models that are
constrained by MT resistivity cross-sections, geological mapping and
measured densities of rocks from other volcanoes in the rift have re-
duced the model ambiguity and have provided an improved under-
standing of this rift segment and its sub-surface structures.

10. Conclusion

We have investigated the shallow structure of the northern Kenya
volcanic rift zone using residual gravity models. Profiles have been
constructed across the study area showing density variation across the
inner volcanic rift zone. The residual gravity map reveals an axial
gravity high corresponding to the currently active fissure zone bound-
aries and flanking gravity lows. The low gravity zones flanking the high
have been interpreted as thick zones of sedimentary infill and pyr-
oclastics on the flanks of the volcanoes and the rift fissure eruptions
aligned with the rift axis. The relatively high gravity trend aligned with
the rift axis has been attributed to a shallowing of dike intrusions and/
or a shallower transition to high rank alteration below the volcanic
centers and may also be due to a greater proportion of trachyte, basalt
and rhyolite lavas along fissure eruption zones.

This study focused on models that matched gravity variation within
the rift using density variations shallower than 3 km instead of focusing
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on the deeper density variations used in earlier large scale regional
studies. In this study, models deeper than (~5km) could not be sup-
ported by the more limited gravity data distribution (20 to 30 km wide).
This disadvantage was offset by reducing the model ambiguity in sev-
eral ways, including jointly interpreting the gravity model with MT
resistivity imaging, by correlating the gravity with local geology
(Dunkley et al., 1993), by using measured densities (Cantini et al.,
1990) from other EAR volcanoes, and by considering the petrophysical
properties from boreholes in roughly analogous areas. Based on these
considerations, the pattern of the gravity could be fit using models to a
depth of only 3 km. Formations like the low density pyroclastic and
volcanoclastic rocks on the flanks of the rift axis have a density of 1.6 to
2.2 g/cm®, which strongly contrasts with respect to the much higher
density lavas, intrusions and high temperature alteration found along
the rift axis above 3 km depth, typically with densities of 2.5 to 2.7 g/
cm®. Depending on thickness and depth of burial of the clays, when
subjected to high temperature fluids, they get consolidated, hardened
and decreases in both porosity and permeability hence high density. On
the other hand, density contrasts are expected to be much smaller be-
tween rocks found below 3km depth such as dike intrusions, high
temperature alteration in trachyte, and the Precambrian crystalline
rock. Moreover, the dikes and intrusive rocks interpreted along the axis
are likely to be slightly less dense than the Precambrian crystalline rock,
which would produce a gravity variation inconsistent with the observed
gravity. In any case, the axial gravity high along the rift is consistent
with the earlier interpretation of magmatic intrusion aligning with the
rift trend.

The joint gravity and MT resistivity interpretations along cross-
sections show that a high resistivity and high density zone becomes
shallower from east and west along the eruption axis of the rift and at
the volcanoes. We interprete this as lava, dike intrusives and higher
temperature alteration, possibly associated with a geothermal reservoir.
The zone of low resistivity and low gravity on the flanks of the volca-
noes and fissure eruption zones supports the conclusion that a thick
zone of volcanclastics flanks these zones. The surface manifestations are
mainly located at the margin of the high gravity, perhaps controlled by
faults and those occurring at the summit of Paka caldera are within a
more local zone of relatively low gravity (interpreted as tuff), implying
potentially fractured shallow geothermal system.

This study shows that if resistivity and gravity are interpreted to-
gether, the independent constraints provided by resistivity pattern can
improve confidence in the gravity models, particularly where they are
supported by geology and petrophysical data. Results are in accord with
more regional study where the gravity high correlates with diking/fis-
sure eruption flanked by sediments/pyroclastics. The mapped fissure
swarm agrees with both gravity and resistivity south of Paka volcano
but northwards between Paka and Silali volcanoes there is incon-
sistency where fissure swarm trends NE but both gravity and resistivity
maps trend west of the currently active fissure zone. The more westerly
trend is not discernible from surface geological mapping and has been
interpreted as a buried fissure eruption west of the current fissure trend.
Further gravity data acquisition north of Paka volcano would better
constrain the evolution of the segmentation in this part of the rift and
the apparent rift offset that may have existed in the past between Paka
and Silali volcanoes.
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Abstract

A comparison is made of surface geology, resistivity and density structure of seven volcanic
centres distributed along a 300 km segment of the Kenya Rift, including two very different
developed geothermal fields and five undrilled geothermal systems/prospects. We are looking for
similarities and differences in order to infer likely geothermal characteristics of the undeveloped
prospects in the northern Kenya Rift. A comparison of MT and TEM images of resistivity with
subsurface resource properties of the Olkaria geothermal field helps to validate and assess the
uncertainty of interpretations of similar MT and TEM data combined with gravity survey
constraints on density at three prospects in the northern Kenya Rift for which exploration drilling is
being planned. For example, data from Olkaria illustrate both how mapping of the low resistivity,
temperature-sensitive smectite clay cap constrains the top and margins of the reservoir but is
limited by ambiguity related to relict alteration. To provide a consistent comparison among the
areas, the MT resistivity images were computed using joint 1D inversions of the MT invariant
mode and co-located TEM. To test how this might limit the detection of deeper features, the 1D
MT imaging is compared to a 3D MT inversion at the Paka prospect and the resolution of the 1D
inversions is tested on synthetic MT data computed for magma bodies of differing dimensions.
Wells at Menengai have encountered magma as shallow as 2000 m depth, limiting the producible
reservoir volume whereas numerous wells to over 3000 m depth throughout Olkaria have
encountered widespread temperature over 250°C but not magma, contributing to its larger capacity.
Although detecting shallow magma is important to geothermal resource assessment in the Kenya
Rift, it cannot be reliably done using the available MT data due to noise that limits the reliability of
3D inversion and inherent limitations of 1D inversion, as demonstrated by a 2D model sensitivity
study. Therefore, for those prospects of the Kenya Rift where magma might be expected at depths
shallower than 3 km depth, more focused microearthquake monitoring and INSAR monitoring of
deformation are likely to improve assessments of resource capacity. Comparisons of developed
geothermal fields to undrilled prospects has confirmed that, although the patterns of MT resistivity
imaging supported by gravity constraints on density do correlate with geothermal reservoirs in
systematic ways, assessments of well targets and resource capacity will more reliably be
determined by integrating MT, gravity and geology interpretations with geochemistry and
thermodynamic constraints into more comprehensive geothermal resource conceptual models.
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1. Introduction
The Kenyan rift has been extensively studied both for understanding of rift structures and for
geothermal exploration. About 14 high temperature geothermal prospects have been identified
along the Kenyan rift valley, of which 3 are being developed while the rest are at different
exploration stages. Presently, about 700 MWk of electricity generation have been developed at the
Olkaria (Axelsson et al., 2017; Rop et al., 2018) and Eburru geothermal fields in the south of the
Kenya rift (Mwarania, 2014) and the first 35 MW, power plant of a planned 105 MW, development
is under construction at Menengai in the Central Kenyan Rift. Seven volcanoes (Fig. 1) undergoing
active geothermal development or ongoing exploration are considered here, three of them in the
southern Kenya Rift (Suswa, Longonot and Olkaria), three in the northern Kenya Rift (Korosi,
Paka and Silali) and one in the central Kenya Rift (Menengai). The MT, TEM, supporting surface
exploration information and drilling results from the Olkaria geothermal field are used in this study
to compare to undeveloped geothermal prospects within the Kenya Rift and look for similarities
and differences in order to improve resource identification, capacity assessment and well targeting.
Geothermal exploration has been focused on the volcanoes more than on the fissure eruption vents
on the rift floor or the lake-filled calderas because most thermal manifestations are located on the
volcanoes. The volcanoes host more repetitive magmatic activity likely to heat a large volume of
water to over 230°C in fractured permeable volcanic rocks with rapid heat loss due to boiling or
chilling due to cold water influx limited by an overlying cap of impermeable clay alteration. Most
of the volcanoes are aligned with the central axis of the rift, although variations in the elongation
strike of the calderas and the offset of volcanoes from the axis of the rift are attributed to the
influence of the Precambrian structures (Robertson et al., 2015). For example, the Olkaria and
Longonot volcanic centres have the most prominent offset from the axis of the rift and are aligned
with each other almost perpendicular to the rift axis (Fig. 1). The volcanoes are built on varying
thicknesses of volcanic ash and sediments accumulated between the volcanic eruption centers and
the rift margins. The morphology of the volcanoes varies depending on the predominant rock type
and volatile content of the source magma. Most of the volcanoes in the Kenyan Rift are dominantly
trachyte shield volcanoes with large calderas formed by magma withdrawal related to lower flank
eruptions. Longonot is a small trachyte stratocone with a significant ash content. Uniquely in the
Kenyan Rift, Olkaria is dominated by a very large rhyolite dome complex, possibly related to it
also hosting the largest discovered geothermal field in the Kenyan Rift.
The geophysical methods that have been used at regional and continental scales to understand the
Kenyan Rift as part of the East African Rift System include regional earthquake monitoring,
regional refraction seismic analyses, gravity surveys, INSAR monitoring of vertical deformation
and DGPS monitoring of lateral deformation. These surveys cover areas extending over 100s to
1000s of km and are directed at resolving geological features to 100s of km depth, whereas
geothermal exploration surveys usually cover areas extending over a few 10s of km to resolve
geological features shallower than 10 km depth, often shallower than a few km.
The most commonly used geophysical methods in geothermal exploration are electromagnetic
methods used to image the subsurface resistivity structure, including magnetotelluric (MT) and
transient electromagnetic (TEM) surveys. These are complementary methods, with MT capable of
imaging resistivity to many 1000s of m depth while, in this context, TEM compensates for the
static distortion that sometimes increases the ambiguity of MT. Resistivity is sensitive to many
rock properties including water saturation, cation exchange capacity (surface conduction in clays),
porosity, pore connectivity, temperature, salinity and presence of magma. In a geothermal context,
the very low resistivity of the temperature sensitive smectite clay alteration that caps almost all
geothermal reservoirs is the most important factor used to constrain geothermal resource
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conceptual models. A total of 700 MT stations covering 7 volcanoes in the Kenya rift are reviewed
in order to construct 1D resistivity inversion models correlated with mapped geological structures
in the vicinity of the volcanoes and with previous gravity studies. The resistivity pattern imaged by
EM methods conducted over a geothermal reservoir from the surface down typically includes near-
surface unaltered rocks (>100 Qm) underlain by low resistivity smectite-zeolite alteration (<10 Qm
in andesite, rhyolite, basalt and sedimentary rocks and <20 Qm in trachyte and phonolite rocks),
that are, in turn, underlain by a more resistive zone (>10 Qm) that is ambiguous but may
correspond to the high-temperature chlorite/illite-epidote alteration associated with a productive
geothermal reservoir, and possibly further underlain by deeper low resistivity associated with
partial melt (Arnason et al., 2010; Gasperikova et al., 2015; Manthilake et al., 2016).

The current study aims at reviewing geothermal systems/prospects within three rift segments by
comparing geoscientific results of developed geothermal fields to those of undeveloped fields.
With this analysis we hope to: (a) illustrate the role played by the rift in the occurrence of
geothermal resources; (b) give an overview of similarities and differences between the volcano-
hosted geothermal reservoirs and prospects in the Kenyan rift; (c) illustrate how the pattern of the
base of the low resistivity smectite clay can constrain the minimum geothermal reservoir depth and
maximum reservoir bounds and highlight ambiguities in the use of this transition in the Kenyan
Rift; (d) use 2D modelling to evaluate the detectability of magmatic heat sources of different size
and depth given the limitations of available MT data; and (e) based on evidence from developed
fields, discuss implications of depth to the magma for undeveloped geothermal systems. Eburru
geothermal field to the north of Olkaria has been drilled and a 2.5 MWe capacity power plant
installed, however, this field lack sufficient geophysics data especially MT to warrant consideration
in this study.

2. Rift volcanic setting and selected previous geophysical studies

The Kenya rift is the classic example of an active continental rift. It forms part of the eastern
branch of the East African Rift System (EARS) which is characterised by extensive volcanism
associated with high rates of magma production. This is evidenced by numerous volcanoes and
fissure eruptions and associated geothermal surface manifestations. The Kenya Rift has been
subdivided into three zones namely, the Southern Kenya Rift (SKR), the Central Kenya Rift (CKR)
and the Northern Kenya Rift (NKR) based on structural architecture (Chorowicz, 2005). The rift
strike direction changes from NNW in the SKR to N-S in CKR and then trends NNE in the NKR
(Fig. 1), corresponding to respective orthogonal extension of the individual sectors and rotation of
rift axis (Strecker et al., 1990; Bosworth et al., 1992).

Magmatic activity initiated about 30 Ma in the NKR and progressed southward reaching tip-end of
the SKR about 7 Ma (MacDonald, 2003). Volcanic activity continued into the Quaternary resulting
in build-up of several volcanoes on the inner rift floor. Rift propagation progressed further
southwards, reaching the Northern Tanzania where it splayed due to the interaction with the
Tanzania craton. Rift propagation in the Kenya Rift was accompanied by normal faulting and
crustal extension which is estimated at 35 km in the NKR (Mechie et al., 1997) reducing to 5-10
km in the SKR. Crustal thinning and increased extension northwards is reflected by the Bouguer
gravity increase from -250 mGal in the south to -50 mGal in the north (Mechie et al., 1994).

Regional refraction seismic studies like the Kenya Rift International Seismic Project (KRISP)
(Henry et al., 1990; KRISP Working Group, 1991; Mechie et al., 1997, 1994) constrained the
velocity structure of the crust and upper mantle beneath the Kenyan Rift and with refined
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resolution at several of the central volcanoes. Seismic refraction and wide-angle reflection profiles
along and across the rift revealed the existence of a high P-wave velocity region (Vp 6.8 km/s) at
the base of the crust corresponding to crustal thinning from 35 km in the SKR to 20 km in NKR,
which Mechie et al. (1994) and Keller et al. (1994) have attributed to magmatic intrusions. The
KRISP program run in phases between 1985 and 1994 and mapped relatively high velocity in the
volcanics corresponding to Quaternary volcanic centres at Menengai, Olkaria and Suswa. The
KRISP 85 refraction survey produced a P-wave model with three layers comprised of rift volcanics
and sediments with a velocity range of 2.8 - 5.6 km/s above the Precambrian basement from Lake
Baringo in the NKR to south of Suswa in the SKR (Simiyu and Keller, 2001).
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Figure 1: Map showing volcanic areas in the Kenya rift. The dashed-purple rectangles
represent the areas of study. Coordinates are WGS84.
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The KRISP 94 profile across the Kenya rift about 60 km south of Suswa shows a 4 to 5.5 km thick
layer of 5.6 km/s material above a 6.0 km/s basement (Simiyu and Keller, 1997). The lower
velocity rift fill and the thickening of crust from north to south are consistent with a greater
proportion of tuff and sediments to the south where the crust is thicker and more intrusions and
lava to the north.

Using travel times from local earthquakes recorded at Olkaria geothermal field, Simiyu (2000),
constructed models of Vp/Vs and Poisson’s ratio beneath the geothermal field in the upper 6 km of
the crust. Results show that Vp/Vs ratios vary from 1.58 in the East production field to 1.82 in the
Olkaria central field and Poisson’s ratio of 0.15 to 0.30 respectively suggestive of higher
temperature and steam saturation in the East production field. This study also imaged shallow S-
wave attenuating bodies beneath the Olkaria volcanic complex interpreted as zones of recent
magma emplacement. The maximum hypocentre depth for the earthquakes of 4 to 5 km was
interpreted as the brittle-ductile transition near 450°C, consistent with the 350°C temperature
measured in wells at 3000 m depth.

Recent seismicity recorded by a temporary local network at volcanoes in Menengai, Korosi, Paka
and Silali (Patlan et al., 2017), identified two seismic swarms at Paka and Menengai volcanoes
occurring vertically in pipe-like shape between 3 to 6 km depth with estimated b-value of 0.83 and
1.24 respectively. Although these shallow clusters of seismicity were consistent with failure due to
tectonic stress, they may have been triggered by deep magma movement associated with the active
volcano.

INSAR monitoring of volcanoes has commonly detected rapid variations in uplift and subsidence
that, in the context of the Kenya Rift, are likely to be related to the interaction of tectonic
deformation with the movement of magma in the upper few km of crust. When integrated with a
conventional conceptual model of a volcano-hosted geothermal reservoir and combined with
microearthquake monitoring, INSAR probably provides the most reliable constraint on the likely
depth and location of magma movement. Although detection of shallow magma movement
increases the likelihood of a geothermal exploration well encountering high temperature, it also
implies a higher risk of eruption and a higher risk of a shallow reservoir base that would limit
conventional capacity. INSAR studies have reported uplift at Paka, uplift and subsidence at
Longonot, and subsidence at Suswa, Menengai and Silali (Biggs et al., 2013, 2009). At Menengai,
Suswa and Silali, recent subsidence was coincident with the calderas and may be due to magma
withdrawal. Although the subsidence at Menengai is symmetrically located with respect to the
magma detected by wells at 2 km depth, it may reflect magma movement at a different depth. At
both Paka and Longonot, uplift was offset from their calderas. The case of Longonot illustrates the
complexity of INSAR data interpretation. The most recent Longonot eruptions are on the NNW
flank at <1000 years and on the SSE flank at <200 years. The INSAR from 2004-2006 detected a 9
cm elliptical uplift modelled as a crack or dike intruding below the west flank at 3 to 4 km depth
whereas from 2006 to 2010 detected 1 cm of subsidence SE of the crater, modelled as a collapsing
point source at 3 to 4 km depth. Alexander and Ussher (2011) interpreted MT as detecting magma
at 2 or 3 km depth just south of the crater. Without microearthquake monitoring data to confirm
seismogenic magma movement, the INSAR at Longonot might be taken as an indication that
magma might exist shallower than 3 km generally near the Longonot crater.

Gravity studies have shown that the inner trough of the Kenya Rift between L. Baringo and Suswa
volcano is underlain by relatively dense material (Swain, 1992). At lateral scales of 5 to 20 km and
depths under 4 km, Cantini et al. (1990) suggested that the gravity variation could be accounted for
by the higher proportion of lavas relative to pyroclastics closer to the volcanic centre and/or by
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dense intrusions into the base of the volcanics. An axial gravity profile from Lake Turkana in the
north to Menengai volcano in the south show a series of gravity highs corresponding to major
volcanic centres (Mariita and Keller, 2007). Simiyu and Keller, (2001) reported similar
correspondence between gravity highs and Menengai, Eburru, Olkaria and Suswa volcanic centres
in the southern Kenya rift. By considering the gravity together with MT resistivity, (Cumming,
2017, 2014) attributes gravity highs at the Silali and Suswa volcanoes to a greater proportion of
lava relative to tuff near eruption centres, a shallower transition to higher density >200°C alteration
and intrusive rocks penetrating the volcanics below the volcanoes.

Detailed magnetotelluric (MT) and transient electromagnetic (TEM) studies have been carried out
at most of the volcanoes in the Kenyan Rift for geothermal exploration and have reliably resolved
resistivity patterns to about 3 km depth that are consistent with the existence of geothermal
reservoirs below parts of the surveyed volcanoes (Wamalwa and Serpa, 2013; Lichoro, 2013;
Cumming, 2014, 2017; Lichoro et al., 2017). Because of their more direct relevance to the
geothermal assessments, the MT resistivity patterns for most of the volcanoes reviewed in this
study have been directly compared.

3. Geologic setting of geothermal systems in the SKR and CKR

The part of the SKR segment of the Kenya Rift valley considered here hosts three volcanic centres
namely, Suswa, Longonot and Olkaria. The rift valley here is a 50 - 60 km wide and about 150 km
long, north-south trending depression bounded by major normal faults and prominent fault
escarpments up to 2 km high (Fig. 1) (Baker and Wohlenberg, 1971). The rift floor is marked by a
system of fissure swarms within an overall horst and graben structure (Baker et al., 1972). The
southern rift volcanoes form a NNW volcanic-tectonic alignment from Suswa volcano in the south
to Eburru volcano in the northern part of the SKR.

Quaternary volcanism in the SKR has led to development of a system of caldera volcanoes and
craters spread along the rift axis. Caldera formation at both Suswa and Longonot were synchronous
highlighting the role played by regional tectonism between the two volcanoes (Scott and Skilling,
1999; Skilling, 1993). Structurally, the fissures, volcanic vents and collapse craters in the SKR are
aligned parallel to the major rift faults which can be traced from south of Suswa volcano to the
Olkaria geothermal complex (Fig. 1). Olkaria and Longonot are aligned perpendicular to the rift
axis, reflecting Precambrian structure. Despite their close proximity, the Suswa, Longonot and
Olkaria volcanoes have different rock compositions (Scott, 1980), with Olkaria dominated by
rhyolites, Suswa by trachyte and phonolite and Longonot by peralkaline trachyte. The distribution
of the geothermal resources in these fields is interpreted to be associated with the rift floor faults
and the ring structures that act as both zones of permeability and as bounding structures.
Geothermal resources have been developed so far in the Olkaria and Eburru fields in the SKR, and
at the Menengai field in the CKR.

Suswa volcano

Suswa is the southern-most Quaternary volcano found in the Kenya Rift valley located about 45
km west of Nairobi and 30 km south of Olkaria geothermal field (Fig. 1). It is a trachyte-phonolite
shield volcano formed less than 400 ka ago and continued erupting into the late Pleistocene leading
to formation of an outer caldera (12 km in diameter) between 200-100 ka and a later inner caldera
(about 5 km in diameter) with a central uplifted “island” block. The caldera collapses have been
attributed to magma drainage at depth, as no syn-caldera deposits have been identified (Skilling,
1993), whereas flank eruptions are extensive. Later eruptions produced lavas which partly filled the
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caldera, and later built the highest elevation Ol Doinyo Nyukie volcano on the southwest caldera
rim. The most recent volcanic activity at Suswa volcano was marked by eruption of porphyritic
lavas at the summit of Ol Doinyo Nyukie on the south-western part of the caldera forming a 460 m
deep pit crater and depositing lavas on the moat. The freshness of the lavas suggest that these flows
are probably about 100 to 200 years old (Johnson, 1969). Recent subsidence of about 2-5 cm has
been reported at the centre of Suswa caldera in the period 1997 to 2000 (Biggs et al., 2009),
possibly pointing to the location of a recent movement of magma in the volcano plumbing system.
Suswa has numerous volcanic fissure vents aligned with the NNW-trending volcano-tectonic axis
on the western part of the caldera, also aligned with fault trends linking Suswa to the south end of
Olkaria. This orientation is expected to have exerted control on the siting, drainage and recharge of
magma chambers (Skilling, 1993). However, Suswa volcano as a whole is more symmetrically
circular than the other volcanoes in the Kenyan Rift. The south of the Suswa volcano is cut by
numerous faults which are concealed northwards as they enter the Suswa edifice. The geothermal
manifestations include fumaroles and surface alteration associated with both structures and shallow
unconsolidated tuffs. Active fumaroles occur mainly on the rims of the outer and inner calderas, the
northern portion of the outer caldera floor and the southern flank with more clustering along the
Suswa tectono-volcanic axis. The most intense alteration occurs within the inner caldera where
sulphur deposits and gas from associated fumaroles suggest the existence of a 250 to 300°C
hydrothermal resource (ICEIDA, 2016).

Longonot volcano

Longonot volcano is located southeast of Lake Naivasha and east of the Olkaria volcanic complex,
offset to the east of the SKR axis and, therefore, potentially overlying more sediments than
volcanoes located closer to the rift axis. It is a stratovolcano built of peralkaline trachyte lavas and
pyroclastics, with small volumes of mixed hawaiite-peralkaline trachyte lavas. Syn- and post-
caldera pyroclastic eruptions partly infilled the caldera depression and mantled the caldera wall.
Ash from Longonot eruptions can be traced westwards covering Olkaria geothermal complex to the
western flank of the rift. Volcanic development initiated about 400 ka with major explosive
eruptions occurring over period from 21 — 6 ka resulting in caldera collapse (Scott and Skilling,
1999). Later eruption of pyroclastics at 3.5 ka formed the present summit crater with the most
recent flank eruption of trachyte about 150 years ago. The main structural feature is the NNW-SSE
alignment of 14 eruptive centres which cuts through the summit crater, and includes the source
region of the younger lava flows (Scott, 1980). This structural alignment is parallel to the general
trend of the SKR rift wall faults (Fig. 1) and marks a possible sub-surface magma channel (Clarke
et al., 1990). There are no visible surface tectonic structures at Longonot due to thick pyroclastic
cover, which have probably altered into thick clay-zeolite cap. The only thermal manifestations are
weak fumaroles within the summit crater, along the volcanic alignment to the SSE and along the
southern caldera rim.

Olkaria volcanic complex

Olkaria geothermal field is located between Lake Naivasha and Suswa but it is aligned
perpendicular to the rift axis with respect to Mt. Longonot immediately to the east. As the first
geothermal field to be developed on large scale in Africa, Olkaria has an installed electrical
generation capacity of about 700 MWe. The exposed geologic units (Fig. 9) at Olkaria are mainly
the result of Pleistocene-Holocene magmatism consisting of comenditic rhyolite, pumice and
trachyte (Omenda, 1998). The youngest eruption is the Ololbutot rhyolite flow dated at about
180+/-50 yr BP (Clarke et al., 1990). Numerous rhyolitic domes are scattered across the Olkaria
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volcanic complex and many are aligned along structures like the Ololbutot Fault and the southern
ring structure that may be associated with the rim of a buried volcanic caldera (Clarke et al., 1990).
The most prominent structures at Olkaria are the ESE Olkaria Fault Zone, N-S faults like the
Olkaria Hills and Ololbutot faults, NW-SE faults aligned with the SKR including the Suswa and
Gorge Farm Faults, and faults associated with the southern ring structure (Omenda, 1998). Other
authors have also reported NE, NNW and ENE trends. Ogoso-Odongo (1986) have interpreted the
OI’Njorowa gorge as a structural zone where rock weakened by fracturing and alteration and had
been subsequently eroded by an outwash from Lake Naivasha during a period of relatively higher
lake level. Fracture permeability of the Olkaria geothermal reservoir has been interpreted as being
predominantly controlled by the NW-SE and NE-SW trending faults as well as by the proposed
ring structure and intersections of such structures (Mwania, 2015). Some structures aligned with
numerous rhyolite domes are associated with leakage of cold water to several km depth, for
example along the northern NS segment of the Olobutot Fault and along the southern ring structure
and Gorge Farm Fault. The Ololbutot Fault has also been interpreted as a barrier, hydrologically
dividing the reservoir into the Olkaria northeast field producing mainly from trachytes and the
Olkaria west field producing mainly from the Mau Tuff units (Owens et al., 2015). The general
permeability patterns inferred from the fault interpretation are consistent with well interference
tests and tracer return patterns.

Thermal manifestations occur in form of fumaroles, hot altered ground, and sulphur deposits that
are mainly located to the west of the OI’Njorowa gorge. To the east of the gorge in the Olkaria-
Domes area, there are no surface manifestations, probably due to the thick clay cap over this highly
productive sector.

Menengai volcano

Menengai is a Quaternary shield volcano built on the floor of the CKR less than 10 km north of
Nakuru town. Volcanic development initiated about 180 ka (Leat et al., 1984), with the growth of a
trachyte lava shield. Later remarkable eruptions include two ash-flow tuffs that resulted in the
formation of a 12 x 8 km caldera with almost vertical walls up to 300 m high. The dated tephra has
placed the probable age of caldera formation at about 29 to 12.8 ka (Leat, 1984). Post caldera
eruptions produced mainly trachyte, phonolite and basalt lavas, sheet-forming air-fall pumice
deposits and Strombolian cinder cones most of which were deposited on the floor of the caldera.
The most recent eruptions of lava may be few hundred years old. The prominent structural patterns
at Menengai include the caldera ring fracture fault system and the younger NNE-SSW normal fault
defining one side of the Solai half graben that cuts through the caldera rim in the northeast (Mibei
et al., 2016). The N-S faults are older, as are the NNW-SSE faults that are aligned with the tectono-
volcanic axis and mark the Molo graben that hosts sulphur-depositing fumaroles to the north of the
caldera. Very young NNE-SSW structures are associated with a trend of young eruption vents
across the southern caldera. Active sulphur-depositing fumaroles within the Menengai caldera are
associated with structures crossing the central dome area. Most wells drilled at this summit area
encountered magma at depth of about 2000 m (Mibei et al., 2016). The geothermal development is
underway at Menengai caldera with planned installation of a 105 MWe power plant by the year
2020. Because the magma as shallow as 2000 m depth limits the conventional geothermal resource
capacity at Menengai and because the confirmation of magma by drilling provides an important
constraint on the reliability with which MT, gravity, INSAR and microearthquake data sets are
likely to detect magma in the Kenyan rift.
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4. Geologic setting of geothermal systems in the NKR

This study focuses on three volcanoes in the NKR, namely, Korosi, Paka and Silali. Here the inner
rift is a narrow zone (about 10 km wide) of intense faulting and fracturing where recent volcanism
has taken place (Dunkley et al., 1993). Similar to the other rift segments, Quaternary volcanism in
this region has led to development of a system of caldera volcanoes and craters spread along the rift
axis. Geothermal systems are manifested by surface expressions found on the Quaternary volcanic
centres which include hot, hydrothermally altered ground and fumaroles above the water table and
hot springs at lower elevation where liquid thermal outflows meet the water table. The most
vigorous areas of fumarolic activity are associated with hot, hydrothermally altered ground on the
upper flanks, summit craters and caldera areas of the volcanic centres close to NNE-trending faults
and/or caldera structures. Intense fracturing in the inner rift likely forms a zone of high
permeability that will promote buoyant up-flow or outflow of hydrothermal fluids or, in areas not
capped by clay, down flow of cold water.

Korosi volcano

Korosi is a trachytic shield volcano located in the axial graben just north of Lake Baringo and
adjacent to Paka volcano. The shield build-up started about 0.5 Ma with alternating sequences of
trachyte and basalt eruptions (Dunkley et al., 1993). The volcano is bisected by a fracture zone of
NNE-trending faults which step progressively eastwards across the volcanic complex between the
two major bounding faults. Other structural features include summit collapse craters, mostly less
than a km in diameter, which are thought to be associated with lateral drainage of magma. Most of
the surface thermal manifestations occur between the two major structural systems, the Nakaporon
fault to the west and Nagoreti fault to the east. Thermal manifestations occur in form of hot ground,
steaming ground and fumaroles where temperatures above 95°C have been measured (Ofwona et
al., 2006). Sinter indicates locations of fossil hot springs consistent with the elevated local water
table about 11.8 to 12.7 ka (Dunkley et al., 1993).

Paka volcano

Activity at Paka volcano initiated about 582-390 ka with the build-up of the shield from effusive
flank eruptions of mugearite and trachyte on the western margins of the volcano (Dunkley et al.,
1993; Friese, 2015). The eruptions migrated progressively to the eastern side with sustained
eruption of trachyte. The final eruptions were concentrated in the summit caldera and along fissures
to the NNE aligned with axis of the rift, consisting of trachyte, basalts and pyroclastics between 35-
10 ka (Dunkley et al., 1993; Friese, 2015). Post-caldera magmatic activity is dated at around 8 ka.
INSAR has detected recurring episodes of inflation of up to 21 cm at Paka between 2007 and 2010
(Biggs et al., 2009; 2013), suggesting active injection of magma.

Tectonic activity is characterised by regional faulting events mainly towards rift margins with later
faulting concentrated toward axis of volcanoes in the region perhaps driven by magma activity
below. The final phase of mapped faulting involved rejuvenation and reactivation of older faults at
35 ka accompanied by further geothermal activity as seen in mineral veining in syn-caldera rocks
(Geoffrey Mibei, pers. comm. November, 2018). A 10 km wide zone of N-S and NNE - striking
normal faulting and fracturing cuts across the Paka volcano and most of the fumaroles occur on this
zone, implying that these mapped faults provide permeable pathways for steam and gas to reach the
surface. Silica sinters at Paka indicate 180°C water near the surface but, given its date of about 64
ka (Dunkley et al., 1993), it is too old to be relevant to any current geothermal system.
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Silali volcano

The oldest exposed volcanic products at Silali date between 460 - 225 ka when shield construction
began on the 50 km wide former rift, with voluminous basalt and trachyte flows overlying Tertiary
tuff and sediments (Dunkley et al., 1993). These continued eruptions led to build-up of a 700 m
thick, 27x33 km shield volcano above the rift floor and the subsequent collapse of its 7.5 x 5 km
caldera at 64 ka, due to withdrawal of magma below the summit and lateral injection into dikes and
flank eruptions (Dunkley et al., 1993). The youngest volcanism at Silali includes the 4+2 ka Black
Hills trachyte on the northeast flank of the caldera and the later basaltic eruption on the N and NE
flank, probably as recently as a few hundred years ago. Older fissures, faults and volcanic cones are
aligned NS to N10E, parallel to the rift margins while the younger volcanic cones and vents are
aligned NE-SW, consistent with the general trend of eastwards migration of recent magmatism.
Hydrothermal activity is widespread at Silali with boiling point fumaroles and extinct hot spring
mineralization below the SE rim of the caldera, cooler, wispy fumaroles on the east flank of the
shield, 50°C to 80°C hot springs at Kapedo and Lorusio on the western margin of the volcanic
shield, and warm springs and steam vents at Kalnangi on the northern flank of Silali volcano. These
surface expressions are indicative of a potential 250 to 300°C hydrothermal system. Recent satellite
radar interferometry observations (Biggs et al., 2009, 2013) show that the summit area at Silali
volcano underwent subsidence, up to 4 cm between 2007-2010.

5. Geological comparison between volcanoes in SKR, NKR and CKR

The Kenya rift initiation started in the north and progressed southwards with time which is
consistent with the increased extension and thinning of the crust northwards from 35 km in the
south to about 20 km thick in the north (Maguire et al., 1994; Keller et al., 1994a; Mechie et al.,
1997). Alignment of volcanic features, including calderas, fissure eruptions, domes and pyroclastic
cones indicate the orientation of shallow crustal stresses in the Kenyan Rift (Biggs at al., 2016).
The thickening crust southwards is consistent with a larger magma body producing differentiated
magma, accounting for the Olkaria rhyolites and consistent with the large Olkaria geothermal
reservoir.

In terms of caldera morphology, the NKR calderas long axes orient parallel to NW-SE-trending
Proterozoic faults whereas, in the SKR segment, the calderas long axes are oriented in a NE-SW
direction, parallel with the Precambrian (about 500 ma) fault orientation. At Olkaria, the proposed
caldera ring structure marked by rhyolite domes and pyroclastic cones is aligned with Longonot to
the east, almost perpendicular to the rift axis, also likely related to older structure. Therefore,
although alignments in the NKR and SKR are controlled by the rift opening axis and the main
volcanic edifices are controlled by cross-cutting Proterozoic structure but, important with differing
strike in each case.

Calculated magma volume erupted from some calderas is much less than the volume of caldera
collapse signifying lateral magma injection into the crust from draining shallow magma chambers.
At Suswa erupted magma volume account for 5.2 km* of the 22 km?® caldera volume (Skilling,
1993) while at Longonot magma volume of 11.25 km?® out of 26.5 km® caldera volume has been
calculated (Scott, 1980). A more extreme example has been reported at Silali volcano in the NKR
with a huge caldera structure and very little erupted mass (Dunkley et al., 1993). At Menengai in
the CKR, a total collapse volume of 50 km? is indicated but only 22.5 km? of erupted magma is
accounted by the lava on the surface (Leat et al., 1984). Among the implications of these
observations is that magma movement and storage in the crust is not necessarily directly related to
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eruption risk, the processes involved are more complex than can be inferred only from uplift and
subsidence alone, and applications to resource assessment are ambiguous.

6. Magnetotelluric (MT) data acquisition and processing

MT is a passive electromagnetic method in which the natural electric (E) and magnetic field (H) are
recorded at the ground surface and used to compute an impedance tensor (Z) (Cagniard, 1953;
Vozoff, 1972), to derive information on the resistivity structure of the subsurface (Vozoff, 1991).
From 2004 to 2017 about 700 MT soundings have been acquired in many field campaigns for
geothermal exploration in the study areas of the Kenya rift, covering Suswa, Longonot and Olkaria
in the SKR and Korosi, Paka and Silali in the NKR (Fig. 2). A further 200 MT stations have also
been acquired at Menengai volcano in the CKR, part of which have been used for the comparison
to the undeveloped geothermal fields. All stations were occupied with Phoenix Geophysics 5-
channel MTU-5A time series data acquisition systems with magnetic induction coils, telluric
dipoles, GPS time synchronization. For each sounding, the horizontal electric and magnetic fields
were recorded continuously for a period of about 15 to 21 hours with grounded dipoles and
induction coils oriented in magnetic north (x) and east (y) directions. These time-series data were
all processed using a single site robust processing. To correct MT static shift distortion, transient
electromagnetic (TEM) data has been acquired close to a majority of the MT stations. For those
MT stations that were not occupied with TEM soundings, alternative static shift correction methods
were attempted, for example, by shifting according to the topographic models of Jiracek (1990)
where polarization at 100 Hz was consistent with topography. While parts of this dataset have been
previously published (e.g. Lichoro et al., 2017), we have included an additional ~350 new
soundings from the southern Kenya rift volcanic segment.

7. Data analysis and inversion
The SSMT2000 MT time series processing suite (Phoenix Geophysics, 2005) was used for Fourier

transformation of time series into the frequency domain, computation of a suite of cross-powers at
each frequency, and robust estimation of the impedance tensor (Egbert and Booker, 1986). The
cross powers and impedances were converted to the standard Electronic Data Interchange (EDI)
format and input into TEMTD software (Arnason, 2006) for further analysis and interpretation.
TEMTD program is based on the one dimensional (1D) Occam inversion (minimum structure)
algorithm of Constable et al., (1987). The program does joint inversion of MT and TEM, adjusting
shift multiplier for MT apparent resistivity so that both the MT and TEM apparent resistivity can fit
the same model.

The data considered here typically have good quality for periods from 0.01 to 3 s, allowing almost
all of the MT data to support a 1D inversion that will resolve the geometry of the clay cap.
However, less than 50% of sites have reliable data from 0.01 to 100 s and so will be less effective
in resolving deeper features. Editing prior to inversion included omitting data at periods affected by
severe noise and omitting MT data at longer periods affected by 3D structure as indicated by
parameters like high on-diagonal impedance magnitude or high dimensional parameters like
ellipticity. The 1D resistivity versus depth results computed for each station have been interpolated
to contour resistivity maps and cross-sections for comparison between the study areas.

Figure 3 shows a representative MT sounding done at Paka volcano in the northern Kenya rift. At
period below 10 seconds, the resistivity exhibits a 1D character, where the off-diagonal
components, Zxy and Zyx are parallel and equal in amplitude. The diagonal elements Zxx and Zyy
(shown in faint colours in Fig. 3 lower panel) are significantly lower in amplitude (at least an order
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of magnitude) than the off-diagonal elements for most frequencies. Above 10 seconds the two
impedances diverge signifying higher dimensionality. The curve with black symbols represents the
determinant impedance, the rotationally invariant response that is used in the joint 1D inversion.
Given the limitations of the MT data and the likely resistivity pattern of the Kenyan rift volcanoes,
1D Occam resistivity inversions computed from the MT determinant mode were chosen for
comparing the resistivity pattern among prospects because they were likely to produce consistent
results to the base of the low resistivity smectite clay cap, with some caution needed where the cap
is particularly thick or low in resistivity, potentially inducing dimensional distortion that would
exaggerate the depth to the base of the cap.

The value of the resistivity in the higher resistivity below the conductor is more ambiguous, both
because of inherent limitations to MT (Chave and Jones, 2012), local data quality issues at many
Kenyan Rift volcanoes and the limitations of 1D inversions (Cumming, 2014). However, the
elevation of the transition from lower to higher resistivity at the base of the conductor is typically
reliably resolved in geothermal settings using 1D inversions of the MT invariant mode in more
resistive terrain outside and near the edges of a clay cap and or TE-mode over the clay cap, except
near lateral discontinuities in the cap (Dipippo, 2016). Cross-sections constructed by stitching
together such 1D inversions have been an important diagnostic in geothermal exploration, with a
particular focus on the geometry of the base of the shallow smectite clay cap that caps geothermal
upflow and steers the buoyant outflow in an updip direction.
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Figure 3: An example of MT data from Paka volcano showing MT impedance; At period
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corresponding to shallow depths. The black symbols represent the determinant impedance.
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8. 1D inversion versus 3D inversion

To illustrate the utility and limitations of the 1D inversions of the MT invariant mode used to
produce the comparative resistivity cross-sections in Fig. 6, the resistivity cross-section across the
Paka volcano generated using 1D inversions of the MT invariant mode (Fig. 4a) is compared to a
cross-section generated from a 3D MT inversion (Fig. 4b). The 3D inversion had been computed
by CGG using the Mackie conjugate-gradient approach (Soyer et al., 2017). The inversions
produce similar models shallower than 1000 m, with a thin high resistivity surface layer overlying a
low resistivity (<10 Qm) smectite-zeolite alteration zone, which is underlain by a much higher
resistivity rocks. In both inversion, the conductive layer is thinner below the summit area and
thicker on the east and west flanks. However, below the west flank of Paka volcano, the 1D
inversion shows a conductive zone that extends to the base of the profile (Fig 4a) while the 3D
inversion indicates that the base of the clay alteration is at a depth of about 2000 m. bsl (Fig. 4b).
This is a limitation of 1D invariant mode which extends the depth of base of the clay cap and
exaggerates the depth of the conductors on the flanks. At depth of about 4000 m. bsl, 1D inversion
displays reducing resistivity in the eastern part of the mapped area where the 3D inversion shows a
consistently higher resistivity. This suggests that the 1D resolution of the base of the clay is fairly
reliable below the peak but the TE-mode will be more reliable over thick conductors on the flank.
Overall, both inversions resolve features consistent with the shallow resistivity structure of high
temperature geothermal systems i.e. a conductive clay cap with temperature (<220°C) overlying
resistive higher temperature (>240°C) reservoir. It is notable that deeper conductor is not
resolvable in 3D inversion suggesting that the magma body at Paka volcano is too small.
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Figure 4: West-east resistivity sections across the Paka volcano; (a) obtained from stitched joint
1D inversions of TEM and determinant MT data, (b) from 3D inversion of MT data. Inverted
triangles: MT stations.
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9. Testing magma detection by 1D MT inversions using 2D MT modelling
In the volcanic systems of the EARS, calderas are assumed to indicate the geometry of past magma
reservoirs. This, however, does not provide the depth or current state. Geophysical observations
including InSAR, microearthquake locations, Vp and Vs seismic tomography, teleseismic S-wave
shadows, MT and gravity data sets have been used to detect and characterize liquid and near-liquid
magma. Where most MT stations over and immediately adjacent to a suspected magma body have
high quality from 0.01 to 100 Hz, a 3D MT inversion could probably detect magma bodies that are
about as wide as their depth of burial to 7 km depth. To be reliably resolved by 1D MT, a magma
body would have to be much wider than its depth of burial. As a result, in the EARS, MT surveys
have ambiguously appeared to detect magma at relatively shallow depths beneath Menengai and
Longonot volcanoes and have been more speculatively interpreted at others.
The 3D resistivity inversion reported by Mibei et al. (2016) at Menengai produced a conductor at
about the 2 km depth corresponding to the magma that was intercepted in wells but the sensitivity
of this feature has not been tested. That is, it may indicate that the MT are consistent with the
magma rather than indicate reliable independent resolution of it. However, the 1D MT inversions
do not reliably resolve the magma body, suggesting that the dimensions of the magma body are too
small to be resolved by 1D inversion in this context. This is similar to the case that Gasperikova et
al. (2015) demonstrated at Krafla in Iceland where silicic intrusions have been intercepted in form
of isolated pockets not detectable by MT.
To test in what conditions a 1D inversion of the invariant MT mode used in this analysis would be
expected to detect a magma body in noise free conditions, synthetic data has been computed for a
2D model with magma bodies of various sizes and inverted using the 1D invariant to test whether a
plausible magma body could be resolved in the cross-section plots presented in this study. This is
achieved by use of the 2D forward modelling and inversion software included in the WinGlink
software (WinGLink, 2005; Rodi and Mackie, 2001). A 2-D resistivity mesh was designed
incorporating topography and a model for a geothermal system from the surface to the base of the
clay cap was built using the stitched 1D models. Below the base of the cap, resistivity is set to a 50
Qm half space in which a “magma body” consisting of blocks of various dimensions that are being
tested for resolution. Synthetic data for stations spaced 200 m apart are computed from the 2D
forward model algorithm for periods from 0.01 to 1000 Hz with 5 frequencies per decade. To test
noise cases, a very low level of 5% random noise was added. Representative synthetic examples
were prepared for all the volcanic areas considered in Fig. 6. However, only the case for Paka
volcano is shown in Fig. 5 to illustrate the limitations of 1D inversion and test the size of magma
that can be detected. This is aimed at illustrating typical resolution of 1D smooth inversions of the
MT invariant mode below the base of the clay cap (see Fig. 5b).
Fig. 5¢ shows one example of an initial model (forward model) for a magma body 4 km wide, 0.7
km thick, with a top at 4 km depth, that was used to generate the data used in the 1D inversions
shown in Fig. 5a for the TE-mode (electric field along strike) and Fig. 5b for the invariant mode.
Although the TE-mode arguably performed better than the invariant mode, as is commonly
observed over a prominent conductor (Cumming and Mackie, 2010), neither 1D invariant nor TE-
mode consistently resolved models for the magma body that were narrower than the depth of
burial. The TE-mode detects magma with dimensions greater than 4 km across while invariant
detect magma size larger than 7 km across, consistent with only the largest magma bodies expected
at 3 km depth. On the other hand, 1D invariant mode resolves the resistive features adjacent to the
conductive clay cap in a more realistic manner. For dimensions of magma 7 km by 1.2km or 10 km
by 2 km, both are detected by the inversions of the TE- and invariant modes; that is, as might be
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expected, 1D inversion works for those models where the lateral extent of conductors is large
enough that the MT looks 1D.

For cases where the near-surface clay layer is very low resistivity and thick (that is, high
conductance) then resolution of a deeper conductor is likely to be very limited in 1D unless the
deeper conductor is particularly low in resistivity, laterally extensive, with a thickness that is a
significant fraction of its depth of burial (that is, its conductance should be comparable to the clay
cap conductance). But, when the conductance of the near surface is moderate, chances of resolving
a deeper conductor improves. An overall rule-of-thumb is that magma can only be resolved below
the clay cap if its resistivity is low and lateral dimensions are larger than their depth. However, if
MT data quality is good enough 3D inversion might resolve deep low resistivity better.

Within the >200 km wide overall gravity low associated with the roots of the Kenyan Rift at 50 to
70 km depth, the details of the <20 km wide gravity high that extends along the centre of NKR can
be effectively modelled using density variations to a depth of 2500 m with boundaries between
bodies of differing density constrained by the MT resistivity boundaries and the densities
themselves constrained by measurements of rocks at the surface and in boreholes. Although this
depth range includes the magma at Menengai, the ambiguity in the gravity model precludes directly
constraining the depth to magma in a meaningful way.
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Figure 5: A representative Magma detectability test using synthetic modelling of MT data at Paka
volcano for magma size 7 km across and 1.2 km thick centred at 3.5 km. b.sl (a) 1D TE-mode (b)
1D Invariant mode (c) initial model (d) 1D invariant mode showing sizes of magma tested; blue: 4
km by 700m; black: 7 km by 1.2 km and red: 10 km by 2 km.

S-wave shadows have been observed beneath some volcanoes and, at least at Olkaria, where there
appears to be a correlation between these zones and the high temperature upflows (Simiyu, 2000).
Given the low frequency of the S-waves and the low resolution inherent to S-wave shadows,
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extended volumes of magma must be present in the crust, which would likely be observed by MT
as low resistivity. Therefore, the lack of detection of such features by the MT is unlikely to be due
a small size but it might be attributed to a higher than expected resistivity (i.e. lower conductance)
of the magma relative to the conductance of the overlying clay cap. As part of an integrated magma
detection study including teleseismic monitoring, local microearthquake monitoring and InSAR, a
3D MT magma detection study based on the available MT data quality could address both the
reliability of different approaches to imaging magma beneath geothermal prospects in the Kenya
Rift and assess the potential value of investing in higher quality MT acquisition.

10. Resistivity results

Many geothermal fields have been explored using 1D inversions of MT data that usually provided
adequate characterization of the geometry of the conductive clay cap overlying the high
temperature reservoir, although it was not expected to reliably resolve variations in resistivity
below the cap (Cumming and Mackie, 2010). In this study, either smooth joint inversion of
invariant MT and TEM or 1D inversion of invariant MT without TEM data was done for all 700
soundings. The resulting 1D models of individual soundings are stitched to form 2D cross-sections.
Using this approach, the resolution deteriorates beneath the clay cap making details of resistivity
structure at reservoir depths uncertain. However, to illustrate the overall pattern of resistivity
depicted by the 1D inversions, the resistivity cross-sections in Figure 6 are plotted to the full depth
of the section, unlike the plots shown in Lichoro et al. (2017) where similar plots were truncated at
the depth that dimensional analyses suggested that the 1D inversion was less reliable. Figure 6
includes cross-sections through the volcanic centres discussed here i.e. Silali, Paka, Korosi,
Olkaria, Longonot and Suswa. Figure 7 shows a cross-section through Menengai and Figure 4
compares 1D and 3D inversions at Paka to indicate what part of the 1D inversions are more likely
to be reliable.

To avoid large data gaps related to access limitations and noise from power plants at Olkaria, the
MT cross-section used for Olkaria shown in Fig. 6e does not follow the published cross-sections
shown in Fig. 9 and 10. At Olkaria the resistivity pattern is consistent with the smectite-zeolite
zone, resulting in doming up of the base of the low resistivity (<10 Qm) zone over the entire
reservoir. Where temperature exceeds 200°C at shallower depth and temperature-sensitive
smectite-zeolite alteration is also found at shallower depth. Ongoing work will clarify the overall
pattern found in the base of the low resistivity zone at most of the volcanoes (Fig. 11b). This area at
the western end of the profile is close to the western margin of the rift and is underlain by the thick
Pliocene Mau Tuff (Omenda, 1998) and, because of the easily altered thick section of tuff at the
margin of the field, the base of the low resistivity is very deep. The resistivity structure in the
Olkaria east field and Domes is consistent with the high temperature resource (Fig. 6e). Where the
Olkaria cross-section (Fig. 6e) crosses the gorge and to the east, the Domes ring structure (9 km
along the profile), low resistivity features appear to dome from below 3000 m depth. The vertical
contours are likely to be artifacts caused by extending 1D MT inversion to depths distorted by the
effect of lateral boundaries. Drilling at Olkaria has shown that it is consistently capped by zone of
argillic alteration dominated by smectite with associated zeolite, amorphous silica and calcite,
typically associated with formation temperatures less than 180°C but, at Olkaria, the range of
temperature is locally lower in areas of relict alteration (Mwania, 2015). The resistivity
corresponding to this alteration zone is below 10 Qm (Fig.6e) and temperature < 200°C in some
areas and <80°C in others (Fig. 10). The resistivity profile shows a transition to propylitic reservoir
with resistivity above 14 to 20 Qm consistent with depths where smectite-zeolite transitions to
chlorite-illite. At depths between 1000-3000 m below surface and resistivity between 30-100 Qm,
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high temperature propylitic alteration zone is associated with epidote, chlorite, albite, illite,
prehnite, actinolite and wollastonite (Mwania, 2015) corresponding to reservoir temperatures over
250°C to as high as 340°C (Axelsson et al., 2017).

A resistivity cross-section through the Menengai caldera is shown in Figure 7 with wells projected
onto it. The shallow high resistivity overlies a zone of lower resistivity of <20 Qm about 1 km
thick where low resistivity, low temperature clays dominate before transitioning to moderate
resistivity of >32 Qm, usually shallower than 1600 m depth. The resistivity pattern at Menengai
shares some of the complications in interpretation encountered at Olkaria, such as low resistivity
smectite capping outflows over a temperature reversal (Mibei et al., 2016; Mbia et al., 2015) and a
resistive quartz-illite cap below the zeolite zone that locally results in a reservoir much deeper than
the base of the zeolite zone.

Several drilled wells at the summit area have encountered magma (GDC, 2017) at about 2.1 km
depth (shown in red in fig. 7) while syenitic intrusions dominate in wells to the west. Based on the
wells that encountered magma, we can speculate on the geometry of the magma to be about 1.2 km
wide, although it might be more extensive deeper than the wells. Although the invariant 1D
inversion does not detect the magma, this would be expected given its lateral dimension is half of
the depth below a clay cap conductor, although a 3D inversion was reported to have resolved the
magma, which is possible given high quality data. Two wells drilled in the Krafla geothermal field,
NE Iceland, have encountered silicic magma at depth of about 2.1 km, similar to the depth of
magma in Menengai (Fridleifsson et al., 2010) and (Elders et al., 2011). This magma was not
reliably resolved by MT 1D inversions or by several elaborate 3D MT inversions, probably due to
the noise in the MT data that limited the reliability of the inversions below the cap (Gaspericova et
al., 2015). Moreover, the magma encountered in Krafla wells was a re-melt of altered basalt and so
is probably in disconnected pockets below the plausible resolution of MT. The MT at Menengai
shares the limitations of the MT elsewhere in Kenya complicated by high contact resistance on
extensive lava flows over the reservoir and high cultural noise related to drilling activity, so MT
data quality below 1 Hz is more problematic at Menengai than at most geothermal prospects in
Kenya, making magma detection using MT especially challenging at Menengai. A
recommendation based on this study is that a revised 3D MT inversion at Menengai should be
conducted along with 3D model sensitivity tests with and without the magma constraints from the
wells in order to assess how reliably a 3D inversion of the available MT could be expected to
resolve the magma at Menengai and other prospects.

The Suswa cross-section in Fig. 6 stands out as having the most ambiguous evidence for the
existence of a conventional smectite clay cap, with a moderate resistivity zone of 20 to 50 Qm in
the upper 1500 m of the volcanic edifice. (Fig. 6g), and with minor lower resistivity zones
appearing on both east and west edges of the profile on the outer flank of the volcano. This
resistivity pattern is consistent with the phonolite and trachyte rocks at Suswa, which are less likely
to alter to smectite. The geochemistry of the fumaroles in the outer caldera suggest that they are
associated with boiling at <140°C, possibly associated with outflow or with boiling near the water
table above low permeability conductively heated rocks. By analogy to Olkaria and Menengai, it is
possible that the moderate resistivity is due to higher temperature illite-chlorite alteration that is
now relict, due to cooling, in which case any permeable high temperature reservoir below the
northern outer caldera would have to be deep. Unfortunately, access limitations did not permit
acquisition of MT near the fumarole with >250°C geothermometry within the inner caldera but,
again by analogy to Menengai, the recent eruption vents may provide an entry of cold water below
a moderate resistivity cap. Moreover, evidence of very recent eruptions favours an interpretation of
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shallow magma at Suswa, making concerns of a relatively thin reservoir analogous to Menengai
plausible at Suswa (ICEIDA, 2016).

The resistivity cross-section across Mt. Longonot shown in Fig. 6f also differs from the other
Kenyan Rift examples in that it has an almost flat <10 Qm low resistivity layer about 500 m thick
extending across the lower southern flank of the volcano. This profile did not go through the
summit caldera because of limited availability of MT stations. However, the base of the conductor
is shallower southeast of Longonot crater. Alexander and Ussher (2011) summarized results of a
3D MT inversion that appeared to resolve a <10 Qm conductor 2000 m below the south rim of
crater that was interpreted as a magma chamber, with some ambiguity related to the lack of MT
coverage within the summit crater. Seismic tomographic studies through Longonot have identified
low P-wave velocities in the crust that are interpreted as zones of partial melt, albeit with low
resolution (Karson and Curtis, 1989). The elevation changes detected by INSAR are near but not
coincident with the feature detected by MT, perhaps because the InSAR is responding to shorter
term, smaller volume magma movement. By analogy to Menengai, a Longonot reservoir near a
magma body at 2000 m depth is likely to be boiling point, consistent with the elevated base of the
clay cap shown to the south of the interpreted magma in Alexander and Ussher (2011).

The resistivity structure across the Korosi, Paka and Silali volcanoes (Fig. 6a, b & ¢) shows a
relatively thin low resistivity cap over an elevated high resistivity zone bordered by thicker low
resistivity to northwest and southeast between the lower flanks of the volcanoes and the edge of the
rift. In the summit areas, the resistivity pattern is characterized by a thin resistive (>60 Qm)
surficial layer underlain by a more conductive layer of about 10 Qm at the Silali and Paka
volcanoes and about 30 Qm at the Korosi volcano. The conductive layer is generally thinner in the
summit areas where it is likely to correspond to low temperature hydrothermal smectite-zeolite
alteration and thicker to the sides of the volcanoes where it is interpreted as volcanic sediments and
weathered ash with high smectite clay content. A higher resistivity zone is detected below the
conductive clay layer on all of the MT profiles. The base of the conductive zone (the top of the
resistive zone) is more elevated below the eastern half of the Silali volcano, below the Paka summit
area and to the SE of Korosi volcano, possibly corresponding to the apex of a high temperature
geothermal reservoir or the path of updip outflow. The thickening of the low resistivity zone on the
margins of these profiles, especially on the northwest side, probably reflects more volcaniclastic
deposition towards the west margin of the rift. The thickening and deepening of these conductors
might mark reservoir boundaries, as does the thickening of the conductor on the margin of Olkaria
(Kandie et al., 2016) and Menengai (Mibei et al., 2016).
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Figure 6: Resistivity cross-sections through the volcanoes in the north and south rift segments (a) Silali (b) Paka (c)
Korosi (d) N. rift location map (e) Olkaria (f) Longonot (g) Suswa and (h) S. rift location map. Inverted triangles are
MT stations, red rectangles are fumaroles on-profile. On the location maps volcanoes/calderas are marked by
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prospect boundaries in south rift.
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Figure 7: (a) Resistivity cross-sections through the Menengai caldera in the central rift segments
showing the wells projected on the profile. The red colour shows magma intercepted and the brown
colour indicates syenitic intrusions. (b) Location map showing profile in red.

11. Gravity surveys
Most of the gravity surveys in the Kenyan rift have been carried out to understand the overall rift
structure or of a particular volcano but no comparative assessment of individual volcanoes has been
conducted. Most surveys at volcanoes have detected isolated gravity highs aligned with the volcano
and overall rift axis (e.g. Simiyu and Keller,2001; Mariita and Keller, 2007). The east African
plateau is characterized by a negative Bouguer anomaly of an amplitude of up to 150 mGal over
1000 km W-E distance (Sowerbutts, 1969; Searle, 1970; Fairhead, 1976; Mariita and Keller, 2007).
This anomaly has been attributed to a body of low-density material at the base of the lithosphere
which becomes shallower (about 50 to 70 km) beneath the rift valley.
Gravity surveys within the Kenyan rift agree that a gravity high is nested within the much larger
scale and larger amplitude regional gravity low, implying that a relatively dense body is aligned
with the rift axis (Swain, 1992; Simiyu and Keller, 1997; Mariita and Keller, 2007; Lichoro et al.,
2019). Lichoro et al. (2019) indicate that the axial gravity high in the NKR has a positive amplitude
of about 12 mGal and 15 km wide.
Earlier gravity surveys at Suswa, Longonot and Olkaria by Geotermica Italiana (1989), identified
localised positive anomalies which they attributed to shallow buried dense lava flows and large
scale negative anomalies related to deeper sources. They claimed that Mt. Longonot crater collapse
area has a gravity low probably associated with a greater pyroclastic cover at the volcano and
possibly a low density trachytic magma chamber beneath the caldera. Recent studies by Alexander
and Ussher (2011) confirmed that the gravity low extended beyond the boundaries of the mapped
Longonot caldera, suggesting that the pyroclastics and perhaps a buried caldera extended outside
the mapped caldera. A Bouguer gravity map from gravity survey covering Suswa, Longonot and
Olkaria (KenGen, internal report) is shown in Fig. 8a. The map shows a gravity low at Longonot
caldera and reveals a gravity high at both the Suswa and Olkaria complex.
A gravity profile across Olkaria complex shows a trend of decreasing gravity towards the margins
of the rift valley at the western escarpment (Ndombi, 1981). A series of N-S aligned high gravity
are superimposed on the gravity low corresponding to major structural features, i.e. Olkaria and
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Ololbutot fault zones and OI'Njorowa gorge and a broad positive gravity residual anomaly in the
central part of Olkaria (Simiyu and Keller, 2001). The gravity low to the west of Olkaria fault zone
is a consequence of thick low density volcanic sequences in that zone. A detailed residual gravity
map at Suswa shows a N-NE trending positive anomaly which Cantini et al. (1990), attribute to
cooling dense magma body intruded into the basement to within 3 km depth. Cumming (2017)
modelled a combined MT and gravity profile across the Suswa caldera that showed that the gravity
high was consistent with a dense lava flow and a shallower transition to denser, high temperature
alteration.

In the northern rift segment, an extensive gravity survey was carried out from 2014 to 2017,
covering the Korosi, Paka and Silali volcanic zone (Lichoro et al., 2019). Figure 8b shows a
residual Bouguer gravity map based on these data. The map shows a consistent gravity high
aligning with the NNE-trend of the fissure swarm in the inner rift axis and through the volcanoes.
A gravity low has been mapped between the axial gravity high and the rift margins and likely
extends east and west of the survey area as part of the large scale gravity low related to density
contrasts deeper than can be resolved by this survey. The transition from gravity high to gravity
low is marked by a steep gradient on either side implying a relatively shallow source. Based on
correlations with MT resistivity, Lichoro et al. (2019) attributed the axial high to a higher
proportion of high density lavas closer to the eruptive centres and more tuffs and sediments on the
flanks, shallower transition to denser high temperature alteration beneath the volcanic centres and
dense intrusions intruding the volcanic rocks below the volcano. Even steeper gradients related to
local gravity lows were associated with thin tuffs at the summit areas. All thermal manifestations
occur either within the gravity high or at the boundary with the gravity low. Lichoro et al. (2019)
interpret a change in the axial gravity alignment north of Paka volcano as a move of the active rift
fissure eruptions from an older more central axis to the currently active rift to the east of Silali
volcano.

The gravity highs associated with the volcanoes at Suswa and Silali are consistent with the
relatively shallow transitions from smectite to chlorite/illite alteration and the associated loss of
porosity at Olkaria and Menengai and the generally higher density near eruption centres due to the
greater proportion of lavas and intrusions in contrast with the tuffs and sediments farther from the
volcanoes. However, the major fault and contrast between west and east Olkaria, more pyroclastics
to the west and more lavas and intrusions to the east, implies that local geology will likely be
important to local gravity patterns throughout the rift.
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Figure 8: (a) Bouguer gravity (in mGal) map covering the south rift segment, the yellow rings
show approximate locations of Olkaria, Longonot and Suswa respectively. (b) Residual Bouguer
gravity map of the northern Kenya rift covering Korosi, Paka and Silali volcanoes (Lichoro et al.,
2019). Blue stars are surface manifestations, purple dashed line outline the boundaries of the
volcanoes, and brown dashed lines show the faults. Coordinates are in UTM, WGS84, zone 37 in
km.

12. Stratigraphy and Alteration

A generalized stratigraphy for the Quaternary shield volcanoes in the rift is characterized by an
upper 1 km of bimodal basalt and trachyte interlayered with tuffs. A second zone of tertiary
formations comprising of Pliocene pyroclastics and lavas overlaying Miocene basalt and
volcaniclastics which have been intruded by dikes and sills in places. The rift is floored at about 3
km depth by Precambrian metamorphic rocks intruded by dike complexes that are mostly aligned
with the rift (Dunkley et al., 1993; Skilling 1993).

The lithology variations in Olkaria that, in part, affect the gravity pattern are illustrated by the east-
west profile shown in Fig. 9 from Olkaria-west field to Olkaria northeast. To the west, volcanics
and tuffs such as the Mau tuff are intercalated with trachyte and rhyolite lavas in the uppermost 2
km, whereas to the north east, the shallow stratigraphy is dominated by layers of rhyolite and
Olkaria basalt overlying a thick segment of plateau trachyte (Omenda, 1998). This lithology
variation is consistent with the lower gravity at Olkaria-west and higher gravity at Olkaria northeast
(Ndombi, 1981). The lithology of Olkaria-Domes differs from Olkaria northeast and west, with
shallow pyroclastics overlying rhyolites intercalated with basalt and trachyte lavas and sills. Based
on the lithology of the wells, the shallow subsurface (to ~ 3000 m depth) at Olkaria is dominated
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by series of dikes and sills laterally contrasted with tuffs and erupted lava breccias with sufficient
density contrasts to accommodate the local gravity pattern (Ndombi, 1981).

The hydrothermal alteration pattern in the Olkaria field generally fits the pattern expected for
volcano-hosted geothermal reservoirs but also features many of the complications in this pattern
found at other fields related to lithology, permeability, temperature and reservoir evolution. For
example, magma chemistry in the Kenyan Rift favours the eruption of trachyte and phonolite rocks
that have a mineral composition unfavourable to smectite clay alteration, resulting in low
temperature alteration with a relatively large proportion of zeolite rather than the more typical
geothermal cap dominated by smectite. Because the near surface rocks at Olkaria are mainly
rhyolite, low temperature alteration is mixed smectite-zeolite with a moderately low resistivity of
about 5 to 10 Qm. Another alteration complication at Olkaria is that, although the relatively low
resistivity smectite-zeolite zone is generally conformal to the top of the permeable reservoir in most
of the field area, the smectite-zeolite alteration overlies a chlorite-illite alteration zone that acts as a
deeper low permeability, high resistivity cap, as is commonly found in many reservoirs. A dynamic
complication is that, in the Domes area, the base of smectite-zeolite corresponds to temperature
below 100°C instead of the usual 180°C and epidote is found at 150°C instead of the usual 240°C,
consistent with the relict alteration of a cooled reservoir. Where recent rhyolite dome eruptions
pierce the clay cap and provide a conduit for cold water into the reservoir, the smectite-smectite
zone locally caps <240°C outflows at about 900 m depth overlying a temperature reversal to under
180°C, with reservoir at temperature at >300°C deeper than 3000 m in some cases or absent in
others. The effect of all of these complications is that, although the low resistivity zone associated
with smectite-zeolite alteration locally caps the geothermal reservoir (Lichoro, 2010), the top of the
Olkaria permeable reservoir is generally significantly deeper than the base of low resistivity
zeolite-smectite cap (Ronoh, 2015). These alteration patterns at Olkaria should be considered in the
interpretation of MT surveys at other geothermal prospects in the Kenyan Rift.

The relatively shallow transition from the low density smectite-zeolite alteration to higher density
chlorite-illite alteration at about 600 m depth and the high density actinolite-epidote-chlorite-illite
zone below 3000 m depth at temperature over 320°C at Olkaria are likely to contribute to the
overall gravity high mostly associated with the greater proportion of higher density lavas and
intrusions at the volcanoes, in comparison to ash and sediments adjacent to the volcanoes.

The Menengai stratigraphy is dominated by trachyte lava interlayered with tuff in several
sequences which in turn overlie Pleistocene trachyte and basalt lavas. In several wells in the centre
of the caldera, trachyte lavas and intrusions overlie syenitic intrusions that immediately overlie
magma at about 2 km depth (Mbia et al., 2015). Because of the predominantly trachyte
composition of the rocks, low resistivity zeolites (Reynolds and Williford, 1991) are reported to be
more dominant than smectite in the low temperature alteration to about 600 m depth over the centre
of the field. In the central reservoir zone at Menengai, the base of the zeolite-smectite zone and
transition to an illite-quartz zone corresponds to >240°C but it may correspond to <100°C where
cold water is leaking down through structures that penetrate the cap below recent eruption vents.
The base of the zeolite-smectite zone locally also overlies >200°C outflows that overlie
temperature reversals (Mibei at al., 2016). Although these features are analogous to Olkaria, the
cold leakage at Menengai has been more challenging because the high temperature reservoir is
much smaller than the Olkaria reservoir and magma is shallower, issues that may apply to other
prospects in the Kenya Rift. The Menengai wells confirm that the gravity high is associated with
both a greater proportion of lavas and intrusive rocks near eruption centres and the shallower
alteration transition from zeolite to illite with much lower porosity. The Olkaria geothermal field
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has been more thoroughly studied during its longer history of development and so provides
important conceptual support, the trachyte-dominated geology of Menengai is more closely
analogous to the typical volcano in the Kenya Rift than the rhyolite-dominated geology of Olkaria.
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Figure 9: (a) Lithological cross-section of subsurface geology of wells on a SW-NE profile between
Olkaria-west and Olkaria northeast geothermal fields (Adapted from Omenda, 1998). (b) Location
map showing the profile in red. The white strip is the OI'Njorowa gorge.

13. Permeability

In volcanic geothermal systems like those found in the Kenyan Rift, deep reservoir permeability is
controlled mainly by fracturing of formations with stress state and rock properties favourable to
forming open space. At the surface, fumaroles and alteration associated with faults and fracture
segments are indicators of permeable connections through the cap to underlying fractured rocks at
the boiling point. If geothermometry of fumarole gases indicates a likely origin over 240°C, the
fault is more likely to be correlated with fracture permeability in a reservoir. At depths shallower
than 1500 m and temperature lower that 300°C, lava breccias and flow contacts form laterally
distributed permeable zones that, for example, might host a >240°C outflow (Mibei et al., 2016).
Fracturing and recent eruption vents that penetrate the clay cap may also provide a conduit for
meteoric water entry into the geothermal reservoir, locally reducing its temperature. Detailed
surface mapping of fault geometry and motion and the interpretation of where these faults create
volumes of highly stressed rock that will favour open fractures in the context of the local lithology
has been a successful approach to predicting permeability (Hinz, 2018). Where structures are
largely concealed by recent tuffs and a thick cap and a deep water table prevents buoyant flow of
steam, gas or water to the surface, a >230°C reservoir may exist with no faults or fumaroles
detected at the surface. For example, despite the limited surface manifestations and lack of exposed
faults in the Olkaria-Domes sector of the Olkaria geothermal field, recent deep drilling has
discovered an extensive geothermal reservoir with permeable fractures supporting a model of sub-
surface structural patterns that are consistent with adjacent structural patterns at Olkaria central and
Olkaria-west. The fissure swarms aligned with the rift axis are likely to have permeability higher
along the fissures and generally lower across the fissures, except where they intersect a main cross-
cutting structure.
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At Suswa, permeable reservoir zones over 280°C have been predicted where inner caldera faults
intersect rift-aligned faults near fumaroles with high gas geothermometry (ICEIDA, 2016). Surface
mapping shows that faults aligned with the rift axis terminate south of Suswa and re-appear north
of the volcano, implying that they may be concealed below the volcanic massif. Numerous
fumaroles associated with unconsolidated tuffs exposed on the wall of the inner caldera, along WE
faults on the floor of the northern outer caldera, and along the northern rim of the outer caldera
have gas geochemistry that suggests that they are not connected to a high temperature reservoir but
more likely tap a boiling zone near the water table. However, the gas geochemistry of fumaroles
near the N and NE end of the central island-block and in the SW moat are more likely to be
connected to an underlying zone over 280°C. The permeability is likely to be associated with the
intersection of the NNW striking fractures and the inner caldera ring faults. Given the recent
volcanic cover, as in the case of Olkaria-Domes, faults might be buried at the Suswa volcano, in
which case drilling might reveal more widespread permeability. Like at Menengai, the relatively
unaltered eruption centres may host downflows into chilled aquifers over the reservoir and recent
eruptions and InSAR indications of magma movement suggest that shallow magma may be
encountered. Therefore, the resource capacity assessment and well targeting plan is based on
conceptual models with a wide range of reservoir area and thickness.

Because of the extensive recent pyroclastic cover, Longonot volcano has relatively limited fault
exposures and thermal manifestations. The manifestations consist of weak fumaroles and hot
ground within the summit crater and a fumarole along the fault and eruption alignment to the SSE
of the crater. The intersections of this SSE striking volcanic fracture zone and both the outer
caldera ring fault and the summit crater have been proposed as potential targets for a permeable
underlying reservoir (Clarke et al., 1990; Alexander and Ussher, 2011).

In the NKR, at the Paka and Silali volcanoes, a greater probability of encountering permeability has
been interpreted from correlation with fumaroles with intersections of NNE-trending normal faults
with caldera ring faults. At the Korosi volcano, permeability is expected to be correlated with the
Nakaporon and Nagoreti faults located on the west and east flanks of the volcano respectively,
where major fumarolic activity occurs. At Silali, the gas in the fumaroles is interpreted to have
originated at a depth of ~2.3 km based on geothermometry (Marini, 2014), which might imply that
the smectite cap overlies a thick resistive chlorite-illite cap, like at part of the Olkaria Domes.
Overall, the widespread network of faults and fractures and the corresponding occurrence of
fumaroles with gas geothermometry indicating high temperature, as well as less indicative surface
alteration and steam vents, supports an expectation for encountering sufficient fracture permeability
within a high temperature geothermal reservoir in these areas. An assessment of whether the thick
conductors on the flanks of the volcanoes might conceal additional permeability at high
temperature would depend on the development of integrated conceptual models and comparisons to
the case histories at Olkaria (e.g. Kandie et al., 2016) and Menengai (e.g. Mibei et al., 2016), where
similar features mark a transmission from the geothermal system to cooler temperatures associated
with the rift margins.

Although permeability in geothermal fields declines with depth as vertical stress increases and
closes fractures with shallow dip, wells that encounter sparse near-vertical open fractures with
moderate permeability can be very productive if higher temperatures are found at greater depth, as
is characteristic of up-flow zones. However, at temperatures over 350°C, silica scaling commonly
limits production and fractures tend to close by ductile creep as temperature approaches 400°C near
magma which places an absolute limit on the base of a conventional geothermal reservoir.
Although several wells have exceeded 340°C at Olkaria, the base of the permeable reservoir has not
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yet been delineated since major feed zones and circulation losses have been encountered by wells
deeper than 3000 m (Axelsson et al., 2017).

14. The geothermal system at Olkaria
The first well discovered a geothermal system at Olkaria in 1973 after many years of exploration
(Svanbjornsson et al., 1983). Earlier exploration methods included geological mapping, DC
resistivity methods and gravity. Exploration by geological mapping at Olkaria-Domes was
challenging due to thick ash cover and lack of thermal manifestations. The geothermal system there
was outlined using the DC resistivity measurements. Since then over 240 wells have been drilled
and have constrained the properties of the reservoir (Axelsson et al., 2017; Owens et al., 2015). The
natural state reservoir at Olkaria had been liquid dominated with a local steam cap. Temperatures in
excess of 340°C have been recorded in several sectors of the field. The correlation of temperature
with exploration geophysics in the context of Olkaria is primarily related to hydrothermal
alteration. Although low permeability, low resistivity smectite-zeolite alteration does cap part of
the >240°C high resistivity Olkaria reservoir (Lichoro, 2010), the relationship between resistivity
and temperature exhibits several variations on this pattern at Olkaria that complicate the
interpretation, such as where cold water down-flow has chilled the reservoir so that the low
resistivity smectite-zeolite alteration overlies high resistivity <100°C relict alteration.
A temperature profile across Olkaria field from Olkaria-west to the Domes area (Fig. 10) shows
reservoir up-flows from below -1000 masl at Olkaria 1 and at the Domes area and a smaller up-
flow in the Olkaria-west field (Fig. 10). Ascending fluids are confined by a cap consisting of a low
permeability and low resistivity smectite-zeolite layer extending to about 500 m depth that, in most
parts of the Domes area, overlies a deeper high resistivity chlorite-illite cap. The chlorite-illite zone
caps the top of the >240°C permeable reservoir characterized by epidote-chlorite-illite alteration,
except in areas where cold water leakage has cooled the reservoir and the chlorite-epidote alteration
is relict, reflecting an earlier high temperature reservoir (Lagat et al., 2005; Ronoh, 2015). The high
temperature reservoir is hosted in the deeper part of the high resistivity zone which extends to the
base of the profile in Fig. 6e, where granite intrusions have been intercepted by some drill holes.
Such intrusives may contribute to the large scale observed gravity high associated with the field,
although most rock types in the actinolite-garnet-epidote-illite alteration zone at >320°C in the
reservoir would be expected to be relatively dense. The on-going wireline density logging being
done by KenGen will reduce the ambiguity in the density model used to match the observed
gravity.
Where the smectite-zeolite cap is locally breached by structures near a boiling zone in the upper
reservoir, steam and gas leak to the surface as fumaroles. Zones of ascending hot water in Fig. 6e
are separated by cold down-flows near wells 903 and 204, associated with structures that likely
host intrusive necks that penetrate the clay cap below recent dome eruption centres, allowing cold
surface aquifers to overcome the reservoir pressure gradient associated with buoyant hot up-flow.
The resulting cold water down-flow into the reservoir occurs along the Ololbutot Fault within the
field and along structures at the edges of the field including the Gorge Farm Fault to the NE, the
Suswa Fault to the west and the ring structures to the south.
The heat source of the Olkaria geothermal system is assumed to be a complex of magma chambers
at 6 to 8 km depth determined from S-wave attenuation inversion (Simiyu, 2000). These magma
bodies and associated hydrothermal upflow zones are proposed to lie beneath Olkaria Hill (Olkaria-
west), in the Olkaria-northeast beneath the Gorge farm volcanic centre (Fig. 9b), and in the Domes
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area, roughly corresponding to the geothermal up-flows (Axelsson et al., 2017) identified in the
cross-section (Fig. 10).

In the current conceptual model for Olkaria (Axelsson et al., 2017; Rop et al., 2018), permeability
is associated with NW-SE trending faults aligned with the rift axis, NE-SW trending faults, the
caldera ring structure and intersections between these structures. At relatively shallow depths,
<1500 m, some very permeable zones are associated with rhyolite breccias and formation contacts
(Ronoh, 2015). Some faults appear to be permeable in their plane but barriers across their plane,
particularly on the margins of the resource. Structures aligned with recent rhyolite domes produce
cold zones that penetrate deep into the reservoir, for example along the N-S segment of the
Ololbutot Fault (Lagat et al., 2005) and along the rim faults to the south. Therefore, recharge to the
geothermal model consists of several high temperature upflows, the deep regional hydrology of the
rift valley and shallow cold influx zones.
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Figure 10: A view of the temperature distribution through Olkaria geothermal field in a NW-SE
cross section through the Olkaria-west, Olkaria 1 (central) and Domes fields. Upflows are shown
by arrows. (Modified from Axelsson et al., 2017).

15. Mapping of base of clay cap
Mapping the elevation of the base of the low resistivity smectite clay that caps an underlying
geothermal reservoir is an important interpretation tool because it can help illustrate the location of
the apex of the geothermal upflow, the path of the thermally buoyant flow updip against the base of
the geothermal reservoir cap, and likely overall limits to the geothermal system at lateral
boundaries like deep shale basins or major fault discontinuities. In the usual case for volcano-
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hosted reservoirs, low resistivity smectite clays form at temperatures from about 50 to 90°C and are
gradually converted to chlorite and/or illite as temperatures increase (Arnason et al., 2000) until
hydrated smectite has entirely disappeared by about 220°C. In the most typical geothermal cases, a
map of the base of the clay cap (BOC) marks the transition from low temperature cap to high
temperature reservoir if the transition takes place over a geothermal reservoir and if the alteration
mineralogy reflects current temperature.

The complexity of the interpretation of the base of the conductive clay cap in the Kenyan Rift is
illustrated by the case histories at Olkaria and Menengai (Kandie et al., 2016; Ronoh, 2015; Mibei
et al., 2016) that include at least six conceptual variations. 1) The base of smectite clay closely
corresponds to the top of reservoir, the default assumption in geothermal exploration. 2) The base
of smectite-zeolite cap is much shallower than the top of the reservoir due to an underlying
impermeable chlorite-illite cap that is resistive, a common variation in geothermal case histories. 3)
The base of smectite-zeolite zone is much shallower than the top of the reservoir or does not overly
a reservoir because underlying chlorite-epidote alteration is relict and current formation
temperature is much cooler than would be expected for such alteration minerals. 4) The base of
smectite caps an outflow over a temperature reversal, which commonly occurs in fields where
domes and lavas erupting along faults disrupt the clay cap and provide a path for cold water to
penetrate to greater depth. 5) The base of the smectite clay is particularly deep and does not cap a
geothermal reservoir where thick zones of smectite weathering and alteration form in the volcanic
sediments adjacent to a volcano, often with the top of the low resistivity zone flat, corresponding to
the water table. 6) The resistivity associated with the low temperature cap is not as low as usual (5
to 20 Qm in trachyte instead of 2 to 10 Qm in basalt) because trachyte and phonolite have a
mineral composition unfavourable to the formation of smectite and so the low temperature
alteration is predominantly zeolite rather than smectite. Provided that interpretation and related
uncertainty are adjusted to allow for the complications observed at developed fields in the Kenyan
Rift, the resistivity cross-sections in Figures 6 to 7 and the maps of the elevation of the base of
conductor in Figure 11 confirm that a conventional geothermal interpretation of the base of the
smectite-zeolite alteration zone can constrain resource conceptual models in conjunction with other
geoscience data, in particular constraining buoyant thermal upflow and outflow and identifying
resource boundaries.

The maps in Fig. 11 show the elevation of the base of the shallow low resistivity zone, typically
less than 10 Qm, from the 1D model for each MT station (Cumming, 2016). The maps for each of
the of BOC for the southern rift shows that the transition occurs at elevation of above 1000 m. asl
in the areas around Longonot, Olkaria-domes, Olkaria NE field and south of Suswa outer caldera
(Fig. 11b) but appear to be deeper at the Suswa inner caldera where there is limited MT coverage
and Olkaria-west field. In general, areas of shallow BOC correspond to locations where surface
thermal manifestations like alteration and fumaroles are prevalent, consistent with a resistivity
interpretation of a low resistivity cap doming up above geothermal upflow and outflow.

The map of the BOC at Menengai caldera show two distinct segments (Fig. 11c), a shallow BOC in
the middle of the caldera (at elevation of ~1200 m. asl), and deeper BOC on both west and east of
the caldera at elevation of <1000 m. asl. In the undrilled cases, the probability of encountering
temperatures >200°C is higher below relatively shallow BOC than in other locations within the
prospect area, particularly if the shallow BOC coincides with fumaroles with gas geochemistry
consistent with an underlying high temperature reservoir. An area particularly worth highlighting is
south of the Longonot volcano crater which has a thinned clay cap overlaying a thin resistive zone
which is further underlain by a third zone of very low resistivity (< 10 Qm) below 4 km depth
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(Alexander and Ussher, 2011). This deeper conductor has been attributed to a magma chamber
under Longonot rising to shallow depth south of the crater (and possibly also below the crater
where there is no MT coverage). The up-doming of the BOC under the southern flanks of
Longonot volcano is consistent with a geothermal system over and adjacent to a shallow magma
body.
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Figure 11: Elevation of the base of the clay cap (BOC), shown in meters above sea level
(Elevation) for the three segments (note the different scales). (b) South rift (Suswa, Longonot &
Olkaria (a) North rift (Korosi, Paka & Silali (c) Menengai caldera. Volcanoes are broken- purple
lines, Grey lines are calderas, broken-brown lines are faults and fissures, blue stars are fumaroles,
yellow rings are altered surfaces and brown lines mark volcanic alignments. Coordinates are
UTM, WGS84, zone 37 in km.
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Resistivity at Suswa caldera does not show clear extensive low resistivity geothermal cap rock like
seen in other geothermal fields. The thick 7 to 50 ohm-m altered volcanic pile at Suswa, is
interpreted to border a potential reservoir associated with the inner caldera, where the lack of MT
coverage makes further resistivity interpretation speculative. This suggests that mapping of BOC is
not effective at Suswa. Although the MT has failed to clearly resolve a clay cap at Suswa, the
resistivity data is permissive of a resource underlying the fumaroles with high temperature
geothermometry on the rim of the central island where a cap might be breached by permeable
structures.

Depth to the base of clay cap in the northern rift segment (Fig. 11a) shows uniform elevation of
about sea level along the central rift across Korosi, Paka and Silali volcanoes and aligning with the
rift strike. This alignment coincides with high resistivity at sea level previously interpreted
(Lichoro et al., 2017) to underlie that zone. Elsewhere within the rift but outside the volcanic axis,
the BOC deepens, supporting the interpretations of thick volcaniclastics on the flanks of the axial
rift.

16. Comparison of developed and undeveloped geothermal fields in the Kenya rift

An important validation step in geothermal resource assessment is the comparison of surface data
from undrilled geothermal prospects to similar data from potentially analogous developed
geothermal systems and the correlation of the surface data with subsurface properties encountered
by drilling. Both Olkaria and Menengai and the other volcanoes in the Kenyan Rift share a
common overall resistivity pattern, with a relatively thin, low resistivity smectite-zeolite cap domed
up below the water table beneath a significant part of the volcano, with thicker low resistivity
smectite-rich clastics and sediments on its flanks and extending to the margins of the rift. The low
resistivity zones on the margins typically have a top near the water table. Importantly, at both
Olkaria and Menengai, the reservoir is entirely within the area of elevated base of cap. However,
because the zone where the base is elevated includes outflows, cold downflows, deeper reservoir
tops below a non-smectite cap and similar complications, the part of the clay cap that is domed up
is likely to be a much bigger area than the commercial reservoir. To address the resulting
ambiguity, the MT imaging should be integrated with the geology, fumarole gas and spring water
geochemistry and thermodynamic constraints in a range of conceptual models illustrative of the
uncertainty to support an exploration risk assessment.

Although the Olkaria surface geology is dominated by rhyolite domes, uniquely in the Kenyan Rift,
it shares the overall pattern of thinner low resistivity over the reservoir than on the margins of the
field. However, based on drilling results, the reservoir at Olkaria is much deeper and thicker than at
Menengai. The deeper reservoir top at Olkaria is apparent in the resistivity pattern. The base of clay
cap beneath the Domes area and the Olkaria-northeast field seems shallower than in the Olkaria-
west field, which is consistent with different lithologies (see Fig. 9), deeper reservoir and diverse
temperature regimes in the west field (Omenda, 1998; Axelsson et al., 2017). However, the low
resistivity cap in the west field is well formed but thicker than other areas at Olkaria.

At Menengai, the shallow low resistivity is correlated with a 600 m thick low intensity zeolite-
smectite cap, especially at the centre of the caldera where majority of productive wells have been
drilled (see Fig. 7a). Away from the central summit area, thicker moderate resistivity dominates
and the wells drilled there have been less productive.
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Most of the geothermal fields and prospects have a network of fissure swarms and faults that
intersect caldera structures, except Longonot which has fewer exposed structures, in which case
these intersections are interpreted to focus permeability.

Although the Longonot volcanic system is only about 10 km east of the Olkaria-Domes geothermal
field, it has marked geological differences as well as differences in resistivity structure (Fig. 6). The
reservoir below the clay cap is apparently thinner at Longonot compared to the deep reservoir
drilled at Olkaria due to the inferred magma at shallow depth at Longonot, as indicated by deep low
resistivity on the southern flank of the volcano. Based on this potential magma body at shallow
depth, Menengai is the closest analog in the central Kenya rift.

Suswa lacks the typical shallow low resistivity cap, possibly because no MT was acquired within
the inner caldera. It is possible that Suswa might not have a well-developed smectite-zeolite cap
above the reservoir, perhaps due to the recent phonolytic rocks, resulting in the widespread
fumarolic activity.

From the analysis, both Suswa and Silali volcanoes have deeper BOC (>1000 m). On the other
hand, BOC at Longonot and Paka appear shallower. Korosi appears not to have a clay cap beneath
the summit volcano but thick conductive volcaniclastics overly the flanks. However, BOC
elevation at Korosi is fairly shallow (about sea level), especially on the eastern-half of the volcano
pointing at a possible shallow reservoir in that zone.

Parts of Olkaria host a shallow-cooler reservoir on top of a deeper and thicker hot reservoir which
can easily be cased off, while at Menengai cooler reservoirs are deeper but offset from the hot
central dome area. This deduction is supported by the cooler intrusion below the production casing
in some wells at Menengai outside the dome area and temperature inversion in the top section of
some Olkaria wells.

17. Detection of magma
Magma has been intercepted by wells in only three geothermal fields and it has been encountered at

depths shallower than 2.1 km only at Menengai in Kenya and at Krafla in Iceland. Therefore,
Menengai and Krafla are viewed as analogues for characterizing the effect of shallow magma on
geothermal resource potential and for reliably predicting the presence of magma bodies at depths
shallow enough to significantly impact resource capacity. Although research in Iceland is being
directed at the development of super-critical fluids associated with magma bodies (Fridleifsson, et
al., 2014), using current technology, such fluids cannot be utilized to produce commercially viable
geothermal energy. Moreover, rock at temperature over about 350°C is much less likely to host
commercially viable permeability because of the tendency for permeable fractures to close near the
brittle-ductile transition temperature and for fluids at such temperatures to deposit silica. Therefore,
although shallow magma does indicate adequate heat to support a geothermal reservoir, magma
that is shallower than a few km will tend to limit the potential volume available for a geothermal
development and, as a result, will tend to limit the potential generation capacity of the reservoir.

A magma body was not specifically predicted at either Krafla or Menengai, although the possibility
was acknowledged given the very young lavas in both areas and the historic eruption at Krafla.
Subsequent to the discovery of the magma, a 3D inversion of the MT at Menengai had indicated
that the MT data seemed to be at least compatible with the existence of the shallow magma (Mibei
et al., 2016). However, it was not clear what level of confidence could have been given to such a
prediction of magma based on MT resistivity imaging prior to drilling. Although similar claims had
been made for the resolution of magma at Krafla using 3D MT inversion, an elaborate investigation
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of the reliability of the 3D MT imaging suggested that the noise level of the MT data at Krafla was
too high to support the reliable resolution of specific magma zones (Gasperikova et al., 2015).
Microseismic monitoring surveys are arguably a best practice for developed geothermal fields
where produced water will be injected into rocks below 1 km depth that are >50°C hotter than the
injection fluid or for undeveloped geothermal prospects where shallow magma may be present.
After a limited initial survey has established that sufficient seismicity exists to warrant a larger
scale survey, we recommend that seismic arrays be installed with capabilities suitable for magma
detection at all seismically active prospects. For example, on-going microearthquake monitoring in
the NKR volcanic zone has detected shallow seismicity at Paka volcano but not at Silali volcano,
justifying a more detailed seismic monitoring survey at Paka. Detecting seismic swarms and events
associated with magma emplacement is the highest priority. However, based on experience at
Olkaria (Simiyu, 1999), detailed tomographic imaging of S-wave shadows that may indicate
magma should also be investigated, although the long wavelength of teleseismic S-waves may limit
resolution. Because hypocentre depths are important to the interpretation and are influenced by
shallow seismic velocities that are not well resolved by conventional tomography, the seismic array
design should support shorter term ambient noise tomography (ANT). This would aid in imaging of
shallow magma in the upper most 5 km without the need to carry out expensive shear wave
tomography.

18. Conclusions.

The development of new geothermal systems in Kenya will hinge on ability to apply experience
gained from the already developed geothermal fields in the south Kenya Rift. This will involve
evaluation of geoscientific information with regards to well productivity and applying it to similar
undeveloped fields. At both Olkaria, Menengai and Eburru, reservoir and lithological studies
suggest that permeability is potentially controlled by faults and other tectonic structures,
particularly at the intersections of such structures. All volcanoes studied here are bound by the rift
structures that are likely to influence the regional hydrogeology. Some faults might act both as
barriers and channels of fluid flow as in the case of Olkaria. Locally, the patterns of faults will
significantly determine the overall productivity of the geothermal wells.

The overview of analogy of the geothermal systems identifies the following aspects for the
undeveloped geothermal systems:

i) The evaluation of geothermal prospects, especially the undeveloped fields, based on base of the
clay cap is an essential approach in well targeting.

ii) Most of the structural and thermal features are consistent with geophysical data both for the
developed and the undeveloped geothermal fields.

iii) 2D resistivity model studies of MT have shown that 1D MT inversions at volcanoes that hint at
possible conductors deeper than the base of the clay cap are unreliable. Therefore, this study could
not resolve such features. Although a 3D MT inversion of high quality MT data might resolve a
magma body, most MT data are too noisy to reliably support such an inversion.

iv) Geophysics can effectively reveal sub-surface geothermal properties even in areas lacking
thermal and structural features on surface but must be evaluated in the context of a conceptual
model.

A full 3D inversion of the MT tensor gives results comparable at < 2km depth to the 1D joint
inversion of MT and TEM data across the summit area of Paka volcano. The resolution of the
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resistivity structure to the base of the clay cap is fairly consistent between the two models which
gives us confidence to interpret the 1D inversion to the base of the clay cap.

Occurrence of shallow seismicity beneath volcanoes in the rift might be related to shallow magma
likely to limit the potential volume of the geothermal reservoir. In this case the cut-of depth of
seismicity marks the brittle-ductile transition which occurs at temperature range 370-400°C
(Fournier, 1999). The occurrence of seismicity in the upper crust is an indication that temperatures
are below the brittle/ductile transition. On the other hand, lack of seismicity as in the case of Silali
might point at the uniform stress state of the crust with respect to the deeper magma chamber.
Based on drilling into magma in Menengai, there is probability of encountering magma in other
undeveloped volcanic systems in the Kenya Rift e.g. Longonot and Paka and potentially at some
other major volcanoes in the EAR.

Resistivity, gravity and geology studies are not very conclusive on presence of magma, its locations
and depth so any inferences from these data are very speculative. However, both tectonics,
resistivity and gravity results are consistent with the setting of the rift, e.g. the area south of Paka
volcano the resistivity and gravity pattern correspond to mapped fissure-eruptions but the trend of
resistivity and gravity is offset westwards between Paka and Silali. This offset indicates a possible
recent eastwards shift of the axis of the rifting alignment which is not discernible from surface
geological mapping. There is no evidence of similar shift in either the south or central rift segments
of the studied areas.

This is the first attempt to compare and look for similarities and differences of the geothermal
fields in the Kenya Rift, while acknowledging the limitations of the data and the study. Once new
data are available, e.g. from further exploration (especially geochemistry) and/or drilling, this
comparison should be reviewed and updated to support the development of resource conceptual
models for the respective geothermal systems.

This study shows that the data considered here, i.e. geology, resistivity and gravity, are capable of
identifying potential geothermal resources, but they are not able to give reliable information on
their inner structure and present characteristics. Passive seismic monitoring at both developed and
prospective geothermal fields should be used. A dense seismic networks should be installed for
monitoring seismicity and eventual ambient noise analysis to determine shallow velocity variation
and constrain depth of earthquakes. Shallow seismicity could be a consequence of cooling in the
shallow reservoir where cold-water flow interacts with hot rocks, presenting a risk to geothermal
development due to the risk of encountering temperature inversion in the wells. Knowing this
beforehand can aid in accurate well targeting and prediction of the resource capacity. Ground
deformation monitoring by InSAR should also be regularly used to monitor temporal changes
which can give important information on subsurface changes and magma movements. There is
little doubt that subsurface resistivity is among the most diagnostic parameters in geothermal
exploration. This study is based on joint 1D inversion of MT and TEM data. This gives
approximate picture of the resistivity structure but the data contain more information. It is thus
important to do a detailed 3D inversion of MT in all the areas once enough coverage of quality data
is available. Overall this effort to get a wider picture of the geothermal systems variability along
the Kenyan rift should be attempted in other sectors of the EARS.
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Appendix Al: Magnetotelluric (MT)

data

Table A: Magnetotelluric data

Station Easting | Northing | Elevation Station Easting | Northing |Elevation
150p 171.916| 105.891 863 pak55r 185.774 99.563 1300
korMTO1 189.543 95.284 1115 pak562 195.003| 113.289 901
kormt01r 189.832 93.632 1153 pak564 198.223 | 112.423 1068
korMT02 187.069 97.315 1182 pak565 200.073 111.96 1048
korMTO03 189.882 92.64 1180 pak57 190.477 99.203 1327
korp 191.46 93.085 1163 pak58 191.91 99.312 1322
krmt203 177.498 93.448 898 pak59 194.178 99.455 1209
krmt204 179.568 92.77 892 pak61 182.421| 101.124 1065
krmt208 187.083 91.256 1163 pak62 183.671| 100.865 1160
krmt210 188.689 90.283 1277 pak63 185.689| 100.955 1430
pak105b 182.897| 108.037 886 pak67 192.515| 101.039 1340
pak106r 184.194| 108.528 892 pak68 194.211| 101.059 1297
pak107 187.624 99.729 1460 pak70 183.986| 103.041 1089
pak150 172.696| 105.725 862 pak73 192.915| 102.293 1310
pak152 173.55| 105.515 858 pak75 180.808| 103.867 937
pak153 173.819 105.988 862 pak76 182.482 103.974 1001
pak156 175.101 99.663 886 pak79r 186.942 104.17 1243
pakl157b 175.248 100.896 880 pak80 188.786 104.153 1333
pak158 174.6| 102.818 872 pak82 191.913| 103.502 1217
pak159 177.995 104.002 899 pak84 194.38 104.016 1228
pak162 177.679 99.707 893 pak85 180.939| 105.389 910
pakl171 173.72 93.749 904 pak87 184.164 105.789 975
pak172 175.688 94.369 885 pak88 185.454 105.53 1090
pak180 186.453 111.834 847 pak92 191.494 105.562 1029
pak189 186.211 110.69 859 pak93 193.06| 106.317 985
pak27 180.758 95.463 888 pak94r 194.848 105.442 1108
pak29 184.007 95.165 1029 pak95 180.805| 10107.12 872
pak31 186.897 94.874 1104 pak98 185.728 107.365 964
pak32 188.358 95.463 1068 pak99 187.132| 106.985 1023
pak33 191.545 94.972 1157 pakcrt01 186.816 102.041 1517
pak34 192.795 95.042 1166 pakcrt2r 186.976| 102.229 1490
pak35 194.382 94.89 1184 pakcrt3 188.648 100.93 1560
pak36 181.087 96.382 923 pakmt00 191.156 88.903 1162
pak37 183.002 96.343 969 pakmt01 181.101 102.883 961
pak38 184.757 96.222 1098 pakmt03 187.132 98.452 1265
pak39 186.039 96.934 1154 pakmt05 187.908 101.279 1659
pak400 180.794| 108.703 872 pakmt06 186.268| 101.957 1518
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Station Easting | Northing |Elevation Station Easting | Northing |Elevation

pak404 179.685 104.664 907 pakmt07 186.362 103.617 1429
pak40 188.405 96.474 1090 pakmt08 187.228| 102.479 1500
pak41 189.764 96.35 1139 pakmt09 188.342| 102.693 1462
pak43a 181.122 98.023 928 pakmt12 196.107| 101.457 1235
pak43 194.486 96.439 1186 pakmt14 182.861 97.963 984
pak43r 193.968 95.618 1179 pakmt15 181.662| 107.371 891
pak45 184.746 98.205 1147 pakmtl16 189.064 112.23 860
pak46 185.909 98.004 1208 pakmt17 192.776| 111.059 882
pak48 189.994 97.924 1250 pakmt18 189.404 108.11 956
pak50rr 193.18 96.986 1189 pakmt20 180.364| 104.798 906
pak52 181.067 99.277 949 pakmt21 180.83 | 100.529 947
pak53 182.42 99.547 998 pakmt23 185.14 96.635 1117
pakmt24 188.652 105.51 1092 simt149 191.247| 132.898 1148
pakmt25 190.744 104.583 1095 simt153 194.944 132.931 1130
pk139 186.436 98.47 1273 simt157 192.994| 131.925 1160
pk154c 177.285 105.177 881 simt164 193.949 131.039 1192
pk154 178.13| 105.828 888 simt166 195.731 131.36 1131
pk155 181.825 106.077 912 simt167 197.678 131.548 1042
pk401 180.396| 104.792 903 simt169 194.947| 129.993 1172
pk47a 187.708 96.956 1154 simt16 192.838 127.462 1017
pk492 188.354| 102.189 1528 simt170 195.844| 129.872 1161
pk493 189.189 102.001 1572 simt171 197.654 129.873 1071
pk497 177.012| 100.999 891 simt172 193.993| 129.062 1262
pk501 179.542 99.66 916 simt173 195.052 128.938 1208
pk508r 178.229 97.899 890 simt175 197.289| 129.041 1080
pk510 196.706 98.666 1221 simt177 194.893 128.238 1187
pk511 198.404 97.982 1231 simt180 194.162| 127.218 1265
pk512 186.27 99.599 1324 simt182 195.963 127.139 1147
pk518 192.91 95.995 1171 simt185 194.965| 125.861 1127
pk520 198.133 95.754 1218 sImt188 196.991 125.097 1069
pk529 192.005 93.997 1163 simt192 192.674| 124.723 1154
pk533 194.006 91.992 1172 simt194 191.072 124.703 1182
pk540 187.507| 103.819 1301 simt195 189.689| 125.399 1254
pk541 189.193 102.757 1475 simt197 188.009 125.004 1159
pk543 186.71| 101.099 1545 simt199 185.88 | 124.911 1081
pk550r 178.497 104.908 896 simt19 189.757 127.997 1019
pk553 177.952| 117.799 784 simt219 184.203| 134.464 933
pk555 180.322 117.68 797 simt221 186.447 134.557 1022
pk558 187.007 | 115.433 850 simt229 195.731| 134.289 992
pk559 188.495 114.958 859 sImt239 185.993 117.051 860
pka5 182.31| 108.351 873 simt23 192.495| 128.028 1016
sImt289 191.818 114.86 883 simt241 189.527 117.361 882
simt01 191.503| 126.522 1013 simt249 191.846| 119.031 956
simt03 192.407 126.632 1016 sImt250 190.024 119.048 928
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Station Easting | Northing | Elevation Station Easting | Northing |Elevation

sImt06 191.192 127.463 1001 simt251 188.115 119.237 919
slmt07 191.99| 126.983 1007 slmt252a 186.026| 119.043 898
simt100 187.004 125.974 1220 simt253 184.739 119.37 891
simt104 182.936| 126.568 977 simt254 183.921| 120.815 878
simt108 187.073| 126.905 1274 slmt255 185.96| 120.801 911
simt110 188.991 126.86 1368 slmt256 188.231| 121.146 982
simt114a 185.605| 127.872 1421 slmt257 189.753| 120.816 980
simt115 187.022| 127.969 1300 slmt258 192.028| 121.567 1020
simt118 183.786| 128.811 1114 slmt25 193.454| 128.141 1022
slmt120 186.169| 128.879 1319 slmt263 192.01| 122.572 1060
simt128 182.98| 130.739 972 simt264 189.662 | 122.811 1060
simt12 190.941| 127.501 1000 slmt265 187.858| 122.871 1029
simt130 184.865| 130.771 1323 simt266 186.104 123.1 1017
simt136 185.983| 131.966 1302 simt267 183.817| 122.746 904
simt138 187.564| 132.216 1270 simt26 188.427| 128.932 1036
simt13 191.319| 128.137 1002 slmt273 195.99| 123.952 1075
simt146 188.868| 133.251 1214 simt274 198.162| 124.106 1048
slmt288 189.974| 115.009 863 kor21 170.153 86.859 968
simt321 200.87| 124.593 970 kor22 171.459 86.987 971
simt324 199.857| 122.851 1021 kor24 178.857 90.127 1013
simt328 201.55| 120.876 1001 kor25 176.169 86.953 1127
simt330 200.122 118.975 979 kor27 180.102 87.021 1211
simt331 201.672| 118.684 981 kor29 183.172 87.118 1062
simt332 203.943 119.07 973 kor30a 184.524 82.195 1059
simt34 191.991| 128.594 1009 kor35 174.67 85.697 1125
sImt35 192.471 128.639 1025 kord0 182.438 85.338 1103
simt37 193.189| 128.565 1058 kord1 176.207 84.073 1148
sImt38 188.99 128.526 1026 kord4 171.596 84.574 1007
simt42 189.928 128.98 1014 kord7 179.438 83.902 1336
simt44 190.992 129.028 1001 kor49 182.876 84.271 1062
simt54 190.616| 129.822 1015 kor50 183.999 83.945 1037
sImt55 191.092 129.501 1000 kor51 185.478 83.965 1037
slmt59 192.874| 129.567 1024 kor56 180.028 82.367 1308
simt62 188.512 130.008 1043 kor57 182.968 82.215 1071
slmt65 189.616| 129.973 1037 kor64 182.249 81.247 1067
sImt69 191.983 129.986 1008 kor78 176.281 91.454 972
simt71 187.612| 130.455 1045 kor80 178.886 91.348 972
sImt75 189.496 130.545 1039 kor82 181.835 91.542 962
simt76 190.313| 130.378 1034 korc 189.47 92.902 1190
sImt79 191.501 130.497 1007 kord 188.758 91.706 1324
simt81 192.401| 130.487 1018 korg 189.895 89.775 1205
sImt88 191.004 130.989 1008 kormt09a 188.69 87.855 1156
simt91 189.024| 131.262 1051 kormt100 174.212 93.9 902
sImt95 191.99 130.948 1015 kormt101 176.344 93.778 893
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Station Easting | Northing |Elevation Station Easting | Northing |Elevation
bamt132 179.554 76.563 1011 kormt102 178.448 93.094 930
barmt03 170.487 82.198 1002 kormt104 171.598 95.759 889
bmt101 166.678 74.966 1029 kormt107 187.563 86.887 1060
bmt105 170.45 78.617 993 kormt108 167.158 84.488 997
bmt106a -169.527 78.602 993 kormt116 178.325 85.99 1343
bmt113 166.671 81.85 999 kormt118 181.008 85.01 1181
bmt114 168.608 82.427 1003 kormt119 177.891 84.102 1311
bmt115 170.539 82.161 997 kormt120 179.555 82.992 1332
bmt119 179.078 81.842 1227 kormtl2la| 181.235 82.394 1241
bmt120 180.662 81.973 1225 kormt121 181.235 82.394 1241
bmt121 184.519 83.219 1036 kormt122 177.462 81.44 1304
bmt123 180.03 80.178 1183 kormt13a 168.872 95.303 916
bmt124 182.087 78.855 1074 kormt16 179.132 88.316 1192
bmt129r 183.998 77.594 1013 kormt19a 182.981 96.395 970
bmt130 176.916 75.345 998 kormt21a 166.947 92.516 962
bmt24 175.437 79.677 1027 kormt25b 186.195 91.259 1021
bmt7 179.425 78.082 1026 kormt28a 168.854 84.256 988
kor05 180.38 89.926 980 kormt28 173.072 83.804 1052
kor06 181.612 90.285 1000 kormt29a 180.389 93.652 904
kor07 182.889 89.872 1015 kormt31a 191.52 85.216 1132
korll 171.653 89.948 921 kormt34 173.055 85.609 1054
korl7 180.509 88.54 1070 kormt35a 172.421 86.298 1020
kor18 182.306 88.366 1068 kormt4la 193.407 93.898 1179
kor19 183.185 88.323 1023 kormt42a 189.191 77.84 1125
kormt43a 187.377 80.884 1060 kormt76 173.111 91.392 912
kormt55 178.976 81.848 1231 kormtm 191.3 90.158 1168
kormt60 173.476 81.068 1011 koru 190.475 91.57 1166
kormt66 185.136 81.134 1037
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Appendix A2: TEM data

Table B: Transient electromagnetic data

Station Easting | Northing | Elevation Station Easting Northing | Elevation
sltemz01 191.693 | 126.338 950 sltemz22 191.635| 127.691 1000
sltemz05 190.090| 127.005 997 sltemz239 185.996| 117.172 866
sltemz08 192.500| 126.750 1023 sltemz23 192.351| 127.888 1011
sltemz100 187.008 | 125.952 1180 sltemz240 187.984| 116.981 878
sltemz104 182.940| 126.957 1345 sltemz241 189.656| 117.066 876
sltemz114 185.584 | 127.838 1408 sltemz246 198.248| 119.112 986
sltemz118 183.720| 128.745 1099 sltemz247 198.208| 116.999 977
sltemz120 186.336| 128.902 1307 sltemz249 191.820| 119.063 947
sltemz128 182.924| 130.741 970 sltemz250 190.028| 119.048 932
sltemz12 191.024| 127.551 1000 sltemz251 188.104| 119.246 920
sltemz130 184.864 | 130.774 1276 sltemz252 186.056| 119.039 898
sltemz132 184.968 | 130.430 1277 sltemz253 183.776| 119.085 852
sltemz136 185.952| 131.932 1120 sltemz254 184.032| 120.904 874
sltemz138 187.668 | 131.916 1102 sltemz255 185.956| 120.753 910
sltemz141 183.872| 132.961 956 sltemz256 188.264| 120.921 979
sltemz144 186.908 | 132.477 963 sltemz257 189.784| 120.816 1044
sltemz146 188.960 | 132.945 1280 sltemz258 192.003 121.532 1020
sltemz149 191.280| 132.804 1145 sltemz25 193.448| 128.150 1023
sltemz14 192.020| 127.019 1008 sltemz262 192.824 122.618 1072
sltemz152 132.940| 194.067 1132 sltemz263 192.004| 122.564 1055
sltemz153 195.048 | 133.037 1106 sltemz266 185.960 122.981 1007
sltemz157 193.004 | 132.010 1155 sltemz267 183.820| 122.756 901
sltemz160 190.108 | 131.759 1176 sltemz26 188.428 128.932 1036
sltemz161 195.340| 132.000 1112 sltemz273 195.984| 123.958 1067
sltemz164 193.948 | 131.038 1192 sltemz274 198.320 124,108 1045
sltemz166 195.728 | 131.357 1133 sltemz287 185.928| 114.832 849
sltemz167 197.676 | 131.549 1152 sltemz288 188.103 115.002 868
sltemz169 194.944| 129.995 1154 sltemz289 190.022| 115.005 874
sltemz16 192.896 | 127.528 1011 sltemz290 191.816 114.859 881
sltemz170 195.836| 129.885 1154 sltemz291 195.332| 115.335 917
sltemz171 197.656 | 129.870 1140 sltemz292X 193.686 115.189 897
sltemz172 194.084 | 128.981 1220 sltemz293 197.628 | 115.447 974
sltemz173 195.052 | 128.925 1215 sltemz294 179.648 116.905 796
sltemz175 197.044 | 129.036 1153 sltemz295 179.632| 114.572 801
sltemz176 194.272 | 128.128 1221 sltemz297 179.824 119.040 794
sltemz177 194.984 | 127.990 1181 sltemz299 180.024| 120.958 795
sltemz178 195.864 | 129.320 1179 sltemz300 179.828 122.953 815
sltemz179 198.012| 126.605 1054 sltemz315E| 200.236| 128.276 1010
sltemz180 194.168 | 127.217 1259 sltemz318 200.302 126.543 995

127




Station Easting | Northing | Elevation Station Easting Northing | Elevation
sltemz182 195.928 | 126.975 1151 sltemz321 200.792 124.686 980
sltemz187 199.412| 125.153 1018 sltemz324 200.048 | 122.929 1019
sltemz188 196.992 | 125.097 1000 sltemz328 201.268 | 120.958 999
sltemz190 194.872| 125.950 1114 sltemz330 200.124 | 118.972 993
sltemz192 193.256| 125.100 1154 sltemz331 201.680| 118.684 986
sltemz195 189.692 | 125.465 1245 sltemz332 203.948 | 119.068 976
sltemz19 189.912| 127.974 1043 sltemz333 199.924| 117.011 980
sltemz219 184.492 | 134.278 918 sltemz334 202.028 | 117.066 985
sltemz221 186.564 | 134.332 1059 sltemz335 203.564 | 117.062 995
sltemz229 195.144 | 134.499 959 sltemz336 199.980| 114.964 986
sltemz337 202.007 | 115.049 999 kort101 176.340 93.782 896
sltemz338 203.701| 114.477 1019 kort102 178.412 93.038 929
sltemz34 191.782| 128.554 1000 kort103 169.508 92.882 909
sltemz358 180.064 | 124.776 802 kort104 171.600 95.759 889
sltemz35 192.400| 128.666 1000 kort105 185.880 83.882 1044
sltemz360 199.832| 130.015 994 kort106 189.496 84.026 1121
sltemz361 199.744| 131.504 988 kort107 187.560 86.890 1057
sltemz37 193.144 | 128.562 1057 kort108 167.160 84.492 983
sltemz38 189.044 | 128.532 1022 kort114 189.632 90.296 1237
sltemz42 190.048 | 129.131 1019 kort116 178.332 85.989 1345
sltemz44 190.992 | 129.028 1001 kort119 177.888 84.106 1308
sltemz49 189.056 | 129.450 1033 kort120 179.556 82.992 1330
sltemz55 191.084 | 129.337 1003 kort121 181.232 82.394 1239
sltemz56 191.465| 129.670 999 kort122 177.448 81.457 1311
sltemz59 192.736| 129.509 1017 kort15 173.996 87.113 1038
sltemz62 188.545| 129.993 1039 kortl6a 179.220 88.000 1194
sltemz65 189.620| 130.019 1034 kort16 167.656 91.980 944
sltemz66 190.548 | 129.845 1018 kort19 187.240 88.524 1095
sltemz69 191.988 | 129.987 1011 kort22a 171.548 86.680 980
sltemz71 187.640| 130.474 1013 kort23a 173.224 86.855 1061
sltemz75 189.496| 130.578 1000 kort26 186.484 90.894 1024
sltemz77 190.320| 130.715 1039 kort29 184.088 94.854 1028
sltemz79 191.508 | 130.503 1023 kort36a 176.132 84.384 1150
sltemz81 192.192 | 130.454 1012 kortd7a 179.528 83.591 1339
sltemz88 191.004 | 130.993 1012 kort48a 181.161 83.727 1346
sltemz91 189.112 | 131.157 989 kort55a 179.064 81.543 1217
sltemz95 191.964| 130.934 1016 kort56a 180.124 82.058 1270
bar03 170.480 82.264 1008 kort60a 173.476 80.913 992
bar28 184.436| 83.011 1082 kort62a 176.856 79.732 1105
batem36 173.744 68.576 1072 kort76a 173.204 91.080 925
batemz65 168.152| 60.368 996 kort78a 176.368 91.146 998
kor04 177.132 89.939 1000 kort80a 178.956 91.049 991
kor05 180.172| 90.122 974 kort82a 181.928 91.232 1001
kor06 181.368 89.997 1055 kortc 189.416 92.664 1169
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Station Easting | Northing | Elevation Station Easting Northing | Elevation

kor07 182.804 89.793 1019 kortd 188.816 91.440 1316
kor115 174.156 88.440 974 kortf 188.572 89.504 1218
kor117 181.176 85.666 1136 kortg 190.012 89.541 1204
korl?7 180.292 88.411 1095 kortm 194.472 94.582 1047
kor18 182.148| 88.532 1062 kortp 191.520 92.764 1164
kor19 183.144| 88.622 1039 korts 190.520 93.417 1187
kor27 180.100| 86.944 1238 korzd 188.596 91.306 1324
kor29 183.012| 86.886 1062 korzf 188.440 90.010 1254
kor40 182.444| 85.563 1102 korzk 189.540 87.337 1125
kor49 182.708| 84.113 1079 korzl 191.436 88.624 1131
kor50 183.944| 83.967 1035 korzm 191.240 90.172 1168
kor57 183.000 82.141 1074 korzu 190.408 91.524 1165
kor64 182.056| 80.834 1096 kro01 172.332 88.799 941
kor65 183.392| 80.957 1054 kro02 184.352 86.110 1035
kort100 174.208| 93.900 904 kro03 178.388 95.174 893
kro04 175.928| 89.875 971 korzf 188.440 90.010 1254
kro05 171.624| 92.595 903 pak01 190.076 92.518 1174
kro06 189.668| 94.979 1120 pak07 189.724 93.948 1155
kro07 187.372| 96.949 1185 pak08 191.064 89.205 1155
kro08 190.144| 92.178 1188 pak09 189.554 87.866 1134
kro09 188.784| 87.800 1157 pak10 181.956| 108.703 1078
krol0 168.148 86.145 977 pakl1l 181.440 108.812 867
krol1 174.828| 95.722 888 pak135 182.432| 107.950 881
krol2 173.912 92.142 935 pak136 186.528 110.134 882
krol3 169.016 | 95.064 914 pak141 178.012| 103.980 902
krol4d 185.420 89.349 1030 pak148 181.844 106.067 915
krol5 186.364| 92.221 1015 pakv70 183.932| 103.151 1087
krol6 187.948 94.451 1070 pakv76 182.384 103.994 1019
krol7 187.494| 85.060 1064 pakv77 184.152| 104.262 1130
krol8 192.768 90.484 1181 pakz103 193.064 106.324 989
kro19 182.968| 96.335 974 pakz121 190.076 92.518 1174
kro20 184.508 81.486 1061 pakz122 192.792 94.760 1164
kro21 166.940| 92.542 970 pakz123 193.080 97.262 1183
kro22 181.048 87.727 1093 pakz124 192.784 96.657 1174
kro23 168.156| 89.108 950 pakz125 192.164 95.627 1163
kro24 178.544 89.918 1011 pakz126 193.872 95.921 1181
kro25 176.240| 87.829 1138 pakz127 189.724 93.948 1150
kro26 171.884 90.061 936 pakz154 177.284 105.176 881
kro27 171.347| 84.848 1015 pakz33 191.324 94.935 1157
kro28 168.752 84.173 995 pakz34 192.848 95.020 1190
kro29 180.428| 93.701 909 pakz35 194.488 94.885 1182
kro30 181.160 82.078 1230 pakz404 179.684 104.664 907
kro31 191.568| 85.236 1135 pakz4la 189.784 95.879 1132
kro32 176.504 83.655 1145 pakz4a1l 189.768 96.349 1137
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Station Easting | Northing | Elevation Station Easting Northing | Elevation

kro33 176.908| 81.939 1270 pakz43 194.580 96.136 1185
kro34 173.444| 83.973 1080 pakz48 189.992 97.973 1249
kro35 172.428| 86.200 1028 pakz497 177.016| 100.999 890
kro36 176.788| 86.894 1129 pakz49 191.612 97.000 1226
kro37 181.308| 85.119 1145 pakz50 193.166 97.948 1192
kro38 166.556| 81.514 1005 pakz510 196.500 98.500 1221
kro39 182.368| 92.229 968 pakz511 198.500 98.000 1231
kro40 184.620| 77.752 1016 pakz513 176.000 95.999 884
kro41 193.264| 93.880 1178 pakz518 192.912 96.000 1171
kro42 189.188| 77.837 1131 pakz520 198.080 95.754 1218
kro43 187.416| 80.949 1063 pakz529 192.004 94.000 1161
kro44 164.992| 87.911 1003 pakz533 194.000 92.000 1172
kor01 189.636| 95.070 1111 pakz550 178.496| 104.908 893
kor06 189.668 | 94.980 1055 pakz553 177.952| 117.798 784
kor07 187.372| 96.950 1185 pakz558 187.008| 115.432 857
kor19 182.970| 96.336 974 pakz559 188.492| 114.953 859
kort29 184.088| 94.854 1028 pakz562 195.008| 113.289 906
korz203 177.500| 93.400 898 pakz57 190.504 99.189 1321
korz204 179.800| 92.800 892 pakz59 194.218 99.481 1207
korz208 187.084| 91.255 1161 pakz67 192.552| 100.980 1336
korz210 188.688 | 90.282 1272 pakz68 194.180| 101.092 1295
pakz73 192.988 | 102.249 1303 pkz22 180.388 104.819 917
pakz74 194.320| 102.504 1293 pkz232 181.048 99.269 949
pakz75 180.808 | 103.867 937 pkz236 185.704 100.953 1431
pakz80 188.492 | 104.091 1242 pkz23 188.648 | 105.518 1091
pakz82 191.556 | 104.191 1138 pkz242 180.800 103.868 930
pakz84 194.380| 104.048 1226 pkz247 182.008| 105.871 915
pakz90 188.508 | 105.571 1110 pkz24 190.744 104.585 1097
pakz92 191.504 | 105.544 1103 pkz250 180.792| 107.110 879
pakz94 194.898 | 105.520 1094 pkz255 178.227 105.542 882
pkz01 180.176| 100.514 930 pkz256 182.364| 108.087 878
pkz02 181.648 | 107.400 894 pkz25 192.708 107.046 988
pkz03 185.436| 110.260 876 pkz492 188.180| 102.269 1545
pkz04 185.640 | 107.444 973 pkz493 189.184 102.002 1567
pkz05 181.168 | 102.604 964 pkz501 179.544 99.654 918
pkz06 179.912 | 102.057 940 pkz508 177.296 98.300 893
pkz07 187.316| 98.238 1275 pkz509 186.140 98.016 1231
pkz08 187.760 99.771 1483 pkz512 186.296 99.690 1321
pkz09 188.020| 100.931 1664 pkz514 177.940 96.049 893
pkz10 186.372 | 101.738 1522 pkz536 186.352 98.723 1273
pkz11 186.420| 103.324 1445 pkz539 187.656| 104.609 1189
pkz12 187.300 | 102.500 1505 pkz540 187.504 103.817 1305
pkz13 188.432| 102.402 1476 pkz541 189.184| 102.725 1476
pkz14 190.184 | 102.258 1419 pkz543 186.720 101.134 1546
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Station Easting | Northing | Elevation
pkz15 192.520| 100.099 1290
pkz16 196.248 | 101.121 1237
pkz17 193.104 96.783 1191
pkz18 182.980| 97.686 992
pkz19 189.104 | 112.210 869
pkz200 172.056| 105.679 866
pkz206 184.196| 108.571 894
pkz208 173.936| 105.682 863
pkz209 175.200| 99.360 886
pkz20 192.800| 111.077 891
pkz210 175.332| 100.593 884
pkz212 174.696| 102.514 877
pkz213 178.064 | 103.689 895
pkz214 177.772| 99.403 889
pkz215 173.884| 93.407 905
pkz216 175.768| 94.063 891
pkz217 186.536 | 111.514 853
pkz218 186.296 | 110.398 874
pkz219 180.464 | 96.534 913
pkz21 189.416| 108.133 972
pkz220 180.664 | 95.490 904
pkz223 188.396 95.459 1065
pkz224 186.084| 96.982 1155
pkz225 180.872 | 108.377 873
pkz226 188.384| 96.445 1081
pkz228 181.120 98.023 1050
pkz564 198.228 | 112.421 1067
pkz565 200.072| 111.960 1044
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Appendix B1l: Gravity data

Table C: Reduced gravity data

Gravity Terrain

station Latitude | Longitude | Elevation | Gravity value | correction | FAA Bouguer
K01 0.7157 36.0323 986.4 977693.23 0.36 -35.1 -125.28
K02 0.7251 36.0350 984.4 977693.10 0.37 -35.9 -125.86
K03 0.7348 36.0355 999.9 977690.57 0.37 -33.7 -125.04
K04 0.7441 36.0326 993.4 977691.16 0.33 -35.1 -125.93
K05 0.7536 36.0302 978.3 977693.40 0.35 -37.5 -126.97
K06 0.7579 36.0285 973.2 977694.24 0.35 -38.3 -127.24
K07 0.7656 36.0315 974.3 977694.33 0.33 -37.9 -126.94
K09 0.7809 36.0402 966.9 977696.48 0.37 -38.0 | -126.39
K10 0.7857 36.0478 951.8 977699.19 0.44 -40.0 | -126.90
K11 0.7923 36.0501 936.8 977701.88 0.49 -42.0 | -127.42
K12 0.7986 36.0558 925.1 977704.48 0.50 -43.0 | -127.37
K13 0.8057 36.0611 918.7 977707.33 0.48 -42.1 -125.94
K14 0.8141 36.0651 911.7 977711.17 0.45 -40.5 -123.66
K15 0.8189 36.0715 915.9 977712.80 0.44 -37.6 | -121.15
K16 0.8350 36.0784 906.6 977715.61 0.40 -37.7 -120.44
K17 0.8440 36.0905 878.8 977723.29 0.49 -38.6 | -118.72
K18 0.8569 36.0982 874.6 977725.83 0.47 -37.4 -117.14
K19 0.8589 36.1044 874.6 977728.00 0.47 -35.2 -114.97
K20 0.8482 36.1129 883.3 977727.04 0.53 -33.5 -113.97
K21 0.8397 36.1148 899.7 977724.53 0.55 -30.9 -112.88
K22 0.8321 36.1111 906.5 977722.76 0.60 -30.5 -113.10
K23 0.8241 36.1075 919.4 977718.08 0.73 -31.2 -114.84
K24 0.8150 36.1064 958 977711.05 0.65 -26.3 -113.56
K25 0.8072 36.1037 982.5 977704.29 0.75 -25.5 -114.89
K26 0.7992 36.1068 1060.6 977689.09 0.90 -16.6 -112.99
K27 0.7901 36.1111 1125.8 977675.03 1.12 -10.5 -112.68
K28 0.7829 36.1116 1221.8 977654.51 1.32 -1.4 -112.19
K29 0.7738 36.1108 1328.6 977630.95 1.72 8.0 -112.18
K30 0.7662 36.1150 1360.4 977620.93 1.81 7.8 -115.20
K31 0.7135 36.0320 983.8 977693.33 0.37 -35.8 | -125.72
K32 0.7262 36.0442 998.5 977692.16 0.38 -32.5 -123.73
K33 0.7338 36.0516 1047.2 977683.10 0.60 -26.5 -122.03
K34 0.7394 36.0549 1076.9 977677.63 0.69 -22.9 -120.99
K35 0.7471 36.0578 1064.3 977679.72 1.02 -24.7 -121.32
K36 0.7411 36.0630 1055.7 977683.22 0.48 -23.8 -120.21
K37 0.7407 36.0715 1117.5 977671.89 0.71 -16.1 -117.91
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Gravity Terrain

station Latitude | Longitude | Elevation | Gravity value | correction | FAA Bouguer
K38 0.7376 36.0766 1127.9 977669.28 0.72 -15.5 -118.25
K39 0.7378 36.0838 1169.2 977661.50 0.96 -10.5 -116.84
K40 0.7311 36.0840 1111.3 977672.04 1.32 -17.8 -118.48
K41 0.7224 36.0838 1026.4 977692.48 0.68 -23.6 -117.06
K42 0.7138 36.0845 1014.7 977686.10 0.55 -33.5 -126.07
K43 0.7079 36.0907 1036.3 977683.53 0.49 -29.4 -124.01
K45 0.6935 36.0965 1094.7 977675.42 0.76 -19.5 -119.17
K46 0.7010 36.1003 1078.7 977682.73 0.47 -17.1 -115.63
K47 0.7051 36.1073 1064.1 977688.76 0.50 -15.6 -112.74
K48 0.7040 36.1159 1029.2 977691.04 0.49 -24.1 -118.04
K49 0.7026 36.1247 1017.7 977688.16 0.54 -30.5 -123.35
K50 0.7028 36.1316 1027.2 977686.33 0.60 -29.4 -123.07
K51 0.7089 36.1368 1042.6 977680.97 0.60 -30.0 -125.10
K53 0.7181 36.1467 1066.8 977686.34 0.58 -17.2 -114.52
K54 0.7264 36.1504 1056.2 977686.98 0.63 -19.9 -116.16
K55 0.7322 36.1595 1050.7 977685.92 0.57 -22.6 -118.48
K56 0.7392 36.1646 1054.3 977683.82 0.54 -23.6 -119.84
K57 0.7394 36.1587 1067.9 977684.38 0.56 -18.9 -116.32
K58 0.7395 36.1543 1069 977684.09 0.62 -18.8 -116.31
K59 0.7395 36.1504 1075.3 977685.81 0.77 -15.2 -113.08
K60 0.7515 36.1776 1039.9 977683.05 0.53 -28.9 -123.78
K64 0.7584 36.1246 1378.4 977615.25 2.12 7.7 -116.65
K65 0.7600 36.1269 1436 977601.73 3.86 12.0 -115.95
K67 0.7520 36.1218 1324.4 977630.02 1.15 5.8 -114.54
K68 0.7478 36.1231 1326.3 977629.80 1.30 6.2 -114.19
K69 0.7424 36.1226 1327.8 977629.28 1.65 6.2 -114.02
K70 0.7398 36.1225 1299.7 977634.58 1.38 2.8 -115.07
K71 0.7368 36.1271 1246.6 977647.32 1.14 -0.8 -114.07
K72 0.7379 36.1314 1215.9 977654.05 1.10 -3.6 -114.04
K73 0.7394 36.1355 1214.6 977654.79 0.97 -3.2 -113.71
K74 0.7390 36.1386 1197.6 977658.19 1.04 -5.1 -113.92
K75 0.7393 36.1422 1171.4 977664.01 1.06 -7.3 -113.76
K76 0.7392 36.1457 1112.6 977676.36 1.09 -13.1 -114.13
K77 0.7380 36.1486 1072 977684.53 0.93 -17.5 -114.90
K78 0.7364 36.1437 1135.5 977672.36 1.18 -10.1 -113.07
K79 0.7364 36.1404 1172.2 977665.20 1.08 -5.9 -112.36
K80 0.7393 36.1270 1273.3 977643.60 1.29 3.7 -111.86
K81 0.7415 36.1263 1300.6 977636.85 1.44 5.4 -112.55
K82 0.7435 36.1242 1354.7 977624.58 2.25 9.8 -112.29
K83 0.7472 36.1212 1320.5 977632.26 1.27 6.9 -113.01
K84 0.7450 36.1699 1069.1 977683.53 0.52 -19.4 -116.96
K87 0.7496 36.1555 1056.4 977688.84 0.75 -18.0 -114.19
K88 0.7501 36.1530 1059.4 977688.26 0.91 -17.7 -113.95
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Gravity Terrain

station Latitude | Longitude | Elevation | Gravity value | correction | FAA Bouguer
K90 0.7659 36.1554 1087.6 977683.79 0.60 -13.5 -112.66
K91 0.7655 36.1595 1078.1 977685.63 0.72 -14.6 -112.77
K92 0.7647 36.1647 1032.6 977694.49 0.65 -19.7 -113.83
K93 0.7656 36.1688 1031.1 977694.60 0.59 -20.1 -114.11
K95 0.7700 36.1646 1021.4 977694.80 0.62 -22.9 -115.99
K96 0.7710 36.1731 1017.6 977695.77 0.73 -23.1 -115.73
K97 0.7764 36.1628 1019.7 977695.46 0.68 -22.8 -115.65
K98 0.7777 36.1561 1058 977686.99 0.55 -19.4 -115.95
K100 0.7860 36.1523 1046.1 977692.76 0.55 -17.3 -112.78
K101 0.7876 36.1459 1037.3 977695.50 0.93 -17.3 -111.57
K102 0.7945 36.1495 1042.9 977694.30 0.51 -16.8 -112.00
K106 0.7930 36.1691 1017.3 977697.71 0.63 -21.3 -114.01
K107 0.7868 36.1666 1016.8 977696.34 0.58 -22.8 -115.52
K108 0.7819 36.1652 1019.1 977696.57 0.59 -21.9 -114.78
K109 0.7787 36.1724 1019 977696.54 0.60 -21.9 -114.81
K110 0.7594 36.1632 1026.8 977693.62 0.67 -22.4 -115.93
K111 0.7537 36.1641 1029.1 977692.43 0.66 -22.8 -116.61
K112 0.7415 36.0475 986.2 977695.36 0.70 -33.1 -122.91
K114 0.7479 36.0547 994.3 977694.64 0.82 -31.4 -121.77
K115 0.7469 36.0469 1000 977693.39 0.42 -30.8 -122.18
K116 0.7373 36.0424 997 977692.86 0.45 -32.3 -123.31
K117 0.7423 36.0406 990 977694.39 0.36 -32.9 -123.40
K119 0.8759 36.1056 887.3 977729.19 0.47 -30.1 -111.08
K120 0.8784 36.0662 878.8 977723.43 0.36 -38.5 -118.80
K121 0.8516 36.0416 889.5 977714.41 0.37 -44.2 -125.42
K122 0.8187 36.0189 927.2 977706.04 0.36 -40.8 -125.54
K124 0.7406 36.0983 1248 977642.78 1.66 -4.9 -117.81
K126 0.7401 36.1127 1363.2 977617.92 2.85 5.7 -116.50
K127 0.7397 36.1157 1309.6 977630.92 1.95 2.2 -116.02
K128 0.7302 36.1191 1190.8 977655.36 0.96 -10.0 -118.29
K129 0.7248 36.1241 1200 977654.74 1.06 -7.7 -116.80
K132 0.7033 36.1271 1007.7 977691.30 0.59 -30.5 -122.34
K133 0.7500 36.1229 1341.8 977630.10 1.38 11.3 -110.45
K134 0.7554 36.1365 1336 977633.93 1.94 13.3 -107.34
K135 0.7618 36.1372 1167 977670.45 2.99 -2.3 -106.40
K137 0.7796 36.1325 1164.2 977673.04 1.03 -0.6 -106.42
K141 0.7123 36.0888 1031.4 977688.89 0.53 -25.6 -119.69
K142 0.7421 36.0793 1170.5 977661.32 0.86 -10.3 -116.85
K143 0.7379 36.0601 1041.6 977686.59 0.52 -24.8 -119.85
K145 0.8087 36.0964 995.4 977700.14 0.63 -25.7 -116.37
K147 0.8118 36.0798 923.9 977711.98 0.55 -35.9 -120.11
K148 0.8132 36.0726 915.4 977712.46 0.50 -38.0 -121.52
KG97 0.7953 36.0667 955.9 977701.57 0.55 -36.4 -123.54
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Gravity Terrain

station Latitude | Longitude | Elevation | Gravity value | correction | FAA Bouguer
KG96 0.7939 36.0840 977.3 977699.96 1.17 -31.4 -119.89
KG95 0.7829 36.0765 1059.5 977684.01 0.73 -22.0 -118.44
KG94 0.7776 36.0638 1021 977689.18 0.53 -28.6 -121.80
KG101 0.7981 36.1207 1093 977685.56 0.95 -10.1 -109.45
KG102 0.7911 36.1435 1062.5 977692.03 0.65 -13.0 -109.87
KG100 0.8073 36.1375 1018.1 977701.43 0.58 -17.4 -110.20
KG99 0.8075 36.1195 1013.6 977700.83 0.80 -19.4 -111.56
KG111 0.7767 36.1154 1313.1 977631.34 1.62 3.6 -115.26
KG112 0.7749 36.1180 1301 977634.72 1.42 3.3 -114.70
KG6 0.7731 36.1211 1247 977647.85 1.40 -0.3 -113.28
KG113 0.7771 36.1224 1264.5 977643.71 1.35 1.0 -113.69
KG1 0.7830 36.1243 1280.6 977637.60 2.96 -0.2 -114.72
KG114 0.7809 36.1197 1307.4 977632.17 2.54 2.7 -114.76
KG115 0.7561 36.1164 1327.3 977629.24 1.16 5.9 -114.69
KG29 0.7598 36.1104 1292.2 977639.30 1.42 5.2 -111.98
KG116 0.7554 36.1090 1287.8 977640.20 1.15 4.7 -112.31
KG117 0.7491 36.1092 1348.4 977624.88 1.50 8.1 -114.12
KG118 0.7458 36.1071 1363 977621.48 1.82 9.2 -114.04
KG119 0.7514 36.1133 1328.5 977632.64 1.21 9.7 -110.96
KG120 0.7414 36.1291 1282.6 977639.75 1.53 2.7 -113.46
KG121 0.7419 36.1349 1214.8 977654.61 1.16 -3.4 -113.67
KG122 0.7429 36.1397 1138.8 977668.83 1.90 -12.6 -115.17
KG123 0.7419 36.1466 1091.1 977679.67 1.30 -16.5 -115.26
KG124 0.7792 36.1129 1284.1 977640.19 1.74 3.5 -112.57
KG125 0.7793 36.1094 1238.2 977651.69 1.43 0.9 -111.34
KG126 0.7737 36.1077 1336.2 977628.25 2.40 7.7 -112.55
KG127 0.7692 36.1083 1325.4 977631.37 1.49 7.5 -112.67
KG128 0.7655 36.1063 1311.5 977633.63 1.23 5.4 -113.67
KG129 0.7680 36.1013 1284.6 977639.54 1.35 3.1 -113.48
KG130 0.7721 36.0973 1213.1 977655.56 1.11 -3.0 -113.21
KG131 0.7775 36.0962 1122.2 977674.30 1.27 -12.3 -114.02
KG132 0.7813 36.1009 1152 977670.04 1.04 -7.4 -112.05
KG133 0.7344 36.1286 1232.8 977650.83 0.98 -1.6 -113.71
KG134 0.7300 36.1287 1217.8 977653.32 1.08 -3.7 -114.36
KG135 0.7262 36.1308 1187.7 977658.46 1.11 -7.8 -115.70
KG136 0.7231 36.1326 1159.8 977663.09 1.35 -11.8 -116.86
KG137 0.7180 36.1341 1074.3 977680.21 0.79 -21.0 -118.82
KG138 0.7211 36.1360 1082.1 977680.42 0.80 -18.4 -116.92
KG139 0.7236 36.1399 1067.1 977683.95 0.82 -19.5 -116.63
KG140 0.7263 36.1424 1067.7 977684.34 0.84 -19.0 -116.09
KG142 0.7357 36.1220 1286.3 977636.31 1.62 0.4 -115.99
KG143 0.7341 36.1181 1201.7 977654.77 1.17 -7.2 -116.32
KG144 0.7288 36.1197 1191.8 977657.35 0.92 -7.7 -116.11
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Gravity Terrain

station Latitude | Longitude | Elevation | Gravity value | correction | FAA Bouguer
KG145 0.7246 36.1168 1108.2 977672.73 1.19 -18.1 -118.57
KG146 0.7211 36.1148 1066.2 977680.62 1.04 -23.1 -119.93
KG147 0.7131 36.1188 1041.6 977686.37 0.63 -25.0 -119.91
KG148 0.7067 36.1197 1026.5 977689.63 0.52 -26.3 -120.01
K149 0.7097 36.1046 1074.3 977678.88 0.47 -22.4 -120.45
K150 0.7144 36.1055 1088 977677.12 0.57 -19.9 -119.16
K151 0.7469 36.0792 1169.7 977662.47 0.78 -9.4 -115.96
K152 0.7528 36.0824 1164.6 977664.40 0.72 -9.1 -115.21
K153 0.7581 36.0865 1142.3 977671.03 0.87 -9.3 -113.28
K154 0.7635 36.0839 1161.6 977665.87 0.78 -8.6 -114.36
K155 0.7660 36.0793 1124.5 977672.52 0.74 -13.4 -115.80
K156 0.7606 36.0756 1109.4 977675.76 0.58 -14.8 -115.97
K157 0.7549 36.0734 1090 977679.14 0.59 -17.4 -116.78
K158 0.7512 36.0703 1093.6 977678.62 0.61 -16.8 -116.49
K159 0.7445 36.0648 1071.3 977681.68 0.57 -20.6 -118.28
K160 0.7832 36.1177 1297 977635.03 1.91 2.3 -114.79
K161 0.7808 36.1167 1314.8 977630.60 1.99 3.4 -115.26
K162 0.7792 36.1163 1317.3 977630.66 1.96 4.2 -114.70
K163 0.7757 36.1127 1343.4 977625.16 2.11 6.8 -114.38
K164 0.7717 36.1150 1348.3 977622.61 1.85 5.8 -116.11
K165 0.7902 36.1052 1161.3 977667.41 0.97 -7.2 -112.76
K166 0.7909 36.1065 1146.5 977671.73 0.92 -7.4 -111.70
K167 0.7926 36.1076 1123.3 977675.73 0.89 -10.6 -112.76
K168 0.7566 36.0355 986.6 977692.26 0.35 -36.1 -126.30
K169 0.7596 36.0409 992.2 977692.66 0.35 -34.0 -124.71
K170 0.7634 36.0472 988.8 977694.03 0.41 -33.7 -124.02
K171 0.7674 36.0482 985.5 977694.36 0.40 -34.4 -124.42
K172 0.7743 36.0439 984.7 977694.55 0.35 -34.5 -124.47
K173 0.8104 36.0736 919.7 977709.56 0.52 -39.6 -123.47
K174 0.8342 36.0915 904.8 977718.55 0.56 -35.3 -117.73
69 0.9112 36.0695 890 977726.89 0.36 -31.7 -113.01
89 0.9037 36.0749 890 977726.29 0.39 -32.3 -113.56
109 0.8944 36.0941 882 977727.47 0.37 -33.5 -114.10
110 0.8802 36.1095 883 977729.48 0.55 -31.2 -111.65
130 0.8641 36.1060 883 977728.53 0.45 -32.1 -112.66
121 0.8805 36.1342 922 977725.40 0.64 -23.2 -107.19
112 0.8772 36.1562 973 977713.67 0.97 -19.2 -107.53
101 0.8912 36.1360 946 977718.82 0.63 -22.4 -108.61
111 0.8979 36.1187 908 977723.71 0.62 -29.3 -111.99
51 0.9206 36.0702 878 977729.92 0.30 -32.4 -112.66
70 0.9177 36.0900 882 977730.74 0.44 -30.3 -110.83
122 0.8786 36.1598 992 977708.91 1.24 -18.1 -107.91
133 0.8786 36.1655 1076 977691.40 0.98 -9.7 -107.48
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Gravity Terrain

station Latitude | Longitude | Elevation | Gravity value | correction | FAA Bouguer
123 0.8796 36.1758 1151 977675.39 0.85 -2.6 -107.36
124 0.8773 36.1865 1160 977671.48 0.73 -3.7 -109.44
114 0.8854 36.1841 1233 977657.24 1.22 4.5 -107.40
104 0.8979 36.1815 1318 977636.94 1.73 10.4 -108.80
94 0.9136 36.1776 1451 977607.14 3.93 21.6 -107.63
85 0.9124 36.1867 1563 977583.37 4.54 32.4 -106.51
76 0.9165 36.1998 1582 977579.48 4.23 34.3 -106.61
65 0.9315 36.1933 1361 977631.67 2.67 18.3 -103.91
57 0.9600 36.1968 1062 977699.85 1.05 -5.8 -102.22
53 0.9489 36.1272 901 977733.07 0.55 -22.2 -104.36
35 0.9361 36.1163 904 977728.33 0.45 -26.0 -108.51
28 0.9675 36.1910 1011 977712.17 0.87 -9.3 -101.17
19 0.9754 36.1796 957 977724.52 0.75 -13.6 -100.66
18 0.9814 36.1593 887 977741.88 0.62 -17.8 -98.61

17 0.9728 36.1429 876 977742.87 0.55 -20.2 -100.06
36 0.9604 36.1365 887 977737.79 0.59 -21.9 -102.67
7 0.9970 36.1808 857 977745.25 0.66 -23.8 -101.75
8 0.9876 36.2004 935 977727.61 0.68 -17.3 -102.44
72 0.9323 36.1233 919 977725.92 0.50 -23.8 -107.62
82 0.9246 36.1284 932 977721.64 0.55 -24.0 -109.00
83b 0.9218 36.1426 978 977715.97 0.84 -15.5 -104.42
74b 0.9261 36.1468 1001 977712.59 0.97 -11.8 -102.69
63 0.9320 36.1358 948 977721.68 0.64 -19.1 -105.43
120 0.8820 36.2878 1217 977644.32 0.62 -13.3 -124.37
119 0.8894 36.2730 1210 977648.30 0.59 -11.5 -121.96
107 0.8957 36.2565 1201 977652.67 0.63 -9.9 -119.51
98 0.9087 36.2603 1222 977647.66 0.73 -8.5 -119.92
81 0.9193 36.2920 1309 977625.90 0.70 -3.5 -122.89
100 0.9155 36.2836 1314 977626.21 0.83 -1.6 -121.34
44 0.9549 36.2944 1310 977625.98 0.75 -3.2 -122.64
25 0.9736 36.2920 1307 977628.86 1.24 -1.3 -119.98
175 0.8163 36.2210 1189 977657.81 0.54 -8.3 -116.85
176 0.8233 36.2227 1162 977665.16 0.54 -9.3 -115.38
165 0.8359 36.2115 1188 977663.53 0.78 -2.9 -111.16
145 0.8441 36.2127 1152 977669.63 0.76 -8.0 -112.90
166 0.8411 36.2373 1161 977660.86 0.47 -13.9 -120.01
177 0.8286 36.2318 1159 977663.09 0.46 -12.3 -118.19
128 0.8842 36.0699 877 977724.12 0.33 -38.4 -118.55
108 0.8794 36.0567 873 977721.71 0.32 -42.0 -121.81
32 0.9534 36.0405 858 977733.26 0.28 -35.3 -113.77
33 0.9529 36.0556 856 977737.20 0.28 -32.0 -110.27
34 0.9523 36.0726 858 977738.70 0.29 -29.9 -108.31
52 0.9424 36.1199 896 977730.72 0.46 -26.1 -107.87
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Gravity Terrain

station Latitude | Longitude | Elevation | Gravity value | correction | FAA Bouguer
71 0.9254 36.1083 900 977725.37 0.69 -30.2 -112.08
181 0.8773 36.1598 982 977709.04 1.37 -21.1 -109.82
103 0.8881 36.1680 1179 977671.61 1.58 2.2 -104.38
102 0.8919 36.1522 1019 977706.85 1.01 -11.9 -104.38
113 0.8858 36.1546 996 977709.04 1.17 -16.8 -107.01
150 0.8493 36.1091 889 977727.29 0.50 -31.4 -112.51
149 0.8446 36.0902 886 977723.52 0.48 -36.1 -116.93
151 0.8530 36.1216 887 977728.69 0.54 -30.7 -111.51
141 0.8567 36.1344 883 977732.30 0.71 -28.3 -108.61
152 0.8509 36.1461 918 977723.89 0.76 -25.9 -109.38
142 0.8599 36.1495 956 977716.32 0.80 -21.8 -108.69
132 0.8697 36.1406 943 977721.74 0.66 -20.4 -106.25
131 0.8646 36.1260 897 977729.46 0.55 -26.8 -108.60
170 0.8271 36.1086 922 977720.59 0.60 -27.9 -111.90
171 0.8265 36.1260 926 977722.06 0.76 -25.2 -109.41
172 0.8267 36.1448 957 977716.01 0.61 -21.7 -108.88
162 0.8296 36.1509 965 977714.65 0.57 -20.6 -108.56
153 0.8452 36.1620 1007 977704.86 0.65 -17.5 -109.21
135 0.8675 36.1958 1145 977672.62 1.32 -7.2 -110.93
125b 0.8772 36.2023 1119 977677.37 1.15 -10.5 -112.02
116a 0.8811 36.2091 1243 977651.45 1.20 1.8 -111.03
116 0.8837 36.2112 1292 977640.85 1.70 6.3 -110.51
115a 0.8841 36.2054 1250 977651.05 1.37 3.6 -109.75
115 0.8835 36.2013 1186 977664.99 1.17 -2.2 -109.88
115c 0.8806 36.1940 1209 977660.43 1.09 0.3 -109.52
95a 0.8906 36.1914 1272 977648.64 1.37 7.9 -107.40
75 0.9192 36.1790 1489 977600.52 3.99 26.7 -105.96
75a 0.9185 36.1835 1527 977589.90 4.04 27.8 -108.30
95b 0.9082 36.2001 1616 977568.47 5.18 33.8 -109.28
95 0.9024 36.1995 1502 977594.42 3.97 24.6 -109.22
105a 0.8986 36.2019 1382 977621.71 2.27 14.9 -109.63
105 0.8938 36.2064 1357 977626.80 1.68 12.3 -110.53
96 0.9014 36.2111 1458 977604.46 2.69 21.1 -110.00
86 0.9078 36.2017 1613 977568.89 5.01 33.3 -109.68
84a 0.9126 36.1768 1438 977608.66 3.86 19.1 -108.99
64a 0.9222 36.1959 1481 977605.41 2.61 29.1 -104.20
56a 0.9362 36.1899 1259 977654.77 2.17 9.9 -103.42
56b 0.9374 36.1936 1258 977654.04 1.91 8.9 -104.64
29 0.9591 36.2058 1058 977698.84 0.97 -8.1 -104.19
40 0.9590 36.2141 1026 977704.12 1.07 -12.7 -105.74
30 0.9658 36.2211 978 977711.01 0.96 -20.6 -109.38
21 0.9717 36.2172 962 977715.38 0.87 -21.2 -108.58
20a 0.9758 36.2089 953 977719.31 0.94 -20.0 -106.54
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Gravity Terrain

station Latitude | Longitude | Elevation | Gravity value | correction | FAA Bouguer
20 0.9744 36.1997 976 977716.76 0.85 -15.5 -104.19
64b 0.9316 36.1832 1438 977613.81 3.59 24.2 -104.17
64c 0.9342 36.1779 1393 977626.66 4.47 23.2 -100.20
55a 0.9416 36.1781 1285 977651.28 3.35 14.4 -100.12
55 0.9410 36.1694 1147 977683.72 1.90 4.3 -99.04

46 0.9478 36.1722 1079 977698.44 1.72 -2.0 -99.25

38a 0.9511 36.1801 1159 977678.43 2.09 2.7 -101.56
38 0.9561 36.1835 1120 977688.67 2.06 0.9 -99.82

39b 0.9599 36.1890 1033 977706.73 1.18 -7.9 -101.51
92 0.9002 36.1438 994 977711.54 0.83 -14.9 -105.32
92a 0.8952 36.1443 983 977713.81 0.81 -16.1 -105.44
91 0.9052 36.1232 909 977723.55 0.55 -29.2 -112.02
90 0.9050 36.1029 886 977727.29 0.39 -32.5 -113.42
54a 0.9201 36.1387 960 977716.81 0.77 -20.2 -107.53
54b 0.9288 36.1421 973 977716.86 0.76 -16.2 -104.70
54 0.9368 36.1440 977 977717.66 0.76 -14.2 -103.06
45a 0.9415 36.1487 990 977715.75 0.85 -12.1 -102.08
45 0.9458 36.1530 990 977717.18 0.95 -10.7 -100.56
37a 0.9511 36.1573 985 977718.11 1.12 -11.3 -100.56
37 0.9566 36.1644 969 977722.03 0.98 -12.3 -100.26
27a 0.9606 36.1701 988 977719.08 0.96 -9.4 -99.12

27 0.9638 36.1754 956 977725.41 1.09 -13.0 -99.62

27b 0.9729 36.1729 940 977728.29 0.78 -15.1 -100.53
69y 0.9225 36.0519 873 977727.76 0.30 -36.1 -115.92
51y 0.9343 36.0663 866 977733.15 0.29 -32.9 -112.08
33y 0.9308 36.0832 868 977733.76 0.34 -31.7 -110.98
34y 0.9491 36.1060 878 977734.86 0.37 -27.5 -107.74
52y 0.9371 36.1077 889 977730.20 0.39 -28.8 -109.96
48a 0.9523 36.2001 1091 977692.09 1.49 -4.6 -103.24
48 0.9484 36.2047 1135 977683.03 1.59 -0.1 -102.65
49a 0.9473 36.2122 1089 977691.72 1.58 -5.6 -103.94
49 0.9469 36.2215 1080 977691.42 1.38 -8.7 -106.38
58 0.9368 36.2134 1292 977645.87 2.52 11.2 -104.83
66 0.9292 36.2067 1471 977603.04 3.54 23.6 -107.82
123a 0.8777 36.1755 1140 977677.59 0.79 -3.8 -107.61
112a 0.8862 36.1445 956 977718.55 0.80 -19.6 -106.53
87a 0.9092 36.2026 1688 977551.20 8.10 38.8 -108.03
87b 0.9086 36.2094 1616 977570.71 4.80 36.1 -107.41
87 0.9111 36.2234 1530 977589.25 3.98 28.1 -108.34
78a 0.9115 36.2265 1445 977608.75 2.35 21.4 -108.89
78 0.9148 36.2336 1397 977618.53 2.10 16.3 -109.77
68a 0.9192 36.2398 1312 977637.71 1.06 9.3 -110.07
68 0.9243 36.2420 1237 977652.87 1.80 1.3 -110.44
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Gravity Terrain

station Latitude | Longitude | Elevation | Gravity value | correction | FAA Bouguer
59 0.9315 36.2354 1238 977652.13 1.75 0.8 -111.02
67 0.9271 36.2277 1247 977653.01 2.00 4.5 -107.93
77 0.9208 36.2187 1441 977610.47 2.34 21.8 -108.08
22a 0.9993 36.2464 881 977726.97 1.03 -34.7 -114.47
22b 0.9841 36.2408 936 977717.17 0.92 -27.5 -112.42
22 0.9762 36.2341 952 977715.64 0.87 -24.0 -110.50
31 0.9636 36.2397 979 977707.60 1.06 -23.7 -112.47
41 0.9551 36.2338 1002 977704.97 1.13 -19.2 -110.02
97b 0.9052 36.2235 1441 977610.56 2.33 22.0 -107.95
97 0.9010 36.2336 1302 977639.55 1.02 8.1 -110.37
107a 0.8978 36.2405 1260 977645.05 0.79 0.6 -114.20
107b 0.8926 36.2459 1227 977649.77 0.65 -4.8 -116.75
117a 0.8861 36.2404 1206 977654.35 0.74 -6.7 -116.61
117 0.8819 36.2328 1241 977649.69 0.74 -0.6 -113.69
136 0.8655 36.2148 1133 977673.68 0.61 -9.8 -113.18
145a 0.8594 36.2101 1109 977680.17 0.61 -10.7 -111.87
144 0.8556 36.1946 1035 977696.45 0.85 -17.3 -111.38
155 0.8491 36.1971 1053 977694.10 0.84 -14.0 -109.83
164a 0.8458 36.1936 1040 977696.93 1.00 -15.2 -109.64
154 0.8456 36.1816 996 977708.58 0.79 -17.1 -107.74
143a 0.8518 36.1788 1003 977705.15 1.01 -18.4 -109.44
143 0.8562 36.1760 1058 977695.53 0.74 -11.1 -107.44
134 0.8629 36.1778 1094 977688.15 0.69 -7.4 -107.08
146 0.8579 36.2179 1128 977674.09 0.57 -10.9 -113.87
157 0.8449 36.2293 1158 977665.49 0.48 -10.3 -116.03
147 0.8554 36.2396 1159 977662.86 0.49 -12.6 -118.46
138 0.8634 36.2540 1178 977655.06 0.51 -14.6 -122.14
118 0.8797 36.2555 1190 977655.53 0.53 -10.4 -119.10
127 0.8737 36.2443 1182 977659.20 0.56 -9.2 -117.11
137 0.8643 36.2334 1167 977664.39 0.56 -8.6 -115.15
146a 0.8575 36.2287 1162 977665.84 0.55 -8.7 -114.78
84b 0.9034 36.1579 1092 977690.77 1.30 -5.5 -104.40
84c 0.9105 36.1620 1178 977673.00 2.01 3.3 -102.84
74a 0.9155 36.1656 1225 977662.32 2.35 7.1 -103.00
74 0.9212 36.1634 1156 977678.88 2.13 2.3 -101.63
83a 0.9143 36.1598 1129 977683.85 1.57 -1.0 -103.05
83 0.9089 36.1602 1166 977675.36 1.78 1.9 -103.30
61 0.7545 36.1797 1037 977687.06 0.54 -25.8 -120.40
62 0.7631 36.1949 1050 977683.07 0.66 -25.8 -121.46
42 0.7713 36.2032 1080 977676.68 0.62 -22.9 -121.42
43 0.7841 36.2084 1112 977670.80 0.73 -19.0 -120.28
33 0.7917 36.2160 1148 977662.58 0.52 -16.1 -120.93
34 0.7936 36.2239 1144 977662.71 0.51 -17.2 -121.69
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Gravity Terrain

station Latitude | Longitude | Elevation | Gravity value | correction | FAA Bouguer
6 0.8128 36.2244 1169 977661.07 0.51 -11.2 -117.96
5 0.8078 36.2246 1154 977663.04 0.51 -13.8 -119.22
255 0.8054 36.2316 1144 977661.97 0.51 -18.0 -122.44
19 0.8126 36.2552 1169 977652.05 0.58 -20.2 -126.90
20 0.8021 36.2761 1198 977642.10 0.83 -21.2 -130.29
118c 0.8115 36.2315 1148 977662.60 0.50 -16.1 -120.97
69 0.7725 36.1813 1036 977689.91 0.53 -23.3 -117.81
38 0.7707 36.1886 1038 977688.59 0.59 -24.0 -118.63
40 0.7834 36.1849 1049 977687.73 0.57 -21.5 -117.16
301 0.7882 36.1858 1081 977682.76 0.68 -16.6 -115.10
17 0.8261 36.2258 1153 977666.07 0.50 -11.2 -116.46
16 0.8293 36.2134 1197 977660.67 1.25 -3.0 -111.58
15 0.8304 36.2006 1208 977659.76 1.49 -0.5 -109.87
14 0.8317 36.1915 1120 977679.92 1.38 -7.5 -108.90
13 0.8305 36.1804 992 977708.70 0.95 -18.2 -108.28
121 0.8380 36.1715 985 977711.48 0.66 -17.6 -107.33
24 0.8467 36.1709 991 977709.47 0.68 -17.8 -108.04
259 0.8399 36.1780 997 977708.20 0.71 -17.2 -107.96
261 0.8448 36.1865 1001 977705.57 0.94 -18.6 -109.52
27 0.8466 36.2002 1058 977692.12 0.93 -14.5 -110.63
7 0.8166 36.2134 1233 977651.91 0.78 -0.6 -112.98
253 0.8129 36.2069 1240 977651.22 0.83 0.9 -112.09
4 0.8068 36.2123 1226 977651.47 0.89 -3.2 -114.81
3 0.8064 36.2018 1217 977654.48 0.84 -3.0 -113.79
32 0.7930 36.2029 1146 977667.78 0.60 -11.5 -116.09
39 0.7840 36.1993 1151 977665.44 1.29 -12.3 -116.62
2 0.8063 36.1904 1169 977666.57 1.03 -5.7 -111.92
1 0.8068 36.1793 1014 977700.98 1.73 -19.1 -110.40
1la 0.8075 36.1725 1019 977700.45 0.69 -18.1 -110.88
11 0.8160 36.1738 1020 977700.70 0.95 -17.5 -110.18
10 0.8176 36.1794 1018 977701.81 0.98 -17.0 -109.47
91 0.8212 36.1894 1163 977670.18 1.97 -4.0 -108.70
251 0.8175 36.1892 1211 977658.65 1.97 -0.7 -109.82
252 0.8154 36.1969 1183 977664.65 1.57 -3.3 -110.28
28 0.8471 36.2137 1143 977671.86 0.75 -8.5 -112.64
47 0.8777 36.1587 983 977710.81 1.12 -19.0 -108.08
48 0.8726 36.1884 1169 977670.92 0.74 -1.5 -108.03
S560 1.0275 36.2398 881 977730.99 0.63 -30.7 -110.95
S601 1.0320 36.2246 871 977738.29 0.56 -26.5 -105.90
S563 1.0179 36.2776 1061 977677.62 0.98 -28.6 -124.93
S562 1.0218 36.2650 879 977718.37 2.07 -43.9 -122.53
S561 1.0242 36.2531 892 977722.48 0.75 -35.8 -116.94
S600 1.0338 36.2113 861 977744.35 0.53 -23.6 -102.04
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Gravity Terrain

station Latitude | Longitude | Elevation | Gravity value | correction | FAA Bouguer
S$559 1.0375 36.1995 852 977749.39 0.51 -21.3 -98.98

S558 1.0402 36.1888 850 977752.96 0.49 -18.4 -95.87

S557 1.0448 36.1706 846 977755.30 0.44 -17.3 -94.46

S556 1.0537 36.1527 820 977760.87 0.38 -19.8 -94.61

S555 1.0574 36.1286 786 977762.41 0.41 -28.7 -100.43
S637 1.0434 36.1237 794 977763.00 0.41 -25.6 -98.05

S630 1.0239 36.1431 808 977762.17 0.47 -22.1 -95.73

S636 1.0258 36.1709 832 977756.86 0.48 -20.0 -95.83

S639 1.0150 36.2001 853 977747.83 0.57 -22.5 -100.19
S623 1.0449 36.2699 936 977706.13 0.62 -38.7 -123.95
S631 1.0540 36.2318 905 977727.48 0.51 -26.9 -109.46
S603 1.0772 36.0630 781 977752.59 0.55 -40.1 -111.25
S602 1.0723 36.0767 777 977755.86 0.47 -38.1 -108.92
S552 1.0681 36.0897 776 977758.67 0.44 -35.6 -106.34
S553 1.0637 36.1077 783 977760.49 0.45 -31.6 -102.98
S700 1.1128 36.0789 768 977753.94 0.67 -42.9 -112.73
S629 1.0426 36.1238 792 977762.87 0.40 -26.4 -98.62

S628 1.0102 36.0838 796 977758.43 0.40 -29.5 -102.09
S635 1.1005 36.0963 771 977756.15 0.51 -39.8 -109.98
S626 1.0993 36.1249 787 977756.34 0.51 -34.6 -106.32
S618 1.0913 36.1503 845 977752.37 0.46 -20.7 -97.74

S621 1.0908 36.2156 983 977719.23 0.53 -11.2 -100.91
S620 1.0743 36.1930 909 977738.99 0.52 -14.3 -97.14

S640 1.1144 36.2159 1143 977685.37 1.09 4.2 -99.62

S622 1.1092 36.2380 1092 977690.05 0.76 -6.9 -106.29
S632 1.0870 36.2306 980 977714.47 0.53 -16.9 -106.31
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Appendix C: MT Phase tensor

Phase tensor maps of MT data for a selected volcanic area at Paka geothermal area. Phase
tensor ellipses are shown for frequencies 10, 1, 0.1 and 0.01 Hz.
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Appendix E1: Resistivity maps of

southern Kenya Rift
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Appendix E2: Resistivity maps of
northern Kenya Rift
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