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ABSTRACT

Suswa geothermal prospect is the southernmost trachyte shield volcanic complex at
the base of the Kenyan Rift floor. It is located about 15 and 30 km to the south of
Mt. Longonot and Olkaria Domes, respectively, and is characterized by 2 nested
calderas. The last volcanic activity in the area occurred less than 400 years ago in
the inner caldera. Geothermal surface indicators are in the form of fumaroles,
alterations, young lavas and geothermal grass. Unique to Mt. Suswa among the
volcanic complexes in the rift axis is its phonolitic composition in addition to
trachyte and pyroclastic formations. The main structures in the area trend N-S, ENE-
WSW and along the caldera ring structures. The main recharge is from the rift flanks
to the east and west of the prospect area.

The result from resistivity surveys using 1D joint inversion of MT and TEM data
indicates the presence of a deep conductor at 4000 m b.s.l. in the Kisharo area, a
dominant resistive structure at sea level (0 m) and a conductive layer between 1000
m a.s.l. and 1500 m a.s.l. The deep conductor below the caldera could be the heat
source of the prospect. A profile (profile 2) across the southern slopes of Mt. Suswa
reveals a deep lying conductor in pockets between 7500 and 3000 m b.s.l., while
above 0 m, near parallel conductive layers are prominent.

In the Kisharo area at the floor of the outer caldera, with intense fumarolic activities,
the resistivity is high near the surface, probably due to dry steam associated with a
deep groundwater table.

1. INTRODUCTION

Suswa geothermal prospect is located in the southern part of the Kenyan Great Rift floor in a chain of
geothermal prospects along major tectonic structures extending from Lake Turkana in the north to Lake
Magadi in the south (Figure 1). At the southernmost exit of the volcanic shield complex is Mt. Suswa,
a large trachytic shield volcano with two nested summit calderas that erupted trachyte, phonolite lavas
and tuffs from 240 to >100 ka (White et al., 2012). The inner caldera is composed of an annular ring,
and a central resurgence block (island block) which formed as a result of uplift. It is about 4 km in
diameter. The outer caldera measures 12 by 10 km, oriented ENE-WSW (Lagat, 2003). The prospect
area extends more than 700 km? and stands 800 m above the rift floor with the highest elevation point
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of 2356 m above sea level. The annular ring
is phonolitic in composition and it is where
the latest volcanic activity took place less
than 400 years before the present (BP)
(GDC, 2013).

The presence of young lava and fumaroles
indicates a thermally active surface at
depth. McCall and Bristow (1965)
attributed extensive fumarolic activity in
Suswa at the present time to emitted steam,
probably derived from meteoric water but
charged with CO; and probably nitrogen.
The manifestations are found within the
outer caldera floor, caldera walls and on the
slopes of the volcano, especially the
southern slopes in Soitamurt where they
occur in the form of altered grounds,
steaming grounds and fumaroles. The
hottest fumarolic activities occur along the
wall of the inner caldera (GDC, 2013).

Surface studies by Omenda (1997),
Geothermal Development Company in
2013 and KenGen in 1993-94 all indicated
possibilities of a high-temperature field in
Suswa despite the fact that no exploration
wells have yet been drilled in the area.

FIGURE 1: Map of the Kenya Rift faults showing the
major Quaternary central volcanoes and the location
of the Suswa volcanic shield complex (red star)
(modified from Karingithi et al., 2010)

Geophysical methods as part of
geoscientific exploration techniques are the
key to geothermal resource assessment
before drilling. In Suswa, MT and TEM
resistivity survey methods were used due to their direct relationship to the properties of the subsurface
that characterize a geothermal reservoir such as salinity, temperature, permeability, porosity, water rock
interaction and alteration (Hersir and Bjornsson, 1991).

The main objective of this work is to process the data collected in Suswa using magnetotelluric (MT)
and transient electromagnetic methods (TEM), 1D joint inversion of TEM data and statically shift
corrected MT data, and to generate iso-depth maps and cross-sections using TemX and TEMTD Linux
based programs developed at Iceland GeoSurvey (ISOR) by Arnason (2006a and 2006b).

2. RESISTIVITY OF ROCKS

Electrical resistivity is the most powerful geophysical method in geothermal prospecting and uses the
basic Ohm'’s law in detecting geothermal signatures in subsurface rocks. The common principle of all
electric methods is to induce currents into the ground and monitor the signal generated at the surface by
current distribution (Hersir and Bjornsson, 1991). These are detected because of resistivity contrasts
caused by several factors in the otherwise resistive rock. Geothermal fluids, altered rocks, recharge
conduits and heat sources are all characterized by low resistivity. However, since apparent resistivity is
measured, it needs to be transformed into specific resistivity which depends on the material.
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The specific resistivity, p, defined through Ohm’s law, states that the electrical field strength E (V/m)
at a point in a material is proportional to the current density, j (A/m?):

E =pj (1

Resistivity p (Qm) is also defined as the ratio of potential difference AV (V) to the current / (A) across
a material with a cross-sectional area of 1 m* which is 1 m long:

p=AV/I 2)

Solid rocks are natural insulators unless 100
their properties are altered to a porous

media by geophysical or geochemical

processes, thereby increasing their 10
conductivity level. The main determinants %
of rock conductivity near earth surfaces are
porosity and conductivity of fluid,
dependent on salinity and temperature
which changes with depth and region
(Vozoff, 1990). Additionally, the type of 0>
fluid and saturation level, degree of 0.1
alteration and mineral assemblages further

affect the conductivity of a porous rock.

The conduction mechanisms in a 0.01
geothermal system are due to free ions and 0.01 0.1
fluids in the porous rock and electrons in Salinity (g™)

?;llr(lﬁir:rllsz o ta; tzhoe lz)water-rock interface FIGURE 2: The resistivity of solutions of NaCl as a
’ ' function of concentration and temperature (Flovenz et al.,
2012; based on Keller and Frischknecht, 1966)
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Porosity is defined as the ratio of pores to
the total volume of the rock. The degree of its interconnectedness (effective porosity) affects its
effectiveness in enhancing conductivity in the rock matrix. Electric conduction in water-saturated
porous rocks occurs mainly along pores of interconnected fractures in a volcanic zone. The resistivity
of porous rock is correlated to porosity by the inverse square given by Archie’s law (Archie, 1942):

p = pwate, " 3)
where p = Bulk (measured) resistivity (Qm);
Pw = Resistivity of the pore fluid (Qm);
7y = Fracture porosity as a proportion of the total volume;
a = Empirical parameter (°C™");
t = Temperature (°C);
n = Cementing factor, an empirical parameter.

2.1 Salinity

Equivalent salinity of NaCl is used to illustrate the relationship between conductivity and salinity at
different temperatures since NaCl is the dominant conductive species in geothermal fluids at depth
(Ussher et al., 2000). The conduction is by mobile ions in a salt solution. Figure 2 shows the linear
relationship between salinity and conductivity as expressed in Equation 4:

C
“10

where C (g 1™") is the concentration of NaCl until at very high salinities beyond that of a geothermal
reservoir.

4)

9
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2.2 Temperature p(0im)
100}
Resistivity of an aqueous solution at temperature L |
0-200°C decreases with increasing temperature, - -
due to the increasing mobility of the ions caused
by a decrease in the viscosity of the water (Figure 50 \\
3). - \ -
For temperatures above 150°C, the mobility of 30 500bar 1kb
free charges is affected by changes in viscosity, I /
density and dielectric permittivity of the water 20
causing conductivity to diverge from a linear 4 / {okb
relationship (Figure 2) and decreases with < 4kb
increasing temperature above 250°C (Flovenz et 10
al., 2012). 0 200 400  T(°C)

As depth increases, porosity and permeability =~ FIGURE 3: Resistivity of a NaCl solution as a
decrease due to an increase in pressure. Pore fluid function of temperature and pressure

in the rock enters into a vapour phase because of (Flovenz et al., 2012; based on

the high temperature and pressure. Hence, at great Quist and Marshall, 1968)

depth in the crust and mantle, water is not a major

medium of conduction. In most of the minerals, at depth, conductivity increases exponentially with an
increase in temperature but decreases with pressure (Vozoff, 1990); this relationship was given in an
Arrhenius formula and is illustrated in Figure 3:

__|E,+PAY)
o =oage T

(%)

where o = Matrix conductivity (S/m);

Oo = Conductivity at infinite temperature (S/m);

E, = Activation energy (J);

P = Pressure (Pa);

AV = Activation volume (m?);

k = Boltzmann’s constant (m* kg/s?K™);

T = Absolute temperature (K).

When basalts are subjected to a temperature in the range of 400-900°C in a laboratory study, it gives E,
(0.8) and ¢ (300). This indicates that the rock resistivity is in the order of 1000 Qm at 400°C and
decreases to 10 Qm at 800°C. Further increase in temperature will cause partial melts in the rock matrix
and decrease the resistivity. In a geothermal environment where temperatures above 400°C are expected
in the root of the system, the matrix conductivity will influence the overall conductivity (Flovenz et al.,
2012).

2.3 Resistivity of high-temperature areas and alterations

In a typical high-temperature geothermal system, resistivity is high in unaltered cold formations near
the surface. As temperature progressively increases from 50 to 100°C with depth, low-temperature
mineral alterations such as smectite and zeolites are formed making the rocks conductive due to their
loosely bound cations. Resistivity increases again at moderately high temperatures of about 230-240°C,
where the clay minerals are gradually replaced by chlorite as the dominant alteration minerals in the
transition zone of mixed-clay layers. At higher temperatures exceeding 250°C, epidote and chlorite
dominate, and the system is more resistive due to the bounded ions in the crystal lattice (Arnason et al.,
2010).
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The primary minerals in the host ALTERATION RESISTIVITY TEMPERATURE
rock matrix are transformed into saline || Fresh s Poru‘ej fluid
different minerals because of e J et \‘ o conduction
. 1 1 |}
water-rock  interaction  and | A soooe | % curve e dei

chemical transport by the
geothermal fluids. Formation of
alteration minerals depends on
temperature, the types of primary
minerals and the chemical
composition of the geothermal
fluid while the intensity of
alteration is controlled by
porosity  and  permeability
(Flovenz et al.,, 2012). The
relationship between resistivity,
tempera-ture, alteration and the

conduction mechanism in a ] o .
typical high-temperature basalt- FIGURE 4: General subsurface resistivity, hydrothermal alteration,

dominated volcanic geothermal temperature, and conduction mechanism of the basaltic crust in
field is synopsized in Figure 4. Iceland (Flovenz et al., 2012; based on Fldvenz et al., 2005)

in clay minerals

Surface and
pore fluid conduction

230-250°C

250-300°C

Rel. unaltered
Smectite- zeolite zone
Mixed layer clay zone
Chlorite zone

Chlorite-epidote zone

BEEL

For a long time researchers all over the world were puzzled by the high-resistivity core at depth which
could not really be explained. It was expected that resistivity would decrease with an increase in
temperature at depth until the late 80s when the cause of the resistive core at depth was established as
being due to high-temperature w E

alteration  minerals;  this
became a model to be used all
over the world in high-
temperature volcanic systems
(Figure 5). If the temperature
that formed alteration
minerals prevails, then
subsurface temperature can be
projected from  resistivity
structures. Thus, a resistivity
structure is regarded as
exhibiting  the  ultimate
temperature since alteration is
not affected by cooling in
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alteration lagging behind,
hence, not being in thermal
equilibrium yet. However,
when alteration minerals show
higher temperature than that measured in a well, it is an indication of cooling in the system (Arnason et
al., 2010 and Flovenz et al., 2012). It is, therefore, prudent to not only confirm the shallow conductors
and the resistive core but more importantly the deep-sited heat source before drilling to confirm the
resources during geophysical surveys.

FIGURE 5: Classic example of a high-temperature geothermal system
showing a resistivity cross-section from Nesjavellir geothermal field,
SW-Iceland, alteration zoning and temperature (Arnason et al., 1987)
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Hersir and Arnason (2009) indicated that similar resistivity structures in high-temperature geothermal
fields hosted in volcanic rocks were globally characterized by convex structures. The general picture is
of a low-resistivity zone doming up in the outer margin of a reservoir, underlain by higher resistivity
and a resistive core. This is shown in Figure 5, which comes from a DC resistivity survey conducted in
the Nesjavellir area, SW-Iceland in 1985 and 1986, detailing the picture of the resistivity structure in
the uppermost 1 km compared with data from nearby boreholes.

3. RESISTIVITY SURVEY AND DATA COLLECTION

The use of resistivity methods in geothermal research started in the 1940s; by the 1960s these were the
most important geophysical methods in surface exploration, delineating geothermal resources and
production fields. The parameter of interest is the electrical resistivity which, in geothermal areas, gives
information on temperature and rock alteration with depth, the major factors for understanding
geothermal systems (Georgsson and Karlsdottir, 2009).

The main principle common to all electrical methods is that electrical current is induced into the earth
either directly (DC) or indirectly from a control source (TEM) or a natural source (MT) which generates
an electromagnetic signal that is monitored at the surface (Georgsson and Karlsdottir, 2009). In mapping
resistivity variations with depth, sounding methods are used while profiling is applied to measure lateral
variation of resistivity along a profile. The most important methods currently in use will be discussed
in this chapter.

3.1 DC methods: Schlumberger sounding

Current is injected into the earth through electrodes at the surface (Figure 6a) generating an electrical
field measured in square wave response (Figure 6b). Based on the geometry of the set-up, the electrical
resistivity of the rock structures below is calculated from Ohm’s law, (Equation 1). For a homogeneous
earth and a single current source, the relevant equation for the electrical potential, V, at a distance, T,
from the current source I, becomes:

pl
Vr:ﬁ or p = 27‘[7”'VT/I (6)

However, the earth is not homogeneous and what is measured is an average resistivity of the subsurface
down to a certain depth penetrated by the current, called the apparent resistivity (p,). Using Equation 6
above, the apparent resistivity can be derived:

AV (S 2 PHr
17 2P
where S =AB/2 and P=MN/2 , AV is the potential difference and K is a geometrical factor.

Pa = KAV/I (7

The basis of operation in Schlumberger soundings lies in the configuration array shown in Figure 6a
where the pairs of potential electrodes (MN) are maintained around the centre of the array. Moving MN
is not recommended unless it is absolutely necessary to boost the measured signal while maintaining
20% of the distance between current electrodes (Georgsson and Karlsdoéttir, 2009). The current
electrodes (AB) diverge from the centre in equi-distance in both directions while the distance is
increased in steps until the desired current length is reached. The depth of penetration increases with an
increase in distance between A and B, which is about 1/3 of the distance between the current electrodes.
The results from the response are plotted on a log-log scale for apparent resistivity as a function of AB/2
with increasing distance of separation for interpretation.
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3.2 TEM method

The principle of operation in the
TEM method is well explained in
reports by Arnason (1989) and
McNeill  (1994). It involves
transmitting a steady current sourced
from a generator or battery pack into
an insulated large square loop (300 m
% 300 m) laid on the ground (Figure
7) that builds up a magnetic field of
known strength. The current in the
loop is abruptly turned off in a
fraction of a second before it is
turned on again. When the current is
off, the built-up magnetic field in the
loop starts to decay. The resultant
decaying primary magnetic field
induces secondary electrical currents
(eddy currents) in the ground which
further induce a secondary magnetic
field decaying with time. The
current distribution and decay rate of
the secondary magnetic field
depends on the subsurface resistivity
structure of the earth (Arnason,
1989) and the response is monitored
on the ground surface by measuring
induced voltage in a receiver coil at
the centre of the transmitter loop in
time gates, as shown in Figure 8. The
induced currents are shallow at early
time (initial time when a strong eddy
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FIGURE 6: a) Field layout Schlumberger (NGA, 2013);
b) typical half-duty square wave current and the
corresponding potential signal (Flovenz et al., 2012)

current is formed immediately after turn off, close to the transmitter loop) when the current is confined
to the transmitter loop, while at late time (when the eddy current has decayed, weakened and travelled
down with time) it radiates deeper and away from the loop. Current travels faster in resistive media and
slows down within conductive layers (Rowland, 2002).

TRANSMITTER WAVEFORM:

%

3 Amps.
300 Hz to 3 Hz

RECEIVER:
Sampling and
Stacking Electronics

20-200m

TRANSMITTER: — 7 Grent)
Timing and Switcing RECEIVER ANTENNA:
Electronics 1m Diameter

Multi-turn, Air Core Coil

RN TRANSMITTER LOOP:
Single Conductor 10 Gauge Wire

FIGURE 7: TEM field layout (Rowland, 2013)
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The depth of penetration
depends on the length of L On-time — +— Off:time ——
induction in the receiver coil () ; f r
after the current is turned off
before it get noisy, and the
resistivity of the subsurface

Current

:Turn-on

; Turn-off : §

s
Induced elektro-
motoric force

G)
Secondary
magnetic field

3.2.1 Response curves for a

stratum (Arnason, 2006a;
a longer period of time than
is turned off linearly in a
transmitter and fed to the ]
receiver manually to minimize W
infinite voltage induction in Gates
transmitter loop; b) Induced e.m.f. in the ground; c¢) Secondary
homogeneous earth )
(Christensen et al., 2006)

McNeill, 1994). Thus, a low-
the high-resistivity stratum to IJ f
designated (TOFF) time
the source loop when turn off
magnetic field measured after the current is turned off in the
The induced voltage in a receiver coil at late time in a homogeneous half space of conductivity, o, is

resistivity stratum will require
probe the same depth. Current -
§Measurem_em dun‘ngE |
interval measured by the G
is sudden (Arnason, 1989). FIGURE 8: Basic principles of TEM method: a) Current flow in the
receiver coil assumed to be at the centre of the transmitter loop
given by Arnason (1989):

] Cup0r?)3/

Vt, r 1o 15 (7)
10mzt2
where
Ho
C=Amn.Ang e (8)
where ¢ = Elapsed time after the transmitter current is turned off (s);
T = Radius of the transmitter loop (m);
A, = Cross-sectional area of the receiver coil (m?);
n, = Number of windings in the receiver coil;
Ko = Magnetic permeability in vacuum (H/m);
A = Cross-sectional area of the transmitter loop (m?);
ng = Number of windings in the transmitter loop;
I, = Transmitted current (A);
Vir = Measured voltage (V).

Equation 8 simulates characteristics of decaying induced voltage through time. The response measured
in the receiver coil in a 1, 10 and 100 Qm resistivity half space is shown in Figure 9 where the induced
voltage is steady earlier in time but decreases with time until it reaches late time when induced voltage
(V) decreases linearly as a function of time (#) logarithmically with a gradient of -5/2. Thus, induced
voltage V' () in a receiver for a late time homogeneous half space with conductivity (o) is proportional
to 2 and ¢°” as seen in Equation 8. The response in early times depends on resistivity because it
increases with an increase in resistivity (Arnason, 1989).

Figure 10 shows apparent resistivity approaching true resistivity of a homogeneous half space at late
time as resistivity values reduce and the receiver voltage increases due to the presence of all the current
after turn off. Apparent resistivity is based on the time behaviour of the receiver coil output voltage at
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late time when it decays as t°% At early
time when current is entirely in the upper
layers, the receiver voltage is too low,
thus apparent resistivity is too high
(McNeill, 1994). Apparent resistivity,
pa, of @ homogeneous half-space in terms
of induced voltage at late times after the
source current is turned off is given by
(Arnason, 1989):

2
_Mo 2ppArny Asngly |3 9)
P an | 55721,

3.2.2 TEM data acquisition

The TEM data from Suswa field were
collected using equipment from Zonge
and Phoenix Geophysics (V8). The
setup is shown in Figure 7. A loop of 300
m % 300 m was laid out on the ground by
at least two field crew members in a
square configuration from a common
point where the current source is located.
Transmitter and receiver are
synchronized using crystal clocks (in-
built) so that the receiver knows the
exact current turn off time (generated
when synchronizing and manually fed
into the receiver by the surveyor) to
begin recording the decaying voltage.
The transmitter and receiver were set to
the same frequency while the loop was
being laid out to ensure cross
communication between them in
transmitting and receiving signals. Once
the loop was connected, the generator
was turned on to transmitted current (10
A) to build-up a strong magnetic field in
the loop. The receiver loop and coil were
transferred to the centre of the loop,
located 212 m from the transmitter for
300 m by 300 m, and 140 m for 200 m
by 200 m loop. At the centre of the loop
where the readings were recorded
through the receiver coil, data were
acquired in low and high frequencies. At
low frequency, the TEM probes much

deeper and is less influenced by near surface cultural noise, while at high frequencies it measures at
shallow depths. Before changing to high frequency reading, the transmitter frequency is manually
adjusted before proceeding with data collection in the next frequency phase to ensure the signals
transmitted are received at the same frequencies or else no data are collected.

Different coil sizes were used to maximize the receiver readings at different frequencies. A small coil
was used to probe at shallow depths at high frequency without saturating the voltage since the current
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induced was less. At low frequency reading, the bigger loop induces more current and measures the
response at depth in the late time before the signal weakens and is drowned into noise. In shallow
depths, a small loop is more effective than a bigger loop, while at great depth the bigger loop is more
advantageous. The data were automatically saved in the receiver to be downloaded and processed for
inversion and interpretation.

3.3 MT Method

Magnetotelluric (MT) was pioneered by Tikhonov (1950) and Cagniard (1953) in Russia and France,
respectively. It is an electromagnetic method that probes electro-stratigraphic structures of the earth
from shallow depths to hundreds of kilometres (Hersir and Arnason, 2010). Thus, the basic application
of the MT method is to determine the subsurface electrical conductivity of the complex earth from
measurements of natural transient magnetic (H) and electric (E) fields on the surface in orthogonal
direction (Hersir and Arnason, 2010).

Frequency (Hz) MT superiority over the rest of
10! 10¢ 103 102 10’ 10° 107! 102 10° electrical methods is due to its
| | | | | | t depth of subsurface
grea p

penetration which depends on
the range of period it operates
in. The longer the period of
measurement, the higher is the
depth of penetration. Thus,
‘ three main categories of 5
| channel Magnetotelluric units
| are classified according to
| | | | | | | ranges of frequencies/periods
10~ 10-3 102 101 100 10! 102 102 they operate in which also
Period (s) determine the depth of
FIGURE 11: FElectromagnetic frequency ranges (Flovenz et al., 2012) penetration (Figure 11). MT
operates in the range of 400
Hz—-0.0001 Hz, Audio-MT 100 Hz— 10 kHz and LMT - long period (1000 — 10,000 s). The MT method
is passive and uses natural magnetic variations in the geomagnetic field of the earth as its signal source

and has no external source of power in its operation except for the data logger powered by batteries.

100 - Spherics <T> Micropulsations

VLF ELF | ULF

1071 -

102 -

Gamma

1078 -
1074 -

1075 |

1078

3.3.1 Sources of the earth’s electromagnetic fields

The spectrum of the earth’s electromagnetic field varies widely between high and low frequencies. The
source of low frequencies (long periods) is ionospheric and magnetospheric currents due to solar wind
interference with the earth’s magnetic field while high frequencies (short periods) greater than 1Hz are
caused by thunderstorms near the equator and distributed as guided waves between the earth and the
ionosphere (Hersir and Arnason, 2010).

3.3.2 Field setup and data
acquisition Data

O" Logger i
The know-how on instrumentation \ -- = sy
(Figure 12), data acquisition, S
processing and interpretation is the @
fundamental step in the effective use ~ Power
of magnetotelluric equipment which

will be highlighted in this report.
The main components of a 5-channel

FIGURE 12: Magnetotelluric setup for data acquisition
(Flovenz et al., 2012)
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MT data acquisition unit instrument (MTU-5) from Phoenix Geophysics are a data logger (MTU), 2
pairs of electric lines (£x and E)) which measure the electric potential differences between the electrode
pairs, and 3 magnetic coils (H,, H, and H.) which are sensors for measuring magnetic variations. One
pair of electric lines (E.) is oriented in the N-S magnetic direction while the (£)) lines are oriented along
the E-W magnetic direction. Porous pot electrodes with porous ceramic bottoms at the end of each
electric line with PbCl, solutions installed in wet pits with a solution of NaCl to reduce ground resistance
and noise is well illustrated in Phoenix Geophysics’ users guide manual (2005). A Global Positioning
System (GPS) satellite synchronizes the data, which are recorded and saved onto a data logger in time
series digital format into a memory flash card (Flovenz et al., 2012). A fully charged 12 V battery
powers the data logger over the period of data collection, mostly overnight.

In addition to the setup shown in Figure 12, a waterproof canvas is required to cover the battery and data
logger to protect the duo from direct contact with water and dust. A compass for orienting the magnetic
and electric sensors in horizontal and orthogonal directions and markers (stick) to enhance alignment
when orienting electric and magnetic lines are vital. To ensure the magnetic sensors are horizontally
laid (Hx and Hy) and that H, is vertical, a spirit level is used.

MT equipment is calibrated before the start of a new field survey to ensure the equipment is in good
working condition and is normalized to the environment for the survey. Both the box (MTU) and
magnetic coil sensors are calibrated.

3.3.3 Basic principles

In principle, a naturally occurring time varying fluctuating magnetic field induces an electrical field
which further induces an eddy current in the ground, measured on the surface in horizontal (£;) and
orthogonal (£)) directions. The electric fields are induced by the corresponding source magnetic fields
(E.H, and E,H.) orthogonally (Flovenz et al., 2012); thus, by measuring variations in the magnetic and
electrical fields on the surface, subsurface resistivity and phase as a function of the frequency of the
electromagnetic field are determined using the four basic Maxwell equations given below:

Faraday’s law:

OH
VE = u—- 10
Ko (10)
Ampere’s law:
0E
H=j —_— 11
VH =j+e— (I
Gauss’s law (electric field):
divD =17 (12)
Gauss's law (magnetic field):
divB=0 (13)

where E = Electrical field (V/m);

B = Magnetic intensity (A/m);

J = Electrical current intensity (A/m?), and
J =okE;

u = Magnetic permeability (H/m);

&€ = Electric permittivity (F/m);

D =¢E; and

B =uH.
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3.3.4 Impedance tensor and dimensionality

The impedance tensor (Z) relates the orthogonal components of the horizontal electric and magnetic
fields using Maxwell equations to generate resistivity of a homogeneous half space. The phase

difference between E, and H,, is equal to% = 45°,

E Z Z H
( ") = (Z” ny)< ") (E = ZH) (14)
E, yx Zyy/ \Hy,
Ey = ZyxHy + ZyyH,, (15)
Ey, = ZyxHy + Z,, H,, (16)
E . E
Ty = H_x = Jopp e™*and Z,, = H—y = —Z,y (17)
y x
where Z = Impedance tensor;
/4 = Phase difference between the electric and the magnetic field;
Zyy and Z,, = Characteristic impedance in x and y directions;
w = Angular frequency (2nf) where fis frequency (Hz);
U = Magnetic permeability (H/m);
Eyy = Electric field intensity (V/m) in X, y direction;
Hyy = Magnetic field intensity (A/m) in x, y direction.

Each component of the impedance tensor, Zj, is composed of real and imaginary parts. They have both
magnitude and phase.

Resistivity of a homogeneous half space is given by:

1 2 1 2
pxy:w_M|ZXY| :pyx:w_u|zyx| =p (18)

For an inhomogeneous earth, the apparent resistivity (p,) and phase (6,) as a function of frequency can
be defined as if the earth was homogeneous using this same formula. In an inhomogeneous earth, the
resistivity, p, in the Equation above can be written as:

pa = 0.2T|Z|?%; 6 = arg(Z) + 45° (19)

The apparent resistivity calculated from the off-diagonal elements of the impedance tensor in Equations
18 and 19 are the same for a homogeneous 1D earth. Rotating the impedance tensor for a non-1D earth
will change the resistivity values of pxy and pyx. Thus, during the inversion process, they will give two
different models, neither of them necessarily being the correct one. Hence, the rotationally invariant
determinant of the impedance tensor, which is a kind of an average value of the apparent resistivity and
phase, is used here in the inversion to produce the model (Badilla, 2011). The determinant of the
apparent resistivity and phase is calculated by:

1 1 2
=—|Z 2=—|ZZ —ZwZ ; Oger = Z 20
Pdet a)‘ul detl it \/ xxtyy xylyx det arg(Zget) (20)

3.3.5 SKkin depth

The depth below the surface of the conductor where the electromagnetic field has decreased to ¢! of its
original value is called the skin depth. It is expressed as:
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6=500,/pT (m) (21
where ¢ is the skin depth (m), p is the resistivity of the medium (Qm) and 7 is the period (s).

The expression indicates estimated depth of penetration and depends on resistivity and period; the larger
the period the deeper the sounding detects the subsurface resistivity.

3.3.6 2D earth

In a 2D earth environment, resistivity varies with depth and in one lateral direction. It is constant in the
other horizontal direction (along the electrical strike). MT impedance tensor data are mathematically
rotated with one axis perpendicular to the electrical strike and the other axis is parallel to it, by
minimizing the off diagonal elements of the impedance tensor. So Z. = Z,,=0, like in the 1D case, but
the difference is that, in 2D, Z, # -Z,.:

Zxx ny

ZZD = (Z VA

0 ny)
yx  “yy

) rotated to give Z,p = ( 7 0
yx

(22)

In 2D the field is split into two independent impedance tensor modes: E- and B-polarization. Transverse
Electric (TE) mode or E-polarization is when the electric field is parallel to the electromagnetic strike
and Transverse Magnetic (TM) mode or B-polarization is when the magnetic field is parallel to the
electromagnetic strike.

In a 3D case, resistivity varies in all three directions, that is Z.. # Z,, and Z,, # -Z,x with no possible
rotational direction that minimizes the diagonal components to zero (0) at the same time.

Swift skew is expressed below and gives an indication of 1D, 2D or 3D subsurface environment
depending on the calculated value of S. Large S value indicates 3D and a small value indicates 1D and
2D:

ZyxtZ
Skew=§ = 2t 2yl @3)
|ny - Zyxl
3.3.7 Strike analysis T-strike 0.005-1s

9885

The electrical strike direction
shown in Figure 13 is an
indication of where the _
resistivity changes least often s |
in the same direction as the
geological strike direction of
the survey area. The figure
shows alignment along the sevs
low-resistivity anomaly within
the caldera rim, indicating ring
structures (e.g. see Figure 29).
The Z-strike is achieved by g
minimizing the diagonal
impedance tensor elements
(Zx and Z,, or maximizing the
off diagonal elements Z,, and
Zyx). HOWGVGI', there 1s 90° 195 200 205 210 215 220

ambiguity in geoelectric strike  FIGURE 13: Rose diagram for electrical strike direction based on
(i.e. Z-strike) which is fixed Tipper strike at 0.005-1 s
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by measuring H, and calculating the Tipper strike as shown in Equation 24 (Hersir et al., 2013) and

Figure 14:

H.=T.H, +T,H,

T _arrow0.1s

9885

9880

9875

9870

9865

185 200 205 210 215

FIGURE 14: Induction arrows at shallow depth (0.1 s)
pointing away from the caldera rim

220

24

Figure 14 is an example of
induction arrows; the blue
arrows are the real and the red
are the imaginary part. The
blue arrows point away from
the conductor at shallow depth
within the ring structure.

3.3.8 Static shift

The static shift problem is
common in resistivity
methods that measure voltage
(electric field) over a short
distance on the earth’s surface
and are due to in-
homogeneities in resistivity
close to the electrodes, like
DC soundings and MT. The
apparent resistivity is distorted
by a multiplicative constant, S,
which displays a shift when

data are presented on a

9884 {2
9882 -
9880 -
9878 -
9876 -
9874 |
9872 -
9870
9868

9866 - ey

L

log scale as shown in
Figure 15. In Suswa
field, most MT data
were shifted down (on
average 0.8), shown on
the histogram in Figure
16, due to near surface
conductive bodies.
Above the conductive
bodies, the static shift
multiplier (S) was less
than 1, and the apparent
resistivity curve shifted
- downward resulting in
decreased depth to the
boundaries. S higher

than 1 results in higher
3 )| resistivity and increased

T T T

T T T T T T T
194 196 198 200 202 204 206 208 210 212

214

216

218

200  depth to the boundaries,
causing an upward shift

FIGURE 15: Static shift distribution map, black circles are MT/TEM of apparent resistivity

locations and red stars are fumaroles

over resistive bodies
(Arnason, 2008).

Two main causes of static shift are electric field and current distortion due to the near-surface contrast
in topography that causes channelling effects that are common in a geothermal environment. In the
upflow zone where conductive clay minerals form convex structures surrounded by resistive lava,
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distortion may be common. The solution is to correct static
shift in MT and DC data using transient electromagnetic data
which are not affected by this problem (Arnason et al., 2010).

4. PROCESSING AND INVERSION OF MT AND
TEM DATA

4.1 MT data processing

The collected time series data downloaded from the MT 57
equipment are quality scrutinized using the time series viewer

option in the SSMT2000 software (Phoenix Geophysics, 2005).

This will give a first indication of the data quality that
influences decision making on whether to repeat the sounding

or not. Then parameter files (tbl) are edited to reflect the setup 0.
for the collected data. The resulting time series are Fourier 00 04 08 12 16 20 24
transformed to the frequency domain, and then the different Shift

auto- and cross-powers are calculated using the robust

processing method (RPM). The data are graphically edited F IGURE 16 : Static shift histogram
using MTEditor Phoenix geophysics software by masking the

outliers to achieve apparent resistivity and phase curves and other relevant parameters. The resulting
MT parameters are all saved as EDI files ready for export to the interpretation software (see SEG, 1991).
Figure 17 illustrates processed MT apparent resistivity and phase curves from the Suswa prospect. At
periods below 0.1 s, it exhibited a 1D response where apparent resistivity values and phase decreased
with increasing period. For periods above 0.1 s, the curves separated indicating a non-1D environment
with one apparent resistivity increasing as the other decreased.

Apparent Resistivity Magnitude
1,000 - -

v —e— Rhoxy ohm-m.
¥ —#— Rhoyx ohm-m.
[ [ At

Resistivity (Ohm-hM1

Freg, Hertz

Apparent Resistivity Phase
1680 - - - - - - W —— PHASExy Deq.
[V -&— PHASEy: Deg.

Phase(degres)

Freq, Hertz

FIGURE 17: MTEditor output showing apparent resistivity and
phase curves of Suswa sounding SUSMT94
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FIGURE 18: Processed MT data for sounding 149 (SUSMT149) from Suswa geothermal prospect,
Kenya; The plots show the apparent resistivity and phase derived from the xy (red) and yx (blue)
components of the impedance tensor and the determinant invariant (black), the Z-strike or
Swift angle (black dots), and multiple coherency of xy (red) and yx (blue),
and skew (black dots) and ellipticity (grey dots)

The Electronic Data Interchange (EDI) files produced by MTEditor are run through scripts developed
at ISOR: dos2unix, changes the edi files from a window based environment to a Linux readable format
and spect2edi calculates various parameters and produces the result in the standard EDI format which

is ready for inversion in the TEMTD programme. Suswa data were also run through edidatum script to
change the coordinates taken by GPS from WGS84 datum to Arc1960 for Kenya and ediZ2ps to generate
PostScript graphs. Finally ps2raster transforms postscript files to PNG or JPEG figures. Figure 18
shows MT sounding SUSMT149 which has been run through the aforementioned Linux scripts, ready

for TEMTD inversion software and is explained below. The Meas. Init.
remaining soundings are given in Appendix II (Mohamud, 2013). data  model

4.3 1D inversion of TEM data

Forward
algorithm
Figure 19 shows a typical inversion process. In the beginning only
measured data and a guessed initial model are available. The initial
model is run to test if the response fits the measured data. If the fit is
good it becomes the final model and if not, the model is subjected to
an iterative algorithm, where the parameters resistivity and
thicknesses are adjusted. The inverted model is run again in a forward
algorithm and compared several times in an iteration process which
improves the model in a successive iteration until a good fit is Geferate
obtained. In Arnason (1989), the details of the inversion algorithm Eial new model
are discussed. The TEMTD program uses damping parameters t0 model
smooth sharp steps and oscillations in the model values. Minimum

i . FIGURE 19: Sequence of the

structure Occam inversion is perfomed, where the number of layers . .

and thicknesses are kept constant while the resistivity variation is (Fllrc})\\]/eezséoel}[ Elr 002%518 2)
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10°

TEM SUZ149
% =0.412

Resistivity {Qm)

FIGURE 20: A TEM sounding (SUZ149)
and its 1D Occam inversion from Suswa
geothermal prospect area; red circles:
measured late-time apparent resistivities
(different datasets for different receiver loop
sizes and current frequencies); black line:
apparent resistivity calculated from the
model shown in green; at the top of the
figure is the misfit function; the root-mean-

square difference between the measured
and calculated values, y = 0.412 1o’ 10" 102

107 1 N

T
10°
t* (us); Depth {m)

smoothed with damping parameters. Arnason (2006b) gives a detailed step by step procedure on 1D
inversion of MT and TEM using TEMTD software developed at ISOR.

In this report, 72 TEM soundings from Suswa geothermal prospect were 1D inverted. An example is
given in Figure 20. All of them can be found in Appendix I (Mohamud, 2013).

4.4 Joint inversion of MT and TEM data

To correct the static shift problem in MT data already discussed in the previous chapter, the MT
inversion is run jointly with TEM data which is not affected by the static shift as it uses magnetic rather
than electrical fields during data acquisition. The shift parameter is one of the parameters that is inverted
for in TEMTD. Either an MT or TEM initial model is run from inverted or processed measured data to
get started; then, from the model, an inversion algorithm is run as explained in Figure 19. Several
parameters are adjusted until a good fit between MT and TEM curves are obtained. An example is given
in Figure 21. The remaining jointly inverted soundings can be found in Appendix III (Mohamud, 2013).

In a perfectly static-shift free situation, the shift which is the ratio of MT to TEM distance of separation
is 1. However, the earth is heterogeneous and in a low-resistivity near-surface environment the curves
are shifted downwards with an S factor less than 1, and in a high-resistivity environment the curves shift
upwards with an S value exceeding 1. The distance recommended between MT and TEM soundings to
be used in joint inversion should not exceed 50-100 m.
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FIGURE 21: Joint 1D inversion of TEM and MT data: SUSMT149 1 is the MT station
corresponding to TEM station SUZ149; red diamonds: measured TEM apparent resistivity;
blue squares: measured MT determinant apparent resistivity; blue circles: apparent phase
derived from the determinant of MT impedance tensor; green lines: on the right show the
1D resistivity inversion model, and to the left are its synthetic MT apparent resistivity and
phase response; numbers in parentheses (108/-5) indicate the two stations were 108 m apart
and their elevation difference was 5 m (- sign means TEM station is at higher elevation
than MT); Chi square y (4.012) is the misfit between the measured and
calculated values in the models while 0.681 is the shift value

5. SUSWA GEOTHERMAL AREA
5.1 Geological and structural setting

The Kenya Rift is a volcano tectonic axis of continental scale that stretches from the Afar junction in
the north to southern Africa. The Rift started 30 million years ago (Omenda, 1997). During the last 2
million years, intense volcanic activities in the Rift axis formed large shield volcanoes associated with
high-temperature geothermal prospects in the Kenya Rift. The young volcanic formations in the Rift
graben host shallow magmatic bodies beneath them which enhance the occurrence of geothermal
activities in the rift zone (Omenda, 2007). Mt. Suswa is the southernmost volcano of the Kenya Dome
(Figure 1), located 30 km south of Greater Olkaria Domes. The main surface geology in Suswa is
trachyte, phonolite, ignimbrite, and volcanic ash.

The chronological occurrence of volcanic episodes in Mt. Suswa area was summarized by White et al.
(2012) and discussed by several others (Espejel-Garcia, 2009; and Omenda, 1997) in three major phases.
The first phase was the initial eruption of predominantly trachyte lava flows derived from a central
source with some phonolite that led to the formation of a shield volcano. The second phase was during
cauldron subsidence (syn-caldera) that produced abundant pumice and thick lava flows from a ring
fracture zone outside the caldera. The third eruptive phase is post caldera lavas that filled the caldera
and resulted in Ol Doinyo Nyukie volcano. A collapse in the form of a concentric graben formed inside
the older caldera towards the end of the last eruptive episode, seen in Figure 22.
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5.2 Geothermal manifestations

Surface geothermal manifestations in
Suswa are in the form of altered and
hot grounds, the presence of
geothermal grass, cinder cones,
young lavas and fumaroles (GDC,
2013).  The manifestations are
located along the rim of the inner and
outer caldera walls and on the floor
and slopes of the outer caldera (see
Figure 23). The fumarolic activities
are stronger on the rim of outer
caldera wall suggesting the presence
of a  structurally  controlled
hydrothermal system.  However,
manifestations outside the ring
structures are weak fumaroles with
low alteration and temperatures
readings. The Mt. Suswa local community harvests water from condensed fumaroles as their source of
water for domestic use.
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FIGURE 22: Suswa geology (Omenda, 1998)

5.3 Previous work

An interferometry synthetic aperture radar (InSAR) study by Biggs et al. (2009) between 1997 and 2008,
to detect surface displacement of high resolution, showed subsidence of about 5 cm at Mt. Suswa
between 1997 and 2000, indicative of an existing active magmatic system beneath it. Changing
pressures within the crustal magma reservoirs caused by magma and/or volatile fluxes produce changes
in volcano shape on the scale of centimetres to metres.

Gravity data analysis and interpretation by Cantini et al. (1990) indicated a NE-SW trending positive
anomaly beneath the southern edge of the caldera with an amplitude of 30 mGal. The anomaly is
presumably related to the heat source, postulated to be of basaltic melt magma directly beneath the
caldera. The study also related identified linear positive anomalies showing structurally controlled
shallow bodies in the basement of the Suswa volcanic activity.

Passive seismic data collected and analysed by Simiyu (1999) over a seismic network in the Suswa
geothermal prospect area showed low seismic velocity values, interpreted to mean high heat flow,
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Menengai Caldera C Caldera structure | fracturing of rocks and steam saturation. Simiyu
(" Ring structure (1999) further indicated seismicity gaps within the

A Volcanic cones field mark zones, inferred to be hot magmatic

@ Volcanic piles intrusions that have raised the temperature above

\ Fauls the brittle-ductile transition temperature of above

450°C.

Simiyu and Keller (1997) also indicated from
research carried out by the Kenya Rift
International Seismic Project (KRISP) in 1985
and 1990 that seismic events are at shallower
depth and smaller on the axis but larger and deeper
on the rift flanks south of Lake Naivasha, an area
that encompasses Suswa. Figure 24 shows a high
V, velocity zone below the Suswa prospect.

Elmenteita
basaltic field

Olkaria

Results from an integrated resistivity survey (MT
Volcanic complex

and DC), Onacha et al. (2009) identified three
anomalous areas: the southwest part of the

-1°s 1 caldera, the eastern slope and the northwest corner
of the caldera close to the anticipated heat source.

High-resistivity values noted from Suswa caldera

rocks in comparison to Olkaria and Longonot

o areas were ascribed to lower alteration, lower bulk

permeability and varied lithology. They further
anticipated high vertical permeability due to

FIGURE 23: Structures of Suswa recent caldera reactivation.
(Omenda, 1998)

Scientific research, mainly in geology, have been
MENENGAI OLKARIA SUSWA Vp (kmss) carried out by different

0' V e entities from PhD and

Masters dissertations to

-5 geoscientific researches by
£ s Kenya Electricity
[} .

a +  Generating Company
, (KenGen) and  more
I s recently Geothermal

Development ~ Company
(2013) in the search for
geothermal resources. The

FIGURE 24: Seismic velocity model along the Rift axis showing high- ~ current data used for this
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velocity zones beneath Menengai, Olkaria and Suswa volcanic project are a part of 150
centres based on the KRISP 1985-1990 axial model MT and 103 TEM
by Simiyu, 2010, based on Simiyu and Keller, 2000 soundings collected in a

survey conducted in 2013.
In this report, 72 data points of both MT and TEM soundings in the same location or within 200 m of
each other were used. TEM was used for static shift correction of the MT data in 1D joint inversion of
TEM and MT as described in the next chapter.

5.4 Suswa MT and TEM survey area

The survey points for both MT and TEM data, fumaroles and profiles for the cross-sections are shown
in Figure 25. MT data were collected using Phoenix Geophysics equipment (MTU-5A) for a period of
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about 22 hours. The ™
survey was conducted
between December
2012 and February
2013, covering 150 MT |
and 103 TEM
soundings. In this
survey two types of
TEM equipment were
used.  Phoenix Geo-
physics V8 equipment
with a transmitter loop
size (200 by 200 m)
collected the data at 5 ke
and 25 Hz frequencies.
The Zonge TEM (300
by 300 m) transmitter
loop was used to collect =
at 4 and 16 Hz Fass 195 200 205 210 215 7 ) 0 ‘
frequencies and 10 A
current. The areas
around the outer caldera
walls and the inner
caldera were not surveyed due to challenges in accessibility.

p875

FIGURE 25: Sounding locations: Blue circles are TEM soundings,
black diamonds are MT stations, red stars are fumaroles,
and solid lines denote profiles

6. RESULTS OF MT AND TEM SURVEYS

The outcome of the joint 1D inversion of MT and TEM data is presented as cross-sections and iso-depth
resistivity maps. Due to a large data gap between the soundings, attention should be given only to the
area where the soundings are located and not the interpolated area between them for effective
interpretation. Resistivity cross-sections were plotted by the TEMCROSS programme developed at
ISOR (Eysteinsson, 1998). The program calculates the best line between the selected sites on a profile
and plots resistivity iso-lines based on the 1D model generated for each sounding. It is actually the
logarithm of the resistivity that is contoured so that the colour scale is exponential, but the numbers at
the contour lines are resistivity values (Barkaoui, 2011).

Three cross-sections were generated down to a depth of 10,000 m b.s.l., and down to sea level (1800 m
below ground surface) while iso-depth resistivity slices were generated at 1600 and 1000 m a.s.l., sea
level, and 4000 and 8000 m b.s.1.

6.1 Cross-sections

The cross-sections in Figures 26, 27 and 28 (see the location in Figure 25) point to subsurface signatures
common to volcanic geothermal environments. In Figure 26 a and b (profile 1) the cross- section runs

SW-NE cutting the rims and outer caldera floor. A low-resistivity anomaly in the top section to the
northeast is due to sedimentary deposits associated with air fall ash during the eruption of the Suswa
calderas and sequential weathering and erosion from both Mt. Longonot and Suswa. At a depth of about
3000 m b.s.1., a conductor (< 10 Qm) persists to the end of the 10 km vertical depth in this profile. This
low-resistivity anomaly at depth below the sedimentary plain to the north-northeast and east of Mt.
Suswa could be due to layers of sedimentary fillings in the rift since its inception. In addition to lake
sediments in the rift basin, the rift is tectonically active with micro-seismic activities that continuously
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FIGURE 26: Resistivity cross-section profile 1;
a) Down to 10,000 m b.s.1.; b) Down to sea level

open up fractures enhancing permeability and porosity to the deep lying sedimentary formations.
Increase in pressure and temperature with sediment depth, the highly fractured rift basin, fine lake
sediments, a porous media and a high-temperature gradient from the tectonically active rift system may
have influenced the low resistivity in the basin. The low-resistivity anomaly common to Kenya rift
below the sedimentary basin at depth is, however, not well understood. Geothermal origins have been
associated with East African rift sedimentary deposits as in the case of Tendaho in Ethiopia, which could
be the case in Kenya, subject to confirmation by more geoscientific research.

Below the outer caldera floor, at about 1000 m a.s.1., a low-resistivity anomaly probably caused by low-
temperature alteration minerals (zeolite/ smectite) is shown in Figure 25. Above this layer, a deep
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FIGURE 27: Resistivity cross-section profile 2:
a) Down to 10,000 m b.s.1.; b) Down to sea level

groundwater table could be inferred from the high resistivity. It is associated with fumaroles which are
presumably due to dry steam. The near surface high resistivity is caused by remnants of unaltered rocks.
High resistivity oriented vertically below the rims of the caldera clearly demarcate the caldera walls
both in depth and breadth and probably the extent of the geothermal field. The resistive core at sea level
(0 m) below the conductive cap (see Figure 26) is most likely caused by high-temperature alteration
minerals consistent across the Suswa caldera. Below the resistive core is the deep seated doming
conductor (< 10 Qm), presumed to be connected to the heat source.

Figure 27 shows a profile across the southern slope of the outer caldera. High resistivity near the surface
is unaltered formations associated with recent phonolitic lava flow from the most recent eruptions, below
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which are conductive layers (about 1000 m a.s.l.), associated with volcanic ash deposits from pre-caldera
eruptions and low-temperature mineral alterations. At depths between 3000 and 6500 m b.s.1., a pocket
of conductive bodies is found in the centre of the profile which could be part of the heat source. At the
western corner (below sounding MT91), a much closer conductor (1500 m a.s.l.) prominent near the
surface and at depth between 500 m a.s.l., and 5500 m b.s.1., could probably be due to the sedimentary
basin deposits discussed above.

Figure 28 shows profile 3 across the floor of the northern caldera and the western rim of the outer caldera
and western slopes. The profile shows similar features as seen in profile 1 inside the caldera and profile
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FIGURE 28: Resistivity cross-section profile 3:
a) Down to 10,000 m b.s.1.; b) Down to sea level
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2 to the western side. The high-resistivity core at sea level is confined between low resistivity above
500 m a.s.l., related to low-temperature alteration minerals and a deeper conductor below 4000 m b.s.1.,
presumed to be the heat source. The heat plume is right below the caldera.

6.2 Iso-resistivity maps

Iso-resistivity depth maps (Figures 29-33) were generated using the TEMRESD programme
(Eysteinsson, 1998) from 1D Occam models at different elevations, contoured and coloured in a
logarithmic scale. Figure 29 is at a depth of 1600 m a.s.l., and shows a shallow conductive layer
attributed to weathering, volcanic ash and sedimentary deposits to the south. The high-resistivity area
below the fumarolic areas may have resulted from unaltered formation and a low level of water-rock
interaction because of the high steam level in the fumaroles attributed to a deep groundwater table in
Suswa. Thus, the absence of near surface geothermal fluids and dry steam causes a resistivity high in
fumarolic areas in the northern floor of the outer caldera.
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FIGURE 29: Resistivity map at 1600 m a.s.L.;
black dots denote MT soundings and red stars are fumaroles

In Figure 30, a low-resistivity anomaly is now evident at 1000 m a.s.l., which could be the result of low-
temperature alteration minerals.

Figure 31 shows high resistivity at sea level (0 m), attributed to high-temperature alteration minerals
common to high-temperature volcanic geothermal systems. Resistivity highs also demarcate the caldera
walls at the rims and at depth. A less resistive zone bordering the inner caldera ring and oriented in a
NE-SW direction could indicate a structural alignment following the caldera axis. This structure could
be the main conduit of the geothermal fluid and is associated with the upflow zone of the system below
the calderas.
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FIGURE 32: Resistivity map at 4000 m b.s.I.
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Figure 32 shows the top of the deep conductors at 4000 m b.s.l, which together presumably form the
heat source. These conductors are seen to the north, south and west of the inner caldera. However,
there are no data in the inner caldera to establish if the heat sources are connected or discrete. The NE-
SW structural alignment of conductive bodies encircling the inner caldera is obvious. It must be noted
that the conductors are very pronounced, oriented along the dense fumaroles in the caldera. The low-
resistivity anomaly to the northeast is outside the caldera in a sedimentary basin between Suswa, Domes
and Longonot, as discuss above.

Figure 33 shows an iso-depth map at 8000 m b.s.1. showing conductive bodies (< 10 Qm) at the floor of
the outer caldera in the north, trending W-E and to the north and north-northeast of the outer caldera in
the sedimentary plain. The conductive area increases with an increase in subsurface depth and seems to
merge (12,000 m b.s.l. not shown in this report). The deep conductors cannot be established south and
west of the caldera at depths below 6000 m b.s.l., probably due to their formation in pockets with a
source below the inner caldera where the last eruption occurred. The persistence of the main conductive
body below the fumaroles in the north, oriented W-E, could be the main source of heat for Suswa
prospect.

7. CONCLUSIONS AND RECOMMENDATIONS

Suswa has a geothermal potential, as shown by the resistivity cross-sections and iso-depth maps and
strike analysis. The classical high-low-high-low pattern common in volcanic regions with a geothermal
system is displayed, i.e. surface highs due to resistivity caused by unaltered rocks, followed by low
resistivity at around 1000 m a.s.l, due to low-temperature alteration minerals. At sea level (0 m) a
resistive core was found, most likely associated with high-temperature alteration minerals. Deep
conductors below 4000 m b.s.l. could be the heat source for the Suswa geothermal system. The
independent strike analysis of induction arrows and Tipper strike based on H, confirms resistivity
structures, generated from the two electrical and magnetic components.

The low resistivity in the sedimentary basin at depth could be due to deep conductive lake sediments,
porous media, and a highly fractured rift basement due to active tectonic and micro-seismic activities
that permeate fluids within the rift sedimentary structures.
7.1 Recommendations
1) A resistivity survey of the inner caldera would delineate the source of the deep conductors seen
in the south as pockets and would probably show if they are connected to deep conductors in the
north.
2) A resistivity survey of the north-northeast and eastern sedimentary plain (Kedong Ranch)
connecting Suswa to Domes and Longonot area could establish geothermal signatures to the east
of Suswa town.

3) More TEM infill should be conducted for the sites where MT surveys have already been done.

4) 3D inversion of MT data for Suswa prospect would give better resolution in delineating the
resource signatures.

5) Additional surface exploration work could lead to the creation of a conceptual model of the area.
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