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INTRODUCTION

The Geothermal Training Programme of the United Nations University (UNU) has
operated in Iceland since 1979 with six-month annual courses for professionals from
developing countries. The aim is to assist developing countries with significant geothermal
potential to build up groups of specialists that cover most aspects of geothermal exploration
and development. During 1979-2017, 670 scientists and engineers from 60 developing
countries have completed the six month courses, or similar. They have come from Africa
(39%), Asia (35%), Latin America (14%), Europe (11%), and Oceania (1%). There is a
steady flow of requests from all over the world for the six-month training and we can only
meet a portion of the requests. Most of the trainees are awarded UNU Fellowships financed
by the Government of Iceland.

Candidates for the six-month specialized training must have at least a BSc degree and a
minimum of one-year practical experience in geothermal work in their home countries prior
to the training. Many of our trainees have already completed their MSc or PhD degrees
when they come to Iceland, but many excellent students with only BSc degrees have made
requests to come again to Iceland for a higher academic degree. From 1999 UNU Fellows
have also been given the chance to continue their studies and study for MSc degrees in
geothermal science or engineering in co-operation with the University of Iceland. An
agreement to this effect was signed with the University of Iceland. A similar agreement
was also signed with Reykjavik University in 2013. The six-month studies at the UNU
Geothermal Training Programme form a part of the graduate programme.

It is a pleasure to introduce the 55" UNU Fellow to complete the MSc studies under a
UNU-GTP Fellowship. Maureen Nechesa Abunya, BSc in Physics from Kenya Electricity
Generating Company — KenGen, completed the six-month specialized training in Reservoir
Engineering at UNU Geothermal Training Programme in October 2014. Her research
report was entitled: Natural-state model update of Olkaria Domes geothermal field. After
one and a half year of geothermal energy work in Kenya, she came back to Iceland for MSc
studies in Geophysical Exploration at the School of Engineering and Natural Sciences,
Faculty of Earth Sciences, University of Iceland in January 2016. In August 2017, she
defended her MSc thesis presented here, entitled: Processing and inverting resistivity
soundings from Mt. Longonot field, Kenya. An interpretation of the subsurface resistivity
structure in the context of the geothermal field. Her studies in Iceland were financed by the
Government of Iceland through a UNU-GTP Fellowship from the UNU Geothermal
Training Programme. We congratulate Maureen on the achievements and wish her all the
best for the future. We thank the School of Engineering and Natural Sciences, Faculty of
Earth Sciences, University of Iceland for the co-operation, and her supervisors for the
dedication.

Finally, I would like to mention that Maureen’s MSc thesis with the figures in colour is
available for downloading on our website www.unugtp.is, under publications.

With warmest greetings from Iceland,
Ludvik S. Georgsson, Director

United Nations University
Geothermal Training Programme

il



ACKNOWLEDGEMENTS

My sincere gratitude goes to United Nations University Geothermal Training Programme
(UNU-GTP) for awarding the scholarship for this study. To Mr. Ludvik S. Georgsson, the
Director of the UNU Geothermal Training Programme for the opportunity to take part in
the studies, the Deputy Director, Mr. Ingimar Gudni Haraldsson, for his help and support,
Ms. Thérhildur isberg, Mr. Markas A. G. Wilde and Ms. Malfridur Omarsdéttir for their
great support during my study and stay in Iceland. To my advisors, Gylfi Pall Hersir and
Asdis Benediktsdéttir, geophysicists at Iceland GeoSurvey (ISOR) and Professor Magnus
Tumi Gudmundsson at the University of Iceland for their diligent assistance and
constructive feedback and knowledge during my research project.

To my employer, the Kenya Electricity Generating Company Ltd. for the study leave. To
Reykjavik energy for making data available while practicing processing of MT data. My
sincere thanks to Charles Muturia Lichoro for his great assistance with the data modelling
and for being there whenever I needed his help. To Ammon Omiti who made the data
available. To UNU MSc and PhD students, thank you for the magnificent time and
discussions we shared.

Thanks to my wonderful mother for her love and encouragement, and my sister Phanice
for the great support. To my lovely husband Justice for his continuous support and
encouragement. Finally, I thank God for His sufficient grace that made the programme
possible.

DEDICATION

1 dedicate this work to my son Prince Avidan who arrived to the world majestically
during my research and to my daughter Michelle Nelima for her patience with me
as I pursue my studies.

v



ABSTRACT

Exploration of geothermal resources has become an important practice in volcanic regions. Geophysical
methods play a major role in surface exploration studies of geothermal resources. Among the
geophysical methods used in exploration are resistivity methods as well as seismic, gravity and magnetic
methods. Electrical resistivity methods, Magnetotellurics (MT) and Transient Electromagnetics (TEM),
which are commonly used in mapping the subsurface resistivity variations, are described in this work.

The MT and TEM data, which are used in this study were collected in the Mt. Longonot high temperature
geothermal field in Kenya, located within the Great East African Rift System. As a part of this project
the data were processed and 1-D inverted, and the results presented as resistivity cross sections and
depth slices.

Strong geothermal manifestations and recent eruptions are indicative of a heat source under the caldera,
which could be at a shallow depth beneath the summit crater.

From the results found using 1-D modelling of the MT/TEM data, the resistivity structure of Mt.
Longonot field has mainly four resistivity sections. A high resistivity zone of unaltered formations close
to the surface, a low-resistivity anomaly observed at shallow depth, a high resistivity zone associated
with the change in alteration minerals from low to high temperature mineralogy, and a conductive zone
that dominates to the southeast of the study area and just below the summit crater. It could be associated
with a heat source.

It can be inferred from the study that Mt. Longonot is a fracture controlled geothermal system. This is
because the conductive layer is aligned along the eruption centers that are in line with the Tectono
Volcanic Axis structure and the numerous volcanic centers to the southeast of the field.
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1. INTRODUCTION

One of the geophysical methods used in geothermal exploration is resistivity measurements. Resistivity
of rocks is sensitive to temperature and geothermal mineral alteration. The two factors are directly
related to parameters characterizing geothermal reservoir (Flovenz et al., 2012). For this reason,
electrical resistivity methods such as Magnetotellurics (MT) and Transient Electromagnetics (TEM) are
the most powerful geophysical tools used in geothermal exploration for decades to check the geothermal
properties of geothermal systems prior to drilling. With these methods, the physical properties of the
Earth’s crust are examined (Eysteinsson et al., 1994). As a result, geophysical exploration methods play
amajor role in demarcating geothermal resources. These methods in combination with other exploration
methods such as geology and geochemistry are used to site wells that are then drilled to extract the hot
fluids required for geothermal utilization.

Currently the most utilized geophysical methods in geothermal exploration are electrical resistivity
methods, Magnetotellurics (MT) and Transient Electromagnetics (TEM). Properties influencing the
electrical resistivity of rocks are fluid content, porosity, degree of fracturing, temperature, and mineral
content (Keller, 1989). In the presence of conductive clay minerals such as smectite and metallic
mineralization, resistivity is reduced. In volcanic rocks, there are authigenic minerals that are ten times
more conductive than the surrounding rocks. As long as these altered minerals are connected, they will
decrease the resistivity of rock matrices significantly (Nelson and Anderson, 1992). Increase in
temperature reduces resistivity of rocks. This is due to higher ionic kinematics. However, in geothermal
areas, this scenario can be reversed whereby an increase in temperature causes high temperature
minerals like epidote to increase the rock resistivity (Arnason and Flovenz, 1995). In the case of
unaltered rocks formation, moderate to high resistivity units are usually recorded (hundreds to thousands
of Qm), but fault zones will show lower resistivity when they contain fluid (Eberhart-Phillips et al.,
1995). Saline fluids within pore spaces and fracture openings can reduce the resistivity of a rock matrix
considerably (Eysteinsson et al., 1994).

Geothermal potential is rampant in many African countries that are located within the East African Rift
System (EARS). Within the EARS, volcanic eruptions take place in various locations resulting in heat
energy being transferred to the surface in form of earthquakes, hot springs and vapour radiations. Some
of the countries within EARS with geothermal potential are Eritrea, Djibouti, Ethiopia, Kenya,
Tanzania, Uganda, Rwanda, the Democratic Republic of Congo (DRC), Zambia, Malawi, Mozambique
and Madagascar. Kenya and Ethiopia are the only countries exploiting geothermal energy
(Teklemariam, 2013). Kenya has an installed capacity of 636 MWe and Ethiopia has installed capacity
of about 7 MWe. Geothermal energy resource potential within the EARS is estimated to be more than
15,000 MWe (Teklemariam, 2013).

In the Kenyan rift, which is a segment of the East African Rift System, numerous geothermal activities
are found. There are about fourteen high temperature geothermal prospect areas (Figure 1) that are
linked with Quaternary volcanic centers arising in the axial region of the Kenyan rift (Omenda, 1998).
The process of rifting and events of geothermal activities is primarily due to shallow magma chambers
or intrusives below the young volcanoes within the rift axis. Currently, there are two geothermal fields
under exploitation for electricity production: the GOGA (Great Olkaria geothermal area) area and the
Eburru geothermal field (Figure 1).

The GOGA field is inside a major volcanic complex cut by N-S trending normal rifting faults and
defined by several volcanic rhyolitic domes. Exploration of the GOGA commenced in 1956 and
thereafter deep drilling began in 1973. Currently, there are five power plants installed and producing
electricity in GOGA; Olkaria I with 45 MWe capacity, Olkaria II with 105 MWe capacity, Olkaria III
operated by OrPower4 Inc. with 140 MWe capacity, Olkaria IV with 150 MWe capacity and Olkaria I
AUs (Additional Units) with 150 MWe capacity. Surrounding GOGA geothermal prospects, are Suswa
to the south, Mt. Longonot to the east and Eburru to the north east (Figure 1). Eburru is currently
producing 2.5 MWe from one of the six exploratory wells.



This study is based on EM resistivity survey of Mt. Longonot geothermal prospect area. The TEM data
from the field have been processed and inverted for while EDI files from KenGen are used to study and
interpret the subsurface resistivity structure of the Mt. Longonot prospect field in the context of the
geothermal field. Data from Reykjavik Energy was used for practicing the processing technique of MT
through SSMT2000 and MTEditor programs.
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2. MT. LONGONOT AND THE EAST AFRICAN RIFT SYSTEM
2.1 Tectonic features

The East African Rift System (EARS) is located within the Eastern horn of Africa and extends
southwards (Figure 2). A rift can be defined as a fracture on the Earth's surface that expands over time.
The EARS is a part of a continental divergent zone where spreading results in the thinning of the crust
and the eruption of lava and associated volcanic activities (Lagat, 2004). Active seismicity, volcanic
activity and heat flux characterize the rift system.

In the case of EARS, the Earth's tectonic forces are creating a new tectonic plate by splitting apart an
older one (African plate). The process displayed in the EARS has inspired geologists to name the new
plates the Nubian Plate that makes up most of Africa and the Somalian plate which is the smaller one
(Figure 2). These two plates are moving away from each other and away from the Arabian Plate to the
north. The triple junction of the Nubian, Somalian and Arabian Plates is in the Afar region of Ethiopia
(Chorowicz, 2005).

Figure 2 shows the main branches of EARS. The Eastern rift that consists of the Afar region, Ethiopian
rift, Omo-Turkana lowlands, Kenya (Gregory) rift and the North Tanzanian divergence. The Western
rift that consists of the great rift lakes including Lake Tanganyika, Lake Rukwa and Southern segment
consisting of Malawi rift and finally the Southeastern rift (Chorowicz, 2005; Saemundsson, 2010).
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FIGURE 2: The East African Rift System: the red and white filled circles indicate the focal
mechanisms for earthquakes in the area and blue arrows are the spreading directions
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The EARS formation is through a domal uplift and spreading. These processes in turn cause the brittle
crust to fracture into a series of normal faults giving the classic horst and graben structure of rift valleys
(MacGregor, 2015). An assumption for EARS from one of the popular models is that an elevated heat
flow from the mantle is triggering thermal bulges in central Kenya and the Afar region of north-central
Ethiopia. Most current geological thinking holds that mantle plumes beneath the continent heats the
overlying crust causing it to expand and fracture initiating bulges (Wood and Guth, 2013). A triple
junction is created from the three dominant fractures radiating from a point with an angular separation
of 120°. The stretching process associated with rift formation is often preceded by huge volcanic
eruptions, with lava flow over large areas and are usually restricted on the flanks of the rift (MacGregor,
2015). The lava erupted along fissures (rather than at individual volcanoes). The oldest and well defined
rift is situated in the Afar region of Ethiopia and is usually referred to as the Ethiopian Rift.

2.2 Geographical setting of the study area

Mt. Longonot is a stratovolcano located to the southeast of Lake Naivasha within the Kenyan Rift,
Africa. It is approximately 100 km northwest of Nairobi at the southern end of the Kenyan rift bounded
by faulted Mau Escarpment to the west (Figure 3). The Mountain is among the fourteen geothermal
fields within the Great Rift Valley of Kenya. It is between the rhyolite dome field of Olkaria, which is
10 km to the west and the phonolite-dominated Suswa located about 30 km to the south (Figure 3). Its
crater floor measures about 3.2 km from east to west. The crater rim on the northern part of the mountain
reaches an elevation of 2886 m. Deep ridges on the entire perimeter of the crater mainly characterize it.
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FIGURE 3: Location of Mt. Longonot geothermal field within Kenyan rift: Red boxes are fields
under utilization Olkaria and Eburru. Blue box is the study area, the dashed lines outline
the Knee joint structure (modified from Munyiri, 2016)



The Mountain has furrows with enormous fissures and lava canyons and it is expected that the most
recent eruption at Longonot happened about 200 years ago inside the summit crater along a north-
northwest trending volcano-tectonic axis (JICA and WestJEC, 2010). As it is one of the geothermal
areas located in the Kenyan rift system (Figure 3), several studies have been conducted to assess its
geothermal resource potential (Alexander and Ussher, 2011; Armannsson, 1987; KenGen, 1998b). Mt.
Longonot volcano is located along the periphery of a circular structure known as the Knee joint structure
that measures approximately 50 km by 30 km in diameter. The bounding fault scarps are up to 800 m
high, implying a down faulting of similar magnitude. The floor of the circular structure is relatively flat
due to infill of lacustrine sediments formed by catastrophic floods from Lake Naivasha, which occurred
at about 10-30 Ka BP (Munyiri, 2016).

2.3 Geology of Mt. Longonot geothermal area

Several geological studies have been conducted on the Kenyan rift (Thompson and Dodson (1963);
Allen et al. (1989); Clarke et al. (1990); Lagat (2003)). In Mt. Longonot area, geological activity is
documented to have started around 400,000 years BP (Lagat, 2003). Major pyroclastic eruptions
happened from about 21,000 to 6,000 years ago. The former produced the outer caldera structure now
visible on the western flanks of Mt. Longonot. The outer caldera of Mt. Longonot is structurally well
noticeable and the western most part of the outer caldera lies in the Olkaria geothermal area (Figure 4).
The Northeastern part of the caldera is poorly exposed probably covered by younger trachytic lava flows.
The Mt. Longonot inner caldera is conspicuous in satellite images and shows a central vent system
which is symmetrical and shows a circular central vent system of about 2 km in diameter (Munyiri,
2016).
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FIGURE 4: Map in UTM coordinates showing Olkaria ring structure and
both the outer and inner Mt. Longonot caldera (Munyiri, 2016)



Study of Digital Elevation models (DEMs) shows the existence of a lateral shift of faults along the
Kenyan rift slopes (Munyiri, 2016). There is significant lateral shift resulting in the formation of E-W
fault zones and successive displacement of the N-S regional rifting (Figure 5).
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FIGURE 5: DEM of the Kenyan Rift System with the black lines showing the general orientation
of the rift. The blue solid lines are showing areas affected by transform faulting whereas the black
arrows indicate the trend of lateral movements (modified from Munyiri, 2016)

Local transform faulting is reported to be present in the area between the Domes field and the outer
caldera rim of Mt. Longonot where similar E-W fault trends are perceived. The zone has characteristic
ridges aligned in an E-W direction. The ridges show recent tectonic movements reproduced by folding
and normal faulting on younger pyroclastics. Changes in fault orientation (N-S strike to E-W trend) as
seen in the structural map (Figure 6) support the theory of transform faulting that may be connected to
the Aswa lineament (transform zone) (Munyiri, 2016).
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Figure 7 shows a geological map of the region. There are mainly three periods of occurrence, pre-
caldera, syn-caldera and post-caldera (Lagat, 2003). Caldera collapse was succeeded by incident of
central volcano with crater on the caldera floor and a major NW-SE tectono-volcanic axis (Figure 9).

Evidence of activity during the pre- and syn- caldera epochs in the region is limited. This may be due
to widespread post-caldera pyroclastics in the region. Syn-caldera formation activity comprises deposits
of ignimbrite and pumice lapilli and ash deposits. Lower and upper mixed basalt/trachyte lavas (Clarke
et al., 1990) and trachyte lavas were also erupted during this period (Figure 7). The most recent activity
is emission of trachyte lava on the north and the southwest flanks of the cone and mixed basalt/trachyte
lava on the crater floor, which are assessed to be about 200 yrs BP (Clarke et al., 1990).

The existence of a caldera is evident by a sequence of arcuate ridges (Figure 7) on the northern, western
and the southern parts of the summit crater (Lagat, 2003). The major NNW-SSE orientation structure
(TVA-the Tectono-Volcanic Axis) of flank eruption centers and fissures on Mt. Longonot Volcano
(Figure 9) passes through the summit crater and may be the surface manifestation of the ongoing regional
tectonics (Lagat, 2003). Parallelism of major volcano alignments and regional faults at Mt. Longonot
suggests that regional tension fractures that traverse the shallow magma chambers are used as conduits
for transporting magma from the magma chambers. Table 1 shows the history and nature of the
volcanism that is consistent with the development and continued presence of a large magma chamber at
relatively shallow depths (Lagat, 2003).

The magma chamber is believed still to be molten to some extent as demonstrated by the recent volcanic
activity at Mt. Longonot (Alexander and Ussher, 2011). This is assumed to be the driving heat source
of the geothermal system. There are no faults visible on the surface of Mt. Longonot due to hindrance
by dense deposits of pyroclastics and lava flows (Lagat, 2003). The rift valley in the locality of Mt.
Longonot is measured to be spreading at 3.2 mm/year toward the east and southeast (Stamps et al., 2008)
of the region. Periodic geodetic activity was recorded at Mt. Longonot in 2004—2006. It revealed the
presence of active magmatic systems beneath Mt. Longonot volcano (Biggs et al., 2009). Its uplift was
recorded 9 cm between 2004 and 2006 (ESA, 2010) (Figure 8). The uplift is likely associated with a
flow through a complex plumbing system. The periodic nature of the activity is consistent to activity of
the volatile-rich cap to a crystal rich magma chamber beneath the volcano.
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FIGURE 8: InSAR data from Mt. Longonot show vertical movement of up to 9 cm
between 2004 and 2006 (ESA, 2010; Munyiri, 2016)
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TABLE 1: Mt. Longonot geological history

Mt. Longonot products Age (yrs BP) Event
“Shield” volcanics >0.4 m Pre-caldera
Lower trachyte ignimbrite
Trachyte pumice lapilli and ash 9150+110 Syn-caldera

Upper trachyte ignimbrite

Base surge trachyte pumice and ash
Trachyte pumice @~ | -—---
Trachyte ash

Mixed basalt/trachyte lava
Trachyte lava and interflow pumice
Trachyte ash and pumice 3280 120
Mixed basalt trachyte lava
Trachyte lava

_____ Post-caldera

180 £50

2.4 Geothermal manifestations and structures in Mt. Longonot area

There are several structures evident in the vicinity of Mt. Longonot field. These include Tectono-
Volcanic Alignments (TVA’s) trending NNW-SSE and NW-SE, a caldera wall and faults among others
(Figure 9). The area is also marked with active and extinct geothermal manifestations that occur as
fumaroles, altered ground and sulphur deposits. Trace element studies carried out in Mt. Longonot
volcano show that it is comagmatic. This indicates the existence of a large, highly progressed and long
lived magmatic system under the caldera (Clarke et al., 1990). Existence of hydrothermally changed
lithics indicates that the geothermal system under the volcano has attained temperatures greater than

250°C (Geotermica Italiana, 1989). These manifestations are structurally controlled, occurring along
faults and fractures (Figure 9).
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greater depths. Recharge to Mt. Longonot could also be from Lake Naivasha due to southward sloping
of the rift floor causing the axial flow. The axial groundwater flow through the geothermal system is
controlled by the N-S trending faults and fractures. However, the recharge could be shallow. For a deep
recharge into the system, the major rift forming faults control the flow and recharge.

2.6 Previous geoscientific studies and outcomes

Several studies have been done in the Kenyan rift by various authors for a better understanding of the
geothermal potential of the rift. Although Mt. Longonot volcanic complex was mentioned in previous
studies done by Gregory (1920), Scott (1980) conducted the first comprehensive revision. The study
was mainly concentrated on volcanic history of Mt. Longonot creating the chronology and original
measurements of its volcanic products. Later on in 1985 to 1987, British Geological Survey sent a team
of geologist to conduct a thorough survey work at Mt. Longonot and the surrounding prospects
(Alexander and Ussher, 2011). The study provided a better understanding of Mt. Longonot geothermal
system (Clarke et al., 1990); Kenya Electricity Generating Company (KenGen) conducted a
comprehensive geoscientific study at Mt. Longonot. The Geothermal resource region was estimated to
be 10 km?* and with a projected power output of 128 MWe (KenGen, 1998a). In 2010, Sinclair Knight
Merz (SKM), Auckland, New Zealand carried out fieldwork in Mt. Longonot and came up with many
findings, which also coincided with previous studies. Some of the outcomes of the study are conversed
below.

2.6.1 Thermal survey

The 2010 study conducted by SKM, revealed the locations of geothermal manifestations in Mt.
Longonot field. The study shows that the manifestations lie either inside the crater or on the main
alignment of flank eruption centers and fissures (the TVA) or alongside the edge of the caldera (Figure
11). The manifestations along the caldera wall occur to the south. This region is where pre-caldera
rocks are exposed beneath a somewhat thinner pyroclastic cover. It is believed that the topographic
caldera rim lies very close to the ring fracture (Clarke et al., 1990; Alexander and Ussher, 2011).
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FIGURE 11: Surface geothermal features verified by SKM during the 2010 fieldwork. Uncertain
structural margin of Mt. Longonot caldera is in blue. Geologic base map from Clarke et al., 1990
(Alexander and Ussher, 2011)
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2.6.2 Gravity survey

In the previous study carried by Geotermica Italiana (1989), it was suggested that Mt. Longonot crater
collapsed corresponding to a gravimetric low due to the possible joint outcome of the light pyroclastic
filling of the caldera and of the low-density trachytic magma chambers (Figure 12). The study carried
out by SKM in 2010 showed that the old Mt. Longonot caldera borderline (Figure 13) might lie beyond
the previously specified caldera rim (Alexander and Ussher, 2011). This is an indication of multiple
caldera eruptions that took place. In the studies of SKM, a density value of 2.1x107 kgm™ was used in
the calculation of terrain and Bouguer anomalies. The value represents the average density of the survey
area.
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FIGURE 12: Gravity anomaly map (left) and W-E profile through Mt. Longonot Crater (right). On
the figure to the left: Red circle is the crater and the black line shows the location of the profile on
the figure to the right (modified from Alexander and Ussher, 2011)

Figure 13 shows a map of the gravity anomaly revealing the extent of low gravity of a buried caldera
(dashed line) as inferred from the Bouguer anomaly. The map was created from the data collected by
SKM and regional gravity data from the Kenya gravity catalog (Swain and Khan, 1977). The currently
mapped caldera structure (solid black line) and the Mt. Longonot Crater are nested within this inferred
caldera structure border line (Alexander and Ussher, 2011). The low gravity anomaly within the caldera
is possibly the pyroclastic cover and a low-density magma chambers. The steep gravity gradients in the
east and northeast part of survey area could be an indication of structural controls in the area.

2.6.3 Geochemical studies

Study by Armannsson (1987) showed that steam in Mt. Longonot indicates signs of mixing and
condensation. This is also seen in the fumaroles located south of Mt. Longonot volcano. Within the
Longonot Mountain, there are indications of high carbon dioxide concentration (Figure 14). Mineral
buffers in geothermal fluids define the tendency of the gases to expand or escape at depth thus
completely affecting carbon dioxide distribution (Armannsson, 1987). According to discussions from
Arnorsson and Gunnlaugsson (1985), geothermal waters close to calcite together with quartz, epidote
and prehnite are considered to guide carbon dioxide concentrations at temperatures of 230°C and above
but zeolites at lower temperatures.

Results from the studies carried out by KenGen (1998a), showed that a high reservoir temperature,
greater than 250°C is seen to the south of the crater as inferred from the analysis of H,S geothermometers
indicating a high temperature geothermal system (Figure 15). From the H,S geothermometers, a high
concentration of H»S is seen at LF9 (fumarole sample station) implying a hot magmatic body (Figure
15) (KenGen, 1998a).

Trace element studies indicate that Mt. Longonot volcanics are comagmatic, hence signifying the
existence of a large, highly progressed and long lived magmatic system under the caldera (Clarke et al.,
1990). Presence of hydrothermally transformed rocks indicates that the geothermal system under the
volcano has attained 250°C (Geotermica Italiana, 1989).
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FIGURE 13: Map in UTM coordinates showing the extent of a buried caldera (dashed line) as
inferred from the Bouguer gravity anomaly (Alexander and Ussher, 2011)
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FIGURE 14: CO, concentration in the vicinity of Mt. Longonot (Armannsson, 1987)
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3. APPLYING RESISTIVITY IN GEOTHERMAL AREAS
3.1 Resistivity methods

There are two categories of resistivity sounding methods applied in geothermal exploration; Direct
Current (DC) methods and Alternating Current (AC) methods. In both categories, electrical current is
injected or induced within the Earth and the resulting signal monitored at the surface. DC methods are
split into different kinds, mostly subject to the setup array. These include Schlumberger, Wenner and
dipole-dipole arrays. In these methods, current is normally injected into the ground by a set of electrodes
on the surface and the signal produced is the electrical field that is measured as the potential difference
over a definite distance (Mariita, 1986).

AC methods, also referred to as electromagnetic methods are when an external magnetic field is used to
induce currents in the earth. There are mainly two types of AC methods, which are used in geothermal
exploration, Magnetotelluric (MT) and transient electromagnetic (TEM) methods. In the MT method,
natural variations in the earth’s electromagnetic field are used to induce an alternating current in the
ground. The parameters measured on the surface are the magnetic field and the generated electric field
(Vozoff, 1991). In the TEM method, current is injected into a loop on the surface, which generates a
magnetic field. The current is then turned off and a secondary magnetic field is created that will in turn
induce currents in the ground (Arnason, and Flovenz, 1995). The observed signal is the decaying
magnetic field triggered by the induced currents.

Subject to the source of the current, the resistivity methods can be clustered further into passive or active
method as shown in Table 2.

TABLE 2: Classification of several electrical methods and their depth of penetration

Method Direct current Alternating current

Passive MT (several km)
Schlumberger (1000 m)

Active | Wenner (1000 m) TEM (1000 m)
Dipole-dipole (a few km)

3.2 Resistivity of water bearing rocks

From the definition of resistivity as a bulk property of a material relating how well a material allows
electric currents to flow through, it is controlled directly by the properties of concern, such as
temperature, porosity, salinity and alteration (Hersir and Arnason, 2010). These parameters characterize
the reservoir of a geothermal system and resistivity has a direct relation to them. Electrical resistivity
measurements are therefore, usually carried out in geothermal areas, as it is one of the most powerful
geophysical prospecting method in geothermal exploration. In any geophysical measurement, there is
often a trade-off between parameters, which is a very common problem. An example in resistivity data
is the trade-off between resistivity value and thickness of a layer in the Earth. To solve such ambiguities,
some constrictions are forced on the parameters from other studies. Palacky (1987) was able to
categorize different rock types according to their conductivity (resistivity) (Figure 16).

3.3 Specific resistivity

The specific resistivity, p, is defined through Ohm’s law, where the electric field, E [V/m] at a point in
a material is proportional to the current density, J [A/m?] (Hersir and Arnason, 2010):

E =p] 3-1

The constant, p known as the specific resistivity, varies from one material to another. It is measured in
Qm. The reciprocal of resistivity is conductivity (1/p=c) (Hersir and Arnason, 2010). It is also defined
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FIGURE 16: Typical ranges of electrical resistivity (Q2m)
and conductivity (Sm™) for selected rocks (Palacky, 1987)

as the fraction of the potential difference, AV [V/m], to
L the current, I [A], across a material that has a cross-
sectional area of 1 m* and is 1 m long (Figure 17) (Hersir
and Arnason, 2010):

. =— 3-2

3.4 Conduction mechanism in geothermal systems

p (I'CSISthItY) There are mainly three types of electrical conduction
mechanism of which two are illustrated in Figure 18.
FIGURE 17: Resistivity definition layout Mine?ral conduction .is in most cases negligible as the rock
) matrix acts as an insulator. Due to the existence of
conductive minerals like sulphides in some
Alteration  Negatively charged Loosely bound geothermal rocks conduction happens by the
minerals mineral surface cations movement of electrons in the body of
mineral grains. At high temperatures, the
conductivity of the rock medium becomes
significant. The matrix conductivity follows
Arrhenius formula (Lasaga, 1984):

® ® )
Tons in solution © 7 01, (T) = oye E/KT

(http://www.duncaninstr.com/FIG_1.jpg

3-3

where o, is the matrix conductivity, o, is
the conductivity at infinite temperature, E is
the activation energy (eV), k is the
ost roc Boltzmann constant (eV/°K) and T is the
temperature in °K.

FIGURE 18: Conduction mechanisms in a pore ) ) )
(Hersir and Arnason, 2010). At high temperatures, partial melt will

increase the conductivity. For temperatures
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above 400°C, it can be expected that at the core of the geothermal system, the matrix conductivity will
have an increasing impact on the overall conductivity.

Pore fluid conduction is when conduction is by ions dissolved in the fluid (Figure 18). Pure water has
a high resistivity (10° Qm), but if the water contains dissolved ions the resistivity decreases dramatically
t0 0.01 Qm or less. As a result, conduction through the liquid phase tends to dominate the conductivity
in unaltered rocks. Most of the common components of rocks are extremely resistive, while some
components such as sulphides are relatively conductive. Consequently, conduction over the liquid phase
tends to provide most of the conduction in fresh and unaltered rock sample, though the liquid phase
makes up a small part of the total volume.

Surface conduction is where conduction is by absorbed ions bound on the pore surface (Figure 18).
Surface conduction happens because interchangeable ions are near grain boundaries. Since these ions
are quite loosely bound, they can contribute to the conductivity of the rock in a manner similar to ionic
conductivity in pore water. The number of interchangeable ions differs depending on the existing
minerals, being paramount in clays (particularly smectites and zeolites), and almost insignificant in most
silicates. Surface conduction can make an important contribution to the conductivity of hydrothermally
altered rocks especially in clays that are common in geothermal systems.

3.5 Factors affecting resistivity
3.5.1 Water rock interaction

Interaction between rocks and hot fluids in geothermal areas leads to alteration processes forming
secondary minerals. The type of alteration that takes place is normally determined by fluid composition,
temperature and permeability (Henley and Ellis, 1983). At medium to low temperatures in basalts,
clays, zeolites oxides and hydroxides (Omiti, 2013; Mehegan et al., 1982) usually dominate the
secondary minerals. Temperatures of 220-300°C create a region of mixed clays. As temperatures
increases to between 230 and 300°C, another region of epidote and chlorite is formed. At temperatures
greater than 300°C, epidote and actinolite become dominant (Omiti, 2013). Chlorite and epidote
minerals have low mobility of ions bound in crystal lattice making the resistivity in such zones to be
quite high. Hence, the resistivity of the reservoir rock is highly dependent on the minerals present not
necessarily on temperature.

The concept of CEC (Cation-Exchange-Capacity)

Different alteration processes give rise to zones of different CEC values. The resistivity of the cap layer
decreases with temperature until a high resistive core is reached (Flovenz et al., 2012). Generally,
minerals will adsorb or desorb cations along the pore surface when they are in contact with water. The
conduction of electrical current in the rock is through pore fluid and pore walls. When the alternating
minerals have a high CEC value, conduction of the rock will be higher. The mobile ions forming a
conductive layer on the surface of the pore walls will cause a surface conduction. The higher the CEC
of the clay mineral the higher is the surface conduction and the ions mobility is correlated to CEC of the
mineral phase (Weisenberger et al., 2016).

For smectite, the CEC values are in the range of 0.8—1.5 meqg ' (Ellis, 1987). Chlorite has CEC of
some 0.01 meqg ' (Thomas, 1976). Because of this big dissimilarity between the CEC values of
smectite and chlorite, it clarifies the difference in conductivity between the smectite-zeolite and the
chlorite-epidote alteration zones (Flovenz et al., 2012).

Research done by Weisenberger et al. (2016), in well KJ-18 in Krafla, NE Iceland shows that CEC
values decrease with increasing depth (Figure 19). From Figure 19 the CEC values are in good
agreement with the alteration zones described by clay mineral alteration (Figure 19). The trend of the
measured CEC values is comparative to the trend of the resistivity logs of a high temperature geothermal
system. At shallow depths where the resistivity is high, CEC values are low and at low resistivity the
CEC values are high (maximum, above 40 meq/100 g). Thereafter, the CEC values start to decline
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FIGURE 19: Profile from well KJ-18 in Krafla, NE-Iceland
showing CEC (red squares and trend-line), alteration zones
and electrical resistivity logs (Weisenberger et al., 2016).
Resistivity log series were carried out during heating-up
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el 3.5.2 Porosity
eolite-
St Porosity is defined as the fraction
mixed-layer between the pore volume and
clays total volume of a rock matrix
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Resistivity (Qm)

of the well (Vilhjalmsson et al., 2016 )
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FIGURE 20: Example of pores spaces

(S

(] T
DR X

1000

$
o

(http://www.tulane.edu/~sanelson/images/pores.gif)

18

(Figure 20). These pore spaces
must be interlocked to enable
fluid to move and hence
influencing  the  resistivity
(Flovenz et al., 2012). There are
mainly three forms of porosity
that control fluid conduction in a
rock  matrix  (Hersir and
Bjornsson, 1991);

Intergranular porosity where the
pores are made as spaces between
elements in a dense material, e.g.
in sediments and volcanic ash.

Joints-fissures porosity where
fine fractures produced by
tension and cooling of the rock,
e.g. in igneous rocks and lava.
There are also isolated saturated
spherical pores that are created
from gas bubbles originally
locked in the cooling magma. In
this type of porosity, the isolated
pores are insignificant to the
overall conductivity of the rock
matrix.

100001

Vugular porosity formed through
gas formation. The pores are big
and uneven due to the melting
and washing away of the material
(Flovenz et al.,, 2012). In all
categories of porosity, there are
generally some separated voids known as
storage pores and finer joining pores
termed  fracture  pores.  Electric
transmission in water-saturated porous
rocks takes place essentially through these
joined pores. From many investigations,
it has been confirmed that, in various
cases resistivity of water-bearing rocks
vary roughly as the inverse square of the
porosity. This empirical law (Equation 3-
4) is known as Archie’s law (Archie,
1942). It clarifies how resistivity depends



on porosity if other conduction mechanism in the rocks is controlled by ionic conduction in the pore
fluid:

p = pywad" 3-4

where p is bulk (measured) resistivity; pw is resistivity of the pore fluid; @; is fracture porosity as a
proportion of the total volume; a is an empirical parameter, which varies from < 1 for intergranular
porosity to > 1 for joint porosity, usually around 1; and n is cementing factor, an empirical parameter,
usually 1-2 (Flovenz et al., 2012).

3.5.3 Temperature

For typical geothermal reservoir temperatures, the  p(m)
conduction in the rock matrix is normally 100
negligible. In geothermal reservoirs, the main
electrical conduction mechanisms are conduction
by pore-fluid and surface conduction. Both of
these conduction mechanisms depend on
temperature particularly the surface conduction. i \ i
From Figure 21, it is seen that at temperatures 30

above 300°C dielectric permittivity of water is - SO0 /—
reduced causing a decrease in the number of 20

dissociated ions in the solution thus increasing /
resistivity in the fluid. Dakhnov (1962) described > iﬁg
the relationship between temperature and
resistivity using the formula: 19 0 200 400 T(°C)
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3-5 FIGURE 21: Electrical resistivity of a NaCl
solution as a function of temperature at

where p is resistivity (Qm) of the fluid at different pressures (Hersir and

temperature T; p,,, is resistivity (Qm) of the fluid Bjornsson, 1991; modified from

at reference temperatureTy; ¢ is temperature Quist and Marshall, 1968)

coefficient of the resistivity and is approximately

0.023°C™! for T,=25°C (Flovenz et al., 2012).

The importance of temperature variations of electrolytes on the resistivity of rocks is greatest at
temperatures below 150°C but decreases with an increase in temperatures due to mineral alteration
(Omiti, 2013). This is because different minerals form at different temperatures. These minerals have
different CEC values at the same time. Example, epidote forms at high temperatures but has low CEC
values compared to smectites that form at lower temperatures but have high CEC values.

3.5.4 Salinity of the pore fluid

Salinity is a measure of the amount of dissolved salts in water. Zhdanov and Keller (1994) described
the relationship between conductivity and salinity using the formula:

1
o= E =F . (cqqumq + c3q,my+.. .) 3-6
where o is conductivity (S/m), F is Faraday’s number (9.65-10* C/mole), c;is concentration of ions, g
is valence of ions, m; is mobility of ions.

From the equation, it is established that, conductivity of the rock increases with increased salinity of the
pore fluid.
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3.6 Resistivity structure of geothermal systems

Interpretation of resistivity over the past couple of decades has proven to be generally the same in all
high temperature geothermal fields in volcanic environments. The resistivity structure is usually
characterized by a curving structure with a conductive (low resistivity) cap underlain by a resistive core
(high resistivity) (Figure 22). Theoretically, resistivity decreases with increase in temperature and
depth. However, it is not the case in volcanic areas. The conductive cap comprises of rocks with
considerable amount of conductive alteration minerals (smectite) that have a high CEC (Weisenberger
et al., 2016).

r\
({7
0 - Surface
km High resistivity
= cold rock, low alteration
11 .
Conductive cap
= Clay-rich rock
formed at 50-200°C
2

0 5 10 km

FIGURE 22: Typical resistivity structure of a high temperature geothermal field
where the host rocks are volcanic (Hersir, 2016)

Figure 23 summarizes the relationship between subsurface resistivity, hydrothermal alteration,
temperature, and conduction mechanism. From the figure, being able to discover the estimated 220-
240°C anomalies with resistivity measurements would help immensely in the search for reservoirs
appropriate for power generation. Mostly the apparent resistivity change seems to be fixed by the type

of clay mineral alteration (Flovenz et  Alteration  Resistivity Temperature
al.,, 2005). . Ip _ summary, the saline |Fresh Pore-fluid
subsurface resistivity structure in water | water conduction
high temperature geothermal fields
reproduces  the  hydrothermal - 20-100°C Surface conduction
alteration. ~ Due to water-rock 0 Cliy Tneeie
interaction and chemical conveyance .
by geothermal fluid, the prim tor SRR

y geothermal tuid, the primary il en pore fluid conduction
minerals in the host rock matrix are 230-250°C
altered into different minerals 250-300°C

[:] Relative unaltered

[ | Smectite-zeolite zone
|:| Mixed-layer clay zone
[ chiorite zone

- Chlorite-epidote zone

(Floévenz et al., 2012). Porosity and
permeability control the extend of
alteration. If the temperature that
yields the alteration mineralogy
prevails, then the resistivity structure
can be used to envisage temperature.
Nevertheless, if cooling occurs, the
alteration remains and so does the
resistivity structure (Flovenz et al.,

FIGURE 23: A summary of the general resistivity structure
of a high temperature field in the basaltic crust in Iceland
2012). (Flovenz et al., 2012; based on Flovenz et al., 2005)
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4. MAGNETOTELLURIC (MT) METHOD
4.1 MT Theory

The magnetotelluric (MT) method is a
passive electromagnetic technique used in
geophysical exploration that records time
variations of Earth’s natural
electromagnetic field over a wide
frequency range. It was first advocated and
established by Tikhonov (1950) and
Cagniard (1953). The source of energy for
magnetotellurics is a natural resource of
energy of an external origin. The external
energy reaches the Earth as a primary
energy. The Earth acts like a good
conductor; hence, the primary energy
penetrates into the Earth. Current will then
be induced to produce a secondary
magnetic field. The current induced is
known as the telluric current. The sole
purpose of MT survey is imaging of

electrode" e .

Acquisition Unit<,

FIGURE 24: The setup of an MT sounding
(http://en.openei.org/wiki/Magnetotellurics)

electrical properties of the earth (Vozoff, 1991). The natural electromagnetic waves penetrate vertically
into the earth due to the huge difference in resistivity between the air and the earth and hence producing

a vertical refraction of the electromagnetic wave conveyed into the earth (Vozoff, 1972).

Data

acquisition for an MT station is through measuring two horizontal magnetic components Hx and Hy and
the resulting two horizontal electrical field components, Ex and Ey and the vertical magnetic field, H,
(Figure 24). The resulting time-series data are recorded and Fourier transformed to the frequency
domain for further processing resulting in the impedance tensors describing apparent resistivity and

phase values.

4.2 Source field of MT signals

The natural source signals used in MT surveys are
generated in the atmosphere and magnetosphere.
MT signals with frequency less than 1 Hz, are
created through the interaction between the
magnetosphere and the solar wind. As the solar
wind radiates streams of protons, they move into
the space intersecting with the Earth’s ambient
magnetic field and produce a low frequency
electromagnetic energy that penetrates into the
Earth (Figure 25). The penetration of the
electromagnetic waves obeys Snell’s law of
refraction. An illustration of this is found in
Figure 26 where energy travelling from the space
medium with index of refraction n; and incident
at an angle 0; is refracted on the surface of the
earth medium with index of refraction n, and an
angle 0, according to Snell’s Law (Wolf, 2004).

From Figure 26 and using Snell’s law:

FIGURE 25: Variations of the magnetosphere
due to interaction with the solar wind
(SOHO, 2010)

sin6; A, n, w

sinB, A, n; Vv,
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v (m/s) is velocity in the respective medium, A is wavelength in the respective medium and n is the
refractive index of the respective medium.
A It can be inferred that % =
Normal Im(ky) Sz
1
Incident wc = 0V (Uog,) and  Im(ky)=
wave O V(opoo/2). Hence, the ratio of
sines is V(o/20¢) which s
Surface | nj >> 1 in MT conditions. Note that
1 6= 1/Reky) = 1/Im(ky).
Examples of natural signals are
sunspot activity and auroras. For
Refractive |02 MT signal with frequency greater
Angle than 1 Hz are generated by
worldwide thunderstorms and
lightning activities. The energy
V created travels as a wave-guide

between the Earth’s surface and
FIGURE 26: Energy refraction at the boundary between two ionosphere as part of the energy

Incident
Angle

where k; in free space is

media of different refractive indices with n,> n;. Since the enters into the Earth. Time
velocity is lower in the second medium (v2 < vy), the angle varying electromagnetic waves
of refraction 0, is less than the angle of incidence 0; are hence created. EM waves are

small in strength and have to be
measured at least for 24 hours at each station to acquire high quality MT data.

4.3 MT principles
4.3.1 Assumptions used in MT

There are several assumptions considered and applied in electromagnetic induction in the Earth (Telford
et al., 1990). Since the MT technique depends on the penetration of the EM energy into the Earth, there
are essentially two assumptions under which MT method operates: First, a quasi-static approximation is
assumed by neglecting shift currents. Mathematically, the wave equation of EM transmission becomes
the diffusion equation. Secondly, we assume a plane wave source. When the wave approaches the
Earth, the natural EM fields spread vertically into the Earth because of the large resistivity contrast at
the air-Earth interface (Figure 27). This in turn causes a vertical refraction of EM fields transferred into
the Earth (Vozoff, 1972). The varying horizontal magnetic field induces a varying horizontal electric
field perpendicularly through Faraday’s law. Hence, the electric field in the conducting Earth creates
the telluric currents (Vozoff, 1991).

4.3.2 Maxwell’s equations
Maxwell's equations represent one of the best-designed and a brief way to state the basics of electricity
and magnetism. Working relationships in the field can be established from them. They are in

differential form as follows.

i. Gauss's law for electricity
V:-D=nq 4-1

D = ¢E for isotropic and linear medium

ii. Gauss's law for magnetism
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V-B=0 4-2

iii. Faraday's law of induction

0B
VXE=—— 4-3
X ot
iv. Ampere's law
3)))
VxH=J]+— 4-4
XH=T+5

B = pH for isotropic and linear magnetic medium; and ] = oE

V - E and VXE denote the vector operations divergence and curl, respectively. Symbols used; 1 is electric
charge density of the free charges, B is magnetic induction, € is electric permittivity, J is current density,
D is electric displacement, p is magnetic permeability, H is magnetic intensity.

Within the Earth, the dielectric permittivity values range from 8.85-107"* F/m in vacuum and air (go) to
about 80-gp F/m in water. It can also vary subject to the frequency of the electromagnetic fields
(Christopherson, 1998). For most of the Earth materials and for air, the absolute magnetic permeability
1 given by u = u,-uo can be approximated to its value in vacuum, po = 4n-10”7 H/m, u,. is the relative
permeability. However, in highly magnetized media this value can be greater due to an increase in the
magnetic susceptibility below the Curie point temperature known as Hopkinson effect
(Radhakrishnamurthy and Likhite, 1970). In this study Hopkins effect is irrelevant. The relative
permeability is almost equal to 1. And hence p~p.

Gauss’s law for electricity states, “The overall electric flux over any closed surface equals the net charge
inside that surface divided by gy. The connection between electric field and charge distribution allows
the electric field lines to start from positive charges and terminate on negative charges”. Gauss’s law
on magnetism, states, “The net magnetic flux through a closed surface equals zero. The number of
magnetic field lines that enter a closed volume must equal the number of magnetic field lines that leave
that volume. Magnetic field lines cannot begin or end at any point. If they did, isolated magnetic
monopoles would exist at those points” (McNeil, 2004). Magnetic monopoles have never been
perceived, thus confirming this theory.

Faraday’s law of induction states, “The line integral of the electric field around any closed path (which
equals the EMF) equals the rate of change of magnetic flux through any surface area bounded by that
path” (McNeil, 2004). It defines the connection between an electric field and a varying magnetic flux.
Ampere-Maxwell’s equation states, “The line integral of the magnetic field around any closed path is
determined by the sum of the net conduction current through that path and the rate of change of electric
flux through any surface bounded by that path” (McNeil, 2004). It defines the connection between
magnetic and electric fields and electric currents.

According to Faraday’s law the time variations in the magnetic field induce corresponding oscillations
in the electric field flowing in a closed loop with its axis oriented in the direction of the inducing field.
This electric field then induces a secondary, internal magnetic field proportional to the total current flow

in accordance with Ampere's law. Ampére's law represents two kinds of current flow, one (J) in which

. . . . L . aD
charge carriers flow through a medium without hindrance which is usually called Ohmic, and another,a
in which charge separation, and hence an opposing electric field, arises also known as displacement
current.

In MT work, assumptions are applied when processing data from Maxwell’s equation;

e That sinusoidal time variations are generally chosen
e Propagation of energy from a faraway source is a vertical incident plane wave (Telford et al., 1990).
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E(t) = Egel®t

H(D) = Hoel®t

where w (Hz) is the angular frequency of the electromagnetic oscillations.

The derivatives of E and H with respect to time are, therefore, given by;

a—E=iooE glwt a—H=iooH glot
at 0t 5t 0

4-5

4-6

The above assumptions are applied to Equations 4-3 and 4-4 in coordinate space as discussed below.

Faraday's law of induction using B = uH, simplifying the equation:

VXE = oM
XE= TG
JE, OE; 0Hy
a — - —=-q
dy 0z at
hence,
0E 0H
v X
—4 _ — H
A TE
b J0E, OE, oHy,
0z 0x ot
hence,
0E4 oH,, _
oz = Mo T oMty
9E, 9E, . o
Note: oy = 0 and ok 0 as the waves are vertically incident plane waves and P

0H . .
—u Btz = 0 because there is no a vertical component.

Ampere's law using ] = oE and D = €E, simplifying the equation:

hence,

X

Jt

= (0 +iwe)E,

oH, oH, OE,
— —%_GE vy
9z ox v tEG

hence,
JH,

JE,
e oEy + e—= = (0 +iwe)Ey

at

By differentiating Equation 4-7 with respect to z and using Equation 4-10:
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9%E, oH

32 = iop 6_ZX = iwp(o + iwe)E, 4-11
By differentiating Equation 4-8 with respect to z and using Equation 4-9:
0’E, . OHy, i
52 = ok ——= = iop(o + iwe)Ey 4-12
0H, 0H, : o OHy  9Hy _ 0E,
oy 0 and Pl 0 as the waves are vertically incident plane waves, and ™ y oE, +¢ Pl

0, because there is no a vertical component.

Equations 4-11 and 4-12 define the behaviour of the electromagnetic field transmission in a
homogeneous media. In a non-conductive medium o = zero, the equations become wave equations. The
factor imp(o + iwe) can be denoted as k?, where k is defined as the wave number:

k? = iwp(o + iwe) 4-13

Equations 4-11 and 4-12 can be simplified to Helmholtz equations, using Equation 4.13, as:

2 2
9 Ey = k? 0 Ex = k2E 4-14
0z2 y? 0z2 X
0%H, 9%*H
— 1,2 Y _ 1,2
52 k“H,, 52 k Hy 4-15

The resistivity of subsurface rocks is usually in the range of p = 1-10* Qm (or ¢ = 1-10*). In MT
measurements, the frequency is normally in the range of 10“-10* Hz. Taking the permittivity of free-
space, €0 = 8.85 <107 F/m and the relative dielectric permittivity in the range 1-100, the maximum value
of the product ® and € in Equation 4-13 is:

(0€) max = 27f €0 & = 2m -10*- 8.85 -10"? x-100= 5 -10°
Thus for 6 > 10, 6 >> wg; the propagation constant k reduces to:
k? ~ iwpo 4-16

The general solutions to Equations 4-14 and 4-15 are ordinary differential equations given by,

E, = (Aye** + ByeTk)elet 4-17

Ex = (Axe!” + Byek)elot 4-18
—k .

H, = o (AxeX? — Byekz)elwt 4-19
k .

He =100 (Ayer? — Bye Kz )elot 4-20

where A and B are constants, which are assessed by applying boundary conditions.

For a homogeneous earth, Ex, Ey, Hx and Hy vanish as z approaches co. This situation leads us to the
following: as z—o0 , H—>0 and E -0 = A,=0 and A,=0, and we get:

Ey - Bye—kzeimt 4-21
EX — Bxe—kzeiwt 4-22
N
Hy = — BXe_ Zelwt = — EX 4-23
1w 10N
& k
HX = — Bye‘ Ze“"t = —— Ey 4-24
10N 1N
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4.3.3 Uniform half space

For a homogeneous half-space, with conductivity ¢ and a normally incident plane wave (linear,
homogeneous and isotropic), the orthogonal E and H fields are constant in direction and magnitude over
planes perpendicular to the vertically, downward +z, direction of propagation. The ratio of the electric

. . . Eyx . . . S .
field to magnetic field intensity (H—) gives an impedance term Z which is the characteristic measure of
y

EM properties of the sub surface medium. It constitutes the basic MT response function. For a plane
wave we have:

Ey iop
Z = ——= — -
Xy H, K 4-25
The phase angle by which it lags is % (Figure 27).
The true resistivity of the half space is given by:
1
=_ 4-26
P=5

By substituting Equation 4-16 into equation 4-26, and using the definition in Equation 4-25 we obtain:

1 |ZJ?
p=—=— 4-27
0 H®
w the angular velocity is equal to 2ntf and T = 1/f which is the period in s:
T
=—|Z|? 4-28
p sz|

From the above equation, it implies that for a homogenous and isotropic earth, the resistivity of the earth
is related to the characteristic impedance through the relation (Cagniard, 1953):

T T |E|?
o= 7z =L 4-29
2mu 2mu |H|?

k =,/iopo 4-30
From /i which can be written as (1 + i) /v/2, the value of k can be written as:

wuo
k=(1+1i) Tu 4-31

Thus, k has a real and imaginary part. The real part is linked to the attenuation and the imaginary part
is linked to the phase. The exponential of E and H can be written as:

WU wuc)
g -1 ) 4-32
e kzgiot — e< 2 2 )" giot

_ [ens _j [ono
The amplitude partis, e V 2 “and the phase part is, e N2

The field attenuates exponentially and is delayed linearly in phase with increasing z. Thus, the phase of
Zyy can be written as:

Imaginary ||EIX ||
@ =tan™! Y 4-33
|Ex |
Real
[Hy |
Note that, Zy, = E—X, Zyy = fl—y
y X
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For a non-uniform Earth the Ex by
resistivity in Equation 4-29 is the S
apparent resistivity p,, which is
frequency dependent. This is seen
in the case of the 1-D, 2-D and 3-
D situations. In these cases, the

. T
phase angle is not equal to "

(Figure 27).
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Magnetic field intensity in (nT)

4.3.4 Layered earth

1] 45 80 13 180 225 290 s 350

Assuming the earth is flat Degrees

consisting of N layers and for
each layer there is a uniform
conductivity, permeability and
permittivity. The electromagnetic
field probing in the earth is a downward-travelling plane electromagnetic wave (Figure 28). The plane
wave impedance is given by the formula (Ward and Wannamaker, 1983):

FIGURE 27: Electric and magnetic field response for a
homogeneous half-space (Hersir, 2016)

ZN = ZN
where Z; = % is the intrinsic impedance of the i layer, d; is the thickness of i layer, k; = /iwpuo;,
Z; is impedance at the top of the i layer and Z; = Z,, is the impedance at the surface:

~ zi+1 + Zitanh(ikidi)

Zi = Zi = ; 4-34
Zi + Zi+1 tanh(lkidi)

If we consider an Earth model with two layers of resistivity p; and p> (Figure 29), Equation 4-34 will be
of the form:

Z, + Z, tanh(ik,d,)

2,=1 = 4-35
17 ™7, + 7, tanh(ik,d;)
i2m
kl = /iwuo‘l = —IJ 4-36
p1 T
DIBOLE J;Pd’
+
r ¢
Iznl EI PO'UO’D
{ ¥-AXIS
T T 1
€ o d, ha
w |» F’I’ ! * 4
i |
Ezn legz da hE
w
} |

FIGURE 28: An N-layered earth FIGURE 29: Two-layered earth
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For large periods (T), tanh (ik,d,) is approximately ikid; and Z, = Z,. Hence, Equation 4-35 can be
rewritten as:
Lo=121 =1 |0———— 4-37
0 M T M7, +iZ,k,dy

For p; > p,, it means we have a conductor at depth d; and Z; > Z, Equation 4-37 becomes:
. iop
ZO = 1Zlk1d1 = k_ kldl = - (.l)lJ.dl 4—38
1

Apparent resistivity is then given by:
1
=—|Z,|?
Pa wpl | Zo|
= — (wud.)?
ol (wpdy)

= wpd; 2
_ 2mpd, ? 4-39
T

The depth to the good conductor, di, can be calculated from Equation 39 at long periods, T, as:

d, = /pa T 4-40
21

On logqg pa vs. logio T plots, Equation 4-40 is a straight line with slope of -45°.

logyo pa = logy Z“Hd% —logyo T.

These asymptotic descending lines are called “d lines” (Berdichevsky and Dmitriev, 1976).

For p; < p,, it means we have a conductor at depth d; and Z; < Z,. Equation 4-37 becomes:

Zy, opl 1 1

O ¥ilad,  K2d, o, S A4l
S is the conductance of layer 1.
Using the apparent resistivity equation given by:
1
=— |Zs|?
Pa wpl |1Zol
11
"~ wp S2
1 4-42
© 2mp S2 i

The conductance of the uppermost layer can be calculated from apparent resistivity for long periods as:

T
S= 4-43
2Tpp,

On logqg pa vs. logio T plots, Equation 4-43 is a straight line with slope of +45°.

log,o pa = logio T — log;o(2musS?).

These asymptotic ascending lines are called “S lines” (Berdichevsky and Dmitriev, 1976) and the slope
of the p, curve is always between -1 and 1 (between -45° and 45°). Another scenario is physically
impossible. In this study the case for a two layered Earth is not considered.

28



4.3.5 Skin depth

In a homogenous medium, the dispersion element
defines the penetration depth of the fields known as the X
skin depth (8). The skin depth is defined as the depth at

. | ) s 20 MO
which the amplitude of the wave is reduced to - (about b

37%) of its original value at the surface. The penetration D

depends on time of the oscillating electromagnetic ?

fields, i.e. H, E~el®t. It is a vertical incident plane -

wave. For this reason, the skin depth is used as a scale FIGURE 30: Homogenous conducting
length for the time-varying field, or an approximation of half space with sinusoidal wave
how deep such a wave penetrates into the earth (Figure (http://www.debipattnaik.com/tag/skin-
30). It is given by the following estimated relationship: depth/)

1 N2 2T
" Real(k) +opo |2mu

4-44

o is the angular frequency of the sinusoidal wave, o is the conductivity, p is the permeability; and o is
the skin depth of the material.

Foru=4m-1077:

1 2Tp 2Tp 107
6= = = = |—=.JT
Real(k) |2mp j 2m - 4w - 107 J 4z VP 4-45
6 = 500,/Tp

where, 6 = Skin depth (m); T = Period (s); and p = Resistivity (Qm).

Equation 4-45 represents the exponential decay of the amplitude with depth in a simplified form (Spies,
1989; Simpson and Bahr, 2005). It is proportional to the square root of the period T, meaning that the
skin depth increases with the increasing period T. In order to reach greater depth of penetration, data
need to be acquired at sufficiently long periods (low frequencies penetrate deeper than high frequencies).
While the high frequencies will only image near surface structures. Signals penetrate deeper in resistive
material. The skin depth explains the limitations of the EM technique, particularly the decreasing
resolution with increasing depth of penetration.

4.4 MT transfer functions
4.4.1 Geomagnetic transfer functions

A relationship between the horizontal and vertical magnetic fields can be formulated as:

H,=T-H
H, = T, Hy + szHy
[H,] is the vertical magnetic field and [T] is the vertical geomagnetic transfer function referred to as
Tipper which is dimensionless.

A composite vector reveals the relationship between the horizontal and vertical components of the
magnetic field. The vertical component is produced by horizontal conductivity gradients in the earth.
For 1-D or a homogeneous Earth, the Tipper is zero (T,x = T,y = 0) due the absence of an induced
vertical magnetic field. The postulation is that the occurrence of electromagnetic fields is perpendicular
to the Earth’s surface. In 1-D models, the electromagnetic fields do not change direction with depth.
For 2-D Earth, the coordinate system can be rotated so that the x-axis is in the strike direction which is
called T-strike, T,x = 0 but T,, # 0. This is done by minimizing|T,].
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4.4.2 Impedance tensor

Many researchers have studied the concept of the estimation of impedance tensor element. The
investigators include Neves (1957), Cantwell (1960), Bostick and Smith (1962), Swift (1967), and
Reddy and Rankin (1975). Their methods use power spectral density approximations of orthogonal E
and H field data. The recorded electric and magnetic field components E,, E,, Hy, Hy and H, may be
viewed as a superposition of the presumably plane-wave (TE-mode) source field and the reproduced
field at the surface of an inhomogeneous earth. Processing of the data lies in spectral analysis of
temporal variations and determination of local transfer functions connecting the field components to
each other.

The theory of transfer functions in electromagnetics has been implemented from linear system theory.
The conduction activity in the Earth works as an invariant linear system, and the field components are
input and output functions. The transfer functions derived are invariant under field and reflect only the
electrical properties of the earth (Berdichevsky and Zhdanov, 1984).

Assuming a time-varying quasi-uniform horizontal magnetic field above the surface of the Earth, which
induces an electric field within the Earth, the relation between the electric and magnetic fields at the
surface of the Earth can be defined by the magnetotelluric transfer function [Z], the impedance tensor.
It is estimated from the measured horizontal electric and magnetic fields and is the crucial objective in
a magnetotelluric surveying.

[E] = [Z][H] 4-46

where E and H are the horizontal electric and magnetic fields in the spectral domain.

The relationship between the horizontal electromagnetic field components leading to magnetotelluric
transfer function, is represented by the following matrix equation;

]=lz; 2]l
Ey Zyx Zyyl [Hy
or

E, = Zy Hy + szHy}
Ey = Zyy Hy + ZyyH,

4-47

Zxx ny
Zyx Lyyl
Zyy and Zy,y are known as the primary impedances (the off diagonal elements) while Zyy and Zyy the

supplementary ones (the diagonal elements). They are contributions from parallel components of the
electric and magnetic field.

where [Z] is the impedance tensor represented as, [

1-D impedance tensor
The conductivity ¢ changes only with depth in 1-D layered earth (Figure 31). In this case, the impedance
tensor is written as;

0 Zy
ZlD:[—ny 0] 4-48

The apparent resistivity p, and the phase of Z (¢) for layered earth are given by;

1
=l 4-49
Pa wul I
Imaginary Z
=t _1{—} 4-50
¢ =ran Real Z
Ex _E
Note that, Zy, = B, Zyx = é__zxy
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Both the apparent resistivity pa y---—-—-"-"-"—-"—-—————— 5
and the phase ¢ are frequency
dependent, w = 27f.

2-D impedance tensor
In 2-D earth, the conductivity o ¥ e
fluctuates with depth and in one
horizontal ~ direction. The ;7
resistivity is constant in the other 21
horizontal direction normally
known as the electromagnetic 4
strike or geo-electrical strike - 7
direction. The diagonal elements 4

of the impedance tensor Zy, and <n-1 ~
Zyy are equal in magnitude but / My
opposite in sign, on the other In
hand the off-diagonal elements Ty
Zyy and Zy, are not the same. A | '
2-D impedance tensor can be

written as, FIGURE 31: N-layered earth model with o
Zyx ZLyy varying in z-direction
ZZD = 7 7

vy
When the electric field is parallel to the electromagnetic strike, it is referred to as Transverse Electric
(TE) mode or E-polarization, whereas Transverse Magnetic (TM) mode or B-polarization is when the
magnetic field is parallel to the electromagnetic strike. Since the current should be conserved across a
discontinuity, the incident electric field Ex should also be discontinuous. All other fields are continuous.
Since there are no along-strike variations in the conductivity, the TM mode and TE-mode can be given
as:

VX

dEx 0B,
dy ot wB,
0Ey _ 0By .
5 = or = iwBy TE mode
dB JB
2 —Y =gopE, J
o 0 4-51
OBx _ I E
dy M By
0By
5, — —OH Ey  ¢TM mode
9E, OEy, .
3y 5 = iwBy

For a 2-D Earth, (Figure 32) E, is dependent only on Hy and H,. The three field components in Figure
32 contain the transverse electric (TE) mode with the impedance (Zyy) calculated from Ex H, and H,.
The transverse magnetic (TM) mode comprises the Hy, Ey, and E, field components, with the impedance
(Zyx) calculated from E, and Hy

(Reynolds, 2011). The TE mode Ex Hx

is most sensitive to a long strike
conductor. In the TM mode, the

. H E
electric current flows through the y y
borders between sections of
different resistivities, which
causes electric charges to build H, E,
up on interfaces. Thus, the TM
mode is more effective than the TE mode TM mode
TE mode at locating boundaries FIGURE 32: Geometry of electromagnetic field
between regions of differing components over a 2-D Earth (Unsworth, 2007)
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resistivity. For a 2-D Earth with the x-axis parallel to the geoelectric strike direction, the impedance
tensor can be written as:

0 Zyy 0 Zg
Zop = [Z 0 ] - [Z 0
VX T™

The above equation yields the following two sets of apparent resistivities and impedance phases:

TE mode
1 2
=— 1z
Pxy wul xy| 4-52
Imaginary Zy,
=t -1y =2 )
Pxy = a0 { Real Zyy
TM mode
1 2
=—|Z
P wul d 4-53
Imaginary Zyy
=t -1y___=2 7 7
Pyx = 1201 { Real Zyy
Note that, Z,, = =%, 7, = -2
ote that, xy—Hy: yX T H,

3-D impedance tensor
For a subsurface structure that is 3-dimensional (Figure 33), all the four elements of the impedance

tensor are non-zero.
X

7. = [Zxx ny]
b ZYX ZYY

The conductivity 6 changes in all directions and

hence, Maxwell’s equations cannot be divided
¢qp into two modes. There is lack of rotational

direction through which the diagonal elements of

the impedance tensor can vanish or any other

component of the Tipper vector. Consequently,

all the tensor elements are considered in the
FIGURE 33: A 3-D earth model interpretation.

=Y

I+

The apparent resistivity can be derived from the full impedance tensor. The rotational dependent
apparent resistivities for Zyy, and Zyy and the phase ¢

1 2
Pxy = wu |ny|

Imaginary Zy
=t -1y ___=2 )
Pxy = a0 { Real Zyy
1 5 4-54
=—|Z
Pyx ol |Zyx]
Imaginary Zy
=t -1)___= 7 J7
Pyx = tan { Real Zyy

Furthermore, the rotational independent apparent resistivity and phase based on Zge: and Z,ye are
defined as:

Zdet = JZXXZyy - nyZyx
1
— 2
Pdet = oH IZdetl 4-55
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@get = arg(Zger)

Zyy — L
Zove = %
4-56
=— |Z...|?
pave wu | avel

Qave = arg(Zave)

Zget and Z,y, are invariant under rotation.

> X
X

4.4.3 Mathematical rotation of impedance tensor

MT measurements are generally not performed in the strike
direction. This is because the geoelectrical structure might 0
not be known. Subsequently, the measuring axes generally
don’t match with the axes parallel and perpendicular to
geoelectrical strike. Nonetheless, for a 2-D case, it is
possible to rotate the measuring axes mathematically by an » Y
angle 8 in the horizontal plane, so the diagonal components O

of the impedance tensor become zero and the new X" axis

is parallel to the geoelectrical strike (Figure 34). The

tensor Z can be rotated to any other coordinate system by Y’
an angle 0 with the rotation matrix, R (8) while (RT(8) is FIGURE 34: The rotation of axes
the transpose of R (6), clockwise by angle 0’ (), from OX and

OY (north and east) to OX' and OY’

Z(8) = R (8)Z(w) RT(0)

__[cosB sinB] St __ [cosB —sinB
R(6) = [—sine cose]’R 6) = [sine cose]

4-57

Explicit components of the MT transfer function (rotated impedances) of the above equation can thus
be written as;
Zyy(0) = Zyy cos*(8) + (Zyx + Zyy)sinﬂcose — Zyx sin®(6)
Zyx(8) = Zyy c0s2(0) + (Zyy — Zyy)sinBcosb — Zy, sin?(6)
Zyx(8) = Zyy c05%(0) + (Zyy + Zyx )sinBcosO + Zyy sin?(6)
Zyy(0) = Zyy cos?(0) + (Zyx — Zyy)sinOcosd — Zyy sin? (G)J

4-58

These equations can further be simplified as below:

Zyy(8) = D, + S;sinBcosd
Zyx(8) = D, — D;sinfcosB
Z4x(0) =S; + S, sinBcosH
Zyy(8) = —D; — D,sin6cos6

4-59

where Sq, S,, D; and D, are the modified impedances (Vozoff, 1972):

Sy =Zax +Zyyy  So =Ly + Zyy } a0

Dy = Zyx — Zyy, Dy =Zyy — Zyx

The rotated modified impedances are then written as (Vozoff, 1991):
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~ ~ glfzxx‘i'zyy:Sl
Sy = Zyy + Zyy = c0s?0'S, — sin*6 D,
Dy = Zyx — Zyy = cos’0D; —sin®B S,

BZ = zxy - zyx = DZ

4-61

Hence, S| and D, are rotationally invariant (Simpson and Bahr, 2005). These independent rotational
invariants originated in three complex magnitude conventionally used in MT were conveyed by Szarka
and Menvielle (1997).

o The trace Sy = Zyy + Zyy
e The off diagonals difference elements D, = ny - ZyX
o The determinant Zger = ZyyZyy + ZyyZyy

The diagonal elements Zxx = Zyy = 0 and the off diagonal elements, Zy = -Zyx in a 1-D isotropic medium
(Cagniard, 1953). Therefore, Equation 4-58 for a 1-D earth is reduced to:

zxy(e) = ny

Zyx(8) = Zyx 4-62
%xx(e) =0

Zyy(8) =0 )

From Equation 4-62, we can see that for 1-D isotropic medium the impedance tensor is independent of
the measuring axis. The apparent resistivity and phase relationship with rotated impedances are
conveyed as:

_ 1 2 _ -
Pxy = 03—“ |ny| v Pxy = arg(zxy)

1 X 4-63
5yx = w_u |ZyX| ’ (TJyx = arg(ZyX))

4.4.4 Geoelectrical strike analysis

The geoelectrical strike analysis of MT data helps in determining the strike of the dominant 2-D
geoelectrical structure although the noise and local distortion may be challenging. The direction in
which the conductivity of a 2-D structure does not vary is termed as the strike direction (standard
conductivity axis). The angle between the principle conductivity axis and the x-axis is called the strike
angle 0, — sometimes called Zstrike or Swift angle. Generally, the strike angle is the least steady
parameter, which can be calculated from MT data (Jones and Groom, 1993).

For a 2-D model, the impedance tensor is given by:

0 ZXy 0 ZTE
Zp = |7 N/ 0
VX T™

where Zrg and Zt)y relate the fields parallel and perpendicular to the strike direction, respectively.

The angle of strike 6, is obtained from the measured impedances by maximizing suitable function of
the off diagonal impedance elements under rotation of the axis. For a 2-D model, the most common
estimation is based on the maximization of the off diagonal components of the MT tensor or
minimization of the diagonal ones. The sum of the squared modules of these components are used
(Vozoft, 1972):

- - 2
|Zyx|? + |Zyy|” = minimum

|ny|2 + |Zyx|2 = maximum
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Hence, the resultant strike angle is known as Swift angle (Swift, 1967) presented as:

1 (Zxx - Zyy) (ny + Zyxy’= + (ZXX + Zyy)*(ZXY B ZyX)

0, = —tan™? 4-64
oT e = Zyy|* = |Zay + Zyal”

where * symbolizes the complex conjugate.

It should be noted here that the equation involves a 90° ambiguity, which can only be resolved through
the use of the Tipper as pointed out below. The angle for 1-D and 2-D structures, Z, and Zyy are usually
zero. However, because of the noise in the measured data Zy, and Z,,,, are never zero even after rotation.
They only become smaller. In a 3-D structure, Zyy and Z,,,, may still be significant after rotation.

4.4.5 Dimensionality measures

The structure of the earth has dimensionality that can be investigated from MT data with the help of
parameters such as skew, Tipper, ellipticity and polar diagrams. The technique provides a useful
information before performing 2-D and 3-D inversion

Skew

Using equation 4-63b, the 3-dimensionality of the impedance is often described by the skew, which is
calculated by the following equation (Patra and Mallick, 1980). S; and D (equation 4-63b) are invariant
under rotation, hence their ratio as well. The magnitude of the ratio describes the skew (Swift, 1967)
given by:

_ |Zyx + Zyy

- |ny - Zy><| 4-65
_Isil

D, |

If the MT data are noiseless, the skew for 1-D and 2-D structures will be zero. Skew values above 0.2
are an indication of 3-D structure and/or high level of noise.

Tipper
Tipper is a parameter often used for directional analysis and relates the vertical component of the
magnetic field to its horizontal components:

H, = TH, + T.H,

where Ty and T), are the x and y components of the Tipper, respectively.

For 1-D Earth, the Tipper value is 0, that is, T, = T, = 0. The Tipper helps to resolve uncertainty in
strike and in particular the 90° ambiguity of the strike as based on the impedances only and discussed
above. The modulus of the Tipper is rarely as great than 1, with 0.1 to 0.5 being the most common
range. Since the vertical component of the magnetic field is weak, the lower part of the range is often
noisy. Tipper can display which side of a contact is more conductive. This is because for a near
conductor-resistor boundary, the near surface current density parallel to strike is larger on the conductive
side (Vozoff, 1991).

Induction arrows

The Tipper vector can be decomposed into two vectors in the horizontal xy plane. The vectors are
commonly called induction arrows. They have the role of deducing the presence of lateral conductivity
variations. Two convention illustrations of the real induction arrows exist: the reversed (Parkinson
convention, Parkinson, 1959) and the non-reversed (Schmucker or Wiese convention). In the non-
reversed convection, the vectors point away from lateral increase in electrical conductivity (Wiese,
1962). The arrows have a real and imaginary part:

35



T = (Re(Tyy), Re(TZy) ) — in phase

= 4-66
Tlm = (Im(TZX)) Im(sz) ) - Out Ofphase
The magnitude of the arrows can be written as:
1
Tre = (Re T + Re TZ)? e

1
Tim = (Im T4 + Im T3, )2

The magnitude of the induction arrows depends on both how close the sounding is to the conductor and
the conductivity contrast. The bigger the contrast and closer the conductor, the longer are the arrows.
The directions of the arrows are defined by:

=t -1 —Zy

Ore = tan™ por
. — t -1

Pim = tan™" P

@,cand @, are clockwise positive from the x-axis (usually geomagnetic North) along which the
coherency between vertical and the horizontal magnetic field is at its maximum. For a 2-D Earth, the
direction of the induction arrow is perpendicular to the true orientation of the regional strike. For a 3-D
Earth, the direction diverges and points away from the conductive body.

Impedance polar diagrams

The connection between the components of magnetotelluric and induction matrices and coordinates of
the x and y axes are best described through polar diagrams. A polar diagram is a trace of the tip of a
vector as the direction of that vector moves through 360°. Polar diagrams show the modulus of a
component of the impedance tensor as a function of the rotation angle 6 (0 < 8 < 2m) at different
frequencies:

Zyy(8) = Zyy 05?0 + (Zyy + Zyy)sinbcos® — Zyy sin? 0
Zyx(8) = Zyy c05% 0 + (Zyy + Zyy)sinBcosd — Zyy sin? 6.

Principal impedances are Z.y and Z,, and diagonal impedances are Z and Z,y (Reddy et al., 1977).
Polarization diagrams can be used quantitatively to make decisions about the geometry of an
inhomogeneity and provide information about the MT data dimensionality. For example in a 1-D
[ ' 3D resistivity  structure, the off
a b | diagonal  impedance  polar
diagrams are circular, while the

polar diagrams for the diagonal
y v %}y : .
‘ impedances reduce to a point

X

1D ‘ 2D

1Z,]

(Figure 35). For 2-D or 3-D

resistivity structures, the major

(‘ impedances extend in a direction
X

x

either parallel or perpendicular to
the strike (Reddy et al., 1977).
The 2-D polar diagrams are

—y y y

AVARY
SN

—x | elliptical, and stretch along the

| symmetry lines. The polar
—y| Yy v y diagrams attain the shape of a
% cloverleaf. In 3-D, polar

| diagrams start to change away

from symmetry lines and their

FIGURE 35: Polar diagrams of the impedance tensor sizes become greater, mostly at
(Berdichevsky and Dmitriev, 2002) the lower frequency.

largZy, |
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4.5 Problems in MT measurements
4.5.1 MT static shift problem

The MT method suffers a problem known as the static shift. This integral uncertainty in the MT data is
mainly formed by local near-surface resistivity irregularities close to the sounding site (Sternberg et al.,
1988; Arnason, 2008; Arnason et al., 2010). It is conveyed by scaling the apparent resistivity by an
unknown factor (shift on log scale). This shift is independent of frequency (Jones and Groom, 1993)
and does not affect the phase curve. The static shift factor S, cannot be determined directly from MT
data recorded at a single site. A parallel shift between two polarizations of the apparent resistivity curves
is a clear indicator that static shift is present in the data. The correct level of the apparent resistivity
curves may lie above, below or between the measured responses. The shifts in apparent resistivity curve
can lead to large errors in inverted data. A good example is if there is a shift downwards by S = 0.1
there will be ten times too low resistivity values when interpreting and about three times too little depth
to resistivity boundaries (Arnason, 2008).

In volcanic environments, 2-D and 3-D models may contain irrelevant structure if static shifts are not
rectified. This is because near surface resistivity variations are often extreme. A static shift multiplier
below one results in too low resistivity, and decreased depth to boundaries, whereas a multiplier above
one results in too high resistivity, and increased depth to boundaries. Therefore, MT curves are shifted
upwards when measuring directly over surficial resistive bodies and shifts downwards when measuring
over conductive bodies. This ambiguity cannot be resolved using MT data alone (Hersir et al., 2013).
Electromagnetic methods, such as TEM, that measure magnetic fields only do not have static shift
problems (Simpson and Bahr, 2005). Therefore, TEM data can be used in conjunction with MT data
from the same site in order to correct the static shift. The processes that cause static shift in MT
measurements as proposed by Jiracek (1990) are:

Current distortion

In MT survey, both electric and magnetic components are measured. The electric current flowing in the
Earth encounters a conductivity anomaly which affects its flow path. The type of anomalous
conductivity controls how current is channelled. Currents are directed into a higher conductivity
anomaly but are swerved from a lower conductivity anomaly. Current distortion is caused by charge
distributions accumulated on the surface of shallow bodies. Due to the principal electric field, charges
build up on the margins of conductivity anomalies are subject to the conductivity of the anomalous
region compared to its surroundings. In a resistive region, the positive charges accumulate on the side
facing the primary electric field, inducing a secondary electric field in and around the conductivity
anomaly leading to lateral flow-around effect. Within the resistive body, the secondary field is in the
direction of the primary field (Figure 36). In a conductive anomaly, a negative charge build-up occurs
on the side facing the primary electric field, inducing a secondary electric field that opposes the primary
field due to lateral current gathering effect (Figure 36). The distribution of secondary fields outside the
anomalous body depends on the geometry of the primary fields.

Topographic effects

Since in volcanic environment, topography is usually not smooth but rough, static distortion can be
produced where currents concentrate beneath depressions and disperse under peaks (Figure 37). Due to
galvanic effects, the electric field increases in valleys and decrease on hills. Consequently, MT fields
and current concentrations are higher in a valley and lower on a hill. This results in the upward or
downward shift for the apparent resistivity curve known as static shift. Shift correction by TEM can
significantly account for the topographical effects. Resistivity at the valley, pv is larger than resistivity
at the top of the hill ph.

In the central-loop TEM method, the measured signal is the decay rate of the magnetic field from the
current distribution induced by the current turn-off in the source loop. At early times, surface resistivity
structure influences the dispersion of current down into the Earth with time. At late times, conductivity
structure at depth influence the apparent resistivity. Therefore, central loop TEM soundings can be used
to correct for static shifts in MT soundings (Pellerin and Hohmann, 1990).
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FIGURE 36: Current channelling due to an inhomogeneous conductivity showing; a) Flow-around
effect in the vicinity of a resistive and b) Current-gathering effect in a conductive inclusion
(Jones, 1983)

Electric field or voltage distortion

Figure 38 shows the electric field distortion as a result of the vertical resistivity inhomogeneity. The
electric field is higher in the resistive layer. This is because of the slow flow of current that causes an
increase of the voltage to occur within the same layer. When reaching geological rock matrix with high
conductivity (low resistive layer), all layers below will be affected and move upward. In different
situation, the layers move downwards due to the appearance of low conductivity layer (high resistive
layer) in place. Example, if p1 > p2 the electric field and the apparent resistivity would be higher in the
central domain than outside.

Secondary electric field

\Y
<_Ez=pz‘j D E=prj
< J < J
Total current
I
(b) - P P P
p2<pr
- e
1 |E ’ 1 |E ’
corrected for tppo effect
L avered eartl Pa=——H Pp=——|H =8*p,;S<I1
Ty’h ayered earth (2 H DN H

FIGURE 37: Total current distribution and
secondary electric field due to topography and
correction for the topographical effect
(Jones, 1983)

FIGURE 38: Electric field distortion
(Arnason, 2008)

4.5.2 Dead band problem
MT data acquisition is also prone to the dead band problem. It occurs in the frequency band ranging

between 0.5 and 5 Hz (0.2 to 2 s) for low frequencies and for AMT (Audio-frequency Magnetotellurics:
a high-frequency sources in the audio range of > 1 Hz generated by thunderstorms worldwide), the dead
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band is encountered in range of 1-5 kHz (Figure 39). Noise due to wind is highest in both mentioned
frequency ranges, hence creating a weak signal to noise ratio. From the EM principle; higher
frequencies, greater than 1 Hz (short periods) are produced from thunderstorm activity near the Equator
and distributed as waves called Spherics between the ionosphere and the Earth (Flovenz et al., 2012). It
is ascribed to inductive source mechanisms, one below 1 Hz and the other above 1 Hz hence causing a
reduction in MT data quality.

Frequency, Hz
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Period, sec

FIGURE 39: The mean natural magnetic field amplitude spectrum in
gamma (y=nT) as a function of the period (Flovenz et al., 2012)
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5. TEM SURVEY
5.1 Theory

The TEM method uses a controlled and
time-varying created magnetic field to Transmitter
induce currents within the Earth. A loop
primary magnetic field is generated by an

Receiver loop

e s . Prima
artificial current source. The induced 3
e magnetic
subsurface currents will in turn generate a feld

secondary magnetic field that is measured
as voltage in a receiver loop. In the field
setup, a loop of wire is placed on the ground
(Figure 40) and a constant current is
transmitted in the transmitter loop. A
constant magnetic field of known strength
is then built up. The current is normally
turned on and off at preset times leaving the
magnetic field without its source which
responds by inducing an image of the
source loop. The current and the magnetic
field decay with time and induce electrical
currents at greater depths in the ground.
The decay rate of the magnetic field is
observed by measuring the voltage induced
in a receiver coil as a function of time. This
is normally done at prefixed time gates
equally spaced on a log scale (Figure 40).
The decay rate of the magnetic field is
dependent on the current spreading, which

in turn depends on the resistivity structure T

Induced current

Transmitted current

|

of the Earth. The induced voltage in the I ‘ fime
receiver loop can be deduced in terms of the

subsurface resistivity structure. The Measured voltage

induced voltage is a function of time after v T NK

the current in the transmitter loop is turned P time

off. The transmitter and receiver are ‘ [/- V

synchronized either by connecting them

through a reference cable or by high- FIGURE 40: The central loop TEM configuration
precision crystal clocks. This is to enable showing the current in the transmitter loop and the
the receiver to get to know when the voltage in the receiver loop, both as a function
transmitter turns off the current. of time (Flovenz et al., 2012)

Turning off the current immediately induces infinite voltages in the source loop. Consequently, the
transmitters are intended to turn off the current linearly from maximum to zero in a short but finite time
called turn-off time. The zero time of the transients is the time when the current has become zero and
the time gates are located relative to this (Palacky, 1987). This entails that the receiver has to recognize
the turn-off time. To ease the effect of EM noise, a number of sets of the recorded transients are stacked
before they are stored in the receiver memory.

The depth of penetration of the TEM method depends on the resistivity underneath the sounding site as
well the equipment setup geometry, the produced current, and its frequency (Arnason, 1989). The depth
of penetration increases with time after the current turn-off. Different frequencies of the current signal
are then used. High frequencies penetrate to shallow depths and low frequencies are used for deep
probing. According to Nabighian and Macnae (1991), the depth to which eddy currents can reach in the
Earth depends on the time from the current turn off and the conductivity of the Earth. Sternberg et al.
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(1988) demonstrated that the dispersion depth (time domain equivalent of skin depth) of the central loop

TEM method is given as:
TEM =~ +-

where O1gy () is the skin depth, t (s) is time, o is the conductivity, p is the magnetic permeability
[H/m].

Calculation of the voltage in central loop TEM
At late times, the induced voltage in the receiving coil on a homogeneous half-space of conductivity, ¢
is given by (Arnason, 1989):

5
10 nZ t2 5-2

where n,= Number of turns on the receiver coil
A, = Area of the receiver coil [m*]
Ag = Area of the transmitter loop [m?]
ng= Number of turns in transmitter loop
t = Time elapsed after the current in the transmitter is turned off [s]
u = Magnetic permeability [H/m]
V(t,r) = Transient voltage [V]
r = Radius of the transmitter loop [m]
I, = Current in the transmitter loop [A].

By solving Equation 5-2 for the resistivity, one obtains definition of the late time apparent resistivity as
a function of various variables:

3
21, uA,n.An
5t2 V(t, 1)

where the induced voltage (V) is measured at the time t elapsed, after the current in the transmitter loop
has been turned off. r represents the radius of the transmitter loop, the effective area (cross-sectional
area times the number of windings) of the transmitter loop (Asns), and the receiver coil (Amy); and the
current strength (Ip) and magnetic permeability in vacuum (uo).

The induced voltage is a function of time elapsed after the current has been turned off. The distributed
current is dispersed into three phases with respect to time. In the first phase, the induced voltage is
constant in time followed by the second phase where the voltage starts to decline with time and
increasing negative slope on a log-log scale.

In the third phase, the voltage response declines with time. The slope of the response curve in this phase
is -5/2 (Figure 42). The switch from early to late times is shifted to earlier times as the resistivity of half
space increases (Figure 41). The apparent resistivity at early times increases with decreasing resistivity
of the half space (Figure 41). When the apparent resistivity for a homogenous half-space is plotted as a
function of time, it approaches asymptotically the true resistivity of the half space for late times (Figure
41). The response curve has a similar form for the different half-space resistivities.
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6. ACQUISITION AND PROCESSING OF EM DATA FROM MT. LONGONOT
GEOTHERMAL AREA

6.1 TEM data processing

The soundings used in this study were carried out using Zonge TEM equipment and a central loop
configuration. Half duty square wave current was transmitted into a source loop (square) at 16 Hz, 4
Hz and 2 Hz. The Zonge TEM system is comprised of a transmitter, 24-bit multifunction receiver,
voltage regulator, 1.0 mm? transmitter cable and a receiver coil with a dipole moment of about 10,000
Am?.

In Mt. Longonot field, a setup of 300 m x 300 m transmitter loop was used for the current wave
transmission. The transmitter high precision controller crystals are warmed up for some time and then
synchronized with the receiver. This is to ensure that the induced voltage in the receiver coil at the
center of the loop is measured at the right time after the current is turned off (Palacky, 1987). The
transmitters are designed to turn off the current linearly from maximum to zero in a short but finite time
called turn-off time (TOFF). This implies that the receiver has to know the TOFF. The TOFF is
measured by the transmitter and fed by the operator into the receiver. The depth of penetration of the
sounding increases with time after the current is turned off. Different frequencies of the current signal
are therefore used, high frequencies for shallow depths and low frequencies for deep probing (the time
gates are normally scale with the period T).

The receiver memory stores data that comprises voltages at the time gates for the selected frequency,
selected gain and effective area of the antenna. The source loop size and the value of the transmitted
current is normally the same during the measurement, but to reduce influence of noise on the data,
several datasets are recorded, processed and stacked. The program TemxZ was used to process the raw
TEM data from the Zonge GDP-32

receivers (Arnason, 2006a). The RSP

purpose of the TemxZ software is to | =2l =il i = o T
analyze the datasets, omit outliers, =
perform stacking and calculate late Vi [ o [ ] 0]

time apparent resistivity. The
program calculates averages and
standard deviations of the data
acquired at same frequency and then
computes late time apparent
resistivity as a function of time after
turn-off.  Unreliable data points
(noisy readings) are also removed
before the data can be used for
interpretation.  Figure 43 is an
example of the data collected by
using Zonge GDP-32 receiver coil at

a high frequency (16 Hz, red data
points) and a low frequency (2 Hz, FIGURE 43: Display from TemxZ program. On the left

yellow data points). The inversion side is the stabilized voltages against log-time for all data
process uses the output *.inv files  sets while the right side displays apparent resistivity against
from the TemxZ program. log time calculated from mean values for each segment

In this work, the modelling of TEM resistivity soundings was performed by using forward modelling
and thereafter an inversion process (Figure 44). An algorithm is used in forward modeling to compute
the apparent resistivity curve that is then compared with the measured data. The forward algorithm
computes the induced transient voltages in the receiver as the summation of the responses from
sequential current turn-on and turn-off times. The transient responses are computed as induced voltages
and late time apparent resistivity as a function of time. The apparent resistivity curve is inverted using
TEMTD software, an inversion algorithm that creates a 1-D isotropic horizontally layered Earth model
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that best fits the data (Arnason, 2006b). For all the layers in
the inversion, both the resistivity and layers’ thicknesses can
vary (Figure 45). Inversion (Occam inversion) starts with data
and an educated guess of an initial model. The inversion
algorithm improves the model in an iterative process by
calculating modifications to the model from the differences
between the measured data and the response of the model until
a satisfactory agreement has been reached. It is based on the
hypothesis that resistivity fluctuates smoothly with depth
rather than in distinct layers.

In the Occam inversion, numerous thin layers of fixed
thicknesses approximate the smooth variations and only the
resistivity value is inverted for (Figure 45). The best fit is
attained when the misfit function y* (chi®), which is the mean-
square variance between measured and calculated values, is
lowest. The damping is achieved by utilizing both first
derivatives and second derivatives, to obtain smooth models.
The actual function that is minimized is the potential (P)
instead of the weighted mean-square misfit, x ? (chi?).

P ::X12'+ a[)51 +_BI)SZ +-YI)D1 +‘8I)D2

where Dgq and Dg, are the first and second order derivatives of
log-conductivities in the layered model. Dy, and Dp, are the
first and second order derivatives of the logarithms of the ratios

of layer depths. The coefficients , 3, yand & are the comparative contributions of the varied damping
terms. The method of Occam inversion for this case was chosen, as it was the most consistent through
a variety of inversion attempts. The TEMTD program employs the nonlinear least-squares inversion of
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FIGURE 45: Two examples of an inversion done by the TEMTD program. Left panel: Layered
model of TEM sounding lon019 where both the layer thickness and resistivity values are inverted
for and no limitation is on the resistivity differences between layers. Right panel: Occam model of
TEM sounding lon019 where the thicknesses are small and fixed and the resistivity value in the
layers is inverted for. The red dots are measured late-time apparent resistivities, the green line is
the model and the black solid line is the apparent resistivity. calculated from the model
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the Levenberg-Marquardt type as described by Arnason (1989) where the misfit function is the mean-
square variance between measured and calculated values, ¥* (chi?), weighted by the standard
deviation of the measured values.

Figure 45 below illustrates the two TEM apparent resistivity inversions. In 1-D inversion, it is assumed
that the Earth consists of horizontal layers with different resistivity values and thicknesses. In layered-
model inversion, resistivity values and layer thicknesses are inverted for while in Occam inversion, only
resistivity values are inverted for as the layer thicknesses increase exponentially with depth. In the
layered model, there is no restriction on the resistivity changes between layers (Figure 45), left part). In
the Occam inversion, the thicknesses are fixed while the resistivity of the layers is changed (Figure 45,
right part). It is important to keep in mind that the depth of exploration of the TEM soundings is much
greater in a resistive Earth than in conductive environments. This is because the fields decay faster in
conductive materials than in resistive

6.2 MT data processing
6.2.1 MT field setup and data collection

A 5-channel MT data acquisition equipment from Phoenix Ltd. (MTU-5A) was used for data collection
in Mt. Longonot field. It has the capacity of measuring the MT signals in the frequency range of 1.3-10
> Hz to 400 Hz (Phoenix Geophysics, 2009). The instrument consist of a data logger (MTU), three
magnetic induction coils connected by a particular induction coil cables for measuring the magnetic
fields and two pairs of electric dipoles coupled by shielded cables for measuring the electric fields. The
MTU screens the acquisition procedure by filtering, amplifying and converting data into digital format
to enable the storage into memory card. The electrodes forming a dipole and induction coils are usually
buried in the ground to moderate temperature discrepancies.

For a common practice, one electric dipole is oriented in the magnetic north-south direction and other
one in east-west position. Though this is not restricted, it can as well be placed in true north direction
but when the magnetic north is used, the magnetic declination angle has to be known. The electrodes
are non-polarizable made by a plastic pot with a porous bottom filled with a lead chloride solution. The
bottom of each electrode is soiled with bentonite to prevent the electrolyte from drying up and salty
water is poured in each hole before the electrode is placed in it. This is to enhance good ground contact
and electrical conductivity. In cases where long period MT data are to be collected, the use of bentonite
clay is not desirable. This is because it dries out over recording time duration and thereafter causes the
potential difference to drift (Simpson and Babhr,

2005). All the electric dipoles are put in place; the

magnetic coils are placed orthogonally to the X
electrodes (Figure 46), one in x-direction, one in \
y-direction and the third one at the centre of the
equipment setup in the z-direction. A remote
reference station is placed away from any form of
cultural noise. It is set to record continuously
during the survey. The data obtained from this
station are used during data processing to obtain a
better quality data with high signal to noise ratio
(Gamble et al., 1979). The real time GPS (Global
Positioning ~ System)  for  time  series
synchronization with satellites is connected to the
MTU-5A acquisition unit.

E

Electric dipoles

FIGURE 46: MT layout
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6.2.2 The MT data processing technique

The main objective of data processing is to pick sets of smooth, recurring Earth response functions from
time series signals. During the survey, the time series data is recorded and stored in a memory card by
the MT data logger. The time series data are electric and magnetic field time-variations of the MT data
measured as a function of time. The time series comprise harmonic components of varied frequencies.
It is observed that waves with high frequencies are attenuated at shallow depth and they are not able to
penetrate deep. However, the waves with low frequencies have the capability of probing deeper into

Time series Data the Earth.

The time series are then downloaded from the MTU units of

each station. Then the data are scrutinized for quality using a

Fourier Transform  program called the Synchro-Time Series Viewer (Phoenix

L Geophysics, 2005). The program is capable of viewing and
printing the graphical illustrations of the raw time series data,

power spectra that are resulting from the time series data and

Frequency Domain coherence amid pairs of orthogonal electric and magnetic
elements.

The processing of MT data converts the time varying geo
Robust electric field components into earth response functions that
L comprise information regarding the dispersion of the
conductivity structure. Due to the noise contained in the
measured data, data processing in geophysics deals with
L. reducing the noise from the measured data and increasing the
Resistivi fy / Fr equency signal-to-noise ratio. It includes the processing or reduction of
FIGURE 47: The processing the co}lected bulk data to a new data set that. is .rez.ldy for
numerical modelling. A systematic data processing is listed as
steps used R
shown in Figure 47.

6.2.3 Data review and editing

The time series (example Figure 48) for each station are divided into M segments containing N data
points per segment. The N value is chosen based on the recorded time window such that each segment
contains periods equally spaced on logarithmic scale. Furthermore, each time window must be divided
into a sufficient number of segments for further statistical estimation of the transfer functions. Each
segments scrutinized for the purpose of identifying and removing trends and noise effects. The action
is performed automatically or manually by using MTEditor program (Phoenix Geophysics, 2005).

A computer program SSMT2000 from Phoenix Geophysics (2005) is used to perform time series
processing by using a robust processing technique and editing the results (Egbert and Booker, 1986).
Fast Fourier Transforms (FFT) are normally used to transform the measured time series to the frequency
domain (Vozoff, 1991). A raw spectrum with a number of data points divided into N/2 frequencies is
obtained. These frequencies are equally distributed on a log scale, ideally 6-10 period per decade. The
final spectra are smoothed by averaging over neighboring frequencies using a window function (Parzen-
Window Density Estimation). The auto and cross spectra segments which are products of the field
components and their complex conjugates, are calculated from segments of the original time series for
each frequency. The auto-spectra density, in the frequency band f;_,, to fj,n, around the central

frequency, f; is calculated by:

1 j+m * * 1
(Af)) = 2m+1Zk=i—mAkAk = WAy o!

* means complex conjugate, where A represents E or H. Its square is the auto power spectral density at

fj-
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FIGURE 48: Time series data acquired by a 5-channel MT data acquisition system
at Mt. Longonot Geothermal area. The first two series are the electric components
in x and y direction, respectively. The magnetic components are the three subsequent
series in X, y and z direction, respectively

In addition, the cross power density at f; of two channels A and B:

LS g oy
(A(f;)- B(f;)) = mzk:j_mAkBk = (AjB})z 6-2

To determine the tensor elements time series are Fourier transformed by:

Ey (O) - Ex (w) Hy () - Hy (w)
E, (t) » E, (w) H, (t) - H), (w)

The coherency (which is between 0 and 1) of the two channels can be defined as:

1 j+m AxB;
coh (Aij)z—E ABOL_ _ op (A, B); 6-3
2m + 1 Lie=jom /(AR AL NByBy)

6.2.4 Estimation of transfer functions

MT transfer function relates the measured magnetic and electric fields at a given frequency. It depends
the electrical properties of a material over which the EM waves are propagating. However, it does not
depend on the source of EM wave. The calculation of MT transfer functions essentially averages the
spectra over a number of closely spaced frequencies of the equivalent field components in the frequency
domain. This can be obtained from the electric and magnetic field spectra segments as well as Tipper
(geomagnetic transfer functions):

Ex (W) = ZyxHy(w) + nyHy(U))
Ey (W) = ZyyHy(w) + ZyyHy(w)
H, (W) = T Hy(w) + T2y Hy((l))
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The measured electromagnetic fields contain noise and uncertainties in the impedance tensor due to
estimation of plane wave field. Hence, many record sets are considered that will allow averaging to
decrease the noise. The impedance equations are solved assuming Z;; to be constant over an averaging
frequency band that has to be narrow enough. In each frequency band, each equation has cross power
produced in the frequency domain by multiplying the impedances by the complex conjugates of the
magnetic spectra, Hy* and Hy* hence, giving independent equations as follows:

(EXH;> = Zxx(HxH;> + ny(HyH;>
(EyHy) = Zyx(HyHy) + Zyy(HyHy)
(EXH;) = ZXX<HXH;) + ny<HyH;)

(EyHy) = Zyy(HgHy) + Zyy(HyHy) 6-4
(HzHg) = T (HxHy) + jzy<HyH;)
(HZH;) = jzx<HxH;) + gzy(HyH;)
The above equations can be solved for Z;; as:
_ (EXH;xHyH;) - (EXH;xHyH;)
7 (HH)(HyHy) — (HHy )(HyH)
. (ExH)(HxHy) — (ExHy)(HyHy)
¥ (HyHXHHy) — (HyHy )(HyH;)
(B HENH Hy) — (EyHy KH )
Y (HxH)(HyHy) — (H,Hj }(H, H;) 6.5
_ (EyHx)(HxHy) — (E;Hy )} (HyHy)
Y (HyHE)(HyHy) — (HyHy)(HyHy)
o _ (HHRXHyH) — (Hy HX(H,H))
“ (HgHiXHyHy) — (HyH;(H,Hy)
_ (HZH;)(HXH;) - <HZH;)(HXH;)
“ " (HxH)(HyH;) — (HyHp)(H,H;)

6.2.5 Remote reference and MT impedance estimation

The remote reference technique is commonly applied in MT data acquisition and it involves an
additional MTU (usually magnetic) located at an electronically quiet site away from cultural noise
(Goubau et al., 1979; Clarke et al., 1983). The natural part of the induced field can be anticipated to be
coherent over longer distances, whereas noise is normally random and incoherent. The problem faced
in auto-powers of the magnetic field is the biasing effect of noise. The coherent noise present in the
data at a single site will cause the impedance estimate, Zjj, to be biased. In order to avoid the effect of
noise, the remote site should be far from the local site (at least 20 km) so that the sources of noise are
not correlated. By multiplying the linear correlation of electric and magnetic field spectra of the
impedance tensor in Equation 6-5 with the remote site components, R,* and R,*and averaging over a
number of determinations, the pairs of concurrent equations for impedance can be solved to get the
following remote reference estimates of the impedance tensor elements Z;; as follows:

(ExRxXHyRY) — (ExRY)(HyR%)
(HR)(Hy Ry) — (H Ry Y(Hy R3)
(ER)(HR) (ER)(HR)
= (R — (R YL

 (EyRR)(HRS) — (ByRY)(H R
T TR, Ry) (LR LR

(EyRy){HxR}) — (By Ry NH,R;)
% = (Hy R (H,Ry ) — (H, Ry} R3)

ZXX

6-6

Ry and Ry signify the magnetic components, Hy and Hy, of the remote reference station, respectively.
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Though one can use the Ey and Ey components of the remote reference station, it is more common to
use the magnetic field since the horizontal magnetic field is known to be less liable to polarization, and
is less contaminated by noise than the electric field. Remote reference technique also provides
estimations of noise in each of the channel (Gamble et al., 1979). It makes it possible to approximate
the noise in each of the impedance elements at each frequency. Nevertheless, in many situations with
high noise effects, the resulting cross-powers may not be as smooth as desired. Consequently, physical
editing in the MTEditor programme of the weighted apparent resistivity values for each frequency will
help produce sensible results and smoother curves. The cross-power files created by SSMT2000 are
used as input files in MTEditor, which is a windows based programme. Graphical presentation are
displayed after merging the cross-powers. This permits the viewing of the different features of the
soundings, such as apparent resistivity, phase, impedance, strike direction, coherence and many others
across the full frequency range that was acquired. The programme also permits the removal of
individual cross-powers from the calculations. The edits are made by changing a mask and not by
deleting the data (Phoenix Geophysics, 2005). This enables easy restoration of individual cross-powers
or return to the initial view whenever it is needed. The programme has an auto-edit ability that rapidly
masks cross-powers that lie too far from the mean. This often saves substantial time in the editing
process. The output of MT-Editor (edi file) is ran through spec2edi Linux based program developed at
ISOR which computes several MT parameters (some are not implemented in MTEditor) and produces
the results in Electrical Data Interchange (EDI) standard format (Figure 49). The file is then ready for
plotting and exporting to the interpretation software for multidimensional inversion.

Figure 49 shows examples of apparent resistivity and phase angle from Mt. Longonot. It can be deduced
that at periods below 1 s they display 1-D response with decreasing apparent resistivity values and
decreasing phase with increasing period. For periods above 10 s, curves start to split apart for station
ImtO1a and for Imt02 and Imt108, the splitting starts from about 1 s. This is an indication of a non-one-
dimensionality. High phase values (> 45°) at short periods indicate a conductor at shallow depth.
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FIGURE 49: EDI output showing apparent resistivity and phase curves. Typical examples
of apparent resistivity and phase curves of MT soundings in the Mt. Longonot area
(red and blue symbols are xy and yx data, respectively)
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7. MODELING AND INTERPRETATION OF EM FROM MT. LONGONOT FIELD
7.1 Overview

Some 84 TEM and 85 MT soundings collected in and around the Mt. Longonot geothermal area are
used in this study for interpretation of the subsurface resistivity structure in line with the geothermal
field (Figure 50). After processing MT and TEM data the next step is modelling and interpretation of
the processed data. The basic reasons for interpretation are:

Gain a better understanding of the high-temperature geothermal system;

To eliminate the effects initiated by local near-surface resistivity inhomogeneities;
To define the suitable strike direction for interpretation;

To comprehend the essential dimensionality of the data.

Modelling of the data attains the delineation of geophysical exploration target under research. The use
of the EM method was originally based on 1-D interpretation and different developers have contributed
to the inversion codes which are being used today (Constable et al., 1987; Smith and Booker, 1991).
Information regarding resistivity distribution below the area of interest is achieved through inversion
processes. The algorithm of inversion is often referred to as Occam’s inversion since it looks for the
simplest model that explains the data. Inversion processes steered to the development of TEMTD
program for 1-D inversion (Arnason, 2006b), REBOCC program (Reduced Basis Occam) for 2-D
inversion (Siripunvaraporn and Egbert, 2000) and WSINV3DMT program for 3-D inversion
(Siripunvaraporn et al., 2005) were established. In this study project, a broad-spectrum overview of 1-
D EM inversion schemes have been performed to understand the subsurface resistivity structure in the
context of the geothermal energy of Mt. Longonot field.

7.2 1-D inversion program

In this study, the TEMTD program is used to 1-D invert MT apparent resistivity and phase jointly with
TEM data. The MT parameters are derived from the rotationally invariant determinant of the tensor
elements. Knutur Arnason at ISOR (Arnason, 2006b) developed the TEMTD program. The 1-D
inversion of TEM and MT data can be done separately or jointly. The program inverts MT apparent
resistivity and phase resulting from either of the off-diagonal elements of the MT tensor (xy and yx
modes), the rotationally invariant determinant or the average of the off-diagonal elements. For a 1-D
inversion, the program does both standard layered inversion (inverting resistivity values and layer
thicknesses) and Occam's inversion with exponentially increasing fixed layer thicknesses with depth.
In the joint inversion process (Figure 51); a static shift multiplier is to fit both the TEM and MT data
with the response of the same model and is also inverted for. The program assumes a square source
loop and the receiver coil to be at the centre of the source loop. The current waveform is presumed to
be half-duty bipolar semi-square wave (equal current-on and current-off segments). It is with
exponential current turn-on and linear current turn-off. For MT data, the program assumes standard
EDI format for of impedance and apparent resistivity and phase data (Arnason, 2006b).

The program comprises a user stated damping of first (sharp steps) and second order derivatives
(oscillations) of logarithm of resistivity and layer thicknesses (model parameters) (Arnason, 2006b).
The programme solves both forward and inverse problems. The inversion problem is to define those
model parameters, which give the model response closest to the measured response. The forward
problem estimates the response from a given model. Arnason (1989) describes the inversion algorithm
used in the program as the Levenberg-Marquardt non-linear least square inversion. The root-mean-
square variance between measured and calculated values, chisq (y %), is the misfit function weighted by
the standard deviation of the measured values. It is desirable to have a small chisq, indicating that the
model explains the data well. One can decide in case of the TEM data whether the program fits the
measured voltage values or the late time apparent resistivity values. It is usually appropriate to sacrifice
fit of a dataset in favour of smooth resistivity variation when fitting electromagnetic data for a rough
model (Constable et al., 1987). Under-parameterization of the inverse problem tends to suppress
structure that could be significant, whereas over-parameterization leads to structure that is redundant,
and not truly resolvable by the available data (Constable et al., 1987).
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FIGURE 50: TEM location map of the Mt. Longonot field (blue diamond) (upper figure);
and MT location map of the same area (red stars) (lower figure)
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FIGURE 51: Sample MT and TEM data plot after 5 iteration in the Occam’s inversion

7.3 1-D joint inversion of TEM and MT soundings

Inversion allows us to derive from geophysical data a model of physical properties in the subsurface. A
good model based on inverted data is one that replicates the observed data and is in agreement with
other existing information. In MT, we try to find resistivity structures that are consistent with the
processed apparent resistivity, phase, and Tipper for a range of frequencies at each station in a survey
area. Figure 52 shows the result after 10 iterations of 1-D inversion for the determinant resistivity and
phase data. It is independent of the strike direction. More plots for 1-D joint inversion are shown in
Appendix C.

7.4 Static shifts correction of MT in Mt Longonot

Near-surface inhomogeneities and topography distort the magnetotelluric (MT) data leading to a shift
of apparent resistivity sounding curves by a scaling factor that is almost independent of the frequency
as discussed in Chapter 4.5.1 above. The static shift has no effect on the phase data. The shift of the
apparent resistivity curves can easily lead to errors in the inverted model. In 1-D layered model, if the

1
scaling factor is S, then the resistivities and depths of the final model will be scaled by S and Sz,
respectively. Inversion of shifted apparent resistivity curves results in near-surface heterogeneities in
addition to the correct deeper resistivity structure (Grandis, 2010). However, it is clear that correction
for the static effect is of prime importance before any interpretation of MT data. Various methods have
been developed to compensate for static shift. One of the approaches is based on joint use of active
measurements such as DC resistivity (Stephen et al., 2003; Tripaldi et al., 2010) and TEM. TEM
measurement at the same site as an MT sounding is commonly used especially for MT studies for
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geothermal exploration. This is because TEM data are less sensitive to near-surface heterogeneities. 1-
D inversion model of TEM data is used as the input for 1-D MT forward modeling to infer unbiased MT
sounding curve (Sternberg et al., 1988). Another method to solve the shift problem is a statistical
approach based on the analysis of the MT data alone (Torres-Verdin and Bostick, 1992).

In Mt. Longonot area, a static shift analysis of the 84 MT sounding data were performed. In 30 of these
stations, static shift was corrected by use of nearby TEM data. A TEM station was used if it was less
than 400 m away from the MT station. The shift factors were in the range of 0.3 to 1.5 as seen in Figure
53. From the histogram, it can also be seen that the majority of the soundings were shifted down (shift
< 1) and only a few shifted upwards (shift > 1). The mean shift for all the soundings is 0.821. Using
the static shift factors obtained from the stations with TEM, a spatial distribution map (Figure 53 to the
right) was created.

From the contour map of the static shift (Figure 53), an estimation of shift factor was obtained and used
for those stations with no nearby TEM data. However, the accuracy might not be good enough but it
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FIGURE 53: Histogram (left) and spatial distribution (right) of static shift parameters
for determinant apparent resistivity in the Mt. Longonot area
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was fair enough to be performed in this way. Figure 54 is a good example of static shift correction using
TEM and the spatial distribution map of static shift values. For interpretation purposes, static shift
correction is vital in reducing errors when resolving the resistivity structure and depths in a geothermal
field. Correction for static shift by use of a TEM data in a joint inversion with MT data can be actual in
providing a more precise picture of the resistivity structure of the Earth. More plots for 1-D inversion
using TEM and spatial distribution of static shift estimation are shown in Appendices C and D.
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8. 1-D JOINT INVERSION RESULTS
8.1 1-D Cross-sections

A program called TEMCROSS (Eysteinsson, 1998); developed at ISOR (Iceland GeoSurvey) was used
to plot the resistivity cross-section from results that were obtained from the 1-D inversion. The program
interpolates the different 1-D models, located underneath each site. The resistivity is contoured so that
the colour scale is exponential; the contour lines are resistivity values. Both MT soundings that were
static shift corrected using TEM and the ones that were static shift corrected based on the geospatial
distribution of static shifts were included in the vertical cross-sections (Figure 55).

The cross-sections display a typical resistivity structure of a high-temperature field. At the top is a high-
resistivity layer close to the surface due to un-altered formations; underlain by a low resistivity as a
result of alteration minerals like smectites and zeolites; this is underlain by a high-resistivity core below
where chlorite and epidote dominate the alteration minerals and give an indication of high temperatures
at depth. Below this is usually a conductor. Below we discuss each of the cross-sections. Their locations
are shown in Figure 55.
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FIGURE 55: Location of the cross-sections. Red stars are MT soundings, blue diamonds
are the fumaroles, green triangles are the volcanic centers and the purple diamonds
are the hot ground. The coordinates are in UTM coordinates

Cross-section W-E1 as seen in Figure 55

The section runs through the collapsed caldera (Figure 56). The top layer of about 300 m thick shows
a high resistivity across the entire profile reflecting un-altered rock formation of recent volcanic rocks
or pyroclastics with intermittent resistivity subject to the age of the rocks and vicinity to the fracture
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FIGURE 56: Resistivity cross-section obtained from 1-D joint inversion of TEM and MT data and
1-D inversion of MT data as obtained using geospatial distribution of static shift correction

zone. Underlying the high resistivity is a low resistivity layer of less than 10 Qm, most likely caused
by the low temperature alteration minerals like smectite-zeolite. Below the alteration layer, higher
resistivity zone is seen which is sharp below sounding Imt13, near the collapsed caldera. This is
probably associated with a geothermal reservoir. Below this resistive layer is a low resistivity layer that
dominates the eastern side of the profile. This could be attributed to an up-flow zone or probably due
to large fractures with fluids present in the vicinity. Fumaroles are manifested on the eastern side as
well which could be because of deep circulation of the geothermal fluids enhancing water-rock
interaction.

Cross-section W-E2 as seen in Figure 55

The section runs through the collapsed caldera (Figure 57) and lies just south of the crater. The cross-
section shows a similar layered resistivity structure as W-E1; a thin high resistivity at the top, followed
by a low resistivity layer, which sits on top of a high resistive layer. The bottom layer is a thick low
resistivity layer with some topography. Roughly below station Imt46 is a higher resistive layer to greater
depths that may be an extension of a structure as seen in station Imt13.

Cross-section W-E3 as seen in Figure 55

The section is just outside the collapsed caldera (Figure 58). The cross-section shows a similar
resistivity structure as cross-section W-E1 with a high resistive layer followed by a low resistivity then
high resistivity later followed by a low resistivity layer. At around station Imt12, Imt14, Imt74 and
Imt68, higher resistivity at greater depths are found that may be an extension of a structure as seen in
station Imt13, which is perhaps covered, by pyroclastics and volcanic ash or it might be connected with
lithological contacts.

Cross-section N_S1 as seen in Figure 55

The section is just outside the crater (Figure 59) and crosses the TVA structure. There are no data
available between Imt02 and Imt26 (4 km distance) due to the terrain at the crater and hence not much
to state about this part of the profile. To the south of Imt26, the cross-section shows a similar resistivity
structure as other cross-section with a thin high resistivity layer followed by a low resistivity layer then
high resistivity later that is still later followed by a conductor. The conductor domes underneath station
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Imt24, Imt25, Imt26 and Imt31. A deeper high resistivity layer is observed in the eastern part of the
profile, which can be connected to a structure extending from station 13 as will be shown in the
resistivity depth slices (Appendix E).

Cross-section N_S2 as seen in Figure 55

The cross-section is to the east of the crater (Figure 60). The cross-section shows a similar resistivity
structure as other cross-section with a thin high resistivity layer followed by low resistivity then high
resistivity layer followed by a conductor. The conductor at the bottom around station Imt02 and Imt09
that seems to be an extension of the conductor seen in profile N-S1. A deeper high resistivity layer is
observed in both the northern and southern part of the conductor. The southern part of the profile could
be associated to the outflow zone of the system.

Cross-section N_S3 as seen in Figure 55

The cross-section is to the east of the crater (Figure 61). The cross-section shows a similar resistivity
structure as other cross-section with a high resistivity layer followed by low resistivity then a high
resistivity layer followed by a conductor. The conductor at the bottom is extensive and shallower at
1000 m b.sl.

Cross-section NW_SEI as seen in Figure 55

The cross-section runs parallel to the dominant structure (TVA) (Figure 62) through a high resistivity
structure seen in the depth slices. The eastern side of the profile shows a typical high temperature
resistivity structure with all the zones. A high resistivity zone dominates in the western side to greater
depths. This could be associated with a thick pyroclastic deposit or volcanic ash deposit in the area.

Cross-section NW_SE?2 as seen in Figure 55

The cross-section runs within the dominant structure (TVA) (Figure 63) through a high resistivity
structure seen in the depth slices. The profile shows a typical high temperature resistivity structure with
all the zones. A low resistivity zone dominates at the centre to greater depths. This could be associated
with the heat source.
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FIGURE 60: Resistivity cross-section obtained from 1-D joint inversion of TEM and MT data and
1-D inversion of MT data as obtained using geospatial distribution of static shift correction
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FIGURE 62: Resistivity cross-section obtained from 1-D joint inversion of TEM and MT data and
1-D inversion of MT data as obtained using geospatial distribution of static shift correction
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Cross-section NW_SE3 as seen in Figure 55

The cross-section runs parallel and within the dominant structure (TVA) through the crater (Figure 64).
There are no data available between 1 to 5 kilometres hence the profile cannot be relied on fully.
However, on the eastern side of the profile a conductor is seen at shallow depth < 1000 m b.sl.
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FIGURE 64: Resistivity cross-section obtained from 1-D joint inversion of TEM and MT data and
1-D inversion of MT data as obtained using geospatial distribution of static shift correction

8.2 1-D resistivity depth slices

In this study, TEMRESD program was used to generating the resistivity-depth slices derived from the
previously obtained 1-D Occam models (Eysteinsson, 1998). All stations, both the ones that were static
shift corrected using TEM and the ones corrected using geospatial distribution of static shift correction
were included in generating the depth slices. From the interpretation of the maps, it will be possible to
understand the general trend of resistivity in Mt. Longonot prospect area. The maps display that
resistivity varies significantly both laterally and with depth. It is not easy to ascertain the surface
appearance of faults in the vicinity of Mt. Longonot because they are filled with dense deposits of
pyroclastics. Below are a few selected depth slices for interpretation purposes. More maps can be
viewed in Appendix E

1500 m a.sl.

A low-resistivity structure is dominant towards the east and southeast part of the area (Figure 65). A
high resistive structure appears to cut across near the outer caldera possibly creating two systems of low
resistivity. This structure (as outlined in Figure 65) appears to trend in the same direction as TVA
structure. This high resistivity structure might reflect a fault covered by the pyroclastic deposits as
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FIGURE 65: Resistivity at 1500 m a.sl. from 1-D inversion of TEM and MT data.
The blue diamond are fumaroles, the black stars are the MT stations and the red
thick line outlines a high resistivity structure

discussed in some of the profiles above (W-E1). The low resistivity structure is possibly related to the
mineral alteration cap consisting of smectite and zeolites, which lies immediately on top of the high
resistivity core.

1000 m b.sl.

The low resistivity structure to the east and southeast is more pronounced. High resistivity structure
that runs across the area (as outlined in red) is also defined separating the bigger low resistivity structure
to the east from the perhaps small low resistivity structure to the west. The low resistivity structure at
this depth could be associated with the heat source of the system that is right below a high resistivity
layer associated with a layer dominated by chlorite and epidote. The low resistivity trends nearly NW-
SE, which is in the same direction as TVA structure. It is prominent in the area with several volcanic
centers (Figure 66).

4000 m b.sl.

The low resistivity structure is extensive both towards the southeast, east and to the west of the outlined
(red) high resistivity structure that runs across the two systems. The low resistivity structure could be
associated to the heat source of the system that is prominent as depth is increased (Figure 67).

A common feature in the interpretation of resistivity from Mt. Longonot is the presence of a highly
resistive surface layer of latest volcanic rocks or pyroclastics with variable resistivity values subject to
the age of rocks and proximity to fracture zones. The second layer of low resistivity values is related to
deduced smectites-zeolite clay layer. The base of the clay cap probably correlates with a geothermal
reservoir at a temperature between 200 and 240°C. This is likely to be the case because a shallow well
drilled to the SW part of the Longonot caldera struck steam that has geochemical indicators of a
hydrothermal reservoir at 240°C.
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8.3 Discussion of 1-D inversion results

From inversion of both TEM and rotationally invariant determinant MT data, resistivity structure shows
a common trend of a shallow low resistivity layer towards southeast of the crater. The low resistivity
layer is at 1500 m a.sl. and underlain by high resistivity layer. The low resistivity layer reflects
conductive alteration minerals made at temperatures between 50 and 200°C. This is a zone where
hydrothermal alteration products such as smectite and zeolite are dominant. Just below this layer is a
resistive core that shows the changes in alteration to resistive high temperature minerals, which could
be presenting the geothermal system in Mt. Longonot field. At about 1000 m b.sl. another conductive
layer is observed in the southeast and east of the crater. The deep conductive layer could be ascribed to
magmatic heat sources. This can be confirmed using other geophysical data to ascertain the nature of
the conductive layer.

8.4 Geo-electric strike analysis of MT data
8.4.1 Zstrike

Zstrike (Swift angle) is the horizontal rotation, which maximizes the off-diagonal elements (|ny|2 +

|Zyx |?) of the MT tensor and minimizes the diagonal ones (|Z,,|? + 1Zyy |?) using sum of the squared
units of these components. Geoelectrical strike analyses can show the directions of resistivity
disparities, which could be used to infer geological features, not essentially seen on the surface. The
MT impedance tensor are dependent on the orientation of the x and y-directions of the field layout. For
a homogeneous 1-D earth, the impedances Zy, = —Z,, and Zy, = Z,,, = 0.

The Swift strike has 90° ambiguity where the diagonal elements of the tensor are minimized as if either
the x-axis or y-axis is along the geo-electrical strike. There is no way of distinguishing
between6 and 0 + 90°, from the tensor alone. The strike direction cannot be determined using MT
impedance data alone. This ambiguity can be resolved by the information from Tipper vector if vertical
magnetic field (Hz) is available. Additional information such as local geology might help to overcome
this ambiguity. At short periods, the strike estimates of the Mt Longonot data is not well-defined due
to the shallow local structure with resistivity variations at each site (Figure 68) whereas at longer periods,
there is a steady strike direction for the dataset that tends to be in the same direction as TV A and tectonics
(Figure 69).

Zstrike commonly varies with frequency and may not be in place of the direction of the known
geological strike. Strike variations with frequency in Mt. Longonot field may be due to active processes
that have continuously changed the Earth's structure. Because of these processes, remnants of past
tectonic events are often conserved, giving rise to tectonic environments in which structural lineaments
trend in more than one direction. One such environment exists in this sector of the rift where a major
generally, NW-SE strike trending is prominent but on impending the caldera, the direction changes to
N-S around Mt. Longonot caldera heading to Mt. Suswa.

8.4.2 Tipper and induction arrow

The magnetic transfer function (T) is a parameter that relates the vertical component of the magnetic
field to the two horizontal components (Vozoff, 1991). From Figure 70, Tstrike is approximately
aligned along the dominant geological strike (TVA). In Figure 71 the alignment is clearer. However,
Tipper appears to align with the orientation of the caldera structure around and within the caldera.
From appendix B, the tipper is often almost zero for parts of the spectrum. These low amplitude
values in tipper means the structure around is a 1D structure. Tipper can also be seen as a complex
vector often represented graphically as induction arrows, the real part and the imaginary part.
Normally, the imaginary part is more sensitive to resistivity close to the measurement site and the real
part to wider resistivity contrasts (regional structures). Since vertical magnetic fields are produced by
lateral conductivity gradients, induction arrows can be used to infer the existence or absence of lateral
variations in conductivity. In this case, the size of the induction arrow is dependent on the magnitude
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FIGURE 68: Rose diagram of the Zstrike for the period interval, 0.01-10 s
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FIGURE 69: Rose diagram of the Zstrike for the period interval, 10-1000 s
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FIGURE 70: Rose diagram of the Tipper strike for the period interval, 0.01-10 s
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FIGURE 71: Rose diagram of the Tipper strike for the period interval, 10-1000 s
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FIGURE 72: Induction arrows for the period 100 s. Blue arrows are
the real part and red arrows the imaginary part

of the vertical magnetic field, such that if vertical magnetic field is small then the induction arrow is
also small and vice versa. From Figure 72 the real induction arrows point away from a zone of high
conductivity and towards a zone of lower conductivity according to Wiese convention (Wiese 1962).

8.5 Geologic and geothermal interpretation

Mt. Longonot geothermal field is within an active hydrothermal system where fluid circulation is present
in a tectonically and volcanically active area. Kenyan rift system is still active with several volcanic
centers. These hydrothermal systems have heat sources that consist of magma chambers, young dikes,
and general heat flow. In Mt. Longonot, fault zones are not seen on the surface but are buried by layers
of pyroclastics and volcanic ash. These buried faults is presumably what controls the fluid circulation
within the system.

In high temperature geothermal systems, a low resistivity cap normally overlay a resistive core deeper
in the reservoir (Arnason et al., 2000). The cap layer is associated with alteration minerals that have
different electrical conductivity. These minerals include smectites and zeolites with inferred
temperature of between 50 and 200°C. The resistive core comprises the chlorites and epidotes that form
at temperature of 240°C with increased resistivity. Another low resistive zone exists just beneath the
resistive core. A conductive zone has been interpreted beneath the resistive core, which has been
presumed to be the heat source for the geothermal system in this field. Such a sequence of resistivity
structure is evident in all other high temperature geothermal systems. In such systems, alteration
mineralogy and temperature are connected to its sequence in resistivity structure (Arnason et al., 2000).
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9. CONCLUSIONS AND RECOMMENDATIONS

The main purpose of this research was to study the resistivity structure of Mt. Longonot in order to
deduce the existence of geothermal system as well as to gain a better understanding of the high-
temperature geothermal systems.

The strong geothermal manifestations (fumaroles and hot ground) and the recent eruptions are indicative
of a heat source under the caldera, which could be perhaps shallow at the summit crater.

From the results found using 1-D inversion modelling of MT/TEM data, the resistivity structure of Mt.
Longonot field has mainly four resistivity sections. A high resistivity zone of unaltered formations at
the surface, a low-resistivity anomaly observed at shallow depth. A high resistivity zone associated with
the change in alteration minerals to higher temperature mineralogy. A conductive zone that dominates
to the southeast of the study area and just below the summit crater that could be associated with a heat
source

It can be inferred from the study that Mt. Longonot is a fracture controlled geothermal system. This is
because the conductive layer is aligned along the eruption centers that are in line with the TV A structure
and the numerous volcanic centers to the southeast of the field.

Additional TEM survey to be done near MT stations. This will enable performing static shift corrections
for those MT stations that did not have nearby TEM data. In volcanic situations, electric field and
current distortions are quite common. This is due to the presence of the near surface resistivity
inhomogeneities e.g. conductive clay minerals. In the presence of water reaching to the surface, very
conductive clay alteration minerals surrounded by very resistive lavas are found, producing severe
voltage distortion. Conductive clay minerals that may dome up to shallow depth but not quite to the
surface, can result in extensive channelling of current.

Electrical strike direction gives valuable information about the subsurface fractures and permeability.
They furthermore, confirm the 1-D inversion resistivity model.

Outflow zone of geothermal system is probably to the south and south west of the area

Exploration wells to be drilled in the field will provide more information on the dynamics of geothermal
reservoir of Mt. Longonot field
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APPENDIX A: Location and elevation of TEM and MT soundings

TABLE 4: Location and elevation of TEM and MT soundings. Location is in UTM coordinate
system. Soundings in italics are the ones used in runs of cross-sections and resistivity depth slices

MT TEM
. Easting | Northing | Elevation . Easting | Northing | Elevation
Sounding (m) g (m) g (m) Sounding (m) g (m) g (m)
Imt0la 208087 | 9890267 1745 LONO1 218560 | 9901412 2180
Imt02 210838 | 9893497 1935 | LONO2 215500 | 9903400 2095
Imt03 210099 | 9889285 1743 | LONO3 215100 | 9901850 2115
Imt04 205148 | 9890818 1692 | LONO4 212050 | 9899850 2130
Imt05 211735 | 9894327 2010 | LONOS 214800 | 9900950 2170
Imt06 210469 | 9891099 1822 | LONO6 213070 | 9903850 2055
Imt07 212477 | 9894697 2031 LONO7 222600 | 9896200 2005
Imt08 204404 | 9892477 1733 | LONOS 223700 | 9900100 2080
Imt09 210994 | 9891096 1870 | LON09 217300 | 9900300 2410
Imt101 215008 | 9900577 2180 LONI10 217300 | 9902700 2155
Imt102 217452 | 9900657 2317 LONI11 210650 | 9898500 2070
Imt104 213018 | 9902604 2116 LONI12 212750 | 9896650 2080
Imt105 212752 | 9898639 2130 LON13 214150 | 9900350 2170
lmt106 221104 | 9899383 2101 LON14 212850 | 9901050 2130
Imt107 213184 | 9900699 2118 LONI15 219600 | 9899250 2185
Imt108 220052 | 9900027 2159 LONI16 220770 | 9899200 2100
Imt109 217677 | 9891934 1860 LON17 212150 | 9904100 2045
Imt10 212136 | 9895956 2047 | LONI1S8 210650 | 9902450 2070
Imt110 220709 | 9890154 1778 LONI19 213650 | 9895800 2045
Imtlll 222314 | 9895038 1923 LON20 212650 | 9894800 2025
Imtll12 221048 | 9893074 1877 LON21 213500 | 9894900 2025
Imtl13 219435 | 9897928 2171 LON22 212350 | 9895600 2035
Imtl14 207861 | 9902992 2034 LON23 219480 | 9897500 2140
Imt115 218819 | 9895285 2037 LON24 220700 | 9897200 2040
Imtl16 207832 | 9900133 2111 LON25 219550 | 9896200 2045
Imtl17 216988 | 9902998 2158 LON26 219750 | 9897000 2085
lmtl18 207745 | 9893156 1827 LON27 220550 | 9904350 2220
Imt119 208888 | 9895032 1932 LON28 221650 | 9901700 2110
Imt11 205269 | 9893646 1784 | LON29 214700 | 9896450 2065
Imt2 212045 | 9893313 1975 | LON30 213300 | 9902100 2135
Imtl3 211703 | 9895649 2051 LON31 221000 | 9895850 1950
Imt14 212725 | 9893682 2043 | LON32 221150 | 9893100 1870
Imtl5 206032 | 9895122 1875 | LON33 219750 | 9893400 1885
Imt16 210837 | 9895341 2015 | LON34 220700 | 9895000 1970
Imt18 213056 | 9894267 2046 | LON35 223300 | 9893800 1860
Imt19R 214427 | 9894145 2045 LON36 222750 | 9894800 1890
Imt20 212073 | 9896097 2098 | LON37 215850 | 9905100 2050
Ime21 214115 | 9897249 2128 | LON38 215550 | 9901000 2220
Imt22 214518 | 9896634 2114 | LON39 211350 | 9900700 2145
Imt23 215045 | 9894452 2052 | LON40 212600 | 9898400 2130
Imt24 215105 | 9896942 2219 | LON41 214250 | 9897400 2160
Imt25 214612 | 9894076 2043 | LON42 213300 | 9899450 2160
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MT TEM
. Eastin Northing | Elevation . Easting | Northing | Elevation

Sounding |~ | im0 |y | Seunding | Zo | iy | )
Imt26 215507 | 9897028 2296 | LON43 218700 | 9900050 2290
Imt27 214089 | 9894975 2051 LON44 221100 | 9888950 1740
Imi28 215414 | 9897004 2248 | LON45 208250 | 9890200 1755
Ime29 215416 | 9895006 2076 | LON46 210050 | 9887850 1690
Imt30 214085 | 9895896 2056 | LONS0 221500 | 9887000 1685
Imi31 215044 | 9895059 2078 | LONSI 205900 | 9888200 1635
Imt32 213559 | 9895834 2051 LONS52 203580 | 9888100 1610
Imi33 216013 | 9895016 2129 | LONS3 214750 | 9894450 2040
Imi34 212094 | 9895619 2046 | LON54 212850 | 9893700 2040
Imt35 215091 | 9896236 2183 LONS55 213100 | 9891800 1890
Imt36 213281 | 9895004 2037 LONS56 213350 | 9889750 1800
Imt37 215818 | 9895652 2148 LON57 206000 | 9885950 1610
Imt38 212725 | 9894042 2030 LONS5S8 203250 | 9885800 1610
Imt39 216022 | 9895683 2160 LON59 210050 | 9895250 2015
Imt40 213497 | 9896603 2077 LONG60 213050 | 9888000 1730
Imt41 216901 | 9895314 2157 LONG61 214700 | 9887900 1720
Imt42 212724 | 9896264 2057 LONG62 215500 | 9892600 1920
Imt43 217395 | 9895622 2166 LONG63 210550 | 9890550 1780
Imt44 212785 | 9897248 2093 LONG64 210900 | 9893550 1960
Imt45 217024 | 9896206 2247 LONG65 210200 | 9885600 1630
Imt46 210991 | 9896416 2075 LONG66 215050 | 9885650 1645
Imt47 217828 | 9895684 2148 LONG67 215600 | 9890000 1780
Imt48 210154 | 9898168 2077 LONG68 218000 | 9887900 1710
Imt49 217859 | 9896176 2184 LONG69 206900 | 9892950 1780
Imt50 208087 | 9890267 1745 LON70 208000 | 9887950 1655
Imt51 218354 | 9896391 2180 LON71 207950 | 9885800 1620
Imt51R 218354 | 9896391 2181 LON72 224100 | 9891650 1810
lmt53 219499 | 9896208 2054 LON73 222500 | 9890000 1760
Imt54 217892 | 9893901 1955 LON74 217000 | 9891550 1840
Imt55 219993 | 9896515 2049 | LON75 217400 | 9889700 1760
Imt56 218544 | 9890429 1798 | LON76 218500 | 9896100 2120
Imt58 220802 | 9890031 1780 | LON77 219000 | 9895150 2020
Imt59 219963 | 9895409 1968 | LON78 219600 | 9901750 2160
Imt60 216719 | 9889997 1791 LON79 218250 | 9904000 2120
Imt61 219779 | 9893995 1961 LONS0 225500 | 9889000 1790
Imt62 216223 | 9891257 1849 | LONSI 225350 | 9888000 1775
Imt63 219592 | 9894886 2004 | LONS2 227450 | 9890100 1830
Imt64 215882 | 9892732 1941 LONS3 225700 | 9894100 1880
Imt65 220088 | 9893258 1889 | LON84 225500 | 9897650 2020
Imt67 220987 | 9891875 1849

Imt68 214118 | 9892823 1965

Imt69 219687 | 9892274 1887

Imt70 214798 | 9893653 2028

Imt71 219842 | 9891352 1845

Imt72 215108 | 9893008 1962

Imt73 220802 | 9890861 1845

Imt74 213159 | 9892884 1963

78




MT TEM
. Eastin Northing | Elevation . Easting | Northing | Elevation
Sounding |~ | im0 |y | Seunding | Zo | iy | )
Imt75 221235 | 9891107 1859
Imt76 213098 | 9891654 1891
Imt77 221636 | 9891691 1836
Imt78 213254 | 9890025 1822
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APPENDIX B: Processed MT data

Figures of the processed MT data created with edi2ps. Red diamonds are the resistivity, phase and
Tipper in xy direction. Blue diamonds are the resistivity, phase and Tipper in yx direction.
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APPENDIX C: 1-D joint inversion of TEM and MT data

Results of TEM/MT 1-D joint inversion data models. Blue squares are measured MT apparent
resistivity. Blue circles are the measured phase. Both the apparent resistivity and phase are gotten from
the determinant of the MT impedance tensor. Red squares are the measured TEM data. Green solid
lines on the right indicate results of the 1-D resistivity Occam inversion model. The green solid lines
in the left panels are calculated responses. The number on top of the figure is the MT station name.
Number below the MT station: chi (y) - a measure of the fit between the measured data and the model
data. Number in the upper left panel is the name of the TEM station. The number to the upper right
corner is the static shift. The numbers in brackets show the distance between MT and TEM stations and
elevation. The scale is in logarithmic.
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APPENDIX D: 1-D inversion of MT data using geospatial static shift distribution

Results of MT 1-D inversion data models. Blue squares are measured MT apparent resistivity. Blue
circles are the measured phase. Both the apparent resistivity and phase are gotten from the determinant
of the MT impedance tensor. Green solid lines on the right indicate results of the 1-D resistivity
Occam inversion model. The green solid lines on the left panels are calculated responses. The number
on top of the figure is the MT station name. The number to the upper right corner is the static shift from
geospatial distribution map.
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APPENDIX E: Resistivity depth slices

Resistivity depth slices were amassed covering soundings from Mt. Longonot area. The data were used
to achieve a general knowledge of the resistivity spreading in area which is a high-temperature
geothermal area. The 1-D Occam models were used to generate the resistivity depth slices using the
TEMRESD program.
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